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ABSTRACT This study studied the optimum nitrogen (N) and phosphorus (P) concentrations for biomass and astaxanthin
production in Spirogyra sp. Spirogyra sp. was cultivated in Blue Green (BG) medium with N/P concentrations adjusted
to 1.1/0.01; 1.1/0.03; 1.1/06; 1.1/0.09; 2.2/0.01; 2.2/0.03; 2.2/0.06; 2.2/0.09; 4.4/0.01; 4.4/0.03; 4.4/0.06; 4.4/0.09,
6.6/0.01; 6.6/0.03; 6.6/0.06 and 6.6/0.09 mM. The results showed an increase in biomass accumulation for lower concen‐
trations of N and N:P ratio with the highest accumulation at N/P 1.1/0.03 mM, i.e. 485 mgdryweight and a growth rate of 0.22
d‐1. Astaxanthin accumulation was also found to increase, with the highest at N/P 1.1/0.01 mM, i.e. 0.269 mg/gdryweight,
on the 12th day of cultivation. Based on biomass and astaxanthin accumulation, the highest astaxanthin productivity was
0.07 μg/cm2/d at N/P concentration 1.1/0.09 mM. Kinetic models were developed using the Haldane and Luedeking–Piret
equations. The growth and astaxanthin production parameters obtained were μmax 0.18±0.02 d‐1, kN 68.2 ± 24.2 mg/L,
ki 301.8 ± 78.5 mg/L, YN 0.93 ± 0.68 gbiomass/nitrate, α 0.36 ± 0.69, β ‐0.01 ± 0.02, and kA 0.04 ± 0.03, thus indicating that a
lower N concentration is suitable for the cultivation of Spirogyra sp. In conclusion, Spirogyra sp. should be cultivated under
nitrogen deficiency for continuous astaxanthin production.
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1. Introduction

Astaxanthin is a carotenoid compound that can capture re-
active oxygen species (ROS) and neutralize free radicals
(Lima et al. 2021). This is possible since its structure com-
prises a non-polar polyene chain and polar terminal rings
on both ends with 13 conjugated double bonds (Ermavital-
ini et al. 2021). This structure also enables astaxanthin to
be easily incorporated into the cell membrane (Stachowiak
and Szulc 2021). Due to these characteristics, astaxanthin
has a very high antioxidant property, which is 6,000 times
that of vitamin C, 800 times of coenzyme Q, 500 times of
α-tocopherol, and 11 times of β-carotene (Ekpe et al. 2018;
Zhuang and Zhu 2021).

In addition to being an antioxidant, astaxanthin has
anti-inflammatory, anti-apoptotic, and anti-proliferative
properties. It is frequently used as an anti-aging, anti-
cancer, and anti-diabetic agent, as well as a protective
agent for the nerve, muscle, and skin cells in cosmetic
and health products (Kohandel et al. 2021; Lima et al.
2021). The market demand for astaxanthin continues to
grow because of its many and varied benefits. The as-
taxanthin market is projected to maintain this continu-

ous growth trend with a compound annual growth rate of
17.2% (Grand Review Research 2022). As such, astaxan-
thin production must rise to meet the demands of local and
global markets.

Astaxanthin can be synthesized by variousl organ-
isms, including crabs, krill, algae, and yeast (Ambati et al.
2014). At present, the microalgae H. pluvialis serves as
the main source of the astaxanthin used in industrial-scale
production. However, its use also has certain drawbacks
including slow growth, low cell density, and the high
cost of cultivation and downstream processes (Tran et al.
2019; Tharek et al. 2020). Hence, a potential alternative is
needed to overcome these drawbacks.

Spirogyra sp. is an unbranched filamentous green
macroalgae that is commonly found in Indonesian fresh-
waters such as rice fields, ponds, rivers, and lakes (Wong-
sawad and Peerapornpisal 2015). While Spirogyra sp. is
currently a frequently used fishing bait, it is also a po-
tential source of astaxanthin with an astaxanthin content
of 0.07% (d.w.) (Pacheco et al. 2015). This value ex-
ceeds that of other astaxanthin-producing green algae such
as Chlorella zofingiensis (0.001%), Ulva lactuca (0.01%),
and Catenella repens (0.02%) (Ambati et al. 2014).
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To generate stable astaxanthin production from Spir-
ogyra sp., a controlled cultivation method is needed. In
addition, astaxanthin production can be increased through
the application of a stress-induced growth environment to
Spirogyra sp. cultivation. A previous study showed that
astaxanthin production in Coleastrum sp. was enhanced
through the introduction of ROS as a stress inductor into
the cultivation medium, which increased production by
1.3-fold (Tharek et al. 2020). Nitrogen (N) and phospho-
rous (P) are both essential for algal growth and therefore
play an important role in astaxanthin productivity (Fan
et al. 2021; Li et al. 2022). It is also known that the limited
presence of N and P leads to an increase in astaxanthin ac-
cumulation in algae (Ding et al. 2019; Li et al. 2022). In
addition, a low N:P ratio can increase astaxanthin produc-
tion (Liu 2018). To achieve high astaxanthin productiv-
ity, research is needed to determine the optimum concen-
trations of N and P, along with the optimal N:P ratio for
biomass and astaxanthin accumulation in Spirogyra sp.

