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Abstract: Turbidity has been one of the most typical problems in urban rivers, accompanied by
eutrophication. Though the colloid is a nonnegligible factor associated with turbidity and nutrient
enrichment in urban rivers, the characteristics of nitrogen enrichment and bacterial communities
of colloids under different turbidity conditions of urban rivers have not been well understood. In
this study, colloids of low and high molecular weights (LMW, 30 kDa—-0.2 pym, and HMW, 0.2-1 um)
were separately collected from the bulk water (<1 um) of several typical urban rivers in China. Since
the colloidal concentration presented the significantly highest correlation with turbidity, colloidal
characteristics were further explored under three turbidity gradients with two cutoffs of 10 and
30 NTU. Results showed that colloidal organic matter in medium and high turbidity rivers was
mainly sourced from the release of endogenous plankton and the proportion of colloidal organic
carbon in dissolved organic carbon increased from 33% to 38% with increased turbidity. Colloidal
ammonia nitrogen in medium turbidity accounted for the highest proportion (an average of 60%)
in bulk water, which could be explained by the significantly positive correlation of colloidal ester
groups and ammonia nitrogen (R? = 0.47). Bulk water, HMW, and LMW colloids presented different
dominant bacterial genera and LMW colloids also contained three unique dominant filterable genera:
Flavobacterium, Acinetobacter, and Limnohabitans. LMW colloidal filterable bacteria under medium and
high turbidities presented the greatest potential for dissimilatory nitrate reduction to ammonium,
which might further enhance the enrichment of ammonia nitrogen in colloids. This study provides a
primary understanding of the characteristics of colloids and colloidal bacterial communities in urban
rivers from the perspective of turbidity and puts a new insight on the remediation of rivers under
medium turbidity.

Keywords: urban rivers; colloid; turbidity; ammonia nitrogen; filterable bacterial community

1. Introduction

In the past several decades, intense human activities have caused the widespread
deterioration of rivers especially in low- to mid-income countries, which were typically
characterized by increased eutrophication and turbidity [1]. The global climate changes,
such as extreme drought and heat waves, extensively enhanced the deterioration in the
water quality of most urban rivers via the endogenous release of pollutants from sediments
or plankton [2]. Apart from the massive reduction in the exogenous input of nutrients, the
improvement in the self-remediation or bio-transformation for internal organic matter and
nitrogen is another effective way for the restoration of eutrophic and turbid rivers. Thus, it
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is important to understand the occurrence, migration, and transformation mechanisms of
pollutants existing in different media, including bottom sediment, suspended particulate
matter (>1 pm), aquatic colloids (1 kDa-1 um), and true dissolved water (<1 kDa). Colloids,
as the third phase between truly ‘dissolved” and ‘particulate’, persisted widely in waters,
soils, and sediments [3,4]. Due to the non-unified definition for colloids, operational
definitions of 1 kDa (or 1 nm)-1 um were more commonly utilized [5,6]. To date, most
knowledge of rivers has focused on the easily-noticed suspended particulate matter or the
bulk water (<1 um) [7,8] but the related understanding of aquatic colloids has not been
paid much attention in rivers.

Turbidity and eutrophication often occur jointly in most slow-flowing urban rivers [9].
Compared to the invisibility of eutrophication that cannot be evaluated visually, turbidity
is a publicly focused important index of water quality for urban rivers and lakes [10].
In general, turbidity is mainly influenced by suspended particulate matter, followed by
colloids [11]. In rivers with high sediment contents, the suspended particulate matter
is generally considered to be the most important aquatic medium for the loading and
transformation of nutrients. However, due to the sediment trapping by kinds of dams and
the slow-flow deposition by extreme drought [12], the global sediment flux has declined
to 49% of pre-dam conditions in the global hydrologic north [13]. Hence, the influence of
suspended particulate matter on the turbidity and eutrophication of urban rivers gradually
declined with the reduced flow rate and sediment contents.

