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Abstract

Phycobiliproteins and microalgal exopolysaccharides serve as natural pigments and functional additives in food
applications. Current production primarily relies on multicellular algae, where yields are constrained by challenges
in achieving high-density cultivation. This study investigated photoperiod effects on growth and production of
phycobiliproteins and polysaccharides in two unicellular red algae (Porphyridium purpureum and Porphyridium
aerugineum). Results demonstrated that short photoperiods enhanced the accumulation of core phycobiliproteins,
specifically by increasing phycoerythrin in P purpureum to a maximum of 30.5+0.8 mg/g DW and phycocyanin in P
aerugineum to 41.9+0.2 mg/g DW. Conversely, long photoperiods promoted biomass accumulation, yielding peak
phycoerythrin production (140.6+0.9 mg/L) in P purpureum and phycocyanin (137.7+1.2 mg/L) in P. aerugineum

algal cultivation.

at day 12. Both species exhibited superior exopolysaccharide production under long photoperiods, though P
purpureum showed significantly higher productivity (898.7+41.0 mg/L at day 20). These findings offer strategic
solutions for sustainable production of food-grade pigments and polysaccharides through optimized unicellular
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Introduction

As the global population approaches a projected 10 bil-
lion by 2050, arable land resources face intensifying con-
straints from degradation, scarcity, and urban expansion
(Dai et al. 2025). Concurrently, climate change threat-
ens agricultural productivity through increased extreme
weather events, collectively heightening future global
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food shortage risks (Abebaw 2025). This urgency necessi-
tates novel, sustainable food sources. Microalgae emerge
as a highly promising solution, offering an exceptional
nutritional profile that includes high-quality proteins,
lipids containing unsaturated fatty acids, vitamins, and
bioactive compounds (Saritas et al. 2024). Crucially,
their cultivation requires no arable land, utilizing non-
arable land or closed systems instead, while exhibiting
highly efficient photosynthetic carbon fixation (Chen
et al. 2022). These properties enable microalgae to pro-
vide nutrient-dense food while simultaneously mitigat-
ing greenhouse gas emissions, positioning them as a key
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potential resource for addressing the dual challenges of
food security and sustainable development (Ahmad et al.
2022).

Phycobiliproteins, primarily found in red algae (rho-
dophytes) and cyanobacteria, serve as light-harvesting
antenna complexes and exhibit distinctive fluorescent
properties that enhance their value in food applications
(Ji et al. 2023). Structurally classified into phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC), PE
and PC offer vibrant colors and excellent water solubil-
ity (Kumar et al. 2025). This makes them ideal natural
replacements for synthetic food colorants in beverages,
dairy products, and confectionery, effectively avoid-
ing allergenicity and toxicity concerns (Galetovic et al.
2020; Vieira et al. 2025). Beyond providing pigmentation,
phycobiliproteins act as bioactive additives. Research
confirms their significant antioxidant activity, which
extends food shelf-life (Ahmadi et al. 2024). Additionally,
their anti-inflammatory and immunomodulatory capa-
bilities support their use in specialized functional foods
designed for immune enhancement (Mysliwa-Kurdziel
and Solymosi 2017).

Microalgal exopolysaccharides (EPS) are natural high-
molecular-weight carbohydrates secreted during micro-
algal growth, characterized by complex structures of
glucose, galactose, or mannose monomers linked through
glycosidic bonds (He et al. 2025). These structures often
incorporate sulfate groups that critically define their
functional properties. As natural additives, EPS serve as
effective thickeners, stabilizers, and emulsifiers in bever-
ages, dairy products, and jellies, partially replacing syn-
thetic additives while delivering prebiotic benefits that
stimulate beneficial gut bacteria (Li et al. 2024; Xiao and
Zheng 2016). Moreover, their demonstrated bioactive
effects including antioxidant, antimicrobial, antiviral, and

immunomodulatory activities underlie significant poten-
tial for developing functional foods and supplements that
target chronic conditions such as asthma and diabetes
while enhancing immunity (Capek et al. 2020; Li et al.
2024).

