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Abstract
Background

Cheese whey wastewater (CWW), a nutrient-rich dairy waste, poses significant environmental concerns
because of its high organic load. Valorizing such waste streams through microalgae cultivation provides
a sustainable avenue for generating functional biomass for food biotechnology applications. Lactic acid
bacteria (LAB) are used as starter cultures, probiotics, and microbial cell factories. Supplementing the
LAB culture medium with microalgae may enhance both the growth and functional properties of these
bacteria. In this study, we explored the effects of freshwater Chlorella sp. biomass on the growth and
functional properties of Pediococcus sp., isolated from the traditional fermented food (Gundruk) of
Nepal.

Results

Chlorella cultivated in standard Bold’s basal medium (BBM) or 20% (v/v) CWW medium presented
comparable growth rates, with cell densities of 1.59 x 107 and 1.73 x 10 cells/mL, respectively, on day 8.
Fourier-transform infrared (FTIR) spectroscopy revealed an increase in lipid-associated peaks (2970 -
2850 cm™ 1) in the biomass grown in CWW medium. Compared with 18.34 Miller units in the control de
Man, Rogosa, Sharpe (MRS) medium, supplementation with Chlorella biomass significantly increased the
growth of Pediococcus sp. and increased B-galactosidase activity to 49.33 and 38.82 Miller units when
supplemented with BBM-cultured and CWW-cultured Chlorella biomass, respectively.

Conclusion

These findings demonstrate that microorganisms originating from distinct ecological niches can be
used in a unified system for waste valorization and functional fermentation. CWW supports the cost-
effective cultivation of Chlorella and provides functional biomass that enhances LAB performance. This
finding highlights the potential of combining freshwater microalgae with beneficial bacteria from
traditional fermented foods to support the bioremediation of dairy wastes and enhance the development
of functional foods.

Background

Microalgae are unicellular photosynthetic microorganisms that produce highly valuable compounds,
including proteins, lipids, carotenoids, vitamins, minerals, and polysaccharides, with significant
applications in food, feed, pharmaceuticals, cosmetics, and biofuels [1] [2]. Among these, Chlorella is one
of the most studied and largest microalgal genera used as a dietary supplement due to its high protein
(55-65% of the cell dry weight), polysaccharides (25%-35%), chlorophyll (= 5.5%), and micronutrient
content [3]. Additionally, bioactive compounds of Chlorella have demonstrated antimicrobial, antioxidant,
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anti-inflammatory, and immunomodulatory effects, further supporting its role in health-promoting
applications [2]. However, the biochemical composition varies depending on the source of isolation and
cultivation conditions [4]. Yang et al. (2016) investigated three Chlorella strains from different
geographical regions - arctic glacier, desert soil, and temperate lake and showed differences in lipid
content, fatty acid profiles, and growth responses to temperature fluctuations, suggesting wild strains'
biochemical composition differs based on the condition they grow in [5]. Thus, the potential of
freshwater Chlorella sp. from diverse geographic regions should be further explored.

Cost-effective cultivation remains a barrier for large-scale microalgae production [6]. Cheese whey, a
byproduct of the dairy industry rich in lactose, fat, protein, and minerals, may have a chemical oxygen
demand (COD) of 50-80 g/L and a biological oxygen demand (BOD) of 40-60 g/L. When released into
the environment as dairy wastewater, it may pose serious environmental and health risks. Proper
management and treatment of this wastewater are crucial for reducing and addressing these problems
[7]1[8]. Nevertheless, microalgae cultivation in dairy wastewater offers a sustainable strategy for nutrient
recovery, biomass production, and COD and BOD levels management [9]. The mixotrophic cultivation
method, in which organisms utilize inorganic carbon through photosynthesis and organic carbon through
assimilation, has emerged as a sustainable and effective approach for microalgae cultivation [10] [11].
Microalgae cultivation in dairy waste can offer dual benefits: nutrient recovery and cost-effective
biomass cultivation. Chlorella sp. cultured in 40% (v/v) pretreated whey had biomass and lipid yields of
450g L "and 1.80 g L™, respectively [12]. Furthermore, Tetraselmis chuii eliminated 98% of
phosphorus and 93% of nitrogen from dairy waste, highlighting the role of light intensity and organic
substrate in microalgal productivity [13]. When Chlorella sp. was cultured under non-sterile conditions,
dairy wastewater produced 0.9 g L™ ' of dry biomass in 6 days, with 84% COD removal [14], highlighting
its potential beyond the controlled laboratory setting.