Different from suspended particulate matter, colloids are much steadier and more
dispersible in overlying water and can maintain prolonged transportation in rivers. Colloids
are typically composed of metal oxides or hydrates, clay minerals, and colloidal organic
matter (COM) [14,15]. However, since the relatively lower contents of Fe, Al, Si, Mn, and
small amounts of mineral particles in river colloids [16], COM in aquatic colloids was mainly
focused on in most studies. Studies indicated that COM was dominated by a refractory
humus substance, which could color the water and decrease the transparency and turbidity.
Hence, the abundance and composition of COM were also suggested to be potentially
associated with turbidity [17]. As the predominant component of aquatic colloids, COM has
been studied in lakes and oceans [11,18]. However, the concentration of colloids in urban
rivers was generally much higher than those in lakes and seas. The proportion of colloidal
organic carbon (COC) in dissolved organic carbon (DOC) reached 33% in the Fox River
(1 kDa < colloids < 0.7 pm), 25% in the Northern Adriatic Sea (5 kDa < colloids < 0.22 um),
and 8.11-22.13% in Taihu Lake (1 kDa < colloids < 1 um) [19-21]. On the one hand, located
upstream of lakes and oceans, rivers can directly obtain allochthonous COM via terrestrial
runoff. On the other hand, the eutrophication and slow-flow characteristics commonly
cause the propagation of phytoplankton and bacterioplankton, the extracellular polymeric
substances of which can overwhelmingly contribute to the autochthonous COM supply [22].
Hence, we presumed that colloids may be an important influence factor of turbidity in slow-
flow urban rivers. However, the knowledge of the occurrence characteristics of colloids
under different turbidity and eutrophication conditions has not been well understood.

In natural waters, colloids also play important roles in the biogeochemical cycles
of various substances. Colloids act as one of the huge sinks and sources of phosphorus,
nitrogen, metals, antibiotics, and so on, via adsorption and complexation [23-26]. Incu-
bation experiments tested that colloid-adsorbed ammonia nitrogen in bulk water could
reach 1.72 mg/L with the presence of sodium and the properties of colloids have a di-
rect influence on the concentration of ammonia nitrogen in bulk water [27]. Thus, the
nutrient-rich colloids could support the great growth of surrounding zooplankton via filter
feeding. It is noteworthy that the components of colloids usually vary gradually in the
transporting processes from rivers to lakes or seas. The variation of colloids is well-known
and partially driven by the adsorption and aggregation processes [28]; what about the
potential contribution from the biotransformation of colloidal microbes? A bulk of studies
have focused on the composition and function of microbial communities in bulk water and
suspended particulate matter [8,29] and explored the processes of nitrogen transformation
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through anammox, nitrification, and denitrification [30]. But there have been no answers to
whether there is any microorganism colonizing in or on colloids; and if yes, how do they
act on the transformation processes of nitrogen and COM?

The aims of this study were (1) to understand the occurrence characteristics of colloids
and colloidal nitrogen in urban rivers under different turbidity conditions, (2) to reveal the
composition and assemble mechanisms of microbial communities of colloids, and (3) to
explore the nitrogen transformation characteristics of bacterial communities colonizing in
colloids. In this study, low and high molecular weight (LMW, 30 kDa—-0.2 um, and HMW,
0.2-1 pm) colloids were collected from the bulk water (<1 um) of several typical urban
rivers in China and the living bacteria colonizing in colloids were measured via bacterial
RNA detection.

2. Materials and Methods
2.1. Collection of Bulk Water and Colloids

In this study, water samples were collected from seventeen sites located at several
urban rivers of Nanjing City (32°3'41.6"” N, 118°47'29.6" E, China) in November 2022
(Figure 1). Five liters of surface water was sampled in each site and transported to
the laboratory within 2 h for the subsequent collections of bulk water (<1 um), HMW
(high molecular weight, 0.2-1 pm), and LMW (low molecular weight, 30 kDa-0.2 um)
colloids separately.

118°39°E 118°51'E

304N YT L

32°12'N+
Sampling site s
O High turbidity (>30 NTU) Yangtze River
0O Medium turbidity (10-30 NTU)

A Low turbidity (<10 NTU)

= N-Ammonia nitrogen (mg/L)

-High: 141

Low: 0.0 0 10 km
L |

Figure 1. Sampling sites and the turbidity conditions in rivers of this study. The sampling sites are
shaped based on the turbidity gradients and are colored according to the concentration of ammonia
nitrogen in water.

All cellulose acetate membranes used in the collections were pre-washed with a 10%
HCl solution and rinsed with ultrapure water. Firstly, water samples were filtered through



Water 2024, 16, 1024

40f19

the cellulose acetate membrane with a 1 pm pore size (Millipore, Burlington, MA, USA)
and the prior filtrate was defined as bulk water (<1 pm). Then, the prior filtrate was
micro-filtrated through a 0.2 pm-cellulose acetate membrane and then particles (0.2-1 pm)
and the secondary filtrate (<0.2 pm) were obtained. Particles were oven-dried at 105 °C for
24 h to obtain HMW colloids (0.2-1 um) for subsequent microbial analysis. The secondary
filtrate flowed through a tangential flow ultrafiltration system (TFF; Pellicon, Millipore,
Burlington, MA, USA), which holds regenerated cellulose membranes with a 30 kDa molar
mass cut-off to concentrate LMW colloids (30 kDa—-0.2 um) [31].

