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Abstract 
The green alga Pseudokirchneriella subcapitata is widely used in ecotoxicity assays and has great biotechnological poten-
tial as feedstock. This work aims to characterize the physiology of this alga associated with the aging resulting from the 
incubation of cells for 21 days, in the OECD medium, with continuous agitation and light exposure, in a batch mode. After 
inoculation, cells grow exponentially during 3 days, and the culture presents a typical green color. In this phase, “young” 
algal cells present, predominantly, a lunate morphology with the chloroplast occupying a large part of the cell, maximum 
photosynthetic activity and pigments concentration, and produce starch as a reserve material. Between the  5th and the  12th 
days of incubation, cells are in the stationary phase. The culture becomes less green, and the cells stop dividing (≥ 99% have 
one nucleus) and start to age. “Old” algal cells present chloroplast shrinkage, an abrupt decline of chlorophylls content, 
and photosynthetic capacity (Fv/Fm and ɸPSII), accompanied by a degradation of starch and an increase of neutral lipids 
content. The onset of the death phase occurs after the  12th day and is characterized by the loss of cell membrane integrity 
of some algae (cell death). The culture stays, progressively, yellow, and the majority of the population (~93%) is composed 
of live cells, chronologically “old,” with a significant drop in photosynthetic activity (decay > 75% of Fv/Fm and ɸPSII) and 
starch content. The information here achieved can be helpful when exploring the potential of this alga in toxicity studies or 
in biotechnological applications.

Key points
• Physiological changes of P. subcapitata with chronological aging are shown
• “Young” algae exhibit a semilunar shape, high photosynthetic activity, and accumulated starch
• “Old”-live algae show reduced photosynthetic capacity and accumulated lipids

Keywords Cell-division cycle · Cell death · Conditional senescence · Photosynthesis · Stationary phase · Reserve material 
(starch and lipids)

Introduction

Microalgae have attracted growing interest mainly due to 
their biological, ecological, and economical potential. More-
over, as primary producers, microalgae sustain life in oceans 
being a fundamental ecological player in the maintenance of 
the flow of energy and nutrients through ecosystems (Naselli-
Flores and Padisák 2022). From an economic point of view, 
microalgae and their by-products are used as food resources, 
in pharmaceutical industry and in health supplements, cos-
metics, biofuels, and agriculture (Borowitzka 2013; Khan 
et al. 2018; Koller et al. 2014). Microalgae are also applied in 
toxicity assessment due to their ease of culturing, low nutri-
tional requirements, fast cellular division, and sensitivity to 
pollutants (Cid et al. 2013). Pseudokirchneriella subcapitata 
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is one of the most frequently used species of microalgae in 
freshwater toxicity tests, with a vast database of responses to 
a wide diversity of pollutants, being recommended by regula-
tory agencies (OECD 2011; US-EPA 2002). However, these 
data need to be analyzed carefully as P. subcapitata cells that 
are often incubated for different time intervals do not show 
the same physiological conditions.

One of the most common constraints on microalgae 
growth is the use of extended times of cultivation which 
can lead to nutrient deprivation. Nutritional privation is also 
common in nature. It is known that reduced availability of 
nutrients can affect growth rate and cellular composition. 
For instance, it is described that the bioavailability of phos-
phorus and nitrogen influences the content and composi-
tion of lipids in microalgae (Bondioli et al. 2012; Gao et al. 
2013). Moreover, bioproduct formation may not occur in 
parallel with biomass growth (Atikij et al. 2019; Teh et al. 
2021). Thus, the development of high-productivity systems 
to obtain high-value by-products implies the knowledge 
of the physiological status of microalgae along the culture 
time. Morphological, biochemical, and functional changes 
that occurred during the culture of algae can be good bioin-
dicators of the health status of the population, which can be 
crucial for the maximization of the yield of the production 
of foods and high-value bioproducts.

Microalgae can be considered “immortal” as, theoreti-
cally, they can divide indefinitely if have nutrients and the 
appropriate conditions. However, the permanence of micro-
algae in culture medium, in batch mode, after the exponen-
tial phase of growth, results in nutrient deprivation and led 
to the aging of the cells (chronological aging, also known as 
conditional senescence), i.e., the cell deterioration over time 
(Florea 2017). This aging process is well-studied in bacteria 
(Nyström 2003), ciliate protozoa (Petralia et al. 2014), and, 
particularly, yeasts (Gershon and Gershon 2000; Longo et al. 
2012). Nevertheless, limited information is available about 
the aging of microalgae. Studies with Chlamydomonas rein-
hardtii and Spongiochloris typica showed that when algae 
enter into a stationary phase of growth, as a result of nutrient 
deprivation, in an attempt to prolong their longevity, they 
produce reserve compounds, thicken their walls, and may 
change their color and change their metabolome (Damoo 
and Durnford 2021; McLean 1969; Puzanskiy et al. 2018). 
However, as far as we know, there is no information about 
the mechanisms of chronological aging in P. subcapitata, 
an important cell model in toxicology and biotechnology.