Lactic acid bacteria (LAB) are gram-positive, non-sporulating, facultative anaerobes that play a crucial
role in food fermentation and human health [15]. Traditional fermented foods are considered reservoirs
of diverse LAB that have been shaped by centuries of selective ecological pressure within microbial
communities [16]. Gundruk, a non-salted, plant-based, fermented vegetable traditionally consumed by
Nepalese communities in Nepal and in some parts of India, is prepared from Brassica species, including
mustard, radish, and cauliflower leaves [17]. Lactobacillus brevis, Lactobacillus plantarum, Pediococcus
pentosaceus, and Pediococcus acidilactici are considered the dominant bacteria in these fermented
vegetables, which are acid- and salt-tolerant and have diverse enzymatic repertoires that might lag in
laboratory-maintained strains [18][19]. Among these, Pediococcus sp., a homofermentative LAB,
contributes to fermentation through lactic acid production, pathogen inhibition, and enzymatic activity,
including B-galactosidase, which catalyzes the hydrolysis of lactose into glucose and galactose[20][21].
These characteristics make this isolate relevant to functional dairy product development, as 65% of the
adult population worldwide experiences lactose intolerance, making LAB strains with B-galactosidase
activity a target of nutritional and industrial interest [22].
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Microalgal biomass supplementation has been shown to improve bacterial growth, enzymatic activity,
and the nutritional quality of fermented foods [23]. There is evidence showing Chlorella vulgaris at 0.1-
1.5% (w/v) shortened log phase and increased lactic acid yield and enzyme activity (a-galactosidase, a-
glucosidase and aminopeptidase) in the culture of Lactobacillus brevis [24]. Similarly, fermentation of
Arthrospira platensis by L. plantarum resulted in higher LAB counts, a higher lactic acid concentration,
and enhanced antioxidant activity and phenolic content [25]. Another study showed that the use of 0.25%
and 0.5% of Haematococcus pluvialis biomass, along with pigment astaxanthin, increased the protein
content and proliferated the growth of Liquorilactobacillus nagelii, Lactobacillus hordei and Lactococcus
lactis by 5.8 times, 15 times and 13 times, respectively, highlighting its potential as an alternative
probiotic source [26].

Despite advances in microalgae-based wastewater treatment and LAB supplementation for fermented
foods, little is known about the functional impact of CWW-grown Chlorella biomass, as most studies
have focused on general dairy wastewater. Additionally, most studies examining microalgae-LAB
interactions focus on laboratory-maintained strains, thereby neglecting the potential of wild isolates.
These wild Chlorella isolates from freshwater and LAB from fermented foods may exhibit functional
versatility, as evidenced by differences in stress tolerance and metabolic composition. This study
explores the use of wild strains (microalgae and LAB) isolated from freshwater ponds and traditional
fermented foods, highlighting the potential of locally sourced microorganisms for sustainable
bioprocessing. The current study addresses this gap by investigating (1) the growth performance of wild
Chlorella sp. in CWW versus BBM; (2) the biochemical composition of the resulting biomass as
characterized by FTIR spectroscopy; and (3) the effects of biomass supplementation on the growth and
enzymatic activity of Pediococcus sp. The findings provide insights into the dual benefits of waste
valorization and functional food enhancement, with implications for underexplored microbial
ecosystems.

Materials and Methods

Screening, Isolation, and Identification of Chlorella sp.

Water samples were collected from a freshwater pond in Banepa, Nepal, in sterile 15 mL Falcon tubes.
Each sample tube was washed with distilled water and BBM, respectively, then resuspended and
observed under a microscope to confirm live microalgae cells. Petri plate cultures from the washed
sample were done in 2% (w/v) bacteriological agar (Hi-Media) in BBM and incubated in a growth
chamber at 25 + 2°C for 2—-3 weeks under cool daylight fluorescent tube lights (Bajaj Electricals) at an
illumination of 3500-4000 Lux under an 18:6 h light-dark cycle. The isolated sample was identified
based on its morphology and dimensions, as described by [27] [28] [29].

Cheese whey wastewater (CWW) preparation and Chlorella cultivation

Cheese whey wastewater (CWW) sample was obtained from Himal Farm (Satdobato, Lalitpur, Nepal) and
transported to the laboratory in sterile vessels. An official letter from the Research Institute for
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Bioscience and Biotechnology (RIBB) was submitted and approved by the farm management, following
the written permission to collect and use the CWW sample for research purposes. CWW sample was
centrifuged at 4000 rpm for 10 min to remove milk fat, and the supernatant obtained was autoclaved at
121°C for 15 min [30]. Residual precipitates in autoclaved CWW were removed by filtration. Autoclaved
and filtered CWW diluted to 20% (v/v) using autoclaved distilled water and pH adjusted to 5.1-5.9 was
used as a cultivation medium (determined with preliminary experiments, (Additional File 1: Figure. S1)),
hereafter referred to as CWW medium. Chlorella sp. was cultivated in standard BBM and CWW medium
using 250 mL (seeding culture) and 1 L conical flasks. The cultures were grown in a growth chamber at
25+ 2°C under cool daylight fluorescent tube lights (Bajaj Electricals) at an illumination of 3500—-4000
Lux under an 18:6 h light-dark cycle [31].

Growth monitoring and Biomass analyses

Growth of Chlorella sp. was monitored by measuring the Optical Density (OD) at 750 nm using a
microplate reader (BioTek Epoch 2) and by performing cell counts on a Neubauer hemocytometer [32].
Cultures were simultaneously screened for microbial contamination (bacteria, fungi) and algal predators
(e.g., rotifers). On day 8, culture biomass was harvested by centrifugation at 4000 rpm for 5 min, washed
twice with sterile distilled water, and oven-dried at 60°C for 6—8 h [33]. The dried biomass was stored in
airtight vials at -20°C for subsequent experiments.

FTIR analysis of Chlorella sp.

