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Abstract

The research provides new insights into how 7. tubifex affects microbe-available organic carbon
transformation, microbial community, and related inorganic nitrogen transformation. With
different 7. tubifex densities under enriched NO3-N concentration with different C/N ratio, the
groups with low and high 7. tubifex abundance had 17.1% and 27.2% higher TOC concentrations
compared to control group under C/N ratio of 3.0 and 2.0, respectively. According to the OC
characteristics analyzed by GC-MS and EEM, the group with 7. fubifex contained higher dissolved
organic carbon (DOC) content and short-chain compounds. As the NO3-N concentration increased
and C/N ratio decreased, the proportions of carboxylic acid derivatives (methyl acetate), sulfur-
containing compounds, humic-like products and the emission of CO2 were enhanced with 7. tubifex,
which could be utilized by denitrifiers directly. The OC degradation was highly correlated with the
effect of 7. tubifex on microbial community and nutrient removal. The 7. tubifex can increase OC
transformed into sediment and change the microbial community similarity to that in their digestive
system. According to the principal component analysis (PCA), the improved proportions of OC
that available for microbes and altered microbial community with 7. fubifex could enhance
denitrification, which experienced a 21% higher denitrifiers and threefold increased NOs3-N
removal efficiency than that in control group.
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1. Introduction

Water-sediment interface is a combined aerobic and anaerobic zone, where microbial processes
and burrowing invertebrates are preferentially considered [1]. Tubifex tubifex (T. tubifex) is a
typical micro-benthic invertebrates in freshwater ecosystems [2]. To date, most of previous studies
have specifically reported that 7. fubifex stimulates benthic nitrification and denitrification in the
aerobic-anaerobic transition zone of the sediment [3], [4]. Apart from nitrogen (N) removal, the
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worms can also improve the aeration of sediment and further improve physical-chemical properties
of soil by mixing with organic material [5]. 7. fubifex is known to be relatively important for
enhancing carbon mineralization and cycling in freshwater systems [6]. However, there is a lack
of studies that characterize the impact of 7. tubifex on the relationship between organic carbon
transformation and nitrate (NO3-N) removal.

Inorganic N loss, especially in the form of NOs3-N, is a critical issue and major limiting factor for
nitrogenous control in effluent from traditional wastewater treatment plant (WWTP) [7].
Transformation of NOs-N to other inorganic N through microbial process, such as denitrification
(NOs3-N to N2) and dissimilatory nitrate reduction to ammonium (DNRA, transformed to nitrous
oxide (N20) or ammonium (NHzs-N)), is a potential way for NOs3-N removal [8], [9]. The C/N ratio
significantly influences these microbial processes, especially influence denitrification by
improving the growth of denitrifying bacteria [10]. Higher organic carbon with an anoxic condition
was the most important factor stimulates heterotrophic denitrification process [11]. Normally,
aquatic ecosystems feed with secondary effluent from municipal WWTP often encounter the
deficiency of available carbon sources, which further limits NO3-N removal through denitrification
[12], [13]. The main reason is that most of organic matters accumulated in aquatic systems is
recalcitrant and difficult to biodegrade [14]. Thus, they are not readily utilized by microbes. To
solve this problem, some organic materials such as glucose or wheat straw, was added as extra
carbon source but may cause problems like overdosing and high organic carbon pollution in
effluent [15]. As the requirement of removing NO3-N in developing strategies for eutrophication
prevention, increasing attention should been given to the microbial available carbon sources for
denitrification.

The biological characteristics of carbon source was important for NO3-N removal. The higher
availability of organic carbon could augment soil microbial activity [16], [17], [18]. So, the better
strategy to solve the lack of carbon source is to generate partially products that can be readily
utilized by microbes [19]. For example, the low-molecular-weight and short-chain aliphatic
hydrocarbon, as well as sulfur compounds were much easier for microbial utilization. The type of
organic carbon determines whether they can be easily utilized by microbes, while some related
microbes was also importantly for organic carbon degradation. Biodegradation by microbes is the
ultimate fate of majority organic carbon for utilization by breaking down organisms, either in
aerobic or anaerobic conditions [20], [21]. And microbial decomposition is also one of the major
natural processes that alter organic carbon characteristics and reactivity. Previous studies has
revealed the significance of functional carbon-degrading microorganisms to organic carbon
treatment and transformation [22]. The T. tubifex has been known to have significant influence on
NO3s-N removal. Its activity also changed microbial community and organic carbon cultures in
aquatic environment, which were important factors for denitrification. So, understanding the effect
of T. tubifex on interactions between biodegradable organic carbon transformation and the
microbial component of the aquatic ecosystem and their effect on denitrification remains a key
factor for NO3-N removal.

