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Abstract: Filamentous manganese (Mn) oxide particles, which occur in the suboxic zone of stratified
waterbodies, are important drivers of diverse elemental cycles. Although these particles are consid-
ered to be bacteriogenic, the environmental factor responsible for their formation has not been iden-
tified. Based on this study of laboratory cultures of a model Mn(II)-oxidizing bacterium, the supply
of algal extracellular polymeric substances (EPS) was shown to stimulate Mn(II) oxidation and thus
the production of filamentous Mn oxide particles. This observation was consistent with results ob-
tained for naturally occurring particles collected from a near-bottom layer (depth of ~90 m) in the
northern basin of Lake Biwa, Japan, that is, most Mn particles resembling 8-MnO: were associated
with an EPS-like gelatinous matrix, which contained dead algal cells and was lectin-stainable. In the
lake water column, EPS produced by photosynthesis sank to the bottom layer. The analysis of the
quality of water samples, which have been collected from the study site for 18 years, reveals that the
annual average total phytoplankton biovolume in the surface layer correlates with the density of
filamentous Mn particles in the near-bottom layer. Among different phytoplankton species, green
algae appeared to be the key species. The results of this study suggest that algal EPS production
induces the formation of filamentous Mn oxide particles in the near-bottom layer of the northern
basin of Lake Biwa.

Keywords: biogenic manganese oxides; manganese(ll)-oxidizing bacterium; Metallogenium-like par-
ticles; total polysaccharide content; transparent exopolymer particles

1. Introduction

The manganese (Mn) redox process occurring at the oxic-anoxic interface of stratified waterbod-
ies drives the biogeochemical cycles of numerous elements dissolved in water. Once dissolved Mn(II)
ions diffuse from the anoxic layer or sediment to the upper suboxic layer, they are oxidized to form
particulate Mn(IIL, IV) oxides. The Mn oxides serve as scavengers of numerous metal ions and as
oxidants of organic and inorganic substances [1,2]. When Mn oxide particles sink to the anoxic layer,
they are reduced to Mn(Il) ion by an inorganic reductant (i.e., sulfide) or microorganisms with a dis-
similatory Mn-reducing activity. Thus, the Mn cycling at the oxic-anoxic interface affects both chem-
ical and biological processes in the water environment (e.g., [3-9]).

The Mn oxide particles in the oxic layer often have filamentous structures, which are referred to
as “Metallogenium”-like particles [10-14]. Despite the importance of biogeochemical implications, the
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particle formation mechanism remains an enigma [15]. The results of a recent study demonstrated
that a Min(II)-oxidizing alphaproteobacterium, Bosea sp. BIWAKO-01, produces filamentous Mn par-
ticles under laboratory culture conditions [13]. The Mn(II) oxidation and filament formation occurred
in static cultures and proceeded faster under COz-rich, low-Oz (5%-10% in air) conditions. The CO2
dependency resulted from the decrease in the cultural pH below 6.0 via carbonation, yielding an
optimum pH for Mn(Il) oxidation by Bosea sp. BIWAKO-01 [13]. Interestingly, a relatively low content
of agar (e.g., 500 mg L) is needed for microbial Mn(Il) oxidation. Similar results were reported for
other Mn(Il)-oxidizing bacteria [16]. It remains unknown whether these bacteria serve as producers
of filamentous Mn particles in the water environment. However, the results obtained for these bacte-
rial cultures indicate that environmental factors trigger the bacterial production of particles.

Given that a low concentration of polysaccharides stimulate the Mn(II) oxidation in certain bac-
terial cultures [13,16], such substances may be responsible for the occurrence of Mn particles in the
environment. Diverse phytoplankton species produce extracellular polymeric substances (EPS),
which mainly consist of acidic polysaccharides [17]. Such gelatinous matter is ubiquitous in form of
transparent exopolymer particles (TEP) in aquatic environments [18]. The results of previous research
indicated their significant contribution to the organic carbon pool in aquatic environments [18,19].
These exopolymers provide microhabitats for the colonization by bacteria, leading to high metabolic
activity at microparticle surfaces [20-23]. The effects of phytoplankton or EPS on the formation of
filamentous Mn particles in stratified waterbodies have not been considered, although laboratory
culture experiments [13,16] suggest their contribution.

