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INTRODUCTION

The dual challenges posed by climate change 
and the depletion of fossil fuels have catalysed 
extensive research into alternative energy sourc-
es. The escalating emissions of greenhouse gases 
have exacerbated global climate change, resulting 
in significant environmental degradation and ad-
verse health effects in various species. In response 

to this pressing threat, an international consensus 
has emerged on the necessity of transitioning from 
finite carbon-based energy sources to renewable 
alternatives, including biofuels, solar, and wind 
power – critical options that offer the potential for 
sustainability and a reduced ecological footprint.

Biofuels are increasingly viewed as a prom-
ising renewable energy option capable of trans-
forming the energy landscape [Panarello and 
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Gatto, 2023]. They offer several advantages, 
including carbon neutrality, compatibility with 
existing infrastructure, and the potential for do-
mestic production, which reduces reliance on oil 
imports. Biofuels provide a pragmatic approach 
to decarbonisation in the transportation and in-
dustrial sectors without necessitating immedi-
ate, large-scale system changes. Nevertheless, 
first-generation biofuels, primarily sourced from 
crops like corn and sugarcane, have faced criti-
cism regarding their carbon footprint due to as-
sociated land-use changes and intensive farming 
practices. Furthermore, the “food vs. fuel” debate 
raises ethical concerns about using arable land for 
fuel production, which could potentially under-
mine global food security [Fasanya et al., 2021]. 
This complex intersection of environmental, eco-
nomic, and ethical issues has prompted a shift in 
research towards advanced biofuels made from 
non-food biomass, agricultural residues, and mi-
crobial systems that can produce biofuel precur-
sors without competing with food needs.

Yeasts have emerged as particularly promis-
ing candidates for next generation biofuel pro-
duction, offering several distinct advantages over 
conventional feedstocks. Their lipid composition 
closely resembles traditional plant oils, making 
them highly suitable for conversion into biodiesel 
that meets industry standards. Unlike crop-based 
feedstocks, yeasts exhibit rapid growth rates and 
can be cultivated year-round, independent of cli-
matic conditions, ensuring consistent production 
and a stable supply chain. Furthermore, yeasts 
demonstrate remarkable substrate flexibility, ef-
fectively utilising a wide range of feedstocks, in-
cluding agricultural and industrial waste streams. 
This adaptability aligns with circular economy 
principles by valorising waste materials while 
enhancing both the sustainability profile and eco-
nomic viability of yeast-based biofuels. These 
combined advantages position yeasts as compel-
ling alternatives that address the limitations of 
traditional crop-based biofuels through faster bio-
mass accumulation, flexible cultivation require-
ments, and potential for genetic optimisation.

This international effort seeks to pave the way 
for a future that emphasises environmental stew-
ardship and resilience. The ultimate objectives are 
to reduce the negative impacts of a warming plan-
et and protect the shared environment for current 
and future generations. Although this crisis pres-
ents a significant challenge, a blend of optimism, 
innovation, and cooperation makes the transition 

to sustainability a more achievable goal. These ef-
forts focus on implementing the systemic changes 
required for a sustainable future, prioritising cli-
mate actions that uphold human dignity. The most 
effective strategy for transformative environmen-
tal preservation involves fostering global partner-
ships to achieve sustainability. 

