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ABSTRACT 

Phytoplankton are primary producers in oceanic food chains and are very important in the 

ocean’s biogeochemical cycles (Azam, 1998; Falkowski, 1994; Wilken et al., 2018). 

During nutrient replete conditions, population growth in phytoplankton communities can 

surpass external loss factors (e.g. grazing, sinking and lysis) leading to bloom formation 

(Brussaard et al., 1995; Choi et al., 2017). In recent years there has been an increase in the 

occurrence of HABs, which are exacerbated by anthropogenic inputs. The involvement of 

programmed cell death (PCD) as a loss factor in collapsing blooms has become an area of 

interest in phytoplankton ecology. 

The study examined, for the first time, the ultrastructure of cell mortality in a collapsing 

anaerobic HAB of Prorocentrum redfieldii, an armoured dinoflagellate and ascertain 

whether there was structural evidence of PCD as a driver of the bloom collapse. These 

ultrastructural responses were compared with those of replete cultures subjected to stressors 

known to induce PCD, i.e., macronutrient deprivation nitrogen (NO3-) and phosphorus 

(PO4
3-) and heat stress. Biochemical assays associated with PCD, such as caspase-like 

activity, ROS and cell viability staining as well as DNA laddering, were carried out.  

The findings of this study established that cells dying from a collapsing bloom exhibited 

morphological characteristics like extensive vacuolation, ER derived double membrane 

structures and lytic vacuoles, which resemble the process of autophagy. There was an 

upregulation of the endomembrane system, and interaction between the endomembrane and 

autophagic systems. Structural alterations were observed in organelles known to be sources 

of ROS like the mitochondria and chloroplasts. Similar changes in ultrastructure were 

observed in the nutrient deprived and mild heat-shocked cells (32 ºC). Biochemical activity 

further revealed an overproduction of ROS, loss of cell viability and no caspase activity in 

the dying cells. The study concluded that P. redfieldii cells in a collapsing bloom were 

dying a caspase independent autophagic cell death mediated by oxidative stress. 
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INTRODUCTION & LITERATURE REVIEW 

1.1 Introduction 

Phytoplankton are primary producers in oceanic food chains and are very important 

in the ocean’s biogeochemical cycles (Azam, 1998; Falkowski, 1994; Orellana et 

al., 2013; Wilken et al., 2018). Globally, their carbon-based primary productivity 

is almost half of the overall yearly productivity although their biomass constitutes 

a low percentage of the total plant carbon (Bidle and Falkowski, 2004; Falkowski, 

1994). Studies trace the importance of phytoplankton back to the oxygenation of 

Earth’s atmosphere ~2.3 billion years ago (Bidle, 2016).  

During nutrient replete conditions, population growth in phytoplankton 

communities can surpass external loss factors (e.g. grazing, sinking and lysis) 

leading to bloom formation (Boss and Behrenfeld, 2010; Brussaard et al., 1995; 

Choi et al., 2017; Walsh, 1983). An algal bloom is defined as a rapid increase in 

cell abundance up to million cells per millilitre (Hallegraeff, 1993). Harmful or 

toxic blooms with detrimental effects on other organisms are given the term harmful 

algal blooms (HABs; Smayda, 1997a). Researchers in this field agree that in recent 

years there has been an increase in the occurrence of HABs, which are exacerbated 

by anthropogenic inputs. 

Some HABs are not toxic but form a threat to other organisms, because when they 

collapse, the decaying concentrated biomass supports a bloom of aerobic 

decomposing microbes. Consequently, the massive bloom decay causes anoxia in 

the surrounding water because of increased respiration that exceeds the dissolved 

oxygen DO resupply (Diaz 2016; Pitcher and Probyn, 2016). The anoxic conditions 

result in massive kills of other organisms in the surrounding water (Backer and 

Mcgillicuddy, 2006; Pitcher and Calder, 2000). The HAB that is the focus for the 

current study falls under the latter category.  
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For a long time, studies on phytoplankton populations attributed biomass losses to 

grazing by zooplankton and/or vertical sinking (Berges and Falkowski, 1998; 

Walsh, 1983). It has since been established that other forms of losses exist, 

including, cell lysis because of viral infections, bacterial attack, parasitism and 

programmed cell death (PCD) (Brussaard et al., 1995; Kirchman, 1999; Veldhuis 

and Brussaard, 2006). Massive losses incurred by cell lysis explain abrupt collapses 

of blooms in the field and in laboratory cultures (Franklin et al., 2006). The 

involvement of PCD as a loss factor in collapsing blooms has become an area of 

interest in phytoplankton ecology (Bar-Zeev et al., 2013; Berman-Frank et al., 

2004; Kay D. Bidle et al., 2007; Choi et al., 2017; Vardi et al., 2009). Various 

definitions are given to PCD, however the current study adopts the definition by 

Berman -Frank et. a.l. (2004) whereby PCD is defined as an “active, genetically 

controlled, cellular self-destruction driven by a series of complex biochemical 

events and specialized cellular machinery”. This definition has also been adopted 

by others (Durand and Ramsey, 2023). 

Programmed cell death has long been established in multicellular organisms as it is 

a very important phenomenon in their development and for the maintenance of 

tissue homeostasis in adults (Fuchs and Steller, 2011; Glücksmann, 1951; Lockshin 

and Williams, 1964; Shen and Tower, 2009). These organisms also use it as a 

defence mechanism to guard against a host of infections (viral, bacterial and those 

that are parasitic) by swift elimination of the infected cells (Debrabant et al., 2003).  

Rather surprisingly, it has been found that PCD also exists in unicellular organisms 

(Ameisen, 1996; Ameisen et al., 1995 Deponte, 2008; Bidle, 2016; Nedelcu et al., 

2011). Unicellular PCD is counterintuitive because the benefits are not immediately 

clear if the cell kills itself. However, research shows that PCD in unicellular 

organisms does not only exist, but its existence has an ancient evolutionary origin, 

because it occurs in diverse lineages in both prokaryotes and eukaryotes (bacteria, 

archae, protozoa, fungi, and algae) (Debrabant et al., 2003; La et al., 2022). The 

existence of PCD genes in unicellular organisms is of great interest to evolutionary 

biologist and various suggestions have been postulated for their retention (Ameisen, 
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2009; Bidle, 2016; Bidle and Falkowski, 2004; Durand et al., 2016, 2011; Nedelcu 

et al., 2011; Vostinar et al., 2019). Some of the suggestions that are given for the 

retention of PCD genes by unicellular organisms are that it benefits their 

conspecifics (Bidle, 2016; Bidle and Falkowski, 2004; Durand et al., 2016) and 

ecological communities (Ndhlovu et al., 2020). The retention and suggested role of 

unicellular PCD is discussed further in section 1.2.8. 

The potential role that PCD plays in ecological communities of unicellular 

organisms has triggered a growing interest in microalgal death. Elucidating the role 

of PCD in the collapse of HABs is an active research area (Vardi et al., 1999; 

Burson et al., 2014; Zhou et al., 2018; Bar-Zeev et al., 2013; Berman-Frank et al., 

2004; Vardi et al., 2007). A broader overview of such research is provided in 

section 1.1.5.  

The aim of this study was to examine the ultrastructure of cell mortality in a 

collapsing anaerobic HAB of Prorocentrum redfieldii Bursa (1959), an armoured 

dinoflagellate. The detailed aim and objectives for the study are provided in section 

1.3.  

1.1.1 The concept of cell death 

When the concept of PCD was first adopted in multicellular and later unicellular 

organisms it was regarded in mechanistic terms. The discovery of PCD in 

unicellular organisms however created more questions, for example, around its 

evolutionary and ecological significance. Recently, PCD has been conceptualized 

in five different ways, namely, the mechanistic, evolutionary, developmental, 

ecological and immunological concepts (Durand and Ramsey, 2023). From the five, 

three are relevant for the current study and will be defined further. The mechanistic 

concept is useful because it gives insight of the structural and biochemical pathway 

in a cell undergoing PCD. Various mechanistic definitions exist but this study 
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adopts the definition that PCD is “active, genetically controlled, cellular self-

destruction driven by a series of complex biochemical events and specialized 

cellular machinery” (Berman-Frank et al., 2004). The evolutionary and the 

ecological concepts are also important because they give insight about the 

behaviour of organism in relation to its population and environment. The 

evolutionary concept defines PCD as either and adaptation or non-adaptation 

(Durand and Ramsey, 2018), while the ecological concept defines PCD based on 

environmental factors like stress and nutrient cycling in phytoplankton 

communities (Franklin et al., 2006).  

1.1.2. Nomenclature 

To standardise the criteria by which different cell death types are classified the 

nomenclature committee on cell death (NCCD) was established (Kroemer et al., 

2009, 2005; Kroemer and Levine, 2008). However, research in this area is broad, 

involving divergent forms of life and cellular death and terminology is not standard. 

Sometimes different terms are used in literature to explain the same phenomenon. 

To obviate confusion, the current study will restrict use to the terms listed in Table 

1.1. 

 

Table 1.1. Terminology used in current study vs alternative terms  

TERMS IN CURRENT STUDY ALTERNATIVE TERMS 

APOPTOSIS Apoptosis-like cell death 

AUTOPHAGIC CELL DEATH Vacuolar cell death 

Death with autophagy 

NECROTIC CELL DEATH Necrosis 
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1.1.3 Background to the study 

A HAB erupted in St Helena Bay on the South African west coast from January to 

February 2015. When the bloom collapsed, the dying concentrated biomass of the 

causative organism attracted microbes. The over-consumption of dissolved oxygen 

caused by the high respiration rates of the bacteria resulted in anoxia in the 

surrounding waters. Large numbers of rock lobster Jasus lalandii, H. Milne 

Edwards (1837), white mussel Donax sera Röding (1798) and various fish 

(approximately 415, 21, and 7 tons, respectively) suffocated and were washed out 

of the water onto the beach (Pitcher and Louw, 2021; Ndhlovu et al., 2017). The 

culprit was identified by morphological, ultrastructural and molecular phylogenetic 

techniques as the dinoflagellate, Prorocentrum triestinum Schiller (Ndhlovu et al., 

2017). The author of this thesis was part of this research group.  

For a long time, P. redfieldii described by Bursa (1959) was erroneously relegated 

to synonymity (Dodge, 1975) with P. triestinum, a species originally described 

much earlier by Schiller (1918). In a recent in-depth investigation (Tillman et al., 

2021) have unambiguously shown that these two species can be discriminated both 

morphologically and molecularly. Most referrals of organisms to P. triestinum, 

including the current isolate, transpire in fact to be P. redfieldii (Tillman et al., 

2021).  

Necroptosis 

Accidental cell death 

Incidental cell death 

PROGRAMMED CELL DEATH (PCD) Regulated cell death (RCD) 

Active cell death (ACD) 

PCD-like cell death 

Endogenous cell mortality 
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The collapse of a previous concentrated biomass HAB in St Helena in 2013 was 

verified to be triggered by nutrient limitation (starvation) and a decrease in DO, 

which is caused by high night-time respiration (Pitcher and Probyn, 2016a). The 

2013 HAB was made up by various dinoflagellate species, namely, Ceratium furca, 

P. minimum and Alexandrium catenella. The collapse of the 2015 P. redfieldii HAB 

was also assumed to be triggered by nutrient limitation and a decrease in DO 

(Ndhlovu et al., 2017). The mode of death, during the demise of HABs in the 

Benguela has not been investigated. As primary producers, phytoplankton has a 

direct influence on its environments (Bidle and Falkowski, 2004) and the way its 

constituents die has great impact on other marine organisms (Kirchman, 1999). 

Thus, determining the cell death pathways involved in a collapsing HAB of P. 

redfieldii will contribute to our understanding of the process of bloom collapse. The 

collapse of high biomass HABs in the Benguela region also negatively impacts both 

the aquaculture and commercial fishing in this region (Pitcher and Calder, 2000).  

The 2015 P. redfieldii HAB was investigated further in the current study, with a 

particular emphasis on the ultrastructural changes that occurred in the causative 

organism. To corroborate interpretation of structural features found in cells sampled 

during the collapse of the bloom in the field study, clonal cultures of this organism 

established from this bloom were grown and subjected to different stresses known 

to induce PCD in other unicellular organisms (nitrogen and phosphorus deprivation 

and heat-shock; Jimenez et al., 2009; Sathe et al., 2019; Wang et al., 2014; Zuppini 

et al., 2007). Ultrastructural changes were monitored and known biochemical 

markers for PCD were simultaneously applied to these cultures to determine 

whether this organism underwent a mode of death that can be unambiguously 

interpreted as PCD.  

PCD detection is filled with problems (Barreto Filho et al., 2022a) and requires a 

multifaceted approach to diagnose it. Electron microscopy (EM) has been a 

valuable tool in the morphological characterisation of PCD from as far back as the 

original coining of the term “apoptosis” by a research group of pathologists who 

used ultrastructure observations to describe active, inherent cell death in animal 
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tissue (Kerr et al., 1972). It still continues to be viewed as the best standard in the 

characterisation of PCD (Barreto Filho et al., 2022a; Durand, 2020; Hasanzadeh et 

al., 2017; Zhao et al., 2006). The biochemical/molecular assays that are utilised to 

detect PCD are quick and less labour intensive in comparison with EM but they are 

not always appropriate as they are sometimes not specific to PCD (Allen et al., 

1997; Barreto Filho et al., 2022a; Durand, 2020). Nevertheless, they still have 

relevance when used in conjunction with EM.  

The outcomes of the current study will contribute to management strategies to deter 

the development of concentrated blooms in their early stages in this region and 

elsewhere. Early management of HABs can minimize the catastrophic events that 

impact the ecosystem (and any commercial enterprise dependent thereon) when the 

high biomass blooms collapse. The importance of mitigating HABs has been 

highlighted by others (Burson et al., 2014; Choi et al., 2017; Erdner et al., 2016; 

Smayda, 2002). 

1.1.4 Study organism 

Species in the genus Prorocentrum are known to be major contributors to HABs 

(Dou-ding and Goebel, 2001; Heil et al., 2005; Ndhlovu et al., 2017; Pitcher et al., 

2005). There is a lack of literature records that denote P. redfieldii as a causative 

organism and references are given to its epithet P. triestinum (Dou-ding & Goebel, 

2001). It is a planktonic dinoflagellate characterised by two thecal plates and an 

apical spine/tooth which is 3 to 5 µm (Fig. 1.1). The cell is about 18-32 µm in length 

and 6-10 µm in width (Bursa, 1959). This organism is non-toxic but the decay of 

its high biomass during bloom collapse is known to cause massive fish kills because 

of the anoxic conditions in the surrounding waters (Ndhlovu et al., 2017; Pitcher 

and Probyn, 2011, 2016). Only two recorded events in South Africa implicated this 

species, one in 2002 (Stephen and Hockey, 2007) and the other in 2015, which is 

the subject of this study. Both events resulted in massive rock-lobster walkouts. 
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Figure 1.1  Generalized drawings of Prorocentrum redfieldii at the light 

microscope level by Ndhlovu et al., 2017 © copyright [2017], reused by permission 

of Informa UK Limited, trading as Taylor & Taylor & Francis Group. LEFT, valve 

view; RIGHT, lateral view, Scale bar =2µm. Abbreviations: as, anterior spine; c, 

chloroplast; co, collar (anterior protuberance); ib, inclusion body; lf, longitudinal 

flagellum; lv, left valve; N, nucleus; p, pusule; py, pyrenoid; rv, right valve; s, 

starch; su, suture; tf, transverse flagellum; tp, trichocyst pore. 

1.1.5 Study site 

The HAB covered an extensive area over the Cape west coast from St Helena Bay 

to just north of the mouth of the Olifants river. The collection sites used in this study 

are in St Helena Bay (Fig. 1.2). Algal cell samples were collected by Dr G C Pitcher 

(Department of Forestry, Fisheries and Environment; Marine and Coastal 

Management, Cape Town) from the affected area during the onset of an algal bloom 

in February 2015 and during the decline phase in March and April 2015. St Helena 

Bay falls within the Benguela region which is characterised by the cold, upwelled 
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Benguela current (Pitcher, 1988). These wind-driven upwelling-downwelling 

cycles in the southern Benguela play an important role in the dynamics of algal 

populations in this region (Pitcher & Calder, 2000). Upwelling occurs in areas 

where water currents diverge and it results in nutrient enriched waters while 

downwelling occurs in areas where currents converge and results in nutrient poor 

water (Hutchings et al., 1995). Detailed descriptions of upwelling and downwelling 

events are in section 1.2.1. 

 

Figure 1.2  The location of St Helena Bay on the South African west coast and 

of the 22 stations that were sampled during the HAB outbreak (February 2015). 

Prorocentrum redfieldii samples used for field characterisation experiments and as 

a source of the isolate used in this study were collected from station 21 (after 

Ndhlovu et al, 2017) © copyright [2017], reused by permission of Informa UK 

Limited, trading as Taylor & Taylor & Francis Group. 
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1.1.6 Overview of past research on the role of programmed cell death in 

phytoplankton ecology 

Towards the end of the twentieth century it was discovered that PCD occurs in 

phytoplankton and there has been an ongoing research interest on its role in 

phytoplankton ecology (Barreto Filho et al., 2022b; Bar-Zeev et al., 2013; Berges 

and Falkowski, 1998; Berman-Frank et al., 2004; K. D. Bidle et al., 2007; Bidle, 

2016; Bidle and Falkowski, 2004; Bramucci and Case, 2019; Darehshouri et al., 

2008; Durand et al., 2014, 2016; Franklin et al., 2004a; Yida Gao and Erdner, 2022; 

Ndhlovu et al., 2017; Orellana et al., 2013; Sathe et al., 2019; Segovia, 2003).  

There is evidence that PCD as a cell death pathway exists in dinoflagellate bloom 

forming species when subjected to stressful conditions and some of this research is 

summarised below.  

1.1.6.1 PCD in Peridinium gatunense Nygaard (Vardi et al., 1999) 

The work on P. gatunense is one of the pioneering research works showing PCD in 

a HAB species. Peridinium gatunense forms blooms on lake Kinneret (Israel) 

during spring which terminate suddenly in summer. This study was conducted on 

cultures and live cells from the bloom. This study revealed that at the peak of the 

bloom the water pH rose above 8 which led to a limitation in dissolved CO2. The 

CO2 limitation increased the intracellular reactive oxygen species (ROS) and 

culminated in an oxidative stress that induced a cell death. The addition of a catalase 

(i.e., an enzyme that breaks down hydrogen peroxide to water and oxygen) and a 

cysteine protease inhibitor (E-64) decreased ROS and inhibited cell death, 

respectively.  

These observations led to the conclusion that hydrogen peroxide (H2O2) was the 

ROS species responsible for the oxidative stress and that the cell death was 

programmed. Observations of these cells under the light microscope revealed 

protoplast shrinkage, a morphological characteristic associated with apoptotic cell 

death (Kerr et al., 1972). The chromatin of the nuclei of these cells were 
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fragmented, this was revealed by Terminal-transferase-mediated dUTP [deoxy-

uridine triphosphate] nick-end labelling (TUNEL) assay. The TUNEL assay is one 

of the biochemical essays that detects damage in the nuclei of cells undergoing cell 

death. This assay has a downside because it only shows that nuclear DNA is 

fragmented but it is not specific to PCD as cells undergoing necrosis can also be 

positive for this assay (Barreto Filho et al., 2022a).   

The highlights of this study are that apoptotic-like cell death was detected in a 

bloom forming dinoflagellate both from cultures and bloom cells from the lake. The 

cell death was induced by an increase in ROS. Cell death in these cells was 

successfully inhibited by the addition of a catalase and a cysteine protease inhibitor, 

the latter also stimulated the formation of cysts.     

1.1.6.2 PCD in Prorocentrum donghaiense Lu (Huang et al., 2016) 

Prorocentrum donghaiense forms frequent HABs in the East China Sea. In this 

study P. donghaiense cultures in logarithm stage were exposed to a phosphate 

limitation. The physiological response of the phosphate limited cultures to stress 

was recorded using biochemical assays that are associated with PCD. These include 

the detection of ROS, caspase-like activity assay and the detection of metacaspase 

genes. ROS, caspase-like activity and the expression of the metacaspase gene was 

higher in the phosphate depleted cultures compared to the replete cultures. 

However, the observed increases in biochemical activity did not correspond to 

increases in cell death as the number of dead cells was low. This study concluded 

that the PCD biochemical markers in this organism were not only involved in the 

cell death process but were also associated with stress acclimation to the phosphate 

limitation.  

1.1.6.3 PCD in Prorocentrum donghaiense (Ji et al., 2021) 

Cultures of an isolate of P. donghaiense from Changjiang Estuary in China were 

grown up to the exponential stage. Some were treated with varying concentrations 

of modified clay (MC) by the flocculation technique. The top liquid with cells not 
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trapped by the flocculant was removed and inoculated in fresh medium. Cells were 

sampled at different time-points and analysed over a 96-hour period using 

biochemical assays associated with PCD. These included, ROS, caspase-like 

activity, externalization of phosphatidylserine (PS, a phospholipid located on the 

interior of cell membranes that becomes externalized in cells undergoing PCD), the 

TUNEL assay and the mitochondrial membrane potential (MMP). Cell viability 

was assessed using Sytox-Green a nuclear stain that can only permeate membranes 

of non-viable cells. The ultrastructure was characterised with the transmission 

electron microscope (TEM) at the same time points. When the treated cells were 

compared to the controls, the MC treated cells displayed a significant increase (P < 

0.05) in ROS, caspase-like activity and the number of Sytox-Green stained cells. 

The MMP decreased and the TUNEL and PS externalization assays were positive. 

The ultrastructural changes observed were protoplast shrinkage, amorphous 

chloroplasts (i.e., disorganization of the regular thylakoid membranes stacking), the 

nuclei decreased in size and there was increased vacuolation. There was an increase 

in the number and size of starch grains. These changes worsened with time and at 

96 hours the nuclear membranes were ruptured. 
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1.2 LITERATURE REVIEW 

1.2.1 Harmful algal blooms 

The occurrence of algal blooms is a frequent phenomenon in coastal regions, more 

so when the water is enriched by events such as upwelling or cultural eutrophication 

(Hallegraeff, 1993).  

Initially, it had been argued that the observed increase in HABs is artificial and is 

due to awareness of bloom increases because of improved monitoring systems and 

more collaborative global research (Anderson, 1989; Hallegraeff, 1993). 

Subsequent studies dispute that argument and the consensus is that the occurrence 

of HABs has increased (Anderson et al., 2012; Pitcher and Calder, 2000; Skarlato 

et al., 2018; Stephen and Hockey, 2007). The observed increase in HABs has been 

attributed to man-made organic nutrient increase in coastal regions (cultural 

eutrophication) as a result of sewage treatment plants, agricultural and aquacultural 

run-offs (Anderson et al., 2002). Other contributors to the increased occurrence of 

HABs are the wind-driven upwelling and downwelling events (Bakun and Agostini, 

2001; Kudela et al., 2010; Pitcher et al., 2005; Send et al., 1987). The wind-driven 

upwelling-downwelling events have a great influence on the incidence of HABs in 

the Benguela region (Pitcher et al., 2005; section 1.2.2). Upwelling occurs when 

currents diverge while downwelling occurs when currents converge (Hutchings et 

al., 1995).  

The upwelling-downwelling events can occur in the open ocean and in coastal 

areas, the latter being applicable to the current study. In the southern hemisphere, 

coastal upwelling occurs when prolonged northward winds blowing parallel to the 

coast create friction on the water surface. The top layers of water are dragged by 

the frictional force of the wind and because of the effect of the Coriolis force the 

mass of water is deflected to the left of the wind direction (i.e., Ekman transport) 

creating an area of divergence. As a result, the body of warm surface water that is 
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deplete of nutrients is then replaced from below by the cold nutrient rich water that 

stimulates phytoplankton productivity (Pitcher and Calder, 2000; Sellner et al., 

2003; Wells et al., 2015).  

During coastal downwelling when the direction of the wind changes to a southerly 

direction, surface water is moved by Ekman transport towards the coast (Csanady, 

1982; Send et al., 1987). The surface water piles up near the coast and eventually 

is forced to sink to the bottom. This increases the stratification in the water column 

and since this water is limited in nutrients it increases the depth of the nutrient 

limited zone and results in decreased productivity levels (Bakun and Agostini, 

2001). There is also a period when the upwelling winds subside and there is no 

upwelling of new nutrients and this period is referred as relaxation (Smayda and 

Trainer, 2010), a term that will be adopted in the current study. This period is also 

nutrient limited because nutrients are not replenished.  

The downwelling and the upwelling-relaxation periods favour dinoflagellate 

abundance. The stratified water favours their dominance in the water column 

(Margalef, 1978) because of their ability to migrate considerable vertical distances, 

i.e., they are able to periodically migrate downwards to lower levels or upwards to 

the euphotic zone, to take on nutrients and to obtain light respectively, 

outcompeting the non-motile diatoms (Pitcher et al., 2010). Nutrient exhaustion 

resulting from the persistent downwelling and long periods relaxation is one of the 

factors that initiate the decay of the dinoflagellate blooms (Pitcher et al., 2014).  

 

1.2.2 Dynamics of dinoflagellate blooms in upwelling regions 

Understanding the phytoplankton bloom patterns in upwelling regions might 

provide insights about the behaviour of P. redfieldii as one of the causative 

species of HABs in the Benguela upwelling region. In this region the blooms 

are a function of the growth dynamics between two role players the flagellates 
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and the diatoms (Trainer et al., 2010). During the wind-driven upwelling stage, 

the water is mostly turbulent, well mixed and high in nutrients. These conditions 

favour the diatoms, because their hard silica-based cell wall (Crawford, 1981) 

provides protection against shear stress on the cell membrane as they get tossed 

about in the turbulent waters (Pitcher et al., 1991). Even though some 

dinoflagellates like the study organism also possess protective coverings (i.e., 

are thecate) their fragile flagella are not suited to withstand turbulent waters. 

Thus, diatom blooms dominating recently-upwelled waters are intermittently 

replaced by dinoflagellate blooms during the relaxation or downwelling periods 

(Bakun and Agostini, 2001; Smayda and Trainer, 2010).   

While dinoflagellate blooms supersede those of diatoms, their success and 

species composition is not always predictable (Smayda and Trainer, 2010). 

Accordingly, their occurrence is more irregular/erratic when compared with that 

of the diatom blooms (Smayda and Trainer, 2010). However when they occur 

as blooms, they are harmful or detrimental to the health of other organisms 

because of their concentrated biomass that cause anoxic conditions when their 

populations collapse (Stephen and Hockey, 2007; Trainer et al., 2010; section 

1.1).  

1.2.3 Impact of harmful algal blooms in the Benguela region  

HABs directly impact human beings both socially and economically (Anderson, 

1989; Anderson et al., 2002; Pitcher and Calder, 2000). The Benguela region 

experiences problems with HABs that have a negative influence on the livelihood 

of people in the region (Fawcett et al., 2006). Aquaculture, commercial and 

recreational fishing are greatly affected when the high biomass blooms collapse 

resulting in anoxic waters and massive deaths of other organisms in the surrounding 

waters (Pitcher and Calder, 2000). Shellfish poisoning is one major HAB impact 

that affects human beings indirectly. Filter-feeding shellfish ingesting toxic 

phytoplankton accumulate their toxins inside their meat and can be lethal to humans 

especially when consumed in large quantities (Pitcher and Calder, 2000). The 
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resulting illnesses have been described as Paralytic (PSP), Diarrhetic (DSP), 

Neurotoxic (NSP) and Amnesic (ASP) shellfish poisoning (Hallegraeff., 1993). 

Dinoflagellates are responsible for all the above disorders except ASP which is 

caused by a genus of diatoms Pseudo-nitzschia spp. (Pitcher & Calder, 2000).   

The collapse of blooms has always been linked to external loss factors like grazing, 

sinking, viral infection and nutrient exhaustion, but there is increasing evidence that 

a collapse may be brought about by programmed cell death which is a genetically 

controlled process as a response to either biotic or abiotic stress signals (Vardi et 

al., 1999; Burson et al., 2014; Zhou et al., 2018; Bar-Zeev et al., 2013; Berman-

Frank et al., 2004; Vardi et al., 2007).  

1.2.4 Cell Death 

Cell demise can be active (i.e., require energy) and genetically controlled as a 

response to stress signals or inherent factors, like cell development (programmed 

cell death) or it can occur with minimal energy and without the expression of genes, 

as a response to only stress signals and not inherent factors (necrotic cell death; 

Kroemer et al., 2005).  

Reports on cell death during embryogenesis date back to the nineteenth century, 

when Vogt (1842) reported the disappearance of cells in the notochord during the 

regression of the larval tail of toads undergoing metamorphosis (Clarke and Clarke, 

1996). Other reports in the nineteenth century on cell death in lower vertebrates 

during embryo development are reviewed in Clarke and Clarke (1996), however, 

up to this point cell death was merely observed as a loss or disappearance of cells 

but it was not the focus of the research and its role in tissue and organ development 

was not appreciated.  

1.2.4.1 Programmed cell death 

It was much later that attention was given to the morphology of the dying cells and 
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to link the elimination of redundant cells to tissue and organ development 

(Glücksmann, 1951). These observations were made in higher vertebrate 

embryogenesis and organogenesis and examples include the loss of cells observed 

during the blastula, notochord and neural tube formation stages. The author 

observed changes in the nuclear material where firstly, the chromatin material 

formed clumps and separated from the non-chromatin material and he referred to 

this stage as chromatopycnosis. Further clumping occurred followed by the 

shrinkage of the nucleus and cytoplasm and he referred to this stage as 

hyperchromatosis. In the final stage which he referred to as chromatolysis the cell 

disintegrated into smaller pieces and disappeared. The name “programmed cell 

death” was coined by Lockshin and William (1964) when they reported cell death 

in the intersegmental muscles during the metamorphosis of a silk moth. The dying 

cells had a reduction in the size of mitochondria, increased vacuolation and 

lysosome-like structures. Changes to the nuclei of dying cells occurred later than 

the changes in the cytoplasm which contrasted with the observation by 

Glücksmann, (1951). 

The term “apoptosis” was coined by a research group of pathologists who used 

ultrastructural observations to describe “an active, inherent cell death in animal 

tissue” (Kerr et al., 1972). The ultrastructure of the dying cells revealed a reduced 

cytoplasmic volume accompanied by condensed chromatin in their nuclei. This was 

followed by the formation of plasma membrane blebs and the migration of the 

clumped chromatin to the nuclear envelop. Subsequently the nucleus disintegrated 

to smaller fragments. The nuclear fragments together with other organelles were 

enveloped by the membrane blebs and the cells eventually disintegrated into small 

membrane bound bodies termed apoptotic bodies. The apoptotic bodies were later 

taken up by phagosomes of surrounding cells and degraded in the lysosomes of 

adjacent healthy cells. The study by Kerr and others (1972) marked the turning point 

in the research of programmed cell death and for many years was used as a blueprint 

to define PCD (Tinari et al., 2008). Programmed cell death and apoptosis were 

previously used interchangeably but it was later established that apoptosis is only 

one of the many phenotypes of PCD (Kroemer et al., 2009). 
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Cells that undergo programmed cell death die prematurely and spontaneously 

before reaching the stationary phase of the growth cycle and their death is actively 

controlled and gene expression is involved (Nedelcu et al., 2011). However, other 

forms of cell death like the “autophagic cell death”, as described below do not meet 

the first requirement because cell death in this phenotype is prolonged. 

