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proteinaceous biomass by particle-associated micro-
bial communities over a 72-h period. Our results 
demonstrate that the composition of suspended par-
ticles is strongly influenced by the effluent of sewage 
treatment works. Fluxes and percentages of assimila-
tion of both isotopically labelled substrates into indi-
vidual proteinaceous amino acids showed contrasting 
dynamics in processing at each site linked to pri-
mary biosynthetic metabolic pathways. Preferential 
assimilation of the organic molecule glutamate and 
evidence of its direct assimilation into newly synthe-
sised biomass was obtained. Our approach provides 
quantitative molecular information on the mecha-
nisms by which low molecular weight DOM is miner-
alised in the water column compared to an inorganic 
substrate. This is paramount for better understanding 
the processing and fate of organic matter in aquatic 
ecosystems.

Keywords  Amino acids · Dissolved organic matter · 
Nitrate · Particulate organic matter · Stable isotope 
probing · Suspended particles

Introduction

The importance of organic matter in inland waters 
as nutrient and energy source for aquatic organ-
isms (Mackay et  al. 2020; Glibert et  al. 2021), in 
controlling light attenuation (Mayer et  al. 2006; 
Lu et  al. 2013), and regulating the transport and 

Abstract  The dynamic interactions between dis-
solved organic matter (DOM) and particulate organic 
matter (POM) are central in nutrient cycling in fresh-
water ecosystems. However, the molecular-level 
mechanisms of such interactions are still poorly 
defined. Here, we study spatial differences in the 
chemical (i.e., individual proteinaceous amino acids) 
and microbial (i.e., 16S rRNA) composition of sus-
pended sediments in the River Chew, UK. We then 
applied a compound-specific stable isotope prob-
ing (SIP) approach to test the potential assimila-
tion of 13C,15N-glutamate (Glu) and 15N-NO3

− into 
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bioavailability of pollutants (Artifon et al. 2018) and 
metals (Yamashita and Jaffé 2008) is widely acknowl-
edged. A significant amount of organic matter in 
freshwater is processed in transit to coastal areas or 
preserved in soils and sediments (Attermeyer et  al. 
2018). Organic matter partially contributes to the 
burial of 0.6 Pg of C yr−1 in freshwater sediments 
(Regnier et  al. 2013) and to the evasion of 3.9 Pg 
of C yr−1 to the atmosphere (Drake et  al. 2018), an 
amount equivalent to ∼35% of the total anthropo-
genic CO2 emissions. There is growing evidence that 
the concentration of organic matter has increased in 
freshwaters in the last decades (Evans et  al. 2005; 
Monteith et al. 2007; Noacco et al. 2019). In this con-
text, understanding the mechanisms in which organic 
matter, and related compounds, are processed across 
the landscape and within waterbodies is important 
to predict the potential impacts on the structure and 
functioning of the aquatic ecosystem.

Organic matter is typically classified as either dis-
solved (DOM) or particulate organic matter (POM) 
based on particle size with boundaries ranging from 
0.2 to 0.7 µm. Although both phases exhibit different 
physical, chemical, and biological properties, they are 
actively linked to each other through several abiotic 
and biotic processes strongly influenced by environ-
mental conditions (He et al. 2016; Einarsdóttir et al. 
2020) including  the degree of nutrient enrichment 
in the waterbody (Brailsford et  al. 2019). Leach-
ing and physical abrasion of POM contributes to the 
DOM pool (Yoshimura et al. 2010) while DOM can 
form POM via a range of physico-chemical processes 
including aggregation (Kerner et  al. 2003), co-pre-
cipitation (Du et al. 2018) or selective sorption onto 
mineral surfaces (Aufdenkampe et  al. 2001; Groen-
eveld et al. 2020). However, the processing of DOM 
is mainly regulated by living POM, whereby free-
living and particle-associated microbial communi-
ties (Zeglin 2015; Mansour et al. 2018; Gweon et al. 
2021) are central to the uptake of DOM into micro-
bial organisms and primary producers, and its transfer 
to higher trophic levels.

Notably, particle-attached microbial communi-
ties are considered more active than their free-living 
counterparts (Crump et al. 1998; Smith et al. 2013). 
Suspended particles offer ecological conditions, 
such as  light exposure and availability of nutrients, 
which enhance co-existence of microorganisms 
and population diversity (Nemergut et  al. 2013). 

Particle-attached microorganisms are therefore in 
a dynamic equilibrium with dissolved compounds, 
from which they can uptake nutrients. These biotic 
interactions that occur in the water column likely play 
a central role in nutrient cycling (Simon et al. 2002; 
Amalfitano et al. 2017; Glibert et al. 2021). Recently, 
Attermeyer et al. (2018) suggested that the partial loss 
of dissolved organic carbon (DOC) in rivers is due 
to remineralisation by suspended particle-attached 
microbes. Moreover, Jia et  al. (2016) and Xia et  al. 
(2017) showed that suspended particles impact nitri-
fication and denitrification processes, expanding 
their significance to the processing of inorganic com-
pounds (e.g., nitrate). It has been also demonstrated 
that particle-attached microorganisms respond to 
changes in nitrogen availability by potentially increas-
ing assimilation (Bunch and Bernot 2012). Neverthe-
less, the molecular-level mechanisms by which these 
processes occur remain poorly defined.

