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Abstract
The cryptophyte Rhodomonas salina is widely used in aquaculture due to its high nutritional profile. This study aims to 
investigate the effect of salinity and pH on the growth, phycoerythrin concentrations, and concentrations of non-volatile 
umami taste active compounds of R. salina, using a design of experiment approach. Rhodomonas salina was cultivated in 
a flat-panel photobioreactor in turbidostat mode in a range of salinity (20–40 ‰) and pH (6.5–8.5). The strain was able to 
grow steadily under all conditions, but the optimal productivity of 1.17 g dry weight  L−1  day−1 was observed in salinity 30 
‰ and pH 7.5. The phycoerythrin concentration was inversely related to productivity, presenting higher values in conditions 
that were not optimal for the growth of R. salina, 7% of dry weight at salinity 40 ‰, and pH 8.5. The identification of the 
umami taste of R. salina was based on the synergistic effect of umami compounds 5′-nucleotides (adenosine 5′-monophos-
phate, guanosine 5′-monophosphate, inosine 5′-monophosphate) and free amino acids (glutamic and aspartic acids), using 
the equivalent umami concentration (EUC). The results indicated that an increase in pH induces the accumulation of 
5′-nucleotides, resulting in an EUC of 234 mg MSG  g−1 at a salinity of 40 and pH 8.5. The EUC values that were observed 
in R. salina were higher compared to other aquatic animals, a fact that makes R. salina promising for further research and 
application in the food and feed sectors.

Keywords Cryptophyceae · Microalgae production · Biomass productivity · Photobioreactors · Free amino acid · Umami 
taste

Introduction

Marine microalgae have a wide range of commercial and indus-
trial applications (Spolaore et al. 2006; Chu 2013; Khatoon and 
Pal 2015). They have been introduced to the human diet for 
thousands of years and have been utilised as high-value food 
(Borowitzka 1998; Varfolomeev and Wasserman 2011; Hudek 
et al. 2014). In the last 20 years, the most dominant microalgae 
in food and nutraceutical applications are Spirulina, Chlorella, 
Dunaliella, and Haematococcus due to their biochemical 

characteristics and nutritional benefits (Bishop and Zubeck 
2012; Koyande et al. 2019).

Except for the biochemical composition, the flavour is 
also an important criterion for the use of microalgae in the 
food sector. Free amino acids (FAAs) are associated with 
the characteristic taste of marine food. FAAs contribute to 
different degrees to the five primary tastes of food (sweet-
ness, sourness, saltiness, bitterness, and umami) according 
to their side chains (Shallenberger 1993; Kawai et al. 2002). 
Alanine and glycine, for example, have a pleasant sweet taste 
and significant umami enhancement. It is reported that the 
sweet taste of lobster and crab is mainly influenced by gly-
cine, while the characteristic taste of sea urchin is due to 
methionine (Nishimura and Kato 2009). The biochemical 
composition and sensory characteristics of oysters are attrib-
uted to the dietary composition, indicating that the flavour 
characteristics of algae can be carried through to the fed 
organism (van Houcke et al. 2017).

 * Christos Latsos 
 christos.latsos@hz.nl

1 HZ University of Applied Sciences, P.O. Box 364, 
4380 AJ Vlissingen, The Netherlands

2 Department of Estuarine and Delta Systems, Netherlands 
Institute for Sea Research (NIOZ), P.O. Box 140, 
Royal 4400 AC Yerseke, The Netherlands

/ Published online: 21 July 2021

Journal of Applied Phycology (2021) 33:3591–3602

http://orcid.org/0000-0003-1265-4493
http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-021-02547-4&domain=pdf


1 3

Although not all FAAs have a strong taste themselves, 
their taste can be strengthened by the presence of other 
compounds, such as nucleotides (Yamaguchi et al. 1971). 
Nucleotides are involved in producing the umami taste 
(Fuke and Konosu 1991). Adenosine 5′-monophosphate 
(AMP) is related to the sweet and umami taste of scallops 
(Watanabe et al. 1990). Inosine 5′-monophosphate (IMP) 
and guanosine 5′-monophosphate (GMP) are connected 
with the enhancement of the umami taste of monosodium 
glutamate (MSG) (Fuke and Ueda 1996). There is a syn-
ergistic interaction between AMP-IMP, MSG-IMP, and 
MSG-GMP in intensifying umami taste (Ninomiya et al. 
1992; Fuke and Ueda 1996; Yamaguchi 1996). The equiv-
alent umami concentration (EUC) is used to determine 
the synergistic effect, as a combination of MSG-like AAs 
(glutamic acids and aspartic acid) and nucleotides (Mau 
2005; Liu and Qiu 2016; Zhao et al. 2016; Liu et al. 2019).

