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ABSTRACT 

The survival and growth of cyanobacteria in diverse environments are influenced by several critical factors when 
cultivating them for research or industrial purposes. Ensuring their optimal growth necessitates consideration of 
these factors that potentially impede pigment and biomass production. Therefore, optimizing light conditions and 
pH levels enhances biomass and pigment yield productivity in cyanobacterial cultivation. This study investigates 
the cultivation conditions of Limnothrix planctonica (KU.B3) in a BG-11 liquid medium, focusing on pigment 
production, growth response to light and pH variations, and photosynthetic efficiency assessment. Results 
demonstrated efficient growth of L. planctonica (KU.B3) under white, orange, and red light within the pH range of 
7.4–9.0. Cultivation at pH 7.4, yielded the highest biomass (3.59 ± 0.35 μg ml−1) and phycocyanin content (0.016 
± 0.01 mg g−1 dry weight). Red light-induced significant phycocyanin yield (5.49 ± 1.21 mg g−1 dry weight), while 
white light promoted substantial biomass production (10.03 ± 1.28 μg ml−1). Conversely, exposure to blue light 
reduced biomass but exhibited the highest photosynthetic efficiency (Fv / Fm = 0.48 ± 0.06). The study underscores 
the tradeoff between productivity and photosynthetic efficiency, emphasizing the need for further research to 
optimize conditions for both parameters, especially for industrial-scale applications.

1. INTRODUCTION
Phycocyanin, a pigment of considerable interest across diverse 
domains, has garnered attention for its potential applications, 
particularly in the pharmaceutical and medicinal sectors. Extensive 
research has been conducted on its anticarcinogenic attributes, 
capacity to stimulate cell proliferation, induction of apoptosis in 
cancer cells, and antioxidative properties. The pigment is prevalently 
found in cyanobacteria, red algae, and Cryptophyte [1]. Investigations 
into its production primarily focus on Arthrospira platensis or 
Spirulina platensis, renowned sources of protein-rich food additives 
and cosmetics [2,3]. Moreover, phycocyanin has been explored for its 
viability as a food colorant, with reported potential utilization in a dairy 
beverage containing a prototype phycobiliprotein [3]. Phycocyanin’s 
unique fluorescence properties have revolutionized biomedical 
research methodologies. This pigment-protein complex is a crucial 
fluorescent probe in histochemistry for tissue visualization, flow 
cytometry for cell analysis, and fluorescence-activated cell sorting for 
precise cellular isolation. Additionally, its application in fluorescence 
immunoassays significantly enhances molecular detection sensitivity. 

These diverse applications underscore phycocyanin’s pivotal role in 
advancing both diagnostic accuracy and research capabilities in the 
biomedical field [4]. Nevertheless, the quantification of phycocyanin 
content in a given sample is subject to diverse factors, encompassing 
the growth conditions of the organism, extraction methodologies, and 
preservation techniques [5,6].

Environmental conditions are crucial in shaping cyanobacteria’s 
growth and influencing phycocyanin production. Growth conditions, 
including light exposure, photoperiod, temperature, and pH, exert 
discernible effects on phycocyanin content. Light quality profoundly 
impacts cyanobacterial photosynthesis due to their specialized 
pigments. Manipulating light spectral composition can optimize 
growth rates, biomass production, and metabolite synthesis in 
cyanobacteria, offering significant implications for biotechnological 
applications and environmental management strategies [7]. 
Cyanobacteria possess pigments that selectively absorb light at 
specific wavelengths; for instance, chlorophyll efficiently absorbs 
red and blue light. Literature reviews indicate that the ratio of blue 
to red light can impact growth, the carbohydrate-to-protein ratio, and 
the photosynthetic response, reflecting the involvement of specific 
pigments and photoreceptors in capturing these wavelengths [8]. 
Cyanobacterial species exhibit heterogeneous photophysiological 
adaptations, resulting in diverse responses to light parameters. 
These species-specific light tolerance and utilization efficiency 
variations manifest in differential growth kinetics and biomass 
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productivity. Such photo-adaptive traits offer selective advantages 
in varying light regimes [7]. The pH is a crucial determinant that 
significantly influences cyanobacterial growth and metabolic 
processes. The culture medium’s pH profoundly influences 
cyanobacterial physiology and biochemical reactions. Different 
cyanobacterial species exhibit varying pH optima for growth 
and metabolism, with a generally narrow pH range within which 
optimal conditions prevail. Deviations from the optimal pH range 
can lead to diminished growth rates or, in extreme cases, cell death 
[2,7]. For instance, Synechocystis sp. thrives at pH 10.0 [2], while 
Anabaena NCCU-9 shows viability in highly alkaline environments 
[9]. The pH tolerance spectrum among cyanobacteria ranges from 
species with broad adaptability to those specialized for specific 
pH niches, reflecting the diversity of their ecological adaptations 
[7]. Recent studies have delved into the impact of different light 
colors on phycocyanin production [10–13]. Notably, research has 
demonstrated that red light positively influences both phycocyanin 
concentration and cell biomass. In contrast, blue light detrimentally 
affects growth due to deficiencies in the chlorophyll performance 
of cyanobacteria [14]. Beyond light conditions, factors such as 
thermal stability and pH ranges play a crucial role in influencing 
the preservation and production of phycocyanin. Researchers have 
explored the effects of varying pH values and thermal conditions on 
the stability of phycocyanin production [15,16].