1.2.5 Phenotypes of programmed cell death 

The types of programmed cell death are differentiated from each other based on the 

structural and biochemical changes observed in the cells undergoing PCD (Allen et 

al., 1997; Durand, 2020; Kroemer et al., 2005, van Doorn et al., 2011). The 

resultant PCD phenotypes can be influenced by many factors, including the type, 

magnitude and duration of the stressor that induces PCD. For example, the same 

organism has been shown to exhibit different morphologies when subjected to 

different stimuli /stressors (Jimenez et al., 2009; Moharikar et al., 2006; Sathe et 

al., 2019).  

There are three main (most common across all phyla in both unicellular and 

multicellular organisms) phenotypes of cell death namely, apoptosis referred to as 

“type 1 cell death”, autophagic cell death “type 2 cell death” and necrotic cell death 

“type 3 cell death” (Kroemer et al., 2009, 2005). Type 1 and 2 are programmed 

forms of cell death but type 3 was previously regarded as accidental cell death but 

there is consensus that some forms of necrotic cell death involve gene expression 

(Kroemer et al., 2009). Apoptosis is the most researched phenotype. It is important 

to note that these phenotypes can also overlap. For example, aponecrosis has a 

phenotype that combines those of apoptosis and necrotic cell death (Jimenez et al., 

2009). Other “atypical” phenotypes exist, mostly exhibited by the metozoa, are not 

relevant to this study, with the possible exception of paraptosis because it was 

observed in a dinoflagellate (Franklin and Berges, 2004). The different cell death 

phenotypes are summarised in Table 1.2.   
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Table 1.2. A summary of the different cell death phenotypes  

PCD  
phenotype 

protease 
activity 
dependent/ 
independent 

structural features biochemical 
activity 

references 

APOPTOSIS/AP
OPTOSIS-LIKE 

caspase/ 
metacaspase 
dependent  

Reduced cytoplasm 
early stage nuclear 
pyknosis 
karyorrhexis 
organelle membranes 
remain intact, plasma 
membrane blebbing 
and formation of 
apoptotic bodies 
 

Loss of MMP, 
release of 
apoptotic factors 
from 
mitochondria to 
the cytosol 
(cytochrome c, 
AIF), increase in 
ROS, 
Internucleosomal 

Kerr et al., 
1972; 
Kroemer et 
al., 2009; 
Saraste and 
Pulkki, 
2000) 

AUTOPHAGIC/ 
VACUOLAR-
LIKE PCD 

caspase/metacas
pase 
independent 

Excessive autophagic 
vacuolation 
(characterised by 
double membraned 
vacuoles) accompanied 
by lysosomal/ vacuolar 
degradation, nuclear 
degradation is absent or 
can occur at the late 
stage of cell death 

Increase in ROS Kroemer et 
al., 2009 

PARAPTOSIS Caspase/metaca
spase 
independent 

extensive vacuolation 
by single-membrane 
vesicles derived from 
dilated ER and 
mitochondria, 
mitochondrial swelling; 
there is no nuclear 
pyknosis and 
karyorrhexis, the 
nucleus and plasma 
membrane remain 
intact. 

Increase in ROS (Sperandio 
et al., 2004; 
Yan et al., 
2020a) 

NECROTIC Caspase/metaca
spase 
independent 

Increase in cell size, 
damage/rapture of the 
cell membrane, nuclear 
pyknosis and 
karyorrhexis, organelle 
swelling and damage to 
their membranes. 
vacuolation. 

Increase in ROS Kroemer et 
al., 2009 

 

 



 

20 
 

1.2.6 Structural markers of PCD in phytoplankton 

This section elaborates on the structural markers of PCD phenotypes that are listed 

in table 1.1 above. These observations are achieved using microscopy (both light 

and electron microscopy).  

 Cell / cytoplasmic / protoplast shrinkage (Bidle, 2016; Deponte, 2008; 

Moharikar et al., 2006; Vardi et al., 1999; Zuppini et al., 2010). It is 

attributed to the movement of ions particularly K+ and Cl- out of the 

cell resulting in an ion imbalance inside the cell that can further trigger 

the activation of the cell death process (Bortner and Cidlowski; 2002).  

 Plasma membrane blebbing (H. Wang et al., 2020) due to loss of 

structural integrity in actin filaments from increased hydrostatic 

pressure within the cell supersedes AVD and leads to the formation of 

apoptotic bodies (Aoki et al., 2020).  

 Nuclear degradation observed as chromatin condensation / clumping 

(this phenomenon is termed pyknosis; Jimenez et al., 2009; Moharikar 

et al., 2006; Sathe et al., 2019; Segovia, 2003) and forms distinct 

electron dense clumps that migrate to the nuclear envelope 

(Prokhorova et al., 2015). (see biochemical / molecular markers below; 

Kroemer et al., 1995). Chromatin condensation occurs when proteases 

and endonucleases enter the nucleus and alter the structure of 

chromatin by cleaving proteins in the nuclear matrix and lamina and 

cause irreversible condensation.  

Chromatin pyknosis is followed by the break-down of the structural 

integrity of the nuclear envelope which results in membrane bound 

fragments that bud off the nucleus (this is termed karyorrhexis). In 

animal cells the fragments which are unevenly scattered throughout the 

cytoplasm are pocketed either individually or with other organelles by 

the plasma membrane blebs which then close-up and are pinched off 

the cell as membrane bodies termed apoptotic bodies (Kerr et al., 

1972), the entire cell is eventually dismantled into these apoptotic 



 

21 
 

bodies which are later taken up by phagocytic cells. By disintegrating 

in this manner, the toxic substances from the dying cells do not trigger 

an inflammatory response that might affect those cells that are not 

undergoing PCD. Nuclear pyknosis and karyorrhexis can occur in cells 

dying from either apoptosis or necrosis, but for the latter the cell 

disintegrates without the formation of apoptotic bodies and often 

results in an inflammatory response (Elmore, 2007).   

 Excessive development of vacuoles has been reported as a marker of 

PCD (Barreto Filho et al., 2022b; Franklin et al., 2004b; Franklin and 

Berges, 2004; Jimenez et al., 2009; Sathe et al., 2019; Sperandio et al., 

2000). This process is referred to as vacuolation or vacuolization, the 

first term will be used in the current study. The term vacuolation is 

used broadly in literature and can  refer to different processes that 

culminate in the formation of vacuoles, for example, the upregulation 

of single or double membraned vesicles associated with cellular 

degradation (Affenzeller et al., 2009; Darehshouri et al., 2008), self-

consumption of the cytoplasm by micro-autophagy (Minina et al., 

2014), it has also been reported as the development of numerous lytic 

vacuoles on the cytoplasm of the cell or areas that have lost electron 

density when viewed with an electron microscope (Barreto Filho et al., 

2022b; Bidle and Bender, 2008). This PCD marker is associated with 

various phenotypes of PCD including that of autophagic cell death, 

paraptosis and necrotic cell death. 

 Alterations to the structure of other cell organelles:  

o (i) mitochondria: 

The mitochondria play a central role in the intrinsic pathway of PCD 

as they are the primary targets of the stress signals in the initial 

stages of the PCD pathway. In the early stages of PCD the alterations 

that occur to the mitochondria are at a biochemical/molecular level 

and are discussed below in section 1.2.7. It was initially assumed 

that no structural changes occurred to mitochondria as Kerr et al. 

(1972) reported that organelles (including mitochondria) were still 
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intact when observed inside the apoptotic bodies. However, swelling 

of mitochondria  has been reported in cells dying via the  paraptosis 

phenotype (Franklin and Berges, 2004; Sperandio et al., 2000). The 

swelling results from excess calcium ions (a calcium ion imbalance 

inside the endoplasmic reticulum [ER] can occur because of 

misfolded proteins response to stress) transferred from the ER into 

the matrix of mitochondria at contact sites between the two 

organelles. The excess calcium exerts an osmotic pressure resulting 

in the dilation of the mitochondrial matrix and the ER lumen (Yoon 

et al., 2014).  

The swollen mitochondria and the dilated ER form single 

membraned vacuoles that are later used for degradation (Sperandio 

et al., 2000; Yan et al., 2020b). 

 

(ii) chloroplasts: 

Chloroplast like the mitochondria are targets of Structural alterations 

to the chloroplast include damage to the chloroplast envelope, 

disorganization of the orderly thylakoid stacking, resulting from an 

increase in the inter-and intra-thylakoidal space (Zuppini et al., 

2007; Pokrzywinski, 2014; Simeonova et al., 2000) and the 

chloroplasts do not have a defined structure. (Jing et al., 2017).  

(iii) ribosomes: Ribosome clumping and reduction has also been 

reported (Pokrzywinski, 2014)  

(iv) endomembrane system: Dilated ER can be used in the formation 

of lytic vacuoles (Sperandio et al., 2000).  

1.2.6.1 Cell biochemical/molecular hallmarks of PCD 

PCD is noted to be accompanied by: 

 A decrease in the mitochondrial membrane potential (MMP) that leads 

to the release of mitochondrial proteins located in the mitochondrial 

intermembrane space to the cytosol, e.g., cytochrome c, endonuclease G 
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and apoptosis inducing factor (AIF). When translocated to the cytosol 

these mitochondrial proteins initiate a cascade of events that initiate the 

PCD process. For example, cytochrome c mediates the activation of 

cysteine proteases (caspases) which initiate the cell death pathway. 

 Oxidative stress, observed as an increase in reactive oxygen species 

 The externalisation of phosphatidylserine (PS) to the outside of the 

plasma membrane. This amino-phospholipid is normally restricted to 

the protoplasmic face of the plasma membrane (van den Eijnde et al., 

1998).   

The laddering of DNA - this occurs when the nuclear chromatin is digested by 

nucleases and fragmented into oligo-nucleosomal size fragments, which can be seen 

as ladders in an agarose electrophoresis gel.  

1.2.7 Cell ultrastructural changes in the SAR clade (former Chromalveolata) 

following stress induced PCD  

The focus in this section is to report on ultrastructural and biochemical changes 

observed during successful induction of PCD in two groups, namely, the 

Stramenopila and Alveolata represented in the Stramenolina, Alveolata, Rhizaria 

(SAR) clade, the lineage to which the current study organism belongs (Table 1.2; 

Fig.1.3). The groups were formerly classified under the supergroup Chromalveolata 

but have recently been classified in the SAR clade that includes, Stramenopiles, 

Alveolates, Rhizaria  (Torruella et al., 2024). This lineage is well removed from the 

classical groups used to typify PCD (Opisthokonta and Archaeplastida; Fig. 1.3), 

so focusing on members of the SAR should provide a better baseline against which 

to compare the study organism. The summary of ultrastructural changes in Table 

1.3 is restricted to algal representatives of the SAR clade. 

 



 

24 
 

 

Figure 1.3 Eukaryotic tree of life showing the Alveolata (red arrow), 

Archaeplastida (green arrow) and the Opisthokonta (within the Amorphea, brown 

arrow) by Torruella et al.(2024) licenced under CC BY-NC 4.0.  

 

Table 1.3. A summary of PCD - associated ultrastructural changes exhibited 

by various members of the SAR group. 

Species name Stressor Ultrastructural 
changes 

PCD 
phenotype 

Refs  

Prorocentrum 
donghainse 

 Modified 
clay 

Cell shrinkage, 
amorphous chloroplast 

Not 
specified 

(Jing et 
al., 2017) 
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(Alveolata, 
Miozoa, 
dinoflagellates 

structure, nucleus 
decreased in size, 
chromosomes 
appeared darker and 
condensed, excessive 
vacuolation, increase 
in starch grains 

Karlodinium 
veneficum 
(Alveolata, 
Miozoa, 
dinoflagellates) 

Exposure to 
cytotoxic 
activity of 
exudates of 
the 

Organelle loss, 
extensive vacuolation 
leading to only cell 
outlines (ghost cells) 
being observed in 
some cell in later 
stages, amorphous 
intracellular material 

Paraptosis (Franklin 
and 
Berges, 
2004) 

Amphidinium 
carterae 
(Alveolata, 
Miozoa, 
dinoflagellates) 

Darkness & 
Senescence 

Excessive 
vacuolation, organelle 
(nuclei, chloroplasts, 
and mitochondria) 
degradation but the 
plasma membranes 
remained intact 

Paraptosis (Franklin 
and 
Berges, 
2004) 

Thalassiosira 
pseudonana 
(Stramenopiles, 
Bacillariophyta
, diatom) 

Fe Starvation Excessive 
vacuolation, swollen 
mitochondrial and 
intact plasma 
membrane 

Not 
specified 

(Bidle and 
Bender, 
2008) 

 

1.2.8 The relevance of programmed cell death for unicellular organisms 

The discovery of PCD in unicellular organisms has triggered interest and questions 

about its ecological relevance and evolutionary role. It was initially believed that 

PCD and the “death genes” evolved with the development of multicellular 

organisms. However, its existence in pro- and eukaryotic unicellular organisms 

makes it apparent that its evolutionary origin predates multicellularity (La et al., 

2022; Nedelcu, 2009).  

The existence of PCD in unicellular organisms is not easily justifiable because in a 

unicellular system there is no benefit for the eliminated individual and thus 
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maintenance of complex PCD genes is counterintuitive (Welburn et al., 1997). 

However, PCD is maintained in bacteria, archaea, protozoa, fungi, and algae which 

are diverse groups of unicellular lineages (Debrabant et al., 2003). The question 

that arises is how can a process that eliminates the cell allow for adaptation because 

for a trait to be adaptive it must confer a benefit. In multicellular organisms the 

maintenance of PCD as an adaptation and its benefits are easily understood.  

In a multicellular system there is clonality and a mutual dependency between the 

cells (Fisher et al., 2013). If some of the cells in a multicellular system are 

programmed to die the remainder of cells that are not affected (i.e., the whole 

organism) receive the benefits. In terms of evolution, the sacrificial behaviour by 

the cells that commit themselves to die to benefit others in a multicellular system 

can be explained by the kin and group selection theories (Bidle and Falkowski, 

2004). In the kin selection theory, an individual can carry a negative trait (e.g., a 

behaviour that is negative to its reproductive fitness) if it benefits those individuals 

that are genetically related to it (Simon et al., 2013). In multicellular organisms 

PCD has important biological functions, e.g., in cell differentiation and when 

eliminating rogue cells and their genetic mutations that are detrimental to the 

organism (Debrabant et al., 2003), this again shows that in these organisms PCD is 

selected for because it contributes to their fitness. Since unicellular organisms 

reproduce asexually under favourable conditions and are thus considered to be 

clonal, the kin and group selection theories have also been used to explain the 

maintenance of unicellular PCD (Bidle and Falkowski, 2004). It is considered, 

however, that under stress conditions cells might change to sexual reproduction and 

this can result in genetically modified cells that enter a resting stage. Their 

expression as new clonal populations, each new zygote potentially with variable 

receptivity to the benefits of PCD (or the ability to perpetuate, diminish or enhance 

PCD), would only be expressed at the termination of the next favourable growth 

period. 

It has been argued that the benefits of programmed death would be for the 

conspecifics (Barreto Filho et al., 2022b; Durand and Ramsey, 2018), an argument 
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that has been supported by the following example, cells of a Chlamydomonas sp. 

were killed by two different stressors, one that induced PCD (heat stress) and one 

that was non-PCD (i.e., cells were lysed). When the supernatants of dead cultures 

were added to consecutive cultures, their presence promoted growth more when 

cells were harvested from PCD-induced cultures than non-PCD induced cultures or 

even controls. It was interpreted that the cells dying by PCD released beneficiary 

biomolecules to the media (Durand et al., 2011). In another experiment, involving 

a population of Heterosigma akashiwo, PCD was shown to be selectively induced 

in virally infected cells resulting in the complete elimination from the population 

before it could be replicated (Bidle and Falkowski, 2004; Lawrence et al., 2001).  

More experimental evidence exists that has been interpreted to suggest that 

unicellular PCD benefits the kin in a population. Some of the PCD benefits that 

have been suggested, include the maintenance of clonality (Welburn et al., 1997), 

for example in a population of trypanosomatids (protozoan parasites) an in vivo 

study showed that when inside the gut of the insect vector, not all cells differentiate 

to become infectious and those cells that were not infectious died by PCD. It was 

suggested that this ensured the preservation of the genome because only those 

individuals that were fit (i.e., the infectious type) continued the life cycle and are 

transferred to the mammalian host (Debrabant and Nakhasi, 2003; Welburn et al., 

1997). 

 Notwithstanding the benefits that are offered by PCD genes to unicellular 

organisms, some researchers caution about the general assumption that unicellular 

PCD is an adaptation and maintained by kin and group selection as is the case in 

multicellular organisms (Nedelcu et al., 2011). They argue that although unicellular 

organisms are clonal and have high relatedness some populations can be 

heterogenous. For an example, a study showed that the genetic makeup of a diatom 

bloom population was heterogenous (Nedelcu et al., 2011; Rynearson et al., 2006), 

indicating that although the population is made up of unicellular organisms in this 

instance PCD cannot be justified by the kin selection theory because the benefit of 

PCD can be received by a random member in the population who is not genetically 
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related to the dying cell. These authors suggest that PCD in unicellular organisms 

is a maladaptive trait that has not been purged because it is linked to adaptive pro-

survival traits (i.e., it is a by-product) at the level of the individual. However, this 

maladaptive trait could be re-purposed under certain conditions that favour 

kin/group selection (e.g., the examples of Chlamydomonas sp., Heterosigma sp. and 

the trypanosomatids above).  

There is an ongoing debate about unicellular PCD being an adaptation or not and 

this creates uncertainties when establishing the evolutionary interpretations of 

unicellular PCD. To address this, Durand and Ramsey (2018) have suggested an 

approach that looks at the evolutionary histories of the mechanisms that bring about 

the PCD. If it is established that the “function of causing death is selected for”, they 

refer to it as true PCD. They have recommended two definitions for PCD, either as 

an adaptation or a maladaptation and have coined two names. The first name, “True 

PCD” refers to PCD where it has been proved that it is selected for and the second 

name, “Ersatz PCD” refers to PCD that is a result of pleiotropy (Durand, 2020; 

Durand and Ramsey, 2018). Pleiotropy occurs when a single gene is responsible for 

the expression of two or more unrelated traits (Stearns, 2010). In “Ersatz PCD” the 

genes have been retained because they serve another purpose other than PCD and 

the latter occurs as a by-product. 
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1.3. Aim and Objectives 

There has been little research done on how populations of phytoplankton collapse 

and consequently not much is known about the biological mechanisms that play out 

in the abrupt termination of algal blooms (Bidle and Falkowski, 2004). The current 

study investigates the cell death pathway in an algal bloom focused on detailed 

ultrastructural changes within the causative organism, from the development 

through to the final collapse of the bloom. Substantial research has been done in 

upwelling regions worldwide including the Benguela region, South Africa on the 

monitoring, characterisation and classification of HABs (Fawcett et al., 2006; 

Pitcher, 1988; Pitcher et al., 2010; Pitcher & Calder, 2000; Probyn et al., 2000),  

but an in depth study using electron microscopy to investigate PCD as a death 

pathway in a collapsing bloom would add a novel perspective into the existing 

research.  

This study aimed to determine, for the first time, ultrastructural changes that occur 

in cells sampled from a collapsing harmful algal bloom of P. redfieldii and ascertain 

whether there was structural evidence of PCD as a driver of the bloom collapse. 

Further, these ultrastructural responses were compared with those of cultures grown 

in replete conditions established from a cell isolated from this very bloom and 

subjected to stressors known to induce PCD, i.e., macronutrient deprivation 

nitrogen (NO3-) and phosphorus (PO4
3-) and heat stress.  

For each stressor tested, biochemical assays known to associate with PCD, such as 

the expression of caspase-like activity and of ROS as well as DNA laddering, were 

used to corroborate that the ultrastructural responses were linked with the induction 

of PCD.  

The individual objectives to meet this aim were: 

1). To collect, preserve and establish a unialgal culture of P. redfieldii: 



 

30 
 

This was achieved by collection of samples of the study organisms from St Helena 

Bay at the onset of and late into the harmful bloom event. Unialgal cultures were 

maintained in the laboratory throughout the experimental period and the growth 

dynamics of the study organism were established. 

2). To characterise the ultrastructure of nutrient replete cells of P. redfieldii: 

This was achieved by a detailed analysis of the ultrastructure of replete cells by 

transmission electron microscopy and the focus was on alterations to the nucleus, 

endomembrane system (Golgi bodies, endoplasmic reticulum and associated 

vesicles); mitochondria; chloroplasts; vacuolation and amphiesmal membranes. 

3). To characterise the ultrastructure of field samples collected at the onset and late 

into the bloom: 

This objective was achieved as in (2) above  

4). To induce PCD using a macro-nutrient stress:  

This was achieved by depriving the cultures of two macro-nutrients (nitrogen as 

NO3
--- and phosphorus as PO4

3-). Samples were characterised as in (2) above. 

Concurrent measurements of PCD associated biochemical assays were performed 

including: 

i) DEVDase activity assay:  

ii) DNA laddering assay 

iii) ROS assay:  

5). To induce PCD using heat-shock: 

This was achieved by exposing the cultures to a heat-shock at different 

temperatures. Cells were subjected to similar analysis as those in (2, & 4) above.  
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1.4 Importance of the study 

The frequent occurrence and subsequent collapse of anaerobic HABs caused by 

dinoflagellates greatly affects the population dynamics in upwelling regions like the 

Benguela. The impact is experienced in various trophic levels, changing the species 

diversity in the affected areas. The study of the cell death pathway in a causative 

organism will contribute to the fundamental knowledge that is required to alleviate 

the problem.  

An ultrastructural study of P. redfieldii detailing its mortality at the inception of a 

bloom until its collapse has not been done and the current study will close this gap 

in the existing knowledge about this species and give insight about its behaviour 

during the bloom. It is acknowledged that documenting PCD is difficult, because 

of the problems with detection (Barreto Filho et al., 2022a). Ultrastructural changes 

are the gold standard (Barreto Filho et al., 2022a; Durand, 2020; Hasanzadeh et al., 

2017; Zhao et al., 2006) because “seeing is believing” and there is a need to have 

ultrastructure before having confidence in the biochemical and cell biology essays. 

This gold standard assessment is crucial for future interpretations of this organisms 

in HABs, since transmission electron microscopy is laborious what is observed in 

this study can be used as a baseline to correlate with the PCD molecular biomarkers.  

1.5 Structure of Thesis 

This section gives an overview of the thesis and the objectives that will be 

achieved in each research chapter. Each chapter from 2-4 is divided into an 

introduction and literature review, material and methods, discussion and 

conclusion relevant to that chapter. All the references were compiled at the end of 

the thesis. 

Chapter 2  

This chapter will address objectives 1, 2 and 3.  
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Chapter 3 

This chapter will address objective 4 

Chapter 4 

This chapter will address objective 5 

Chapter 5 

This is the general discussion chapter and will also include the overall conclusion, 

limitations of the study and future work 
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2: COMPARATIVE ULTRASTRUCTURES OF A 

REPLETE CULTURE AND DYING P. REDFIELDII 

CELLS FROM A HAB 

2.1 INTRODUCTION 

2.1.1 Background 

Dinoflagellates are frequent causative organisms of blooms in upwelling systems 

like the Benguela (Ndhlovu et al., 2017; Pitcher et al., 2010; Probyn et al., 2000; 

Stephen and Hockey, 2007). When the relaxation and downwelling conditions 

persist, nutrients become depleted leading to the decay of these blooms, often 

resulting in anoxia and massive deaths of other organisms (Pitcher et al., 2014). 

Species of Prorocentrum are frequent contributors to these anaerobic blooms 

(Pitcher and Louw, 2021). How these organisms, and others during the bloom 

decay, die is a relatively unexplored phenomenon, and there is a growing interest in 

linking the collapse of these blooms to causes of cell death like programmed cell 

death (Segovia, 2003; Franklin et al., 2006; Bidle, 2016). 

This chapter gives insight on the growth dynamics of P. redfieldii cells grown in the 

laboratory in nutrient replete conditions. It will also reveal the ultrastructure of the 

nutrient replete cells and those sampled from a collapsing bloom. The observed 

ultrastructure of the replete cells was used as a standard against which to compare 

those sampled from the bloom and to determine whether they were dying in a 

regulated manner, namely by PCD.  

2.1.2 Glossary 

Table 2.1. Definitions of various terms used in this chapter and beyond. 

Accumulation 

bodies- 

Spherical bodies with electron dense and fibrous material 
found in the cytoplasm of dinoflagellates. They exhibit 
acid phosphate activity and are suspected to have an 
autodigestive function. 
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Amphiesma- A complex structure making up the cell covering of 
dinoflagellates. It is made up of vesicles that are 
flattened, known as the alveoli, and may contain thecal 
plates. An additional sub thecal layer of microtubules or 
an amorphous pellicle can be present.  

Autophagosomes- Double-membraned structures that enclose intracellular 
cargo to be recycled in autophagic vacuoles. 

Autophagy-  A catabolic process found in eukaryotes involves the 
engulfment of degenerated organelles by vesicles known 
as autophagosomes and their subsequent transportation 
to vacuoles, where the contents are recycled.  

ATG genes- Autophagy related genes encoding proteins required for 
autophagy.  

Dinokaryon- Dinoflagellate nucleus characterized by the presence of 
permanently condensed chromosomes which lack 
histones. 

Pusule- Membranous subcellular organ found in dinoflagellates 
that opens to the cell exterior via a duct in the region of 
the cingulum/sulcus junction close to where the flagella 
arise. It has been suggested to have an osmoregulatory 
role. 

Vacuolation- Consumption of the cell cytoplasm by the formation and 
coalescence of vacuoles 

Axoneme- The central part of a flagellum that contains 
microtubules and other proteinaceous structures e.g., the 
cytoskeletal motor protein dynein.  

Cingulum- A transverse groove that divides the dinoflagellate cell 
into the upper epicone and lower hypocone and which 
houses the transverse flagellum. 

Sulcus- A groove on the ventral side of the cell that is 
predominantly on the hypocone and that lies 
perpendicular to the cingulum. It houses the proximal 
portion of the longitudinal flagellum. 
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2.1.3 Dinoflagellates 

Dinoflagellates possess some distinct characteristics that differentiate them from 

other eukaryotes and this section provides an overview of their morphology, 

ultrastructure and other characteristics. A detailed background of their ultrastructure 

is required if meaningful distinctions are to be made between healthy (early 

cultured) and stressed (late bloom) cells of P. redfieldii. A study of the ultrastructure 

is also essential if PCD interpretations are to be made (Barreto Filho et al., 2022).  

Dinoflagellates are generally unicellular eukaryotes that are documented as one of 

the dominant obvious primary producers in both oceans and fresh water (Spector, 

1984). They are classified under the Alveolate group (see below) and form part of 

the TSAR superclade (Burki et al., 2020). They are a diverse group of eukaryotic 

organisms and employ various feeding strategies including autotrophy, 

heterotrophy, mixotrophy, parasitism and/or symbiosis (Janouškovec et al., 2017). 

Notwithstanding the important role in CO2 fixation and primary production of 

some, their abundance can result in concentrated HABs that often cause mass 

mortality of other organisms in those environments when their populations collapse 

(Ndhlovu et al., 2017; Pitcher and Calder, 2000; Sellner et al., 2003; Soyer-

Gobillard, 2017). 

2.1.3.1 The cell covering 

Dinoflagellates are covered by an amphiesma (Box 2.1), a membranous complex 

structure made of flattened vesicles known as alveoli (Loeblich, 1970; Fig. 2.1), a 

characteristic that groups them together with ciliates and apicomplexans in the 

taxonomic group, the Alveolata (Segovia, 2008a; Sogin, 1991). Thecal plates are 

formed within the alveoli vesicles by secretion of cellulose or other polysaccharides 

(Lau et al., 2007; Segovia, 2008b) and form a protective structure often perforated 

by pores which are used for ejecting trichocysts (described below). Dinoflagellates 

can be classified as armoured when they possess thick and obvious plates or 

unarmoured when these plates are thin or negligible (Taylor, 1987). In the species 

of Prorocentrum the amphiesma consists of an outer membrane (i.e., the plasma 

membrane), beneath this membrane are the alveoli vesicles which constitute an 
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outer and inner alveoli membrane (the vesicles are continuous and house the two 

major thecal plates). A single membrane (i.e., the inner membrane) underlies the 

vesicles and separates the amphiesma from the cytoplasm (Dodge, 1973). 

 

Figure 2.1  Schematic diagram of the amphiesma of a thecate dinoflagellate.  

 

In P. redfieldii there are only two major (alveoli) thecal plates or valves that cover 

most of the cell and that are joined by sutures. The eight plates of the periflagellar 

region are smaller in size and are referred to as thecal platelets (Faust and Gulledge, 

2002; Ndhlovu et al., 2017).  

2.1.3.2 Trichocysts 

Trichocyts are ejectile, defence structures that are synthesized in the Golgi region 

in enclosed membranes or sacs and migrate towards the periphery of the cell as they 

mature (Barsanti and Gualtieri, 2005).  

2.1.3.3 Flagella 

In most dinoflagellates, the flagella arrangement is termed the dikokont whereby 

the two flagella axonemes are inserted into the cell perpendicular to one another 

and result in a longitudinal and transverse orientation (Taylor, 1987). The transverse 
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flagellum, situated in the cingulum, wraps around the cell in a wavy ribbon-like 

manner and facilitates much of the forward movement and spin of the organism 

during swimming. The proximal end of the longitudinal uncoiled flagellum lies 

inside the sulcus and trails behind the organism, acting like a propeller (Gagat et 

al., 2014). In P redfieldii, the cingulum and sulcus are absent and both flagella 

extend from the same flagella pore (Loeblich et al., 1979) in the apical region of 

the cell (Dodge and Bibby, 1973; Ndhlovu et al., 2017), this flagella arrangement 

is termed the desmokont arrangement (Taylor, 1987).  Dinoflagellates are fast 

swimmers and their movement is accompanied by a spiral motion of the cell (Soyer-

Gobillard, 2017). Many are rapid swimmers, and this allows them to traverse 

relatively great distances in the water column, which can be important if they are to 

obtain nutrients in the lower depths of the column during periods of relaxation and 

downwelling when nutrients are not replenished in the euphotic zone. 

2.1.3.4 The Nucleus 

Dinoflagellates possess a mesokaryotic nucleus, which is unique to them, also 

known as the dinokaryon (Soyer-Gobillard, 2017; Talbert and Henikoff, 2012). 

Some of the differences between the dinokaryon and most other eukaryote nuclei 

include:  

 A very low protein to DNA ratio (1:10) compared with that of other 

eukaryotes where the ratio approaches equity (1:1).  

 Large nuclear DNA per cell (starting from 3 up to 250 picograms of DNA 

per cell ; Spector, 1984; Wang et al., 2014).  

 The chromatin possesses specific DNA-binding proteins (which are non-

histones) and it lacks nucleosomes (Mínguez and Franca, 1994; Soyer-

Gobillard, 2017). These non-histone proteins are homologues of the 

dinoflagellate / viral nucleo proteins (DVNP’s) and histone-like proteins 

(HLPs), which originate from viruses and bacteria, respectively (Chan and 

Wong, 2007; Janouškovec et al., 2017; Riaz et al., 2018). 

 Chromosomes remain permanently condensed throughout the cell cycle ( 

Dodge, 1965; Gornik et al., 2012; Pokrzywinski, 2014). This is attributed to 
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a highly ordered structure of their cholesteric liquid crystalline 

chromosomes (LCCs). At high concentrations DNA molecules can be 

condensed by self-assembly to various forms of liquid crystalline phases. 

