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Abstract
The cryptophyte Rhodomonas sp. is a potential feed source for aquaculture live feed and resource for phycoerythrin (PE)
production. This research investigates the influence of light, both quality and quantity, on the biomass productivity, composition
and growth rate of Rhodomonas sp. The incident light intensity used in the experiments was 50 μmolphotons m

−2 s−1, irrespective
of the colour of the light, and cultivation took place in lab-scale flat-panel photobioreactors in turbidostat mode. The highest
productivity in volumetric biomass (0.20 gdry weight L

−1 day−1), measured under continuous illumination, was observed under
green light conditions. Blue and red light illumination resulted in lower productivities, 0.11 gdry weight L

−1 day−1 and
0.02 g L−1 day−1 respectively. The differences in production are ascribed to increased absorption of green and blue wavelength
by phycoerythrin, chlorophyll and carotenoids, causing higher photosynthetically usable radiation (PUR) from equal photosyn-
thetically absorbed irradiance (PAR). Moreover, phycoerythrin concentration (281.16 mg gDW−1) was stimulated under red light
illumination. Because photosystem II (PSII) absorbs poorly red light, the algae had to inducemore pigments in order to negate the
lower absorption per unit pigment of the incident available photons. The results of this study indicate that green light can be used
in the initial growth ofRhodomonas sp. to produce more biomass and, at a later stage, red light could be implemented to stimulate
the synthesis of PE. Fourier-transform infrared spectroscopy (FTIR) analysis demonstrated a significant difference between the
cells under different light quality, with higher contents of proteins for samples of Rhodomonas sp. cultivated under green light
conditions. In comparison, higher carbohydrate contents were observed for cells that were grown under red and blue light.
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Introduction

The cryptophyte Rhodomonas is a widely used feed source for
many aquaculture species. It has been shown thatRhodomonas
contributes to egg production, growth, survival, reproduction
and lipid content of copepods, brine shrimps and scallop larvae
(Seixas et al. 2009; Guevara et al. 2011; Arndt and Sommer
2014). These copepods, brine shrimps and scallop larvae are
the most frequently used and easiest to cultivate feed for fish

production in aquaculture. The beneficial aspects of using
Rhodomonas as feed are attributed to their favourable content
of polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), which are essential
for the growth, survival and pigmentation of the aquaculture
speciesmentioned above (Caramujo et al. 2008). The fatty acid
content of copepods reflects the fatty acids of the ingested
microalgae, hence the importance of the biochemical compo-
sition of the microalgal diet (Støttrup et al. 1999).

The ability of Rhodomonas to produce proteins, caroten-
oids, fatty acids and carbohydrates in a sustainable culturing
system makes this alga suitable as feed in the aquaculture
sector. In addition, after the extraction of these biological
macromolecules, a variety of applications in biomedical, bio-
technological and nutraceutical sectors is possible
(Manirafasha et al. 2016). The content and type of light-
harvesting pigments are essential features of photosynthetic
algae species. Rhodomonas contains, besides the common
pigments such as chlorophyll a/c and several carotenoids,
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the water-soluble pigment Cr-phycoerythrin 545 (PE) that
harvests light in the green wavelength (λmax = 545 nm)
(Doust et al. 2006). The price of PE is highly valuable (30–
150 US$ mg−1) depending on the application. Because of its
spectral properties (fluorescence emission peak at 578 nm), it
is used in its purified form in fluorescence-based detection. In
research, some of these applications involve flow cytometry,
microarray assays, ELISAs or other applications that require
high sensitivity (Chaloub et al. 2015). PE is also used in food
colouring and cosmetics (Sudhakar et al. 2015) and linked to
anti-parasitic and anti-tumour activities in studies using the
marine mollusc Aplysia californica (Coelho et al. 1998).
Anti-cancer activities of the three α, β and γ subunits of the
PE-containing phycobilisome have also been reported by ex-
periments conducted on mouse tumour cells (Bei et al. 2002).

Optimization of Rhodomonas sp. cultivation has been con-
ducted in aspects of biomass production rate and biochemical
composition, but no commercially stable cultivation plan has
been applied in aquaculture yet (Seixas et al. 2009; Oostlander
et al. 2020; Yamamoto et al. 2020). There is literature focused
on the absorption characteristics of PE in Rhodomonas (Van
Der Weij-De Wit et al. 2006; da Silva et al. 2009;
Marraskuranto et al. 2018), but no literature investigated the
growth of this cryptophytic species under different light qual-
ities. This paper fills the gap and provides the knowledge
necessary to design a sound cultivation plan for
Rhodomonas sp.

Microalgal pigments are dependent on the photon flux den-
sity (PFD), the number of photons passing through a particular
area per second (μmolphotons m

−2 s−1). Consequently, pigmen-
tation depends on the light quality and quantity received dur-
ing cultivation. During photoacclimation, pigments decrease
as a result of increasing light intensities and vice versa
(Takache et al. 2012). Moreover, pigment concentration cor-
relates to biomass-specific light absorption rate (Sforza et al.
2015). Strongly absorbed light results in lower pigment
concentration.

