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High-density biomass as a substrate for stimulating 
biosulfidogenesis in the deep layer of stratified acidic pit lakes
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ABSTRACT Accumulation of harmful metal(loid)s in acidic pit lakes (APLs) is a serious 
environmental issue in mining districts. This lab-based study evaluated a novel method 
to stimulate dissimilatory sulfate reduction to promote the formation of sparingly 
soluble metal(loid)-sulfide minerals in the permanently stratified deep layer of Cueva 
de la Mora (CM), an APL in the Iberian Pyrite Belt in Spain. Solid-phase biomass was 
selected because it can be pressed into high-density forms that are dense enough to 
settle into the deep layer of a lake. This “direct delivery” of electron donor overcomes 
the current “indirect method” to stimulate algae growth in the upper layer and wait 
for algae to die and settle into the deep layer. We added the microalgae Coccomyxa 
onubensis (predominant in CM), Euglena gracilis (another acid-tolerant microalgae), and 
Lemna obscura (duckweed), as well as model biocomponents (amino acids, monosac­
charides, and lipids) as substrates to stimulate biological sulfide production (biosulfido-
genesis). We found that compared with biocomponents, high-density biomass required 
a shorter lag time before it was utilized. Temporal patterns of the production of sulfide 
and volatile fatty acids with high-density biomass were similar to patterns with amino 
acids, suggesting that amino acids may be the preferred substrate among the biocom­
ponent monomers for the microbial community. Biosulfidogenesis led to the complete 
removal of metal(loid)s (Zn and As) contaminants from solution, mimicking the chemical 
composition of the deep layer. Desulfosporosinus, the only acid-tolerant sulfate-reducing 
bacteria (SRB) identified in situ, was significantly enriched in the laboratory setup and 
presumably responsible for biosulfidogenesis.

IMPORTANCE Remediation of high concentrations of harmful metal(loid)s in acidic pit 
lakes is challenging. This research presents a novel strategy by supplying high-density 
biomass as a carbon source and electron donor to stimulate biological dissimilatory 
sulfate reduction in acidic pit lakes in the Iberian Pyrite Belt. The formation of biogenic 
sulfide precipitates dissolved metal(loid)s in the acidic pit lakes. This approach is feasible 
in meromictic acidic pit lakes, where precipitated metal(loid)s would remain sequestered 
in bottom sediments. However, the deep layer of acidic pit lakes is often oligotrophic 
with respect to organic carbon. Pelletized high-density biomass can be added to the top 
layer of the lake and transported to the deep layer. This strategy offers practical and 
adaptable guidance for the bioremediation of persistent metal(loid) contamination in 
acidic pit lakes.

KEYWORDS bioremediation, acidic pit lake, high-density biomass, metal(loid) removal, 
sulfate reducing bacteria

A cidic pit lakes (APLs) form when open cast mines are abandoned and allowed to 
flood. Exposure of polymetallic sulfide ores and adjacent mine spoils leads to the 

formation of acid mine drainage (AMD) in the lakes. Abandonment of open cast mines 

February 2026  Volume 92  Issue 2 10.1128/aem.02369-25 1

Editor John R. Spear, Colorado School of Mines, 
Golden, Colorado, USA

Address correspondence to William D. Burgos, 
wdb3@psu.edu.

The authors declare no conflict of interest.

See the funding table on p. 19.

Received 4 December 2025
Accepted 5 December 2025
Published 12 January 2026

Copyright © 2026 Liu et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://crossmark.crossref.org/dialog/?doi=10.1128/aem.02369-25&domain=pdf&date_stamp=2026-01-12
https://doi.org/10.1128/aem.02369-25
https://creativecommons.org/licenses/by/4.0/


creates significant environmental problems due to low pH and high concentrations of 
metal(loid) in the lake water (1).

A conventional approach for the remediation of APLs is by chemical neutralization. 
This process involves the addition of alkalinity in the form of lime (CaO), hydrated lime 
(Ca(OH)2), soda ash (Na2CO3), or caustic soda (NaOH). Chemicals can be added to a 
lake as dry solids, wet slurries, or concentrated liquid solutions. Neutralization aims to 
treat the whole lake volume and eventually blend layers that might otherwise remain 
permanently separate due to stratification. This approach may also employ pumps for 
active circulation of the lake contents and treatment of the recirculated water before its 
return to the lake. This method is often cost-prohibitive (2).

An unconventional approach for the remediation of a meromictic (permanently 
stratified) APL would be to first treat only the deep layer of the lake. Concentrations 
of metal(loid) contaminants are typically considerably higher in the deep layer compared 
with the upper layer or chemocline. The transport of high concentrations of toxic 
metal(loid)s from the deep layer into adjacent (ground)water systems could be the 
greatest risk from an APL.

Biologically mediated neutralization of APLs has proven challenging. Although sulfate 
is abundant in the deep layer, the availability of suitable organic substrates is often 
a limiting factor for dissimilatory sulfate reduction; therefore, the addition of organic 
substrates is commonly recommended in bioremediation practices (3–7). In addition, 
possible biological sulfide oxidation (via a cryptic sulfur cycle) may also limit sulfide 
accumulation (8, 9). Furthermore, there have been only a few acid-tolerant sulfate-reduc­
ing microorganisms identified or studied, making the scarcity of suitable microorganisms 
another limiting factor. A final problem is related to the re-oxygenation of the deep layer 
and reoxidation of sulfides when holomictic pit lakes mix and overturn in the winter 
season (1). Therefore, biologically mediated neutralization is feasible only in meromictic 
pit lakes (10).

Delivering an abundant amount of organic carbon into the deep layer of an APL 
should stimulate sulfate reduction and minimize sulfide reoxidation (11). Biogenic sulfide 
would then readily react with soluble metal(loid)s to form sparingly soluble metal(loid)-
sulfide precipitates and accumulate in the lake bottom sediments. Because permanent 
stratification of an APL is due to differences in water density between the lake layers, 
substrate addition would have to be carefully monitored to avoid removing excessive 
dissolved species from the deep layer.

Nutrient fertilization to grow algae in the upper layer of APLs was previously 
attempted in Lusatia mining districts, Germany. The lakes formed from lignite mining 
were selected because blooms of green algae had been observed even with low pH (≤ 
3) and high iron concentrations (12). Nutrient addition to stimulate more algae growth 
promoted sulfate reduction, generated alkalinity, and removed metal(loid)s from the 
lake (13). This process, however, proved partially unsuccessful because the lake selected 
for the demonstration project was shallow and prone to seasonal, temperature-driven 
turnover, so that sulfide was re-oxidized. The amount of alkalinity generated from sulfate 
reduction was also shown to be relatively low compared with the acidity in the lake, thus 
requiring repeated fertilization events and considerable time (14–16). Instead, many of 
the German APLs were remediated via chemical neutralization (17, 18). Another example 
is the Berkeley Pit Lake in Montana, USA, a holomictic system that experiences seasonal 
turnover. During these mixing events, oxidants are redistributed throughout the water 
column, resulting in the reoxidation of sulfide precipitates (19).

Cueva de la Mora (CM), located in the Iberian Pyrite Belt (IPB) in SW Spain, is one of 
the most studied APLs in the world. CM exhibits typical features of these lakes, including 
low pH, high sulfate concentrations, and an abundance of metal(loid)s, particularly in 
its deep layer (9, 20). The total organic carbon (TOC) concentration in the deep layer of 
CM (~3 mg/L) is only slightly lower than the global lake average (~5.6 mg/L) (21, 22). 
Nevertheless, previous studies have indicated that organic carbon remains a limiting 
factor for dissimilatory sulfate reduction in the deep layer of CM and that supplementing 
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organic substrates is a feasible strategy to stimulate this process (9, 11). Bioremediation 
of the deep layer of CM can mitigate risks to human and environmental health posed by 
extremely high concentrations of metal(loid)s (23–25). Its physical-chemical status as a 
permanently stratified lake eliminates concerns from metal(loid) reoxidation and acidity 
regeneration due to seasonal water turnover.

Notably, the surface layer and chemocline of CM contain substantial amounts of 
microalgae. In both layers, 96%–98% of eukaryotes belong to the genus Coccomyxa. In 
contrast, no microalgae were detected in the deep layer, which is devoid of any solar 
light to allow photosynthesis (26–28). Sulfide accumulation has only been detected in 
the anoxic portion of the chemocline and not in the deep layer (29). This is an unusual 
pattern, as the deep layer is more reduced and would theoretically favor dissimilatory 
sulfate reduction (21). It is suspected that sulfide accumulation in the chemocline is due 
to an abundance of algae that serves as a substrate for dissimilatory sulfate reduction. 
Organic compounds released by the decomposition of settling phytoplanktonic biomass, 
however, were rapidly consumed by sulfate-reducing bacteria (SRB) in the chemocline 
and would not reach deeper levels (21).

High-density biomass refers to biomass that has been modified to be denser than 
CM lake water, enabling it to sink rapidly to the lake bottom in this study. This “direct 
delivery” of electron donor overcomes problems with the current “indirect method” to 
stimulate algae growth in the upper layer and wait for algae to die and settle into the 
deep layer. The objectives of this laboratory-based research were to (i) determine the 
potential effectiveness of several types of high-density biomass to stimulate dissimilatory 
sulfate reduction, (ii) identify what compositional components of the biomass promo­
ted dissimilatory sulfate reduction by the microbial community, and (iii) evaluate how 
different types of organic substrates influence microbial community composition and 
their correlation with the rate and extent of dissimilatory sulfate reduction.

MATERIALS AND METHODS

Research site and sample collection

Cueva de la Mora (CM) is a ~40-meter-deep APL located in the northern part of the 
province of Huelva, Spain, in the Iberian Pyrite Belt. Mining activities at CM involved both 
underground and open-cast methods starting in 1875, with the site eventually being 
abandoned in the early 1970s (8, 29). CM is classified as a meromictic APL, with a surface 
layer extending to ~10 m in depth and a deep layer situated below the chemocline at 
~12 m depth. The surface layer is oxygen-saturated, whereas the deep layer is anoxic 
(DO < 0.1 mg/L). The sulfate and ferrous ion concentrations are significantly higher in 
the deep layer (~12 g/L SO₄²⁻ and ~6 g/L Fe(II)) compared with the surface layer (~2 
g/L SO₄²⁻ and ~0.1 g/L Fe(II)). Additionally, the deep layer exhibits a higher pH (4.2–4.6) 
compared with the surface layer (pH 2.7–3.1) (29).

Microbial biomass from the deep layer of CM was collected from a boat attached to 
a buoy located above the deepest part of the lake in October 2021. Sample collection, 
preservation, and transport were described previously (11). Briefly, an electric high-lift 
membrane pump was used to pump water from 34 m below the lake surface (below 
the chemocline) through a stainless-steel filter assembly. The filter assembly was 142 
mm in diameter and held 0.22 μm PES filters. A total of ca. 10 L of water was pumped 
through each filter before filtrate production ceased. After filtration, each filter (20 total) 
was rolled and slid into a 30 mL sterile glass serum tube, filled with water from the deep 
layer, sealed with thick rubber stoppers and aluminum crimps, and purged with N2 gas 
for 5 min and then over-pressurized. Serum tubes were placed in a cooler on ice and 
transported back to Penn State University. Upon arrival, all tubes were stored at 4°C until 
further use.

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-25 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://doi.org/10.1128/aem.02369-25


Medium preparation

Medium was designed to match the water chemistry of the deep layer of CM (20, 
26, 28, 29). N and P were added based on cell synthesis requirements (using biomass 
formula of C5H7O2N1P0.1). Medium contained (per liter): 3,000 mg FeSO4·7H2O, 219 mg 
CaSO4·2H2O, 202 mg MgSO4, 69.5 mg NH4Cl, 48.0 mg ZnSO4·7H2O, 35.8 mg MnSO4·H2O, 
34.0 mg Al2(SO4)3·H2O, 6.20 mg NaCl, 3.82 mg NaH2AsO4, 0.97 mg KCl, 0.82 mg 
CoCl2·6H2O, 0.57 mg NaHCO3, 0.43 mg NaNO3, 0.37 mg NiCl2·6H2O, 0.04 mg CuSO4, and 
0.174 mL 1 N H3PO4. The medium was first prepared without the addition of FeSO4·7H2O 
and adjusted to pH 4.2. The medium was then passed through a 0.2 µm bottle-top filter 
to remove any undissolved solids. Subsequently, 100 mL of medium was dispensed into 
165 mL serum bottles (DWK Life Sciences, Millville, NJ, USA) and then purged with N2 
for 20 min using long needles submerged into the liquid. During purging, FeSO4·7H2O 
was added to the medium to avoid oxidation of Fe(II). After purging the liquid phase, the 
headspace was also purged for 20 min with N2. Serum bottles containing the medium 
were then autoclaved at 121°C, 21 psi, for 30 min. Once cooled, the bottles were moved 
into an anaerobic chamber. One milliliter of 100× Wolfe vitamin solution (30) was added 
to each bottle after inoculation.

