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ABSTRACT 

Background: Acidophilic microalgae represent a promising yet underexplored resource for biotechnological carbon 
capture in low-pH environments such as geothermal springs and industrial effluents. However, few strains have 
been physiologically characterized, and most biotechnologically relevant microalgae remain neutrophilic.

Objective: This study aimed to isolate and characterize an acid-tolerant green microalga from a geothermal spring 
in Kamojang, West Java, Indonesia, and assess its growth, acid tolerance, and photosynthetic performance across 
a range of inorganic carbon (Ci: CO₂, HCO₃⁻, and CO₃²⁻) concentrations.

Methods: Mud samples were enriched in Allen medium under continuous illumination. Isolates were identified via 
18S rRNA sequencing and phylogenetic analysis. Growth was tested across pH 2.3 to 7.0 in media acidified with 
either HCl or H₂SO₄. Photosynthetic performance was evaluated by O₂ evolution under various Ci concentrations.

Results: The isolated strain, designated Pumiliosphaera acidicola KMJ, exhibited robust growth from pH 2.3 to 7.0 
and showed comparable tolerance to both HCl and H₂SO₄. Morphologically, KMJ displayed compact, spherical green 
cells (2–5 µm diameter). Oxygen evolution measurements revealed consistently higher photosynthetic rates than 
Chlamydomonas reinhardtii, particularly under sub-saturating Ci levels, indicating efficient CO₂ assimilation under 
acidic, low-Ci conditions. To our knowledge, this is the first study to directly quantify Ci-dependent O₂ evolution 
in an acidophilic chlorophyte.

Conclusion: P. acidicola KMJ combines broad acid tolerance with high photosynthetic efficiency, positioning it as a 
strong candidate for CO₂ capture in acidic environments. Its physiology also provides a basis for future molecular 
studies into acidophilic CO₂ assimilation.
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Introduction
Rising atmospheric carbon dioxide (CO₂) 

concentrations—now exceeding 420 ppm—are 
a major driver of global climate change, with 
wide-ranging impacts on terrestrial and aquatic 
ecosystems [1-3]. This persistent increase, driven 
primarily by anthropogenic emissions, has prompted 
urgent development of effective carbon management 
strategies. Among natural CO₂ sinks, photosynthesis 
remains the most critical biological mechanism 
for CO₂ sequestration, converting inorganic carbon 

into organic biomass through the Calvin–Benson–
Bassham (CBB) cycle. This pathway assimilates 
approximately 120 gigatons of CO₂ annually and 
functions as a vital buffer in the global carbon cycle. 
Aquatic photoautotrophs—including phytoplankton 
and microalgae—are responsible for nearly half 
of this global CO₂ fixation [4].

Microalgae, in particular, offer significant promise 
for sustainable CO₂ mitigation due to their high 
photosynthetic efficiency, rapid growth rates, and 
adaptability to diverse cultivation systems [5, 6]. 
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However, most species investigated to date are 
neutrophilic, favoring growth at pH 6.5–8.0 [6-
8]. This pH dependency constrains large-scale 
applications, especially in extreme or non-sterile 
environments. In contrast, acidic habitats offer 
several advantages for CO₂ sequestration. For 
instance, at pH 4, dissolved molecular CO₂ can 
be up to ten times more abundant than at neutral 
pH due to shifts in carbonate equilibrium [9]. 
These environments also exhibit lower microbial 
contamination risks and exert unique ecological 
pressures—such as high proton and metal ion 
concentrations—that may drive evolution of 
specialized carbon assimilation traits [10]. These 
characteristics make acidophilic microalgae 
promising, yet largely underexplored, candidates for 
biotechnological applications in low-pH systems such 
as industrial effluents and geothermal environments.

Despite this potential, few acid-tolerant 
microalgal strains have been isolated or functionally 
characterized. Compared to previous isolation 
efforts in geothermal and acidic environments—
such as acid mine drainages [11] and temperate 
springs in Europe and North America [12]—this 
study targets the volcanically active Indonesian 
archipelago, providing geographically distinct 
isolates and novel insights into the ecological 
traits of Southeast Asian acidophilic chlorophytes. 
Indonesia’s geothermal regions, shaped by more than 
100 active volcanoes and widespread hot spring 
systems, offer an exceptional but underutilized 
source of acid-adapted microalgae. These habitats 
are frequently characterized by acidic waters with 
high concentrations of dissolved metals and sulfate, 
creating extreme physicochemical conditions that 
may serve as strong selective pressures for the 
evolution of acid-tolerant and metal-resistant 
microalgal lineages [13, 14]. In particular, native 
chlorophytes inhabiting these low-pH environments 
remain poorly studied, limiting both our ecological 
understanding and the development of acidophilic 
production strains for CO₂ capture.

