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A B S T R A C T

Microalgae are promising resources for biofuels and bioproducts due to their ability to accumulate high-value 
metabolites such as lipids and polysaccharides. To enhance the production of these target bioproducts, an 
emerging strategy is to harness bacterial quorum sensing signals (QSSs) as cross-kingdom cues to steer algal 
metabolism, rather than relying solely on stress regimes or genetic modification, which can slow growth or cause 
regulatory limitations. N-acyl homoserine lactones (AHLs), particularly those present in activated sludge, are 
natural signaling molecules that may reprogram microalgal metabolism. However, the transcriptomic effects and 
species-specific responses to these signals remain poorly understood. In this study, three model microalgal 
strains—Chlamydomonas reinhardtii, Chlorella vulgaris, and Scenedesmus quadricauda— were exposed to pure N- 
hexanoyl-L-homoserine lactone (C6-HSL) and activated sludge-derived AHLs (AS-AHLs) to evaluate their po
tential for metabolic steering. Transcriptomic and phenotypic analyses revealed species-specific metabolic re
sponses to AHLs. Fatty acid synthesis genes were upregulated mainly in Chlorella and Scenedesmus, supporting 
increased lipid accumulation, while Chlamydomonas redirected part of carbon flux toward polysaccharide 
biosynthesis. Lipid content increased by up to 26%, and polysaccharides by 45% in Chlamydomonas. Scenedesmus 
showed the highest lipid accumulation increase, reaching 33%. Meanwhile, C6-HSL treatment led to significant 
changes in gene expression, particularly suppression of TCA cycle and DNA replication genes in Chlamydomonas 
and Chlorella, consistent with a shift toward energy conservation. In contrast, Scenedesmus showed minimal 
transcriptional changes, suggesting greater metabolic stability. Additionally, AHLs promoted microalgal aggre
gation, potentially aiding biomass harvesting. These findings highlight potentials of leveraging microbial signals 
to manipulate algal metabolic outputs.

1. Introduction

Microalgae biomasses have significant promise for diverse applica
tions, including the production of bioplastics, feed/food supplements, 
and biofuels (Rajpoot et al., 2022; Udayan et al., 2021). The utility of 
different microalgae cells is linked to the composition of their biomass, 
specifically in proteins, lipids, polysaccharides, and pigments (Wu et al., 
2021). These compositions vary depending on the microalgal strain and 
cultivation conditions. Some selected microalgae strains such as Scene
desmus, Chlamydomonas, Chlorella, and Dunaliella can accumulate poly
saccharides over 20% of their dry weight (Gouda et al., 2022). 
Microalgal polysaccharides have attracted attention in recent years due 
to their wide range of applications in food, cosmetics, and health sectors 

(Caetano et al., 2022). The lipid content of microalgae is also notable, 
with some species outperforming traditional oil crops like soybean, 
sunflower, and corn (Udayan et al., 2023). Microalgae such as Chlorella 
and Chlamydomonas are famous for producing lipid content ranging 
from 10% to 30% of their dry weight (Deshmukh et al., 2019; Ferreira 
et al., 2019). Microalgal lipids predominantly include triacylglycerols, 
which are non-polar lipids formed by esterifying three fatty acids with 
glycerol. Microalgae cells exhibit a diverse range of fatty acids, 
including short-chain, medium-chain, and long-chain fatty acids. Addi
tionally, polyunsaturated fatty acids (PUFAs) like docosapentaenoic 
acid and eicosapentaenoic acid have been identified, and play key roles 
in the food industry (Mangope et al., 2025).

Microalgae are considered promising feedstocks for lipid production, 

* Corresponding author at: Faculty of Engineering and Natural Sciences, Tampere University, Hervanta Campus, 33720, Tampere, Finland.
E-mail address: Shahla.radmehr@tuni.fi (S. Radmehr). 

Contents lists available at ScienceDirect

Bioresource Technology Reports

journal homepage: www.sciencedirect.com/journal/bioresource-technology-reports

https://doi.org/10.1016/j.biteb.2026.102778
Received 23 October 2025; Received in revised form 9 April 2026; Accepted 25 April 2026  

Bioresource Technology Reports 34 (2026) 102778 

Available online 27 April 2026 
2589-014X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:Shahla.radmehr@tuni.fi
www.sciencedirect.com/science/journal/2589014X
https://www.sciencedirect.com/journal/bioresource-technology-reports
https://doi.org/10.1016/j.biteb.2026.102778
https://doi.org/10.1016/j.biteb.2026.102778
http://creativecommons.org/licenses/by/4.0/


but their large-scale application remains limited by low productivity and 
the difficulty of increasing lipid accumulation (Sreelakshmi and Arun
kumar, 2025). To increase the yield of specific biomolecules including 
lipid and polysaccharide in microalgae biomass, different approaches 
have been investigated, such as pH modification, carbon source alter
ations, metabolic engineering, and variations in light intensity and 
photoperiods (Behera et al., 2021). Adams et al. (2013) showed that 
subjecting microalgae to stress conditions, such as limiting nutrient 
availability—particularly nitrogen—can enhance the production of 
valuable biomolecules like lipids in microalgal biomass. However, 
further studies are needed to identify more efficient strategies for opti
mizing biomolecule production in diverse microalgal species.

Quorum sensing signals (QSSs) are small molecules that mediate 
bacterial cell-to-cell communication (Mukherjee and Bassler, 2019). N- 
acyl homoserine lactones (AHLs), which are also present in activated 
sludge, are well-characterized QSSs in Gram-negative bacteria and are 
increasingly recognized as key interkingdom cues that can reprogram 
microalgal metabolism and stimulate lipid production (Coolahan and 
Whalen, 2025; Zhang et al., 2018). Additionally, recent reviews have 
summarized how QSSs can alter microalgal growth and metabolism, 
acting as direct effectors of photosynthesis, regulators of the cell cycle, 
and modulators of algicidal or growth-promoting interactions (Dow, 
2021). Metagenomic and reactor-scale studies further indicate that QSSs 
are enriched in algal systems and can strongly shape algal–bacterial 
consortia and reactor performance in wastewater treatment (Wu et al., 
2022). Beyond this ecological role, several experimental studies have 
shown that exogenous AHLs or sludge-derived QS extracts can enhance 
nutrient removal in algal–bacterial consortia (Lyu et al., 2022). These 
studies support the view that QSSs, including AHLs present in activated 
sludge, can act as natural cross-kingdom metabolic triggers that influ
ence microalgal growth and storage metabolism.

