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Abstract: Microbial scale-up cultivation is the first step to bioremediating cadmium (Cd)-contaminated
soils at the industrial scale. However, the changes in the microbial community as the bioreactor
volume expands and their associations with soil Cd removal remain unclear. Herein, a six-stage
scale-up cultivation process of mixotrophic acidophiles was conducted, scaling from 0.1 L to 10 m3,
to remediate Cd-contaminated soils. The findings showed that bioreactor expansion led to a delay
in sulfur and glucose oxidations, resulting in a reduced decline in solution pH and cell density.
There were minimal differences observed in bacterial alpha-diversity and community structure
as the bioreactor volume increased, except for the 10 m3 scale. However, bioreactor expansion
decreased fungal alpha-diversity, changed the community structure, and simplified fungal community
compositions. At the family level, Acidithiobacillaceae and Debaryomycetaceae dominated the bacterial
and fungal communities throughout the scale-up process, respectively. Correlation analysis indicated
that the indirect effect of mixotrophic acidophiles played a significant role in soil Cd removal. Bacterial
community shifts, driven by changes in bioreactor volume, decreased the pH value through sulfur
oxidation, thereby indirectly enhancing Cd removal efficiency. This study will contribute to the
potential industrial application of mixotrophic acidophiles in bioremediating Cd-contaminated soils.

Keywords: scale-up cultivation; mixotrophic acidophiles; microbial community dynamics; Cd
removal; indirect effect

1. Introduction

Soil cadmium (Cd) contamination has become a global environmental concern re-
sulting from industrialization, urbanization, and unsustainable farming practices [1-3].
Even at low concentration, Cd is highly toxic and carcinogenic [4]. While Cd is resistant to
degradation by organisms, it is easily accumulated in soils and crops, and subsequently
enters the human food chain [5]. This poses a significant threat to environmental ecology
and human health [6]. Therefore, it is imperative to remediate Cd-contaminated soils to
mitigate the risks associated with Cd exposure and ensure food security.

The soil Cd mobilization strategy, compared to the Cd stabilization technique, fo-
cuses on minimizing Cd pollution by transforming Cd speciation into dissolved fractions
and/or directly extracting Cd from soils [7]. Phytoextraction is an economic and eco-
logical approach for removing Cd from soils [8]. However, the extensive application of
phytoremediation is limited by factors such as a long soil restoration time, slow plant
growth, and variable soil and weather conditions. Microbial extraction (bioleaching) is a

Toxics 2024, 12, 362. https:/ /doi.org/10.3390/ toxics12050362

https://www.mdpi.com/journal/toxics


https://doi.org/10.3390/toxics12050362
https://doi.org/10.3390/toxics12050362
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://doi.org/10.3390/toxics12050362
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics12050362?type=check_update&version=2

Toxics 2024, 12, 362

2 of 15

promising approach for the efficient extraction of heavy metals from solid materials. It
involves the direct biocorrosion of microbial metabolism or the indirect solubilization of
microbial metabolites [9]. Bioleaching technology has been extensively studied due to its
cost-effectiveness, eco-friendliness, and effective resource recovery. It has been successfully
applied for in situ processing of copper sulfide ores at an industrial scale and for recovering
valuable metals from various secondary sources at a pilot scale [10,11]. The employment of
microbial extraction technology in large-scale remediation efforts for Cd-contaminated soils
worldwide holds significant promise for enhancing the sustainability and efficiency of the
soil treatment process. However, the application of bioleaching for Cd bio-extraction from
heavy metal-contaminated soils is limited to laboratory-level studies, mainly due to factors
such as low microbial functional diversity and slow dissolution kinetics [12]. Consequently,
the selection of appropriate microbial functional flora and the provision of supporting
hardware facility and cultivation condition are crucial for ensuring the feasibility and
functionality of the scale-up cultivation of microbes.

The microbial composition is the most important factor influencing the extraction
rate of heavy metals in bioleaching systems. Autotrophic bacteria and heterotrophic fungi
have demonstrated their capacity to dissolve Cd complexes in soils through processes
such as displacement of Cd ion by hydrion or the formation of chelate through the mi-
crobial production of inorganic/organic acids, leaching agents, biosurfactants, and other
metabolites [13,14]. Cd extraction from soil matrices using pure species or monotrophic
cultures typically involves the solubilization of Cd fractions in specific areas [15]. However,
the bioleaching efficiency, when using mixed cultures, is higher for the same Cd fraction
compared to that of a single population. Recently, mixotrophic acidophiles consisting of
autotrophic and heterotrophic communities with supernally diverse phylogenetic and func-
tional characteristics have been found to exhibit high Cd removal capability from soils [16].
In cooperative bioleaching systems involving the symbiotic co-culture of bacterial and
fungal consortia, mixotrophic acidophiles exhibit significant potential in enhancing the
extraction efficiency of soil Cd [17].