Rhodomonas salina has been reported as promising feed for 
many aquaculture species (Guevara et al. 2011; Riisgård et al. 
2011; Gonzalez Araya et al. 2012; Arndt and Sommer 2014). 
Besides the common photosynthetic pigments, R. salina is rich 
in phycoerythrin, a water-soluble, coloured, and fluorescent pro-
tein that absorbs light at 545 nm and has an emission peak at 
578 nm (Doust et al. 2006). Phycoerythrin can be used as a food 
colourant and is linked to anti-parasitic and anti-tumour activi-
ties (Coelho et al. 1998; Sudhakar et al. 2015).

Many studies have declared a variability in microal-
gae biochemical composition depending on seasonality, 
nutrients, light quantity and quality, salinity, etc. (De 
Oliveira et al. 1999; Renaud et al. 1999; Thompson 1999; 
Fábregas et al. 2002; Mulders et al. 2014; Latsos et al. 
2020, 2021). Microalgal biochemical composition and 
amino acid profile are species-dependent (Brown et al. 
1997). Microalgae can modify their growth and their bio-
chemical composition under different environmental fac-
tors (AL-Qasmi et al. 2012). This modification and vari-
ation of growth and biochemical composition represent a 
trade-off between the quantity and quality of microalgae.

pH determines the solubility and availability of  CO2 
and has a significant influence on microalgae metabolism 
(Chenl and Durbin 1994). This influence makes pH one 
of the most critical environmental conditions for micro-
algae cultivation. Salinity is another factor that varies in 
the environment. In response to salinity changes, micro-
algae accumulate small molecules to overcome osmotic 
stress (Richmond 2004). Each microalgal species has an 
optimal range of pH and salinity for growth. In variations 
of environmental conditions out of these ranges, microal-
gae may accumulate potentially harmful reactive oxygen 
species (ROS). ROS can produce cellular damage if they 
overcome the antioxidant activity of the algae (Neelam 
and Subramanyam 2013).

The phycoerythrin production in different salinity envi-
ronments has not been examined extensively. Jepsen et al. 
(2019) reported that R. salina could grow in a wide range 
of salinity (0–65‰), but the effect on phycoerythrin was 
not determined. Marraskuranto et al. (2018) investigated the 
phycoerythrin concentration of R. salina, in two different 
salinities, 33‰ and 50‰, obtaining a higher phycoeryth-
rin concentration in salinity of 33 ‰. The effect of salinity 
and pH on the FAA profile has not been investigated previ-
ously for R. salina. This study aims to investigate the effect 
of salinity and pH on R. salina growth, phycoerythrin, and 
FAA concentrations in a D-optimal design. From the FAA 
and nucleotide concentrations, the taste and use of R. salina 
in the food industry can be evaluated.

Materials and methods

Strain and pre‑culture conditions

The marine cryptophytic microalgae Rhodomonas salina 
CCMP1319 was supplied by the Dutch aquaculture industry, 
as a strain used in a commercial application. Rhodomonas 
salina was pre-cultured in pre-sterilised (20 min at 120 °C) 
300 mL Erlenmeyer flasks in 20 times concentrated nutri-
ents of filtered (0.2 μm pore size) f/2 medium (Guillard and 
Hargraves 1993). The final concentration of  NaNO3 and 
 NaH2PO4  H2O were 0.75 g  L−1 and 50 mg  L−1, respectively, 
with a salinity of 30 g  L−1. Cultures were continuously illu-
minated at a photon flux density (PFD) of 120 µmol photons 
 m−2  s−1 provided by cool white fluorescent tubes. The tem-
perature in the incubator was maintained at 20 ± 1 °C and air 
enriched with 5%  CO2 v/vair was supplied in the headspace 
of the Erlenmeyer flasks. The growth of the cultures was 
monitored by measuring the cell abundance with a Coulter 
counter (Beckman coulter Z1) in order to ensure that the 
inoculum was in the exponential phase before it was used in 
the experiments.

Experimental setup

Rhodomonas salina was continuously cultivated in a flat 
panel airlift-loop photobioreactor (PBR) (Algaemist-S, 
Technical Development Studio, Wageningen University, the 
Netherlands) with 0.4 L working volume, 14 mm light path, 
and 0.028  m2 total illuminated area (Breuer et al. 2013). 
Warm light was continuously provided by Bridgelux LED 
lamps (BXRAW1200, Bridgelux, USA) from one side of 
the Algaemist-S system. Unintentional exposure to other 
light sources was prevented by a black cover placed on the 
other side of the reactor. The primary light intensity was ini-
tially set at around 100 µmol photons  m−2  s−1 after the algae 
were inoculated to resemble the environment of the orbital 
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incubator where the algae grew in the pre-culture phase. 
Then, the light intensity was raised gradually to 300 µmol 
photons  m−2  s−1, which is reported as non-limiting for R. 
salina (Vu et al. 2016). The temperature was maintained at 
22 °C using a water jacket, attached to the culture compart-
ment of the photobioreactor. Turbidostat mode was applied 
to ensure stable outgoing light at the rear of the reactor of 
15 μmol photons  m−2  s−1, by diluting the reactor with 20 
times concentrated f/2 medium filtered through a 0.2-μm 
pore filter. pH was maintained constant by mixing  CO2 with 
the airflow on demand. The  CO2 levels in the water were 
not measured.