Essentially LCCs are a form of DNA packaging for highly dense DNA 

molecules in the absence of histones, they are different from the histone and 

nucleosome facilitated packaging of chromosomes found in other 

eukaryotes (Chow et al., 2010; Gornik et al., 2019).  

 Another unique feature of the dinokaryon is the presence of metal ions like 

calcium and magnesium in high proportions in relation to DNA base pairs, 

almost in a (1:1) ratio. These divalent cations could serve to neutralise the 

negative charge of DNA in the absence of histones which normally provide 

the positive charge to neutralize the DNA of other eukaryotes 

(Pokrzywinski, 2014).  

 There is also a difference in the DNA base pairs in that the thymine bases 

are replaced by 5-hydroxymethyluracil (HOMeU), which is also found in 

the DNA of some bacteria (Ohtsuka et al., 2015). 

2.1.3.5 The Pusule 

The pusule, a subcellular membranous organelle situated at the anterior end of the 

cell, is another unique structure found in dinoflagellates. There are two main types, 

those that contain vesicles and those that are tubular or sac-like. Other types have 

been described, but they are variations of these two fundamental types (Dodge, 

1972). The function of the pusule in dinoflagellates is unclear but it has been 

suggested to play an osmoregulatory or secretory role (Dodge, 1972; Klut et al., 

1987).  

2.1.3.6 Plastids (Chloroplasts) 

In those groups of dinoflagellates that possess plastids their acquisition occurred 

through multiple events of endosymbiosis. In a simplified occurrence of events, the 

primary endosymbiotic event occurred when an ancestral eukaryotic cell ingested 

and enslaved a photosynthetic cyanobacterium, resulting in a primary plastid with 

a two-membrane envelope. A secondary endosymbiotic event occurred by the 
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enslavement of a eukaryote that already had a primary plastid (e.g., a red algae) by 

a protist resulting in a secondary plastid with three or four enveloping membranes. 

A secondary endosymbiosis is the common pattern in autotrophic dinoflagellates 

and results in the peridinin containing species like the study organism, P. redfieldii.  

The peridinin plastid is bounded by a three-membrane envelope and it is not 

connected to the endoplasmic reticulum as observed in some groups of micro-algae 

(Dodge, 1968; Solymosi, 2012). The plastid contains pigments like chlorophylls a 

and c as well as its accessory pigment, the carotenoid peridinin (Zhang et al., 1999). 

The thylakoid membranes are appressed, mostly arranged in stacks of three and 

each of these units forms a lamella. The orientation of the lamellae is parallel to the 

longitudinal axis of the chloroplast (Dodge, 1968). Pyrenoids are often present 

(Hoppenrath and Leander, 2008).  

2.1.3.7 Accumulation bodies 

Accumulation bodies are electron dense bodies that might contain fibrous or 

membranous and granular material when viewed using TEM (Dodge and Bibby, 

1973; Siano and Montresor, 2005). The presence of accumulation bodies has been 

reported in dinoflagellates (Taylor, 1968; Zhou J and Fritz L, 1994). Their function 

is suggested to be that of an autodigestive organelle, and it was discovered that they 

become larger in starved cells (Taylor, 1968).  

2.1.3.8 Other organelles 

Other organelles like the Golgi bodies, endoplasmic reticulum, ribosomes and 

mitochondria resemble the ones found in other eukaryotic lineages. The shape and 

size of mitochondria vary but they all possess tubular cristae (Taylor, 1991). 

2.1.4 Structural markers of programmed cell death 

The existing empirical research on microalgal PCD has mostly been measured / 

detected using markers that have been adopted from the long established PCD 

research on Metazoans and Fungi (Opisthokonta; Barreto Filho et al., 2023). The 

problem with this is, firstly, that some microalgae possess chloroplasts and cell 
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walls, which are lacking in opisthokonts. Secondly the ecological niches occupied 

by opisthokonts and microalgae are diverse. In a recent study, Barreto Filho et al., 

(2023) have recommended structural and biochemical markers that can be used for 

detecting PCD in phytoplankton based on their high correlation with this 

phenomenon across highly divergent taxa. The PCD structural markers will be used 

as a guide in the current study and will be correlated with ultrastructural alterations 

to the nucleus, chloroplasts, mitochondria, endomembrane system (endoplasmic 

reticulum, Golgi bodies and associated vesicles), plasma membrane and 

vacuolation of the cells sampled from a HAB to detect if the cells are dying in an 

ordered manner. These structural markers have been detailed in in Chapter 1, 

section 1.2.6.  

2.1.5 Autophagy 

Nutrient availability plays an important role in the dynamics of phytoplankton 

blooms. When nutrients become limiting, bloom organisms adopt strategies to 

alleviate the resultant stress. Autophagy, a catabolic process found in most 

eukaryotes (Shemi et al., 2015), is used as a stress response to temporally cope with 

nutrient limitations and oxidative stress (Yang and Klionsky, 2009). It is also 

observed during cellular differentiation, regular organelle recycling and protein 

turnover (i.e., it creates an equilibrium within the cell by degrading damaged / aging 

organelles and proteins allowing for the synthesis of new constituents), elimination 

of invasive pathogens, e.g., viruses (Yang and Klionsky, 2009) and cell death 

(Mizushima, 2004).  

There are two main types of autophagy, namely, macro-autophagy and micro-

autophagy (Ohsumi 2013). The former is the most common form and is generally 

referred to as autophagy. Autophagy is divided into distinct steps. The material 

destined for disposal (e.g., degenerated organelles, protein aggregates, lipid droplets 

and membranes) is first isolated by an engulfing double membrane termed a 

phagophore to form a vesicle known as an autophagosome. The autophagosome 

with its cargo is then transported to lytic vacuoles where the entire autophagosomes 

and contents are engulfed, degraded and recycled (Fig. 2.2; Bassham and Crespo, 
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2014; Kourtis and Tavernarakis, 2009; Kwon and Park, 2008; Rabinowitz and 

White, 2010).  

Early studies on autophagy relied on electron microscopy and were on animal cells 

(the rat liver; Ashford and Porter, 1962; Duve, 1959; Mizushima, 2004). The 

isolation of autophagy–related genes (ATGs) in the yeast Saccharomyces cerevisiae 

by Tsukada and Ohsumi in the 1990’s gave insight into the molecular aspects of this 

phenomenon (Tsukada and Ohsumi, 1993). The ATGs are kinases involved in 

various stages of the autophagy process. In a simplified description of the 

autophagy process in yeasts, the ATG 1 complex composed of ATG 1, 13 and 17 

(the numbering denotes the sequence of their discovery) together with the target of 

rapamycin (TOR) are involved in the induction of autophagy. TOR is also a kinase 

protein and is a signaling molecule that monitors and regulates cell growth as a 

response to the availability of nutrients (Kiel, 2010a) and it is evolutionary 

conserved in eukaryotes.  

In non-stressed conditions TOR is activated and phosphorylates the ATG 13 protein 

and by doing that the ATG 13 protein loses the affinity to bind with the other two 

proteins to form the ATG 1 complex, and consequently autophagy remains at low 

levels. In stressed conditions TOR is deactivated and ATG 13 is dephosphorylated 

allowing it to bind to ATG 1 and 17 to form the ATG 1 complex and this upregulates 

autophagy. Other ATGs (either individually or in groups like the ATG 1 complex) 

are involved in various stages of the autophagy process, including the nucleation, 

expansion and fusion of membranes to form the autophagosomes. For example, 

another complex, the ATG 8 + Phosphatidylethanolamine (PE) lipids and ATG 9 are 

involved in the formation of the autophagosome), the expansion of the membrane 

of the autophagosome, the sequestering and transportation of the cargo to the 

vacuole (Yang and Klionsky, 2009). The PE phospholipids are the major lipids 

found in biological membranes (Patel and Witt, 2017). At the vacuole interface the 

fusion of the outer membrane of the autophagosome to the vacuolar membrane is 

facilitated by a group of membrane fusion proteins, namely, the soluble N-

ethylmaleimide-sensitive-factor attachment protein receptor (SNARE)  (Kiel, 

2010). 
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Knowledge about the source of the phagophore membrane is elusive, with some 

researchers identifying the endomembrane system (endoplasmic reticulum, Golgi 

bodies and associated vesicles) and the outer membrane of the mitochondria as the 

donors for it (Morel, 2020).  

Micro-autophagy is a second, less-reported type of “autophagy” and occurs at the 

vacuolar membrane site by direct engulfment of the cytoplasm and organelles 

through the formation of an autophagic tube which is an extension of the vacuolar 

membrane (Kiel, 2010; Li et al., 2012). Therefore, this pathway does not require 

specialized vesicles like the autophagosome to transport the cargo to the vacuole. 

Both types of autophagy can be selective or non-selective, for example, in selective 

autophagy, only specific organelles like the mitochondria, ER, peroxisomes, 

ribosomes and some components of the nucleus (this process is termed piecemeal 

autophagy of the nucleus) would be targeted and degraded in the vacuole. 

 

Figure 2.2  A schematic representation of the different types of autophagy. The 

ATG 9 and the ATG 8-PE complex are involved in the expansion of the 

autophagosome membrane and the transportation of the cargo to the vacuole.  
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Although autophagy is regarded as a survival process adopted by organisms to 

alleviate stressful conditions it can lead to cell death viz., type 2 autophagic cell 

death (see Chapter 1, section 1.2.5). This type of cell death is defined as a caspase-

independent cell death. Cell death occurs when a certain threshold (of autophagic 

vacuoles occupying a greater volume of the cytosol than the functioning organelles) 

is exceeded (Li et al., 2012).  

2.1.6 Multivesicular bodies 

Multivesicular bodies (MVBs; also referred to as endosomes or prevacuolar 

compartments) are single-membraned vesicles which traffic proteins and lipids 

packaged in intraluminal vesicles (ILVs; Viotti, 2014; Vitale and Denecke, 1999). 

The packaging of proteins into ILVs facilitated by ESCRT- machinery (Scheuring 

et al., 2011), occurs at the trans-Golgi network (TNG). The protein cargo inside 

MVBs is then dispatched either to the plasma-membrane via the endocytic pathway 

or to the vacuoles for degradation (Le Borgne and Hoflack, 1998). 

Studies in animal and plant cells demonstrate a relationship between MVBs and 

autophagy (Fader and Colombo, 2009). An association between MVBs and 

autophagy occurred in the unicellular green alga Micrasterias denticulata while 

undergoing autophagic PCD (Darehshouri et al., 2008).  

2.1.7 Vacuolation  

Extensive vacuolation is a structural marker that is common to the phenotypes of 

different types of cell death (both programmed and incidental); viz., autophagic 

death, paraptosis, necrosis, plant vacuolar cell death and hypersensitive response 

(this list is not exhaustive and the last two only occur in plants). The biogenesis of 

the vacuolation in the various phenotypes of cell death differs and will be discussed 

in this section. 

In autophagic cell death, vacuolation results from extreme sequestering of 

cytoplasm and organelles by autophagosomes and the subsequent degradation of 

their contents in lytic vacuoles (Bassham and Crespo, 2014). It can also occur by 

the direct sequestering of the adjacent cytoplasm and organelles by the lytic 
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vacuoles (microautophagy) (Li et al., 2012). The two pathways are not exclusive 

and can occur at the same time, working in synergy (Li et al., 2012).  

In paraptosis, vacuoles are derived from ER and mitochondrial dilations (Khalili 

and Radosevich, 2018; Sperandio et al., 2000). In animal cells, vacuoles are derived 

only from the dilated ER but in plants vacuoles can be derived from the ER and 

mitochondria (Li et al., 2017). Biogenesis of vacuoles from ER can occur in various 

ways (the pathways are not exclusive to paraptosis but refer to other processes in 

the cell where vacuoles are derived from ER). They can form when small vacuoles 

originating from dilated Golgi or ER cisternae coalesce to form a large vacuole, or 

the ER can sequester / enclose parts of the cytoplasm, these areas are digested to 

form a vacuole (Pacini et al., 2011).  

During necrosis, excessive vacuoles are formed through the rupture of cell 

membranes and acidification of the cytoplasm (this is caused by leaks in the lytic 

vacuoles),and leads to the dilation and rupture of other organelles (McCall, 2010).    

2.1.8 Ultrastructural changes in phytoplankton during PCD 

Ultrastructural changes that have been observed in microalgae when undergoing 

PCD are summarised in Table 2.2. 

Table 2.2. A summary of ultrastructural observations following induced PCD in 

microalgae 

Organism PCD 
inducer 

Ultrastructural response References 

Amphidinium 
carterae 
Dinoflagellate 

Light 
deprivation 

-Vacuolization which 

increased with time (from 

day3-8) 

-Amorphous intracellular 

contents 

-Cell membranes remained 
intact 

Franklin & 
Berges (2004) 



 

45 
 

Prorocentrum 
minimum 
Dinoflagellate 

Shewanella 

sp  

(Algicide-
IRI-160AA 

Increased vacuolization; 

Electron dense aggregates in 

vacuoles 

-Increase in inter-thylakoid 

space in chloroplast 

-Mucilage vesicles degraded 

-Change in chromosome 

structure, fibrils protruding 

from chromosomes 

 

Prokrzywinski  
(2014) 

Karlodinium 
veneficum 
Dinoflagellate 

Shewanella 

sp  

(Algicide-
IRI-160AA) 

-Amphiesmal and nuclear 

blebbing 

-Mitochondria increase in 

size 

-Migration of nucleus and 

chloroplasts to opposite ends 

of cell 

-Large cytoplasmic vacuole-

Alteration in the compaction 

of chromosome structure 

 

Prokrzywinski  
(2014) 

Thalassiosina 
pseudonana 
(Diatom) 

Iron 
starvation 

Vacuolation.  

-amorphous organelles  

-Intact cell membranes 

Bidle & 
Bender (2007) 

 

2.1.9 Aim and objectives 

The aim of this chapter was to determine whether P. redfieldii cells in a collapsing 

harmful bloom in St Helena Bay exhibited morphological markers of PCD that were 

not reflected in nutrient replete cultures. The findings would thus establish whether 

the collapse of the bloom was caused by PCD. 

This aim was addressed by the following objectives: 
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1). To collect, establish and maintain a unialgal culture of P. redfieldii: 

This was achieved by collection of samples of the study organisms from St Helena 

Bay at the onset and late into the harmful bloom event. A unialgal culture was 

established and maintained in the laboratory throughout the experimental period 

and the growth dynamics of nutrient replete cells of the study organism were 

established. 

2). To characterise the ultrastructure of nutrient replete cells of P. redfieldii: 

This was achieved by a detailed analysis of the ultrastructure of nutrient replete 

cells by transmission electron microscopy and the focus was on the ultrastructure 

of the nucleus, endomembrane system; mitochondria; chloroplasts; vacuolation and 

amphiesmal membranes. The observed ultrastructure of replete cells was used as a 

benchmark against which to compare ultrastructural alterations with those cells 

sampled from a collapsing bloom. 

3). To characterise the ultrastructure of field samples collected at the early and late 

stages of the bloom and do a comparative analysis of their ultrastructure with that 

of samples grown in nutrient replete conditions to establish whether the cells from 

the collapsing bloom die by PCD.  

This objective was achieved by a detailed analysis of the ultrastructure of the bloom 

samples by TEM and the focus was on the alterations to the ultrastructure of the 

nucleus, endomembrane system; mitochondria; chloroplasts; amphiesmal 

membranes and vacuolation to compare with nutrient replete cells.
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2.2 METHODS 

2.2.1 Growth dynamics of laboratory cultures 

Prorocentrum redfieldii was isolated and a clonal culture successfully established 

from a sample taken from the HAB at station 21 of the map in Chapter 1 section 

1.1.5. The nutrient composition of the bloom water was not analyzed in the current 

study, however, a previous study (Pitcher & Probyn, 2016) on a bloom in the same 

study region revealed that the nutrient composition of the bloom consists of nitrates 

(NO3
-), Ammonium ions (NH4

+), Nitrites (N02
-), phosphates (PO4

3-) and Silicates 

(SiO4
2-). The Daigo IMK growth medium (Nihon Pharmaceutical Co., Ltd.) that 

was used to grow nutrient replete cultures had a similar composition of macro-

nutrients excluding the silicates. Isolation was accomplished by micro-pipetting 

individual cells from a natural sample and then culturing each cell in individual 

wells of a multi-well dish. This resulted in a clonal culture (number DID1, 

SANPCC) that was maintained in filtered, autoclaved sea water supplemented with 

Daigo IMK growth medium. Cultures were grown in 250 ml Erlenmeyer flasks in 

a growth chamber set at a temperature of 20 ⁰C and with a 16:8 h light-dark 

photoperiod at a white fluorescent light intensity of 13 µmol m-2 s -1. To maintain a 

stock culture, sub-culturing into fresh medium was carried out every third week.  

A growth curve was determined in batch cultures of P. redfieldii grown in IMK 

enriched seawater. Eight replicate flasks of inoculum made up of 30 x 104 cells ml-

1 (from a dense, actively growing stock culture) and 130 ml IMK media were set up 

and the growth monitored until the stationary phase was reached. Daily monitoring 

was achieved by determining the cell density, using a haemocytometer, in samples 

harvested from each replicate. An aliquot of 500 µl of culture was collected in a 1.5 

ml Eppendorf tube and the cells were immobilised by adding 5 µl of 2 % Lugol’s 

iodine (I3 K) solution (Lugol, 1829).  

A 5 µl aliquot of this was mounted onto a haemocytometer and viewed using a 10x 

objective of a Zeiss trinocular standard light microscope (Zeiss, West Germany) at 

a total magnification of 100x. Six readings were taken from each replicate and 
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averaged. The cell concentration was calculated using the following formula: 

 

# of squares = the number of haemocytometer squares used 

Dilution factor= the dilution by the amount of Lugol’s I3 K stain used (=1.01). 

2.2.2 Sampling of field organisms 

Sampling from station 21 (Chapter 1, section 1.1.3, Fig. 1.2) was done on two 

occasions, three weeks apart, during a coastal downwelling period in the Benguela 

upwelling system. The later sampling event incurred heightened stress regarding 

available dissolved oxygen and nutrients (Ndhlovu et al., 2017; Pitcher and Probyn, 

2016a).  

2.2.3 Transmission electron microscopy 

2.2.3.1 Fixation and embedding 

Non-axenic nutrient replete cultures in the exponential phase and samples of field 

bloom organisms were fixed in 5 % glutaraldehyde (GTA) in 0.1 M sodium 

cacodylate buffer, made up in 0.5 M Sucrose. This fixative was added 1:1 with the 

culture /samples in centrifuge tubes, mixed by inversion and allowed to fix for 1 

hour at room temperature. After fixing, the cells were centrifuged at 1400 g (5 

minutes), this was then increased to 4000 g (10 minutes) to form a pellet. The 

supernatant was gently removed by Pasteur pipette, and the pellet was washed four 

times in 0.1 M Na cacodylate buffer with a decreasing molarity of sucrose (from 

0.5, 0.4, 0.2, 0.1 to 0 M sucrose). In the last wash the pellets from the centrifuge 

tubes were all combined and centrifuged again. The cells were then post-fixed in 2 

% osmium tetroxide (1 hour), washed twice in 0.1 M Na cacodylate buffer and 

dehydrated through an increasing series of ethanol concentrations (10, 30, 50, 75 

and 90 %; 20 minutes in each concentration) and then twice in 100 % ethanol (30 

minutes) each. This was followed by a gradual infiltration by Spurr’s resin (Spurr, 



 

49 
 

1969) starting with a 3:1 ratio of ethanol: resin, followed by a 1:1 ration ethanol: 

resin, each for 1 hour) each, then left overnight in a 1:3 ratio and finally in 100 % 

resin (1 hour). The pellet was broken up into smaller pieces and deposited in fresh 

resin in a small tin foil dish. Once the fragments sank to the bottom of the dish, the 

resin was cured in an oven at 60 ⁰C for 16 hours. 

2.2.3.2 Microtomy and Viewing 

Resin blocks of the nutrient replete cells and field samples were cut into ultrathin 

sections averaging 60 nm using an RMC Boeckler Cryo-microtome (RMC 

Boeckler CR-X, PT-PC, PowerTome; Arizona, USA). Sections were collected on 

100 mesh copper grids and stained with 2 % uranyl acetate and Reynold’s (1963) 

lead citrate for a period of five minutes with each stain to enhance contrast. The 

stained sections were viewed on the FEI Tecnai T12 120 KV transmission electron 

microscope (FEI Tecnai T12 Spirit 120 KV; Oregon, USA). The viewing was done 

at 80 KV.  The ultrastructure from encountered cells in linear, non-overlapping 

transects was captured and analysed until a total of 50 cells were viewed. Viewing 

focus was on alterations to organelles as mentioned in section 2.1.9, changes in the 

integrity of the amphiesmal membranes, vacuolation, subcellular structures and 

vesicles not observed in replete cells. Changes in abundance and size of organelles 

relative to those of replete cells was noted.   

2.2.4 Statistical analysis 

All reported measurements are presented as means ± standard error (SE), sample 

size was (n = 50). Statistical differences between variously sampled cells were 

identified using a one-way ANOVA (P ≤ 0.05), with a Tukey’s post-hoc test to 

determine which groups were involved. Both were accomplished using Origin Pro 

8.0 software (Origin lab, Northampton, Massachusetts, USA).  
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2.3 RESULTS 

2.3.1 Growth dynamics of laboratory cultures 

Nutrient replete cells revealed a short lag phase that did not last longer than two 

days. After day two the growth curve revealed a linear growth trend, i.e., the cells 

did not exhibit a sharp increase in cell abundance. Cells entered a short stationary 

phase around the 10th day. The stationary phase is characterized by limited nutrients 

and no further increment in cell abundance. A steady decline in cell abundance was 

observed on day 14. Nutrient replete cells that were used for this study were 

sampled towards the end of the linear phase (around day six).  

 

 

Figure 2.3 Stages of the growth curve of P. redfieldii over a 16 - day period.  

The numbers 1, 2 & 3 indicate the Lag phase, linear phase & stationary 

phase, respectively. The icon ( ) denotes the sampling time for all 

laboratory experiments. 
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2.3.2 Ultrastructure of nutrient replete cells  

Transmission electron microscopy of P. redfieldii cultures revealed features of an 

armoured dinoflagellate. The cells have a slightly oval anterior with an apical spine 

and a pointed posterior (e.g., Figs 2.4 A, C & D). The cells are covered by a three-

membraned amphiesma which consists of the outermost membrane (i.e., the plasma 

membrane), the two alveolar membranes (outer and inner alveoli membranes). The 

plasma membrane and the outer alveoli membrane were not evidenced in cells 

where the cell covering was being shed (e.g., Figs 2.4 A &B). In some of the cells 

juvenile alveoli vesicles were observed beneath the mature alveoli vesicles. The 

main vacuolar network with crystalline inclusions underlies the chloroplasts (e.g., 

Fig. 2.4 B). The alveolar membranes are continuous around the thecal plates (e.g., 

Fig. 2.4 B) and this conforms to the illustration by Morrill and Loeblich (1984; Fig. 

2.1). The two lateral thecal plates cover most of the cell except for the anterior 

periflagellar area and are joined together by sutures (e.g., Fig. 2.4 B). The pellicle 

and microtubule layers are absent (e.g., Fig. 2.4 B). The periflagellar area is made 

up of 8 platelets and this conforms to the illustration by Ndhlovu et al (2017), four 

of which are visible in Figure 2.4 C (numbering after Hoppenrath et al. 2013).   

Inside the cell, the dinokaryon is located at the posterior end of the cell (e.g., Fig. 

2.5 A). The nucleus has permanently condensed chromosomes enclosed by a double 

membraned nuclear envelope with nuclear pores (e.g., Figs 2.5 A & B). The anterior 

end of the cell is occupied by a sac-like pusule with vesicles (e.g., Fig. 2.5 D). The 

pusule which comprises of vesicles is vacuolated and bound by a double membrane. 

Organelles that make up the endomembrane system like Golgi bodies, smooth 

endoplasmic reticulum (ER) and endomembrane vesicles are also present on the 

cytoplasm (e.g., Fig. 2.5 C). Golgi cisternae are stacked in four or five systems 

forming Golgi bodies, which are grouped together to form the centrally located 

Golgi complex. The ER is represented by a network of membranous tubules and 

sheets (e.g., Fig. 2.5 C) and is sometimes associated with ribosomes to form the 

rough ER (e.g., Fig. 2.5 C). The ER lumen is granular and resembles the cytoplasm. 

Trichocysts (e.g., Fig. 2.5 C) and ribosomes (Fig. 2.5 C) were seen throughout the 

cytoplasm. An accumulation body containing electron dense material is present in 
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the cytoplasm (e.g., Fig. 2.5 A).  

 

Figure 2.4 Ultrastructure of nutrient replete cultured cells of P. redfieldii. 

(A) Longitudinal section of a cell of P. redfieldii; showing the apical spine, location 

of the pusule, nucleus, chloroplasts and pyrenoids  

(B) Transverse section showing the amphiesma and a suture between the two thecal 

plates, the inner alveoli membrane and the inner membrane are visible, but 
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the outer alveoli membrane and the plasma membrane are absent. Juvenile 

alveoli vesicles are present beneath the amphiesma, note the vacuolar network 

with crystalline inclusions inside the (black asterisk).  

(B”) Section of a complete amphiesma revealing the plasma and outer alveoli 

vesicles.  

(C) Section through the periflagellar region showing arrangement of 4 thecal 

platelets (from left to right; platelets 1, 2, 3 and 4; numbering after 

Hoppenrath et al 2013).  

(D) A different view of the periflagellar region showing the apical spine, 

longitudinal flagellum, flagellar pore and a few thecal platelets (from left to 

right; plate 4, 5, the two labial plates, plate 6a and plate 1) Abbrev: av = 

alveolar vesicles, amp = amphiesma, As= apical spine; C = chloroplast; F = 

flagella; Fp= flagella pore; L = lipid; lb=labial plate; N=nucleus; ; oavm = 

outer alveolar vesicle membrane; im = inner membrane; iavm = inner 

alveolar vesicle membrane; jav= juvenile alveoli vesicles, Pf = periflagellar 

region; pm = plasma membrane Pu = pusule; Py1 = lobed pyrenoid; th = 

thylakoids; tp = thecal plates; Su = suture; V = vacuole. 
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Figure 2.5  Ultrastructure of the nucleus, endomembrane system and pusule in 

nutrient replete cells. 

(A) Detail of posterior end of cell showing the dinokaryon nucleus with condensed 

chromosomes, two pyrenoids and an accumulation body.  

(B) A higher magnification of the nucleus showing the nuclear envelope (white 

arrow) with nuclear pores (black arrow) and condensed chromosomes.  
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(C) The endomembrane system showing the Golgi complex comprising up to four 

dictyosomes arranged in a sphere, with their trans cisternae facing the interior, 

ER and vesicles. Also included are cross-sectional profiles of trichocysts, 

mitochondria.  

(D) The pusule with vesicles is bound by a double membrane (broken black arrow). 

Abbrev.: ac = accumulation body; chr = chromosomes; er = endoplasmic 

reticulum; ers=endoplasmic reticulum sheet G = Golgi complex; M = 

mitochondrion N = nucleus; ne = nuclear envelope; Pu = pusule; Py = 

pyrenoid; rer = rough endoplasmic reticulum; ss= starch sheath; tr = 

trichocyst; v = vacuole; ve= vesicle. 

 

Mitochondria with varying shapes are found throughout the cytoplasm. They are 

bound by a double membrane. Anastomosing tubular cristae which are of uniform 

size fill up most of the mitochondrial matrix, which is granular and has the same 

electron density as the cytoplasm. Mitochondrial DNA was not evidenced in those 

areas that lacked cristae. (e.g., Figs 2.6 A & B). The peridinin chloroplasts are 

bounded by a three-membrane envelope which has no connections to ER and are 

often associated with pyrenoids (e.g., Figs 2.6 C & D). They are found on the 

periphery of the cell underlying the amphiesma in the longitudinal axis of the cell 

(e.g., Fig. 2.5 A). The thylakoid membranes of uniform width are appressed and 

arranged in stacks of three to form the lamellae. The lamellae run parallel to the 

longitudinal axis of the chloroplast with uniform spacing between them with no 

connections between them. Those areas devoid of the lamellae (i.e., the stroma) 

have a granular appearance. (e.g., Figs 2.6 C- E). A bulging pyrenoid bound by the 

chloroplast envelope is capped by a starch sheath and is traversed in a random 

manner by lamellae made up of two and sometimes three thylakoid membranes 

(e.g., Figs 2.6 F). As expected, plastoglobuli (lipid droplets) are found inside the 

chloroplasts. Photosynthetic reserves like starch and lipid are extraplastidial. When 

starch grains and lipid droplets were evidenced, they were small, and sparsely 

distributed in the cytoplasm. 
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Figure 2.6  Ultrastructure of mitochondria and chloroplast in nutrient replete 

cultures 

(A&B) Longitudinal and transverse profiles of mitochondria, showing 

mitochondrial outer and inner membranes and tubular anastomosing cristae.  

(C) Section through a chloroplast showing a chloroplast envelope, an immersed 

pyrenoid, thylakoid membranes and plastoglobuli. 
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(D & E) High magnifications of the chloroplast showing the chloroplast envelope 

consisting of three parallel membranes (the two inner membranes were often 

observed lying close together appearing as a double membrane, while the 

outer membrane could be easily detected) and grouped thylakoids, 

respectively.  

(F) A pyrenoid randomly traversed by thylakoids in stacks of two (broken arrow). 

Abbrev.: C=chloroplast; ce = chloroplast envelope; cr = cristae; 

M=mitochondria; p = plastoglobulus; th = thylakoids. 

 

2.3.3 Ultrastructure of field-sampled organisms 

2.3.3.1 Vacuolation of cells and accumulation of reserves 

In the early stage of the bloom in 90 % of cells (n = 50) there was no excessive 

vacuolation and these cells had a greater accumulation of starch and lipid reserves 

when compared with those cells grown in replete conditions (e.g., Figs 2.7 A & B 

& cf Fig. 2.4 A). In most cells the inner amphiesmal membranes were beneath the 

thecal plates as observed in the replete cells. The chloroplasts in these cells were 

peripheral underlying the amphiesma, retaining the position that was observed in 

the replete cells (e.g., Fig. 2.7 B cf Fig., 2.5 A).  

In the late stage of the bloom, 73 % of cells (n = 50) showed expansion of the 

vacuolar spaces further into the cytoplasm reducing the total space occupied by the 

cytoplasm and this resulted in the displacement of some organelles like the 

peripheral chloroplasts (e.g., Figs 2.7 C & E).    

About 55 % of the cells were excessively vacuolated and had lost most of their 

cytoplasmic contents, but the amphiesmal membranes were preserved and still 

retained the position beneath the thecal plates (e.g., Fig. 2.7 E). In 45 % of cells the 

amphiesmal membranes were retracted from the thecal plates (e.g., Fig. 2.7 F & G).  
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Figure 2.7 Overview of cells in early and late bloom stages.  

 

(A) An overview of cells sampled during the early stage of the bloom, note the 

accumulation of reserves.  
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(B) A representative cell collected in the early stage of the bloom with no excessive 

vacuolation.  

(C) An overview of cells sampled during the late stage of the bloom, note the 

vacuolation of the cells (asterisks).  

(D & E) Different levels of vacuolation in late bloom cells, note that the inner 

amphiesmal membranes are not retracted from the thecal plates (black 

arrows). Insert is an enlarged area showing that amphiesmal membranes are 

preserved. 