Numerous studies have substantiated the vi-
ability of yeasts as effective biofuel feedstocks, 
demonstrating their diverse capabilities for lipid 
production. Research has revealed a wide range 
of lipid contents across various yeast species: 
Rhodotorula glutinis R4 produces approximately 
7 g/L of lipids [Maza et al., 2020], Cutaneotri-
chosporon oleaginosum reaches 15.6 g/L [Liu et 
al., 2022], whereas R. mucilaginosa LP2 accu-
mulates up to 41.3% of its dry weight as lipids 
[Liang et al., 2021]. Other notable examples in-
clude Rhodotorula glutinis at 35.15% [Fernan-
dez-San Millan et al., 2020], Rhodotorula toru-
loides at 29.9% [Ruas et al., 2020], and Candida 
tropicalis, which boasts an impressive 79% lipid 
content [Dias et al., 2021]. In addition to their 
lipid-producing capacity, yeasts offer several ad-
vantages, including rapid growth rates, the abil-
ity to be cultivated on low-cost substrates, and 
the ease of cell separation from cultures [Khoo 
et al., 2023]. These findings highlight the signifi-
cant potential of yeast species as efficient sourc-
es of biofuel, contributing to sustainable energy 
solutions [Wusnah et al., 2023]. Although vari-
ous methods exist for treating municipal solid 
waste, including thermochemical and biological 
treatments [Liang et al., 2021; Liu et al., 2022], 
landfill disposal and incineration remain the most 
commonly used approaches [Zhou et al., 2017]. 
However, landfilling inevitably produces sec-
ondary pollutants, specifically leachate [Zhou et 
al., 2017; Dias et al., 2020], which is a complex, 
high-concentration organic wastewater contain-
ing various inorganic pollutants, including humic 
substances, heavy metals, inorganic salts, ammo-
nia, and nitrogen [Zhou et al., 2017; Teng et al., 
2021; Igwegbe et al., 2024]. Paradoxically, the 
composition of leachate, although environmen-
tally concerning, presents an opportunity for 
microbial growth and potential biotechnological 
applications [Chem et al., 2021, Kinnunen and 
Hedrich, 2023], as it contains organic and inor-
ganic materials that serve as nutrients for various 
microorganisms [Kinnunen and Hedrich, 2023] 
and promote microbial growth within the leach-
ate environment [Wusnah et al., 2024].
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Recognising this dual potential, researchers 
have begun exploring the utilisation of micro-
bial communities from leachate for both waste 
treatment and biofuel production [Mishra et al., 
2018; Ilmasari et al., 2023; Sartja et al., 2023; 
Teshnizi et al., 2025]. However, a significant 
knowledge gap remains regarding the specific 
capabilities of yeast strains isolated from land-
fill leachate in Indonesia, particularly their dual 
functionality in biofuel production and pollutant 
degradation. This study addresses this gap by fo-
cusing on the isolation, identification, and char-
acterisation of Rhodotorula mucilaginosa from 
Blang Bintang landfill leachate in Aceh Besar, 
Indonesia. The goal was to identify yeast strains 
that could be used as raw materials for biofuel 
production while also demonstrating their abil-
ity to break down chemical compounds in simu-
lated waste. This two-pronged approach aims to 
meet the growing demand for sustainable biofuel 
sources and address the pressing need for effec-
tive waste management solutions. By examining 
yeasts from landfill leachate, this study explores 
a unique connection between waste valorisation 
and renewable energy production. The discovery 
of yeast strains that can accumulate lipids and de-
grade pollutants could play a crucial role in creat-
ing more sustainable and integrated systems for 
waste management and biofuel production.

MATERIALS AND METHODS

Leachate sample collection    
and yeast strain isolation 

Leachate samples taken from the Blang Bin-
tang landfill in Aceh Besar, Indonesia, were used 
to isolate a novel oleaginous strain. The sam-
pling procedure involved the vertical extraction 
of leachate using a sterile 1 L plastic container. 
Subsequently, 20 mL aliquots of filtered leachate 
were transferred into sterile sample bottles. To 
preserve the samples, 2–3 drops of Lugol’s solu-
tion were added to each sample and gently mixed 
for 5–10 seconds. The labelled samples were then 
transported in a Styrofoam container filled with 
ice to maintain a low temperature. Before isola-
tion, all materials and equipment were sterilised 
by autoclaving at 121 °C for 20 min [Gizaw et al., 
2016]. Yeast was isolated using a medium con-
sisting of yeast extract (1 g/L), peptone (1 g/L), 
glucose (10 g/L), and agar (13 g/L), referred to 

as yeast extract peptone glucose agar medium 
(YEPGA), which was prepared by dissolving the 
components in distilled water. The medium was 
sterilised by autoclaving at 121 °C for 20 min. 
Two distinct isolation techniques were employed: 
streak and paste plating. In the Streak Plating 
method, an inoculating loop is immersed in the 
leachate sample and subsequently streaked across 
the surface of the solidified agar medium. Con-
versely, in the pour-plating method, approximate-
ly 0.5 mL of the leachate sample was pipetted 
onto the centre of the agar medium surface and 
evenly distributed using a sterile spreader. Fol-
lowing inoculation, Petri dishes were sealed with 
Parafilm and incubated at 28 °C for 2–3 days. All 
plating procedures were performed under aseptic 
conditions under a laminar flow hood.

Morphological and molecular identification

Morphological observations of the isolates 
were conducted under a light microscope. Colo-
nies grown on solid media were carefully exam-
ined to determine their shapes and colours. Each 
distinct colony was marked on the exterior of the 
Petri dish to facilitate subsequent subcultures. The 
subculture process involved transferring colonies 
to fresh solid media, after which the Petri dishes 
were sealed with Parafilm and incubated at 28 °C. 
This process was repeated until axenic cultures 
were obtained. Axenic cultures are characterised 
by uniform cell morphology and the absence of 
contaminating microorganisms. The isolated 
strain was designated Rhodotorula mucilaginosa 
Lindi-2-Doktor Ilmu Teknik (LD-2-DIT). The de-
tailed morphological characteristics were exam-
ined using a light microscope (Olympus Model 
BX41TF). The observed features were compared 
with descriptions in the existing literature to aid 
identification based on morphological criteria.

