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Abstract

Arthrospira platensis is the most commercially cultivated microalgae with high nutritional
value and various health benefits. It is a rich source of valuable protein pigments known as
phycobiliproteins, containing antioxidant and anti-inflammatory properties. Investigation of
the factors that enhance the production of phycobiliproteins in photosynthetic organisms is es-
sential due to their potential in various industries, including food, cosmetics, and biomedicine.
The Phytohormones play critical roles in regulating the growth and development of plants, as
well as responses to environmental stresses. The present study aimed to investigate the effect
of the phytohormone ethephon (2-chloroethylphosphonic acid), a commonly used plant growth
regulator, on the growth, protein content, and the phycobiliproteins production in Arthrospira
platensis. In this respect, algae cultures were treated with various concentrations of ethephon
for 14 days. Phycobiliproteins were then extracted by multiple freeze-thaw cycles of dried A.
platensis biomass in phosphate buffer, and the contents were determined spectrophotometrical-
ly. Total soluble protein content was also measured by the Bradford method. Ethephon promot-
ed growth at concentrations of 0.005-0.05 mg/L but inhibited growth at higher concentrations
(0.1 and 0.15 mg/L). While all ethephon concentrations increased total soluble protein content,
the greatest increase was observed at 0.01 and 0.05 mg/L. Ethephon application also enhanced
the accumulation of phycocyanin, allophycocyanin, and phycoerythrin in Arthrospira platensis
at all concentrations except at 0.1 and 0.15 mg/L. Notably, 0.005 mg/L ethephon was the most
effective treatment, resulting in an approximately twofold increase in phycocyanin content af-
ter 14 days of cultivation. Overall, our results demonstrate that ethephon treatment represents
an efficient and cost-effective strategy for enhancing phycobiliprotein production in Arthros-

pira platensis.
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developed the blue-green algae cultivation.
As a result, the exploitation of bioactive
compounds from them have attracted con-
siderable attention in recent years. Among
the bioactive compounds synthesized by
algae, natural pigments, such as phycobilip-
roteins and carotenoids can serve as sustain-
able alternatives to synthetic colorants in the
food, cosmetic, and healthcare industries, as
well as dietary supplements for livestock,
poultry, and aquatic animals. Their growing
application is primarily attributed to their
non-toxicity, minimal environmental im-
pact, and antioxidant and medicinal proper-
ties (Fernandez-Rojas, 2014).

Phycobiliproteins are photosynthetic an-
tenna pigments found in cyanobacteria, red
algae, and cryptophytes. They efficiently
capture light energy and transfer it to chlo-
rophyll during photosynthesis. Structurally,
these proteins are intensely coloured, wa-
ter-soluble, and highly fluorescent proteins
assemble into oligomeric complexes, pre-
dominantly hexamers, which constitute the
fundamental building blocks of phycobili-
somes within the extramembrane light-har-
vesting antenna complexes associated with
photosystem II (Stadnichuk, 2023). The ma-
jor phycobiliproteins include phycocyanin
(PC), allophycocyanin (APC), and phyco-
erythrin (PE), which are distinguished by
their characterized absorption and emission
2025). Beyond
their role as photosynthetic pigments, phy-

spectra (Garcia-Gomez,

cobiliproteins, especially phycocyanin, ex-
hibit a broad range of biological activities,
including antibacterial, antifungal, antivi-
ral, and antidiabetic effects. Accordingly,

these proteins have attracted considerable
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interest for pharmaceutical, biotechnologi-
cal, and medical applications (Fabre, 2022;
Silva, 2018; Munawaroh, 2024).

Global demand for the natural blue pigment
phycocyanin has increased substantially
since its approval by USA Food and Drugs
Administration (FDA) in 2013, particular-
ly in the Americas and Europe. The global
phycocyanin market is expected to grow at
a compounded annual growth rate (CAGR)
of approximately 7%, reaching an estimated
value of US$333 million by 2032 (de Mo-
rais, 2018). Natural sources of phycocyanin
include cyanobacteria (blue-green algae),
and two groups of eukaryotic algae, includ-
ing Rhodophyta (red algae), and Crypto-
phyte (Pozzuoli, 2026). Among blue-green
microalgae, Arthrospira platensis is the pri-
mary commercial source of phycocyanin.
fila-

mentous photosynthetic cyanobacterium is

Commonly known as spirulina, this

one of the most extensively cultivated mi-
croorganisms owing to its high nutritional
value and diverse health-promoting prop-
erties. A. platensis is rich in proteins, vita-
mins, minerals, essential fatty acids such as
gamma-linoleic acid, and various pigments.
Proteins account for approximately 40-60%
of its dry biomass, with phycocyanin repre-
senting nearly 20% of the total protein con-
tents (Garcia, 2021).

