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ARTICLE INFO ABSTRACT

Editor: Dr. Hailiang Dong Clay minerals associated with microbial body and trace fossils in rocks deposited in shallow marine environments
have importance in understanding microbial preservation. We show experimentally that the presence of sus-
pended detrital clays in oceanic environments is a crucial control on the formation of co-aggregates between
filamentous cyanobacteria and clay minerals and is thus important in the sedimentation and subsequent pres-
ervation of cyanobacteria. Strong cyanobacteria-clay co-aggregation occurs over short time periods (3-7 days) in
the presence of 10 mg/L of suspended clay minerals (illite, kaolinite and montmorillonite), and the occurrence of
co-aggregation is not affected by the type of clay minerals present. The cyanobacteria-clay co-aggregation shows
a pronounced effect on preserving the biomass of cyanobacteria. The surface properties of clay minerals and
cyanobacteria, specifically the electrostatic attraction between the oppositely charged surfaces of cyanobacteria
and clay minerals, are the main drivers of cyanobacteria-clay co-aggregation. Chemical effects, such as the
deprotonation of —COOH groups in active organic compounds secreted by cyanobacteria and therefore the
release of H', result in local dissolution of clay and slight structure changes in the bulk of clay minerals.
Compared with the suspended clay, dissolved ions (Si, Al or Fe ions) are of secondary importance in the for-
mation of cyanobacteria-clay co-aggregates, although these ions further promote this process. Overall, the
cyanobacteria-clay co-aggregation not only substantially affects the preservation of cyanobacteria, but also may
have potentially important and profound impacts on related geochemical processes such as microbial dissolution
of clay minerals and the biogeochemical Si cycle in marine environments.
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1. Introduction mostly focusing on iconic Burgess Shale-type (BST) preservation (e.g.,

Butterfield, 1990, 1995; Orr et al., 1998; Anderson et al., 2020a, 2020b).

The occurrence of clay minerals on Earth’s surface dates back to the
aqueous alteration of chondrites (around 4.55 Ga) (Cuadros et al.,
2013). Since then, the variety and volume of clays has increased and by
the Proterozoic Eon they were an important component of marine sed-
iments (Hu et al., 1998; Tosca et al., 2010). Over the past decades, clay
minerals have been proposed as an important variable in the exceptional
preservation of organisms lacking biomineralized parts, i.e., organic
fossils. Many studies have shown clays directly associated with fossils in
mudstones where clays make up a large fraction (~50%) of the rock,

In BST preservation, organic material is retained and flattened parallel
to bedding (Butterfield, 1995; Gaines, 2014). Anderson et al. (2018)
found that the Cambrian mudstones in which BST fossils are preserved,
as well as the fossils themselves, are enriched in specific clays. Experi-
mental studies have shown these same clays are toxic to decay bacteria
(McMahon et al., 2016), providing a mechanistic link between clays and
exceptional preservation.

Clay minerals in sedimentary rocks that host the preservation of
fossils may derive from detrital sources, or from authigenic or late stage
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(e.g., metamorphic) mineral growth (Wacey et al., 2014). Authigenic
clay minerals have been speculated to contribute to microbial aggre-
gation and sedimentation, and thus may have contributed to the pres-
ervation of wholly soft microbial organisms (Ferris et al., 1988; Brasier
et al.,, 2011; Gauger et al., 2016). In the Precambrian ocean with the
elevated concentrations of dissolved silica and metals (such as Fe and Al
ions) (Fein et al., 2002; Gauger et al., 2016), the cells of microorganisms
might act as precipitation templates to concentrate metal ions (such as
Fe ions), resulting in the formation of metal oxides. These metal oxides
may further react with dissolved Si to produce authigenic clay minerals
(such as kaolinite- and glauconite-like minerals with poor crystallinity)
that precipitated as coatings on the surface of cell walls (Konhauser
et al., 1993; Fein et al., 2002), perhaps facilitating the preservation of
cells.

Compared with authigenic clay minerals that have been highlighted,
the role of detrital clays in the preservation of exceptional fossils on the
early Earth has received much less attention. Despite that, evidence from
observation on fossils has actually showed the important role detrital
clay minerals play in the preservation of soft tissue (Wacey et al., 2014).
Furthermore, some microscopic characterizations on microbial fossils
suggested the important role of detrital clay minerals. Brasier et al.
(2015) used transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) to characterize the Earth’s early microbial
fossils, and the results showed that the clay mineral found in the fossils
were well crystallized and identified as illite or vermiculite that are of
non-authigenic origin. In a recent report, Anderson et al. (2020a)
identified that kaolinite was associated with Proterozoic microfossils
formation using elemental mapping and synchrotron-based infrared
microspectroscopy. The abovementioned results suggest the potential
importance of the detrital clays suspended in water column for the
fossilization or the preservation of microbial cells.

In order to clarify the effect of clay minerals on the formation and
preservation of microbial fossils, some experimental studies were done,
for which natural detrital clay minerals with different concentrations
were added to the incubation system of microbial cells in designated
conditions to simulate the reactions between clay minerals and mi-
crobes. Cyanobacteria, which commonly occurred in the Precambrian
fossil record (Butterfield, 1995), was used as a representative microor-
ganism in these experimental studies. Newman et al. (2016) demon-
strated that illite particles derived from coarse sand granules in
siliciclastic environments with very low clay concentrations (5.6-55.6
mg/L) contribute to cyanobacterial aggregation and encrustation.
Playter et al. (2017) further showed that the addition of high concen-
tration of clay minerals (kaolinite and montmorillonite, 5-50 g/L) into
cyanobacterial culture caused the encasement of the cyanobacteria in
clay and their sedimentation in a very short time (approximately 15
min). These studies suggested that clays likely facilitated microbial
preservation by rapid formation of shape-preserving mineral coatings
(Newman et al., 2016, 2017). The insights from these studies suggest the
role of clays in microbial preservation warrants in depth investigation,
specifically targeting the underpinning mechanics of microbe-clay
interactions.