Dried biomass of Chlorella sp. obtained from BBM and CWW cultures was analyzed by Fourier-transform
infrared (FTIR) spectroscopy. Approximately 1 mg of the dry biomass was mixed with 100 mg of dry
Potassium bromide (KBr) powder and thoroughly triturated using a mortar and pestle to form a
homogeneous mixture. This mixture was then compressed into a transparent disc using a hydraulic
press. A background scan of a pure KBr disc was first recorded to perform baseline correction. The
prepared sample discs were analyzed using a Shimadzu IR Tracer-100 spectrophotometer in the mid-

infrared region (4000-400 cm™ "), and spectra were recorded [34].

Screening, Isolation and Characterization of Lactic Acid Bacteria
(LAB)

LAB were isolated from traditionally fermented broadleaf mustard (Brassica rapa), locally known as
gundruk, using the de Man, Rogosa, and Sharpe (MRS) medium (HiMedia, India). Approximately 40-50 g
of gundruk from Pimbahal, Lalitpur (hereafter referred to as LpG) was collected in sterile zip-lock bags,
transferred aseptically to the laboratory, and stored at -20°C until further use. Detailed metadata,
including sample name, ethnic community, substrate type, fermentation duration, fermentation process,
and date of manufacture, were recorded using a structured questionnaire (Additional File 2). 5 g of
gundruk was homogenized in 45 mL of sterile 1X Phosphate-Buffered Saline (PBS) and shaken for 15
min. Serial dilutions were prepared, plated onto MRS agar, and incubated anaerobically at 37°C for 48 h
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[35]. Isolates were subjected to standard morphological and biochemical characterization, including
Gram staining, catalase, oxidase, and Sulphide Indole Motility (SIM) test [36]. Genomic DNA was
extracted using the Wizard Genomic DNA Purification Kit (Promega), and the 16S rRNA gene was
amplified using universal primers 27f (AGAGTTTGATCMTGGCTCA) and 1525r
(AAGGAGGTGWTCCARCC). Amplicons were sequenced by Sanger sequencing (Strand Life Sciences,
India), and the resulting sequences were analyzed using the isolateR and sangerseqR packages in
RStudio (v4.4.3).

Growth characteristics of Pediococcus sp. supplemented with Chlorella dry biomass

The growth of Pediococcus sp. was evaluated in standard MRS medium and in modified MRS media
supplemented with 1% (w/v) dry Chlorella biomass obtained from BBM and CWW cultures (Additional
File 1: Figure. S2, Figure. S3, Table S1, Table S2). Serial dilutions were prepared by mixing 90 L of PBS
with 10 pL of Pediococcus broth culture, and dilutions up to 10”8 were spread onto sterile MRS agar
plates (10 pL per plate). The plates were incubated at 37°C, and spot plate colony counting was
conducted at 0, 6, 12, 18, 24, and 48 h. Colonies within countable spots were enumerated, and microbial
load was calculated using Eq. (1).

(Number of colonies x Dilution factor) 1)

CFU/mL= Volume (mL)

B-galactosidase assay

The B-galactosidase activity of Pediococcus sp. was assessed in MRS and modified MRS media using
Ortho-Nitrophenyl-B-D-Galactopyranoside (ONPG) as the substrate. Cell suspensions (0.4 mL) were
washed twice with 1x PBS (pH 7.0) and resuspended in 0.6 mL Z-buffer (0.06 M Na,HPO,-7H,0, 0.04 M
NaH,PO,-H,0, 0.01 M KCl, 0.001 M MgS0,-7H,0, and 0.05 M B-mercaptoethanol, pH 7.0). Absorbance at
600 nm was recorded against the Z-buffer as a blank. Cells were permeabilized by adding 100 pL
chloroform and 50 pL 0.1% SDS, vortexing for 60 s, and incubating at 37°C for 5 min. The reaction was
initiated by adding 0.2 mL ONPG (4 mg/mL) and incubated at 37°C for 1 h. The reaction was terminated
by 0.5 mL of 1 M Na,CO,, and samples were centrifuged to remove debris. Absorbances were recorded
at 420 nm and 550 nm [21]. Enzyme activity was expressed as Miller units using the Eq. (2):

1000 x [OD420— (175 X OD550)] 2
txX v X OD@QO ( )

Miller Units=

Where 0D,4,, and ODsq represent reaction absorbances, ODg(q the cell density, t the incubation time, and
v the reaction volume.

Statistical analysis

Experiments were done in triplicate, and results were presented as mean * standard deviation. Two-way
ANOVA (factors: medium and time interval) was applied to evaluate the growth response (n = 6), and
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one-way ANOVA was applied for B-galactosidase activity (n = 3) of Pediococcus sp. in R software
(RStudio v4.4.3). Following ANOVA results, post-hoc comparisons were conducted using Tukey's Honest
Significant Difference (HSD) test (p < 0.05) (Microsoft Excel 2019).

Results

Screening, Isolation, and Identification of Chlorella sp.

After 2—3 weeks of incubation, green-pigmented colonies appeared on agar plates, indicating a viable
microalgal culture. Morphological examination of the colony isolate under a compound microscope
confirmed characteristic features consistent with the genus Chlorella. The identification was made with
reference to the taxonomic keys and descriptions provided by [27]. Accordingly, the isolated microalga
was identified as Chlorella sp.

Growth characteristics of Chlorella sp.

The growth kinetics of Chlorella sp. grown in BBM and CWW medium were assessed by OD-5, and cell
counts over the cultivation period (Figs. 1a and 1b). Comparable growth was observed in both BBM and

20% (v/v) CWW media, with final cell concentrations of 1.59 x 107 and 1.73 x 107 cells/mL, respectively,
by day 8.

