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ABSTRACT

Euglena is one of the alternative natural resources for medicine, food, and energy, and it is important
to develop its metabolic contents to fulfill human demands. Improvement of metabolic content in
Euglena was conducted in several ways, such as by adding the phytohormone. Brassinolide is one of
the phytohormones and is well-known for its ability to stimulate and protect the plant from stressful
environments. The application of brassinolide is still lacking. In addition, previous studies have
never applied this phytohormone to Euglena sp. cultures. This research aimed to analyze the effect
of brassinolide on the growth, metabolic content and wax fermentation in Euglena sp. The growth
rate was measured during cultivation, and the metabolic content was analyzed at the late exponential
phase before entering the fermentation process. Gas Chromatography-Mass Spectrometry (GC-

MS) was carried out to reveal the wax ester

content after the fermentation process. The result

showed that brassinolide significantly increased
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concentrations, while high concentration tends
to inhibit the effect. The high metabolite content,
including carbohydrate, lipid, protein, and
paramylon, was 0.47 = 0.02 g/L, 0.20 = 0.01
g/L, 1591 + 1.21 x 10 g/L, and 145 £ 0.10 x
103 g/L, respectively. Interestingly, wax esters
at lower brassinolide concentrations showed
contrasting results compared to the control
treatment. These findings provide information
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about the effect of brassinolide in Euglena sp., and advanced research is needed to reveal the
mechanism of brassinolide in Euglena sp.

Keywords: Brassinolide, Euglena sp., fermentation, metabolite

INTRODUCTION

The exponential growth of the human population has led to a significant reduction in natural
resources such as food, fuel, and medicine. This overconsumption and associated land
deforestation and greenhouse gas emissions have directly contributed to global climate
change (Maja & Ayano, 2021). The urgency of this issue is underscored by the fact that we
need to explore and develop alternative natural resources that align with the Sustainable
Development Goals (SDGs) set by the United Nations for 2030.

Microalgae, particularly Euglena, stands out as a promising candidate for future
alternative natural resources. Euglena is easily found in fresh and brackish water (rich
in organic matter), consists of single cells, and exhibits rapid growth (Borowitzka,
2018). Euglena’s ability to thrive is not only under photoautotroph conditions, where it
uses light as a proton source for photosynthesis and energy production but also under
heterotrophic conditions (Leander et al., 2017). This unique adaptability makes Euglena
a fascinating subject for further exploration. Additionally, Fuglena'’s metabolic content
is diverse, encompassing protein, lipids, pigments, paramylon, wax ester, and more
(Kottumparambil et al., 2019).

The metabolic content of Euglena holds immense promise for human life. For instance,
the protein in Euglena gracillis can be harnessed as dietary protein (Gissbl et al., 2019).
Conversely, paramylon and wax ester produced by Euglena are of particular interest.
Paramylon in Euglena has numerous benefits; for example, in medicine, paramylon
extracted from E. gracillis has shown an anticancer effect on 44gnt mice by reducing
the gene expression of gastric dysplasia (Lida et al., 2021). Moreover, the conversion of
paramylon to wax ester through fermentation could produce biofuel rich in 28 carbon chains
(Inui et al., 2017). The diverse range of beneficial metabolites obtained from Euglena
underscores the need for further research and improvement in its metabolic content, given
its potential to support almost all aspects of human life.

Significant improvements in the metabolic content of various microalgae species
have been demonstrated in previous studies. For instance, the protein content of Chlorella
vulgaris was found to increase by up to 296% (Bajguz, 2000). Similarly, improvements
in monosaccharide, chlorophyll a+b, and photosynthesis rate were 330%, 329%, and
298%, respectively, in Scenedesmus quadricauda (Bajguz & Czerpak, 1998). Moreover, S.
quadricauda also demonstrated a significant enhancement, with the lipid and carotenoid
content reaching 107.43 mg/g and over 140 ng/cell, respectively. These improvements
were all observed under the addition of Brassinosteroids (BRs).
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Brassinosteroids, which are steroidal hormones similar in structure to steroids in
animals and insects (Divi & Krishna, 2009), have been widely used in plants as growth
stimulators and stress protectants by regulating and enhancing the photosynthesis process
(Liu et al., 2023) and regulating the stress defense mechanism both enzymatic and non-
enzymatic (Vardhini & Anjum, 2015). For instance, adding brassinolide (BL), an active
type of BRs, enhanced fruit yields of over 175 tons/ha in peaky pears (Atteya et al., 2022).
Brassinolide also regulates the phenolic content and produces unsaturated fatty acids for
cell membrane integrity in banana fruit under chilling injury (Zhang et al., 2022). Given
these beneficial effects in plants, the potential application of BRs, particularly BL, in
microalgae such as Euglena is worth exploring.

The role of BL in plants has demonstrated significant effects and is commonly used to
enhance productivity under normal or stressful environments. However, its application in
microalgae is relatively unexplored. As mentioned earlier, we have observed the application
of BL in some microalgae species, such as Chlorella, which has been extensively studied.
In this research, we delve into the potential of BL in Euglena sp. cultivation, inspired by
the positive effects observed in other microalgae and the potential impact of BL on Euglena
sp. We focus on the growth rate and metabolic production after and before fermentation.
As we mentioned before, the metabolites and pigments produced by Fuglena had a wide
beneficial scope, including energy, food, and medicine. Thus, analyzing those parameters
becomes our focus. Moreover, we have conducted growth kinetic modeling and cell
morphology distribution in this study.

MATERIALS AND METHODS
Culture Condition

The culture of Euglena sp. was obtained from the Biotechnology Laboratory, Faculty of
Biology Universitas Gadjah Mada, isolated from Dieng plateau, Indonesia, which was
isolated from the result of research by Maghfiroh et al. (2023). The culture grew on Cramer
and Myers (CM) medium at 5 liters volume, 2 liters of Fuglena stock (ODgs: 0.370) and 3
liters of the medium for nine days or reached the late-log phase that was determined from
preliminary results (unpublished data). Brassinolide was added in the early cultivation of
Euglena sp. The aeration of culture was 4.25 LPM, containing 15% CO, (0.75 LPM), and
the light was 3.600 lux with a white LED lamp (CRI index 80) for 24 h (Mardyansah,
2023). The pH culture during the cultivation process was controlled and adjusted to 3.50
by adding 1N KOH or 1N H,SO,—however, the temperature was adjusted to 24°C. After
reaching the late-log phase, the culture was fermented by changing the culture condition
to dark hypoxia for three days to generate wax fermentation. The dark condition was
conducted by placing the culture in a dark place and wrapping it with three layers of
aluminum foil. The hypoxia condition was performed by turning off the aeration during
fermentation (low oxygen level).
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Growth Rate Analysis

The growth rate of Euglena sp. under BL treatment was analyzed by observing the cell
density and growth kinetic modeling. Cell density was monitored daily by taking 2 mL of
culture sample and was read by spectrophotometer UV-Vis (Genesys 150 Thermo, USA) at
680 nm (Suzuki et al., 2015). The cell growth kinetic model was performed using Logistics
and Gompertz. The logistic model will calculate using Equations 1 and 2 (Phukoetphim
et al., 2017; Nurafifah et al., 2023).

d

ﬁ: Hmax (1_#1:ax)x [1]
_ x0-exp (Umax -t)

R S iy e——sY [2]

Xmax

Where % is growth rate, X is cell density, X, is initial cell, X,,,, is maximum cell
dt

density, and .., is maximum of specific growth rate.
The Gompertz model is calculated by using Equations 3 and 4 (Phukoetphim et al.,
2017; Nurafifah et al., 2023).

Tm-exp exp (1)
o) (

max

x = xg + [Xmax - €XP [—exp(( t; —t)+1] [3]

SSR
R*=(1-22) [4]

Where r,, is maximum cell production, t; is lag time, SSR is a sum of square residual,
and SST is the total sum square.

Biomass Measurement

The biomass was measured and conducted by vacuum filtration every three days after
fermentation (twelfth day). About 20 mL of sample (V) was poured into a vacuum filtered
with filter paper (GF/C Whatman filter paper 47 mm, China), which had been weighed
before (W1). The filtered biomass dried for 90 min at 100°C (OV-65 B-ONE, China). The
dried biomass was weighed at an analytical balance (GR-200 AND, Japan) (W2). The
biomass content was measured by using Equation 5 (Morais et al., 2021).

Biomass (g/L) = WZ;WI [5]
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Cell Morphology Distribution

Cell morphology distribution was observed on the ninth day following Kim et al. (2022)
with several modifications. Cell morphology was observed under an Inverted Microscope
(BDS400 DRAWELL, China). Cells fixed with 1% Lugol solution. The ratio of cell and
fixative was 1:1, given directly to avoid movement from the cell during the fixation process.
The 100 cells in each sample were measured with Optilab Viewer v4 (Miconos, Indonesia).
Cell shape was justified by comparing the aspect ratio (AR). Cells were categorized as
spherical when AR was under 1.5, spindle when AR was between 1.5 and 5, and elongated
when AR was more than 5 (Jeon et al., 2019).