Cyanobacteria, commonly referred to as blue-green algae, are 
photosynthetic bacteria crucial for oxygen production. They utilize 
carbon dioxide as a carbon source, harnessing light energy through 
photochemical processes to sustain their vital functions. Within the 
cyanobacterial genus Limnothrix, a filamentous cyanobacterium 
classified under the Pseudanabaenaceae family [14,16], numerous 
strains have been utilized in research to investigate the antioxidant 
activities and nutraceutical properties associated with the phycocyanin 
pigment [2,15]. Despite the acknowledged potential of Limnothrix to 
yield biomass and valuable pigments like phycocyanin, limited attention 
has been devoted to optimizing the cyanobacteria Limnothrix. Our 
investigation delves into the assessment of biomass, photosynthetic 
efficiency, and phycocyanin content of Limnothrix planctonica 
(Wołoszyńska) Meffert 1988 (KU.B3) across varying pH conditions 
and light colors to explore its potential for industrial-scale production. 

2. MATERIALS AND METHODS

2.1. General Chemicals and Materials
The chemicals used in this study were purchased from various sources 
as follows. BG-11 medium: NaNO3 (Kemaus, Australia), K2HPO4·3H2O 
(Ajax Finechem, Australia), CaCl2·2H2O (Ajax Finechem, Australia), 
Citric acid (HOC(COOH)(CH2COOH)2·2H2O) (Ajax Finechem, 
Australia), Ethylenediamine tetra acetic acid (EDTA; Ajax Finechem, 
Australia), MgSO4·7H2O (Merck, Germany), and Ferric ammonium 
citrate green (C6H8O7·Fe3·NH3; Carlo Erba Reagents, France). For 
the trace elements: H3BO3 (Ajax Finechem, Australia), MnCl2·4H2O 
(Carlo Erba Reagents, France), ZnSO4·7H2O (Ajax Finechem, 
Australia), NaMoO4·2H2O (Ajax Finechem, Australia), CuSO4·5H2O 
(Ajax Finechem, Australia), and Co(NO3)2·6H2O (Ajax Finechem, 
Australia). Dimethyl sulfoxide (99% DMSO; Fisher Scientific, UK). 
The phosphate buffer included K2HPO4 (Ajax Finechem, Australia), 
and KH2PO4 (Merck, Germany). Spectrophotometric determination was 
performed using a UV-visible spectrophotometer (Shimadzu, Japan). 
The centrifuge was performed using a Centrifuge 5430 (Eppendorf, 
USA). Chlorophyll fluorescence was performed using a pulse amplitude 
modulation (PAM) with a suspension cuvette (Mini MR, Model: us-
2500, Germany) equipped with a magnetic stirrer and fiber optic 

holder (Mks-2500, Germany). DNA extraction was performed using 
Nucleospin® Plant II Kit (Macherey-Nagal Gmbh & Co., KG)

2.2. Cyanobacterial Strain
A strain of unbranching filamentous cyanobacteria, identified as 
L. planctonica (KU.B3), was isolated from Nonthaburi, Thailand’s 
vegetable plant drainage system, and observed under the light microscope 
(Fig. 1). The strain shares intrinsic morphological characteristics with 
Geitlerinema and Phormidium species. Cyanobacterial DNA was 
extracted using the Nucleospin® Plant II Kit and stored at −20°C. The 
16S rRNA gene was amplified via polymerase chain reaction (PCR) 
using primers CYA106F (5′- CGGACGGGTGAGTAACGCGTGA 
-3′) [17] and CYAN738R (5′- GCTAGGACTACWGGGGTAT -3′) 
[18]. PCR mixtures contained the DNA template and primers at 5 mM 
concentration. Nucleotide sequencing was performed as described by 
Sanger et al. [19]. However, isolates of this strain have been genetically 
matched to Limnothrix planctonica (Wołoszyńska) Meffert 1988 with 
98% similarity, using 16s rRNA gene sequencing analysis. The strain 
was cultured in BG-11 liquid media under cool-white fluorescent 
lamps with an intensity ranging from 20 to 30 μmol photon m−2 s−1. The 
cultivation occurred within a 12:12 hours dark/light period, facilitated 
by an airflow system, and maintained at room temperature (25°C).