However, despite this progress, several key gaps remain. Most 
studies have treated QSSs mainly as stress factors and have focused on 
bulk responses such as growth, total lipid content, nutrient removal, and 
flocculation, with limited insight into how these natural metabolic 
triggers reorganize central metabolism and storage pathways in algae. 
Moreover, there is a lack of comparative, species-resolved tran
scriptomic data describing how different microalgae respond to AHLs, 
and how these transcriptional programs influence carbon partitioning 
into lipid and polysaccharide storage remains unclear. Additionally, 
because QSSs can affect different pathways like photosynthesis, carbon 
partitioning, stress responses, and cell-cycle control, transcriptomic 
analysis is necessary to capture the system-wide reprogramming they 
induce, to identify the metabolic pathways and regulatory modules that 
are differentially engaged in each species. Here, we conceptualize QSSs 
as a molecular language used by bacteria to reprogram algal meta
bolism. The novelty of this study lies in integrating metabolic and 
transcriptomic analyses across different microalgal species to determine 
how these signals drive species-specific lipid and polysaccharide accu
mulation, as well as aggregation behaviors, beyond what can be inferred 
from bulk chemical analyses alone.

In this study, three widely cultivated microalgal strains — Chlorella 
vulgaris, Chlamydomonas reinhardtii, and Scenedesmus quadricauda — 
were exposed to pure C6-HSL and naturally derived AHLs extracted from 
activated sludge. The hypothesis is that AHL exposure induces species- 
specific transcriptomic reprogramming that redirects central carbon 
metabolism toward distinct storage outcomes (lipid versus poly
saccharide accumulation). By analyzing detailed changes in poly
saccharide, lipid, and fatty acid profiles, we reveal how QSSs can act as 
cross-kingdom stress-related signals that reprogram metabolite pro
duction and aggregation behavior in a species-specific manner. Impor
tantly, integrated mRNA expression analysis demonstrates, at the 
genomic level, how AHL exposure fundamentally rewires key metabolic 
pathways, thereby enhancing the synthesis of valuable compounds 
without any genetic modification. The environmentally relevant use of 
AS-AHLs directly mimics natural chemical signals present in 

wastewater, offering a practical, low-input strategy for sustainably 
increasing high-value metabolite yields while improving harvesting ef
ficiency in large-scale algal bioprocesses.

2. Materials and methods

2.1. Microalgae cultivation and growth measurement

The microalgae cells (Chlorella vulgaris, Chlamydomonas reinhardtii, 
and Scenedesmus quadricauda) were cultivated in TAP 
(Tris–acetate–phosphate) media at pH 7 and 23–24 ◦C for 6 days, and 
then the biomass underwent centrifugation at 5000 rpm for 5 min. These 
microalgae cells were selected because they are model species for bio
fuel and bioproduct research, represent different phylogenetic lineages 
and cell morphologies, and are commonly used in wastewater and 
algal–bacterial systems, making them highly relevant for both funda
mental and applied studies (Mohamed et al., 2025; Scranton et al., 2015; 
Sun et al., 2025). Subsequently, the harvested biomass was washed and 
re-suspended in autoclaved TAP media. Cell growth was assessed by 
measuring the optical density at 750 nm (OD750) using UV/VIS spec
trophotometry. Specific growth rate (μ) and biomass productivity (P) of 
Chlamydomonas reinhardtii, Chlorella vulgaris, and Scenedesmus quad
ricauda under control, C6-HSL, and AS-AHL treatments over 6 days, 
calculated from biomass at day 0 and day 6 using μ = ln(X₆/X₀)/(t₆ − t₀) 
and P = (X₆ − X₀)/(t₆ − t₀).

2.2. Experimental protocol

Activated sludge was sourced from the aeration tank of a wastewater 
treatment plant located in Lappeenranta, Finland. N-Acyl homoserine 
lactones were extracted as described in Wang et al. study (Wang et al., 
2017). Briefly, 500 mL activated sludge centrifugation at 5000 rpm for 
15 min. The resulting supernatant was then mixed with an equal volume 
of acidified ethyl acetate (0.1% acetic acid) and sonicated at 4 ◦C for 20 
min. This mixture underwent thorough mixing for 24 h and was sub
sequently allowed to settle for 15 min. The upper layer was collected and 
dried using liquid nitrogen. The extracted samples were analyzed by 
high performance liquid chromatography (HPLC agilent) with DAD 
detector at 210 nm. The used column was Phenomenex Kinetex 2.6 μm, 
C18 100 Å (150 × 3 mm). Linear gradient elution (MeOH+0.1% Acetic 
acid) with flow rate of 0.2 mL minute− 1 was used. To further test the 
effects of pure QSSs on microalgae strains, C6-HSL (N-hexanoyl-L- 
Homoserine lactone, Sigma) was utilized. Based on HPLC quantification, 
the AS-AHL extract was standardized and diluted to a final working 
concentration equivalent to 5 μM C6-HSL in the algal cultures. C6-HSL 
was specifically selected for this study because it is a dominant AHL in 
activated sludge and wastewater systems (Wang et al., 2022), high
lighting its potential for cost-effective production. Additionally, its 
medium chain length provides a good balance between membrane 
permeability and solubility, making it experimentally robust, and pre
vious studies have shown that C6-HSL can enhance nutrient removal and 
promote lipid production in microalgae (Lyu et al., 2022), supporting its 
choice in this study. The samples are supplemented with 5 μM C6-HSL. 
This dose was selected based on previous study reporting measurable 
microalgal responses within this concentration range (Zhang et al., 
2018). The pure flask of Chlamydomonas, without any QSSs, was labeled 
as Chlamy-P. Flask with pure C6-HSL were named Chlamy-C6, while the 
one with AHLs extracted from activated sludge was named Chlamy-AS. 
The same pattern was used to name Chlorella (Chl–P, Chl–C6, and Chl- 
AS) and Scenedesmus (Sc–P, Sc–C6, and Sc-AS). All experimental pro
tocols were carried out in triplicate.