The present work aims to reveal the physiological altera-
tions of the alga P. subcapitata during the prolonged culture 
in the OECD medium, in a batch mode. For that purpose, 
the number of cells, the loss of cell membrane integrity, the 
cell shape, the cell-division cycle progression, the lipid and 
carbohydrates content, the pigments, and the photosynthetic 
performance were assessed during the incubation period of 

21 days. The usefulness of the observed structural, biochem-
ical, and functional modifications of P. subcapitata cells as 
feature markers of the “health” status of the alga (and of the 
culture) will be discussed.

Material and methods

Strain and culture conditions

The freshwater microalga P. subcapitata, strain 278/4, was 
obtained from the Culture Collection of Algae and Proto-
zoa (CCAP, UK). Cultures were performed by inoculating 
algal cells, in exponential phase of growth (2 days), at an 
initial concentration of 1 ×  105 cells  mL−1, in 400 mL of 
OECD medium (OECD 2011), and in a 1-L Erlenmeyer 
flask. Cells were incubated at 25 °C, on an orbital shaker, at 
100 rpm, under uninterrupted light, obtained through the use 
of fluorescent lamps, placed on the top of the cultures, with 
a color temperature of 4300 K and an intensity of 4000 lux 
(~ 54 μmol photons  m−2  s−1), and measured at the base of 
the Erlenmeyer flask using an illumination meter.

At the times indicated in the figures, samples were taken 
to study the physiology of the algae. Cell concentration was 
measured using an automatic cell counter (TC10, Bio-Rad 
Laboratories, Inc, Hercules, CA, USA). The generation 
time (doubling time) of P. subcapitata was calculated based 
on cell concentration between days 0 and 3, as previously 
described (Machado and Soares 2014).

Staining and microscopy analysis

The shape of the alga P. subcapitata was examined by micros-
copy image analysis. Randomly obtained photos of algal cells 
were acquired using a microscope equipped with phase-con-
trast lenses and a Leica DC 300F camera (Leica Microsystems, 
Heerbrugg, Switzerland). Photos were processed with Leica 
IM50-Image manager version 4.0 software (Leica Microsys-
tems Imaging Solutions, Cambridge, UK). A minimum sample 
of 200 cells (n ≥ 200) was used for each time and experiment.

The autofluorescence of the alga P. subcapitata was moni-
tored by image analysis carried out by epifluorescence micros-
copy (EM). The microscope was equipped with an HBO-100 
lamp and an I3 filter set, from Leica. Randomly and represent-
ative photos of algal cells were acquired using a N plan × 100 
objective and processed as described above. Overlaying of 
fluorescence and bright-field microscopy images was per-
formed using ImageJ software (Schneider et al. 2012).

Cell death was assessed through the analysis of the integ-
rity of the alga cell membrane using SYTOX Green (SG) 
dye, as previously described by Machado and Soares (2012). 
SG is a membrane-impermeant nucleic acid dye that stains 
algal cells which have lost their membrane integrity (SG 
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positive cells—dead cells) but does not penetrate in cells 
with the intact plasma membrane (SG negative cells—live 
cells) (Machado and Soares 2012). Algae were resuspended 
in OECD medium (1 ×  106  mL−1), incubated with 0.5 µmol 
 L−1 of SG (Invitrogen, Eugene, OR, USA), in the dark, for 
20 min, at 25 °C, and observed by EM using a GFP filter set, 
from Leica. In each time and experiment, at least four sam-
ples of 100 cells (n ≥ 400 cells) were counted in randomly 
selected microscope fields.

The analysis of the cell-division cycle progression of 
P. subcapitata was carried out by counting the number of 
nuclei. For this purpose, algal cells were stained with SYBR 
Green I (SGI). SGI was provided by Sigma-Aldrich (St. 
Louis, MO, USA). The probe (obtained from the supplier 
as 10,000 × concentrated) was diluted 10 times in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich). Algal cells resuspended 
in OECD medium (5 ×  106  mL−1) were incubated with SGI 
2.5 × concentrated (final concentration), in the dark, for 1 h, 
at 25 °C, and observed by EM using a GFP filter set. Rep-
resentative images (EM plus phase-contrast) were taken, in 
randomly selected microscope fields, using a N plan × 100 
objective, and processed as described above. A minimum 
sample of 400 cells (n ≥ 400) was analyzed at each time and 
experiment.