In this work, three clay minerals, montmorillonite, illite and
kaolinite are used to investigate cyanobacteria-clay interaction and the
aggregation and preservation of cyanobacteria. These minerals are
recognized as representative clay minerals from perspective of the
structure of clay minerals, and they commonly occur in shallow marine
environments (Milliman et al., 1996) and appeared as early as 3.0 Ga
ago (Hazen et al., 2013). Moreover, given the elevated concentrations of
dissolved silica and metals in the Precambrian ocean (Jones et al., 2015;
Tarhan et al., 2016), dissolved Si (NaySiO3), Al (NaAlO, and AlCl3) and
Fe (FeCls) are added to seawater containing suspended clay minerals to
study the effects of these species on cyanobacteria-clay aggregation.
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2. Materials and methods
2.1. Cyanobacteria and clay minerals

The cyanobacterium Spirulina maxima was provided by the Yantai
Institute of Coastal Zone Research, Chinese Academy of Sciences, Yan-
tai, China. Spirulina is a filamentous cyanobacterium with multicellular
spiral-shaped filaments. It belongs to the family Oscillatoriaceae, which
widely occurred in seawater and fresh water and has been found in the
Precambrian fossil record (Bartley, 1996; Brasier et al., 2015; Sanchez-
Baracaldo, 2015). The origin of Spirulina has been traced to 1200-1300
Ma (Sanchez-Baracaldo, 2015; Betts et al., 2018; Sanchez-Baracaldo and
Cardona, 2020).

Montmorillonite, illite and kaolinite were used in the preparation of
cyanobacteria-clay co-aggregates because they are commonly found in
sediments associated with microbial fossils (Milliman et al., 1996;
Wacey et al., 2014; Anderson et al., 2020b). The samples of montmo-
rillonite (Mt), illite (I1) and kaolinite (Kaol) were collected from Inner
Mongolia, Jilin and Guangdong in China, respectively. Purification
treatment (Liu et al., 2013) was conducted to remove the impurity
minerals without disturbing the structure and properties of the clays. X-
ray diffraction (XRD) patterns (Fig. S1) show that these minerals are of
high purity. Their chemical compositions (mass %) are as follows: Mt. —
5.50% Naz0, 38.67% Aly0s3, 47.37% SiO,, 2.04% CaO, and 6.41%
FegOg; Il — 1.47% MgO, 49.38% Al;03, 32.90% SiO3, 9.70% K>0, and
3.19% Fey03; and Kaol — 69.27% Al,O3, 29.38% SiO3, 0.11% K30,
0.57% Fep03, and 0.68% TiOs.

2.2. Cultivation of cyanobacteria

Cyanobacteria were cultured in ASW containing 0, 0.1, 1.0, 10 and
20 mg/L clay minerals; these concentrations were selected because they
are typical in shallow marine environments (Milliman et al., 1996;
Newman et al., 2016). The clay suspensions (before the cultivation of
cyanobacteria) were produced by using a mild ultra-sonication treat-
ment (40 kHz/60 W) for 60 min, which allowed the complete dispersion
of clay minerals. The cultivation was conducted in 100 mL of sterilized
artificial seawater (ASW; with an initial pH 8.2) in 270-mL epoxy plastic
jars at 25 °C in a light growth chamber (the list of ingredients used to
make the ASW is given in Table S1). The light intensity was 20 pmol
photons m™2 s}, and a 12-h light and 12-h dark cycle was used after
preliminary experiments testing the growth under different light
conditions.

During cultivation, optical densities at 683 nm, 662 nm and 645 nm
(denoted as OD683, 662 and 645, respectively) of the ASW-clay solution
were measured at 1-day intervals by a UV-759 spectrophotometer in 1
cm cuvettes. All samples were diluted into the linear range of OD683
between 0.01 and 0.3. The conversion of OD683 to dry cell weight
(DCW) (in the absence of clay) was calculated by Eq. (1), which was
determined by weighting cell pellets washed three times with MilliQ
filtered water and then lyophilized until a constant weight was achieved
(Sinetova et al., 2012). The chlorophyll a (denoted as Chl-a) concen-
tration was calculated by Eq. (2) (Dere et al., 1998). The above clay
concentrations did not impact [Chl-a] measurements by comparing the
0OD662 and 645 of ASW during cyanobacterial cultivation in the pres-
ence or absence of clay minerals. Each experiment was in triplicate and
the average value of DCW and [Chl-a] was used for discussion.

DCW = 1.27 X ODgs3 4 0.18 (R* = 0.99) mg/mL 1

[Chl —a) = (11.75 x OD4g53~2.350 x ODgys5) pg/mL @)

2.3. Preparation of cyanobacteria-clay co-aggregates

The culture system in which cyanobacteria were grown in the pres-
ence of 10 mg/L clay minerals was selected for the investigation on the
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aggregation between cyanobacteria and clay minerals. The clay con-
centration (10 mg/L) is selected by referring to previous study (Newman
et al., 2016) and was tested by pre-experiments where the growth dy-
namics (i.e., DCW and [Chl-a]) of cyanobacteria in the presence of 0,
0.1, 1.0, 10 and 20 mg/L clay suspensions were investigated. The
experimental settings are shown in Table S2. The cyanobacteria cultured
in seawater in the absence of clay and dissolved Si, Al and Fe are taken as
the control and are referred to as “Cyano group”. The cyanobacteria
incubated in the presence of 10 mg/L clay suspensions are referred to as
the “Cyano_Clay groups”, where “Clay” refers to Mt., Il or Kaol. To assess
the formation of cyanobacteria-clay co-aggregates in clay suspensions,
the cyanobacterial aggregates were collected for further analysis on days
1,3 and 7.

To investigate the effects of added Si, Al or Fe on cyanobacteria-clay
co-aggregation, NaySiO3, NaAlO,, AlICl3 and FeCls were added to the
seawater containing suspended clay (10 mg/L). The concentration of the
added ion was 0.3 mM, which is within the range of concentrations
suggested for Proterozoic marine environments (Jones et al., 2015;
Saito, 2016). The corresponding experiments are referred to as
“Cyano_Clay_SiO3™ 7, “Cyano_Clay_AlO3”, “Cyano_Clay_A13+” and
“Cyano_Clay_Fe3"”, respectively. The cyanobacteria-clay co-aggregates
that formed in the presence of dissolved Si, Al and Fe were collected on
days 3 and 7 for further analysis. The medium was titrated every two
days with HCI or NaOH to maintain a relatively constant pH (8.0 £ 0.5)
(Newman et al., 2017), even with the addition of Si, Al or Fe ions.