This is the first study to provide comprehensive information on how T. fubifex influence the
degradation of organic carbon and related microbes that mitigate excessive NO3-N loads in aquatic
ecosystems. The experiments were performed with different 7. tubifex densities under enriched
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NOs3-N concentration with different C/N ratios. To quantitatively understand the underlying
mechanisms, the following two specific objectives were pursued: 1) to evaluate different forms of
organic carbon transformed with 7. tubifex; 2) to quantify microbial communities in 7. tubifex and
sediment, in order to determine the link between organic carbon biodegradation, microbial
processes and NO3-N removal under the influence of 7. tubifex.

2. Materials and methods
2.1. Experimental set-up, start-up and operation strategy

The experimental microcosms were established in laboratory in Shandong University. A total of
nine 2500 mL glass beakers were used for the experiments. Each microcosm was filled with
sediment at 5 cm depth in the bottom. 2 L synthetic wastewater were added to stimulate the polluted
aquatic environment (the profile of microcosms were shown in Supplementary materials), with the

water depth of 15 cm. Freshwater sediment used in this study were collected from the Zhaoniu
River constructed wetland (CW) in Qihe, and 7. tubifex were got in a local market in Jinan, both in
Shandong, China. Each microcosm was equipped with an airtight cork at the top which contained
two drilled holes. Each hole contained a glass tube and a valve, which were used for gas and
wastewater collection, respectively. For gas collection, the top of each microcosm was corked to
keep airtight. After collection, the experimental microcosms were left uncapped to keep aeration
for T. tubifex. The nine microcosms were set up with three different treatments (n = 3 per treatment):
(1) low abundance of T. fubifex (3 g per microcosm, namely LA group); (2) high abundance of 7.
tubifex (6 g per microcosm, namely HA group); (3) parallel experimental control under the same
conditions but without 7. tubifex (namely control group).

A laboratory-scale sequencing batch-operated procedure was adopted in this experiment. After
each cycle, the wastewater was drained from the top of each glass beaker. Then filled with
wastewater for the next cycle. To keep the 7. tubifex alive and detect its effect on water purification,
the influent wastewater to each experimental microcosm was stimulated the Class I (B) according
to the Wastewater Discharge Standard (GB18918-2002) [23]. Artificial synthetic wastewater
prepared from tap water containing sucrose, (NH4)2SO4, and KNOs. To identify the different
transformation pathways and influence mechanisms with increased NO3-N loading, the total
research was divided into two phases according to the varying operational conditions (different
C/N ratio and NO3-N concentrations). The characteristics of the influent wastewater in each phase
are described in Table 1. In Phase 1, the composition of synthetic wastewater were as follows
(mg/L): sucrose 51.3, KNO3 76.6, and (NH4)2SO4 37.6. In phase 2, the dosage of sucrose and
(NHa4)2SO4 were similar to that in Phase 1, but the KNOs increased to 140 mg/L. The experiment
lasted from December 2015 to April 2016. There were five and seven cycles for Phase 1 and 2. The
hydraulic retention times (HRTs) of each cycle were 6 days and 8 days for two phases, respectively.
Before each phase, the experimental groups were stable for three cycles. The unstable cycles were
not reflected in the figures.

2.2. Isotope pairing technique (IPT) and 15N tracer calculations

To explore the denitrification and DNRA process with 7. tubifex, the fractionation factor associated
with N20 and NHs-N production from NO3-N were conducted in SN labeling experiment [5], [18],
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[24]. Subsequently, (1) '*(NH4)2S04 (99 atom %) +K'*NOs, and (2) "%(NH4)2SO4 +K'>NO3 (99
atom %) was added to each group to achieve concentrations similar to the input concentration of
NOs3-N and NHs-N in the second phase. After "N was added, the microcosms were kept airtight
until gas and water sampling conducted. Headspace gas and wastewater samples were obtained at
the 144 h of experimental period (equilibrium time) and immediately analyzed to obtain the atom
percentage and 8'5N values of N2O, N2, and NHs-N. >N abundance measurements in N2O, N2 and
NH4-N was performed using Isoprime 100-EA (isotope ratio mass spectrometer), Tracegas-
Isoprime 100 and Deha plus-Gasbench (elemental analyzer) in Environmental Stable Isotope Lab,
Chinese Academy of Agricultural Sciences.

Table 1. Characteristics of the influent wastewater compositions during two experimental phases.