Porphyridium spp., a unicellular red microalga (Rho-
dophyta, Porphyridiaceae), is rich in phycobiliproteins
and sulfated polysaccharides, and finds extensive applica-
tions in food and skincare (Li et al. 2019). Our research
group previously established high-density cultivation
techniques for the red species P purpureum (Li et al.
2021), achieving selective accumulation of phycoery-
thrin and polysaccharides through carbon-to-nitrogen
ratio regulation (Li et al. 2020), while also investigating
the impact of different light spectra on phycobiliprotein
and polysaccharide content in two Porphyridium species
(Ji et al. 2024). However, the influence of photoperiod on
Porphyridium growth and metabolism remains underex-
plored, and current research primarily focuses on the red
species, whereas understanding of the similarly phyco-
biliprotein- and polysaccharide-rich green species (Por-
phyridium aerugineum) remains limited. Therefore, this
study primarily examines the effects of different photo-
periods on the growth, phycobiliprotein production, and
polysaccharide production of these two chromatically
distinct Porphyridium species, aiming to provide theoret-
ical value for developing Porphyridium as a future food.

Materials and methods

Cultivation of porphyridium species

P. purpureum (FACHB-806) and P. aerugineum (FACHB-
744) were obtained from the Freshwater Algae Culture
Collection at the Institute of Hydrobiology in Wuhan,
China. Cultivation was carried out at 25 °C with agitation
at 140 rpm under continuous white light at an intensity
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of 100 pumol/m?/s, which was predetermined as optimal
for growth in preliminary experiments (data not shown).
P. purpureum and P. aerugineum were cultivated in their
respective optimal growth media, ASW and KOCK.

To investigate the effects of different photoperiods,
preserved Porphyridium stock cultures were first acti-
vated for 6 days in a larger air-lifted photobioreactor
(500/800 mL). Following activation, the cultures were
inoculated into smaller air-lifted photobioreactors
(300/500 mL) at an initial OD,;, of 0.50 for the main
8-day cultivation experiment. The smaller system was
chosen for this phase to enable a faster response and
clearer observation of growth differences within the
shorter experimental timeframe. The cultures were sub-
jected to three photoperiod regimes: long photoperiod
(24/0 h light/dark), moderate photoperiod (12/12 h light/
dark), and short photoperiod (6/18 h light/dark), all at a
light intensity of 100 umol/m?/s.

For the time-course cultivation under short and long
photoperiods, which extended over 20 days, the cultures
were instead scaled up to the larger photobioreactors
(500/800 mL). This was necessary to accommodate the
more frequent sampling (every 4 days) for physiological
and biochemical analysis, as the larger volume minimized
the potential impact of sampling and water evaporation
on the culture stability. To compensate for visible water
evaporation due to aeration, the culture volume was
maintained by adding sterile deionized water as make-up
water to the original calibration mark prior to each sam-
pling or analysis (Ji et al. 2024).

Growth and chlorophyll a content determination
The cell density of both Porphyridium species was char-
acterized by OD.5, with UV-visible spectrophotom-
eter. High cell densities need to be diluted with medium
before measurement. For biomass calculation, cells were
centrifuged at 10,000 rpm for 2 min, washed with 20 mM
Phosphate-buffered saline (PBS) (pH=6.8) and resus-
pended to OD,;,=1.00, then 5 mL of the resuspension
was filtered into a pre-dried and weighed JINJING nitro-
cellulose membrane filter (0.45 uM) and dried in a 55 °C
oven for 48 h. The dry weight is obtained by subtracting
the weight of the filter from the total weight of the filter
loaded with algal cells after drying and multiplying by the
dilution factor (Ji et al. 2024).

For the determination chlorophyll & concentration,
2 mL of algal cells (OD,5;,=1.00) were centrifuged,
washed with 20 mM phosphate-buffered saline (PBS,
pH =6.8), and then soaked in 90% acetone at 4 °C for 24 h
in the dark. The supernatant was subsequently collected
by centrifugation (4 °C, 5000 rpm for 10 min), and absor-
bance was measured at 665 nm using a spectrophotom-
eter. Chlorophyll a concentration was further calculated
according to our previous study (Ji et al. 2021).
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Structural and component characterization of
phycobiliproteins