Various strategies have been proposed to
enhance protein productivity in A. platensis,
including the optimization of cultivation
conditions (Aowtrakool, 2025), genetic en-
gineering (Ji, 2023), and the application of
environmental stresses and various eliciting
stimuli. (Yu, 2024). Among these strategies,

the utilization of plant growth regulators
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(PRGs), also known as phytohormones has
emerged as a promising approach (Sandy-
bayeva, 2022; Contreras-Ropero, 2024).
Phytohormones are chemical messengers
that regulate a wide range of physiolog-
ical and biochemical processes in higher
plants, even at extremely low concentra-
tions. They are typically classified into five
major groups, including auxins, abscisic
acid, cytokinins, gibberellins, and ethylene.
Beyond their well-stablished roles in plant
growth and development, phytohormones
have been reported to promote cyanobacte-
rial growth and stimulate the biosynthesis of
bioactive metabolites (Du, 2017).

Ethephon (2-chloroethylphosphonic acid;
C,H,CIO,P) is a plant growth regulator that
is converted to ethylene after metabolism
by the plant. Ethylene plays an important
role in regulating plant defence responses
against pathogens, pests, and abiotic stress-
es (Abdelsamad, 2019). It has also been
reported to induce the formation of de-
fence-related secondary metabolites, such
as phytoalexins and phenolic compounds, in
some fruit trees (Belhadj, 2008). However,
little is known about the functional role and
physiological effects of ethylene in microal-
gae. For example, endogenous ethylene has
been shown to regulate cell growth in the
microalgae reinhardtii
(Yordanova, 2013). In addition, treatment
of Chlorella vulgaris with ethephon has

Chlamydomonas

been shown to induce extensive changes in
metabolite profiles, including alterations in
the levels of alcohols, amino acids, organ-
ic acids, sugars, fatty acids, and lipids. In
particular, ethephon has been shown to sig-

nificantly increase the production of a-to-
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copherol and y-aminobutyric acid in Chlo-
rella vulgaris (Kim, 2016). To address this
knowledge gap, the present study aimed to
evaluate the effects of ethephon or exoge-
nous ethylene on the production of phyco-
biliproteins in A. platensis. Furthermore, it
assessed the potential of ethephon applica-
tion as an effective strategy for enhancing
phycobiliprotein production in Arthrospira

platensis.

Material and methods

Microorganism and cultivation conditions
The microalga Arthrospira platensis used in
this study was obtained from the Department
of Microbiology, Shahid Chamran Univer-
sity of Ahvaz, under accession code 8643.
Cultures were maintained in 250 ml Erlen-
meyer flasks containing 100 mL of Zarrouk
medium at incubated at 28 + 2 °C, 400 umol
m? s light intensity with 12 h light / 12 h
dark photoperiod. The cultures were contin-
uously aerated by shaking at180 rpm and
maintained for 18 days (Kaewdam, 2019).
Effect of ethephon on the growth rate of
Arthrospira platensis
The effect of ethephon (Agrostym 480 Sol-
uble Concentrate (SL)) at different concen-
trations (0.005, 0.01, 0.05, 0.1, and 0.15
mg L) were evaluated by supplementing
of Zarrouk medium. The stock solution of
ethephon (2 mg L) was prepared in distilled
water, sterilized by filteration through a 0.2
um cellulose acetate membrane filter, and
stored at 4 °C until use. Then, the desired
concentrations of ethephon (0.005-0.1 mg
L) were prepared from the stock solution
and added individually to the culture medi-

um at the beginning of cultivation (day 0).
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The growth of A. platensis was determined
by measuring the optical density (OD) at
590 nm on days 0, 2, 4, 6, 8, 10, 12, and 14.
Each treatment was conducted in triplicate
(Liu, 2018).