The concentration factor (cf) was crucial in the ultrafiltration process, due to the
influence on the estimation of colloidal abundances [32]. In this study, an ultrafiltration
permeation model was utilized to determine the cf value [32,33] and the obtained fitting
curve showed that the difference in the concentrations of organic carbon in ultrafiltrate
was only 4% between cf = 10 and cf = 100 (Figure S1). Therefore, 10 was selected as the cf
value in this study. In addition, low cf values were also used in some other studies about
river colloids [22,34]. Noticeably, the cf was fully considered in the later calculation of
concentrations of COC, nitrogen, and phosphorus, with the specific calculation formula
referring to the previous study [35].

2.2. Physicochemical Characterization of Bulk Water and Colloids

Seven physicochemical indices of the overlying water in each sampling site were tested
in situ. Temperature, pH, oxidation-reduction potential (ORP), conductivity, and dissolved
oxygen (DO) were determined using the portable multi-parameter water quality analyzer.
Velocity and turbidity were measured using a portable Doppler flow meter (DPL-LS11,
DAIMEIKE, Beijing, China) and a portable turbidity meter (IB100, BANTE, Shanghai,
China) separately. All calculations are shown in Table S1.

The concentrations of organic carbon, nitrogen, phosphorus, and three-dimensional
fluorescence spectra were jointly measured for bulk water and colloids. Moreover, zeta
potential and functional groups were measured for the characterization of colloids. Or-
ganic carbon was measured by the Shimadzu TOC-V analyzer (TOC-VWS, SHIMADZU,
Tokyo, Japan). Dissolved total phosphorus, organic phosphorus, inorganic phosphorus,
dissolved total nitrogen, ammonia nitrogen, nitrate, and nitrite were measured by the flow
analyzer (CLEVERCHEM Anna, DeChem-Tech, Hamburg, Germany). The zeta potential
of colloids was measured by a Zeta-sizer Nano-Z590 (Malvern, Worcestershire, UK). To
quantify organic matter, the strength of colloidal functional groups was detected by Fourier
Transform Infra-Red (FTIR) and calculated using the Omnic 9.2 software [36]. Fluorescence
spectra of colloids and bulk water were measured using the luminescence spectrometer.
Emission—excitation matrixes (EEM) were used to gain information on bulk water and col-
loids to characterize their fluorogenic constituents [37,38]. EEMs were generated according
to the emission spectra of 200~600 nm and the excitation wavelength of 200-450 nm. Origin
2022 and MATLAB 2022 were used to obtain the diagram of components.

The fluorescence index (FI), autochthonous index (BIX), and humification index (HIX)
were used to analyze the source of substances based on fluorescence spectra. Equations of
the three indices are according to previous studies [39].

FI = (IAem = 450 nm/IAem = 500nm) (1)

for excitation wavelength Aex = 370 nm.
BIX = (IAem = 380 nm/IAem = 430nm) (2)

for excitation wavelength Aex = 310 nm.

HIX = ( / Dem = 435 ~ 480 nm/ / Dem = 300 ~ 345 nm) 3)

for excitation wavelength Aex = 254 nm.
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2.3. RNA Extraction and Pyrosequencing

Bacterial RNA was extracted from colloids via a RNeasy Mini Kit (Qiagen, Venlo,
The Netherlands) and was reversely transcribed into DNA via TB Green Premix Ex Taq
II (Takara, San Jose, CA, USA) for the following sequencing. Living bacterial community
compositions were assessed by the high-throughput sequencing technology. Primers, used
for amplification of the 16S rRNA gene, were the 341F (5'-CCTAYGGGRBGCASCAG-3)
and 806 R (5-GGACTACNNGGGTATCTAAT-3'). Amplification and sequencing were
accomplished by Illumina MiSeq Sequencing [40]. All sequences were checked if the length
was longer than 200 bp or the quality score was >75. After quality filtration, operational
taxonomic units were clustered with a 97% similarity [41]. The high-quality sequences
were aligned using the SILVA database. The samples were rarefied to the same sequence
depth to remove heterogeneity based on the least number of sequences for further analysis.
The raw data of sequencing were deposited in the NCBI Sequence Read Archive database
(PRINA1036047).

2.4. Statistical Analysis

Diversity indices were calculated by SPSS 25.0 to describe the richness and evenness
of species in the community. Non-metric multidimensional scaling (NMDS) was conducted
using R.4.3.2 to calculate the differences in microbial communities. The dissimilarity of
microbial functions among groups was conducted via the statistical analysis of metage-
nomic profiles with Welch’s t-test. The relationship between microbial community and
environmental factors was measured via the Mantel test with the “vegan” package in
R.4.3.2. PICRUST2 and KEGG were used to predict the abundance of genes [42]. The SEM
model was constructed in Amos v.22 (SPSS, Chicago, IL, USA).