(F & G) A cell with retracted inner amphiesmal membranes from the thecal plates 

during the late stage of the bloom. 

Abbrev. C= chloroplast; L= lipid bodies; N=nucleus; S=starch; V = vacuole. 

 

2.3.3.2 The nucleus 

In about 92 % of cells sampled during the early stage of the bloom when the nucleus 

was evidenced (n=50), the nucleus and its envelope were structurally intact (e.g., 

Fig. 2.8 A). However, it was observed in the remainder of cells there were 

protrusions on the nuclear envelope that formed contact sites with adjacent lytic 

vacuoles (e.g., Fig. 2.8 B).   

In cells sampled during the late stage of the bloom; the nucleus structure was 

preserved in 76 % of cells and in some nuclei the contact sites between the nuclear 

envelope and lytic vacuoles were present (e.g., Fig. 2.8 C). In the remainder of cells 

that were excessively vacuolated and compromised the chromosomes were more 

electron dense than those of other nuclei that were less vacuolated cells (e.g., Fig. 

2.8 D cf Fig. 2.8 D).  
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Figure 2.8  Ultrastructure of nuclei from cells sampled during the early and the 

late stages of the bloom.  

(A) A nucleus showing an intact nuclear membrane in the early stage of the bloom.  

(B) A nucleus with nuclear envelope protrusions forming contact sites with adjacent 

vacuoles in the early stage of the bloom (broken white arrow).  

(C) A nucleus showing nuclear envelope and lytic vacuole contact sites in the late 

stage of the bloom.  

(D) A compromised cell showing electron dense chromosomes in the late stage of 

the bloom. Abbrev: chr = chromosome; N = nucleus; ne = nuclear 
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envelope; lv=lytic vacuole 

2.3.3.4 The endomembrane system 

Dilation of ER cisternae was prevalent in cells sampled in the early and late stages 

of the bloom compared with those grown in replete nutrient conditions (e.g., Figs 

2.9 A-F cf Fig. 2.5 C). The dilated ER cisternae had the same electron translucent 

appearance as vacuoles when viewed using the electron microscope (e.g., Fig. 2.9 

A). Occasionally, the electron transparent ER cisternae were observed sequestering 

parts of the cytoplasm / organelles like the mitochondria in a way that resembled 

phagophores during autophagy (e.g., Figs 2.9 A, B, D & F). In cells collected during 

both stages of the bloom, there was an increase in the number and size of single-

membraned endosomal vesicles that resemble multivesicular bodies (MVBs) (e.g., 

Figs 2.9 B, C, E & G). The MVBs contained smaller vesicles that resemble 

intraluminal vesicles (ILVs) (e.g., Figs. 2. 9 C, E, & G). In cells from both sampling 

times there were also large single membraned vesicles which contained ILVs and 

partially degraded organelles including membranous material which will be 

referred to as lytic vacuoles (e.g., Figs 2.9 B, C, E & G). Hemi-fusion between the 

limiting membranes of MVBs and lytic vacuoles was observed and this was 

evidence for the process of coalescence to form bigger structures (e.g., Figs C, E & 

G). At times contact between the lytic vacuoles and the dilated ER were observed 

(e.g., Figs 2.9 C).  
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Figure 2.9 The endomembrane system in cells sampled during the early and late 

stages of the bloom.  

(A, B & D) Dilated translucent ER cisternae in cells sampled during the early stage 

of bloom (white arrows). Note dilated ER sequestering parts of the cytoplasm 

(double arrow heads). 

(C) Contact sites between a MVB (white asterisk), a lytic vacuole (black arrow) and 

dilated ER (white arrow), during the early stage of bloom.  
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(E) Coalescence between MVBs (white asterisks) and lytic vacuoles (black arrows). 

Note hemi-fusion of membranes (broken black arrows). 

(F) Dilated translucent ER cisternae (white arrows) sequestering the cytoplasm / 

organelles (double arrow heads) during the late stage of bloom. 

(G) Coalescence between MVBs (white asterisks) and lytic vacuoles (black arrows) 

during the late stage of bloom. Abbrev. G=Golgi bodies; V=vacuole.  

 

2.3.3.6 Macro- and Micro-autophagy 

Double-membraned structures were observed in the cytoplasm and surrounding 

mitochondrial profiles in cells sampled at both stages of the bloom (Figs 2.10 A-C). 

The double-membraned structures were derived from ER but those that were 

formed from the dilated electron-translucent ER cisternae were the prevalent type 

at both sampling times (Fig. 2.10 B). Often, organelles and parts of the cytoplasm 

were internalized by the vacuoles (Figs. 2.10 D-F). The vacuolar membrane was 

often observed wrapping around organelles (Fig. 2.10 F). The excessive 

consumption of the cytoplasm by vacuoles resembled micro-autophagy. 
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Figure. 2.10 Macro-and micro-autophagy in cells sampled at both times of the 

bloom 

(A-C) Double membrane structures on the cytoplasm and around mitochondria. 

 (D-F) Micro-autophagy, the vacuolar membrane engulfs parts of the cytoplasm and 

organelles at the vacuole interface (white arrows). 

2.3.3.5 Mitochondria 

The outer and inner membranes remained intact in 35 % of sectioned mitochondrial 

profiles from subset of cells (n = 20) sampled from the early stages of the bloom 
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(e.g., Figs 2.11 A). In the remainder of mitochondria profiles there was damage to 

the mitochondrial membranes. The damage was localized in parts of the outer 

membrane resulting in the herniation of the inner membrane (e.g., Figs 2.11 B -D). 

In some mitochondrial profiles there was a complete loss of the outer membrane 

(e.g., Fig. 2.11 D). Similar alterations were observed in 72 % of mitochondria in the 

late stages of the bloom.  

Partially degraded mitochondrial profiles in field bloom cells were occasionally 

observed inside lytic vacuoles at both sampling times (e.g., Fig. 2. 11 E).  
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Figure 2.11  Different mitochondria profiles of cells sampled during the early 

and late stages of the bloom. 

 

(A) Healthy mitochondria showing cristae and inner and outer membrane 

(B-D) Herniated mitochondria profiles with partially damaged cristae (white 

broken arrows)  

(D) Mitochondria profiles with a single membrane (asterisks). 
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 (E) Degenerated mitochondria inside a vacuole. Abbrev. V= vacuole. 

2.3.3.2 Chloroplasts 

Chloroplasts were functionally intact in 86 % and 60 % of cells in the early and late 

stage of the bloom, respectively. The chloroplasts resembled those of cells growing 

in nutrient replete conditions, with a three membraned envelope, thylakoid 

membranes arranged in stacks of three running parallel to each other, and 

plastoglobuli but they lacked pyrenoids. In the remainder of cells sampled at both 

stages of the bloom there was localized swelling of thylakoid lumina and the 

parallel array of the lamellae was disrupted and greater inter and intrathylakoidal 

spacing became apparent in the affected areas of the chloroplasts (Figs 2.12 A-D). 

In these affected areas thylakoid membrane fragmentation occurred (Figs 2.12 A-

D). 

At both times the chloroplast envelope was broken in some areas (Figs 2.12 B-D) 

The damage to the chloroplasts was progressive and in those cells that were highly 

compromised in the later stage of the bloom, there was extensive disintegration of 

the thylakoid membranes (Fig. 2.12 E). Chloroplasts which had decreased in size 

were occasionally observed at the interface of, or inside, vacuoles in the late stage 

of the bloom (Fig. 2.12 F). Membranous coils or whorls representing thylakoid 

membranes were observed inside vacuoles that were in proximity with chloroplasts 

(Fig. 2.12 G). 
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Figure 2.12  Damage to the chloroplast structure in cells during the early and late 

stages of downwelling 

(A -C) Thylakoid lumen swelling (white arrows), membrane fragmentation (black 

arrows) and damaged chloroplast envelope (broken white arrows) during 

early bloom stages.  
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(D) Thylakoid lumen swelling (white arrows), membrane fragmentation (black 

arrows) and damaged chloroplast envelope (broken white arrows) during late 

bloom stages.  

(E) A chloroplast which is reduced in size at the interface of a vacuole during the 

early stages of the bloom.  

(F) A chloroplast which is reduced in size inside a vacuole during the early stages 

of the bloom.  

(G) Membranous whorls (white arrow) represent thylakoids inside a vacuole during 

late stages of the bloom. Abbrev: C = chloroplast, V= vacuole. 
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2.4 DISCUSSION 

The study established that the ultrastructure of P. redfieldii cells grown in nutrient 

replete conditions conformed to existing dinoflagellate ultrastructure descriptions 

recorded in the literature (e.g. Dodge and Bibby, 1973). The nutrient replete cultures 

were thus used as a benchmark against which to compare ultrastructural alterations 

with those cells sampled from a collapsing bloom in the field. Ultrastructural 

changes in cells collected from the bloom revealed the occurrence of catabolic 

processes that led to excessive vacuolization of the cells. Alterations in the structure 

of nuclei, endomembrane, mitochondria, chloroplasts and cell membranes showed 

evidence that the cells collected in the early stages of the bloom were dying in a 

programmed manner. In those cells collected in the later stages of the bloom there 

was, however, structural evidence for programmed and unprogrammed cell death.  

Alterations to the ultrastructure 

An increase in reserves in the form of starch and lipid droplets observed in the field 

cells sampled during the early and late stages of the bloom is a general occurrence 

in phytoplankton undergoing stress (Jiang et al., 2014; Zhu et al., 2014; 2018; Sathe 

et al., 2019; Ji et al., 2021). The accumulation of reserves in P. redfieldii is not a 

marker of cell death but shows that the cells were already exposed to an 

environmental stress even in the early stages of the bloom. This is expected because 

dinoflagellate blooms are formed when upwelling winds relax or during the 

persistent downwelling periods when nutrients are no longer replenished (T. J. 

Smayda and Trainer, 2010).  

Vacuolation and autophagy 

Moderate to excessive vacuolation of cells was an apparent PCD structural marker 

in both stages of the bloom. Vacuolation is a widely reported during PCD, however 

the vacuoles are often derived from different cellular processes (Franklin and 

Berges, 2004; Pokrzywinski, 2014; Zhang et al., 2017). In P. redfieldii the 

ultrastructural morphology of the bloom cells showed that the excessive 

vacuolation was an outcome of upregulated catabolic processes, namely the 
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upregulation of autophagy and endosomal vesicles. This was demonstrated as 

macro-and microautophagy in P. redfieldii bloom cells. The initiation of autophagy 

in response to stress also occurs in other dinoflagellates (Dunn et al., 2007; Ji et al., 

2021; Li et al., 2024). 

Although autophagy by default is a survival response employed by organisms to 

counteract a short-term limitation of essential nutrients for the organism’s metabolic 

processes it can be extreme when the stressful conditions are prolonged and can 

result in cell death (Kourtis and Tavernarakis, 2009). This view is supported by the 

excessively vacuolated cells that were devoid of most of their organelles during the 

late stage of the bloom. The cells at the late stage of the bloom could be divided 

into different profiles those that were excessively vacuolated with intact 

amphiesmal membranes and those that were excessively vacuolated with retracted 

and damaged membranes. Intact amphiesmal membrane are indicative of a 

programmed cell death while those that were damaged and retracted point to an 

unprogrammed cell death.  

The nucleus 

In this study the nuclear structure was preserved in most cells during the early and 

late stages of the bloom. The electron dense chromosomes observed in some 

excessively vacuolated cells of P. redfieldii in the later stages of the bloom were 

indicative of a degenerating nucleus. Chromatin clumping (pyknosis) and the 

migration of the clumps to the nuclear envelope is a general occurrence in 

eukaryotes during early stages of PCD, executed by endonucleases which cleave 

the phosphodiester bonds of DNA (Kroemer et al., 2009). The type of chromatin 

clumping observed in other eukaryotes is not expected in dinoflagellates because 

of their unique nucleus which has permanently condensed liquid crystalline 

chromosomes, but changes in the appearance of the chromosomes has been reported 

in in other dinoflagellates during PCD (Ji et al., 2021; Pokrzywinski et al., 2017a).  

An uncommon phenomenon which is similar to piecemeal microautophagy of the 

nucleus (PMN) occurred in a minority of cells and manifested as nuclear projections 

that were in contact with adjacent lytic vacuoles at both field sampling times during 
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the downwelling event. This occurrence was different from what was observed in 

Prorocentrum minimum where it was observed that whole or parts of chromosomes 

were ejected (i.e., by an expulsion force similar to viral DNA) through breaks in the 

nuclear envelope into adjacent vacuoles in algicide treated cells (Pokrzywinski et 

al., 2017a). In P. redfieldii the pseudopodia-like structures that were extended into 

the adjacent vacuoles which were sometimes void of chromosomes substantiate the 

fact that the two mechanisms were not similar. The phenomenon is similar to what 

occurred in nutrient starved cells of Saccharomyces cerevisiae where its function 

was to recycle non-essential or damaged components in the nucleus (Kiel, 2010b; 

Kvam and Goldfarb, 2007). It can thus be reasonably assumed that PMN served a 

similar function in P. redfieldii bloom cells. This further demonstrates the 

involvement of the autophagic processes in these cells. 

The endomembrane system 

In P. redfieldii dilated ER cisternae were observed in cells sampled at both times of 

the bloom and some of the cisternae were sequestering parts of the cytoplasm / 

organelles in a way that resembled phagophores during autophagy. It is not clear if 

the cisternae became dilated because of a change in their functionality since they 

were co-opted in the process of autophagy. The ER derived double membranes 

contain hydrolytic enzymes in their lumen which allows for onsite degradation of 

the sequestered cytoplasm / organelles (van Doorn and Papini, 2013). The dilation 

of ER and subsequent involvement of autophagy also occurred in Micrasterias 

during autophagic cell death (Affenzeller et al., 2009). The progressive 

upregulation of endomembrane derived vesicles which contained degraded 

membranous materials and damaged mitochondria in P. redfieldii was also reported 

in Micrasterias when PCD in this organism was induced by hydrogen peroxide ( 

Darehshouri et al., 2008).  

The Mitochondria 

In the early and late stages of the bloom mitochondria were greatly affected. This 

is supported by the substantial number of herniated mitochondria and those that 

were being degraded by autophagy. These mitochondria could have been 
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experiencing increased levels of ROS that could no longer be counteracted by 

antioxidants. ROS is a signaling molecule (Ray et al., 2012) and therefore with 

increased levels of ROS the signal gets amplified and can quickly affect 

neighboring mitochondria. The mitochondrial herniation observed in P. redfieldii is 

associated with the permeabilization of the inner membrane which opens the 

mitochondrial permeability transition (MPT) pore (Roy and Hajnóczky, 2008).  

High levels of ROS trigger the opening of the MPT pore (Rodriguez-Enriquez et 

al., 2004) which results in an unregulated influx of ions into the mitochondrial 

matrix. Subsequently, more water enters from the cytosol resulting in the swelling 

of the mitochondria and rupture of the outer membrane.  

Reports on mitochondrial herniation in phytoplankton were not found during this 

study. Most reports on mitochondrial alterations during PCD focus on the 

physiological aspects like the mitochondrial potential (Barreto Filho et al., 2023). 

It is therefore not known if the herniated mitochondria observed in P. redfieldii are 

species specific or if they occur in other phytoplankton.  

In animal cells when the MPT pore opens cells can die either by PCD (Sesso et al., 

2012) or die by necrosis (Kinnally et al., 2011), it is the levels of available ATP 

inside the cells which determine the cell death route. 

The chloroplasts 

In the current study chloroplast alterations were observed in cells sampled during 

the early and late stages of the bloom. The chloroplasts in bloom cells could also 

have been affected by increased levels of ROS because they are also a source of 

ROS like the mitochondria. The fact that chloroplast structure was more damaged 

in cells at the later stages of the bloom than those in cells at the early stages, points 

to a progressive increase in the levels of oxidative stress in the later stage of the 

bloom. Many studies have reported on the dismantling of the thylakoids in cells that 

are undergoing PCD (Bidle and Bender, 2008; Ji et al., 2021; Pokrzywinski et al., 

2017a; Zhang et al., 2017), it is a common PCD marker in chloroplast containing 

organisms.  
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Secondly, the membranous coils and chloroplasts that were reduced in size observed 

in vacuoles at the interface of chloroplasts at both stages of the bloom indicate that 

the chloroplasts were being recycled and remobilized as intracellular resources. As 

no double membrane structures were observed, this process must have involved 

microautophagy as reported in other algae (Gorelova et al., 2019; Solovchenko et 

al., 2019). 

Programmed cell death 

Excessive vacuolation by autophagy was prevalent especially in the late stages of 

the bloom.  The PCD phenotype that is associated with excessive vacuolation by 

autophagy is autophagic cell death (Kroemer et al., 2009). Other markers associated 

with autophagic cell death that were present in P. redfieldii bloom cells are the 

presence of double membraned structures and lytic vacuoles.  

Endomembrane organelles in P. redfieldii like the ER and MVBs were co-opted into 

the autophagy process. There is no account in the searched literature which shows 

a coordination between MVBs and autophagy in dinoflagellates but it occurs in 

yeasts, plants (including green algae) and animals (Cui et al., 2018; Darehshouri et 

al., 2008; Ebrahimi et al., 2021; Fader and Colombo, 2009; Spitzer et al., 2015; 

Zhuang et al., 2015). The upregulation of MVBs that was observed in P. redfieldii 

bloom cells was regarded to be a marker of PCD in Micrasterias (Darehshouri et 

al., 2008). 

The piecemeal microautophagy observed in nuclei of P. redfieldii cells in the early 

stages of the bloom was only in a small number of cells and therefore it cannot be 

regarded as a marker of PCD in these cells. However, the alterations to 

chromosomes observed as chromatin clumps in nuclei during the late stages of the 

bloom conform to what has been reported in chromosomes of other dinoflagellates 

during PCD (Ji et al., 2021; Pokrzywinski et al., 2017a) and can be regarded to be 

a marker of PCD. The herniation of mitochondria observed in P. redfieldii is 

associated with permeabilization of the mitochondrial membranes and opening of 

the MPT pore, which are markers of PCD (Galluzzi et al., 2018). The herniation of 

mitochondria observed in P. redfieldii is not a common occurrence in plants and 
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phytoplankton. It does however occur in animal cells but it is controversial because 

it is regarded as a marker of both PCD (Feldmann et al., 2000; Saunders et al., 2024; 

Sesso et al., 2012) and necrosis (Lemasters et al., 1998; Rodriguez-Enriquez et al., 

2004). This scenario highlights how structural markers should be looked at 

collectively to deduce that a cell is dying in a programmed (Barreto Filho et al., 

2023). 

Alterations to the chloroplasts of P. redfieldii bloom cells are regarded as structural 

markers of PCD because they are in accordance with those previously reported in 

other phytoplankton during cell death (Pokrzywinski et al., 2017a; Zuppini et al., 

2010). The recycling of chloroplasts that was observed in these cells is also not 

uncommon in algae especially during stressful conditions (Gorelova et al., 2019). 

All the above observations strongly support an autophagic cell death in P. redfieldii 

bloom cells. Autophagic cell death is defined as cell death that occurs with 

autophagy (Kroemer et al., 2009; Kroemer and Levine, 2008). It is important to 

highlight that the autophagic cell death in P. redfieldii occurs with autophagy but is 

not autophagy- dependent cell death. Autophagy- dependent cell death can only be 

established at molecular level when cell death is halted by the knockdown of ATG 

genes Kroemer and Levine, 2008). Autophagic cell death is characterised by the 

excessive autophagic vacuolation accompanied by lysosomal/ vacuolar degradation 

and nuclear degradation is absent or can occur at the late stage of cell death 

(Kroemer et al., 2009). The cells with retracted and damaged amphiesmal 

membranes indicate an onset of secondary necrosis. In these cells necrosis is 

regarded as secondary because it is not an initial occurrence in these cells but a 

switch from an autophagic cell death pathway (Silva, 2010). To support the view of 

secondary necrosis, organelles like chloroplasts and nuclei were still intact. It is 

possible that in this group of cells the ATP levels were depleted and these cells could 

not continue with the autophagic route. With the substantial amount of altered 

mitochondrial profiles in the late stage of the bloom a drop in the levels of ATP is 

expected. It is a common occurrence for cells that are undergoing PCD to switch to 

secondary necrosis (Carmona-Gutierrez et al., 2018) 
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Other PCD phenotypes that have been detected in dinoflagellates are apoptotic-like 

cell death, paraptosis and necrotic-like cell death (Segovia, 2008a). In other 

dinoflagellates like Symbiodinium sp. cells from the same population subjected to 

the same stress manifest both PCD and necrosis (Dunn et al., 2004). The apoptotic 

or apoptotic-like cell death phenotype can be eliminated as a pathway responsible 

for the demise of the P. redfieldii bloom cells because excessive vacuolation is 

absent in cells that die by apoptosis (Kroemer et al., 2009). Paraptotic cell death 

can also be ruled out as the cell death phenotype in P. redfieldii bloom cells,  because 

paraptosis is characterised by extensive vacuolation by single-membrane vesicles 

derived from dilated ER and mitochondria (Sperandio et al., 2004; Yan et al., 

2020a). In P redfieldii excessive vacuolation was a result of catabolic processes. A 

switch from PCD to necrosis is a common occurrence and governed by the energy 

levels of the stressed cells (Nicotera and Melino, 2004).  

2.5 CONCLUDING REMARKS 

This study investigated whether the cells of P. redfieldii in a collapsing harmful 

bloom in St Helena Bay exhibited any known morphological markers of PCD that 

were not reflected in nutrient replete cells grown in the laboratory. The findings 

were used to establish whether the collapse of the bloom was caused by a 

genetically controlled death program. Detailed ultrastructure revealed that P. 

redfieldii cells sampled from a natural collapsing bloom were altered compared to 

those grown in nutrient replete conditions in the laboratory. Some of the alterations 

observed in the cells included excessive vacuolation by autophagy which was 

brought about by a combination of catabolic processes. These included the 

upregulation of multivesicular bodies, macro- and microautophagy and structures 

associated with autophagy like double membraned structures and lytic vacuoles. 

Alterations to mitochondria which have been associated with the permeability of 

the mitochondrial inner membrane (Rodriguez-Enriquez et al., 2004), and altered 

chloroplast membranes indicate that the cells could have been subjected to an 

oxidative stress.   
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Based on the detailed ultrastructural alterations in the P. redfieldii cells sampled 

from the bloom it can be concluded that they are structural markers that conform 

with the autophagic cell death phenotype (Kroemer et al., 2009). There is also 

evidence of a switch from autophagic cell death to secondary necrosis which could 

have been activated by depleted energy levels resulting from the substantial damage 

to mitochondria in the late stages of the bloom.   

In the next chapter the behaviour of these organisms when they are deprived of 

essential macronutrients like nitrogen and phosphorus is explored. The chapter also 

gives insight about the biochemical behavior of the stressed P. redfieldii cells.  
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CHAPTER 3 THE ULTRASTRUCTURE AND. 

BIOCHEMICAL ACTIVITY OF PROROCENTRUM 

REDFIELDII CELLS DEPRIVED OF ESSENTIAL 

MACRO-NUTRIENTS (NITRATES & INORGANIC 

PHOSPHATES). 

3.1 Introduction 

The availability of macro-nutrients like nitrogen and phosphorus in the ocean plays 

a role in phytoplankton dynamics, namely, their primary production, growth, 

composition as well as their ecological succession (Salmaso et al., 2012). These 

macro-nutrients are essential for metabolic processes involved in cellular growth 

and division of unicellular organisms (Dagenais-Bellefeuille and Morse, 2013; 

Falkowski, 1994; Kudela et al., 2010).  

Environmental factors like coastal upwelling increase the available amounts of 

these macro-nutrients and stimulate population productivity resulting in the 

formation of blooms (Anderson et al., 2002; Glibert et al., 2016; Kudela et al., 

2010; Pitcher et al., 2005; Winter et al., 2011). A bloom that develops by the means 

highlighted above would abruptly collapse if these macro-nutrients are lacking. 

Such a collapse is frequently accompanied by adverse effects, like the development 

of anoxia in the surrounding water, which negatively affects all aerobic organisms 

in those environments (Anderson et al., 2002; Ndhlovu et al., 2017; Pitcher and 

Probyn, 2016).  

Anoxia results from high aerobic respiration which occurs when bacteria 

decompose the decaying bloom population. The high aerobic respiration rapidly 

depletes the levels of dissolved oxygen in the water column (Chapter 1, section 1.1). 

It is understood that the demise of blooms can occur as a result of the depletion of 

available nutrients, however, there is growing consensus that the resultant stress 

triggers a programmed intrinsic process involving gene transcription that drives the 
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bloom demise, namely, programmed cell death (PCD; (Vardi et al., 1999; Burson 

et al., 2014; Bar-Zeev et al., 2013; Berman-Frank et al., 2004; Vardi et al., 2007; 

Franklin et al., 2006). The potential benefits of such a programme especially in 

populations of unicellular organisms has already been discussed in Chapter 1 

(section 1.2.8).  

3.1.1 Nitrogen as a limiting macro-nutrient 

Nitrogen (N) as a macro-nutrient plays a very important role in the growth and 

metabolism of phytoplankton like dinoflagellates. It is a basic structural element 

used in the synthesis of essential organic compounds like amino acids, enzymes, 

nucleic acids, and chlorophyll (Dagenais-Bellefeuille and Morse, 2013). Therefore, 

the concentration of N, as well as its ratio relative to other macro-nutrients like 

phosphorus, affects the growth of many microalgae.  

Even though nitrogen gas is abundantly available as dinitrogen (N2) in the 

atmosphere, it is often limiting because it is not available to phytoplankton in its 

native form but has to be first converted to fixed forms like inorganic ammonium 

(NH4
+) and nitrate (NO3

-) or organic urea (CO(NH2)2; Jing et al., 2017). When 

environmental conditions are favourable, most phytoplankton including 

dinoflagellates prefer NH4
+ compared with other abundant forms of inorganic 

nitrogen like NO3
- (Dagenais-Bellefeuille and Morse, 2013; Glibert et al.,2006, 

2016a) because ammonium ions require less energy to assimilate (Abadie et al., 

2015).  

Microalgae have optimized their ability to take up this macro-nutrient from their 

surroundings by the use of transporters (Dagenais-Bellefeuille and Morse, 2013). 

Transporters are protein molecules which use energy to transport the different 

nitrogen forms across cell membranes, and usually have different preferences for 

the various forms of N, although some can switch this preference when the source 

is limited (Forde, 2000). Microalgae are able to adapt and mitigate short-term 

sporadic N limitations in their environments through the upregulation of 

physiological and transcriptomic strategies (Abadie et al., 2015; Dagenais-

Bellefeuille and Morse, 2013). For example, during N limitation some 
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dinoflagellates like Prorocentrum minimum can switch their feeding strategies from 

taking up only inorganic N sources using transporters to mixotrophy (i.e., use of 

more than one feeding strategy; Dagenais-Bellefeuille and Morse). 

The assimilation of N and carbon (C) are interdependent, such that in alga about 50 

% of assimilated carbon is utilized for nitrogen assimilation (Turpin, 1991). The 

main N assimilation pathway in algae is the GS-GOGAT (glutamine synthetase-

glutamine -2- oxoglutarate aminotransferase; Turpin, 1991). During N assimilation, 

C skeletons (e.g., 2-oxoglutarate) and energy produced during C assimilation are 

utilised in the synthesis of amino acids and enzymes. Reciprocally, these amino 

acids (e.g., glutamate) and associated enzymes are precursors required for the 

synthesis of chlorophyll and other proteins involved in the photosynthetic apparatus 

(Foyer et al., 2001). When N is limited, the C: N balance is therefore disturbed and 

assimilated carbon cannot be utilized in the synthesis of organic compounds such 

as amino acids (Berges and Falkowski, 1998). This is manifested as an increased 

accumulation of lipid droplets or triacylglycerol (TAG) and starch grains in the 

affected organisms when observed by microscopy (Goncalves et al., 2016; Jiang et 

al., 2014; Sathe et al., 2019; Weng et al., 2014).  

Nitrogen limitation also affects the photosynthetic apparatus because it results in a 

lack of essential amino acids and enzymes required to synthesize photosynthetic 

pigments involved in photosystem II (PS II). This photosynthetic unit utilizes 

pigment molecules and associated proteins for the harvest and transfer of photons, 

and initiation of the electron transport chain reactions.  

Limited N also affects the progression of the cell cycle. During the G1 phase of the 

cell cycle there is active growth of cells which requires synthesis of new proteins 

and associated enzymes to support the various metabolic processes in actively 

growing cells (Olson and Chisholm, 1986). This active growth occurs until a certain 

“checkpoint” is reached and under nutrient replete conditions cells would move to 

the next stage, the S stage where DNA synthesis and replication occurs (Bišová and 

Zachleder, 2014). When nitrogen is limited, the relevant proteins needed for the 

next step in the cell cycle progression cannot be synthesized and therefore do not 

pass the “checkpoint” and are thus arrested in the G1 stage of the cycle. 
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3.1.2 Phosphorus as a limiting macro-nutrient 

Phosphorus (P) is the second essential macro-nutrient after N in phytoplankton. It 

is a building block of nucleic acids and membrane systems (phospholipids), it is 

used in the activation of many enzymes and proteins, in the formation of energy 

molecules (ATP & NADP) through phosphorylation. Phosphorylation is an 

important biological reaction whereby a phosphate group is added to organic 

molecules by kinases (Lin et al., 2016), it is also reversible.  

The preferred form for assimilation by phytoplankton is as dissolved inorganic 

phosphate (DIP) or orthophosphate. When conditions are limiting it can also be 

taken up as hydrolyzed dissolved organic phosphorus (DOP), however this option 

is costly in terms of energy as it has to be first converted to Pi before it can be used 

in metabolic processes (Lin et al., 2016; Orchard et al., 2009). Phosphorus is 

important in phytoplankton cell growth and total starvation of this essential 

macronutrient has similar effects as discussed for nitrogen.  

Phosphorus uptake (i.e. in the form of phosphates) in phytoplankton is also 

facilitated by special P transporters, as with N (Monier et al., 2012). There are two 

main types of P transporters, namely, low-affinity- Pi and high affinity Pi (L. Wang 

et al., 2020).   

When P limitation studies were conducted on the following dinoflagellates, Karenia 

mikimoto (Lei and Lu, 2011), Prorocentrum donghaiense (Li et al., 2015) and A. 

carterae (Meizhen et al., 2016) they resulted in cell cycle arrest at the G1 stage of 

the dinoflagellate cell cycle. In P. donghaiense P limitation also affected the 

photosynthetic apparatus because it decreased the efficiency of PSII, however the 

decrease was not significant when it was compared to that of organisms growing in 

replete conditions (Li et al., 2015). When DIP is limited dinoflagellates may resort 

to the assimilation of dissolved organic P (Orchard et al., 2009).  

The consensus is that N is limiting in marine environments while P is limiting in 

freshwater (Dyhrman, 2016; Schindler, 1977). However, this view is challenged by 

some as evidence shows that P can also be limiting in some marine environments 
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(Benitez-nelson, 1999; Coleman and Chisholm, 2010; Dyhrman, 2016; Karl, 2014). 

One study showed that growth in P. triestinum is limited by P and not by N (Chan 

et al., 2004). This is because this organism can recycle intracellular pools of N from 

degraded organelles and macromolecules and thus provide a new source of N to 

sustain it until external sources are replenished (Chan et al., 2004).  