Deoxyribonucleic Acid (DNA) extraction was 
conducted using the Zymo Quick-DNA Fungal/
Bacterial Miniprep Kit (Zymo Research, D6005). 
The extracted DNA was subsequently amplified 
through polymerase chain reaction (PCR) using 
2x MyTaq HS red mix (Bioline, BIO-25048). 
Primers targeting the 18S recombinant ribonucle-
ic acid (rRNA) gene were designed: 18S_E1772R 
(5’-CWDCBGCAGGTTCACCTAC-3’) and 
E18F (5’-GATCCMGGTTGATYCTGCC-3’). 
The PCR reaction mixture, totalling 25 microli-
ters (µL), comprised 12.5 µL of PCR master mix, 
1 µL of each primer at 10 micromolar (µM), 1 µL 
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of yeast DNA template, and nuclease-free water 
to achieve the final volume. PCR amplification 
was executed under the following conditions: 
initial denaturation at 95 °C for 15 seconds, fol-
lowed by 35 cycles of denaturation at 95 °C for 
15 seconds, annealing at 56 °C for 30 seconds, 
and extension at 72 °C for 45 seconds. The resul-
tant PCR products were sequenced and compared 
to known sequences using the BLAST tool pro-
vided in the GenBank public database.

R. mucilaginosa growth in yeast extract 
peptone glucose (YEPG) medium  
and synthetic wastewater

Pure isolates of R. mucilaginosa were cultured 
and propagated in a YEPG medium at 28 °C. To 
prepare starter cultures for liquid media cultiva-
tion, four colony strips of the isolate were inocu-
lated into separate 100 mL aliquots of sterile liq-
uid medium. The cultures were then incubated for 
48 hours at 120 revolutions per minute (rpm) in a 
shaking incubator under 3000-lumen illumination. 
Subsequently, aliquots of the resulting starter cul-
tures were inoculated into a fresh liquid medium 
for further cultivation. The cultures were moni-
tored at 0, 2, 4, 6, and 8 days of incubation to track 
growth and metabolite production over time.

The cultivation of R. mucilaginosa in synthet-
ic wastewater (SW) served two primary objec-
tives: (1) to evaluate its efficacy in reducing pol-
lutants in artificial wastewater and (2) to assess its 
biomass production capacity. Pollutant reduction 
was analysed by measuring changes in chemical 
oxygen demand (COD) as well as concentrations 
of phosphate (PO4), ammonia (NH3), nitrate, and 
nitrite. The composition of the artificial waste-
water is presented in Table 1 [Jiang et al., 2019]. 
Furthermore, to investigate the effects on biomass 
yield and pollutant degradation efficiency, R. mu-
cilaginosa was cultured in SW supplemented 
with 10% glucose (SW+10) [Prabhu et al., 2019]. 
This comparative approach aimed to elucidate the 
influence of glucose supplementation on biomass 
production and the organism’s capacity to de-
grade pollutants in artificial effluents.

Analytical methods 

Cell density was assessed spectrophotomet-
rically at 600 nanometres (nm) (A600) using a 
BIOCHROM WPA Biowave Spectrophotometer. 
The culture medium was centrifuged at 4000 rpm 

for 10 min to ascertain the dry biomass weight. 
The resultant wet biomass was washed and dried 
at 60 °C for 12 h. All measurements were per-
formed in triplicate. The lipid content in the dry 
biomass was determined using a modified Bligh 
and Dyer method [Saini et al., 2021]. A 0.5 g sam-
ple was dissolved in 100 mL of distilled water for 
0.5 to 1 minute, followed by thermal treatment at 
100 °C for 5 minutes to disrupt cell walls. Total 
intracellular lipid extraction was performed us-
ing a chloroform-methanol solvent mixture in a 
1:1 volumetric ratio, ensuring efficient lipid solu-
bilisation. The sample was centrifuged at 6500 
rpm for 5 min to separate the mixture into an up-
per aqueous phase and a lower chloroform-rich 
phase, which was isolated using filter paper. The 
lower phase was re-extracted with 5 mL of chlo-
roform to increase lipid recovery and centrifuged 
again. The final extract was filtered and quanti-
tatively assessed by gravimetry, which involved 
evaporating the solvent to accurately measure the 
total lipid content. 

Measurement of wastewater quality

The liquid growth medium solution of R. mu-
cilaginosa was centrifuged at 4000 rpm for 10 
min. After filtration, the supernatant was used to 
determine the COD, phosphate, ammonia, nitrate, 
and nitrite contents. The analytical methods used 
were based on the HACH method [Moretti et al., 
2021]. The pollutant removal efficiency was cal-
culated using Equation 1 [Jiang et al., 2019]:

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 = 1 − 𝐶𝐶𝑡𝑡
𝐶𝐶0

 × 100%   (1)

where: Ct and C0 denote the concentrations of ar-
tificial wastewater quality indices (COD, 
phosphate, ammonia, nitrate, and nitrite) 
in parts per million (ppm) at time t, and 0. 