2.5. Quantifying the Community Assembly Process

To further reveal the ecological processes of microbial communities, Stegen’s null
model approach was structured and the beta nearest taxon index (3NTI) and the Bray-
Curtis based RaupCrick metric (RC-bray) were calculated by using “ape”, “vegan”, and
“picante” packages [43]. The model divided the community into five main ecological
processes, namely heterogeneous selection, homogeneous selection, homogeneous dis-
persal, dispersal limitation, and ecological drift. Among them, heterogeneous selection
(BNTI > 2) and homogeneous selection (BNTI < —2) were referred to as deterministic
processes. Homogeneous dispersal (| BNTI| <2 and —2 < RC-bray < —0.95), dispersal
limitation (I BNTII <2 and 0.95 < RC-bray < 2), and ecological drift (| BNTI| <2 and

—0.95 < RC-bray < 0.95) were referred to stochastic processes.

3. Results
3.1. Occurrence Characteristics of LMW Colloids under Different Turbidity Conditions

In this study, some occurrence characteristics of LMW colloids, including the COC
content, COM components, zeta potential, functional groups, and nitrogen content, were
analyzed. Considering the relatively low proportion of inorganic components in aquatic
colloids of rivers [16], this study mainly focused on the organic matter of aquatic colloids.
In this study, the concentration of COC presented the largest correlation with turbidity,
followed by total nitrogen and ammonia nitrogen. The result indicated that colloids
should be one of the dominant contributors to the turbidity of slow-flowing city rivers
(p < 0.05, R? = 0.48) (Figures S2 and S3). Therefore, in order to investigate the properties
of colloids under different turbidity conditions, samples were divided into three turbidity
gradients, namely low turbidity (LT, <10 NTU), medium turbidity (MT, 10~30 NTU), and
high turbidity (HT, >30 NTU) (Figure 1) for the following analysis of colloids in this study.

In this study, the concentration of COC was an average of 219 pmol/L, with the highest
value of 251 pmol/L under the high turbidity condition (Figure 2a). Zeta potential analysis
found that the zeta potential of colloids in the LT group was averagely —8.5 mV, whereas it
was —10 mV in the HT group and —11 mV in the MT group (Figure 2b). In addition, the
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proportion of COC in DOC (<1 um) was 33~38% (Figure 2c). Among them, the proportions
of COC in DOC were 33%, 36%, and 38% under low turbidity, medium turbidity, and high
turbidity conditions, respectively.
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Figure 2. Composition characteristics of LMW colloidal organic matter under different turbidity
conditions. The concentration of colloidal organic carbon (a), the zeta potentials (b), and the pro-
portion in dissolved organic carbon (c) were compared between bulk water and LMW colloids.
Three-dimensional fluorescence spectra (d) were compared among bulk water and LMW colloids. FI
index (e), BIX index (f), and HIX index (g) were calculated for bulk water and LMW colloids. LT, MT,
and HT represent low turbidity, medium turbidity, and high turbidity, respectively. Water represents
bulk water (<1 pm). LMW represents LMW colloids.

The components of COM in this study were measured using the fluorescence region
intensity method (Figure 2d). The three-dimensional fluorescence spectrum was divided
into five integral regions to characterize aromatic protein substances, other aromatic protein
subclasses, fulvic acid-like substances, soluble microbial metabolites, and humic acid-like
substances separately [44—46]. Compared to the low turbidity colloids, medium and high
turbidity colloids presented more fulvic and humic acid-like substances, and medium
turbidity colloids contained the highest soluble microbial metabolites. FI, BIX, and HIX
indices were calculated to trace the source of COM (Figure 2e-g). Among them, the FI index
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was measured to trace the source, the BIX index was calculated to reflect the activity of
biological origin, and the HIX index was used for estimating the maturity level of organic
matter [39,47]. Medium turbidity colloids displayed the highest FI and BIX values (2.00
and 1.08) and the lowest HIX value (1.8), followed by the high turbidity group with values
of 1.92,1.02, and 2.25, respectively.

Colloids usually act as the sink of aquatic nitrogen and phosphorus [48]. In this
study, the concentrations and proportions of colloidal nitrogen and phosphorus under
different turbidity gradients were shown in Figure 3a—f. Compared to the relatively lower
proportions of colloidal inorganic phosphorus and total phosphorus in bulk water phos-
phorus (10-20%), the proportions of ammonia nitrogen and total nitrogen both were as
high as 40-60%. Specifically, medium turbid bulk water displayed the highest propor-
tion of colloidal ammonia nitrogen (60%), followed by low (50%) and high (40%) turbid
bulk water.