In this study, we report the isolation and 
characterization of an acidophilic green microalga 
from a geothermal spring in Kamojang, West Java. 

The isolate, designated Pumiliosphaera acidicola 
KMJ, was evaluated for pH tolerance, acid source 
adaptability, and photosynthetic performance 
under varying inorganic carbon (Ci: CO₂, HCO₃⁻, 
and CO₃²⁻) concentrations. These traits were 
compared to those of the model neutrophilic alga 
Chlamydomonas reinhardtii to assess the potential 
of KMJ for biotechnological CO₂ capture in low-
pH environments.

Methods
Sampling, microalgae isolation, and regular 
maintenance

Mud samples were collected from the 
surface layer (approximately 10 cm in depth) 
of a geothermal spring in Kamojang, West Java, 
Indonesia (coordinates: -7.12487, 107.79998) 
using plastic bottles, with a total sample volume 
of approximately 500 mL. Upon arrival at the 
laboratory, 15 mL of the mud was suspended 
in 25 mL of 1× Allen medium. Allen medium 
was selected due to its prior use in cultivating 
acidophilic microalgae such as Cyanidium caldarium 
and Galdieria sulphuraria [15, 16], making it a 
suitable choice for enriching low-pH adapted 
strains. The mud and 1× Allen medium were 
mixed thoroughly in 50 mL Falcon tubes and left 
undisturbed at room temperature for 15 minutes 
to allow sedimentation. Subsequently, 1 mL of the 
supernatant and 500 µL of the sediment were 
each transferred into separate flasks containing 
25 mL of fresh 1× Allen medium. The cultures 
were incubated under continuous illumination at 
100 µmol photons m⁻² s⁻¹ and agitated at 150 
rpm. Gradual development of green coloration was 
observed within one month, indicating progressive 
enrichment of photosynthetic microalgae.

To eliminate bacterial and fungal contaminants, 
cultures were physically washed through repeated 
cycles of centrifugation and resuspension in sterile 
1× Allen medium. Fifty milliliters of culture was 
centrifuged at 3000 rpm for 15 minutes, the resulting 
pellets were resuspended in 25 mL of sterile 1× 
Allen medium, and the process was repeated five 
times. Following the final wash, cultures were 
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serially diluted in 100 mL Erlenmeyer flasks 
containing fresh 1× Allen medium and incubated 
under identical conditions for 24 hours.

On the following day, 5 µL of each culture was 
spotted onto solid Allen medium plates to assess 
microbial contamination. Washing and plating steps 
were repeated until no visible bacterial or fungal 
growth was observed. Axenic cultures were then 
streaked on solid Allen medium to isolate single 
colonies, which were subsequently transferred into 
fresh liquid Allen medium for further analysis. 
Axenicity was confirmed by repeated streaking 
and visual inspection under light microscopy; 
no molecular screening for bacterial or fungal 
contaminants was conducted. Isolated strains 
were routinely maintained on solid Allen medium 
at pH 4, the lowest feasible pH for agar-based 
cultivation according to our laboratory observations, 
as solid media could not be prepared reliably 
below this threshold. Based on our experience, 
agar solidification consistently failed at pH values 
below approximately 4, likely due to acid- and 
heat-induced hydrolysis of the gel matrix, consistent 
with previous reports [17].

Growth studies in different pH values
To evaluate growth under different acidic 

conditions and acid sources, 1× Allen medium 
was adjusted to the desired pH using either HCl 
or H₂SO₄. As the native pH of 1× Allen medium 
is approximately 5, pH adjustments to near-
neutral conditions (pH 6 and pH 7) were made 
using NaOH. Equal cell densities were used to 
inoculate both solid and liquid cultures. For liquid 
cultures, cell concentrations were determined using 
a hemocytometer, following a previously described 
protocol with technical replicates [18].