2.3. Analysis of microbial attachment

To assess the impact of QSSs on attachment potential of microalgae, 
20 mL of biomasses from all flasks were transferred into Petri dishes. The 
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Petri dishes underwent 24 h incubation at 30 ◦C. After incubation the 
biomass was removed from the Petri dishes and washed with distilled 
water three times and then dried at 60 ◦C for 30 min. Subsequently, 
0.1% (w/v) crystal violet solution was added to each Petri dish and left 
for 15 min. The Petri dishes were then rinsed with distilled water. The 
microscopic observations of the attached microorganisms were con
ducted using an Olympus microscope.

2.4. Polysaccharide and lipid determination

Approximately 2–3 mg of dry biomass was weighed, and 4 mL of 
0.9% NaCl solution was added for homogenization. The sample was 
incubated at 100 ◦C for 15 min, followed by centrifugation. The super
natant was collected, and the sulfuric acid-phenol method was used for 
polysaccharide quantification (DuBois et al., 1956). A modified Bligh 
and Dyer method was employed for total lipid extraction. Approxi
mately 2 mg of dry microalgae biomass was suspended in a 10 mL 
mixture of chloroform and methanol (1:2 ratio) and sonicated for 30 min 
on ice (Iverson et al., 2001). Subsequently, 3.4 mL of chloroform and 3 
mL of water were added to the tubes, followed by an additional 10 min 
of sonication. The resulting bottom layer was extracted, and a known 
volume was transferred into pre-weighed trays. The samples were sub
jected to evaporation and subsequent drying. The dried lipids were then 
weighed to determine the recoverable lipid content. The fatty acids were 
extracted with chloroform–methanol (2:1 v/v) and methanol‑sulfuric 
acid (1%) and were analyzed with Shimadzu QP2010-Ultra GC–MS.

2.5. Observation of intercellular chlorophyll and lipid with confocal 
microscopy

To visualize chlorophyll and lipid components within microalgae 
cells, both with and without AHLs, confocal laser scanning microscopy 
(Zeiss LSM 710) was employed. Chlorophyll was observed at a 40×
magnification based on its autofluorescence. The excitation of chloro
phyll was achieved using a 633-nm laser, and observations were made in 
the channels ranging from 647 to 743 nm (emission). For lipid obser
vation, samples were stained with Nile red (ε: 38000 cm− 1 M− 1). Spe
cifically, 100 μL of samples were mixed with 100 μL of 1 μg mL− 1 Nile 
Red in a 1:1 (vol/vol) DMSO: water solution. The plate was then incu
bated for 15 min at 37 ◦C. Nile red dye was excited using the 533-nm line 
laser, and observations were made in the channel at 530–570 nm.

2.6. RNA extraction, sequencing, and bioinformatics

After extracting RNA from pure microalgae cells and the one which 
were treated with C6-HSL using Zymo kits, the samples were sent to 
Novogene for sequencing on dry ice. Novogene purified mRNA using 
poly-T magnetic beads, fragmented it, and synthesized cDNA using 
random hexamer primers. Directional (dUTP) or non-directional (dTTP) 
libraries were prepared and quantified with Qubit and real-time PCR. 
Libraries were pooled and sequenced on an Illumina platform, gener
ating paired-end reads. The raw sequencing data in FASTQ format was 
processed to remove adapters, poly-N sequences, and low-quality reads, 
generating clean data for downstream analysis. Trinity was used for 
transcriptome assembly, followed by redundancy removal with 
CORSET. Finally, BUSCO was used to provide a quantitative assessment 
of the completeness in terms of expected gene content of transcriptome. 
Gene expression levels were quantified using RSEM. Differential 
expression analysis was conducted using DESeq2 (with replicates). Data 
with an adjusted P value <0.05 were assigned as differentially 
expressed.

3. Results

3.1. Growth rate and attachment of microalgae

Fig. S1 (Supporting Information: growth profile) shows the impact of 
pure C6-HSL and activated sludge-extracted AHLs (AS-AHLs) on the 
growth rates of three microalgae species, Chlamydomonas, Chlorella, and 
Scenedesmus. Fig. S1a shows that Chlamy-P and Chlamy-C6 had similar 
growth rates (P > 0.05, t-test). However, exposure to AS-AHLs signals 
delayed the stationary phase and significantly (P < 0.05, t-test) inhibited 
the optical density by 20% compared to Chlmay-P at day 6. All Chlorella 
flasks (Fig. S1b), regardless of AHLs presence, reached the stationary 
phase at day 4. However, presence of both C6-HSL and AS-AHLs in 
cultivation flasks exhibited a significant reduction (P < 0.05, t-test) in 
Chlorella growth rate, with AS-AHLs inducing more effects on Chlorella. 
Additionally, growth results highlight the distinct growth trend of Sce
nedesmus compared to the other microalgae. In contrast to the effects 
observed in Chlamydomonas and Chlorella, neither C6-HSL nor AS-AHLs 
had a significant effect (P > 0.05, t-test) on the growth rate of Scene
desmus (Fig. S1c). Consistently, Table S1 summarizes the specific growth 
rates (μ) and biomass productivities (P) over 6 days, confirming that 
both C6-HSL and AS-AHLs decreased μ and P in Chlamydomonas and 
Chlorella, while the values for Scenedesmus remained largely unchanged 
compared with the other two species. Aggregation results (Supporting 
Information (Fig. S2): Microalgae attachment) show the crystal violet- 
stained microalgal attachment on petri dish surfaces. The findings 
clearly reveal increased microbial attachment in the presence of both C6 
and AS-AHLs across all three microalgal strains. Notably, the images for 
Scenedesmus clearly demonstrate a greater microbial attachment in the 
presence of AS-AHLs compared to C6-HSL. Apart from the increased 
aggregation observed under AHL treatments (shown in Fig. S2), no other 
clear morphological changes were detected in the three algal strains.

3.2. Polysaccharide under QSSs treatment

Fig. 1 shows the polysaccharide content in microalgae cultures under 
varying AHL conditions. In Chlamydomonas (Fig. 1a), the presence of 
AHLs resulted in an increase in polysaccharide accumulation. While the 
polysaccharide content slightly reduced after 6 days for Chlamy-P 
without any AHL treatment. At day 6, compared with Chlamy-P, there 
was an approximately 45% and 15% increase in polysaccharide amount 
in Chlamy-AS and Chlamy-C6, respectively. Turning to Chlorella 
(Fig. 1b), both Chl-C6 and Chl-AS had close polysaccharide content, 
which was approximately 30% less than Chl-P at day 6. The effect of 
AHLs on Scenedesmus was similar to Chlorella, resulting in a reduction in 
polysaccharide accumulation.