The algal cells were collected by centrifugation at
10,000 rpm for 5 min, washed with 20 mM PBS (pH =6.8)
and resuspended to OD,,=1.00, and 10 mL of the resus-
pension was subjected to ultrasonication with parameters
of 150 W, 18 min, and an on/off of 7 s/5 s. The super-
natant was collected by centrifugation at 10,000 rpm
for 10 min after ultrasonication, and 1 mL of the crude
extract was scanned by a UV-visible spectrophotometer
at a wavelength range of 200-800 nm, and another 1 mL
of the crude extract was used to determine the absor-
bance at 565 nm, 620 nm, and 650 nm. The concentra-
tion of each phycobiliprotein was calculated according
to the formula (Marsac and Houmard 1988). The content
or concentration of total phycobiliprotein refers to the
sum of the content or concentration of phycoerythrin,
phycocyanin and allophycocyanin. It should be noted
that the algae cells were resuspended to OD,5,=1 for the
determination of various parameters because we previ-
ously found that the cell mass of Porphyridium signifi-
cantly affects the efficiency of cell disruption. The current
parameters can ensure the full extraction of bioactive
substances without further damage (Ji et al. 2022).

Quantification of exopolysaccharides, total soluble
proteins, carbohydrates and neutral lipids

The crude extracts mentioned earlier were used for the
determination of total soluble protein and carbohydrate
content, which were determined by the Coomassie Bril-
liant Blue G-250 method (Grintzalis et al. 2015) and
the phenol-sulfuric acid method (Dubois et al. 1956),
respectively. Briefly, 100 uL of crude extract was taken
and 1 mL of staining solution was added to it, which was
left at room temperature for 5 min, and the absorbance
at 595 nm was measured, and the protein content was
calculated from the standard curve using 20 mM PBS
(pH =6.8) as the control.

For carbohydrate content, 1 mL of 20 mM PBS
(pH=6.8) was added to 1 mL of crude extract, fol-
lowed by 1 mL of freshly prepared 6% phenol and 5 mL
of concentrated sulfuric acid. The mixture was left at
room temperature for 10 min, then 45 °C water bath for
30 min, and 1 mL was taken after cooling to determine
the absorbance at 490 nm. The carbohydrate content was
calculated from the standard curve using 20 mM PBS
(pH=6.8) as control. The supernatant of algal cells col-
lected by centrifugation at 10,000 rpm for 5 min was used
for the determination of crude exopolysaccharides in the
same way as for carbohydrate content.

The algal cell resuspension (OD,5,=1.00) was used for
the determination of neutral lipid content according to
the Nile red method (Chen et al. 2009). Briefly, 1 mL of
the resuspension was added with 10 pL of Nile Red dye
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(0.1 mg/mL), and after 30 min at 37 °C, 200 pL of the mix-
ture was taken in a 96-well plate and read with a multi-
mode microplate reader (Ex/Em =530 nm/592 nm).

Statistical analysis

Each experiment had three replicates and the data were
expressed as the mean and standard deviation (SD). Sta-
tistical differences were determined by Student's t-test
using GraphPad Prim statistic software, V10.2.3 (Graph-
Pad Software, San Diego, California, USA). Data were
considered significant when at least P was<0.05 (* refer
to P value<0.05, ** refer to P value<0.01, *** refer to P
value <0.001, and **** refer to P value < 0.0001).

