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Abstract 
The microalga Raphidocelis subcapitata was isolated from the Nitelva River (Norway) and subsequently deposited in the 
collection of the Norwegian Institute of Water Research as “Selenastrum capricornutum Printz”. This freshwater microalga, 
also known as Pseudokirchneriella subcapitata, acquired much of its notoriety due to its high sensitivity to different chemical 
species, which makes it recommended by different international organizations for the assessment of ecotoxicity. However, 
outside this scope, R. subcapitata continues to be little explored. This review aims to shed light on a microalga that, despite 
its popularity, continues to be an “illustrious” unknown in many ways. Therefore, R. subcapitata taxonomy, phylogeny, shape, 
size/biovolume, cell ultra-structure, and reproduction are reviewed. The nutritional and cultural conditions, chronological 
aging, and maintenance and preservation of the alga are summarized and critically discussed. Applications of R. subcapi-
tata, such as its use in aquatic toxicology (ecotoxicity assessment and elucidation of adverse toxic outcome pathways) are 
presented. Furthermore, the latest advances in the use of this alga in biotechnology, namely in the bioremediation of effluents 
and the production of value-added biomolecules and biofuels, are highlighted. To end, a perspective regarding the future 
exploitation of R. subcapitata potentialities, in a modern concept of biorefinery, is outlined.

Key points
• An overview of alga phylogeny and physiology is critically reviewed.
• Advances in alga nutrition, cultural conditions, and chronological aging are presented.
• Its use in aquatic toxicology and biotechnology is highlighted.

Keywords  Biorefinery · Ecotoxicity · Microalga nutrition and cultural conditions · Physiology and phylogeny · 
Reproduction · Pseudokirchneriella subcapitata (= Selenastrum capricornutum)

Introduction

The freshwater unicellular microalga Raphidocelis subcapi-
tata (formerly known as Selenastrum capricornutum and 
Pseudokirchneriella subcapitata) was originally harvested 

and isolated from the Nitelva River (Akershus, Norway), in 
1959, by the Norwegian researcher Olav Skulberg, and later 
on deposited in the collection of the Norwegian Institute 
of Water Research (NIVA) under the code NIVA-CHL 1 
(NORCCA 2023a).

R. subcapitata is part of the freshwater phytoplankton, being 
found in ponds, lakes, pools, and rivers. Its presence has been 
widely reported, all over the world, namely in the USA (Fawley 
et al. 2006), India (Padmakumar and Tharavathy 2020), Israel, 
Kazakhstan (Barinova et al. 2009), Czech Republic (Stirk et al. 
2013), Spain (Cambra-Sánchez et al. 1998), Romania (Cărăus 
2002), between others.

This alga was first employed, in the 60s of the twentieth 
century, in the evaluation of freshwater eutrophication, in 
Europe (Skulberg 1964) and the USA (US-EPA 1971; Miller 
et al. 1978). R. subcapitata is considered a representative 
of both eutrophic and oligotrophic freshwater environments 
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being a very sensitive microorganism to different pollutants. 
In the 70s–80s, this strain became rapidly popular as a model 
alga in the evaluation of ecotoxicity, as soon as such assays 
were developed (Blaise and Vasseur 2005). Currently, R. 
subcapitata is a famous experimental organism, worldwide 
used, being recommended by several international organiza-
tions, such as the American Society for Testing and Materi-
als (ASTM), International Organization for Standardization 
(ISO), Organization for Economic Co-operation and Devel-
opment (OECD), and United States Environmental Protec-
tion Agency (US-EPA) (OECD 2011; ISO 2012; US-EPA 
2012; ASTM 2021) as a bioassay to assess the toxicity of 
chemicals and evaluation of water quality.

In more recent years, several works have been published 
reporting the role of R. subcapitata in environmental and 
industrial biotechnology. Examples of this are the bioreme-
diation of industrial effluents (Ribeiro et al. 2022; Fernández-
Rodríguez et al. 2022) and pharmaceutical compounds of 
emerging concern (Hom-Diaz et al. 2022), the production of 
biofuels (such as third-generation biodiesel) or of compounds 
that can be used as natural dyes and antioxidants, or to obtain 
innovative functional food products (Nascimento et al. 2020).

A search in the Web of Science-Clarivate Analytics 
database (Web of Science Core Collection, All editions), 
search from 1900 to the present (10 January 2024), using 
the topics “Raphidocelis subcapitata and review”, “Pseu-
dokirchneriella subcapitata and review”, or “Selenastrum 
capricornutum and review”, did not give any review paper 
on this microalga. Therefore, as far as we know, besides the 
scientific review published by US-EPA, in the late 70s of the 
last century (Leischmann et al. 1979), this is the first review 
paper dedicated to this freshwater microalga.

The present work reviews the taxonomy, phylogeny, ultra-
structure, and reproduction of R. subcapitata. Alga nutrition, 
cultural conditions, chronological aging, maintenance, and 
culture collections where the strain can be found are sum-
marized and critically reviewed. In addition, applied aspects 
associated with R. subcapitata are highlighted, such as those 
related to aquatic toxicology and environmental and indus-
trial biotechnological applications from the perspective of 
the modern biorefinery concept. Finally, the future trend of 
the use of R. subcapitata is presented.

Taxonomy and phylogeny

The phylum Chlorophyta (green algae) is ubiquitous in 
aquatic (primarily in freshwater, 90%) and in some terrestrial 
habitats, having played a central role in the global ecosystem 
for hundreds of millions of years (Leliaert et al. 2012). Green 
algae present a set of distinct features, namely they con-
tain pigments in the chloroplast, similar to those of higher 
plants (chlorophylls a and b), accessory pigments (such as 

carotenes and xanthophylls), and the ability to form starch 
(as reserve polysaccharide) within the chloroplast, in asso-
ciation with pyrenoids, when present. Plastids descended 
from a common prokaryotic ancestor (Lee 2018). Five 
classes were recognized within this phylum: Chlorophyceae, 
Ulvophyceae, Trebouxiophyceae, Chlorodendrophyceae, 
and Pedinophyceae (Marin 2012; Fučíková et al. 2014a; 
Lemieux et al. 2014). Chlorophyceae are a large, ecologi-
cally, morphologically, and genetically diverse class. Based 
on molecular and ultrastructural data, this class comprises 
five main orders, namely Sphaeropleales, Chlamydomon-
adales (Volvocales), Chaetophorales, Chaetopeltidales, 
and Oedogoniales (Leliaert et al. 2012). On the other hand, 
within Chlorophyceae, the large order of Sphaeropleales 
comprises several families, namely Sphaeropleaceae, Sele-
nastraceae, Scenedesmaceae, Hydrodictyaceae, Neochlori-
daceae, and Radiococcaceae (Tippery et al. 2012), which 
contain some of the most common planktonic freshwater 
algae (Leliaert et al. 2012). The Selenastraceae family con-
tains among the most promising groups of algae for bio-
technological purposes (Yee 2016). This family comprises 
algae commonly found in freshwaters, generally solitary or 
colonial, exhibiting a high morphology diversity: fusiform, 
sickle, croissant, half-moon, or bean shape. Algae belong-
ing to this family reproduce exclusively by autospores and 
do not have flagellated stages, and chloroplasts can contain 
starch-covered or naked pyrenoids (Krienitz et al. 2001; 
Fawley et al. 2006; Fučíková et al. 2014b). Based on molec-
ular studies, different genera were assigned to this family, 
namely Ankistrodesmus, Kirchneriella, Monoraphidium, 
Raphidocelis, and Selenastrum (Krienitz and Bock 2012). 
Probably one of the most famous members of the Selenas-
traceae family is the alga S. capricornutum NIVA-CHL 1.

The strain NIVA-CHL 1 was originally named S. cap-
ricornutum (Printz) (Blaise and Vasseur 2005). However, 
over the last few decades, it has undergone several taxo-
nomic changes, having been included in the genera Raphi-
docelis Hindák, Kirchneria Hindák, and Pseudokirch-
neriella Hindák (Krienitz et al. 2011). In 1987, Nygaard 
et al. renamed the strain as R. subcapitata and, later on, 
Hindák, in 1990, designated it P. subcapitata (Korshikov) 
Hindák (Blaise and Vasseur 2005). Subsequently, taking into 
account phylogenetic studies, the NIVA-CHL 1 strain was 
placed, again, in the genus Raphidocelis, being designated 
R. subcapitata (Korshikov) Nygaard, Komárek, Kristiansen, 
& Skulberg 1987 (Krienitz et al. 2011). Although the most 
recent scientific publications refer to this alga as R. sub-
capitata, the strain is usually known, in Europe and North 
America, as P. subcapitata since this is the designation that 
occurs in standards and guidelines, such as ISO, OECD, and 
US-EPA (OECD 2011; ISO 2012; US-EPA 2012). In addi-
tion, the original name S. capricornutum continues to appear 
in some culture collections such as in the Culture Collection 
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of Algae at the University of Texas at Austin (UTEX), USA 
(Table 1). To summarize, the current taxonomical position 
of R. subcapitata is as follows (Guiry and Guiry 2015):

•	 Empire: Eukaryota
•	 Kingdom: Plantae
•	 Subkingdom: Viridiplantae
•	 Phylum: Chlorophyta
•	 Class: Chlorophyceae
•	 Order: Sphaeropleales
•	 Family: Selenastraceae
•	 Genus: Raphidocelis

The sequencing of nuclear, mitochondrial, and plastid 
genomes of R. subcapitata was carried out. The nuclear 
genome is composed of 51 Mbp, encoding to 13,383 pro-
teins, being the smallest in the Sphaeropleales order. A com-
parative analysis showed that R. subcapitata shares most of 
its genes with other algae belonging to the Sphaeropleales 
order, which indicates that gene repertoire was conserved 
in this order. The phylogenetic analysis based on plastid 
genome sequences indicated that R. subcapitata is located 
in the most basal lineage in the family Selenastraceae. The 
analysis of the mitochondrial genome revealed a dynamic 
evolutionary history with intron expansion in the Selenas-
traceae family (Suzuki et al. 2018).