The goal of our research was to determine the light condi-
tions for optimizing biomass productivity and the PE produc-
tion for Rhodomonas sp.We investigated optimal light wave-
length and intensity for the growth of Rhodomonas sp.
Productivity (rx, g L−1 day−1) is defined by the product of
the growth rate (μ, day−1) and the biomass concentration
(Cx, g L−1). In addition, we investigated how light quality
affects PE concentration in Rhodomonas sp. According to
the absorption range of the photosynthetic pigment PE (active
wavelength 440–570 nm), it is expected that Rhodomonas has
the highest production when cultivated using blue/green light
(400–600 nm). Similarly, the photopigment composition (bio-
mass composition) would alter with different light quality and
quantity. Additionally, weakly absorbed light wavelengths, it
is expected to induce the pigment production in Rhodomonas
sp. to maximize the light uptake by the antennas of the strain.

Materials and methods

Rhodomonas sp. cultures

Rhodomonas sp. was supplied by the Dutch aquaculture in-
dustry, as a strain used in a commercial application. The strain
was characterized by 18S sequencing and confirmed as
Rhodomonas sp. (Online Resource 1). The marine
cryptophytic microalgae Rhodomonas sp. was maintained in
pre-sterilized 300-mL Erlenmeyer flasks (20 min at 120 °C)
containing 150 mL of 10 times concentrated nutrients of the
modified L1 medium to maintain a nutrient-rich condition.
The final concentration of the growth medium is 8.82 mM
NaNO3, 0.36 mM NaH2PO4·2H2O, 0.11 mM Na2EDTA·
2H2O, 0.11 mM FeCl2·6H2O, 9.1 μΜ MnCl2·4H2O,
0.77 μΜ ZnCl2·7H2O, 0.34 μΜ CoCl2·6H2O, 0.4 μΜ
CuSO4·5H2O, 0.24 μΜ Na2MoO4·2H2O, 0.29 μΜ vitamin
B1, 0.07 μΜ vitamin B12 and 0.01 μΜ vitamin H with a
salinity of 30 g L−1 (adapted from Guillard, et al., 1993).
The medium was filtered through a Sartorius membrane filter
(0.2-μm pore size) into sterilized Erlenmeyer flasks. Cultures
were maintained in an orbital incubator at 20 ± 1 °C and 5%
CO2 v/vair was supplied in the headspace of the Erlenmeyer
flasks. Sodium bicarbonate was added to the L1 medium to a
final concentration of 8 mM as a pH buffer. All the stock
cultures were continuously illuminated at a photon flux den-
sity (PFD) of 120 μmolphotons m

−2 s−1 of cool white light
provided by TL fluorescent tubes. Culture growth was moni-
tored by measuring the cell abundance with a Coulter counter
(Beckman Coulter Z1) to ensure that the inoculum was in the
exponential phase before it was used in further experiments.

Experimental conditions

This research consists of two experimental setups. At the first
experimental setup, Rhodomonas sp. was cultivated in batch
cultures in Erlenmeyer flasks. Different light quantities and
qualities were used for this experiment. During the second
experimental setup, Rhodomonas sp. was grown in
photobioreactors in continuous cultures under a set light in-
tensity with different light wavelengths.

Light quantity

Three experiments were conducted in which Rhodomonas sp.
cultures were exposed to different light intensities ranging
from 8 ± 10, 60 ± 10 and 80 ± 20 μmolphotons m

−2 s−1. Three
different wavelengths were applied by white, red, green and
blue (WRGB) LED lights, representing the colours blue,
green and red (λ peak: 461, 517 and 630 nm respectively)
with white LED light (λ range: 415–720 nm) as reference
(Fig. 1). The light intensity was measured and monitored man-
ually with the help of a photosynthetically active radiation
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(PAR) meter (SKP 200/217/140, Skye, UK). Rhodomonas sp.
was batch cultured in pre-sterilized 300-mLErlenmeyer flasks
(20 min at 120 °C) containing 150 mL of 10 times concen-
trated L1 medium (salinity 30 g L−1) and 8 mM sodium bicar-
bonate at 20 ± 1 °C in an orbital incubator (Gallenkamp) and
5% CO2 V/Vair supply. The experiments were started with a
culture density of 4 ± 0.1 × 105 cells mL−1 (10% of medium
volume). All experiments were conducted in triplicates.
During the experiments, light pollution and background light
were excluded.