Starch distribution in algae was analyzed after staining 
cells with Lugol dye. Lugol solution stains only starch, as 
it interacts with the spiral structure of the polysaccharide, 
giving a dark/black color; monosaccharides (glucose and 
fructose) do not react with Lugol (Gifuni et al. 2017). Cells 
were stained by combining 1.0 mL of algal suspension 
(1 ×  106  mL−1), in OECD medium, with 40 µL of 5% (w/v) 
Lugol solution; subsequently, the cell suspension was placed 
at 90 °C, for 10 min. Digital images of stained algal cells 
were randomly obtained in a bright-field microscope, using 
a N plan × 100 objective, and processed as described above.

The assessment of cellular lipid content was per-
formed using BODIPY493/503 (Invitrogen, Carlsbad, CA, 
USA). For this purpose, algal cells resuspended in OECD 
medium (5 ×  106  mL−1) were incubated with 10 µg  mL−1 
BODIPY493/503 (final concentration), for 10 min, at 25 °C. 
Then, cells were centrifuged (2500 × g, 5 min), washed three 
times with OECD medium, and resuspended in the same 
medium. Algal cells were observed using an EM equipped 
with the filter set GFP. Representative images were acquired 
using a N plan × 100 objective and processed as described 
above; background subtraction was carried out using ImageJ 
software.

Pigment analysis

Photosynthetic pigments were extracted from algal cells 
(3 ×  106  mL−1) with 90% of acetone, for 20 h, at 4 °C, as 
previously described by Soto et al. (2011). Then, cells were 

centrifuged (2500 × g, 10 min), and the supernatant was 
recuperated and analyzed. The absorbance was measured at 
630, 647, 664, and 691 nm for chlorophylls and at 480 nm 
for carotenoids. Absorbance was corrected (for turbidity) by 
subtracting the value of absorbance at 750 nm. Chlorophyll 
a (chla) and b (chlb) content was determined as defined by 
Ritchie (2008). The content of carotenoids was calculated 
as described by Strickland and Parsons (1972). For each 
time and experiment, pigments content was determined in 
triplicate.

Photosynthetic performance

Photosynthetic activity was evaluated by pulse amplitude 
modulation (PAM) fluorometry using a junior PAM fluorom-
eter (Walz, Effeltrich, Germany). Algal cells (3 ×  106  mL−1) 
were dark adapted for 30 min to maintain all photosystem II 
(PSII) reaction centers open; the minimal fluorescence (F0) 
and the maximum fluorescence (Fm) yield were measured 
(tenfold), and the maximum photochemical quantum yield 
of PSII (Fv/Fm) (Maxwell and Johnson 2000) was automati-
cally calculated using the WinControl software, version 
3.2.2 (Walz 2000). Then, dark-adapted algal cells were illu-
minated by an actinic light (for closing all PSII centers) at 
an intensity of 190 μmol  m−2  s−1, and the minimum and the 
maximum fluorescence in the light (F’0 and F’m, respec-
tively) were determined tenfold. These parameters were used 
to calculate the effective photochemical quantum yield of 
PSII (ΦPSII), the relative electron transport rate (ETR), 
and the non-photochemical quenching (NPQ) (Maxwell and 
Johnson 2000), using the WinControl software.

Reproducibility of the results and statistical analysis

All experiments were repeated, independently, at least three 
times. Results are presented as the mean ± standard devia-
tion (SD). Statistical differences among the results obtained 
regarding cell membrane integrity, photosynthetic pigments, 
and photosynthetic performance of algal cells were tested 
by one-way ANOVA followed by Tukey–Kramer multiple 
comparison method.

Results

Chronology of algae culture aging: cell number, 
death, and cell‑division cycle

When incubated in OECD medium, the alga P. subcapitata 
grew exponentially during 3 days, with a duplication time 
of ~ 10.4 h, occurring a deceleration of growth on the  4th day. 
From the  5th day onwards, the number of cells (~ 5 ×  106 cells 
 mL−1) remained approximately constant (Fig. 1A).
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The permanent loss of cell membrane integrity is one of 
the criteria used to define cell death (Galluzzi et al. 2018). 
Using the membrane-impermeant dye SG, it was possible 
to verify that until the  12th day of incubation, algae main-
tained an intact plasma membrane. With the aging of the 
culture, a small percentage of cells presented a compromised 
plasma membrane. At the end of the incubation period  (21st 
day), ~ 7% of the cell population was dead (Fig. 1B).