Culture collections

The strain recommended by ASTM, ISO, OECD, and 
US-EPA for being used in toxicity assays can be obtained 
in different algal repositories around the world, under 
the designation of R. subcapitata, P. subcapitata, or S. 
capricornutum as detailed in Table 1. The strain found in 
these collections is derived from the original one NIVA-CHL 

1. These culture collections provide the alga generally in 
axenic form (i.e., free of bacteria and other microorganisms), 
in liquid culture (CCAP 2023a; NIES 2023; NORCCA 
2023b; UTEX 2023a), on agar slant (CCAP 2023a; UTEX 
2023a), or as dried pellet in an ampoule (freeze-dried) 
(ATCC 2023).

Morphology

Shape

As mentioned above, the unicellular alga R. subcapitata 
was formerly named Selenastrum (from the Greek selene, 
“moon” + astron, “star”) as a result of its half-moon shape. 
Different words have been used to describe the morphol-
ogy of this microalga such as crescent, half-moon, lunate, 
sickle, bean, C-shaped, and helically twisted (Krienitz et al. 
2011; Borges 2016); some shapes of this alga can be seen 
in Fig. 1; A1 to A5.

This alga is usually described as non-polymorphic; i.e., 
it retains the same shape during its cell cycle (Blaise and 
Vasseur 2005; Chèvre and Gregorio 2013). However, a fine 
analysis of alga morphology, during prolonged culture in 
OECD medium, revealed that the population in exponen-
tial growth (“young” cells) prevalently presented a lunate 
shape (Fig. 1; A2 and A3), while the cells in the death phase 
(“aged” cells) predominantly displayed a helically twisted 
shape (Fig. 1; A4 and A5) (Machado and Soares 2022). 
Krienitz et al. (2011) also reported that older cells exhibited 
a helically twisted shape. Furthermore, an alteration from 
the typical alga shape (lunate) to “French croissant”-type 
(Fig. 1; B3) or even an aberrant morphology with increased 
size/biovolume (Fig. 1; B4 and B5), was reported when the 
alga has been exposed to inorganic or organic pollutants, as 
detailed in the section “Dry weight and size/biovolume”.

Table 1   Examples of culture collections where the standard strain can be found

Culture collection Strain designation Code Country Reference

American Type Culture Collection (ATCC) Pseudokirchneriella subcapitata 22,662 USA (ATCC 2023)
Australian National Algae Culture Collection (ANACC) Raphidocelis subcapitata CS-327 Australia (ANACC 2023)
Canadian Phycological Culture Centre (CPCC) Pseudokirchneriella subcapitata 37 Canada (CPCC 2023)
Culture Collection of Algae and Protozoa (CCAP) Raphidocelis subcapitata 278/4 UK (CCAP 2023b)
Culture Collection of Algae at Gottingen University 

(Sammlung von Algenkulturen, SAG)
Raphidocelis subcapitata 61.81 Germany (SAG 2023b)

Culture Collection of Algae at the University of Texas at 
Austin (UTEX)

Selenastrum capricornutum 1648 USA (UTEX 2023a)

Culture Collection of Autotrophic Organisms (CCALA) Raphidocelis subcapitata 433 Czech Republic (CCALA 2023)
Microbial Collection at the National Institute for Envi-

ronmental Studies (NIES)
Raphidocelis subcapitata 35 Japan (NIES 2023)

Norwegian Culture Collection of Algae (NORCCA) Raphidocelis subcapitata NIVA-CHL 1 Norway (NORCCA 2023a)
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Arrangement

R. subcapitata is mainly present in a solitary form, but can 
also occur in a colonial form (Krienitz et al. 2011; Borges 
2016). A multinucleated form, resembling a palmelloid-like 
morphology, has been described upon exposure of the alga 
to toxics; please see section “Formation of a palmelloid-like 
phenotype”.

The formation of cell aggregates in this unicellular alga 
is uncommon, which is an advantage since it allows its easy 
quantification by microscopy or via electronic particle coun-
ters (Blaise and Vasseur 2005).

Dry weight and size/biovolume

R. subcapitata presents a cell dry weight of 2–3 × 10−8 mg 
cell−1 (OECD 2011).

The individual cells present a length that can vary between 
8 to 15 µm and a width between 1.9 and 4 µm. Examples 
of values reported in the literature are (length × width) 
10 × 2 µm (Pollio et  al. 1993), 10–15 × 2–4 µm (Blaise 
and Vasseur 2005), 8–14 × 2–3  µm (OECD 2011), and 
8–11 × 3–4 µm (Machado and Soares 2014).

Algal biovolume can be measured with an electronic par-
ticle counter (Liu et al. 2023) or using microscopic measure-
ments and appropriate mathematical equations (Machado 
and Soares 2014). The values described in the literature for 

R. subcapitata biovolume can vary between 22 and 74.5 
µm3; examples found in the literature are 22 µm3 (Machado 
and Soares 2021a; Ostovich et al. 2023), 40–60 µm3 (Blaise 
and Vasseur 2005), 62 µm3 (Patil et al. 2007), and 74.5 µm3 
(Weiner et al. 2004). Reasons for this wide range of values 
include different techniques used in biovolume determi-
nation and cell volume variation according to alga physi-
ological state. About the last aspect, some authors reported 
a reduction of the alga size and thinning during the expo-
nential growth phase where the cells display a biovolume of 
15–20 µm3; in the stationary phase, cells are larger and wider 
presenting a biovolume from 60–70 µm3 (Blaise and Vasseur 
2005). However, the opposite was also observed; that is, the 
alga R. subcapitata presents a higher average biovolume dur-
ing the exponential phase of growth, which decreases in the 
stationary phase (Machado MD and Soares EV, unpublished 
results). Yamagishi et al. (2017) also reported a lower aver-
age cell diameter in the stationary growth phase (~ 4.4 µm), 
compared to that measured in the exponential growth phase 
(4.92–5.00 µm).

Cell biovolume as a marker of toxicity

Cell biovolume can be used as a marker of toxicity, as the 
exposure of R. subcapitata to toxics can induce their modi-
fication. A cell shrinkage was observed when the alga was 
exposed to low concentrations of cadmium (Cd), chromium 

Fig. 1   Diversity of the fresh-
water microalga R. subcapitata 
morphology. A1—different 
shapes observed during growth; 
arrows 1 and 2: C-shaped/lunate 
forms with smaller and larger 
biovolumes, respectively; arrow 
3: helically twisted forms. A2 
to A5—higher magnification 
of algae with C-shaped/lunate 
form (A2—smaller biovolume; 
A3—larger biovolume) or with 
helically twisted form (A4 
and A5). B1—algae with an 
increased biovolume/deformed 
shape, as a consequence of 
the exposure for 72 h to 200 
µg L-1 metolachlor (MET). 
B2 to B5—higher magnifica-
tion of algae with an increased 
biovolume (B2), with a “French 
croissant”-type shape (B3) or 
with a deformed morphology 
and increased mean cell volume 
(B4 and B5); cells were exposed 
for 72 h to 200 µg L-1 MET (B2, 
B3, and B5) or 200 µg L-1 Cd 
(B4)

3

1

2A1 B1

A2 A3

A4 A5

B2 B3

B4 B5

3
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(Cr), copper (Cu), and zinc (Zn)  (Machado and Soares 
2014). On the contrary, swelling of the cells, as shown by 
the increase of the mean cell volume, was observed when 
R. subcapitata was exposed to certain chemicals (inor-
ganic or organic) such as Cd (Machado and Soares 2014), 
Cu (Franklin et al. 2001), nickel oxide (NiO) nanoparti-
cles (Sousa et al. 2018), lithiated cobalt oxide nanosheets 
(Ostovich et al. 2023), erythromycin (Machado and Soares 
2019a), triclosan (TCS) (Machado and Soares 2021a), or 
metolachlor (MET) (Machado and Soares 2020), particularly 
at high concentrations (Fig. 1; B1 to B5). For example, R. 
subcapitata exposed to heavy metals, herbicides (MET), or 
biocides (TCS) can exhibit a biovolume of 200–500 µm3; 
this huge increase in R. subcapitata biovolume is particu-
larly evident when alga growth is arrested due to the action 
of toxics (Machado and Soares 2020, 2021a).

Cell ultra‑structure

Cell envelope

R. subcapitata is a non-motile alga, without known flagel-
lated stages (Miller et al. 1978). The alga presents a rigid 
cell wall, usually without ornamentation or a mucilaginous 
cover (Krienitz et al. 2011). However, incrustations in the 
cell wall can also be present (Fawley et al. 2006). The cover, 
if present, is thin and smooth containing acidic polysaccha-
rides (Krienitz et al. 2011). When observed by transmis-
sion electron microscopy (TEM), R. subcapitata cell wall is 
composed of a single and homogeneous electron-dense layer 
(Pollio et al. 1993). It is much more difficult to break than 
the cell wall of Chlamydomonas reinhardtii probably due to 
the cellulose content (Lavoie et al. 2009).