Design of experiment

A D-optimal design of experiment (DoE) approach, created 
by Design Expert 11 software (StatEase, USA), was fol-
lowed, with salinity (20–40 ‰) and pH (6.5–8.5) as factors. 
A D-optimality was selected to produce a design that best 
estimates the effect of the factors and is particularly suited 
for screening studies. Six lack-of-fit points were added to 
make the design more robust. The centre point, in which the 
input factors are set in the middle of the highest and low-
est values, was performed in triplicate. By performing the 
centre point in triplicates, the accuracy and reproducibility 
of the experiments are increased. This approach resulted in 
15 experiments, which are illustrated in Table 1.

Culture measurements

Samples were taken from the PBR on a daily basis and were 
analysed for basic culture characteristics. Optical density 
was measured at 750 nm  (OD750nm), from which biomass 
concentration  (Cx) was calculated (Supplementary data). 
Cell density and volume was measured in Coulter Coun-
ter (Multisizer 3, Beckman Coulter, USA) in the size range 
7–14 μm. The growth rate (μ) was calculated when the PBR 
was running in turbidostat mode as the dilution rate (D) 
according to Eq. (1), where VH is the harvested volume in a 
Δt period of time and VR the reactor volume:

The biomass production rate  (rx) for the turbidostat mode 
was calculated from the growth rate and the biomass con-
centration  (Cx, Eq. (2)):

The biomass production rate and the absorbed light 
(ΔIph =  Iph,in-Iph,out) were used for the calculation of biomass 
yield on light  (Yx,ph) (Eq. (3)). Yx,ph is defined as the biomass 
concentration that can be produced over a mol of photons:

(1)� = D =

VH

Δt

VR

(2)rx = � × Cx
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Cellular composition

Phycoerythrin concentration

Samples of each experiment were taken for phycoerythrin 
determination when the culture was in a steady state. The 
phycobilin pigments were extracted in phosphate buffer by a 
freeze-thawing process, centrifuged (10 min at 1153 g), and 
analysed using UV–VIS spectroscopy according to Bennett 
and Bogorad (1973; Lawrenz et al. 2011). Absorbance at 
545 nm was used after scatter corrected by subtracting the 
absorbance at 750 nm. Phycoerythrin was calculated in μg 
 L−1 according to Eq. (4):

where ε is the molar extinction coefficient of phycoerythrin 
(2.41 ×  106 L  mol−1  cm−1), MW is the molecular weight of 
phycoerythrin (240,000 g  mol−1), d is the path length in cm, 
and Vsample and Vbuffer are the volumes of the sample and the 
buffer, respectively.

FAA and nucleotides

When the PBR was in steady-state, 50 mL of culture was 
sampled and concentrated by centrifuging at 1153 xg for 
15 min. The supernatant was discarded and 50 mL of ammo-
nium formate (0.5 M) was added to rinse out the salt and 
to prevent osmotic shock. This rinsing was repeated twice. 
Then, the biomass was lyophilised and stored at − 20 °C 
before the FAA and nucleotide analysis. FAA and nucleo-
tides were extracted and analysed according to Moerdijk-
Poortvliet et al. (under review for Food Chemistry). In brief, 
15 mg of biomass and 5 mL Milli-Q were homogenised and 
extracted for 15 min at 35 °C followed by centrifugation 
(3000 rpm, 20 min). The supernatant was taken and an acid 
precipitation step was performed to remove contaminants. 
For FAA, an additional purification step was performed 
using DOWEX 50WX8 cation exchange resin. FAA and 
nucleotide samples were analysed by means of high-per-
formance liquid chromatography (HPLC) using a DIONEX 
Ultimate 3000 HPLC system. For FAA analysis, the HPLC 
was equipped with an Agilent InfinityLab Poroshell 120 
HPH-C18 column (100 × 4.6 mm; 2.7 µm, matching guard 
column (5 × 4.6 mm; 2.7 µm), and a fluorescence detec-
tor (FLD 3100)). For nucleotide analysis, the HPLC was 
equipped with a SIELC PrimeSep D mixed-mode column 

(3)Yx,ph =
rx

ΔIph

(4)PE =
A

�d
×MW ×

Vsample

Vbuffer

× 10
6

(150 × 4.6 mm; 5 µm) with a corresponding guard column 
(10 × 4.6 mm; 5 µm) and an ultraviolet detector (DAD 3000).