It appears that both N and P transport in dinoflagellates is well developed and that 

it can be achieved in either organic or inorganic form. The ability to maximise 

uptake of these essential macro-nutrients makes them frequent causative agents in 

harmful algal blooms. They cope with short term nutrient limitations, but prolonged 

stress leads to cell death.  

3.1.3 Caspase or caspase-like protease activity in PCD of unicellular 

organisms 

Caspases are a group of cysteine proteases belonging to the C14 family of the CD 

clan according to the classification system of the MEROPS database of peptidases 

(Minina et al., 2017; Rawlings et al., 2016), which initiate and effect PCD in 

metazoans (Cohen, 1997). They exist as zymogens (i.e., inactive structures) 

activated by proteolysis.  

During PCD, initiator caspases which are monomers initiate the proteolytic cascade 

of reactions which cleave and activate the effector caspases downstream through 

dimerization (MacKenzie and Clark, 2012). Effector caspases are monomers and 

once they are activated, execute the cell death process by cleaving the relevant 

caspase substrate (MacKenzie and Clark, 2012; Shrestha and Clark, 2021). Another 

structural difference between initiator and effector caspases is their N-terminal 

amino acid residue referred to as the pro-domain, the initiator caspases have a 

longer pro-domain (about 100-200 residues) than the effector caspases (about 25 

residues; McLuskey and Mottram, 2015). Both initiator and effector caspases are 

numbered according to the sequence of their discovery, for an example caspase-2, 

-8,-9, -10, -11 and -12 are initiator caspases, while caspase-3, -6  and -7 are effector 

caspases (Cohen, 1997). 
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Caspase structural homologues, the metacaspases, are found in Planta, Chlorophyta, 

Fungi, Heterokontophyta, Haptophyta and Cryptophyta (Choi and Berges, 2013; 

Tsiatsiani et al., 2011; Uren et al., 2000). Two types of metacaspases were initially 

discovered viz. metacaspase-I and -II (Vercammen et al., 2004). Metacaspase- I is 

the most conserved, while metacaspase- II is currently restricted to Chlorophyta and 

Planta (Choi and Berges, 2013; Klemenčič and Funk, 2018). The two structural 

differences between metacaspase- I and -II is a large N-terminal pro-domain in 

metacaspase-I that contains two protein motifs, namely, the zinc-finger and proline-

rich motif (Uren et al., 2000; Vercammen et al., 2004). Secondly, metacaspase- II, 

possess a long linker region between the p20 and p10 domains (Uren et al., 2000).  

The similarity between caspases and metacaspases is in their primary structure but 

their functionality is different (i.e., they are not orthologs). Therefore, the caspase-

like activity reported in non-metazoans is not from metacaspases. In Planta and 

Fungi, it has been discovered that the caspase-like activity is from a different class 

of cysteine proteases which also cleave their amino residues after aspartic acid. 

Examples include the vacuolar processing enzymes which are cysteine proteases 

(Hatsugai et al., 2004) and serine proteases like phytaspases and subtilisins 

(Johnson et al., 2014). In phytoplankton the proteases responsible for caspase-like 

activity have not yet been determined (Spungin and Berman-Frank, 2019).  

Another conundrum is that caspases and their homologues are not specific to cell 

death but are also involved in other activities inside the cells (Connolly et al., 2014; 

Julien and Wells, 2017; La et al., 2022). For example, in Karenia brevis a high 

caspase-like activity was reported although cells were in their exponential stage. 

It was also reported that during the stationary phase the caspase-like activity was 

not associated with no cell death. This shows that in these cells the high caspase-

like activity was associated with other metabolic activities during the exponential 

phase and acclimation of cells to stress during the stationary phase (Y Gao and 

Erdner, 2022).  

Structurally, caspases and metacaspases possess a large and small domains the p20 

and p10, respectively (Klemenčič and Funk, 2018). The p20 domain is made up of 

cysteine and histidine (a catalytic pair of amino acid residues) and the amino 
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residues in p-10 are unspecified but are involved in dimerization (Salvesen et al., 

2016) and in substrate binding (Pop and Salvesen, 2009). Functionally, caspases 

and metacaspases differ because they cleave different substrates, the caspases 

cleaves aspartic acid (acidic amino acid residues) while metacaspases cleave 

arginine or lysine (basic amino acid residues; Tsiatsiani et al., 2011).  

The caspase protease activity assay is used in metazoans and non-metazoans. The 

term caspase-like activity is used when a positive outcome of the caspase assay 

is detected in non-metazoans since they lack true caspases (Rojo et al., 2004). 

The assay cleaves the substrate after an acidic amino acid residue like aspartate. 

Synthetic fluorogenic or colorimetric substrates, like the caspase-3 specific Ac-

DEVD-AMC {Ac (N-acetyl)-DEVD (Asp-Glu-Val-Asp)-AMC (7-amino-4-

methylcoumarin)}, are cleaved to release and activate a fluorogenic component, 

e.g., AMC. Relevant synthetic substrate inhibitors (these are peptides that act as 

pseudo substrates which compete with the substrates; Ekert et al., 1999) are used 

in conjunction with the caspase substrate and a successful silencing of the caspase 

activity proves that the signal is specific to caspase proteases activity (Segovia 

and Berges, 2009). For example, the synthetic substrate inhibitor Ac-DEVD-CHO 

is a specific inhibitor for the caspase-3 synthetic fluorogenic substrate Ac-DEVD-

AMC (Ekert et al., 1999). The addition of a caspase inhibitor to stressed cell 

cultures of Thalassiosira pseudonana prevented PCD (Barreto Filho et al., 2023; 

Bidle and Bender, 2008), while it resulted in the formation of cysts in Peridinium 

gatunense (Vardi et al., 1999). Synthetic substrates for metacaspases also exist, 

e.g., Ac-VRPR-(Val-Arg-Pro-Arg)-AMC (Tsiatsiani et al., 2011).  

Caspase / DEVDase activation is a requirement for the initiation of some phenotypes 

of PCD e.g., apoptosis, but other phenotypes can manifest without caspase 

activation (i.e., caspase-independent PCD). One of the most common types of 

caspase-independent cell death is the autophagic or type 2 PCD, which is 

characterised by extensive vacuolation of the cell (Qi and Liu, 2006). Paraptosis, 

another phenotype for PCD is also characterized by vacuolization, but differs from 

autophagic cell death in that its vacuoles originate from swollen endoplasmic 

reticulum or mitochondria (Sperandio et al., 2000), can also be caspase-independent 
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(Jimenez et al., 2009). 

3.1.4 Reactive oxygen species (ROS) 

Reactive oxygen species are a by-product of aerobic metabolic reactions like the 

electron transport chain of reactions that occur in mitochondria, chloroplasts and 

plasma membranes (Sharma et al., 2012). They are radical forms of oxygen such as 

the superoxide anion (O2
•-) and hydroxyl radical (•OH), as well as non-radical forms 

such as the singlet oxygen (1O2) and hydrogen peroxide (H2O2). Superoxide and 

H2O2 are the most prevalent forms and the former is the abundant form in 

mitochondria (Zorov et al., 2014). Superoxide is produced when electrons leaked 

from redox reactions are added to the oxygen molecule. Hydrogen peroxide forms 

when superoxide is reduced by the antioxidant, superoxide dismutase (SOD; Patel 

et al., 2017). Hydrogen peroxide is not as reactive and is less damaging than the 

former two, but it can convert to other more dangerous forms like the •OH radical 

and 1O2 (Das and Roychoudhury, 2014), the 1O2 is most abundant form produced 

by redox reactions in the photosystem II reaction centre (Foyer and Hanke, 2022).  

Antioxidants can be enzymatic or non-enzymatic. Some examples of enzymatic 

forms include SOD, catalase (CAT) and ascorbate peroxidases (APX), while non-

enzymatic forms include carotenoids, flavonoids and ascorbic acid (Das and 

Roychoudhury, 2014). The hydroxyl radicals are the most reactive form of ROS 

and unfortunately do not have antioxidants. The antioxidants for singlet oxygen are 

β carotene and plastoquinone (Patel et al., 2017).  

The role of ROS in a cell is two-fold. When their production is balanced with their 

removal, small amounts of ROS act as signalling molecules sensing changes in 

environmental stimuli and are involved in processes like cell growth (Das and 

Roychoudhury, 2014; Mullineaux et al., 2018). Disturbance to this redox balance 

leads to oxidative stress and can have deleterious effects for the cell causing damage 

to proteins, pigments, lipids and DNA and can lead to cell death (Das and 

Roychoudhury, 2014). ROS bursts are thus used as one of the early indicators of 

programmed cell death (Matthias Josef Affenzeller et al., 2009; Bidle, 2016; 

Zuppini et al., 2010).  
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The reactive oxygen species assay measures an accumulation of ROS as a response 

to stress and is thus one of the assays that is used as a biochemical marker of PCD 

in a cell (Petrov et al., 2015; Zhao et al., 2020). Unfortunately, the assay is not 

specific to PCD as increased ROS levels can also lead to other types of cell death 

like necrosis (Chapter 1, section 1.2.5, Table 1.2). 

3.1.5 Nuclear DNA oligo-nucleosomal fragmentation 

Nuclear DNA oligo-nucleosomal fragmentation, activated by endonucleases, is an 

indicator of programmed cell death (Yoshida et al., 2006). The DNA laddering 

assay using agarose gel electrophoresis is used to investigate DNA fragmentation. 

Other assays like the TUNEL assay (Terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labelling) and the comet assay are also used to investigate 

DNA damage but are limited as they do not differentiate between DNA damage 

resulting from necrosis and that from PCD.   

The DNA laddering assay detects oligo-nucleosomal fragments using agarose gel 

electrophoresis, which can be separated into a ladder-like pattern of about 180-200 

bp (Bortner et al., 1995) following agarose gel electrophoresis (Iglesias-Guiomarais 

et al., 2012). This assay is specific to PCD as the ordered cleavage of DNA into 

oligo-nucleosomal fragments (Kuthanova et al., 2008) effected by the specific 

caspase–activated deoxyribonuclease (CAD) can only occur in the nuclei of cells 

undergoing PCD (Nagata et al., 2003). Unfortunately, it requires a large percentage 

of cells to be undergoing PCD for it to give positive results, therefore it is not a 

sensitive assay (Barreto Filho et al., 2023).  

In the TUNEL assay the terminal deoxyribonucleotidyl transferase (dUTP) 

catalyses the addition of tagged deoxynucleotides to the ends of DNA strand breaks 

(Kyrylkova et al., 2012). The dUTP detects both single and double strand breaks 

and this makes it a highly sensitive technique, however, it is not specific to PCD 

(Durand, 2020). It detects damage to DNA but it cannot discriminate whether the 

damage is as a result of necrosis or PCD, thus having the possibility of giving false 

positives (Pulkkanen et al., 2000).  
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The comet assay is sometimes referred to as the single cell gel electrophoresis assay 

(Collins, 2004; Olive and Banáth, 2006), it analyses the migration of fragmented 

DNA strands from a single cell in electrophoresis gel. The high molecular weight, 

negatively - charged, undamaged DNA remains inside the cell membrane (comet 

head) on the negatively charged pole of the electrophoresis gel while the damaged 

DNA strands migrate out of the cell (the tail) to the positively charged pole. This 

assay is sensitive and has been declared to be able to distinguish the damaged DNA 

of cells undergoing PCD from those that are necrotic (Yasuhara et al., 2003) even 

though others caution about assuming that the assay is specific to damaged DNA 

of cells undergoing PCD (Lorenzo et al., 2013).  

In the current study, the DNA laddering assay using agarose gel electrophoresis, 

will be carried out. It is foreseen that the nuclear structure of the study organism 

could pose limitations to the successful outcome of the assay as previously reported 

by others who have carried it out on dinoflagellates (Vardi et al., 1999). In 

particular, the unique mesokaryotic nucleus of dinoflagellates (described in detail 

in Chapter 2 section 2.1.3.) possesses permanently condensed chromosomes but 

lacks true histones. Instead, the chromosomes possess specific DNA binding 

proteins like the dinoflagellate / viral nucleo proteins (DVNP’s) and histone-like 

proteins (HLPs) and they lack nucleosomes (Chan and Wong, 2007; Janouškovec 

et al., 2017; Riaz et al., 2018). Therefore, because DNA oligonucleosomal ladders 

occur when DNA is cleaved at linker regions between nucleosomes, the absence of 

nucleosomes in dinoflagellates might pose a limitation for the assay. 

3.1.6 Aims and objectives 

The aim of this study was to investigate if depriving P. redfieldii cells of two 

essential macro-nutrients individually, namely, nitrates (N) and organic phosphates 

(P), would induce a programmed cell death.  

The aim was addressed by the following objectives: 
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1) To determine how the ultrastructure of the cells is modified under nutrient 

stressed conditions. 

This was achieved by depriving the cultures independently of two macro-nutrients 

(viz., N as NO3
-- and P as PO4

3-). Samples were characterised by a detailed analysis 

of the ultrastructure of replete and nutrient deplete cells in culture by transmission 

electron microscopy. Alterations to the ultrastructure of nutrient deplete cells were 

compared with those observed in replete cells. The focus was on alterations to the 

nucleus, endomembrane system (Golgi bodies, endoplasmic reticulum and 

associated vesicles); mitochondria; chloroplasts; vacuolation and amphiesmal 

membranes.  

2) To carry out concurrent PCD assays on the cultured material including a: 

i) DEVDase activity assay,  

ii) DNA laddering assay, and 

iii) ROS assay 

3) To test whether the witnessed elements of cells in a laboratory based nutrient 

deprivation experiment reflected those of cells sampled during the collapsing HAB: 

This was achieved by assessing the impact of nutrient depletion on the ultrastructure 

and biochemical activity of the laboratory cells to verify the occurrence of 

programmed cell death. 

The ultrastructure of the laboratory cells was then compared with those of a 

collapsing HAB of the same organisms to detect similarities. 
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3.2 METHODS 

3.2.1 Growth conditions 

Prorocentrum redfieldii cultures were grown to the log-linear stage in the F/2 

medium (Guillard and Ryther, 1962). To start the nutrient deprivation experiment, 

an initial concentration of 2 x 105 cells ml-1 in the log-linear stage was poured into 

each of 8 centrifuge tubes. These cultures were centrifuged at 500 g (Hettich 

Universal / K2S, Germany) for 10 minutes and the pellet was resuspended in 2 ml 

seawater. Contents from all the 8 centrifuge tubes were poured into one Erlenmeyer 

flask and mixed by gently swirling the flask. About 2 ml of this culture was poured 

into each of three flasks and topped up to 200 ml to a final concentration of 

approximately 4 x 104 cells ml-1 with F/2 N-deplete medium. To make up the F/2 

nitrogen-deprived medium the NaNO3
- component was not added to the F/2 

medium (Guillard and Ryther, 1962). Another two flasks with 2 ml each of the 

concentrated culture were topped up with nitrogen-replete F/2 medium and used as 

controls. Cultures were grown in 250 ml Erlenmeyer flasks in a growth chamber. 

Cultures were grown at a temperature of 20º C with a 16:8h light-dark photoperiod 

and a white, fluorescent light intensity of 13 µmol m-2 s -1. 

Samples for transmission electron microscopy, DEVDase activity analysis, and DNA 

laddering assays were taken on days 3, 7 and 14 of treatment. The same procedure 

was repeated for the phosphorus deprivation experiments. To make up the F/2 

phosphorus-deprived medium, the NaH2PO4. H2O component was omitted from the 

F/2 medium (Guillard and Ryther, 1962).  

3.2.2 Growth studies: cultures 

Growth studies were carried out on P. redfieldii cultures that were grown in 

nitrogen- and phosphorus-deprived cultures versus those growing in replete media 

over 24 days. This was accomplished by measuring the optical density of cultures 

in the three treatments using a spectrophotometer (Thermo Scientific Helios 

Gamma spectrophotometer; Massachusetts, USA). The correlation between cell 

growth and optical density was determined by plotting a standard curve between 
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the two parameters and establishing the correlation coefficient (R2) value. Samples 

were poured into 2 ml cuvettes and the absorbance value was read in a 

spectrophotometer at 550 nm. Every second day, three replicates were measured 

from each of the three treatments. The measurements were repeated three times 

giving nine readings per treatment that were averaged and were used to plot the 

growth curve.  

3.2.3 Transmission electron microscopy 

3.2.3.1 Fixation and embedding 

Nitrogen- and phosphorus-replete and -deprived cultures were prepared for 

transmission electron microscopy as detailed in chapter 2 section 2.2.3.  

3.2.3.2 Microtomy and Viewing 

Resin blocks of Nitrogen- and phosphorus-deprived and -replete samples were cut 

into ultrathin sections of 60 nm using an ultramicrotome (RMC Boeckler CR-X, 

PT-PC, PowerTome; Arizona, USA) as explained earlier in chapter 2 section 

2.2.3.2.  

The ultrastructure from the first 25 cells encountered in linear, non-overlapping 

transects per treatment was captured and analysed. A sample size higher than 25 

cells was difficult to achieve because of the low cell numbers in the nutrient 

deprived cultures. Viewing focus was on alterations to organelles as mentioned in 

section 3.1.7, changes in the integrity of the amphiesmal membranes, vacuolation, 

subcellular structures and vesicles not observed in replete cells. Changes in 

abundance and size of organelles relative to those of replete cells was noted.   

3.2.4 DEVDase analysis assay 

3.2.4.1 Preparation of lysates 

The DEVDase analysis assay of the N- and P - deplete cultures was carried out at 

predetermined times over seven days. To remove cells from culture, 5 x 105 cells 
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ml-1 from each of the three treatment replicates and two control replicates were 

poured into glass centrifuge tubes. On days 3 and 7, cultures were concentrated until 

an approximate concentration of 5 x 105 cells ml-1 was achieved. The tubes were 

centrifuged at 600g for 5 minutes and 1200 g for another 5 minutes at 4 ⁰C (Hettich 

Universal /K2S, Germany). The supernatant was removed by gentle aspiration and 

the pellet was washed once in 1 ml phosphate-buffered saline (PBS). The cells were 

centrifuged again, and the supernatant was removed. The cells were resuspended in 

1 ml of lysis buffer (250 mM HEPES, 25 mM CHAPS, and 25 mM DTT; Caspase 

3 Assay Fluorimetric Kit, Sigma Aldrich), transferred into Eppendorf tubes, and 

incubated on ice for one hour. The lysed cells were centrifuged at 14000 g (Sigma 

201M, Netherlands) for 15 minutes at 4 ⁰C. The supernatant was transferred into 

new Eppendorf tubes, frozen immediately in liquid nitrogen, and stored at -20 ⁰C 

until they were prepared for reading in a fluorometer (Hoefer DQ300, 

Massachusetts, USA).  

3.2.4.2 Fluorometric analysis 

Before the lysates were read in a fluorometer they were thawed to room 

temperature. A reaction mixture was made up by adding 2 ml assay buffer (200 mM 

HEPES pH7.4; 1 % CHAPS; 50 mM DTT; 20 mM EDTA; Caspase 3 Assay 

Fluorimetric Kit, Sigma Aldrich, USA) and 30 µl of caspase 3 substrate (Ac-

DEVD-AMC) into cuvettes. These were then stored in the dark until the reactions 

were started. For the correction of background, a blank was prepared by adding 500 

µl of assay buffer into a cuvette and 2 mls of the reaction mixture was added to the 

blank.  

To test for caspase -3 activity, 500 µl of lysates from the stressed samples were 

poured into 5 ml cuvettes (n=3). The same was done for the control samples (n=2). 

The reaction was started by adding 2 mls of the reaction mixture to the stressed and 

control cell lysates. 

To test if the caspase- 3 activity reaction is silenced by the caspase- 3 inhibitor, 500 

µl of lysates from the stressed samples were poured into cuvettes (n=3) and 20 µl 

of caspase substrate inhibitor (Ac-DEVD-CHO) were added. The reaction was 
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started by adding 2 mls of the reaction mixture to the stressed and control cell 

lysates (n=2).  

All the above reactions were incubated at 30 ⁰C in the dark for one hour. 

Fluorescence emissions from the samples were measured with a fluorometer using 

a UV light for excitation. 

3.2.5 Reactive oxygen species assay 

Flow cytometry analysis of reactive oxygen species (ROS) in N- and P- deplete 

versus replete cultures was carried out at predetermined times over 14 days. To 

remove the cells from the growth medium, about 3 x 105 cells ml-1 from each of the 

replicates of the starved and replete cells were poured into 50 ml Falcon centrifuge 

tubes. On day 7 cells were concentrated to obtain the initial concentration of 3 x 105 

cells ml-1 and on day 14 the initial concentration was not achieved, and about 1.7 x 

105 cells ml-1 were used in the experiment. The tubes were centrifuged at 500 g for 

10 minutes at 20 ⁰C (Eppendorf 5702 R, Germany). The supernatant was removed 

by gentle aspiration and the pellet was washed once in 1 ml seawater. The cells 

were centrifuged again using the same parameters, the supernatant was removed, 

and the cells were re-suspended in 1 ml seawater. Cells were assayed following the 

manufacturer’s protocol (DHR 123 Redox probe, G-Biosciences, USA). Briefly, 

aliquots of 495 µl of cells in seawater were transferred into flow cytometry tubes. 

Di-hydro-rhodamine 123 (DHR 123) was pipetted into each tube to a final 

concentration of 10 µM. To check cell viability the procedure was repeated and the 

DHR 123 stain was replaced with 5 µl propidium iodide (PI). The stained cells were 

incubated in the dark at room temperature for 20 minutes and assessed using a BD 

LSR Fortessa TM cell analyzer (Becton-Dickinson, San Jose, CA, USA), interfaced 

with the BD FACSDiva software. The cells were excited with a blue laser (488 nm) 

and the emitted green fluorescence was detected using the fluorescent detector 

channel (FL1) with a (530 / 30 nm) bandpass filter. 

All data obtained were analyzed with the FlowJo software (v10.7.1; FlowJo, LCC, 

Oregon, USA). Data was presented as single-parameter univariate plots 

(histograms). Various gating strategies were applied to separate / group subsets of 
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populations of cells that have similar behaviour and to also eliminate doublets 

(doublets are formed when clumping of cells or particles can result in two cells 

passing through the laser beam at the same time and therefore being incorrectly 

registered as a single event), as demonstrated below (Fig. 3.1).  

To eliminate debris from live cells, side scatter SSC-Area (i.e., Fluorescence events 

that are at right angles to the laser beam) was plotted against FSC-Area (i.e., those 

that are in the plane of the laser) and fluorescence events that were below 50 000 

RFU on the X-axis were gated as debris (Fig. 3.1 A). To eliminate doublets, FSC-

Height was plotted against FSC-Area, most cells which fall on the diagonal plane 

are single cells and those outside of the diagonal plane are doublets (Fig. 3.1 B). 

 

Figure 3. 1 Gating strategies applied to separate, (A) All fluorescence below 50K 

RFU was regarded to be from debris and those above were live cells (B) Elimination 

of doublets from single events. X-axis represents relative fluorescence units (RFU) 

and Y -axis represents cell counts; FSC-A/H (forward scatter -area/height); SSC-A 

(side scatter-area). 

3.2.6 DNA Laddering assay 

3.2.6.1 DNA extraction 

Cultures grown in N- and P-deplete F/2 medium and those cultures that were grown 

in the replete medium were sampled on day 7 for DNA extraction following a 
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revised protocol (Ghatak et al, 2013). Approximately 2 x 105 cells ml-1 N- and P-

deplete culture and 3 x 105 cells ml-1 from the replete culture were centrifuged at 

500 g (Eppendorf 5702 R, Germany) for 10 minutes at 4 ⁰C to pellet the cells. The 

supernatant was removed by gentle aspiration. Cells were lysed by adding 700 µl 

of lysis buffer (10 mM Tris-HCL (Ph 8); 50 mM EDTA; 0.25 % SDS; Ghatak et al, 

2013) and incubated for 2 hours at 5 ⁰C with intermittent mixing. To remove 

impurities from the lysed cells, Proteinase K was added to a final concentration of 

100 ng/ µl, and the lysates incubated further for another 40 minutes. The lysates 

were spun down at 12 000 g (Eppendorf 5415 R, Germany) at 4 ⁰C and lysates were 

transferred to 1.5 ml Eppendorf tubes. 

After cooling samples to room temperature, 700 µl of phenol: chloroform: isoamyl 

alcohol was added and gently mixed with the lysates for five minutes. To separate 

the aqueous phase, the lysates were centrifuged at 16 000 g for 10 minutes at 20 ⁰C. 

The aqueous phase was carefully removed and transferred into a new Eppendorf 

tube. An equal volume of chloroform: isoamyl alcohol (24:1) was added to the DNA 

extract, mixed for two minutes, and centrifuged at 12 000 g.  

To precipitate the DNA, the aqueous phase was transferred to a new Eppendorf 

tube, 3 M sodium acetate (1/10 of the volume of aqueous phase; pH 5.2) and 100 

% ethanol (twice the volume of the aqueous phase, stored at -20 ⁰C), were added. 

The DNA solution was kept at -20 ⁰C overnight and then centrifuged at 16000 g for 

30 minutes at 4 ⁰C. The supernatant was removed, and the precipitate was rinsed in 

70 % ethanol (stored at -20 ⁰C). The pellet was dried in air and dissolved in 20 µl 

Tris-EDTA (TE) buffer. 

3.2.6.2 Gel electrophoresis 

To determine whether the amount of the DNA extracted from the starved and 

replete samples was sufficient to be visualized on a gel, the DNA from all the 

samples was measured in a nanodrop spectrophotometer (Thermo Scientific 

nanodrop 2000c, Massachusetts, USA). A minimum threshold of DNA required to 

run in ethidium bromide (EtBr) gel is 10 ng/µL, in the current experiment 50 ng/µL 

DNA in EtBr for each sample was used. 
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DNA fragmentation in the starved and replete cells was investigated by gel 

electrophoresis. A 2 % agarose gel in Tris-borate-EDTA was prepared according to 

the method of Lee et al (2012). About 1 µl DNA molecular marker (100bp) was 

pipetted into the first well (lane) of the gel tray. A loading dye EtBr (0.25 % 

bromophenol blue, 0.25 % xylene cyanol, 30 % glycerol) was added to the DNA 

samples in a (1:6) ratio (8 µl loading dye:48 µl DNA). A total of 50 µl of each DNA 

sample with loading dye was introduced into the remaining wells (lanes). The gel 

was run at 80 V until the dye had migrated from the cathode to the anode. At the 

end of the run, the gel was exposed to UV light to detect for DNA fragments or 

laddering and to capture images.  
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3.3 RESULTS 

3.3.1 Growth studies 

Macroscopic observations of cultures displayed that nitrogen-deplete (N-deplete) 

cells had less pigmentation on all the 14 days of treatment than those deprived of 

phosphorus and those replete in nitrogen and phosphorus (hereinafter simply 

referred to as replete; Figs 3.2 A-C). In the phosphorus-deplete (P-deplete) cultures, 

a decrease in pigmentation relative to that of the replete cultures was noticeable by 

day 14 of treatment (Fig. 3.2 C).  

 

Figure 3.2  Macroscopic observation of replete versus N- & P- deplete cultures 

during the 14 - day treatment period.  

(A) Cultures on day 3, (B) day 7 and (C) day 14 of treatment. Note the lack of 

pigment in the N-deplete cultures on all days of sampling and the reduced pigment 

on P-deplete cultures on day 14.  
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A positive correlation was demonstrated between cell concentration determined by 

a haemocytometer and optical density (OD) at 550 nm in replete cultures (Fig 3.3 

A). This outcome allowed for OD to be subsequently used to measure cell growth 

in this study (Fig. 3.3 B).  

The growth trend observed in replete cultures was different to that observed in the 

N- and P- deplete cultures (Fig. 3.3 B). The two deplete cultures were similar, but 

P- deplete cultures outperformed the other (Fig. 3.3 B). The nutrient deplete cultures 

did not exhibit a logarithmic growth, instead they followed a static trend. On day 

12 when maximum cell densities were achieved in the replete cultures, those in 

deplete cultures were less than half of this value.  
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Figure 3.3 Cell densities of replete versus N- and P-deplete cells observed over 

a 21 day period. The relationship between optical density and cell concentration in 

nutrient replete cultures.  

(A)  Relationship between OD measured at 550 nm and cell concentration of N-

Replete cells. 

(B)  Cell densities of replete versus N- and P-deplete cells monitored over a 21-

day period 
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3.3.2 Cell Ultrastructure 

3.3.2.1 Accumulation of carbon reserves and vacuolation 

Lipid droplets were observed in the nutrient replete and deplete treatments on all 

days of sampling (e.g., Figs 3.4 A - I). Accumulation of starch grains was observed 

on days 3, 7 and 14 in the N- and P- deplete cells (e.g., Figs 3.4 D-I) but only on 

day 14 in the replete cells (e.g., Fig. 3.4 C). On day 7 the N - deplete cells had 

accumulated more lipid and starch relative to the replete and the P-deplete cells. At 

this time, 80 % of the N-deplete cells viewed (n = 25) showed obvious accumulation 

of reserves that occupied most the cell’s content and resulted in the obvious 

compression of other organelles (e.g., Fig. 3.4 E).  

Vacuolation increased in the nutrient deplete cells by day 14 of treatment (e.g., Figs 

3.4 F & I). The average proportion of cell surface area occupied by vacuoles in the 

exposed profile of each cell (n=25) was about 27 % in the N-deplete cells while it 

was 24 % in the P-deplete (Table 3.1). These values were significantly different (p 

< 0.05) to those of replete cells where the average proportion of vacuolated area 

was 8 % of that of the cell (Table 3.1). In the N-and P- deplete cells vacuolation 

extended further into the cytoplasm, reducing the total space occupied by the 

cytoplasm (e.g., Figs 3.4 F & I).  

Amphiesmal membrane retraction from thecal plates was observed in 44 % of cells 

on day14 in the P-deplete cells (Fig. 3.4 I). These cells were also extensively 

vacuolated. 
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Figure 3.4 Accumulation of reserves and increased vacuolation in replete, 

N- and P-deplete cells with time. 

(A-C) Replete cells on days 3, 7 & 14 of treatment respectively.  

(D-F) N-deplete cells on days 3, 7 & 14 of treatment respectively. Note 

accumulation of starch and lipid bodies in (E) and vacuolation in (E & F). 

(G-I) P-deplete cells on days 3, 7 & 14 of treatment 14 respectively. Note 

vacuolation on all days of treatment (broken arrows) and protoplast shrinkage from 
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the thecal plates (broken arrows) and vacuolation in (I). Abbrev: C= chloroplast; L 

= lipid bodies; N = nucleus; S = starch grains; V = vacuole 

The observed vacuolation observed by day 14 (e.g., Figs 3.5 A-D) some parts of 

the cytoplasm and its contents (e.g., trichocysts, starch grains) were internalized by 

the enlarging body in N- and P- deplete cells (e.g., Figs 3.5 A-D). The areas of the 

cytoplasm that were included within a vacuole were seen to be amorphous, 

indicating the expected degradation. Inclusions resembling damaged membranes 

were observed inside the vacuoles (e.g., Figs 3.5 A-D).  

None of the N- and P-deplete cells, over the two weeks of treatment monitored, 

showed the excessive vacuolization exhibited by cells sampled in the collapsing 

field bloom (chapter 2, section 2.3.3.1), where the cytoplasm, was mostly consumed 

by vacuoles with only a few organelles remaining. 
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Figure 3.5 Vacuolation in N- and P-deplete cells on day 14 of treatment.  