COD (mg/L) TOC (mg/L) NOs3-N (mg/L) NH4N (mg/L) TN (mg/L) C/N

Phase 1 12.00+0.00 20.45+1.22 293+0.03
60.00+3.24 24.30+0.34 8.23+0.47
Phase 2 22.13+0.13 30.12+0.19 1.99+0.02

2.3. Analytical methods

2.3.1. Water qualities monitoring

Water samples (50 mL) were collected with plastic syringes from the overlying wastewater every
two days. The dissolved oxygen (DO) were tested in situ at the same time with a DO meter
(HQ40d53LDO™, HACH, USA). Laboratory analysis was performed on the water samples for
NHa-N, NOs-N, nitrite (NO2-N), total organic carbon (TOC) and chemical oxygen demand (COD)
after filtering through a 0.45-um cellulose acetate membrane syringe filter. All the parameters
mentioned above were determined according to standard methods [25].

2.3.2. Sediment qualities monitoring

The top 1 cm sediment with equal amounts in five individuals were collected and homogenized
after each experimental period, because this is where the habitat for 7. tubifex and where bacteria
associated with the degradation of nutrients were most likely to be present. Sediment samples were
dried at —60 °C using a freezer dryer (Unicryo MC 2 L freeze dryer, Germany) for 36 h, then sieved
(0.2 mm) and stored at —20 °C for other analysis.

The dissolved organic matter (DOM) extracted from sediment in each group was well assessed in
each Phase [4]. The amount of DOM released from sediment (expressed as DOC) and the UV
absorption spectra were determined using a total organic carbon analyzer (Shimadzu, TOC-L,
Japan) and a UV spectroscopy (Shimadzu, UV-1780, Japan). The fluoresce EEM spectra was
created by a fluorescence spectrometer (F97 Pro, Lengguang Tech., China) and validated using
parallel factor (PARAFAC) modelling conducted with MATLAB. Excitation (Aex) and emission
(Aem) wavelength ranges were set from 200 to 550 nm and 250-550 nm, with the scanning intervals

I, respectively. Three main compounds were evaluated

and frequency with 5nm and 1 nm min~
using the FRI technique as described by Wen et al. [26], including tyrosine-like contents
(component 1), soluble microbial byproduct-like material (SMP, component 2) and humic acid-
like compound (component 3). The calculated methods for other significant indices and parameters
for DOM, such as humification index (HIX), Ultraviolet Visible (UV) absorbance at 254 nm

(SUVAzs4), were detailed description in the Supplementary materials.



The degradation by-product of the organic carbon storage in sediment samples was qualitative
analyzed using a gas chromatography equipped with a mass spectrometer (GC-MS, GCMS-QP
2020, Shimadzu, Japan) according to the Chinese hazardous waste identification standard method
(GB 5085.3-2007). The separation was carried out using an Rtx-5 MS column (Restek,
60mx0.25mm id; film thickness, 0.25um), 30 m x 0.25 mm i.d., containing 5% phenyl-
methylpolysiloxane with thickness of 0.25 um. Pure helium gas (99.995%) was used as the carrier
gas with the flow rate of 2 mL/min. The mass spectrometer conditions were as follows: EI mode,
ion source temperature of 230 °C, interface temperature of 280 °C, full scan mode. The injector
and detector temperature were maintained at 280 °C. Oven temperature was held at 40 °C for 5 min
and increased to 160 °C at a rate of 6 °C/min. Then, the oven was operated at 160 °C for 6 min, and
increased by the rate of 20 °C/min until 230 °C. For chemical identification of peaks, mass of
fragments were accurate by searching against the MS spectral library (NISTI11 library,
http://www.nist.gov/srd/mslist.htm) with the match greater than 95%. The retention time was
applied to confirm the identification of carbon components in GC-MS analysis. The GC-MS
analysis was performed in the Shandong academy of Environmental Science.

2.3.3. Gases qualities monitoring

The gas was sampled at time intervals of 1 h (5 times) for N2O and CO: analysis with a gas-tight
plastic syringe (20 mL) to establish a linear production. And the gases were collected every two
days in each period. After collection, CO2, and N2O were analyzed by a gas chromatograph
(GC7890B, Agilent). The linear increase of these gas concentrations during the hour was used to
calculate the rate of N2O and COz emission per specimen. We describe the gases emission fluxes
calculated methods in Supplementary materials.

2.4. Sample collection, DNA extraction, PCR amplification, sequencing and data analysis

Before microbial analysis, the 7. fubifex was conducted with 5 days starvation to allow full gut
depuration. Then, the T. tubifex was washed with deionized water, and dried under —60 °C for 48 h.
The DNA was extracted from the sediment and 7. tubifex samples using PowerSand DNA Kits
(MOBIO PowerSand™ DNA Isolation Kit). Because the individual of 7. tubifex was too small to
separate their digestive system, and the microbes was mainly existed in their digestive system after
washing, the microbial analysis of 7. tubifex could represent their gut microenvironment. High-
throughput sequencing of the V4-V5 region of the 16S ribosomal ribonucleic acid (rRNA) gene
was performed on the Miseq (Il1lumina) platform in the Novogene Co., LTD (Beijing, China). More
details of Illumina high-throughput sequencing assays were reported in the previous research [4].

