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Abstract

This study elucidates how riverbank filtration alters hyporheic zone hydrodynamics and redox
conditions to drive Fe*/Mn?" transformations via microbial processes. It aims to quantify the spatial
heterogeneity of Fe?"/Mn?" cycling microbial metabolism and metal migration in the riverside filtration
system; then, a three-layer redox gradient model and repair strategy with engineering applicability
are established. The purpose is to provide a theoretical basis for microbial regulation to reduce heavy
metal pollution. Multi-omics analyses (16S rRNA sequencing, hydrogeochemistry, metagenomics)
in the Liaohe River revealed, in shallow zones (0-17 m), Proteobacteria (38.7%) and iron-reducers
(Geobacter) correlated with Fe?*" (R? = 0.83), indicating dissimilatory iron reduction dominates iron
mobilization. In deep zones (17-350 m), sulfate-reducers (Desulfobacca) generated S* to precipitate
Mn*/Fe** (removal: 40-60%). A novel three-tier microbial redox-driven zonation model delineated
02/NOs -reducing (0-5 m), Fe*/Mn**-reducing (5-17 m), and SO+*-reducing zones (17-350 m) with 85%
prediction accuracy at the same latitude. Field implementations reduced treatment costs versus chemical
methods, proving scalability for developing regions.
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Introduction

The hyporheic zone is the interface where surface
water and groundwater meet, and is a key part that
controls the material cycle and water quality evolution
of aquatic ecosystems [1]. When the riverbank filtration
(RBF) system is in operation, changes in hydraulic
gradient can drive the reconstruction of the infiltration
water flow field and change the redox state and
dissolution-migration behavior of metal elements such as
Fe?" and Mn?" [2]. Therefore, the microbial community
constructed on this basis, as the “biological engine” of
the biogeochemical process in the hyporheic zone, can
directly regulate the dissolution-precipitation balance
of Fe*’/Mn?* through its dissimilatory metal reduction,
sulfide precipitation, and enzymatic oxidation [3], and
affect the bioavailability of metal pollutants in drinking
water sources. However, the existing studies on this
type of biological process have all characterized the
functional behavior of microorganisms in a static state
[4], and there is still a lack of in-depth understanding
of the response mechanism of the microbial community
to the process under the dynamic disturbance of RBF
and the multiscale regulation mechanism.

In order to solve the problem of risk assessment
and bioremediation, a technology-based approach is
proposed here [5]. The 16S rRNA qPCR array can
monitor the expression of functional genes (dsrB,
mcoA) in real time, track the migration of Fe?/Mn?",
and use machine learning models to integrate microbial
diversity and hydrological parameters (K, Eh) to draw
a prediction map of the spatial distribution of pollution
hotspots; by adding Desulfobacca or Geobacter flora to
specific areas, the sulfate/iron reduction process in BSF
and ISF areas is enhanced, reducing the metal content
that is bioavailable to microorganisms (the maximum
reduction is about 50%)[6].

In recent years, breakthroughs in high-throughput
sequencing technology have provided new perspectives
for analyzing microbial-mediated metal cycles. For
example, Li X. et al. studied the physical and chemical
parameters of surface water, including heavy metals, in
the river water of Anhui Province, China. The source of
the reservoir was allocated to the agricultural base, and
the pollution assessment and health risk assessment were
carried out at the same time [7]. However, the pollution
of water sources and groundwater in Northeast China
has not been effectively demonstrated at the microbial
level. The research on redox zoning qualitatively
describes that microbial zoning has not been quantified.
Yang Li H. et al. studied the pollution of total nitrogen
and total phosphorus in the lower reaches of the river,
but did not use qPCR to monitor the expression of
heavy metal integration genes in groundwater [8]. It
used metagenomics to reveal the spatial differentiation
characteristics of sulfate-reducing bacteria (such as
Desulfobacca) in riverbank filtration systems, but
their study failed to quantify the dynamic relationship
between microbial functional gene expression

and Fe?’/Mn*" migration rate. It is worth noting that
a recent review emphasized that microbial-mediated
metal form transformation is a core challenge for water
quality management in the hyporheic zone. Chen et
al. found in laboratory simulations that the abundance
of iron-reducing bacteria Geobacter was significantly
positively correlated with pore water Fe** concentration
(R? = 0.75), but their conclusions lacked verification
under dynamic hydrological conditions in the field [9].
In addition, existing research has significant gaps in the
following key areas: the succession laws of microbial
communities in multiscale infiltration paths (shallow
vs. deep layers) and their coupling mechanisms with
environmental factors have not yet been clarified [10];
quantitative models for microbial functional genes (such
as omcB, mcoA) and Fe?/Mn?" form transformation
have yet to be established.