(a) Turbidity (b) Turbidity (c) Turbidity
LT | MT | HT 2 LT || MT |[ HT » LT || MT | HT |

£ 50 0 e S - .
1.0 =7 =60 K
I | 00 2 oy s a B 603
§00~6 é g30 40 % \%,M'O 2
s A 60§’ X §' Ezo 1 —40%5
“ 02 — § “10] A L8
20 2 - g 7 |Ua’ 3 - = 2 203

(d) Turbidity (e) Turbidity (f Turbidity
LT [ MT | HT 3. [ LT | MT |[ HT LT || MT |[ HT .
A I o s T = 1.00 i =2 40 .0
~ . ~
0.05 § 70; : §
2 0 Soa0 I P 3
! e 10 ALT) A, —_ = = N
s ’ § O 30 AL IR 3
&~ 0.01 8 0.02 T ——y g . s . =~
o 5 - 0 - = T 004 © = = 0=

§ S~

2.4, 24y, Lply
ey Ty Yoty

e,

2%, 24, 44,
Yy e Yy

R 124, 2.4
l’f/(,:l’/i' ”/(,,47/1 -

Figure 3. Physicochemical characteristics of LMW colloids under different turbidity conditions. The
concentrations of individual nitrogen and phosphorus forms in LMW colloids were displayed (a—f).
Significance levels are indicated as follows: ***, p < 0.001; **, p < 0.01; *, and p < 0.05. LT, MT, and HT
represent low turbidity, medium turbidity, and high turbidity, respectively. Water represents bulk
water (<1 pm). LMW represents LMW colloids.

To understand the enrichment process of ammonia nitrogen in colloids, the functional
groups of colloids were measured via infrared spectrums (Figure 4a,b). Four functional
groups, surface hydroxyl (3470 cm ™!, Peak A), carboxyl groups (1650 cm ™!, Peak B) [49],
ester groups (1406 cm~1, Peak C) [50], and carbon—carbon bonds (1136 cm~ !, Peak D),
were shared among colloidal samples. Among them, medium turbidity colloids contained
the highest intensity of ester groups, whereas the high turbidity colloids contained the
highest intensity of carbon-carbon bonds. To explore the functional groups that can absorb
ammonia nitrogen, we fitted a curve between the strength of functional groups and the
concentration of colloidal ammonia nitrogen. It was found that the strength of ester groups
was positively correlated with colloidal ammonia nitrogen (p < 0.05, Figure 4c).
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Figure 4. Infrared spectrums of four functional groups in LMW colloids (a). The strength of three
functional groups in LMW colloids was measured via infrared spectrums (b). Correlation between
LMW colloidal ammonia nitrogen and functional groups (c). LT, MT, and HT represent low turbidity,
medium turbidity, and high turbidity, respectively.

3.2. Composition and Function Characteristics of Active Bacterial Communities Colonized

in Colloids

The living bacterial communities colonized in colloids were detected via the RNA
extraction method. Shannon index showed that the bacterial diversity of all samples was
highest in medium turbidity, followed by high and low turbidities in sequence (Figure 5a).
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Shannon and Pielou indices of bulk water and HMW colloids were similar but higher
than those of LMW colloids (Figure 5b). Among the three turbidity conditions of colloids,
medium turbidity colloids displayed the highest diversity, followed by high and low
turbidity in sequence. NMDS analysis based on bacterial community compositions revealed
that samples from bulk water and LMW colloids formed distinct clusters under three
turbidities, respectively (Figure 5c—e). In particular, the lowest stress value (0.0995) was
found in medium turbidity conditions. However, the samples from HMW colloids could
not be clearly separated from either bulk water or LMW colloids, indicating the similarity
of the bacterial community composition of HMW colloids with the other two groups.
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Figure 5. Diversity and composition of bacterial communities in HMW colloid and LMW colloids
under three turbidity conditions. Shannon index (a), Pielou index (b), and non-metric multidimen-
sional scaling graphs of bacterial communities of colloids in low, medium, and high turbidity groups
(c—e). Venn graph of bacterial OTUs among water, HMW, and LMW colloids. Microbial aggregation
in bulk water, HMW, and LMW colloids (f). Heatmaps of the top 30 abundance bacterial genera in
bulk water, HMW, and LMW colloids (g). LT, MT, and HT represent low, medium, and high turbidity,
respectively. HMW and LMW represent high and low modular weight colloids, respectively. Water
represents bulk water (<1 um).
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The difference in bacterial community compositions in the genus level among three
habitats was further explored via Venn and heatmap methods (Figure 5f,g). For the top
abundance genera, the bacterial composition of HMW colloids and bulk water was similar,
while LMW colloids were far from the first two groups. Flavobacterium, Acinetobacter, Lim-
nohabitans, Chitinophaga, Rheinheimera, Cormamonadaceae, and Rhodobacteraceae, accounted
for a dominant proportion of the bacterial community from LMW colloids but existed
as rare components in HMW colloids and bulk water. Though the dominant genera of
LMW colloids were different under three turbidity conditions, Limnohabitans was shared by
three turbidities and Flavobacterium and Acinetobacter were shared by medium and high
turbidity conditions.