2.5. Sample collection, DNA extraction, PCR amplification, sequencing and data analysis

All measurements were performed in triplicate with the results expressed as mean + standard
deviation. The program SPSS 19.0 (SPSS, Chicago, USA) was used to perform all the statistical
analyses, and an analysis of variance (ANOV A) was used to test the significance different of results.
The results were considered to be statistically significant when p <0.05. Standard deviations of
three replicates were indicated by error bars. Principle component analysis (PCA) was conducted
using Canoco 5.0 (Microcomputer Power, USA) to examine the effect of 7. tubifex on nutrient



removal and microbial community as well as discovering the correlations between each
environmental factors and functional microbes.

3. Results and discussion
3.1. Treatment performance of N removal

The treatment performance on N removal in each group during the experimental period is shown
in Fig. 1. Regarding the outflow TN pollutants, inorganic N in control group was presented
predominantly in the form of NO3-N. As shown in Fig. 1A—C, the NO3-N removal efficiencies of
LA and HA groups were up to 100%, which were twofold and threefold higher than control group
in phases 1 and 2, respectively. Although NH4-N showed a little lower removal efficiencies in the
absence of 7. tubifex such as HA group in Phase 2 (Fig. 1B), better TN purification with 7. tubifex
was still observed primarily attributed to their excellent NO3-N removal capacity, which was
consistent with previous research [4]. NO3-N consumption and simultaneous N20 production were
measured in the experiment. As showed in Fig. 1D, the production of N2O from the groups with 7.
tubifex were higher than that of control group. The N20O emission rates was higher in Phase 2 than
those in Phase 1, and the LA group achieved the highest N2O emission rate. In general, the complete
NO3s-N reduction to N2 was enabled when the C/N ratio ranged from 3.0 to 6.0, which was higher
than the C/N ratio in our experiment [11]. Thus, the N2O emission as an intermediate that could
reflect the improved denitrification process with 7. tubifex.
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The enhanced denitrification and DNRA processes with 7. tubifex were confirmed based on the
results for '°N labeling experiment. In >NH4-N and “NO;3-N added experiment, the 3'°N of N2O
produced by '"NH4-N oxidation were lower in LA and HA. Considering the N2O concentrations
for each group, it can be calculated that, only (3.20 x 1073) % NHa-N were oxidized to N2O in LA
and HA groups. In 'NO;3-N and '“NHs-N added experiment, LA has the highest "'N20, consistent
with the highest N2O emission rate in LA group. According to the results, 107.02, 84.69, and
36.93 ppm "N20 were detected in LA, HA and control group, respectively. And about 0.18%,
0.17%, and 0.05% '"NOs-N were reduced to *N2O in LA, HA and control groups, respectively. As
the final product of denitrification process, the & values of >Nz from K!*NOs in LA, HA, and
control group were 116.22%o, 117.36%0 and 80.38%o, respectively. On the basis of percentage value,
it can be concluded that NOs3-N has a higher contribution to N2O and N2 production with 7. tubifex
addition [27]. The contribution of DNRA to NH4-N accumulation with 7. tubifex was investigated
by incubating samples amended with '“NHs-N and 'NOs-N. It can be calculated that, 6.38%,
8.44%, and 2.27% NH4-N was transformed from NO3-N, about 1.32%, 1.93% and 0.75% of ’'NOs-
N reduced to "NHs-N through DNRA process in LA, HA and control group, respectively. Thus,
the higher NH4-N accumulation was partly attributed to NO3-N transformation with 7. tubifex.

3.2. Organic carbon removal

3.2.1. Organic carbon characteristics in wastewater

A source of labile carbon source is an important electron donor to drive immobilization processes,
especially in elevating N deposition [28]. Denitrification processes are generally favored when Oz
consumption and ample organic carbon is available [29]. The performance of TOC and COz in each
microcosm were well studied (Fig. 2). The highest removal efficiency of TOC in each group was
detected in the first two days during each period, then decreased steady. TOC was more rapidly
biodegraded in control group. The effluent TOC concentrations were in the order of
HA > LA > control, with the range of 5.00-9.00 mg/L in Phase 1, and 4.00—7.00 mg/L in Phase 2.
Lower TOC concentration in Phase 2 was mainly due to the higher organic carbon demanded for
NOs-N removal. Thus, T. tubifex could use little carbon source to achieve higher NO3-N removal
efficiency. The biodegradation of organic carbon by microbes and mineralization, as well as the
respiration of 7. tubifex contributed to CO:2 release in LA and HA groups. Coupled with TOC
concentration, there was an increased CO2 emission with 7. tubifex, especially in Phase 2 (Fig. 2B).
In the whole experiment, HA group always had highest CO2 emission rate, and followed by LA
group, indicating the effect of 7. tubifex on C cycling. Although the TOC removal efficiencies in
LA and HA group were only 5.93% and 11.19%, 5.14% and 8.98% lower compared to control
group, the NOs-N removal efficiencies in LA and HA groups were twofold and threefold higher
than those in control group. This means that the increased denitrification might be partially due to
the transformation of bioavailable organic carbon rather than the residual carbon source.