The results of several studies that were carried out in both the southern and northern basins of
Lake Biwa, Japan, indicated the presence of filamentous Mn-rich particles in hypoxic layers [24-26].
Our working hypothesis is that algal EPS produced in the epilimnion reach the lower layer by sinking
and induce the microbial formation of filamentous Mn particles. In this study, the significance of algal
EPS for the Mn particle formation was investigated using laboratory cultures of Mn(II)-oxidizing
bacterium Bosea sp. BIWAKO-01. Microscopic analysis was used to determine the structural features
of naturally occurring Mn filaments ,which were collected at the Imazuoki-chuo point in the northern
basin of Lake Biwa. The spatial and temporal distribution of polysaccharides in the water column
was monitored at the study site to show that algal EPS are present in the near-bottom layer in which
filamentous Mn particles occur. Furthermore, we used water quality data that have been obtained in
the past 18 years at the study site to examine whether the particle formation correlates with the
growth of phytoplankton in the surface layer. The results of this study support the significance of
algal EPS.

2. Materials and Methods

2.1. Culture experiments

Cultures of a Mn(II)-oxidizing alphaproteobacterium, Bosea sp. strain BIWAKO-01, were used
as a laboratory model system to yield filamentous Mn particles. Strain BIWAKO-01 was statically
cultured in petri dishes in the dark at 10% Oz and 20 °C, as previously described [13]. The M3 liquid
culture medium [16] contained 100 mg L malt extract, 40 mg L yeast extract, 0.5 mM NaHCOs, and
500 mg L agar. Filter-sterilized MnSOs solution was added to the medium at 0.1 or 2 mM.

To examine the effect of the addition of algal biomass on bacterial Mn(II) oxidation, the 20 mL
M3 medium from which agar was omitted was inoculated with BIWAKO-01 at 1.6 x 10¢ CFU (CFU:
colony forming unit), along with green algal species, Staurastrum arctiscon or S. dorsidentiferum, which
were isolated from the water of Lake Biwa and stored at the Lake Biwa Environmental Research
Institute (LBERI Shiga, Japan). These green algae were grown in CT medium [27] (Table S1) at 20 °C
using 12 h light-dark cycles. The light intensity was set to 60 umol m? s. After three weeks, the cell
densities of S. arctiscon and S. dorsidentiferum reached 1.6 x 10* and 1.5 x 10* cells mL-, respectively,
and 1 mL of these cultures were transferred into 20 mL of BIWAKO-01 cultures. In this experiment,
2 mM MnSOs: was added to the culture in the beginning. For the removal of extracellular mucilage
sheaths from algal cells, S. arctiscon and S. dorsidentiferum cells were harvested by filtration using glass
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fiber filters (Whatman GF/B; GE Healthcare, Buckinghamshire, UK) and then repeatedly washed by
injecting sterile distilled water using a spray bottle [28] until the extracellular sheath became invisible
under the light microscope when stained with India ink (see below). The cells on each filter were
rinsed and resuspended in CT medium to obtain a cell density of 1.5 x 10* cells mL-'. The culture
supernatant fluid was removed by centrifugation at 10,000 x g for 10 min at 4 °C and the oxidized
Mn was determined spectrophotometrically using leucoberbelin blue [29]. For this assay, KMnOx so-
lution was used as standard.

2.2. Electron and light microscopy

Filamentous Mn oxide particles were filtered through a carbon-coated membrane filter (Nisshin
EM, Tokyo, japan) and vacuum dried. The particles were analyzed with a transmission electron mi-
croscope (TEM; JEM-2100F, JEOL, Tokyo, Japan) at 200 kV and selected area electron diffraction
(SAED).