Microscopic measurement of cell size
Cell size was estimated from bright-field 

micrographs captured at 40× magnification using 
a hemocytometer grid with known dimensions 
of 1 mm × 1 mm. A reference image containing 
0.2 mm × 0.2 mm grid squares was used to 
establish the pixel-to-micrometer conversion 

factor (1 pixel ≈ 0.98 µm). Cell diameters were 
determined by detecting individual cells through 
adaptive thresholding and contour-based image 
analysis using ImageJ software (version 1.53; 
National Institutes of Health, USA). To eliminate 
background artifacts and multicellular aggregates, 
only objects with estimated diameters between 
2 and 20 µm were included. A total of 4,119 
individual cells were analyzed. Inter-observer 
variability was assessed using 100 randomly selected 
cells, with two independent observers performing 
measurements. The mean percentage difference 
was less than 5%, indicating high consistency in 
cell size estimates.

18S rRNA gene amplification
Genomic DNA from individual algal colonies 

was extracted using 5% Chelex (Sigma) following 
a previously described protocol [18, 19]. The 
18S rRNA gene was amplified by PCR using 
GoTaq® Green Master Mix (Promega) with the 
following primers: forward primer 18S M13F 
(5′-TGTAAAACGACGGCCAGTATTCCAGCTCCAATAGG-3′) 
and reverse primer 18S M13R (5′-CAGGAAA 
CGCTATGACGGACTACGATGGTATCTAATC-3′). These 
primers target the hypervariable V4 region of the 
18S rRNA gene. The PCR procedure followed the 
manufacturer’s protocol, with an annealing temperature 
of 50 °C. PCR products were subjected to Sanger 
sequencing by Apical Scientific Sequencing (Selangor, 
Malaysia).

Bioinformatics analysis of algal sequence
Sequencing results were aligned using Clustal 

Omega (EMBL-EBI) for multiple sequence alignment 
[20]. The alignment was visualized using MView. 
Phylogenetic analysis of 18S rRNA sequences was 
performed using MrBayes v3.2.7 [21]. Sequences 
were aligned using Clustal Omega and saved in 
NEXUS format. Bayesian inference was conducted 
using the GTR model with gamma-distributed rate 
variation across sites (GTR+G). Two independent 
Markov Chain Monte Carlo (MCMC) runs were 
executed with four chains each, running for 1,000,000 
generations and sampling every 100 generations. 
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The first 25% of samples were discarded as burn-
in. Convergence was assessed by monitoring the 
average standard deviation of split frequencies 
and effective sample size (ESS) values. Posterior 
probabilities were calculated to evaluate support for 
each node. FigTree software was used to visualize 
the resulting phylogenetic trees [22].

Photosynthetic O2 evolution assay
To assess photosynthetic activity, cells of the 

newly isolated algal strain were grown in liquid 1× 
Allen medium adjusted to pH 4 with HCl, under 
continuous illumination (100 µmol photons m⁻² s⁻¹) 
and ambient air (~0.04% CO₂). For comparison, 
the photosynthetic activity of the model alga  
C. reinhardtii (strain CC5370) was also evaluated.  
C. reinhardtii cells were initially grown in liquid TAP 
medium until mid-log phase, then transferred to 
Tris-Minimal Medium for 24 hours under ambient 
air to induce the CO₂-concentrating mechanism 
(CCM). TAP medium and Tris-Minimal Medium 
were prepared as previously described [23].

For the photosynthetic O₂ evolution assay, cells 
were harvested by centrifugation at 3000 rpm for 5 
minutes at room temperature and resuspended in 25 
mM MES-KOH buffer (pH 6). Cell suspensions were 
adjusted to equivalent chlorophyll concentrations, 
as determined spectrophotometrically [24]. Each 
assay was performed using 2 mL of the prepared 
cell suspension.

Photosynthetic O₂ evolution was measured using 
a Clark-type oxygen electrode system (OxyLab, 
Hansatech Instruments, UK) at 25 °C as previously 
described [18]. Prior to measurement, cells were 
pre-illuminated at 500 µmol photons m⁻² s⁻¹ until 
endogenous inorganic carbon (Ci: CO₂, HCO₃⁻, 
CO₃²⁻) was exhausted, as indicated by cessation 
of O₂ evolution. The assay was initiated by adding 
exogenous Ci in the form of NaHCO₃ to determine 
Ci-dependent O₂ evolution. Measurements were 
recorded only after the complete consumption of 
Ci from the previous addition, as confirmed by a 
drop in O₂ evolution to baseline levels. To minimize 
potential inhibition of photosynthesis from elevated 
O₂ concentrations, the chamber was flushed with 

N₂ gas when O₂ levels exceeded 200 nmol mL⁻¹. 
Photosynthetic O₂ evolution was normalized per 
mg chlorophyll to ensure comparability between 
strains.