The successful industrial application of bioleaching relies on the scale-up cultivation
of microorganisms. Bioreactor cultivation offers numerous advantages over traditional
culture tanks, including better control of physicochemical properties in the solution and
the provision of suitable growth conditions [18,19]. The microbial community structure
in the scale-up cultivation of mixotrophic acidophiles is closely linked to key biochemical
functions involved in the activation and extraction of Cd from soils [20]. As the bioreactor
volume increases, microbial growth necessitates adaptation to larger spaces and envi-
ronmental fluctuations, which can affect their resistance to environmental stress. Larger
bioreactors require more time to achieve uniform distribution of nutrients and energy
substrates, influencing microbial growth rates and distribution and thereby impacting the
microbial community structure. Concurrently, with increased volume, dissolved oxygen
concentrations may decline, impacting the growth of aerobic and oxygen-demanding mi-
croorganisms. The expansion of the bioreactor also affects the production of microbial
metabolites, as larger spaces enable microorganisms to produce more products at different
stages of metabolism, thereby influencing the microbial community’s functionality [21].
Presently, research on the effects of bioreactor expansion on changes in microbial com-
munity structure has primarily focused on the liquid fermentation process [22]. Limited
work has been conducted to examine microbial community successions in the context of
increasing bioreactor volume, especially regarding the complex mixotrophic community
at different scale-up cultivation stages. The investigation of the broad applicability of
the functional microbial population across diverse geographical locations and climatic
environments is important for the implementation of microbial expansion technology in
the soil remediation field.

To address this gap, the present study aims to investigate the following questions:
(i) to measure the effects of bioreactor expansion on the microbial community successions
of mixotrophic acidophiles; and (ii) to evaluate the effects of changes in solution properties
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and microbial structure on the soil Cd removal efficiency. Furthermore, the contribution of
bioreactor parameters to soil Cd extraction, considering the direct and indirect actions of
microbes and solution properties, also requires further analysis, which will aid in adjusting
bioreactor parameters to maintain a stable microbial community structure and ensure
efficient Cd bioleaching.

2. Materials and Methods
2.1. Initial Inoculum for the Scale-Up Cultivation of Mixotrophic Acidophiles

Leachate and Cd-contaminated soils were utilized to enrich the initial inoculum for
the scale-up cultivation of mixotrophic acidophiles. The leachate sample was collected from
a bioleaching heap of sulfide minerals in Dexing City, Jiangxi Province, China (29°04’ N,
117°71" E). The Cd-contaminated soil was obtained from a polluted rice-growing region in
Xiangtan County, Hunan Province, China (27°77' N, 112°88’ E). The leachate (10 mL) and
fresh soil (10 g) samples were combined and added to a 250 mL conical flask containing
100 mL of basal medium. The basal medium composition included 3 g/L (NH4)250y,
0.1 g/LKCL 0.5 g/L K;HPOy, 0.5 g/L MgSO4-7H,0, 0.01 g/L Ca(NO3),, 1 g/L elemental
sulfur, 0.7 g/L glucose, and 0.3 g/L yeast extract. The solution’s pH value was adjusted
to 3.5 using sulfuric acid, and then incubated in an oscillating incubator at 32 °C and
175 rpm. When the solution’s pH dropped below 2.5, the supernatant microbial fluid was
transferred to a new basal medium (10%, vol/vol) and cultured under the same conditions.
This process of uniform subculturing was repeated 10 times, and the microbial solution
from the tenth culture was used as the initial inoculum for the scale-up cultivation of
mixotrophic acidophiles.