Suspended solids containing gelatinous organic substances were stained with India ink and ob-
served using a differential interference microscope (Eclipse 80i, Nikon, Tokyo, Japan). Under the mi-
croscope, transparent gelatinous substances became visible; after staining, they appeared white
with respect to the background. The densities of the filamentous Mn particles in the water samples
were measured with the microscope at 100-200x magnification. Lectin staining and fluorescence mi-
croscopy were used to detect polysaccharidic substances, as described previously [13,30]. This assay
was conducted with a BX60 epifluorescence microscope equipped with a DP70 charge coupled device
camera (Olympus, Tokyo, Japan). The suspended matter including filamentous Mn particles col-
lected in the near-bottom layer of Lake Biwa was gently rinsed with deionized water and stained for
15 min at 23 °C with fluorescein-conjugated Lycopersicon esculentum lectin (LEL), Lens culinaris
agglutinin (LCA), Phaseolus vulgaris erythroagglutinin (PHA-E), soy bean agglutinin (SBA), or pea-
nut agglutinin (PNA). These lectins were purchased from Vector Laboratories (Burlingame, CA,
USA). Epifluorescence microscopy was conducted at an excitation wavelength of 470 to 490 nm.

2.3. Study site and available water quality data

Lake Biwa is a warm monomictic lake in the Shiga Prefecture, Japan, with an area of 670 km?
and maximum depth of 104 m. The study site was the Imazuoki-chuo point in the northern basin of
Lake Biwa (35°23'41" N, 136°07'57" E). For the fixed-point study, the water quality was bimonthly
monitored by the LBERI at depths of 0.5, 5, 10, 15, 20, 30, 40, 60, 80, 85, and 90 m. Because the water
depth in this area is ~90 m, the 90-m sample was collected 1 m above the bottom of lake. We moni-
tored the vertical distribution of polysaccharides at the study site from August 2014 to February 2020.
The water samples collected at the above-mentioned depths, except for the 30-m sample, were pro-
vided by the LBERI.

To investigate the environmental factors affecting the occurrence of filamentous Mn particles,
LBERI’s database was used. The database contains water quality data obtained on samples that were
collected twice a month at the study site from April 2002 to February 2020 including the pH and
dissolved oxygen (DO), total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and
chlorophyll a (ChlLa) contents. These data are partially available at a website [31]. In addition, 18-year
data of the abundance of filamentous Mn particles observed at a depth of 90 m and the biovolume of
phytoplankton at 0.5 m were used. The total biovolume was expressed as the sum of the biovolumes
of Cyanophyceae (cyanobacteria), Chlorophyceae (including Charophyceae; green algae), Bacillari-
ophyceae (diatoms), Chrysophyceae, Dinophyceae, and Cryptophyceae, which were calculated from
the cellular or colony sizes, as described elsewhere (Kishimoto et al. 2013). The biovolume data ob-
tained from 2002 to 2009 at the Imazuoki-chuo point were published previously [32,33].

The water stratification that develops during the summer season at the study site results in the
depletion of DO in the near-bottom layer, which is placed under hypoxic or subhypoxic conditions
in the fall and winter months (Figure 1). During this period, Mn?* ions are eluted from lake sediments
rich in Mn oxides and diffuse to and are reoxidized in the oxic or suboxic near-bottom layer [34].
Subsequently, the stratified water column overturns usually until late winter, as represented by the
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bottom-layer DO content in Figure 1. Therefore, the Mn particle density decreases to a nondetectable
level via dispersion. The annual cycle of filamentous Mn particle formation in the near-bottom layer
proceeds during the period of the complete overturn to the next complete overturn. In this study, the
annual average values of the density of filamentous Mn particles and other water quality parameters
were calculated using data obtained during one annual cycle of Mn particle formation (counted from
February or March of the present year to the next; Figure 1).
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Figure 1. Long-term variations of filamentous Mn particle densities and DO concentrations at a depth
of 90 m at the study site. Vertical lines represent complete overturns of the water column.