Results 
Microalga isolation and strain confirmation

Sediment and supernatant fractions of mud 
samples collected from a geothermal spring in 
Kamojang, West Java, Indonesia, developed a 
distinct green coloration after approximately 
one month of cultivation in 1× Allen medium 
under continuous high light, indicating successful 
enrichment of microalgal populations (Figure 1A, 
D). Following a series of washing steps and spot 
plating on solid Allen medium (see Methods), 
we obtained axenic cultures free of bacterial and 
fungal contamination. Subsequent streaking yielded 
discrete green colonies from both sediment- and 
supernatant-derived samples (Figure 1B-F). 

To verify the identity of the isolates, we selected 
four representative colonies—two from each 
source—for partial 18S rRNA gene sequencing. 
PCR amplification produced ~500 bp products from 
all samples. Sanger sequencing chromatograms 
displayed single, sharp peaks throughout the 
region, confirming that each sample originated 
from a genetically uniform culture derived from 
a single colony-forming cell. Genetic uniformity 
was assessed by visual inspection of the resulting 
chromatograms. Sequence alignment revealed 100% 
identity between the sequences from sediment- 
and supernatant-derived isolates, suggesting that 
they belong to the same species (Figure 2).

Morphological examination conducted prior 
to 18S rRNA sequencing further supported this 
conclusion. No distinguishable morphological or 
growth differences were observed between isolates 
from sediment and supernatant fractions prior to 
genetic confirmation. Light microscopy revealed 
that all isolates exhibited small, spherical green 
cells typical of chlorophyte microalgae (Figure 3). 
Quantitative image analysis of 4,119 individual cells 
(see Methods) revealed diameters ranging from 
2.19 µm to 19.90 µm, with a mean of 3.81 µm, 

https://doi.org/10.32889/actabioina.221


5Photosynthesis and Acid Tolerance of Pumiliosphaera acidicola KMJ

Acta Biochimica Indonesiana 8(1):221 | https://doi.org/10.32889/actabioina.221

Figure 1. Enrichment and isolation of microalgae from geothermal mud samples. (A–C) Supernatant fraction; (D–F) sediment 
fraction. (A, D) Enriched cultures showing distinct green coloration after one month of incubation in 1× Allen medium under 
continuous illumination, indicating successful microalgal growth. (B, E) Streaking on solid 1× Allen medium to obtain single 
colonies from the enriched cultures. (C, F) Spot plating of isolated colonies showing uniform growth patterns; axenic status 
was confirmed through successive subculturing.

Figure 2. Sequence alignment of partial 18S rRNA genes from isolated microalgal colonies. Alignment of partial 18S 
rRNA gene sequences obtained from single colonies isolated from the sediment and supernatant fractions of geothermal 
mud. Sequences represent overlapping regions amplified using forward and reverse primers, confirming sequence identity 
between isolates from both sources.
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a median of 2.77 µm, and a standard deviation 
of 2.41 µm. The majority of cells fell within the 
2–5 µm range, consistent with the typical size 
reported for P. acidicola [25], and supporting the 
identification subsequently confirmed by 18S rRNA 
sequencing.

To determine taxonomic identity, we performed  
BLAST analysis of the 18S rRNA gene sequences. 
All isolates showed highest similarity to 
Auxenochlorella protothecoides var. acidicola, 
with 99.72% sequence identity and 100% query 
coverage. We further assessed the evolutionary 
placement of the isolates by constructing a 
phylogenetic tree based on 18S rRNA sequences 
from a broad range of green algal, red algal, and 
diatom species. The resulting phylogeny positioned 
the isolates within the A. protothecoides var. 
acidicola clade, clustering closely with reference 
strains SAG1591, Cant1, and RSa5 (Figure 4). 
Notably, reference strain A. protothecoides var. 
acidicola strain SAG1951 has been reclassified 
under the newly established genus Pumiliosphaera, 
with P. acidicola designated as the type species 
based on conserved ITS-2 DNA barcode regions 
[25]. Accordingly, we designated our isolate as 
Pumiliosphaera acidicola strain KMJ (hereafter 
P. acidicola KMJ) with “KMJ” referring to its site 
of origin in Kamojang. 