2.4. Microscopic and spectroscopic observations

The cultured cyanobacteria and the cyanobacteria-clay co-aggre-
gates were observed by light microscopy (LM), scanning electron mi-
croscopy (SEM) and TEM. For the LM, 0.1 mL of culture medium
containing cyanobacteria or co-aggregates was removed from the epoxy
plastic jar, dropped onto slides, and observed using a light microscope
(Olympus BX43). For the SEM and TEM observations, the samples were
placed overnight in a 1.5-mL tube containing 1 mL of formaldehyde
(25%, v/v), dehydrated using ethanol over 10 min and dried at room
temperature and atmospheric pressure for 30 min. An FEI NovaTM
NanoSEM 230 SEM instrument with an Oxford energy dispersive X-ray
spectrometer (EDS) was used to perform the SEM observations and to
determine the elemental compositions of the cyanobacteria-clay co-ag-
gregates by selecting at least 5 spots or areas for each sample. The
atomic ratios of Al to Si (denoted as Al/Si ratio) were then analyzed
based on the EDS atomic compositions of each sample. An FEI Talos
F200S TEM with an Oxford EDS was used to obtain the TEM, SAED and
elemental mapping results. The aggregates were dried for Fourier
transform infrared (FT-IR) spectroscopy using a DFZ6050 vacuum dry-
ing oven. The FT-IR spectra were recorded over 500-4000 cm ™~ using an
FT-IR spectrometer (Bruker Vertex 70) after mixing 0.9 mg of each
sample with 80 mg of KBr and pressing the mixture into a pellet.

3. Results
3.1. Cultivation of cyanobacteria in clay suspensions

The cell growth of the cyanobacteria incubated in the suspension
where 0-20 mg/L montmorillonite is present is shown in Fig. 1. Ac-
cording to the increase rate of the DCW (Fig. 1a), the growth of cya-
nobacteria is divided into the exponential phase and the stationary
phase. The DCW increases rapidly during the exponential phase (days
0-3) and increases slowly during the stationary phase (days 4-7). The
slow increase in the DCW indicates that the growth and the death of
cyanobacteria reach a balance, where the biomass remains largely un-
changed. During the exponential phase, variation of the DCW with
different clay concentrations in the same day is small (Fig. 1a). However,
during the stationary phase, the DCW roughly increases as clay con-
centration increases; specifically, the values of the DCW corresponding
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Fig. 1. Growth dynamics of cyanobacteria in the presence of 0, 0.1, 1.0, 10, 20
mg/L montmorillonite suspensions. The growth was characterized by DCW (a)
and Chl-a concentration (b), which reflected the accumulation of biomass and
the efficiency of photosynthesis, respectively.

to different montmorillonite concentrations follow the order: 20 mg/L
~ 10 mg/L > 1.0 mg/L > 0.1 mg/L ~ 0 mg/L.

The content of Chl-a in the incubation system reflects the number of
the cyanobacteria that are still alive because Chl-a is closely related to
their growth and photosynthetic activity. During the exponential phase,
the [Chl-a] values gradually increase, and their variation with different
clay concentration is small (Fig. 1b). During the stationary phase, the
[Chl-a] values gradually decrease from day 4 to day 7 in the presence of
0.0-0.1 mg/L montmorillonite; however, such trend of [Chl-a] decrease
is less distinct in the presence of 1.0 mg/L montmorillonite. For the
groups where 10 and 20 mg/L montmorillonite are present, the [Chl-a]
values remain almost constant on days 4-7 (Fig. 1b). Moreover, on days
4-7, the [Chl-a] values increase with the increase of the clay concen-
tration (Fig. 1b), which is similar to the tendency of the change of DCW.
These results indicate that relatively high concentration of suspended
montmorillonite (10 and 20 mg/L) in the cyanobacteria incubation
system has a significant effect on keeping cyanobacteria alive and on
preventing the Chl-a from degradation.

Similar results of DCW and [Chl-a] are observed when cyanobacteria
are grown in the incubation system where suspended illite or kaolinite
are present (see details in Fig. S2). Briefly, the DCW and [Chl-a] are not
affected by the addition of illite and kaolinite on days 0-3 (Fig. S2a-d);
however, the addition of illite and kaolinite at high clay concentration
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(10 and 20 mg/L) significantly promotes the preservation of cyano-
bacterial biomass and of [Chl-a] on days 4-7 (Fig. S2a-d). The moder-
ately high clay concentration, 10 mg/L, was therefore adopted as the
condition for the incubation experiments to observe the interactions
between cyanobacteria and clays.

3.2. Formation of cyanobacterial aggregates in clay suspensions

The photomicrographs of the cyanobacteria cultured in different
conditions are shown in Fig. 2. The cyanobacteria collected from the
control experiment (Cyano group) are rarely aggregated (Fig. 2a and b
show LM and SEM observations, respectively). The surfaces of the cya-
nobacteria in this group are smooth and clean, and the EDS results
(Fig. 2¢) indicate the presence of elements that are cellular constituents
(C, O, N, P, S, Mg and K).

The cyanobacteria in the Cyano_ Mt group show obvious morpho-
logical changes. After 1 day of growth, the cyanobacterial cells tend to
aggregate on small scales, and some finely grained granules (with size of
several microns) are occasionally observed on the surfaces of the cya-
nobacteria (as indicated by the blue arrow in Fig. 2d). The formation of
cyanobacterial aggregates clearly occurs after only 3 days of growth (as
indicated by the arrow in Fig. 2e). The cyanobacteria-clay aggregates
become more distinct after 7 days of growth. The surfaces of the cya-
nobacterial cells in the aggregates are substantially blurred (as indicated
by the arrow in Fig. 2f), which implies modification of the cell surfaces
by the aggregation process.

SEM characterization enables further assessment of the morpholog-
ical changes described above. Tiny granules (with size of several mi-
crons) deposited on the surfaces of cyanobacteria are observed in the
Cyano_Mt group on day 1 (see the inset enlargement in Fig. 3a). As
identified using EDS, there are some inorganic-organic aggregates
distributed around the cells, which is indicated by the square and oval in
Fig. 3a. The EDS spectrum (Fig. 3a) of the surfaces of cyanobacteria
within the selected area shows the presence of Si and Al, in addition to
the elements (C, O, N, P, S, Mg and K) that make up cyanobacteria. The
Al/Si ratio of 0.354 + 0.009 (n = 5) is similar to the Al/Si ratio (0.352 +
0.007, n =5) of the pristine montmorillonite, confirming the presence of
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montmorillonite in the deposited granules.