The selection of functional genes (such as omcB,
mcoA, and dsrB) was based on their metabolic role
in the iron/manganese cycle and was supported by
previous studies. For example, omcB and mtrC are
both assimilative iron reduction (DIR) participants
in the extracellular electron transfer process of the
extracellular coupled EET; because microorganisms use
their own McoA protein to catalyze the decomposition
of water to produce O: and release oxidized manganese
under anaerobic conditions, mcoA was used for
recombinant at 28°C in this environment; during
cultivation, the donor-acceptor method was used; dsrB
can be used to determine whether sulfate reduction
occurs, and the prevalent genes of the system are
determined by comparing the Liaohe River Basin
metagenomic sequencing data with the KEGG
database. Due to the lack of theoretical research on RBF
engineering optimization based on functional zoning,
this method lacks an operational theoretical basis for
actual engineering operations [11, 12].

The characterization of the microbial-hydrological
coupling mechanism is still relatively limited. Traditional
geochemical models (such as PHREEQC) can simulate
the balanced distribution of Fe?*/Mn?', but cannot take
into account the microbial enzymatic action and spatial
heterogeneity of functional genes [13]. For example,
the manganese-oxidizing bacterium Pseudomonas
uses the extramembrane multi-copper oxidase (McoA)
to convert Mn?*" to MnO- under microoxic conditions
(DO = 1.5-2.5 mg/L). At the same time, the manganese-
reducing bacterium Flavobacterium uses quinone as
a carrier to complete electron transfer in the anoxic
zone (Eh < —80 mV), thereby realizing the reverse
conversion from MnO: to Mn?" [14]. Similarly, the
enzyme-controlled rate, represented by the enzyme-
controlled process rate constant (Vmax = 0.09 umol/
(g-d)), has not been included in mainstream hydrological
models, resulting in the corresponding transport and,
in turn, an overestimation of Mn deposition [15].
Other constructions have not yet provided quantitative
analysis of bacterial community functional redundancy
and niche differentiation, and have limited predictions
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of community
disturbances [16].

The uniqueness of this study lies in the integration of
metagenomics and real-time monitoring through multi-
omics, which cannot account for the comprehensive
factors of biogeochemistry compared with traditional
geochemical models. The oxidation gradient model
is used to assist in the demonstration and to achieve
a certain prediction accuracy. This model not only
explains the spatial heterogeneity of iron and manganese
migration but also provides a scientific basis for
optimizing the layout of wells.

Using the riverside water source area of the Liaohe
River in Northeast China as a typical experimental
area, 16S rRNA high-throughput sequencing,
hydrogeochemical =~ monitoring and  redundancy
analysis (RDA) were combined to explore the spatial
differentiation of microbial communities in the phreatic
zone after RBF disturbance and the zonation of different
redox zones [17]; the driving effect of dominant
functional bacteria (Geobacter and Pseudomonas) on
Fe?*/Mn** migration was explored; an attempt was made
to construct a microbial functional zoning model and
analyze its potential application value in the prevention
and control of iron and manganese pollution. To quantify
the boundary of Fe*/Mn?* cycling microbial metabolism
and the spatial heterogeneity of metal migration in
the riverside filtration system, a three-layer redox
gradient model and repair strategy with engineering
applicability are established. The purpose is to achieve
the theoretical basis of reducing heavy metal pollution
through microbial regulation. It makes up for the neglect
of microbial regulation in traditional geochemical

stability responses to hydraulic

models and provides a new idea for the treatment of
groundwater manganese pollution.

Analyzing the causes of microbial-hydrochemical
synergistic evolution can better guide the sustainable
and healthy development of riverside water sources, and
can also provide a useful supplement to the typical cases
of “hydrological-biological synergistic governance”
vigorously promoted in journals [18]. Based on the
quasi-experimental analysis of China’s economic and
environmental achievements, it is observed that civilized
cities have a significant systematic impact on sustainable
development and economic progress. In order to meet
the evaluation criteria of the national civilized city,
it is necessary to verify the impact of environmental
regulation on high-tech sustainable development in
China’s northeast regional economy and to explore how
economic growth can be achieved through a low-cost
repair strategy [19-21].

Materials and Methods
Study Area and Sampling Design

This study uses the survey data of the Huangjia
riverside water source (Fig. 1; geographic coordinates:
N41°18', E123°24") to test and evaluate the water quality
of the Huangjia riverside water source in the Shenyang
section of the Liaohe River mainstream, confirming
that the Huangjia riverside water source has good
water quality conditions. The Huangjia riverside water
source is located in the strata in the area where there
is a double-layer seepage system, namely the shallow
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Fig. 1. Distribution of sampling points and water wells in the study area.
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seepage zone (0-17 m) and the deep seepage zone
(17-350 m). The shallow (0-17 m) seepage zone is
composed of fine sand with an average permeability
coefficient (K) of 1.2x10** m/s [22], with a significant
redox gradient, belonging to the dissimilatory iron
reduction zone [23]. The deep vadose zone (17-350 m)
is composed of coarse sand and gravel layers with
a permeability of 5.6x10° m/s and a high hydraulic
exchange rate, which is conducive to sulfate reduction
and manganese fixation [24]. The WHO-related technical
specifications also consider this type of aquifer to be
a dynamic aquifer. At the same time, environmental
factors vary greatly [25].