Measurement of total soluble protein con-
tent

The biomass of A. platensis was harvested by
centrifuging (8000 g, 15 min) in the station-
ary phase on day 14. The collected biomass
was then washed twice with distilled water
to minimize the influence of residual culture
medium components. The supernatant was
discarded and the pellets were dried with
a freeze-dryer (RAY 2, GEA, Germany).
Subsequently, 50 mg of the dried biomass
was dissolved in 100 mL phosphate buffer,
pH 6.8. After three freeze-thaw cycles, Cell
disruption was achieved by three freeze-
thaw cycles, followed by centrifugation at
12000 x g for 10 min at 4 °C using a Sigma
3—-30KS centrifuge (Sigma Co., USA). The
protein content of the resulting supernatant
was measured using the Bradford method
(Bradford, 1976). Cultures grown without
ethephon supplementation served as the un-
treated control.

Extraction and determination of phyco-
biliprotein concentration

Phycobiliproteins were extracted from Ar-
throspira platensis using three freeze-thaw
cycles following the method described by
Coward et al. (2016), with slight modifica-
tions. Briefly, 10 mg of freezedried biomass
was suspended in 10 mL of 0.1 M phos-
phate buffer (pH 6.8), mixed vigorously,
and frozen at -20 °C for 24 hours. The sam-
ples were thawed at room temperature and

subjected to homogenization using a vortex
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(LVOM-A10, UK) with glass beads for 5
min. This process was repeated three times,
after which cellular debris was removed by
centrifugation at 3000 X g for 15 min using
a GS-6 centrifuge (Beckman Coulter, USA),
The concentrations of the major phycobilip-
roteins, including PC, PE, and APC were
determined by measuring the absorbance
of the clarified supernatant using a UV—Vis
spectrophotometer (Shimadzu UV mini-
1280, Japan) at wavelengths of 474, 562,
615, and 652 nm. Quantification was per-
formed using equations (1) — (3) described
by Bennett and Bogard (1973).

PC (mg mL") = [A s15 — 0.474 (A 652)] / 5.34 Eq. |

APC (mgmL™") = [A 52— 0.208 (A 615)]/ 5.09 Eq.2

PE(mg mL"') = [Asg2—2.41(PC)—0.849(APC)])/9.62 Eq.3

Statistical Analysis

All experiments were conducted with three
biological replicates (n = 3). The results
are presented as mean + standard deviation
(SD). Differences among treatment groups
(ethephon concentrations) were analyzed
using oneway analysis of variance (ANO-
VA). When a significant effect was detected,
Tukey’s post hoc test was applied to identify
significant differences between groups. Sta-
tistical significance was set at p < 0.05. All
statistical analyses were performed using

GraphPad Prism software (version 10.6.1).

Results and Discussion
Effects of ethephon on cell growth

The growth of A. platensis under differ-
ent concentrations of ethephon was evalu-
ated and compared with that of the control
group. As shown in Fig. 1, all treatments

exhibited a similar growth pattern charac-
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terized by three distinct phases: lag, expo-
nential, and stationary phases. The results of
this study showed that the effects of ethep-
hon on the growth of A. platensis were con-
centration-dependent. Low concentrations
of ethephon (0.005, 0.01, and 0.05 mg L")
stimulated growth, whereas higher concen-
trations (0.10 and 0.15 mg L") significantly
inhibited it. The greatest stimulatory effect
was observed at of 0.01 mg L, resulting in
a 16.6% increase in growth compared with
the control (p <0.01). while the lowest stim-
ulatory effect (5.5%) occurred at 0.005 mg
L™ (p < 0.05). In contrast, higher concen-
trations of ethephon (0.10 and 0.15 mg L")
led to significant reductions in growth rate
after 14 days of treatment, with decreases of
16.4% and 24.5%, respectively, compared to
the control (p < 0.01).

Ethephon is metabolized to ethylene follow-
ing being absorbed by plants. Ethylene, a
gaseous plant hormone, functions as a reg-

ulatory signalling molecule that modulates
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numerous physiological processes and me-
diates growth responses to various environ-
mental stresses in higher plants and microal-
gae. Although ethylene is generally known
as a growth inhibitor in higher plants, partic-
ularly at elevated concentrations, some spe-
cies, especially semi-aquatic plants such as
Romex palustris, exhibit ethylene-induced
growth promotion (Wang, 2025).