Chloroplast and pyrenoid

In R. subcapitata, most of the cellular volume is occupied by 
a -single-large-parietal chloroplast (Fig. 2B1); the remain-
ing cytoplasm occupies the central part of the cell (Pollio 
et al. 1993).

Pyrenoid can be found in chloroplasts of many algae. This 
sub-cellular compartment contains the densely packed pho-
tosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) and has a function of increasing the 
CO2 concentration around the RuBisCO (Giordano et al. 
2005). The presence or absence of pyrenoid and its struc-
ture were used in the past as criteria to distinguish the gen-
era in the Selenastraceae family (Krienitz et al. 2001). This 
structure was found in all selenastracean strains investigated 
(Krienitz et al. 2011). Usually, naked pyrenoid, i.e., not cov-
ered by a regular starch envelope, is not detectable by light 
microscopy, unless it was used in differential interference 

contrast optics or specific staining (Krienitz et al. 2001). In R. 
subcapitata, pyrenoid can be seen by TEM, being located in 
one of the alga apices, with a spherical or irregular shape, and 
naked sub-cellular structure (Krienitz et al. 2011). The pres-
ence of pyrenoid seems to be dependent on cultural condi-
tions and the cell cycle stage of the algae (Meyer et al. 2017).

Other organelles and cellular inclusions (material 
reserve compounds)

The cytoplasm of R. subcapitata is ribosomes-rich and holds 
typical eukaryotic organelles, namely, dictyosome, endoplas-
mic reticulum, a single pleomorphic mitochondrion (often 
adjacent to the chloroplast), and many small vacuoles (Pollio 
et al. 1993). The nucleus is located in a central region of the 
cell (Fig. 2B1).

R. subcapitata accumulates reserve material, namely 
starch and neutral lipids. A recent work showed that young 
cells (in the exponential phase of growth) produce starch as 
a reserve material, while aged cells (in the stationary phase) 
presented lower starch accumulation and a higher level of 
neutral lipid globules (Machado and Soares 2022). Starch 
grains are positioned close to the border of the pyrenoid 
matrix (Krienitz et al. 2011). Stress conditions, namely 
nitrogen and phosphorous limitations, influence the accu-
mulation of material reserve compounds, such as starch 
and lipids, as it is detailed in the section “Biotechnological 
applications”.

Reproduction

Sequence of events

R. subcapitata reproduces exclusively asexually by auto-
spores (Krienitz et al. 2011; Krienitz and Bock 2012). The 
cell cycle comprises growth of the parental cell, two nuclear 
divisions, and release of daughter cells. Four stages can be 
found in algal population (Fig. 2A); cells in stage 4 showed 
a mean biovolume ~ 4 times greater than in stage 1 (Machado 
and Soares 2014). Usually, four daughter cells are formed, 
with the same shape as the parent cell (autospores), per 
sporangium.

The mother cell presents the nucleus in the center of 
the cell (Fig. 2B1) and increases in size (Fig. 2B2) before 
the first nuclear division (Fig. 2B3), which is followed 
by septum formation (cleavage furrow) and cytokinesis. 
After division, the daughter nuclei move away from each 
other (Fig. 2B4). During the formation of the autospores, 
a second nuclear division occurs as well as the chloro-
plast constriction and the division of the protoplast around 
the four nuclei (Fig. 2B5). It is possible to observe the 
presence of septa, perpendicular to the longest axis of the 
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cell: the primary septum after the first nuclear division and 
secondary septa (Fig. 2B5, arrows 1 and 2, respectively) 
formed between all four nuclei after the second nuclear 
division (Fig. 2B5 and B6). Subsequently, the new four 
cells modify their position, in a longitudinal direction—
serial arrangement of autospores (Fig. 2B7). The rupture 
of the parent cell wall (sporangium) allows the release of 
the four autospores (Fig. 2B8) (Krienitz et al. 2011; Krien-
itz and Bock 2012; Machado and Soares 2014).

During the exponential growth phase, the R. subcapi-
tata population is composed mainly (~ 90%) of cells con-
taining one (1) nucleus. The percentage of this type of cell 
increases over time; in the stationary phase, the population 
is almost entirely composed (≥ 99%) of cells containing 
one (1) nucleus (Machado and Soares 2022).

Cell cycle checkpoints

The cell cycle of eukaryotic organisms has different control 
points. One of them, in unicellular algae, is associated with 
reaching a critical cell volume (Vítová and Zachleder 2005). 
For instance, in Chlorella vulgaris (Rioboo et al. 2009) and 
C. reinhardtii (Matsumura et al. 2003), algae grow during 
G1 phase until reaching a critical threshold size, after which 
the algae begin to divide. Similarly, in R. subcapitata, an 
increase in cell size is observed (Fig. 2B2) before the first 
nuclear division.

Because nuclear and cell divisions are temporally dis-
connected during the progression of the reproductive cycle, 
two or more checkpoints can be observed. In fact, the cell 
cycle of R. subcapitata is arrested at stage 2 (before the 

Fig. 2   Asexual reproduction of 
R. subcapitata via autospore 
formation. A—representation 
of the alga cell cycle; adapted 
from Machado and Soares 
(2014). B1—mother cell with 
a nucleus in a central posi-
tion. B2—increase in cell size/
biovolume. B3—first nuclear 
division. B4—nuclei separa-
tion, after division. B5—second 
nuclear division and cytoki-
nesis with septum formation 
and chloroplast constriction; 
primary cleavage furrow (arrow 
1) and secondary cleavages 
(arrow 2). B6—septa (arrows), 
perpendicular to the longest 
axis of the cell, formed between 
all four nuclei. B7—modifica-
tion of autospores position in 
a longitudinal direction (serial 
arrangement of autospores) 
inside the parental envelope. 
B8—release of the autospores. 
Left and right-side images cor-
respond to the observation of 
cells by bright field or by fluo-
rescence, respectively. Nuclei 
(green spots) visualization after 
cell staining with SYBR Green; 
the chloroplast can be observed 
due to its characteristic orange 
autofluorescence

B1

B3 B4

B5 B6

B7 B8

B2

2

2

11 2

2

Cell growth Nuclear division Cell release
A

Stage 1 Stage 2 Stage 3 Stage 4
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first nuclear division) when exposed to Cu(II) ions or NiO 
nanoparticles or stage 4 (before the release of daughter cells) 
when incubated with Cd(II) (Machado and Soares 2014; 
Sousa et al. 2018). This means that cell cycle analysis can 
constitute an alternative endpoint in the assessment of eco-
toxicity, as referred to in the section “Elucidation of mode 
of action of toxics”.

Formation of a palmelloid‑like phenotype

When exposed to toxics, such as heavy metals (Cd or Cr) 
or organic compounds (MET), R. subcapitata population 
contains multiple nuclei (six, eight, or even more) inside 
the parental envelope (Machado and Soares 2014, 2020; 
Yamagishi et al. 2017). The exposure to Cd or MET, at 
environmentally relevant concentrations that arrest growth, 
originates a population composed mainly of living cells, 
in a multinucleated state, i.e., containing four (4) or more 
nuclei, accompanied by the accumulation of neutral lipids 
(Machado and Soares 2023). This means that under spe-
cific stress conditions, R. subcapitata undergoes repeated 
mitosis rounds without the rupture of the wall envelope and 
the release of the new cells, which provokes the increase of 
the size of the parental cell and the forming of clusters of 
cells confined by the parental cell wall (Fig. 3), originating 
a phenotype that resembles the palmelloid-like morphology 
(Machado and Soares 2023), observed in algae belonging 

to the genus Chlamydomonas (de Carpentier et al. 2019), 
Chlorella (Fisher et al. 2016), Dunaliella (Borowitzka and 
Siva 2007), and Scenedesmus (Lürling and Van Donk 1997), 
when exposed to abiotic or biotic stress. The switch from a 
single-nucleus state to a palmelloid-like phenotype can be 
viewed as an adaptive response to manage/survive stress 
(Borowitzka 2018; de Carpentier et al. 2019), which appears 
to be conserved in green algae.

In R. subcapitata, the formation of a palmelloid-like phe-
notype seems to be a specific cellular response to stress, 
dependent on the mode of action of the pollutant, its con-
centration, and exposure time. The multinucleated state of 
the cell population is a transitory and a reversible phenotype, 
since the R. subcapitata population reverts to a unicellular 
lifestyle, with normal cell biovolume and shape (Fig. 3), 
upon being transferred to a fresh culture medium without 
pollutants (Machado and Soares 2023).

Alga nutrition

Carbon source

R. subcapitata, as an autotrophic organism, carries out pho-
tosynthesis, using light as an energy source and CO2 as a 
carbon source. However, it is reported that this alga can also 
grow under heterotrophic conditions, i.e., without photosyn-
thesis, using glucose as a carbon source (Suzuki et al. 2018; 
Priyanka et al. 2020). Glucose supplementation (5 or 10 g 
L−1) results in an increase in biomass and lipid production, 
and depletion in chlorophyll content (Suzuki et al. 2018; 
Priyanka et al. 2020).

For autotrophic growth, to ensure adequate carbon (C), 
the culture medium contains sodium hydrogencarbonate 
(OECD 2011; US-EPA 2012).