Light quality

Rhodomonas sp. was continuously cultivated in four different
flat panel Algaemist-S photobioreactors (Technical
Development Studio, Wageningen University, the
Netherlands) with 0.4 L volume, 14 mm light path and
0.028 m2 total illuminated area. The warm light was provided
by Bridgelux LED lamps (BXRAW1200, Bridgelux, USA)
from one side of the Algaemist-S system. Unintentional expo-
sure to other light sources was prevented by a black cover on
the other side of the reactor. In order to illuminate the reactor
with different light qualities, the light panel was covered with
Lee filters (LEE Filters, USA), allowing transmission of a
specific range of wavelengths. The following Lee filters were
chosen targeting the absorption peaks of Rhodomonas sp.:
Tokyo blue (380–520 nm, λmax peak 445 nm); Aurora
Borealis green (520–600 nm, λmax peak 551 nm) and
Marius red (λmax peak 700 nm) (Fig. 2). In all cultures, the
incident light was 50 μmolphotons m

−2 s−1, while in the
turbidostat mode, the secondary light PAR sensor of the sys-
tems ensured outgoing light of 15 μmolphotons m

−2 s−1. After
inoculation, the reactor was started running in batch mode
until the outgoing light intensity equalled 15–20 μmolphotons
m−2 s−1. The temperature within the culture compartment of
the photobioreactor (PBR) was kept stable at 22 °C by cooling

the adjacent water compartment. The pH was set at 7.5 ± 0.1
and maintained constant by automatically regulating the flow
of the air/CO2 mixture pumped into the culture.

Culture analysis

Biomass

Samples were taken daily during light intensity experiments
(Erlenmeyers) and wavelength experiments (PBR). These
samples were analyzed for basic culture monitoring. Optical
density was measured at 750 nm (OD750nm) in a spectropho-
tometer (HACH, DR 5000), from which biomass concentra-
tion (Cx) was calculated as dry weight (Online Resource 2).
Cell abundance, size range 7–14 μm, was measured with a
Coulter counter (Beckman Coulter Z1). The fact that biomass
accumulation was proportional to optical density was shown
by a linear relationship between dry weight and OD750nm. All
individual sample measurements were performed in triplicate.
The growth rate (μ) was calculated for batch cultures from
Eq. (1), while for the turbidostat mode as the dilution rate
(D) through Eq. (2), where VH is the harvested volume in a
period of time and VR the reactor volume.

μ ¼
ln
Cx1
Cx0

t1−t0

ð1Þ

μ ¼ D ¼
VH

t1−t0
VR

ð2Þ

The biomass production rate (rx) for the turbidostat mode
was calculated from the growth rate and the biomass concen-
tration (Cx, Eq. (3)). The biomass production rate and the
absorbed light (ΔIph = Iph,in − Iph,out) were used for the calcu-
lation of biomass yield on light (Yx/ph) (Eq. (4)). Yx/ph is de-
fined as the biomass concentration that can be produced over a
mol of photon.

rx ¼ μ� Cx

ð3Þ

Yx=ph ¼ rx
ΔIph

ð4Þ

Phycoerythrin concentration

Samples from each experiment were analyzed on the PE con-
centration. In the batch culture experiment (Erlenmeyers), PE
analysis was performed twice during the growth phase. The
first sample was taken when the culture was in the exponential
growth phase (day 4), while the second sampling took place

Fig. 1 Wavelength range for theWRGBLED lights andRhodomonas sp.
absorption spectrum. The corresponding pattern area represents the
wavelength range, while the thicker black dashed line represents the
Rhodomonas sp. spectrum
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during the stationary phase of the culture (day 10). The
phycobilin pigments were extracted by a freeze-thawing pro-
cess, centrifuged and analyzed 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. PE was calculated in
microgram per litre according to Eq. (5):

PE ¼ A
εd

�MW� V sample

Vbuffer
� 106

ð5Þ

where ε is the molar extinction coefficient of PE (2.41 ×
106 L mol−1 cm−1), MW is the molecular weight of PE
(240,000 g mol−1), d is the path length in centimetre and
Vsample and Vbuffer are the volumes of the sample and the buffer
respectively. In the PBR experiment, samples for pigment
analysis were taken when the culture was in a steady state.

Absorption spectrum

Light absorption was measured in a double beam spectropho-
tometer (Cary 300 UV-VIS, Agilent, USA) fitted with a
Labsphere DRA-CA-3300 integrating sphere. The absolute
absorbed light per wavelength was used to calculate the pho-
tosynthetically usable radiation (PUR) from PAR using
Eq. (6):

PUR ¼ ∑700
λ¼400PAR λð Þα λð Þdλ ð6Þ

where α(λ) represents the probability that a photon with
a given wavelength (λ) being absorbed by the cell
(Morel 1978). It is derived by the absorption spectrum
of Rhodomonas sp., normalized to its peak maximum
(λ = 440 nm).