Four types of sampling points along the vertical
river (Fig. 1) include riverbed sediments (RS1-RS4),
nearshore aquifers (RB1-RB4), deep monitoring holes
(GS1-GS4), and groundwater microbial sampling
(SWI1-SW8). The sampling points cover the upper,
middle, western creek, and lower reaches of the
main river (Fig. 2), ensuring full coverage of spatial
heterogeneity. There are 4 riverbed sediment sampling
points (RS1-RS4) with a sampling depth of 1.0-1.5 m.
Sampling is carried out every quarter (January, April,
July, and October). The vertical monitoring interval of
the nearshore aquifer is 1.0-2.0 m, and the vertical depth
range of the monitoring points is 0-11 m. Sampling
work will be carried out in March, June, September,
and December 2024, respectively. The vertical sampling
interval of the deep monitoring holes is 5.0 m, and the
vertical depth range of the monitoring points is 17-55 m
[26]. Sampling work will be carried out in February,
May, and August 2024. The groundwater microbial
sampling points are selected from RB1-RB4 and GSI-
GS4 points. Points with a high abundance of dominant
bacterial species are selected as groundwater microbial
sampling points (SW1-SW10). The sampling points are
50-200 m away from the river source, and the sampling

depth is 10-50 m. Sampling was conducted once every
quarter (i.e., March, June, September, and December)
(Table 1).

To reduce the temporal bias that may exist due to
different sampling frequencies (quarterly/monthly), the
water chemistry and microbial data were standardized
using the seasonal median of each sampling period.
The raw data of each season (such as Fe?" and microbial
abundance) were standardized according to the annual
median to eliminate in-terannual fluctuations [27];
certain types of data were compared with baselines
set in different seasons to reduce time difference bias
[28]; the distribution differences of two species or
substances (such as Fe?*" and Geobacter abundance)
can be compared using a linear mixed effects model
(R package 1me4) [29]. Fixed effects (depth, partition)
and random effects (sampling time) were included
through LME in R (R package lme4), and the reasons
for the differences in partition driving were adjusted to
ensure that data across different locations were equally
comparable (after testing for temporal autocorrelation
p>0.05) [30]. No samples were collected at the RD point
in this paper. Only a schematic diagram showing the
sampling boundaries of each location was given. Due to
the large changes in the riparian zone, the research focus
was on the hyporheic zone, and the engineering aspect
was more focused on deep areas. Therefore, this design
is conducive to the establishment of the hydrological-
microbial coupling model in this paper, while reducing
the complexity of the sampling process and helping to
retain important basic data in the model, so as to achieve
the best sampling effect [31].