3.2.2. Organic carbon characteristics in wastewater

T. tubifex mainly habitat and excrete in sediment. So the different organic carbon forms was well
studied in sediment. The quantity of organic carbon in the sediment of each group was presented
in Fig. 3 and Table 2. Similar to the TOC results in wastewater, the TOC contents in sediment
showed the same tendency of HA > LA >control. It has been known that the TOC content,
including much of the soluble organics as DOC in sediment, was bioavailable and easier to be

degraded [21], [30]. The DOC is derived from the oxidation of soil organic matter and is essential
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for determining sources of labile carbon and higher organic carbon solubility. Thus, the DOC
cultures were also studied. LA and HA groups resulted in a higher proportions of DOC, which were
18.4% and 33.1% higher than that from control group after Phase 1. DOC concentrations for three
groups experienced a decline after the experiment in Phase 2, which was approximately half of
those in Phase 1.
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The lowest DOC concentration was still obtained in control group, which was 2.9% and 25.6%
lower compared to LA and HA group. 7. tubifex can uptake and exchange the flow of pollutants
through two main routes: 1) passive uptake the compounds dissolved in water through the
epidermis and transformed these compounds into sediment (indirectly affect), 2) then ingested
pollutants passes through the digestive track after ingestion of soil particles, water, and food
(directly affect) [31]. T. tubifex is an upward-conveyor, thus feeding on sediment and ejecting
faecal pellets at the water-sediment interface. The indirectly effect of T. tubifex also facilitate and
increase the contact between contaminant and soil microorganisms [32], the top-down behavior
including the predation and excretion activity from 7. tubifex has a stimulatory effect on increasing
the turnover of nutrients (including C and N) into superficial sediment [22]. The high DOC
concentration is an energy source for microbial metabolism [33]. Among them, smaller organic
carbon compounds are generally degraded by microbes much easier, because it was correlated with
the acid functional group density and volatile matter contents [31]. Negatively correlated with the
DOC concentrations, the SUV Azs4 values in the control group was highest, which was 2 and 1.5
times higher than that in LA and HA group in Phase 1. After the experiment in Phase 2, the
SUV Aas4 value in the control group was increased by a factor of 3, and was still 10.5% and 48.6%
higher than that in LA and HA. The enhanced SUVA2s4 value was attributed to the microbial
transformation of labile compounds into refractory organic carbons [34], reflecting the difficulty
of organic carbon microbial utilization in control group. The component distributions in different
groups are shown in Fig. 3B. The control group, in general, showed no change in fluorescence
intensities for all components in two phases, while the variability of DOM with T tubifex remained
more or less altered in fluorescence. The DOM composition from LA and HA group was changed
with a slight removal of Compound 1 and increased proportion of Compound 3. The better quality
of humic-like organic carbon with 7. tubifex presented more biodegraded DOM and much easier
for microbial use [25], [35]. The results indicated that organic components were transformed during
the denitrification process. Furthermore, the higher humic-acid like compounds with 7. tubifex
could improve soil fertility and reduce the need for external addition of large amounts of fertilizers
[26], [32], [33]. This was coincidence with the levels of HIX. Mean HIX values were relatively
higher with 7. tubifex, which also indicated the higher degree of humification of soil DOM with T.
tubifex. Other indexes, such as BIX, Sk showed no difference between each group.

Table 2. Fluorescence parameters of major index values calculated by PARAFAC modeling in
sediments from different treatment.

DOC SUVAzs4
(mg/L) (L'mg™"*m™)
LA 1.07+0.00 82.61+5.10 0.04+0.01  1.06+0.03 1.00=+0.02 4.53+0.42 1.04 £ 0.02

ll)hase HA  1.11£0.01 9291+7.15  0.06+0.01  1.08+0.04 1.00+0.02 4.27+0.41 1.05 = 0.02