Despite the comparable growth performance based on cell counting, Chlorella grown in CWW produced a
notably higher dry biomass yield (1.40 + 0.09 g/L) than that cultivated in BBM (0.30 + 0.05 g/L). No
bacterial or fungal contamination was detected in the BBM and CWW cultures.

FTIR analysis of Chlorella sp.

The FTIR spectra of Chlorella sp. dry biomass cultivated in BBM and CWW revealed both similarities and
differences in biochemical composition (Figure. 2). In both media, strong absorption bands were

observed in the region of 3400 - 3300 cm™ ', corresponding to O-H stretching also contributed by N-H
vibrations indicating the biomass is rich in polysaccharide and protein compounds [37].

Similarly, bands in the 2970 - 2850 cm™ " region represent CH, and CHj, stretching vibrations
characteristic of lipid aliphatic chains in biomass [38][39]. Protein-associated bands were observed in

both samples, including the Amide | band (1680-1630 cm™ ') corresponding to C = O stretching and the
Amide Il band (1530-1560 cm™ ') corresponding to N-H bending and C—N stretching, with biomass

from BBM cultures displaying pronounced peaks at 1543.05 cm™'. CWW-grown biomass exhibited a
strong peak at 1745 cm-1, assigned to the C = O stretching of lipids and ester groups[40]. The bands

observed around the 1072-1099 cm™ ! region suggested C-O-C stretching of polysaccharides and P =0
stretching of phosphodiester groups, indicating the presence of carbohydrates and nucleic acid-related

phosphate compounds [41]. Additionally, out-of-plane C = C vibrations near 669-671 cm™'
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corresponding to phosphodiester stretching confirmed the presence of unsaturated functional groups in
both biomass types [42].

Screening, Isolation and Characterization of Lactic Acid
Bacteria (LAB)

The colonies, exhibiting off-white to yellowish colors with distinct morphology, were initially isolated
from the spread plate for subsequent analysis. Gram staining revealed that several isolates were Gram-
positive cocci. Biochemical testing showed these isolates were negative for catalase, oxidase, sulphide,
and indole, and were non-motile, consistent with LAB characteristics. Among the five isolates from LpG,
one isolate (LpG3) was selected for further molecular characterization. DNA extraction from LpG3 was
followed by PCR amplification, which yielded a ~ 1500 bp band observed via gel electrophoresis. Sanger
sequencing of the 16S rRNA region and analysis of the raw data (.ab1 file) using isolateR and
SangerseqR packages in R identified the isolate as Pediococcus sp. This Pediococcus sp. (LpG3) has
been preserved at the RIBB Culture Collection Centre (RiCCO) in Nepal.

Effect of Chlorella biomass supplementation on the growth of Pediococcus sp.

Incorporating 1% (w/v) Chlorella biomass from BBM and CWW media influenced the growth of
Pediococcus sp. in comparison to standard MRS-only media over different time points (Fig. 3). The
growth of Pediococcus sp. increased over time in all treatments. However, treatment alone did not have a
significant impact (p = 0.584). The interaction between treatment and time (p < 0.001) was significant,
indicating that the effect of Chlorella supplementation varied across time points. At 0 h, all treatments
exhibited comparable colony counts (6 log CFU/mL), with no significant differences among them.
Between 6 and 12 h, bacterial populations increased rapidly across all treatments; however, no
significant differences were observed. However, by 18 h, the formulated media supported significantly
higher counts in both MRS + 1% Chlorella (BBM) and MRS + 1% Chlorella (CWW) than MRS alone (p < 0.05
and p < 0.01, respectively), indicating that Chlorella supplementation had a stimulatory effect during
exponential growth. At 24 h, the CWW-supplemented medium continued to exhibit higher counts than
MRS (p < 0.01), while BBM-supplemented media showed no significant differences. By 48 h, the trend
reversed; MRS alone showed greater viability than formulated media, suggesting Chlorella biomass
supplementation may not support long-term growth.

B-galactosidase activity of Pediococcus sp.

The production of B-galactosidase from Pediococcus sp. with MRS, 1% Chlorella from BBM, and 1%
Chlorella from CWW was 18.34, 49.33 and 38.82 Miller Units (MU), respectively (Additional File 1: Figure.
S4). This activity was significantly higher in BBM compared to CWW and MRS (p < 0.01). The ONPG test
confirmed positive B-galactosidase activity, as indicated by the development of a yellow color, although
the color change required a longer incubation period. The conversion of the yellow color took longer than
the protocol suggested. To account for potential interference from microalgal biomass with OD
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measurements, 1% Chlorella biomass without Pediococcus sp. was included as a control in the ONPG
test.

Discussion

Growth characteristics of Chlorella sp.

The results indicate that CWW provides a nutrient-rich environment that enhances the growth of Chlorella
sp., resulting in greater biomass accumulation than BBM. The higher biomass in CWW results may be
attributed to the CWW content, including lactose, proteins, and other organic compounds. These findings
are consistent with a previous study reporting that, over 12 days in BBM, the maximum biomass
concentration reached 1.57 g/L with CO, supplementation and 0.98 g/L without CO, [43]. An earlier
study demonstrated that Chlorella vulgaris improved growth in nutrient-supplemented wastewater, with
cell count reaching 6.0 x 107 cells/mL after 8 days [44].