2.3. Light Colors and pH Variations of Culturing
Cells at the early stationary phase of L. planctonica (KU.B3) were 
transferred to liquid BG11 with an initial cell density of 0.1 at 750 
nm for experiments involving light colors and pH variations during 
culturing. The dark/light periods were maintained on a 12:12 hours 
cycle. The study consisted of two sequential experiments. Initially, 
pH optimization was conducted by adjusting medium acidity to 6.0, 
7.4 (control), 8.0, 9.0, and 10.0 using 1 N HCl or 1 N NaOH. These 
cultures were maintained under cool-white fluorescent lamps (20–
30 μmol photon m−2 s−1) in triplicate. Subsequently, the optimal pH 

Figure 1. Morphological of L. planctonica (KU.B3). 
(A-B) The strain cultured in BG11 media (scale bar = 1 cm). (C-E) Filament 

characteristics. (C, E scale bar = 20 μm, and D scale bar = 10 μm).
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condition identified from this experiment was utilized to assess light 
quality effects on cyanobacterial growth and physiology. The culture 
conditions were configured with a light intensity of 70 μmol photon 
m−2 s−1, utilizing 4 different LED light sources: red (580–640 nm), 
orange (530–700 nm), blue (430–470 nm), and white LED light mixed 
with red light (400–700 nm). 

2.4. Determination of Phycocyanin, Chlorophyll a, and Growth 
Rate

2.4.1. Phycocyanin content
The determination of phycocyanin content in L. planctonica (KU.B3) 
was conducted every other day (n = 9) throughout the experimental 
period. A 5 ml aliquot of the sample was collected and centrifuged at 
3,000 rpm for 5 minutes (Eppendorf 5430, Germany). The pellet was 
resuspended in 5 ml of 0.1 M phosphate buffer (pH 7.2) and thoroughly 
mixed using a vortex mixer. Subsequently, the crude extract underwent 
two freeze-thawing cycles, incubating at −20°C for 24 hours (Hitachi 
R-V380PZ) and then thawing at room temperature. The freeze-thawed 
crude extract was centrifuged at 5,000 rpm (Eppendorf 5702R) for 10 
minutes. The supernatant obtained was then assessed for absorbance 
at 620 nm (A620) and 652 nm (A652), from which the phycocyanin yield 
(Yield PC) content was calculated using the following equations [20]: 

PC concentration (mg ml−1) = [A620 – (0.474×A652)]/5.34 

Yield PC (mg g−1 dry weight) = (PC × V)/ DB

Here, V (ml) represents the volume of the sample, and DB (g) 
corresponds to the dry weight of the samples.

2.4.2. Chlorophyll a content
A 5 ml sample (n = 9) was collected and centrifuged at 3,000 rpm for 
5 minutes. The pellet was added with 5 ml of 99% DMSO (Fisher 
Chemical) in a 1:1 ratio and maintained at 4°C for 30 minutes for 
extraction. Subsequently, the extraction was centrifuged at 5,000 rpm 
for 5 minutes, and the supernatant was measured at the absorbance 
of 666 nm (A666). Determining chlorophyll a content was performed 
using the following equation [21].

Chlorophyll a (μg ml−1) = 11.1362 × A666.

2.4.3. Growth rate
The specific growth rate, μ (d−1), (n = 9) was determined by utilization 
of the chlorophyll a content during the exponential phase, with x0 
and xi representing chlorophyll a content at times (days) t0 and ti, 
respectively. The maximum specific growth rate (μmax) was calculated 
using the following equation [22]:

μmax (d
−1) = ln (xi / x0) / ti − t0

2.5. Photosynthetic Efficiency Measurement
The photosynthetic efficiency of L. planctonica (KU.B3) was assessed 
under variable light and pH conditions. The biological replicates of n 
= 72 for pH variations and n = 81 for light qualities. The cell culture 
was subsequently adapted to darkness for 30 minutes. Following this 
dark adaptation, a 1 ml sample of the cells was utilized for recording 
with a PAM to estimate chlorophyll fluorescence. This recording process 
was carried out using a suspension cuvette (Mini MR, Model: us-2500, 
Germany) and a magnetic stirrer equipped with a fiber optic holder (Mks-
2500, Germany). The PAM setup included a light intensity of 9 and 4 
gains [23]. The outcome of this procedure provided an evaluation of the 
effective quantum yield of photosystem II (PSII), denoted as Fv  / Fm.

2.6. Statistical Analysis
Statistical analysis for biomass, pigment contents, and photosynthesis 
efficiency data was conducted utilizing the RStudio program. The 
assessment involved employing one-way analysis of variance to 
specific significant differences, with a significance threshold set at  
p ≤ 0.05. Tukey’s test was employed for conducting multiple 
comparisons among different groups.