In this study, the optimal concentrations of N and
P, and the optimal N:P ratio for the accumulation of
biomass and astaxanthin in Spirogyra sp. were determined
from experimental results. Kinetic modeling was used
to perform cultivation simulations, with the parameters
obtained through parameter estimation. The parameters
used for the kinetic models consist of the growth rate of
Spirogyra sp., nitrate consumption, and astaxanthin pro-
duction. Commonly used equations include the Monod,
Haldane–Andrews, and Luedeking–Piret models (Abdul-
rasheed et al. 2020). The model that is developed can then
be used as the basis for developing pilot-scale cultivation.

2. Materials and Methods

2.1. Plant material
Spirogyra sp. culture, which is better known by the lo-
cal name lukut, was obtained from rice fields in Bojong
Village, Majalaya District, Bandung Regency, West Java
(LS 7°2’20” BT 107°46’28”). The collected green algae
showed unbranched filaments and spirally coiled chloro-
plasts (Figure 1). It was confirmed as Spirogyra sp.

FIGURE 1 Spirogyra sp. filament morphology observed under mi‐
croscope with a 100x magnification.

based on its natural habitat, where it was found, and its
morphological appearance. According to Takano et al.
(2019), Spirogyra species are generally found in fresh-
water river streams, natural pools, or artificial freshwa-
ter pools. Moreover, morphologically, these green algae
show the structure of a filament without branches, which
is an elongated cylindrical cell resembling a ribbon, con-
taining chloroplasts that are structured spirally.

2.2. Cultivation medium
A modified Blue Green (BG) medium was used as the
cultivation medium in this study (Munir et al. 2015).
The medium was modified by varying the concentrations
of N and P, namely to N/P 1.1/0.01; 1.1/0.03; 1.1/06;
1.1/0.09; 2.2/0.01; 2.2/0.03; 2.2/0.06; 2.2/0.09; 4.4/0.01;
4.4/0.03; 4.4/0.06; 4.4/0.09, 6.6/0.01; 6.6/0.03; 6.6/0.06
and 6.6/0.09 mM. The BG medium composed of NaNO3
1.5 g/L; K2HPO4 40 mg/L; MgSO4 75 mg/L; CaCl2 36
mg/L; Citric Acid 6 mg/L; Ammonium Iron (III) Citrate 6
mg/L; Na2EDTA 10mg/L; Na2CO3 20 mg/L; H3BO3 2.86
mg/L; MnCl2 1.81 mg/L; ZnSO4 0.22 mg/L; Na2MoO4
0.39 mg/L; CuSO4 0.08 mg/L; and Co(NO3)2 0.05 mg/L.
These materials were obtained from Merck KGaA, Ger-
many.

2.3. Medium preparation
BG medium was used in the cultivation of green algae
Spirogyra sp. (Allen and Stanier 1968). Our prelimi-
nary study indicated that Spirogyra sp. showed the highest
growth in 25%BGmediumwhen cultivated in 2.5%; 25%;
50%; and 100% BG medium. Therefore, in this study, the
availability of N and P in the medium was varied to 0.25;
0.5; 1.0; and 1.5 times the control concentration of 25%
BGmedium. The concentrations of N in the medium were
altered to 93.75; 187.5; 375.0; and 562.5 mg/L NaNO3,
while those of P varied to 2.5; 5.0; 10.0; and 20.0 mg/L
K2HPO4. All the weighted components in the medium
were dissolved in 4 L of distilled water to produce a 25%
BG medium. The pH value of the medium was then ad-
justed by adding 0.1 N NaOH or 0.1 N HCl to a value of
7.5 ± 0.25 (Munir et al. 2015).

2.4. Spirogyra sp. cultivation
Spirogyra sp. culture was grown in 1 L of the medium
in 1.5 L thin-walled containers (14 × 14 × 8 cm)
with three repetitions for each treatment (Figure 2).
The Spirogyra sp. cultivation was performed at room
temperature with a light intensity of 1700–2200 lux
(23–30 μmolphoton/m2s) with aeration of 0.2 vvm (vol-
ume/volume/minute) (Simanjuntak 2021). A 24-hour
lighting periodwas applied during cultivation and the Spir-
ogyra sp. was cultivated for 14 days. During cultivation,
the pH of the medium was checked and adjusted every 2
days to ensure it remained within the range of 7.5 ± 0.25.
The pH was adjusted in line with the methods outlined by
Yu et al. (2022) and the temperature was set to a constant
22 ºC.
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FIGURE 2 Cultivation of Spirogyra sp.

