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Abstract

Microalgal growth-promoting bacteria (MGPBs) represent a promising strategy to en-
hance biomass productivity, yet the mechanistic basis of these mutualistic interactions re-
mains poorly understood. Here, we isolated a new MGPB, Cupriavidus oxalaticus MEYAS,
and characterized its mutualistic interaction with the model microalga Chlamydomonas
reinhardtii. Co-cultivation at an optimal MEYAS: Chlamydomonas ratio greatly enhanced
microalgal cell density and chlorophyll content, which reached 2.1-fold and 1.6-fold those
of the control, respectively, with markedly improved photosynthetic efficiency across
both photosystems. Transwell assays confirmed that this promotion is mediated by dif-
fusible metabolites rather than direct cell contact. Metabolites and multi-omics analyses
revealed that MEYAS8 can produce compounds similar to indole-3-acetic acid (IAA) and
is adapted to the microalgal phycosphere by preferentially utilizing organic acids and
amino acid derivatives. In response, Chlamydomonas upregulated proteins involved in
photosynthetic electron transport, energy metabolism, and nitrogen assimilation, con-
sistent with the observed enhancement in photosynthetic performance. These findings
suggest a metabolically reciprocal interaction model: MEYAS supplies diffusible growth-
promoting factors such as IAA-like compounds to enhance Chlamydomonas photosynthe-
sis and growth, while Chlamydomonas provides organic substrates that sustain bacterial
proliferation. Our work provides new insights into algal-bacterial mutualism and may
provide a new microbial resource for engineering microalgal and beneficial bacterial con-
sortia.

Keywords: microalga growth-promoting bacteria (MGPB); algal-bacterial interaction;
mutualism

1. Introduction

Microalgae serve as fundamental primary producers in aquatic ecosystems, driving
global carbon fixation and biogeochemical cycling [1]. Among them, Chlamydomonas rein-
hardtii (Chlorophyta, Chlorophyceae), a unicellular green microalga distinguished by
rapid proliferation, a well-characterized genome, and photosynthetic machinery highly
conserved with higher plants, has emerged as a model organism in cutting-edge research
spanning photosynthesis, cellular metabolism, and synthetic biotechnology [2]. Despite
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its promise, the large-scale cultivation of Chlamydomonas remains constrained by high nu-
trient demands, environmental sensitivity, and low biomass yields [3].

In both natural and engineered aquatic ecosystems, microalgae often coexist with di-
verse bacterial communities. During growth, microalgae secrete extracellular carbohy-
drates, organic acids, and other metabolites, constructing a unique microenvironment
known as the phycosphere [4,5]. Taxonomic surveys indicate that bacterial communities
within the phycosphere represent structured rather than random assemblages [6,7]. For
instance, among the bacteria associated with C. reinhardtii, members of Pseudomonadota
(particularly Alphaproteobacteria and Betaproteobacteria) and Bacteroidota are fre-
quently enriched [8]. Some representative taxa, including Rhizobiaceae, Caulobacteraceae,
Sphingomonadales, and Burkholderiales, have been frequently detected in the phyco-
sphere bacterial community [9,10]. Within this specialized niche, microalgae and bacteria
engage in intricate, dynamic interspecies interactions, where bacteria exert profound reg-
ulatory effects on microalgal growth, metabolism, and stress tolerance [8]. Microalga
Growth-Promoting Bacteria (MGPB) are defined as bacterial strains that can significantly
enhance microalgal growth and metabolic activity during interspecific interactions, even
under adverse environmental stress conditions [11]. Accumulating evidence demon-
strates that bacteria promote microalgal growth and metabolism via multiple mechanisms.
This growth stimulation can be mediated by bacterial synthesis and secretion of hormones
such as indole-3-acetic acid (IAA) [12-15], associations with nitrogen-fixing bacteria that
may improve nitrogen availability [16-18], siderophore secretion to chelate iron [19-22],
and the exchange of essential cofactors, including various vitamins crucial for microalgal
physiological processes [23-27]. For instance, the strain Emticicia sp. EG3 has been demon-
strated to enhance both the biomass and lipid content of Euglena gracilis [28], while Bacillus
tequilensis significantly elevates cell density, dry weight, and the accumulation of chloro-
phyll and astaxanthin in Haematococcus lacustris [29]. Additionally, metabolites from Ba-
cillus, Mesorhizobium, and Phaeobacter have been shown to boost microalgal specific growth
rates by 22% to 69% [30]. Despite these advances, most studies remain correlative or focus
on isolated metabolites, leaving the integrated metabolic networks and causal mecha-
nisms of algal-bacterial mutualism largely unexplored.

All these beneficial interactions have provided insights into the development of al-
gal-bacterial consortia to improve the biomass yield and the tolerance to stress conditions
[31]. However, the bacterial diversity and specific molecular and physiological mecha-
nisms governing growth-promoting mutualisms still remain poorly understood. In this
study, we aimed to screen new MGPBs of the model green microalga, Chlamydomonas, and
determine the underlying growth-promoting regulatory mechanism. We found that Cu-
priavidus oxalaticus MEYAS, a previously uncharacterized bacterium, can form a mutual-
istic interaction with Chlamydomonas. We further combined physiological characteriza-
tion, co-culture experiments using different initial algal-to-bacterial ratios, and multi-om-
ics analyses to systematically investigate the reciprocal metabolic adaptations of both
partners. This study provides a mechanistic basis for the potential application of Cupriavi-
dus oxalaticus MEYAS in the design of synthetic microalgal-bacterial consortia and the
optimization of microalgal cultivation.

2. Materials and Methods
2.1. Growth of Chlamydomonas

Chlamydomonas reinhardtii (CC1690, obtained from the Chlamydomonas Resource
Center) was axenically maintained on Tris-acetate—phosphate (TAP) plate [32]. Before use,
culture was assessed by microscopic examination and by spreading aliquots of the culture
onto TY or R2A agar. Cultures were considered axenic when no bacteria were observed
microscopically and no colonies developed on medium. The microalgal culture was
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incubated at 25 °C under continuous illumination at a light intensity of 120 umol photons
m2 s, with gentle agitation to maintain homogeneous growth.