Results and discussion

Comparative characterization of phycobiliprotein and
chlorophyll a content in two Porphyridium species
Significant differences in phycobiliprotein and chlo-
rophyll a content were observed between the two
Porphyridium species. In P purpureum, the con-
tents of phycocyanin, allophycocyanin, and phyco-
erythrin were 5.08+0.15 mg/g DW, 11.71+0.84 mg/g
DW, and 23.89+0.79 mg/g DW, respectively. Phyco-
erythrin was the predominant phycobiliprotein in P
purpureum, comprising 58.74+0.62% of the total, con-
tributing to its bright red color (Fig. 1a). In contrast, P
aerugineum exhibited phycocyanin, allophycocyanin,
and phycoerythrin contents of 21.46+0.18 mg/g DW,
13.93+0.79 mg/g DW, and 2.52 +0.14 mg/g DW, respec-
tively. Phycocyanin served as the core phycobiliprotein in
P. aerugineum, accounting for 56.62+0.88% of the total
(Fig. 1b). Additionally, the chlorophyll a content in P.
purpureum (1.09+0.19 mg/g DW) was lower than that of
P. aerugineum (2.24+0.18 mg/g DW). Combined with its
high PC content, the higher chlorophyll 4 level imparts a
vibrant green color to P. aerugineum.
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Our results highlight distinct light-harvesting strat-
egies: P purpureum is rich in phycoerythrin, while P
aerugineum possesses higher levels of phycocyanin and
chlorophyll a (Fig. 1). Notably, the phycoerythrin con-
tent in P purpureum significantly exceeds that reported
for red macroalgae and surpasses several other phycoer-
ythrin-rich microalgae, such as the endophytic filamen-
tous red alga Colaconema sp. (5.4-6.5 mg/g DW) (Lee
et al. 2021) and the thermophilic cyanobacterium Lepto-
thermofonsia sichuanensis (2.13—-21.92 mg/g DW) (Yao et
al. 2024). Although P. aerugineum exhibited a substantial
phycocyanin content, significantly higher than P pur-
pureum, it remains lower than values reported for some
cyanobacteria like Spirulina sp. (17.5% w/w), Phormi-
dium sp. (4.1% w/w), and Lyngbya sp. (3.9% w/w) (Patel
et al. 2005). It is important to note that phycobiliprotein
content in microalgae can vary considerably depend-
ing on cultivation duration and environmental condi-
tions (Hsieh-Lo et al. 2019; Klepacz-Smolka et al. 2020).
Optimization of these factors suggests the phycocyanin
content in P aerugineum has significant potential for
enhancement. Furthermore, P. aerugineum benefits from
a simpler unicellular structure compared to the mul-
ticellular spiral or filamentous forms of Spirulina sp.,
Phormidium sp., and Lyngbya sp., potentially facilitating
easier extraction. The combination of high phycobilip-
rotein content and relatively simple cellular morphology
in both Porphyridium species positions them as highly
promising candidates for efficient phycobiliprotein
production.

Effect of photoperiod on the growth of P. purpureum and P.
aerugineum

Given the distinct light-harvesting antenna composi-
tions of P purpureum and P. aerugineum, we investigated
whether they exhibit similar photoperiod responses by
measuring growth curves and biomass accumulation
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Fig. 1 Characterization of light-harvesting antennae composition in two Porphyridium species under flask culture conditions. Chlorophyll a and phyco-
biliprotein content in R purpureum (a) and P. aerugineum (b). All data were determined during the mid-logarithmic growth phase. The embedded image
shows the morphology and color of Porphyridium under a microscope. Chl, PE, PC, and APC refer to chlorophyll a, phycoerythrin, phycocyanin, and al-

lophycocyanin, respectively. Data are expressed as mean +SD (n=3)
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under three photoperiod regimes. The results revealed
that extended light duration enhanced growth rates
and biomass accumulation in both species: P purpu-
reurn under long photoperiods reached a biomass of
5.16+0.22 g/L (dry weight) on day 8, significantly exceed-
ing levels under moderate (3.29+0.26 g/L) and short
(2.72+0.15 g/L) photoperiods, while P aerugineum
showed a parallel trend with biomass of 4.83+0.19 g/L
(long), 3.58+0.42 g/L (moderate), and 2.52+0.23 g/L
(short) (Fig. 2).

To further investigate the dynamics of phycobilipro-
teins under different photoperiods, extended cultiva-
tion was conducted in both long and short photoperiod
conditions. Consistent with prior findings, P. purpureum
and P aerugineum reached the stationary phase faster
under long photoperiods, while exhibiting prolonged lag
phases under short photoperiods. Specifically, P purpu-
reum cultured under long photoperiods reached a maxi-
mum biomass of 11.75+0.94 g/L on day 20, which was
significantly higher than the 3.82+0.26 g/L observed
under short photoperiods. In contrast, P aerugineum
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achieved its peak biomass values of 7.95+1.32 g/L on day
16 (under long photoperiods) and 3.22+0.15 g/L on day
20 (under short photoperiods), respectively (Fig. 3).
While the two Porphyridium species exhibit distinct
phycobiliprotein compositions, their growth responds
similarly to photoperiod variations, consistent with stud-
ies in Desmodesmus sp. CHX1 where extended photo-
periods enhanced growth (Tian et al. 2024). However,
broader studies demonstrate that microalgal growth
under varying photoperiods typically increases initially
before declining with prolonged light exposure, as seen
in algae Ankistrodesmus falcatus and Fragilariopsis cyl-
indrus peaking under 16L:8D cycles (George et al. 2014;
Guérin et al. 2024), while microalgae Platymonas helgo-
landica thrives optimally under 15L:9D cycles, indicat-
ing species-specific photoperiod preferences (Chu et
al. 2023). Crucially, these variations arise not only from
genetic differences but also from interactions with light
intensity and inoculum density; for example, Chen et al.
(2023) observed photoinhibition in four Chlorella species
under 20L:4D cycles at high light intensity (8000 Ix) and
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Fig. 2 Growth curves and dry weights of two Porphyridium species cultured under different photoperiods. Growth curves of P. purpureum (a) and P
aerugineum (b). Dry weights of P purpureum (c) and P. aerugineum (d) at the time of inoculation and on day 8. The embedded image illustrates the cul-
tivation of Porphyridium on the 8th day in a column photobioreactor (300/500 mL). Pp-D0/Pa-D0, Pp-L24/Pa-L24, Pp-L12/Pa-L12, and Pp-L6/Pa-L6 refer
to P purpureum/P. aerugineum at the time of inoculation and cultured under long, moderate, and short photoperiods, respectively. Data are expressed as