2.2. Scale-Up Cultivation Process of Mixotrophic Acidophiles

A six-stage scale-up cultivation system, including the lab-scale (0.1 L and 2 L), pilot-
scale (10 L and 100 L), and commercial-scale (1 m? and 10 m3) cultivation stages, was
designed for the scale-up cultivation of mixotrophic acidophiles. These cultivation pro-
cesses were conducted in vessels of varying sizes: a 250 mL glass conical flask; a 2.5 L glass
beaker; and 12 I, 120 L, 1.5 m3 and 12 m? cylindroid polyethylene reactors. The details of
the bioreactor parameters are shown in Figure 1. The initial inoculum served as the seed
liquid of the 0.1 L cultivation system. The scale-up process of mixotrophic acidophiles
was continuous, where the microbial solution from a smaller cultivation stage acted as the
seed liquid for the next stage once the solution pH dropped below 2.5 or the cell density
exceeded 1 x 10” cells/mL. The seed liquid dose was 10% (vol/vol). The cultivation
media used in each stage were identical to the basal medium used for the initial inoculum,
maintaining a constant temperature of 32 °C and an initial pH of 3.5. Each cultivation stage
lasted approximately four to five days. Finally, the microbial solutions from each of the six
scale-up cultivation stages were collected separately for microbial community analysis and
soil Cd removal experiments.

2.3. Bioremediation of Cd-Contaminated Soils

The Cd-contaminated soils used in this study had been exposed to industrial sewage
for approximately ten years. The soil type was clay. Top soil samples (0~20 cm) were
collected using a T-sampler. Fresh soils were utilized to enrich the initial inoculum, as
described in Section 2.1. The remaining soil samples were air-dried and passed through
a 2 mm plastic sieve for the soil bioremediation experiment and the measurement of soil
chemical properties (Table 1). The soil bioremediation experiment was conducted in 250 mL
conical flasks. A soil sample (10 g) and microbial solution (100 mL) from the six scale-up
cultivation stages were added to the conical flasks. To account for the potential impact
of pH on soil Cd removal efficiency, a control treatment (CK) using the basal medium
with a pH of 2.5 was established. The flasks were incubated in an oscillating incubator
at a consistent temperature of 32 °C and a rotational speed of 175 rpm for 7 days. Each
treatment was replicated three times. At the end of the bioremediation experiment, soil
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residue samples were obtained by centrifuging at 3000 x g for 10 min. The supernatants
were discarded, and the solid residues were air-dried. Total Cd and DTPA-Cd contents in
the soil residues were measured to calculate the Cd removal efficiencies.
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Figure 1. Bioreactor parameters used for the scale-up cultivation process of mixotrophic acidophiles.
(a—f) Scale-up cultivation stages of 0.1 L, 2L, 10 L, 100 L, 1 m?, and 10 m?, respectively. WV, work
volume (L); TV, total volume (L); H, bioreactor height (m); D, bioreactor diameter (m); L, paddle
length (m); AR, agitator agitation rate (rpm).

Table 1. Chemical properties of Cd-contaminated soils used in this study (1 = 3).

Item Mean Value + SD
pH 6.23 £ 0.06
Organic matter (g/kg) 173 £0.5
Total N (g/kg) 1.74 +£0.12
Total P (g/kg) 0.736 £ 0.056
Total K (g/kg) 12.7 £ 03
Cu (mg/kg) 21.2+£0.1
Cd (mg/kg) 132402
DTPA-Cd (mg/kg) 7.41 +0.83
Pb (mg/kg) 278 +£22
Cr (mg/kg) 125 + 22
Mn (mg/kg) 304 £ 11

2.4. Chemical Analysis

The pH values of microbial solutions in each scale-up cultivation system were moni-
tored daily using a pH meter (BPH-220, Bell Instrument, Dalian, China). The sulfate radical
concentration and glucose concentration in the microbial solution were analyzed at the
beginning and end of each scale-up cultivation performance. The sulfate radical concen-
tration was measured using the barium sulfate precipitation method [23]. The glucose
concentration was determined using the Agilent 1200 HPLC (Agilent Technologies Co. Ltd.,
USA). The increased sulfate radical concentration (ISC) was calculated as the difference
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between the sulfate radical concentrations after and before the cultivation performance,
while the decreased glucose concentration (DGC) was calculated as the difference between
the glucose concentrations before and after the cultivation performance. The cell density
(CD) of the microbial solution was assessed at the end of each scale-up cultivation perfor-
mance using a hemocytometer with an optical microscope (BX41, Olympus Instruments,
Tokyo, Japan).

The total Cd content in the soil was determined using the acid digestion method,
which involved the use of a mixture of HNO3, HF, and HCIOy4 (10:5:1, vol/vol). The
Cd ion concentration was then measured using an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Optima 5300DV, PerkinElmer, Shelton, CT, USA). The di-
ethylenetriamine pentaacetic acid-soluble Cd (DTPA-Cd) content in the soils was evaluated
using a soil-to-liquid mass ratio of 1:5 with a diethylenetriamine pentaacetic acid (DTPA)
solution mixture. The mixture contained DTPA (0.005 M), triethanolamine (0.1 M), and
CaCl, (0.01 M) [24]. The soil removal efficiencies of total Cd and DTPA-Cd were calculated
using the formula: removal efficiency (%) = (M} — My)/M; x 100. Here, M; represents
the Cd quantity in the soils before the bioremediation treatment, and M, represents the Cd
quantity in the soils after the bioremediation treatment.