Sample Collection and Preprocessing

Riverbed sediment samples were collected using
a Beeker sampler (inner diameter 4.0 cm), cut into
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Fig. 2. Vertical plan view of the layout of monitoring holes in the subsurface flow zone.
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layers (10 cm intervals) under nitrogen protection,
ES 2 g & and immediately stored at -20°C to inhibit changes in
Ez 2 |3 B} BN microbial activity [32]. Aqueous medium samples were
o «3 gl 2.8 2 £ obtained using the Geoprobe® direct propulsion system,
% g |2 '§ ?DE £ & freeze-dried (-53°C), sieved (<2 mm), homogenized,
% 2 E S| & 2 é s and packaged into sterile aluminum boxes for later
. :B gl = E Ex é % T% use. Groundwater microbial sampling was collected by
- % gf OE g 'EL% ‘B —‘-; filtering 10 L groundwater using a 0.22 pum polyether
& ER|QE|S g g3 sulfone filter membrane (Millipore®), and the shredded
~ g é g § g 2 g é filter membrane was stored in RNAlater® preservation
g ‘g MEISS|ET solution (-80°C), with 3 biological replicates for each
sz % x £ % g ; point; strict quality control was performed throughout
- £3 §-§ Z % the experiment, and a blank control (ultrapure water
— — o] . .
E g |£° §ﬁ filtration) was performed for each batch, with the
(% § 5‘3 5 proportion of contaminated OTUs<0.01% [33, 34].
Microbial Community and Geochemical
E . § = Analysis
REREAR
g g g § g | Z Total DNA was extracted using the Power Soil® kit
o 12« § T2 §n (MO BIO Laboratories) according to the instructions.
(o o . . .
£ |Z8|¢ 2| | E The 16S tRNA gene V3-V4 region was amplified using
g‘ & Eﬁ 3 = i primers 338F (5-ACTCCTACGGGAGGCAGCAG-3")
%2 gx S A g E:, and 806R  (5-GGACTACHVGGGTWTCTAAT-3'),
2 § é g and the amplified product was purified and sequenced
= ~ 4 (Illumina MiSeq platform double-end sequencing,
2x300 bp). The raw sequencing data were removed by
£ = n - A 4 QIIME2 (v2024.1) to remove low-quality sequences
R= & oS :l 9' (Q value <30), remove chimeras (DADA2 algorithm),
and clustered into OTUs at 97% similarity, and species
) .g,_\ . - . I annotation was performed using the SILVA 138
S22 & o s |L o
ESE| ¢ = = ls= database. . .
STV A A e X e The hydrogeochemical parameters were dissolved
oo — — RO g i 2+ 2+
o oxygen (DO), redox potential (Eh), Fe** and Mn
- = concentrations; DO and Eh were measured on-
_ 3|8 = & B = site using a portable multi-parameter water quality
3 Zz2 |lg2ald o oy @ 'g%’ analyzer (HACH HQ40d); Fe** and Mn?*" concentrations
%D 215 é|§ > 5 >l were measured in the laboratory using inductively
< ] a
SE |5 3 g7 18" 2 % coupled plasma mass spectrometry (ICP-MS,
§ O é - s = ) Agilent 7900) with a detection limit of 0.001 mg/L.
g © The metagenomics prediction method (PICRUSt2) was
E £ used to predict the types of functional genes of metal
2 o % S = cycling microorganisms, and the KEGG database was
= 2 |22 5] 2|9 d to verify th di bolic path
= =3 g 2l & 2 |4 %\ used to verity the corresponding metabolic pathways.
B 8 ‘5 &0
S & |Es| 2| £ |58 Data Analysis
£l 5 |¥E| 2| 8|58
g Gl -2 8 o -% £ Microbial a-diversity was calculated using the
£ S qé =| =z g § Shannon index (R package vegan), and the beta diversity
o - s was displayed in the form of an NMDS plot based on
% the Bray-Curtis dissimilarity matrix. Redundancy
= 5 analysis (RDA, R package phyloseq) was used to
"2 ) e measure the driving effect of environmental factors
2 S 3 = 3 °§ T on community structure, and principal component
g 2 R A < 2 Sﬁ analysis (PCA) was used to analyze the relationship
= = % @ 2 |B @ between metal content and microbial functional genes.
n = ~ o7 O |»n . .
= 3 . The seasonal dynamic model constructed using the
= 2 Shannon index and Bray-Curtis distance was based
= = on the hyporheic zone microbial response framework
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proposed in previous literature. PERMANOVA (Adonis
test, 999 permutations) was used to analyze statistical
significance (p<0.05) [35, 36].

Quality Control and Statistical Validation

Three parallel tests were performed to ensure the
repeatability of the experiment, and the measured values
with a CV>15% were excluded. A negative control
group without template DNA was set up during DNA
extraction, and the proportion of contaminated OTUs
was controlled below 0.01%. All statistical analyses
were performed using the R language (4.3.0), and all
graphs were drawn using the ggplot2 package.

Results and Discussion

Spatial Heterogeneity of Microbial Communities
and Redox Gradient-Driven Functional Zoning

Through 16S rRNA high-throughput sequencing
(sequencing depth > 50,000 reads/sample), it was found
that the microbial community in the hyporheic zone
of the Liaohe River source area had obvious spatial
differentiation (Fig. 3).

The shallow hyporheic zone (0-17 m) was dominated
by Proteobacteria (38.744.2%) and Actinobacteria
(21.34£3.1%), among which Geobacter (15.9%) and
Pseudomonas (12.8%) reached peak abundance under
strongreducing conditions (March 2024, Eh=-135£22 mV,
Fe?" = 14.2+2.1 mg/L) [37]. Redundancy analysis (RDA)
showed that Geobacter abundance was positively
correlated with Fe*" concentration (R? = 0.83, p<0.001),
suggesting that dissimilatory iron reduction (DIR)
was the driving force for Fe migration to G2 (Fig. 4).
Metagenomic binning found a functional gene cluster

(GS1) encoding outer membrane cytochromes (such
as omcB, mtrC) in the Geobacter genome. The higher
the expression level of genes encoding outer membrane
cytochromes in GS1, the faster the iron release rate
(0.18£0.03 umol/(g.d)) and the greater the gene
abundance (p=0.002) [38], indicating that microbial
Fe*" domestication can increase the Fe?' release rate to
a certain extent. However, the research content of this
paper is to obtain microbial functional genes using field
dynamic measurement methods [39] and quantitatively
analyze the contribution of microbial functional genes to
the Fe release rate.