Nitrogen source

R. subcapitata is able to assimilate and use ammonium 
(NH4

+) and nitrate (NO3
−) as a nitrogen (N) source. These 

two chemical species are present in OECD and US-EPA 
culture media (OECD 2011; US-EPA 2012). US-EPA limits 
N concentration to values ≤ 10 mg L−1 in culture medium 
intended for algae growth for toxicity assessment tests (US-
EPA 2012).

Nitrogen source can influence algal growth and biomass 
productivity or even promote physiological alterations in the 
alga due to different affinities to NH4

+ or NO3
− (Lachmann 

et al. 2019). Silva et al. (2015) report that R. subcapitata 
has, as expected, a preference for NH4

+ since, after being 
assimilated, it is directly used as N source by the alga, while 
NO3

− needs to be previously reduced before N can be incor-
porated into the microalga biomolecules.

Single nucleus
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R. subcapitata

Fig. 3   Palmelloid-like morphology in R. subcapitata. Certain inor-
ganic and organic pollutants, such as Cd or metolachlor (MET), 
induce in R. subcapitata a palmelloid-like phenotype: forming of 
clusters of cells (multi-nuclei state) confined by the parental cell 
wall. This phenotype can be seen as an adaptive strategy of the alga 
to manage stress. The alga reverts to a unicellular lifestyle (single-
nucleus state), with normal cell size/biovolume and shape, upon 
being transferred to a fresh culture medium without pollutants
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Phosphorous source

In the formulation of the culture media generally used for 
the growth of R. subcapitata, phosphorous (P) is supplied 
in the form of phosphate (PO4

3−), in a concentration of 0.57 
mg L−1 and 0.87 mg L−1, in OECD and US-EPA media, 
respectively (OECD 2011; US-EPA 2012).

Trace elements requirement

In addition to macronutrients, R. subcapitata also requires 
small amounts of micronutrients, such as Cu, iron (Fe), man-
ganese (Mn), molybdenum (Mo), and Zn, for healthy growth.

Cu is involved in algal metabolic processes and is of 
crucial importance in the photosynthetic electron transport 
chain and as an enzymatic cofactor (Rocha et al. 2021). It 
is added to US-EPA and OECD media in concentrations 
of 0.07 and 0.06 nmol L−1, respectively (OECD 2011; US-
EPA 2012). Zn makes part of many enzymes and is required 
for photosynthesis and energy storage (El-Agawany and 
Kaamoush 2023). This micronutrient is present in US-EPA 
and OECD media at concentrations of 24 and 22 nmol L−1, 
respectively (OECD 2011; US-EPA 2012). Concentrations 
of Cu and Zn one order of magnitude higher (1.3 µmol L−1 
Cu and 2.5 µmol L−1 Zn) inhibit 90% of the growth of R. 
subcapitata and adversely alter photosynthetic pigments. 
The two metals decrease R. subcapitata metabolic and 
photosynthetic activity and affect mitochondrial function 
(Machado et al. 2015; Filová et al. 2021). The perturbation 
in photosynthesis contributes to an increased accumulation 
of reactive oxygen species (ROS) (Machado et al. 2015) and 
consequent induction of lipid peroxidation and activation of 
the defense mechanisms with augmented glutathione content 
(Filová et al. 2021).

Fe is an essential micronutrient in the photosynthetic 
process, namely in chlorophyll synthesis, and is associated 
with the activity of electron transport chains (Guerinot and 
Yi 1994). This trace element is present in the alga growth 
medium at a concentration of 0.3–0.6 µmol L−1 (OECD 
2011). An excessive Fe concentration (50-fold higher than 
normally present in culture medium formulation) promotes 
a 50% growth inhibition of R. subcapitata (Arbildua et al. 
2017).

Mn is another important micronutrient in chlorophyll syn-
thesis, which is added to culture media at around 2 µmol L−1 
Mn (OECD 2011; US-EPA 2012). This element is also part 
of the oxygen-evolving complex of photosystem II (PSII), 
acts as an enzymatic cofactor, and intervenes in electron 
transfer reactions (Quigg 2008).

Nitrogen fixation and NO3
− reduction are promoted by 

Mo, which is usually in culture media at ~ 30 nmol L−1 
(OECD 2011); this element acts as a cofactor of several 
enzymes present in these processes (Quigg 2008).

Commonly used culture media

Chu, Bold’s basal, and BG‑11 media

Algae culture media are typically designed to provide nutri-
tional requirements for both experimental studies and strain 
maintenance. These media are usually synthetic (chemically 
defined), predominantly made up of inorganic compounds, 
and can be prepared in liquid or solid form. Examples of 
culture media used for the maintenance and cultivation of 
R. subcapitata include those generally used for growing of 
freshwater green algae, such as Chu medium, Bold’s basal 
medium (BBM), or BG-11 medium (Watanabe 2005). Other 
culture media have been proposed and used by the research-
ers, but most of them only introduced minor changes, usu-
ally to reduce the number of stock solutions.

The Chu medium is composed by inorganic salts (cal-
cium nitrate, dipotassium hydrogen phosphate,  magne-
sium sulfate, sodium carbonate, sodium metasilicate, and 
iron (III) chloride); lacks a chelator, vitamins, and trace 
metals (except Fe), and was designed to mimic lake water 
(Chu 1942). This medium is the base of different syn-
thetic media developed for the growth of freshwater algae 
(Andersen et al. 2005).

BBM is derived from a modified version of Bristol’s solu-
tion (Bold 1949; Nichols and Bold 1965); this medium also 
lacks vitamins but presents trace metals (Zn, Mn, Mo, Cu, 
and Co), and a chelator (ethylenediaminetetraacetic acid, 
EDTA) (Andersen et al. 2005). A modification of Bold’s 
medium, known as modified Bolds 3N medium, presents an 
increased nitrate concentration and three vitamins (thiamine, 
biotin, and cyanocobalamin) (UTEX 2023b).

BG-11 medium is derived from medium No. 11 described 
by Hughes et al. (1958), for the culture of cyanobacteria, hav-
ing increased the concentration of sodium nitrate and modified 
the trace elements solution (Allen 1968; Rippka et al. 1979).

OECD and US‑EPA medium

Probably, the most used culture media for the growth of 
R. subcapitata are OECD TG 201 medium (OECD 2011), 
in accordance with ISO 8692 (commonly referred to as 
OECD medium), and the US-EPA medium AAP, also 
according to ASTM (commonly referred to as US-EPA 
medium) (OECD 2011; US-EPA 2012), which are rec-
ommended by OECD and US-EPA, respectively. These 
two media present similar compositions in terms of the 
chemical elements, but diverge in their concentrations, the 
nitrogen source, and initial pH value.

The OECD medium presents as main constituents 7.1 mg 
L−1 C (50.0 mg L−1 sodium hydrogencarbonate, NaHCO3), 
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3.93 mg L−1 N (as NH4
+), 0.115 mg L−1 Mn, and 0.100 

mg L−1 of a chelating agent: disodium ethylenediamine-
tetraacetate dehydrate, Na2EDTA.2H2O. US-EPA medium 
is composed of similar concentrations of potassium (K), 
magnesium (Mg), and Mn, a higher concentration of N 
(4.20 mg L−1), as NO3

−, Fe (0.0330 mg L−1 Fe), and 
chelating agent (0.300 mg L−1 Na2EDTA.2H2O) and 
lower content in C (2.14 mg L−1; 15.0 mg L−1 NaHCO3), 
P (0.186 mg L−1), K (0.469 mg L−1), sodium (Na) (11.0 
mg L−1), and calcium (Ca) (1.20 mg L−1). Other differ-
ences between these two culture media, concerning P and 
trace elements (Cu and Zn) concentrations, were described 
above.

OECD and US-EPA media present pH values of 8.1 and 
7.5, respectively. The pH of the culture medium is an impor-
tant factor since it can affect the chemical speciation and, 
consequently, the bioavailability of the media components 
for algal nutrition as well as that of the toxicants, if this 
is the purpose of the study. For instance, a higher pH can 
originate chemical precipitation, in the form of hydroxides, 
of some micronutrients (metals). Although both media use 
NaHCO3 as a pH buffer, the OECD has a higher buffering 
capacity than the US-EPA medium, since it contains 50 mg 
L−1 NaHCO3, while US-EPA contains 15 mg L−1 NaHCO3 
(OECD 2011).

The EDTA present in the culture medium promotes metal 
chelation, binding particularly divalent cations (Ca and Mg) 
which reduces their availability to the alga and avoids com-
petition with essential micronutrients (Canuel et al. 2021). 
EDTA also has the function of preventing the Fe precipita-
tion, present in the culture medium, and thus maintaining 
its bioavailability over the alga cultivation period (Pascual 
et al. 2020).

Alga maintenance and preservation

The maintenance and storage of R. subcapitata play an 
important role in the preservation and dissemination of the 
alga for research and applied purposes. The strain, after 
being received from a commercial culture collection, is 
easily cultured using the aseptic technique and routinely 
maintained in the laboratory by sub-cultured, once a week, 
in an appropriate culture medium, such as OECD. By this 
process (serial transfer), the microalga can be maintained 
indefinitely. A small aliquot (5–10% of the culture vol-
ume) of a culture 4–8 days old is inoculated into a new 
flask containing a fresh culture medium and is incubated 
under optimal conditions. In many applications (such as 
toxicity assays), it is imperative to use, as inoculum, cells 
in the exponential phase of growth, which is obtained by 
incubating the cells for 2–3 days in a fresh culture medium 
(OECD 2011; US-EPA 2012). A recent study alerted to 

the risk that entails the long-term sub-culturing practice. 
The comparison of genome sequences among the same 
NIVA-CHL1 strain, available from eight (8) repositories, 
revealed the presence of mutations in non-coding and in 
coding regions (where some of them can affect protein 
function) in algae from some collections as well as differ-
ent sensitiveness to 3,5-dichlorophenol and NaCl (Yamagi-
shi et al. 2020).