Primary Metabolite Analysis

Primary metabolite was measured on the ninth day of cultivation. The pellet was collected
from a centrifugation process (1327 x g; 10 min) (Ultra 8s LW Scientific, USA) of 10 mL
culture used for primary metabolite determination, consisting of carbohydrates, lipids,
and proteins. The Bradford method was used to determine the protein level (Bradford,
1976). The pellet was extracted by adding 1 mL of 10% sodium dodecyl sulfate (SDS) and
continued with incubation at 95°C for 5 min and 4°C for 5 min, respectively. The sample
took about 8uL into 95 well-plates, followed by the addition of 200 pL Bradford reagent.
After that, the absorbance read at 595 nm wavelength using an ELISA reader (ELx800
BioTek, USA). The protein standard curve used bovine serum albumin (BSA). The blank
solution consisted of 10% SDS and Bradford reagent.

The carbohydrate content was determined using the phenol-sulphuric acid method
(Dubois et al., 1956; Suyono et al., 2016). The pellet was added by 1:5 of 5% phenol
and H,SO,. The sample was incubated for 30 min at room temperature and homogenized
before reading the absorbance at 490 nm wavelength using a UV-Vis spectrophotometer
(Genesys 150 Thermo, USA). The carbohydrate standard was glucose. The blank solution
was composed of 5% phenol and H,SO,.

The lipid was analyzed using the Bligh-Dyer method (Bligh & Dyer, 1959). The pellet
was added with 1 mL of methanol and 1 mL of chloroform. The sample was mixed using a
vortex until homogenized. Afterward, about 1 mL of chloroform and 1 mL of distilled water
(Water One-ONEMED, Indonesia) were added and remixed. The sample was centrifuged
at 1327 x g for 10 min and continued removing the polar solution. The non-polar solution
was poured into a petri dish, which weighed before (M1). The lipid was incubated overnight
at 33°C (OV-65 B-ONE, China) until the solvent perfectly evaporated and continued with
measuring the petri dish (M2) using an analytical balance (GR-200 AND, Japan). The
lipid content was obtained by reducing the weight of M2 and M1 divided by volume (V).
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Pigment Analysis

The pigment was analyzed by following Pruvost et al. (2011) on the ninth day of cultivation.
Ten mL of the sample was centrifuged (Ultra 8s LW Scientific, USA) at 1327 x g for 10
min. The supernatant was discarded, and the pellet was added with 2 mL of methanol.
After that, the sample was homogenized by vortexing until well-mixed. The homogenate
was incubated overnight at 4°C in a dark condition by covering it with aluminum foil. The
sample was centrifuged (1327 x g; 10 min), and the supernatant read at 665, 662, and 480
nm at spectrophotometer UV-Vis (Genesys 150 Thermo, USA). The absorbance of the
supernatant was converted by using Equations 6, 7 and 8 to determine the pigment content.

Chlorophyll a (ug/L) =-8.0962 x Ags; + 16.5169 X s [6]

Chlorophyll b (ng/L) =27.4405 X kg5, — 12.1688 X Aggs [7]

Carotenoid Total (ug/L) =4 X Ay [8]
Paramylon Analysis

According to Kim et al. (2020), Paramylon was analyzed with several modifications on
the ninth day and after fermentation (twelfth day). The pellet from 20 mL of sample was
collected through centrifugation (1327 % g; 10 min) (Ultra 8s LW Scientific, USA) and
added with 3 mL of 1% SDS. The sample was incubated at 95°C for 30 min using a water
bath (WNB-22 Memmert, Germany), then centrifuged (1327 x g; 10 min) to discard the
supernatant. The sample was washed twice using distilled water (Water One-ONEMED,
Indonesia). About 2 mL of 0.5N NaOH was added into the pellet and homogenized by
vortexing. Paramylon was determined by taking 500 pL of aliquots and analyzed using the
phenol-sulphuric acid (Dubois et al., 1956). The standard curve was made with D-glucose.

Productivity Measurement

The productivity of biomass, primary metabolite, pigment, and paramylon was calculated
using Equation 9.

AC
Productivity (g/L/day) = AT [9]

Where: AC is the difference in concentration between day-n and day-0, and AT is the
time period.
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Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

GC analysis was used to determine the organic compounds after fermentation, following
Padermshoke et al. (2016) with several modifications. The pellet, harvested on the twelfth
day, was collected from 2L culture centrifugation (Universal 320R Hettich, Germany) for 4
min, 2468 x g, 4°C, added with 100 pL pyridine followed by sonication (JPS-10A Digital
Pro+, China) to dissolve the organic compound. About 1 pL chlorotrimethylsilane and 99
puL N, O-Bis(trimethylsilyl) were added and continued with sonification. The extract was
dried for 30 min at 37°C using an oven and resuspended with 1 mL n-hexane as a solvent.
After filtration, the dissolved extract was injected into GC-MS (QP2010 Shimadzu, Japan).
The GC condition fixed: DB one capillary column (30 m x 0.25 mm [.D. and 0.25 pm);
column temperature: 10°C; Injection temperature: 290°C; Programed temperature: early
temperature was 70°C (held for 5 min) until end temperature 285°C in addition 6°C per
min (held for 20 min); interface temperature: 270°C; split ratio was 1:0; pressure 108.1
kPA; helium gas was used as carrier gas. The database library on GC-MS (NIST II library
Version) was used to identify detected organic compounds. The quantification of each
compound was based on the percentage area of each GC-MS peak.

Statistical Data Analysis

The data was technically collected and analyzed with ANOVA One way (p-value: 0.05)
continued with Duncan's multiple range test (DMRT). Microsoft Excel v.2013 (Microsoft
Inc., USA), IBM SPSS Statistic v.26 (IBM, USA) and Origin Pro Student Version v.2023b
(Origin Lab, USA) were used to perform and analyze the data. The data showed in means
followed by standard deviation.

RESULTS
Growth and Biomass of Euglena sp.

In this research, the growth and biomass of Euglena sp. are positively affected by the
presence of BL during the cultivation process. Figure la illustrates the growth curve
of Euglena sp. under BL treatment at nine days of cultivation. The growth of Euglena sp.
fluctuated, but 0.05 mg/L BL showed the highest cell density over other treatments after
day sixth cultivation. In contrast, 0.10 and 1.50 mg/L BL treatments performed lower cell
density than the control treatment. Moreover, a similar result was found in the biomass
of Euglena sp. (Figure 1b). Before the seventh day of cultivation, the biomass of Euglena sp.
under BL addition showed identical results among all BL treatments and became different
from the seventh until the ninth day of cultivation (p < 0.05). The 0.05 mg/L BL showed
the highest biomass and productivity for about 0.60 £ 0.01 g/L and 58.30 + 1.47 g/L/day,
respectively.
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Figure 1. Growth curve (a) and biomass (b) of Euglena sp. under BL treatment. Error bars represent
standard deviation (n=3)

The precision of our Gompertz and Logistic models in predicting Euglena sp.’s growth
under BL treatment is noteworthy. Figure 2 illustrates the Gompertz model, with 0.05
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Figure 2. Growth kinetic modeling of Euglena sp. under BL treatment: 0 mg/L BL (a), 0.05 mg/L BL (b),
0.10 mg/L BL (c), and 1.50 mg/L BL (d), respectively
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mg/L BL showing the highest r,, (0.14) and t; (2.70). All BL treatments demonstrated an
impressive R? (Table 1). The Logistic model, on the other hand, showed that 0.10 mg/L
BL had the best p,,,. While the R? of the Logistic model was lower than the Gompertz
model, it still scored above 0.900 in all models, instilling confidence in the accuracy of
our predictions.

Table 1
The growth parameter of Gompertz and Logistic model in Euglena sp. under BL treatment

BL Concentration Gompertz Model Logistic Model
(mg/L) I ty R? Minax R?
0 0.10 1.68 0.947 0.37 0.912
0.05 0.14 2.70 0.988 0.38 0.901
0.10 0.08 1.16 0.977 0.39 0.961
1.50 0.10 2.21 0.992 0.37 0.916

Morphology Distribution of Euglena sp.

Morphology distribution of Euglena sp. under BL treatment was different on day 0 (early),
day 9 (late exponential), and after fermentation. On day 0 cultivation, the cell morphology
distribution was dominated by spindle shape. This condition changed at the end of
cultivation, with cell morphology dominated by elongated shape in all BL treatments.
After the culture condition changed to dark hypoxia, the observation of cell morphology
distribution showed that the shape domination changed into spherical and spindle shapes.
The most spherical shape was found in 0.05 mg/L BL and 0.10 mg/L BL treatments, while
the spherical shape showed in 0 mg/L BL and 1.50 mg/L BL treatments (Figure 3).