3. RESULTS AND DISCUSSION

3.1. Impact of pH Variations on the Growth of L. planctonica (KU.B3)
Following the cultivation of L. planctonica (KU.B3) in different 
pH conditions, the growth curve exhibited distinct patterns, and 
the stationary phase was attained at varying time points in cultures 
subjected to different pH levels. Specifically, the strain rapidly 
reached the stationary phase at pH 6.0 (highly acidic) and pH 10.0 
(highly alkaline) around the 8th and 6th days, respectively (Fig. 2A). In 
contrast, cultures within the pH range of 7.4 to 9.0 demonstrated more 

Figure 2. The growth curve of the strain L. planctonica (KU.B3). 
(A) pH variations and (B) light qualities representing chlorophyll a concentration. Error bars indicate mean ± standard error of n = 9.
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efficient growth, taking a longer duration to reach the stationary phase, 
approximately around the 14th and 16th (Fig. 2A). Evaluation of the pH 
effects on the strain’s growth indicated that the specific growth rate 
(μmax) of L. planctonica (KU.B3) did not exhibit significant differences 
(p > 0.05) at pH 6.0, 7.4, 8.0, and 9.0, with approximate values of 
0.163, 0.194, 0.173, and 0.190 d−1 (Table 1), respectively. However, at 
pH 10.0, the specific growth rate was lower, approximately 0.137 d−1, 
followed by pH 6.0 (Table 1). The highest specific growth rate was 
observed at pH 7.4, although growth rates between pH 8.0 and 9.0 
were also favorable. 

Biomass production, as indicated by chlorophyll a content under 
varying pH conditions, revealed that cultures cultivated at pH 7.4, 8.0, 
and 9.0 exhibited comparable chlorophyll a content levels at 3.59, 3.08, 
and 3.33 μg ml−1 (Table 1), respectively. These pH conditions appeared 
conducive to the growth of L. planctonica (KU.B3), as evidenced by 
their similar biomass production. Conversely, cultures grown under 
highly acidic (pH 6.0) and highly alkaline (pH 10.0) conditions had 
significantly lower chlorophyll a content, approximately 2.01 and 1.20 
μg ml−1, respectively. 

Examining pH variations on L. planctonica (KU.B3) revealed an 
optimal pH range for the strain’s cultivation, demonstrating favorable 
outcomes in biomass production and pigment synthesis within the 
pH range of 7.4 and 9.0. Contrastingly, extreme pH conditions, 
both highly acidic (pH 6.0) and highly alkaline (pH 10.0), resulted 
in detrimental effects on the growth and pigment production of L. 
planctonica (KU.B3). It might assumed that pH conditions impacted 
on stress culture that pH 6.0 and pH 10.0 conditions were less 
suitable for L. planctonica (KU.B3), as they led to rapid entry into 
the stationary phase, which might indicate stress culture conditions. 
Further stress could lead to early entry into the death phase compared 
to cultures within the pH range of 7.4–9.0. This finding differs from the 
research on Synechocystis sp., which showcased thriving capabilities 
at a pH of 10.0 [2,9], highlighting species-specific pH preferences 
among cyanobacteria. The diminished chlorophyll a content suggests 
reduced biomass production in these extreme pH conditions. The 
decreased chlorophyll a content and biomass production at pH 
6.0 and 10.0 aligned with the earlier finding of lower growth rates 

observed at these pH levels. The strain experienced stress and 
inefficient growth in highly acidic and alkaline conditions, reducing 
chlorophyll synthesis and biomass production. The results indicated 
that pH levels between 7.4 and 9.0 were suitable for the growth and 
productivity of L. planctonica (KU.B3). The strain exhibited similar 
chlorophyll content and biomass production within this pH range, 
suggesting stable and efficient growth. The observable color change 
in L. planctonica (KU.B3) cultures, transitioning from green to pale 
yellow under highly alkaline pH, indicates unfavorable conditions 
leading to strain decline. Similar color variations have been noted 
in other cyanobacterial strains, such as Anabaena NCCU-9, under 
extreme pH conditions [9]. Extreme pH conditions have the potential 
to alter intracellular pH, triggering protein denaturation and loss of 
protein functionality, thereby adversely impacting cellular processes 
[9,24]. In natural environments, interactions between autotrophic 
organisms like cyanobacteria and heterotrophic organisms can create 
microenvironments with specific pH conditions. Alkaline pH levels, 
for instance, may enhance nutrient and element solubility, providing 
advantages for cyanobacteria. However, excessively high pH levels 
might disrupt the absorption of crucial elements, such as carbon and 
nitrogen, essential for cyanobacterial growth [9,25].

Specific pigments, such as chlorophyll a and phycobilisomes (PBS), 
play a critical role in capturing and absorbing light energy, which is 
then used for photosynthesis [26]. The study of L. planctonica (KU.
B3) indicated that orange and red light induced similar growth patterns, 
suggesting optimization of the cyanobacteria’s pigments for light 
capture within these wavelengths. In contrast, slower growth under blue 
light aligned with the absence of accessory pigments like chlorophyll b 
in the strain. Chlorophyll b, known for its effective absorption of blue 
light, was absent, potentially impeding efficient energy capture and 
utilization under blue light conditions [27]. A comparison with a study 
involving green algae Chlorella and cyanobacteria Synechocystis, 
exploring the effects of blue and red light ratios on growth [8], revealed 
that Synechocystis preferred higher red light ratios for optimal growth. 
On the other hand, the green algae Chlorella showed increased growth 
when blue light was increased. This reinforces the idea that distinct 
photosynthesis organisms exhibit diverse responses to varying light 
wavelengths, influenced by their unique pigments and adaptative 

Table 1. The maximum specific growth rate (μmax), chlorophyll a concentration (Chl a), phycocyanin yield (PC yield) per gram (g−1) of dry weight, and 
photosynthetic efficiency (Fv / Fm) of the strain L. planctonica (KU.B3) in the different light qualities and pH variations. 