mean=+SD (n=3)
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Fig. 3 Growth curves and time-course changes in dry weight of two Porphyridium species cultured under short and long photoperiods. Growth curves
of P purpureum (a) and P, aerugineum (b). Time-course changes in dry weight of P purpureum (c) and P, aerugineum (d). The embedded image illustrates
the cultivation of Porphyridium on the 8th day in a column photobioreactor (500/800 mL). Pp-L6/Pa-L6 and Pp-L24/Pa-L24 and refer to P, purpureum/P.
aerugineum cultured under short and long photoperiods, respectively. Data are expressed as mean +SD (n=3)

low initial density (2 x 10° cells/mL), leading to lower bio-
mass under these conditions compared to 16L:8D cycles.
In contrast, our study employed higher cell densities
(approximately 1x10° cells/mL) and lower light inten-
sities (approximately 6000 1x), conditions under which
neither Porphyridium species experienced photoinhibi-
tion despite differing phycobiliprotein content, thereby
explaining their analogous photoperiod responses.

Time-course changes in phycobiliproteins and chlorophyll
a content

Both phycobiliproteins (PBP) and chlorophyll a serve as
light-harvesting antennae in Porphyridium species, mak-
ing their content inherently light-dependent. This light
dependence is evident in both P. purpureum and P. aeru-
gineum, which exhibit higher phycobiliprotein content
under short photoperiods compared to long photoperi-
ods (Fig. 4). This trend aligns with observations by Yeh
et al. (2022) in the red alga Colaconema formosanum,
where phycobiliprotein levels increased with decreasing
light duration, peaking under complete darkness (e.g.,
phycoerythrin at 3.4 mg/g DW). Notably, P purpureum
achieves significantly higher phycoerythrin levels under
short photoperiods, up to 30 mg/g DW, highlighting its
strong potential for phycoerythrin production. A similar
trend was observed in the cyanobacterium Synechococcus

PCC 6715, where phycocyanin is the dominant phyco-
biliprotein (Klepacz-Smolka et al. 2020). Its phycocyanin
and allophycocyanin content under a 16L:8D photope-
riod was significantly higher than under continuous light.
While Synechococcus PCC 6715 reached a maximum
phycocyanin content of 31.5 mg/g DW, this value remains
17% lower than P. aerugineum's maximum yield (38 mg/g
DW) under equivalent short photoperiod conditions. The
superior productivity demonstrates considerable promise
for P. aerugineum in industrial phycocyanin production.
Furthermore, phycocyanin, the core phycobiliprotein
in P aerugineum, displayed biphasic cultivation dynam-
ics featuring initial accumulation followed by progressive
depletion (Fig. 4). Such kinetics indicate insufficient irra-
diance for this species, necessitating upregulated phyco-
biliprotein biosynthesis for light capture optimization. In
P purpureum, phycoerythrin (dominant phycobilipro-
tein) maintained stable early-phase content but declined
progressively post-day 8. Consistent with adequate irra-
diance, this pattern reveals species-specific differences
in photosynthetic photon flux density (PPFD) tolerance.
Notably, P aerugineum exhibited more pronounced
chlorophyll a fluctuation paralleling phycocyanin/allo-
phycocyanin dynamics, underscoring greater reliance on
chlorophyll a-mediated harvesting under light limitation
than observed in P purpureum. These results indicate
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Fig. 4 Time-course changes in the contents of light-harvesting antennae in R purpureum and P. aerugineum cultured under short and long photoperi-
ods. Changes in the contents of phycoerythrin (a), phycocyanin (b), allophycocyanin (c), and chlorophyll a (d). Pp-L6/Pa-L6 and Pp-L20/Pa-L20 refer to P
purpureum/P. aerugineum cultured under short and long photoperiods, respectively. Data are expressed as mean +SD (n=3). Means with the same letter