2.2. Isolation and Identification of Bacteria

Water samples were collected from Nan-Lake, Wuhan, Hubei Province, China, in
July 2023. The dilutions of water samples were spread on TY agar [33]. After three to six
days of incubation, individual colonies were selected, and their pure cultures were iden-
tified using serial streak-plating. The purified bacteria were co-cultured with Chlamydo-
monas at different initial inoculation ratios. For taxonomic identification, 16S rRNA genes
of the screened bacteria were amplified using the universal primer pair 27F (5-AGAG-
TTTGATCMTGGCTCAG-3') and 1492R (5-TACGGYTACCTTGTTACGACTT-3") [34]
and sequenced. Amplification conditions were as follows: initial denaturation at 98 °C for
3 min and 30 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 10 s, and
extension at 72 °C for 30 s, followed by a final extension at 72 °C for 3 min. The PCR prod-
ucts were verified by agarose gel electrophoresis, purified using DNA Gel Extraction Kit
(Simgen, Hangzhou, China), and subjected to Sanger sequencing. Sequences were blasted
in EzBioCloud databases [35] to identify the closest sequences. Since the EzBioCloud re-
sults did not provide a clear species-level assignment, 16S rRNA gene sequences of type
strains within the same genus were retrieved based on information from the LPSN data-
base [36] to blast.

2.3. Estimation of Salkowski-Reactive Indole Compounds Produced by MEYAS

The production of Salkowski-reactive indole compounds was estimated using the
Salkowski colorimetric method as described previously [37,38]. Briefly, the bacterium was
cultured in tryptophan-supplemented medium, and the cell-free supernatant was mixed
1:1 (v/v) with Salkowski reagent. After 30 min of dark incubation, a pink color indicated
IAA production.

2.4. Co-Cultivation of Chlamydomonas with Bacteria

Chlamydomonas and bacteria were separately cultured to the logarithmic growth
phase. Cells of both organisms were harvested by centrifugation and washed three times
with HSM [39] to remove residual nutrients and extracellular metabolites. HSM was se-
lected for the co-cultivation experiments to establish predominantly photoautotrophic
conditions and to avoid the confounding effects of exogenous carbon on bacterial growth
and algal-bacterial metabolite exchange. The initial density of Chlamydomonas was deter-
mined using a hemocytometer. Cell density of Cupriavidus was determined based on the
correlation between the colony forming units on plate and optical density at 600 nm. Sub-
sequently, the alga and bacterium were co-inoculated into HSM at a defined initial inoc-
ulation ratio (1000:1 to 1:1000), and axenic mono-culture of Chlamydomonas was set as the
control. Each group was performed in biological triplicate. All cultures were incubated at
25 °C for 7 days under continuous illumination at an intensity of 120 pmol photons m
s

To examine whether cell-cell contact is required, a transwell co-culture system was
utilized to spatially separate the bacterium from Chlamydomonas. The insert was fitted with
a 0.1 um filter at the bottom, which effectively blocked the contact between microalgal and
bacterial cells while permitting the free diffusion of extracellular metabolites. For co-cul-
tivation, the bacterial suspension was inoculated into the upper insert chamber, whereas
an algal suspension of Chlamydomonas was incubated in the corresponding lower well of
the culture plate. This setup enabled the investigation of microalgal growth responses
solely to diffusible metabolites secreted by the bacterium, without direct cell-cell contact.
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2.5. Photosynthetic Parameter Measurement

To assess the photosynthetic characteristics of Chlamydomonas, three key photosyn-
thetic parameters were determined, including chlorophyll content, the maximum photo-
chemical efficiency of photosystem II (PSII), and the redox induction kinetics of photosys-
tem I (PSI) reaction center P700. Chlorophyll content was quantified following the method
described by Minocha [40]. For chlorophyll fluorescence analysis, algal cells were first
dark-adapted for a minimum of 20 min to ensure full relaxation of the PSII reaction centers,
after which the maximum quantum yield of PSII was measured using a Water PAM chlo-
rophyll fluorometer (Pulse-Amplitude-Modulation, Walz GmbH, Effeltrich, Germany). In
parallel, P700 redox induction kinetics of Chlamydomonas were recorded with a JTS-10
spectrophotometer (BioLogic Science Instruments, Seyssinet-Pariset, France). Prior to de-
tection, samples were dark-adapted for at least 5 min to eliminate light-dependent inter-
ference and ensure stable signal acquisition.

2.6. Transmission Electron Microscopy (TEM) Observation of Bacterial Morphology

The bacterium was cultured in TY liquid medium at 30 °C with shaking at 180 rpm
until reaching the logarithmic growth phase. The bacterial suspension was dropped onto
a copper grid and incubated for 30 s. Subsequently, the sample was negatively stained
with 0.1% uranyl acetate for 1 min. After staining, the copper grid was rinsed three times
with sterile water. The grid was air-dried naturally at room temperature and finally ob-
served under a transmission electron microscope.

2.7. Metabolic Phenotype Assay Using Biolog GEN III MicroPlate™

Bacterial metabolic phenotype and substrate utilization profile were determined us-
ing a Biolog GEN III MicroPlate system (Biolog, Inc., Hayward, CA, USA), which contains
94 different phenotypic detection wells, including 71 carbon source utilization wells and
23 chemical sensitivity detection wells. Firstly, strain MEYAS8 was streaked and cultured
on fresh TY solid medium to obtain pure single colonies. A typical single bacterial colony
was picked and suspended in the Biolog inoculating fluid, and the bacterial suspension
was adjusted to the optimal turbidity required by the instrument protocol using a turbi-
dimeter. Subsequently, the prepared bacterial suspension was evenly inoculated into each
well of the GEN III MicroPlate at a volume of 100 uL per well. The inoculated microplate
was incubated statically at 30 °C for 48 h. After incubation, the Biolog microbial identifi-
cation system was used to read and record the absorbance value (ODs% nm) of each well.
The positive utilization, negative utilization, and marginal utilization of different carbon
sources and the tolerance response to various chemical stressors of strain MEYAS8 were
analyzed based on the color reaction and turbidity changes in each well.