Equivalent umami concentration

The umami estimation can be determined based on the con-
centration of monosodium glutamate (mg MSG  g−1), which 
is equivalent to the umami intensity. The synergy effect 
between the mixture MSG-like AAs and 5′-nucleotides is 
represented by Eq. (5) (Yamaguchi et al. 1971):

where Y is the EUC (mg MSG  g−1); ai is the concentration 
(mg  g−1) of each umami AA (aspartic or glutamic acid); aj 
is the concentration (mg  g−1) of each umami 5′-nucleotide 
(IMP, GMP, or AMP); bi is the relative umami concentration 
(RUC) for each umami AA to MSG (1 for glutamic acid, and 
0.077 for aspartic acid); and bj is the RUC for each umami 
5′-nucleotide to IMP (1 for IMP, 2.3 for GMP, and 0.18 for 
AMP). A total of 12.18 is the synergistic constant based on 
the concentration of mg  g−1 used.

Data analysis and statistics

All data measurements are shown as average (± SD) of 5 
daily measurements when the reactor was in a steady-state 
(stable dilution rate). Data were tested for normal distribu-
tion (Kolmogorov-Smirnoff goodness of fit test). For the 
growth rate, productivity, biomass yield on light, and PE 
data, different models were able to fit the data. The quad-
ratic model was chosen, because this model was adding the 
most significant explanation of the data compared to the 
other models (lowest sequential p-value, highest lack of fit 
p-value), with an ANOVA test to imply the significance of 
the model. The quadratic model looks to second-order terms 
in addition to the linear blending model. Statistical analysis 
was performed using SPSS 25.0 statistical package (SPSS 
Inc, USA) and Design Expert 11 software (StatEase, USA).

Results

Growth rate, biomass concentration, productivity, 
and yield on light

The growth rate of R. salina was affected more by the pH 
(p = 0.038) than by salinity. The highest observed growth 
rate was 0.88  day−1 at one of the triplicates of the centre 
point of D-optimal design (30 ‰ and 7.5 pH). The cen-
tre point of the D-optimal design was reproducible with a 
biomass concentration of 1.3 ± 0.04 g  L−1, a growth rate of 
0.82 ± 0.04  day−1, a biomass productivity of 1.07 ± 0.07 g 

(5)Y =
∑

aibi + 12.18(
∑

aibi)(
∑

ajbj)
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 L−1  day−1, and a biomass yield on light of 0.58 ± 0.03 g mol 
 photon−1. The maximum growth rate was predicted by 
the model in 28.2 ‰ and 6.9 pH, equal to 0.85   day−1 
(p = 0.0084, Fig. 1A). Above 7.5 pH, the growth rate was 
reduced, with an observed minimum at pH 8.5 of 0.5  day−1.

The biomass concentration was stable during each experi-
ment, due to the turbidostat sensor. However, our results 
indicate that the biomass concentration is affected by both 
salinity and pH (p = 0.04). The lowest biomass concentra-
tion was observed at 20 ‰ and pH 6.5, 0.96 g  L−1, while the 
highest biomass concentration was measured in the centre 
point of the design (30 ‰ and 7.5 pH), 1.30 ± 0.04 g  L−1. 
According to the model, and illustrated by Fig. 1B, the maxi-
mum biomass concentration is predicted at 34.9 ‰ salinity 
and 7.2 pH, which is equal to 1.33 g  L−1 (p = 0.009).

As a combination of growth rate and biomass concentra-
tion, the biomass productivity reported the highest value 
in one of the centre points (30 ‰ and 7.5 pH), 1.17 g 
 L−1  day−1. pH had a significant influence on the biomass 
productivity (p = 0.04), illustrating the lowest values at pH 
8.5 and the edges of the salinity range, 20 and 40 ‰, 0.5, 
and 0.58 g  L−1  day−1, respectively (Fig. 2). After taking into 
account all the centre points with average biomass produc-
tivity of 1.07 g  L−1  day−1, the model predicts maximum bio-
mass productivity in 29.7 ‰ and 7.2 pH, 1.11 g  L−1  day−1 
(p = 0.0056).

The biomass yield on light followed the same pattern as 
the productivity. The biomass yield on light was significantly 
affected by the pH (p = 0.037), presenting higher values at 
7.5 and lower at 8.5. The highest measured biomass yield on 
light was at pH 7.5 and salinity 30 ‰, while according to the 
quadratic model, the maximum biomass yield on light is pre-
dicted at pH 7.2 and salinity of 29.5 ‰ (p = 0.005) (Fig. 1C).

Cellular composition

Phycoerythrin

From our experimental data, the significant effect of pH 
and salinity on the phycoerythrin concentration of R. 
salina was estimated and is illustrated in Fig. 3 (p < 0.001). 
The highest phycoerythrin concentration was observed in 
salinity of 40 ‰ and pH of 8.5, with 6.99% of dry weight. 
The lowest concentration was detected in the triplicates 
of the centre point of the D-optimal design, 3.82 ± 0.27% 
of dry weight.