The alga P. subcapitata reproduces asexually via auto-
spores. Usually, during the cell-division cycle, P. subcapi-
tata undergoes two nuclear divisions, originating four auto-
spores which are released by the ruptured of the wall of 
the parental cell (Machado and Soares 2014; Van den Hoek 
et al. 1998). The analysis of the culture revealed the presence 
of cells with 1 to 4 nuclei during the exponential growth 
(first 3 days). For instance, on the  1st day after inoculation, 
88.6%, 6.9%, and 4.5% of algal cells presented 1, 2, and 4 
nuclei, respectively (Fig. 1C). The percentage of cells with 
one nucleus increases over time. Thus, on the  3rd day, the 
algal population was constituted of 95% of cells containing 
one nucleus. On the  5th day and subsequent days, almost all 
cell population (≥ 99%) presents 1 nucleus (Fig. 1C). These 
results indicate that aged algal cells stopped dividing.

Together, the results described above allow the definition 
of three phases of P. subcapitata culture, their chronologi-
cal sequence as well as the identification of three types of 
cells. Phase 1, between the inoculation day and the  4th day 
of incubation, corresponds to the proliferative phase (the 
period in which the number of algal cells increases as a 
result of cell division), being the culture constituted by a 
population of “young” cells. Phase 2, between the  5th and 
the  12th days, corresponds to the stationary phase, where 
cell division stops, but the cells keep their membrane intact 
(live cells). In this stage, cells begin to age. Phase 3, after 
the  12th day, corresponds to the death phase, where some 
cells lose their membrane integrity (dead cells); on the  21st 
day, the majority of the population (~ 93%) is composed of 
live, “old,” cells.

Aging‑associated changes in algae

Cell shape modification

The microalga P. subcapitata exhibit, basically, two different 
shapes: lunate or helically twisted (Fig. 2; arrows 1 and 2, 
respectively) (Guiry and Guiry 2018; Machado and Soares 
2020). The analysis of the algae morphology, over the incu-
bation period, revealed that the lunate shape was predomi-
nant during the exponential growth, particularly during the 
first 2 days, where ≥ 97% of “young” cells presented this 
form (Fig. 2). The percentage of cells with a lunate shape 
decline with the reach of the stationary phase. Between the 
 5th and  15th days, both shapes (lunate and helically twisted) 

A

B a

b
c

C 1st day 21th day

Phase 1 Phase 2 Phase 3

1 nucleus 2 nuclei 4 nuclei

Phase 2Phase 1 Phase 3

bc

Fig. 1  Prolonged culture of Pseudokirchneriella subcapitata in 
OECD medium, in a batch mode. A Evolution of algal population. 
B Progression of cell membrane integrity; algae with compromised 
plasma membrane are considered dead. C Analysis of cell-division 
cycle progression (number of nuclei); representative microphoto-
graphs of the cells (observed by fluorescence plus phase-contrast 
microscopy) with different nuclei, at the beginning and end of incu-
bation are shown. Phases of algal culture (marked by vertical dashed 
lines): 1—proliferative phase, period in which the number of cell 
increases as result of cell division; 2—stationary phase, where cells 
stop dividing but keep their membrane integrity; 3—death phase, 
which corresponds to the presence of cells with the compromised 
plasma membrane. For membrane integrity data, means with different 
letters are significantly different (p < 0.05, ANOVA; Tukey compari-
son test)
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co-exist in a proportion of approximately 50%. After the  15th 
day (during the death phase), aged cells presented, predomi-
nantly (≥ 60%), a helically twisted shape (Fig. 2).

Concentration of photosynthetic pigments 
and photosynthetic activity

It was possible to observe a change in the appearance of the 
culture over time. The green color of the culture, presented 
in the proliferative phase (days 1 and 3), progressively 
decreased between the  5th and  10th days of incubation (sta-
tionary phase); later on, the continued aging of the culture 
resulted in its yellowish appearance (death phase) (Fig. 3A).