Molecular-level and/or organism-specific pro-
cesses can be elucidated through the application of 
stable isotope probing (SIP) techniques. SIP can pro-
vide metabolic and/or quantitative information relat-
ing to how a given isotopically enriched substrate is 
utilised by a complex microbial population. This is 
possible through the molecular analysis of labelled 
nucleic acids (DNA/RNA-SIP) (Manefield et  al. 
2002; Chen and Murrell 2010), the interpretation of 
images of biological samples via nano scale second-
ary ion mass spectroscopy (nanoSIMS) (Berthelot 
et  al. 2019; Dekas et  al. 2019) and Raman spec-
troscopy (Wang et  al. 2016) or the isotopic analysis 
of specific biomarkers using gas chromatography-
combustion-isotope ratio mass spectrometry (GC-
C-IRMS) (Bull et  al. 2000; Evershed et  al. 2006). 
The latter has been successfully applied to study the 
incorporation of relevant substrates into microbial 
biomass in soils (Knowles et al. 2010; Charteris et al. 
2016; Reay et  al. 2019) and riverine benthic sedi-
ments (Veuger et al. 2005). Although stable isotopes 
have been widely used to study different biogeochem-
ical processes in aquatic ecosystems [reviewed by 
Sánchez-Carrillo and Álvarez-Cobelas (2018)], most 
findings have relied on bulk isotopic measurements 
which limits the disentangling of molecular-level 
mechanisms.

Herein, we sought to investigate the mecha-
nisms through which living suspended POM acts 
as a hot spot for the processing of DOM and related 
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compounds in a riverine ecosystem. We first studied 
the chemical and molecular composition of composite 
suspended particles collected at three sites in the River 
Chew, UK. We then conducted a SIP experiment 
where suspended particles were separately incubated 
with two isotopically enriched substrates under stable 
conditions. We used l-glutamic acid (13C,15N-Glu),  
a low molecular weight compound central in amino 
acid (AA) biosynthesis, and potassium nitrate (15N-
NO3

−) that is one of the major nitrogen containing 
compounds in rivers and a pollutant of concern. We 
traced the assimilation of 13C and/or 15N via com-
pound-specific isotope analysis of individual pro-
teinaceous AAs using GC-C-IRMS. We hypothesised 
that organic and inorganic compounds, containing 
carbon and/or nitrogen, are partially assimilated into 
microbial biomass in the water column. We predicted 
a higher percentage of assimilation of the organic 
substrate in comparison to the inorganic substrate. 
We expected that the rates and magnitude of the iso-
topic enrichment (C and/or N) of individual AAs 
would provide information concerning the biochemi-
cal pathways by which the substrates are assimilated.

Materials and methods

Study site and sampling

River Chew is a lowland river located in Bath and 
Northeast Somerset, United Kingdom. It flows 
from Chew Valley Lake, south–west of Bath, to 
the north–east, where it discharges into the Bristol 
Avon near the town of Keynsham, which then flows 
west to the Bristol Channel. The catchment covers 
an area of 143  km2. Discharge in the River Chew is 
highly influenced by the regime of water release from 
Chew Valley Lake, a man-made reservoir that sup-
plies drinking water to the city of Bristol, as well as 
effluent discharges from a sewage treatment works 
(STW). The study area is designated a Special Protec-
tion Area (SPA) and Site of Special Scientific Inter-
est (SSSI). The treatment methods at the STW com-
prises (a) removal of large materials, (b) a primary 
settlement stage for further reduction of particle load, 
(c) biological filters (mixture of stone and plastic 
media) for breakdown of organic matter, followed by 
a humus settlement tank, and (d) aerated tertiary sand 

filters for phosphorus removal. The STW discharge 
accounts for 20–50% of the total stream discharge.

Suspended particles were collected from three con-
trasting sites in the upper River Chew tributary (Fig. 
S1) using time-integrated sediment samplers (Phillips 
et  al. 2000). These were located downstream of the 
reservoir (S1), at the effluent discharge point from the 
STW (S2), and downstream from the STW discharge 
(S3) where the stream was fully mixed under base-
flow conditions. Samplers, one per site, were placed 
at 60% depth in the water column on a fixed frame 
from September 7th to October 12th, 2018. (Phillips 
et al. 2000). Weekly routine checks were carried out 
to minimise inlet and outlet clogging. The devices 
were sealed in the field and transported to the labora-
tory within 2  h. The sediments were extracted from 
each device and stored at 4 °C in in situ river water 
until further experiments; sub-samples for microbial 
community analysis were stored at − 70 °C. In addi-
tion, 2 L of river water was extracted from each sam-
pler, filtered using 0.5  µm pre-combusted (450  °C, 
4 h) glass fibre filters (Advantec® GC-50, Japan) and 
stored at − 20  °C. The filtered river water was used 
for nutrient analyses and for the SIP experiment.

Bulk measurements and nutrient analysis

Total carbon (TC) and total nitrogen (TN) of freeze-
dried suspended particles were determined using a 
Thermo EA1110 elemental analyser (MA, USA). 
Bulk 13C and 15N isotopic determinations were deter-
mined using a Flash EA1112 Series NC Analyser cou-
pled to a Thermo Finnigan DeltaPlus XP (MA, USA). 
Inorganic nutrient analyses on filtered river water were 
conducted using a Skalar San++ multi-channel con-
tinuous flow analyser (Breda, The Netherlands) fol-
lowing the procedures outline by (Yates et al. 2019). 
Nitrite (NO2-N) was determined colourimetrically at 
540  nm after the reaction with N-(1-naphthyl)ethyl-
enediamine dihydrochloride. Total oxidised nitrogen  
(TON = NO2-N + NO3-N) was determined using the 
same principle as nitrite analysis after nitrate reduc-
tion by hydrazinium sulfate. Nitrate concentrations 
were calculated by subtraction of NO2-N from TON. 
Total ammonium (NH3-N + NH4-N) analysis was 
based on the modified Berthelot reaction and meas-
ured at 660 nm. Soluble reactive phosphorus (PO4-P) 
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was determined using the molybdate/ascorbic acid 
blue method and measured at 880 nm.