Although P. acidicola KMJ is nested within a 
broader phylogenetic assemblage that includes 
several Chlorella species, it is phylogenetically 
distinct from canonical A. protothecoides, supporting 
its classification as a separate varietal lineage. 
The Auxenochlorella–Chlorella cluster was clearly 
resolved from other green algal taxa such as C. 
reinhardtii, and from basal branches containing 
red algal species (Galdieria sulphuraria, Cyanidium 
caldarium). Diatom species (Navicula trivialis and 
Cyclotella striata) were used as outgroups to root 
the tree due to their well-documented evolutionary 
divergence from green algae [26].

Acid adaptability
To evaluate acid tolerance, we assessed the 

ability of the isolated KMJ strain to grow under 
acidic conditions using both solid and liquid 1× 
Allen media adjusted to various pH levels. On 
solid medium, the strain exhibited visible growth 
at pH 3, 4, and 5, even when inoculated at low 
initial cell densities, indicating a broad tolerance 
to acidic environments (Figure 5A).

We then assessed growth in liquid 1× Allen 
medium adjusted to pH 2.3, 3.3, and 4.1 using 
two acid sources: hydrochloric acid (HCl) and 
sulfuric acid (H₂SO₄). To test the strain’s ability 

Figure 3. Morphological characterization of isolated microalgal cells. Light microscopy images of cells isolated from (A) 
sediment and (B) supernatant fractions of geothermal mud. Most cells fall within the 2–5 µm diameter range.
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to grow under near-neutral conditions, additional 
cultures were prepared at pH 6.1 and 7.0 by 
adjusting the medium with NaOH. Cultures were 
incubated for 9 days, and cell concentrations were 
measured at the end of the experiment. The KMJ 
strain grew across all tested pH conditions, with 
no statistically significant differences in final cell 
densities (Figure 5B; two-way ANOVA, p > 0.05), 
demonstrating its capacity to thrive in a wide pH 
range from acidic to near-neutral.

No significant differences were observed 
between cell concentrations in HCl- and H₂SO₄-
acidified media at each pH level (Figure 5B, two-
way ANOVA, p > 0.05), suggesting that the strain 
is equally tolerant of chloride and sulfate ions. 
Interestingly, the strain failed to grow in TAP 
medium at pH 7.3 (data not shown), implying that 
specific nutrients present in Allen medium are 
essential for its growth. These findings highlight 
the KMJ strain’s high degree of acid adaptability 

Figure 4. Phylogenetic analysis of Pumiliosphaera acidicola KMJ based on 18S rRNA gene sequences. Phylogenetic tree 
showing the placement of Pumiliosphaera acidicola KMJ (this study, labeled in blue) relative to selected green algae, red algae, 
and diatom species. Symbol colors indicate algal groups: green for green algae, red for red algae, and brown for diatoms. 
Symbol shapes represent different genera or species within each group. Diatoms (Navicula trivialis and Cyclotella striata) were 
used as outgroups. The scale bar indicates 0.04 substitutions per site. Accession numbers (in order): Galdieria sulphuraria NIES 
(LC504057.1), Galdieria sulphuraria SAG21.92 (AB091230.1), Cyanidioschyzon merolae (XR_002461579.1), Cyanidium caldarium 61D 
(AB090833.1), Cyanidium caldarium 55B (AB091232.1), Chlorella sp. (X72708.1), Auxenochlorella protothecoides NIES (AB488570.1), 
Auxenochlorella protothecoides UTEX250 (JN677643.1), Auxenochlorella protothecoides SAG211 (KM020150.1), Auxenochlorella 
protothecoides CCAP21 (FN298931.1), Auxenochlorella sp. (AM260449.1), Chlorella vulgaris (GU295219.1), Chlorella vulgaris SB2 
(KX495015.1), Chlorella sorokiniana SB275 (KX495053.1), Chlorella sorokiniana SAG211 (X62441.2), Chlamydomonas reinhardtii 
(AB511837.1), Chlamydomonas reinhardtii MCCS002 (EF682842.2), Chlamydomonas reinhardtii RMS39 (KF750626.1), Chlorella 
protothecoides var. acidicola (AJ439399.2), Auxenochlorella protothecoides var. acidicola SAG1591 (LN610705.1), Cant1 (JF694006.1), 
RSa5 (KM016995.1), Auxenochlorella protothecoides var. acidicola (KM462820.1), Navicula trivialis (KY320372.1), and Cyclotella 
striata (JQ217342.1).
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Figure 5. pH tolerance and acid source adaptability of P. acidicola strain KMJ. Growth of P. acidicola strain KMJ in 1× 
Allen medium on agar (A) and in liquid medium (B). The pH was adjusted to various levels (2.3–7.0) using HCl (pink) or H₂SO₄ 
(green) or without acid addition (gray). Cultures were incubated for 9 days, and final cell densities were measured. No significant 
differences were observed across pH conditions or acid types (two-way ANOVA, p > 0.05), indicating broad pH tolerance and 
anion adaptability. Bars represent mean ± SD from technical replicates (n = 4).