Light colors 
(70 μmol m−2 s−1) μmax (d

−1) Chl a (μg ml−1) PC yield 
(mg g−1 dry weight) Fv/Fm

 Blue 0.111 ± 0.019b 2.46 ± 0.18c 3.89 ± 1.41b 0.48 ± 0.06a

 Orange 0.211 ± 0.012a 8.52 ± 1.36b 3.60 ± 0.79b 0.32 ± 0.02c

 Red 0.210 ± 0.017a 8.00 ± 1.39b 5.49 ± 1.21a 0.31 ± 0.02c

 White 0.215 ± 0.016a 10.03 ± 1.28a 4.86 ± 0.80ab 0.35 ± 0.0 3b

 p-value <0.000 <0.001 0.004 <0.000

pH variations

 6.0 0.163 ± 0.022ab 2.01 ± 0.76b 0.004 ± 0.00b 0.26 ± 0.12c

 7.4 (control) 0.194 ± 0.019a 3.59 ± 0.35a 0.016 ± 0.01a 0.34 ± 0.04a

 8.0 0.173 ± 0.026ab 3.08 ± 0.39a 0.012 ± 0.02a 0.34 ± 0.05a

 9.0 0.190 ± 0.018a 3.33 ± 0.20a 0.012 ± 0.00a 0.35 ± 0.04a

 10.0 0.137 ± 0.041b 1.20 ± 0.84c 0.002 ± 0.00b 0.30 ± 0.10b

 p-value <0.001 <0.001 <0.001 <0.000

The values are expressed as mean ± standard deviation of n = 9 for μmax, Chl a, PC yield and n = 72 and n = 81 for Fv / Fm values of pH variations and light qualities, respectively. The different 
letters significantly showed statistical differences among groups by Tukey’s test at p ≤ 0.05.
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strategies. The limited growth of L. planctonica (KU.B3) under blue 
light aligns, reflecting cyanobacteria’s challenges in effectively utilizing 
blue light for growth. Additionally, the absence of accessory pigments 
and potential energy transfer imbalances contribute to reduced growth 
efficiency under blue light conditions.

3.2. Impact of Different Light Qualities on the Growth of 
L. planctonica (KU.B3)
The growth curve analysis of the L. planctonica (KU.B3) conducted 
under varying LED light qualities revealed distinctive strain responses 
to specific light spectra. The growth curves associated with white, 
red, and orange light exhibited similar patterns, showcasing growth 
inhibition on the 16th and 22nd days. However, the strain exhibited 
subsequent recovery and sustained growth, indicating an adaptive 
response to the prevailing light conditions. The growth curve 
further revealed the attainment of a stationary phase after the 16th 
day, indicative of a stable growth rate under these light conditions 
(Fig. 2B). The high chlorophyll a concentration and steep slope 
observed during the exponential phase suggested proficient utilization 
of light colors for growth and energy production. Notably, there were 
significant differences between blue light and other light colors. 
Limnothrix planctonica (KU.B3) displayed notably low chlorophyll 
a concentration under blue light, indicating limited utilization of blue 
light for growth and energy production (Table 1). 

Analysis of the specific growth rate under white, red, and orange light 
revealed no significant differences (p > 0.05), with approximate values of 
0.215, 0.210, and 0.211 d−1, respectively (Table 1). However, the specific 
growth rate under blue light was significantly lower, approximately 
0.111 d−1, compared to the other light colors. Analysis of different 
light colors on chlorophyll a concentration (biomass productions) 
demonstrated that red and orange light effectively supported in 
promoting biomass production, with no significant differences between 
them (p > 0.05) at 8.00 and 8.52 μg ml−1, respectively. White light was 
the most effective biomass production, with 10.03 μg ml−1. In contrast, 
blue light resulted in the lowest biomass production, 2.46 μg ml−1 
(p < 0.001) (Table 1), indicating its considerably lower efficiency in 
promoting biomass growth compared to the other three light colors. 
These findings align with previous observations where blue light 
negatively impacted the specific growth rate and growth ability of 
L. planctonica (KU.B3). Conversely, white, red, and orange light 
efficiently supported the strain’s biomass production. 

In this investigation, the cyanobacterial strain L. planctonica (KU.
B3) demonstrated augmented growth rates (μmax) under orange and 
red light conditions, surpassing those observed under white light. 
This preference for wavelength within the orange and red spectrum 
suggests their efficacy in facilitating optimal growth conditions for 
the strain. Furthermore, the assessment of biomass production, as 
indicated by chlorophyll a content, provided additional evidence 
supporting the notion that orange and red light conditions fostered 
heightened biomass yields compared to white light. Both the μmax 
values and biomass production outcomes underscore the favorable 
influence of orange and red light on promoting the growth and biomass 
accumulation of L. planctonica (KU.B3). 