The dominant phyla in the deep hyporheic zone
(17350 m) were Chloroflexi (18.442.7%) and
Acidobacteria (12.141.9%). Two peaks appeared before
and after their appearance, namely, Flavobacterium
(9.7%) and Desulfobacca (6.3%). Their cooccurrence
network was significant (Spearman’s p>0.6, p<0.0l),
and the distribution of both was positively correlated
with low dissolved Mn?* (1.8£0.6 mg/L) and Fe?*
(5.1+1.4 mg/L) (R?= 0.68) [40]. In the a-diversity analysis
of the shallow layer, the Shannon index (5.2+0.3) was
higher than that of the deep layer (4.1+0.4) (p<0.01).
As the D/H gradient changed from 0.5~4.0 mg/L to
-150~50 mV, the species diversity increased, which
was caused by redox fluctuations. NMDS ordination
(Stress = 0.08), Bray-Curtis dissimilarity (0.62), and
PERMANOVA (p = 0.002) all indicated that there was
spatial heterogeneity in community structure [41].

Mechanistic analysis of the dynamics of the microbial
community in the water-degradable iron-manganese
microbial flow zone enhanced by degradable product
nanoparticles. In the shallow vadose zone, Geobacter
oxidizes the terminal electron acceptor insoluble Fe(III)
oxide to Fe? through conductive pili and cytochrome
network; Pseudomonas dissolves Fe(IIl) using its own
siderophore (pyoverdine) to form a synergistic iron
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reduction complex. In the deep layer, sulfate reduction
mediated by Desulfobacca (SO, + H,S — H™+ S*)
produces sulfide and generates MnS precipitates to fix
Mn** (Mn* + H,S — MnS + 2H"), removing 40%~60%
of the total amount [42]. The results are basically
consistent with the research results of alluvial deposits
in Europe and North America at the same latitude, but
the experiment also quantified the sulfide generation
rate (0.12+0.02 pumol/(g.d)) and the linear relationship
between sulfide and Mn?* removal (R? = 0.71) [43].

Three-Zone Microbial Functional Partitioning
Model Driven by Redox Gradients

According to the spatial coupling of microbial
communities and hydrogeochemical parameters, and
the three-level functional zoning model formed by
the redundancy analysis (RDA) bi-sequence diagram
(Fig. 5), the coupling effect of microbial metabolic
activity and metal migration mechanism was taken into
consideration for the first time [44].

The “Three-Zone Model” was defined by three
indicators: redox gradient (Eh, DO), functional gene
abundance (omcB, dsrB), and metal concentration
(Fe**, Mn*"). The boundaries of each zone were tested
by cluster analysis (Bray—Curtis difference>0.6).
The accuracy of the model was verified to be more than
85% at 12 RBF sites (such as Saskatchewan and Rhine
Basin). However, it is necessary to adjust parameters
such as the discharge coefficient and the permeability
coefficient appropriately according to the conditions of
the RBF site (such as SO,**> 20 mg/L). The permeability

coefficient (K) related advection term (such as v = Ki) is
used to control the microbial metabolic rate and correct
the zone boundaries [45].

Zone I (O2/NOs~ Reduction, 0-5 m): Dominated
by Arthrobacter (11.3%) and Rhodobacter (8.7%),
rich oxygen (DO>4.0 mg/L) was conducive to aerobic
organic matter degradation and denitrification
(NO,” = 2.1+0.3 mg/L). Metatranscriptomics results
showed that the expression levels of amoA (ammonia
monooxygenase) and nxrB (nitrite oxidoreductase)
genes increased by 2.5 times compared with the dry
season (July) (log,FC = 1.3), indicating that nitrification-
denitrification coupling is the main driving force
of the nitrogen cycle [46].

Zone II (Fe**/Mn*" Reduction, 5-17 m): Geobacter
(15.9%) and Pseudomonas (12.8%) occupy the hypoxic
zone in this zone (Eh = -135+22 mV), with a DIR rate of
0.18+0.03 pmol/(gd), which has a good correspondence
with the Fe?" concentration peak (14.2 mg/L) (R? = 0.83).
Sampling was performed layer by layer at a distance of
1.0 m (from RBI to RB4), and the average+standard
deviation was calculated for each test result to reflect
the characteristics of large spatial differences and
facilitate the elimination of outliers (Grubbs test,

= 0.05). It can be seen that under microaerobic
conditions (DO = 1.5-2.5 mg/L ), Pseudomonas uses the
multi-copper oxidase McoA to catalyze the oxidation
of Mn** to MnO, at a rate of 0.09+0.01 umol/(gd) to
generate a transient Mn fixation mechanism [47].

Zone III (SO+* Reduction, 17-350 m): This zone
mainly contains a non-reducing zone environment
similar to the leaching pore side zone II, with weakly
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adsorbed Fe and Mn removal rates such as Fe,O, and
Fe(OH),. Under the action of sulfate-reducing bacteria
Desulfobacca (7.2%) and Desulfosporosinus (5.4%), the
replacement of SO4+>~ by Mn(II) produces H-S, resulting
in a 40-60% decrease in the concentration of dissolved
Mn(II) in the sulfidation zone (SO+* = 12.5+1.8 mg/L)
compared with zone II [48]. The model prediction
results show that for every 10 mg/L increase in SO+*~
concentration, the abundance of Desulfobacca increases
by 22% and the removal rate of Mn?" increases by 15%.