Selection of substrates

High-density biomass and individual biocomponents were evaluated as substrates to 
stimulate sulfate reduction. Coccomyxa onubensis (hereafter referred to as Coccomyxa), 
the predominant algae in both the surface layer and chemocline of CM, was provided by 
the Algal Biotechnology Group of the University of Huelva. C. onubensis was previously 
deposited at the Culture Collection of Goettingen University (SAG). C. onubensis was 
dried in an oven with fan-assisted circulation (JP Selecta DRY-BIG 2002972, Barcelona, 
Spain) and converted into a powder of grain size B100 mm using a vibratory disc mill 
(Retsch GmbH RS100, Haan, Germany) (31). The particle size of Coccomyxa powder was 
less than 3.35 mm, as determined by a sieve test (Fig. S1).

Euglena gracilis (hereafter referred to as Euglena), another microalgae common in 
acidic environments (32, 33), was purchased from ALFA Chemistry in New Jersey, USA, in 
the form of sterilized fine powder (particle size < 0.45 mm). Its yellow appearance results 
from carotenoid pigments within the cells (34, 35) (Fig. S1).

Duckweed was selected as another substrate because it can grow under a wider 
range of conditions (36), compared with acidophilic algae such as Coccomyxa and 
Euglena. Duckweed can grow over a range of pH values (3–10) and temperatures (15°C–
35°C) (37). Duckweed generally grows rapidly with sufficient light in calm water and 
can be grown in municipal wastewater (38). Duckweed was provided by the Brennan 
research group at Penn State in the form of compressed pellets (39). The composition 
of duckweed varies significantly depending on its growth conditions. The duckweed 
used in this study was cultivated in an outdoor pond fed treated municipal wastewater 
with relatively low concentrations of nitrogen and phosphorus and had previously been 
identified as a monoculture of Lemna obscura (40). This duckweed had a lower protein 
content (~11.6%), compared with duckweed grown in a nutrient-rich environment (39, 
41). The duckweed was pelletized using a Pellet Pros farm-scale, open hopper batch 
pelletizer (Model PP220, Dubuque, Iowa, USA), which produced ~2.5 cm long, 0.16 mm 
radius pellets. Duckweed pellets were ground into a powder (particle size < 0.18 mm) 
before use (Fig. S1).

High-density biomass samples were characterized by proximate and elemental 
analyses. Compositional analyses for each type of high-density biomass were obtained 
from the literature. Proximate analyses were conducted by Cumberland Valley Analytical 
Services (Waynesboro, PA, USA) to determine dry mass percentages of starch, protein, 
fat, and fiber using Official Methods of Analysis (42). Elemental analyses were conducted 
by the Penn State University Agricultural Analytical Services Lab to determine C, N, P, S, 
and metal concentrations using Test Methods for the Examination of Composting and 
Compost (TMECC) methods 4.02, 4.03, and 4.05 (43).
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Three major classes of biocomponents—amino acids, monosaccharides, and lipids—
were also chosen as substrates. Casamino acids are a blend of amino acids commonly 
used in studies of SRB metabolism (44). Glucose and galactose were selected to 
represent monosaccharides; both are extensively found in microalgal polysaccharides 
(45). Representative long-chain fatty acids (LCFAs), namely palmitate (C16:0) and oleate 
(C18:1), were selected to represent lipids based on their presence as primary lipid 
components in Coccomyxa (46, 47).

Experimental setup

In previous experiments, 5 mM glycerol was added to stimulate sulfate reduction (11). 
This concentration, expressed as chemical oxygen demand (COD), was used to set 
the equivalent concentration for certain substrates tested in the current study. This 
concentration was measured as 494 mg O2/L using a HACH COD kit and is equivalent to 
100% mineralization of 5 mM glycerol. The casamino acids stock solution was prepared 
at a concentration of 10 g/L and added to the media at a concentration of 494 mg O2/L 
as COD. Glucose and galactose stock solutions were prepared in deionized water at 1 
M and autoclaved. The initial concentration of 2.5 mM glucose was measured as 414 
mg O2/L as COD. The initial concentration of 2.5 mM galactose was measured as 426 
mg O2/L as COD (Table S1). Palmitate and oleate stock solutions were made from their 
sodium salts at 1 M and autoclaved. The target initial concentration of 1 mM palmitate 
was measured as 264 mg O2/L as COD. The target initial concentration of 1 mM oleate 
was measured as 744 mg O2/L as COD (Table S1).

All high-density biomass samples were sterilized before use and added at total 
concentrations of 494 mg O2/L as COD. Coccomyxa was provided as oven-dried powder 
(31) and autoclaved at 121°C for 15 min (48). Duckweed was autoclaved at 121°C for 15 
min. Euglena was provided pre-sterilized.

Biomass-laden filters collected from the deep layer of CM were used to inoculate the 
microcosms. Inside the anaerobic chamber (Coy Laboratory Products, Grass Lake, MI), 
filters were cut evenly into eight pie-shaped sections using sterile scissors (hereafter 
referred to as filter wedges). Four filters were required for this study, and the number 
of each filter was labeled in numerical order based on the order they were collected 
from the field. The correspondence between filters and microcosms is summarized in 
Table S2. These details are provided because it was shown in this research that each 
filter displayed subtle differences in microbial community composition and diversity. 
Additionally, two microcosms were set up using unsterilized Coccomyxa powder without 
a filter wedge to assess whether Coccomyxa contained any sulfate-reducing microbes.

Microcosms were prepared inside the anaerobic chamber in serum bottles amended 
with substrate and inoculated with a filter wedge. All stock solutions and high-density 
biomass were prepared and introduced to the corresponding microcosms within the 
anaerobic chamber. Stock solutions were purged with N2 for 10 min. Serum bottles were 
resealed with rubber stoppers and aluminum caps, purged with a 95:5% N2:CO2 gas 
mix for 20 min to approximate dissolved inorganic concentrations in CM, removed from 
the anaerobic chamber, and incubated on a shaker table at 18°C. Each treatment was 
prepared in quadruplicate.

Analytical methods

Sulfide was measured using a modified Cline assay (49, 50). Briefly, 0.5 mL of suspension 
from each microcosm was mixed with 0.5 mL of 100 mM zinc acetate. Lamotte sulfide 
reagents A and B (LaMotte company, Chestertown, MD) were mixed in a ratio of 80–25 
μL and then combined with the 1 mL suspension + zinc acetate for 40–60 min in the 
dark to digest sulfide solids. Cline-S(-II) was measured by absorbance at 670 nm using 
a standard curve. Sulfide standards were prepared by diluting a 1,000 ppm (31.25 µM) 
sodium sulfide standard solution (Aqua Solutions Inc., TX) to concentrations of 4, 1, 0.5, 
0.25, and 0.125 µM under anaerobic conditions.
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Glucose, galactose, and volatile fatty acids (VFAs) resulting from substrate oxidation 
were measured using a Shimadzu HPLC model LC20-AT equipped with a Bio-Rad 
HPX-87H column, a SIL 20-A autosampler, and two detectors: a Refractive Index (RI) 
detector (RID-20A), and a UV detector (SPD-M20A). The RI detector was used to measure 
glucose and galactose, and the UV detector was used to measure VFAs, including acetate, 
butyrate, and propionate. The oven temperature was set to 65°C, with 0.005 M sulfuric 
acid employed as the eluent, and the column retention time was 30 min. Prior to analysis, 
1 mL of suspension was filtered (0.45 µm) and acidified (5 μL of 1 N H2SO4).

Dissolved metal(loid)s were measured using a Thermo Scientific iCAP 7400 ICP-AES 
and included Fe, Zn, Al, As, Na, Mn, Mg, and Si. Prior to analysis, 1 mL of suspension was 
filtered (0.45 µm) and acidified (1:1 [vol/vol] mixture of HCl and HNO₃).

pH was measured using a freshly calibrated Mettler Toledo LE422 SevenExcellence 
micro pH electrode immersed into a plastic vial of suspension.

Statistical methods

All data are presented as mean ± standard deviation from n measurements. Due to the 
low number of replicates (n ≤ 4) and the large standard deviation of certain parameters 
within some treatments, non-parametric analysis of variance failed to detect differen-
ces among treatments. Therefore, the paired Mann-Whitney U test was used to assess 
statistical differences in chemical parameters between any two substrates (51). Statistical 
differences between the compared values were interpreted as being significant if P 
values were less than 0.05.

Kendall’s Tau correlation analysis was used to assess the relationships between the 
relative abundance of sulfate-reducing bacteria in the microcosms and the correspond­
ing sulfide production rate and the maximum sulfide production.

Kinetics calculation

The maximum zero-order sulfide production rate, d[S(-II)]/dt (equation 1), was used for 
kinetic comparisons between treatments. A zero-order rate law was used because it 
best fit the [S(-II)]-vs-time data and presented a simple kinetic comparison between 
treatments. The time period for the rate calculation started when sulfide production 
exceeded 0.05 mM/d and extended until production fell below 0.05 mM/d. Conse­
quently, 2–4 time points were typically used to calculate these rates. The sulfide 
production rate was determined as follows:

(eq 1)Sulfide production rate (μM/d) = S(‐II) at the end point − S(‐II) at the starting point
end point time − starting point time

Thermodynamic calculations

Standard Gibbs free energy (ΔGr°) and Gibbs free energy of reaction (ΔGr’) on a per-
carbon basis (kJ/mol C) were calculated for the oxidation of sugars, amino acids, and 
LCFAs coupled to sulfate reduction. Alanine and glycine were selected as representative 
amino acids. The calculations were based on the initial substrate concentrations, {CO₂(g)} 
= 0.05 atm, {SO₄²⁻} = 0.14 M, {NH₄+} = 0.01 M, pH = 4.2 and T = 291 K.

DNA extraction and microbial community analysis

Biomass samples from microcosms for DNA extraction were collected during maximum 
sulfide production. Biomass was collected from 40 mL of suspension on Supor 200 
Membrane Disc Filters (0.2 µm). DNA was also extracted directly from filter wedges used 
to inoculate the microcosms. DNA extraction was performed using the Qiagen DNeasy 
PowerWater Kit (Qiagen, Venlo, The Netherlands) following the manufacturer’s instruc­
tions. The concentration and quality of DNA extracts were measured by A260/A280 and 
A260/A230, respectively (Thermo Scientific NanoDrop OneC). DNA extracts were frozen at 
−20°C until further use.
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The V4 region of the 16S rRNA gene was amplified using 515F (5′-GTGY­
CAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′) primers. PCR 
reactions were set up using 2 µL of extracted DNA, 11.375 µL of sterile water, 10.625 µL of 
Ex Taq™ master mix with 806R reverse primer, and 1 µL of 515F forward barcoded primer 
(final concentration of 0.2 µM for each primer). The PCR thermocycler program included 
an initial denaturation step at 94°C for 3 min, followed by 35 cycles, each comprising 45 
s at 94°C, 60 s at 50°C, and 90 s at 72°C. A final extension of amplicons was achieved 
by holding the reaction at 72°C for 10 min. PCR products were confirmed by analyzing 
the amplified products on a 2% agarose gel, with the presence of a band representing 
approximately 390 base pairs indicating successful amplification. The amplified region 
was sequenced on the Illumina MiSeq platform, employing 250 bp paired-end reads 
with a 500 bp insert by Mr. DNA (Shallowater, TX). Extracted DNA concentrations in each 
microcosm are listed in Table S3.

The 16S rRNA amplicon sequences were analyzed using DADA2. Raw sequences were 
assembled into contigs, and unique sequences were selected after filtration. Sequences 
were aligned with the Silva taxonomic training data (version 132) formatted for DADA2, 
facilitating the classification of amplicon sequence variants (ASVs) through sequence 
error models (52, 53). Relative abundances of ASVs in each microcosm were determined 
using rarefaction analysis at the genus level with a 0.03 cutoff. Highly abundant ASV 
sequences were matched against the NCBI BLAST database for species-level classifica-
tion. For further analysis and visualization, output files from DADA2 and metadata files 
were employed in RStudio (version 4.2.2). Microbial community profiles were generated 
using the phyloseq package, and principal coordinate analysis (PCoA) was performed 
based on Bray-Curtis distances. The Shannon diversity profiles were also constructed 
using the phyloseq package (54), with data visualization enhanced by the ggplot2 
package.

RESULTS AND DISCUSSION

Characteristics of high-density biomass

Analyses of high-density biomass showed substantially different compositions (Table 
1). Coccomyxa had the highest protein content (48%), lowest starch content (1.1%), 
and second-lowest fiber content (0.2%). Coccomyxa’s measured protein content was 
consistent with a previous report (31). Coccomyxa was cultivated in a nutrient-rich 
culture medium, which explains its typically high protein content. Euglena was expec­
ted to have the highest carbohydrate content (e.g., roughly from 20% to 70%), which 
is primarily attributed to the presence of paramylon (β-1,3-glucan polysaccharide) in 
most Euglena species (55, 56); however, the measured starch content was 4.3%. Euglena 
had the lowest fiber content (0.1%) and the lowest S content (0.13%). Duckweed was 
found to contain the highest fiber content (17%), highest starch content (9.6%), and 
highest sulfur content (0.43%), along with a relatively low protein content (16%). These 
results are consistent with previous studies using this duckweed (Table 1). Note that 
these analyses represent only the specific materials tested in this study, and because 
of conditions related to harvesting and processing biomass, may not widely represent 
other natural forms of the biomass. All high-density biomass samples were processed in 
some manner before use in this study as described in the Materials and Methods section. 
Regardless of expected variations within each form of high-density biomass, our findings 
provide useful guidance for material selection for bioremediation practices.