Morphology Distribution (%)

Omgl B 00Smgl BL 010mgl BL 1SOmglBL | Dmgd Bl 00Smgd B 0.00mgl Bl 1S0mgd Bl | OmgLBL 00SmgLBL 0.0mgLBL |50mgLBL

Day-0 Cultivation Day-9 Cultivation After Wax Fermentation

[ Elongated shape [l Spindle shape [l Spherical shape

Figure 3. Morphology distribution of Euglena sp. under BL treatment on 0 days, 9 days, and after
fermentation (12 days)
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Primary Metabolites Content of Euglena sp.

Brassinolide in Euglena sp.’s culture affected the primary metabolite, as seen in Figure
4. Protein content showed a significant improvement at 0.05 mg/L BL up to 15.92 + 1.20
x 107 g/L (p < 0.05). This condition was contrasted with 0.10 mg/L BL and 1.50 mg/L
BL treatments where the protein content amount was lower than 0 mg/L BL. Besides BL
enhancing the protein, the lipid under BL treatment significantly improved (p < 0.05).
The high lipid content performed in 0.05 mg/L BL treatment was about 0.20 = 0.01 g/L,
but insignificant result with 0.10 mg/L BL based form Duncan test. The positive effect of
BL addition also showed in carbohydrate content (p < 0.05). The 0.05 mg/L BL gave the
highest carbohydrate content compared to other treatments. The carbohydrate content at
0.05 mg/L BL reached 0.47 = 0.03 g/L. Based on Figure 4c, the lowest carbohydrate level
performed at 0.10 mg/L BL, while the 0 and 1.50 mg/L BL showed insignificant results.
According to Table 2, the productivity of primary metabolites was performed in high
quantities at 0.05 mg/L BL treatment.

G ®)
st ¢ 05 L
16 T b r
1
14 04
5 3
= -
%10 b é ;
S 8- 2
=02
E.] . &°
a
ad 0
2 4
0 o

T T
T
o 0.05 o4 15 o 0.05 o1 1.5

BL Concentration (mg/L) BL Coneentration (mg/L)
{c) o2,
b
020 I
~ 015 -
S5
B [
b=}
&
= 0,10
005+
0.00 : ;
o 0.08 01 L5
BL Concentration (mg/L)

Figure 4. Primary metabolites content of Euglena sp. under BL treatment at ninth-day cultivation: protein
content (a), carbohydrate content (b), and lipid content (c), respectively. The lowercase letter shows the
significant differences based on Duncan’s Test (p < 0.05). Error bars represent standard deviation (n=3)
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Table 2

The productivity of biomass, primary metabolites, pigment, and paramylon in Euglena sp. under BL

treatment
Productivity BL Concentrations (mg/L)
(x 107 g/L/day) 0 0.05 0.10 1.50
Biomass 47.80 £ 1.67° 58.30 + 1.47¢ 45.40 £+ 4.66™ 41.90 + 3.06*
Primary metabolites
Carbohydrate 40.70 £ 0.58° 46.30 £2.89° 31.70 £ 0.58° 40.00 £+ 1.00°
Lipid 9.00 £ 0.00* 15.00 £ 0.00% 12.70 £ 2.52% 11.00 + 1.70%
Protein 0.82+0.01° 1.58 +£0.14° 0.34 +0.05° 0.28 £0.07*
Pigment
Chlorophyll a 0.23 £0.03* 0.23 £0.02* 0.26£0.01® 0.29 £ 0.02%
Chlorophyll b 0.46+0.01™ 0.59 +0.01¢ 0.48 +0.02° 0.43 +£0.04*
Carotenoid Total 0.14+0.01° 0.17+0.01° 0.15+£0.01% 0.14+0.01*
Paramylon 10.70 = 1.41° 13.80 £ 0.12¢ 6.40 £ 1.76* 7.50+1.01*

Notes. The data is shown in the means followed by the standard deviation (n=3). The lowercase in the same
row showed significant differences based on Duncan’s Test (p < 0.05)

Pigment Content on Euglena sp.

The pigment content at the end of cultivation revealed a significant effect (p < 0.05) in BL
treatments (Table 3). The 1.50 mg/L BL gave the highest chlorophyll a for about 4.14+0.10
ug/mL, while the highest chlorophyll b and carotenoid total found in 0.05 mg/L BL, 5.43
+0.07 pg/mL and 1.83 + 0.03 pg/mL, respectively. In addition, 0.05 mg/L BL exhibited a
high amount of chlorophyll a+b but decreased the chlorophyll a/b. The chlorophyll a and

b productivity significantly increased in 1.50 mg/L BL and 0.05 mg/L BL, respectively.

Table 3

Pigment content on Euglena sp. under BL treatment on the ninth day of cultivation

BL Chla(pg/ Chlb (ng/ Car. Total Chl a+b Chl a/b Car./Chl
Concentration mL) mL) (ng/mL) (ng/mL) a+b
(mg/L)
0 4.00+£0.01* 4.37+0.02° 1.70+£0.03* 8.73+0.03° 0.92+0.00® 0.20 +0.00°
0.05 3.73+0.03* 543+£0.07° 1.83+0.03° 9.16+0.05° 0.69+0.01* 0.20+0.00°
0.10 4.02+0.06® 4.36+0.23> 1.70+0.04> 8.38+0.17° 0.92+0.06* 0.20 £ 0.00°
1.50 4.14+0.10c 3.86+0.36* 1.54+0.08 7.99+0.27* 1.08+0.12° 0.19 +0.00*

Notes. The data shows in means followed by standard deviation (n=3). The lowercase in the same column
showed significant differences based on Duncan’s Test (p < 0.05)

Paramylon Content of Euglena sp.

Paramylon content of Euglena sp. under the presence of BL showed a significant effect (p <

0.05) (Figure 5). The concentration of BL at 0.05 mg/L gave the great result of paramylon
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production at the end of cultivation, accounting for 145 + 1.04 x 10~ g/L. In contrast, the
high BL concentration performed the lowest concentration of paramylon, where 0.01 mg/L
BL and 1.50 mg/L BL were 92.7 +7.97 x 10 g/L and 55.3 +2.80 x 10~ g/L, respectively.
On the other hand, 0.05 mg/L BL showed the highest paramylon productivity than other BL
treatments (Table 2). The depletion of paramylon occurred after the fermentation process,
which was conducted for three days at dark-hypoxia conditions. All paramylon contents
were depleted, and the highest depletion of paramylon was found at 0.05 mg/L BL. Due to
the highest production and depletion of paramylon found at 0.05 mg/L BL, this treatment
was chosen to determine the organic compound by GC-MS. Besides that, the 0 mg/L BL
was used as a control treatment to compare with the selected treatment. Therefore, this
treatment continued for further analysis through GC-MS.

3
160110

140

120 4

100

¥~

6l o

Paramylon (g/L)

4+

20+

0 0.0 0l 1.5
BL Concentration (mg/L)

[ Before fermentation [l After fermentation

Figure 5. Paramylon content in Euglena sp. is under BL treatment on the ninth and twelfth days of
cultivation. Error bars represent the standard deviation (n=3)

Wax Ester of Euglena sp.

The untargeted GC-MS results revealed the presence of 14 and 15 organic chemical
compounds at 0 and 0.05 mg/L. BL treatment, respectively. Among these, we detected
the presence of a unique organic compound, which we assumed to be a wax ester, in
both treatments after 40 min reading at GC-MS (Figure 6). The wax ester content at
0 mg/L BL remained higher than 0.05 mg/L BL treatment. We classified the wax ester
species from carbon chain numbers 26 to 36 (Table 4). The wax ester concentration was
dominated by carbon chain numbers 26 (lauryl myristate), 28 (myristyl myristate), and
30 (cetyl myristate), while the other wax ester species were present in low concentrations.
Interestingly, at 0.05 mg/L BL, we found a menthol compound in higher concentration than
a wax ester, namely C,,H,,0 or neomenthol, for about 18.75 + 1.15 %.
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Figure 6. TIC graph from GC-MS analyses the most significant treatment in Euglena sp. after fermentation

(twelfth day)

Table 4

Wax ester species of Euglena sp. under BL treatment after wax fermentation (twelfth day)

0 mg/L BL
Ret. Time Similarity Name Formula Relative
(min) Index Abundance
(%=SD)
42.137 87 Myristyl myristate CyHs60, 24.74+1.54
43.579 89 Lauryl myristate C,¢H5,0, 16.97+1.48
45.276 87 Cetyl myristate C;0HgO, 19.76+0.89
47.289 88 Lauryl palmitate C,sH5,0, 5.34+0.04
49.721 89 Stearyl stearate C3sH7,0, 3.594+2.08
0.05 mg/L BL
Ret. Time Similarity Name Formula Relative
(min) Index Abundance
(%=SD)
30.746 89 (18, 28, 5R)-(+)-Neomenthol CH20 18.75+1.15
42.146 89 Myristyl myristate Cy3Hs60, 13.67+1.17
43.590 88 Lauryl myristate C,Hs,0, 8.80+0.49
45.289 87 Cetyl myristate C;0HgO, 15.76+0.49
47.308 88 Stearyl stearate C;6H5,0, 4.01+0.02
49.740 88 Cetyl palmitate C3,Hg, O, 4.92+0.24
Notes. The data is shown in the means followed by the standard deviation (n=2)
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DISCUSSION
Growth and Biomass of Euglena sp.