2.5. Microbial Community Analysis

The microbes from microbial solutions (50 mL) in each scale-up cultivation stage were
centrifuged at 12,000 x g for 15 min. Total genomic DNA was extracted using the E.Z.N.A.
Water DNA kit (Omega BioTek Inc., Norcross, GA, USA). The quality and quantity of the
extracted DNA were assessed using a NanoDrop 2000 Spectrophotometer (Bio-Rad Labora-
tories Inc., Hercules, CA, USA). For bacterial analysis, the V4~V5 region of the bacterial
16S rRNA gene was amplified using the 515F (5’ ~GTGCCAGCMGCCGCGGTAA—3') and
907R (5’ —CCGTCAATTCCTTTGAGTTT—3’) primers [25]. For fungal analysis, the ITS re-
gion of the fungal rRNA gene was amplified using the ITS1F (5 —CTTGGTCATTTAGAGGA
AGTAA-3') and ITS2R (5’ —~GCTGCGTTCTTCATCGATGC—3') primers [26]. The PCR re-
action systems and amplification procedure followed a previously published protocol [27].
The PCR products from three replicates of the same sample were pooled and purified using
the E.Z.N.A.TM Gel Extraction Kit (Omega BioTek Inc., USA). The purified amplicons
from all samples were then sent to E-Gene Biotech Co., Ltd. (Shenzhen, China) for PE300
sequencing on the [llumina HiSeq platform.

The raw sequencing data were merged using fast length adjustment of short reads
(FLASH) [28] and assigned to each sample based on the specific barcodes. Low-quality
reads were filtered and removed using QIIME’s quality filters to eliminate chimeras [29].
The remaining high-quality sequences were binned into operational taxonomic units (OTUs)
at a 97% similarity level using Uparse [30]. The representative sequence for each OTU
was selected as the most frequent sequence. Taxonomic information for bacteria and fungi
was annotated using the Ribosomal Database Project’s classifier [31] against the SILVA 132
database [32], with a confidence threshold of 0.8~1.0. The assigned sequences for bacteria
ranged from 23,731 to 53,194, and for fungi, from 30,372 to 59,959. To normalize the read
counts in the OTU table across all samples, the minimum sequence numbers were selected.

2.6. Statistical Analysis

One-way ANOVA was conducted to analyze the significance of differences between
means, with a significance level of p < 0.05, following the least significant difference test
(LSD). Error bars accompanied by lowercase letters were employed to indicate statistically
significant variations in mean values across distinct groups. Bacterial and fungal alpha-
diversities were evaluated using the abundance-based coverage estimator (ACE) and
Shannon indices. The microbial beta-diversity was assessed using principal coordinate
analysis (PCoA) based on the Bray-Curtis distance metrics. To estimate the contributions
of the bioreactor parameter and solution property to the microbial community, variation
partitioning analysis (VPA) was performed. Pearson correlation and the Spearman test
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were used to determine correlations between microbial community data, the bioreactor
parameter, and the solution property. Partial least square path modeling (PLSPM) was
employed to analyze the effects of bioreactor expansion on the microbial community,
solution property, and soil Cd removal. These statistical analyses were carried out using R
software version 3.5.1, with the packages vegan, amap, shape, and diagram.

3. Results
3.1. Properties of Microbial Solution in Scale-Up Cultivation Process of Mixotrophic Acidophiles

During the scale-up cultivation of mixotrophic acidophiles, the properties of microbial
solutions underwent significant changes, especially in the 10 m? stage (Figure 2). When the
bioreactor volume increased from 0.1 L to 1 m?, the solution pH decreased by 1.1~1.3 units.
However, in the 10 m3 stage, the solution pH only decreased by 0.6 units within a five-
day period (Figure 2a). The bioreactor expansion from the 2 L stage to the 1 m3 stage
consistently increased the concentration of sulfate radicals (ISC) (Figure 2b). However, in
the 10 m? stage, the ISC was significantly lower (p < 0.05) compared to the 10 L stage, with
a decrease of 65.9% in five days. While no significant (p > 0.05) variations in decreased
glucose concentration (DGC) were observed for the small system (from 0.1 L stage to 10 L
stage) or the large system (from 100 L stage to 10 m> stage), the large system exhibited a
significant (p < 0.05) decrease in DGC compared to the small system (Figure 2c). The effect
of bioreactor expansion on cell density (CD) was consistent between the 0.1 L stage and
the 10 L stage (p > 0.05) (Figure 2d), but a significant (p < 0.05) downward trend in CD was
observed with an increase in bioreactor volume.
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Figure 2. Properties of microbial solutions during the scale-up cultivation process of mixotrophic
acidophiles. (a) Solution pH. (b) Increased sulfate radical concentration. (c) Decreased glucose
concentration. (d) Cell density. Different small letters indicate significant (p < 0.05) differences
according to the LSD test.