Figure 6. Photosynthetic performance comparison under varying inorganic carbon concentrations. C
i
-dependent photosynthetic 

O₂ evolution rates of P. acidicola KMJ (blue) and C. reinhardtii (salmon) measured at pH 6 under continuous illumination. Rates 
were determined at increasing concentrations of inorganic carbon (C

i
: 10, 50, 100, and Vmax measured at 4000 µM of C

i
). 

KMJ consistently exhibited higher O₂ evolution rates than C. reinhardtii across all conditions. Bars represent mean ± SD from 
technical replicates (n = 3).
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and suggest the presence of metabolic mechanisms 
that confer resistance to both acidic pH and anion 
stress, potentially involving sulfur assimilation or 
detoxification pathways.

Photosynthetic capacity
Given its ability to thrive under extreme pH 

conditions, we next assessed the photosynthetic 
performance of P. acidicola KMJ to evaluate its 
light-dependent carbon fixation capacity. The rates 
of O₂ evolution were measured at pH 6—where CO₂ 
is the dominant inorganic carbon (Ci: CO₂, HCO₃⁻, 
CO₃²⁻) species—using varying Ci concentrations 
(10, 50, 100, and 4000 µM). For comparison,  
C. reinhardtii with an activated CO₂-concentrating 
mechanism (CCM) was included. 

As illustrated in Figure 6, P. acidicola KMJ 
exhibited consistently higher O₂ evolution rates 
than C. reinhardtii across all tested concentrations 
of Ci at pH 6. Under low Ci availability (10–100 
µM), P. acidicola KMJ maintained notably elevated 
photosynthetic rates, indicating efficient CO₂ 
utilization. At 10 µM Ci, KMJ reached 52.45 ± 
0.61 µmol O₂ mg⁻¹ Chl h⁻¹, compared to 43.04 
± 1.17 µmol O₂ mg⁻¹ Chl h⁻¹ in C. reinhardtii. 
This advantage persisted at 50 and 100 µM Ci, 
with P. acidicola KMJ achieving 72.81 ± 1.93 and 
77.51 ± 4.58 µmol O₂ mg⁻¹ Chl h⁻¹, respectively, 
while C. reinhardtii recorded lower rates of 59.88 
± 0.79 and 60.50 ± 2.46 µmol O₂ mg⁻¹ Chl h⁻¹. 
At saturating Ci (4000 µM), the V_max of KMJ 
(81.20 ± 5.77 µmol O₂ mg⁻¹ Chl h⁻¹) remained 
higher than that of C. reinhardtii (69.01 ± 5.94 
µmol O₂ mg⁻¹ Chl h⁻¹). These results suggest 
that P. acidicola KMJ possesses enhanced capacity 
for light-driven CO₂ fixation in acidic pH where 
CO₂ is the dominant Ci species, underscoring 
its potential for use in low-pH, CO₂-capture 
applications.