Pigments such as chlorophyll a and PBS play crucial roles in 
cyanobacteria, with chlorophyll a primarily located in photosystem I 
(PSI) and PBS responsible for capturing and transferring light energy 
to PSII [12]. Carotenoids, another group of pigments, act as accessory 
pigments, absorbing light energy and contributing to photoprotection 
[28]. A comprehensive understanding of cyanobacterial response to 
blue light absorption reveals that pigments, including chlorophyll a 

and carotenoids, absorb blue light, leading to high-energy transitions 
within photosystems. However, an excess of energy in PSI relative to 
PSII can disrupt the electron transport chain, hindering efficient energy 
utilization. The surplus energy captured from blue light may create an 
imbalance between the production of energy-rich molecules (ATP and 
NADPH) and their demand in growth processes. Consequently, this 
imbalance could divert energy generated through photosynthesis away 
from growth-related processes, resulting in diminished growth rates 
[12]. Relating this insight to the study on L. planctonica (KU.B3), 
the observed reduction in growth rate under blue light conditions may 
be attributed to the imbalances described above. Despite chlorophyll 
a’s ability to absorb blue light, the overall utilization of this light for 
growth might be compromised due to a mismatch between absorbed 
energy and its efficient transfer for growth processes. These findings 
suggest that L. planctonica (KU.B3) demonstrated similar and 
effective growth rates under white, red, and orange light, without 
notable variance among these three light colors. Conversely, our results 
indicate that blue light may not promote the growth of L. planctonica 
(KU.B3), potentially due to the strain’s limitation in utilizing blue 
light for photosynthesis and energy generation. This suggests that blue 
light negatively impacts the growth ability of the strain, rendering it 
unsuitable for promoting the growth of L. planctonica (KU.B3).

Cyanobacteria are equipped with phycobiliproteins, such as 
phycoerythrin and phycocyanin, which efficiently absorb red 
light, stimulating photosynthetic activity and promoting growth 
under favorable conditions [29]. However, prolonged exposure 
to high-intensity red light can induce photoinhibition, damaging 
the photosynthetic apparatus due to the accumulation of reactive 
oxygen species (ROS). Although cyanobacteria have mechanisms 
to mitigate ROS damage, excessive exposure to red light can still 
inhibit growth. Moreover, red light has been implicated in triggering 
specific physiological responses in cyanobacteria, including pigment 
synthesis and phototaxis regulation, which may influence overall 
growth and behavior [30,31]. Blue light, essential for cyanobacterial 
photosynthesis, is absorbed by chlorophyll and other photosynthetic 
pigments, facilitating efficient photosynthesis and growth. 
Cyanobacteria possess blue light receptors, such as phototropins and 
cryptochromes, which play roles in various cellular processes, including 
phototaxis, circadian rhythms, and gene expression regulation. Studies 
have indicated that blue light can affect cyanobacterial morphology, 
motility, metabolic activities, and the production of secondary 
metabolites. Additionally, blue light influences the expression of genes 
associated with stress responses and metabolic pathways [8,12,32,33]. 
White light, encompassing a broad spectrum of wavelengths including 
red, blue, and green light, is commonly used in laboratory settings 
to investigate cyanobacterial growth and photosynthesis [34–36]. 
Cyanobacteria can adapt to white light conditions, utilizing available 
wavelengths for photosynthesis and other metabolic processes. 
However, the growth response of cyanobacteria to white light may 
vary depending on the balance between different spectral components 
and the illumination intensity. High-intensity white light may induce 
photoinhibition and oxidative stress, while low-intensity white light 
may support optimal growth and photosynthetic efficiency [29,31].

3.3. Effects of pH and Light on Phycocyanin Production

The outcomes of a pH variations experiment on phycocyanin 
production in the L. planctonica (KU.B3) strain revealed a noteworthy 
influence of the growth medium’s pH. In highly acidic conditions (pH 
6.0), the strain exhibited significantly low phycocyanin production, 
approximately 0.004 mg g−1 dry weight. This pH environment proved 
unfavorable for the strain, impeding efficient phycocyanin production, 
similar to the outcomes observed in highly alkaline conditions (pH 
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10.0), where phycocyanin production was significantly low at 0.002 
mg g−1 dry weight (Table 1, Fig. 3A). In both extreme pH scenarios, 
the strain faced challenges in achieving efficient phycocyanin 
production. Conversely, the control medium (pH 7.4) exhibited 
relatively higher phycocyanin production compared to pH 6.0 and 
pH 10.0. The phycocyanin production at pH 7.4 was approximately 
0.016 mg g−1 dry weight. Slightly alkaline conditions with pH 8.0 
and 9.0 also demonstrated non-significant differences (p = 0.9104) 
yet relatively lower phycocyanin production than the control. 
Phycocyanin production at pH 8.0 and 9.0 was 0.012 and 0.012 mg g−1 
dry weight, respectively. Consequently, the strain exhibited optimal 
phycocyanin production within the pH range from neutral to slightly 
alkaline conditions (pH 7.4–9.0). Both highly acidic (pH 6.0) and 
highly alkaline (pH 10.0) conditions were deemed unfavorable for the 
strain, resulting in significantly reduced phycocyanin production [7].