are not significantly different

that the content of light-harvesting antennae, particularly
phycobiliproteins, varies during cultivation in Porphyrid-
ium. Such variations are influenced not only by the pho-
toperiod but also by the species' inherent preference for
light intensity.

The absorption peaks at 545 nm and 565 nm are charac-
teristic of phycoerythrin, while those at 620 nm, 650 nm,
and 683 nm correspond to phycocyanin, allophycocyanin
and chlorophyll 4, respectively (Ji et al. 2023; Pekarkova
et al. 1989). Differences in the content of the light-har-
vesting antennas of P. purpureum and P. aerugineum cul-
tured under different photoperiods can be observed from
the changes in the heights of these characteristic absorp-
tion peaks. For P purpureum cultured under short pho-
toperiods, all absorption peaks were higher compared to
those under long photoperiods, with more pronounced
changes noted for phycoerythrin and chlorophyll 4. In
contrast, P aerugineum displayed higher characteristic
absorption peaks for phycocyanin and chlorophyll 4. This
indicates that the structure of the light-harvesting anten-
nas is indeed influenced by the photoperiod and is more
closely related to the core phycobiliproteins and chloro-
phyll a. Additionally, structural changes in the light-har-
vesting antennas are evident from the color of the crude
extracts, with P purpureum exhibited a brighter red and
P. aerugineum a more vibrant emerald green under short
photoperiod, respectively (Fig. 5).

Photoacclimation in microalgae refers to the process
by which they regulate their metabolism through adjust-
ing the content of light-harvesting pigment-proteins in
response to varying light environments (Bennett and
Bogorad 1973; Grossman et al. 1993). The underlying
principle is that under light-limiting conditions, cells
upregulate the synthesis of light-harvesting antennae to
enhance light capture capacity; whereas under sufficient/
excess light conditions, they downregulate light-harvest-
ing protein content to prevent damage from reactive oxy-
gen species (ROS) generated under excessive light (Fu
and Wang 2023; Voerman et al. 2022). Previous research
has demonstrated that low light intensity stimulates phy-
coerythrin synthesis in P. purpureum (Ji et al. 2022). Blue
light exposure, compared to white light, also enhances
phycobiliprotein production in both P purpureum and
P, aerugineum (Ji et al. 2024). Collectively, these observa-
tions indicate that short photoperiods may function as a
form of photosynthetically active radiation (PAR) limi-
tation. This photoperiod-induced light deficiency simi-
larly elevates phycobiliprotein content in Porphyridium
species to augment light harvesting efficiency during
restricted illumination intervals.
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Fig. 5 Absorption spectra of supernatants from ultrasonically disrupted P purpureum and P. aerugineum cultured under short and long photoperiods on
day 20. The embedded image displays the color of the supernatant from the crude extract. Pp-L6/Pa-L6 and Pp-L24/Pa-L24 and refer to P purpureum/P.