The N content in Coccomyxa (7.7%) was consistent with its high protein content (Table 
1), which is typically accumulated in the biomass of numerous microalgal species grown 
under non-nutrient-limited conditions. The lower N contents in Euglena and duckweed 
(2.3% and 2.1%, respectively) were consistent with their lower protein contents (15% 
and 16%, respectively). The relatively high S content in Coccomyxa (0.4%) compared 
with common plant tissue (0.15%) (57) was likely due to its growth in a sulfate-rich 
environment. Additionally, Coccomyxa’s high Fe content and low Na content reflected its 
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growing conditions, where Fe(III) was abundant in the nutrient-rich culture medium (up 
to 2 mM) (58) and Na less so in APLs.

Utilization of high-density biomass

All high-density biomass promoted dissimilatory sulfate reduction (Fig. 1; Table S4). With 
Coccomyxa, sulfide production began after a short lag time (4.3 ± 0.5 d), occurred at 
the fastest rate (59.6 ± 6.0 μM/d) (P < 0.05), and to a limited extent (404 ± 52 μM) (P < 
0.05) for high-density substrates. With duckweed, sulfide production also began after a 
short lag time (4.3 ± 0.5 d), occurred at a fast rate (53.3 ± 7.6 μM/d), and resulted in the 
greatest extent of sulfide production (616 ± 266 μM) for high-density substrates. With 
Euglena, sulfide production began after a longer lag time (6.0 ± 0.5 d) and occurred at the 
slowest rate (33.1 ± 4.1 μM/d) (P < 0.05) and to the lowest extent (279 ± 51 μM) (P < 0.05) 
for high-density substrates. All high-density biomass-amended microcosms exhibited 
significantly shorter lag times than glycerol (P < 0.05), which has been recently used as a 
model substrate to promote the growth of SRB in APL (11). Sulfide production rate and 
maximum sulfide production in glycerol-amended microcosms were significantly higher 
than Euglena-amended microcosms (P < 0.05) but indistinguishable from Coccomyxa- 
or duckweed-amended microcosms. Lag times for sulfide production were significantly 
shorter with Coccomyxa and duckweed as compared to any of the single biocomponent-
amended microcosms (P < 0.05). Shorter lag times in high-density biomass-amended 
microcosms may be due to its complex composition that includes multiple biocompo­
nents—such as amino acids, sugars, vitamins, and other growth factors rather than 
a single compound. Among these biocomponents, the triacylglycerides composition 
of Coccomyxa and Euglena is abundant in saturated and monounsaturated fatty acids 
(59, 60), which are more efficiently oxidized by bacteria via the β-oxidation pathway. 
Additionally, unlike other substrates that primarily contain only C, H, and O, high-density 
biomass also provides essential macronutrients (e.g., N and P) and micronutrients. These 
nutrients likely facilitate microbial adaptation, similar to how yeast extract is commonly 
used to support microbial growth (61, 62). Specifically, Coccomyxa sp. has been found to 
accumulate vacuolar polyphosphate (polyP), which is suggested to serve as the vacuolar 
phosphorus storage form in chlorophyte algae (63) and can act as a phosphate source for 
microbial growth.

TABLE 1 Compositional analysis from previous studies, proximate analysis, and elemental analysis of 
high-density biomassa

Coccomyxa Euglena Duckweed

Compositional analysis from previous studies
  Carbohydrate % 25 66 15
  Protein % 45 22 12
  Lipid % 5.4 7.1 0.7
  Reference (31) (55) (39)
Proximate analysis
  Starch % 1.1 4.3 9.6
  Protein % 48 15 16
  Fat % 6.7 6.2 3.3
  Fiber % 0.2 0.1 17
Elemental analysis of high-density biomass
  C % 50 43 34
  N % 7.7 2.3 2.1
  S % 0.40 0.13 0.43
  P % 2.1 1.1 1.3
  Fe (mg/kg) 2,190 35 2,410
  Na (mg/kg) 217 950 8,340
aAll values are on a dry mass basis.
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The increase in pH in the microcosms (highest with duckweed, lowest with Euglena 
[P < 0.05]) correlated directly to sulfide production, consistent with alkalinity pro­
duction associated with greater sulfate reduction. As discussed below, all substrates 
(both high-density biomass and individual biocomponents) led to the enrichment of 
Desulfosporosinus, an acid-tolerant SRB genus (64). The increase in pH from 4.2 to values 
approaching pH 6 would create positive feedback to further stimulate the activity of 
neutrophilic SRB.

The maximum sulfide production from high-density biomass-amended microcosms 
was also converted to µM sulfide per mg L−1 COD (Table 2) to allow a more direct 
comparison of the utilization efficiency of biomass as an electron donor and assess the 
extent of unutilized reducing power. Duckweed exhibited a sulfide production efficiency 
of 1.25 ± 0.54 µM sulfide/mg L−1 COD, Coccomyxa 0.82 ± 0.10 µM sulfide/mg L−1 COD, 
and Euglena 0.56 ± 0.10 µM sulfide/mg L−1 COD. Among the high-density biomass tested 
in this study, duckweed remained the most efficient electron donor on a per-COD basis. 

FIG 1 (A) Lag time, (B) zero-order sulfide production rate, and (C) maximum extent of sulfide production 

in microcosms amended with various substrates. Values are presented as mean ± standard deviation for 

N replicates. Mann–Whitney U tests were conducted for each parameter at a significance level of P < 0.05. 

Data for each microcosm are provided in Table S4.
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However, these values are substantially lower than the theoretical maximum sulfide 
production of 15.6 µM sulfide/mg L−1 COD. The discrepancy was expected, given that 
a substantial portion of the high-density biomass remained visible in the microcosms, 
indicating incomplete degradation.

Coccomyxa is the predominant algae found in CM, and the in situ microbial com­
munity might already be adapted to utilize this substrate. Although Euglena is also 
an acid-tolerant algae, it stimulated sulfate reduction the least amongst high-density 
substrates. While duckweed is not an existing species in APLs, its high S content may 
have aided its promotion of sulfate reduction. Previous studies demonstrated that the 
addition of glycerol and elemental sulfur stimulated dissimilatory sulfate reduction more 
than glycerol alone in experiments very similar to the current study (11).

Utilization of biocomponents

All biocomponents promoted dissimilatory sulfate reduction, although least effectively 
with lipids (Fig. 1; Fig. S2). With casamino acids, sulfide production required the shortest 
lag time (6.5 ± 1 d) (P < 0.05) and produced the highest final pH (6.12 ± 0.05) (P < 
0.05) but showed no significant difference in sulfide production rate or maximum sulfide 
production. The shorter lag time was possibly attributed to the same factors described 
in the previous section, namely that the presence of macronutrients and micronutrients 
in amino acids, in addition to C, H, and O, facilitated microbial adaptation. Previous 
research on the bioremediation of APLs has demonstrated that supplementation with 
suitable nitrogen sources is essential for sustaining SRB activity. Nitrogen-containing 
organic substrates, such as amino acids and nitrogen-rich high-density organic matter 
(e.g., wood chips and sawdust), are effectively utilized by SRB in these systems, consis­
tent with the shorter adaptation times observed for the amino acid– and high-density 
biomass–amended microcosms in this study. Therefore, in nitrogen-poor APLs such as 
CM, addition of a nitrogen-rich substrate (such as Coccomyxa vs Euglena) could better 
promote sulfate reduction. In other cases, nitrogen supplementation could be consid­
ered to enhance the effectiveness of bioremediation efforts in APLs (65).

With glucose and galactose, sulfide production required longer lag times (14 to 22 
days) (P < 0.05), occurred at fast rates (71.6–87.1 μM/d), and resulted in the greatest 
maximum sulfide production (974–1,142 μM) among all substrates (P < 0.05). Glucose 
and galactose also exhibited the highest sulfide production per COD basis, with 2.35 
± 0.82 µM sulfide/mg L−1 COD for glucose and 2.68 ± 0.19 µM sulfide/mg L−1 COD for 
galactose, whereas casamino acids yielded 1.30 ± 0.47 µM sulfide/mg L−1 COD (Table 2). 
These results suggest that monosaccharides, particularly glucose and galactose, which 
are abundant in microalga polysaccharides (reducing power source for biomass-degrad­
ing bacteria), are the most efficiently utilized electron donors on a per-COD basis (P 

TABLE 2 Maximum sulfide production per unit of COD and final pH for microcosms amended with various 
substratesb

Substrate na Max sulfide
(µM sulfide/mg-L COD)

Max pH

Coccomyxa 4 0.82 ± 0.10 5.81 ± 0.05
Euglena 4 0.56 ± 0.10 5.59 ± 0.09
Duckweed 4 1.25 ± 0.54 5.95 ± 0.06
Glycerol 4 1.04 ± 0.27 5.82 ± 0.02
Casamino acids 4 1.29 ± 0.47 6.12 ± 0.05
Glucose 3 2.35 ± 0.82 5.09 ± 0.46
Galactose 3 2.68 ± 0.19 4.85 ± 0.22
Palmitate 3 0.53 ± 0.08 5.55 ± 0.26
Oleate 1 0.06 5.73
aAlthough all substrates were tested in quadruplicate, n = number of microcosms that produced sulfide.
bValues presented as mean ± standard deviation for n replicates. Mann-Whitney U-test was conducted for each 
parameter at the level of significance P < 0.05. The data from each microcosm are listed in Table S4.
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< 0.05), likely because the carbon atoms in sugar monomers are more readily biochem­
ically oxidized compared with oxidation than those in amino acids (66, 67). The rates 
of sulfide production in monosaccharide-amended microcosms were indistinguishable 
compared with casamino acid-amended microcosms (74.6 ± 29.1 μM/d) and high-den­
sity biomass (P > 0.05), except for Euglena. With lipids, sulfide production required the 
longest lag times (23–31 days), occurred at the slowest rates (3.0–9.2 μM/d), and resulted 
in the lowest extent of sulfide production (49–141 μM or 0.07–0.53 µM sulfide/mg L−1 

COD) among all substrates (P < 0.05). With oleate, only one of the replicate microcosms 
produced sulfide. Subtle differences in microbial community composition and diversity 
between filters and filter wedges from the same filter may have contributed to varia­
ble results between replicates prepared with oleate. Since palmitate and oleate have 
relatively high pKa values (9.85 for oleate and 8.60 for palmitate) (68), LCFAs predomi­
nantly exist in their unprotonated forms under our experimental conditions (pH ~ 4.2). 
This unprotonated form is more readily able to cross cell membranes, leading to cellular 
damage (69). Low solubilities of lipids could have made them more challenging for 
microbial oxidation (70). All these factors might contribute to the inefficient utilization of 
LCFAs in the current study.

Free energy calculations could explain the differences in lag times (R2 = 0.511) but 
did not directly correlate with the sulfide production rate (R2 = 0.052) (Fig. 1 and Table 3; 
Fig. S3). Alanine and glycine (reactions R1 and R2) were chosen as representative amino 
acids for these calculations, and their oxidation, coupled with sulfate reduction, was 
the most thermodynamically favorable on a per carbon basis. Amino acid-microcosms 
displayed a shorter lag time before sulfide production began, compared with monosac­
charide-amended microcosms. Glycerol has an energy yield comparable with that of 
monosaccharides on a per-carbon basis; correspondingly, they exhibited a similar lag 
time. Monosaccharides (reactions R3 and R4) yield less energy than amino acids on a 
per-carbon basis; correspondingly, they exhibited longer lag times. However, they were 
utilized at faster rates and to a greater extent of sulfide production. LCFAs yield the 
lowest energy per carbon (reactions R5 and R6), which may further contribute to the 
longer lag times and lower rate for the utilization of LCFAs.

Metal(loid) removal

As expected, metal(loid) removal occurred coincident with sulfide production. All 
microcosms produced enough sulfide to completely immobilize Zn and As from solution. 
Zn and As were targeted because they are the two major metal(loid)s in the deep 
layer of CM that are prone to precipitation by sulfide (21). Microcosms amended with 
high-density biomass required the shortest time for complete removal of Zn and As (P 
< 0.05) (Fig. 2), consistent with their short lag times for sulfide production (Fig. 1). All 
high-density biomass-amended microcosms also showed faster Zn and As removal than 
glycerol. Biocomponent-amended microcosms that required a longer lag time for sulfide 
production (i.e., monosaccharides and lipids) also required longer times for removal of 
Zn and As. Metal(loid)s were removed faster in casamino acid-amended microcosms 
compared with those amended with other biocomponents and glycerol (P < 0.05). 