The dual nature of ethylene’s effects on
growth depends on several factors, includ-
ing its concentration, tissue type, plant spe-
cies, and developmental stage (Pierik, 2006).
Kim et al (2016), treated Chlorella vulgaris
with ethephon and observed that only slight-
ly increased growth in this microalga, even
at very high concentrations (2.9 g L'"). Du
et al (2017) also reported that 12 days af-
ter treatment of the microalga Chlorella
pyrenoidosa with ethephon concentrations
0f 0.10, 0.15, and 0.20 mg L, the growth of
this microalga enhanced by 4 to 6fold. These

findings are in contrast with the growth inhi-

6
Time (day)

§ 10

Fig. 1. Growth curve of Arthrospira platensis under the influence of

differentconcentrations of ethephon
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bition observed at similar concentrations in
the present study, highlighting speciesspe-
cific differences in ethylene sensitivity and
response mechanisms.

Effect of ethephon on total soluble protein
content

The content of total soluble proteins of Ar-
throspira platensis after 14 days of treatment
with different concentrations of ethephon is
shown in Figure 2.

The results showed that ethephon, at all con-
centrations testedsignificantlyincreased (p
< 0.01) the total soluble protein content of
Arthrospira platensis at all concentrations
tested. However, lower ethephon concen-
trations showed a stronger stimulatory ef-
fect compared with higher concentrations.
Specifically, ethephon at concentrations of
0.005, 0.01, 0.05, 0.1, and 0.15 mg L' in-
creased the total soluble protein content by
1.23-, 1.30-, 1.47-, 1.14-, and 1.19-fold, re-
spectively, relative to the control (442 + 17

mg gDW).

The highest protein content was observed
in cultures treated with 0.05 mg L' ethep-
hon (650.62 + 19.50 mg gDW™), while the
lowest was observed at 0.10 mg L' ethep-
hon (502.11 £ 25.00 mg gDW'). The ob-
served enhancement in soluble protein con-
tent may be attributed to the upregulation of
target genes involved in protein synthesis or
stressresponse pathways following ethep-
hon treatment (L1, 2022).

The stimulatory effect of low concentrations
of ethephon on soluble protein accumulation
have also been reported in other microalgae
species. As an ethylene-releasing precursor,
ethephon plays a role in regulating microal-
gae cell growth and protein production in
a concentration-dependent manner. For ex-
ample, Du et al (2017) reported that, among
eight phytohormones examined, ethephon
was the most effective phytohormone in

enhancing protein content in the microal-
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Fig. 2. Effect of different concentrations of ethephon on the total soluble

protein content of Arthrospira platensis.

**Significant at the level of 0.01; DF (degrees of freedom) = (5, 12)
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ga Chlorella pyrenoidosa. Ethephon at a
concentration of 0.005 mg L' resulted in a
3.5-fold increase in the protein content of C.
vulgaris, with the total soluble protein con-
tent increasing from 28 mg L' in the control
to 99 mg L. In contrast, Xie et al (2023)
investigated the effect of different ethephon
concentrations (1-10 mg L) on the protein
production rate in Chlorella vulgaris. 1t is
noteworthy that ethephon concentrations
evaluated in their study were 10 to 100 times
higher than the concentrations used in the
present study. These findings suggest that
the physiological effects of ethephon are
strongly centration-dependent and that iden-
tifying an optimal concentration is critical
for maximizing both growth and protein ac-
cumulation in microalgae. Therefore, select-
ing the appropriate ethephon concentration
should be considered a crucial factor for op-
timizing both growth and protein production
in microalgae.

Effect of ethephon on the production rate of
phycobiloproteins

The effect of different concentrations of the
phytohormone ethephon (0.005, 0.01, 0.05,
0.1, and 0.15 mg L") on the concentration of
major phycobiloproteins, including phyco-
cyanin, allophycocyanin, and phycoerythrin
in Arthrospira platensis were investigated.
Following the harvesting of microalgae on
the 14th day of cultivation, the concentra-
tion of phycocyanin in the crude extract the
untreated control was 0.27 mg mL', which
was 3.8-fold higher than that of phycoeryth-
rin and 1.42 times higher than that of allo-
phycocyanin. After treating the microalgae
Arthrospira platensis with varying con-