2.8. Third-Generation Bacterial Genome Sequencing

Whole-genome sequencing of strain MEYAS8 was performed by Beijing Biomarker
Technologies Co., Ltd. (Beijing, China). A ligation-based Nanopore library was prepared
using the Ligation Sequencing Kit 1D (SQK-LSK109; Oxford Nanopore Technologies, Ox-
ford, UK), and the flow cell was primed using the Flow Cell Priming Kit (EXP-
FLP001.PRO.6; Oxford Nanopore Technologies, Oxford, UK). Long-read sequencing was
conducted on a PromethION 48 instrument using a PromethlON flow cell (FLO-PRO002,
R9.4.1; Oxford Nanopore Technologies, Oxford, UK). Raw sequencing signals in FAST5
format were base-called with Guppy v3.2.6, followed by removal of adapters and quality
control. The filtered long reads were de novo assembled using Canu v1.5, and the assem-
bly was further polished with Illumina NovaSeq 6000 short-read data using Pilon v1.22.
Protein-coding genes were predicted using Prodigal v2.6.3, and tRNA genes were identi-
fied using tRNAscan-SE v2.0, whereas rRNA genes and other non-coding RNAs were
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predicted using Infernal v1.1.3 against the Rfam database. Functional annotation was per-
formed by comparison against NCBI non-redundant protein sequence database (NR),
KEGG, eggNOG, Swiss-Prot, and TrEMBL databases, with Gene Ontology (GO) and Pfam
annotations assigned using Blast2GO v2.5 and HMMER v3.0, respectively.

2.9. Proteomics Analysis

Protein expression levels were quantified using a label-free proteomics approach. Af-
ter 7 days of cultivation in HSM, mono-cultures and co-cultures were harvested by cen-
trifugation (5000x g, 10 min, 4 °C). Cell pellets were immediately snap-frozen in liquid
nitrogen and stored at —80 °C until further processing. Total protein extraction and sample
preparation were performed following the label-free quantitative proteomics protocol de-
scribed by Zhao et al. [41]. Briefly, frozen cell pellets were resuspended in ice-cold lysis
buffer (2% SDS, 40 mM Tris base, pH 8.5, 60 mM DTT) supplemented with 1x protease
inhibitor cocktail (Roche) to prevent proteolytic degradation. Cells were disrupted by ul-
trasonic homogenization (135 W, 5 s on/5 s off, 10 min) on ice, followed by centrifugation
at 13,000x g for 10 min at 4 °C to remove insoluble cell debris. The protein concentration
in the supernatant was determined using a BCA protein assay kit (Beyotime Biotechnol-
ogy, Shanghai, China) with bovine serum albumin (BSA) as the standard. Total protein
(100 pg) extracted from each sample was subjected to subsequent experiments. Protein
reduction was achieved by incubating samples with 10 mM DTT at 56 °C for 30 min, fol-
lowed by alkylation with 55 mM iodoacetamide in the dark at room temperature for 30
min. Trypsin (Promega Corporation, Madison, WI, USA) was added at a 1:50 (enzyme:
protein) ratio, and digestion was carried out at 37 °C for 16 h with gentle shaking. The
resulting peptide samples were analyzed using an Exactive Plus Orbitrap mass spectrom-
eter (Thermo Fisher Scientific, Bremen, Germany) coupled to an EASY-nLC 1200 system
(Thermo Fisher Scientific, Rockford, IL, USA). Approximately 1 pg of peptide sample was
loaded onto a C18 column with a pore size of 150 A, a length of 15 cm, and an internal
diameter of 100 pm and separated at a flow rate of 300 nL/min over 120 min. Peptides
were eluted using a segmented linear gradient of mobile phase B from 10% to 80%, with
mobile phase A consisting of 5% acetonitrile and 0.1% formic acid and mobile phase B
consisting of 90% acetonitrile and 0.1% formic acid. The eluted peptides were ionized by
nanoelectrospray ionization at a spray voltage of 2.0 kV. Mass spectrometric analysis was
performed in data-dependent acquisition mode. Full MS precursor scans were acquired
over a mass range of 350-2000 m/z at a resolution of 70,000. The 20 most abundant pre-
cursor ions from each full scan were selected for higher-energy collisional dissociation
fragmentation. MS/MS spectra were acquired in the Orbitrap at a resolution of 17,500 us-
ing an isolation window of 1.8 m/z. The dynamic exclusion duration was set to 40 s, and
the automatic gain control target was set to 5 x 104 [42].

To compare protein expression profiles between co-culture and monoculture systems,
the distributed normalized spectral abundance factor (INSAF) was calculated for each
identified protein according to the algorithm in the previous literature [43,44]. Differen-
tially expressed proteins of bacteria in co-culture versus mono-culture systems were iden-
tified through pairwise comparisons. Natural log-transformed dNSAF data were com-
pared using Student’s ¢-test in GraphPad Prism (version 8.0.1; GraphPad Software, Boston,
MA, USA). Proteins with a fold change greater than or equal to 1.5 and a p-value below
0.05 were identified as significantly differentially expressed proteins (DEPs). Subse-
quently, KEGG functional enrichment analysis of these DEPs was performed using
TBtools-1I v2.463 [45], and their related metabolic pathways were further annotated and
analyzed with reference to the KEGG pathway database.
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2.10. Effects of Exogenous Phytohormones and Vitamins on Chlamydomonas

Chlamydomonas cells cultured to the logarithmic growth phase were collected by cen-
trifugation, washed three times with HSM to remove residual culture components, and
resuspended to obtain an axenic algal suspension. For the exogenous supplementation
tests, JAA was added to the algal suspension at a series of concentrations, 0.1, 0.2, 0.5, 1,
3, 5, and 10 mg/L; vitamin B: (VB1) was added at 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 mg/L;
vitamin Br (VBr) was added at 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 pg/L. Chlamydomonas cell
density and chlorophyll content were determined to compare the effects of supplementa-
tions on growth.

3. Results
3.1. Growth Promotion Effect of Chlamydomonas by Bacterial Isolates

In this study, we isolated bacterial strains from a water sample collected from Nan-
Lake in Wuhan. Co-culture screening with Chlamydomonas revealed strain-specific effects
on algal growth (Figure Sla). Among the tested 27 isolates, strain MEYAS8 consistently
elicited the most substantial increases in chlorophyll content and was selected for further
characterization.