For long-term maintenance of R. subcapitata (for several 
months), the strain is placed in a culture medium contain-
ing agar, in sterile Petri dishes or test tubes, incubated for 
approximately 1 week under optimal conditions, and then 
placed in the dark at 4 °C (OECD 2011; US-EPA 2012).

Preservation of the strain for a longer period of time can 
be achieved by freeze-drying or cryopreservation. In the 
last method, living microalgae are placed at a sufficiently 
low temperature that they are completely inactive metaboli-
cally; microalgae restore their normal physiological state 
after thawing (Brand et al. 2013). A cryoprotectant, such as 
dimethyl sulfoxide (DMSO), is added to the culture of R. 
subcapitata, to protect against cellular damage during cool-
ing and during subsequent heating to revive the culture. Thus, 
the culture in a cryoprotective solution is gradually cooled 
to a very low temperature (ideally to less than − 50 °C) and, 
subsequently, stored at a temperature lower than − 130 °C 
(for instance, − 196 °C) in liquid nitrogen (Brand et al. 2013; 
Yamagishi et al. 2020). Cryopreservation of algal cells is con-
sidered the most reliable method for preserving microalgae 
vitality and genetic integrity over long periods of time (Brand 
et al. 2013; ATCC 2023). Many large culture collections, 
such as ATCC, CCAP, NIES, SAG, and UTEX, maintain 
both actively growing and cryopreserved cultures (ATCC 
2023; CCAP 2023b; NIES 2023; SAG 2023a; UTEX 2023c).

Factors affecting growth

Light conditions

Light is one of the most important factors that affect the 
autotrophic growth of algae since it is the primary energy 
source for its metabolism. Light conditions, i.e., intensity, 
spectral composition, and duration of exposure, influence the 
physiological and biochemical processes of algae and, con-
sequently, their growth and biomass composition (Maltsev 
et al. 2021). Therefore, the control of lighting conditions is 
of great importance, whether from a more fundamental (to 
obtain consistent algal growth profiles) or industrial point 
of view (use of photobioreactors for large-scale cultures); in 
the latter case, lighting corresponds to one of the main costs 
associated with indoor microalgae cultures (Gutierrez-Wing 
et al. 2012).
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Intensity

At low light intensity, the photosynthetic rate of algae 
raises, almost linearly, with the increase of light intensity, 
until reaching a saturation point. A further increase does 
not raise the photosynthetic rate. Excessive light can cause 
photoinhibition and damage to the photosynthetic appara-
tus (Maltsev et al. 2021). Thus, below the saturation point, 
algal growth is limited by light, while above the saturation 
point, growth is inhibited by light (Lee et al. 2015). It was 
found that R. subcapitata cultivation under light-limited 
conditions increases algal phenotypic heterogeneity and 
can differentiate algal pigments distribution. On the con-
trary, without light limitation, algal cells tend to present a 
small range of phenotypic profiles, allowing a fast growth 
(Fontana et al. 2019). Optimal light intensity for microalgae 
growth is within a range of 26–400 µmol photons m−2 s−1 
(Maltsev et al. 2021). US-EPA (2012) recommends a light 
intensity of 4300 lx (60 µmol photons m−2 s−1, considering 
a “cool-white” fluorescent lamp) for the cultivation of R. 
subcapitata, while OECD (2011) suggests a light intensity 
in a range of 4400–8880 lx (60–120 µmol photons m−2 s−1, 
with a “cool white” fluorescent lamp) to maximize algal 
growth. If algal cultivation takes place in the laboratory, 
to ensure maximum homogeneity of culture lighting, it is 
convenient that the flasks containing the culture are shaken 
and randomly changed in the incubator, in order that light 
intensity in the flasks should not vary more than ± 15% from 
the previously selected value (US-EPA 2012).

Spectral composition

Light quality, i.e., the spectral composition (which is related 
to the color or wavelength of the light), influences metabolic 
processes in microalgae and, consequently, their growth. The 
light flux of a specific spectral region can promote predomi-
nantly the accumulation of carbohydrates, lipids, proteins, or 
pigments in algal cells (Maltsev et al. 2021). R. subcapitata 
can use a broad spectrum of light (OECD 2011). Several 
studies have compared the effects of different light sources 
and colors on algal growth and pigment distribution/com-
position. Chlorophyll a (chla) absorbs at the violet-blue 
spectrum area (390–450 nm) and at the orange-red zone 
(600–700 nm); chlorophyll b (chlb) absorbs at the blue-
green spectrum area (390–500 nm) and yellow–red zone 
(600–680 nm) (Lichtenthaler and Welburn 1983). Thus, 
blue-white light (closer to daylight) should be more effec-
tive in promoting R. subcapitata photosynthesis and growth. 
This was confirmed by Patil et al. (2006) that compared the 
effect of three types of light: “interna”, “warm white”, and 
“cool white” on R. subcapitata growth. The combination 
of “cool white” (neutral to slightly blue light) with “interna 
light” (“warm white”, orange-to-yellow white light) resulted 

in maximum R. subcapitata growth; “warm white” showed 
the least growth. Gutierrez-Wing et al. (2012) also compared 
four light sources (metal halide, high-pressure sodium, Son 
Agro®, and cool white fluorescent lamp) for the growth, in 
a continuous regime, of R. subcapitata; the authors observed 
the lowest maximum growth rate with fluorescent light 
and the highest with Son Agro®. US-EPA (2012) recom-
mends the use of “cool-white” (4000 K) fluorescent light 
and OECD (2011) advocates the illumination with “cool-
white” or “daylight “ (6500 K) fluorescent lamps for the 
growth, in batch mode, of R. subcapitata to be subsequently 
used in toxicity bioassays. Illumination with “natural white” 
light-emitting diodes (LEDs) with a color temperature of 
4000–4200 K is also adequate to promote the growth of R. 
subcapitata (Sousa et al. 2019).

Duration of lighting

The duration and frequency of light exposure also play an 
influence on algal growth and composition. The exposure of 
microalgae to continuous light (24 h light:0 h dark) gener-
ates enhanced photosynthetic performance and, as a conse-
quence, improves microalgae growth. However, continuous 
lighting may induce photoinhibition processes, and in this 
case, the use of dark periods can be helpful in photosys-
tems damage restoration and reduces energy consumption 
(Maltsev et al. 2021). US-EPA (2012) and OECD (2011) 
recommend the use of continuous illumination, for the prop-
agation of R. subcapitata for toxicity tests. It was shown 
that continuous illumination increased the growth rate of R. 
subcapitata comparatively to 10:14 or 14:10 light to dark 
ratios (Gonçalves et al. 2014).

Temperature

R. subcapitata proliferates, in a batch mode, within a wide 
range of temperatures, i.e., from 15 °C (or even less) to 
37 °C (maximum growth temperature) (Reynolds et  al. 
1975). An increase in the specific growth rate of the alga 
was observed when the temperature raises from 15 to 21 °C 
(Pascual et al. 2022). An optimal growth temperature for R. 
subcapitata has been described in the range of 24 to 27 °C 
(Reynolds et al. 1975) or 22 to 30 °C (Fujimoto et al. 1994). 
OECD (2011) recommends the incubation of R. subcapitata 
in the range of 21 to 24 °C (± 2 °C) to obtain the microalgae 
to be used as inoculum in bioassays. US-EPA approves a 
temperature of 24 °C (± 2 °C) for algae growth for the same 
purpose (US-EPA 2012).

pH

pH of the culture medium influences microalgae growth as 
it determines nutrients and CO2 bioavailability. During the 
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growth, CO2 is absorbed by microalgae, as a consequence 
of photosynthesis, resulting in a gradual alkalinization of the 
medium (Wu et al. 2022). OECD (2011) recommends the 
evaluation of the pH of the culture medium, in the control 
assay, which should not increase by more than 1.5 units during 
the test period.

R. subcapitata growth is not adversely affected for initial 
culture medium pH values between 6 and 10 (US-EPA 1971). 
Within this pH range, the algal growth rate is generally higher, 
and biomass accumulates more rapidly. This range of pH is 
considered favorable for the algal physiological processes, 
such as nutrient uptake and photosynthesis (Chen and Durbin 
1994).

Salinity

Salinity, i.e., the concentration of salts dissolved in the water 
system, determines the distribution of microalgae in freshwater 
and marine ecosystems and has a great impact, particularly 
in coastal areas, converging the effect of run-off, rivers, and 
land. On the other hand, global warming, as a consequence of 
climate change, can cause changes in salinity patterns, which 
could have a strong impact on the distribution and composition 
of microalgae communities (Beardall and Raven 2004; Durack 
et al. 2012). In freshwater microalga, high salinity levels can 
disrupt the balance of osmotic pressure within the algal cells, 
affecting their ability to regulate water and nutrient uptake. 
This can lead to cellular dehydration, reduction of metabolic 
activity, and ultimately growth inhibition (Shetty et al. 2019). 
Salt (NaCl) stress can also lead to the overproduction of ROS 
that will perturb photosynthesis, and endanger microalgae sur-
vival in aquatic systems (Venâncio et al. 2017).