TABLE 3 Standard Gibbs free energy (ΔGr
0) and Gibbs free energy of reaction (ΔGr') (kJ/mol C) calculated for reactions carried out by microorganisms in these 

experimentsa

Rxn# ΔGr
0 (298 K) ΔGr' (291 K)

R1: Alanine C2H5NO2 + 0.75SO4
2- + 2.5H+ == 2CO2 + 0.75H2S + NH4

+ + H2O −167 −153 kJ/mol C
R2: Glycine C3H7NO2 +1.5SO4

2- + 4H+ == 3CO2 + 1.5H2S + 2NH4
+ + 2H2O −171 −165 kJ/mol C

R3: Glucose C6H12O6 + 3SO4
2- + 6H+ == 3H2S + 6CO2 + 6H2O −121 −118 kJ/mol C

R4: Galactose C6H12O6+ 3SO4
2- + 6H+ == 3H2S + 6CO2 + 6H2O −141 −137 kJ/mol C

R5: Palmitate C18H33O2
- + 12.75SO4

2- + 26.5H+ == 12.75H2S + 17H2O + 18CO2 −106 −97.1 kJ/mol C
R6: Oleate C16H31O2

- + 11.5SO4
2- + 24H+ == 11.5H2S + 16 H2O + 16CO2 −97.3 −88.4 kJ/mol C

R7: Glycerol C3H8O3 + 1.75SO4
2- + 3.5H+ == 1.75H2S + 3CO2 + 4H2O −146 −136 kJ/mol C

aΔGr' refers to pH = 4.2; [Palmitate] = [Oleate] = 1*10-3 M; [Glucose] = [Galactose] = 2.5*10-3 M, [Alanine] = [Glycine] = 2.5*10-3 M, [Glycerol] = 5*10-3 M, {CO2(g)}= 0.05 atm, {SO4 
2-}= 0.14 M, [NH4

+] = 0.01 M, {H2S(aq)} = 10-6 M, T=18°C = 291 K.
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Compared with Zn and As, Fe removal (data not shown) was a less sensitive indicator of 
metal removal due to its higher initial concentration (12 mM Fe vs 0.2 mM Zn vs 0.006 
mM As) and the higher solubility of FeS compared with ZnS (21, 71).

Arsenic removal times were faster than Zn removal in experiments with glycerol, 
casamino acids, glucose, and galactose, which could be due to faster precipitation 
kinetics of realgar (As2S3) compared with sphalerite/wurtzite (ZnS), which is consistent 
with in-situ observations in CM (21). However, As removal is not significantly faster than 
Zn removal in experiments using high-density biomass. According to Table 2, glucose- 
and galactose-amended microcosms reached a final pH of approximately 5, whereas the 
high-density biomass-amended microcosms reached a final pH of nearly 6. Therefore, the 
higher pH may have somehow limited As₂S₃ precipitation compared with ZnS precipita­
tion.

Accumulation of volatile fatty acids (VFAs) during substrate utilization

Acetate and butyrate were produced from the oxidation of all high-density biomass 
and from casamino acids and monosaccharides (Fig. 3). No VFAs were detected from 
LCFAs, and no other VFAs were produced from any of the substrates. In Euglena and 
duckweed-amended microcosms, acetate was detected early in the incubation period 
but was subsequently consumed. In all high-density biomass-amended microcosms, 
butyrate was detected towards the middle of the incubation period and remained until 
the end of the incubation period (22 d).

The pattern of early acetate production, followed by acetate consumption and 
butyrate production, was also observed in casamino acid-amended microcosms. 
In comparison, monosaccharide-amended microcosms produced both acetate and 
butyrate throughout the incubation period, with higher concentrations of acetate at 
the end of the incubation period (47 days). No VFAs were detected in LCFA-amen­
ded microcosms, possibly because hydrogen was produced through β-oxidation and 
subsequently utilized as an electron donor for SRB or because VFAs were generated 
via β-oxidation but were rapidly consumed by SRB, preventing their accumulation from 
being captured in our measurements (72, 73). Greater accumulation of VFAs in mono­
saccharide-amended microcosms was consistent with their higher maximum sulfide 

FIG 2 Times required for complete removal of arsenic and zinc with different substrates. Values 

presented as mean ± standard deviation for N replicates. Mann-Whitney U-test was conducted for each 

parameter. Data from each microcosm are listed in Table S4. Oleate-amended microcosms only have one 

replicate that produced sulfide.
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concentrations compared with casamino acid-amended microcosms (Fig. 3). Acetate 
(pKa = 4.76) is toxic to cells under low-pH conditions because it remains largely in 
its unprotonated form (74–76), and Desulfosporosinus is unable to utilize acetate as 
an electron donor (64). Therefore, since the monosaccharide-amended microcosms still 
maintained low pH at the end of incubation, acetate consumption was suppressed 
until conditions improved. The accumulation of more acetate, compared with butyrate, 
may partially explain the lower final pH values measured in monosaccharide-amended 
microcosms (pH 4.85–5.09), compared with casamino acids (pH 6.12) (Table 2). Since 
~1.8 mM acetate was accumulated in galactose-amended microcosms, whereas ~0.2 mM 
butyrate was accumulated in casamino acid-amended microcosms, and acetate (pKa = 
4.76) is a stronger acid than butyrate (pKa = 4.82), the discrepancy can result in the 
former having a 0.5-unit lower pH than the latter, as predicted by the Henderson-Hassel­
balch equation (equation 2).

(eq. 2)pH = pKa + log [conjugate base][weak acid]
Additionally, the higher acetate concentrations in monosaccharide-amended 

microcosms provided greater buffer capacity to the solution (equation 3).

(eq. 3)β = 2.303 kw[H+] + [H+] + [H+] C ⋅ Ka[H+] + Ka 2

where β represents the buffer capacity, defined as the amount of base required to 
change the pH of a buffer solution by 1 unit, and C denotes the total concentration 
of weak acids—acetate or butyrate in this study. As a result, these microcosms were 
more resistant to pH increases caused by alkalinity production by dissimilatory sulfate 
reduction, leading to a lower final pH.

The temporal patterns of VFA production from high-density biomass closely resemble 
those observed for casamino acids, with both exhibiting an initial phase of acetate 
accumulation, followed by butyrate accumulation. These results suggest that amino 
acids in the high-density biomass were likely the preferential substrates for sulfate 
reduction. Therefore, high-density biomass with higher protein content (and higher N 
content) may be more effective for a remediation approach based on biosulfidogenesis, 

FIG 3 Acetate and butyrate over time in microcosms amended with high-density biomass (left) and biocomponents (right). Microcosms amended with lipids are 

not shown because they produced no VFAs. No glucose or galactose remained after 15 days.
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as amino acids serve as protein monomers, and D. acididurans possesses a complete set 
of genes for protein degradation into individual amino acids (77).

Changes in microbial communities under different amendments

All amendments enriched for microbial communities that were significantly different 
from the in-situ community collected from the deep layer of CM (Fig. 4). The in-situ 
community was developed under oligotrophic conditions and included low relative 
abundances of SRB. In particular, the SRB genus Desulfosporosinus ranged from 0.3% to 
4.6% (9, 11) relative abundance in the in-situ community yet was greatly enriched with 
all substrates tested in this study. Using NCBI BLAST, this taxon was found to have a 
100% V4 region sequence match to Desulfosporosinus acididurans (64). This bacterium is 
highly opportunistic and has been shown to proliferate much faster than other SRB, such 
as Desulfurispora, Desulfovibrio, and Desulfomonile, under organic substrate-amended 
conditions in an incubation column study using deep-layer water collected from an APL 
located near CM (11, 78).

In Coccomyxa-amended microcosms, the relative abundance of Desulfosporosinus 
ranged from 39% to 59%. In other microcosms amended with high-density biomass, the 
relative abundance of Desulfosporosinus ranged from 21% to 49% in the Euglena-amen­
ded treatments and from 27% to 55% in the duckweed-amended treatments.

Despite variations in the relative abundance of Desulfosporosinus among replicates, 
any correlation between SRB abundance and sulfide production was weak (Kendall’s 
τ, P > 0.05). For instance, in Euglena-amended microcosms, regardless of the relative 

FIG 4 (A) Microbial communities recovered from filter wedges collected from the deep layer of CM (adapted from reference 11). F16_1 to F16_4 represent four 

replicates of microbial communities directly extracted from filter No. 16, which was collected from the field. (B) Relative abundance of prokaryotes based on 16S 

rRNA gene amplicons. Each column is labeled with the corresponding microcosm name and replicate number (e.g. Coccomyxa_1 represents the replicate 1 of 

microcosms supplemented with Coccomyxa as the substrate. Only the 13 most abundant taxa are shown; all remaining taxa are grouped under “Other.”
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abundance of Desulfosporosinus (21% to 49%), all microcosms produced 257–368 µM 
sulfide (Table S4). Similarly, duckweed-amended microcosms produced 379–928 µM 
sulfide, whereas the relative abundances of Desulfosporosinus ranged from 27% to 55%. 
Finally, in Coccomyxa-amended microcosms, where the relative abundance of Desulfo­
sporosinus ranged from 39% to 59%, all microcosms produced 357–477 µM sulfide. 
Similarly, the relative abundance of Desulfosporosinus showed a weak correlation with 
sulfide production rates (Kendall’s τ, P > 0.05). Details of the sulfide production parame­
ters for each replicate are provided in Table S4.

Desulfosporosinus was also enriched in biocomponent-amended microcosms. In 
particular, the relative abundance of Desulfosporosinus ranged from 75% to 95% in 
casamino acid-amended microcosms. Considering the similarity of VFA accumulation in 
temporal patterns during the incubation with high-density biomass (Fig. 3), this result 
suggests that amino acids are good substrates for the enrichment of Desulfosporosinus. 
Desulfosporosinus was enriched to lesser extents in microcosms amended with glucose 
(22% to 38%), galactose (15% to 59%), palmitate (50% to 90%), and oleate (30%) also 
suggesting a preference for amino acids utilization by Desulfosporosinus.

In biocomponent-amended microcosms, the rate and extent of sulfide production 
(Fig. 1) was not directly dependent on the relative abundance of Desulfosporosinus 
(Kendall’s τ, P > 0.05). For example, the greatest rates and extent of sulfide produc­
tion occurred in monosaccharide-amended microcosms, systems with lower amounts 
of Desulfosporosinus (Fig. 4). As another example, the greatest relative abundance 
of Desulfosporosinus occurred in casamino acid-amended microcosms, systems that 
produced less sulfide compared with monosaccharides.

Microbacter was the second most abundant taxa in most of the microcosms and even 
the most abundant in a few. Using NCBI BLAST, this Microbacter species was identified 
as Microbacter margulisiae isolated from sediment in the Tinto River, Spain (79). The 
abundance of Microbacter was associated with the abundance of Desulfosporosinus, 
consistent with previous studies that have shown that M. margulisiae is significantly 
enriched alongside SRB under acidic sulfate-reducing conditions (79–81). Microbacter is 
not identified as an SRB but is capable of fermentation, producing acetate, lactate, and 
propionate as major fermentation products. Therefore, Microbacter was less abundant 
in casamino acid- and glycerol-amended microcosms, where these substrates could be 
directly respired rather than fermented (44, 79). In comparison, M. margulisiae was more 
abundant in the high-density biomass–amended microcosms, where organic substrates 
were predominantly present in complex forms. Therefore, fermentation of these complex 
organics into simpler compounds was likely necessary before they could be utilized by 
SRB (82, 83). In addition, nitrogen (e.g., as NH4

+) produced from fermentation of complex 
nitrogen-containing organic substrates could be utilized by SRB to enhance their growth 
(65). M. margulisiae is often found in co-occurrence with SRB in APLs (84–86).

Cellulomonas is a genus of cellulose degraders, and it was present (> 1%) in several 
microcosms where the relative abundance of Desulfosporosinus was low (e.g., with 
Euglena, glucose, and lipids). Burkholderiales, identified as a minor taxon in (9), was 
detected in certain microcosms. Its presence is likely related to its abundance in the 
original inoculum, which may vary across different filters.

Desulfurispora is an SRB genus that was detected only in palmitate-amended 
microcosms, with relative abundances ranging from approximately 0.3%–8.4%. Few 
studies have described Desulfurispora to date (87, 88), and its characteristics remain 
largely unknown. Given that Desulfurispora was also slightly enriched in the microcosm 
supplemented solely with elemental sulfur in our previous study (11), where the 
sulfide production rate was extremely slow, it may possess greater adaptability under 
slower sulfide-producing conditions. The SRB genus Desulfitobacterium was detected in 
microcosms amended with galactose (0.15%) and glucose (0.8%–3.4%). Since Desulfito­
bacterium cannot utilize glucose or galactose as electron donors (89–91), we suspect 
that it utilized intermediate products of sugar respiration or fermentation, such as citrate, 
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pyruvate, and other related compounds (92). Other species listed in Fig. 4B will be 
summarized and discussed in Table S5.

Two major taxa recovered from the inoculum collected from the deep layer of 
CM, uncultured Thermoplasmatales and Thermodesulfovibrio, were not detected (no 
amplicon) in any microcosm. Thermoplasmatales is an acidophilic and thermophilic taxon 
at family level that is frequently found in APLs (7, 93, 94). The closest genome related 
to the Thermodesulfovibrio species in situ was Thermodesulfovibrio yellowstonii (9). T. 
yellowstonii is a strict anaerobic SRB with a temperature range of 40°C–70°C and an 
optimal pH between 6.8 and 7.0 (95). To date, all known Thermodesulfovibrio isolates are 
neutrophiles or alkaliphiles (96, 97). These taxa may inhabit less acidic sediments in CM 
but could not tolerate the low pH and low temperature of the lab incubations.