The change in the aspect of the culture with time (aging) 
could be correlated with the alteration of the algae photo-
synthetic pigments content. To validate this possibility, the 
cellular content of chla, b, and carotenoids was quantified. 
As it can be seen in Fig. 3B, the cellular content of chla was 
maintained, without significant alterations, until the  4th day 
of growth. On the  5th day of incubation, which corresponds 
to the beginning of the stationary phase, a sudden decay 

(~ 65%) of this pigment was observed (Fig. 3B). A similar 
profile, although more drastic, was observed for chlb. In the 
first 3 days of growth, the levels of this pigment remained 
with small oscillations; however, on the  4th day, the con-
centration of chlb decreased by more than 90% (Fig. 3B). 
The quantification of carotenoids revealed a different profile 
when compared with chlorophylls. These pigments remained 
approximately constant until the  7th day of incubation. The 
diminution of carotenoids content was slower being only sig-
nificantly different from the cells in the proliferative phase 
on the  10th day (Fig. 3B). During the death phase (after the 
 12th day), algal cells presented very low values of photo-
synthetic pigments (data not shown for chla and b), which 
correspond to a decrease > 98% and 87% for chlorophylls 
and carotenoids, respectively.

Green algae exhibit intrinsic autofluorescence (AUF) due 
to the presence of photosynthetic pigments, being the main 
ones chla, b, and carotenoids (Gantt 1975). AUF monitoring 
can be used to obtain information regarding the morphologi-
cal and physiological state of cells (Monici 2005), namely, to 
assess the performance of the algal photosynthetic apparatus 
(Fai et al. 2007). During the proliferative phase (that is, until 
the  4th day), AUF had a similar intensity being distributed 
by all the cells, suggesting that chloroplast occupied a sig-
nificant part of the algal cytosol (Fig. 4). At the beginning 
of the stationary phase  (5th and  6th days), it was possible to 
observe an enhancement of orange AUF, not homogenously 
distributed by the cell, which anticipates a reduction of the 
photochemistry efficiency. The light energy absorbed by 
photosynthetic pigments and not used to drive photosynthe-
sis (photochemistry) can be dissipated as heat or re-emitted 
as AUF (Schiphorst and Bassi 2020). On the  7th and fol-
lowing days, despite orange-red AUF could be observed in 
part of the algae, there was a partial loss of AUF, mainly 
on algal tips, suggesting a shrinkage of the chloroplast. A 
drastic decay of AUF was observed on the  15th and follow-
ing days (Fig. 4) (death phase), which is in agreement with 
the reduction of photosynthetic pigments described above.

A more detailed analysis of the impact of aging on pho-
tosynthesis was carried out by PAM fluorometry. “Young” 
algal cells, in the proliferative phase, presented a maximum 
photochemical quantum yield of PSII (Fv/Fm) in the range 
of 0.62, which corresponds to the optimal value (0.62–0.64) 
described for P. subcapitata (Drábková et al. 2007; Machado 
et al. 2015; Van der Grinten et al. 2010). Following the trend 
observed with chla, a significant decay of Fv/Fm occurred 
on the onset of the stationary phase  (5th day of incubation) 
(Fig. 5), indicating a decline in the functioning of the reac-
tion centers of PSII. The decrease of Fv/Fm accentuated with 
the aging of algae, presenting a dropping of 32% and 68% 
(compared with day 0) after 5 and 10 days, respectively. 
In “old” cells, between 12 and 21 days of incubation, this 
parameter reached the minimum level (corresponded to a 

Fig. 2  Modification of the shape of the alga P. subcapitata during 
prolonged culture in OECD medium. Representative microphoto-
graphs of the algal culture at the beginning and end of incubation  (1st 
and  21st days, respectively) are shown. Arrow 1: lunate shape. Arrow 
2: helically twisted shape. Cells were observed by phase-contrast 
microscopy. Data are presented as mean values of at least three inde-
pendent experiments. The culture phases (marked with bars of differ-
ent colors) are defined in the legend of Fig. 1
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loss of ~ 81%, compared with “young” cells) (Fig. 5), sug-
gesting that aging has a deep impact on the conversion effi-
ciency of light energy of the PSII reaction centers. Up to 
the  6th day of incubation, no significant differences were 
observed in the effective photochemical quantum yield of 
PSII (ɸPSII) (Fig. 5). This parameter determines the por-
tion of light adsorbed by chlorophyll, in PSII, that is used 
photochemically (Maxwell and Johnson 2000). On the  7th 
day, ɸPSII presented a decay of 55% (compared with day 0). 
From the  10th day, low values of ɸPSII were observed, which 
correspond to a diminution of 77% of this parameter (Fig. 5). 
The assessment of the flow rate of electrons through the 
photosynthetic chain, ETR (Consalvey et al. 2005), revealed 
a decline of 50% on the  7th day and ~ 75% from the  10th day 
(Fig. 5). Non-photochemical quenching (NPQ) is an adap-
tive mechanism displayed by PSII light-harvesting system, 
in plants and green algae, to cope with stress conditions 
(Horton and Ruban 2005; Müller et al. 2001). An increase 
of NPQ values was particularly observed at the beginning 
of the stationary phase  (6th and  7th days), followed by a 