R. subcapitata seems to have a limited tolerance to the 
variation of salt concentration. In this regard, an inhibitory 
effect of NaCl over alga growth has been described with 
values of 72 h-EC25 of 2.96 g L−1 (Venâncio et al. 2017), 
72 h-EC50 of 3.1 g L−1 (Sbrilli et al. 2003), and 96 h-EC50 
of 4.1 g L−1 NaCl (Gonçalves et al. 2006); for comparative 
purposes, seawater present ~ 35 g L−1 of salt. Moreover, the 
exposure to low salinity (2.96 or 6.6 g L−1) along multi-gen-
erations led to a decrease in R. subcapitata growth rate with 
consequences to freshwater ecosystems and higher levels of 
the trophic chain (Venâncio et al. 2017). As a rule, US-EPA 
recommends that freshwater organisms only be used when 
salinity is less than 1 g L−1 (US-EPA 1991).

Chronological aging (conditional 
senescence)

In unicellular microorganisms, aging can be described as 
replicative and chronological aging. Replicative aging cor-
responds to cellular deterioration due to the increase in the 

number of divisions. Chronological aging (also known as 
conditional senescence) is related to the degradation of 
the physiological state of cells, over time, as a result of the 
absence of nutrients or the presence of toxic metabolites, 
which prevent cell division (Florea 2017).

When cultivated in a batch mode, in OECD medium, R. 
subcapitata cell population increases exponentially during 
about 3 days after inoculation, with a generation (doubling) 
time of ~ 10.4 h (Machado and Soares 2022); a similar value 
(9.8–11.1 h) is reported by OECD (OECD 2011). At this 
stage, the cell population is homogeneous, composed of 
healthy “young” cells, which divide at the maximum rate 
and are characterized by having the maximum content of 
photosynthetic pigments and photosynthetic activity, storing 
starch as a reserve material and presenting, predominantly, a 
lunate morphology. Nutrient limitation causes the algal cell 
division to stop and the culture enters into the stationary 
phase on the 5th day of incubation. The incubation of algae 
for more seven (7) days, under these conditions, leads to 
their (chronological) aging. The “old” cells of R. subcapitata 
are characterized by a fading of their green color, reduction 
in the content of photosynthetic pigments and photosynthetic 
activity, chloroplast shrinkage, and accumulation of lipids, 
as reserve compounds (Machado and Soares 2022). Some 
of the modifications associated with chronological aging, 
namely alterations in the photosynthetic apparatus, reduc-
tion of chlorophyll content, and accumulation of lipids, were 
also observed in different algae, particularly in the genus 
Chlamydomonas (Damoo and Durnford 2021; Sato and Toy-
oshima 2021; Zamzam et al. 2022), and also in Spongiochlo-
ris typica (McLean 1968), Phaeodactylum tricornutum, and 
Chaetoceros muelleri (Liang et al. 2006). After the 12th day 
of incubation, the cells of R. subcapitata begin to die (loss 
of cell membrane integrity) and the culture enters into the 
death phase. With advancing chronological aging, there is a 
marked loss of algal color, photosynthetic pigment content, 
and photosynthetic activity (Machado and Soares 2022).

The incubation of R. subcapitata in OECD medium, for 
21 days, in a batch mode, originates alga cells with profound 
differences in their physiology and metabolism. These modi-
fications are associated with algal growth and chronologi-
cal aging, representing a switch (on the part of cells) from 
investment in reproduction (when nutrients are available) to 
a survival strategy when nutrients are scarce. This last con-
dition (nutritional paucity) is frequently observed in nature 
and laboratorial conditions, when growth occurs in a batch 
regime (Gonidakis and Longo 2013). The characterization 
of the physiological and metabolic (“health”) status of R. 
subcapitata in these two scenarios is of great importance to 
allow reliable results in toxicity studies (where cells must be 
in exponential phase of growth) or the maximization of the 
production of high-value products, as detailed below (please 
see, section “Biotechnological applications”).
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Use of R. subcapitata in aquatic toxicology

R. subcapitata has been mainly used in aquatic toxicology 
as a bioassay; more recently, this alga has also been used to 
elucidate the mode of action of toxics (Fig. 4), as detailed 
below.

Ecotoxicity assessment of inorganic and organic 
toxics

Sensitivity of R. subcapitata to pollutants

R. subcapitata has a high sensitivity to inorganic chemical 
species (metals) and organic compounds (antibiotics, anti-
septics, and herbicides) comparatively to other cell models 
such as fish (Pimephales promelas), crustaceans (Tham-
nocephalus platyurus), rotifer (Brachionus calyciflorus), 
protozoa (Tetrahymena pyriformis), and bacterium (Pho-
tobacterium phosphoreum and Aliivibrio fischeri) (George 
et al. 1995; Rojíčková-Padrtová et al. 1998) and even other 
microalgae such as Scenedesmus quadricauda, Scenedes-
mus subspicatus, C. reinhardtii (Wang et al. 2020), Chlo-
rella kessleri (Rojickova-Padrtova and Marsalek 1999), and 
Dunaliella tertiolecta (Machado and Soares 2019b). Thus, a 
high sensitivity, in the order of µg L−1, of R. subcapitata to 
different chemical species has been described. Examples are 
(1) heavy metals, namely Cu, Ni, Zn, Cd, and Cr (Machado 
and Soares 2014; Al-Hasawi et al. 2020); (2) pharmaceu-
ticals, as antibiotics (Fu et al. 2017; Machado and Soares 
2019a; Li et al. 2021), antidepressants (Minguez et al. 2018), 
or non-steroidal anti-inflammatory drugs (Russo et al. 2023); 

(3) pesticides (Machado and Soares 2019b; Moreira et al. 
2020); (4) biocides (Elersek et al. 2018; Machado and Soares 
2021a); (5) nanoparticles (Lekamge et al. 2020); and (6) 
heterocyclic polyaromatic hydrocarbons (Çelik et al. 2023).

Experimental organism recommended by international 
organizations

Due to the high sensitivity of R. subcapitata to inorganic 
and organic toxics, ubiquitous distribution, ease of grow-
ing, short generation time, and low maintenance cost, this 
microorganism is widely used, as freshwater microalga, in 
the assessment of toxicity of effluents, receiving waters and 
aquatic pollutants (US-EPA 2002). For this purpose, stand-
ard guidelines from different international entities are avail-
able, such as ASTM, ISO, OECD, and US-EPA (Fig. 4); 
additionally, an extensive database of responses to this alga 
is available for a large number of organic and inorganic tox-
ics—US-EPA ECOTOX Knowledgebase (US-EPA 2023a).

In the guidelines reported above for environmental haz-
ard testing of chemicals in the framework of regulations, 
the test endpoint is the alga growth inhibition during the 
exposure period (72–96 h), expressed as % inhibition of 
specific growth rate or % inhibition of cell (or biomass) 
yield (cell concentration/biomass at the end of the expo-
sure period minus the cell concentration/biomass at the 
beginning of the test). Although this endpoint (growth 
inhibition) is ecologically relevant, it only represents a 
response at the population level. Therefore, other end-
points have also been considered/proposed in the assess-
ment of the toxic impact of chemicals, as well as in the 
elucidation of their mode of action (please, see below 
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used in hazard assessment of chemicals under different framework 
regulations, through standard international guidelines, which have as 

the endpoint the inhibition of algae growth. The use of different cellu-
lar and sub-cellular endpoints in R. subcapitata has allowed to estab-
lish adverse outcome pathways of different target chemical species
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“Elucidation of mode of action of toxics”) and mechanistic 
effects on R. subcapitata at the sub-cellular level.

Considering that in nature toxics are not present single 
but in a complex matrix of chemical species that can inter-
act with each other leading to synergistic, antagonistic, or 
and unpredictable effects, R. subcapitata has been used 
in the evaluation of mixtures (mainly binary) of toxics 
(Chèvre and Gregorio 2013). These studies started with 
the evaluation of pesticides (Mansano et al. 2017; Moreira 
et al. 2020) and have been extended to other classes of tox-
ics, such as metals (Reis et al. 2021; Gebara et al. 2023), 
antibiotics (Chang et al. 2022), cytostatic drugs (Venân-
cio et al. 2023), biocides (Yang et al. 2008), and PAHs 
(Kreutzer et al. 2022).