3.2. Microbial Community Diversities and Compositions in Scale-Up Cultivation Process of
Mixotrophic Acidophiles

The ACE indices did not show significant differences (p < 0.05) in the scale-up cultiva-
tion process for the bacterial community (Figure 3a). However, the Shannon indices in the
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1 m? stage and 10 m? stage were significantly (p < 0.05) lower and higher, respectively, than
those of the other cultivation stages (Figure 3b). The richness and diversity of microbial
OTUs in the fungal community were reduced with bioreactor expansion (Figure 3a,b).
The Shannon indices displayed a clear downward trend with the expansion of the culti-
vation system. Principal coordinate analysis (PCoA) showed inverse changes between
the bacterial and fungal communities for the 0.1 L, 2 L, and 10 L stages. The bacterial
community structures were not altered in the 0.1 L, 2L, 10L, or 1 m> stages based on the
PCoA 1 axis (explaining 85.8% of the total variation), but they were different from the
bacterial communities in the 10 m® stage (Figure 3c). Bioreactor expansion significantly
changed the solution’s fungal community structures for the 0.1 L, 2 L, 10 L, and 10 m?
stages (Figure 3d), but it had no effect on the fungal community structures in the 100 L or
1 m? stages (PCoA 1 axis, explaining 75.9% of the total variation).
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Figure 3. Microbial community diversities and compositions during the scale-up cultivation process
of mixotrophic acidophiles. (a,b) Bacterial and fungal community alpha-diversity, indicated by ACE
and Shannon indices. (c,d) Bacterial and fungal community beta-diversity, indicated by principal
coordinate analysis (PCoA) based on the Bray-Curtis distance metrics. (e,f) Dominant bacteria and
fungi at the family level. Different small letters indicate significant (p < 0.05) differences according to
the LSD test.
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The relative abundances of dominant fungi at the family level were more sensitive
to the expansion of the cultivation system (Figure 3e,f). Within the scale-up cultivation
process, the relative abundance of Acidithiobacillaceae increased from 77.0% (0.1 L stage) to
89.8% (10 m3 stage), while Xanthomonadaceae decreased from 20.7% (0.1 L stage) to 4.4%
(10 m3 stage) (Figure 3e). Additionally, the relative abundances of Alicyclobacillaceae and
Pseudomonadaceae remained stable, ranging from 0.9% to 5.2% in all cultivation systems.
For fungal community composition, family-level fungi including Debaryomycetaceae, Co-
niochaetaceae, and Teratosphaeriaceae were the dominant taxa in the small stages of 0.1 L,
2 L, and 10 L (Figure 3f). However, bioreactor expansion remarkably enriched the family
Debaryomycetaceae, which accounted for more than 93% of the relative abundance in the
large stages of 100 L, 1 m3, and 10 m*.

3.3. Soil Removal Efficiencies of Total Cd and DTPA-Cd Using Mixotrophic Acidophiles in
Different Scale-Up Cultivation Process

The removal efficiencies of total Cd from the 0.1 L group to the 1 m® group ex-
ceeded 92.8%, and were significantly (p < 0.05) higher than those of the CK group (76.9%)
(Figure 4a). The removal efficiency of total Cd in the 10 m? group (85.3%) was also signif-
icantly (p < 0.05) higher than that in the CK group, but it was the lowest among all the
biological groups. The removal efficiency of soil DTPA-Cd followed a similar trend to
total Cd extraction, reaching 89.0% (0.1 L group), 90.8% (2 L group), 89.0% (10 L group),
88.3% (100 L group), and 88.9% (1 m? group), respectively (Figure 4b). These values were
significantly (p < 0.05) higher than those in the CK group (70.2%). The removal efficiency of
DTPA-Cd in the 10 m® group was 81.3%, which was also significantly (p < 0.05) higher than
that in the CK group.
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Figure 4. Soil Cd removal efficiencies using microbial solutions of mixotrophic acidophiles during
different scale-up cultivation process. (a) Total Cd. (b) Diethylenetriamine pentaacetic acid-soluble
Cd (DTPA-Cd). Different small letters indicate significant (p < 0.05) differences according to the
LSD test.
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3.4. Links between Microbial Solution Properties, Solution Microbes, and Cd Removal Efficiencies