Based on Bray-Curtis pairwise dissimilarity and Shannon diversity (both using V4 
region of 16S rRNA gene), all enriched microbial communities were distinct from the 
in-situ community used as inoculum (Fig. 5A), and all were less diverse (Fig. 5B). The 
loss of diversity was expected considering an excess of electron donor introduced 
selective pressure to enrich for those microbes capable of utilizing the added substrate 
(98). Moreover, maintaining strictly anaerobic conditions in the laboratory introduced 
additional selective pressure, inhibiting the growth of facultative microbes that may exist 
in situ (9, 10, 26). The PCoA of the Bray-Curtis metric showed clear groupings for the 
glycerol and the casamino acid–amended microcosms, which were located close to each 
other, indicating similar microbial community structures. In contrast, the high-density 
biomass–amended microcosms (squares in Fig. 5) clustered tightly together but were 
positioned apart from the other groups, reflecting distinct community compositions 
primarily driven by the greater relative abundance of Microbacter.

Microbial communities enriched by the various amendments did not correlate to the 
rate and extent of sulfide production, whereas parameters related to sulfide production 

FIG 5 (A) Principal coordinate analysis (PCoA) results based on Bray-Curtis pairwise dissimilarity. 

(B) Shannon diversity indices of ASVs (16S rRNA sequence counts) in microcosms and the microbial 

community on the filter wedge (F16). High-density biomass is depicted as squares, and biocomponents 

are represented by circles.
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were statistically different with different amendments (Fig. 1 and Table 2). The data 
suggests that the substrates had a greater impact in stimulating dissimilatory sulfate 
reduction compared with the enriched microbial community.

Engineering applications

The primary remediation goal for the deep layer of a permanently stratified APL like 
CM would be to remove major harmful metal(loid)s from the dissolved phase so that 
they cannot be transported to the surrounding environment. A series of conceptual 
calculations is presented here to show how this could occur in CM. Based on represen­
tative geochemical conditions in the deep layer of CM, ~1.67 mM Zn and ~0.23 mM 
As would have to be removed as sulfide minerals. Zn would presumably be removed 
as ZnS, thus requiring 1.67 mM of S(-II) to be produced for its removal. Arsenic would 
presumably form As2S3, the predominant As sulfide found in the deep layer of CM (99), 
thus requiring 0.35 mM of S(-II) to be produced (= 3/2*0.23 mM). Therefore, a total of 
~2 mM S(-II) would have to be produced to remove As and Zn, initially neglecting the 
formation of FeS.

The amount of high-density biomass needed to produce ~2 mM S(-II) can be 
estimated based on these experimental results (Fig. 1). For example, the addition of 0.38 
g/L of Coccomyxa produced 0.40 mM S(-II), resulting in a sulfide production ratio of 1.06 
mM S(-II)/g Coccomyxa. Using the same calculation method yields sulfide production 
ratios of 0.57 mM S(-II)/g Euglena and 1.04 mM S(-II)/g duckweed (Table S6). Although 
high-density biomass materials were added to the microcosms at the same concentra­
tions based on COD, the different extents of substrate oxidation (i.e., measured in terms 
of sulfate reduction) reflect different biochemical oxygen demand (BOD) concentrations 
of these materials. Differences between COD and BOD reflect that a portion of the 
high-density biomass materials may not be labile enough for biological utilization under 
sulfate-reducing conditions.

It should be noted that a critical constraint for bioremediation would be to maintain 
permanent stratification of the lake. Permanent stratification of an APL is due to the high 
density caused by elevated salinity in the deep layer of CM; substrate addition would 
have to be carefully monitored to avoid removing too many dissolved species from 
the deep layer. Lake turnover must be avoided, as oxygen intrusion from the surface 
layer could reverse the remediation effects by disrupting biosulfidogenesis (16), negating 
its bioremediation benefits. Additionally, lake turnover would negatively impact the 
ecosystem of APLs. For instance, obligate anaerobes residing in the deep layer would 
likely perish if transported to the oxygenated surface layer (100, 101).

Therefore, enough metal(loid) ions must remain in the deep layer during bioremedia­
tion to prevent vertical mixing. Timely monitoring of ion concentrations and density is 
critical during remediation to avoid significant overdosing. Fortunately, the stratification 
of CM is quite stable, given that approximately 120 mM of Fe(II) and 126 mM SO₄²⁻ 
remain in the deep layer of CM, being much higher than the iron and sulfate contents 
of the chemocline (19 mM Fe(II) and 41 mM SO₄²⁻) (20). As a result, the density of the 
deep layer of CM (ρ = 1,015 mg/cm3) is significantly higher than that of the upper layer 
(ρ = 1,001 mg/cm3) and chemocline (ρ = 1,002 mg/cm3) (102), so that a lake turnover due 
to density homogenization during remediation would be highly unlikely. Furthermore, 
metallic sulfides settled into the sediment of the APLs would not be severely affected 
by lake turnover and primarily protected from reoxidation (20). In any case, timely 
monitoring would be recommended to ensure the high-density biomass is not buried in 
the sediment before it is utilized in the water column, as these particles do not resuspend 
into the water column in such a deep, permanently stratified lake (103), although their 
utilization or dissolution could lead to upward diffusion of electron donors into the deep 
water column.

In a hypothetical case for the remediation of CM, we propose setting the target S(-II) 
production at 3 mM by the end of a defined remediation period as a safety factor to 
ensure complete removal of the major harmful metal(loid)s in the deep layer of CM, 
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Zn and As, while maintaining sufficient Fe(II) in the deep layer, assuming that the rate 
of metal(loid) removal (which typically requires a few months) is much faster than the 
rate at which new dissolved metal(loid)s accumulate in the deep layer of CM. Further 
investigation and more comprehensive studies are needed to establish a reasonable 
remediation goal and safety factor, and to develop engineering strategies to prevent the 
settling of high-density biomass into the sediment.

The total mass of high-density biomass required for addition to the deep layer of 
CM was calculated based on an estimated volume of approximately 112,800 m³, derived 
from the bathymetry of CM (8). Consequently, approximately 350 US tons of dried 
Coccomyxa or pelletized duckweed would need to be introduced into the deep layer 
to achieve remediation goal (i.e., 3 mM S(-II) production) (Table S6), which corresponds 
to approximately 2.81 metric tons per million liters (10.6 US tons per Mgallon) of water 
treated. Biomass production in the surface layer and chemocline is insufficient to provide 
the amount of biomass required for deep-layer remediation (8, 27); therefore, stimulating 
growth through nutrient supplementation or adding external biomass may be necessary 
(104). In comparison, based on default design specifications for passive treatment 
systems in the United States (105, 106), a sulfate-reducing bioreactor designed to treat 
3,785 L per min of acid mine drainage (AMD) would require approximately 9,520 metric 
tons of biomass (e.g., a combination of hay, manure, and wood chips). Assuming this 
biomass sustains sulfate reduction for 10 years, the system would treat approximately 
19,900 million liters of AMD, yielding a biomass requirement of 0.48 metric tons per 
million liters (2.01 US tons per Mgallon). Therefore, the remediation efficiency of using 
high-density biomass to treat the deep layer of CM is comparable with that of similar 
biomass-based strategies applied to AMD.

Moreover, using high-density biomass offers several advantages. Coccomyxa can 
be directly harvested from the surface layer and chemocline of CM. Duckweed can 
be collected from nature and requires only minimal processing in laboratory facili­
ties before use. Furthermore, we found that unsterilized Coccomyxa collected from 
CM could trigger biosulfidogenesis with a comparable lag time (6.8 ± 1.0 days) and 
sulfide production rates (56.8 ± 1.5 µM/day) to those observed with sterilized Cocco­
myxa (Fig. 1). This is likely because Coccomyxa harbored SRB native to CM, which 
were enriched during incubation. Therefore, autoclaving the high-density biomass for 
substrate-native organisms may not be necessary. Further investigation is warranted 
to assess whether bioremediation efficiencies differ significantly between sterilized and 
unsterilized high-density biomass. If no substantial difference is observed, autoclaving 
costs could be reduced. In addition, we conducted a lab test to determine the sinking 
velocity of pelletized high-density biomass. The duckweed pellets (6 mm diameter, 2.5 
cm long) sank at a rate of ~15 cm/s in lake water. Coccomyxa, in the form of small pellets, 
sank at a rate of 2 cm/s. These data suggest that pelletized high-density biomass can 
sink to the bottom of CM (40 m) much faster (e.g., ~3–30 min) than the lag period for 
SRB to utilize them (~days, as discussed in Fig. 1 above). Therefore, they can reach the 
remediation area without significant loss during transport from the surface to the deep 
part. In comparison, soluble organic substrates such as glycerol, glucose, and galactose 
must be added directly to the deep layer, which requires infrastructural effort and leads 
to substantial additional costs.

Conclusions

In this study, we tested a new potential approach to remediate the deep layer of a 
permanently stratified APL by utilizing high-density biomass to facilitate dissimilatory 
sulfate reduction, thus immobilizing harmful metal(loid)s by forming metal(loid)-sulfide 
precipitates. The acid-tolerant SRB Desulfosporosinus was enriched and served as the 
major facilitator for dissimilatory sulfate reduction for this process, but its relative 
abundance was weakly correlated to sulfide production efficiency. High-density biomass 
serves as a favorable substrate for the acid-tolerant SRB Desulfosporosinus inhabiting 
the deep layer of CM. High-density biomass was utilized more rapidly than simple 
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organic substrates such as glycerol, glucose, and galactose. Besides, they can naturally 
sink, avoiding the infrastructural cost for delivering soluble or floating substrates to 
the deep layer. The “indirect delivery” of Coccomyxa enables internal bioremediation by 
cultivating it in the surface layer and allowing for passive transport to the deep layer. 
The “direct delivery” of external pelletized high-density biomass, such as duckweed, 
has proven successful in the laboratory setup, indicating a potential success of this 
strategy to be applied in practical remediation. Utilization of amino acids experienced 
a shorter adaptation period among the biological monomers examined in this study, 
whereas monosaccharides led to a greater sulfide production rate. Thus, we infer that 
amino acid-rich (and possibly S-rich) biomass may undergo a shorter adaptation period, 
whereas sugar-rich biomass might result in a higher sulfide production rate during 
remediation. To our knowledge, this is the first published work to propose the applica­
tion of high-density biomass for bioremediation in APLs in the Iberian Pyrite Belt.

ACKNOWLEDGMENTS

This material is based upon work partially supported by the US National Science 
Foundation under Award No. EAR-2016826 to Dr. William Burgos, Dr. Jennifer Macalady, 
and Dr. Javier Sánchez-España. Any opinions, findings, and conclusions or recommenda­
tions expressed in this publication are those of the author(s) and do not necessarily 
reflect the views of the US National Science Foundation.

In addition, this research was partially funded by Penn State University through the 
Stan and Flora Kappe endowment and biogeochemistry scholarship through Institute of 
Energy and the Environment (IEE).

AUTHOR AFFILIATIONS

1Department of Civil and Environmental Engineering, The Pennsylvania State University, 
University Park, Pennsylvania, USA
2Department of Civil and Environmental Engineering, Colorado State University, Fort 
Collins, Colorado, USA
3Department of Planetology and Habitability, Centro de Astrobiología (CAB), Spanish 
National Research Council (CSIC), Torrejón de Ardoz, Madrid, Spain
4Algal Biotechnology Group, CIDERTA and Faculty of Experimental Sciences, University of 
Huelva, Huelva, Spain
5Research Center of Natural Resources, Health and the Environment (RENSMA), University 
of Huelva, Huelva, Spain
6Department of Geosciences, The Pennsylvania State University, University Park, 
Pennsylvania, USA

AUTHOR ORCIDs

Yutong Liu  http://orcid.org/0009-0001-7629-5082
Rachel A. Brennan  http://orcid.org/0000-0001-6780-7552
Javier Sánchez-España  http://orcid.org/0000-0001-6295-1459
Carlos Vilchez  http://orcid.org/0000-0002-8164-1672
Juan-Luis Fuentes  https://orcid.org/0000-0002-9037-3147
Jennifer L. Macalady  http://orcid.org/0000-0001-5214-0601
William D. Burgos  http://orcid.org/0000-0003-3269-2921

FUNDING

Funder Grant(s) Author(s)

National Science Foundation EAR-2016826 Jennifer L. Macalady

William D. Burgos

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-2519

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

http://orcid.org/0009-0001-7629-5082
http://orcid.org/0000-0001-6780-7552
http://orcid.org/0000-0001-6295-1459
http://orcid.org/0000-0002-8164-1672
https://orcid.org/0000-0002-9037-3147
http://orcid.org/0000-0001-5214-0601
http://orcid.org/0000-0003-3269-2921
http://dx.doi.org/10.13039/501100008982
https://doi.org/10.1128/aem.02369-25


AUTHOR CONTRIBUTIONS

Yutong Liu, Conceptualization, Data curation, Formal analysis, Investigation, Methodol­
ogy, Resources, Software, Validation, Visualization, Writing – original draft, Writing – 
review and editing | Rachel A. Brennan, Conceptualization, Methodology, Resources, 
Validation, Writing – original draft, Writing – review and editing | Javier Sánchez-España, 
Conceptualization, Methodology, Project administration, Resources, Validation, Writing – 
original draft, Writing – review and editing | Carlos Vilchez, Conceptualization, Methodol­
ogy, Resources, Writing – original draft, Writing – review and editing | Juan-Luis Fuentes, 
Conceptualization, Resources, Writing – original draft, Writing – review and editing | 
Jennifer L. Macalady, Conceptualization, Methodology, Project administration, Supervi­
sion, Validation, Visualization, Writing – original draft, Writing – review and editing | 
William D. Burgos, Conceptualization, Data curation, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Resources, Software, Supervision, 
Validation, Visualization, Writing – original draft, Writing – review and editing

DATA AVAILABILITY

Data were deposited at the National Center for Biotechnology Information (NCBI) and 
can be found under the BioProject accession number PRJNA1347290.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (AEM02369-25-s0001.docx). Figures S1 to S3; Tables S1 to S6.