2.4. Analysis of polysaccharides

For the analysis of the polysaccharides, 250 to 300 mL of the water samples were freeze-dried.
The total solids were suspended in 10 mL of methanol to concentrate the contents 25 to 30 times. A
portion of the methanol suspension was transferred into a glass tube and dried under a gentle N
stream. The residual solids were then resuspended in 2.0 mL of deionized water. The total polysac-
charide concentrations were determined with an anthrone reagent [35]. Briefly, the concentrated sus-
pension (2 mL) in a glass tube was placed in an ice bath for 5 min and 4 mL of an anthrone reagent
containing 0.2 g anthrone in 100 mL of 95% sulfuric acid was slowly added to the glass tube and then
mixed vigorously. The glass tube was heated for 10 min using a boiling water bath and allowed to
cool at room temperature. The absorbance at 625 nm was determined with a spectrophotometer. The
measurements were conducted in triplicate. Glucose solution was used as standard.

The neutral monosaccharide composition was analyzed using a previously described procedure
[36]. Briefly, the water samples were freeze-dried and the solids were hydrolyzed with 4 M trifluoro-
aceticacid at 100 °C for 3 h. The alditol acetates were separated and quantified using the Development
and Assessment of Sustainable Humanosphere system (DASH) at Kyoto University, that is, a gas
chromatograph-mass spectrometer system QP2010 (Shimadzu, Kyoto, Japan) equipped with a capil-
lary column (SP-2330, 0.25 mm x 0.2 um x 15 m; Sigma-Aldrich, St. Louis, MO, USA). The alditol
acetates were identified based on their retention times and mass spectra.

2.5. Statistical analysis

Principal component analysis (PCA) was performed to identify the variables that positively cor-
relate with the Mn particles. The annual average values of water quality parameters, including the
pH, DO, TOC, TN, TP, and algal volume, were used for the first PCA and the biovolume of each algal
species was utilized for the second PCA. The analysis was conducted using PRIMER 6 software (Pri-
mer-E, Plymouth, UK).
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3. Results

3.1. Filamentous Mn particle formation in laboratory model system

The Mn(Il)-oxidizing bacterium Bosea sp. BIWAKO-01was cultured in a medium containing agar
to which 0.1 mM dissolved Mn(II) was intermittently added for 14 days to obtain a total dose of 0.7
mM (Figure S1). The cumulative formation of oxidized Mn due to the addition of Mn(II) indicates
that the dissolved Mn(II) ions in the medium are mostly oxidized and maintained at low concentra-
tions. The TEM observations reveal that the filamentous particles consist of nano-sized sheets, which
are consistent with the structure of the biogenic layer-type Mn oxide mineral 8-MnO: (Figure 2).
- -

-

Figure 2. TEM image of filamentous Mn oxide particle collected from BIWAKO-01 culture at day 21.
The high magnification image shows that the filaments consist of sheet-type structure. Bar: 100 nm.

The results showed that the strain BIWAKO-01 cannot oxidize Mn(lIl) in the absence of agar
during the culture period, as previously reported [13]. However, this strain oxidized Mn(II) in the
agar-free medium when supplemented with a green algal species, that is, S. dorsidentiferum or S. arc-
tiscon. When Mn(Il) was added at 2 mM, the oxidized Mn content reached 1.2 £ 0.3 and 0.7 £ 0.2 mM
(mean + standard deviation; n = 3) in the presence of S. dorsidentiferum and S. arctiscon, respectively
(Figure 3). A large proportion of the Mn particles was in localized contact with extracellular mucilage
sheaths of algal cells, which appeared white with respect to the background after India ink staining.
The content of oxidized Mn was below the detection level (< 0.01 mM) in the cultures with naked
algal cells whose extracellular mucilage sheaths were extensively removed by spraying with deion-
ized water. Filamentous particles were not observed in these cultures, demonstrating that the signif-
icance of EPS produced by algal cells for the Mn(Il) oxidation and production of filamentous Mn
particles by the bacterium.

Figure 3. Microscopic images of filamentous Mn oxide particles that formed in laboratory cultures of
Bosea sp. BIWAKO-01. The bacterial strain was grown in the presence of green algae: S. dorsidentiferum
intact (a) and EPS-removed (b) cells; S. arctiscon intact (c) and EPS-removed (d) cells. Images were
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obtained on India ink-stained specimens. The arrowheads indicate filamentous Mn particles. Bar: 30
pm.