In this study, we presented the effect of BL on improving the growth rate and metabolic
content in Fuglena sp., where the lowest concentration gave the best result (0.05 mg/L BL)
at the end of cultivation. Bajguz and Czerpak (1998) reported that a lower concentration
of BRs gave insignificant results, while a higher concentration gave inhibition effects.
Brassinolide affected the growth rate of Euglena sp. by increasing the cell number; this
result was indicated by cell density. The promotion of cell numbers depends on the cell
division process. Brassinolide addition promotes cell division by up-regulating the CyD3, a
cyclin-dependent kinase (CDK) family, which has a role in the division of eukaryotic cells
(Hu et al., 2000). Bajguz and Czerpak (1998) and Kozlova et al. (2017) demonstrated a
similar result in improving cell numbers by adding BL. According to this result, adding BL
could promote Euglena sp.'s growth rate. However, the difference between 0 mg/L BL and
0.05 mg/L BL was slightly different and less than the given impact of other phytohormones
in Euglena sp., such as indole-3-acetic acid (IAA), which greatly enhanced the growth
rate of Euglena sp. (Hakim et al., 2023). The life cycle of Euglena was varying. Patil et
al. (2024) showed that on the tenth day of cultivation, the culture of Fuglena entered the
stationary phase. A similar result was shown in research by Erfianti et al. (2024) that the
tenth day of Euglena cultivation undergoes the stationary phase. Moreover, Jung et al.
(2021) exhibited Euglena's earlier late exponential phase, which was the seventh day of
cultivation. It was indicated that the life cycle of Euglena was varying, and in this research,
the presence of BL could not change the life cycle of Euglena but enhance the cell division
during the cultivation process.

The cell biomass increased during the cultivation process. Cell biomass production is
affected by the presence of BL through photosynthesis. BL could promote the photosynthesis
process by affecting the pigment, photosynthesis rate, and fixation of CO,. Singh et al.
(2016) showed that the high photosynthesis rate resulted in a high accumulation of biomass.
As aresult of the high photosynthesis rate, the product of photosynthesis remains high and
supports the cell development marked by the cell biomass. The cell biomass was positively
correlated with the cell concentration (Lim et al., 2022). This was similar to this research,
showing the improvement of cell concentration followed by the cell biomass.

The growth kinetic modeling was carried out to illustrate the suitable growth model
for Euglena sp. under BL treatment. Gompertz and Logistic models, which are commonly
used to demonstrate the growth kinetic model in microorganisms, especially in microalgae
(Erfianti et al., 2023; Naser et al., 2023; Siri’cetal., 2023), were employed in this study. The
R? value obtained from both models described how appropriate those models represented
the data (Ajala & Alexander, 2020). For instance, the growth kinetic model of C. vulgaris
performed extensively with an R? value of more than 0.98 in the Gompertz and Logistic
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model (Kothari et al., 2023). According to the R? value, the Gompertz model is more
appropriate to demonstrate Euglena sp.'s growth rate under BL treatment. Gompertz’s
model showed the r,, value, which corresponds to biomass production. Moreover, the t;
value also extensively describes the lag phase based on the cell density; for instance, in
0.05 mg/L, BL has the highest value of t;, which means the time needed by the cell to
continuously in log phase, and this result was appropriate with a growth curve that shows
the time of lag phase is longer than other treatments.

Morphology Distribution of Euglena sp.

Cell elongation was one effect resulting from the presence of BL through the BL mechanism
signaling process (Yang et al., 2011). Mumtaz et al. (2022) revealed that the absence of
BL in tomato abs I mutant generated the smaller fruit size, which means the presence of
BL was needed to avoid the dwarfism in tomato plants that caused the smaller fruit size.
The role of BL in promoting cell elongation was also presented in Yayao (gourd cultivar)
seeds grown at salt-stress conditions (Liu et al., 2023). In addition, the same result of BL
in promoting cell elongation was shown in the sesame cultivar (Nasser & Sarhan, 2023).
Besides BL promoting cell elongation through regular mechanisms described by Muller and
Munne-Bosch (2021), BL could encourage the elongation of cells by interacting with some
hormones. Improvement of D18/GAox-2 gene transcription exhibited under the presence of
BL (Tong et al., 2014). The D18/GAox-2 gene was a family gene in gibberellic acid (GA;),
which has a role in the elongation of plant cells. The mechanism of how BL promotes cell
elongation has not been well-observed. However, the mechanism of BL promoting cell
elongation in plants illustrated how BL works. BL probably promoted cell elongation in
Euglena by interacting with the GA;, which could promote cell elongation in plant cells
(Figure 3). Thus, it indicates that BL could promote cell elongation in Euglena sp.

Primary Metabolites Content of Euglena sp.

The primary metabolites had similar results to previous studies that revealed a significant
improvement in primary metabolites. Research by Bajguz and Czerpak (1998) demonstrated
the improvement of monosaccharides in C. vulgaris. As a result of the photosynthesis
process, carbohydrates play crucial roles in cell activity in the case of energy supply. In
photosynthesis, BL had a positive effect in light and dark cycles. The depletion of some
carbohydrates resulted in the photosynthesis process, which would be converted into lipids,
which is affected by some factors. A stressful environment could trigger lipid accumulation,
for instance, lightning and CO, stress, nutrient modification, cultivation process, and
chemical addition (Song et al., 2022). Moreover, Huang et al. (2022) reported that adding
a phytohormone combination (GA;, IAA, and BL) with turbulence intensity improved
lipid content in S. quadricauda. Improvement in lipid content under BL was also found

Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025) 1355



Deviko Mardyansah, Tia Erfianti, Khusnul Qonita Maghfiroh, Dedy Kurnianto, Ria Amelia, Brilian Ryan Sadewo and Eko Agus Suyono

at S. quadricauda, both at BL and epi-brassinolid (EBL) addition (Kozlova et al., 2017).
Additionally, Pokotylo et al. (2014) and Liu et al. (2018) showed improved lipid content
under BL treatment in a stressful environment.

Adding BL induced the related genes from Euglena sp. as a response to BL and affected
the improvement of transcription and translation in Euglena sp. The presence of BL was
verified to enhance the genetic material, DNA and RNA in C. vulgaris, improving protein
level by up to 296% (Bajguz, 2000). In addition, a similar result was also performed in
Wolffia arrhiza, showing that protein levels were elevated by about 25% (Chmur & Bajguz,
2021). Moreover, free amino acids and soluble protein improvement were performed under
BL treatment on Pinnela ternate (Guo et al., 2022), showing that BL could affect protein
levels.

All the primary metabolites, including carbohydrates, lipids, and proteins, were
significantly enhanced under the presence of BL. This result was similar to cell growth and
cell biomass, which significantly improved. In this result, BL is enhanced in photosynthesis,
resulting in a high accumulation of glucose that will break down into some metabolites,
such as lipids. In addition, the protein content is elevated by cell response, DNA and RNA
under BL. Further analysis of the effect of BL in the photosynthesis process completely
describes pigment content.

Pigment Content on Euglena sp.

Brassinolide's role in regulating chlorophyll synthesis, a process it tends to suppress,
has significant implications. Tachibana et al. (2022) demonstrated this, reporting that the
BRASSINOZOLE insensitive mutant 1 in Arabidopsis exhibited a light-green leaf color.
Intriguingly, the Arabidopsis BRASSINOLIDE insensitive mutant 1 showed a dark green
leaf morphology and high chlorophyll content (Zhang et al., 2021). Even in the presence
of BL, chlorophyll biosynthesis was suppressed, but BL could also promote chlorophyll
biosynthesis by interacting with certain phytohormones. The addition of exogenous BL
was found to induce GA; synthesis (Peres et al., 2019). Furthermore, the mutation in
tomato abs I led to a lower expression of GA20ox1, GA; gene, and chlorophyll genes
(Mumtaz et al., 2020). The role of GA; in improving chlorophyll content was found to
have a significant effect (Khandaker et al., 2015; Iftikhar et al., 2019). Additionally, BL
was found to interact with cytokinin (CK), further enhancing chlorophyll content (Bajguz
& Potrowska-Niczyporuk, 2014; Peres et al., 2019).