Fig. 1  Effect of salinity (‰, x-axis) and pH (y-axis) on (A) growth rate  (day−1), (B) biomass concentration (g dry weight  L−1  day−1), and (C) 
biomass yield on light (g dry weight  mol−1 photons) of R. salina. Individual experimental data points are illustrated by red dots

Fig. 2  Effect of salinity (‰, x-axis) and pH (y-axis) on growth 
(z-axis, g dry weight  L−1  day−1) of R. salina. Individual experimental 
data points are illustrated by red dots
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FAAs, nucleotides, and EUC

Table 2 summarises the FAA and nucleotide profile of R. 
salina determined under each experimental condition. The 
main FAAs in R. salina were L-glutamic acid (Glu), L-alanine 
(Ala), L-proline (Pro), and L-arginine (Arg) with a concentra-
tion of 18%, 16%, 14%, and 11% of total FAA, respectively. The 
total FAA concentrations vary from 14.29 to 38.34 mg  g−1 dry 
weight. Total FAA concentration increased at pH 8.5 compared 
to the other two pH settings. However, this increase was not 
statistically significant (p = 0.7). The highest total FAA concen-
tration was observed in salinity of 30 ‰, 28.51 ± 7.9 mg  g−1 
dry weight, significantly higher than in the other salinities 
(p = 0.022). Salinity and pH also affected the nucleotide profile 
of R. salina. AMP was affected significantly by both salinity 

and pH, with a peak in 25 ‰ and pH of 8.5, 1.26 mg  g−1 
dry weight (p = 0.007). For GMP and IMP, pH did not have 
any significant effect, but in the centre point of salinity (30 
‰), the concentration of both nucleotides was significantly 
higher compared to the other salinities (p = 0.01).

The EUC was calculated from Asn, Glu, AMP, GMP, and 
IMP concentration. The effects of pH and salinity on EUC 
are summarised in Fig. 4. The highest EUC was observed at 
a pH of 8.5 and salinity of 30 ‰, 234 mg MSG  g−1. pH had 
a significant effect on the EUC with the highest and lowest 
EUC at pH levels 8.5 and 7.5, respectively (p = 0.04). The 
salinities of 30 ‰ resulted in a higher EUC compared to the 
other salinity levels, but this difference is not significant. Our 

Fig. 3  Phycoerythrin concentration (% of dry weight) of R. salina as 
a function of salinity (‰, x-axis) and pH (y-axis). Individual experi-
mental data points are illustrated by red dots

Table 2  Equations that were created by a quadratic model after taking into account all the results of the DoE. The equations can be used to make 
predictions about the response for given levels of each factor (pH and salinity)

Response Equation p-value Lack of fit
p-value

Growth rate  (day−1)  − 2.707 + 0.081*salinity + 0.7*pH + 0.004*salinity*pH – 0.002*salinity2 – 
0.058*pH2

0.0084 0.3479

Productivity (g dry weight  L−1  dday−1)  − 10.408 + 0.177*salinity + 2.458*pH – 0.003*salinity2 – 0.17*pH2 0.0056 0.1372
Biomass yield on light (g dry weight 

 mol−1 photons)
 − 4.838 + 0.094*salinity + 1.125*pH – 0.002*salinity2 – 0.078*pH2 0.0055 0.1950

Phycoerythrin (% of dry weight) 89.845 – 1.077*salinity – 18.777*pH + 0.033*salinity*pH + 0.014*salin-
ity2 + 1.2*pH2

0.0003 0.3412

Fig. 4  Equivalent umami concentration (EUC, mg MSG  g−1 dry 
weight) of R. salina as a function of salinity (‰, x-axis) and pH 
(y-axis). Individual experimental data points are illustrated by red 
dots
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model predicts the maximum EUC at 31 ‰ salinity, and pH 
levels out of range of the design, above 9.

Discussion

This study investigated the variability in growth and bio-
chemical composition of R. salina as an effect of salinity 
and pH. R. salina was successfully cultivated in a range 
of salinity and pH under continuous conditions with high 
productivity, > 0.5 g dry weight  L−1  day−1. A clear optimal 
growth was observed in a combination of salinity and pH, 
while the slowest growth was observed at the edges of the 
experimental design.