Processing for spectroscopy using FTIR

Fourier-transformed infrared spectrometry (FTIR) analysis
was used to investigate changes in the bulk carbohydrate, lipid
and protein content. A 50 mL sample was concentrated by
centrifuging at 2500 1153×g for 15 min. The supernatant
was discarded and 50 mL of ammonium formate (0.5 M)
was added to rinse out the salt and preventing osmotic shock.
The rinsing was repeated twice. Droplets of the concentrated
suspension were placed on a microscope slide and thereafter
dried at 50 °C for 24 h. The slides were stored in desiccators
until the FTIR analysis, using the PerkinElmer Frontier FTIR
equipped with the attenuated total reflectance (ATR) accesso-
ry. The spectrum collected was in the range of 4000–
650 cm−1, and data was exported using the Unscrambler-X
software (Camo Analytics, Norway). The spectral absorption
bands were obtained and identified based on previously pub-
lished studies (Table 1).

Statistical analysis

All data measurements are shown as mean ± standard devia-
tion (± SD) of three independent replicates for the flask exper-
iment, while in the PBR experiments, the measurements that
are shown are the average of five daily measurements when
the reactor is in a steady state (stable dilution rate). Statistical
analysis was performed using SPSS 25.0 statistical package
(SPSS Inc., USA) and Prism 8.0.2 (GraphPad, USA). Data
were tested for normal distribution (Kolmogorov-Smirnoff
goodness of fit test) before being analyzed by ANOVA. The
results were analyzed by one-way analyses of variance
(ANOVA) with α = 0.05, followed by the post hoc test. For
the statistical analysis of the FTIR results, principal compo-
nent analysis (PCA) was carried out in R, using the factoextra
R package to create a ggplot2-based visualization.

Fig. 2 Light penetrating the Lee
filters, Algaemist LED panel
(white) and Rhodomonas sp. ab-
sorption spectrum. The corre-
sponding pattern area represents
the wavelength range of the light
that penetrates through each filter,
while the thicker black dashed
line represents the absorption
spectrum of Rhodomonas sp. The
curves illustrate the photon flux
density that was employed in the
Algaemist experiment,
50 μmolphotons m

−2 s−1, when in-
tegrated across the entire PAR
range (400–700 nm)
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Results

Light intensity experiment using batch cultures

Growth

The light intensity of 8 ± 10 μmolphotons m
−2 s−1 resulted in

low dry weight and cell abundance of Rhodomonas sp. during
the cultivation period (Fig. 3a). Cultures incubated under blue
light conditions performed better and reached significantly
higher biomass concentration on day 10 (p < 0.001), 0.30 ±
0.03 g L−1. In addition, there was no characteristic growth
curve (i.e. lag, exponential, stationary, senescent phase) for
all the cultures. For 60 ± 10 μmolphotons m

−2 s−1 light condi-
tions, the cultures that were exposed to blue light had signif-
icantly higher biomass. After 7 days, these cultures had
reached the highest density (1.64 ± 0.03 g L−1) compared to
the other wavelengths (p = 0.002) (Fig. 3b). In light conditions
of 80 ± 20μmolphotons m

−2 s−1, white and blue light resulted in
the highest biomass levels, 1.38 ± 0.08 and 1.39 ± 0.04 g L−1

respectively (Fig. 3c). Of all the tested wavelengths of light,
blue light led to the highest growth rate in 60 and
80 μmolphotons m

−2 s−1 light intensities, 0.63 ± 0.09 day−1.
The lowest growth rate in the same light intensities was ob-
served under red light, 0.51 ± 0.02 day−1 (Fig. 4). In
8 μmolphotons m

−2 s−1, there was no growth observed for cul-
tures exposed to white and red light, while for blue and green
lights, the growth rate was lower than in 60 and 80μmolphotons
m−2 s−1.

Phycoerythrin concentration

Under 8 μmolphotons m
−2 s−1 the PE concentration increased sig-

nificantly between day 4 and day 10 in blue and greenwavelength
experiments (p= 0.011, p= 0.018). Under blue light the PE con-
tent almost doubled from 10 to 19 pg cell−1, whereas under green
light, the PE content increased from 9.6 to 16.1 pg cell−1 (Fig. 5a).
However, there was no significant change observed in the PE
concentration between the exponential and stationary phase in
cultures grown under red and white light. Under 60 μmolphotons
m−2 s−1 the PE concentration did not follow the same growth
pattern as in the cultures under 8 μmolphotons m

−2 s−1 (Fig. 5b).
During the exponential phase therewas no significant difference in
the PE content between the cultures grown at different light wave-
lengths. The concentration did not change in the stationary phase.
A 38% reduction of PE concentration in respect to the exponential
phase was observed for the cultures that were illuminated by blue
light. Under 80 μmolphotons m

−2 s−1 all Rhodomonas sp. cultures
showed a sharp decrease in PE concentration when they reached
the stationary phase, especially for cultures incubated under blue
and white light conditions (p= 0.036, p= 0.04) (Fig. 5c).

Light quality experiment

Growth

Continuous Rhodomonas sp. cultures in PBR exposed to dif-
ferent light wavelengths were in a steady state for more than a
week. Cultures incubated under green light conditions (peak

Table 1 Assignments of bands found in FTIR spectra of Rhodomonas sp. Vas and Vs indicate asymmetric and symmetric stretching

Main peak
(cm−1) of Rhodomonas sp.