In the Cyano_Mt group, the cyanobacteria-clay co-aggregation is
more distinct on day 3 than on day 1 (Fig. 3b). In the Cyano_Mt group on
day 7, large-scale cyanobacteria-clay co-aggregation, in which cyano-
bacterial cells are closely aggregated with clay particles, is observed
(Fig. 3c). Some clay particles form thick coatings on the cyanobacterial
surfaces, exemplified by the place indicated by square (Fig. 3c). Ac-
cording to the SEM and EDS results, two forms of clay particles are
present in the co-aggregates; one is represented by clay coatings on
cyanobacterial cell surfaces (indicated by the dashed arrows in Fig. 3b-
c); the other is the clay particles commingled with other clay particles or
cyanobacterial cells in the cyanobacteria-clay co-aggregates (indicated
by the solid arrows shown in Fig. 3a-c). The average Al/Si ratios of the
EDS spectra for the particles occurring within the co-aggregates (Fig. 3b)
and for the coated particles (Fig. 3c) are 0.362 + 0.008 (n = 5) and
0.371 £+ 0.010 (n = 5), respectively.

The TEM analyses of the cyanobacteria-clay co-aggregates in the
Cyano_Mt group (Fig. 4a, Fig. S3 and S4) confirm the presence of the two
types of clay granules revealed by LM and SEM. The TEM observations
shown in Fig. 4a indicate that, in addition to clay granules that occur as
coatings adhering closely to cyanobacterial surfaces, clay granules that
fill in the areas among cyanobacterial cells and loosely link the cyano-
bacteria are also present in the co-aggregates on day 3 (indicated by the
top-right rectangle in Fig. 4a).

EDS mapping (Fig. 4b) shows the loosely linked clay aggregates in
the co-aggregates contain abundant C and N, in addition to Si and Al,
suggesting that these clay granules contain cyanobacterial organic
matter. EDS mapping (Fig. 4c) of the border area (indicated by the
bottom rectangle in Fig. 4a) between two cyanobacterial cells reveals
that the cell surfaces also contain ample Al, Si, O and C. In particular, at
the places where a pair of cells is in direct contact (Fig. 4c), the contents
of Al and Si are even higher than other places on the cyanobacterial
surfaces.

Similarly, TEM and EDS analyses of cyanobacteria-clay co-aggre-
gates in the Cyano_Mt group on day 7 (Fig. S4) show that the clay ag-
gregates that occur in the co-aggregates contain abundant
cyanobacterial organic matter, and that the contact region contains

Mg P S K

1.00 3.00 4.00

Enegg();} (keV)

Fig. 2. LM (a) and SEM (b) images and the results of EDS analysis (c) of cyanobacteria in the Cyano group and LM images of cyanobacterial aggregates in the
Cyano_Mt group on days 1 (d), 3 (e) and 7 (f). The EDS analysis (c) of the selected area (white rectangle) in panel (b) reflects the occurrence of C, O, N, P, S, Mg and K.
The arrows in (d), (e) and (f) indicate the spread of tiny granules (with size of several microns) in the aggregates.
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Fig. 3. SEM images of cyanobacteria-clay co-aggregates in the Cyano_Mt
groups on day 1 (a), day 3 (b), day 7 (c) and day 30 (d), and cyanobacteria in
Cyano group on day 30 (e). The image in the top right corner of panel (a) shows
an enlargement of the selected area. The dashed arrows indicate particles that
occur as coatings on the surfaces of cyanobacteria. The solid arrows indicate
particles that fill in the spaces among cyanobacterial cells. The oval indicates
the sticky organic matter produced by the cyanobacteria. The yellow squares
denoted selected areas analyzed using EDS. Panels (d) and (e) show that the
cyanobacteria in the Cyano_Mt group are still well-preserved after 1-month
cultivation of cyanobacteria, while the cyanobacteria in Cyano group were
broken. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

large amounts of clay minerals.

The SAED patterns of the clay minerals that make up the co-
aggregates in the Cyano Mt group on days 1 (Fig. S3b), 3 (Fig. 4b)
and 7 (Fig. S4a) show that the (100) diffractions of montmorillonite are
0.4124 nm, 0.4107 nm and 0.4090 nm, respectively. These values are
slightly lower than that of pristine montmorillonite (djo9 = 0.4149 nm)
(Fig. S5).

A similar pattern of cyanobacteria-clay co-aggregation with
increasing cyanobacterial growth time increases is observed in the sys-
tems in which illite or kaolinite were used. Briefly, some small granules
deposited on the cyanobacterial surfaces are occasionally observed in
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the Cyano_Il group and the Cyano_Kaol group on day 1 (Fig. S6a and
Fig. S6d, respectively), whereas the formation of cyanobacterial aggre-
gates is clearly seen on day 3 (Fig. S6b, e) and is even more distinct on
day 7 (Fig. S6c, f). The aggregates in the Cyano Il and Cyano_Kaol
groups also contain two types of granules (Fig. S7a-c). The Al/Si ratios of
the granules in the Cyano_Il and Cyano_Kaol groups are 0.684 + 0.018
(n=>5) and 1.058 & 0.019 (n = 5), respectively; these values are slightly
higher than those of the pristine illite (0.672 + 0.015, n = 5) and
kaolinite (1.055 + 0.018, n = 5).

The FT-IR spectra of the pristine clay minerals and of the cyano-
bacteria in the Cyano group are shown in Fig. 5a. All the pristine clays
show typical vibrations that correspond to the referenced clay minerals
(Madejova et al., 1998; Madejova, 2001; Djomgoue and Njopwouo,
2013), and the vibrations of the cyanobacteria in the Cyano group are
similar to those that have been previously reported (Yee et al., 2004;
Haghighi et al., 2017). The assignments for the vibrations are summa-
rized in Table 1.

3.3. Effects of added Si, Al and Fe on the formation of cyanobacteria-clay
co-aggregates

In the presence of dissolved Si, Al and Fe ions, very strong aggre-
gation occurs between cyanobacterial cells and clay particles. This
process is exemplified by the SEM observations of the Cyano_Mt_Si0%",
Cyano_Mt_AlOz, Cyano Mt AI®", and Cyano_Mt _Fe" groups on day 7
shown in Fig. 6; the cyanobacterial cells are so closely associated with
the clay particles that the filamentous structure of the cyanobacteria is
almost unresolvable in the aggregates (indicated by the dashed arrows
shown in Fig. 6a-d). Visible differences occur in the structure of the
aggregates that are produced under different ions, as seen in the SEM
images (Fig. 6a-d). For example, the surfaces of the cyanobacteria are
completely coated with clay in the samples in the Cyano Mt AlOy
(Fig. 6b), Cyano_Mt_AI** (Fig. 6¢), and Cyano_Mt_Fe>" (Fig. 6d) groups;
however, the microstructures (as indicated by features such as
smoothness and texture) of the surface coatings are quite different. The
co-aggregates in the Cyano Mt_Al>* group exhibit a nest-like texture
that contains some pores (Fig. 6¢), and the coatings in the
Cyano_Mt_Fe>" group show a relatively smooth and uniform distribution
(Fig. 6d).