(A & B) Vacuolation in N-deplete cells. Note damage membranes including those 

of the amphiesma (broken white arrows), cytoplasmic contents and organelles e.g. 

trichocysts, internalized by the vacuoles (black arrows) and areas of the cytoplasm 

in direct contact with the vacuole indicating localised collapse of the tonoplast 

(white arrows). 

(C & D) Vacuolation in P- deplete cells. Note damage membranes (broken white 

arrows) and cytoplasmic contents internalized by the vacuoles (black arrows). Note 

in (C) retraction of cytoplasmic membrane from the thecal plates (Thin white 

arrow). Abbrev: amp=amphiesma; V = vacuole; tr= trichocysts.  
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There was also damage to amphiesmal and other limiting membranes of organelles 

as the expanse of vacuole increased in both N-and P-deplete cells (e.g., Figs 3.6 A, 

B, C, D & F). Some of the organelles that were damaged as they came into contact 

with the vacuole were the nucleus and chloroplasts (e.g., Figs 3.6. B, D, E & F). 

  

Fig. 3.6 Damage to the amphiesmal membranes and other organelles in N- & P -

deplete cells 14 days after treatment. 

(A) Damaged chloroplast envelope of N-deplete cells. 
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(B-C) Damage to amphiesmal membrane (broken arrow) and nuclear envelope 

(black arrows) in N-deplete cells. Note vacuole inside the nucleus in (C) and 

damage in parts of nucleus that are in contact (black arrows). 

(D) Damage to amphiesmal membrane and nuclear envelope in P-deplete cells. 

Abbrev: amp= amphiesma; C=chloroplast; N=nucleus; ne=nuclear envelope; 

V=vacuole. 

 

3.3.2.2 The pusule 

The pusule in replete cells is bound by a double limiting membrane and inside this 

chamber there are numerous membranous vesicles also bound by a double 

membrane and surrounded by a vacuolar reticulum (e.g., Fig. 3.7 A). This condition 

was altered in N-deplete cells (n=25) cells after 7 days of treatment, there was an 

increase in the vacuolar space with membranous and amorphous inclusions (e.g., 

Fig. 3.7 B). After 14 days of treatment the pusule chamber was vacuolated with 

amorphous remnants of the pusule vesicles in N-deplete cells (e.g., Figs 3.7 C).  

The pusule was also altered in P-deplete cells (n=25) after 14 days of treatment 

(Fig. 3.7 D).  
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Figure 3.7 The pusule in Replete, N- and P -deplete cells over 14 days of treatment. 

(A) Pusule bound by a double limiting membrane (broken black arrows), pusule 

vesicles (white arrows) and vacuolar reticulum in a replete cell. 

(B) Pusule showing vesicles and an increased vacuolated space with membranous 

and amorphous inclusions (broken wite arrows) of N-deplete cells on day 7 of 

treatment 

(C) Pusule showing an increased vacuolated space with remnants of pusule vesicles 

and membranous and amorphous inclusions (broken wite arrows) of N-deplete cells 

on day 14 of treatment, black arrows). 
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(D) Pusule showing pusule vesicles and an increased vacuolated space with 

membranous and amorphous inclusions (broken wite arrows) of P-deplete cells on 

day 14 of treatment. Abbrev: M=mitochondrion; Pu=pusule; v=vacuole; 

ve=vesicles. 

3.3.2.3 The nucleus 

The structure of the nucleus was intact in 90 % of the N-deplete cells during the 

two weeks of treatment. So, the nuclear envelope and the chromosome structure 

remained intact, the chromatin fibrils were tightly packed forming parallel arches 

(e.g., Fig. 3.8 D), a condition identical to that shown by the replete cells (e.g., Figs 

3.8 B cf Figs 3.8 A).  

Alterations in the remaining 10 % were restricted to breaks in the nuclear envelope 

(e.g., Fig 3.8 E). Breaks in the nuclear envelope were evidenced from day 3 of the 

treatment but, throughout the sampling period, they were never found in more than 

10 % of the viewed cells (n =25). Such breaks were in the vicinity of nuclear pores, 

near lytic vacuoles, i.e., vacuoles containing membranous and electron dense 

material. Commonly, chromosomes abutting such breaks in the nuclear envelope 

protruded from the nucleus into the adjacent vacuoles. Elsewhere the nuclear 

envelope remained intact. These junctions between the nucleus and lytic vacuoles 

also were like that observed in the nuclei of field bloom organisms.   
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Figure 3.8 Nuclei of replete and N- deplete cells over 14 days of treatment.  

(A) Replete cell nucleus showing the nuclear envelope and chromosome structure, 

on day 14.  

(B) Intact nucleus in N-deplete cells on day 14.  

(C & D) High magnifications of chromosomes from the nucleus of replete and N-

deplete cells, respectively, showing the parallel arches formed by chromatin fibrils. 
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(E) Breaks in nuclear envelope (broken arrow) and chromosomes protruding into 

lytic vacuoles in N- deplete cells on day7. Nuclear envelope is visible before and 

after the break (white arrows). Some of the material inside the vacuoles had the 

same appearance as the chromosomes (white asterisks). These breaks were in the 

nuclear pore region (black arrows). Abbrev: arc = arch; N=nucleus; ne=nuclear 

envelope; lv =lytic vacuole. 

The nuclear envelope remained intact in 98 % of P-deplete cells during the two 

weeks of treatment (e.g., Figs 3.9 A-C). In the remainder of the cells there was a 

loss in the integrity of the nuclear envelope as revealed in the N-deplete cells.  

The compact structure of chromosomes was altered in more than 96 % of viewed 

cells (n=25) on all days of treatment in the P-deplete cells (e.g., Figs 3.9 A-C & E-

G). Such changes affected all chromosomes within a nucleus. The uniform parallel 

arches observed in replete chromosomes were absent in P-deplete nuclei (e.g., 

Fig.3.9 D cf Figs 3.9 E-G). The loss of structure was progressive and, by day 7, the 

arches were not discernible (e.g., Fig. 3.9 G). Chromatin formed clumps in some 

areas and was observed as electron dense areas (e.g., Figs 3.9 E- G), which were 

absent in the chromosomes of replete nuclei (e.g., Fig. 3.9 D).  



 

109 
 

 

Figure 3.9 Nuclei of P-deplete cells and alterations to the chromosome 

structure in their nuclei over 14 days of treatment.  

(A-C) P- deplete cell nuclei on days 3 to 14 showing an intact nuclear envelope. 

Note complete unravelling of the chromosome structure within the nucleus while 

the nuclear envelope remains intact.  

(D) Higher magnification of a chromosome in the nuclei of P-replete cells, note the 

parallel arches and a lack of electron dense areas in the chromatin.  
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(E-G) Higher magnifications of chromosomes in the nuclei of P-deplete cells on 

days3, 7 and 14 of treatment.  Note the absence of arches and the electron dense 

areas in the chromatin of P-deplete cells (broken arrows). Abbrev: arc= arch; 

chr=chromosome; N=nucleus; ne=nuclear envelope.  

3.3.2.4 The endomembrane system 

Ribosomes were observed on the cytoplasm and were also attached to ER 

membranes in replete cells in all days of treatment (e.g., Figs 3.10 A – D). Smooth 

and rough ER cisternae were also observed throughout the cytoplasm. There were 

localised dilations of some Golgi cisternae within a stack and these were confined 

to the trans cisternae (e.g., Figs 3.10 B–D). Multivesicular bodies (MVBs; these are 

single-membraned vesicles, which traffic proteins and lipids packaged in 

intraluminal vesicles from the trans-Golgi network to either the plasma membrane 

or the vacuoles; Chapter 2, section 2.1.6) were also present and originated from the 

trans-Golgi cisternae (e.g., Figs 3.10 B & D). 



 

111 
 

 

Figure 3.10 The endomembrane system in replete cells observed over 14 days of 

treatment.  

(A-) Smooth and rough ER, ribosomes and Golgi bodies of replete cells on day 3 

of treatment.  

(B) Multivesicular bodies (black asterisks), swollen Golgi cisternae and ER on day 

7 of treatment.  

(C-D) Multivesicular bodies (black asterisks), swollen Golgi cisternae, ribosomes 

and ER on day 14 of treatment. Abbrev: er=endoplasmic reticulum; rer = rough 

endoplasmic reticulum; r = ribosomes; G=Golgi bodies. 



 

112 
 

Ribosomes were observed in the cytoplasm and were also attached to ER 

membranes in N-deplete cells in all days of treatment (e.g., Figs 3.11 A, C, D & E). 

The diameters of ER cisternae in N-deplete cells (n=25) were not significantly 

different (p > 0.5) relative to those of replete cells on all days of treatment (e.g., 

Fig. 3.11 A; Table 3.2). There were localised dilations of some Golgi cisternae 

within a stack in all N-deplete treatments (e.g., Figs 3.11 A – D). It was further 

noticed that in N-deplete cells the dilations affected both the intermediate and trans 

cisternae, whereas only the trans cisternae of replete cells were affected (e.g., Figs 

3.11 A – D cf Figs 3.8 C & D). There was an upregulation in the number of MVBs 

in the Golgi region of N-deplete cells starting on day 3 of treatment (Figs 3.11 C- 

F; Table 3.2). The MVBs originated from the trans-Golgi region in all treatments. 
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Figure 3.11 The endomembrane system in N-deplete cells observed over 

14 days of treatment.  

(A & B) Smooth and rough ER, ribosomes, Golgi bodies and MVBs (asterisks) of 

N-deplete cells on day 3, Note the dilated Golgi cisternae (broken black arrow).  

(C & D) Multivesicular bodies (black asterisks), swollen Golgi cisternae and ER on 

day 7 of treatment.  
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(E & F) Multivesicular bodies (black asterisks), Golgi cisternae, ribosomes and 

smooth and rough ER on day 14 of treatment Abbrev: er=endoplasmic reticulum; 

rer=rough endoplasmic reticulum; r = ribosomes; G=Golgi bodies; 

MVB=multivesicular bodies. 

Ribosomes were observed in the cytoplasm and were also attached to ER 

membranes in P-deplete cells in all days of treatment (e.g., Figs 3.12 A, C, & D). 

The ER cisternae of P-deplete cells were not altered on all days of treatment. 

Localised dilations were observed in the transient and trans Golgi cisternae in these 

cells like those of N-deplete cells. (e.g., Figs 3.12 A- D cf Figs 3.9- A-C) on all days 

of treatment. An upregulation of MVBs was observed on days 7 and 14 (e.g., Figs 

3.12 B -D).   

 

Figure 3.12 The endomembrane system in P-deplete cells observed over 14 

days of treatment.  
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(A) Smooth and rough ER, ribosomes and Golgi bodies of P-deplete cells on day 3, 

Note the dilated Golgi cisternae (broken black arrow).  

(B) Multivesicular bodies (black asterisks), swollen Golgi cisternae and ER on day 

7 of treatment.  

(C-D) Multivesicular bodies (black asterisks), swollen Golgi cisternae, ribosomes 

and ER on day 14 of treatment. Abbrev: er=endoplasmic reticulum; G=Golgi 

bodies; rer= rough endoplasmic reticulum; r= ribosomes. 

 

3.3.2.5 Up-regulation of multivesicular bodies and lytic vacuoles 

Multivesicular bodies were present in all treatments including the replete cells, but 

they were smaller and less abundant than in the nutrient deplete cells on 

corresponding days of treatment (e.g., Figs 3.13 A & B cf Figs 3.14 A-C; Table 

3.2).  

 

Figure 3.13 Multivesicular bodies (MVBs) in replete cells over a 14-day period. 

(A ) MVBs (white asterisks) in replete cells on day 3 of treatment containing ILVs. 

( B) Lytic vacuoles in replete cells on day 14 of treatment containing electron dense 

material. Note contact between the membranes of the two lytic vacuoles (broken 

arrow). Abbrev: LV =lytic vacuole. 
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MVBs were present on all days of treatment in N-deplete cells (e.g., Figs. 3.14 A-

C). The MVBs originated from the trans- Golgi region. The lytic vacuoles contained 

double membraned-structures, membranous materials, multilamellar structures and 

ILVs (e.g., Figs 3.14 B & C). Hemi-fusion between the limiting membranes of lytic 

vacuoles was observed and the coalescence formed bigger structures (e.g., Figs 3.14 

B &C).  

The MVBs and lytic vacuoles were like those reported in the cells of the field bloom 

(section 2.3.3.4). The lytic vacuoles are not part of the pusule and they differ 

because the pusule has double limiting membranes. 
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Figure 3.14 Multivesicular bodies (MVBs) in N-deplete cells over a 14-day 

period. 

 

(A) MVBs (white asterisks) which contain intraluminal vesicles in N-deplete cells 

on day 3 of treatment. 

(B & C) MVBs (white asterisks) on the cytoplasm and at the interface of Lytic 

vacuoles which contain both degraded materials (black arrows) and ILVs (white 
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arrows) observed from day 7 to 14 of treatment. Note hemi-fusion of limiting 

membranes of lytic vacuoles (broken white arrows) which indicates coalescence of 

the vacuoles. Abbrev: G= Golgi bodies; LV=lytic vacuoles.  

 

Multivesicular bodies and lytic vacuoles were observed in P-deplete cells on all 

days of treatment (e.g., Figs 3. 15 A & B). The MVBs in the P-deplete cells were 

similar to those observed in the N-deplete cells (Figs 3.15 A & B cf Figs 3.14 A-

D).  
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Figure 3.15  Multivesicular bodies (MVBs) in P-deplete cells over a 14-day 

period 
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(A) MVBs containing intraluminal vesicles (white asterisks) and lytic vacuoles 

containing double membraned-structures, membranous materials and ILVs in P-

deplete cells on day 14 of treatment. Note hemi-fusion of limiting membranes 

(broken white arrows) of MVBs and lytic vacuoles. 

(C &D) Lytic vacuoles containing partially degraded material and membranous 

materials and observed on day 14 of treatment. Note hemi-fusion of limiting 

membranes (broken white arrows) between MVBs. Abbrev: G= Golgi bodies; 

LV=lytic vacuoles. 

3.3.2.6 Evidence of macro-autophagy 

Double membraned structures derived from ER cisternae were observed on the 

cytoplasm forming cup-shaped and fully closed structures around organelles or 

parts of the cytoplasm (Figs 3.16 A-D). At times tubular ER derived structures 

sequestered a portion of the cytoplasm (Figs 3.16 C). Electron translucent regions 

in the lumen of the double membrane and parts of the cytoplasm and its contents 

were observed (Figs. 3.16 A-D).  

ER derived membraned structures sequestering a portion of the cytoplasm and 

degraded organelles were also reported in the cells of the field bloom (section 

2.3.3.6)  
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Figure 3.16  Macro-autophagy in N-deplete cells over a 14-day period. 

(A & B) Double-membrane structures derived from ER (white arrows), forming a 

cup-like structure (broken white arrows) around a mitochondrion (white asterisks). 

Note the electron translucent areas in the lumen of double membranes and parts of 

the cytoplasm (black asterisks).  

(C) ER tubules sequestering parts of the cytoplasm (white arrows). 

(D) Double membranes sequestering parts of the cytoplasm and organelles (white 

arrow). Note electron translucent areas inside the membrane lumen and parts of the 

cytoplasm (black asterisks). Also, note the single membraned lytic vacuole in the 

vicinity (white asterisks). Abbrev: M=mitochondrion. 
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Double-membraned structures were observed in P-deplete cells that were like those 

in N-deplete cells (Figs. 3.17 A-D). 

 

Fig. 3.17 Macro-autophagy in P-deplete cells over a 14-day period 

(A) Double-membrane structures derived from ER (white arrows), sequestering 

parts of the cytoplasm and mitochondrion (white asterisks). 

(B)  ER tubules sequestering parts of the cytoplasm (white arrows) and a 

mitochondrion. 

(C & D) Rough ER cisternae forming closed double membrane structures (black 

arrows) engulfing parts of the cytoplasm. Abbrev: M=mitochondrion. 
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3.3.2.7 Multilamellar bodies and membranous structures 

Multilamellar bodies formed by concentric membrane whorls were observed in the 

cytoplasm of N-deplete cells (Fig. 3.18 A). The concentric membranes occasionally 

surrounded parts of the cytoplasm or degraded organelles which were difficult to 

discern (e.g., Figs 3.18 A & D). Membrane stacks which also formed whorls were 

in the cytoplasm in the vicinity of vacuoles (e.g., Figs 3.18 B & C). Multilamellar 

bodies were also observed at the interface of vacuoles while still in contact with the 

cytoplasm and inside vacuoles (e.g., Figs 3.18 C & D).  
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Figure 3.18 Multilamellar bodies in N-deplete over 14 days of N starvation. 
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(A) Multilamellar bodies inside vacuoles with connections to the cytoplasm (white 

arrows) in N-deplete cells during the 14 days of treatment. Note concentric 

membranes (broken white arrow) forming around a mitochondrion with swollen 

cristae (asterisks).  

(B & C) Membrane stacks (white arrows) forming whorls (arrow heads) and 

multilamellar bodies in the cytoplasm and at the interface of vacuoles while still 

connected to the cytoplasm. 

(D) Multilamellar bodies inside vacuoles (white arrows) while some are still 

connected to the cytoplasm (broken white arrows) of N-deplete cells. Insert in (E) 

note what appears to be a degraded mitochondrion surrounded by the concentric 

whorls. Abbrev: M=mitochondrion; V= vacuoles. 

 

Membranous clumps which did not form concentric whorls were observed in the 

cytoplasm of the N-deplete treatment and were not observed in P-deplete cells (e.g., 

Fig. 3.19 A). They were also inside vacuoles with fibrillar attachments to the 

cytoplasm and near lipid bodies (e.g., Fig. 3.19 B & C).  
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Figure 3.19 Membranous clumps in N-deplete over 14 days N starvation. 

(A) Membranous clumps on the cytoplasm 

(B &D) Membranous clumps inside vacuoles with attachments to the cytoplasm 

(black arrows) and lipid bodies (white arrows). Abbrev: V= vacuoles. 

Multilamellar bodies were also observed in P-deplete cells in the cytoplasm (Fig. 

3.20 A). The concentric membranes occasionally surrounding parts of the 

cytoplasm or degraded organelles which were difficult to discern (Figs. 3.20 A, B 
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&D). They were also observed at the interface of vacuoles while still in contact with 

the cytoplasm and inside vacuoles (Figs. 3.20 B-D). 

 

Figure 3.20 Multilamellar bodies in P-deplete cells over 14 days of P starvation. 

(A) Multilamellar bodies in the cytoplasm of P-deplete cells during the 14 days of 

treatment. 

(B-D) Multilamellar bodies inside vacuoles (white arrows). Note contact between 

the membranous coils and the adjacent cytoplasm (broken white arrows). 

3.3.2.8 Mitochondria 

The outer and inner mitochondrial membranes like those of replete cells, remained 

intact in 67 % of all observed, sectioned profiles of mitochondria in N-deplete cells 
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(n = 63), (e.g., Fig. 3.21 A).  

Damage to the outer membranes of mitochondria was observed in 27 % sectioned 

profiles of mitochondria in N-deplete cells on days 3 and 7 of treatment (e.g., Figs 

3.21 B-D). The damage which was localized in parts of the outer membrane resulted 

in the herniation of the inner membrane. Herniated mitochondrial profiles were also 

observed in cells sampled from the bloom (section 2.3.3.5). 

Partially degraded mitochondrial profiles in N-deplete cells were occasionally 

observed inside lytic vacuoles after 14 days of N starvation (e.g., Figs 3. 21 E).  
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Figure 3.21 Alterations to the mitochondria structure in N -deplete cells 

over 14 days of treatment. 

(A) Intact mitochondrion from a replete cell. 

(B-D) Mitochondria in N-deplete cells with breaks in the outer membrane resulting 

in herniation of the inner membranes (white arrows).  
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(E) Partial degraded mitochondrial profiles (asterisks) were inside lytic vacuoles. 

Note the herniation of the inner membrane of a mitochondrion that is inside the 

vacuole (white arrow). Abbrev: M=mitochondrion; LV= lytic vacuoles. 

 

The outer and inner mitochondrial membranes like those of replete cells, remained 

intact in 47 % of all observed, sectioned profiles of mitochondria in P-deplete cells 

(n = 57; e.g., Fig. 3.21 A). Alterations to the outer and inner membranes of profiles 

in 23 % mitochondria of P-deplete cells were observed on day 3 of treatment and 

was like what was observed in the N-deplete cells (e.g., Figs 3.22 A & B cf Figs 

3.21 B-D). 

In addition, swelling of the cristae of mitochondrial profiles while the outer 

membrane remained intact was observed in 30 % of sectioned profiles on day 14 of 

treatment (e.g., Figs 3.22 C & D). Partially degraded mitochondrial profiles were 

observed inside lytic vacuoles on days 7 and 14 of treatment. (e.g., Figs 3.22 E & 

F).  
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Figure 3.22 Alterations to the structure of mitochondria in P-deplete cells over 

14 days of treatment. 

(A & B) Mitochondria in P-deplete cells with breaks in the outer membrane (white 

arrows) resulting in herniation of inner membranes. In (B) note double membrane 

structure forming around mitochondrion (black broken arrows).  

(C & D) Swollen mitochondrial cristae (white arrow) while the outer membrane 

remains intact. In (C) note the single membrane structure which could be a 

degenerating mitochondrion (asterisk). 
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(E & F) Partial degraded mitochondrial inside lytic vacuoles. Note mitochondria 

surrounded by multilamellar structures inside lytic vacuoles (asterisks). In (D) note 

mitochondrion surrounded by multilamellar structures inside lytic vacuole 

(asterisk) and another with herniated inner membrane (white arrow).  Abbrev: 

M=mitochondrion; LV=Lytic vacuoles. 

3.3.2.9 Single membraned structures 

Single- membrane organelles which could be altered mitochondrial profiles were 

present in N-deplete P- deplete cells (e.g., Figs 3.23 A-D). What appears to be 

remnants of cristae were visible on the surface (e.g., Figs 3.23 A-D). A similar 

structure is observed in Fig. 3.22 (C). 

 

Figure 3.23 Single membraned structures in N-and P- deplete cell over 14 days of 

treatment. 
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(A&B) Single-membraned organelles in N-deplete cells. Note what appears to be 

cristae (white arrows). 

(C & D) Single-membraned organelles in P-deplete cells. Note what appears to be 

cristae (white arrows) 

 

3.3.2.10 Chloroplasts 

The structure of chloroplast in replete cells was intact on all days of treatment (e.g., 

Fig. 3.24 A).  Likewise, there were no changes in chloroplasts of N-deplete cells 

relative to those of replete cells on day 3 of treatment, however sites of contact 

between the chloroplast envelope and lipid bodies were observed on days 3 and 7 

(e.g., Fig. 3.24 B). 

Thylakoid membranes in 97 % of all observed, sectioned chloroplasts in N-deplete 

cells were compressed because of the accumulated starch grains and lipid droplets 

in the cytoplasm on day 7 (e.g., Figs 3.24 C). The width of thylakoid membrane 

lumen decreased significantly (p < 0.01) relative to that of replete chloroplasts on 

day 7 (Table 3.4).  

By day 14 all chloroplasts were altered, this was observed as breaks in the envelope 

(e.g., Figs 3.24 D & E). Occasionally the affected chloroplasts were devoid of 

thylakoid membranes, or they were fragmented and the chloroplasts were left with 

a few thylakoid membranes (e.g., Figs 3.24 D & E).  
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Figure 3. 24. Chloroplast structure in replete and N-deplete cells over 14 

days  

(A) Chloroplast structure in a replete cell, showing normal three thylakoid-

stacking pattern (white arrow) and intact chloroplast envelope (black broken 

arrows).  
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(B) Chloroplast envelope and lipid bodies sites of contact (white arrows). 

(C) Chloroplast profiles showing compression of thylakoid membranes resulting 

from accumulated starch and lipid reserves (black arrows) in N-deplete cells on 

day 7. 

(D & E) Chloroplast profiles showing damage to the envelope (white broken 

arrows), and fragmented thylakoid membranes (white arrows) in N- deplete cells 

on day 14. Abbrev: C=chloroplast; S=starch; V=vacuole. 

There were changes on chloroplasts of P-deplete when compared to those of replete 

cells, evidence as localized thylakoid lumen dilations on days 3 and 7 of treatment 

(e.g., Figs 3.25 B– D cf Fig. 3.25 A). The width of thylakoid membrane lumen was 

dilated and was significantly different (p > 0.05) relative to that of replete and N-

deplete chloroplasts (Table 3.4).  

There was damage to the chloroplast envelope and thylakoid membrane 

fragmentation and chloroplasts were amorphous on day-14 of treatment (Figs 3.25 

E & F).  
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Figure 3.25  Chloroplast structure in P-deplete cells on days 3, 7 and 14. 

(A) Chloroplast profile in P-replete cell showing no damage to envelope (broken 

white arrows) and thylakoid membranes (white arrows) on days 3 and 7 of 

treatment. 

(B-C) Chloroplast envelope and lipid body site of contact (white arrows). 

(D) Chloroplast profile in P-deplete cells showing damage to the envelope (broken 

arrow heads) while the thylakoid membranes are not damaged (white arrow).  

Abbrev: C=chloroplast; S=starch; V=vacuole. 

  



 

137 
 

3.3.3 Morphometric measurements of ultrastructure 

Table 3.1. Proportion of vacuolated cell surface  

Treatment Total surface  
area of cell  
Mean ± SD 
(µm2)  

Vacuolated 
area of cell 
Mean ± SD 
(µm2) 

Proportion  
of 
vacuolated 
 cell 
surface 
(%) 

ANOVA,  
Tukey HSD;  
(p ≤ 0.05) (n=25) 

Replete 123.82± 50.79 
 

7.50 ± 3.94 
 

6 Replete vs N-
deplete  
(p < 0.01) 
 

N-deplete 
P-deplete 

161.15 ± 49.1 
128.44±51.29 
 

 

40.51±20.79 
23.71±16.66 
 

27 
24 

N-deplete vs P-
deplete  
(p > 0.05) 
P-deplete vs 
Replete (p < 0.05) 

 

Table 3.2. Measurements of endomembrane organelles in Replete, N-& P-deplete cells 

Treatments ER lumen width 
Mean ± SD (µm)  
ANOVA,  
Tukey HSD (p ≤ 0.05) 

Number of 
MVBs per 
cell (n=25) 
Day3; Day14 

Number of 
lytic 
vacuoles 
per cell 
(n=25) 
Day3; 
Day14 

Surface area 
of lytic 
vacuoles 
Mean ± SD 
(µm2) 

Replete 0.06 ± 0.02 (p> 0.05) 1; 3     0; 3 1.17 ± 0.98 

N-deplete 
P-deplete 

0.09 ± 0.13 (p> 0.05) 
0.09 ± 0.16 (p> 0.05) 

 

3; 8 
2; 5 
 

2; 6 
2; 3 

1.76 ±1.96  
1.63 ± 1.16 

 

Table 3.3. Structures associated with autophagy in cells after 14 days of nutrient depletion 

Treatment Total number 
of 
multilamellar 
bodies  
(n=25) 

Total number of 
membranous 
clumps 
(n=25) 

Total number of double 
membrane structures 
(n=25) 

Replete  8   0     4 

N-deplete 
 
P-deplete 

 35 
 

10 

18 
  0 

8 
5 
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Table 3.4. Thylakoid width after 7 days of nutrient depletion 

Treatment Thylakoid width 
Mean ± SD (µm)  
 

ANOVA,  
Tukey HSD (p ≤ 0.05) 

Replete 0.00966 ± 0.004 Replete vs N - deplete (p < 0.05) 
 

N-deplete 
 
P-deplete 

0.00762 ± 0.003 
 
0.02176 ± 0.009 
 

N-deplete vs P-deplete (p < 0.05) 
P-deplete vs Replete (p < 0.05) 
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3.3.4 DEVDase activity assay 

A transfer of cultures to N-deplete medium resulted in a significant increase in 

relative fluorescence over replete cultures after only a day (p <0.05; n=4) (Fig. 

3.26). The observed increase in relative fluorescence observed in deplete cultures 

indicated that there was an increase in DEVDase activity in these cultures. 

However, the addition of a DEVDase inhibitor specific to DEVDase activity, was 

found to have no significant effect on the level of fluorescence, thus nullifying the 

assumption of DEVDase activity in the deplete cultures. The increase in 

fluorescence observed in deplete cultures after a day of treatment was not 

sustained and fluorescence levels decreased below the levels obtained in replete 

cultures on days 3 and 7 after treatment (Figs. 3.26). Again, the addition of a 

DEVDase inhibitor did not have a significant effect. 

 

Figure 3.26 DEVDase activity on days 1, 3 and 7 following N starvation., 

Bars represent mean ± SE, n=6. Different letters represent significant 

differences at p < 0.05 using ANOVA and the Tukey Honest Significant 

Difference (HSD) post-test. 

The DEVDase activity response of the P-deplete cells was similar to that observed in 

the N-deplete cells (Fig. 3.27 cf Fig. 3.26). An increase in relative fluorescence over 
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replete cultures was observed only on day 1 of treatment (p <0.05; n=4) (Fig. 3.27), 

however the increase in fluorescence was not silenced by a DEVDase inhibitor.   

 

Figure 3.27  DEVDase activity on days 1, 3 and 7 following P starvation. Bars 

represent mean ± SE, n=6. Different letters represent significant differences at p < 

0.05 using ANOVA and the Tukey Honest Significant Difference (HSD) post-test. 

3.3.5 Reactive Oxygen Species (ROS) 

3.3.5.1 Staining of N-deplete cells with DHR 123 fluorogenic probe  

Both N-deplete and replete cells stained positively for the dihydrorhodamine 

(DHR) 123 fluorogenic probe. About 13 % of cells in the N-deplete treatment had 

higher fluorescence levels than the replete cells (Fig. 3. 28 A). The higher levels of 

green fluorescence translate to an increase in ROS. 

After seven days of N starvation 55 % of N-deplete cells had higher ROS levels 

than replete cells (Fig. 3.28 B). The levels of ROS in N-deplete cells were higher 

on day 7 than those recorded on day 3. 
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Figure 3.28  Green fluorescence emission in N-deplete and-replete cells, 

after staining with DHR 123 fluorescent probe on days 3 and 7 of N 

starvation. The X- axis represents green fluorescence (DHR 123 probe); Y 

- axis represents cell counts; gates represent the percentage of the 

populations of -N-deplete cells. 
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(A) Histogram of N starvation showing peaks of unstained replete, stained replete 

and stained N- deplete (DHR +VE) cells on day 3.  

(B) Histogram of N starvation showing similar peaks as in (A). On day 7. 

3.3.5.2 Staining of N- deplete cells with PI fluorogenic probe 

A low percentage (13 %) of N-deplete cells stained positively for PI on day 3 (Fig. 

3.29 A), indicating that they were dead. There was no change in the number of PI 

positive cells on day 7 (Fig. 3.29 B).  



 

143 
 

 

Figure 3.29  Red fluorescence emission in N-deplete and-replete cells, 

after staining with PI fluorescent probe on days 3 and 7 of N starvation. The 

X - axis represents PI probe red fluorescence.  

(A) Histogram overlays on day 3 of N starvation showing peaks of the PI stain and 

PI +VE cells in the N- deplete population.  
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(B) Histogram overlays on day-7 of N starvation showing similar peaks as in (A).  

3.3.5.3 Staining of P-deplete cells with DHR 123 fluorogenic probe 

P-deplete cells stained positively for DHR 123 fluorogenic probe and 59 % of cells 

had higher ROS levels than the replete cells (Fig. 3. 30A).  