The addition of BL did not improve pigment content but improved photosystem 11
(PSII) efficiency and CO, assimilation. PSII efficiency increased after the addition of BL,
even in normal and stressful conditions, and enhanced net photosynthesis (Yuan et al.,
2012; Ma & Guo, 2014; Lima & Lobato, 2017; Zhao et al., 2019; Liu et al., 2022; Sun et
al., 2022; Liu et al., 2023). The high chlorophyll b content indicated the stress condition
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and caused the lower ratio of chlorophyll a/b (Yuan et al., 2012). Overexpression of
chlorophyllide an oxygenase (CAO) affected the reduction of chlorophyll a because the
chlorophyll a converted into chlorophyll b, causing the depletion of chlorophyll a/b ratio but
enlarging the antenna size (Tanaka et al., 2014). Furthermore, photosynthetically effective
radiation (PAR) had a crucial role in the ratio of chlorophyll a/b (Kume et al., 2018). In
a similar study, Amelia et al. (2023) found that light shade adaptation to light intensity
exhibited lower chlorophyll a, supporting our findings. Following this research, adding a
lower concentration of BL probably promotes Euglena sp. to respond in cell adaptation
to light by regulating the CAO activity and improving the PSII efficiency. Because of
this, net photosynthesis increased and was marked by high biomass accumulation (Yuan
et al., 2012). Moreover, the accumulation of primary metabolites was high under lower
BL treatment, affecting photosynthesis. At the same time, high photosynthesis activity
will produce more glucose than used to, for example, lipid biosynthesis (Li et al., 2020).

Assimilation of CO, was assumed to improve the chlorophyll content by an unknown
mechanism - BL addition has proven to enhance CO, assimilation (Yuan et al., 2012; Bajguz
& Potrowska-Niczyporuk, 2014). Xia et al. (2009) showed the improvement of six genes
related to carbon fixation by the addition of EBL and improved the maximum Rubisco
carboxylation rate (V) and maximum RuBP regeneration rate (J,,.,). A similar result was
presented on maize seedlings added by EBL that up-regulates eight genes that worked on
the dark cycle of photosynthesis (Gao et al., 2021). The great Rubisco activity illustrated
that the CO, absorption elevated and produced glucose as the main product of the dark
cycle. Consequently, carbohydrate content in this research reached a significant result at
0.05 mg/L BL treatment. A similar result was shown in W. arrhiza, where monosaccharides
were elevated under BL addition (Chmur & Bajguz, 2021).

Paramylon Content of Euglena sp.

Paramylon, the energy storage from Fuglena sp., is formed in granules composed of B-1,3-
glucan (Zakrys et al., 2017), catalyzed by paramylon synthase (B-1,3-glucan synthase or
callose synthase) from uridin diphosphate (UDP) (Marechal & Goldemberg, 1964; Yoshida
et al., 2016). Production of paramylon reached the highest content at the late exponential
phase, remained constant, and tended to decrease while entering the stationary and death
phases (Kim et al., 2019). Thus, the analysis of paramylons is conducted at the late
exponential phase, which is the ninth day before the wax fermentation process and at the
twelfth day after the wax fermentation process. The addition of phytohormones into Euglena
culture has been found to play a crucial role in increasing the production of paramylon. This
intriguing phenomenon was observed in a study by Kim et al. (2019), where the production
of TA A by bacteria significantly enhanced paramylon production. Furthermore, this study
also revealed that BL promotes the production of paramylon under low concentrations. As
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mentioned earlier, a lower concentration of BL significantly increased the protein content.
This may correlate with paramylon production in Euglena sp. by regulating gene-coded
protein (enzyme) that works in the biosynthesis of paramylon.

Wax Ester of Euglena sp.

Fermentation was conducted to produce wax ester through a mechanism described by
Inui et al. (2017). After the fermentation process, the depletion of biomass and paramylon
content occurred in all treatments. This result was similar to Jung et al. (2021) in that the
depletion of both parameters occurred after fermentation and increased in fatty acid, rich
in 14 carbon chains (myristic acid), which is useful for biofuel. Moreover, Padermshoke et
al. (2016) and Ogawa et al. (2022) showed the domination of 28 carbon chains (myristyl
myristate) after wax fermentation. According to this result, the wax ester on BL treatment
showed lower wax ester content than the control treatment.

On the other hand, the presence of neomenthol (a cyclic monoterpene) in BL treatment
remained high. This is significant as terpenoids are synthesized through the mevalonate acid
(MEV) pathway and methylerythritol phosphate (MEP) pathway (Harrewijin et al., 2000;
Kang & Lee, 2016). The formation of monoterpenoids and their subsequent conversion
into neomenthol, as described by Croteau et al. (2005), is a key process. Chizzola et al.
(2004) demonstrated the presence of a menthol derivative after fermenting the Thuja
orientalis into a rusteic system. Moreover, BL plays a pivotal role in the stress environment
response by regulating the stress defense mechanism, whether enzymatic or non-enzymatic
(Vardhini & Anjum, 2015). Dark hypoxia, a stress condition, may induce the stress defense
mechanism in Euglena sp. The presence of BL probably affected Euglena by stimulating
the stress defense mechanism. The change in cell morphology, particularly the drastic shift
to a spherical shape at 0.05 mg/L BL compared to 0 mg/L BL after fermentation, may be
correlated with this result. Consequently, the lower wax ester content on BL treatment
was likely due to neomenthol, which uses the same substrate as wax ester during the
fermentation process as a stress defense mechanism generated by the presence of BL under
dark hypoxia conditions.

CONCLUSION

Adding BL has a positive effect on Fuglena sp., especially in terms of growth rate,
primary metabolite, and pigment content. The positive result was shown at lower BL
concentration, whether high concentration tends to give a contrast result. Moreover, BL
also promoted cell elongation on Euglena sp. After wax fermentation, the BL treatment
showed a contrasting result, which produced lower wax ester content. This improvement
made BL one of the chemical stimulators that enhance the productivity of Euglena sp. as a
candidate for alternative natural resources. Research about the effect of BL in Euglena sp.
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remained rare and has yet to be studied. As a result, advanced research on the BL mechanism
affecting Euglena sp.'s growth rate and metabolic content is still needed to give more
precise information.

ACKNOWLEDGEMENTS

The authors thank Universitas Gadjah Mada, especially the Biotechnology Laboratory-
Faculty of Biology, who provided all the facilities that supported this research. This
manuscript is part of the first author’s thesis.

REFERENCES

Ajala, S. O., & Alexander, M. L. (2020). Assessment of Chlorella vulgaris, Scenedesmus obliquus, and Oocystis
minuta for removal of sulfate, nitrate, and phosphate in wastewater. International Journal of Energy and
Environmental Enginering, 11, 311-326 https://doi.org/10.1007/s40095-019-00333-0

Amelia, R., Akmal, W. R., & Suyono, E. A. (2023). Enhancement of astaxanthin content in mixed culture of
Dunaliella sp. and Azospirillum sp. under light intensity treatment. Jurnal llmiah Perikanan dan Kelautan,
15(2), 430-437. https://doi.org/10.20473/jipk.v15i2.38596

Atteya, A. K. G., El-Serafy, R., El-Zaabalawy, K. M., Elhakem, A., & Genaidy, E. A. E. (2022). Brassinolide
maximized the fruit and oil yield, induced the secondary metabolites, and stimulated linoleic acid synthesis
of Opuntia ficus-indica oil. Horticulturae, 8(5), 452-467. https://doi.org/10.3390/horticulturae8050452

Bajguz, A. (2000). Effect of brassinosteroids on nucleic acids and protein content in cultured cells of
Chlorella vulgaris. Plant Physiolgy and Biochemistry, 38(3), 209-215. https://doi.org/10.1016/S0981-
9428(00)00733-6

Bajguz, A., & Czerpak, R. (1998). Physiological and biochemical role of brassinosteroids and their structure-
activity relationship in the green alga Chlorella vulgaris Beijerinck (Chlorophyceae). Journal of Plant
and Growth Regulation, 17, 131-139. https://doi.org/10.1007/PL00007026

Bajguz, A., & Piotrowska-Niczyporuk, A. (2014). Interactive effect of brassinosteroids and cytokinins on growth,
chlorophyll, monosaccharide and protein content in the green alga Chlorella vulgaris (Trebouxiophyceae).
Plant Physiolgy and Biochemistry, 80, 176-183. https://doi.org/10.1016/j.plaphy.2014.04.009

Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Canadian Journal
of Biochemistry and Physiology, 37(8), 911-917. https://doi.org/10.1139/059-099

Borowitzka, M. A. (2018). Biology of microalgae. In I. A. Levine (Ed.), Microalgae in Health and Disease
Prevention (pp. 23-72). Academic Press. https://doi.org/10.1016/B978-0-12-811405-6.00003-7