The EDS results of the selected areas shown in Fig. 6a-d quantify the
differences in the cyanobacteria-clay co-aggregates that are produced in
the presence of different added ions. The EDS spectra show that the
contents of Si, Al, Al and Fe atoms in the co-aggregates in the
Cyano_Mt_SiO%’ (Fig. 6a), Cyano Mt AlO; (Fig. 6b), Cyano_Mt_Al3Jr
(Fig. 6¢) and Cyano_Mt_Fe3+ (Fig. 6d) groups are significantly higher
than those of Mt. (Fig. 3c). The increases in the abundances of these
species in the co-aggregates when the relevant compounds are added to
the Cyano_Mt group indicate that these ions can enter the co-aggregates.
The SEM and EDS analyses yield similar results for the groups of ex-
periments performed using other clay minerals (illite and kaolinite)
(Fig. S8).

The Al/Si and Fe/Si ratios of the clay minerals in co-aggregates in the
presence of added ions show noticeable variations (Fig. 7). The Al/Si
ratios of the co-aggregates in the Cyano_Clay_SiO%~ groups on days 3
and 7 (Fig. 7a) are significantly lower than those of the pristine clays due
to the introduction of SiO%’, which results in an increase in Si. However,
the Al/Si ratios are higher on day 7 than on day 3, indicating that the
addition of SiO%~ permits an increase in the clay content in the co-
aggregates by day 7 and thereby increases the Al/Si ratio. For the case
of other added ions, the Al/Si ratios of the Cyano_Clay_AlO3 (Fig. 7b)
and Cyano_Clay AI®" (Fig. 7¢) groups on days 3 and 7 and the Fe/Si
ratios of the Cyano_Clay Fe®! (Fig. 7d) group on days 3 and 7 also
suggest that the added AlO3, AI**, and Fe® is rapidly introduced into
the co-aggregates and increases the contents of clay minerals.

The FT-IR characteristics of the cyanobacteria-clay co-aggregates in
the groups that contain added ions (Fig. 8a-d) are different from those in
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Fig. 4. TEM image (a), SAED patterns (b) and elemental distributions (b, c) of cyanobacteria-clay co-aggregates in the Cyano_Mt group on day 3. The TEM image in
panel (a) shows two cells in contact with one another (indicated by the rectangle on the left) and a clay aggregate (indicated by the rectangle in the upper right).
Panel (b) shows the SAED patterns and Al/Si/C/N distribution of the selected area shown in panel (a); the sizes of the montmorillonite grains range from 475 to 540
nm. Panel (c) shows the Al/Si/O/C distributions of the contact area of the cyanobacteria-clay co-aggregate shown in panel (a).

their absence (Fig. 5b). The —COOH band (1260 em ™)) still appears in
the groups that contain added ions, although its intensity is low.
Meanwhile, the intensity of the —COO™ band (1413 cm 1) is weaker in
the Cyano_Clay SiO5~ (Fig. 8a), Cyano_Clay AlO; (Fig. 8b),
Cyano_Clay AI3* (Fig. 8c) and Cyano_Clay_Fe>" (Fig. 8d) groups than in
their counterparts that do not contain added ions. In addition, the
Al—OH band (3695 cm™!) of the cyanobacteria-clay co-aggregates is
much less intense in the groups that contain added ions than in their
counterparts that do not contain added ions.

4. Discussion
4.1. Role of clay minerals in the cyanobacteria-clay co-aggregation

The results described above clearly demonstrate that the presence of
low-concentration (10 mg/L) suspended clay minerals in the growth
environments of cyanobacteria plays a key role in the cyanobacteria-
clay co-aggregation. As indicated by the FT-IR spectra, the character-
istic bands of the cyanobacteria-clay co-aggregates (Fig. 5b) display
obvious differences when compared to those of the pristine clay min-
erals and cyanobacteria (Fig. 5a). For the Cyano_Mt group, the —CH
stretching vibration for fatty acids (at 2932 cm™!), the C=O0 stretching
vibration for protein amide I (at 1658 cm™ ') and the N—H bending vi-
bration for protein amide II (at 1546 cm™ 1) are shifted toward higher
wavenumbers than those of the Cyano group. Moreover, the broad band
of C—OH bending for saccharide (at 1045 cm’l) overlaps with the Si—O

stretching band of montmorillonite (at 1036 cm™Y). The distinct shift in
or disappearance of the vibrations associated with lipids, proteins, and
saccharides in the spectra of the Cyano_Mt group compared with those of
the Cyano group indicates that these organic compounds are involved in
the formation of cyanobacteria-clay co-aggregates. Notably, it has been
reported that the carboxyl groups existed in EPS or at the cell surface of
cyanobacteria to maintain the cells alive in the pH range (8.0 & 0.5) of
the culture experiment (Yee et al., 2004; Dittrich and Sibler, 2005;
Haghighi et al., 2017). However, the band associated with the —COOH
of organic matter at 1260 cm™! disappears after the aggregation of
montmorillonite and cyanobacteria, and the intensity of the character-
istic band associated with —COO™ (at 1413 cm™!) greatly increases
accordingly, suggesting the deprotonation of the surfaces of the cyano-
bacterial cells (Yee et al., 2004). On the other hand, a distinct change
occurs in the vibration of the hydroxyl groups of montmorillonite. An
intense band appears at 3695 cm ™! in the spectrum of the Cyano_Mt
group; it is a typical stretching vibration of AI—OH, which does not
occur in the spectrum of montmorillonite (Fig. 5a). Both phenomena
suggest that the —COOH group participates in the process that results in
the formation of AI—OH in montmorillonite. In addition, the reduction
in the intensity of the vibrations of AI—O—Si (at 519 cm’l) suggests the
breakage of AlI—O—Si bonds of montmorillonite (Madejova et al.,
1998).

The interactions between the surface groups of clay minerals (Lagaly
and Dékany, 2013) and those of cyanobacteria (Martinez et al., 2008)
can effectively explain the observed cyanobacteria-clay co-aggregation.
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Fig. 5. FT-IR spectra of pristine clay minerals and cyanobacteria in the Cyano
group (a) and the spectra of cyanobacteria-clay co-aggregates in the Cyano_Mt,
Cyano_Il and Cyano_Kaol groups.