3.2. Filamentous Mn particles collected in the near-bottom layer of Lake Biwa

The sizes of naturally occurring filamentous particles collected from the near-bottom layer
ranged from ~5 to 20 um (Figure 4). The particle suspensions reacted with leucoberbelin blue, indi-
cating the presence of oxidized Mn. The TEM and SAED analyses reveal that the Mn mineral is -
MnO: with d values of 0.253 and 0.148 nm (Figure S2). The filamentous particles coexisted with ag-
gregates including fine solids and gelatinous substances, which became visible after India ink stain-
ing (Figure 4). Several dead cells of green algae and diatoms (frustules) were observed in the aggre-
gates. Staining with various lectins including LEL (recognizing N-acetylglucosamine; Figure 4), LCA
(a-mannose and a-glucose; Figure S3), PHA-E and SBA (N-acetylgalactosamine), and PNA (galac-
tose) suggests that the organic matrix of the aggregates contains these polysaccharidic moieties. These
lectins also bind to the filaments.

Figure 4. Microscopic images of filamentous Mn oxide particles collected at a depth of 90 m at the
study site. (a) India ink-stained aggregates including filamentous Mn particles (arrowhead 1), dead
algal cells (arrowhead 2), and gelatinous substances (arrowhead 3). Bar: 20 um. (b) Unstained aggre-
gates including numerous Mn particles and dead algal cells (arrowheads 4 and 5). Bar: 100 pm. (c, d)
Differential interference contrast and epifluorescence images of aggregates stained with fluorescein-
conjugated LEL. Gelatinous substances are indicated with arrowheads. Bar: 10 um.

3.3. Distribution of polysaccharides in the water column of Lake Biwa

The spatiotemporal distribution of total polysaccharides in the water column was monitored
from August 2014 to March 2020. The data are shown in Figure 5 along with the Chl.a concentrations
and filamentous Mn particle densities derived from LBERI’s database. During the study period, the
total polysaccharide concentration at a depth of 0.5 m was 0.51 + 0.15 mg L' (n = 14) in the spring
season (March to May), 0.76 £ 0.29 mg L1 (n = 16) in the summer season (June to August), 0.60 + 0.12
mg L (n=18) in the fall season (September to November), and 0.45 + 0.18 mg L (n = 18) in the winter
season (December to February). From August 2014 to February 2020, the total polysaccharide con-
centration at a depth of 0.5 m strongly correlated with the biovolume of phytoplankton cells (r=0.772,
P <0.001; Figure 6) and less but significantly correlated with the Chl.a concentration (r = 0.377, P =
0.002). Among the phytoplankton species, green algae were the most dominant with respect to the
total biovolume and significantly correlated with the total polysaccharides (r=0.723, P <0.001; Figure
6), suggesting that these species mainly contribute to the production of polysaccharides in the surface
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layer. The profiles in Figure 5 also show that a certain part of polysaccharides in the surface layer
sinks to the near-bottom layer. During the monitoring term, the total polysaccharide concentration at
a depth of 90 m ranged from 0.17 to 0.64 mg L1 (0.36 £ 0.10 mg L-; n = 68).
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Figure 5. Seasonal and vertical variations of Chl.a (a), total polysaccharide (b) concentrations, and
filamentous Mn particle densities (c) at the study site.