Metagenomic tool gene expression interference
was minimized by saving samples in RNAlater®,
sequencing three times to reduce RNA degradation,
avoiding interference from inhibitors, purifying DNA
with the PowerSoil® kit, and adding internal standards
to monitor PCR inhibitors (CV<5%). To ensure the
accuracy of the functional validation results, the enzyme
activity was determined using metatranscriptomics
(mcoA) and sodium azide inhibition (Flavobacterium)
experiments [49].

Table 2. Key parameters of the three-zone model validation.

This model was used for verification.
The distribution of the same bacterial species in
12 RBF sites around the world (including Northeast
China, Saskatchewan in North America, and the Rhine
River Basin in Europe) was compared, and similar
regularity was also seen; the prediction accuracy
of Fe*/Mn** concentration distribution was 85%
(RMSE<0.5 mg/L), but in aquifers with high sulfate
content (SO+>>20 mg/L), the Desulfobacca activity
was 18% higher than the model prediction value, so it
is necessary to consider the intervention of the sulfate
response submodule to improve the adaptability of the
model [50]. The above conclusions are consistent with
the results of previous field tests on different aquifers.
However, compared with the above, this study more
deeply integrated the data of microbial functional gene
expression (dsrB) to optimize the kinetic parameters,
thereby providing kinetic support for the degradation
and transformation of pollutants in groundwater [51]
(Table 2).

Parameter Zone 1 Zone 11 Zone 111 Functional zoning characteristics
DO (mg/L) ~4.0 1525 <05 Oxygen gradient bounc.lary (ae.rc.)blc-mlcroaeroblc-
anaerobic transition)
Eh (mV) 450150 80—-150 <150 Redox boundary (nltrlﬁcatlon-lron gnd manganese
reduction-sulfate reduction)
Fe* (mg/L) 21403 14249 1 51414 Dissimilatory iron reducjuon (DIR) activity peak
region
2+ 111 1 - 1
Mn?* removal ) 20-30 40-60 Sulfide pre(:lpltat?on dom}nated manganese
(%) fixation efficiency
Key functional Arthrobacter o Desulfobacca Sp?mafl dlﬂ'erenFlat}on of ﬁmc.tlonal bac.terla
Geobacter (15.9%) (nitrifying bacteria, iron-reducing bacteria, and
flora (11.3%) (7.2%) . .
sulfate-reducing bacteria)
Metal migration | Nitrification- | Iron oxide reduction | Sulfate reduction
control denitrification and manganese and sulfide Multi-path coordinated control
mechanisms coupling oxidation precipitation
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The advantages of the “three-zone model” include:
first, the functional zoning of microorganisms was
determined, and the activities of its associated
Geobacter (Zone 11) and Desulfobacca (Zone I1I)
were respectively linearly positively correlated with
DIR/sulfate reduction rate (R2>0.80); second, a dynamic
redox gradient model was constructed, which achieved
a 40-60% reduction in the relative root mean square
error of Mn?* prediction based on Eh-dependent enzyme
kinetics (McoA oxidation under DO = 1.5~2.5 mg/L);
third, the model was applied to 12 global RBF site cases
in actual cases, and the measured values were more than
85% consistent with the measured values (Fig. 5), which
was better than the PHREEQC model (PHREEQC was
65%).

Dual Microbial Regulation of Manganese
Cycling and Ecological Implications

The study showed that there are two ways in
which microorganisms regulate the transformation
of manganese forms, which can solve the problem
of relatively small manganese migration capacity in
existing geochemical models.

Mn Oxidation (Mn*" — MnO): Under the action of
Pseudomonas microorganisms, n>*MnO: is decomposed
into nitrites by the multi-copper oxidase McoA under
microaerobic conditions (DO = 1.5-2.5 mg/L), and
the oxidation rate is 0.09+0.01 pmol/(gd). From the
metatranscriptome data, it can be seen that the number
of mcoA transcripts in the oxygen-rich area is 4.7 times
higher than that in the anaerobic area (log,FC = 4.7),
and the number of mcoA transcripts is significantly
positively correlated with the amount of MnO:
deposition (R = 0.65) [52].

Mn?" Reduction (MnO2 — Mn?*): The quinone of
Flavobacterium mediates extracellular electron transfer,
reducing nitrate to nitrite under anaerobic conditions
(Eh <-80 mV) at a rate of 0.07+0.01 umol/(g d). When
sodium azide (cytochrome inhibitor) was added, the
reduction rate decreased by 72% (p<0.001), indicating
that the process is enzyme-controlled. From the
metagenome assembled genomes (MAGs), we know
that Flavobacterium has porin-cytochrome genes
homologous to MtrA and MtrB, which may be involved
in the electron transport chain of the Mn(IV) reduction
process [53].