2.5. Sample harvesting
Samples were harvested every 3 d within 14 d of cultiva-
tion, on days 0, 3, 6, 9, 12, and 14. The Spirogyra sp.
filament was drained from the cultivation container using
an iron strainer. The samples were then dried in an oven
(Zhao et al. 2016). The obtained biomass was further ana-
lyzed for its astaxanthin content using High-Performance
Liquid Chromatography (HPLC). In addition, 1–10 mL of
medium was taken for nitrate concentration analysis.

2.6. Measurement of dry biomass
A container (6.5 × 6.5 × 1 cm) made of parchment pa-
per was weighed first (m1). The filtered sample was then
placed into the container and dried in an oven following
the methods of Cong et al. (2019) at 50 ºC before it was
weighed again (m2). The dry weight of the sample was
determined using Equation 1.

dry biomass (g) = m2−m1 (1)

2.7. Measurement of nitrate concentration
The concentration of nitrate in the medium was measured
using a spectrophotometric method (Kurniawati et al.
2017). A total of 1–10 mL of the medium was placed into
a 250 mL beaker glass. The sample was dissolved using
distilled water until the volume of the solution reached 50
mL with a volume of 1 mL of 1 N HCl was then added to
the sample and vortexed. The mixture was first incubated
for 30 min before the absorbance was measured at λ 220
nm and 275 nm. The absorbance value was then matched
with the standard nitrate curve equation to determine the
nitrate concentration in the sample. Nitrate concentrations
were obtained using Equation 2.

[Nitrate]

(
mg

L

)
= 20×(OD220−OD275)−0.219 (2)

2.8. Astaxanthin extraction
Spirogyra sp. dry biomass was ground using a mortar and
pestle. Extraction was performed by maceration, follow-
ing the methods of Ruen-ngam et al. (2010) with modifica-
tions. In this case, the solvent volume was 5 mL. Extrac-
tion was conducted in an incubator shaker and agitation
speed of 100 rpm. The extract was then filtered using a
syringe and fat-free cotton. The remaining extract in the
syringe and the fat-free cotton were rinsed with 5 mL of
acetone. The filtered extract was then evaporated and re-
dissolved in HPLC-grade methanol for analysis using the
HPLC method.

2.9. Astaxanthin analysis using HPLC
Spirogyra sp. extract was evaporated using an evapo-
rating dish at room temperature. The dry residue of the
extract was then dissolved with 5 mL of HPLC-grade
methanol. Next, the sample solution was filtered using
a 0.22 μm PTFE (polytetrafluoroethylene) syringe filter
into an HPLC vial. The vial was placed in the autosam-
pler chamber of the HPLC (Shimadzu Autosampler SIL-
20AC) equipped with a photodiode array (PDA) detector.
The analysis was performed using a C-18 reverse phase
column and HPLC grade methanol:aquabidest (95:5 v/v)
as the eluent. The flow rate used was 1 mL/min and the
column temperature was 25 ºC. Wavelength detection was
based on the methods of Régnier et al. (2015) and Karnila
et al. (2021). The standard astaxanthin used was astax-
anthin 97% obtained from Sigma-Aldrich, Germany. The
astaxanthin content in the samples was then quantified us-
ing Equation 3 and 4.

[Astaxanthin]

(
mg

L

)
= A× 10−4 − 0.0934 (3)

Astaxanthin

(
mg

g

)
=

[Astaxanthin]× V (L)

msample(g)
(4)

Where [Astaxanthin] is the astaxanthin concentration in
the sample, A is the peak area, V is the solvent volume,
and msample is the mass of Spirogyra sp. extracted.

2.10. Estimation of Spirogyra sp. astaxanthin produc‐
tivity

Astaxanthin productivity was estimated using parameters
including cultivation volume (V), mass of Spirogyra sp.
during harvesting (m), depth of cultivation area (h), astax-
anthin content in the biomass of Spirogyra sp. (A), and
cultivation time (t). The productivity of astaxanthin can
be quantified using Equation 5.

Productivity

(
µg

cm2d

)
=

A

(
µg
g

)
×m(g)× h(cm)

V (cm3)× t(d)
(5)

2.11. Kinetic modeling
Kinetic modeling for Spirogyra sp. cultivation was per-
formed usingMATLAB® (R2018a) and SIMULINK. The
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parameter estimation application on SIMULINKwas used
to estimate growth parameters with initial values obtained
from research data. Biomass growth was modeled using
the Haldane equation (6).

dX

dt
= µX = µmax

(
N

kN +N + N2

ki

)
X (6)

Where X is biomass, μ is the growth rate, μmax is the
maximum growth rate, N is nitrate concentration, kN is the
half-saturation constant for nitrate, ki is the half-inhibition
constant for nitrate, and t is time.