3.3. Lipid accumulation under QSSs treatment

In Chlamydomonas, lipid accumulation increased by around 20% and 
17% with the addition of pure C6-HSL and AS-AHLs at day 3 compared 
to pure culture (Fig. 2) and at day 6 around 26% more lipid found in 
pure C6-HSL compared with pure culture. In Chlorella at day 3, C6-HSL 
treatment resulted in 16% lower lipid accumulation, whereas AS-AHLs 
slightly promoted higher lipid accumulation to the pure culture. How
ever, at day 6, C6-HSL enhanced lipid accumulation. In Scenedesmus, 
lipid accumulation consistently increased with both C6-HSL and AS-AHL 
treatments, compared to the pure culture. At day 3, Sc-AS shows around 
33% more lipid compared to Sc–P. These findings highlight the species- 
specific effects of AHL treatments, with Scenedesmus showing the most 
pronounced lipid accumulation under AS-AHL conditions.

The fatty acid profiles of microalgae cells under different QSSs 
treatments at day 6 are detailed in Table S2 (Supporting Information: 
fatty acid profile). Table S2 shows that in Chlamydomonas, treatment 
with AS-AHL led to a notable increase of saturated fatty acids (C16:0 
increased to 34.4%) compared to pure culture (23.7%), while the 
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percentage of mono-unsaturated fatty acids (MUFAs), such as C18:1N9t, 
decreased, indicating a shift toward more saturated lipid profiles under 
AS-AHLs influence. For Chlorella, the addition of QSSs decreased the 
proportion of saturated fatty acids and poly-unsaturated fatty acids 
(PUFAs), while MUFAs, such as C18:1, increased in response to AHLs 
treatment (Table S2). In Scenedesmus, both C6-HSL and AS-AHL treat
ments led to minor changes in saturated fatty acids but caused signifi
cant alterations in unsaturated fatty acid profiles. AS-AHLs increased the 
proportion of MUFAs, particularly C16:1 (14.2%) compared to the pure 
culture (3.7%), while PUFAs, such as C18:3 N3, decreased under 
quorum sensing conditions (Table S2). These results reveal that QSSs 
induce distinct shifts in fatty acid composition across microalgae species 
while generally promoting higher MUFA content and reducing PUFA 
levels except for Chlamy-AS.

The Confocal laser scanning microscopy (CLSM) images (Fig. 3) 
which were gathered at day 4 reveal the presence of chlorophyll and 
triacylglycerol (TAG) inside microalgae cells, both with and without 
QSSs. In pure microalgae cultures, certain individual cells contain a 
minor quantity of TAG. Upon the introduction of QSSs to microalgae 
cultures, the received signal for TAG (yellow- partially shown by white 
dash circles) increased from the cells, while there is a reduction in 
chlorophyll signals (red) in the same cells. This increase in TAG signals, 

which is in agreement with Fig. 2, validates that the presence of QSSs 
could direct the cells toward storage compounds when growth is hin
dered by QSSs.

3.4. RNA sequencing results

Fig. 4 presents gene ontology (GO) analysis for all three microalgae 
treated with C6-HSL compared with control samples to determine how 
C6-HSL, as a cross-kingdom signal, influences gene expression in algae 
and how these changes may correspond to the observed experimental 
data.

Fig. 4a shows GO enrichment bar chart of Chlamydomonas treated 
with C6-HSL compared with control sample. Notably, some genes 
involved in carbohydrate metabolism in Chlamydomonas showed 
increased expression in response to C6-HSL (Fig. 4a). These genes, 
including glucosamine-6-phosphate isomerase (− log(padj) = 4.7), 
phosphoglucomutase (− log(padj) = 2.9), and 1,3-beta-glucan synthase 
(− log(padj) = 6.3), are linked to glycolysis and glycosylation pathways. 
They generate key intermediates like glucose-6-phosphate, which 
facilitate the synthesis of polysaccharides. Additionally, the results show 
higher expression of polysaccharide deacetylase which suggests 
enhanced cell wall modification, contributing to cellular protection. The 

Fig. 1. Polysaccharide profiles of microalgae cells: a) Chlamydomonas (Chlamy.), b) Chlorella (Chl.), and c) Scenedesmus (Sc.) with/without quorum sensing signals. 
Data represent the mean values of triplicates and error bars show the standard deviation. Asterisk indicates significant difference between control and treatments 
according to one-way ANOVA (Tukey's test) (*P < 0.05, **P < 0.01, ***P < 0.001).
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enhanced carbohydrate metabolic flux through these pathways, induced 
by C6-HSL, likely contributed to the accumulation of polysaccharides in 
the treated sample, consistent with the results from Section 3.2.

Fig. 4a shows that overall ribosome biogenesis showed higher 
expression in response to C6-HSL treatment. However, genes related to 
40S and 60S ribosomal proteins exhibited both up- and down- 
regulation, indicating finely tuned translational reprogramming rather 
than a uniform change. Higher expressed genes include stress-related 
proteins such as HSP70 chaperones (e.g., GRP78/BiP and GRP75/mor
talin; − log(padj) = 3.9), which support protein folding and are known to 
be cold-inducible (Maikova et al., 2016). Also elevated is cysteine 
desulfurase (− log(padj) = 17.3), linked to mitochondrial function and 
oxidative stress resistance (Braymer and Lill, 2017). In contrast, several 
ribosome-related genes are showed lower expression, including fibril
larin (− log(padj) = 23.6), uL4m (− log(padj) = 22.2), and rRNA meth
yltransferases (− log(padj) = 18.5), all of which are vital for rRNA 
modification and nucleolar ribosome assembly (Pereira-Santana et al., 
2020). Genes associated with antioxidant activity also showed higher 
expression.