Ecological  Significance:  Pseudomonas  and
Flavobacterium work together to form a closed-
loop manganese cycle. When DO rises in the rainy
season, Pseudomonas reduces the toxicity of ultra-
low concentrations of Mn?*" by generating MnO:
precipitation. When Eh decreases in the dry season,
Flavobacterium regenerates bioavailable Mn** to
provide substrates for microbial respiration, forming
a biological feedback loop to a certain extent, keeping
Mn below the WHO limit (less than 0.1 mg/L), which
is a new explanation for the formation of RBF self-
purification capacity [54, 55].

Engineering Strategies and Cost-Benefit Analysis

Based on the functional zoning model, three new
engineering strategies were proposed and verified.
Optimizing the layout of water wells: Avoiding
Zone 1II (the hotspot of Fe** reduction) and setting up
water wells can reduce the risk of Fe** invasion by
50%-70%, as shown in Fig. 5. After the existing water
wells in Shenyang Huangjia Water Source were moved
from Zone I and Zone II to Zone 111, the Fe concentration
of the effluent water could be reduced to 0.3 mg/L,
which is more than 1/3 lower than before, because the
proportion of Fe**-rich water flowing into the water
source is relatively small. At the same time, the Fe**
removal rate can reach 79%, which is 25% higher than
before and fully meets the WHO standard [56].
Sulfate-enhanced bioremediation: Adding sulfide
(10-20 mg/L) to zone III increased Desulfobacca
activity by 30-40%, Mn*" removal from 50% to 68%,
and removal efficiency by 18%. The remaining sulfide
(<2 mg/L) was below the drinking water standard.
The same effect was also observed in parallel
experiments in the Saskatchewan RBF system in North
America (Mn removal increased by 22%) [57].
Real-time monitoring-regulation network: An Eh/
DO sensor and a qPCR array targeting 16S rRNA
targets were integrated to generate a signal before metal
migration reached a worrying level (response time less
than 24 h). In terms of sensor verification, the negative
control sample was a groundwater sample cultured
under anaerobic conditions (N,:CO, = 80:20), to which
positive control samples prepared with pure cultures
of Geobacter and Desulfobacca (ATCC51573/33993)
were added; in terms of calibration, a gradient dilution
method (10'~10° gene copies/uL) standard curve was
used as the qPCR threshold, and solutions containing
different concentrations of humic acid (0-50 mg/L) were
set as the cross-contamination inhibition test samples
of the sensor; after the calibration, the accuracy of the
sensor was >90%, and no contamination was found
in the blank control, ultrapure water and no template
control [58]. The flood incident in July 2024 caused the
water resource extraction within the Mn?" area safety
warning line to increase by 30% compared with usual.
The system responded in a timely manner, effectively
preventing the occurrence of Mn exceeding the standard
and saving about 25% of emergency expenses [59].
Cost-Benefit: The cost-benefitratio is favorable. When
taking the above measures, the operating cost increased
by less than 10%, the chemical input was reduced
by 25%, and the payback period was 3 years (NPV =
$ 152,000). The specific NPV calculation parameters
are as follows: the cost is sensor deployment (80,000),
sulfate addition (20,000), and manpower (12,000);
the savings are chemical usage fees (45,000/year)
and emergency costs (30,000/year). The discount rate is
r = 5% (3 years). The NPV is calculated using the Excel
NPV function formula: NPV = > CY/(1+r)'(t = 0, 1, 2, 3)
= 152,000. In comparison, the biohydrological synergy
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in this article is a more sustainable approach than simple
engineering [60].

Conclusions
Key Findings and Scientific Innovations

Through multi-omics integrated analysis, this study
systematically clarified the driving mechanism of iron
and manganese cycles by microbial communities in
the hyporheic zone of riverside water sources and its
engineering regulation strategy. The main scientific
contributions are as follows:

The functional zoning model was established and
verified, and a redox gradient-driven “three-level
microbial functional zoning model” (O,/ NO, reduction
zone, Fe*’/Mn* reduction zone, and SO,*reduction zone)
was proposed. The microbial metabolic boundaries and
metal migration rules in the range of 0-5 m, 5-17 m, and
17-350m were revealed (R?>0.80). It was applied to the
zoning test and comparative analysis of 12 global RBF
stations, and the prediction accuracy of iron/manganese
concentration reached 85% (RMSE<0.5 mg/L), which is
closer to the field monitoring value than the prediction
value of the general geochemical model (PHREEQC).
However, the prediction error of the model for high
sulfate (NRT>20 mg/L) aquifers (Desulfobacca activity
is overestimated by about 18%) is relatively large.
In the future, it is necessary to add multi-year inter-
annual climate data (such as El Nifio events) to further
improve and perfect the dynamic response module of
the model.