Co-cultivation of Chlamydomonas with MEYAS exhibited in a bacterial: algal inocu-
lum ratio-dependent effect on Chlamydomonas growth. Across the tested ratios (1:1000 to
1000:1), the growth-promoting effect peaked at 100:1 (Figure 1a, Figure S1b). At this opti-
mal initial inoculum ratio, strain MEYAS significantly promoted Chlamydomonas growth
through growth dynamic monitoring (Figure 1b). Concurrently, bacterial cell density also
increased progressively throughout the co-cultivation (Figure 1c). We also found the pres-
ence of MEYAS significantly increased the maximum quantum efficiency of PSII (Fv/Fm,
about 1.2-fold) relative to the axenic control (p < 0.001, Figure 1d). Consistently, chloro-
phyll fluorescence induction kinetics revealed a significantly amplified light-induced flu-
orescence change (Al/I) 705nm in co-cultured Chlamydomonas (Figure 1le), reflecting stronger
photochemical quenching and higher electron transport efficiency through PSI. These
data indicated that growth and photosynthetic performance of Chlamydomonas are pro-
moted in the co-cultures. We further conducted the co-cultivations using the transwell
system to separate the direct bacterial-microalgal contacts. Diffusible metabolites signifi-
cantly increased Chlamydomonas cell density and chlorophyll content relative to the axenic
control (Figure 1f,g), implying that this promotion is cell-cell contact-independent.

3.2. Taxonomic Assignment of Strain MEYAS8

Comparison of the 16S rRNA gene sequence of MEYAS indicated that its closest
match was Cupriavidus oxalaticus DSM 11057, with a sequence similarity of 99.25%. Phylo-
genetic analysis (Figure 2a) demonstrated that strain MEYAS8 and Cupriavidus oxalaticus
formed a separated clade, indicating a close evolutionary relationship. These phylogenetic
results indicated strain MEYAS8 belongs to the genus Cupriavidus. Whole-genome compar-
ison further showed that MEYAS shared an ANI value of 99.40% and a dDDH value of
78.3% with C. oxalaticus DSM 1105". Both values were above the generally accepted spe-
cies-level thresholds of 95-96% for ANI and 70% for dDDH [46], supporting the identifi-
cation of MEYAS as a strain of Cupriavidus oxalaticus (Cupriavidus).

Cupriavidus MEY A8 formed translucent and moist colonies with smooth surfaces and
irregular margins. TEM observation showed that MEYAS cells were short rod-shaped to
ovoid in shape, approximately 1.0-1.5 um in length and 0.5-0.8 um in width, with a
smooth and continuous cell envelope (Figure 2b). Long, thin, peritrichous flagella were
observed on the cell surface, suggesting potential motility.
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Figure 1. Growth-promoting effect of strain MEYAS8 on Chlamydomonas and co-culture growth
dynamics. (a) Effects of different ratios of strain MEYAS8 on the chlorophyll content of
Chlamydomonas (Cr). (b) Growth curve of Chlamydomonas co-cultured with strain MEYAS8 in HSM at
a bacterial-to-algal inoculation ratio of 100:1. (c¢) Growth curve of strain MEYAS co-cultured with
Chlamydomonas in HSM at a bacterial-to-algal inoculation of 100:1. (d) The maximum quantum
efficiency (Fv/Fm) of PSII in Chlamydomonas under co-culture with strain MEYAS. (e) P700
oxidation-reduction kinetics of Chlamydomonas under co-culture with strain MEYAS. (f,g) Effects of
direct and indirect co-culture (physically separated by transwell) on Chlamydomonas cell number (f)
and chlorophyll content (g). (Values are means + SD (n = 3). Statistical significance was determined

by t-test. Asterisks indicate significant differences from the control: ** p <0.01, and ** p <0.001.)

Phenotypic profiling using Biolog GEN III microplates revealed that strain MEYAS8
exhibited relatively weak utilization of most carbohydrates and sugar alcohols but
showed stronger metabolic activity toward organic acids (e.g., L-malic acid, B-hydroxy-
D,L-butyric acid, L-lactic acid, and citric acid) and selected amino acid derivatives (e.g.,
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(a)

glycyl-L-proline, L-aspartic acid, L-glutamic acid, and L-pyroglutamic acid) (Figure 2c).
In addition, the strain exhibited weaker growth at pH values below 6 and under high-salt
conditions (NaCl > 1%). These results indicated that strain MEYAS8 was characterized by
preferential utilization of organic acids, moderate tolerance to mildly acidic conditions,
and adaptability to low-salinity environments, which may facilitate its colonization of the
Chlamydomonas phycosphere.

MEYAS (b)

Cupriavidus oxalaticus DSM 1105 (AF155567)
Cupriavidus necator ATCC 43291 (AF191737)
Cupriavidus alkaliphilus ASC-732 (HQ438078)
Cupriavidus taiwanensis LMG 19424 (AF300324)

Cupriavidus pinatubonensis 1245 (AB121221

Cupriavidus laharis 1263a (AB054961

Cupriavidus gilardii LMG 5886 (AF076645)
Cupriavidus metallidurans (CH 34 Y10824)

S v & 9 o EmCarbohydrates B Sugar acids/uronic acids WM Amino acids/peptides/proteins
[ Carboxylic acids B Alcohols/polyols I Lipids/surfactant carbon sources
I:l I Nucleosides W Osmotic/pH stress [ Antibiotic/chemical resistance

Ral. ia syzygii ROO1 (U28237)
&

Figure 2. Taxonomic identification and physiological characterization of strain MEYAS. (a)
Phylogenetic tree of MEYAS. Phylogenetic tree indicating the relationship of the 16S rRNA gene
sequence of MEYAS to those representative related bacterial strains. The phylogenetic tree was
constructed using the neighbor-joining method. Bootstrap values (1000 replicates) are shown at the
branches. The tree is drawn to scale, with branch lengths indicating evolutionary distances. Ralstonia
syzygii RO01 was used as the outgroup. The scale bar of 0.01 represents the genetic distance.
GenBank accession numbers of closely related strains are shown in parentheses. (b) Transmission
electron microscopy (TEM) image of strain MEYAS. A rod-shaped cell with flagella was shown at
10,000x magnification, with a scale bar of 1.0 um. (c) Metabolic profile of strain MEYAS obtained
using the Biolog GEN III MicroPlate. The heatmap shows the utilization intensity of 94 test wells,
represented by absorbance values at 590 nm (As). The color gradient from white to dark blue

indicates increasing utilization intensity (0-2.0, truncated at 2.0).