Time Group HIX FI BIX Sr a:p

control 0.97+0.01 69.76 +5.73 0.10£0.02  0.99+0.04 1.02+0.034.52+0.78 1.03+0.02

LA 1.10£0.00 35.18+2.13 0.27+0.03 1.07+0.02 1.01+0.054.12+0.41 1.04+0.03

Phase

) HA  1.14+0.01 42.97+3.79 0.20+0.03 1.10£0.01 1.00+0.03 4.96 £0.35 1.06 £ 0.04

control 0.98+0.01 34.20+2.90 0.30+0.03 1.01+0.01 1.01+0.03 4.18£0.79 1.04 +£0.01
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A qualitative and relative quantification analysis was further carried out for organic carbon
products in each group after each phase in terms of their retention times and mass spectra. The
main identified organic materials including their relative contents according to the peak area
normalization method are compiled in Table 3. A total of 14 compounds were identified, which
were ranged from C1 to C12. The characterized chemical composition includes some long-chain
alkane such as dimethyl decane, some linear, branched, cyclo alkanes (hexane, pentane, methyl
cyclohexane), halo hydrocarbons and some aromatic compounds, as well as some small molecule
chlorinated compounds such as methylene chloride and Tri-chloromethane. After the experiment
in Phase 1, the most abundant products in three groups were identified as n-hexane, especially in
control group. Some dimethyl disulfide and trisulfide was only detected with 7. tubifex, especially
in HA group. As the C/N ratio decreased, the chromatographic profiles for the organic
compositions after Phase 2 were much simpler and significantly changed than those after Phase 1,
with lower compose of hexane contains and no peaks of benzene compounds, but contained more
short-chain organic compounds. The principal constituent in the control group were still identified
as hexane products, with a decreased content of n-hexane and an increased content of cyclohexane
and dimethyl decane than Phase 1. But under the same consumption dosage of carbon source,
branched and cyclic alkanes in control group are insoluble fraction that are more persistent and
partially or completely not available for microbial assimilation due to inherent recalcitrance [30],
[35], [36]. In T. tubifex added group, the higher carbon source needed for increased NO3-N removal
in Phase 2 accounted for the less evident of saturated hydrocarbon such as n-hexane and branched
alkanes. The methyl acetate, a carboxylic acid derivative and monomers for polyhydroxyalkanoate
(PHA), was only detected with T tubifex in this phase as a biodegradable and energy carbon source
[37]. Some sulfur-containing compounds peaks, including dimethyl disulfide and dimethyl
trisulfide, were also obviously identified with 7. tubifex. The abundant content of sulfur compounds
was another factor for the enhanced denitrification with 7. tubifex. The sulphate was also an
electron receptor for the anaerobic biodegradation of organic pollutants, and energy source for
some chemolithotrophic  denitrifiers, which expressed as the followed NOs-
N+S+C— N2+ CO2+S?* [38], [39]. The biodegradation of complicated organic carbon for
microbial utilization contains two processes: 1) the complex organic molecules must first be broken
down into smaller constituent parts. These monomers, such as organic acids, monosaccharides,
alcohols, amino acids, fatty acids and the gases CO2 and H: are readily available for the microbes.
Therefore hydrolysis of these carbon sources is desirable as it will enhance the rate of
denitrification [35], [40]. 2) Next, bacteria use oxygen as an electron acceptor to further break down
the organic matters into smaller compounds, often producing CO: as the final product. These
primary products were degraded to CH4 and COz [14]. In Phase 1, the decomposition of organic
carbon by 7. tubifex was incomplete. As the increased NO3-N and decreased carbon source in Phase
2, the T. tubifex improved the first step in organic carbon degradation process. Most products in
LA and HA groups were low-molecular-weight and short-chain aliphatic hydrogencarbon. The
majority content of sulfur-containing compounds and fatty acids monomers with 7. tubifex were
beneficial for microbial utilization. A positive influence of 7. tubifex on the biodegradation of
organics into bioavailable and biodegradable carbon source was observed [41]. In contrast, the
saturated hydrocarbons and branched alkanes were recalcitrant for denitrifiers.
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Table 3. OC compounds identified from the sediment samples by GC-MS analysis.

Relative content (%) Relative content (%)
No. Component  Group No. Component Group
Phase 1 Phase 2 Phase1 Phase 2
LA 1.34+£0.25 — LA 1.06+0.355.52+1.15
Butane, 2-
1 methyl- HA  0.72+0.04 — 7 Cyclohexane HA  0.91+0.13 3.24+0.80
control 1.20+0.44 — control 1.24+0.83 31.14 +1.08
LA 1.16+£0.03 — LA 2.09+0.42 51.37+£0.00
p Methylene 541000 - g Disulfide, g3 o134 132
chloride dimethyl
control 1.30+0.33 19.30+2.47 control 0.16+0.04 7.01 +3.44
LA 1.46+0.22 — Benzene LA 3.04+0.05 -
3 Penmtane,3- . 1s31001 - g compounds 5001038
methyl- (except
control 1.42+0.13 - Toluene) control 4.94+1.14 —
LA 88.29+0.523.43+0.18 LA 0.25+0.04 2.83+£0.00
4  n-Hexane HA  8046+2.68246+038 10 Dmethyl 1300026434099
trisulfide
control 90.25+1.79 19.87 control — —
LA 0.56+0.11 1.99+0.06 LA 0.22+0.03 3.39+0.00
5 I HA 0514006 0614014 11 DS 2.2 pa (9110.04 1.86+024
chloromethane dimethyl-
control 0.38+0.00 6.93+1.17 control 0.35+0.16 11.7+0.98
LA 0.17+£0.05 — LA - 40.38 +4.65
6 Dthane, 12- i ga11001 - jp Aceticacid, 52.1344.65
dichloro- methyl ester
control 0.23+0.13 — control — —