FTIR analysis of Chlorella sp.

The FTIR peaks analysis demonstrated the effect of the culture medium on the biochemical composition
of Chlorella biomass. Overall, the spectral profiles suggest that BBM supports more pronounced protein
synthesis, whereas the CWW shows greater prominence toward lipid synthesis. Under the mixotrophic
condition, the availability of organic carbon, including lactose, nitrogen, and phosphorus in cheese whey
[45], may have shifted the available carbon toward enhanced lipid biosynthesis [46][47]. These findings
are consistent with previous studies linking wastewater-derived substrates to metabolic modulation in
microalgae [48].

Screening, Isolation and Characterization of Lactic Acid Bacteria
(LAB)

The LAB were successfully isolated from vegetable-based broadleaf mustard (Brassica rapa), locally
known as gundruk, using MRS medium, a selective medium for lactobacilli [49]. The growth of
Pediococcus sp. suggests these bacteria flourish in a selective medium. Gundruk is considered a
reservoir for homofermentative and heterofermentative LAB, with Lactobacillus plantarum and
Pediococcus pentosaceus reported as the dominant microorganisms during this spontaneous
fermentation [19]. The morphological and biochemical screening employed in this study preliminarily
confirmed that the isolates belonged to typical non-motile LAB genera [50]. Molecular identification
through 16S rRNA gene amplification with universal primers and Sanger sequencing represents the most
comprehensive and reliable strategy for accurate identification of LAB from traditional fermented foods
[51], providing a validated strain library from a culturally and nutritionally significant fermented product of
Nepal.

Effect of Chlorella biomass supplementation on the growth of Pediococcus sp.
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The results indicate that Chlorella biomass enhanced the growth of Pediococcus sp. during the late log
phase, with significant growth at 18 h and 24 h, followed by a decline thereafter. Previous studies have
similarly demonstrated that Chlorella sp. supplementation enhanced LAB growth kinetics, shortened the
log phase, increased the |-lactic acid production, and increased the enzymatic activity of valine
arylamidase, a-galactosidase, and a-glucosidase [21]. In the present study, the enhanced growth of
Pediococcus sp. supplemented with Chlorella biomass cultivated in CWW may be linked to the stronger
lipid- and ester-associated peaks observed in the FTIR spectra, likely reflecting the presence of fatty acid
components. Similarly, improved growth of L. johnsonii has been reported compared with cultivation in
minimal Lactobacillus medium upon supplementation with fatty acids [52]. Consistent with these reports,
our findings indicate that Chlorella biomass exerts its primary benefits during the late log phase, with
limited impact on viability beyond 24 h of incubation.

B-galactosidase activity of Pediococcus sp.

The increased B-galactosidase activity in media supplemented with Chlorella indicates that microalgal
biomass positively affects the metabolic activity of Pediococcus sp. A previous study with Pediococcus
acidilactici NCDC 252 reported B-galactosidase activity of 65.08 + 0.9 Miller units, nearly 22-fold higher
than that of uninduced lac* strains (1.5-3.0 Miller units), highlighting the potential of LAB strains to
express high levels of this enzyme under suitable conditions [21]. Similarly, supplementation of a LAB
culture with 1.5% (w/v) Chlorella vulgaris resulted in either an increase or a decrease in enzymatic
activity, depending on the strain. Lactobacillus brevis t OCK 0980 demonstrated higher enzymatic activity
for valine arylamidase, a-galactosidase, and a-glucosidase when cultured in the presence of Chlorella
vulgaris [24]. Likewise, in our study, supplementation with Chlorella demonstrated a clear functional
benefit for Pediococcus sp., with a 2-fold increase in B-galactosidase activity compared to the standard
medium. While CWW-derived Chlorella showed better bacterial growth, BBM-derived Chlorella resulted in
higher B-galactosidase activity, indicating that different biomass components influenced the growth and
enzymatic activity.

Conclusion

This study demonstrated that Cheese Whey Wastewater (CWW) is a viable substrate for the cultivation
of freshwater Chlorella sp., producing biomass with a modified biochemical composition and enhanced
lipid profiles compared to conventional BBM. When dry biomass was incorporated into Pediococcus sp.,
it improved growth during the exponential phase and elevated B-galactosidase activity. These findings
establish CWW's dual role in supporting cost-effective algal cultivation and generating functional
biomass for LAB applications. Beyond waste reduction, this method shows promising potential for use
in the functional food and biotechnology industries. Future research should focus on optimizing
supplementation levels, characterizing metabolic shifts, and scaling the process for industrial
implementation.
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cww
Cheese Whey Wastewater

BBM

Bold’s Basal Media

LAB

Lactic Acid Bacteria

MRS

de Man, Rogosa, Sharpe
oD

Optical Density

FTIR

Fourier-Transform Infrared Spectroscopy
PBS

Phosphate-Buffered Saline
ONPG
Ortho-Nitrophenyl-B-D-Galactopyranoside
coD

Chemical Oxygen Demand
BOD

Biological Oxygen Demand
DNA

Deoxyribonucleic Acid

RNA

Ribonucleic Acid

PCR

Polymerase Chain Reaction
rRNA

Ribosomal Ribonucleic Acid
KBr

Potassium Bromide

SD

Standard Deviation

ANOVA

Analysis of Variance

v/v

volume per volume
w/v

Weight Volume

ML

microliter
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mL

milliliter

g/L

gram per Liter

RPM

Revolutions per Minute
°C

Degree Celsius

Declarations

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication

Not applicable

Competing interests

The authors declare no competing interests.