All wastewater quality parameter measure-
ments were performed in triplicate (n = 3), and 
results are expressed as mean ± standard devia-
tion. The detection limits and analytical precision 
for each method were validated according to stan-
dard quality control procedures.

Data analysis

All collected data are provided as mean val-
ues with their respective standard deviations and 
standard errors. Descriptive statistical studies 
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were performed to summarise the central tenden-
cy and variability of essential data, including lipid 
content and pollutant removal. The computation 
of means, standard deviations, and standard er-
rors was performed using spreadsheet software. 
Standard errors were calculated to indicate the 
precision of the mean estimations and are rep-
resented as error bars in all graphical displays. 
These statistical indicators collectively provide a 
comprehensive representation of data repeatabil-
ity, reliability, and the uncertainty associated with 
the mean values.

RESULTS AND DISCUSSION

Morphological and molecular 
characterisation of strain LD-2-DIT

A Stereomicroscopic examination of the 
LD-2-DIT isolate revealed a distinctive colony 
morphology characterised by a central core sur-
rounded by orange filaments. Figure 1 provides 
a comprehensive visual representation of the 
isolate’s morphology, utilising three complemen-
tary imaging techniques: colony growth on solid 
YEPG medium, light microscopy, and scanning 
electron microscopy (SEM). Colonies grown on 
solid YEPG media (Figure 1a) exhibited a vi-
brant orange colour, a hallmark of Rhodotorula 
species. This distinctive colouration is due to the 
production of carotenoid pigments, which not 
only give the yeast its characteristic appearance 
but also play a role in protecting the cells from 
environmental stresses, such as UV radiation. 
The colonies consistently demonstrated a round 
shape with flat edges and glossy surfaces, typical 

of R. mucilaginosa. These observations were con-
sistent with the findings of Ruas et al. [Ruas et 
al., 2020], who reported robust colony growth at 
28 °C after 48 h of incubation. 

Light microscopy at 400x magnification (Fig-
ure 1 b) revealed individual yeast cells that ap-
peared ovoid to spherical in shape, consistent with 
the known morphology of R. mucilaginosa. The 
absence of hyphal structures confirmed the yeast’s 
unicellular nature. The relatively uniform size of 
the cells suggests a healthy, actively growing cul-
ture. This morphological characteristic closely re-
sembles that of Rhodotorula mucilaginosa strain 
S05, a novel strain identified by Gohain et al. [Go-
hain et al., 2020] capable of producing 22.21% lip-
ids. The SEM image at 3000x magnification (Fig-
ure 1c) provides intricate details of the cell surface 
structure. The cells showed a smooth surface tex-
ture typical of Rhodotorula species. This high-res-
olution image allows for observing potential bud-
ding sites characteristic of asexual reproduction in 
yeasts. The three-dimensional perspective offered 
by SEM helps understand the spatial arrangement 
and interaction between individual cells. LD-2-
DIT colonies exhibited optimal growth after a 2- 
to 3-day incubation period at 30 °C, a temperature 
conducive to the proliferation of lipid-producing 
yeasts. This temperature range was slightly higher 
than that reported in Ruas et al. [Ruas et al., 2020], 
which could be attributed to strain-specific adap-
tations or variations in culture conditions. It would 
be interesting to explore the effects of temperature 
on lipid production in future studies. Molecular 
analyses of the LD-2-DIT isolate were performed 
to complement and confirm the morphological 
observations. PCR amplification of the 18S rDNA 
of the isolate yielded two distinct fragments, as 

Table 1. Composition of the synthetic wastewater
Chemical compounds Concentration  as  (mg/L)