3.3. Genomic Characterization and Functional Validation of Growth-Promoting Traits

The MEYAS genome assembly comprised three contigs, including two large chromo-
somes (chromosome 1: 3,669,605 bp and chromosome 2: 2,397,653 bp) and a putative plas-
mid (contig00003: 603,547 bp). This multipartite architecture is characteristic of the genus
Cupriavidus and aligns with closely related strains such as C. necator JMP134, C. metal-
lidurans CH34, and Cupriavidus sp. Agwp_2 [47-49]. Circular maps depicting genomic
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features (GC content, GC skew, sequencing depth, and coding gene distribution) are
shown in Figure 3a. The 6.67-Mb genome exhibits a GC content of 66.56% and encodes
6019 predicted proteins.

KEGG functional annotation assigned the predicted genes of MEYAS to various bio-
logical pathways, with the largest proportion assigned to metabolism (Figure 3b). Specif-
ically, amino acid metabolism (300), carbohydrate metabolism (292), xenobiotic biodegra-
dation and metabolism (205), and energy metabolism (195) constituted the largest func-
tional categories. Notably, a substantial number of genes were assigned to signal trans-
duction (164) and membrane transport (140), suggesting the potential involvement of
MEYAS in environmental sensing and nutrient exchange. In contrast, genetic information
processing (198), cellular processes (222), and organismal systems (78) accounted for rel-
atively smaller proportions of the genome. Additionally, we characterized the CAZyme
repertoire of MEYAS8. Genome mining identified 71 CAZyme-related genes, comprising
43 glycosyltransferases (GTs), 18 glycoside hydrolases (GHs), 5 auxiliary activity enzymes
(AAs), 3 carbohydrate esterases (CEs), and 2 carbohydrate-binding modules (CBMs) (Fig-
ure 3c).

We conducted a targeted analysis of genes associated with growth-promoting traits,
particularly focusing on phytohormone and vitamin biosynthesis. Genomic annotation
revealed that MEYAS8 harbors complete biosynthetic pathways for IAA, thiamine (VB:)
and biotin (VBr) (Table S1). Specifically, the strain encodes a complete IAA biosynthetic
pathway via the indole-3-pyruvic acid (IPyA) route (Figure S2a). This capability was ex-
perimentally confirmed by the detection of MEYAS culture (Figure S2b). To evaluate the
physiological relevance of these compounds, we tested their effects on Chlamydomonas
growth. Exogenous IAA exerted a dose-dependent hormetic effect on the growth of Chia-
mydomonas (Figure S2c,d): low concentrations (0.1-0.5 mg/L) significantly promoted Chla-
mydomonas proliferation and chlorophyll accumulation, whereas high concentrations (=3
mg/L) inhibited its growth. In contrast, exogenous supplementation with VB1 or VB did
not yield a clear growth-promoting effect under our conditions (Figure S2e-h).
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Figure 3. Genomic analysis and functional annotation of Cupriavidus MEYAS. (a) Circular maps of
the chromosomes and plasmid of MEYAS8. The outermost circle indicates the genome size with a
scale of 5 kb per tick. The second and third circles represent genes on the positive and negative
strands, respectively, with different colors corresponding to various COG functional categories. The
fourth circle shows repetitive sequences. The fifth circle displays tRNA and rRNA genes, with tRNA
in blue and rRNA in purple. The sixth circle represents the GC content: light yellow regions indicate
higher GC content than the genome average, with higher peaks representing greater deviation; blue
regions indicate lower GC content than the average. The innermost circle shows the GC-skew: dark
gray represents regions with G > C, and red represents regions with C > G. (b) KEGG pathway
classification for the MEYAS genome. Different colors represent the KEGG level-1 functional cate-
gories, including Metabolism (red), Genetic Information Processing (green), Environmental Infor-
mation Processing (blue), Cellular Processes (orange), Organismal Systems (purple), and Others
(yellow). (¢) CAZyme prediction for the MEYAS8 genome. GT: Glycosyltransferase; GH: Glycoside
hydrolase; CE: Carbohydrate esterase; CBM: Carbohydrate-binding module; AA: Auxiliary activity

enzymes.

3.4. Comparative Proteomic Analysis of MEYAS8

Comparative proteomics analysis of Cupriavidus MEYAS8 under co-culture and mono-
culture identified 897 differentially expressed proteins, with 313 upregulated and 584
down-regulated (Figure 4a). KEGG enrichment analysis revealed that the upregulated
proteins were predominantly associated with central carbon metabolism (32 protein as-
signments), amino acid biosynthesis/metabolism (39), and energy metabolism (28) (Figure
4b). Specifically, regarding carbon utilization and energy generation, the glyoxylate and
dicarboxylate metabolism pathway showed the strongest enrichment, with 16 upregu-
lated proteins (rich factor = 3.059, adjusted p value < 0.001) (Figure 4d). Proteins such as
Acs (acetyl-CoA synthetase) [Fold change (FC) = 1.66, p < 0.05], GckA/GlyctK (glycerate
kinase) (FC =1.84, p <0.05), and Gph (2-phosphoglycolate phosphatase/phosphoglycolate
phosphatase) (FC = 5.57, p < 0.01) were significantly upregulated, suggesting enhanced
uptake and conversion of algal-derived organic carbon. Concurrently, the pentose phos-
phate pathway appeared to be enhanced, with increased abundance of Zwf (glucose-6-
phosphate dehydrogenase), Pgl (6-phosphogluconolactonase), Rpe (ribulose-phosphate
3-epimerase), and TktA/TktB (transketolase), whose FC values ranged from 1.53 to 2.55 (p
< 0.05), indicating enhanced carbon flux and NADPH generation. Proteins related to oxi-
dative phosphorylation were also upregulated, collectively helping to maintain high met-
abolic activity in the phycosphere. Proteins involved in respiratory electron transport and
ATP synthesis were upregulated, including NuoA/NuoD/NuoL/NuoM (NADH-quinone
oxidoreductase subunits), CoxA/CoxB and CcoN (cytochrome c oxidase subunits), CydA
(cytochrome bd ubiquinol oxidase subunitl), and AtpD/AtpH/AtpE (F-type ATP synthase
subunits), suggesting enhanced respiratory activity and ATP generation. Furthermore,
enzymes involved in aromatic amino acid biosynthesis, including AroQ (chorismate mu-
tase), AroC (chorismate synthase), and TyrB (aromatic-amino-acid aminotransferase),
were upregulated. Crucially, TrpA (tryptophan synthase alpha chain) and TrpB (trypto-
phan synthase beta chain), which catalyze the final steps of tryptophan biosynthesis, a
precursor of IAA, were significantly upregulated, with FC values of 2.95 and 1.52 (p <0.05),
respectively, suggesting metabolic reprogramming to fuel IAA production during co-cul-
tivation.