Microbial community analysis

DNA was extracted from suspended sediments using 
a PowerSoil® DNA Isolation Kit according to the 
manufacturer’s instructions. Bacterial amplicons were 
generated using a 2-step amplification approach, with 
Illumina Nextera tagged primers: 16S rRNA (V4-V5 
region) 515F GTG​YCA​GCMGCC​GCG​GTAA and 
806R GGA​CTA​CNVGGG​TWT​CTAAT (Walters 
et  al. 2016), each modified at 5′ end with the addi-
tion of Illumina pre-adapter and Nextera sequenc-
ing primer sequences. Amplicons were generated 
using a high-fidelity DNA polymerase (Q5 Taq, 
New England Biolabs). After an initial denaturation 
at 95  °C for 2 min, PCR conditions were: denatura-
tion at 95  °C for 15  s; annealing at 50  °C. Anneal-
ing times were 30 s with extension at 72 °C for 30 s; 
repeated for 30 cycles. A final extension of 10  min 
at 72  °C was included. PCR products were purified 
using Zymo ZR-96 DNA Clean-up Kit following the 
manufacturer’s instructions. MiSeq adapters and 8nt 
dual-indexing barcode sequences were added during 
a second step of PCR amplification. After an initial 
denaturation 95 °C for 2 min, PCR conditions were: 
denaturation at 95  °C for 15  s; annealing at 55  °C. 
Annealing times were 30  s with extension at 72  °C 
for 30 s; repeated for 8 cycles with a final extension 
of 10 min at 72 °C. Amplicon sizes were determined 
using an Agilent 2200 TapeStation system. Librar-
ies were normalized using SequalPrep Normalization 
Plate Kit (Thermo Fisher Scientific) and quantified 
using Qubit dsDNA HS kit (Thermo Fisher Scien-
tific). Each amplicon’s pooled library was diluted to 
achieve 400 pM with 7.5% Illumina PhiX. Denatura-
tion of each library was achieved with addition of 
10% final volume of 2 M NaOH for 5 min followed by 
neutralisation with an equal volume of 2 M HCl. The 
libraries were then diluted to their load concentra-
tions with Illumina HT1 Buffer. A final denaturation 
was performed by heating the libraries to 96  °C for 
2 min followed by cooling in crushed ice. Sequencing 
of each amplicon library was performed on Illumina 
MiSeq using V3 600 cycle reagents.

SIP experiment

Mesocosms consisted of 300  mg of suspended 
sediments (wet weight) in 450 mL of in  situ sterile-
filtered river water. The latter was re-filtered and 
autoclaved (121  °C, 15 psi, 30  min) on the day of 
the experiment. In  situ river water was used in the 
mesocosms to keep experimental and natural nutri-
ent concentrations close to in  situ, given the known 
impact of nutrient enrichment on organic matter pro-
cessing in streams (Brailsford et  al. 2019). The SIP 
experiment was carried out within 3 days of sample’ 
collection. Experiments were conducted in 1  L pre-
combusted Duran® bottles (450  °C, 4  h) at 19  °C 
and under fluorescent light; constant-gentle stirring 
was applied to minimise sedimentation. An over-
night acclimatisation period was allowed prior to sub-
strate addition. Two treatments (l-glutamic acid and 
KNO3) and a control were set up per site. Incubations 
were started after the addition of 100 µL of 25 mM 
l-glutamic acid (x(13C) = 99%, x(15N = 99%); Sigma 
Aldrich) or 100 µL of 320 mM KNO3 [x(15N) = 10%; 
Sigma Aldrich]. Isotopes were added to increase the 
� 15N-value in the river water by ∼10,000 ‰, which 
resulted in an increase of ~ 1  mg/L N. Each meso-
cosm was sampled twice (2 × 50 mL) after 3, 24, 48 
and 72  h. Aliquots were immediately filtered using 
0.5  µm pre-combusted (450  °C, 4  h) glass fibre fil-
ters (Advantec® GC-50, Japan); the latter were rinsed 
twice with double distilled water to remove the excess 
of substrate. Both fractions sampled (sediments and 
filtered river water) were then stored at − 20 °C.

Total hydrolysable amino acids

The concentration of total hydrolysable amino acids 
(THAAs) was determined following Charteris et  al. 
(2016). In brief, freeze-dried sediments (∼10  mg) 
were hydrolysed with 5  mL of 6  M HCl at 100  °C 
for 24  h under N2. An internal standard (norleu-
cine, 1000  µg  mL−1) was added before hydroly-
sis. Hydrolysates were separated by centrifugation, 
dried under N2 at 60 °C and stored in 0.1 M HCl at 
− 20 °C until further analysis. AAs were isolated by 
cation-exchange column chromatography (Dowex® 
50WX8) and converted into their N-acetyl, O-isopro-
pyl derivatives with acetyl chloride, trimethylamine, 
and acetic anhydride. Derivatives were then quanti-
fied by conventional gas chromatography (GC-FID) 
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(Agilent Technologies 7890B, CA, USA). The sys-
tem was fitted with a DB-35 column (35%-phenyl-
methylpolysiloxane, mid-polarity, 30  m × 0.32  mm 
inner diameter, film 0.5 µm). The carrier gas was He 
at 2  mL  min−1 and the GC operated under constant 
flow. The temperature programme used was: 70  °C 
(2 min) to 150 °C at 15 °C min−1, then to 210 °C at 
2 °C min−1, then to 270 °C (10 min) at 8 °C min−1. 
Quantification of individual AAs was based on the 
internal standard method and individual response fac-
tors for each AA.