Glucose 300

Ammonium chloride (NH4Cl) 22.2

Potassium nitrate (KNO3) 5.7

Sodium nitrite (NaNO2) 1.1

Monopotassium phosphite (KH2PO3) 5.1

Boric acid (H3BO3) 2.86

Manganese (II) chloride tetrahydrate (MnCl2.4H2O) 1.81

Zinc sulphate heptahydrate (ZnSO4.7H2O) 0.222

Sodium molybdate dihydrate (NaMoO4.2H2O) 0.39

Copper sulphate pentahydrate (CuSO4.5H2O) 0.079

Cobalt nitrate hexahydrate (Co(NO3) 2.6H2O) 0.0494



222

Journal of Ecological Engineering 2025, 26(11), 217–230

shown in Figure 2. The observed fragments cor-
responded to the expected theoretical size, with 
the presence of single clear bands indicating op-
timal amplification conditions and high primer 
specificity for the target DNA. The clarity and 
specificity of these bands suggest several essential 
points. First, it showed high primer specificity, ef-
fectively targeting the desired regions of the 18S 
rDNA gene without non-specific binding. Second, 
the PCR conditions (temperature cycles, reagent 
concentrations, etc.) were well optimised. Lastly, 
the clear bands suggested that the extracted DNA 
was highly quality and free from significant con-
tamination. The use of 18S rDNA for identifica-
tion is particularly valuable because this gene is 
highly conserved among eukaryotes but contains 
variable regions allowing species-level discrimi-
nation. The successful amplification of these re-
gions in our isolate provides a strong foundation 
for subsequent phylogenetic analysis. These prim-
ers, designed based on the Rhodotorula 18S rDNA 
gene sequence, effectively distinguish Rhodotoru-
la from other yeast genera.

Phylogenetic analysis was performed us-
ing a 3000 bp sequence compiled from the two 
amplified fragments. As shown in Figure 3, the 
resulting phylogenetic tree offers crucial insights 
into the evolutionary relationships between our 
LD-2-DIT isolate and known yeast species. The 
tree revealed that the isolate LD-2-DIT shared 
the closest evolutionary relationship with Rho-
dotorula mucilaginosa, as supported by a robust 
bootstrap value of 99.77%. This high bootstrap 
value provides strong evidence of their close 
evolutionary relationship, significantly strength-
ening morphology-based identification. The next 

closest relative was identified as Rhodotorula glu-
tinis, with a bootstrap support of 99.65%. While 
R. glutinis appeared as the next closest relative, 
the tree clearly distinguished LD-2-DIT as being 
more closely related to R. mucilaginosa. This dis-
tinction is essential because R. glutinis is another 
common Rhodotorula species with similar mor-
phological characteristics.

The phylogenetic tree also provides a broader 
evolutionary context, showing the relationship of 
the isolate not only with other Rhodotorula species 
but also with more distantly related yeasts. This 
context helps us understand the unique character-
istics and potential capabilities of R. mucilaginosa 
compared to other yeast species. R. mucilaginosa 
is classified as a unicellular basidiomycete yeast, 

Figure 1. Characteristic cell morphology of R. mucilaginosa. (a) colony growth on solid YEPG media;
(b) Cell morphology using a microscope with a magnification of 400 times; (c) overview of cell morphology 

using scanning electron microscopy (SEM) with a magnification of 3.000 times

Figure 2. Amplification results of LD-2-DIT isolate
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characterised by its pink-to-red pigmented colo-
nies. This species demonstrates remarkable adapt-
ability and is capable of thriving in both terres-
trial and aquatic environments [Ruas et al., 2020]. 
The high degree of similarity between the LD-2-
DIT isolate and known R. mucilaginosa strains, 
both morphologically and genetically, strongly 
supports its identification as a member of the R. 
mucilaginosa genus. This comprehensive charac-
terisation, combining morphological observations 
with molecular phylogenetic analysis, provides a 
solid foundation for further investigation into the 
biotechnological potential of the LD-2-DIT strain, 
particularly in areas such as lipid production and 
environmental applications.

Growth and lipid accumulation   
of R. mucilaginosa 

This study investigated the growth and lipid 
accumulation of R. mucilaginosa in two distinct 
media: YEPG and synthetic wastewater. The 
composition of synthetic wastewater is presented 
in Table 1. Based on prior research conducted by 
Prabhu et al. [Prabhu et al., 2019], glucose was 
identified as the optimal carbon source for lipid 
accumulation in R. mucilaginosa. Consequently, 
synthetic wastewater was supplemented with 
10% glucose to evaluate its effects on growth 
and lipid accumulation. Figure 4 illustrates the 
growth curves of R. mucilaginosa cultured in two 
distinct media conditions over 8 days, providing 
valuable insights into its growth characteristics 

and adaptability. In YEPG media (Figure 4a), the 
growth dynamics revealed a classical microbial 
growth pattern characterised by a notably brief 
lag phase, followed by a pronounced exponential 
phase during the initial 2–3 days. This rapid adap-
tation suggests the efficient utilisation of the nu-
trient-rich YEPG environment, ultimately achiev-
ing higher optical density measurements by day 
6. This observation indicates superior biomass 
production capacity in the YEPG medium, which 
can be attributed to its readily available nutrients 
and growth factors.