Growth

Studies have reported that the growth rate of R. salina ranges 
between 0.75 and 1.2  day−1 (Bartual et al. 2002; Valenzuela-
Espinoza 2005; Lafarga-De la Cruz et al. 2006; Jepsen et al. 
2019; Yamamoto et al. 2020). However, it is noteworthy that 
this range of growth rate is observed in batch culture experi-
ments, meaning that it is the maximum growth rate. In our 
study, the growth rate was determined by the dilution, hence 
not the maximum but the constant growth rate was studied. 
A limited body of literature exists on the growth of R. salina 
under continuous cultivation (Vu et al. 2019; Thoisen et al. 
2020). These studies were performed in larger scale and 
the growth rate did not exceed the 0.52  day−1 in a maxi-
mum cell density of 2.5 ×  106 cells  mL−1. Oostlander 
et al. (2020) did demonstrate constant growth rates on 
R. salina in continuous flat plate photobioreactors, which 
were around 0.98  day−1. This value is higher than the 
values of our research, 0.88  day−1. This difference can be 
explained by the contrast in turbidity settings of our reac-
tors as compared to the study of Oostlander et al. (2020). 
A more accurate comparison of the growth between the 
two studies can be performed by comparing the biomass 
production rate, after taking into account the biomass 
concentration in the reactor. The highest biomass produc-
tion rate in this study was observed in a salinity of 30 ‰ 
and a pH of 7.5, 1.17 g  L−1  day−1. Likewise, Oostlander 
et al. (2020), under similar light intensity, salinity and 
pH conditions, reported a biomass production rate of 
1.04 g  L−1  day−1. A previous study on continuous culti-
vation of R. salina in the Algaemist-S system presented 
a constant maximum growth rate of 0.73  day−1 in lower 
light intensity of blue light (Latsos et al. 2021).

The optimum growth rate of R. salina was observed in 
salinity of 30 ‰. This observation is compatible with the 
study of Jepsen et al. (2019), which confirms the wide 
salinity tolerance of R. salina from 5 to 50 ‰, with a 
maximum growth rate of 1.13  day−1 at 29.1 ‰.

This study illustrated a significant effect of pH on the 
growth of R. salina. Although the strain was able to grow at 
the full range of pH, 6.5–8.5, our model predicted a maxi-
mum growth at pH 6.9. This result is analogous to the lit-
erature. For example, Berge et al. (2010) demonstrated that 
R. marina could tolerate wide pH fluctuations, namely, from 
pH 4.4 to 9.6, and maintained the maximum growth and pro-
duction rate down to pH 7. In contrast, our study showed that 
the growth of R. salina was significantly lower at pH 8.5. 
This latter finding is in good agreement with the study of 
Hansen (2002), who demonstrated that the growth rate of R. 
salina significantly decreased at pH 9. The lower growth in 
low pH can be explained by the fact that in microalgae, low 
pH values increase the maintenance energy requirements, by 
affecting solute transport and cell membrane/wall biosyn-
thesis (Kallas and Castenholz 1982). In contrast, higher pH 
values may inhibit the growth by limiting the availability of 
the pH (Chenl and Durbin 1994).

Phycoerythrin

The phycoerythrin concentration that was obtained in this 
study is in line with the reported values of previous litera-
ture (Latsos et al. 2021). The phycoerythrin concentration 
was higher in conditions, which were not favourable for R. 
salina, with a peak in salinity of 40 ‰. An explanation for 
this phenomenon is illustrated in Fig. 5, where the phyco-
erythrin concentration is plotted against the biomass produc-
tivity of R. salina. According to Fig. 5, the phycoerythrin 
concentration is inversely proportional to the biomass pro-
ductivity. There is extensive literature that emphasises the 
change of photosynthetic activity under salt stress of micro-
algae. Most microalgae reduce their photosynthetic activity 
due to the production of reactive oxygen species (ROS) and 

Fig. 5  Correlation of phycoerythrin (% of dry weight) with growth (g 
dry weight  L−1  day−1) of R. salina 
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osmotic stress (Sudhir and Murthy 2004; Shetty et al. 2019). 
In high salt conditions, ROS damage the light-harvesting 
complexes of photosystem I (PSI), while the proteins of 
photosystem II that are involved in oxygen evolution are 
also impaired (Subramanyam et al. 2010; Neelam and Sub-
ramanyam 2013). This decrease in photosynthetic activity, 
therefore, explains the lower growth rate in salt stress.

The increase of phycoerythrin concentration of R. salina 
at higher salinities can be explained as a mechanism to resist 

the loss of photosynthetic activity. Phycoerythrin is an anti-
oxidant, and the increase indicates that the strain exhibits 
adaptation to environmental stress (Özen et al. 2018). Anti-
oxidant pigments protect the light-harvesting complexes 
against ROS. This function of pigments has been obtained 
before in the carotenoids of Dunaliella sp., which induces 
the carotenoid production in response to salt stress (Ye et al. 
2008). Similar phycobiliprotein accumulation as salt stress 
response has been described in Spirulina sp. and Gracilaria 

Table 4  Equivalent umami 
concentration of R. salina in 
comparison with other marine 
species

Species EUC (g MSG (100 g)−1) Reference

Rhodomonas salina (microalgae) 0.7–23.4 Present study
Eriocheir sinensis (Chinese mitten crab) 2.1–5.4 (Chen and Zhang 2007)
Birgus latro (Coconut crab) 2.1–5.4 (Sato et al. 2015)
Coilia ectenes (Anchovy) 0.3–1.0 (Zheng et al. 2015)
Ostrea rivularis (Oyster) 0.8–26.9 (Liu et al. 2013)
Crassostrea hongkongensis (Oyster) 1.4–8.8 (Liu et al. 2020)
Meretrix meretrix (Clam) 0.12 (Wen et al. 2020)

Table 3  Free amino acid and nucleotide concentration (abbreviations 
explained in the text), and equivalent umami concentration (EUC) of 
R. salina under different combinations of salinity and pH conditions. 