Funding

The research was funded by a Thesis Support Grant from Kantipur Valley College (KVC), and SANN
International College. Funding was also partially supported by Chr. Hansen (Seed Research Funding).

Author Contribution

M.K. and U.D. contributed equally to the protocol design, experimental work, data collection, data
analysis, and manuscript preparation. S.K., B.C., B.M,, L.P,, K.D. designed and optimized the protocol, did
the laboratory experiments and data acquisition. S.B. and P.R. contributed to manuscript revision and
supervised the microbiological part of the study. S.L. conceived and supervised the study, contributed to
experimental design, data interpretation, manuscript revision, and overall project coordination. All
authors read and approved the final manuscript.

Acknowledgement

Page 13/20



The authors would like to acknowledge and express sincere gratitude to Program Coordinator Mr. Sagar
Thapa, Department of Biotechnology, Kantipur Valley College, and Himalaya Cheese Farm for providing
us with the CWW, local people from Pimbahal, Lalitpur for fermented vegetable sample, Nepal Academy
of Science and Technology (NAST) for FTIR Spectroscopy, all the thesis groups (SAAN, KVC) for their
scientific contributions, Strand Life Sciences (India) for raw Sanger sequencing data, Dr. Raunak
Shrestha, Mr. Gaurav Adhikari and Mr. Sagar Kurmi for their guidance.

Data Availability

The dataset generated during the current study is available in the GenBank repository, PZ770280.1
(https://www.ncbi.nlm.nih.gov/nuccore/3370611344).

References

1

10.

. McKinley K, Ozbay G. The power of microalgae: Cutting-edge applications and groundbreaking

innovations. N Biotechnol. 2026;93:325-40. 10.1016/j.nbt.2026.04.003.

. Guil-Guerrero JL, Prates JAM. Microalgae Bioactives for Functional Food Innovation and Health

Promotion. Foods. 2025;14(12). 10.3390/foods14122122.

. Zheng X, et al. Application and prospect of microbial food Chlorella. Heliyon. 2024;10(18).

10.1016/j.heliyon.2024.37025.

. Laurens LML, et al. Strain, biochemistry, and cultivation-dependent measurement variability of algal

biomass composition. Anal Biochem. 2014;452(1):86—95. 10.1016/j.ab.2014.02.009.

. Yang W, et al. Growth and lipid accumulation in three Chlorella strains from different regions in

response to diurnal temperature fluctuations. Bioresour Technol. 2016;202:15-24.
10.1016/j.biortech.2015.11.070.

. Lane TW. Barriers to microalgal mass cultivation. Curr Opin Biotechnol. 2022;73:323-8.

10.1016/j.copbio.2021.09.013.

. Zandona E, Blazi¢ M, Rezek A, Jambrak. Whey Utilization: Sustainable Uses and Environmental

Approach. Food Technol Biotechnol. 2021;59(2):147-61. 10.17113/10.17113/ftb.59.02.21.6968.

. Czarniecka-Skubina E, et al. Whey—A Valuable Technological Resource for the Production of New

Functional Products with Added Health-Promoting Properties. Foods. 2025;14(24).
10.3390/foods14244258.

. Alazaiza MYD, Alzghoul TM, Abu Amr SS, Ramu MB. Microalgae cultivation for dairy wastewater

treatment: Insight from recent research and bibliometric analysis. Results Eng. 2024;24.
10.1016/j.rineng.2024.103052.

Castillo T, Ramos D, Garcia-Beltran T, Brito-Bazan M, Galindo E. Mixotrophic cultivation of
microalgae: An alternative to produce high-value metabolites. Biochem Eng J. 2021;176.
10.1016/j.bej.2021.108183.

Page 14/20



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cheirsilp B, Torpee S. Enhanced growth and lipid production of microalgae under mixotrophic
culture condition: Effect of light intensity, glucose concentration and fed-batch cultivation. Bioresour
Technol. 2012;110:510-6. 10.1016/j.biortech.2012.01.125.

Patel AK, Joun J, Sim SJ. A sustainable mixotrophic microalgae cultivation from dairy wastes for
carbon credit, bioremediation and lucrative biofuels. Bioresour Technol. 2020;313.
10.1016/j.biortech.2020.123681.

Das S, Nath K, Chowdhury R. Comparative studies on biomass productivity and lipid content of a
novel blue-green algae during autotrophic and heterotrophic growth. Environ Sci Pollut Res.
2021;28(10):12107-18. 10.1007/s11356-020-09577-4.

Ding J, et al. Cultivation of Microalgae in Dairy Farm Wastewater Without Sterilization. Int J
Phytorem. 2015;17(3):222-7. 10.1080/15226514.2013.876970.

Ayivi RD, et al. Lactic Acid Bacteria: Food Safety and Human Health Applications. Dairy.
2020;1(3):202-32. 10.3390/dairy1030015.

Akpoghelie PO, et al. Lactic acid bacteria: Nature, characterization, mode of action, products and
applications. Process Biochem. 2025;152:1-28.