For the modeling, the value of μ is estimated using
equation (7) which is obtained from the experiment data
(Zhang et al. 2018).

µmax = Max

[
ln(Xi+1 −Xi)

ti+1 − ti

]
(7)

Where Xi+1 and Xi are biomass data taken during times
ti+1 and ti

Nitrate consumption in the medium was modeled us-
ing the Haldane equation (8) and astaxanthin production
was modeled using the modified Luedeking–Piret equa-
tion (Serri et al. 2020) (9).

dN

dt
= − 1

YN
× µX = − 1

YN
µmax

(
N

kN +N + N2

ki

)
X

(8)
dA

dt
= α× µ×X + β ×X − kA ×X2µmax (9)

Where N is nitrate concentration, YN is the biomass per ni-
trate yield coefficient, μ is the growth rate, X is biomass,
A is product concentration, α is the growth-associated as-
taxanthin production coefficient, β is the non-growth as-
sociated astaxanthin production coefficient, and kA is the
astaxanthin consumption rate coefficient.

2.12. Statistics analysis
In this study, a one-way ANOVA statistical test was con-
ducted to determine the significance of the treatment on the
accumulation of biomass and astaxanthin. A post-hoc test
using Duncan’s method was also performed to determine
the significance of the treatment between groups. In ad-
dition, the data obtained were represented as mean ± SD
(standard deviation) of a triplicate of experiments using
Microsoft Excel XP. Furthermore, the correlation test be-
tween parameters was analyzed using the Pearson corre-
lation coefficient (r) parameter. The three statistical tests
were carried out using SPSS Statistics 25 software.

3. Results and Discussion

3.1. Effect of N concentration, P concentration, and
N:P ratio on Spirogyra sp. biomass accumulation

In this study, Spirogyra sp. was cultivated for 14 days. The
growth curve of Spirogyra sp. showed continuous growth

until it reached the highest biomass accumulation on day
14 (Figure 3).

The highest biomass accumulation on the 14th day was
found in N/P concentration 1.1/0.01 mM with a value of
485 ± 31.9 mgdryweight, while the lowest biomass accumu-
lation was found in the N/P variation of 6.6/0.03 mM with
a value of 194 ± 25.8 mgdryweight. In all variations, biomass
showed growth from day 0 to 12 except for variations in
N/P 4.4/0.03, 6.6/0.01, and 6.6/0.03 mM. It may be caused
by an initial lag period as an adaptation time for denitrifi-
cation of the macroalgae due to the high concentration of
nitrate present in the cultivation medium (Nalcaci et al.
2011; Serri et al. 2020). The biomass cultivation result
showed that the concentrations of N and P in the medium
had a significant effect on the biomass accumulation of
Spirogyra sp. (Table 1). The result generally showed that
the biomass accumulation for Spirogyra sp. was the great-
est at a lower N concentration, namely 1.1mM, and amod-
erate P concentration, specifically 0.03 mM.

Furthermore, the result of the Pearson correlation co-
efficient analysis showed that the N concentration in the
medium had a strong negative correlation (-0.584) with
the accumulation of biomass, which means that the latter
will increase as the concentration of N in the medium de-
creases (Table 2). In addition, the N:P ratio had amoderate
negative correlation with biomass accumulation (-0.300),
which indicates that the accumulation of biomass increases
as the N:P ratio decreases. However, there was no sig-
nificant correlation between P concentration and biomass
accumulation (-0.123).

The optimum N:P ratio for Spirogyra sp. biomass ac-
cumulation was 38.4. This value aligned with the opti-
mum value of the N:P ratio for macroalgae growth, which
was 30 (Lubsch and Timmermans 2018). The results of
this study also showed that a high P concentration along
with a lower N:P ratio could increase the accumulation of
biomass in Spirogyra sp. This could be due to the higher
P uptake in the medium accompanied by low N:P ratio

TABLE 1 Biomass accumulation in Spirogyra sp. on the 14th day.

P concentration (mM)
N concentration (mM)

1.1 2.2 4.4 6.6

0.01 382b 332bc 296c 259d

0.03 485a 394b 221e 194f

0.06 308bc 260d 188f 258d

0.09 342bc 321bc 262d 310bc

Note: a,b,c shows significant difference between treatments (p <
0.05).

TABLE 2 Pearson correlation coefficient analysis for the effect of
N concentration, P concentration, and N:P ratio on biomass accu‐
mulation in Spirogyra sp. on the 14th day.

Parameter N P N:P Ratio

Pearson Correlation ‐0.584* ‐0.123 ‐0.300*
Significance (2‐tailed) >0.001 0.405 0.038

Note: * shows significant correlation (p < 0.05).
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(a) (b)

(c)
(d)

FIGURE 3 Growth curve of Spirogyra sp. in medium with N concentration of (a) 1.1, (b) 2.2, (c) 4.4, and (d) 6.6 mM.