Elucidation of mode of action of toxics

Cellular and sub‑cellular targets

Another aspect in which this microalga has been explored 
is in the elucidation of the mechanisms of pollutant tox-
icity. This issue is of particular interest since the eluci-
dation (at the sub-cellular level) of the mode of action 
(MoA) of toxics, at environmentally relevant concentra-
tions, using R. subcapitata, can establish adverse outcome 
pathways of targeted chemical species and help to adopt 
measures in the future to prevent their unwanted effects at 
higher trophic levels. For this purpose, different cellular 
and sub-cellular targets/endpoints have been considered 
(Fig. 4), such as (1) size/biovolume and shape (Machado 
and Soares 2014, 2020; Ostovich et al. 2023; McKeel et al. 
2024); (2) membrane integrity (viability) (Nagai et al. 
2011; Machado and Soares 2012a, 2015b); (3) metabolic 
(esterase) activity (Debenest et al. 2012; Machado and 
Soares 2013; Peng et al. 2019; Ciccia et al. 2023); (4) 
macromolecules content and distribution: proteins, car-
bohydrates, and lipids (Moreira et al. 2020; Ciccia et al. 
2023; Ostovich et al. 2023); (5) photosynthetic perfor-
mance and pigment content (chla, chlb, and carotenoids) 
(Debenest et al. 2012; Peng et al. 2019; Almeida et al. 
2021; dos Reis et al. 2022); (6) cell cycle and DNA content 
(Machado and Soares 2014; Sousa et al. 2018; Almeida 
et al 2019, 2021); (7) mitochondrial membrane potential 
(Machado and Soares 2015a; Almeida et al. 2019; Ciccia 
et al. 2023); (8) oxidative stress assessment: ROS produc-
tion, enzymatic (superoxide dismutase and catalase activ-
ity) and non-enzymatic (reduced glutathione) defenses and 
lipid peroxidation (Machado and Soares 2012b, 2021b; 
Almeida et al. 2019; Filová et al. 2021); and (9) molecu-
lar (transcriptomic and metabolomics) analysis (Guo et al. 
2021; Mizukami-Murata et  al. 2021; Gómez-Martínez 
et al. 2023).

Examples of MoA of toxics clarified

As example of toxics whose MoA has been clarified using 
the microalga R. subcapitata, the following can be men-
tioned: (1) the antibiotics azithromycin (Almeida et  al. 
2021), clarithromycin (Peng et al. 2021), and erythromycin 
(Mo et al. 2023); (2) the herbicides MET (Machado and 
Soares 2021b) and diflufenican (Gómez-Martínez et al. 
2023); (3) the heavy metals Cd, Cr, Cu, and Zn (Machado 
et al. 2015; Reis et al. 2021); (4) the antibacterial triclosan 
(Machado and Soares 2021a; Mo et al. 2022) and disinfec-
tion by-products (derived of haloacetic acids and halophe-
nols) (Ciccia et al. 2023; Li et al. 2023); and (5) nanomate-
rials, such as metal(loid) oxide nanoparticles Al2O3, CuO, 
Mn3O4, NiO, SiO2, and SnO2 (Sousa et al. 2018, 2019), lithi-
ated cobalt oxide nanosheets (Ostovich et al. 2023, 2024), 
micro/nano-plastics (polystyrene) (Reynolds et al. 2021), 
and carbon dots (McKeel et al. 2024).

For instance, azithromycin provokes in R. subcapitata a 
disturbance of the mechanism of energy dissipation of PSII 
centers, in the chloroplasts, leading to photo damaging; the 
interruption of the electron transport chain promotes over 
ROS generation, and consequently oxidative stress, with 
DNA and membranes injury (Almeida et al. 2021). MET, at 
environmentally relevant concentrations, induces a reduc-
tion of metabolic activity, photosynthetic efficiency, and 
electron transfer in the thylakoid membranes of chloroplasts 
in R. subcapitata. An increase in ROS accumulation and a 
decrease in enzymatic (superoxide dismutase and catalase) 
and non-enzymatic defenses (reduced glutathione levels) 
were also observed, leading to oxidative stress and conse-
quent oxidative injury: lipid peroxidation and loss of cell 
membrane integrity (Machado and Soares 2021b). Proba-
bly, the deep disturbance of the physiology of the microalga 
leads to the impairment of its normal reproductive cycle and 
autospores release, translating into slowdown/arrest of the 
growth of R. subcapitata, increase in biovolume, alteration 
of cell shape, and formation of a palmelloid-like phenotype 
(Machado and Soares 2020, 2023).

Biotechnological applications

Microalgae can be used to mitigate environmental problems, 
such as the greenhouse effect (through the fixation of CO2 
from the atmosphere) and the pollution caused by domestic 
and industrial effluents. Furthermore, due to its biochemi-
cal composition, microalgae can be a raw material, for the 
production of high-value products and biofuels, in a mod-
ern biorefinery context (Chew et al. 2017; Bhattacharya and 
Goswami 2020), as exemplified below, for the microalga R. 
subcapitata, and summarized in Fig. 5.
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Production of value‑added biomolecules

Essential fatty acids

Microalgae are fast-growing unicellular organisms. In recent 
years, these microorganisms have been seen as an alterna-
tive source of functional food components, i.e., biomolecules 
that are believed to contribute to health and promote human 
well-being (Boukid and Castellari 2023). These molecules 
can be found either naturally in foods or intentionally added 
as ingredients, increasing their concentration (food fortifica-
tion) or added as new constituents in the foods. Examples of 
functional food components are essential fatty acids, carot-
enoids, sterols, vitamins, and minerals (Shaikh 2022).

A typical example of functional food components are ω-3 
fatty acids, due to their potential application in the preven-
tion of cardiovascular diseases (Kaur et al. 2014), which can 
be used to fortify dairy products such as milk and yoghurt 
(Ganesan et al. 2014). Fatty acids that contain more than one 

double bond in their structure are collectively called polyun-
saturated fatty acids (PUFAs) (Smith 2000). Among them, 
it is of special interest ω-3 fatty acids, such as α-linolenic 
acid (ALA), eicosapentaenoic acid (EPA), and docosahex-
aenoic acid (DHA). Humans are not able to synthetize ALA; 
EPA and DHA are produced using ALA as a precursor (Das 
2006). Therefore, all three PUFAs are necessarily obtained 
by a nutritional route, such as oils from plant and animal 
sources (ALA) or from marine food sources, namely fish, 
fish oils, and algae (EPA and DHA). These lipids, coming 
from microalgae, can also be used as supplements for veg-
etarian and vegan diets, which often lack ω-3 fatty acids 
(Ganesan et al. 2014). It is in this context that R. subcapitata 
can be used as a source of ω-3 and ω-6 fatty acids (Patil 
et al. 2007). Recent work described the extraction of 62.1 
mg of PUFA/g of R. subcapitata, wherein 43.6 mg/g of lino-
lenic acid (Saliu et al. 2021). Besides the food industry, ω-3 
and ω-6 fatty acids (such as linoleic acid; another essential 
fatty acid), produced by microalgae, can be important in the 

Fig. 5   Potential biotechnologi-
cal applications of R. subcapi-
tata. A—production of biofuels 
(biogas, third-generation 
biodiesel, and bioethanol) 
and value-added products (such 
as essential fatty acids, pro-
teins, vitamins, antioxidants, 
and pigments), which can be 
used in different sectors like 
animal feed, human nutrition, 
or pharmaceutical industry. 
B—wastewater bioremediation: 
removal of nutrients, inorganic 
species, polycyclic aromatic 
hydrocarbons, and pharmaceu-
ticals of emerging concern from 
effluents
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pharmaceutical industry as these compounds are precursors 
of prostaglandins and thromboxanes (Das 2006).

Pigments

Carotenoids are another functional food component available 
from algae. These compounds are consumed as dietary sup-
plements, due to their antioxidant properties. The protective 
effect of carotenoids against serious disorders, such as heart 
and degenerative eye disease has been described (Shaikh 
2022). The microalga R. subcapitata presents carotenoids 
concentration of 0.26 mg l–1 (Nascimento et al. 2020). Carot-
enoids produced by microalgae can also be used as dyes, 
being added as food ingredients (in food and beverages) as 
well as pigments in poultry and fish farming (Shaikh 2022).

Other pigments of potential commercial interest, asso-
ciated with microalgae biomass, are chlorophylls. It is 
described, although there is not much scientific evidence to 
prove it, that chlorophylls have benefits for human health due 
to their antioxidant and anticancer properties (Pérez-Gálvez 
et al. 2020). R. subcapitata can accumulate about 3.6 mg l–1 
chla and 1.4 mg l–1 chlb (Nascimento et al. 2020), which 
opens up the possibility of its use as a source of chlorophyll 
(supplement), in the form of dried biomass, in the prepa-
ration of new food-enriched formulations, similar to what 
has been proposed for other microalgae; examples include 
cereal-based products, such as wheat crackers (Batista et al. 
2019).

Proteins

In recent decades, there has been an increase in meat con-
sumption, being foreseen an increase of 14% in the present 
decade (OECD-FAO 2023). Faced with this growing need 
for protein, microalgae emerge as an excellent alternative 
source of protein, containing essential amino acids (Lum 
et al. 2013). R. subcapitata contains about 42% of protein 
(Nascimento et al. 2020), and can be used both in human 
nutrition and in animal feed, namely for aquaculture (Patil 
et al. 2007; Nagappan et al. 2021). As described for other 
microalgae, R. subcapitata proteins can present other appli-
cations such as enzymes (Moreno-Garcia et al. 2017).

Production of biofuels

Third‑generation biodiesel

Replacing fossil fuels with biofuels is positively seen since it 
can reduce some unwanted aspects associated with fossil fuel 
production and use, such as the greenhouse gas emissions to 
the atmosphere (US-EPA 2023b). Due to the fact that diesel 
is an important fuel in the transport sector, there has been 
a growing interest in its production since it is a renewable, 

environmental friendly, and less toxic source of energy, com-
pared to conventional diesel of fossil origin (Živković and 
Veljković 2018). Biodiesel can be produced from a wide 
variety of feedstocks, such as edible oilseed crops (first gen-
eration), vegetable oils from non-edible plants, animal fats, 
and waste cooking oils (second generation). Microalgae have 
been recognized as a potentially sustainable source for the 
production of third-generation biodiesel (microbiodiesel) 
because of their relatively high oil content, rapid biomass 
production, not requiring fertile land or food crops, and pro-
motes CO2 sequestration (Pinzi and Dorado 2012).