GC‑C‑IRMS analysis

The 13C and 15 N values of the individual derivatised 
AAs were determined via GC-C-IRMS. 15N deter-
minations were performed using a Thermo Finnigan 
Trace 2000 GC (Milan, Italy) coupled with a Thermo 
Finnigan DeltaPlus XP IRMS (Bremen, Germany) 
via a GC Combustion III interface. The GC was fit-
ted with a DB-35 column (35%-phenyl-methylpolysi-
loxane, mid-polarity, 30 m × 0.32 mm inner diameter, 
film 0.5 µm). The temperature programme was: 40 °C 
(5 min) to 120 °C at 15 °C min−1, then to 180 °C at 
3 °C min−1, then to 210 °C at 1.5 °C min−1, then to 
270  °C (1  min) at 5  °C  min−1. The carrier gas was 
He at 1.4 mL min−1 and the GC operated in constant 
flow mode. Individual derivatised AA were com-
busted at 1030 °C over Cu and Ni wires. A cryogenic 
trap with liquid nitrogen was used to remove CO2. 
The mass spectrometer was operated in EI mode at 
124 eV and data acquisition included m/z 28, 29 and 
30. Carbon isotopic determinations were carried out 
using a Trace GC Ultra (Bremen, Germany) coupled 
with a Thermo Finnigan Delta V (Bremen, Germany) 
IRMS. The GC was operated under the same condi-
tions described for the 15N measurements, except for 
the carrier gas flow which was set at 1 mL min−1. The 
reactor temperature was 1000  °C. The mass spec-
trometer was operated in EI mode at 124 eV and data 
acquisition included m/z 44, 45 and 46. The original 
� 13C value of each individual AAs was determined 
after correction of its derivatised form (Docherty 
et al. 2001).

Data analysis

All data processing was performed in R version 4.1.0 
(R Core Team 2021).

Bioinformatics

Each amplicon’s Illumina demultiplexed sequences 
were processed using packages ShortRead (Morgan 
et al. 2009) and Biostrings (Pagès et al. 2021), along 
with cutadapt (Martin 2011) to search for and remove 
primers. DADA2 (Callahan et al. 2016) was used to 
filter, denoise and merge the sequences with the fol-
lowing parameters: forward reads were trimmed 
to 250  bp and reverse to 200  bp. Filtering settings 
were maximum number of sequences containing un-
assigned bases (Ns) (maxN) = 0, maximum number 
of expected errors (maxEE) = (5,5). Sequences were 
de-replicated and the DADA2 core sequence vari-
ant inference algorithm applied. Forward and reverse 
reads were then merged using the merge Pairs func-
tion to produce Amplicon sequence variants (ASVs). 
Chimeric sequences were removed using remove 
Bimera Denovo at default settings and the sequence 
table constructed from the resultant ASVs. ASVs 
were subject to taxonomic assignment using assign 
Taxonomy function and the SILVA training database 
(Quast et al. 2013).

SIP calculations

Isotopic enrichments of individual AAs are reported 
as the normalised excess atom fraction following:

where xE(iE)N is the normalised excess atom frac-
tion of the isotope iE (13C or 15 N) of an individual 
AA, x(iE) is the atom fraction of the enriched isotope 
in that AA in the sample (P) or the control (c), and 
x(iE)s is the atom fraction of the isotope in the sub-
strate corrected for any dilution effect due to back-
ground/ambient concentration. The atom fractions are 
calculated from the �-value (Coplen 2011) following:

where R(iE∕jE)std is the heavy to light isotope ratio of 
internationally agreed standards. Stable isotope stand-
ards include the Vienna Pee DeeBelemnite (VPDB) 
(13C/12C = 0.011180) (Brand et  al. 2010) and air 

xE(iE)N =
x(iE)P − x(iE)c

x(iE)s

x(iE) =
1

1 +
1

(�iE+1)R(iE∕jE)std
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(15N/14N = 0.0112372) (Junk and Svec 1958; Meija 
et al. 2016) for C and N determinations, respectively.

Specific assimilation (V) and transport rates ( � ) 
for each AA were calculated after 3 h (Dugdale and 
Goering 1967; Glibert et  al. 2019). Enrichments 
are also reported as the percentage of assimilation, 
A(iE)AA , into each individual AA derived from the 
added substrate (Knowles et al. 2010) following:

where molE(iE)P is the total amount of the enriched 
isotope (13C or 15N) in the mesocosm, and mol(iE)s 
is the amount of that isotope added from the sub-
strate. Negligible losses of the substrate over time are 
assumed.

Statistical analysis

Linear mixed-effects modelling was applied to evalu-
ate the significance of sampling location, treatment, 
and incubation period (i.e., time) in explaining the 
variation of the concentration of THAAs, or indi-
vidual AAs, during the SIP experiment. Sampling 
location, treatment, and time were set as fixed effects, 
and the mesocosms as a random effect. Assumptions 
of normality and homoscedasticity were checked 
using standard diagnostics graphs. Final model selec-
tion was based on the Akaike Information Criterion 
(AIC). Models were run using the nlme package (Pin-
heiro et al. 2021).

Deming regression was applied to estimate the 
13C:15 N ratio of Glx (Glu + Gln) and Pro during the 
first 24  h of incubation. The correlation coefficient 
between 13C and 15N for each AA was calculated 
using Spearman’s rank correlation. Significant differ-
ences between the 13C:15N ratio of Glx and Pro were 
tested by contrasting the regression slopes using a 
t-test.

Results and discussion

Chemical composition of suspended particles

Differences in the chemical composition of the 
suspended particles in the River Chew, UK were 
observed between sites (Table 1). The impact of the 

A(iE)AA =
molE(iE)P

mol(iE)s
100

STW effluent led to an increase in the concentration 
of TC, TN and THAAs. In addition, bulk � 15N values 
showed enrichment (∼3%) at sites S2 and S3, which 
has been previously associated with human sewage 
pollution (Steffy and Kilham 2004; Costanzo et  al. 
2005). A total of 13 AAs were identified with con-
centrations ranged from 0.40 to 4.92  mg  g−1 at site 
S1, from 0.76 to 12.04 mg  g−1 at site S2, and from 
0.14 to 4.73 mg g−1 at site S3. The contribution of the 
THAAs to the TC and to the TN accounted for > 10% 
and > 50%, respectively. The molecular composition 
of the pool of THAAs, expressed as mol %, followed: 
Asx (Asp + Asn) > Gly > Ala > Thr > Ser > Glx > L
eu > Val > Pro > Lys > Phe > Hyp > Tyr. This over-
all composition agrees with previous studies where 