REFERENCES

1. Geller, W., Schultze, M., Kleinmann, B., & Wolkersdorfer, C. (2012). Acidic 
pit lakes: the legacy of coal and metal surface mines. Springer Science & 
Business Media.

2. Johnson B, Santos AL. 2020. Biological removal of sulfurous compounds 
and metals from inorganic wastewaters, p 215–246. In Environmental 
technologies to treat sulfur pollution: principles and engineering. IWA 
Publishing.

3. Castro JM, Moore JN. 2000. Pit lakes: their characteristics and the 
potential for their remediation. Environ Geol 39:1254–1260. https://doi.
org/10.1007/s002549900100

4. McCullough CD. 2008. Approaches to remediation of acid mine 
drainage water in pit lakes. Int J Min Reclam Environ 22:105–119. https:/
/doi.org/10.1080/17480930701350127

5. Cánovas CR, Peiffer S, Macías F, Olías M, Nieto JM. 2015. Geochemical 
processes in a highly acidic pit lake of the Iberian Pyrite Belt (SW Spain). 
Chem Geol 395:144–153. https://doi.org/10.1016/j.chemgeo.2014.12.00
7

6. Schultze M, Boehrer B, Wendt-Potthoff K, Sánchez-España J, Castendyk 
D. 2017. Meromictic pit lakes: case studies from Spain, Germany and 
Canada and general aspects of management and modelling, p 235–
275. In Ecology of meromictic lakes

7. She Z, Wang J, Pan X, Ma D, Gao Y, Wang S, Chuai X, Yue Z. 2023. 
Decadal evolution of an acidic pit lake: Insights into the biogeochemi­
cal impacts of microbial community succession. Water Res 243:120415. 
https://doi.org/10.1016/j.watres.2023.120415

8. Sánchez-España J, Diez Ercilla M, Pérez Cerdán F, Yusta I, Boyce AJ. 
2014. Hydrological investigation of a multi-stratified pit lake using 
radioactive and stable isotopes combined with hydrometric monitor­
ing. J Hydrol (Amst) 511:494–508. https://doi.org/10.1016/j.jhydrol.2014
.02.003

9. Ayala-Muñoz D, Macalady JL, Sánchez-España J, Falagán C, Couradeau 
E, Burgos WD. 2022. Microbial carbon, sulfur, iron, and nitrogen cycling 
linked to the potential remediation of a meromictic acidic pit lake. ISME 
J 16:2666–2679. https://doi.org/10.1038/s41396-022-01320-w

10. Sánchez-España J. 2024. The geomicrobiology of acidic pit lakes. In 
Staicu LC, Barton LL (ed), Geomicrobiology: natural and anthropogenic 
settings. Springer, Cham.

11. Liu Y, Macalady JL, Sánchez-España J, Burgos WD. 2024. Enrichment of 
acid-tolerant sulfide-producing microbes from an acidic pit lake. Front 
Microbiol 15:1475137. https://doi.org/10.3389/fmicb.2024.1475137

12. Kleeberg A, Schubert H, Koschorreck M, Nixdorf B. 2006. Abundance 
and primary production of filamentous green algae Zygogonium 
ericetorum in an extremely acid (pH 2.9) mining lake and its impact on 
alkalinity generation. Freshw Biol 51:925–937. https://doi.org/10.1111/j.
1365-2427.2006.01542.x

13. Fyson A, Nixdorf B, Kalin M. 2006. The acidic lignite pit lakes of Germany
—microcosm experiments on acidity removal through controlled 
eutrophication. Ecol Eng 28:288–295. https://doi.org/10.1016/j.ecoleng.
2006.06.012

14. Frömmichen R, Wendt-Potthoff K, Friese K, Fischer R. 2004. Microcosm 
studies for neutralization of hypolimnic acid mine pit lake water (pH 
2.6). Environ Sci Technol 38:1877–1887. https://doi.org/10.1021/es0348
63e

15. Meier J, Babenzien HD, Wendt-Potthoff K. 2004. Microbial cycling of 
iron and sulfur in sediments of acidic and pH-neutral mining lakes in 
Lusatia (Brandenburg, Germany). Biogeochemistry 67:135–156. https://
doi.org/10.1023/B:BIOG.0000015324.22890.b7

16. Nixdorf B, Uhlmann W, Lessmann D. 2010. Potential for remediation of 
acidic mining lakes evaluated by hydrogeochemical modelling: case 
study Grünewalder Lauch (Plessa 117, Lusatia/Germany). Limnologica 
40:167–174. https://doi.org/10.1016/j.limno.2009.12.005

17. Schultze M, Geller W, Wendt-Potthoff K, Benthaus FC. 2009. Manage­
ment of water quality in German pit lakes. Proceedings of 8th 
international conference on acid rock drainage technology (ICARD). , p 
1–15, Skelleftea, Sweden.

18. Benthaus FC, Totsche O, Luckner L. 2020. In-lake neutralization of east 
German lignite pit lakes: technical history and new approaches from 
LMBV. Mine Water Environ 39:603–617. https://doi.org/10.1007/s10230-
020-00707-5

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-2520

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1347290/
https://doi.org/10.1128/aem.02369-25
https://doi.org/10.1007/s002549900100
https://doi.org/10.1080/17480930701350127
https://doi.org/10.1016/j.chemgeo.2014.12.007
https://doi.org/10.1016/j.watres.2023.120415
https://doi.org/10.1016/j.jhydrol.2014.02.003
https://doi.org/10.1038/s41396-022-01320-w
https://doi.org/10.3389/fmicb.2024.1475137
https://doi.org/10.1111/j.1365-2427.2006.01542.x
https://doi.org/10.1016/j.ecoleng.2006.06.012
https://doi.org/10.1021/es034863e
https://doi.org/10.1023/B:BIOG.0000015324.22890.b7
https://doi.org/10.1016/j.limno.2009.12.005
https://doi.org/10.1007/s10230-020-00707-5
https://doi.org/10.1128/aem.02369-25


19. Gammons CH, Duaime TE. 2006. Long term changes in the limnology 
and geochemistry of the Berkeley Pit Lake, Butte, Montana. Mine Water 
Environ 25:76–85. https://doi.org/10.1007/s10230-006-0114-6

20. España JS, Pamo EL, Diez M, Santofimia E. 2009. Physico-chemical 
gradients and meromictic stratification in Cueva de la Mora and other 
acidic pit lakes of the Iberian Pyrite Belt. Mine Water Environ 28:15–29. 
https://doi.org/10.1007/s10230-008-0059-z

21. Diez-Ercilla M, Sánchez-España J, Yusta I, Wendt-Potthoff K, Koschorreck 
M. 2014. Formation of biogenic sulphides in the water column of an 
acidic pit lake: biogeochemical controls and effects on trace metal 
dynamics. Biogeochemistry 121:519–536. https://doi.org/10.1007/s105
33-014-0020-0

22. Chen M, Zeng G, Zhang J, Xu P, Chen A, Lu L. 2015. Global landscape of 
total organic carbon, nitrogen and phosphorus in lake water. Sci Rep 
5:15043. https://doi.org/10.1038/srep15043

23. Schippers A, Sand W. 1999. Bacterial leaching of metal sulfides 
proceeds by two indirect mechanisms via thiosulfate or via polysulfides 
and sulfur. Appl Environ Microbiol 65:319–321. https://doi.org/10.1128/
AEM.65.1.319-321.1999

24. Sánchez España J, Pamo EL, Pastor ES, Ercilla MD. 2008. The acidic mine 
pit lakes of the Iberian Pyrite Belt: an approach to their physical 
limnology and hydrogeochemistry. Appl Geochem 23:1260–1287. https
://doi.org/10.1016/j.apgeochem.2007.12.036

25. Olías M, Cánovas CR, Basallote MD, Macías F, Pérez-López R, González 
RM, Millán-Becerro R, Nieto JM. 2019. Causes and impacts of a mine 
water spill from an acidic pit lake (Iberian Pyrite Belt). Environ Pollut 
250:127–136. https://doi.org/10.1016/j.envpol.2019.04.011

26. Falagán C, Sánchez-España FJ, Yusta I, Johnson DB. 2015. Microbial 
communities in sediments in acidic, metal-rich mine lakes: results from 
a study in South-West Spain. AMR 1130:7–10. https:​//doi.org/10.4028/w
ww.scientific.net/AMR.1130.7

27. Sánchez-España J, Falagán C, Ayala D, Wendt-Potthoff K. 2020. 
Adaptation of Coccomyxa sp. to extremely low light conditions causes 
deep chlorophyll and oxygen maxima in acidic pit lakes. Microorgan­
isms 8:1218. https://doi.org/10.3390/microorganisms8081218

28. Ayala-Muñoz D, Burgos WD, Sánchez-España J, Couradeau E, Falagán C, 
Macalady JL. 2020. Metagenomic and metatranscriptomic study of 
microbial metal resistance in an acidic pit lake. Microorganisms 8:1350. 
https://doi.org/10.3390/microorganisms8091350

29. Wendt-Potthoff K, Koschorreck M, Diez Ercilla M, Sánchez España J. 
2012. Microbial activity and biogeochemical cycling in a nutrient-rich 
meromictic acid pit lake. Limnologica 42:175–188. https://doi.org/10.10
16/j.limno.2011.10.004

30. Balch WE, Wolfe RS. 1976. New approach to the cultivation of 
methanogenic bacteria: 2-mercaptoethanesulfonic acid (HS-CoM)-
dependent growth of Methanobacterium ruminantium in a pressureized 
atmosphere. Appl Environ Microbiol 32:781–791. https://doi.org/10.112
8/aem.32.6.781-791.1976

31. Navarro F, Forján E, Vázquez M, Toimil A, Montero Z, Ruiz‐Domínguez 
M d. C, Garbayo I, Castaño MÁ, Vílchez C, Vega JM. 2017. Antimicrobial 
activity of the acidophilic eukaryotic microalga Coccomyxa onubensis. 
Phycol Res 65:38–43. https://doi.org/10.1111/pre.12158

32. Mašić E, Žero S, Barudanović S, Memić M. 2018. Effect of heavy metals 
on phytobenthos assemblages in mine pit lakes of Bosnia and 
Herzegovina. Biologica Nyssana 9

33. Yoshioka K, Suzuki K, Osanai T. 2020. Effect of pH on metabolite 
excretion and cell morphology of Euglena gracilis under dark, anaerobic 
conditions. Algal Res 51:102084. https://doi.org/10.1016/j.algal.2020.10
2084

34. Kato S, Soshino M, Takaichi S, Ishikawa T, Nagata N, Asahina M, 
Shinomura T. 2017. Suppression of the phytoene synthase gene 
(EgcrtB) alters carotenoid content and intracellular structure of Euglena 
gracilis. BMC Plant Biol 17:125. https://doi.org/10.1186/s12870-017-106
6-7

35. Yao R, Fu W, Du M, Chen ZX, Lei AP, Wang JX. 2022. Carotenoids 
biosynthesis, accumulation, and applications of a model microalga 
euglenagracilis. Mar Drugs 20:496. https://doi.org/10.3390/md2008049
6

36. Cui W, Cheng JJ. 2015. Growing duckweed for biofuel production: a 
review. Plant Biol (Stuttg) 17 Suppl 1:16–23. https://doi.org/10.1111/plb
.12216

37. Lasfar S, Monette F, Millette L, Azzouz A. 2007. Intrinsic growth rate: a 
new approach to evaluate the effects of temperature, photoperiod and 
phosphorus-nitrogen concentrations on duckweed growth under 

controlled eutrophication. Water Res 41:2333–2340. https://doi.org/10.
1016/j.watres.2007.01.059

38. Roman B, Brennan RA. 2019. A beneficial by-product of ecological 
wastewater treatment: an evaluation of wastewater-grown duckweed 
as a protein supplement for sustainable agriculture. Ecol Eng 
142:100004. https://doi.org/10.1016/j.ecoena.2019.100004

39. Brown J. 2024. The formation of pelletized duckweed: evaluating its 
physical properties and feasibility as a fertilizer under varied rainfall 
intensities in laboratory soil columns

40. Calicioglu O, Brennan RA. 2018. Sequential ethanol fermentation and 
anaerobic digestion increases bioenergy yields from duckweed. 
Bioresour Technol 257:344–348. https://doi.org/10.1016/j.biortech.2018
.02.053

41. Roman B, Brennan RA, Lambert JD. 2021. Duckweed protein supports 
the growth and organ development of mice: a feeding study 
comparison to conventional casein protein. J Food Sci 86:1097–1104. ht
tps://doi.org/10.1111/1750-3841.15635

42. AOAC International. 2000. Official methods of analysis of AOAC 
international. AOAC International. Vol. 17.

43. Thompson W, Leege P, Millner P, Watson M. 2001. Test methods for the 
examination of composting and compost (TMECC). US Composting 
Council, Holbrook, New York.