All data are expressed as the average of triplicate measurements. The 
standard deviation was less than 10%

pH 6.5 7.5 8.5

Salinity 20 25 30 35 40 20 25 30 30 30 35 20 25 30 40

Free amino acid (mg  g−1)
L-Asp 0.21 0.15 0.25 0.15 0.20 0.32 0.12 0.14 0.55 0.63 0.15 0.23 0.18 0.52 0.28
L-Glu 4.35 4.92 6.58 2.50 3.11 4.36 0.73 4.00 3.56 4.43 2.21 5.17 5.26 6.86 4.36
L-Asn 0.40 0.44 1.15 0.68 0.74 0.41 0.17 0.49 0.55 0.67 0.36 0.42 0.47 0.71 0.73
L-Ser 0.36 0.29 0.54 0.18 0.27 0.37 0.10 0.25 0.58 0.72 0.27 0.53 0.28 0.64 0.35
L-Gln 0.95 0.77 1.52 0.67 0.86 0.92 0.19 0.68 0.85 1.05 0.37 0.94 0.74 1.41 1.50
L-His 0.32 0.34 0.53 0.13 0.28 0.30 0.11 0.32 0.60 0.78 0.33 0.50 0.31 0.51 0.48
Gly 0.38 0.33 0.61 0.20 0.29 0.45 0.07 0.27 0.69 0.84 0.24 0.65 0.38 0.80 0.40
L-Thr 0.36 0.26 0.54 0.18 0.28 0.36 0.09 0.24 0.56 0.70 0.23 0.60 0.29 0.60 0.34
L-Arg 2.39 2.50 3.98 0.99 1.82 1.95 7.55 1.01 2.85 4.90 1.56 3.15 2.78 3.27 2.62
L-Ala 3.87 3.17 4.03 2.11 2.92 3.22 10.66 2.68 3.40 5.25 8.34 2.42 0.84 3.35 3.25
L-Tyr 0.54 0.52 0.82 0.22 0.46 0.70 0.20 0.38 1.45 1.81 0.45 1.03 0.46 1.08 0.67
L-Cys 0.57 0.55 1.02 0.32 0.60 1.01 0.15 0.24 1.05 1.17 0.30 1.18 0.57 1.21 0.58
L-Val 0.46 0.43 0.76 0.22 0.39 0.62 0.19 0.36 1.21 1.53 0.51 1.02 0.51 1.11 0.65
L-Phe 0.67 0.66 1.05 0.23 0.63 1.01 - - 1.79 2.25 1.72 0.92 0.67 1.58 1.04
L-Ile 0.24 0.23 0.35 0.12 0.19 0.31 0.10 0.21 0.74 0.88 0.23 0.63 0.27 0.61 0.36
L-Leu 1.10 0.99 1.68 0.45 0.94 1.57 0.39 0.77 2.11 3.24 0.96 2.19 1.04 2.35 1.40
L-Lys 1.12 1.02 1.79 0.40 0.67 0.98 0.57 0.62 2.51 3.51 1.48 2.24 1.09 1.83 1.02
L-Pro 2.16 2.17 4.06 6.51 5.16 1.99 2.68 2.69 3.42 3.85 1.08 3.04 1.46 3.49 3.72
Total FAA 20.45 19.74 31.26 16.26 19.81 20.85 24.07 15.35 28.47 38.21 20.79 26.86 17.60 31.93 23.75
Nucleotides (mg  g−1)
AMP 0.62 0.62 0.53 0.38 0.56 1.24 0.48 0.73 0.99 1.04 0.57 1.26 0.71 0.96 0.72
GMP 0.62 0.51 0.78 0.15 0.36 0.51 0.19 0.35 0.84 0.93 0.39 0.69 0.58 0.74 0.54
IMP 0.95 0.80 1.25 0.13 0.52 0.60 0.18 0.36 1.11 1.17 0.51 0.81 0.67 0.87 0.67
EUC 135.31 132.27 224.60 19.10 60.55 110.32 7.02 67.42 162.77 195.79 43.35 173.09 144.74 234.02 112.59
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gracilis (Kumar et al. 2010; Hifney et al. 2013; Özen et al. 
2018).