~ 18 ~ 18
S o6l (@) . 261 (D) .
o ] P
E 14 E 14
é 12 A _é 12
§ 104, . g 10
= oS " =
ERRE E I g 038
£ 06 :?.;!',._‘,,...;..4.. g 0
) ] ' . )
2041 r=0377 | & 0414 . r=0772
g 027 P =0.002 g 0249, P <0.001
=00 T T =00 4 T
0 5 10 15 0 5 10 15
Chla (ug L) Total algal vol. (mm? L)
1.8 1.8
L o16] (o) . Lo16d.(d)
& 14 ] g
7 12 . %
T 10]° - E
g Je o - g
Td 0.8 1 é . e . —'8
g 06 Jedee - g0
s 04 . r=0.723 g, 04§ r=0372
s 02 P <0.001 s 02 P =0.002
L 00 T £ 00 . T
0 5 10 15 0.0 0.5 1.0 L5
Chlorophyceae vol. (mm? L) Cyanobacterial vol. (mm?® L)
18 ~ 18
T 16] (o) . Soed (D
& 14 2 14
3 12 7 12
= 0P ‘. 2 1043 .
2 o8 e b I S — .
3 2° e IS SRR
5 06 Wopy g 06§
=04 Wt . ENNYR 3
a E (R > r=0327 & N AR r=0.157
3 0.2 . P =0.007 & 02 1 P>01
S 0.0+ S 00 . . .
= =
0.0 0.5 1.0 15 00 05 10 15 20
Bacillariophyceae vol. (mm?® L) Chrysophyceae vol. (mm?® L)
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Bacillariophyceae biovolume (e), and Chrysophyceae biovolume (f). All the data were obtained at a
depth of 0.5 m at the study site of Lake Biwa.

The total polysaccharides obtained at depths of 0.5 and 90 m included rhamnose, fucose, arabi-
nose, xylose, mannose, galactose, and glucose (Figure S4). The compositions of these saccharides tem-
porally changed but insignificantly differed spatially, although two 90-m samples from July 2015 and
December 2016 contained higher glucose concentrations. In general, the saccharide compositions at
0.5 m were similar to those at 90 m. Significant correlations were observed for rhamnose (r = 0.561; P
=0.001), fucose (r = 0.456; P = 0.010), arabinose (r = 0.360; P = 0.046), xylose (r = 0.797; P < 0.001), and
mannose (r = 0.503; P = 0.004).

Typically, the densities of filamentous Mn particles in the near-bottom layer are high from late
fall to winter due to the DO depletion (Figures 1 and 5). This period is inconsistent with that during
which high total polysaccharide concentrations were observed in the bottom layer (Figure 5). The
correlation between the density of filamentous Mn particles and the total polysaccharide concentra-
tion at 90 m was insignificant (P > 0.1).

3.4. Correlation between filamentous Mn particles and the phytoplankton biovolume in the past 18 years

Among the 18-year water quality data, three periods (i.e., March 2009-February 2010, March
2010-February 2011, and February 2013-February 2014; Figure 1) were excluded from the calculation
because of the lack of more than three data points during the emergence of filamentous Mn particles.
The period June 2019-March 2020 was also excluded because of the incomplete overturn of the water
column (Figure 1), which resulted in the chronic formation of particles in the near-bottom layer. The
PCA of annual average data (n =14; Figure 7) reveals the relationship between the density of filamen-
tous Mn particles at 90 m and the total algal biovolume at 0.5 m. Among different algal species, this
relationship was observed for the biovolume of green algae (Figure 7). The coefficients of the corre-
lations between Mn particles and the total algal biovolume and green algal biovolume were deter-
mined to be 0.725 (P =0.003) and 0.744 (P = 0.002), respectively (Figure 8). These results are consistent
with the contribution of phytoplankton (green algae) in the surface layer to the formation of filamen-
tous Mn particles. The correlations with other water quality parameters, including the pH, DO, TOC,
TN, and TP at 90 m, were insignificant.
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Figure 7. PCA biplot for the annual average values of filamentous Mn particle densities and water
quality data (a) and biovolume of algal species (b) collected over 18 years at the study site.
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Figure 8. Correlations between the filamentous Mn particle density at 90 m and total phytoplankton
biovolume (a) and Chlorophyceae biovolume (b) at 0.5 m. The plots represent the annual average data
collected for 18 years.