The results of the Spearman test revealed that the solution pH had a significant
(p < 0.01) positive correlation with bioreactor expansion, including the WV, L, H, and D
of the bioreactor (Figure 5a). The solution DGC, CD, and ISC all displayed significant
(p < 0.05) positive associations with the AR of the paddle. Furthermore, ISC showed
a negative correlation with the solution pH (p < 0.001), but a positive correlation with
DGC (p < 0.05). Both ISC and DGC were significantly (p < 0.01) positively correlated
with the solution CD. Variation partitioning analysis (VPA) indicated that the bioreactor
parameter and solution property accounted for 27% and 4% of the variation in the bacterial
community, respectively, while they accounted for 33% and 1% of the variation in the
fungal community (Figure 5a). Specifically, bioreactor expansion (WV, L, H, and D) showed
significant (p < 0.05) correlations with the bacterial community, as revealed by PCoA 1.
Additionally, the bacterial community was significantly (p < 0.05) associated with solution
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pH, CD, and DGC. As for the fungal community, parameters such as the L, H, D, and H/D
of the bioreactor, as well as DGC and CD of the solution, displayed stronger relationships
with variations in fungal composition.
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Figure 5. Correlation analysis between microbial community data, bioreactor parameter, and solution
property. (a) Microbial community structure, bioreactor parameter, and solution property. (b) Domi-
nant microbe, bioreactor parameter, and solution property. (c) Soil Cd removal, solution property, and
dominant microbe. WV, work volume; TV, total volume; H, bioreactor height; D, bioreactor diameter;
L, paddle length; AR, agitator agitation rate; ISC, increased sulfate radical concentration; DGC,
decreased glucose concentration; CD, cell density. Significances of these correlations are indicated by
*** when p < 0.001, ** when p < 0.01, and * when p < 0.05.

The WV, L, H, and D of the bioreactor parameters showed significant (p < 0.01)
correlations with these dominant taxa (Figure 5b). The solution pH showed a significant
(p < 0.05) negative relationship with the relative abundances of Acidithiobacillaceae and
Debaryomycetaceae, but a significant (p < 0.01) positive relationship with Alicyclobacillaceae.
Solution DGC and CD were significantly (p < 0.05) associated with the relative abundance
of most dominant family-level microbes. The bioleaching efficiency of total Cd showed
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significant positive correlations with the solution ISC (p < 0.001) and CD (p = 0.006), but
a significant negative correlation with the solution pH (p < 0.001) (Figure 5c). However,
dominant taxa such as Acidithiobacillaceae, Xanthomonadaceae, and Debaryomycetaceae did
not show significant correlations with the total Cd removal. Only the relative abundance
of Coniochaetaceae showed a significantly (p < 0.05) positive correlation with the total
Cd removal.

The results of partial least square path modeling (PLSPM) showed that the increase in
bioreactor volume had a significant (p < 0.001) impact on the bacterial community structure
with the scale-up cultivation of mixotrophic acidophiles (Figure 6). Additionally, there were
significant (p < 0.01) links between the solution ISC and CD (Figure 6a). The solution ISC
and DGC had significant (p < 0.05) direct correlations with the solution pH, which in turn
significantly (p < 0.01) affected the removal efficiency of the total soil Cd. The differences
in fungal community structure were significantly (p < 0.01) correlated with the solution
DGC and CD (Figure 6b). The solution ISC directly affected the solution pH (p < 0.001) and
indirectly increased the efficiency of total soil Cd extraction (p < 0.001).

a Bic;reac% b @o};ct%
expansion \.expansion
-0.719** B
Bacterial community Fungal community
0.597* 0.649*

0.738***

[ isc P23 pH ] 0362 [ DGc] [ co | [ ISC ]ﬂ;m DGC cD

0.776":»

Total Cd extraction Total Cd extraction

Figure 6. Effects of bioreactor expansion on microbial community and soil Cd extraction, indicated
by partial least square path models. (a) Bacteria. (b) Fungi. Goodness of fit of the modeling was
0.4072. Red and blue arrows represent the significant positive and negative path coefficients. Gray
dashed indicate the correlations at a non-significant level. ISC, increased sulfate radical concentration;
DGC, decreased glucose concentration; CD, cell density. The significances of these correlations are
indicated by *** when p < 0.001, ** when p < 0.01, and * when p < 0.05.