Fig. 4b shows effects of C6-HSL on gene expression profile of 
Chlorella. The genes with higher expressions included those related to 
catalytic and hydrolase activities can enhance enzymatic processes 
maybe linked to protein turnover and modification. There was also an 
increased expression of vesicle-mediated transport genes in Chlorella. 
This includes vesicle coat proteins like Clathrin heavy chain (− log(padj) 
= 5.1), COPI (− log(padj) = 10.2), and COPII (− log(padj) = 8.9), which 
form vesicles for cargo transport (Bykov et al., 2017). However, lower 

expressions (Fig. 4b) observed in pathways are crucial for metabolic and 
structural integrity, such as ribosome structure and biogenesis, and 
photosynthesis-related genes, particularly those connected to the 
thylakoid. Moreover, the addition of C6-HSL to Chlorella resulted in 
lower expression of genes involved in the carbohydrate metabolic pro
cess, aligning with the observed reduction in carbohydrate content in 
the biomass (Fig. 1). Key enzymes such as fructose-bisphosphate 
aldolase (− log(padj) = 33.7), 3-phosphoglycerate kinase (− log(padj) 
= 31), and glycogen phosphorylase (− log(padj) = 28.3) showed lower 
expression.

In Scenedesmus algae treated with C6-HSL, gene expression analysis 
(Fig. 4c) shows that there is a higher expression in genes related to 
transporter activity and transmembrane transport. However, key car
bohydrate metabolism genes showed lower expression after C6-HSL 
treatment, similar to patterns seen in Chlorella (Fig. 1). Genes like 
fructose-bisphosphate aldolase (− log(padj) = 9.5), mannose-6- 
phosphate isomerase (− log(padj) = 21.2), and carbonic anhydrase 
(− log(padj) = 32.9) showed reduced expression.

3.5. Regulation of TCA cycle and fatty acid biosynthesis genes

Fig. 5a illustrates the main genes involved in the TCA cycle and 
important pathways for fatty acid biosynthesis. Transcriptomic analysis 
(Supporting Information Table S3a: differential gene expression in TCA 
cycle) highlights that C6-HSL treatment mainly downregulates the TCA 
cycle genes in Chlamydomonas, with notable suppression of key en
zymes. Table S3a shows that succinate dehydrogenase and isocitrate 

Fig. 2. Lipid profiles of microalgae cells: a) Chlamydomonas (Chlamy.), b) Chlorella (Chl.), and c) Scenedesmus (Sc.) with/without quorum sensing signals. Data 
represent the mean values of triplicates and error bars show the standard deviation. Asterisk indicates significant difference between control and treatments ac
cording to one-way ANOVA (Tukey's test) (*P < 0.05, **P < 0.01, ***P < 0.001).
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dehydrogenase have consistent lower expression which indicates a sig
nificant reduction in electron transport and TCA cycle flux. Citrate 
synthase, a critical entry point enzyme, also shows strongly lower 
expression. In contrast, malate dehydrogenase shows a mixed response, 
with two genes expressed higher and one expressed lower. For Chlorella 
results show lower expression of key enzymes like malate dehydroge
nase and 2-oxoglutarate dehydrogenase. While some enzymes, such as 
succinyl-CoA synthetase and ATP-citrate lyase, show higher expression 
(Table S3b).

Under C6-HSL treatment, Scenedesmus shows fewer changes in TCA 
cycle gene expression compared to Chlorella and Chlamydomonas, likely 
explaining their less-affected growth. Key enzymes such as succinate 
dehydrogenase, isocitrate dehydrogenase, and aconitase have lower 
expression, indicating suppressed TCA flux. However, the higher 

expression of succinyl-CoA synthetase and ATP-citrate lyase is similar 
behavior as Chlorella (Table S3c).

The addition of C6-HSL to cultures of Chlorella, Scenedesmus, and 
Chlamydomonas also led to response in gene expression across key 
pathways involved in fatty acid synthesis and degradation, positioning 
C6-HSL as a modulator of lipid accumulation in microalgae. In the initial 
fatty acid synthesis pathways (EC 2.3.1.12 and EC 1.2.4.1), which 
include enzymes like Pyruvate dehydrogenase E1, beta subunit (initi
ating fatty acid chain formation), each microalgae responded differ
ently. The elongation pathways (EC 2.3.1.85 and EC 6.4.1.2), which 
involve enzymes like FAS1 and FAS2, showed higher expression for 
Chlorella and Scenedesmus in presence of C6-HSL (Fig. 5c). These genes 
are encoding for enzymes that are essential for production of storage 
lipids (Garay et al., 2014). In the pathways EC 2.3.1.179, EC 1.1.1.100, 

Fig. 3. Confocal laser scanning microscopy of different microalgae cultures (Chlamydomonas (Chlamy.), Chlorella (Chl.), and Scenedesmus (Sc.)) with and without 
quorum sensing signals. The autofluorescence chlorophyll and stained TAG were detected in red and yellow, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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and EC 1.3.1.9, gene expression varied across the microalgal species in 
response to C6-HSL, impacting fatty acid chain elongation, redox bal
ance, and lipid synthesis. Chlorella showed the strongest response, with 
17 genes which had higher expression and 9 with lower expression. 
Scenedesmus showed more moderate response of 4 genes that had higher 
expression and 3 with lower expression. Chlamydomonas exhibited a 
similar pattern to Scenedesmus, with 5 genes with higher expression and 
3 with lower expression. For fatty acid degradation, Chlamydomonas 
exhibited suppression (26 down, 3 up), favoring lipid storage. The 
heatmap (Fig. S3) shows species-specific changes in fatty acid degra
dation genes under C6-HSL treatment. Under C6-HSL treatment, Chla
mydomonas appears to shift its gene expression from lipid to 
carbohydrate pathways, as evidenced by the lower expression of fatty 
acid degradation, fatty acid elongation, and TCA cycle genes. Scene
desmus showed moderately lower expression, and Chlorella had a 
balanced response, indicating selective degradation that may fuel lipid 
production (Supporting Information Fig. S3: differential gene expression 
in fatty acids degradation pathway).

3.6. Gene expression changes in DNA replication pathways

The analysis of DNA replication-related genes under C6-HSL treat
ment compared with untreated microalgae samples reveals that Scene
desmus was minimally affected, with negligible changes in gene 
expression compared to Chlorella and Chlamydomonas (Fig. 6). In 
contrast, Chlamydomonas and Chlorella exhibited mixed patterns of 
higher/lower expression.