On day 7 about 72 % of cells in the P-deplete treatment had higher ROS levels 

relative to those of the replete cells (Fig. 3.30B). The fluorescence levels in the P-

deplete cells were higher than those recorded in the N-deplete cells (Figs 3.30 A & 

B cf Figs 3.28 A & B). 
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Figure 3.30  Green fluorescence emission in P-deplete and -replete cells, 

after staining with DHR 123 fluorescent probe on days 3 and 7 of P 

starvation. The X- axis represents DHR 123 probe green fluorescence; Y - 

axis represents cell counts; gates represent the percentage of the populations 

of P -deplete cells. 
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(A) Histogram on day 3 of P starvation showing peaks of unstained replete (DHR -

VE) cells, stained replete and stained P- deplete (DHR +VE) cells.  

(B) Histogram on day 7 of P starvation showing similar peaks as in (A). Note the 

peak shoulder showing cells with higher levels of green fluorescence in the P-

deplete cells (red dotted arrow). 

3.3.5.4 Staining of P-deplete cells with PI fluorogenic probe 

A population of 31 % of P-deplete cells stained positively for PI on day 3 (Fig. 3.31 

A). There was a decrease in the number of PI positive cells on day 7 when 42 % of 

PI positive cells was recorded (Fig. 3.31 B).  
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Figure 3.31  Red fluorescence emission in P-deplete and -replete cells, 

after staining with PI fluorescent probe on days 3 and 7 of P starvation. The 

X - axis represents PI probe red fluorescence 
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(A) Histogram overlays on day 3 of P starvation showing peaks of the PI 

stain and PI +VE cells in the P- deplete population.  

(B) Histogram overlays on day 7 of P starvation showing similar peaks as 

in (A).  

3.3.6 DNA Laddering assay in N- and P-deplete cells 

The quantity of DNA extracted from the N- and P-deplete samples was less than 

the replete samples (Table 3.5). No ladders were detected in any samples run in an 

agarose electrophoresis gel (Fig. 3. 31). 

Table 3.5. Quantification of extracted DNA in Replete, N-and P-deplete samples 

on day 7 of treatment. 

Treatment DNA 

measurement(ng/µL) 

Replete 211 

N-deplete 

 

P-deplete 

165.8 

168 

 

Figure 3.32 Agarose gel electrophoresis of N- and P -deplete samples. 

L1=DNA marker (100bp); L2=N-deplete; L3=P-deplete; L4=Replete.  
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3.3.7 Summary of results that show evidence for PCD 

The table below summarises the TEM and biochemical assay results as evidence 

for PCD in P. redfieldii. 

Table 3.6. Summary of TEM and biochemical assay results as evidence for PCD 

Treatment TEM-

alterations 

to cells 

DEVDase Excessive 

ROS 

DNA 

Laddering 

PI positive 

cells 

N-deplete  Х Х Х Х 

P-deplete  Х  Х  
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3.4 DISCUSSION 

The study aimed to deprive P. redfieldii cultures of two essential nutrients i.e., 

nitrates (N) and inorganic phosphates (P) to determine if they would induce PCD. 

Results obtained provide evidence for changes in the growth dynamics, 

ultrastructural morphology and biochemical activity of the stressed cells as a 

response to the stressors. PCD was induced in a portion of phosphate starved cells 

but not in those cells that were starved of nitrates. 

3.4.1 Growth dynamics 

The cell cycle arrest in P. redfieldii cells as a response to macro-nutrient stress is 

expected because of the role that nitrates and phosphates play in cell cycle 

progression. A lack of inorganic phosphates negatively affects the phosphorylation 

of proteins involved in cell cycle progression, i.e., the cyclin -cyclin dependent 

kinases complex and its target proteins (Pokrzywinski et al., 2017c). While a lack 

of nitrates affects the synthesis of enzymes and other proteins required to facilitate 

cell cycle progression. Cell cycle arrest observed in P. redfieldii also occurred in 

the dinoflagellates Amphidinium carterae and Prorocentrum cordatum in response 

to N starvation (Kalinina et al., 2023; Olson and Chisholm, 1986) and 

Prorocentrum donghaiense in response to P starvation (Li et al., 2021, 2015; 

Meizhen et al., 2016). Cell cycle arrest in P. redfieldii must have occurred in the 

first growth stage of the cell cycle (G1) because both N- and P- deplete cells did not 

show logarithmic growth, a similar trend was observed in nitrogen starved cells of 

P. donghainse (Li et al., 2021). 

 

In N-deplete cells of P. redfieldii, cell cycle arrest was an acclimation strategy while 

in P-deplete cells it preceded PCD. The latter observation corresponds with 

previous findings on dinoflagellates where cell cycle arrest was associated with 

PCD in Prorocentrum minimum and Karlodinium veneficum when they were 

subjected to a bacterial algicide (Pokrzywinski et al., 2017c).  



 

151 
 

Generally, under stressful conditions microalgae develop various strategies that 

switch off their cell cycle, these include cell cycle arrest, formation of cysts and 

change from asexual to sexual reproduction (Franklin et al., 2006). 

3.4.2 Ultrastructure 

Prorocentrum redfieldii cells exhibited various ultrastructural alterations in 

response to N and P starvation. Ultrastructural changes included an 

overaccumulation of reserves, extensive vacuolation, alterations to the nucleus, 

endomembrane system (including an upregulation of MVBs), mitochondria and 

chloroplasts. There was also structural evidence for autophagy. 

Overaccumulation of reserves 

An overaccumulation of reserves in N-deplete P. redfieldii cells is expected and 

indicates a disturbance in the C:N ratio inside the stressed cells. Nitrogen and 

carbon assimilation are interdependent, about half of carbon skeletons in 

phytoplankton are utilized during N assimilation for the synthesis of organic 

molecules like chlorophylls and proteins (Turpin, 1991). The overaccumulation of 

reserves in nutrient starved P. redfieldii cells is consistent with the behaviour of the 

field bloom cells. 

Overaccumulation of reserves combined with diminished growth exhibited by P. 

redfieldii cells as a response to N and P starvation indicate that these cells were 

stressed and they often precede PCD in dinoflagellates (Li et al., 2015; Meizhen et 

al., 2016; Weng et al., 2014) and other algae (Sathe et al., 2019).  

Vacuolation and autophagy 

Increased vacuolation was exhibited by both N- and P-deplete cells. Observed 

changes in cell ultrastructure revealed that excessive vacuolation included the 

upregulation of MVBs and autophagy.  

The upregulation of MVBs in nutrient starved P. redfieldii cells would facilitate 

transport of non-essential membrane macromolecules to the vacuoles to be recycled 
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so as to boost the levels of amino acids that would be used in the synthesis of 

essential proteins. The upregulation of MVBs as a response to nutrient stress 

observed in P. redfieldii cells also occurred in Emiliania huxleyi during P starvation 

(Shemi et al., 2016). 

The interplay between autophagy and upregulation of MVBs in the nutrient starved 

P. redfieldii cells was also witnessed in the field bloom cells and must have ensured 

an effective replenishing of critical amino acids by recycling proteins during the 

nutrient deplete conditions as reported in nutrient starved yeast cells (Müller et al., 

2015).  

In P. redfieldii multilamellar bodies were observed at the interface and inside of 

vacuoles. Their contents were reminiscent of disintegrating chloroplasts. Such a 

condition was found in nitrogen starved Nannochloropsis oceanica 

(Heterokontophyta) and these bodies later transformed into lipid bodies (Roncaglia 

et al., 2021). Multilamellar bodies in P. redfieldii were also observed around 

degenerating organelles reminiscent of mitochondria both in the cytoplasm and 

within the confines of vacuoles which lends support to the idea that they were 

involved in the degradation of mitochondria. Information about multilamellar 

bodies and their role in plants and microalgae is limited. They have been associated 

with autophagy in higher plants e.g., during petal development in Tillandsia albida 

when they were involved in thylakoid membrane degradation (van Doorn and 

Papini, 2016). Multilamellar bodies in P. redfieldii were also observed around 

degenerating organelles that were most likely reminiscent of mitochondria both in 

the cytoplasm and within the confines of vacuoles which lends support to the idea 

that they were involved in the degradation of mitochondria.  

The nucleus 

The chromosome structure in nuclei of N-deplete cells remained intact in most of 

cells throughout the treatment period. Contrastingly, the intact structure of the 

liquid crystalline chromosome was unravelled in all cells of the P-deplete treatment. 

This difference is surprising because both P and N are constituents of nucleic acids, 

but it could be that the P. redfieldii cells were less efficient at recycling intracellular 
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resources of P relative to those of N. A lack of P would impact the structural 

integrity of DNA because phosphates form covalent bonds with deoxyribose sugar 

and together constitute the backbone of the DNA helix (Santos, 1999), or the lack 

of inorganic phosphate negatively impacted on the phosphorylation of the histone-

like-proteins (HLPs) that are involved in the structural compaction of the liquid 

crystalline chromosomes of dinoflagellates (Gornik et al., 2019).  

The fact that all chromosomes in the P-deplete treatment were affected makes this 

alteration to be less likely a marker of PCD but could rather be directly linked to a 

lack of intracellular P. The unravelling of chromosomes of P-deplete cell nuclei 

were not observed in nuclei of bloom cells, which supports the fact that the 

unravelling of the chromosomes was specific to a lack of inorganic phosphates in 

these cells. However, the formation of chromatin clumps that was also present in 

the altered chromosomes could indicate fragmentation of DNA in these cells. 

Piecemeal autophagy of the nucleus observed in field cells nuclei was also present 

in the nuclei of P-and N-deplete cells, and this demonstrates that although this 

affected a small portion of nuclei it could be an intrinsic feature in P. redfieldii 

stressed cells. 

The endomembrane system 

The interplay between MVBs and autophagy has already been discussed in the 

previous sections.  Membranes derived from the ER were incorporated in the 

process of autophagy in nutrient deplete cells. The endoplasmic reticulum has been 

reported to be a membrane source for the formation of the double membraned 

structure that surrounds and engulfs parts of the cytoplasm and organelles during 

autophagy (Uemura et al., 2014; van Doorn and Papini, 2013). Alterations to the 

Golgi cisternae occurred in all treatments including the replete cells during all 

sampling times and are therefore considered to be a normal occurrence, because 

they were also present in the replete cells at all stages of sampling.  
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The Mitochondria 

The herniated mitochondria in both the N-and P-deplete cells of P. redfieldii can be 

associated with the opening of the mitochondrial permeability transition (MPT) 

pore caused by high levels of ROS that were detected in these cells. Similar 

mitochondrial alterations were observed in the field bloom cells and it can thus be 

assumed that the field bloom cells were also exposed to high ROS levels. 

Mitochondrial herniation coincided with autophagy of the damaged mitochondrial 

profiles in both N- and P-deplete cells and again mirrors what was observed in the 

field cells.  

Another observation in the mitochondria of only the P-deplete cells was the 

swelling and ballooning of mitochondrial profiles as a result of the high ROS levels 

that were detected in this treatment.   

The chloroplasts 

Morphological changes to chloroplasts were observed in both N- and P-deplete 

cells. A lack of nitrogen in P. redfieldii must have negatively affected the turnover 

of macromolecules like chlorophylls and photosynthetic proteins of which nitrogen 

is a structural component. As a result, the proper functioning of photosynthetic 

reactions like the electron transport chain reactions would be disturbed and trigger 

the overproduction of ROS. The increased levels of ROS beyond the antioxidant 

activity of the cells would lead to oxidative stress (Liefer et al., 2018).   

The ultrastructural changes that were observed in the thylakoid membranes of N-

deplete cells like the reduction of the width of thylakoid lumen is expected because 

the thylakoid membranes are the primary production sites of ROS inside the 

chloroplasts and would be the most affected by oxidative damage. The 

accumulation of ROS species like the radical singlet oxygen occurs in the lumen of 

the thylakoid (Sharma et al., 2012) and therefore the luminal proteins would be the 

first targets of oxidative damage.  

The dismantling of thylakoids and their subsequent degradation in vacuoles was 

more prevalent in the N-deplete than in the P-deplete cells and it is plausible that 
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this process was primarily used by P. redfieldii cells to remobilize intracellular 

resources of nitrogen than it being a means to alleviate the impact of high levels of 

ROS. The degradation of chloroplasts in lytic vacuoles in the form of multilamellar 

structures as a stress response occurs in other microalgae (Papini et al., 2018; 

Roncaglia et al., 2021). 

The alterations in the chloroplasts in P-deplete can also be associated with the 

overproduction of ROS. Phosphate plays an important role in photosynthesis 

through phosphorylation of proteins, also during the conversion of the energy 

molecules ATP from ADP and NADP to NADPH.  

 

3.4.3 Biochemical activity 

The failure to detect DEVDase activity and its unsuccessful silencing by a DEVDase 

activity inhibitor in the N-deplete cells of P. redfieldii is expected because there 

were no major cell deaths in this treatment.  

Although substantial numbers of cell deaths were recorded in the P-deplete cells, 

the failure to detect DEVDase activity  in these cells is still acceptable because some 

phenotypes of PCD like autophagic PCD can occur without caspase / DEVDase 

activity  (Affenzeller et al., 2009; Sperandio et al., 2000). Caspase activity was not 

detected in the dinoflagellate, A. cartarae undergoing paraptotic cell death 

(Franklin and Berges, 2004) and the green algae Micrasterias denticulata 

undergoing autophagic cell death (Affenzeller et al., 2009). However, caspase 

activity was detected in Dunaliella viridis cells undergoing paraptotic and those 

undergoing autophagic cell death (Jimenez et al., 2009). In P. donghaiense, caspase 

activity was detected in cell undergoing  mitochondrial apoptosis (Ji et al., 2021), 

in the same species caspase activity was detected but it was not accompanied with 

cell death (Huang et al., 2016). A recent study on Karenia brevis has shown that 

caspase activity was present throughout the growth cycle of these cells which 

indicates that it has other roles that are not associated with cell death (Y Gao and 

Erdner, 2022).  
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All the above show the complexities associated with caspase-like activity in 

phytoplankton. Nevertheless, caspase-like activity is often associated with cell 

death in microalgae and in 94 % of experiments where it was assayed it gave a 

positive result (Barreto Filho et al., 2023).  

Both treatments of nutrient deplete cells of P. redfieldii experienced an 

overproduction of ROS. The effects of the increased levels of ROS in the stressed 

cells can be linked with the damage observed in mitochondrial and chloroplasts 

membranes of N-and P-deplete cells. Programmed cell death facilitated by the 

overproduction of ROS is a widely reported in phytoplankton PCD and results in 

oxidative stress (Barreto Filho et al., 2023; Bidle, 2016; Rzymski et al., 2020; Vardi 

et al., 1999; Zhao et al., 2020).  

The fact that the overproduction of ROS did not translate to cell death in N-deplete 

cells of P. redfieldii cells indicates that these cells had developed better coping 

mechanisms to a lack of N than to a lack of P. A similar trend was demonstrated in 

P. triestinum (= epithet of the study organism), when subjected to N and P stress, 

the cells could acclimatize to N but not to P deprivation because of effective 

scavenging for intracellular nitrogen (Chan et al., 2004). 

The unrelatedness between the numbers of cells with high levels of ROS and cell 

deaths in the N-deplete cells shows that ROS could have been involved in other 

physiological processes like ROS mediated signalling from the chloroplasts and 

mitochondria to the nucleus. Some of these processes initiate the transcription of 

new genes and translation of proteins that function in stress acclimation (Suzuki et 

al., 2012). The role that ROS plays in other physiological processes other than 

mediating cell death has also been shown in other dinoflagellates (Y Gao and 

Erdner, 2022; Huang et al., 2016; Jauzein and Erdner, 2013).  

The failure to recover oligo-nucleosomal ladders in the DNA of nutrient deprived 

P. redfieldii cells is unsurprising as dinoflagellates lack nucleosomes and true 

histones in the structural makeup of their chromosomes (Gornik et al., 2012), failure 

to detect DNA ladders has been previously reported in other dinoflagellates (e.g. 

Vardi et al., 1999). 
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The DNA laddering technique was chosen because it is highly specific to PCD than 

the other techniques like the TUNEL (Terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labelling) assay and it was important for this study to 

establish if nuclear fragmentation was an outcome of PCD and not necrosis. 

Alternative assays kits like TUNEL simply reveal that the DNA is fragmented, 

which also occurs in cells dying of necrosis.   

3.4.4 Is there any evidence that PCD was induced by nutrient deprivation in 

P. redfieldii? 

Both N- and P- deplete cells of P. redfieldii exhibited signs of stress acclimation, 

including cell-cycle arrest, the overaccumulation of carbon reserves and an 

enhanced catabolic activity. The negligible numbers of cell deaths in N-deplete P. 

redfieldii cells are evidence that these cells maintained their acclimation to N 

starvation throughout the experimental period, therefore N starvation did not 

successfully induce PCD. In contrast P starvation resulted in a programmed cell 

death in a substantial number of cells. There was also morphological evidence for 

secondary necrosis exhibited in P -deplete cells.  

Morphological and biochemical markers associated with PCD in the P-deplete cells 

included extensive vacuolation by autophagy, alterations to mitochondrial and 

chloroplast membranes, an increase in ROS and loss of viability to a substantial 

number of cells. In a small portion of extensively vacuolated cells the amphiesmal 

membranes were retracted from the thecal plates.  

The extensive vacuolation by autophagy in the P-deplete cells which is a marker of 

autophagic cell death (Kroemer et al., 2009) was also observed in the bloom cells. 

Other ultrastructural markers that accompany autophagic cell death like lytic 

vacuoles and double membraned structures engulfing organelles and parts of the 

cytoplasm were also observed in these cells.  

Although alterations to the nucleus during PCD are normally associated with the 

activity of endonucleases which cleave the phosphodiester bonds of DNA (Kroemer 

et al., 2009), in the P-deplete cells of P. redfieldii the unravelling of chromosomes 
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in not a marker of PCD and must have been directly related to a lack of organic 

phosphates which compromised the structural stability of the phosphodiester bonds 

in the DNA. However, the chromatin clumps that were observed in the later stages 

of the treatment are indicative of damaged DNA. Chromatin clumps were also 

observed in the bloom cells and conform to what has been observed in other 

dinoflagellates undergoing PCD (Ji et al., 2021; Pokrzywinski et al., 2017a).   

The alterations observed in the mitochondrial and chloroplast membranes of P-

deplete cells correlate to the high levels of ROS detected in these cells and have 

been previously associated with oxidative stress (Gorelova et al., 2019; 

Rakhmatullina et al., 2016). This has also been shown in other dinoflagellates 

where an overproduction of ROS resulted in oxidative stress which later induced 

programmed cell death ( Ji et al., 2021; Pokrzywinski, 2014; Vardi et al., 1999). 

The swollen mitochondrial cristae in the P-deplete cells which are sites where 

oxidative phosphorylation (OXPHOS) takes place are a confirmation of the 

structural damage caused by the high levels of ROS which would have inevitably 

disturbed the OXPHOS reactions. When the overproduction of ROS is associated 

with an acute depletion of energy pools it results in an unprogrammed cell death as 

it occurs in symbiotic dinoflagellates Symbiodinium sp. exposed to heat stress 

(Dunn et al., 2004).  

Caspase-like activity is a biochemical marker associated with apoptotic-like cell 

death (Kerr et al., 1972; Kroemer et al., 2009; Saraste and Pulkki, 2000). It was not 

detected with the collapse of cell numbers (death) in P-deplete cells. However,  the 

failure to detect caspase activity in these cells is still acceptable because the 

ultrastructural characteristics of the dying cells point to an autophagic cell death, 

which can occur without the activation of caspases as shown in A. cartarae 

(Franklin and Berges, 2004) and Micrasterias denticulata (Affenzeller et al., 2009).  

The failure of the DNA laddering essay was attributed to the lack of nucleosomes 

and true histones in dinoflagellates (Gornik et al., 2012). 

Taken together, the above morphological and biochemical observations point to P 

starvation successfully inducing a programmed cell death in P. redfieldii cells. The 
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ultrastructural and biochemical markers point to an autophagic cell death that was 

exacerbated by oxidative stress. It can thus be said yes, P starvation was able to 

induce a programmed cell death in P. redfieldii whose morphotype corresponds 

with that of cells sampled from a collapsing bloom. The retraction of the 

amphiesmal membranes can also be regarded as the onset of secondary necrosis as 

witnessed in the bloom cells. 

3.4.5 Similarities in structural elements of the laboratory nutrient deplete 

cells with those from a collapsing bloom 

Similarities in ultrastructure of cells dying from P starvation and those cells dying 

from a collapsing bloom were excessive vacuolation by autophagy and the presence 

of autophagy related structures like lytic vacuoles and ER derived double 

membranes, upregulation of MVBs, herniated mitochondria and dilated chloroplast 

thylakoid lumina. High levels of ROS were detected in the P-deplete cells and based 

on the structural similarities with the alterations to mitochondria and chloroplast in 

the bloom cells it can be inferred that the bloom cells were also experiencing an 

oxidative stress. Both N and P starvation did not culminate in the massive cell 

deaths witnessed in a dying bloom. It is highly likely that the field bloom cells were 

affected by a combination of environmental stresses as shown in another collapsing 

bloom that cells were simultaneously subjected to low P and N; and to low levels 

of dissolved oxygen (Pitcher and Probyn, 2016a). 

3.5 CONCLUDING REMARKS 

This study investigated if depriving P. redfieldii cells of two essential macro-

nutrients independently, i.e., nitrates (N) and organic phosphates (P), would induce 

a programmed cell death. The findings were used to determine whether the PCD 

associated morphological elements of cells in the laboratory based nutrient 

deprivation experiment reflected those of cells sampled during the collapsing 

bloom: 

Nitrogen starvation did not successfully induce programmed cell death in P. 

redfieldii cells, instead the cells successfully acclimatized to the stress by initiating 

strategies like cell-cycle arrest, overaccumulation of reserves and upregulating 
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catabolic processes. This is a common response in microalgae subjected to biotic 

and abiotic stress (Borowitzka, 2018). Contrarily, phosphorus starvation 

successfully induced an autophagy associated programmed cell death in these cells 

which was exacerbated by oxidative stress. 

The autophagic cell death phenotype in P-deplete cells was defined by the excessive 

vacuolation of cells by autophagy, lytic vacuoles and ER derived double-

membraned structures (Kroemer and Levine, 2008). Biochemical assays in the P-

deplete cells revealed that there was an overproduction of ROS.  

There were similarities between cells dying from nutrient deprivation and those in 

a collapsing bloom and therefore from the high levels of ROS detected it nutrient 

deprived cells it can be concluded that the bloom collapse was mediated by 

oxidative stress. These findings are similar to previous findings where PCD 

mediated by oxidative stress was involved in a dinoflagellate bloom collapse (Vardi 

et al., 1999).  

The response of P. redfieldii to nutrient stress showed how these cells behave when 

nutrients become limiting and give insight to how P. redfieldii cells behave in the 

late stages of a bloom collapse. It shows that these cells can rapidly acclimatize to 

nutrient starvation through various strategies. It also showed that a lack of inorganic 

phosphates was more limiting in these cells than a lack of nitrates. 

In the next chapter heat- shock which is an acute stress was used to induce PCD in 

P. redfieldii cells and to observe how the cells respond to an acute stress.  
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CHAPTER4- THE ULTRASTRUCTURE AND 

BIOCHEMICAL ACTIVITY OF PROROCENTRUM 

REDFIELDII CELLS SUBJECTED TO HEAT- SHOCK 

STRESS TO INDUCE CELL DEATH  

4.1 INTRODUCTION 

4.1.1 Background 

The important role of phytoplankton as primary producers (Chapter 1, section 1.1), 

depends on many factors and temperature is one of them (Eppley, 1972;Falkowski 

and Raven, 2007; Grimaud et al., 2015). The relationship between temperature and 

phytoplankton is explained using various study models. In the first model, an 

increase in the maximum growth rate of a species is linked to optimal growth 

temperature (Eppley, 1972; Raven and Geider, 1988; Regaudie‐de‐Gioux and 

Duarte, 2012; Sherman et al., 2016). The second model is of an evolutionary nature, 

and portrays the thermal adaptation of species to variations in temperature 

(Grimaud et al., 2015; Thomas et al., 2012) 

In view of the above, the consequence of global warming and climate change on 

the phytoplankton dynamics in the ocean cannot be ignored. It has been suggested 

that global warming will result in the increase of sea surface water temperatures 

(Houghton, 2001; Levitus et al., 2005; Regaudie‐de‐Gioux and Duarte, 2012). 

Increased temperatures result in thermal stratification of the water column (Guinder 

and Molinero, 2013). During downwelling and increase in thermal stratification is 

associated with nutrient depletion in the euphotic zone. Blooms that are dominated 

by dinoflagellates are prevalent in thermal stratified waters, as dinoflagellates can 

periodically migrate down to get nutrients at lower levels which are thus 

unavailable to the other non-motile groups e.g. diatoms (Pitcher et al., 2010; 

Guinder and Molinero, 2013).  
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Elevated temperatures put dinoflagellates at a competitive advantage over other 

organisms as they can form their blooms in thermal stratified waters. However, it 

would be of interest to establish the tolerance limit for P. redfieldii to elevated 

temperatures, i.e., the point at which elevated temperatures become a stress and 

induce cell death. It is important to note that the heat shock stimulus used in this 

study has been amplified to overcome the tolerance threshold of the organism but 

is not a reflection of what the organism would be exposed to in its natural habitat.  

A study on average sea surface temperatures in St Helena Bay, which is the current 

study site, revealed a range of 12-25⁰ C (Crichton et al., 2013). Recorded sea surface 

temperatures during sampling for the current study recorded sea surface 

temperatures that ranged between 20-22⁰ C (Ndhlovu et al., 2017). 

4.1.2 Heat shock proteins 

Living organisms can mitigate stress by the upregulation of existing proteins or 

transcription and translation of new genes which are converted to proteins. The 

proteins counteract the adverse effects of the stress and acclimate the organisms to 

the new stress (Lindquist and Craig, 1988). Heat shock proteins (HSPs) are 

expressed as a defence response to a variety of environmental stresses e.g. heat-

shock, heavy metals, UV light and hypoxia (Guo et al., 2012; Kobiyama et al., 

2010; Lindquist and Craig, 1988). They are conserved in prokaryotes and 

eukaryotes (Guo et al., 2015), and prevent denatured protein aggregation 

(Kobiyama et al., 2010) by binding to the damaged regions of the proteins and 

altering the misfolded structure to a functional one (Lindquist and Craig, 1988). 

Some bloom forming dinoflagellates have tolerance for temperature fluctuations 

(Deng et al., 2018; Guang et al., 2004). The ability to tolerate broad temperature 

variations in dinoflagellates is attributed to the presence of HSPs (Guo and Ki, 

2012). HSPs are identified across different classes in dinoflagellates but in this 

study only a summary of those that have been identified in bloom forming and 

symbiotic dinoflagellates are illustrated (see table 4.1).  
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Table 4.1. A summary of HSPs identified in bloom forming and symbiotic 

dinoflagellates  

Dinoflagellate Type of HSP References 

Prorocentrum minimum 

Prorocentrum donghaiense 

Alexandrium tamarense 

Cochlodinium polykrikoides 

Amphidinium cartarae 

Karlodinium micrum 

Symbiodinium sp. 

HSP 70 & 90 

HSP 90 

HSP 70 

HSP 70 & 90 

HSP 70 & 90 

HSP 70 & 90 

HSP 70 & 90 

(Guo et al., 2012) 

(Zhang et al., 2019a) 

(Kobiyama et al., 2010) 

(Guo et al., 2015) 

(Lauritano et al., 2017) 

(Guo et al., 2015) 

(Rosic et al., 2011) 

 

4.1.3 Heat stress as an inducer of programmed cell death in unicellular 

organisms 

Studies where heat-shock was used to induce PCD in microalgae are summarized 

in a table below (Table 4.2). 

A natural phenomenon where heat-shock induces PCD, occurs during the bleaching 

of the symbiotic dinoflagellates (Symbiodinium sp.) from their hosts the sea 

anemones in the phenomenon of coral bleaching (Segovia, 2008a) 
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Table 4.2. A summary of heat-shock induced programmed cell death in 

microalgae  

Organism PCD response  References 
Symbiodinium 

(Dinoflagellate) 

 

 

Necrotic-like cell death, swelling of 

the cell, 

 

(Franklin et al., 2004a) 

 

Dunaliella viridis 
Chlorophyte 

Chromatin clusters and DNA strand 
breaks 

(Jimenez et al., 2009) 

 
Heterosigma 

akashiwo 

(Raphidophyte) 

 

 

externalization of phosphatidylserine 
and DNA fragmentation 

Dingman and Lawrence, 20 

Chlorella 

saccharophila 

(Chlorophyte) 

 

 

DNA fragmentation 

chromatin condensation  

(Zuppini et al., 2007) 

 

Volvox carteri 

(Chlorophyte) 

 

 

DNA fragmentation accompanied by 

an increase in caspase3-like activity 

 

Nedelcu, 2006 

Chlamydomonas 

reinhardtti 

(Chlorophyte) 

 

 

Increase in reactive oxygen species, 

protoplast shrinkage &  

DNA laddering and increased ROS 

(Durand et al., 2011) 
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The aim of this study was to investigate if subjecting P. redfieldii cells to heat- shock 

at 32 and 37⁰ C would induce a programmed cell death.  

The aim was addressed by the following objectives: 

1) To determine if the ultrastructure of the cells is modified under heat-shock: 

This was achieved by subjecting the cultures to heat-shock at two temperatures 

(viz., 32 and 37⁰ C). Samples were characterised by a detailed analysis of the 

ultrastructure of the control and heat-shocked cells by transmission electron 

microscopy. Alterations to the ultrastructure of heat-shocked cells were compared 

with those observed in control cells. The focus was on alterations to the nucleus, 

endomembrane system (Golgi bodies, endoplasmic reticulum and associated 

vesicles); mitochondria; chloroplasts; vacuolation and alterations to amphiesmal 

membranes.  

2) To carry out concurrent PCD assays on the heat-shocked material including: 

i) Caspase-like activity assay,  

ii) DNA laddering assay, and 

iii) ROS assay 

3) To test whether the heat-shocked cells reflected those elements witnessed in the 

nutrient deprivation experiment: 

This was achieved by assessing the impact of heat-shock on the ultrastructure and 

biochemical activity of the cells and these were then compared with those cells that 

were starved of nitrates and organic phosphates to detect similarities. 

4.2 METHODS: 

4.2.1 Growth conditions 

Cultures of P. redfieldii with a concentration of about 3 x 105 cells ml-1 were grown 

up to the exponential growth stage in F/2 medium. Cultures were grown in eight 

Erlenmeyer flasks, whereby four replicates were subjected to heat-shock and the 
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remaining four were used as controls. To induce heat-shock four Erlenmeyer flasks 

with cultures were immersed in a water-bath at 32⁰ C for 1 HR. The flasks were 

gently swirled at 20 minutes intervals. They were then removed from the bath and 

returned to the growth room and allowed to stand for 1 HR. The same procedure 

was repeated for the 37⁰ C treatment. All flasks were then taken to a laminar flow 

unit where sampling was done for transmission electron microscopy, caspase and 

DNA laddering assays. This treatment was noted as 1 HR after heat -shock, further 

sampling was done at 48 HRS after being heat-shocked. Sampling for the 37⁰ C 

heat-shock was only taken at 1 HR after the stress treatment. 