According to Figures 5c and 6, the solution pH was found to play a more significant
role in total soil Cd removal. However, the highest solution pH value was obtained in the
10 m? cultivation stage (Figure 2a). To address this issue, modifications were made to the
bioreactor parameter for the 10 m3 volume by lengthening the agitator blade from 1.2 m to
1.8 m and increasing the agitation rate from 80 rpm to 150 rpm. Mixotrophic acidophiles
were then cultured again in the modified bioreactors with a volume of 10 m?. The results
showed that both modifications, i.e., lengthening the agitator blade and increasing the
agitation rate, led to decreases in the solution pH values to 2.4 within five days (Figure 7).
However, the modification involving lengthening the agitator blade resulted in a faster
reduction rate of solution pH compared to the modification involving increasing the
agitation rate.
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Figure 7. Solution pH changes in the cultivation system of 10 m?> after modifying the bioreactor
parameters. Red and black lines represent the modifications of lengthening the agitator blade and
increasing the agitation rate.

4. Discussion

This study systematically examined the effects of bioreactor expansion on the microbial
community succession in mixotrophic acidophiles and the associated changes in solution
properties. Additionally, we explored the roles of these factors in Cd removal. The results
indicated that bioreactor expansion led to a decrease in microbial growth and biomass
accumulation in mixotrophic acidophiles (Figure 2d), hindering the utilization of energy
substrates (Figure 2b,c) [33]. Autotrophic microbes were capable of oxidizing elemental
sulfur to sulfuric acid and inorganic sulfur compounds [34], while heterotrophic microbes
could convert glucose and yeast extract into organic acids and organic substances [35].
Interestingly, we observed a substantial rise in solution pH accompanied by a decrease
in solution ISC during the scale-up cultivation process (Figure 5a), suggesting that the
decline in solution pH was primarily attributed to the production of sulfuric acid through
the oxidation of elemental sulfur.

The alpha-diversity of the fungal community decreased with increasing cultivation
volume (Figure 3a,b), suggesting a decline in the variations in fungal species. The similarity
in the fungal community structure observed in a large cultivation system (Figure 3d)
was potentially due to the simplification of fungal composition (Figure 3f). However,
the relationships between the solution property and dominant microbe were particularly
noteworthy. The relative abundances of Acidithiobacillaceae and Debaryomycetaceae showed
negative correlations with the solution pH, indicating that their growth and metabolism of
these microbes could lead to a reduction in solution pH [36,37]. Given the greater impact
of sulfuric acid production on pH variation (Figure 5a), Acidithiobacillaceae played a more
significant role in reducing solution acidity [38].

The scale-up cultivation process also resulted in changes in the bacterial community,
particularly in the 10 m® cultivation stage (Figure 3c). The observed disparity can be traced
back to the solubility properties of organic (elemental sulfur) and inorganic (glucose and
yeast extract) energy sources, as well as the distinct growth characteristics of bacteria
and fungi. Bacterial growth, particularly autotrophic strains, exhibits lower oxygen de-
mand compared to fungal growth [39,40]. For instance, Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans, members of the Acidithiobacillaceae family, utilize carbon dioxide
as a carbon source [41]. In the bioreactor, the agitation mechanism facilitates bacterial
growth by suspending insoluble powdered sulfur, enabling its utilization. However, in
the larger 10 m® system, the sulfur powder tended to settle, limiting its accessibility to
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sulfur-oxidizing bacteria, thus raising the solution pH. On the contrary, organic energy
sources dissolve easily, fueling fungal growth, which necessitates substantial oxygen. As
the bioreactor volume expanded, the dissolved oxygen concentration declined, thereby
decelerating fungal biomass accumulation. In industrial production, measures such as
reactor aeration and increasing the rotational speed can be taken to ensure fungal growth.
Furthermore, the changes in the bacterial community were correlated with the solution
ISC, indicating a limitation in the utilization of elemental sulfur by bacteria (Figure 5a).
Meanwhile, the fungal community was correlated with the solution DGC, suggesting a
restriction on the utilization of glucose by fungi. These correlations further highlight the
impact of bioreactor expansion on the utilization of energy sources by bacteria and fungi.