Table 1   Summary of the composition of suspended POM in 
the River Chew, UK

Asx aspartic acid + asparagine, Glx glutamic acid + glutamine

Parameter Site

S1 S2 S3

Bulk
TC (%) 5.45 9.96 5.32
TN (%) 0.62 1.34 0.65
C:N ratio 8.82 7.47 8.20
δ13C (‰) − 23.41 − 26.75 − 26.19
δ15N (‰) 10.78 14.17 12.78
Amino acids (mg g−1)
Ala 2.55 6.09 2.27
Asx 4.92 12.04 4.73
Glx 3.68 9.31 4.06
Gly 2.58 6.24 2.44
Hyp 0.43 0.76 0.45
Leu 2.36 5.06 2.38
Lys 1.14 3.12 1.05
Phe 0.70 1.66 0.66
Pro 1.54 3.64 1.66
Ser 2.81 7.05 2.69
Thr 3.32 8.01 3.18
Tyr 0.40 0.93 0.14
Val 1.72 4.00 1.64
THAAs (mg g−1) 28.14 67.92 27.34
THAAs-C of TC (%) 13.2 17.3 14.2
THAAs-N of TN (%) 56.7 63.5 52.2
16S rRNA gene sequencing
Number ASVs 646 571 399
Shannon index 5.39 5.28 4.88
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the neutral, acidic and hydroxyl AAs were reported 
to be the most dominant (Gupta et  al. 1997; Fer-
nandes et  al. 2019, 2020). The high contribution of 
the THAAs to TN and the relatively moderate abun-
dance of Gly (∼14%) indicate the high bioavailability 
and low diagenetic state of organic matter in the sus-
pended sediments (Cowie and Hedges 1994; Dauwe 
and Middelburg 1998). The decrease in the concen-
tration of individual AAs at site S3 might suggest a 
different source of suspended particles; however, 
similarities in the � 15N values of individual AAs 
shows connectivity in the transport of suspended par-
ticles between sites S2 and S3 (Table S1). Therefore, 
the composition of the suspended material at site S3 
appears to be a mixture of particles from the STW 
outfall with contribution from the floodplains or bank 
erosion at this site.

Microbial community composition

High throughput sequencing revealed changes in the 
diversity and composition of the riverine microbial 
communities upstream and downstream from the 
STW effluent discharge point. In total 147,425 high-
quality bacterial 16S rRNA gene sequences were 
obtained and classified into 1111 ASVs. Both rich-
ness and diversity decreased downstream from the 
STW effluent (Table 1). This phenomenon has been 
previously observed in freshwaters receiving sew-
age effluents (Drury et al. 2013; Burdon et al. 2020). 
Although treated and untreated sewage discharges 
are known to increase the bioavailability of both dis-
solved organic and inorganic nitrogen and phosphorus 
in freshwaters (Yates et al. 2019) stimulating bacteri-
oplankton growth, the discharge of potentially harm-
ful compounds that escape conventional treatment 
could explain the negative impact on microbial diver-
sity (Chonova et al. 2018; Hagberg et al. 2021). In the 
same study reach, Pemberton et  al. (2020) reported 
changes in the chemical composition of DOM due to 
STW effluent, highlighting the presence of pharma-
ceuticals, illicit drugs, and flame retardants. Future 
studies are needed to assess the impact of these pol-
lutants on the structure and functioning of aquatic 
microorganism communities. Despite the observed 
decrease in diversity, the three sampling sites shared 
159 ASVs which comprised for 55.7–64.0% of the 
total relative abundance. Adjacent sites shared higher 
number of ASVs. For instance, site S1 and S2 shared 

84 additional ASVs (243 in total), whereas sites S2 
and S3 shared 63 ASVs (222 in total).

The composition of the microbial communities 
associated with the suspended particles was domi-
nated by Proteobacteria (55.3–59.5%) (Fig.  1); in 
particular, the class Gammaproteobacteria was the 
most abundant as found in other riverine sediments 
(Wang et al. 2018). Less abundant phyla were Cyano-
bacteria (6.3–8.2%), Nitrospirota (3.3–8.3%), Bacte-
roidota (3.6–6%), and Acidobacteriota (4.2–5.9%). 
Among the three sites, the shared ASVs included the 
phyla described in Fig. 1, together with Desulfobacte-
rota, NB1-j and RCP2-54, which were found in < 1% 
of the relative abundance. Some spatial differences in 
microbial composition were also observed. The rela-
tive abundance of Proteobacteria and Nitrospirota 
increased downstream (> 4%), whereas the rela-
tive abundance of Bacteroidota and Acidobacteriota 
decreased (< 3%). The phyla WPS-2 and some classes 
such as OLB14, TK10, Babeliae, Gracilibacteria, 
Kapabacteria and Vampirivibrionia were only found 
at sites S2 and S3. The higher abundance of Pro-
teobacteria downstream (sites S2 and S3) might be 
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related to the increase in the concentration of nutri-
ents in the stream due to the STW effluent. This is in 
line with previous studies showing a positive correla-
tion between the abundance of Proteobacteria and the 
availability of nutrients (Dai et  al. 2013). Similarly, 
Nitrospirota are abundant in STW and well known 
for catalysing the second step of nitrification (Wu 
et al. 2019); thus, their increased abundance may be 
a result of an increase in the concentration of ammo-
nium in the stream. In general, the microbial compo-
sition mainly comprised of heterotrophic organisms 
with the potential ability to degrade a broad range 
of organic compounds. Estimating the fluxes in the 
processing of these organic compounds compared to 
inorganic compounds, at different spatial and tempo-
ral scales, is key to understanding the biogeochemical 
cycling.