Vibration Functional group Wavelength range (cm−1)

2957 Vas (CH3) Lipid/carbohydrate 2809–3012
2925 Vas (CH2)

2855 Vs (CH2)

1735 Vs (C=O) Cellulose-fatty acids (esters) 1763–1712

1648 Vs (C=O) Protein amide I 1583–1709

1538 δs (N–H)/Vs (C–N) Protein amide II 1481–1585

1455 δas (CH2)/δas (CH3) Protein/lipids 1425–1477

1387 δs (CH2) and δs (CH3)/vs
(C–O) of COO−/δs (N(CH3)3)

Protein/carboxylic acid/lipids 1357–1423
1340

1238 vas (>P=O) stretching Nucleic acid (other phosphate-
containing compounds)

1191–1356

1151 v (C–O–C) Carbohydrate 1134–1174

1077 v (C–O–C)/vs (>P=O) Carbohydrate
Nucleic acid (and other phosphate-

containing compounds)

1072–1099

1023 v (C–O–C) Carbohydrate 980–1072

Band assignment based on Giordano et al. (2001); Sigee et al. (2002); Benning et al. (2004); Dean et al. (2008)
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550 nm) showed the best absorption by the PE. As a result,
volumetric productivity was highest under green light condi-
tions, 0.20 ± 0.05 g L−1 day−1. Cultures exposed to blue and
red light, which cannot be well absorbed by PE, showed sig-
nificant (p < 0.001) lower productivities, 0.11 ± 0.01 and 0.02
± 0.01 g L−1 day−1, respectively (Fig. 6a). The highest bio-
mass dry weight was reached under white and green light
conditions, 0.43 ± 0.05 g L−1 (2.73 106 cells mL−1) and 0.36
± 0.02 g L−1 (2.67 106 cells mL−1) respectively, significantly
higher (p = 0.003) compared to the other wavelengths.
Moreover, exposing Rhodomonas sp. to red light resulted in
dry weight biomass not higher than 0.04 ± 0.01 g L−1 (0.48

106 cells mL−1), while exposure to blue light resulted in a dry
weight of 0.15 ± 0.03 g L−1 (1.11 106 cells mL−1) (Fig. 6b).
The growth rate in cultures exposed to blue light was the
highest, 0.73 ± 0.11 day−1 (p = 0.004) compared to the rest
of the wavelengths (Fig. 6c). The lowest growth rates
(p < 0.001) were observed for cultures grown under white
light conditions, 0.38 ± 0.04 day−1. The cultures exposed to
green and red light conditions demonstrated a slightly higher
growth rate, 0.56 ± 0.07 and 0.47 ± 0.14 day−1, respectively.
As the PBRs were operated in turbidostat mode, the light
absorption was the same for each tested light quality.
Therefore, the biomass yield on light followed the same pat-
tern as the volumetric productivity (Fig. 6d). The highest bio-
mass yield on light was calculated for the green light wave-
length, 0.91 ± 0.11 g molphotons

−1, while the lowest biomass
yield on light (p < 0.001) was only 0.13 ± 0.08 g molphotons

−1

in red light conditions.

Phycoerythrin concentration

When the PBRs were in a steady state samples were taken for
the quantification of the PE concentration. The results showed
that red light induced the PE accumulation in Rhodomonas sp.
(Fig. 7). PE concentration in red light conditions was 281 mg
gDW−1 (35.1 pg cell−1), 145% higher than the PE concentra-
tions in cultures exposed to green light conditions, 114 mg
gDW−1 (14.3 pg cell−1). The PE concentration measured in
cultures grown under white light conditions was the lowest,
23 mg gDW−1 (2.9 pg cell−1). The absorption spectra of
Rhodomonas sp. cells in the PBR under different light wave-
lengths did not present a big difference, except for the red
wavelength (Fig. 8).

Fig. 3 Biomass concentration Cx (average ± SD, n = 3, g L−1 DW) of
Rhodomonas sp. in batch cultures in time (days) under different wave-
lengths (blue, green, red, white) in a low light (8 μmolphotons m

−2 s−1), b
Medium light (60 μmolphotons m

−2 s−1) and c high light (80 μmolphotons
m−2 s−1) conditions

Fig. 4 The influence of light intensity PAR (μmolphotons m
−2 s−1) on the

growth rate μ (average ± SD, n = 3, day−1) of Rhodomonas sp. in batch
cultures under different light wavelengths (blue, green, red, white)
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FTIR analyses

Table 2 demonstrates the band intensities for each treatment,
normalized to the highest peak of each spectrum, together with
the coefficient of variation (CV). PCA provided information to
determine to which extent the different wavelength treatment
could be differentiated (Fig. 9). The plot shows a clear separation
of the samples of Rhodomonas sp. grown under green and white
light conditions, while the samples collected from the incubations
under red and blue light are clustered in the same area of PCA.
The main variation in PC1 occurs due to the bands that are
assigned for proteins and carbohydrates. On the other hand,
along PC2, the lipid regions are responsible for the variation.
Rhodomonas sp. samples cultivated in green light conditions
are separated in the PCA plot, mainly due to the higher concen-
tration of amides. The differentiation between blue and red light
incubations ismainly attributed to differences in the carbohydrate
content of the samples.