44. Takii S, Hanada S, Tamaki H, Ueno Y, Sekiguchi Y, Ibe A, Matsuura K. 
2007. Dethiosulfatibacter aminovorans gen. nov., sp. nov., a novel 
thiosulfate-reducing bacterium isolated from coastal marine sediment 
via sulfate-reducing enrichment with casamino acids. Int J Syst Evol 
Microbiol 57:2320–2326. https://doi.org/10.1099/ijs.0.64882-0

45. Costa JAV, Lucas BF, Alvarenga AGP, Moreira JB, de Morais MG. 2021. 
Microalgae polysaccharides: an overview of production, characteriza­
tion, and potential applications. Polysaccharides 2:759–772. https://doi.
org/10.3390/polysaccharides2040046

46. Maltsev Y, Maltseva I, Maltseva S, Kociolek JP, Kulikovskiy M. 2019. Fatty 
acid content and profile of the novel strain of Coccomyxa elongata 
(Trebouxiophyceae, Chlorophyta) cultivated at reduced nitrogen and 
phosphorus concentrations. J Phycol 55:1154–1165. https://doi.org/10.
1111/jpy.12903

47. Nicolò MS, Gugliandolo C, Rizzo MG, Zammuto V, Cicero N, Dugo G, 
Guglielmino SPP. 2022. Nutritional conditions of the novel freshwater 
Coccomyxa AP01 for versatile fatty acids composition. J Appl Microbiol 
132:401–412. https://doi.org/10.1111/jam.15223

48. Ruiz-Domínguez MC, Vaquero I, Obregón V, de la Morena B, Vílchez C, 
Vega JM. 2015. Lipid accumulation and antioxidant activity in the 
eukaryotic acidophilic microalga Coccomyxa sp. (strain onubensis) 
under nutrient starvation. J Appl Phycol 27:1099–1108. https://doi.org/
10.1007/s10811-014-0403-6

49. Cline JD. 1969. Spectrophotometric determination of hydrogen sulfide 
in natural waters 1. Limnology & Oceanography 14:454–458. https://doi
.org/10.4319/lo.1969.14.3.0454

50. Leavitt WD, Venceslau SS, Pereira IAC, Johnston DT, Bradley AS. 2016. 
Fractionation of sulfur and hydrogen isotopes in Desulfovibrio vulgaris 
with perturbed DsrC expression. FEMS Microbiol Lett 363:fnw226. https
://doi.org/10.1093/femsle/fnw226

51. Mann HB, Whitney DR. 1947. On a test of whether one of two random 
variables is stochastically larger than the other. Ann Math Statist 18:50–
60. https://doi.org/10.1214/aoms/1177730491

52. Callahan BJ, McMurdie PJ, Holmes SP. 2017. Exact sequence variants 
should replace operational taxonomic units in marker-gene data 
analysis. ISME J 11:2639–2643. https://doi.org/10.1038/ismej.2017.119

53. Narayan NR, Weinmaier T, Laserna-Mendieta EJ, Claesson MJ, Shanahan 
F, Dabbagh K, Iwai S, DeSantis TZ. 2020. Piphillin predicts metagenomic 
composition and dynamics from DADA2-corrected 16S rDNA 
sequences. BMC Genomics 21:1–12. https://doi.org/10.1186/s12864-01
9-6427-1

54. McMurdie PJ, Holmes S. 2013. Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 
8:e61217. https://doi.org/10.1371/journal.pone.0061217

55. Yang H, Choi K, Kim KJ, Park S-Y, Jeon J-Y, Kim B-G, Kim JY. 2022. 
Immunoenhancing effects of Euglena gracilis on a cyclophosphamide-
induced immunosuppressive mouse model. J Microbiol Biotechnol 
32:228–237. https://doi.org/10.4014/jmb.2112.12035

56. Yan KTH, Hie ISY, Samaranayake EA, Chang JLK, Wang AZH. 2023. 
Medium and process optimizations for Euglena gracilis with high 
biomass production enriched with protein. Algal Res 75:103265. https:/
/doi.org/10.1016/j.algal.2023.103265

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-2521

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://doi.org/10.1007/s10230-006-0114-6
https://doi.org/10.1007/s10230-008-0059-z
https://doi.org/10.1007/s10533-014-0020-0
https://doi.org/10.1038/srep15043
https://doi.org/10.1128/AEM.65.1.319-321.1999
https://doi.org/10.1016/j.apgeochem.2007.12.036
https://doi.org/10.1016/j.envpol.2019.04.011
https://doi.org/10.4028/www.scientific.net/AMR.1130.7
https://doi.org/10.3390/microorganisms8081218
https://doi.org/10.3390/microorganisms8091350
https://doi.org/10.1016/j.limno.2011.10.004
https://doi.org/10.1128/aem.32.6.781-791.1976
https://doi.org/10.1111/pre.12158
https://doi.org/10.1016/j.algal.2020.102084
https://doi.org/10.1186/s12870-017-1066-7
https://doi.org/10.3390/md20080496
https://doi.org/10.1111/plb.12216
https://doi.org/10.1016/j.watres.2007.01.059
https://doi.org/10.1016/j.ecoena.2019.100004
https://doi.org/10.1016/j.biortech.2018.02.053
https://doi.org/10.1111/1750-3841.15635
https://doi.org/10.1099/ijs.0.64882-0
https://doi.org/10.3390/polysaccharides2040046
https://doi.org/10.1111/jpy.12903
https://doi.org/10.1111/jam.15223
https://doi.org/10.1007/s10811-014-0403-6
https://doi.org/10.4319/lo.1969.14.3.0454
https://doi.org/10.1093/femsle/fnw226
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1186/s12864-019-6427-1
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.4014/jmb.2112.12035
https://doi.org/10.1016/j.algal.2023.103265
https://doi.org/10.1128/aem.02369-25


57. De Kok LJ. 1990. Sulfur metabolism in plants exposed to atmospheric 
sulfur, p 111–130. In Rennenberg H, Brunold C, De Kok LK, StulenI (ed), 
Sulfur Nutrition and Sulfur Assimilation in Higher Plants: Fundamental, 
Environmental and Agricultural Aspects. SPB Academic Publishing.

58. Robles M, Ostojic C, Ruiz-Domínguez MC, Cuaresma M, Gonzalo C, 
Obregón V, Fuentes JL, Bartolomé A, Vílchez C. 2024. Mixotrophic 
growth of a highly acidic habitat microalga for production of valuable 
fatty acids. J Appl Phycol 36:2489–2502. https://doi.org/10.1007/s10811
-024-03255-5

59. Zhang W, Gao J, Zhou W. 2020. Transcriptome-based analysis of 
euglena gracilis lipid metabolic pathways under light stress. Turk J Fish 
Aquat Sci 20. https://doi.org/10.4194/1303-2712-v20_6_04

60. Navarro F, Toimil A, Ramírez S, Montero Y, Fuentes JL, Perona JS, 
Castaño MÁ, Pásaro R, Vega JM, Vílchez C. 2020. The acidophilic 
microalga Coccomyxa onubensis and atorvastatin equally improve 
antihyperglycemic and antihyperlipidemic protective effects on rats fed 
on high-fat diets. J Appl Phycol 32:3923–3931. https://doi.org/10.1007/s
10811-020-02280-4

61. Nancib N, Branlant C, Boudrant J. 1991. Metabolic roles of peptone and 
yeast extract for the culture of a recombinant strain of Escherichia coli. J 
Ind Microbiol 8:165–169. https://doi.org/10.1007/BF01575849

62. Lee JS, Little BJ. 2015. Electrochemical and chemical complications 
resulting from yeast extract addition to stimulate microbial growth. 
Corrosion 71:1434–1440. https://doi.org/10.5006/1833

63. Wang L, Jia X, Zhang Y, Xu L, Menand B, Zhao H, Zeng H, Dolan L, Zhu Y, 
Yi K. 2021. Loss of two families of SPX domain-containing proteins 
required for vacuolar polyphosphate accumulation coincides with the 
transition to phosphate storage in green plants. Mol Plant 14:838–846. 
https://doi.org/10.1016/j.molp.2021.01.015

64. Sánchez-Andrea I, Stams AJM, Hedrich S, Ňancucheo I, Johnson DB. 
2015. Desulfosporosinus acididurans sp. nov.: an acidophilic sulfate-
reducing bacterium isolated from acidic sediments. Extremophiles 
19:39–47. https://doi.org/10.1007/s00792-014-0701-6

65. Dev S, Patra AK, Mukherjee A, Bhattacharya J. 2015. Suitability of 
different growth substrates as source of nitrogen for sulfate reducing 
bacteria. Biodegradation 26:415–430. https://doi.org/10.1007/s10532-0
15-9745-2

66. Fernández M, Zúñiga M. 2006. Amino acid catabolic pathways of lactic 
acid bacteria. Crit Rev Microbiol 32:155–183. https://doi.org/10.1080/10
408410600880643

67. Sokatch JR. 2014. Bacterial physiology and metabolism. Academic 
Press.

68. Kanicky JR, Shah DO. 2002. Effect of degree, type, and position of 
unsaturation on the pKa of long-chain fatty acids. J Colloid Interface Sci 
256:201–207. https://doi.org/10.1006/jcis.2001.8009

69. Rendal C, Kusk KO, Trapp S. 2011. Optimal choice of pH for toxicity and 
bioaccumulation studies of ionizing organic chemicals. Environ Toxicol 
Chem 30:2395–2406. https://doi.org/10.1002/etc.641

70. Rees GN, Patel BK. 2001. Desulforegula conservatrix gen. nov., sp. nov., a 
long-chain fatty acid-oxidizing, sulfate-reducing bacterium isolated 
from sediments of a freshwater lake. Int J Syst Evol Microbiol 51:1911–
1916. https://doi.org/10.1099/00207713-51-5-1911

71. Lewis AE. 2010. Review of metal sulphide precipitation. Hydrometal­
lurgy 104:222–234. https://doi.org/10.1016/j.hydromet.2010.06.010

72. Alves JI, Salvador AF, Castro AR, Zheng Y, Nijsse B, Atashgahi S, Sousa 
DZ, Stams AJM, Alves MM, Cavaleiro AJ. 2020. Long-chain fatty acids 
degradation by Desulfomonile species and proposal of “Candidatus 
Desulfomonile palmitatoxidans”. Front Microbiol 11:539604. https://doi.
org/10.3389/fmicb.2020.539604

73. Florentino AP, Costa RB, Hu Y, O’Flaherty V, Lens PNL. 2020. Long chain 
fatty acid degradation coupled to biological sulfidogenesis:​ a prospect 
for enhanced metal recovery. Front Bioeng Biotechnol 8:550253. https:/
/doi.org/10.3389/fbioe.2020.550253

74. Pinhal S, Ropers D, Geiselmann J, de Jong H. 2019. Acetate metabolism 
and the inhibition of bacterial growth by acetate. J Bacteriol 201:10–
1128. https://doi.org/10.1128/JB.00147-19

75. Sánchez-Andrea I, van der Graaf CM, Hornung B, Bale NJ, Jarzembow­
ska M, Sousa DZ, Rijpstra WIC, Sinninghe Damsté JS, Stams AJM. 2022. 
Acetate degradation at low ph by the moderately acidophilic sulfate 
reducer Acididesulfobacillus acetoxydans gen. nov. sp. nov. Front 
Microbiol 13:816605. https://doi.org/10.3389/fmicb.2022.816605

76. Egas RA, Sahonero-Canavesi DX, Bale NJ, Koenen M, Yildiz Ç, Villanueva 
L, Sousa DZ, Sánchez-Andrea I. 2024. Acetic acid stress response of the 

acidophilic sulfate reducer Acididesulfobacillus acetoxydans. Environ 
Microbiol 26:e16565. https://doi.org/10.1111/1462-2920.16565

77. Petzsch P, Poehlein A, Johnson DB, Daniel R, Schlömann M, Mühling M. 
2015. Genome sequence of the moderately acidophilic sulfate-
reducing firmicute Desulfosporosinus acididurans (Strain M1T). Genome 
Announc 3:10–1128. https://doi.org/10.1128/genomeA.00881-15

78. Ilin AM, van der Graaf CM, Yusta I, Sorrentino A, Sánchez-Andrea I, 
Sánchez-España J. 2022. Glycerol amendment enhances biosulfidogen-
esis in acid mine drainage-affected areas: an incubation column 
experiment. Front Bioeng Biotechnol 10:978728. https://doi.org/10.338
9/fbioe.2022.978728