The growth patterns in synthetic wastewater 
(Figure 4 b) exhibited distinct characteristics, 
reflecting the organisms’ responses to a more 
challenging growth environment. The cultures 
demonstrated an extended lag phase and a more 
gradual exponential phase, which were particu-
larly evident under conditions lacking glucose 
supplementation (black line). The introduction 
of 10% glucose into synthetic wastewater (blue 
line) did not enhance growth performance. Al-
though a previous study by Prabhu et al. [Prabhu 
et al., 2019] indicated that glucose, as a car-
bon source, is instrumental for R. mucilaginosa 
growth and lipid accumulation, the current study 
illustrated that excess carbon can also inhibit 
microorganism growth. The observed variations 
in growth patterns between the YEPG and syn-
thetic wastewater media can be attributed to sev-
eral key factors. The complex nutrient profile of 
YEPG provides readily accessible nutrients and 
growth factors, whereas synthetic wastewater 

Figure 3. Molecular analysis of R. mucilaginosa phylogenetic tree using 18s rDNA sequences
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requires more extensive metabolic adjustments 
for nutrient utilisation. Additionally, synthetic 
wastewater may contain compounds that limit 
growth rates. Despite these challenges, R. mu-
cilaginosa demonstrated sustained growth until 
day 8 in synthetic wastewater, albeit at lower 
optical densities. This persistence highlights the 
organism’s robust adaptability to less-than-opti-
mal growth conditions, suggesting its potential 
suitability for wastewater treatment. The abil-
ity to maintain growth in synthetic wastewater, 
particularly when supplemented with glucose, 
suggests that R. mucilaginosa could be effec-
tively utilised in biotechnological applications 
involving wastewater remediation, potentially 
producing valuable biomass products. Figure 5 
shows the time profile of lipid accumulation in 
the R. mucilaginosa biomass over the cultivation 
period. The data showed a progressive increase 
in lipid content, reaching a significant peak of 
21.6% on day 6 of cultivation. This peak value is 
particularly noteworthy as it represents a consid-
erable improvement over the 13.45% lipid con-
tent reported by [Tsai et al., 2022] under similar 
cultivation conditions. The lipid accumulation 
pattern exhibited three distinct phases: an initial 
gradual increase during the early cultivation pe-
riod, a steeper accumulation phase between days 
4 and 6, and a subsequent substantial decline. 
Notably, the lipid content decreased markedly 
after day 6, dropping from over 20% to about 
8% in YEPG medium and from about 18% to 
4–5% in synthetic wastewater (see Figure 5). 
This pronounced decrease may indicate cellular 
utilisation of stored lipids for maintenance of 

metabolism or stress response, a common phe-
nomenon in oleaginous microorganisms dur-
ing prolonged cultivation periods. The temporal 
alignment between the maximum lipid content 
(day 6) and the peak growth phase, as observed 
in Figure 4, is significant from a physiological 
perspective. This synchronisation suggests that 
lipid accumulation in R. mucilaginosa is growth-
associated, with optimal lipid production occur-
ring during the transition from the late exponen-
tial to the early stationary phase. This pattern is 
characteristic of oleaginous yeasts, in which nu-
trient limitation, particularly nitrogen depletion 
relative to carbon availability, often triggers an 
increase in lipid biosynthesis. The achievement 
of 21.6% lipid content demonstrated the robust 
lipid accumulation capacity of this R. mucilagi-
nosa strain. This increased lipid production com-
pared to previously reported values suggests the 
potential optimisation of cultivation conditions 
or strain-specific advantages. 

Fig. 6 illustrates the biomass production of R. 
mucilaginosa across both media types. In align-
ment with the growth curves, biomass production 
reached its peak on day 6 in both media. None-
theless, the synthetic wastewater medium (Figure 
6b) yielded a slightly higher biomass (approxi-
mately 1.8–1.85 g/L) than YEPG (approximately 
1.75 g/L), while the addition of 10% glucose to 
synthetic wastewater resulted in a reduced bio-
mass (approximately 1.5 g/L). This discrepancy 
highlights the critical role of medium composi-
tion in optimising biomass production. The addi-
tion of 10% glucose to synthetic waste is likely 
to inhibit growth. This observation implies that 

Figure 4. Growth curve of R. mucilaginosa in (a) YEPG media and (b) artificial wastewater
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while glucose is essential for lipid accumulation, 
excessive concentrations may exert inhibitory ef-
fects on overall growth.

The substantial lipid content (21.6%) and 
relatively short duration of biomass acquisition 
(6 days) highlight the potential of R. mucilagi-
nosa as a promising source of biofuel feedstock. 
These findings are comparable to or exceed 
those reported for other Rhodotorula species. 
For example, Gohain et al.[Gohain et al., 2020] 
reported optimal harvesting times of 72–96 
hours for R. mucilaginosa R2, whereas Sartaj et 
al. [Sartaj et al., 2022] identified a 6-day opti-
mal cultivation period for Rhodotorula glutinis 
ISO A1. The results also highlight the advan-
tages of R. mucilaginosa over other lipid-pro-
ducing microorganisms, such as microalgae. 