(a) (b)

(c) (d)

FIGURE 4 Nitrate consumption curve of Spirogyra sp. in medium with N concentration of (a) 1.1, (b) 2.2, (c) 4.4, and (d) 6.6 mM.
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(Choi and Lee 2015; Figler et al. 2021). High P uptake
increases biomass accumulation since algae require P for
energy metabolism, protein synthesis, and starch produc-
tion, as well as the formation of proteins, carbohydrates,
cell structures, and cell membrane stabilizers (Xing et al.
2021).

In this study, all treatments showed biomass accumu-
lation on day 3. It occurred because algae require N to
form biomass. However, higher N concentrations can also
reduce the accumulation of biomass in Spirogyra sp., as
seen in the cases of the algae cultivated in the N concen-
trations of 4.4 and 6.6 mM. High concentrations of N may
induce an increase in nitrate reductase enzyme activity in
cells (Afonso et al. 2022). This enzyme reduces nitrate to
nitrite. Nitrite is then reduced to ammonium by the en-
zyme nitrite reductase, which causes an accumulation of
toxic ammonium in cells and therefore reduces the accu-
mulation of biomass (Wang et al. 2019).

A previous study on macroalgae, Cladophora glomer-
ata, also showed a decrease in biomass accumulation at
high nitrate concentrations, with the highest growth rate at
a nitrate concentration of 100mg/L (Farahdiba et al. 2020).
Beyond this concentration, the growth rate of macroalgae
tends to decrease. A low concentration of nitrate is also
disadvised as it can inhibit the growth of macroalgae. The
results of another study showed that the optimum N con-
centration in the growth medium of macroalgae, Chaeto-
morpha aerea, was 1.5 g/L (Satpati and Pal 2020). N con-
centrations above 1.5 g/L led to a decrease in biomass ac-
cumulation.

TABLE 3 Astaxanthin content in Spirogyra sp.

No N/P Concentration (mM)
Cultivation Time (days)

3 6 9 12

1 1.1/0.01 55.3bc 61ab 67.3b 268.7a

2 1.1/0.03 131.7ab 56ab 206.5a n.d.b

3 1.1/0.06 n.d.c n.d.c n.d.b n.d.b

4 1.1/0.09 211a n.d.c n.d.b n.d.b

5 2.2/0.01 n.d.c 72a n.d.b n.d.b

6 2.2/0.03 n.d.c n.d.c n.d.b n.d.b

7 2.2/0.06 4c n.d.c 237a 206a

8 2.2/0.09 20.3c n.d.c 76.3b n.d.b

9 4.4/0.01 n.d.c n.d.c 4.2b n.d.b

10 4.4/0.03 n.d.c n.d.c n.d.b n.d.b

11 4.4/0.06 n.d.c n.d.c n.d.b n.d.b

12 4.4/0.09 n.d.c n.d.c n.d.b n.d.b

13 6.6/0.01 6.3c n.d.c 16b 24.5b

14 6.6/0.03 n.d.c n.d.c 211a n.d.b

15 6.6/0.06 n.d.c 15.5c n.d.b n.d.b

16 6.6/0.09 54.5bc 34bc n.d.b 16.7b

Note: a,b,c shows significant difference between treatments (p <
0.05). n.d. = not detected.

3.2. Effect of N concentration, P concentration, and
N:P ratio on Spirogyra sp. nitrate consumption

There was a significant decrease in nitrate concentration
in the medium on the 3rd day of cultivation (Figure 4).
This may have reflected the ability of macroalgae to ab-
sorb nitrate effectively and efficiently from the first day
of cultivation due to its large surface-area-per-volume ra-
tio (Wang et al. 2014; Farahdiba et al. 2020). Macroalgae
can also absorb large amounts of nitrate as it can utilize all
of the nitrate present in the medium when administered in
excess (Sánchez De Pedro et al. 2013).

Nitrate concentrations in the medium tended to fluctu-
ate after the 6th day of cultivation. This may be due to the
reduced absorption rate and the release of organic nitro-
gen by macroalgae into the environment (Hardison et al.
2013). In this study, a trend was identified whereby ni-
trate uptake increased with a decreasing P concentration
in the medium. However, the difference was not particu-
larly significant. Previous studies have reported the same
phenomenon, citing nitrate removals in media with N:P ra-
tios of 1–10, 11–20, and 21–30 of 78.35 ± 8.23%, 83.90
± 2.90%, and 82.81 ± 2.81% respectively (Choi and Lee
2015). In another study, the nitrate removal in media with
N:P ratios of 1.7 and 5.8 was 100 % (Figler et al. 2021).