centrations of ethephon, the most increase
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(approximately a 2-fold increase) in phyco-
biliproteins was observed on the 14th day
of cultivation, influenced by 0.005 mg mL"!
ethephon. As the concentration of ethephon
increased from 0.005 mg mL"' to 0.01 mg
mL"'and 0.05 mg mL", the amount of all
phycobiliproteins in Arthrospira platensis
remained higher than the control, which did
not receive phytohormone treatment. Al-
though, these two higher concentrations of
ethephon caused a lesser increase in all three
phycobiliproteins compared to the 0.005
mg mL"' ethephon concentration. Among
the three phycobiliproteins, phycocyanin
showed the greatest response, exhibiting an
approximately 1.8-fold compared with the
control following treatment with 0.005 mg
mL-! ethephon (Table 1).

Higher concentrations of ethephon (0.1 and
0.15 mg L) significantly reduced concent-
rations of phycobiliproteins in Arthrospira
platensis (p < 0.05). Specifically, the phy-
cocyanin concentration decreased from 0.27
mg mL™" in the untreated control to 0.22
and 0.23 mg mL! following treatment with
0.10 and 0.15 mg L' ethephon, respecti-
vely. Similar reductions were also observed
in concentrations of phycoerythrin and al-
lophycocyanin at both ethephon concentra-
tions (Table 1).

he phycobiliprotein contents of 4. platensis
biomass, expressed as mg g dry weight
(DW), are presented .in Figure 3.

Likewise, only limited information is ava-
ilable on the effects of the phytohormone
ethephon on the phycobiliprotein content
of Arthrospira platensis. There is also lit-
tle information on the effect of exogenous

application of other phytohormones on the
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Table 1 Concentration of phycobiloproteins extracted from Arthrospira

platensis after treatment with different concentrations of ethephon

Ethephon Phycocyanin Phycoerythrin Allophycocyanin
(mg L) (mg mL™") (mg mL™) (mg mL™)
0 0.27+0.01" 0.07+0.01"" 0.19+0.02™
0.005 0.49 +0.02"" 0.14+0.02™ 0.43 +0.03™
0.01 0.36+0.01" 0.12 +0.02™ 0.38+0.01"
0.05 0.36+0.03" 0.10+0.01™ 026+0.01"
0.10 0.22 +£0.02" 0.06 +0.01™ 0.20 +0.02"
0.15 0.23 £ 0.02" 0.07 £ 0.02" 0.17 £0.01"

Significant at the level of 0.05; **Significant at the level of 0.01; ns = non-

phycobiliprotein content of microalgae. In
a study conducted by Mansouri and Talebi-
zadeh (2016), the effect of gibberellic acid
on the growth and phycobiliprotein content
of the microalga Nostoc linckia was inves-
tigated. The results of the study showed
that the wet weight of Nostoc linckia was
significantly increased by treatments of 10
and 100 uM gibberellic acid. The amount of
phycocyanin in 7-day cultures treated with 1
uM gibberellic acid increased twofold; from
0.46 to 0.96 mgg™' wet biomass.

Similar changes were observed for the con-
tent of allophycocyanin and phycoerythrin
after 7 days of culture. In another study, the
effect of the phytohormone indole-3-butyric
acid (IBA) on the growth and production of
some primary and secondary metabolites in
Nostoc linckia was investigated. In this re-
gard, algal cultures were treated with 0, 0.01,
0.1, 1, 10, and 100 uM IBA for 14 days. The
results showed that the amount of all phy-
cobiliproteins increased under the influence
of 10 and 100 uM IBA concentrations. The
highest amounts of phycocyanin, allophy-
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cocyanin, and phycoerythrin (5.6, 2.2, and
0.25 mg / g wet weight, respectively) were
observed in the culture treated with 10 uM
IBA (Mansouri and Talebizadeh, 2017).

The increase in phycobiliprotein content
along with the improvement in Arthrospira
platensis biomass production observed in
the present study may suggest that a second-
ary role for phycobiliproteins as intracellu-
lar nitrogen storage compounds (Eriksen,
2008).