In contrast, the down-regulated proteins were predominantly associated with genetic
information processing and cellular proliferation (Figure 4c). Most notably, a broad de-
crease in 16 ribosomal proteins, such as Rpml (50S ribosomal protein L35), RplT (50S ri-
bosomal protein L20), RpmB (50S ribosomal protein L28), and RpsG (30S ribosomal pro-
tein S7), with FC values ranging from 0.15 to 0.53, indicated substantially reduced
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translational activity at the sampling time point (Figure 4e). Similarly, six proteins in-
volved in DNA replication and repair, including DnaB (Replicative DNA helicase), DnaX
(DNA polymerase III subunit tau/gamma), and UvrA (Excinuclease ABC subunit A), were
down-regulated, reflecting reduced cellular investment in proliferation. Additionally,
proteins related to protein secretion, glutathione metabolism, and secondary metabolism

showed decreased abundance.
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Figure 4. Proteomic pathway enrichment of differentially expressed proteins in Cupriavidus MEYAS8
under co-culture versus monoculture conditions. (a) Volcano plot of differentially expressed
proteins in Cupriavidus MEYAS8 under co-culture versus monoculture conditions. The x-axis
represents log: fold change (co-culture/monoculture), and the y-axis represents -logio (p-value). The
horizontal dashed line indicates the significance threshold (p < 0.05), and the vertical dashed lines
indicate the fold-change thresholds for upregulated and downregulated proteins, corresponding to
FC> 1.5 and FC < 0.66. Red dots: significantly upregulated proteins; blue dots: significantly down-
regulated proteins; black: proteins with no significant difference. (b) KEGG pathway enrichment
bubble plot of up-regulated proteins in Cupriavidus MEYAS under co-culture versus mono-culture
conditions. (¢) KEGG pathway enrichment bubble plot of downregulated proteins in Cupriavidus
MEYAS8 under co-culture versus monoculture conditions. (d) Heatmap of key proteins in
upregulated pathways under co-culture versus monoculture conditions. (e) Heatmap of key

proteins in down-regulated pathways under co-culture versus monoculture conditions.

3.5. Comparative Proteomic Analysis of Chlamydomonas

Comparative proteomic analysis of Chlamydomonas under co-culture with MEYAS8
and monoculture conditions identified 853 differentially expressed proteins, including
244 upregulated and 609 down-regulated proteins in the co-culture group (Figure 5a). Re-
garding the upregulated proteins, KEGG enrichment analysis and heatmap visualization
(Figure 5b,d) revealed three major functional modules. First, photosynthetic machinery
appeared to be enhanced, with up-regulation of photosynthesis-related pathways
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(photosynthesis and photosynthesis antenna proteins) and increased abundance of key
components of photosynthetic electron transport complexes [e.g., PSAE (photosystem I
subunit E), PETC (cytochrome b6f complex Rieske iron-sulfur subunit), and LHCBM4
(light-harvesting chlorophyll a/b-binding protein), with FC values of 2.76, 1.85, and 30.47,
respectively]. Second, mitochondrial energy metabolism was activated, as evidenced by
enrichment in oxidative phosphorylation and elevated levels of electron transport chain
components [e.g., COX4 (cytochrome c oxidase subunit) and CYC2 (cytochrome c), with
FC values of 1.63 and 1.53, respectively] and ATP synthase subunits [e.g., ATP4 (F-type
ATP synthase subunit delta)]. Third, carbon and nitrogen assimilation capacity was
strengthened, with up-regulation of carbon metabolism pathways (pentose phosphate
pathway and pentose and glucuronate interconversions) and nitrogen metabolism path-
ways (arginine biosynthesis and alanine/aspartate/glutamate metabolism), accompanied
by increased abundance of carbon metabolism enzymes [e.g., RPE1 (ribulose-phosphate
3-epimerase) and FBA1 (fructose-bisphosphate aldolase)] and the nitrogen assimilation
enzyme GLN1 (glutamine synthetase; FC =1.85, p <0.05).
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Figure 5. Proteomic pathway enrichment of differentially expressed proteins in Chlamydomonas
under co-culture versus monoculture conditions. (a) Volcano plot of differentially expressed
proteins in Chlamydomonas under co-culture versus monoculture conditions. The x-axis represents
log> fold change (co-culture/monoculture), and the y-axis represents -logio (p-value). The horizontal
dashed line indicates the significance threshold (p < 0.05), and the vertical dashed lines indicate the
fold-change thresholds for upregulated and down-regulated proteins, corresponding to FC > 1.5
and FC < 0.66. Red dots: significantly upregulated proteins; blue: significantly down-regulated
proteins; black dots: proteins with no significant difference. (b) KEGG pathway enrichment bubble
plot of up-regulated proteins in Chlamydomonas under co-culture versus monoculture conditions. (c)
KEGG pathway enrichment bubble plot of downregulated proteins in Chlamydomonas under co-
culture versus mono-culture conditions. (d) Heatmap of key proteins in upregulated pathways
under co-culture versus monoculture conditions. (e) Heatmap of key proteins in down-regulated