3.3. Effect of N concentration, P concentration, and
N:P ratio on Spirogyra sp. astaxanthin accumula‐
tion

The results of the Spirogyra sp. extract analysis using
HPLC showed a significant difference in astaxanthin con-
tent between treatments (Table 3). The highest astaxanthin
content was found on day 12 in the macroalgae that were
cultivated in the medium with the lowest N/P concentra-
tion (1.1/0.01 mM).

Astaxanthin was found to accumulate in Spirogyra sp.
at lower and higher concentrations of N, namely 1.1; 2.2;
and 6.6 mM. It may be caused by both a deficiency and ex-
cess of N in the medium. In higher plants and green algae,
such as C. zofingiensis, environmental stress such as nitro-
gen starvation can increase ROS which are derivatives of
NADPH oxidase (Sun and Zhang 2021). This increase in
ROS can induce the accumulation of astaxanthin in cells.
A high N concentration in the medium may produce an in-
crease in ammonia concentration that is toxic to Spirogyra
sp. (Wang et al. 2019). Excessive amounts of ammonia
lead to ROS formation which induces astaxanthin produc-
tion (Shen et al. 2020).

The Pearson correlation coefficient showed that the P
concentration and N:P ratio did not have a significant cor-
relation with the accumulation of astaxanthin. However,
N concentration was shown to correlate with astaxanthin
accumulation on day 3 (Table 4).

The correlation test results showed that on the 3rd day,
the N concentration had a moderate negative correlation
with the accumulation of astaxanthin, where the accumula-
tion would increase with the reduced availability of nitrate
in the medium. The same phenomenon was found in a pre-
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TABLE 4 Effect of N concentration, P concentration, and N:P ratio on astaxanthin accumulation in Spirogyra sp.

Cultivation Day Parameter N P N:P Ratio

3
Pearson Correlation ‐0.350* 0.159 ‐0.269
Significance (2‐tailed) 0.018 0.298 0.074

6
Pearson Correlation ‐0.293 ‐0.269 ‐0.156
Significance (2‐tailed) 0.063 0.089 0.331

9
Pearson Correlation ‐0.136 ‐0.083 ‐0.780
Significance (2‐tailed) 0.398 0.605 0.626

12
Pearson Correlation ‐0.229 ‐0.169 ‐0.094
Significance (2‐tailed) 0.130 0.266 0.538

Note: * shows significant correlation (p < 0.05)

vious study where nitrate starvation on H. pluvialis culti-
vation increased the astaxanthin content in cells from 500
pg/cell (control) to 1500 pg/cell (nitrate starvation) (Sci-
bilia et al. 2015). In another study, the astaxanthin content
at NaNO3 concentrations of 0.25 and 0.75 g/L was 0.2% of
the fresh weight of H. pluvialis biomass, while the astax-
anthin contents at lower concentrations of 0.125 g/L and 0
g/L respectively were 0.26% and 0.3% wet weight (Ding
et al. 2019).

When algae undergo nitrogen starvation, it induces
chlorophyll and protein biosynthesis impairment, redirect-
ing the metabolism to lipids and carotenoid accumulation

(Scibilia et al. 2015). Nitrogen deficiency-induced abiotic
stress can also increase the activity of NADPH oxidase,
which produces a large amount of ROS quickly (Sun and
Zhang 2021). The high ROS cellular content then stim-
ulates astaxanthin production as a defensive mechanism.
In a previous study on Haematococcus pluvialis, nitrogen
stress led to up-regulation of the IPPI and HDR genes in
the MEP pathway that supplies IPP (isopentanyl diphos-
phate) which is a precursor for astaxanthin biosynthesis
(Zhao et al. 2020).

In contrast, P concentration and N:P ratio do not sig-
nificantly relate to the astaxanthin content in Spirogyra sp.

TABLE 5 Astaxanthin productivity in Spirogyra sp.

No N/P Concentration (mM) Cultivation Time (d) Dry Biomass Weight
(mg)

Astaxanthin Content
(μg/mg) Productivity (μg/cm2/d)

1 1.1/0.01 3 285 0.055 0.027
6 324 0.061 0.017
9 327 0.067 0.013
12 395 0.269 0.046

2 1.1/0.03 3 266 0.132 0.060
6 310 0.056 0.015
9 332 0.207 0.039

3 1.1/0.06 3 202 0 0.000
4 1.1/0.09 3 188 0.211 0.068
5 2.2/0.01 3 229 0 0.000

6 247 0.072 0.015
6 2.2/0.03 3 256 0 0.000
7 2.2/0.06 3 178 0.004 0.001

6 237 0 0.000
9 242 0.237 0.033
12 288 0.206 0.026

8 2.2/0.09 3 209 0.020 0.007
6 243 0 0.000
9 276 0.076 0.012
12 355 0 0.000

9 4.4/0.01 3 176 0 0.000
6 193 0 0.000
9 245 0.004 0.001
12 245 0 0.000

231



Zafira et al. Indonesian Journal of Biotechnology 28(4), 2023, 225‐237

TABLE 5 (continued).