For Chlamydomonas, genes encoding the MCM 2–7 helicase complex 
showed higher expression, reflecting enhanced replication initiation, 

while DNA polymerase showed slightly higher expression. Conversely, 
genes such as RPA and RNaseH showed slightly lower expression. In 
Chlorella, DNA polymerase and RPA showed more highly expressed 
genes than lowly expressed. However, similar to Chlamydomonas, MCM 
2–7 had higher expression.

4. Discussion

4.1. Microbial signaling–mediated effects on microalgal growth and 
aggregation

The observed effects of C6-HSL and AS-AHLs on the growth and 
attachment of Chlamydomonas, Chlorella, and Scenedesmus can be 
attributed to QSSs acting as cross-kingdom signaling cues that steer 
cellular metabolism, with C6-HSL revealing the core transcriptomic 
response and AS-AHLs confirming that similar phenotypes arise under 
complex, sludge-derived signal mixtures. These responses change across 
species, reflecting their natural differences in metabolic flexibility and 
responsiveness to these microbial signals. AHLs are known to interact 
with specific regulatory proteins, leading to changes in transcriptional 
networks that modulate growth and metabolism (Xu et al., 2021). In 
contrast, the negligible effect of C6-HSL and AS-AHLs on Scenedesmus 
growth highlights its greater metabolic resistance and ability to tolerate 
QSSs. This may come from its robust metabolic network, which main
tains core cellular processes despite external signals. Previous studies 
have shown that certain microalgae, including Scenedesmus, possess 
adaptable metabolic pathways that allow them to mitigate stress by 
reallocating resources (Calhoun et al., 2021; Singh et al., 2024). More
over, earlier research has suggested the presence of specific metabolites 

Fig. 4. Gene ontology enrichment bar charts of differentially expressed genes in microalgae cells a) Chlamydomonas (Chlamy.), b) Chlorella (Chl.), and c) Scenedesmus 
(Sc.) with/without C6-HSL.
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in microalgae that could influence QSSs (Awdhesh Kumar Mishra and 
Kodiveri Muthukaliannan, 2022). Consequently, Chlamydomonas and 
Chlorella might produce distinct metabolites compared to Scenedesmus, 
potentially leading to a more noticeable impact on their growth in 
response to QSSs. Moreover, increased microbial attachment across all 
species under AHL treatments suggests that QSSs stimulate aggregation 
formation. AHLs are known to regulate the production of extracellular 

substances in different microorganisms, which facilitate cell-surface 
adhesion and biofilm stability (Ou et al., 2023). Additionally, previous 
studies identified candidate genes in Chlamydomonas, Tetradesmus, and 
Scenedesmus suggest that aggregation may be driven by predator 
sensing, cell-cell signaling, and/or structural modifications of the cell 
surface (Muir et al., 2024). This aggregation likely serves as a protective 
strategy, allowing microalgae to form structured communities that 

Fig. 5. a) TCA cycle schematic and fatty acid biosynthesis pathway that showing key enzymes affected by C6-HSL treatment. b-d) Heatmaps of differential gene 
expression (log2FoldChange) in Chlorella (Chl.), Scenedesmus (Sc.), and Chlamydomonas (Chlamy.).
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enhance survival under these conditions. Additionally, such enhanced 
aggregation can significantly improve biomass harvesting efficiency by 
facilitating easier and more cost-effective separation (McGrath et al., 
2024).

Comparing pure C6-HSL with AS-AHL treatment shows that the 
overall trends were broadly consistent across strains—particularly in 
growth patterns, aggregation, and polysaccharide storage responses. 
Notably, AS-AHLs often produced stronger effects than pure C6-HSL, 
suggesting that the sludge extract acts as more than a single-molecule 
cue. This likely reflects the presence of additional AHLs in the extract, 
which—together with C6-HSL as the most abundant component—could 
collectively amplify or prolong the response relative to C6-HSL alone. 
With appropriate optimization, mixed AHLs recovered from activated 
sludge could therefore be used for the same purpose as pure signals to 
steer microalgal growth, aggregation, and metabolite accumulation. 
From an ecological perspective, AHL–microalgae interactions can be 
viewed as part of a broader cross-kingdom chemical dialogue. By 
releasing QSSs that alter algal metabolism, bacteria may indirectly 
shape the availability and quality of algal-derived organic carbon, ox
ygen, and extracellular polymeric substances, all of which influence 
biofilm architecture and microscale habitat structure (Dow, 2021). In 
return, microalgal exudates and surface properties can modulate bac
terial community composition and quorum sensing dynamics, creating 
feedback loops that stabilize specific consortia (Mugnai et al., 2023). 
Thus, the AHL-induced shifts in algal lipid and polysaccharide produc
tion, as well as aggregation, may reflect ecological strategies that favor 
tightly coupled bacteria–algae associations.

4.2. QSS-associated changes in polysaccharide and lipid

The increased polysaccharide accumulation in Chlamydomonas 
under QSSs' treatment suggests a redirection of carbon flux toward 
storage compounds. Polysaccharides act as energy reserves which help 
cells cope with environmental stress (Masi et al., 2023; Morais et al., 
2022). In Chlorella and Scenedesmus, the reduction in polysaccharide 

content under AHL treatments could be attributed to the reallocation of 
carbon resources toward lipid biosynthesis and other pathways instead 
of polysaccharides' accumulation. This shift likely reflects a trade-off 
between carbohydrate storage and the synthesis of lipids, which are 
essential for adaptation and membrane remodeling. Previous studies 
reported that in some microalgae exposed to stresses such as nitrogen 
deprivation, where lipid biosynthesis is prioritized over carbohydrate 
accumulation (Gaignard et al., 2021).

The increase in lipid accumulation under QSSs treatments, particu
larly in Scenedesmus, highlights the role of QSSs in modulating lipid 
metabolism. QSSs may increase expression of genes involved in fatty 
acid synthesis and elongation, driving the production of long-chain fatty 
acids for storage lipids. This behavior aligns with the known function of 
lipids as energy-dense molecules that provide long-term energy reserves 
and structural components for membranes (Van Meer et al., 2008). The 
shift toward increased MUFAs instead of PUFAs in response to QSSs 
could be due to three main reasons: 1) MUFAs are more resistant to 
oxidative damage than PUFAs, providing protection against oxidative 
stress; 2) MUFAs help maintain or adjust membrane fluidity, crucial for 
the cell's integrity under varying QSSs conditions; and 3) This change 
may reflect an adaptation in metabolic pathways influenced by quorum 
sensing, optimizing energy use or storage in response to environmental 
signals (Hulbert et al., 2006).