The surfaces of living cyanobacterial cells are generally negatively
charged over a wide range of pH values due to the large amounts of
anions (Martinez et al., 2008), such as —COO™~ and —HCO3, distributed
over the cyanobacterial surfaces to support photosynthesis. Despite the
presence of this overall negative charge, some of the surface positions on
cyanobacteria may be positively charged because the groups found in
some proteins (such as —NHj) readily transform into protonated ami-
nopropyl groups (—NH3) in aqueous solutions. This heterogeneity of the
surface charges of cyanobacterial surfaces has been investigated in
detail (Dittrich and Sibler, 2005). Additionally, the type and distribution
of the surface charges of clay minerals in aqueous solutions have
frequently been investigated. As an example, a montmorillonite particle
contains two different surfaces from a surface charge perspective
(Lagaly and Dékany, 2013). One is the basal surface (referred to as the
“face” hereafter; Fig. 9a), which has a permanent negative charge that
arises from the isomorphous substitution of AlI®* for Si** in the tetra-
hedral sheet of montmorillonite. The other surface is the edge surface
(here shortened to the “edge”; Fig. 9a), which has a variable charge that
depends strongly on the ambient pH. The charge at the edge arises from
the adsorption or dissociation of protons by the hydroxyl groups (silanol
and/or aluminol, denoted as >SOH)), as is also seen in oxides (Lagaly and
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Table 1

Assignments of FT-IR vibrational bands to the main absorption peaks seen in
Fig. 5. The assignments of the bands are made on the basis of previous publi-
cations (Madejova, 2001; Yee et al., 2004; Djomgoue and Njopwouo, 2013;
Haghighi et al., 2017).

Samples Wavenumbers Assignment
(em™)

Pristine 3695 —OH stretching due to the coordination of

clays hydroxyl groups with octahedral Al** cations

3621 —OH stretching of inner hydroxyl groups
3427 —OH stretching of water
1102, 1079, 1033 Si—O stretching
913 Al—OH stretching of inner hydroxyl groups
798, 793 Si—OH stretching
540, 530, 519 Al—0—Si bending
473, 471, 466 Si—O—Si bending

Cyano 3427 —OH stretching of water

group 2930 —CH stretching of lipids
1650 C=0O stretching of protein amide I
1546 N—H bending of protein amide II
1418 C=0O stretching of —COO™ due to the formation
of deprotonated carboxyl surface sites

1260 C—O stretching of —COOH
1045, 899 C—OH bending (dominated by saccharides)
455 —S—S— bending

Dékany, 2013). Under acidic conditions, an excess of protons promotes
the protonation of the surface and creates positive edge charges (Eq.
(3)), the density of which decreases as the pH increases. In contrast, the
dissociation of silanol and aluminol groups at relatively high pH values
produces negative charges (Eq. (4); Tournassat et al., 2004). Conse-
quently, the >SOH3 />SO" ratio at a certain pH has a decisive effect on
the overall surface charge.

> SOH +H" => SOH," 3

> SOH => SO~ + H* ()]

Owing to the features of the surface charges of cyanobacteria and
montmorillonite particles mentioned above, the montmorillonite parti-
cles are readily attracted by cyanobacteria through electrostatic
attraction between oppositely charged cyanobacteria and montmoril-
lonite surfaces. Examples include *NH3+-face(—) contact and
—COO ™ (or HCO3)-edge(+) contact. As a result, cyanobacteria-clay co-
aggregation is initiated once the surfaces of cyanobacterial cells begin to
be coated by montmorillonite particles (evidenced by Figs. 2-3); the
coating very likely acts as a bridge and mediates the link between cya-
nobacterial cells, then restricts the mobility of the cyanobacteria and
finally leads to a loss of the ability to escape from further coating or
encrustation by montmorillonite particles on the part of the cyanobac-
teria. This point is evidenced by the increased content of Al and Si in the
contact region shown in Fig. 4c. The coating of montmorillonite parti-
cles on cyanobacterial surfaces may in turn accelerate the co-
aggregation of clay-coated cyanobacterial shells. As well demonstrated
previously, clay particles readily and spontaneously form aggregates in
aqueous solutions (Lagaly and Dékany, 2013). These aggregates form
either so-called “house-of-cards” networks that are joined by edge-face
contacts and are preferred in acidic conditions or band-type networks
that are joined by face-face contacts and frequently occur under rela-
tively high pH conditions (Lagaly and Dékdny, 2013). Thus, larger
amounts of suspended clay particles form co-aggregates to be incorpo-
rated into the cyanobacterial shells through edge-face or face-face ag-
gregation of clay particles. The formation of cyanobacteria-clay co-
aggregates may further limit the mobility of cyanobacteria and possibly
stop photosynthesis via blocking off sunlight, resulting the inclusion of
more clay particles and thus forming stable and thick co-aggregates
(schematically represented in Fig. 9b).

For the Cyano_Il and Cyano_Kaol groups (Fig. 5b), the shifts in the
vibrations at 2932 cm™!, 1658 cm ™! and 1548 cm ! also reflect
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Fig. 6. SEM images and EDS spectra of cyanobacteria-clay co-aggregates in the Cyano_Mt_SiO%~ (a), Cyano_Mt_AlO3 (b), Cyano_Mt_Al** (c) and Cyano_Mt_Fe>* (d)

groups on day 7. The dashed arrows indicate cyanobacterial cells.

interactions between cellular organic matter (lipids, proteins and sac-
charides) and the clays. Moreover, the increase in the intensities of the
vibrations at 1413 cm ™! and the disappearance of the vibrations at 1260
em ™! suggest the deprotonation of the surfaces of the cyanobacterial
cells, and the appearance of a distinct peak at 3695 cm ™' indicates the
formation of new AlI—OH groups in the Cyano_Il, as also occurred in the
Cyano_Mt group mentioned above. The partial breakage of AlI—O—Si
bonds in the Cyano Il and Cyano_Kaol groups is indicated by the
reduction in the intensity of the 530 cm ™! band (in the Cyano_Il group)

and the disappearance of the band at 540 cm™! (in the Cyano_Kaol
group). Overall, illite and kaolinite have surface charge features that are
comparable to those of montmorillonite, although their amounts of
permanent negative charge and their proportions of silanol groups are
different (Brigatti et al., 2013; Emmerich, 2013). All these clay minerals
have a negatively charged surface, so the co-aggregation behaviors of
them are similar, and the occurrence of cyanobacteria-clay co-aggre-
gation may be independent of the types of clay minerals that are present
in suspension. Therefore, it is likely that any clay minerals that are
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Fig. 7. Surface Al/Si ratios of cyanobacteria in the Cyano_Clay_SiO%’ (a), Cyano_Clay_AlO; (b), Cyz:mo_Clz:ly_Alyr (c), and Fe/Si ratios in Cyano_Cla\y_Fe3Jr (d) groups
on days 3 and 7. The Al/Si and Fe/Si ratios of pristine clay minerals are also presented in each panel to show their differences relative to each group of experiments.
The Al/Si and Fe/Si ratios are calculated by analyzing the elemental compositions of the selected areas shown in Fig. 6 and Fig. S8.

common in marine environments, such as mixed-layer illite-smectite
and chlorite (Madejova, 2001; Petrovich, 2001), would possess the ca-
pacities to form co-aggregates with cyanobacteria, and cyanobacteria-
clay co-aggregation might be a widespread and frequently occurring
process in saline waters with suspended clay minerals.