Determination of Phycobiloprotein Purity
In the present study, the purity index of
phycocyanin, allophycocyanin and phyco-
erythrin extracted from Arthrospira platen-
sis treated with different concentrations of
ethephon were evaluated as the ratio of the
absorbance of each phycobiloprotein (615
nm for (PC), 652 nm for APC, and 63 nm
for PE) to the absorbance at 280 nm, rep-
resenting total soluble proteins. The results
showed that phycocyanin was the predomi-
nant phycobiliprotein and exhibited a higher
purity index than allophycocyanin and phy-
coerythrin. The purity index of phycocyanin
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Fig. 3. The effect of different concentrations of Ethephon on a) phycocyanin, b)

phycoerythrin, and c¢) allophycocyanin content of Arthrospira platensis after 14 days

of cultivation.

*Significant at the level of 0.05; **Significant at the level of 0.01; FD (5,12)

increased from 0.62 in the untreated control
to a maximum value of 0.89 following treat-
ment with 0.10 mg L' ethephon. The purity
indices of both phycoerythrin and allophy-
cocyanin were 0.47 in the untreated control..
The highest purity index of phycoerythrin
(0.88) was obtained with 0.05 mg L' et-
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hephon, whereas the maximum purity index
of allophycocyanin (0.77) was observed at
0.005 mg L' ethephon.(Table 2).

The results obtained in the present study,
including a phycocyanin concentration of
0.27 mg mL™" and a purity index of 0.62, are

in consistent with the results of Hokmollahi
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Table 2. The purity index of phycobiliproteins extracted from the Arthrospira

palatensis
Purity index
Phytohormone PC APC PE
Ethephon (0 mg L) 0.62 +0.04 0.46 = 0.03 0.46 + 0.08
Ethephon (0.005 mg L"! 0.83 £0.08 0.77+0.04 0.71 £0.04
Ethephon (0.01 mg L) 0.62 +0.01 0.49 +0.09 0.85+ 0.05
Ethephon (0.05 mg L) 0.62 £0.04 0.48 = 0.09 0.87 £ 0.09
Ethephon (0.10 mg L) 0.88 + 0.06 0.75+0.07 0.69 + 0.08
Ethephon (0.15 mg L) 0.81 +0.08 0.71 + 0.05 0.66 + 0.06
et al (2025). In this studyln this study, the Conclusions

saltfree control exhibited a phycocyanin pu-
rity index of 0.77 increased with the additi-
on of NaCl, reaching a maximum value of
1.17. Similarly, Athiyappan (2024) reported
a maximum phycocyanin purity ratio of 0.62
when extracted using a chloridebased sol-
vent. The purity of phycobioproteins plays
a vital role in their commercial applications.
Among the various phycobioproteins, phy-
cocyanin is considered the most valuable
pigment used in the pharmaceutical and
food industries due to its colour, fluores-
cence, and antioxidant properties (Winayu,
2021). Phycocyanin with a purity index of
0.7 is considered food grade, whereas purity
indices of 3.9 and > 4.0 correspond to reac-
tive and analytical grade (Hsieh-Lo, 2019).
The results of the present study showed that
ethephon treatment did not adversely affe-
ct the purity of phycobiliproteins extracted
from Arthrospira platensis. Moreover, at
specific concentrations, ethephon increased
the purity indices of phycobiliproteins, indi-
cating its potential to improve phycobilipro-

tein quality for food-grade applications..

37

In summary, the results of this study
demonstrate that the exogenous application
of the phytohormone ethephon during the
cultivation of Arthrospira platensis enhanc-
es not only microalgal growth but also the
accumulation of soluble proteins and valu-
able phycobiliprotein pigments. These ef-
fects are strongly concentrationdependent,
with stimulatory responses are observed at
ethephon concentrations between 0.005 mg
L' and 0.05 mg L', whereas higher concen-
trations (0.1 and 0.15 mg L") inhibited the
growth and metabolite accumulation. The
stimulatory effects of ethephon may be as-
sociated with enhanced photosynthetic ac-
tivity and the upregulation of key enzymes
involved in phycobiliprotein biosynthesis.
However, further studies are required to
elucidate the underlying molecular mecha-
nisms. Given the growing global demand for
natural pigments and proteinrich microalgal
products in the food, pharmaceutical, and
nutraceutical industries, optimizing ethep-
hon application could improve a costeffecti-

ve strategy to improve production efficiency
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and strengthen commercial competitiveness.
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