Discussion

Light intensity experiment using batch cultures

Growth

Blue light led to the highest growth rate in 60 and 80 μmolphotons
m−2 s−1 light intensities, while the lowest growth rate in the same
light intensities was observed under red light. The absence or
lower growth in 8 μmolphotons m

−2 s−1 confirms results from
previous studies (Bartual et al. 2002; Hammer et al. 2002;
Chaloub et al. 2015; Vu et al. 2016). The effect of light intensity
on the growth of Rhodomonas sp. is explained better by plotting
the growth rate against PUR, calculated by all light intensities
and wavelengths of the experiment (Fig. 10). The absorption
spectrum of Rhodomonas sp. can explain the highest growth rate
that was obtained under blue light conditions. The wavelengths
of blue light can be absorbed effectively by PE and other
pigments. Due to the high absorption of blue light, the PUR in
our experiment was higher compared to other light wavelengths.
This positive effect of blue light on the growth rate of
Rhodomonas sp. is supported by previous research on
Rhodomonas salina. Heidenreich and Richardson (2020)

�Fig. 5 Phycoerythrin (PE) concentration (average± SD, n = 3, pg cell−1)
of Rhodomonas sp. in batch cultures at the exponential (day 4) and sta-
tionary phase (day 10), under different light wavelengths (blue, green,
red, white) in a low light (8 μmolphotons m

−2 s−1), b medium light
(60 μmolphotons m

−2 s−1) and c high light (80 μmolphotons m
−2 s−1) condi-

tions (*indicates the significant difference after ANOVA test and t test of
pairwise comparison between the groups ns p > 0.05, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001)
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reported higher absorption, PUR and growth rates for R. salina
under blue light.

A reduction of the biomass of the stationary phase was ob-
served from 60 to 80 μmolphotons m

−2 s−1 light conditions in the
cultures exposed to blue light, while a biomass increase was
noticed for green and red light. Provided that nutrients are not a
limiting factor in these high-density cultures, the strongly
absorbed blue light is attenuated already in the outermost cells
where it could saturate photosynthesis and fails to reach inner

cells. In contrast, a more homogenous light climate is obtained
for lesser absorbed light qualities, which can be more efficiently
used by the cells if it does not saturate photosynthesis. This
explanation is supported by Ooms et al. (2017) where they cul-
tivated the cyanobacterium Synechococcus elongatus under dif-
ferent light intensities and wavelengths. They showed that highly
absorbed light is not always the best choice for monochromatic
cultivation, especially for cultures with high biomass density.
Depending on reactor depth, cell density and irradiance, a light
wavelength that is not well absorbed, could be the best option to

Fig. 6 The effect of different
wavelengths (blue, green, red,
white) on a volumetric
productivity rx (g L

−1 day−1), b
dry weight Cx (g L−1), c growth
rate μ (day−1) and d biomass yield
on light Yx/ph (g molphotons

−1) of
Rhodomonas sp. cultivated in
PBR reactor (all values average ±
SD, n = 7) (*indicates the
significant difference after
ANOVA test and t test of pairwise
comparison with white light as a
reference as described in Fig. 5)

Fig. 7 Phycoerythrin (PE) concentration (average ± SD, n = 3,
mg gDW−1) of Rhodomonas sp. cultivated in PBR under different light
wavelengths (blue, green, red and white) (*indicates the significant dif-
ference after ANOVA test and t test of pairwise comparison with white
light as described in Fig. 5)

Fig. 8 Absorption spectrum of Rhodomonas sp. under different light
wavelengths normalized to chl-a (λ = 440)
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obtain high biomass productivity. This effect can be ex-
plained by the fact that weakly absorbed wavelength
of light, when biomass concentration is high, can pene-
trate deeper into the culture and dilute the light better
into the reactor.

Phycoerythrin concentration

Pigment adaptation, also called chromatic adaptation in
response to light (quantity and quality), is common for
macro- and microalgae (Bennett and Bogorad 1973;

Table 2 Mean and coefficient of variation (CV) of band intensities and after normalized data reference to the highest peak for each sample (n = 3 for
green and white, n = 4 for blue and red)