4.2.2 Transmission electron microscopy 

4.2.2.1 Fixation and embedding 

About 5 ml of culture from the 4 replications of treated cells and 4 replications from 

the untreated cells were poured into glass centrifuge tubes. Cells were prepared for 

transmission electron microscopy as detailed previously (see chapter 2 section 

2.2.3).  

4.2.2.2 Microtomy and Viewing 

Resin blocks of heat-shocked and control samples were cut into ultrathin sections 

of 60 nm using a RMC Boeckler Cryo-microtome (RMC Boeckler CR-X, PT-PC, 

PowerTome; AZ, USA). Sections were viewed on the FEI Tecnai T12 120Kv 

transmission electron microscope (FEI Tecnai T12 Spirit 120kv; Oregon, USA). 

The viewing was done at 80KV. 

The ultrastructure from the first 25 cells encountered in linear, non-overlapping 

transects per treatment was captured and analysed. Viewing focus was on alterations 

to organelles, changes in the integrity of the amphiesmal membranes, vacuolation, 

subcellular structures and vesicles not observed in control cells.   
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4.2.3 DEVDase activity assay  

4.2.3.1 Preparation of lysates 

The DEVDase activity assay analysis assay in cells heat-shocked at 32⁰ C and 37⁰ C 

versus control cells was carried out at 1- and 48-hours post-treatment. A 

concentration of 5 X 105 cells ml-1 from each of the 3 replications of treated cells 

and 3 replications of untreated cells were poured into glass centrifuge tubes at 1 and 

48 hours after treatment. Cells were prepared for DEVDase activity assay analyses as 

detailed in chapter 3.  

4.2.4 Reactive oxygen species assay 

The ROS analysis assay in heat-shocked cells at 32⁰ C and 37⁰ C versus control 

cultures was carried out at 1- and 48-hours post-treatment. A concentration of 3 x 

105 cells ml-1 from each of the replications of the heat-shocked and control cells 

were poured into 50 ml Falcon centrifuge tubes and were analysed for ROS using 

a flow cytometer. The detailed preparation of samples for flow cytometry measures 

was detailed in chapter 3, section 3.2.5. 

4.2.5 Gating strategies 

The gating strategies that were used are like those that were detailed in chapter 3, 

section 3.3.2.3.1. 

4.2.6 DNA Laddering assay 

Cultures with a cell concentration of 3 X 105 cells mL-1 from the heat-shocked and 

control treatments were sampled for DNA extraction as detailed in chapter 3, 

section 3.2.6. 
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4.3 RESULTS 

4.3.1 Cell ultrastructure 

4.3.1.1 Carbon reserves and vacuolation 

An increase in lipid bodies was observed in cells of P. redfieldii after 1 HR of heat-

shock at 32⁰ C when compared with the controls (e.g., Fig. 4.1 B cf Fig. 4.1 A). 

After 1 HR of heat-shock at 32⁰ C there was no change in vacuolation in heat-

shocked cells and it was similar to that observed in the controls (e.g., Fig. 4.1 B). 

After 48 HRS of heat- shock vacuolation was apparent in heat-shocked cells (e.g., 

Fig. 4.1 C & D). The average proportion of cell surface area occupied by vacuoles 

in the exposed profile of each cell (n=25) was about 15 % (e.g., Figs 4.1 C).  

In a population of 20 % cells the amphiesmal membranes had retracted from the 

thecal plates at 48 HRS after heat-shock (e.g., Fig. 4.D). These cells were also 

vacuolated but to a lesser extent when compared with vacuolation observed in the 

nutrient deplete cells. 
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Figure 4.1   Overview of P redfieldii cells before and after exposure to heat-

shock at 32 ⁰C.  

(A) Control cell showing amphiesmal membranes abutted to thecal plates. 

(B) Heat shocked cells at 32⁰ C after 1 HR showing increase in lipid bodies.  

(C & D) Heat shocked cells at 32⁰ C after 48 HRS, cells show vacuolation and 

retraction of amphiesmal membranes (black arrows). Insert in (D) is a 

magnified area showing retracted amphiesmal membranes. Abbrev: 

C=Chloroplast; L=Lipid; N=nucleus; ne =nuclear envelope; V=Vacuole. 
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At 37⁰ C after 1 HR of heat-shock, the amphiesmal membranes were retracted and 

damaged in some areas, in these cells the ultrastructure was mostly amorphous and 

not easily distinguishable (e.g., Fig. 4.2 A & B). The only organelles that could be 

identified were dismantled chloroplasts, lipid bodies and trichocysts. 

 

 

Figure 4.2   Overview of P redfieldii cells before and after exposure to heat-

shock at 37 ⁰C.  

(A & B) Heat shocked cells at 37⁰ C, cells show retracted and damaged 

cytoplasmic membranes (black arrows). Insert in (B) shows a magnified 

area of damaged cytoplasmic membranes. Abbrev: C=Chloroplast; 

L=Lipid; V=Vacuole 

4.3.1.2 The nucleus 

The nuclei of viewed cells (n = 25) after 1 HR at 32⁰ C of heat-shock treatment 

showed intact chromosomes and nuclear envelopes like those of the control cells 

(e.g., Fig. 4.3 A). Occasionally, there were invaginations of the nuclear envelope 

forming contact sites with adjacent lytic vacuoles which contained electron dense 

materials in 27 % of viewed cells (e.g., Figs 4.3 B & C). These invaginations to the 
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nuclear envelope were similar to those observed in the nuclei of nutrient deplete 

and bloom cells. 

After 48 HRS of heat-shock at 32⁰ C, the nuclear envelope membranes were dilated 

and areas of chromatin clumping were observed in the cells with retracted 

amphiesmal membranes (e.g., Fig. 4.2 D). Nuclei were not discernible in cells that 

were heat-shocked at 37⁰ C.  

 

 

Figure 4.3 Nuclei of control and heat-shocked cells at 32⁰ C after 1 & 48-HRS. 

(A) Control cell nucleus showing an intact nuclear envelope and 

chromosomes. 
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(B & C) Nuclei of cells heat-shocked at 32⁰ C after 1 HR showing intact 

nuclear envelope and chromosome structure, note invaginations of the 

nuclear envelope into adjacent vacuoles (broken arrow).  

(D) Nucleus of cells heat-shocked at 32⁰ C after 48 HRS showing a 

dilated nuclear envelope and areas of chromatin in the chromosomes. 

Abbrev: chr=chromosome; lv=lytic vacuole; N = nucleus; ne= nuclear 

envelope.  

4.3.1.3 The endomembrane system 

Control cells showed Golgi cisternae, rough and smooth ER ribosomes and 

multivesicular bodies (MVBs, e.g., Fig. 4.4 A). Golgi and ER cisternae were not 

altered after1HR of heat-shock at 32⁰ C (e.g., Fig. 4.4 B). Multivesicular bodies 

were present on the trans-side of the Golgi after 1 HR of heat-shock (e.g., Fig. 4.4 

B). After 48 HRS of heat-shock there was an abundance of ribosomes on the 

cytoplasm and also attached to ER cisternae (e.g., Fig. 4.4 C). 

Endomembrane organelles were not discernible in cells that were heat-shocked at 

37⁰ C. 
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Figure 4.4 The Golgi cisternae and ER in control and cells after 1 and 48 HRS of 

being heat-shocked at 32⁰ C. 

(A) Control cell showing ER, Golgi cisternae and ribosomes. 

(B) Heat-shocked cells at 32⁰ C after 1 HR showing MVBs (white 

asterisks) and no alterations to Golgi and ER cisternae.  

(C) Heat-shocked cells at 32⁰ C after 48 HRS showing abundant 

ribosomes. Abbrev: er = endoplasmic reticulum; G=Golgi bodies; 

rer=rough endoplasmic reticulum. 
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4.3.1.4 Upregulation of multivesicular bodies and lytic vacuoles 

There was an upregulation of MVBs and lytic vacuoles after 1 HR of 32⁰ C heat-

shock treatment. The MVBs merged with lytic vacuoles, which contained 

membranous material, damaged organelles and double-membraned structures (e.g., 

Figs 4.5 A & B). The lytic vacuoles coalesced to form larger structures (e.g., Figs 

4. 5 A & B). The upregulation of the endocytic pathway is like that evidenced in the 

field and nutrient-deplete cells.  

 

Figure 4. 5 Multivesicular bodies and lytic vacuoles in 32⁰ C heat -shocked cells 

at 1 HR after treatment. 

(A - C) MVBs (white asterisks) merge with lytic vacuoles (black asterisks) 

containing membranous materials, double membraned-structures in the 32⁰ C 

heat-shocked treatment, 1-HR posttreatment. Note coalescence of MVBSs to form 

larger structures (broken white arrows) and in (C) a connection in between a 

mitochondrion and lytic vacuole (black arrow). Abbrev. lv=lytic vacuoles; 

M=mitochondrion. 
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4.3.1.5Multilamellar structures 

Multilamellar structures formed by concentric membrane whorls were observed in 

the cytoplasm of cells after 1 HR of heat-shock (e.g., Fig. 4.6 A-D). The concentric 

membranes occasionally formed contact sites with chloroplasts (e.g., Figs 4.6 A). 

The multilamellar structures were also observed inside vacuoles (e.g., Figs 4.6 B-

D).  

 

 

Figure 4.6  Multilamellar bodies in heat-shocked cells at 32⁰ C after 1 HR of 

treatment. 

(A) Membrane stacks connected to multilamellar bodies 

(B) Multilamellar bodies connected to the chloroplast (broken arrow) 
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(C-E) Multilamellar bodies inside lytic vacuoles. Abbrev. C-chloroplast; lv=lytic 

vacuoles. 

4.3.1.6 Microautophagy 

The vacuolar membrane was often observed wrapping around vesicles at the 

interface of vacuoles (Figs 4.7 A-C). Organelles and parts of the cytoplasm were 

internalized by the vacuoles (Figs 4.7 A-C). The internalization of cytoplasmic 

vesicles and organelles with parts of the cytoplasm by invagination of tonoplast 

resembled micro-autophagy. 

 

Figure 4.7  Evidence for microautophagy in heat-shocked cells at 32⁰ C after 1 

and 48 HRS of treatment. 
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(A-C) Evidence for microautophagy, note vesicles being internalized at the 

interface of vacuoles (white arrows) and organelles and cytoplasm internalized by 

vacuole (black arrows). 

 

4.3.1.7 Mitochondria 

The mitochondrial membranes including the cristae remained intact in 66 % of 

mitochondria from the viewed heat-shocked cells and were like those in the control 

after 1 HR of treatment (n=25). The remaining percentage consisted of herniated 

mitochondria (e.g., Figs 4.8 A-D).  

Mitochondria surrounded by multilamellar structures were observed at the interface 

of lytic vacuoles (e.g., Figs 4.8 E). Occasionally, it was observed that mitochondria 

profiles were observed inside lytic vacuoles (e.g., Figs 4.8 F).  
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Figure 4.8  Alterations to mitochondria of heat shocked cells at 32⁰ C after 1 

and 48 HRS of treatment. 
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(A-D) Mitochondria profiles with ruptured outer membranes and herniated inner 

membranes (white arrows).  

(E & F) Damaged mitochondria at the interface and inside lytic vacuoles (white 

asterisks). Note multiple membranes around profiles (broken white arrows) 

Abbrev: lv=lytic vacuoles. 

 

4.3.1.8 Chloroplasts 

The chloroplast envelope and thylakoid membranes remained intact in most cells 

(n=25) subjected to 32⁰ C heat-shock after 1 HR of the treatment and were similar 

to those of control chloroplasts (Fig. 4.9 A). Occasionally multilamellar structures 

were associated with the chloroplast envelope in 6 % of chloroplasts of heat-

shocked cells after 1 HR of treatment (Fig. 4.9 B). After 48 HRS of heat-shock 

there was damage to the chloroplast envelope and the thylakoids were amorphous 

(Fig. 4.9 C & D).  

The chloroplasts in cells heat-shocked at 37⁰ C had degenerated with disorganized 

thylakoid membranes (Fig. 4.9 E). 
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Figure 4.9 Chloroplasts in control cells and those heat-shocked at 32 and 37 ⁰C. 
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(A) Intact envelope (white arrow) and thylakoid membranes in chloroplasts of 

control cells. 

(B) Contact sites between chloroplast envelope and multilamellar structures 

(white arrows) at 32⁰ C after 1 HR of heat-shock. 

(C & D) Amorphous chloroplasts and damaged chloroplast envelope in cells 

heat-shocked at 32⁰ C after 48h HRS  

(F) Disorganized thylakoids in cells heat-shocked at 37⁰ C after 1 HR. Abbrev: 

C-=chloroplast. 
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4.3.2 DEVDase activity assay analysis assay 

When cells were heat-shocked at 32⁰ C there was a significant increase (p < 0.05; n 

= 6) in relative fluorescence when compared with that of unheated cells 1-HR post-

treatment (Fig. 4.10 A). However, the addition of a DEVDase activity inhibitor 

specific to caspase-3 activity, was found to have no significant effect on the level 

of fluorescence, thus nullifying the assumption of DEVDase activity   in the heat-

shocked cells. Relative fluorescence was higher in heat-shocked cells than the 

control cells at 48- hours post-treatment (p <0.05; n = 6) (Fig. 4.10A). However, 

the addition of a DEVDase activity inhibitor did not reduce DEVDase activity. 

 

 

Figure 4.10  DEVDase activity in heat-shocked cells at 32⁰ C, 1- and 48- HRS post-

treatment. Bars represent mean ± SE, n=6. Different letters represent significant 

differences at p < 0.05 using ANOVA and the Tukey Honest Significant Difference 

(HSD) post-test. 
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4.3.3 Reactive Oxygen Species (ROS) 

4.3.3.1 Staining of heat-shocked cells with DHR 123 fluorogenic probe  

Both heat-shocked and control cells stained positively for the dihydrorhodamine 

(DHR) 123 fluorogenic probe. About 34 % of cells 1-HR after the heat-shock 

treatment had higher fluorescence levels than the control cells (e.g., Fig. 4. 11 A). 

The higher levels of green fluorescence translate to an increase in ROS. 

After 48-HRS of heat-shock 31 % of heat-shocked cells had higher ROS levels than 

control cells (e.g., Fig. 4.11 B). The levels of ROS in heat-shocked cells were lower 

after 48 HRS than those recorded at 1 HR post treatment. 
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Figure 4.11 DHR 123 fluorescent probe showing green fluorescence 

emission in control and 32⁰ C heat-shocked cells, after 1 and 48 HRS of heat 

stress. The X- axis represents green fluorescence (DHR 123 probe); Y- axis 

represents cell counts; gates represent the percentage of the population of 

heat-shocked cells. 
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At 37⁰ C the fluorescence levels were all lower than those of the control cells and 

were therefore considered to be negative for the DHR 123 probe probe (Fig. 4. 

12A).  

 

 

Figure 4.12 DHR 123 fluorescent probe showing green fluorescence 

emission in control and 37⁰ C heat-shocked cells, after 1HR of heat stress. 

The X- axis represents green fluorescence (DHR 123); Y - axis represents 

cell counts; gates represent the percentage of the populations of heat-

shocked cells. 

4.3.3.2 Single-staining of heat-shocked cells with PI fluorescent probe 

Approximately 19 % of cells heat shocked at 32⁰ C were positively stained with PI, 

1 HR posttreatment (Fig. 4.13 A). The number of PI positive cells increased to 23 

% at 48 HRs posttreatment (Fig. 4.13 B).  
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Figure 4.13 PI probe showing red fluorescence emission in heat-shocked cells at 

32⁰ C 1- and 48- HRS after treatment. The X- axis represents relative red 

fluorescence (PI); Y - axis represents cell counts; gates represent the percentage of 

the populations of PI positive cells. 

About 92 % of cells heat-shocked at 37⁰ C stained positively for PI at 1 HR 

posttreatment, indicating that they were dead (Fig. 4.14 A).  



 

187 
 

 

 

Figure 4.14 PI probe showing red fluorescence emission in heat-shocked 

cells at 37⁰ C 1- HR after treatment. X- axis represents relative red 

fluorescence (PI); Y - axis represents cell counts; gates represent the 

percentage of the populations of heat-shocked cells
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4.4 DISCUSSION 

This study subjected P. redfieldii cells to varying levels of heat-shock to determine if heat stress 

would induce PCD and to establish if the response of these cells to an acute stress like heat-shock 

would be different from that of cells deprived of essential nutrients like nitrates and organic 

phosphates. The response of P. redfieldii to heat-shock at 32 ⁰C was unexpected as the majority of 

cells showed stress tolerance. Programmed cell death was however induced to a small population 

of cells and there were similarities in the morphology and biochemical activity of cells dying of 

heat-shock to those dying from nutrient deprivation. It was also established that increasing the 

temperature to 37 ⁰C was lethal to the cells and the majority of cells died in an unprogrammed 

manner. 

4.4.1 Ultrastructural morphology 

Ultrastructural changes in heat-shocked cells at 32 ⁰C of P. redfieldii included moderate 

vacuolation, alteration of nuclei, the upregulation of ribosomes and MVBs, alterations to 

mitochondria and chloroplasts and the retraction and damage of the amphiesmal membranes. 

These changes were also observed in the field and nutrient deprived cells. Cells that were heat-

shocked at 37 ⁰C were lysed and only disintegrated chloroplasts and lipid bodies could be 

discerned. 

Vacuolation and autophagy 

The activation of a catabolic process in cells that were heat-shocked at 32 ⁰C revealed that the 

impact of thermal stress was within the coping limits of P. redfieldii. It is possible that the heat-

shock stress activated an upregulation of heat-shock proteins in P. redfieldii that mitigated the 

impact of the thermal shock. An upregulated expression of heat-shock proteins has been shown in 

other species of Prorocentrum like P. minimum and P. cordatum (Dougan et al., 2023; Guo and Ki, 

2012), and other dinoflagellates like Symbiodinium sp. when exposed to heat-shock treatment 

(Rosic et al., 2011). It is also possible that the thecal plates offered a layer of protection against 

the heat and therefore dampened the effects of the 32 ⁰C heat-shock in P. redfieldii cells.  
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It was also noted that the catabolic processes in the heat-shocked cells constituted of 

microautophagy, MVBs and multilamellar structures but lacked the ER derived double membraned 

structures that were observed in nutrient and bloom cells. It is possible that the catabolic process 

in these cells was involved in the degradation of damaged and folded proteins as a result of the 

heat-shock. The activation of autophagy in response to heat-shock has previously occurred in 

Arabidopsis thaliana (Sedaghatmehr et al., 2019; Zhou et al., 2013). 

The upregulation of catabolic processes in heat-shocked cells which was also observed in the 

bloom and nutrient deprived cells indicates that it is an inherent coping mechanism against various 

stress types in P. redfieldii. 

 The nucleus 

The chromatin clumps and dilated nuclear envelopes observed in the nuclei of heat-shocked cells 

after 48 HRS of treatment reveal damage that could be associated with secondary necrosis in these 

cells.  

Piecemeal autophagy of the nucleus observed in the nuclei of heat-shocked cells agrees with what 

has been observed in the nutrient deprived and bloom cells. It can also be suggested that this 

phenomenon is an inherent response of P. redfieldii nuclei against various types of stress.  

The endomembrane system 

An abundance of ribosomes after 48 HRS of the 32⁰ C heat-shock treatment in P. redfieldii cells 

points to an upregulated synthesis of proteins that would be involved in stress acclimation, like 

heat shock proteins as it has been shown in other dinoflagellates (Dougan et al., 2023; Guo and 

Ki, 2012; Zhang et al., 2019a). The upregulation of MVBs in the heat-shocked cells agrees with 

what has been observed in the nutrient deprived and bloom cells and highlights the interplay 

between the endocytic and the autophagic pathways in these organisms. 
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 The Mitochondria 

The phenomenon of herniated mitochondria in cells that were heat-shocked at 32 ⁰C is consistent 

with what was observed in mitochondria of nutrient deprived and bloom cells. These mitochondria 

could also have been experiencing increased levels of ROS that could no longer be counteracted 

by antioxidants as it was established for those cells that were deprived of nutrients. Changes in 

mitochondrial membranes when exposed to thermal stress have been reported in the dinoflagellate 

host Aiptasia pulchella during coral bleaching (Dunn et al., 2012). Mitochondrial depolarization 

was determined as a marker of PCD in heat-shocked Plasmodium falciparum undergoing 

autophagy-like PCD (Engelbrecht and Coetzer, 2013). Plasmodium and Prorocentrum belong to 

the supergroup Alveolata in the eukaryotic tree and therefore they could share some similarities in 

the manner which they undergo PCD. 

The removal of damaged mitochondria in heat-shocked cells did not involve the engulfment by 

ER derived double membranes that were witnessed in the field and nutrient deprived cells but were 

observed inside multilamellar structures. Their elimination is viewed as a way of mitigating high 

levels of ROS and is consistent with what was observed in the nutrient deprived and bloom cells. 

 

The chloroplasts 

Alterations of chloroplasts subjected to heat-shock at 32⁰ C in P. redfieldii are consistent with the 

response observed in other phytoplankton chloroplasts exposed to heat stress in various studies 

(Zuppini et al., 2009, 2007).  

The damage to the chloroplast was gradual because changes to the chloroplast membranes were 

only evident after 48HRS of heat-shock treatment. Contrastingly, chloroplast thylakoids were 

completely dismantled in cells that were exposed to the 37⁰ C heat-shock treatment. This 

phenomenon is associated with necrotic cell death (Dunn et al., 2004). 
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4.4.2 Biochemical activity 

The failure of DEVDase activity in the heat-shocked cells at 32⁰ C in. P. redfieldii is consistent with 

the response observed in the nutrient deprived cells. It is acceptable because other PCD phenotypes 

like autophagic cell death and paraptosis can occur without the activation of caspase-activity 

(Affenzeller et al., 2009; Sperandio et al., 2000).  

An accumulation of ROS was indicative of oxidative stress in the heat-shocked cells. The levels 

of oxidative stress were not changed but instead were reduced after 48 HRS and this response of 

the heat-shocked cells differed from that of the P-deplete cells. The difference in the behaviour of 

P. redfieldii to the two stressors is likely to be a result of an upregulation of heat-shock proteins. 

Although, the activity of heat-shock proteins was not carried out in this study, in other 

dinoflagellates an upregulation of heat-shock proteins resulted in thermal stress tolerance 

(Kobiyama et al., 2010; Zhang et al., 2019b).  

Contrastingly cells that were heated at 37 ⁰C had low levels of ROS that were even lower than 

those in the control cells and shows that the heat-shock in these cells was lethal and they died by 

necrosis. It is likely that in these cells the heat shock proteins were not activated. This agrees with 

the view that heat-shock proteins are activated under mild heat-stress conditions (Lindquist and 

Craig, 1988). 

The majority of cells that were heated at 32⁰ C were viable at 1- and 48-HRS after heat-shock, 

while most cells that were heat-shocked at 37⁰ C were not viable 1-HR post-treatment. The 

viability of the heat-shocked cells corresponds with the levels of ROS in these cells indicating that 

oxidative stress mediated cell death in these cells.  

4.4.3 Is there any evidence that PCD was induced by heat-shock in 

P. redfieldii? 

The ultrastructure of cells subjected to a 32⁰ C heat-shock revealed that the stress was not acute 

and did not induce a rapid PCD in these cells. Catabolic pathways like the upregulation of MBVs 

were upregulated. The 32⁰ C heat-shock treatment can be considered to be a mild heat-stressor for 

cells of P. redfieldii, an outcome that was unexpected for an organism that grows at much lower 
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temperatures (± 19⁰ C) in its natural habitat. The outer covering (theca) of P. redfieldii could have 

minimized the effect of the stress on these organisms. Also, the presence of HSPs in some bloom 

forming dinoflagellates provides them the ability to have tolerance for temperature fluctuations 

(Deng et al., 2018; Guang et al., 2004). 

However, a minority of cells exhibited ultrastructural characteristics that were similar to those 

observed in the P-deplete and bloom cells. Morphological and biochemical markers associated 

with PCD in the minority of heat-shocked cells included extensive vacuolation by autophagy, 

alterations to mitochondrial and chloroplast membranes, an increase in ROS and loss of viability. 

In these cells the amphiesmal membranes were retracted from the thecal plates. It can thus be said 

yes, heat-shock was able to induce a programmed cell death in a minority of P. redfieldii whose 

morphotype corresponds with that of cells sampled from the P-deplete and those from a collapsing 

bloom. The retraction of the amphiesmal membranes can be regarded as the onset of secondary 

necrosis as witnessed in the bloom cells. Heat-shock has successfully induced PCD in several 

microalgae (Franklin et al., 2004; Jimenez et al., 2009; Dingman and Lawrence, 2012; Zuppini et 

al., 2007; Nedelcu, 2006; Durand et al., 2011).  

Contrastingly, subjecting the cells to 37⁰ C heat-shock revealed that the stress was acute a necrotic 

cell death. This was revealed by the complete lysis of most organelles except for chloroplast 

membranes which were highly dismantled and damaged. The low levels of ROS in the PI positive 

cells indicate that the impact of the heat stimulus on the cells was immediate.  

 

4.5 CONCLUDING REMARKS 

This study elucidated the morphological and biochemical response of P. redfieldii when it is 

subjected to heat-shock. Heat-shock stress at 32⁰ C was not an acute stressor and consequently 

induced autophagic cell death in a minority of P. redfieldii cells a phenotype which was similar to 

what was exhibited in the dying nutrient deplete and bloom cells. The ability to mitigate stress 

could have resulted from the upregulation of heat-shock proteins and also the protective covering 
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of the theca. However, the elevation of temperature to 37⁰ C, resulted in an uncontrolled 

degradation of the cells which resulted in a necrotic cell death.  
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CHAPTER 5- GENERAL DISCUSSION & CONCLUDING 

REMARKS 

This study determined, for the first time, ultrastructural changes that occur in cells sampled from 

a collapsing harmful algal bloom of P. redfieldii and established whether there was structural 

evidence of PCD as a driver of the bloom collapse. The ultrastructural responses were then 

compared with those of cultures grown in replete conditions deprived of two essential 

macronutrients in the form of nitrates (NO3-) and inorganic phosphates (PO4
3-), and heat stress. 

For each stressor tested, biochemical assays known to associate with PCD, such as the expression 

of DEVDase activity, accumulation of ROS as well as DNA laddering, were used to corroborate that 

the ultrastructural responses were linked with the induction of PCD.  

Programmed cell death is a broad concept, which has been given many definitions over the years. 

However, these definitions have been conceptualized recently into five concepts, namely, the 

mechanistic, evolutionary, developmental, ecological and immunological concepts (Durand and 

Ramsey, 2023). The current study has adopted to define PCD in P. redfieldii by using the 

mechanistic concept, which gives insight of the structural and biochemical pathway in a cell 

undergoing PCD. Therefore, the mechanistic definition which is adopted by Durand and Ramsey 

(2023) that PCD is “an active, genetically controlled, cellular self-destruction driven by a series of 

complex biochemical events and specialized cellular machinery” (Berman-Frank et al., 2004, pg 

997) was used to determine if PCD occurred in dying cells of P. redfieldii.  

The findings of this study established that cells dying from a collapsing bloom exhibited 

morphological characteristics like extensive vacuolation, ER derived double membrane structures 

and lytic vacuoles, which resemble the process of autophagy. There was an upregulation of the 

endomembrane system and interaction between the endomembrane and autophagic system. There 

were also structural alterations in the mitochondria and chloroplasts which are organelles known 

to be sources of ROS. Similar morphological characteristics were revealed in those cells dying 

from a lack of inorganic phosphates and those dying from a mild heat-shock (32 ºC). Biochemical 

activity further revealed an overproduction of ROS in the nutrient and the mild heat-shocked 
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deprived cells. 

In view of the mechanistic definition of PCD, the morphological and biochemical characteristics 

exhibited by P. redfieldii cells dying from the collapsing bloom and those dying from nutrient 

deprivation and mild heat-shock, partially satisfy the mechanistic definition of PCD by Berman-

Frank et al. (2004). This is because the absence of DEVDase activity in the dying P. redfieldii 

cells does not agree with the “active, genetically controlled” part of the definition. However, the 

dying cells at ultrastructure level revealed an integrated response between the autophagic and 

endomembrane machinery which ensured a controlled self-destruction of the cells in response to 

stress and an accumulation of ROS at a biochemical level which mediated the cell death, and their 

behaviour agrees with the second part of the definition, a “cellular self-destruction driven by a 

series of complex biochemical events and specialized cellular machinery”. In the current study, 

PCD in the P. redfieldii cells can therefore be defined as a mechanistic, DEVDase-independent 

cell death driven by an integrated response between the autophagic and endomembrane machinery 

mediated by excessive levels of ROS. In contrast, the cells that were heat-shock at 37 ºC died an 

uncontrolled cell death and do not satisfy the mechanistic definition. 

The morphological characteristics revealed by the dying cells of P. redfieldii fit the phenotype of 

autophagic cell death. Autophagic cell death is defined as cell death that occurs with autophagy 

(Kroemer and Levine, 2008). Based on the evolutionary concept of PCD, which defines PCD as 

either and adaptation or non-adaptation (Durand and Ramsey, 2018), autophagic cell death is 

regarded to be a non-adaptation. However, it is postulated that at an ecological level an autophagic 

cell death in P. redfieldii could offer some benefits to this organism. This is because dinoflagellate 

blooms occur during the downwelling period when the water is initially nutrient rich but because 

there are no upwelling winds the nutrients are not replenished (Smayda and Trainer, 2010). 

Dinoflagellates use this downwelling window to proliferate and form blooms. A prolonged form 

of cell death like an autophagic cell death would give these organisms an advantage to fully utilise 

this window before the next upwelling cycle begins. Secondary necrosis as the oxidative stress 

levels increase is also not ruled out in these cells. 
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Through a detailed ultrastructural investigation of P. redfieldii cells collected from a collapsing 

bloom, this study has answered the main aim by revealing the nature of cell death of this organism. 

This is the first account of an ultrastructural study relating to cell death mechanisms of P. redfieldii 

dying in a bloom event in an upwelling region and will contribute to our understanding of the 

process of bloom collapse. It will also add to the fundamental knowledge that is required to 

alleviate the problem of anaerobic HABs caused by dinoflagellates which affect the population 

dynamics in the Benguela region. For an example the findings that inorganic phosphates are more 

limiting than nitrates in P. redfieldii would be useful especially to the small-scale aquaculture 

farmers in the region. 

Some of the limitations that were experienced during this study were in the methodology. 

Measurements of chlorophyll fluorescence in the laboratory would have contributed to the 

knowledge about the physiological state of the nutrient deprived cells but the inability to access an 

aquatic chlorophyll fluorescence meter hindered this method. The traditional centrifugation 

technique to collect and concentrate the algal cells was used in the current study, however in 

hindsight a gentle suction of cells onto pore filters could have been a better method of collection.   

The ultrastructural study on P. redfieldii revealed some interesting facts about the autophagic flux 

that was upregulated as a response to stress in these cells. In future, a detailed analysis on the 

molecular aspects of autophagy in stressed P. redfieldii cells would bring more insight about 

autophagy mechanisms in this organism. For an example a molecular study can reveal if the 

process that resembled piecemeal autophagy of the nucleus (PMN) is executed by ATG genes 

because there are no existing reports of its occurrence in dinoflagellates. 

In conclusion, this study using detailed ultrastructure has shown the nature of cell death in P. 

redfieldii and has proved the existence of PCD in a collapsing bloom.  
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