progressive decrease, until reaching the values found in the 
exponential growth phase (Fig. 5), suggesting a transient 
induction of the mechanisms associated with the dissipa-
tion of excitation energy in excess of that which can be used 
to photochemistry. In resume, the results presented above, 
taken together, indicate that the aging of algae is associated 
with a decline in their photosynthetic activity and, probably, 
a shrinkage of the chloroplast.

Starch and neutral lipids content

Algal cells produce considerable amounts of lipids and car-
bohydrates being largely studied in order to be used for bio-
diesel production (Hossain et al. 2019; Schenk et al. 2008) 
and/or as a source of biopolymers (Aswathi Mohan et al. 
2022; Madadi et al. 2021). However, it is unknown the pro-
file of lipids and carbohydrates production by P. subcapitata 
over long-term culturing in OECD medium. So, the content 
of these compounds was evaluated by image microscopy 
analysis. During the proliferative phase (first 4 days), cells 

Fig. 3  Evolution of photosynthetic pigments content during long-
term culturing of P. subcapitata. A Macroscopic visualization of the 
appearance of the culture over time. B Modification of chlorophyll a, 
chlorophyll b, and carotenoids content over time. Data are presented 

as mean values of at least three independent experiments; mean val-
ues with different letters are significantly different (p < 0.05, ANOVA; 
Tukey comparison test). The culture phases (marked with bars of dif-
ferent colors) are defined in the legend of Fig. 1
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presented the highest starch content, observable by the 
brownish hue of the algal cytoplasm. Starch content pro-
gressively declined, over time, particularly after the  7th day 
(Fig. 6).

On the other hand, the neutral lipids, visualized using 
BODIPY 493/503 dye, were present in a few amounts in the 

cytoplasm of algae, as fine globules, during the first 2 days 
(Fig. 6). Between the  3rd and  4th days, cellular lipid droplets 
increased in size and fluorescence, suggesting a strong inten-
sification in its production; at this time, lipid droplets were 
mainly located at the ends of the cell. The number and size 
of lipid droplets increased sharply in the stationary phase 

Fig. 4  Follow-up of P. subcapi-
tata autofluorescence over time. 
Representative microphoto-
graphs obtained by fluorescence 
and bright-field superimposed 
with fluorescence microscopy 
are shown
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(after the  5th day), occupying the entire cytoplasm. In the 
last days of the assay (death phase), the green fluorescence 
became more diffuse, although the presence of lipid droplets 
throughout the cell continued to be detected (Fig. 6). These 
results show that in the alga P. subcapitata, the reserve com-
pounds change remarkably between exponential growth, sta-
tionary, and death phases.

Discussion

The microalga P. subcapitata constitutes a sensitive cellular 
model in the evaluation of ecotoxicity (OECD 2011; US-
EPA 2012), and it also has a considerable commercial inter-
est, namely, as feedstock for aquaculture feed (Nagappan 
et al. 2021; Patil et al. 2007) or the production of biofuels 
(Benasla and Hausler 2020; Del Río et al. 2017). Whatever 
the use, the understanding and characterization of P. sub-
capitata physiology over long-term culturing, in the OECD 
medium, is of great importance and contributes to the char-
acterization of the aging process of this alga.

After the P. subcapitata culture reached the station-
ary phase  (5th day after inoculation), the number of cells 
remained approximately constant, and almost all popula-
tion (≥ 99%) presented one nucleus, which indicates the 
cessation of the cell-division cycle, a typical feature of 

the chronological aging in microbial cells (Florea 2017). 
Although the number of cells remained constant during the 
incubation in the OECD medium, a small percentage of 
cells started to lose membrane integrity (dead cells) after 
the  12th day of incubation. However, throughout the incuba-
tion period, the majority of the population (~ 93%) was com-
posed of live cells. The leakage of intracellular compounds 
from the dead cells may have occurred (due to the alteration 
of plasma membrane permeability), which allowed the sup-
ply of nutrients to the “old” cells, enabling their survival and 
increasing their longevity (extending their lifespan). In other 
words, cell death (as an altruistic suicide of presumably 
weakest cells) may be an adaptive strategy that makes possi-
ble to maximize the viability of the culture during its aging, 
as it was proposed for the yeast cells (Fröhlich and Madeo 
2000). In the microalga C. reinhardtii, distinct behaviors 
were described depending if the algae are responding to an 
individual or combined nutrient deprivation. Considering 
individual stress (only one nutrient limitation), C. reinhardtii 
cultures maintained cell density for at least a month with-
out significant death (Yang et al. 2018). The sum of several 
stresses led to a rapid decay of cell number shortly after the 
stationary phase (Humby et al. 2013; Kamalanathan et al. 
2016).