4. Discussion

The results of a previous study of Bosea sp. BIWAKO-01 cultures demonstrated that the addition
of a low concentration of gelatinous polysaccharides, such as agar and agarose, stimulates the bacte-
rial oxidation of Mn(II) [13]. In the presence of polysaccharides, the BIWAKO-01 cell extends a few
filaments from the cell surface and becomes encapsulated with the increase in the number of fila-
ments. Oxidized Mn phases include y-MnOOH, a needle-type Mn(IlI) oxide [13], which likely forms
via the reduction of thin sheet-like §-Mn(IV)O: by excess dissolved Mn?* ions. Thus, the dissolved
Mn? remaining in the culture fluid controls the mineralogy of the final product [37]. In this study, a
low concentration of dissolved Mn?* (0.1 mM) was added intermittently, which hindered the for-
mation of Mn(III) oxide, maintaining the sheet-like structures of §-MnO: (Figures S1 and 2). Filamen-
tous Mn particles from Lake Biwa had similar structures resembling to that of 8-MnO: (Figure S2), as
widely reported for biogenic or naturally occurring Mn oxide phases [1,2].

The addition of polysaccharides to BIWAKO-01 cultures might be relevant to the static condi-
tions affecting the cellular motility in the slightly viscous medium or polymeric matrix [13], although
its role remains unknown. In this study, a similar effect was observed for EPS-bearing cells of green
algae, S. dorsidentiferum and S. arctiscon (Figure 3). Diverse microalgae, including green algae, dia-
toms, and cyanobacteria, nonenzymatically and enzymatically oxidize Mn(II) [38—41]. The results of
this study show that the Mn(II) oxidation depends on the presence of BIWAKO-01. Green algae could
not oxidize Mn(II) in cultures without BIWAKO-01. The Mn oxide particles were in localized contact
with the EPS matrix (Figure 3), suggesting that BIWAKO-01 cells grow on the EPS and produce the
Mn oxide particles. This phenomenon is consistent with observations made on natural Mn particles
in the near-bottom layer of Lake Biwa, which are in contact with organic aggregates containing ge-
latinous, lectin-stainable substances and dead algal cells (Figures 4 and S3). The reactivity of the fila-
ments during staining with the lectins PHE-A, SBA, and PNA was relatively high, suggesting that
the filaments also contain lectin-stainable polysaccharides. This was the case for the filaments pro-
duced by BIWAKO-01; the filament structures consist of lectin-stainable acidic polysaccharides and
Mn oxide phases [13]. Our observations are similar to those of previous studies. In the hypolimnion
of a freshwater reservoir, filamentous Mn particles were present in a mixture of algae, diatoms, and
amorphous material [42]. The results of several studies demonstrated the presence of Mn precipitates
associated with diatom frustules in freshwater biofilms [43,44]. In the Gotland Basin, Baltic Sea, 68%
of all Mn-rich particles observed in the stratified column were associated with large organic aggre-
gates with radii ranging from 10 to 54 um [5]. The Mn particle-associated polysaccharidic substances
are reported to serve as microbial hotspots and affect their stationary sinking velocity by altering the
particle density [45]. The results of the present study suggest the significant contribution of such or-
ganic material to the biogenic formation of Mn oxide particles.

The presence of dead algal cells in the near-bottom layer (Figure 4) indicates that photosynthetic
products, including algal biomass, sink to the lake bottom. At the study site, the distribution of total
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polysaccharides in the water column was widespread but varied spatiotemporally (Figure 5). The
higher concentration gradient in the upper layer and correlations with the biovolume of phytoplank-
ton cells or Chl.a concentration indicate that these substances originate from phytoplankton in the
upper layer (Figure 6). Green algae are considered to be responsible for the total polysaccharide con-
centration at the study site. In an oligotrophic reservoir, the TEP produced in the surface layer con-
tribute to the carbon export to the hypolimnion at 30 m, with values of 0.02% to 31% [46]. Although
our observations provide indirect evidence for the origin of gelatinous polysaccharides in the near-
bottom layer, the decomposition, utilization, and transformation of photosynthetic EPS by hetero-
trophic microorganisms during sinking cannot be excluded, as previously reported [18,22,47]. The
results of a previous study in the northern basin of Lake Biwa showed that HCI-hydrolyzable saccha-
rides in the epilimnion (2.5 m) and hypolimnion (40 m) consist of relatively large quantities of rham-
nose, fucose, arabinose, and xylose [48]. This is consistent with our observations (Figure S4). The high
activity of heterotrophic consumers in the lake water observed in previous studies suggests that pol-
ysaccharides, which are photosynthetically produced in the epilimnion, are modified by the hetero-
trophs and the remaining refractory polysaccharides reach the hypolimnion [48,49].