3.3. Relationships between microbial community and nutrients removal

The sediment microbial community composition and species richness in each group were analyzed
through targeting the bacterial 16S rRNA genes. After quality filtration, 56493 + 24, 56862 + 46,
and 50412 +46 high-quality reads were obtained in LA, HA and control groups, respectively,
indicating increased total number of bacterial quantities with the presence of 7. fubifex. The
majority of microbes existed in the sediment that related to N degradation and transformation were
also studied. The analyses of specific bacteria contributed to degrade NO3-N present in each group
were selected and are summarized at phylum level in Fig. 4A, e. g. Pseudomonas (in
Proteobacteria), Firmicutes, Bacteroidetes [21], [42], [43]. A strong enrichment of NO3-N-
degrading bacteria in LA (67.24 +2.99%) and HA (65.39 +3.22%) groups were observed, which
were higher than that in control group (46.26 +£4.13%). The most abundant phylum found with T.
tubifex, where the greatest NO3-N reduction was observed, were tentatively identified as
Proteobacteria. Compared to control group, the shift in the dominant groups with 7. tubifex has a
higher related denitrifiers especially in f-Proteobacteria and Bacteroidetes. The percentage of
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NOs-N-degrading bacteria in 7. tubifex were 9.5%, most of them were Firmicutes and y-
Proteobacteria. The proportion of autotrophic denitrifiers in sediment were in the order of
LA >HA >control, which correspond to 13.6+2.00%, 8.92+2.17% and 5.74+1.28%,
respectively, indicating little lower carbon source needed with T. tubifex. The nitrification microbes
in LA, HA and control group were 61.0 £2.55%, 57.1 £1.72%, and 47.5 + 5.00%, respectively.

(A) (B)

80 [ a-proteobacteria
B Clostridia
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Fig. 4 Taxonomy of 16S rRNA for relative abundance of NO3-N-degrading microbes
summarized at phylum level in each group and 7. fubifex (A), and microbial study of Venn
diagram for the exclusive and shared OTU in sediment of LA, HA groups and T. tubifex (B). (C)
Represented the Principal component analysis (PCA) to investigate the correlation between N and
C transformation functional genes and treated concentrations of major environment factors. The
microbial community with difference in each group were tracked across all samples. Different
color means: blue, class; orange, family; green, phylum; purpose, order; black, genus. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The certain taxa of C-degrading microorganisms, such as Acinetobacter, Rhodococcus and
Arthrobacter (in Actinobacteria), Pseudomonas (in Proteobacteria), Actinobacteria, are key
players in organic carbon degradation [21], [44], [45]. In all groups, C-degrading bacteria in /-
Proteobacteria showed a growth, while the functional bacteria in a-Proteobacteria and
Acidobacteria were decreased than that in original sediment. The C-degrading bacteria in -
Proteobacteria with T. tubifex was little lower than that of control, but the C-degrading bacteria in
y-Proteobacteria showed an increase, similar to the C-degrading bacteria detected in 7. tubifex. A
Venn diagram was constructed to show the common similarity among 7. fubifex and sediment in
LA and HA groups (Fig. 4B). A great OTUs (1597) were shared between HA and LA groups. LA
and HA with T. tubifex also showed higher percentage of shared OTUs, which covered 46.2% and
48.6% of the OTUs detected in 7. tubifex. The results verified that 7. tubifex could enhance the
mobility of microorganisms and the assimilation of microbial community to their intestinal
microenvironment. In addition, 7. tubifex could uptake the microbes in sediment through ingestion
and directly regulate microbial population by consuming the large amount of sediment, while the
microbes in the digestive system of 7. tubifex could also discharge into sediment through faeces.
The ecological interactions might thus regulate the microbial community associated with 7. tubifex
and sediment.