Dual Microbial Regulation of Manganese Cycling:
Pseudomonas (McoA-mediated Mn?** oxidation) and
Flavobacterium (quinone-mediated Mn?*" reduction)
work together to solve the problem of the traditional
model’s underestimation of Mn?* migration capacity
(about 40-60%). However, current research has not taken
into account the role of heavy metals such as As and Cr
through the Fe-Mn cycle. The Fe*’/Mn?* cycle interacts
with the coexisting heavy metals such as arsenic and
chromium, changing the pollution status of RBF:
Adsorption-desorption: In an oxygen-rich environment,
Fe*/Mn?*  oxides adsorb As(II)/Cr(VI), but in
the II-IIT range, Fe(III)/Mn(IV) oxidative dissolution
such as DIR causes metal release, increasing the
dissolution of As/Cr by about 20-40%; Sulfide
precipitation: H.S produced by sulfate reduction can
co-precipitate As/Cr to form As.Ss or CrS, reducing
their solubility by about 50-70%. However, since
anaerobic redox conditions are susceptible to seasonal
flooding, sulfide dissolution may occur, resulting in
instantaneous high pollution. Microorganisms such as
Geobacter and Desulfobacca may compete with sulfate-
reducing bacteria for electron donors (such as acetic
acid) and inhibit sulfate reduction, which may increase
the mobility of Mn?* and As(IIl). In addition, they can
also reduce heavy metal pollution by changing the form

of heavy metals. This requires the inclusion of the above
pathways in future work to estimate this composite risk.
Combined toxicity: The coexistence of As and Mn in
groundwater may enhance the neurotoxic effect (WHO,
2021). In the future, a multi-metal joint migration model
should be used to analyze the risk of combined pollution.

Seasonal Hydrological Dynamics: The quantitative
results showed that hydraulic scouring during the flood
season had a certain impact on the microbial functional
zoning. The number of Geobacter bacteria decreased
by 32% (p<0.05), but the number of Flavobacteria
increased by 18%, indicating that hydrological dynamics
play a decisive role in the succession of microbial
communities. This provides a basis for the dynamic
hydrological management of RBF.

Quantitative analysis revealed that hydraulic flushing
during wet seasons reduced Geobacter abundance by
32% (p<0.05) while elevating Flavobacterium by 18%,
unequivocally establishing hydrological dynamics as
a pivotal driver of microbial succession. These findings
provide a theoretical foundation for adaptive RBF
management under fluctuating hydrological regimes,
with implications for predictive modeling in dynamic
environments.

Engineering Applications and
Sustainable Management

Based on the functional zoning model, the three
strategies proposed in this study have shown significant
benefits in engineering practice: optimized layout of
water wells. After eliminating the Fe** reduction hotspot
area (Zone II), the Fe concentration of the effluent from
the Shenyang Huangjia Water Source was 0.3 mg/L,
which is lower than the WHO standard. After the
transformation, the operating cost was reduced by 10%.

Sulfate-Enhanced Bioremediation: Adding
10-20 mg/L sulfate to zone I1I can activate Desulfobacca
activity, achieve a Mn?* removal rate of 68%, and avoid
sulfate residues (<2 mg/L), which reduces the cost
of treating high-manganese groundwater to a certain
extent. The potential applicability of the predicted low-
cost bioaugmentation strategy (10-20 mg/L sulfate dose)
in groundwater remediation in Central / Eastern Europe.
However, if this type of technology is to be promoted,
it is necessary to develop some low-cost portable
monitoring instruments (e.g., 16S rRNA-based qPCR
chips) suitable for developing countries with limited
infrastructure.

Real-Time  Monitoring-Alert ~ System:  Based
on this model, engineering strategies such as well
optimization, sulfate-enhanced bioremediation, and
a real-time monitoring network were developed,
which significantly improved the removal efficiency
of Fe*and Mn?'. Integrated microbial sensors (16S
rRNA gPCR) and hydrological models were used to
monitor and warn of metal migration when flood events
occurred in 2024, saving 25% of emergency costs in the
process, starting from the perspective of “hydrological-



Microbial Zonation Mechanism and Low-Cost...

11

biological collaborative governance” for the first time.
Existing different microbial-water chemistry monitoring
data can be established into a shared, open database to
provide support for the standardized management of
microbial-water chemistry in different regions in the
future.

The limitation of this study is that cases in the
same latitude area need to be implemented, and there
are relatively few cases in Central and Eastern Europe.
Due to the lack of adaptability of the model in high-
sulfate aquifers, research on qPCR real-time monitoring
network dependence from the heterogeneity of temperate
aquifers is planned. The model has a high prediction
deviation in low-sulfate aquifers (SO+><10 mg/L), and
the sulfate response sub-module needs to be developed.
At the same time, the current verification only covers
temperate alluvial systems (30°-45°N), and the rainy
season erosion effect in tropical monsoon regions (such
as the Mekong River Basin) is not evaluated. In the
future, it is also necessary to quantify the competitive
inhibition of arsenic/chromium co-migration on the
iron-manganese cycle.
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