Discussion 
The successful isolation of P. acidicola KMJ from 

both the sediment and supernatant fractions of 
geothermal mud collected at Kamojang underscores 
the ecological dominance and environmental 

persistence of this acidophilic microalga within 
its native habitat. This finding aligns with the 
known preferences of previously reported A. 
protothecoides var. acidicola—recently reclassified 
as P. acidicola—which thrives in extremely low-
pH geothermal environments [25, 27]. The 100% 
sequence identity between isolates from both 
sediment and supernatant fractions underscores 
the robustness of the isolation protocol and 
suggests ecological uniformity of P. acidicola within 
this acidic niche. Although no morphological or 
physiological differences were observed between 
fractions, microhabitat heterogeneity was not 
formally characterized and may still influence 
population structure. Nonetheless, phylogenetic 
analysis further supports this interpretation, 
with KMJ clustering distinctly within the P. 
acidicola lineage and clearly separating from 
canonical A. protothecoides, reinforcing its varietal  
classification.

We acknowledge that the partial 18S rRNA 
gene (~500 bp) used in this study provides 
limited resolution for distinguishing closely 
related chlorophyte taxa. Notably, the taxonomic 
reclassification of SAG1951 to Pumiliosphaera 
acidicola was based on ITS-2 sequences [25], 
which were not included in our current analysis. 
However, we are currently preparing for whole-
genome sequencing (WGS) of strain KMJ. This 
will allow for robust phylogenomic classification 
and identification of marker genes involved in 
acid tolerance and carbon assimilation.

To date, only five 18S rRNA gene sequences 
of P. acidicola are available in GenBank, and 
no whole-genome sequence has been reported. 
Moreover, published studies on this taxon remain 
scarce. These gaps underscore the significance of 
the current study and highlight the importance 
of whole-genome sequencing and functional 
characterization of P. acidicola KMJ to better 
understand its acidophilic adaptations and 
biotechnological potential.

In parallel with these genomic gaps, physiological 
evidence also points to the unique acidophilic 
adaptations of KMJ. The acid tolerance of KMJ is 
evident in its robust growth on both solid and liquid 
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media at pH values as low as 2.3—conditions that 
inhibit the growth of most neutrophilic microalgae, 
including Chlorella vulgaris and C. reinhardtii [21, 
22]. Although KMJ can grow in Allen medium at 
neutral pH, it fails to grow in TAP medium under 
identical conditions. Since TAP is commonly used 
to culture green algae such as C. reinhardtii and 
Chlorella sp., this differential growth likely reflects 
KMJ’s specific dependence on the ionic balance, 
buffering capacity, or micronutrient composition 
unique to Allen medium. This observation suggests 
the presence of auxotrophic traits or specialized 
nutrient acquisition mechanisms adapted to its 
native acidic environment.

The comparable growth of KMJ in media 
acidified with either HCl or H₂SO₄ indicates that 
its acid tolerance is not limited to a specific 
acid type. This implies the presence of broad-
spectrum acid resistance mechanisms, potentially 
involving chloride and sulfate ion homeostasis, 
sulfur metabolism, or enhanced oxidative stress 
responses. Although acid-tolerant microalgae have 
been documented in previous studies—such as 
Stichococcus bacillaris, Chlamydomonas acidophila, 
and G. sulphuraria, which maintained growth 
at pH values below 3.0—these investigations 
typically used sulfuric acid alone and did not 
explore adaptability across multiple acid sources 
[28]. Similarly, Pseudochlorella sp. YKT1, isolated 
from sulfuric acid mine drainage, demonstrated 
optimal growth between pH 3.0 and 5.0 but 
was also tested only with sulfuric acid [11]. In 
contrast, KMJ’s resilience under both sulfate- 
and chloride-based acidification distinguishes it 
from previously reported strains and highlights 
its ecological versatility.

Such adaptability is advantageous for industrial-
scale cultivation in low-pH environments, where 
contamination risks are inherently reduced. 
Moreover, KMJ’s tolerance—and potential 
utilization—of sulfate ions may further enhance its 
applicability in CO₂ capture systems utilizing sulfur-
rich flue gases. Although no data on intracellular 
pH or ion homeostasis were collected in this 
study, future work will explore these physiological 
mechanisms to better understand KMJ’s acid 

tolerance. Together, these features position P. 
acidicola KMJ as a robust model for exploring 
acidophilic adaptation and as a promising chassis 
for CO₂ capture in challenging environmental 
conditions.