pathways under co-culture versus monoculture conditions.
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In contrast, the down-regulated proteins were dominated by proteins involved in
genetic information processing and biosynthetic and metabolic activities (Figure 5c). The
heatmap (Figure 5e) revealed comprehensive down-regulation of translational machinery,
including multiple ribosomal proteins [e.g., RPS13 (40S ribosomal protein S13), RPS4 (40S
ribosomal protein S4), RPL36 (60S ribosomal protein L36), and PRPL13 (ribosomal protein
L13), with FC values of 0.07, 0.23, 0.26, and 0.18, respectively] and aminoacyl-tRNA syn-
thetases [e.g., Cre02.g142352.t1.1 (histidyl-tRNA synthetase), TST2 (threonyl-tRNA syn-
thetase), and TSM2 (methionyl-tRNA synthetase)]. Beyond translation, several proteins
involved in other branches of central carbon metabolism, particularly TCA cycle-related
enzymes such as CIS2 (citrate synthase; FC = 0.32), ACLA1 (ATP-citrate lyase A-1,
Cre05.g241850.t1.2; FC = 0.29), and ATP-citrate synthase B-1, Cre02.g088600.t1.2; FC =
0.55)], lipid metabolism (fatty acid metabolism), and some proteins assigned to porphyrin
and chlorophyll metabolism showed decreased abundance. Additionally, proteins associ-
ated with tRNA modification [e.g., Cre12.g558400.t1.1 (queuine tRNA-ribosyltransferase
catalytic subunit 1)] showed reduced abundance.

4. Discussion

In this study, we isolated MEYAS, a previously uncharacterized bacterial strain that
significantly stimulates the growth of the model microalga Chlamydomonas reinhardtii.
Members of the genus Cupriavidus are extensively recognized for plant growth promotion
[50,51], heavy metal resistance [52-54], xenobiotic degradation [55,56], and bioproduction
[57,58]. However, its functional roles in microalgal growth promotion remain poorly char-
acterized. Recent environmental surveys have occasionally detected Cupriavidus in spe-
cific aquatic niches, including the microbiomes of the marine dinoflagellate Prorocentrum
cordatum [59], freshwater Microcystis blooms [60], and Chlorella—Cupriavidus consortia [61].
A preliminary screening of the global database “Microbial Community Database”
(MiCoDa v2) [62] revealed that Cupriavidus has been detected in freshwater streams and
lakes, wetlands, aquatic microbiomes, and other environmental samples, indicating its
widespread presence in aquatic environments worldwide. Our findings demonstrate that
Cupriavidus MEYAS can be a new MGPB for Chlamydomonas, confirming its potential to
establish beneficial interactions in the phycosphere and thereby expanding our under-
standing of algal-bacterial interactions. All these results suggest some Cupriavidus bacte-
ria may play roles in the growth and function of phytoplankton, which have been largely
overlooked in previous studies. However, more investigations are still needed in the fu-
ture to better understand the ecological distributions and functional roles of Cupriavidus
in the phycosphere.

Multi-omics data reveal that MEYAS undergoes coordinated metabolic adaptations
during co-culture. Phenotypic profiling showed that MEYAS preferentially utilizes or-
ganic acids and amino acid derivatives (Figure 2c). These compounds are common com-
ponents of algal exudates in the phycosphere [63], suggesting that MEYA8 may be
adapted to use algal-derived metabolites during co-culture. Proteomic analysis confirmed
this shift, with co-culture upregulation of pathways for central carbon/nitrogen metabo-
lism, the pentose phosphate pathway, and glyoxylate/dicarboxylate metabolism, indicat-
ing enhanced substrate processing and energy generation. Specifically, the increased
abundance of Acs and GckA suggest an enhanced capacity of MEYAS to assimilate plau-
sible algal-derived substrates, potentially involving acetate and photorespiration-associ-
ated C2/C3 metabolites such as glycolate and glycerate [64—68]. It should be noted that
while these proteomic data indicate a strong potential for substrate assimilation, direct
evidence of organic acid uptake will require future measurement of their extracellular
concentrations during co-culture. Furthermore, members of the genus Cupriavidus, partic-
ularly C. necator, are well-established producers of polyhydroxyalkanoates (PHAs) under
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carbon-excess and nutrient-limited conditions [69-71]. The observed upregulation of Acs
and central carbon metabolic pathways in MEYAS raises the possibility that assimilated
algal-derived organic substrates could be channeled into acetyl-CoA and subsequently
directed toward PHB/PHA biosynthesis. However, direct PHA quantification, analysis of
the PhaA-PhaB-PhaC pathway, and stable-isotope tracing will be required to determine
whether algal-derived carbon is incorporated into bacterial biopolymers, which would
further highlight the biotechnological potential of this co-culture system.

In addition to carbon assimilation, co-cultivation also affected Cupriavidus pathways
associated with aromatic amino acid and indole-related metabolism. Notably, key en-
zymes in tryptophan biosynthesis (TrpA/TrpB) were specifically upregulated (Figure 4d),
supporting active IAA precursor production during interaction. MEYAS harbors a com-
plete IAA biosynthetic pathway and secretes IAA-like compounds based on Salkowski
assay (Figure S52a,b). Furthermore, transwell assays demonstrate that MEYAS8's stimula-
tory effect is mediated by a non-contact, diffusible factor. Our exogenous IAA assays
showed that low concentrations (0.5 mg L) promoted Chlamydomonas proliferation, while
higher levels were inhibitory (Figure S2c,d), consistent with typical hormetic responses
[12,72]. These dose-dependent results are also consistent with the effects of bacterial cell
density on Chlamydomonas growth, where only an optimum ratio yields a strong growth
stimulation (Figure 1a). These results collectively re-highlight that IAA or other indole-
related metabolites can greatly contribute to the mutualistic algal-bacterial interactions