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry, 72(1-2), 248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Chizzola, R., Hochsteiner, W., & Hajek, S. (2004). GC analysis of essential oils in the rumen fluid after
incubation of Thuja orientalis twigs in the Rusitec system. Research in Veterinary Science, 76(1), 77-82.
https://doi.org/10.1016/j.rvsc.2003.07.001

Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025) 1359



Deviko Mardyansah, Tia Erfianti, Khusnul Qonita Maghfiroh, Dedy Kurnianto, Ria Amelia, Brilian Ryan Sadewo and Eko Agus Suyono

Chmur, M., & Bajguz, A. (2021). Brasinolid enhances the level of brassinosteroids, protein, pigments, and
monosaccharides in Wolffia arrhiza treated with brassinazole. Plants, 10(7), 1311-1328. https://doi.
org/10.3390/plants10071311

Croteau, R. B., Davis, E. M., Ringe, K. L., & Wildung, M. R., 2005. (—)-Menthol biosynthesis and molecular
genetics. Naturwissenschaften, 92(12), 562-577. https://doi.org/10.1007/s00114-005-0055-0

Divi, U. K., & Krishna, P. (2009). Brassinosteroid: A biotechnological target for enhancing crop yield and stress
tolerance. New Biotechnology, 26(3-4), 131-136. https://doi.org/10.1016/j.nbt.2009.07.006

Dubois, M., Gilles, K. A., Hamilton, J. K., Rabers, P. A., & Smith, F. (1956). Colorimetric method for
determination of sugars and related substances. Analytical Chemistry, 28(3), 350-356. https://doi.
org/10.1021/ac60111a017

Erfianti, T., Daryono, B. S., Budiman, A., & Suyono, E. A. (2024). Growth and metabolite enhancement
of acidophile Euglena sp. isolated from Indonesia under different photoperiod cycles. Jurnal Ilmiah
Perikanan dan Kelautan, 16(1), 15-30. http://doi.org/10.20473/jipk.v1611.46193

Erfianti, T., Maghfiroh, K. Q., Amelia, R., Kurnianto, D., Sadewo, B. R., Marno, S., Devi, I., Dewayanto, N.,
Budiman, A., & Suyono, E. A. (2023). Nitrogen sources affect the growth of local strain Euglena sp.
isolated from Dieng Peatland, Central Java, Indonesia, and their potential as bio-avtur. In [OP Conference
Series: Earth and Environmental Science (Vol. 1151, No. 1, p. 012059). IOP Publishing. https://doi.
org/10.1088/1755-1315/1151/1/012059

Gao, Y., Jiang, T., Xiang, Y., He, X., Zhang, Z., Wen, S., & Zhang, J. (2021). Epi-brassinolide positively
affects chlorophyll content and dark-reaction enzymes of maize seedlings. Phyton-International Journal
of experimental Botany, 90(5), 1465-1476. https://doi.org/10.32604/phyton.2021.014811

Gissibl, A., Sun, A., Care, A., Nevalainen, H., & Sunna, A. (2019). Bioproducts from Euglena gracillis:
Synthesis and applications. Frontiers in Bioengineering and Biotechnology, 7, Article 108. https://doi.
org/10.3389/fbioe.2019.00108

Guo, C., Shen, Y., Li, M., Chen, Y., Xu, X., Chu, J., & Yao, X. (2022). Principal component analysis to assess
the changes of yield and quality of two Pinellia ternata cultivars after brassinolide treatments. Journal
of Plant Growth Regulation, 41, 2185-2197. https://doi.org/10.1007/s00344-021-10434-y

Hakim, W. H. A., Erfianti, T., Dhiaurahman, A. N., Maghfiroh, K. M., Amelia, R., Nurafifah, I., Kurnianto,
D., Siswanti, D. U., Suyono, E. A., Marno, S., & Devi, 1. (2023). The effect of IAA (Indole-3-Acetic
Acid) on growth, lipid, protein, carbohydrate, and pigment content in Euglena sp. Malaysian Journal of
Fundamental and Applied Science, 19, 513-524. https://doi.org/10.11113/mjfas.v19n4.2884

Harrewijin, P., van Oosten, A. M., & Piron, P. G. M. (2000). Production of terpens and terpenoids. In P.
Harrewijin, A. M. van Oosten, & P. G. M. Piron (Eds.), Natural Terpenoids as Messengers (pp. 11-57).
Springer. https://doi.org/10.1007/978-94-010-0767-2_2

Hu, Y., Bao, F., & Li, J. (2000). Promotive effect of brassinosteroids on cell division involves a distinct CycD3-
induction pathway in Arabidopsis. The Plant Journal, 24(5), 693-701. https://doi.org/10.1046/j.1365-
313x.2000.00915.x

Huang, H., Zhong, S., Wen, S., Luo, C., & Long, T. (2022). Improving the efficiency of wastewater treatment
and microalgae production of biofuels. Resources Conservation and Recycling, 178, Article 106094.
https://doi.org/10.1016/j.resconrec.2021.106094

1360 Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025)



The Effect of Brassinolide in Metabolic of Euglena sp.

Iftikhar, A., Ali, S., Yasmeen, T., Arif, M. S., Zubair, M., Rizwan, M., Alhaithloul, H. A. S., Alayafi, A. A. M.,
& Soliman, M. H. (2019). Effect of giberellic acid on growth, photosynthesis and antioxidant defense
system of wheat under zinc oxide nonparticle stress. Environmental Pollution, 254(Part B), Article 113109.
https://doi.org/10.1016/j.envpol.2019.113109

Inui, H., Ishikawa, T., & Tamoi, M. (2017). Wax ester fermentation and its application for biofuel production.
In S. Scwartzbatch, & S. Shigeoka (Eds.), Euglena: Biochemistry, Cell and Molecular Biology. Advances
in Experimental Medicine and Biology 979 (pp. 269-283). Springer. https://doi.org/10.1007/978-3-319-
54910-1 13

Jeon, M. S., Oh, J. J., Kim, J. Y., Han, S. L., Sim, S. J., & Choi, Y. E. (2019). Enhancement of growth and
paramylon production of Euglena gracilis by co-cultivation with Pseudoalteromonas sp. MEBiC 03485.
Bioresource Technology, 288, Article 121513. https://doi.org/10.1016/j.biortech.2019.121513

Jung, J. M., Kim, J. Y., Jung, S., Choi, Y. E., & Kwon, E. E. (2021). Quantitative study on lipid productivity of
Euglena gracilis and its biodiesel production according to the cultivation conditions. Journal of Cleaner
Production, 291, Article 125218. https://doi.org/10.1016/j.jclepro.2020.125218

Kang, A., & Lee, T. S. (2016). Secondary metabolism for isoprenoid-based biofuels. In C. A. Eckert & C. T.
Trinh (Eds.), Biotechnology for Biofuel Production and Optimization (pp. 35-71). Elsevier. https://doi.
org/10.1016/B978-0-444-63475-7.00002-9

Khandaker, M. M., Majrashi, A., & Boyee, A. N. (2015). The influence of giberelic acid on the chlorophyll
fluorescence, protein content and PAL activity of wax apple (Syzygium samarangense var. jambu madu)
fruits. Austtralian Journal of Crop Science, 9, 1221-1227.

Kim, J. Y., Oh,J.J., Jeon, M. S., Kim, G. H., & Choi, Y. E. (2019). Improvement of Euglena gracilis paramylon
production through a cocultivation strategy with the indole-3-acetic acid-producing bacterium Vibrio
natrigens. Applied and Environmental Microbiology, 85, Article e01548-19. https://doi.org/10.1128/
AEM.01548-19

Kim, S., Lee, D., Lim, D., Lim, S., Park, S., Kang, C., Yu, J., & Lee, T. (2020). Paramylon production from
heterotrophic cultivation of Euglena gracilis in two different industrial byproducts: Corn steep liquor
and brewer's spent grain. Algal Research, 47, Article 101826. https://doi.org/10.1016/j.algal.2020.101826

Kim, S., Lim, D., Lee, D., Yu, J., & Lee, T. (2022). Valorization of corn steep liquor for efficient paramylon
production using Euglena gracilis: The impact of precultivation and light-dark cycle. Algal Research,
61, Article 102587. https://doi.org/10.1016/j.algal.2021.102587

Kothari, R., Azam, R., Singh, H. M., Kumar, P., Kumar, V., Singh, R. P., & Tyagi, V. V. (2023). Nutrients
sequestration from slaughterhouse wastewater with kinetic model studies using C. vulgaris for lipid
production and reduction in freshwater footprint: A synergistic approach. Waste and Biomass Valorization,
15,1807-1818. https://doi.org/10.1007/s12649-023-02226-0