While microalgae typically require 14–20 days 
for optimal biomass and lipid production [Kara-
tay et al., 2016; Cobos et al., 2017], the R. mu-
cilaginosa strain of the present study achieved 
high lipid content in just six days. This shorter 
cultivation time could significantly reduce pro-
duction costs and increase process efficiency in 
industrial applications. However, it is essential 
to note that lipid content can vary consider-
ably depending on the specific oleaginous yeast 
strain, growth conditions, and medium compo-
sition. The substantial decline in lipid content 
observed after day 6, particularly in cultures 
supplemented with 10% glucose, highlights the 
importance of optimising growth conditions to 
maximise and sustain lipid production. R. mu-
cilaginosa remains a promising candidate for 
cost-effective and environmentally friendly 
biodiesel production due to its high peak lipid 
content, rapid growth, and ability to thrive in 
synthetic wastewater, making it a suitable can-
didate for this purpose. Future research should 
focus on optimising the growth conditions in 
synthetic wastewater to match or exceed the 
performance of the YEPG media. Additionally, 
investigating the fatty acid profile of accumu-
lated lipids would provide valuable insights into 
the quality of potential biodiesel products. Fur-
thermore, the ability of R. mucilaginosa to grow 
in synthetic wastewater suggests its possible ap-
plications in wastewater treatment coupled with 
biodiesel production. This dual-purpose ap-
proach can significantly enhance the economic 
and environmental sustainability of biodiesel 
production from microbial lipids.

Figure 5. Lipid accumulation of R. mucilaginosa 
resulting from different growth media

Figure 6. Biomass of R. mucilaginosa on (a) YEPG media and (b) artificial wastewater
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Pollutant compounds removal 

Rhodotorula mucilaginosa demonstrated a 
remarkable ability to remove pollutants from ar-
tificial wastewater, demonstrating its potential for 
wastewater treatment applications. The yeast’s 
metabolic versatility allows it to decompose vari-
ous compounds and utilise them as nutrients for 
growth. This process primarily involves the as-
similation of macroelements, such as carbon, ni-
trogen, and phosphorus, as well as microelements, 
including copper and zinc. To assess the pollut-
ant removal capacity of R. mucilaginosa, changes 
in key water quality parameters, including COD, 
phosphate, NH3, nitrate, and nitrite, were moni-
tored. The study was conducted under two con-
ditions: artificial waste media without additional 
carbon sources and with 10% glucose supplemen-
tation. Without glucose supplementation, R. mu-
cilaginosa exhibited relatively impressive pollut-
ant removal efficiencies. A reduction of 65.63% 
in COD, 37.74% in ammonia, and 41.10% in 
nitrate was achieved. The lack of phosphate re-
duction is likely due to the limited carbon pres-
ent in the growth medium, which may hinder the 
cells’ ability to take up phosphate efficiently due 
to energy constraints. The significant increase in 
nitrite likely resulted from the partial reduction of 
nitrate to nitrite without further reduction, possi-
bly because the same limited carbon availability 
affects the electron transport chain. The addition 
of 10% glucose significantly enhanced the overall 
removal efficiency. Figure 7 illustrates that COD 
removal increased markedly to 96.36%, indicat-
ing enhanced cellular metabolic activity. Phos-
phate removal increased to 73.22%, suggesting 
that improved nutrient uptake was facilitated by 
sufficient carbon availability. After 6 days of in-
cubation, ammonia removal experienced a modest 
increase of 43.17%, whereas nitrate removal sig-
nificantly increased to 77.17%. Moreover, nitrite 
accumulation increased only slightly (18.75%). 
The observed enhancement associated with glu-
cose supplementation is likely attributable to the 
increased energy availability, as glucose serves as 
a crucial energy source for cellular processes. Fur-
thermore, the incorporation of glucose results in 
an elevated carbon-to-nitrogen (C: N) ratio, which 
fosters a more favourable balance between carbon 
and nitrogen, thereby promoting optimal metabol-
ic activity. These results, illustrated in Figure 7, 
revealed several interesting patterns in the nutri-
ent removal capabilities of R. mucilaginosa. Yeast 

demonstrated high efficiency in reducing COD 
and ammonia levels, particularly in the presence 
of additional glucose. The addition of 10% glu-
cose to the media led to a significant increase in 
the removal efficiencies of most parameters. This 
suggests a substantial potential for the application 
of R. mucilaginosa in treating various carbon-
rich wastewaters. This observation indicates that 
while R. mucilaginosa can utilise multiple carbon 
sources, including glucose and xylose [Siwina and 
Leesing, 2021], there may be an optimal carbon 
concentration for nutrient removal. Excess carbon 
may enhance yeast metabolic activity, potentially 
increasing nutrient uptake mechanisms. The tem-
poral dynamics of nutrient removal should also be 
taken into account. 