The PNTI and RC-bray were calculated to identify the bacterial community ecological
processes of bulk water and colloids in three states based on the null model. This study
found that stochastic processes dominated the bacterial community assembly of bulk water
and colloids (Figure 6a). Notably, ecological drift had the greatest effect on the microbial
community of bulk water and colloids. Dispersal limitation was another basic process
affecting the microbial communities of bulk water and colloids. Different from bulk water,
homogeneous selection was the third key influence process on the microbial communities
of colloids. Compared with LMW colloids, the homogeneous selection had a greater
proportion in HMW colloids.

Moreover, colloids under medium turbidity showed the highest proportion of homo-
geneous selection, followed by high and low turbidities in sequence. To further analyze
the role of environmental factors in community assembly, linear regression analysis was
calculated between the bacterial BNTI value and environmental variables. In bulk water,
the bacterial BNTI value was notably correlated with the changes in ORP, temperature, pH,
and conductivity (p < 0.001). In colloids, the determined process was significantly correlated
with the changes in DO, conductivity, and ammonia nitrogen (p < 0.001) (Figure 6b).

3.3. Characteristics of Nitrogen Transformation Function

PICRUST analysis has been used as a valuable tool for predicting the potential
functional characteristics of the microbial community in different environments, such
as ponds [51], tidal mudflats [52], and rivers [53]. Our results showed that microbes of
colloids have significantly greater nitrogen metabolism and carbon fixation than that of
bulk water (Figure 7a). Moreover, colloidal bacteria have stronger functions of degrading
organic matter (Figure 7b). Nitrogen transformation processes of colloidal microbes are
shown in Figure 7c. The abundances of nrfA, norC, and nirK were generally higher in
colloids than those in bulk water. Compared to amoA (ammonia-oxidizing process), the
abundances of nirK and norC in colloids arrived at higher levels than that in bulk water,
demonstrating that colloidal bacteria have a greater denitrification potential. In addition,
the high abundance of nrfA demonstrated that the process of dissimilatory nitrate reduction
to ammonium (DNRA) was the major nitrogen transformation in colloidal microbes. Our
results indicated should promote the enrichment of ammonia nitrogen in colloids.
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Figure 6. Assembly mechanism of bacterial community of bulk water, HMW, and LMW colloids.
The deterministic and stochastic processes were calculated based on the null model (a). Correlations
between BNTI and individual environmental factors were fitted via linear regressions (b). LT, MT,
and HT represent low, medium, and high turbidity, respectively. HMW and LMW represent high and
low modular weight colloids, respectively. Water represents bulk water (<1 um).
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4. Discussion
4.1. Occurrence Characteristics of LMW Colloids under Different Turbidity Conditions

In this study, the concentration of COC was much higher than that in most lakes
(approximately 150-170 pmol/L) and big rivers, such as Yellow River (186.8 umol/L) and
Yangtze River (197.8 umol/L) [54]. In addition, the proportion of COC was higher than
the results of COC in seawater with similar size ranges in the same season [21]. In all,
the content of COC in urban rivers in this study was much higher than that reported in
lakes and large rivers. The higher content of COC in urban rivers was consistent with the
previous findings of higher tryptophan-like fluorescence (the main contributor of COC)
in urban rivers [15]. Moreover, zeta potential analysis found that the colloids in medium
and high turbidity groups presented a higher stability than that in the low turbidity group,
which was consistent with the increased proportion of COC in DOC from the low to high
turbidities. These results further supported the findings that the stability of colloidal
particles contributed to the turbidity in the water column [11].

Our study found that medium and high turbidity colloids presented more fulvic and
humic acid-like substances and medium turbidity colloids contained the highest soluble
microbial metabolites. These results confirmed that the influence of colloids on turbidity
partly came from the humic-like materials of colloids [55]. In addition, high BIX and FI
index of colloids in medium and high turbidity groups indicated that COM in these groups
primarily came from endogenous release of microbes [56] but the low turbidity colloids
mainly came from both land runoff and endogenous release. These results implied that
colloids in the medium and high groups could be the hotpots of microbial growth and
metabolism, which might be supported by abundant nutrients. Hence, the characteristics
of bacterial communities of colloids were explored subsequently.

The high proportion of colloidal ammonia nitrogen suggested that ammonia nitrogen
in bulk water of urban rivers primarily existed in colloidal states. This was supported
by previous observations that colloids can enrich ammonia nitrogen and act as carriers
to affect their migration in groundwater [57,58]. It was noted that as the decline of the
bulk ammonia nitrogen concentration in surface water from high to low turbidity, the
concentration of colloidal ammonia nitrogen did not vary obviously and medium turbid
water displayed the highest proportion of colloidal ammonia nitrogen (60%). The results
may demonstrate the stronger stability of ammonia nitrogen in colloids, especially under
medium turbidity, which may hamper the reduction and remediation process of bulk
ammonia nitrogen in rivers.