Kottuparambil, S., Thankamoy, R. L., & Agusti, S. (2019). Euglena as a potential natural source of value-
added metabolites. A review. Algal Research, 37, 154-159. https://doi.org/10.1016/j.algal.2018.11.024

Kozlova, T. A., Hardy, B. P., Krishna, P., & Levin, D. B. (2017). Effect of phytohormones on growth and
accumulation of pigments and fatty acids in the microalgae Scenedesmus quadricauda. Algal Research,
27, 325-334. https://doi.org/10.1016/j.algal.2017.09.020

Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025) 1361



Deviko Mardyansah, Tia Erfianti, Khusnul Qonita Maghfiroh, Dedy Kurnianto, Ria Amelia, Brilian Ryan Sadewo and Eko Agus Suyono

Kume, A., Akitsu, T., & Nasahara, K. N. (2018). Why is chlorophyll b only used in light-harvesting system?
Journal of Plant Research, 131, 961-972. https://doi.org/10.1007/s10265-018-1052-7

Leander, B. S., Lax, G., Karnkowska, A., & Simpson, A. G. B. (2017). Euglenida. In J. M. Archibald, A.
G. B. Simpson & C. H. Slamovits (Eds.), Hanbook of the Protists (pp. 1-12). Springer. https://doi.
org/10.1007/978-3-319-28149-0 13

Li, P, Sun, X., Sun X., Tang, J., Turaib, A., Wang, X., Cheng, Z., Deng, L., & Zhang, Y. (2020). Response of
lipid productivity to photosynthesis of Chlorella vulgaris under various nutrient stress modes. Journal
of Renewable Sustainable Energy, 12, Article 056102. https://doi.org/10.1063/1.5144539

Lida, M., Desamero, M. J., Yasuda, K., Nakashima, A., Suzuki, K., Chambers, J. K., Uchida, K., Ogawa,
R., Hachimura, S., Nakayama, J., Kyuwa, S., Miura, K., Kakuta, S., & Hirayama, K. (2021). Effects of
orally administered Euglena gracilis and its reserve polysaccharide, paramylon, on gastric dysplasia in
Adgnt knockout mice. Scienctific Reports, 11, Article 13640. https://doi.org/10.1038/s41598-021-92013-5

Lim, Y., A., Khong, N., M., H., Priyawardana, S., D., Ooi, K., R., [lankoon, I., M., S., K., Chong, N., M., & Foo,
S. C. (2022). Distinctive correlations between cell concentration and cell size to microalgae biomass under
increasing carbon dioxide. Biosurce technology, 347, 1-6. https://doi.org/10.1016/j.biortech.2022.126733

Lima, J. V., & Lobato, A. K. S. (2017). Brassinosteroids improve photosystem II efficiency, gas exchange,
antioxidant enzymes and growth of cowpea plants exposed to water deficit. Physiology and Molecular
Biology of Plants, 23(1), 59-72. https://doi.org/10.1007/s12298-016-0410-y

Liu, C., Feng, B., Zhou, Y., Liu, C., & Gong, X. (2022). Exogenous brassinosterpids increases tolerance to
shading by altering stress responses in mung bean (Vigna radiate L.). Photosynthesis Research, 151,
279-294. https://doi.org/10.1007/s11120-021-00887-3

Liu, F,, Yang, J., Mu, H., Li, X., Zhang, X., Wen, Y., & Zhang, X. (2023). Effects of brassinolide on growth,
photosynthesis rate and antioxidant enzyme activity of ornamental ground under salt stress. Russian
Journal of Plant Physiology, 70(6), Article 137. https://doi.org/10.1134/S1021443722603202

Liu, J., Qiu, W., & Xia, D. (2018). Brassinosteroid improves lipid productivity and stress tolerance of Chlorella
cells induced by high temperature. Journal of Applied Phycology, 30, 253-260. https://doi.org/10.1007/
s10811-017-1223-2

Ma, Y. H., & Guo, S. R. (2014). 24-epibrassinolide improves cucumber photosynthesis under hypoxia by
increasing CO, assimilation and photosystem Il efficiency. Photosynthetica, 52, 96-104. https://doi.
org/10.1007/s11099-014-0010-4

Maghfiroh, K. M., Erfianti, T., NurAfifah, I., Amelia, R., Kurnianto, D., Sadewo, B. R., Maggandari, R., Aji,
B. R., Budiman, A., & Suyono, E. A. (2023). The effect of photoperiodism on nutritional potency of
Euglena sp. Inonesian strains. Malaysian Journal of Nutrition, 29(3), 453-466. https://doi.org/10.31246/
mjn-2023-0004

Maja, M., & Ayano, S. F. (2021). The impact of population growth on natural resources and farmers’ capacity
to adapt to climate change in low-income countries. Earth System and Environment, 5, 271-283. https://
doi.org/10.1007/s41748-021-00209-6

Mardyansah, D. (2023). Pengaruh penambahan brasinolid terhadap pertumbuhan dan kandungan metabolit
pada Euglena sp. [The effect of brasinolide on growth and metabolite compound in Euglena sp.]
[Unpublished Master dissertation]. Universitas Gadjah Mada.

1362 Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025)



The Effect of Brassinolide in Metabolic of Euglena sp.

Marechal, L. R., & Goldemberg, S. H. (1964). Uridine diphosphate glucose-p-1,3-glucan B-3-glucosyltransferase
from Euglena gracilis. Journal of Biological Chemistry, 239(10), 3163-3167. https://doi.org/10.1016/
S0021-9258(18)97699-4

Morais, K. C. C., Conceicdo, D., Vargas, J. V. C., Mitchell, D. A., Mariano, A. B., Ordonez, J. C., Galli-
Terasawa, L. V., & Kava, V. M. (2021). Enhanced microalgae biomass and lipid output for increased
biodiesel productivity. Renewable Energy, 163, 138-145. https://doi.org/10.1016/j.renene.2020.08.082

Muller, M., & Munne-Bosch, S. (2021). Hormonal impact on photosynthesis and photoprotection in plants.
Plant Physiology, 185(4), 1500-1522. https://doi.org/10.1093/plphys/kiaal19

Mumtaz, M. A., Li, F., Zhang, X., Tao, J., Ge, P., Wang, Y., Wang, Y., Gai, W., Dong, H., & Zhang, Y. (2022).
Altered brassinolide sensitivityl regulates fruit size in association with phytohormones modulation in
tomato. Horticulturae, 8(11), Article 1008. https://doi.org/10.3390/horticulturae8111008

Mumtaz, M. A., Munir, S., Liu, G., Chen, W., Wang, Y., Yu, H., Mahmood, S., Ahiakpa, J. K., Tamim, S. A.,
& Zhang, Y. (2020). Altered brassinolide sensitivityl transcriptionally inhibits chlorophyll synthesis
and photosynthesis capacity in tomato. Plant Growth Regulation, 92, 417-426. https://doi.org/10.1007/
$10725-020-00650-z

Naser, A. S., Asiandu, A. P., Sadewo, B. R., Tsurayya, N., Putra, A. S., Kurniawan, K. I. A., & Suyono, E. A.
(2023). The effect of salinity and tofu wastewater on the growth kinetics, biomass, and primary metabolites
in Euglena sp. Journal of Applied Biology and Biotechnology, 11(6), 124-132. https://doi.org/10.7324/
JABB.2023.114931

Nasser, S. E. D. M., & Sarhan, I. A. (2023). Effect of spraying with brassinolide on yield and its components
of sesame cultivars. In /OP Conference Series: Earth and Environmental Science (Vol. 1213, No. 1, p.
012028). IOP Publishing. https://doi.org/10.1088/1755-1315/1213/1/012028

Nurafifah, I., Hardianto, M. A., Erfianti, T., Amelia, R., Maghfiroh, K. Q., Kurnianto, D., Siswanti, D. U.,
Sadewo, B. R., Egistha, R. A., & Suyono, E. A. (2023). The effect of acidic pH on growth kinetics, biomass
productivity, and primary metabolite contents of Euglena sp. Makara Journal of Science, 27(2), 97-105.
https://doi.org/10.7454/mss.v27i2.1506

Ogawa, T., Nakamoto, M., Tanaka, Y., Sato, K., Okazawa, A., Kanaya, S., & Ohta, D. (2022). Exploration
and characterization of chemical stimulators to maximize the wax ester production by Euglena gracilis.
Journal of Bioscience and Bioengineering, 133(3), 243-249. https://doi.org/10.1016/j.jbiosc.2021.12.005

Padermshoke. A., Ogawa, T., Nishio, K., Nakazawa, M., Nakamoto, M., Okazawa, A., Kanaya, S., Arita,
M., & Ohta, D. (2016). Critical involvement of environmental carbon dioxide fixation to drive wax
ester fermentation in Euglena. PLoS One, 11(9), Article e0162827. https://doi.org/10.1371/journal.
pone.0162827