Diverse effects on phycocyanin production were observed following 
cultivating L. planctonica (KU.B3) in four different light colors. 
Notably, red light demonstrated the highest phycocyanin production, 
yielding approximately 5.49 mg g−1 dry weight (Table 1). This 
outcome signifies that red light is exceptionally effective in inducing 
phycocyanin synthesis in the utilized strain. White light-induced 
phycocyanin production at a level of approximately 4.86 mg g−1 dry 
weight, showing no significant difference from red light (p = 0.6042) 
(Table 1, Fig. 3B), thus highlighting its considerable potential for 
inducing phycocyanin production. In contrast, blue light-induced 
phycocyanin production at a lower level, 3.89 mg g−1 dry weight 
(Table 1). Although not significantly different from white light 
(p = 0.2524), it was significantly lower than red light (p = 0.0183). The 
most minor phycocyanin production was observed under orange light, 
approximately 3.60 mg g−1 dry weight. Similar to blue light, it did not 
significantly differ from white light (p = 0.0853), but its production 
was significantly lower compared to red light (p = 0.004). 

PBS, intricate light-harvesting complexes inherent in cyanobacteria 
and red algae, are pivotal in absorbing light energy and transferring 
it to the photosystems for photosynthesis [37]. The examination of L. 
planctonica (KU.B3) under blue light conditions revealed suboptimal 
growth, likely noticeable in Arthrospira maxima, which exhibited 
heightened pigment production, including phycocyanin, phycoerythrin, 

and allophycocyanin. This observation implies an adaptive response to 
enhance light energy capture within the blue wavelength range [26]. In 
Synechocystis sp. PCC 6803, the low growth rate under blue light may 
be attributed to an energy transfer imbalance between PSI and PSII. 
The increased energy transfer of PBS in blue light could lead to excess 
energy in one photosystem over the other, causing an imbalance and 
potential disruption in energy utilization and distribution [38]. These 
effects might lead to be different outcome of the pigment production 
when thrived under different lights for L. planctonica.

3.4. Effects of pH and Light on Photosynthetic Efficiency of Fv/Fm

The Fv / Fm values assessment at various pH conditions revealed a 
range of 0.34 to 0.35 when the strain was cultured within the pH range 
of 7.4 to 9.0. However, at pH 6.0, the Fv / Fm value decreased to 0.26, 
signifying an 8.5% reduction compared to the control condition (pH 
7.4) (Table 1, Fig. 4A). Similarly, at pH 10.0, the Fv / Fm value decreased 
to approximately 0.30, representing a 4.5% decrease compared to the 
control (Table 1, Fig. 4A). The strain’s growth was adversely affected 
under extreme pH conditions (pH 6.0 and pH 10.0), suggesting that 
highly acidic and highly alkaline media are unfavorable for its growth. 
The examination of photosynthetic efficiency indicated that the strain’s 
photosynthetic efficiency, as measured by Fv/Fm, was negatively 
impacted under extreme pH conditions (pH 6.0 and pH 10.0). This 
observation aligns with the decrease in growth observed under these 
extreme pH conditions. The strain exhibited optimal photosynthesis 
efficiency within a more neutral pH range (pH 7.4–9.0), as evidenced 
by the higher Fv / Fm values recorded within this range.

Examining pH variations on the photosynthetic efficiency of 
L. planctonica (KU.B3) revealed intriguing insights. Within the 
pH range of 7.4 to 9.0, the Fv / Fm value remained relatively stable, 
suggesting robust photosynthetic performance under these conditions. 
However, a notable decline of approximately 13%–21% in the Fv / Fm 
value was observed at pH 6.0, indicating a significant adverse impact on 
photosynthetic efficiency under highly acidic conditions. Comparative 
analysis with another cyanobacterial species, Synechocystis sp. PCC 
6803, revealed contrasting responses to pH variations. While L. 
planctonica exhibited optimal photosynthetic efficiency within the 
pH range of 7.4–9.0, Synechocystis sp. PCC 6803 displayed a more 

 Figure 3. Comparisons of phycocyanin yield of the strain L. planctonica (KU.B3). 
(A) pH variations. (B) light qualities. Box plot was used (n = 9), and the different letters significantly showed statistic differences among groups by Tukey’s test at 

p ≤ 0.05.
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stable photosynthetic efficiency across a broader pH spectrum. 
Specifically, the Fv / Fm values for Synechocystis sp. PCC 6803 under 
neutral pH conditions ranged between 0.40 and 0.42, with only a slight 
decrease of 11% to 0.37%, recorded under highly alkaline conditions 
(pH 11.0) [39]. This contrasts with the pronounced impact observed 
on L. planctonica (KU.B3) under highly acidic (pH 6.0) and highly 
alkaline (pH 10.0) conditions. These findings underscore the species-
specific responses of cyanobacteria to pH variations, highlighting 
the importance of understanding their physiological adaptations to 
environmental conditions. 