SIP experiment

THAAs concentration

The results of the mixed effects model showed that 
the addition of the two isotopically enriched sub-
strates had a negligible effect on the concentration 
of THAAs in the suspended particles during the SIP 
experiment [F(2,4) = 3.44, P = 0.135]. The observed 
changes were associated with the sampling loca-
tion (i.e., site) [F(2,4) = 74.78, P = 0.0007] and time 
[F(1,62) = 21.62, P < 0.0001] (Fig. S2). The effect 
of site confirmed that the concentration of THAAs 
in the suspended particles was higher at site S2 in 
comparison to sites S1 and S3, as shown in section 
“Chemical composition of suspended particles”. Dur-
ing the incubation period, the standard error and the 
confidence interval of the means per site were 1.4 and 
7.7 mg g−1 (95% confidence level), respectively.

Because one of the added substrates was Glu, 
and sorption processes of AAs onto sediments have 
been previously reported (Aufdenkampe et  al. 2001; 
Hunter et  al. 2016), the variation in the concentra-
tion of Glx was also tested. Similar results to the 
concentration of THAAs were obtained. The effects 
of sampling location [F(2,4) = 37.59, P = 0.0026] and 
time [F(1,62) = 25.36, P < 0.0001] were related to the 
changes in the concentration of Glx. The effect of 
treatment was also likely significant [F(2,4) = 6.88, 
P = 0.0507]. However, the slightly higher 

concentrations of Glx were only observed in the con-
trols. These results indicate that sorption processes of 
13C,15N-Glu onto the mineral phase or biomass on the 
particles were likely negligible, suggesting that the 
13C,15N-Glu measured in excess was primarily taken 
up into microbial cells.

13C,15N‑Glu treatment

Isotope values of individual AAs showed transfer of 
13C and 15N from Glu into newly synthesised pro-
tein biomass. This isotopic enrichment was used to 
estimate specific assimilation rates (V, h−1) for each 
AA. Assimilation rates of 15N were higher than 13C 
(Table  S2). The assimilation of 15N from Glu is 
expected to be faster as it participates in single-step 
transamination reactions in the biosynthesis of other 
AAs (Knowles et  al. 2010). On the other hand, the 
assimilation of 13C is mediated by glutamate dehy-
drogenase where Glu is first deaminated to produce 
ammonium and 2-oxoglutarate. The latter is then 
incorporated into the citric acid cycle (TCA) (Miflin 
and Habash 2002; Feehily and Karatzas 2013). Lys 
and Asx showed the highest average assimilation 
rates for both isotopes. In contrast, Hyp and Leu 
showed the lowest average assimilation of 13C and 
15N, respectively. It should be noted that the low con-
centration of Hyp and Tyr impeded determination of 
their 15N contents.

A quantitative assessment of the assimilation of 
both isotopes, as given by the estimation of transport 
rates (nmol g−1  h−1), showed higher assimilation of 
13C over 15N, except for Gly (Table  S3). The high-
est average values were presented in Asx, which is 
in close metabolic proximity to Glu, but also in high 
abundance. The higher transport of 15N over 13C into 
Gly during the first 3 h of incubation is particularly 
interesting as it might suggest that the main biosyn-
thetic pathway of Gly was not dominant. Gly is pri-
marily biosynthesised from Ser; in this pathway, 
3-phosphoglycerate is oxidised to 3-phosphohydroxy-
piruvate followed by the addition of an amino group 
by a 3-phosphoserine aminotransferase to produce 
3-phosphoserine. The latter is then hydrolysed to 
form Ser, which can be converted to Gly by serine 
hydroxymethyltransferase (Stauffer 2004). A signifi-
cantly fast transamination reaction followed by the 
conversion of Ser to Gly could explain the higher 
assimilation of 15N over 13C. However, transport 
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rates of 15N into Ser do not fully support this as they 
were lower compared to those of Gly. Gly can also be 
biosynthesised from glyoxylate (Conley et  al. 2017; 
Caspi et al. 2019). In this case, the transamination is 
mediated by alanine. If this pathway was dominant, it 
could explain the high incorporation of 15N into Gly. 
The faster assimilation and high transport rates of 15N 
into Ala versus Gly support this hypothesis.

Based on the amount of substrate added, the per-
centage of assimilation of 15N was higher than 13C, 
except in Phe (Fig. 2). In most cases, the decoupling 
between both isotopes likely occurred after 3  h of 
incubation. However, this was not the case for Glx 
and Pro where the coupling was conserved up to 
24 h after the substrate addition. Trends in assimila-
tion were different among AAs, but they were likely 
linear during the first 24  h of the experiment. After 
this period, some AAs, such as Ala, Gly, Leu, and 
Phe, likely reached a plateau or showed an appar-
ently decreasing trend. In contrast, Ser, Thr and Val 

showed an increasing trend of assimilation over the 
course of the experiment. Unlike the other AAs, Lys 
showed an exponential assimilation. After 72 h, aver-
age microbial assimilation of 13C was dominated by 
Glx (M = 2.91%, SE = 0.13) and Asx (M = 2.22%, 
SE = 0.11) while the assimilation of 15N was higher 
in Asx (M = 4.70%, SE = 0.22), Glx (M = 4.19%, 
SE = 0.22), Gly (M = 4.03%, SE = 0.32) and Ala 
(M = 3.92%, SE = 0.43). Microbial assimilation of Glx 
included in excess 13C,15N-Glu.