During the stationary phase, a sharp reduction of chloro-
phylls content was observed, a similar effect to what takes 

Fig. 5  Photosynthetic perfor-
mance of P. subcapitata algal 
cells over prolonged cultur-
ing. Maximum photochemical 
quantum yield of PSII (Fv/Fm), 
effective photochemical 
quantum yield of PSII (ФPSII), 
relative electron transport rate 
(ETR), and non-photochemical 
quenching (NPQ) were assessed 
using PAM fluorescence assay. 
The data are presented as mean 
values from at least three inde-
pendent experiments. Statistical 
differences were subjected to 
ANOVA followed by Tukey 
comparison test (p < 0.05) and 
are identified by different let-
ters. The culture phases (marked 
with bars of different colors) are 
defined in the legend of Fig. 1
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place in senescing leaves where a shift in gene expression 
occurs, coinciding with a massive chlorophyll degradation 
(Andersson et al. 2004). It was suggested that in algal cells, 
chlorophylls can be degraded, under nitrogen limitations, for 
nutrient recycling (Msanne et al. 2012). Besides chlorophylls 

reduction, a progressive decline of the maximum and effec-
tive photochemical quantum yield of PSII, Fv/Fm and ɸPSII, 
respectively, were observed. These results are different from 
those described in the green alga C. reinhardtii, where the 
amount of chlorophyll and Fv/Fm remained constant through 

Fig. 6  Visualization of carbo-
hydrates and neutral lipids in 
P. subcapitata over time. Pho-
tomicrographs of cells stained 
with Lugol (starch observation) 
or BODIPY 493/503 (lipids 
monitoring) and examined by 
bright-field or epifluorescence 
microscopy, respectively
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the stationary phase (Damoo and Durnford 2021; Humby 
et al. 2013; Puzanskiy et al. 2018). This difference can be 
attributed to the higher sensitivity of P. subcapitata alga to 
stress. “Old” cells of P. subcapitata (after the  12th day of 
incubation) presented lower values of Fv/Fm and ɸPSII, sug-
gesting a big disturbance of photosynthesis. In a similar way, 
it was described that the decay of Fv/Fm and ɸPSII in C. rein-
hardtii (Humby et al. 2013) and diatoms (Phaeodactylum 
tricornutum and Chaetoceros muelleri) (Liang et al. 2006) 
maintained for a prolonged period in the culture medium.

Chlorophylls play a central role in light harvesting (in 
antennae complexes) and transfer energy to the reaction 
centers (Schiphorst and Bassi 2020). Therefore, the decline 
of chlorophylls content, described above, can explain, at 
least partially, the decrease in photosynthetic efficiency 
(ɸPSII). In addition, the decay of chlorophylls may have 
originated the deterioration of photosynthetic complexes, 
with the consequent diminution of the quantum efficiency 
(Fv/Fm); the reduction of Fv/Fm occurred in the stationary 
phase can also be associated with the damage of PSII, as 
a consequence of light stress. During this phase, the pho-
tosynthetic electron transport (ETR) in P. subcapitata was 
severely reduced, which implies that less energy is directed 
toward photosynthesis. As a short-term response to this 
stress, algal cells can activate reversible photo-protection 
mechanisms, such as NPQ or AUF, to redirect energy not 
used in photosynthesis (Horton and Ruban 2005). In fact, 
an increase in NPQ values and AUF were observed in the 
transition from exponential growth to the stationary phase 
and in the beginning of the stationary phase, indicating an 
energy dissipation.

It was also verified that up to the  7th day, carotenoid levels 
remained approximately constant. It is known that carot-
enoids serve two key roles in plants and algae: as accessory 
light-harvesting pigments, absorbing light energy for use in 
photosynthesis (broadening the spectral range over which 
light can support photosynthesis) and providing photopro-
tection of the photosynthetic system via ROS scavenging or 
by NPQ (enhancing energy dissipation as heat) (Armstrong 
and Hearst 1996; Demmig-Adams 1990; Hashimoto et al. 
2016). On the other hand, the reduction of carotenoid con-
tent after the  7th day can be associated with the decrease in 
the protection of reaction centers by NPQ, observed after 
this day.