In investigating the impact of various light colors on the strain’s 
photosynthetic efficiency (Fv / Fm), Fv / Fm values were assessed under 
different light conditions. Notably, blue light resulted in the highest 
Fv / Fm of 0.48 (p ≤ 0.000) (Table 1, Fig. 4B), signifying that the 
strain exhibited greater efficiency in photosynthesis under blue light, 
as indicated by the elevated Fv / Fm value. However, it is noteworthy 
that despite the high photosynthetic efficiency observed under blue 
light, the strain’s growth rate and biomass production were the lowest 
compared to other light conditions (Table 1). White light showed 
the second-highest photosynthetic efficiency, with an Fv / Fm value of 
0.35 (p ≤ 0.000). This suggests that white light was also conducive 
to photosynthesis, albeit not as effective as blue light. Orange and 
red light exhibited similar Fv / Fm values, approximately 0.32 and 
0.31, respectively (Table 1, Fig. 4B). The strain demonstrated lower 
photosynthetic efficiency under orange and red light than under blue 
and white light. However, it is noteworthy that despite the lower Fv / Fm 
under orange and red light, these light conditions still supported high 
growth rates, biomass production, and pigment production (Table 1). 
This suggests the strain performed well under orange and red light 
conditions, demonstrating its adaptability and successful functioning 
despite relatively lower photosynthetic efficiency.

The Fv / Fm ratio serves as a pivotal metric in assessing cyanobacteria’s 
photosynthetic efficiency and vitality, offering insights into the 
functionality of PSII and the conversion of absorbed light energy into 
chemical energy. pH fluctuations can significantly impact cyanobacterial 
physiology, potentially influencing photosynthetic performance and 
altering the Fv / Fm ratio. However, the precise correlation between 
Fv / Fm and pH conditions in cyanobacteria is multifaceted and 
contingent upon various factors. Cyanobacteria typically exhibit 
optimal growth and photosynthetic activity within specific pH ranges, 
with deviations from these optima inducing physiological stress and 

impeding photosynthetic efficiency. Reduced Fv / Fm values often reflect 
such deviations, signifying compromised photosynthetic performance 
and may indicate stress-induced photoinhibition or PSII damage under 
unfavorable pH conditions [27,40,41].

Light, an indispensable factor in photosynthesis, is the primary energy 
source for converting carbon dioxide and water into glucose and 
oxygen [37]. Different wavelengths of light exert distinct effects on 
photosynthetic organisms [7]. In this study, L. planctonica (KU.B3) 
demonstrated enhanced photosynthetic efficiency, as measured by 
Fv/Fm ratio, when exposed to orange and red light compared to blue 
light. This finding suggests that L. planctonica (KU.B3) efficiently 
captured and utilized light energy in the more favorable orange and 
red wavelengths, facilitating efficient photosynthesis. The heightened 
Fv/Fm value under blue light indicates the strain’s adaptation to this less 
favorable wavelength. This adaptation may involve the augmentation 
of specific photoprotective mechanisms, including synthesizing 
pigments to manage excess light energy. Despite the increase in Fv/
Fm value under blue light, the strain displayed the lowest growth in 
terms of biomass. This finding suggests that while L. planctonica (KU.
B3) could harness light energy under blue light, this energy may not 
be optimally utilized for growth. The observed imbalance between 
photosynthetic efficiency and growth could stem from the diversion 
of energy toward photoprotective mechanisms and pigment synthesis 
rather than being directed toward processes promoting cell division 
and biomass production.

4. CONCLUSION
In conclusion, our investigation highlights the critical role of 
optimizing cultivation conditions, particularly concerning pH levels 
and light quality, in enhancing the productivity of L. planctonica 
(KU.B3). Within the pH range of 7.4 to 9.0, optimal growth and 
pigment synthesis were observed, while highly acidic and alkaline 
conditions negatively impacted growth and photosynthetic efficiency. 
Furthermore, our findings underscore the strategic significance of 
selecting specific light wavelengths, such as orange and red light, to 
achieve enhanced yields and ensure efficient cultivation practices. 
These results emphasize the interplay between environmental factors 
and cyanobacterial physiology, offering insights into biotechnological 
applications and environmental sustainability. Future research should 
investigate the molecular mechanisms underlying these responses to 
enable more precise manipulation of cyanobacterial physiology for 

Figure 4. The photosynthetic efficiency represented the Fv / Fm ratio on cell growth. 
(A) pH variations. (B) light qualities. Box plot was used (n = 72 for pH variations and n = 81 for light qualities), and the different letters significantly showed 

statistical differences among groups by Tukey’s test at p ≤ 0.05.
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sustainable bioproduction and environmental remediation efforts. 
Additionally, further investigations are warranted to understand the 
growth mechanisms of L. planctonica (KU.B3) under diverse light 
conditions and optimize phycocyanin extraction for its broader 
applications.
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