Beyond its acid tolerance and potential for 
industrial application, KMJ also demonstrates robust 
photosynthetic performance under low inorganic 
carbon availability. Photosynthetic performance in 
P. acidicola KMJ, assessed via O₂ evolution across 
a gradient of Ci concentrations, exceeded that of 
C. reinhardtii under all tested conditions. At sub-
saturating Ci levels (10–100 µM), KMJ exhibited 
22–28% higher O₂ evolution rates, suggesting 
a greater affinity for CO₂ and potentially more 
efficient CO₂ assimilation. KMJ’s O₂ evolution rates 
approached near-maximum values by 100 µM 
Ci, with only a modest increase (~5%) up to 
4000 µM, indicating efficient CO₂ utilization under 
low-Ci conditions. Although Km was not explicitly 
determined, this pattern may reflect a high affinity 
for CO₂ or a constitutively active uptake system. 
Alternatively, photosynthetic saturation at low Ci 
could also indicate downstream metabolic limitations 
in the Calvin cycle or electron transport chain, 
which warrant further investigation. In contrast, 
C. reinhardtii showed a more pronounced increase 
(~14%) over the same range, consistent with its 
reliance on inducible CO₂-concentrating mechanisms 
(CCMs). These findings suggest that KMJ may 
operate a passive or constitutive CO₂ uptake strategy 
effective under acidic, CO₂-limited environments—
possibly involving acid-stable RubisCO isoforms 
or highly active carbonic anhydrases, though 
these mechanisms remain to be experimentally 
verified. To our knowledge, this is the first study 
to directly quantify Ci-dependent O₂ evolution in 
an acidophilic chlorophyte, providing new insight 
into CO₂ assimilation under extreme environmental 
conditions.

Published studies on other acidophilic 
photoautotrophs offer context for interpreting these 
traits. In the red alga G. sulphuraria, Oesterhelt 
et al. [29] reported photosynthetic O₂ evolution 
at pH 2 with peak rates of ~330 µmol O₂ mg⁻¹ 
Chl h⁻¹ under autotrophic conditions. However, 
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they also observed a shift toward heterotrophy 
in the presence of glucose, accompanied by PSII 
inactivation and RubisCO repression. Although 
our study did not examine the effects of organic 
substrates, KMJ maintained stable O₂ evolution 
across a wide Ci range under fully autotrophic 
conditions. Whether its CO₂ assimilation machinery 
operates without pre-activation remains unclear 
and merits further investigation.

Other acid-tolerant microalgae, such as S. 
bacillaris, C. acidophila, and G. sulphuraria, have 
been shown to grow below pH 3 [28]. However, 
photosynthetic rates or Ci-dependent CO₂ fixation 
were not evaluated. Similarly, Cyanidioschyzon 
merolae has been shown to prefer CO₂ over 
bicarbonate under acidic conditions, supporting a 
pH-gradient-based CCM, yet without accompanying 
data on O₂ evolution or photosynthetic saturation 
behavior [30].

Taken together, these findings underscore the 
unique trait combination observed in KMJ: robust 
growth at low pH (2.3–7.0), efficient photosynthesis 
across a wide Ci range, and signs of CO₂ fixation 
saturation at relatively low external CO₂ availability. 
While the regulatory and energetic mechanisms 
remain to be resolved, KMJ represents a promising 
platform for biotechnological CO₂ capture and 
a valuable model for exploring acidophilic CO₂ 
assimilation in green algae.

Conclusion
The isolation and characterization of P. 

acidicola KMJ from an Indonesian geothermal 
spring highlight its exceptional acid tolerance, 
broad pH adaptability, and efficient photosynthetic 
performance under variable Ci conditions. KMJ 
thrives in both chloride- and sulfate-acidified 
media across a pH range of 2.3–7.0 and maintains 
high oxygen evolution rates even under low Ci 
concentrations, outperforming C. reinhardtii. These 
traits, along with its compact cell morphology and 
ecological robustness, position KMJ as a strong 
candidate for CO₂ capture technologies in low-pH 
or sulfur-rich environments. Notably, this study 
is the first to directly quantify Ci-dependent O₂ 

evolution in an acidophilic chlorophyte, filling a 
key gap in the physiological understanding of CO₂ 
assimilation in acid-tolerant green algae. Beyond its 
applied potential, KMJ offers a tractable model for 
exploring the molecular mechanisms of acidophilic 
photosynthesis and carbon uptake.
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