In the case of microalgae, an accumulation of high lipid 
levels has been described, which may exceed 60% of the 
dry biomass, although it is more common for them to reach 
values of 20–50% (Pinzi and Dorado 2012). R. subcapitata 
presents a lipid content of ~ 27% (dry microalgae biomass), 
which is higher than that found in the microalga Scenedes-
mus spinosus and Scenedesmus acuminatus, thus presenting 
great potential for biofuels production (Nascimento et al. 
2020). Usually, the increase in lipid levels occurs when 
microalgae are in the stationary phase of growth, upon nutri-
ent limitation or under different stresses, such as tempera-
ture and light (Pinzi and Dorado 2012; Moreira et al. 2022). 
An increase in fatty acid content in R. subcapitata when 
cultivated under phosphate limitation has been described 
(Benasla and Hausler 2020), being able to reach a lipid con-
tent of ~ 32% (dry biomass) under nitrate limitation (Del Río 
et al. 2015).

Besides lipid content, other criteria should be considered 
in the selection of microalgae strains for microbiodiesel pro-
duction, namely oil yield (productivity) and fatty acid com-
position (Nascimento et al. 2013; Del Río et al. 2015). The 
length of the carbon chain and the level of unsaturation of 
fatty acids have a direct impact on biodiesel properties, such 
as cetane number (a measure of fuel ignition properties), 
cold-flow characteristics, viscosity, and oxidative stability 
(Stansell et al. 2012). A screening of 12 strains (nine of 
Chlorophyceae and three of Trebouxiophyceae), showed that 
R. subcapitata grown in a batch regime presented a volumet-
ric lipid productivity of 23 mg L−1 day−1 (Nascimento et al. 
2013). Another study, conducted with 10 strains belonging 
to different genera, showed the great potential of R. subcapi-
tata when grown in continuous culture (Del Río et al. 2015). 
The same authors showed that this alga presented a fatty acid 
productivity of 160 mg L−1 day−1, corresponding to 180 mg 
lipids L−1 day−1, when grown in continuous culture with 
3–5 mmol L−1 nitrate; such productivity is clearly higher 
than the obtained with the oleaginous alga Chlorococcum 
oleofaciens and to those described in the literature for micro-
algae when grown continuously (Del Río et al. 2017). In 
addition, R. subcapitata produces a suitable fatty acid profile 
(originating a raw material enriched in saturated and mono-
unsaturated fatty acids); under nitrogen-limited conditions, 
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the % of C16:0 plus C18:1 fatty acids accounted for 74% of 
total fatty acids produced by the alga, with a linolenic acid 
content below 10%, which highlights their adequacy as an 
appropriate source of fatty acids for biodiesel production 
(Del Río et al. 2015, 2017). Priyanka et al. (2020) evalu-
ated lipid production by R. subcapitata grown in simulated 
wastewater and, simultaneously, adopted a strategy in which 
fatty acids were bioconverted into the corresponding methyl 
esters (biodiesel feedstock) by in situ transesterification. The 
growth of R. subcapitata, immobilized in sodium alginate 
beads, for biofuel production, was also described (Benasla 
and Hausler 2018; 2020).

Biogas and bioethanol

The analysis of the composition of the dry microalga biomass 
of R. subcapitata revealed that it consists of approximately 
25% of carbohydrates (Nascimento et al. 2020) and thus can 
be used as a raw material for biogas and bioethanol produc-
tion. Biogas consists of a mixture containing mainly methane 
and carbon dioxide. A recent work showed the production of 
methane by anaerobic digestion of R. subcapitata biomass 
(used as co-substrate with olive mill solid waste) cultivated 
in olive oil industry effluents (Fernández-Rodríguez et al. 
2022). On the other hand, bioethanol can be obtained from 
the whole microalgae biomass or the lipid-free portion. After 
pretreatment, usually a chemical and/or enzymatic hydroly-
sis, the free sugars (obtained from the biomass) are fermented 
to produce bioethanol (Wang et al. 2022).

Bioremediation

The use of microalgae in bioremediation processes, namely 
in wastewater treatment, nutrient removal and recovery, and 
in the remediation of heavy metals and organic compounds 
has been described (Deviram et al. 2020).

Nutrient removal from wastewater

The treatment of olive oil industry effluents by R. subcapi-
tata was described, which resulted in the removal of phos-
phate, nitrate, sugars, and soluble chemical oxygen demand. 
This methodology combined the mitigation of the environ-
mental impact of effluents from the olive oil industry with 
the valorization of the by-products produced by this industry, 
in the context of a circular economy (Fernández-Rodríguez 
et al. 2022). Another approach joined the wastewater biore-
mediation (removal of phosphorus, nitrogen, and carbon 
organic matter) with bioelectricity generation through the 
use of a microalgae-microbial fuel cell, containing Escheri-
chia coli in the anodic chamber and R. subcapitata in the 
cathodic chamber (Ribeiro et al. 2022).

Removal of inorganic species

The bioremediation of inorganic chemical species by R. 
subcapitata has been described. Thus, Pitre et al. (2014), 
simulating the conditions found in the effluents of the alu-
minum industry, showed that R. subcapitata was particu-
larly appropriate (compared to other microalgae, such as 
C. reinhardtii, C. vulgaris, and Scenedesmus obliquus) to 
remove aluminum and fluoride. Other studies also evidenced 
the suitability of R. subcapitata in the bioremediation of 
inorganic ceramic nanomaterials (Jakubczak et al. 2022) or 
to remove copper and lead from industrial effluents from 
battery manufacture (Cygnarowska 2023).

Bioremediation of polycyclic aromatic hydrocarbons, 
and pharmaceuticals of emerging concern

PAHs are commonly found in petroleum-contaminated 
waters. R. subcapitata seems to be particularly suited to treat 
this type of pollutant, since it proved to be more effective 
than other microalgae (such as C. vulgaris, Scenedesmus 
platydiscus, and S. quadricauda), removing almost com-
pletely and degrade, individually or in a mixture, different 
PAHs, such as phenanthrene, fluoranthene, pyrene (Chan 
et al. 2006; Lei et al. 2007) and different kinds of methyl-
phenanthrenes (Luo et al. 2020).

The presence of pharmaceutical compounds in the aquatic 
systems has raised in recent years as a consequence of the 
increased consumption of both humans and veterinary. Since 
conventional wastewater treatment plants are not completely 
efficient in the removal of these compounds, new treatment 
strategies have been proposed including biological processes 
(Patel et al. 2019). Thus, the use of R. subcapitata in the 
removal of nine (9) antibiotics and one (1) antidepressant 
was evaluated. A removal between 10 and 77%, according 
to the antibiotic, was observed while the removal of the 
antidepressant was only 11% (Hom-Diaz et al. 2022). This 
alga also efficiently (88–100%) removes and biodegrades the 
steroid hormones β-estradiol and 17α-ethinylestradiol (Della 
Greca et al. 2008; Hom-Diaz et al. 2015; Wang et al. 2023).

Final remarks

Despite its notoriety, which comes mainly from the fact that 
it is recommended by several international organizations, as 
a sensitive and reliable indicator of ecotoxicity, the micro-
alga R. subcapitata remains, in many aspects, an “illustrious” 
unknown. The number of works published in the last 20 years 
with the R. subcapitata is relatively modest (5.7 times lesser) 
when compared, for example, with the green alga C. rein-
hardtii, as can be seen in Supplementary Material (Fig. S1).
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Studies of a more fundamental character, for example 
on its ultra-structure, and metabolism are scarce and, nor-
mally, with several years old, which demonstrates the less 
attention that this alga has received from the scientific 
community, in this type of studies. In fact, R. subcapi-
tata has been used, mainly, in an applied perspective, in 
environmental studies, as is confirmed in a search in Web 
of Science-Clarivate Analytics, using as a topic “Raphi-
docelis subcapitata or Pseudokirchneriella subcapitata 
or Selenastrum capricornutum”, “all fields”, from 2005 
to 2024 (search: 10 January 2024). About 63% and 28% 
of the papers published in the last 20 years, with this 
alga, were in the categories of Web of Science “Environ-
mental Sciences” and “Toxicology”, respectively, while 
only ~ 3% were published in the category “Biochemistry 
and Molecular Biology”. The same can be said with regard 
to the use of this alga in Biotechnology, where only ~ 5% 
of published papers are in the field of “Biotechnology and 
Applied Microbiology”.

However, as was shown above, the works published in 
recent years are very encouraging in terms of the possibili-
ties of R. subcapitata being at the origin of the production 
of value-added biomolecules and biofuels or being associ-
ated with bioremediation processes. As a consequence of the 
composition of its biomass (which contains, among other 
molecules, proteins, lipids, carbohydrates, vitamins, and 
photosynthetic pigments), R. subcapitata has a high poten-
tial, as a raw material, for obtaining biofuels and high-value 
products, in a biorefinery context. For instance, lipids are 
suited for third-generation biodiesel (microbiodiesel) pro-
duction, while residual biomass, rich in carbohydrates, is 
appropriate for bioethanol and biogas production. Other 
application of this microalgae includes the production of 
natural dyes, pharmaceutical compounds and nutrients for 
animal feed, and innovative functional food products, con-
taining healthy beneficial compounds for human nutrition, as 
it was depicted in Fig. 5. Since the biotechnological potential 
of R. subcapitata has so far been little explored, there is still 
a long and promising way to go in this field.
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