Karki T, Ojha P, Panta OP. Ethnic Fermented Foods of Nepal. Ethn Fermented Foods Alcohol
Beverages Asia. 2016;91-117. 10.1007/978-81-322-2800-4_4.

Tamang B, Tamang JP. In situ fermentation dynamics during production of gundruk and khalpi,
ethnic fermented vegetable products of the Himalayas. Indian J Microbiol. 2010;50:93-8.
10.1007/s12088-010-0058-1.

Tamang JP, Tamang B, Schillinger U, Franz CMAP, Gores M, Holzapfel WH. Identification of
predominant lactic acid bacteria isolated from traditionally fermented vegetable products of the
Eastern Himalayas. Int J Food Microbiol. 2005;105(3):347-56. 10.1016/j.ijfoodmicro.2005.04.024.

Abbasiliasi S et al. In vitro assessment of Pediococcus acidilactici Kp10 for its potential use in the
food industry. BMC Microbiol, 2017.

Chanalia P, Gandhi D, Attri P, Dhanda S. Purification and characterization of B-galactosidase from
probiotic Pediococcus acidilactici and its use in milk lactose hydrolysis and galactooligosaccharide
synthesis. Bioorg Chem. 2018;77:176-89. 10.1016/j.bioorg.2018.01.006.

Deng Y, Misselwitz B, Dai N, Fox M. Lactose intolerance in adults: Biological mechanism and dietary
management, Nutrients, vol. 7, no. 9, pp. 8020-8035, 2015, 10.3390/nu7095380

Caporgno MP, Mathys A. Trends in Microalgae Incorporation Into Innovative Food Products With
Potential Health Benefits. Front Nutr. 2018;5. 10.3389/fnut.2018.00058.

Scieszka S, Klewicka Ezbieta. Influence of the Microalga Chlorella vulgaris on the Growth and
Metabolic Activity of Lactobacillus spp. Bacteria, Foods, vol. 9, no. 7, 2020, 10.3390/foods9070959

Jamnik P, et al. Fermented Biomass of Arthrospira platensis as a Potential Food Ingredient.
Antioxidants. 2022;11(2). 10.3390/antiox11020216.

Page 15/20



26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Yildiz S, Reisoglu $, Aydin S. Evaluation of functional quality of water kefir with Haematococcus
pluvialis biomass and colour pigment astaxanthin. Int J Food Sci Technol. 2024;59(6):4326-35.
10.1111/ijfs.16975.

Dhakal N, Lama S, Shrestha A, Karki TB, Timilsina PM, Rai SK. Comparative Study of Microalgae
Samples from Nepal for bio-fuel potentials, 5, 3, pp. 8—-15, 2014.

Moul ET, Prescott GW. Algae of the Western Great Lakes Area. Bull Torrey Bot Club. 1952;79(4):335.
10.2307/2482011.

Bellinger DCS, Edward G. NKHX HXK /. ¥ K : KN KNRKNFreshwater Algae: Identification and use as
Bioindicators, 2010.

Abril Bonett JE, de Sousa Geraldino P, Cardoso PG, de Freitas F, Coelho, Duarte WF. Isolation of
freshwater microalgae and outdoor cultivation using cheese whey as substrate. Biocatal Agric
Biotechnol. 2020;29. 10.1016/j.bcab.2020.101799.

Production of. Chlorella vulgaris under varying nutrient and abiotic conditions.

Elisabeth B, Rayen F, Behnam T. Critical Reviews in Biotechnology Microalgae culture quality
indicators: a review, Crit. Rev. Biotechnol., vol. 41, no. 4, pp. 457-473, 2021, [Online]. Available:
https://doi.org/10.1080/07388551.2020.1854672

Stramarkou M, Papadaki S, Kyriakopoulou K, Krokida M. Effect of drying and extraction conditions
on the recovery of bioactive compounds from Chlorella vulgaris. J Appl Phycol. 2017;29(6):2947-
60. 10.1007/s10811-017-1181-8.

Ponnuswamy |, Madhavan S, Shabudeen S. Isolation and characterization of green microalgae for
carbon sequestration, waste water treatment and bio-fuel production. Int J Bio-Science Bio-
Technology. 2013;5(2):17-26.

Kong X, et al. Screening, Identification, and Fermentation Characteristics of Lactic Acid Bacteria
from Pickled Potherb Mustard and Potential Applications. Foods. 2025;14(8).
10.3390/foods14081431.

Nebyou AE, Sharma SP, Taneja P. Anti-microbial activity of potential probiotic lactic acid bacteria
against Methicillin-Resistant Staphylococcus Aureus (MRSA), bioRxiv, vol. 25, no. 3, p.
2020.03.08.982512, 2020.

Dean AP, Martin MC, Sigee DC. Resolution of codominant phytoplankton species in a eutrophic lake
using synchrotron-based Fourier transform infrared spectroscopy. Phycologia. 2007;46(2):151-9.
10.2216/06-27.1.

Benning LG, Phoenix VR, Yee N, Konhauser KO. The dynamics of cyanobacterial silicification: An
infrared micro-spectroscopic investigation. Geochim Cosmochim Acta. 2004;68(4):743-57.
10.1016/S0016-7037(03)00488-5.