Patil, S., V., Koli, S., H., Mohite, B., V., Salunkhe, N., S., & Patil, A., S. (2024). Isolation and cultivation of
Euglena. In N. Amaresan, & K. A. Chandarana (Eds.), Practical Handbook on Soil Protists (pp. 195-200).
Springer. https://doi.org/10.1007/978-1-0716-3750-0_33

Peres, A. L. G. L., Soares, J. S., Tavares, R. G., Righetto, G., Zullo, M. A. T., Mandava, B., & Menossi, M.
(2019). Brassinosteroids, the sixth class of phytohormones: A molecular view from the discovery to
hormonal interactions in plant development and stress adaptation. International Journal of Molecular
Science, 20(2), Article 331. https://doi.org/10.3390/ijms2002033 1

Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025) 1363



Deviko Mardyansah, Tia Erfianti, Khusnul Qonita Maghfiroh, Dedy Kurnianto, Ria Amelia, Brilian Ryan Sadewo and Eko Agus Suyono

Phukoetphim, N., Salakkam, A., Laopaiboon, P., & Laopaiboon, L. (2017). Kinetic models for batch ethanol
production from sweet sorghum juice under normal and high gravity fermentations: Logistic and modified
Gompertz models. Journal of Biotechnology, 243, 69-75. https://doi.org/10.1016/j.jbiotec.2016.12.012

Pokotylo, I. V., Kretynin, S. V., Khripach, V. A., Ruelland, E., Blume, Y. B., & Kravets, V. S. (2014). Influence
of 24-epibrassinolide on lipid signalling and metabolism in Brassica napus. Plant Growth Regulation,
73,9-17. https://doi.org/10.1007/s10725-013-9863-y

Pruvost, J., Vooren, G. V., Gouic, B. L., Couzinet-Mossion, A., & Legrand, J. (2011). Systematic investigation
of biomass and lipid productivity by microalgae in photobioreactors for biodiesel application. Bioresource
Technology, 102(1), 150-158. https://doi.org/10.1016/j.biortech.2010.06.153

Singh, S., Angadi, S. V., St. Hilaire, R., Grover, K., & VanLeeuwen, D. M. (2016). Spring safflower performance
under growth stage based irrigation in the southern high plains. Crop Science, 56(4), 1878-1889. https://.
doi.org/10.2135/cropsci2015.08.0481

Siri¢, I., Abou-Fayssal, S., Adelodun, B., Mio¢, B., Andabaka, Z., Bachheti, A., Goala, M., Kumar, P, AL-
Hugqail, A. A., Taher, M. A., & Eid, E. M. (2023). Sustainable use of CO, and wastewater from mushroom
farm for Chlorella vulgaris cultivation: Experimental and kinetic studies on algal growth and pollutant
removal. Horticulturae, 9(3), Article 308. https://doi.org/10.3390/horticulturae9030308

Song, X., Liu, B. F.,, Kong, R., Ren, N. Q., & Ren, H. Y. (2022). Overview on stress-induced strategies for
enhanced microalgae lipid production: Application, mechanisms and challenges. Resources Conservation
and Recycling, 183, Article 106355. https://doi.org/10.1016/j.resconrec.2022.106355

Sun, S., Yao, X., Liu, X., Qiao, Z., Liu, Y., Li, X., & Jiang, X. (2022). Brassinolide can improve drought
tolerance of maize seedlings under drought stress: By inducing the photosynthetic performance, antioxidant
capacity and ZmMYB gene expression of maize seedlings. Journal of Soil Science and Plant Nutrition,
22,2092-2104. https://doi.org/10.1007/s42729-022-00796-x

Suyono, E. A., Nopitasari, S., Zusron, M., Khoirunnisa, P., Islami, D. A., & Prabeswara, C. B. (2016). Effect
of silica on carbohydrate content of mixed culture Phaeodactylum sp. and Chlorella sp. Bioscience
Biotechnology Research Asia, 13(1), 109-114. http://dx.doi.org/10.13005/bbra/2011

Suzuki, K., Mitra, S., Iwata, O., Ishikawa, T., Kato, S., & Yamada, K. (2015). Selection and characterization of
Euglena anabaena var. minor as a new candidate Euglena species for industrial application. Bioscience
Biotechnology and Biochemistry, 79(10), 1730-1736. https://doi.org/10.1080/09168451.2015.1045828

Tachibana, R., Yamagami, A., Miyagi, S., Nakazawa-Miklasevica, M., Matsui, M., Sakuta, M., Tanaka,
R., Asami, T., & Nakano, T. (2022). BRZ-INSENSITIVE-PALE GREEN 1 is encoded by chlorophyll
biosynthesis enzyme gene that functions in the downstream of brassinosteroid signaling. Bioscience
Biotechnology and Biochemistry, 86(8), 1041-1048. https://doi.org/10.1093/bbb/zbac071

Tanaka, R., Koshino, Y., Sawa, S., Ishiguro, S., Okada, K., & Tanaka, A. (2014). Overexpression of
chlorophyllide a oxygenase (CAO) enlarges the antenna size of photosystem 11 in Arabidobsis thaliana.
The Plant Journal, 26(4), 365-373. https://doi.org/10.1046/j.1365-313x.2001.2641034.x

Tong, H., Xiao, Y., Liu, D., Gao, S., Liu, L., Yin, Y., Jin, Y., Qian, Q., & Chu, C., (2014). Brassinosteroid
regulates cell elongation by modulating gibberellin metabolism in rice. The Plant Cell, 26(11), 4376-4393.
https://doi.org/10.1105/tpc.114.132092

1364 Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025)



The Effect of Brassinolide in Metabolic of Euglena sp.

Vardhini, B. V., & Anjum, N. A. (2015). Brassinostreroids make plant life easier under abiotic stresses mainly
by modulating major components of antioxidant defense system. Frontiers in Environment Science, 2(67),
1-16. https://doi.org/10.3389/fenvs.2014.00067

Xia, X. J., Huang, L. F., Zhou, Y. H., Mao, W. H., Shi, K., Wu, J. X, Asami, T., Chen, Z., & Yu, J. Q. (2009).
Brassinosteroids promote photosynthesis and growth by enhancing activation of Rubisco and expression
of photosynthetic genes in Cucumis sativus. Planta, 230(6), 1185-1196. https://doi.org/10.1007/s00425-
009-1016-1

Yang, C.J., Zhang, C., Lu, Y. N., Jin, J. Q., & Wang, X. L. (2011). The mechanisms of brassinosteroids’ action:
From signal transduction to plant development. Molecular Plant, 4(4), 588-600. https://doi.org/10.1093/
mp/ssr020

Yoshida, Y., Tomiyama, T., Maruta, T., Tomita, M., Ishikawa, T., & Arakawa, K. (2016). De novo assembly
and comparative trancriptome analysis of Euglena gracilis in response to anaerobic conditions. BMC
Genomics, 17, Article 182. https://doi.org/10.1186/s12864-016-2540-6

Yuan, L., Shu, S., Sun, J., Guo, S., & Tezuka, T. (2012). Effects on 24-epibrassinolide on the photosynthetic
characteristic antioxidant system, and chloroplast ultrastructure in Cucumis sativus L. under Ca(NO(3))
(») stress. Photosynthesis Research, 112(3), 205-214. https://doi.org/10.1007/s11120-012-9774-1

Zakrys, B., Milanowski, R., & Karnkowska, A. (2017). Evolutionary origin of Euglena. In S. Schwartzbach
& S. Shigeoka (Eds.), Euglena: Biochemistry, Cell and Molecular Biology. Advances in Experimental
Medicine and Biology 979 (pp.3-17). Springer. https://doi.org/10.1007/978-3-319-54910-1 1

Zhang, D., Tan, W,, Yang, F., Han, Q., Deng, X., Guo, H., Liu, B., Yin, Y., & Lin, H. (2021). A BIN2-GLK1
signaling module integrates brassinosteroid and light signaling to repress chloroplast development in the
dark. Developmental Cell, 56(3), 310-324. https://doi.org/10.1016/j.devcel.2020.12.001

Zhang, L., Cao, X., Wang, Z., Zhang, Z., Li, J., Wang, Q., & Xu, X. (2022). Brassinolide alleviated chilling
injury of banana fruit by regulating unsaturated fatty acid and phenolic compound. Scientica Horticulturae,
297, Article 110922. https://doi.org/10.1016/j.scienta.2022.110922

Zhao, M., Yuan, L., Wang, J., Xie, S., Zheng, Y., Nie, L., Hou, S. J., Chen, G., & Wang, C. (2019). Transcriptome
analysis reveals a positive effect of brassinosteroids on the photosynthetic capacity of wucai under low
temperature. BMC Genomics, 20, Article 810. https://doi.org/10.1186/s12864-019-6191-2

Pertanika J. Sci. & Technol. 33 (3): 1341 - 1365 (2025) 1365