Other metabolites may also contribute to this growth-promoting effect. Despite over-
all population growth, MEYA8 downregulated ribosomal and DNA replication proteins
during co-culture, suggesting a physiological transition from rapid proliferation to a re-
source-efficient, phycosphere-adapted state optimized for metabolic exchange. This met-
abolic remodeling likely provides the energetic and biosynthetic basis for sustained pro-
duction of diffusible growth-promoting factors. Although IAA is a strong candidate me-
diator, the growth-promoting effect of MEYAS is unlikely to be explained by a single me-
tabolite. Exogenous VB1 and VB7 showed no clear growth-promoting effect here (Figure
S2e-h), despite their known role in other systems [22,73]. However, the coordinated up-
regulation of aromatic amino acid biosynthesis proteins (such as AroQ, AroC, TyrB) (Fig-
ure 4d) suggests enhanced production of indole-related metabolites beyond IAA. The in-
creased utilization of microalgal-derived organic acids and amino acid derivatives may
provide the metabolic resources required for sustained synthesis of growth-promoting
compounds. Previous studies have shown that bacteria associated with microalgae can
influence host physiology through multiple mechanisms, including siderophore produc-
tion, volatile organic compounds, and extracellular polymeric substances [26,74]. There-
fore, the stimulatory effect of MEYAS8 may result from the combined action of IAA-like
compounds and additional metabolites that remain to be identified. Further genetic and
metabolomic analyses will be required to resolve the relative contribution of these factors.

The Chlamydomonas proteomic data revealed that co-cultivation has greatly altered
the abundance of various metabolic and regulatory proteins in the microalga. Co-culture
upregulated proteins involved in photosynthetic electron transport, light harvesting, and
mitochondrial ATP generation (Figure 5d), directly corroborating physiological improve-
ments in Fv/Fm and chlorophyll accumulation (Figure 1a,d). Concurrently, carbon metab-
olism and nitrogen assimilation proteins were enriched. These upregulated processes sug-
gest enhanced photosynthetic energy capture and altered nutrient assimilation during co-
cultivation. In contrast, translational machinery, aminoacyl-tRNA biosynthesis, and bio-
synthetic pathways (TCA cycle, fatty acid metabolism) (Figure 5e) were downregulated,
representing reduced abundance of translational machinery and altered biosynthetic ac-
tivity. Although this pattern may be consistent with changes in cellular resource allocation,
it should not be interpreted solely as an adaptive strategy. Reduced abundance of
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translational machinery may also reflect differences in specific growth rate, growth phase,
cell-division activity, cellular composition, metabolic acclimation, or physiological stress
at the time of sampling [75-78]. Taken together, the current findings provide a model of
reciprocal metabolic interaction in which bacterial metabolites influence algal physiology
and algal-derived substrates potentially sustain bacterial metabolic activity. This supports
the view that the phycosphere functions not merely as a nutrient-sharing microenviron-
ment but as a metabolically interactive niche in which bacterial metabolites influence algal
physiology and algal exudates support bacterial metabolic specialization [79,80].

Our results may provide new insights into the use of MGPBs to enhance microalgal
productivity [81]. Tailored bacterial partners could replace costly additives, improving
productivity and culture stability [82], while well-characterized strains like MEYAS8 may
enhance system resilience in open photobioreactors by modulating phycosphere dynam-
ics [83]. However, some key limitations still need to be addressed: the long-term consor-
tium stability needs validation in pilot-scale systems. Moreover, the targeted LC-MS/MS
analysis using authentic standards, combined with gene knockout and complementation
of candidate indole-metabolite biosynthetic pathways, should be required to identify and
quantify the active compounds. Future work should prioritize genetic dissection of bacte-
rial metabolite pathways and the rational design of synthetic consortia to transition algal—-
bacterial mutualisms from laboratory models to scalable bioproduction platforms.

5. Conclusions

In this study, we isolated Cupriavidus MEYAS as a growth-promoting bacterium for
Chlamydomonas reinhardtii. The growth-promoting effect varied with the bacterial
inoculation ratio, while transwell assays suggested that diffusible factors contribute to the
interaction. Genomic and proteomic analyses revealed that MEYAS is well adapted to the
Chlamydomonas phycosphere, preferentially utilizing microalgal-derived organic acids
and amino acid derivatives. Chlamydomonas upregulated photosynthetic, energy
metabolism, and nutrient assimilation proteins while downregulating translational and
biosynthetic machinery. This study provides new insight into algal-bacterial interactions
and highlights MEYAS as a promising bacterial partner for improving algal cultivation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/phycology6030089/s1, Figure S1: (a) Chlorophyll content of
Chlamydomonas (Cr) after 7 days of co-culture with different bacteria (25 °C, continuous light at
120 umol photons m=2s71). (b) Growth-promoting phenotype of strain MEYAS8 on Chlamydomonas at
an initial inoculum ratio of 100:1 (Bacterial cell: Algal cell). Data are presented as mean + SD (1 = 3).
Statistical significance was determined by t-test. Asterisks indicate significant differences from the
axenic control (** p <0.01, *** p <0.001); Figure S2: IAA biosynthetic pathway, secretion ability, and
dose-dependent growth-promoting effects of exogenous IAA and vitamin on Chlamydomonas. (a)
IAA biosynthetic pathway. PRA: N-(5-Phospho-D-ribosyl) anthranilate, CdRP: 1-(2-Carboxy-
phenylamino)-1-deoxy-D-ribulose 5-phosphate, IGP: indole-3-glycerol phosphate, Trp: tryptophan,
IPyA: indole-3-pyruvate, IAAld: indole-3-acetaldehyde, IAA: indole-3-acetate. (b) Characterization
of IAA secretion ability of strain MEYAS8. NC: Negative control (non-inoculated medium); T: Strain
MEYAS culture. (c, d) Dose-dependent growth-promoting effects of exogenous IAA on Chlamydo-
monas. Cell density (c) and total chlorophyll content (d) were determined at day 10. Dose-dependent
responses of Chlamydomonas to exogenous vitamin on Day 10. (e, f) VBy; (g, h) VBr. [Values are means
+ SD (n = 3). Statistical significance was determined by t-test. Asterisks indicate significant differ-
ences from the control: * p <0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001]; Table S1: Genes for
IAA, thiamine, and biotin biosynthesis in starin MEYAS; Table S2: Differentially expressed proteins
of Cupriavidus MEYAS8 when comparing co-cultures vs monocultures. Table S3: Differentially ex-

pressed proteins of Chlamydomonas when comparing co-cultures vs monocultures.
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