To better understand the uncoupling of 13C and 
15N, the 13C:15N ratio was estimated for all the indi-
vidual AAs at each time point (Fig. 3A). After 3 h 
of incubation, two maximum values were observed, 
corresponding to 13C:15N ratios of nearly two and 
five. As expected, the ratio shifted towards lower 
values over time. This is likely due to the transfer of 
13C into the biosynthesis of non-proteinaceous com-
pounds or its release as CO2; for instance, during 
the conversion of 2-oxoglutarate into succinyl-CoA. 
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On the other hand, the maximum C:N value of ∼5 
is close to the nominal C:N ratio of Glu. This con-
firmed that mostly all the 13C,15N-Glu was trans-
ported directly into the microbial cells as proposed 
in section “THAAs concentration”. To evaluate 
whether Glu is directly utilised for the biosynthe-
sis of proteinaceous biomass, the C:N ratio of Glx 
and Pro were compared. The biosynthesis of Pro 
involves the reduction of the �-carboxyl group of 
Glu to produce �-glutamic semialdehyde, which 
spontaneously cyclises to l-Δ1-pyrroline-5-carbox-
ylate. This compound is then reduced to produce 
Pro (Csonka and Leisinger 2007; Fichman et  al. 
2015). In this pathway, the C:N ratio is conserved; 
therefore, it should be similar between the substrate 
(Glu) and the product (Pro). The ratios for both 
AAs were estimated using a regression model over 
the first 24 h of incubation (Fig. 3B and C) The con-
centrations of 13C and 15N were correlated for each 
AA during this period ( � > 0.986, P < 0.0001). Esti-
mated regression slopes were 4.656 (SE = 0.321) for 

Glx, and 4.735 (SE = 0.207) for Pro. There was no 
evidence that the slopes were different between each 
other [t(22) = 0.206, P = 0.8384]. Similarly, there 
was no evidence that the individual slopes were dif-
ferent to the nominal C:N ratio of 5 [t(11) = 1.072, 
P = 0.3066 for Glx; t(11) = 1.283, P = 0.2260 for 
Pro]. This confirms the direct uptake and assimila-
tion of AAs into microbial biomass in freshwaters.

15N‑NO3
− treatment

Specific assimilation rates (V, h−1) for 15N-NO3
− were 

considerably lower than 15N-Glu (Table S2). This is 
because the assimilation of nitrate occurs via sev-
eral biochemical reactions which are more energy 
demanding. Nitrate must be first reduced to nitrite 
and then to ammonium by nitrate and nitrite reduc-
tases, respectively (Stein and Klotz 2016; Zhang et al. 
2020). Thereafter, either glutamate dehydrogenase 
or glutamine synthetase incorporate ammonium into 
biomass (Reitzer 2004). The highest average assimi-
lation rates of 15N-NO3

− were found in Phe and Glx. 

Fig. 3   Density distribu-
tion of the 13C:15N ratio of 
individual proteinaceous 
AAs at different time points 
following the addition of 
13C,15N-Glu (A). Relation-
ship of 13C to 15N over time 
for Glx (B) and Pro (C). 
Dash lines show regression 
models during the first 24 h 
of the experiment
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Some AAs exhibited �15N values lower than the 
natural abundance after 3  h of incubation resulting 
in negative assimilation rates (Table  S2). This was 
particularly apparent in Gly, Leu, Lys, Pro, Ser and 
Val at sampling site S3. Similar trends were seen by 
(Charteris et  al. 2016) after the application of 15N-
NO3

− to soil. Although the reason for this is unclear, 
the high energy requirements to assimilate nitrate 
could have led to the assimilation of energy-dense 
N-containing compounds depleted in 15N. Transport 
rates (nmol  g−1  h−1) of Glx, Asx and Ala presented 
the highest average values which agree with the meta-
bolic proximity and the observed transport rates for 
assimilation of 15N-Glu.

The percentages of assimilation of 15N-NO3
− over 

time followed a different pattern compared to the 
15N-Glu treatment. The trends were characterised 
by a steady assimilation during the first 24  h, fol-
lowed by an increase towards the end of the experi-
ment (Fig.  4). The delay in the assimilation of 15N-
NO3

−, as observed in Fig. 4, could be related to the 

preferential assimilation of ammonium, due to higher 
energy costs, and the inhibition of ammonium over 
the uptake and assimilation of nitrate (Dortch 1990; 
Glibert et  al. 2016). Highest assimilation was found 
in Asx (M = 0.45%, SE = 0.18) and Glx (M = 0.42%, 
SE = 0.16) whereas the lowest were present in Phe 
(M = 0.066%, SE = 0.026) and Val (M = 0.134%, 
SE = 0.060). Assimilation at site S1 was higher com-
pared to the other sites.

Synthesis

The data presented here reveals pathways of car-
bon and nitrogen assimilation by particle-associated 
freshwater microbial communities. The rates and per-
centages of assimilation of each AA from the three 
study sites were combined and linked to the primar-
ily biosynthetic pathways to compare the fluxes and 
connectivity of 13C and 15N processing (Fig. 5). For 
simplification, the percentages of assimilation were 
normalised to the amount of 15N-Glu added, which 
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was also scaled to represent the total pool of Glx. The 
diagrams show the average composition of the pool 
of THAAs in mol % (Fig. 5A, B and C). Secondary 
biosynthetic pathways were not included. The fluxes 
and biosynthetic links are useful to understand the 
metabolism of the complex consortia of microorgan-
isms, associated with suspended particles, processing 
DOM and inorganic substrates in the water column. It 
must be noted that the rates of assimilation presented 
here should be interpreted with caution and not be 
considered ‘real’ rates. The concentration of sus-
pended sediments added to the mesocosms exceeded 
the ambient concentration in the stream at the time of 
sampling but was below the global average (Müller 
et al. 2021). Moreover, the addition of 13C,15N-Glu at 
tracer level (< 10%) was not possible; but the amount 
added was not higher than 10% of the TN in the mes-
ocosm. Nevertheless, it was shown that the addition 
of the substrates did not enhance microbial biomass 
production (section “THAAs concentration”).