Functional group Blue Green Red White

Mean CV Mean CV Mean CV Mean CV

Lipid-carbohydrate 0.287 8.9 0.343* 5.2 0.261 11.1 0.252 11.0

0.396 6.7 0.350 3.5 0.386 8.9 0.377 9.3

0.261 8.1 0.374* 10.1 0.251 7.4 0.246 7.5

Cellulose-fatty acids (esters) 0.192 13.4 0.168** 2.3 0.219 11.6 0.216 13.0

Protein amide I 0.926* 7.3 0.345*** 14.1 0.810 24.7 0.738 25.1

Protein amide II 0.727 12.2 0.992*** 0.7 0.612 22.7 0.567 23.3

Protein/lipids 0.459 13.0 0.647**** 1.5 0.414 13.7 0.394 13.4

Protein/carboxylic acid/lipids 0.451 13.4 0.421 14.4 0.387 13.0 0.373 11.4

0.406 12.6 0.948*** 6.9 0.355 7.4 0.345* 6.4

Nucleic acid 0.494 7.3 0.319** 6.2 0.441 18.7 0.419 20.3

Carbohydrate 0.583* 3.8 0.313**** 5.7 0.560 7.0 0.547 6.5

Carbohydrate/nucleic acid 0.769* 3.3 0.371**** 6.4 0.711 6.9 0.693 6.3

Carbohydrate 0.997* 0.2 0.446**** 5.2 0.944 8.2 0.934 10.0

*Indicates the significant difference after ANOVA test and t test of pairwise comparison between all groups

*p < 0.05

**p < 0.01

***p < 0.001

****p < 0.0001

Fig. 9 Principal component
analysis (PCA) of FTIR spectra
derived from Rhodomonas sp.
samples cultivated in PBR under
50 μmolphotons m

−2 s−1 of differ-
ent light wavelengths. PCA was
performed using the bands of the
FTIR analysis, normalized to the
highest peak for each sample
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Schulze et al. 2014) and can be caused by photobleaching (light
damage) or physiological response (Gutu and Kehoe 2012).
Short-term acclimation (seconds-minutes) involves all kind of
reactions to dissipate excess light (Huot and Babin 2010;
Hughes et al. 2018), whereas long-term acclimation, the so-
called light-shade acclimation, involves changes in the content
and ratio of the light-harvesting and protective pigments
(Falkowski and Raven 1997). When these processes fail,
photobleaching can occur.

A 38% reduction of PE concentration in respect to the
exponential phase was observed for the cultures that were
illuminated by blue light. This reduction can partly be ex-
plained by photoacclimation which occurs in response to
PFD, spectral density changes (Falkowski and La Roche
1991) and PFD saturation (Chaloub et al. 2015). As a result,
the cultures exposed to the blue light reached the stationary
phase the earliest, because of the highest productivity com-
pared to the cultures exposed to the other wavelengths.

In dense cultures, the cells perceive less light due to self-
shading, and they become shade adapted. So in dense cul-
tures, which are not limited by nutrients, an increase in pig-
ments is expected to maximize the use of the low light that is
available. This hypothesis is in contrast with our observa-
tions under 80 μmolphotons m

−2 s−1 and can be explained by
the fact that a diminution of growth is occurring, probably
due to a lack of nutrients, and therefore, less pigmentation is
necessary (Lafarga-De la Cruz et al. 2006). Another process
should be taken into account when looking at the PE con-
centration of the cells during the stationary phase of the
cultures. The cultures in the present study, both those grown
under 60 and 80 μmolphotons m

−2 s−1, showed a change in
colour from red to yellow/greenish when the stationary and
senescence phase was reached. This colour transition is

caused by a decrease in pigments and indicates nitrogen
starvation (da Silva et al. 2009). The studies of Bartual
et al. (2002) and da Silva et al. (2009) show a loss of chlo-
rophylls and PE under nitrogen starvation. These findings
support the assumption that nutrients became a limiting fac-
tor in our study in the stationary phase for cultures under 60
and 80 μmolphotons m

−2 s−1. When nitrogen starvation oc-
curs, PE can function as a source of amino acids for the
synthesis of new proteins or protein turnover (Rhiel et al.
1985; da Silva et al. 2009).

The increased PE concentration in Rhodomonas sp. under
8 μmolphotons m

−2 s−1 indicates that low light conditions in-
crease the efficiency of cells in an algal culture to capture
photons for photosynthesis, which is in agreement with the
study of Thinh (1983). As stated by Chaloub et al. (2015), low
light intensity triggers algal cells to synthesize more pigments.
As a consequence, cultivation with LED lights with low light
intensity is considered useful for pigment production for bio-
chemical purposes. da Silva et al. (2009) showed that the
chloroplast of theCryptomonas maculata under low light con-
ditions, around 6 μmolphotons m

−2 s−1, contains 50% more of
chloroplast area (longitudinal cross-section) than a cell ex-
posed to high light conditions, 20μmolphotons m

−2 s−1. In other
words, more pigments are found in a chloroplast under low
light conditions. In Rhiel et al. (1985), the morphology of the
thylakoids in C. maculata cells, exposed to low and high light
(6 μmolphotons m

−2 s−1 and 20 μmolphotons m
−2 s−1, respective-

ly), was investigated. Their results revealed that 90% of the PE
was lost in the cells exposed to high light. The results of our
study showed the same phenomenon for Rhodomonas sp., up
to 89% of PE is lost when low light is compared to high light
(p < 0.001) (Fig. 11).