The fact that all the clay minerals (montmorillonite, illite and
kaolinite) in the cyanobacteria-clay co-aggregates have similar Al/Si
ratios, particle sizes and microstructures as the pristine clay minerals
suggests that the clays in the co-aggregates are derived from the pristine
clay suspended in the culture medium. Notably, the co-aggregation of
cyanobacteria and high-concentration clay minerals had also been
investigated previously. Playter et al. (2017) showed that the addition of
5 g/L or 50 g/L montmorillonite or kaolinite to a suspension of Syn-
echococcus cells significantly increased the cyanobacteria-clay co-ag-
gregation and sedimentation and cells were settled down from the
suspension within 15 min. Unlike the above-mentioned conditions, this
work adopts much lower concentrations of clay minerals (10 mg/L),
within the scope of the suspended clay concentration in shallow marine
environments (Milliman et al., 1996; Newman et al., 2016), and has
been used in a recent study focusing on cyanobacteria-illite co-aggre-
gation (Newman et al., 2016). Under such a relatively low clay con-
centration, cyanobacteria-clay co-aggregation occurred in 7 days, which
is much slower than reported by Playter et al. (2017).

Notably, the extracellular polymeric substances (denoted as EPS) on
cyanobacterial surfaces include various types of organic compounds
(such as saccharides, proteins, lipids, and nucleic acids). Saccharides
have been regarded as key organic compounds that react with metal ions
or minerals because they are sticky and can induce the adsorption of ions
or minerals onto cyanobacteria (Santschi et al., 1998; Tang et al., 2014).
The present work suggests that fatty acids and proteins are also able to
contribute to the cyanobacteria-clay co-aggregation by enhancing the
electrostatic attraction of clay surfaces to cyanobacteria due to their

—COOH and/or —NHj3 groups. In other words, the actual interfacial
interactions between cyanobacteria and clay minerals are likely to be
highly diverse and complex. Therefore, to specify the mechanisms of the
cyanobacteria-clay interface reactions is important for understanding
biogeochemical processes in early Earth environments and needs further
investigation.

4.2. Effects of dissolved Si, Al and Fe on the cyanobacteria-clay co-
aggregation

The pronounced enhancement of the cyanobacteria-clay co-aggre-
gation in the presence of dissolved metal cations (Al3+ and Fe3+) or
anions (SiO3~ and AlO3) demonstrates that dissolved metal cations and
anions facilitate co-aggregation (Fig. 7). The addition of these ions to
suspensions of cyanobacteria and clay minerals modifies the surface
charges of the cyanobacteria and/or clay minerals, indicated by the zeta
potential changes (detailed in Fig. S9), and thus lowers the stability of
the suspensions. The addition of ion species at certain concentrations to
diluted clay dispersions has been found to promote the aggregation of
clay particles (Ma, 1997). The adsorption of metal cations to the surfaces
of clay mineral grains can neutralize the permanent negative charge at
the basal surface; such cations can also react with the >SO™ groups on
the edges through electrostatic attraction, making the edges more
positively charged. Consequently, the edge(+)-face(—) contact is
strengthened, and aggregation occurs more readily. The addition of
anions may react with the >SOH3 groups at the edge surface, thus
making the edge surface more negatively charged and enhancing the
possibility of aggregation via face(—)-face(—) contact. The
cyanobacteria-clay dispersion is similar to clay dispersion from some
perspectives because both cyanobacteria and clay minerals are overall
negatively charged with positive charges at certain surface positions.

Furthermore, the variations in the Al/Si ratios among the different
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cyanobacteria-clay systems indicate the dependence of co-aggregation
behaviors on the types of ions added, the type of clay minerals in sus-
pension and the culture time. In the system in which cyanobacteria were
cultured for 3 days in the presence of NaySiOs, significant decreases in
the Al/Si ratios in the cyanobacteria-clay co-aggregates are noted
(Fig. 7a); these ratios are 11.7, 5.2, and 7.5 times lower than the typical
Al/Si ratios of pristine montmorillonite, illite and kaolinite, respectively.
The sudden increase in the Si content in the co-aggregates during the
initial stage of cultivation indicates that strong adsorption of SiO3™
occurred before the occurrence of large-scale co-aggregation,
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demonstrating the ability of Si03~ to promote cyanobacteria-clay co-
aggregation. The addition of AlO; adversely affects the Al/Si ratios on
day 3 (Fig. 7b), indicating the rapid incorporation of Al into the co-
aggregates. The Al/Si ratio on day 7 is lower than that on day 3
(Fig. 7b), suggesting the increasing incorporation of clay particles into
the co-aggregates with increasing growth time. The initial incorporation
of metal cations into the cyanobacteria-clay co-aggregates, followed by
the incorporation of larger amounts of clay particles, are also noticeable
in the cases in which Al** and Fe®* are added (Fig. 7c and d). All the
above results indicate that the presence of dissolved metal cations or
anions significantly promotes cyanobacteria-clay co-aggregation.

4.3. Implications for cyanobacterial preservation and related geochemical
processes

The ready cyanobacteria-clay co-aggregation in clay-rich environ-
ments and the good preservation of the cyanobacteria in the aggregates
suggest that the presence of suspended clay minerals in is a key variable
in the sedimentation and subsequent preservation of cyanobacteria,
supporting the findings of previous studies (Newman et al., 2016, 2017;
Playter et al., 2017). Of particular interest is that the cyanobacteria-clay
co-aggregation is able to prevent the cyanobacterial organics (such as
Chl-a) from decomposition, which promotes the preservation of cya-
nobacteria. After a long cultivation time (1 month) of cyanobacteria, the
cyanobacteria in the Cyano_Mt group are still well-preserved (Fig. 3d),
while the cyanobacteria in Cyano group were degraded (Fig. 3e). This
result indicates that cyanobacteria-clay co-aggregation has protected
the cyanobacterial organic materials inside the aggregates and increased
the likelihood that cyanobacteria would be damaged by external factors
such as ultraviolet radiation and biological disturbance.