The PLSPM analysis revealed that bacterial community’s indirect effects on soil total
Cd removal were more substantial (Figure 6). Sulfur-oxidizing bacteria in mixotrophic
acidophiles convert elemental sulfur to sulfuric acid, lowering the solution pH [42], thus
enhancing total Cd extraction efficiency. A low pH of the leaching solution facilitates
increased Cd mobility and its release from soils into a stable solution phase. This study
observed a decline in microbial solution pH from the 0.1 L to 1 m? stages. Solution
pH fluctuations influenced the soil pH, altering Cd adsorption sites, adsorption interface
stability, and Cd speciation distribution. As the soil pH decreased, the contents of carbonate-
bound Cd, reducible Cd, and residual Cd diminished. These Cd forms were more easily
converted to available Cd speciation at a low pH [43,44]. Acid-soluble Cd could be released
by the dissolution of solid materials with a pH 5 reagent. The reducible Cd was bound to
hydrous oxides of Fe, Mn, and Al in soils. Hydroxylamine hydrochloride (E® = —1.87 V
and pH 2.0) could extract this fraction. Residual Cd was encapsulated in a crystalline
lattice of silicate and primary and secondary minerals, requiring strong acid digestion for
release. This study employed low-pH microbial solutions (pH 2.5) for the bioremediation
of Cd-contaminated soils. Consequently, Cd compounds were transformed into Cd?* in the
solution and then separated from the soils, reducing the total soil Cd and DTPA-Cd levels.

The solution pH exhibited a significant negative correlation with the removal efficiency
of total soil Cd (Figures 5c and 6). Therefore, it was necessary to lower the solution pH
during the scale-up cultivation process, particularly at the 10 m® stage. The solution
pH was positively correlated with the agitator blade’s length. The high solution pH
observed in the 10 m3 stage was due to the inadequate blade length to suspend sulfur
powder effectively [45]. Although the solution pH was not significantly correlated with
AR, AR showed a positive correlation with solution DGC and ISC. Consequently, the
bioreactor parameters in the 10 m> stage were readjusted by extending the agitator blade
and boosting the agitation rate. As a result, the solution pH values were reduced in
both modified bioreactors, with the longer blade resulting in a more rapid pH decline.
However, considering energy conservation, increasing the agitation rate could further
increase the electrical energy and strain stirring machine. Therefore, it was advised to
prioritize extending the agitator blade length as the preferred modification strategy for the
10 m? bioreactor.

The study’s results demonstrate potential for practical implementation, as industrial-scale
cultivation of functional strains or microflora has been successfully realized. Mixotrophic
acidophiles exhibit a promising capacity to meet remediation demands at the field level. A
microbial cultivation facility can strategically be situated near contaminated rice paddies,
with the microbial solutions disseminated through irrigation channels or carriers. Irrigation
water serves as a medium for cultivating these microorganisms. To replace the flask mixing
used in this study, conventional tillage methods liking plowing can be employed to blend
the microbial solution with contaminated soil, followed by natural sedimentation. It is cru-
cial to avoid deep soil disruption during mixing process, necessitating the development of
automated machinery for consistent-depth plowing for solid-liquid mixing. Supernatants
can be drained, separated, and collected in a reservoir lined with impermeable membranes
to prevent leakage. Incorporating heavy-metal adsorbents into the reservoir aids in cap-
turing Cd?* from the supernatant. The purified liquid can be repurposed for microbial
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consortium cultivation, facilitating the transition of mixotrophic acidophilic remediation
from laboratory to field-scale implementation.

5. Conclusions

This study examined the effects of bioreactor expansion on the succession of mixotrophic
acidophiles and its implications for soil Cd remediation. Bioreactor expansion resulted in a
delay in sulfur and glucose oxidations and reduced a less pronounced decrease in solution
pH and cell density. Bioreactor expansion significantly decreased fungal alpha-diversity,
altered the community structure, and simplified the fungal community’s composition.
Bacterial diversity and community structure displayed more substantial variations between
the 10 m® stage and other cultivation scales. The family-level microbes of Acidithiobacillaceae
and Debaryomycetaceae dominated the bacterial and fungal communities throughout the
scale-up process. The indirect effects of mixotrophic acidophiles played a significant role
in soil Cd removal. Bacterial community shifts with the changes in bioreactor volume
decreased the solution pH, indirectly enhancing Cd removal efficiency. To optimize the
10 m3 bioreactor for efficient Cd remediation, it was suggested to increase the agitator blade
length. This study offers new insights into the relationships between microbial community
dynamics and Cd removal, shedding light on the bioremediation of Cd-contaminated soils
in agricultural systems.
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