Medium turbidity colloids contained the highest intensity of ester groups, which
supported their highest BIX value and biodegradation from the sights of biodegradation.
The high turbidity colloids contained the highest intensity of carbon—carbon bonds, which
suggested the enrichment of inactive carbon in colloids under high turbidity conditions.
Due to the large specific surface area, colloids contain massive adsorption sites for various
contaminants. Electrostatic interactions, complexation, and ligand exchange are three
possible absorption approaches of colloids [6,59]. Our findings showed that the surface
of colloids mostly presented a deprotonation state with a pH of 6.5-9 across all samples
(Figure S4), thus colloids with negative charges were prone to adsorb ammonia nitrogen
with positive charge [60]. Ester groups of colloids can be complex with ammonia nitrogen in
bulk water [61]. Moreover, Figure 4c shows that the strength of ester groups was positively
correlated with colloidal ammonia nitrogen (p < 0.05). Therefore, the two mechanisms
may be responsible for the enrichment of ammonia nitrogen in colloids. Furthermore, the
intensity of colloidal ester groups was at maximum value under the medium turbidity
condition, indicating that colloids in medium turbidity have the maximum capacity to
adsorb ammonia nitrogen in bulk water from the perspective of functional groups.

4.2. Characteristics of Filterable Bacteria in Colloids

This study found that Limnohabitans, Flavobacterium, and Acinetobacter were the unique
and dominant genera of LMW colloids. Limnohabitans has a prominent role in freshwater
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bacterioplankton communities due to high rates of substrate uptake and growth on algal-
derived organic substances, which could provide an important substrate source for it [62].
Given the colloidal primary source might be algal-derived, colloids should also be an
important habitat for Limnohabitans in urban rivers. In addition, it was indicated that
Limnohabitans has relatively high metabolic diversity and potential for fixing CO, [63].
Therefore, we speculated that the presence of Limnohabitans in the LMW colloids may have
a great impact on the metabolism of the colloidal microbial community. Flavobacterium
was associated with the degradation of complex organic compounds [64], which can be
supported by the high concentrations of COC in colloids. Moreover, few previous pieces of
research have found that Acinetobacter carried a number of antibiotic resistance genes in
wastewater [65], which was in agreement with the colloidal adsorption of antibiotics [66].
Flavobacterium and Acinetobacter have been found to be the dominant genus for treating
ammonia nitrogen in wastewater [67,68]. Then, the enriched ammonia nitrogen in colloids
might be a suitable habitat for the two bacterial genera.

In this study, some active bacteria were indeed obtained in LMW colloids (30 kDa—-0.2 pm),
which opened a new insight into the occurrence of bacteria in colloids. According to the
culturable bacteria, most bacterial size ranges from 0.22-2 um in diameter, thus 0.22 pm-cutoff
was generally used to separate bacterial cells from dissolved matter [69]. However, cultured
bacteria only account for a small proportion of all the bacteria on the earth; thus, the occurrence
characteristics of bacteria smaller than 0.22 um have not been well unknown. Indeed, studies
have reported the presence of bacteria smaller than 0.22 um, for example, Wu el. reported
that o- and y-Proteobacteria were exclusively found in the 0.22 um cell size [70]. In addition,
filterable bacterial cells were active and metabolically active [71]. Wang el. found that filterable
bacteria had the shape-dependent selection during the filtration process and that thin and
long filterable bacteria can pass through the filter membrane, which explained the existence of
Limnohabitans, Flavobacterium, and Acinetobacter in LMW colloids. We also speculated several
potential reasons. On the one hand, the cell sizes of bacteria could vary temporally with the
environmental conditions. Are there some environmental conditions limiting the growth
of the several top-abundance genera in LMW colloids? The question needs to be further
explored in the future. On the other hand, there may be some deviation in the pore size of
the regenerated cellulose membranes. The obtained bacteria in LMW colloids might be very
close to the threshold cutoff of 0.2 um in this study; then, more gradients of the colloidal size
among 30 kDa—0.2 pm should be further studied. In all, the occurrence of bacteria in LMW
colloids needs to be studied in many more types of waters.