aerugineum cultured under short and long photoperiods, respectively

Time-course changes in exopolysaccharide content with
co-quantified biomolecules

Porphyridium typically synthesizes and secretes sub-
stantial exopolysaccharides under stress conditions or
upon entering the stationary phase (Ji et al. 2021; Li et al.
2023). In P. purpureum, the relatively higher exopolysac-
charide content observed during early cultivation under
short photoperiods results from two concurrent factors:
enhanced EPS secretion as cells acclimate to environ-
mental conditions, paired with slower cell division rates.
This dual effect elevates initial exopolysaccharide content
(mg/g DW). Conversely, cultures under long photope-
riods progress more rapidly through the growth cycle,
reaching the exponential phase sooner. Consequently,
these cultures exhibit lower initial exopolysaccharide
accumulation. However, as long-photoperiod cells subse-
quently enter the stationary phase earlier, reduced divi-
sion rates combined with sustained exopolysaccharide
secretion ultimately enable these cultures to surpass the
exopolysaccharide content of short-photoperiod cul-
tures. Parallel observations in P. aerugineum further vali-
date this photoperiod-dependent pattern: Under short
photoperiods, its cultures exhibited the lowest growth
rate, maintaining an extended light-acclimation phase
even after 20 days of cultivation. This prolonged adap-
tation period sustained elevated exopolysaccharide lev-
els throughout. In contrast, long-photoperiod cultures
underwent characteristic exopolysaccharide dynamics,
marked by an initial decline followed by a subsequent
increase, reaching stationary phase by day 20 (Fig. 6a).
Projected accumulation trajectories suggest continued
exopolysaccharide increase in long-photoperiod systems
beyond this point, whereas short-photoperiod cultures
may experience a subsequent decline due to accelerated
cell division upon entering the exponential growth phase.

Total soluble protein in both Porphyridium species dis-
played characteristic rise-fall dynamics during cultiva-
tion. Significantly higher protein levels were maintained
under short photoperiods compared to long-photoperiod
regimes, attributable to delayed stationary-phase tran-
sition under reduced illumination. This photoperiodic
effect was especially evident in P purpureum, where
long-photoperiod cultures exhibited a sharp decline in
total soluble protein content to 70.13 +7.96 mg/g DW by
day 20, which was merely 45.05% of levels under short
photoperiods (Fig. 6b). Conversely, both species accu-
mulated higher neutral lipid content under long pho-
toperiods. This trend was particularly pronounced in P
aerugineum, which exhibited notably rapid neutral lipid
accumulation during late cultivation, reaching 9.61+0.18
RFU/g DW by day 20 (Fig. 6¢). In contrast to total soluble
proteins and neutral lipids, carbohydrate content in both
algae showed minimal photoperiodic influence, remain-
ing relatively stable throughout the cultivation period
(Fig. 6d). Collectively, the rapid protein decline coupled
with concurrent lipid accumulation under long photo-
periods suggests that accelerated entry into stationary
phase during extended light exposure triggers metabolic
reprogramming, redirecting carbon flux from proteins
toward energy storage lipids. This metabolic shift aligns
with findings by He et al. (2015), who observed a similar
initial increase followed by decrease in protein content
over culture time in Chlorella sp. and Monoraphidium
sp., indicating a conserved strategy where protein degra-
dation upon stationary phase entry provides carbon pre-
cursors for lipid biosynthesis.
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Fig. 6 Time-course changes in the contents of biological macromolecules of P purpureum and P. aerugineum cultured under short and long photope-
riods. Changes in the contents of exopolysaccharide (a), total soluble protein (b), carbohydrate (c) and neutral lipid (d). Pp-L6/Pa-L6 and Pp-L24/Pa-L24
and refer to P. purpureum/P. aerugineum cultured under short and long photoperiods, respectively. Data are expressed as mean=+SD (n=3). Means with

the same letter are not significantly different

Table 1 Phycoerythrin production (mg/L) in P purpureum under contrasting photoperiods

Species Phycoerythrin (mg/L)

Day 0 Day 4 Day 8 Day 12 Day 16 Day 20
Pp-L6 199+0.7 288+0.1 443+1.1 595+0.1 751+0.6 91.8+0.0
Pp-L24 19.9+0.7 672+14 1326+06 1406+09 131644 104.0+23
Pp-L6 and Pp-L24 refer to P. purpureum cultured under short and long photoperiods, respectively. Data are expressed as mean+SD (n=3)
Table 2 Phycocyanin production (mg/L) in P aerugineum under contrasting photoperiods
Species Phycocyanin (mg/L)

Day 0 Day 4 Day 8 Day 12 Day 16 Day 20
Pa-L6 303+0.1 523+1.1 69.1£0.3 782+07 67.0£0.1 709+1.1
Pa-L24 30.3+0.1 100.3£09 124.7£20 137.7£1.2 1142+£22 89.1+1.7

Pa-L6 and Pa-L24 refer to P. aerugineum cultured under short and long photoperiods, respectively. Data are expressed as mean+SD (n=3)