Heraud P, Wood BR, Tobin MJ, Beardall J, McNaughton D. Mapping of nutrient-induced biochemical
changes in living algal cells using synchrotron infrared microspectroscopy. FEMS Microbiol Lett.
2005;249(2):219-25. 10.1016/j.femsle.2005.06.021.

Page 16/20



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

o1.

52.

Dzurendova S et al. June,., Microcultivation and FTIR spectroscopy-based screening revealed a
nutrient-induced co-production of high-value metabolites in oleaginous Mucoromycota fungi, PLoS
One, vol. 15, no. 6 2020, 10.1371/journal.pone.0234870

Dilek (Yalcin) Duygu, editor. Fourier transform infrared (FTIR) spectroscopy for identification of
Chlorella vulgaris Beijerinck 1890 and Scenedesmus obliquus (Turpin) Kiitzing 1833, African J.
Biotechnol., vol. 11, no. 16, 2012, 10.5897/ajb11.1863

Arif M, Li Y, El-Dalatony MM, Zhang C, Li X, Salama ES. A complete characterization of microalgal
biomass through FTIR/TGA/CHNS analysis: An approach for biofuel generation and nutrients
removal. Renew Energy. 2021;163:1973-82. 10.1016/j.renene.2020.10.066.

Pattanaik S, Panigrahi S, Pradhan N, Nayak B. Maximizing resource efficiency with dairy and
municipal wastewater as nutrient media for Chlorella vulgaris with simultaneous CO2 sequestration.
Discov Environ. 2024;2(1). 10.1007/s44274-024-00143-0.

Zibarev N, Toumi A, Politaeva N, lljin I. Nutrients recovery from dairy wastewater by Chlorella
vulgaris and comparison of the lipid's composition with various chlorella strains for biodiesel
production, PLoS One, vol. 19, no. 4 April, 2024, 10.1371/journal.pone.0297464

Nazos TT, Stratigakis NC, Spantidaki M, Lagouvardou Spantidaki A, Ghanotakis DF. Characterization

of Cheese whey Effluents and Investigation of Their Potential to be used as a Nutrient Substrate for

Chlorella Biomass Production. Waste Biomass Valoriz. 2023;14(11):3643-55. 10.1007/s12649-023-
02081-z.

Vello V, et al. Metabolomic profiles of tropical Chlorella and Parachlorella species in response to
physiological changes during exponential and stationary growth phase. Algal Res. 2018;35:61-75.
10.1016/j.algal.2018.08.014.

Chen H, Zheng Y, Zhan J, He C, Wang Q. Comparative metabolic profiling of the lipid-producing green
microalga Chlorella reveals that nitrogen and carbon metabolic pathways contribute to lipid
metabolism. Biotechnol Biofuels. 2017;1(1). 10.1186/s13068-017-0839-4.

Manjunatha S, Girisha S. Characterization of microalgal biomass through fourier transforms infrared
(FT-IR) spectroscopy. Int J Bot Stud. 2021;6(1):57-60. [Online]. Available: www.botanyjournals.com.
De Man J, Rogosa M, Sharpe M. A medium for the cultivation of lactobacilli. J Appl Bacteriol
Bacteriol Apl. 1960;23(1):130-5.

Vandamme P, Pot B, Gillis M, De Vos P, Kersters K, Swings J. Polyphasic taxonomy, a consensus
approach to bacterial systematics. Microbiol Rev. 1996;60(2):407-38. 10.1128/mmbr.60.2.407-
438.1996.

Daisley B, et al. isolateR: an R package for generating microbial libraries from Sanger sequencing
data. Bioinformatics. 2024;40(7). 10.1093/bioinformatics/btae448.

Muller JA, Ross RP, Sybesma WFH, Fitzgerald GF, Stanton C. Modification of the technical properties
of lactobacillus johnsonii NCC 533 by supplementing the growth medium with unsaturated fatty
acids. Appl Environ Microbiol. 2011;77(19):6889-98. 10.1128/AEM.05213-11.

Page 17/20



Figures

® 200

1.500 4

Optical density (0D, 750 nm)

0.50 -

0.00

~s— Chiorella sp. in BBM —s— Chiorella sp. in CWW

®) 200EHDT
1.BOE+07T -
1LGOEHOT -
1LADE+OT -

1.20E+07 -

Cells/mL

L.OOEHOT

B.00E+06 -

6.00E+06 -

4.00E+D -

2.00E+06 -

. __*/,f’%/

0.00E+00

0 1 2 3 4 5 L] T B
Days
*— Chlorella sp. in BBM —=— Chiorella sp. in CWW

Figure 1

Growth curves of Chlorella sp. in BBM and CWW media based on (a) OD;sy and (b) cell counting.
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Figure 2
FTIR spectra of Chlorella sp. biomass cultivated in BBM and CWW media.
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Boxplot showing growth of Pediococcus sp. (log CFU/mL) in three media (MRS and MRS supplemented
with 1% (w/v) Chlorella biomass from BBM and CWW over 48 h (n = 6). Explanatory notes: the boxes
represent the interquartile range (IQR), with horizontal lines indicating the median as individual data
points are overlaid. Letters a and b indicate statistically significant differences between treatments at
each time point, where groups sharing the same letter do not differ significantly. Brackets with asterisks
denote significant pairwise differences (* p< 0.05, ** p< 0.01).
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