The yeast removal efficiency peaked around 
day 6 of incubation, after which the performance 
declined. This trend was observed under both 
glucose-supplemented and unsupplemented con-
ditions, indicating a consistent metabolic pattern 
regardless of the availability of additional carbon 
sources. Notably, despite the relatively lower nu-
trient removal efficiency in the non-glucose-sup-
plemented media, the relative biomass yields were 
not significantly different, as shown in Figure 6. 
This suggests that R. mucilaginosa maintained its 
growth and biomass production, even when its nu-
trient removal capacity was reduced. The perfor-
mance of R. mucilaginosa in this study compares 
favourably with previous research, such as that 
reported by Boutafda et al. [Boutafda et al., 2019] 
demonstrated that R. mucilaginosa reduced COD 
levels in olive mill wastewater by 56.91%. Our 
study revealed a significantly higher COD reduc-
tion (96.36%) in glucose-supplemented media, 
highlighting the potential of our isolated strain for 
wastewater treatment. These findings underscore 
the importance of optimising the growth condi-
tions and media composition to maximise R. mu-
cilaginosa’s pollutant removal efficiency. Future 
research should focus on understanding the meta-
bolic pathways involved in nutrient assimilation 
and how various environmental factors, includ-
ing carbon source availability and concentration, 
influence these pathways. The dual capability of 
R. mucilaginosa in both wastewater treatment and 
biomass production presents exciting opportuni-
ties for integrated biotechnological applications, 
potentially leading to the development of systems 
where wastewater treatment and biofuel produc-
tion occur simultaneously, thereby enhancing re-
source efficiency and environmental sustainability.
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CONCLUSIONS

Landfill leachate, a nutrient-rich liquid 
resulting from waste decomposition, is a po-
tential reservoir for diverse microorganisms 
with biotechnological applications. This study 

successfully isolated and characterised Rhodo-
torula mucilaginosa LD-2-DIT from the leach-
ate of the Blang Bintang landfill in Aceh Besar, 
Indonesia. This novel yeast strain demonstrated 
remarkable dual functionality, exhibiting sig-
nificant potential for both biofuel production 

Figure 7. Temporal changes in (a) COD, (b) phosphate, (c) ammonia, (d) nitrate, and (e) nitrite



228

Journal of Ecological Engineering 2025, 26(11), 217–230

and wastewater treatment. Analysis of R. mu-
cilaginosa LD-2-DIT biomass revealed a prom-
ising composition for biofuel feedstock, with 
a substantial fat content of 21.6%. These char-
acteristics suggest that this strain could be an 
excellent candidate for biodiesel and bioethanol 
production, addressing the increasing global 
demand for renewable energy sources. Concur-
rently, the strain exhibited exceptional capa-
bilities for reducing pollutant levels in artificial 
waste media, achieving removal efficiencies of 
up to 96.36% for COD and 43.17% for ammo-
nia. These results indicate the considerable po-
tential for application in wastewater treatment 
processes, particularly for carbon-rich effluents. 
The dual functionality of R. mucilaginosa LD-
2-DIT makes it a valuable asset for sustainable 
biotechnology applications. Its ability to me-
tabolise pollutants suggests that it might utilise 
actual wastewater as a nutrient source, thereby 
simultaneously treating wastewater and produc-
ing valuable biomass. This synergistic approach 
opens up possibilities for developing integrated 
systems wherein wastewater treatment and bio-
fuel production occur concurrently, enhancing 
resource efficiency and promoting environmen-
tal sustainability. Future research should pri-
oritise the optimisation of growth conditions to 
maximise the pollutant removal efficiency and 
lipid accumulation. Additionally, investigat-
ing this strain’s performance in real wastewater 
samples from various industries would provide 
valuable insights into its practical applications. 
Genetic engineering approaches could poten-
tially enhance the strain’s lipid production or 
pollutant removal capabilities, further increas-
ing its biotechnological value. Pilot-scale stud-
ies are crucial for evaluating the feasibility of 
large-scale applications and addressing any 
challenges that arise from scaling up the pro-
cess. In conclusion, R. mucilaginosa LD-2-DIT 
is a promising biological agent for addressing 
two significant global challenges: wastewater 
management and renewable energy production. 
Its unique capabilities underscore the potential 
of microbial biotechnology to develop sustain-
able solutions for environmental and energy 
concerns. As research continues to explore and 
harness the potential of microorganisms from 
diverse environments, strains such as R. muci-
laginosa LD-2-DIT will pave the way for inno-
vative, eco-friendly technologies that can con-
tribute to a more sustainable future.
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