Time-course cultivation reveals divergent production
peaks for phycobiliprotein and exopolysaccharide
Phycoerythrin is the dominant phycobiliprotein in P
purpureum, while phycocyanin is predominant in P
aerugineum; both pigments are widely used in the food
industry. Therefore, we determined time-course changes
in phycoerythrin yield in P purpureum and phycocyanin
yield in P. aerugineum. The results showed that although
phycobiliprotein content was higher under short pho-
toperiods, phycobiliprotein yield was ultimately greater
under long photoperiods due to significantly faster bio-
mass accumulation. Furthermore, phycobiliprotein yield
initially increased before decreasing over the cultivation

period, peaking on day 12: phycoerythrin yield in P
purpureum reached 140.6 +0.89 mg/L, while phycocya-
nin content in P aerugineum reached 137.7+1.2 mg/L
(Tables 1 and 2). Analysis indicates that the yield increase
was primarily driven by rapid biomass accumulation,
whereas the later decline was mainly attributed to a sig-
nificant decrease in phycobiliprotein content (Figs. 3 and
4). Notably, Xu et al. (2019) proposed an induction strat-
egy involving reduced temperature and light intensity
in later cultivation stages to slow the decline in phyco-
erythrin content, thereby increasing phycoerythrin yield
in P purpureum to 229 mg/L by day 12. This suggests
that modifying the photoperiod through reduced light
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Table 3 Exopolysaccharide production (mg/L) in R purpureum and P aerugineum under contrasting photoperiods

Species Exopolysaccharide (mg/L)

Day 0 Day 4 Day 8 Day 12 Day 16 Day 20
Pp-L6 0.0+0.0 108.5+26 1246+4.1 159.8+56 2180+4.7 2672+7.7
Pp-L24 00+0.0 151.8+6.5 1933+1.0 3309+82 640.8+20.9 898.7+£41.0
Pa-L6 0.0+00 459417 595415 80.7+£1.2 136.8+10.8 1874+124
Pa-L24 00+£0.0 55.1+4.6 86.6+4.6 113.8+7.2 1945+13.6 2757+6.2

Pp-L6/Pa-L6 and Pp-L20/Pa-L20 refer to P. purpureum/P. aerugineum cultured under short and long photoperiods, respectively. Data are expressed as mean +SD

(n=3)

duration in later stages may further enhance phycoery-
thrin yield.

While exopolysaccharide content is generally higher
under short photoperiods, exopolysaccharide yield
consistently remains higher under long photoperiods.
This outcome results from accelerated biomass accu-
mulation during early cultivation stages coupled with
enhanced exopolysaccharide production capacity in
later phases. Compared to P aerugineum, P. purpureum
demonstrates superior exopolysaccharide productiv-
ity, achieving 898.7+41.0 mg/L by day 20 under long
photoperiods. This output exceeds P. aerugineum's yield
of 2757+ 6.2 mg/L under identical conditions by over
threefold, matching P purpureum'’s short photoperiod
yield at the same timepoint (Table 3). Despite this dispar-
ity, P aerugineum remains a promising polysaccharide
source, as our preliminary data indicates its exopolysac-
charides contain elevated glucose and glucuronic acid
content relative to P purpureum's, correlating with sig-
nificantly stronger antioxidant activity (manuscript in
preparation).

Conclusion

This study investigated time-course changes in the physi-
ological and biochemical characteristics of two Por-
phyridium species under different photoperiods. Both
species upregulated phycobiliprotein and chlorophyll a
content to enhance light harvesting under short photo-
periods, increasing maximum phycoerythrin levels in P
purpureum to 30.48+0.79 mg/g DW and phycocyanin
in P aerugineum to 41.95+0.16 mg/g DW. Conversely,
rapid biomass accumulation under long photoperiods
elevated phycobiliprotein production, with peak phyco-
erythrin titer reaching 140.61 + 0.88 mg/L (P, purpureum)
and phycocyanin 137.72+1.20 mg/L (P aerugineum).
Both species serve as viable exopolysaccharide sources,
though P. purpureum demonstrated superior productiv-
ity, yielding 898.7 £41.0 mg/L by day 20 under long pho-
toperiods. These findings provide strategic insights for
optimizing commercial production of phycobiliproteins
and exopolysaccharides in Porphyridium.
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