No N/P Concentration (mM) Cultivation Time (d) Dry Biomass Weight
(mg)

Astaxanthin Content
(μg/mg) Productivity (μg/cm2/d)

10 4.4/0.03 3 167 0 0.000
11 4.4/0.06 3 164 0 0.000
12 4.4/0.09 3 169 0 0.000
13 6.6/0.01 3 227 0.006 0.002

6 189 0 0.000
9 172 0.016 0.002
12 165 0.025 0.002

14 6.6/0.03 3 200 0 0.000
6 172 0 0.000
9 179 0.211 0.022
12 159 0 0.000

15 6.6/0.06 3 205 0 0.000
6 229 0.016 0.003
9 246 0 0.000
12 279 0 0.000

16 6.6/0.09 3 219 0.054 0.021
6 257 0.034 0.008
9 319 0 0.000
12 390 0.017 0.003

However, an eminently high N:P ratio (excessive nitrogen
or insufficient phosphorus) or an eminently low N:P ratio
(very low quantity of nitrogen or excessive phosphorus)
is not favorable for astaxanthin production as it may not
support the sustainability of the algae nor be able to in-
duce astaxanthin production in Spirogyra sp. As a rule
of thumb, a lower nitrogen content is more favorable as
it leads to higher astaxanthin production. In addition, the
medium must contain sufficient phosphorous for the algae
to provide optimum growth conditions and sustain the vi-
ability of the algae (Ali et al. 2022). In this study, fluctua-
tions were observed in the astaxanthin content of the Spir-
ogyra sp. biomass. These may have occured as Spirogyra
sp. responds to its environmental conditions, which in this
case consisted of an abundance or insufficiency of nutri-
ents in the cultivation medium. A low N and P concentra-
tion in the medium would affect ROS formation, therefore
increasing the production of astaxanthin in the cells. Alter-
natively, the astaxanthin contents within the biomass may
have fallen due to reacting with the ROS inside the cells,
to form astaxanthin epoxide, astaxanthin endoperoxide, or
apo-astaxanthin (Nishino et al. 2016).

3.4. Spirogyra sp. astaxanthin productivity estimation
Productivity was estimated to determine the best cultiva-
tion conditions and duration. This condition was neces-
sary because the increase in astaxanthin was associated
with the increase in biomass. Astaxanthin productivity
was calculated by considering the astaxanthin content in
the biomass, the dry weight of the biomass, the surface
area of the cultivation container, and the cultivation time.
The highest biomass accumulation was found in biomass

that was cultivated in a medium with a low N concentra-
tion (Table 5). These conditions are therefore the best in
which to obtain large amounts of biomass. Furthermore,
the highest accumulation of astaxanthin was found in the
variation of N/P 1.1/0.09 mM on the 3rd day of cultivation.
The combination of high biomass and astaxanthin accumu-
lation and low cultivation time in this treatment resulted in
higher astaxanthin productivity.

3.5. Kinetic modeling of Spirogyra sp. growth and as‐
taxanthin production

The Haldane equation was used to model biomass growth
and nitrate consumption as it considers the biomass accu-
mulation from nutrients and nutrient consumption to de-
liver better modeling results. Based on the parameter esti-
mation results using research data and the Haldane equa-
tion, the average maximum growth rate was 0.17 ± 0.04
d-1 (Table 6). This value previously reported Spirogyra
sp. Growth rates, i.e. 0.07 d-1 in BG medium (Yu et al.
2022) and 0.04 d-1 in brackish water (Sadiq et al. 2018).
It was also higher than the growth rate of the macroalgae
Chladophora glomerata, which was 0.08 d-1 (Farahdiba
et al. 2020), but lower than that ofH. pluvialis under nitro-
gen starvation conditions, at 0.26 ± 0.03 d-1 (Vega-Ramon
et al. 2021).

The kN parameter which was 72.8 ± 25.0 mg/L indi-
cated that Spirogyra sp. requires the availability of suffi-
cient nitrate to grow rapidly. The ki parameter, at 292.44
± 99.9 mg/L, indicated that this level of nitrate concentra-
tion could inhibit the growth of Spirogyra sp. up to half
the maximum. The yield of biomass per nitrate (YN) ap-
peared to decrease as the initial nitrate concentration in-
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TABLE 6 Parameter of Spirogyra sp. growth model using Haldane equation.