The differential regulation of lipid metabolism under C6-HSL expo
sure reflects AHL-mediated cross-kingdom metabolic steering, with 
species-specific strategies shaped by distinct energy demands and 
evolutionary adaptations. In Chlorella, the strong activation of fatty acid 
biosynthesis genes suggests metabolic reprogramming toward lipid 
accumulation. Higher expression of elongation enzymes like FAS1 and 
FAS2 indicates enhanced synthesis of long-chain fatty acids, possibly to 
build energy-dense storage lipids or to reinforce membrane structures. 
This mirrors Chlorella's known behavior of increasing lipid storage under 
oxidative and nitrogen stress (Zhang et al., 2019). Additionally, mod
erate suppression of degradation-related genes suggests that Chlorella 
may selectively limit fatty acid breakdown to retain lipids while 

Fig. 6. Gene expression changes in DNA replication pathways under C6-HSL treatment for Chlamydomonas (Chlamy.), Chlorella (Chl.), and Scenedesmus (Sc.).

S. Radmehr et al.                                                                                                                                                                                                                               Bioresource Technology Reports 34 (2026) 102778 

9 



maintaining flexibility in energy use. This balanced regulation could 
help maintain redox homeostasis which is a critical need during meta
bolic shifts involving NAD(P)H-linked reactions (Zhang et al., 2020). In 
Scenedesmus, the more controlled transcriptional activation implies a 
cautious lipid synthesis strategy. The relatively fewer genes with higher 
expression, alongside moderate suppression of degradation, suggests a 
mild shift toward lipid storage without triggering strong oxidative or 
energetic stress. This “balanced” lipid accumulation could be a resource- 
optimization approach evolved under environmental stress conditions in 
presence of external signals. The prior studies show that Scenedesmus 
shifts carbon toward fatty acids under phosphorus limitation, reducing 
carbohydrate levels to fuel lipid production (Yang et al., 2018). A similar 
trade-off may occur here, with C6-HSL acting as a cue to shift meta
bolism gently, preserving cellular stability. In Chlamydomonas, the 
transcriptomic profile indicates a distinct preference for carbohydrate 
over lipid storage. Although some fatty acid synthesis genes are acti
vated, the strong suppression of degradation and moderate expression of 
elongation genes suggest lipid turnover is minimized. Instead, the 
redirection away from lipid-related pathways — including parallel 
lower expression in the TCA cycle — implies prioritization of carbohy
drate synthesis and storage, possibly due to the lower energetic cost and 
compatibility with stress survival. This aligns with observed higher 
carbohydrate content in Chlamydomonas, suggesting that its defense 
strategy under QSSs signals favors polysaccharide accumulation over 
lipid biosynthesis. At the same time, QSS exposure also leads to an in
crease in lipid content compared with untreated controls. This dual- 
storage phenotype contrasts with the predominantly lipid-centric 
response typically observed under other stress conditions such as ni
trogen starvation, indicating that QSSs induce a distinct metabolic 
configuration rather than simply mimicking nutrient stress and posi
tioning QSSs not as just another stress, but as a unique tool for tailoring 
metabolite profiles.

4.3. Transcriptomic responses to QSSs

The transcriptional responses to C6-HSL reveal that microalgae sense 
this bacterial QSSs as a cross-kingdom signal, triggering species-specific 
adaptation strategies. In Chlamydomonas, higher expression of carbo
hydrate metabolism genes suggests a redirection of carbon flux toward 
polysaccharide biosynthesis, likely supporting structural reinforcement 
and osmotic balance. Colina et al. reported that this reallocation of 
carbon flux supports structural reinforcement and osmotic balance, 
essential for survival under environmental stress conditions (Colina 
et al., 2020). Increased expression of polysaccharide deacetylase further 
indicates active cell wall remodeling, consistent with known stress re
sponses. Although many ribosome biogenesis genes in Chlamydomonas 
showed higher expression, the observed lower expression of rRNA 
methylation-related genes such as fibrillarin and rRNA methyl
transferases suggests selective translational reprogramming. This shift 
likely reduces energy demands while maintaining capacity for synthe
sizing stress-responsive proteins. Prior findings of lower CrBUD23 (en
codes rRNA methyltransferases) expression under low light in 
Chlamydomonas support this energy-conserving strategy (Liu et al., 
2023). In parallel, higher expression of HSP70 chaperones and cysteine 
desulfurase reflects activation of protective mechanisms in both cytosol 
and mitochondria as mentioned in previous studies (Braymer and Lill, 
2017; Maikova et al., 2016), while increased antioxidant gene expres
sion enhances cellular defense against oxidative stress (Song et al., 
2024). This suggests that AHLs trigger stress signaling that stimulates 
protein-folding and redox-protective pathways, helping cells mitigate 
damage from reactive oxygen species and maintain metabolic stability 
under QSSs-induced stress. Taking together, these patterns suggest that 
QSSs inputs are funneled through core algal stress and redox signaling 
pathways, which then coordinate downstream transcriptional programs. 
In other words, the bacterial QSSs appears to act as an upstream cue that 
is translated into algal responses via existing ROS-, chaperone-, and cell- 

wall–associated signaling modules.
In Chlorella, adaptation to AHL-mediated cross-kingdom signals ap