PCA analysis clearly indicates the correlations between microbial community structure and major
environmental factors (e.g. TOC, COD, NOs3-N concentrations) based on taxonomy and abundance
(Fig. 4C). The PCA analysis indicated that DOC and TOC concentration had a positive correlation
with NOs3-N removal, it was further verified that the higher denitrification occurred with 7. tubifex
was partly due to higher organic carbon concentration. Some researchers observed a close
relationship between bacterial community composition and nutrient cycling processing, others
found inconsistent or weak links [43]. The PC1 and PC2 of maximum variations in the PCA were
96.69% and 3.31%, indicating the significant interrelations observed among the bacterial
community composition and the major environmental factors in each group. A clear distinction of
microbial community and nutrient concentration between samples was observed, which indicated
the critical microbial community changes with 7. tubifex influencing the environmental factors.
Previous studies found obvious links between meiofauna and organic carbon decomposition, which
is driven by microbial activities [6]. The estimated taxonomy of the functional genes indicated that
denitrification was driven by Proteobacteria (phylum), Thauera (genus), Rhodocyclaceae,
Burkholderiales (order, in f-proteobacteria), and related to nir, which was much higher with T.
tubifex [46]. And the carbon degradation was correlated to Chloroflexi, Acrinobacteria,
Acidobaceria (phylum), which was little higher in control group. The difference resulted from the
abundance of the NOs-N-degrading and C-degrading genes potential toward enhanced
denitrification and decreased C consumption with 7. tubifex. It also reflected that TN and TOC
concentrations in LA group were lower than those in HA group. Thus, lower abundance of 7.
tubifex was more preferable for pollution removal.

3.4. Proposed pathways of organic carbon transformation and denitrifiers to NO3-N removal
with T. tubifex

The changed microbial community and higher nutrient concentration in sediment with 7. tubifex
exchange the organic carbon biodegradation and type, which have an impact on microbial N-
14



transformations. Based on the results presented, we derived pathways of organic carbon
transformation for denitrifiers and further NO3-N removal with 7. tubifex addition (Fig. 5). Firstly,
the exchange of the sediment microbial community toward the digestive track of T. fubifex can
change the C and N transformation. 7. tubifex transform recalcitrant organics into more
biodegradable forms including wide range of short-chain molecule, carboxylic acid derivative,
sulfur-containing compounds, and humic-acid organic carbon. The transformed organics have a
major impact on the biological activity, abundance and composition of microorganisms in sediment,
as they are biodegradable and easy to be utilized by microorganisms [47]. The by-products of
biodegraded organics can also be used as an external carbon source for denitrification thus allowing
microorganisms to mineralize the residuals [40]. Correspondingly, anaerobic microorganisms can
use available substances such as NO3-N, and CO:z as their electron acceptors to break down organic
compounds into smaller constituents, and producing COz as the final products [20]. Secondly, the
large increase in organic carbon concentration with 7 tubifex received from the deposition, as well
as biodegradation and transit of carbon source, increase the available C in the sediment.

Aerobic

Fig. 5 Conceptual model for the proposed mechanism of organic carbon characteristics and
denitrifiers for NO3-N removal with 7. tubifex addition.

The changed trophic status in sediment with 7. tubifex are beneficial for the degradation of saturated
and unsaturated aliphatic and aromatic organics [36]. In most cases, a positive influence of nutrients
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on the acceleration of soil humication and biodegradation of hydrocarbons extents has been
observed [32]. Moreover, PCA analysis also confirmed that NO3-N removal was highly correlated
with C transformation and microbial community changed with 7. tubifex in our study. Thus, T.
tubifex demonstrated better strategy for hydrocarbon degradation to generate partially bioavailable
organic carbon that can be readily utilized by denitrifiers. The research provides effective values
for the scope of biological wastewater treatment. The organic carbon migration with 7. tubifex in
aquatic environment will be deeply elucidated in our further study.

4. Conclusions

This is the first study to deeply analysis the organic carbon degradation, as well as the relationships
between organic carbon forms and related microbes toward NO3-N removal with 7. tubifex under
different NO3-N concentrations and C/N ratios. The NO3-N removal efficiency was threefold
enhanced with 7. bufifex while 5.10-11.20% lower TOC was consumed. 7. fubifex transformed the
carbon source into DOC and short-chain compounds. As the initial NO3-N concentration increased
and C/N ratio decreased, the carbon source could further transformed to methyl acetate, sulfur-
containing and humic-like compounds, which could be utilized by denitrifiers directly. The
changed organic carbon transformation with 7. tubifex was mainly attributed to the higher nutrient
contents and changed microbial community in sediment. The changed trophic status and related
microbial abundance in sediment with 7. fubifex contributed to the degradation of saturated and
unsaturated aliphatic and aromatic organics. 7. tubifex could influence the microbial community
through their intestinal microenvironment and activity. The proportions of denitrifiers with 7.
tubifex were 21% higher compared to control group. The nature of organics and denitrifiers were
important factors for excellent NO3-N removal with 7. tubifex.
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