No N/P Concentration (mM) μmax (d‐1) kN (mg/L) Ybiomass/nitrate (g/g) ki (mg/L)

1 1.1/0.01 0.19 50 2.31 200
2 1.1/0.03 0.19 50 1.43 300
3 1.1/0.06 0.20 100 1.35 400
4 1.1/0.09 0.20 50 1.48 360
5 2.2/0.01 0.20 100 0.69 360
6 2.2/0.03 0.20 64 0.85 360
7 2.2/0.06 0.10 100 0.87 283
8 2.2/0.09 0.20 50 0.62 360
9 4.4/0.01 0.20 50 0.34 360
10 4.4/0.03 0.10 100 0.38 100
11 4.4/0.06 0.10 100 0.36 100
12 4.4/0.09 0.20 50 0.34 360
13 6.6/0.01 0.14 100 0.34 256
14 6.6/0.03 0.15 100 0.34 161
15 6.6/0.06 0.20 50 0.34 360
16 6.6/0.09 0.20 50 0.34 360

creased. This could be due to the assimilation of nitrate
by Spirogyra sp. that was not used as a building block for
biomass.

Astaxanthin production was then modeled using
the Luedeking−Piret equation to determine whether as-
taxanthin is a growth-associated product, non-growth-
associated product, or partially associated in Spirogyra sp.
Parameter estimation was conducted to obtain the model-
ing parameters (Table 7).

The parameter estimation results did not show a trend.
This means that astaxanthin could be produced during
growth or after it has reached its stationary phase. The

TABLE 7 Luedeking–Piret parameters for astaxanthin production
model in Spirogyra sp.

No N/P Concentration (mM) α β kA

1 1.1/0.01 ‐0.13 0.03 0.01
2 1.1/0.03 0.76 ‐0.05 0.04
3 1.1/0.06 0 0 0
4 1.1/0.09 0.55 ‐0.03 0.05
5 2.2/0.01 0.27 ‐0.01 0.07
6 2.2/0.03 0 0 0
7 2.2/0.06 0.44 ‐0.07 0.03
8 2.2/0.09 0.20 ‐0.01 0.04
9 4.4/0.01 0.08 0.01 0.03
10 4.4/0.03 0 0 0
11 4.4/0.06 0 0 0
12 4.4/0.09 0 0 0
13 6.6/0.01 ‐0.41 0.01 0.01
14 6.6/0.03 1.98 ‐0.02 0.08
15 6.6/0.06 0.07 0.00 0.02
16 6.6/0.09 0.05 0.00 0.03

astaxanthin content in the biomass increased in both N/P
treatments of 1.1/0.01 and 6.6/0.01 mM. Meanwhile, in
other treatments, the astaxanthin content decreased. This
results in a negative β value becausemetabolite production
ceases when the amount of biomass tends to be constant.
In the N/P treatments 1.1/0.01 and 6.6/0.01 mM, the in-
crease in astaxanthin content in the biomass was related to
the amount of biomass however it was not related to the
growth rate. This may have been caused by a continued
increase in the astaxanthin content even as the growth rate
began to fall.

The kinetic model developed using the Haldane equa-
tion succeeded in modeling the growth of Spirogyra sp.
at an intermediate N concentration, of 2.2 mM (Figure 5).
The R2 value was 0.821 for biomass growth and 0.930 for
nitrate consumption.

At higher N concentrations, e.g. 6.6 mM, the Haldane
equation produced a good growth model (R2 = 0.884) but
was unable to give a representative nitrate consumption
model (R2 = 0.664). This may have been due to the surge
in nitrate uptake from day 0 to day 3 which the Haldane
equation was unable to model (Figure 6).

Overall, the Haldane model properly models the
growth of Spirogyra sp. and its nitrate consumption. It
also models growth kinetics better than the Monod equa-
tion because it considers the occurrence of growth in-
hibition by high nitrate concentrations. In previous re-
search, the Haldane equation was also found to be more
representative than the model formed by the Monod and
Steele equations to represent the effect of light inhibition
(Krichen et al. 2021). However, other variables such as
biomass mortality as a function of nitrate and surge uptake
activity are not included in the Haldane model and should
be considered to obtain a more representative model.
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FIGURE 5 Kinetic modeling of Spirogyra sp. growth in BG medium with N/P concentration 2.2/0.01 mM.

FIGURE 6 Kinetic modeling of Spirogyra sp. growth in BG medium with N/P concentration 6.6/0.09 mM.

4. Conclusions

This study demonstrates that N concentration and the N:P
ratio affect Spirogyra sp. biomass accumulation. The ac-
cumulation of biomass increases with the addition of N up
to 1.1 mM and an N:P ratio up to 13:1. Meanwhile, the ad-
dition of P in the concentration of 0.01–0.09 mM shows no
effect on biomass accumulation. The accumulation of as-
taxanthin in Spirogyra sp. increases at low concentrations
of N (up to 1.1 mM), while P concentration and N:P ra-
tio show no significant effect on astaxanthin accumulation.
Kinetic modeling using the Haldane equation yields a rep-
resentative growth and nitrate consumption model. Based

on Luedeking–Piret modeling, the accumulation of astax-
anthin in Spirogyra sp. is partially associated with growth.
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