As previously discussed, there were differences 
in the total assimilation of 13C-Glu and 15N-Glu 
(15N > 13C) and a preference of 15N from the organic 
versus the inorganic (15N-Glu > 15N-NO3

−) substrate. 
Overall, the total microbial assimilation into newly 
synthesised proteinaceous biomass was estimated at 
11.95% (SE = 0.56) and 27.60% (SE = 1.10) of 13C and 
15N from Glu, respectively; and 3.18% (SE = 1.30) of 
15N from nitrate (Fig. 6A). Spatial differences in the 
total percentage of assimilation were also observed 
(Fig. 6B). There were likely higher percentages at site 
S2 and S3 for the 13C,15N-Glu treatment, and at site 
S1 for the 15N-NO3

− treatment (Fig. 6B). These per-
centages were estimated after excluding the 13C,15N-
Glu in excess and after 72 h of incubation. However, 
the maximum levels of assimilation were reached at 
different times at each site (Figs. 2 and 4); in particu-
lar, assimilation of 15N-NO3

− did not reach a plateau 
before the end of the incubation.

Similar spatial differences were also observed in 
the assimilation and transport rates (Table  S2 and 

Fig. 5   Rates and percent-
ages of assimilation of 15N 
and 13C from Glu (A and B, 
respectively) and 15N from 
NO3

− (C) into individual 
proteinaceous AAs. The 
circle represents the average 
composition of the pool of 
THAAs in mol %. The col-
our of the arrows represents 
the specific assimilation 
rates (V, h−1) after 3 h, the 
width is proportional to the 
percentage of assimilation 
of the substrate after 72 h, 
and the direction repre-
sents the transfer of C or N 
according to the primary 
biosynthetic pathways of 
each AA (D)

Al
a

Asx Glx

G
ly

H
yp

Leu
LysPhe

Pro
Ser

Th
r

Ty
r

Va
l

V  / h - 1

-6e-05 1.5e-03

Acidic

Basic
Aromatic Imino

Neutral

Hydroxy
AA class

Al
a

Asx Glx
G
ly

H
yp

Leu
LysPhe

Pro
Th
r

Ty
r

Va
l

Al
a

Asx Glx

G
ly

H
yp

Leu
LysPhe

Pro
Ser

Th
r

Ty
r

Va
l

Ser

BA

C

D

Pro

Arg

Asp

Asn

Thr

pyruvate

acetyl-CoA

Lys

glucose

3-phosphoglycerate Ser Gly

Tyr

Phe
phosphoenolpyruvate

fructose-1,6-bisphosphate

Ile

Ala
Val

Leu
citrate

2-oxoglutarate

oxaloacetate

Glu
Hyp

Gln

NH4
+ NO2

- NO3
-

CO2

indicates -NH2 transfer
via transamination



Biogeochemistry	

1 3
Vol.: (0123456789)

S3). For the 13C,15N-Glu treatment, assimilation rates 
were slightly higher at site S1 than S2, and lower at 
S2 than S3. In decreasing order, they followed sites 
S3 > S1 > S2. In contrast, transport rates were higher 
at site S2, probably due to the higher concentration 
of biomass, followed by sites S3 and S1. For the 
15N-NO3

− treatment, a different trend was observed 
with higher assimilation and transport rates at site 
S2, followed by sites S1 and S3. These contrasts are 
based on cumulative values but not all the individual 
AAs followed the same trends. It was also observed 
that the decreasing order of the assimilation rates of 
individual AAs was different among sites suggest-
ing distinctive processing of the substrates. In this 
regard, the experimental approach was affected by 

restricted replication which hindered a robust spatial 
comparison of the fluxes and percentages of assimila-
tion. Therefore, discussion of the metabolic pathways 
at each site is not included in this study. The trends 
of the percentages of assimilation over the course of 
experiment were also likely different (Figs. 2 and 4). 
There was a more rapid assimilation at site S1 during 
the first 24  h compared to the other two sites. This 
was particularly emphasised in the 15N- NO3

− treat-
ment (Fig.  4). Such differences could be influenced 
by changes in the availability of nutrients at each site 
(i.e., ambient concentrations) as well as differences 
in microbial community composition (Middelburg 
and Nieuwenhuize 2000). For instance, the concen-
tration of N-containing compounds (e.g., NH4

+ and 
NO3

−) increased downstream due to the STW outfall. 
Regarding the changes in the microbial composition, 
our approach does not allow direct links to be estab-
lished between structure and functioning. However, it 
does provide evidence of the complexity of the popu-
lation, and an overall representation (mechanistic and 
quantitative) of how the substrates are processed. 
Future efforts could be oriented to (a) the better 
understanding of the spatial and temporal differences 
in rates and fluxes of assimilation for each AA, and 
(b) the application of quantitative functional genom-
ics in combination with SIP techniques.

Conclusions

The chemical and molecular characterisation of the 
suspended particles, in combination with the appli-
cation of compound-specific SIP, provided insights 
into the role of suspended POM in freshwater nutrient 
cycling. In particular:

a.	 Regardless the proximity of the study sites, the 
composition of suspended sediments in the River 
Chew appeared to be distinct and highly influ-
enced by the effluent of the STW.

b.	 Compound-specific isotope analysis of indi-
vidual proteinaceous AAs allowed demonstra-
tion of assimilation of glutamate and nitrate into 
microbial biomass, showing the preference of the 
organic vs the inorganic substrate.

c.	 Specific assimilation and transport rates provided 
insights into the biochemical pathways by which 
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the substrates are assimilated by microbial com-
munities. For instance, dual isotope analysis (13C 
and 15N) of Glx (glutamate and glutamine) and 
proline unequivocally confirmed the coupled 
assimilation of C and N into proteinaceous bio-
mass.

d.	 The fluxes of assimilation of the substrates into 
the pool of THAAs varied spatially, which may 
be related to the distinct physical, chemical, and 
biological conditions at each site.

Our results highlight the value of SIP techniques 
to elucidate the fate of organic and inorganic com-
pounds in freshwaters. This is particularly relevant 
for the better understanding of the molecular mecha-
nisms regarding processing of low molecular weight 
DOM in freshwater ecosystems and the impacts of 
DOM and POM of differing molecular composition 
on the freshwater biota.
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