The results of BNTI and RC-bray found that stochastic processes dominated the com-
munity assembly of bulk water and colloids, which was similar to other studies about
urban rivers in autumn [72]. Moreover, the highest proportion of ecological drift on the
microbial community of bulk water and colloids was consistent with a previous finding
in urban rivers [73]. In addition, colloids, as interfaces of frequent material exchange, suf-
fered from kinds of environmental disturbance, which may also explain the relatively high
contribution of ecological drift to the community of colloids. Homogeneous selection was
considered to be a dominant factor in the stable state after environmental disturbance [74].
This could be supported by the stable cluster of colloidal samples based on their bacterial
compositions. Compared with LMW colloids, homogeneous selection had a greater pro-
portion in HMW colloids, similar to previous research about biofilm [75], which found that
the relative importance of environmental selection increased with increasing floc size of the
source sludge.

In addition, the sequence of homogeneous selection of colloids under different tur-
bidity conditions was consistent with the components of colloids under three turbidity
conditions. This result illustrated that the characteristics of autogenous organic substances
in colloids might support the homogeneous selection of their colonized microbes. Linear
regression analysis indicated that the enriched ammonia nitrogen and total nitrogen should
participate in the homogeneous selection of their colonized microbes.
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4.3. Enrichment of Ammonia Nitrogen in Colloids

Our results showed that colloidal bacteria have stronger functions of degrading organic
matter, consistent with the finding that high concentrations of organic pollutants have been
detected in colloids [76]. In addition, our results indicated that DNRA should promote
the enrichment of ammonia nitrogen in colloids. The significant rise of nrfA in medium
turbidity colloids might also correspond to the higher enrichment of ammonia nitrogen in
medium turbidity.

As a whole, this study confirmed that the enrichment of colloidal ammonia nitro-
gen mainly came from two aspects (Figure 8). On the one hand, colloids contained large
amounts of organic matter, the ester groups of which adsorbed ammonia nitrogen from
surrounding water. On the other hand, the DNRA process driven by colloidal microor-
ganisms promoted the enrichment of ammonia nitrogen under medium to high turbidity
conditions. In all, the high concentrations of colloidal ammonia nitrogen were deter-
mined by the occurrence of COM and DNRA of colloidal microbes under medium or high
turbidity conditions.

0.746"*  [lcoc/com |-243* | Functional | 0-49™*
groups
*
0
»| Colloidal NHZ
— Turbidity
*
Colloidal | 0.583* 0.375
microbes | DNRA

Figure 8. Pathway diagram for the enrichment of colloidal ammonia nitrogen. The arrows indicated
the correlations between variables. Among them, blue represents a significantly positive correlation;
gray represents non-significance. Significance levels are indicated as follows: **, p < 0.01; *, p < 0.05.

In this study, it was noteworthy that the colloids in medium turbidity rivers (10~30 NTU)
accounted for the highest ammonia nitrogen of bulk water (average 50%), which should be
mainly enriched by two pathways. The first is the absorption by ester groups of colloids, the
other is the process of dissimilatory nitrate reduction to ammonium by bacteria colonizing on
colloids. Anyway, the enrichment of ammonia nitrogen in colloids under medium turbidity
conditions restrained its removal from bulk water. Therefore, the removal of colloids should
be extensively considered in the remediation process of slow-flowing urban rivers. In
addition, colloids should also be included as a variable in the estimation of nitrogen models
for urban rivers. Besides, only two colloidal fractions of 0.2-1 pm and 30 kDa—-0.2 um were
obtained but the smaller colloids of 1-30 kDa should be considered in the future, which was
suggested to account for dominant COC. Our results have some limitations on the prediction
of functional genes via PICRUST?2; in order to further accurately explore the role of colloidal
microorganisms in nitrogen transformation, quantitative research of metagenes should be
combined in future research.
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5. Conclusions

In this study, it was found that colloids play an important role in urban rivers because
of their high contents of organic carbon (33%~38%) and ammonia nitrogen (40-60%),
especially in medium turbidity, where the proportions of COC and colloidal ammonia
nitrogen arrived at 36% and 60%, respectively. The concentration of colloids presented
the significantly highest correlation with turbidity, suggesting that colloids were indeed
one of the important components of river turbidity. There are some filterable bacteria
in LMW colloids, among them, Limnohabitans, Flavobacterium, and Acinetobacter were the
unique and dominant genera. There were significant differences in microbial composition
and diversity between LMW-colloids and bulk water, especially in medium turbidity
rivers. The stronger homogeneous selection process of colloids might explain the unique
enrichment of dominant bacterial genera in colloids. Moreover, microbes of colloids
presented significantly greater nitrogen metabolism and carbon fixation potentials than
those of bulk water. The bacterial processes of dissimilatory nitrate reduction to ammonium
might promote the enrichment of ammonia nitrogen in colloids. We suggest that colloids
and colloidal microbes should be given much more attention in future studies for the
occurrence, migration, and transformation mechanisms of different pollutants in turbid
rivers and lakes.
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Table S1: Physical and chemical indices of overlying water in situ.
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