An increase of starch content in P. subcapitata algae 
growing exponentially (“young” cells) was observed; the 
content of this reserve compound decayed, gradually, in sta-
tionary and death phases (“old” cells). The increase of cellu-
lar starch content during the proliferative phase is supported 
by the maximum photosynthetic activity observed during 
this phase, which originates the carbon fixation and the car-
bohydrates storing, as starch, in microalgae. In agreement 
with this possibility, it was shown that the relative mRNA of 

enzymes associated with photosynthesis,  CO2 fixation, and 
starch metabolism, in Chorella sp., was highly expressed 
during the exponential growth and reduced in the stationary 
phase (Cheng et al. 2017). Conversely, an intensification of 
lipid accumulation was observed in the transition from the 
proliferative phase to the stationary phase of P. subcapitata 
culture. Similar results were observed in Chlamydomonas 
debaryana (Sato and Toyoshima 2021) and in Chorella sp. 
(Cheng et al. 2017). Starch degradation and lipid content 
increase were also observed in different Chorella species 
(Brányiková et al. 2011; Li et al. 2015; Zhu et al. 2014), 
Parachlorella kessleri (Fernandes et al. 2013), Scenedesmus 
obliquus (Breuer et al. 2015), C. reinhardtii, and Coccomyxa 
sp. (Msanne et al. 2012), namely, in nitrogen-starved condi-
tions. This stress condition affects growth and cell division, 
originating a change in algal metabolism and triacylglycerol 
accumulation (Merchant et al. 2012).

P. subcapitata also suffered changes in its shape, passing 
from a lunate form in the exponential growth to a predomi-
nantly helically twisted shape on the  18th day of incuba-
tion (≥ 60% of cells). This alga displays a rigid cell wall 
characterized by the presence of three layers (Fernández 
et al. 2021), being very hard to disrupt. It was reported that 
aging can cause severe changes in the cell walls of unicel-
lular organisms (Florea 2017). In the case of the unicellu-
lar green algae Spongiochloris typica, the cell wall turned 
thinner in the stationary phase (McLean 1968). A similar 
effect may have occurred in P. subcapitata; the thinning of 
the cell wall may have allowed the alga to acquire another, 
not-so-rigid, shape.

To summarize, the incubation of P. subcapitata alga, in 
culture medium, for 21 days, with continuous agitation and 
light exposure, leads to a set of changes in the cells, being 
possible to observe three main phases in the culture and 
three categories of algal cells (“young” live, “old” live and 
dead cells) (Fig. 7). Phase one of the culture (proliferative 
phase) corresponds to the exponentially growing of “young” 
cells during the first 3 days, with a slowdown on the  4th day. 
The cultures present a typical green color. The population is 
practically 100% live, and the “young” cells display the max-
imum photosynthetic activity and photosynthetic pigments 
concentration. These “young” cells present, characteristi-
cally, a lunate morphology with the chloroplast occupying 
most of the cell and producing starch as reserve material. 
The second phase of the culture, between the  5th and the  12th 
days, corresponds to the stationary phase and the beginning 
of algae aging. After exponential growth, algae remain in a 
non-dividing stage (≥ 99% of cells with one nucleus), which 
can be a diagnostic feature of this phase. The aging of the 
cells has a consequence of an abrupt reduction of chla and b 
content, responsible for reducing the green color of the cul-
ture. Chlorophylls breakdown can explain, at least partially, 
the decline of photosynthetic capacity (reduction of Fv/Fm 
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and ɸPSII). The “old” cells present in this phase have a lower 
starch content and increased production of neutral lipids than 
“young” cells and, probably, present a shrinkage chloroplast. 
The death phase starts after the  12th day and is characterized 
by the presence of some cells with the compromised mem-
brane (dead cells). However, almost all population (~ 93%) is 
composed of “old” live cells, which present a severe decline 
of photosynthetic activity (reduction > 75% of Fv/Fm and 
ɸPSII). At the end of the incubation period, between the  18th 
and  21st days, algal culture presents a yellowish color; “old” 
algal cells exhibit chloroplast AUF and starch content mark-
edly reduced and, probably, lipid remetabolization begins.

This work contributes to the understanding and charac-
terization of cytological and biochemical features associated 
with the stationary phase and chronological aging of P. sub-
capitata. This information can be useful from a fundamen-
tal and applied point of view, namely, in the application of 
this alga in toxicity studies or in obtaining biotechnological 
products.
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