Although the results obtained for laboratory microbial cultures suggest the involvement of algal
EPS in the formation of filamentous Mn particles (Figure 3), the variation of filamentous Mn particles
in the near-bottom layer cannot be explained by the total polysaccharide concentration. This might
result from the different timing of the DO depletion and elevation of polysaccharides in the environ-
ment. Therefore, we assume that lectin-positive gelatinous substances are supplied by the sinking of
phytoplankton cells throughout the year and remain, at least partly, on the bottom. We examined the
correlations among water quality data based on average values obtained during an annual cycle of
filamentous Mn particle formation. The analysis of 18-year water quality data reveals a positive cor-
relation between the annual average density of filamentous Mn particles at 90 m and total algal (or
green algal) biovolume at 0.5 m (Figures 7 and 8). It is likely that a higher primary production leads
to an increase in the DO consumption by heterotrophic consumers in the hypolimnion, accelerating
the Mn particle formation. However, the abundance of Mn particles cannot be explained by the fluc-
tuation of the DO or TOC concentration. This suggests that the (green) algal biomass directly contrib-
utes rather to the formation of Mn particles in the near-bottom layer.

Regarding the long-term trend of the total biovolume of phytoplankton cells in the northern
basin of Lake Biwa (0.5 m), research showed that the average total biovolume ranged from 1.5 to 1.8
mm? L1 from 2000-2009, corresponding to 63% to 85% of the levels observed from 1980-1989 [33].
Although the total biovolume decreases, the total volume of EPS surrounding the phytoplankton
cells (16 to 21 mm? L' during 2000 and 2009) reaches more than twice the levels of 1980-1989 and
1990-1999, suggesting the increase in phytoplankton species with increasing EPS content. Such a
long-term succession of phytoplankton species likely affects the supply of EPS to the near-bottom
layer and thus the Mn cycle. In recent years, Lake Biwa has experienced incomplete overturns of the
water column by lake warming [31]. It has been argued that the resultant DO depletion seriously
affects the fate of Mn and other elements such as arsenic in the bottom environment [34,50]. It has
been shown that the redox cycle of Mn in Lake Biwa affects the dynamics of metal ions [34,51,52].
Thus, the phytoplankton succession may interfere with the DO depletion-induced dynamics of Mn
and other metal ions in the bottom environment because algal EPS might force back metal ions dis-
solved in water via the induction of microbial Mn(II) oxidation.

5. Conclusions

In this study, we provide several lines of evidence that algal EPS production is a key environ-
mental factor directly inducing the formation of filamentous Mn oxide particles in the near-bottom
layer of the northern basin of Lake Biwa. This implies that EPS drive the geochemical cycles of Mn
and other elements. Such an EPS-dependent mechanism may be ubiquitous in nature because Mn
particles associated with algal EPS or EPS-like matrix have been reported elsewhere. Further studies
are needed to clarify the molecular mechanism of filamentous Mn oxide particle formation by Mn(II)-
oxidizing bacteria in the presence of polysaccharidic substances.

doi:10.20944/preprints202306.1538.v1
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Supplementary Materials: The following supporting information can be downloaded at the website of this pa-
per posted on Preprints.org. Figure S1: Mn(II) oxidation by Bosea sp. BIWAKO-01 in agar-containing cultures;
Figure S2: TEM image of filamentous Mn oxide particle collected at a depth of 90 m at the study site of Lake
Biwa; Figure S3: differential interference contrast and epifluorescence images of aggregates collected at a depth
of 90 m at the study site of Lake Biwa; Figure S4: neutral monosaccharides detected in the total polysaccharides
collected from the lake waters at 0.5 m and 90 m during 2014-2017; Table S1: composition of CT medium.
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