79. Sánchez-Andrea I, Sanz JL, Stams AJM. 2014. Microbacter margulisiae 
gen. nov., sp. nov., a propionigenic bacterium isolated from sediments 
of an acid rock drainage pond. Int J Syst Evol Microbiol 64:3936–3942. h
ttps://doi.org/10.1099/ijs.0.066241-0

80. Vasquez Y, Escobar MC, Neculita CM, Arbeli Z, Roldan F. 2016. 
Biochemical passive reactors for treatment of acid mine drainage: effect 
of hydraulic retention time on changes in efficiency, composition of 
reactive mixture, and microbial activity. Chemosphere 153:244–253. htt
ps://doi.org/10.1016/j.chemosphere.2016.03.052

81. Xue J, Yao Y, Li W, Shi K, Ma G, Qiao Y, Cheng D, Jiang Q. 2023. Insights 
into the effects of operating parameters on sulfate reduction 
performance and microbial pathways in the anaerobic sequencing 
batch reactor. Chemosphere 311:137134. https://doi.org/10.1016/j.che
mosphere.2022.137134

82. Yang Z, Liu Z, Dabrowska M, Debiec-Andrzejewska K, Stasiuk R, Yin H, 
Drewniak L. 2021. Biostimulation of sulfate-reducing bacteria used for 
treatment of hydrometallurgical waste by secondary metabolites of 
urea decomposition by Ochrobactrum sp. POC9: from genome to 
microbiome analysis. Chemosphere 282:131064. https://doi.org/10.101
6/j.chemosphere.2021.131064

83. Wasmund K. 2023. Deciphering community interactions of sulfate-
reducing microorganisms in complex microbial communities of marine 
sediments. mBio 14:e0051323. https://doi.org/10.1128/mbio.00513-23

84. Aoyagi T, Hamai T, Hori T, Sato Y, Kobayashi M, Sato Y, Inaba T, Ogata A, 
Habe H, Sakata T. 2018. Microbial community analysis of sulfate-
reducing passive bioreactor for treating acid mine drainage under 
failure conditions after long-term continuous operation. J Environ 
Chem Eng 6:5795–5800. https://doi.org/10.1016/j.jece.2018.09.003

85. van der Graaf CM, Sánchez-España J, Yusta I, Ilin A, Shetty SA, Bale NJ, 
Villanueva L, Stams AJM, Sánchez-Andrea I. 2020. Biosulfidogenesis 
mediates natural attenuation in acidic mine pit lakes. Microorganisms 
8:1275. https://doi.org/10.3390/microorganisms8091275

86. Frederico TD, Nancucheo I, Santos WCB, Oliveira RRM, Buzzi DC, Pires 
ES, Silva PMP, Lucheta AR, Alves JO, de Oliveira GC, Bitencourt JAP. 
2022. Comparison of two acidophilic sulfidogenic consortia for the 
treatment of acidic mine water. Front Bioeng Biotechnol 10:1048412. ht
tps://doi.org/10.3389/fbioe.2022.1048412

87. Kaksonen AH, Spring S, Schumann P, Kroppenstedt RM, Puhakka JA. 
2007. Desulfurispora thermophila gen. nov., sp. nov., a thermophilic, 
spore-forming sulfate-reducer isolated from a sulfidogenic fluidized-
bed reactor. Int J Syst Evol Microbiol 57:1089–1094. https://doi.org/10.1
099/ijs.0.64593-0

88. Frolov EN, Gololobova AV, Klyukina AA, Bonch-Osmolovskaya EA, 
Pimenov NV, Chernyh NA, Merkel AY. 2021. Diversity and activity of 
sulfate-reducing prokaryotes in kamchatka hot springs. Microorgan­
isms 9:10. https://doi.org/10.3390/microorganisms9102072

89. Christiansen NINA, Ahring BK. 1996. Desulfitobacterium hafniense sp. 
nov., an anaerobic, reductively dechlorinating bacterium. Int J Syst 
Bacteriol 46:442–448. https://doi.org/10.1099/00207713-46-2-442

90. Finneran KT, Forbush HM, VanPraagh CVG, Lovley DR. 2002. Desulfito­
bacterium metallireducens sp. nov., an anaerobic bacterium that couples 
growth to the reduction of metals and humic acids as well as 
chlorinated compounds. Int J Syst Evol Microbiol 52:1929–1935. https://
doi.org/10.1099/00207713-52-6-1929

91. Kim SH, Harzman C, Davis JK, Hutcheson R, Broderick JB, Marsh TL, 
Tiedje JM. 2012. Genome sequence of Desulfitobacterium hafniense 
DCB-2, a Gram-positive anaerobe capable of dehalogenation and metal 
reduction. BMC Microbiol 12:1–20. https://doi.org/10.1186/1471-2180-
12-21

92. Villemur R, Lanthier M, Beaudet R, Lépine F. 2006. The Desulfitobacte­
rium genus. FEMS Microbiol Rev 30:706–733. https://doi.org/10.1111/j.1
574-6976.2006.00029.x

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-2522

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://doi.org/10.1007/s10811-024-03255-5
https://doi.org/10.4194/1303-2712-v20_6_04
https://doi.org/10.1007/s10811-020-02280-4
https://doi.org/10.1007/BF01575849
https://doi.org/10.5006/1833
https://doi.org/10.1016/j.molp.2021.01.015
https://doi.org/10.1007/s00792-014-0701-6
https://doi.org/10.1007/s10532-015-9745-2
https://doi.org/10.1080/10408410600880643
https://doi.org/10.1006/jcis.2001.8009
https://doi.org/10.1002/etc.641
https://doi.org/10.1099/00207713-51-5-1911
https://doi.org/10.1016/j.hydromet.2010.06.010
https://doi.org/10.3389/fmicb.2020.539604
https://doi.org/10.3389/fbioe.2020.550253
https://doi.org/10.1128/JB.00147-19
https://doi.org/10.3389/fmicb.2022.816605
https://doi.org/10.1111/1462-2920.16565
https://doi.org/10.1128/genomeA.00881-15
https://doi.org/10.3389/fbioe.2022.978728
https://doi.org/10.1099/ijs.0.066241-0
https://doi.org/10.1016/j.chemosphere.2016.03.052
https://doi.org/10.1016/j.chemosphere.2022.137134
https://doi.org/10.1016/j.chemosphere.2021.131064
https://doi.org/10.1128/mbio.00513-23
https://doi.org/10.1016/j.jece.2018.09.003
https://doi.org/10.3390/microorganisms8091275
https://doi.org/10.3389/fbioe.2022.1048412
https://doi.org/10.1099/ijs.0.64593-0
https://doi.org/10.3390/microorganisms9102072
https://doi.org/10.1099/00207713-46-2-442
https://doi.org/10.1099/00207713-52-6-1929
https://doi.org/10.1186/1471-2180-12-21
https://doi.org/10.1111/j.1574-6976.2006.00029.x
https://doi.org/10.1128/aem.02369-25


93. Korzhenkov AA, Toshchakov SV, Bargiela R, Gibbard H, Ferrer M, Teplyuk 
AV, Jones DL, Kublanov IV, Golyshin PN, Golyshina OV. 2019. Archaea 
dominate the microbial community in an ecosystem with low-to-
moderate temperature and extreme acidity. Microbiome 7:11. https://d
oi.org/10.1186/s40168-019-0623-8

94. Gupta A, Saha A, Sar P. 2021. Thermoplasmata and Nitrososphaeria as 
dominant archaeal members in acid mine drainage sediment of 
Malanjkhand Copper Project, India. Arch Microbiol 203:1833–1841. http
s://doi.org/10.1007/s00203-020-02130-4

95. Henry EA, Devereux R, Maki JS, Gilmour CC, Woese CR, Mandelco L, 
Schauder R, Remsen CC, Mitchell R. 1994. Characterization of a new 
thermophilic sulfate-reducing bacterium Thermodesulfovibrio 
yellowstonii, gen. nov. and sp. nov.: its phylogenetic relationship to 
Thermodesulfobacterium commune and their origins deep within the 
bacterial domain. Arch Microbiol 161:62–69.

96. Sekiguchi Y, Muramatsu M, Imachi H, Narihiro T, Ohashi A, Harada H, 
Hanada S, Kamagata Y. 2008. Thermodesulfovibrio aggregans sp. nov. 
and Thermodesulfovibrio thiophilus sp. nov., anaerobic, thermophilic, 
sulfate-reducing bacteria isolated from thermophilic methanogenic 
sludge, and emended description of the genus Thermodesulfovibrio. Int 
J Syst Evol Microbiol 58:2541–2548. https://doi.org/10.1099/ijs.0.2008/0
00893-0

97. Frank YA, Kadnikov VV, Lukina AP, Banks D, Beletsky AV, Mardanov AV, 
Sen’kina EI, Avakyan MR, Karnachuk OV, Ravin NV. 2016. Characteriza­
tion and genome analysis of the first facultatively alkaliphilic 
Thermodesulfovibrio Isolated from the deep terrestrial subsurface. Front 
Microbiol 7:2000. https://doi.org/10.3389/fmicb.2016.02000

98. Santos AMD, Costa JM, Braga JK, Flynn TM, Brucha G, Sancinetti GP, 
Rodriguez RP. 2022. Lactate as an effective electron donor in the sulfate 
reduction: impacts on the microbial diversity. Environ Technol 43:3149–
3160. https://doi.org/10.1080/09593330.2021.1916092

99. Ilin AM. 2024. Microbially-mediated mineralization processes in acid 
mine drainage systems: influence on metal removal, Universidad del 
País Vasco-Euskal Herriko Unibertsitatea)

100. Čanković M, Žučko J, Radić ID, Janeković I, Petrić I, Ciglenečki I, Collins 
G. 2019. Microbial diversity and long-term geochemical trends in the 
euxinic zone of a marine, meromictic lake. Syst Appl Microbiol 
42:126016. https://doi.org/10.1016/j.syapm.2019.126016

101. Phillips AA, Speth DR, Miller LG, Wang XT, Wu F, Medeiros PM, 
Monteverde DR, Osburn MR, Berelson WM, Betts HL, Wijker RS, Mullin 
SW, Johnson HA, Orphan VJ, Fischer WW, Sessions AL, Geobiology 
Course 2017, Geobiology Course 2018. 2021. Microbial succession and 
dynamics in meromictic Mono Lake, California. Geobiology 19:376–393. 
https://doi.org/10.1111/gbi.12437

102. Sánchez-España J, Diez M, Santofimia E. 2013. Mine pit lakes of the 
Iberian Pyrite Belt: Some basic limnological, hydrogeochemical and 
microbiological considerations, p 315–342. In Acidic pit lakes: the 
legacy of coal and metal surface mines. Springer.

103. Qin B. 2024. Hydrodynamics in association with the eutrophication in 
large shallow lake Taihu, China. Hydrolink 2:40–41.

104. Kumar RN, McCullough CD, Lund MA, Larranaga SA. 2016. Assessment 
of factors limiting algal growth in acidic pit lakes--a case study from 
Western Australia, Australia. Environ Sci Pollut Res Int 23:5915–5924. htt
ps://doi.org/10.1007/s11356-015-5829-0

105. McKenzie R. 2005. Software update to better predict costs of treating 
mine drainage. Mine Water Environ 24:213–214. https://doi.org/10.100
7/s10230-005-0098-7

106. Cravotta CA, Means BP, Arthur W, McKenzie RM, Parkhurst DL. 2015. 
AMDTreat 5.0+ with PHREEQC titration module to compute caustic 
chemical quantity, effluent quality, and sludge volume. Mine Water 
Environ 34:136–152. https://doi.org/10.1007/s10230-014-0292-6

Full-Length Text Applied and Environmental Microbiology

February 2026  Volume 92  Issue 2 10.1128/aem.02369-2523

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
13

 M
ar

ch
 2

02
6 

by
 1

50
.2

14
.1

68
.1

44
.

https://doi.org/10.1186/s40168-019-0623-8
https://doi.org/10.1007/s00203-020-02130-4
https://doi.org/10.1099/ijs.0.2008/000893-0
https://doi.org/10.3389/fmicb.2016.02000
https://doi.org/10.1080/09593330.2021.1916092
https://doi.org/10.1016/j.syapm.2019.126016
https://doi.org/10.1111/gbi.12437
https://doi.org/10.1007/s11356-015-5829-0
https://doi.org/10.1007/s10230-005-0098-7
https://doi.org/10.1007/s10230-014-0292-6
https://doi.org/10.1128/aem.02369-25

	High-density biomass as a substrate for stimulating biosulfidogenesis in the deep layer of stratified acidic pit lakes
	MATERIALS AND METHODS
	Research site and sample collection
	Medium preparation
	Selection of substrates
	Experimental setup
	Analytical methods
	Statistical methods
	Kinetics calculation
	Thermodynamic calculations
	DNA extraction and microbial community analysis

	RESULTS AND DISCUSSION
	Characteristics of high-density biomass
	Utilization of high-density biomass
	Utilization of biocomponents
	Metal(loid) removal
	Accumulation of volatile fatty acids (VFAs) during substrate utilization
	Changes in microbial communities under different amendments
	Engineering applications
	Conclusions