pears to rely more on resource-conserving strategies, favoring energy- 
saving and storage-oriented metabolic states. Genes related to vesicle 
transport and cytoskeletal organization showed higher expression, 
which may support intracellular trafficking and membrane remodeling 
(Bykov et al., 2017). Reduced expression of glycolytic enzymes indicates 
a decrease in energy-generating pathways, favoring survival over 
growth (Chung and Ng, 2024). Scenedesmus also exhibited lower 
expression of key carbohydrate metabolism genes, similar to Chlorella. 
However, this species showed higher expression of transporter and 
transmembrane channel genes, suggesting an emphasis on nutrient up
take or detoxification (Le Moigne et al., 2022; Shao et al., 2019). The 
mixed expression patterns in oxidoreductase and photosynthesis-related 
genes indicate a dynamic balance between conserving energy and 
maintaining redox and energy homeostasis. Importantly, the results of 
GO show that not all microalgae respond to C6-HSL by accumulating 
specific high-value compounds such as polysaccharides. While Chlorella 
and Scenedesmus primarily shift toward stress tolerance through energy 
conservation and membrane adaptation, Chlamydomonas uniquely re
directs metabolic activity toward polysaccharide production. This 
highlights Chlamydomonas as a promising candidate for enhancing 
polysaccharide accumulation through AHL-based stimulation, offering 
potential for biotechnological applications where microbial signaling 
compounds are used to steer algal metabolite profiles. Overall, these 
transcriptomic patterns show that QSSs act as a molecular language that 
reprograms algal metabolism, highlighting a new way to tune algal traits 
through cross-kingdom signaling.

4.4. Changes in central carbon metabolism under QSSs exposure

The lower expression of key TCA cycle genes in Chlamydomonas, 
suggests a cellular strategy to reduce mitochondrial respiration and limit 
ROS generation in presence of C6-HSL. Interestingly, suppression of key 
TCA cycle genes in Chlamydomonas under C6-HSL may serve as a similar 
protective role as described for AOX1/2 (oxidase enzymes) during 
photo-oxidative stress, by reducing mitochondrial electron flow and 
limiting ROS formation. While AOX enables dissipation of excess 
reducing equivalents, limiting TCA flux may prevent their accumulation 
upstream, offering a complementary redox control mechanism under 
different stress contexts (Kaye et al., 2019). C6-HSL, perceived as a 
microbial signal, likely triggers metabolic conservation, minimizing 
oxidative phosphorylation, which is energetically costly and can elevate 
oxidative damage in stressed cells as mentioned previously (Phillips 
et al., 2009). The mixed expression of malate dehydrogenase may help 
maintain oxaloacetate and NADH pools, supporting redox homeostasis 
and continuity in biosynthetic pathways (Broeks et al., 2023). In 
Chlorella, lower expression of central TCA enzymes aligns with a similar 
stress response; however, higher expression of ATP-citrate lyase and 
succinyl-CoA synthetase points to a metabolic rerouting of citrate to
ward acetyl-CoA production. This shift likely supports fatty acid 
biosynthesis — a known protective and storage mechanism during stress 
— and enables ATP generation via substrate-level phosphorylation 
when the full TCA cycle is suppressed (Phillips et al., 2009). Scenedesmus 
shows fewer changes overall, suggesting greater metabolic stability 
under C6-HSL. The observed lower expression of some TCA genes may 
reflect mild suppression of respiration, while higher ATP-citrate lyase 
expression again indicates a redirection of citrate to lipid biosynthesis 
(Fakas et al., 2025). This partial response may explain why Scenedesmus 
growth was less affected — its flexible metabolism may buffer against 
the energetic and oxidative stress imposed by QSSs. These expression 
patterns reflect conserved but distinct metabolic strategies: energy 
conservation in Chlamydomonas, metabolic rerouting in Chlorella, and 
flexibility in Scenedesmus.
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4.5. Modulation of DNA replication and cell-cycle–related genes by QSSs

In Chlamydomonas and Chlorella, the consistent higher expression of 
MCM2–7 helicase complex genes suggests that both species attempt to 
preserve or enhance replication initiation. The MCM complex is essen
tial for unwinding DNA at replication origins, and its activation often 
marks the commitment to DNA synthesis (Aklilu and Culligan, 2016). 
Elevated expression of these genes in presence of C6-HSL may serve as a 
protective mechanism to ensure that critical genomic regions — perhaps 
those related to stress tolerance or basic cellular functions — are 
duplicated despite overall metabolic suppression. However, this 
apparent readiness for replication initiation is not fully mirrored in 
elongation and repair processes. The lower expression of RPA and 
RNaseH — both crucial for replication fork progression and RNA-DNA 
hybrid resolution — suggests a downregulation of elongation and 
post-replication repair. This decoupling between initiation and elonga
tion could indicate a checkpoint-like regulation, where cells prepare for 
replication but hold back on executing full-scale synthesis until condi
tions improve. Such checkpoint behavior has been observed in eukary
otes under oxidative or DNA-damaging stress to prevent replication fork 
collapse and maintain genome integrity (Cerritelli and Crouch, 2009). In 
particular, RNaseH suppression could reflect a reduction in RNA primer 
removal and R-loop resolution — potentially stalling elongation to avoid 
replication stress-induced DNA breaks (Zhang et al., 2018). Similarly, 
partial suppression of RPA may indicate slowed DNA strand stabiliza
tion, a known strategy for reducing replication fork speed and avoiding 
mutagenesis. In contrast, Scenedesmus exhibited minimal changes in 
replication gene expression, which may point to a more stable cell cycle 
or a higher stress tolerance threshold.

5. Conclusion

This study demonstrates that bacterial quorum sensing signals 
(QSSs), particularly C6-HSL, can act as cross-kingdom regulators of 
microalgal metabolism and modulate lipid and carbohydrate biosyn
thesis in a species-specific manner. Transcriptomic and phenotypic an
alyses showed that all three microalgae responded to C6-HSL with 
enhanced lipid accumulation, while only Chlamydomonas showed 
increased carbohydrate production. This study suggests that Chlamy
domonas is a promising candidate for QSS-driven polysaccharide pro
duction, while Scenedesmus, with its robust metabolic stability and 
strong lipid response, emerges as a suitable target for QSS-enhanced 
lipid production. Chlorella vulgaris exhibited the broadest transcrip
tional response, including increased lipid biosynthesis together with 
suppression of photosynthesis and general metabolism. These findings 
support the use of QSSs to direct microalgal metabolism toward desired 
bioproducts and suggest their potential in species-specific bioprocessing. 
They also indicate that wastewater may serve not only as a nutrient 
source but also as a reservoir of signaling molecules. However, chal
lenges remain, including variation in AHL composition in different 
wastewater streams, possible effects on microbial communities, and the 
trade-off between metabolite accumulation and biomass productivity, 
which should be addressed in future studies.
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