Fig. 10 The influence of PUR (μmolphotons m
−2 s−1) on growth rate μ

(average ± SD, n = 3, day−1) of Rhodomonas sp. in batch cultures under
different light wavelength (blue, green, red, white). A regression line is
fitted through these data points, and the equation describing the
regression is presented under the line

Fig. 11 Phycoerythrin (PE) concentration (average ± SD, n = 3, pg cell−1)
of Rhodomonas sp. in batch cultures at the stationary phase (day 10) of
experiments under different wavelengths in low light (8 μmolphotons
m−2 s−1), medium light (60 μmolphotons m−2 s−1) and high light
(80 μmolphotons m

−2 s−1) conditions (*indicates the significant difference
after t test of pairwise comparison with low light intensity as a reference
group as described in Fig. 5)
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Light quality experiment

Growth

The incoming PUR of each wavelength treatment can
partly explain the growth rate difference. Although in all
cultures 50 μmolphotons m

−2 s−1 light intensity was applied,
the PUR for blue, green, red and white was 45.6, 26.1,
23.6 and 22.1 μmolphotons m−2 s−1 respectively. Even
though the total amount of photons absorbed by the reac-
tors was equal for all light qualities except red light, the
highly absorbed blue light was absorbed by less cells in
the reactors (1.1 106 cells mL−1). As a result, higher light
availability per cell could have resulted in a higher growth
rate. The positive effect of blue light on the growth rate
of R. salina has been reported previously (Heidenreich and
Richardson 2020). The growth rates of our study were
relatively low, compared to the literature values, where
growth rate up to 0.68–0.75 day−1 has been reported for
Rhodomonas strains (Lafarga-De la Cruz et al. 2006; Vu
et al. 2016). However, these maximum growth rates have
been observed in batch cultures during the exponential
phase. In our batch experiments, growth rates similar to
or higher than the ones reported in the literature were
calculated. In the PBR experiments, growth rates were
determined by the dilution rate, hence not the maximum
but constant growth rates.

Phycoerythrin concentration

Significant lower PE concentrations (p = 0.03) compared to
red and green light were measured in the cultures grown under
blue light conditions. This effect can be explained from
Lafarga-De la Cruz et al. (2006) which states that the reduc-
tion of pigment concentration is considered as a process of
autoregulation of the photosynthetic apparatus to reach a bal-
ance between the gain of light and the demand of energy
necessary for microalgae growth. As a result of this phenom-
enon, the energy in the cultures exposed to blue light was used
for growth and not for pigment synthesis.

The absorption spectrum of Rhodomonas sp. cells did not
show significant differences when illuminated under different
light wavelengths, except for the red wavelength (Fig. 8).
According to the PUR calculation, more light should be
absorbed in the reactor illuminated by red light than in the
reactor illuminated with white light. However, the cell density
of the culture in the reactor exposed to red light stayed low,
which indicates that the light was not absorbed and the outgo-
ing light was higher compared to the other cultures. This can
be described by the spectrum of red light (Fig. 2). Many pho-
tons are beyond 680 nm, wavelengths that are not used or used
far less efficiently by PSII, because the primary donor of PSII
(P680) is not formed (Pavlou et al. 2018). As a result, red light

could cause an imbalance in photosynthetic electron transport.
It has been reported that R. salina shows inverse chromatic
adaptation as a response to the energy imbalance (Lawrenz
and Richardson 2017). This strategy induces the production
of extra PE and Chl c and decreases the Chl-a content in order
to increase the absorption cross-section of PSII and reduces
the one of PSI. This explanation is, however, not supported by
previous research on energy migration dynamics of
Rhodomonas, which suggest that PE545 distributes harvested
light equally to PSII and PSI (Van Der Weij-De Wit et al.
2006). We were not able to measure the excitation spectra
and determine how the excitation energy of red light is dis-
tributed between PSI and PSII.

Conclusions

In an ideal system for high PE production, Rhodomonas sp.
should be cultivated with maximum growth rate until the cells
become so dense that light becomes limiting. If the culture
does not run out of nutrients, the cells will increase their PE
concentration. During this research, the highest biomass vol-
umetric productivity and biomass yield on the light of
Rhodomonas sp. was obtained in turbidostat mode when it
was cultivated under green light conditions. Photopigment
composition analyses illustrated that Rhodomonas sp. was
rich in PE when it was cultivated under low irradiance or light
wavelength that actually was perceived as low irradiance
(close to red light). As a result, the green light is recommended
for Rhodomonas sp. cultivation as aquaculture feed in order to
succeed in a high productivity system and high protein prod-
uct. On the other hand, when focusing on PE production dur-
ing the cultivation of Rhodomonas sp., low light intensities
and wavelengths that are not well absorbed and have the ad-
ditional benefit of providing a more homogenous light climate
are essential.
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