The encrustation of microbial cells by metal oxides (such as iron
oxide or aluminum oxide) and/or silica has been thought as a crucial
stage in the aggregation of microbial cells (Gauger et al., 2016), and this
process is regarded important to the preservation and fossilization of
microbes. The reason is that the coating of authigenic clay minerals
resulting from the recrystallization of metal oxides (Konhauser et al.,
1993; Fein et al., 2002) might facilitate resisting diagenesis and/or
metamorphism by cells and biostructures (Yee et al., 2003; Li et al.,
2013; Gauger et al., 2016). It is likely the coating of detrital clays on the
surface of cyanobacteria in co-aggregation is also beneficial for the long-
term preservation of cyanobacteria. The present work demonstrates that
clay coating of cyanobacteria can be from the interaction between sus-
pended detrital clay in ambient environment and cyanobacteria,
without the involvement of iron (or silicon) oxides. This is consistent
with the observation of the non-authigenic origin of the clay minerals in
some of Earth’s early microbial fossils (Brasier et al., 2015). Therefore,
this work suggests that the environments where cyanobacteria and
suspended detrital clays coexist in marine environments are conducive
to the sedimentation and preservation of microbes and thus may have
made contributions to the microbial fossilization. However, it is unclear
whether these co-aggregates would preserve the detailed cellular
morphology necessary to make fossils that can be recognized as cya-
nobacteria; further work on the morphology of these aggregates and if
and how it could be comparable to the organisms/fossils in geological
records needs to be done in future.

Compared to clay minerals, silica and metal cations dissolved in
water exert relatively minor controls on the rapid formation of
cyanobacteria-clay co-aggregates; cyanobacteria-clay co-aggregation
occurs even in the absence of added ions (Figs. 2-3, and Figs. S6-S7).
Moreover, in the control experiments in which only Si, Al or Fe ions
(even at high concentrations) are added, the degree of cyanobacterial
encrustation is weaker than that observed in the presence of both clay
minerals and dissolved ions (Fig. S10). Notably, there were broad ranges
of concentrations of ions in ancient marine environments; for example,
the inferred Si concentrations range from 0.1 mM to 2.2 mM, and those
of Fe and Al range from 0.04 mM to 1 mM and from 0.02 to 0.4 mM,
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respectively (Goldberg and Arrhenius, 1958; Gehlen et al., 2002; Jones
et al., 2015; Saito, 2016; Gauger et al., 2016).

An unexpected but profound consequence of cyanobacteria-clay co-
aggregation is the release of structural elements from clay minerals. This
is evidenced by the slightly higher Al/Si ratios of clay minerals on day 3
and day 7 than that of pristine clay and the decrease in the djgo of
montmorillonite (Fig. 4 and S4-5). According to the FT-IR results, the
dissolution of clay might be due to the locally acidic environment,
resulting from the H' released from reactions such as the deprotonation
of —COOH of cyanobacteria. Under the acid attack, disconnection of the
original tetrahedral SiO4 and octahedral AlOg sheets in the montmoril-
lonite occurs, and the AI—0—Si bonds are broken, indicated by the
reduction in the intensity of the vibrations of AI—O—Si (at 519 cm™)
(Madejova et al., 1998). As a result, the separated tetrahedral SiO4 units
may become unstable and are readily dissolved into solution. Therefore,
the interaction between cyanobacterial cells and clays is able to liberate
a small proportion of the structural Si of clay minerals. Such structural
changes of clay minerals induced by cyanobacteria are confirmed also
by control experiments (see details in part VII of the Supplementary
data; Fig. Slla, b), in which pristine clay minerals were placed in
seawater for a month in the absence of cyanobacteria and showed no
structural changes. This previously unexplored cyanobacteria-induced
dissolution of clay minerals might provide Si for the relevant biogeo-
chemical Si cycles (such as the growth of diatoms). It should be
considered in investigation of related geochemical processes because the
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coexistence of cyanobacteria and clay minerals is widespread in marine
environments. This finding is of particular significance because it is well
known that clay minerals are chemically inert in seawater due to their
slow dissolution rates at high salinity (Jeandel and Oelkers, 2015).

Finally, the cyanobacteria-induced dissolution of clays is affected by
co-existing metal ions. As seen from the FT-IR results (Fig. 8), the
breakage of AI—O—Si bonds in the clays was substantially inhibited by
the adsorption of added ions to the clays. The intensity of the AI—OH
band (3695 cm ™) resulting from the breakage of AI—O—Si bonds for the
groups that contain added ions is much less intense than in their coun-
terparts that do not contain added ions (Fig. 5 and Fig. 8). The adsorp-
tion of the added ions prevents the surface reactive sites of clay minerals
from interacting with —COOH groups and thereby reduces the degree of
structural changes in the clay particles. The interaction between
—COOH groups and metal cations can be excluded because such inter-
action is very weak (Fein et al., 1997; Wightman and Fein, 2005).
Therefore, the cyanobacteria-clay co-aggregation not only matters to the
preservation of cyanobacteria, but has potentially important but com-
plex (e.g., sensitive to co-existing metal cations) impacts on the
geochemical Si cycle in marine environments and thereby warrants
further study in the future.

5. Conclusions

Clay minerals are an important component of sedimentary
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environments and suspended clay minerals occur ubiquitously in the
marine water column. The present work identifies the significant con-
tributions of suspended clay minerals to the aggregation and subsequent
preservation of filamentous photosynthetic cyanobacteria. The electro-
static attraction between the oppositely charged surfaces of cyanobac-
teria and clay minerals is the main driving force of cyanobacteria-clay
co-aggregation. The deprotonation of —COOH groups on cyanobacteria
and therefore the release of H' result in local dissolution of Si from the
clay minerals. The influence of the abundances of dissolved ions on the
aggregation of cyanobacteria is a relatively minor factor compared to
that of clay minerals, although the presence of ions is capable of
enhancing the formation of cyanobacteria-clay co-aggregates. Clay-
cyanobacteria co-aggregation generally occurs at low concentrations
of suspended clay particles, regardless of the types of suspended clay
minerals, indicating that co-aggregation happens readily and likely fa-
cilitates the preservation of cyanobacteria in a wide variety of shallow
marine environments. Consequently, suspended detrital clay minerals
should be considered as a key factor for understanding the microbial
preservation in shallow marine environments, and its potential impact
on marine elemental cycles through the dissolution of clay minerals also
warrants further investigation.
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