pH values higher than 8 and lower than 7 exerted a nega-
tive effect on the growth of R. salina. Conversely, phyco-
erythrin was higher at pH of 6.5 and 8.5 compared to 7.5. 
Phycoerythrin is stable and retains its colour at pH range 
4–8.4, based on its absorption spectrum, with the highest 
absorbance peak at pH 7.6 (Marraskuranto et al. 2019). 
However, more extensive pH changes can disrupt the struc-
ture of the chromophore and phycoerythrin is colourless 
above pH 9 (Munier et al. 2014). The literature on the effect 
of pH on cryptophytes is not extensive, but in cyanobacteria, 
the phycoerythrin content increases with the increase of pH, 
obtaining a maximum at pH 8 (Poza-Carrión et al. 2001; 
Hemlata and Fatma 2009; Begum et al. 2016). Additionally, 
the alkaline conditions increase the concentrations of ROS 
and increase the possibility of cell damage (Liu et al. 2007). 
The increased phycoerythrin concentration at higher pH can 
be associated with the increase of ROS as an antioxidant 
response.

FAAs, nucleotides, and EUC

The main FAAs that were obtained are L-glutamic acid 
(Glu), L-alanine (Ala), L-proline (Pro), and L-arginine 
(Arg), which is in line with literature studies on Rhodomonas 
sp. (Seixas et al. 2009; van Houcke et al. 2017). These FAAs 
are also the most common in other Cryptophyceae as well 
(Martin-Jézéquel et al. 1988; Brown 1991). The total FAA 
concentration is not affected by the salinity. However, the 
L-proline concentration increases significantly with the 
increase of the salinity, from 2.5 mg g dry  weight−1 at 20 
‰ to 4.4 mg g dry  weight−1 at 40 ‰. The accumulation 
of proline in algal cells in response to hyperosmotic stress 
has been reported in other studies (Schobert 1980; Reynoso 
and de Gamboa 1982). Proline has the ability to function as 
an osmotic regulator and restore the non-stress volume and 
turgor pressure (Shetty et al. 2019). In addition, proline is 
associated with the regulation of the cell’s water structure, 
which protects the cell against dehydration in salt stress (Le 
Rudulier et al. 1984; Kendall 1996).

Despite the effect of salinity on the FAA concentration of 
R. salina, there is no significant change in the 5′-nucleotide 
concentration associated with the salinity. Unlike salinity, 
pH changes affected the 5′-nucleotide concentration, show-
ing a peak at pH 8.5. It is known that in low pH, IMP, GMP, 
and AMP hydrolyse to their corresponding bases, hypox-
anthine, guanine, and adenine, respectively (Golankiewicz 
et al. 1985). The aqueous hydrolysis rate of 5′-nucleotides is 
double at pH 7 compared to pH 8 (Shaoul and Sporns 1987).

The synergistic effect of the umami AAs and the flavour 
nucleotides in R. salina was evaluated by the EUC value. 
Due to the higher concentration of 5′-nucleotides at pH 8.5, 

the EUC is also significantly higher at pH 8.5, 234 mg MSG 
 g−1. There is no literature to compare the EUC value of R. 
salina with other microalgae. However, the average EUC in 
R. salina was higher than the values that have been reported 
in many aquatic animals (Tables 3 and 4), which means that 
the umami taste of R. salina was intense.

Conclusion

In this study, using a D-optimal DoE, the effect of salinity 
and pH on growth, phycoerythrin, and non-volatile umami 
taste active compounds of R. salina was investigated. This 
microalga was able to adapt and grow sufficiently in a range 
of salinity and pH, showing the highest growth at salinity 29 
‰ and pH 7. These results provide valuable information for 
the large-scale production of R. salina. Photopigment com-
position analysis illustrated that R. salina was rich in phyco-
erythrin when it was cultivated in conditions which were not 
favourable for the growth of the strain (i.e. high salinity and 
pH). This increase of phycoerythrin can be explained by the 
antioxidant activity of the pigment, which is required under 
those conditions. The umami taste attribute was examined 
based on the estimation method of EUC. The EUC of R. 
salina was significantly affected by the pH, with higher EUC 
at higher pH values. R. salina was rich in umami taste active 
compounds compared to other aquaculture species, suggest-
ing that the characteristic taste of R. salina is suitable for use 
as an umami condiment.

In summary, in unfavourable growth conditions, R. 
salina accumulates compounds to protect itself. There is 
a trade-off between the growth and the quality of R. salina 
in terms of phycoerythrin and EUC. This trade-off has to 
be carefully balanced according to the desired biochemical 
composition of R. salina as an end product. An ideal sys-
tem could be a two-stages R. salina production. An initial 
stage, where R. salina would be cultivated in the optimal 
conditions for growth, and a second stage, where the culti-
vation conditions would be favourable for the phycoeryth-
rin production or the enhance of umami taste.
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