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Abstract: Implementation of anaerobic digestion of primary sludge in modern wastewater treat-
ment plants (WWTPs) limits the availability of organic carbon for denitrification in conventional
nitrification-denitrification (N/DN) systems. In order to ensure efficient denitrification, dosage of
the external carbon source is commonly undertaken. However, application of commercial products,
such us ethanol or acetate, greatly increases operational costs. As such, inexpensive and efficient
alternative carbon sources are strongly desirable. In this study, the use of the fusel oil, a by-product
from the distillery industry, was validated in terms of the denitrification process enhancement and
impact on the activated sludge bacterial community structure. The experiment was conducted at a
full scale biological nutrient removal facility (210,000 PE), in the set of the two technological lines: the
experimental line (where fusel oil was introduced at 45 cm?/m3 dose) and the reference line (without
an external carbon source addition). During the experimental period of 98 days, conventional nitrate
utilization rate (NUR) measurements were carried out on a regular basis in order to assess the
biomass adaptation to the fusel oil addition and denitrification process enhancement. While the
NURs remained at a stable level in the reference line (1.4 £ 0.1 mg NO3-N/g VSS-h) throughout the
entire duration of the experiment, the addition of fusel oil gradually enhanced the denitrification
process rate up to 2.7 mg NO3-N/g VSS-h. Moreover, fusel oil contributed to the mitigation of the
variability of NO3-N concentrations in the effluent from the anoxic zone. The bacterial community
structure, characterized by 16S rRNA PCR—DGGE and the clone libraries of the genes involved
in the denitrification process (nirS and nirK), was comparable between the reference and the ex-
perimental line during the entire experimental period. In both analyzed lines, the most frequent
occurrence of denitrifiers belonging to the genera Acidovorax, Alcaligenes, Azoarcus, Paracoccus and
Thauera was noticed. Our results proved that fusel oil would a valuable substrate for denitrification.
The addition of fusel oil enhances the process rate and does not reflect a severe selection pressure on
the bacterial community at applicable doses. Practical application of fusel oil generates opportunities
for the WWTPs to meet effluent standards and reduce operational costs, as well as optimizing waste
management for the distillery industry.

Keywords: 165rRNA PCR-DGGE,; biological nitrogen removal; denitrification; fusel oil; nirS/nirK
gene library

1. Introduction

The priority task of protecting surface waters from pollution—which is caused by
municipal wastewater from large and medium urban agglomerations—is to ensure its full
biological treatment and enhanced removal of nutrients. Increasingly, the requirements
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around indicators of the effluent quality are forcing modernization of the currently existing
installations, as well as implementation of new solutions to enhance nutrient removal
processes rates. For instance, in accordance with Polish regulations [1], for Wastewater
Treatment Plants (WWTPs) with the size of 2000 population equivalent (PE), the maximum
permissible value of total nitrogen (TN) is 30 mg N/L, while for the largest installations
(>100,000 PE) this limit was set on 10 mg N/L.

One of the key factors that determines the effectiveness of nitrogen removal with
the conventional activated sludge process in WWTPs is the presence of organic carbon
compounds, which are easily available for the microorganisms carrying out denitrification.
The concentration of biodegradable carbon compounds in raw municipal wastewater is
usually limited, especially in the context of modern WWTP design, where a significant
portion of the primary sludge is directed into biogas production in a separated sidestream
treatment process. The primary sludge is considered to be the most efficient substrate
available in WWTPs for biogas production via anaerobic digestion [2]. The benefits of
energy recovery from the anaerobic digestion of sewage sludge have resulted in a steadily
growing number of dedicated installations around the world. For example, in Poland there
are currently 113 full-scale biogas plants operating in municipal WTTPs [3]. However, the
redirection of organic compounds for biogas production limits the pool of carbon that is
available for the mainstream nitrogen removal process, which is mostly dependent on
denitrification processes.

Currently, scientific and commercial efforts have focused on the implementation of
novel technologies based on shortcut nitrification and anaerobic ammonium oxidation
(anammox) processes, such as deammonification, which are less dependent, or even fully
independent, from the carbon availability [4]. Nevertheless, in medium and small WWTPs,
conventional nitrification-denitrification (N/DN) remains the most sustainable technology.

A common practice of supporting the nitrogen removal process in the N/DN based
systems is the dosing of external carbon sources. For such purposes, commercial products
(i.e., methanol, ethanol or acetic acid) are commonly used. The application of commer-
cial substrates ensures relatively high rates of denitrification, however, it also raises the
operating costs of wastewater treatment.

Fusel oil—a by-product of the rectification (i.e., process of multistage distillation) of
spirit—is characterized by a high concentration of organic compounds readily available to
microorganisms, while maintaining a favorable ratio of carbon to nitrogen concentration [5].
In 2016, the global spirits market was estimated at $6.13 billion, with a further 33.4%
increase prognosed up to 2025 [6]. In consequence, the amount of fusel oils—which are
considered to be a post-production waste that is difficult to manage—is growing rapidly.
Due to the COVID-19 pandemic, an increase in the production of pure ethanol, which is
used as a basic component of the disinfectants, has been observed globally.

In countries such as Poland, where the spirit industry constitutes an important branch
of the national economy and bioethanol production is growing annually [7], the imple-
mentation of solutions based on waste management from this market will be in line with
the concept of the circular economy promoted by the Waste Framework Directive [8]. As
a result, their energy balance could be improved through increasing the production of
electricity from an elevated amount of biogas and reducing the energy demand for the
aeration of activated sludge reactors, loaded with a lower load of organic compounds.

The time required to commonly implement new denitrification-supporting substrates
can be significantly shortened by providing information about their impact on the bacterial
communities responsible for the process. Changes in the structure of activated sludge
consortia may have a direct impact on their metabolic potential and, consequently, their
denitrification efficiency. In addition, knowledge of the ecology of bacterial consortia allows
for a more complete interpretation of the data obtained during technological experiments.

There are numerous studies on the use of different substrates to support the biological
nitrogen removal. A change in the efficiency of the denitrification process was observed,
coupled with selection of the specific groups of bacteria (i.e., [9,10]).
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Most studies have focused on the effects caused by sole substrates, such as methanol,
ethanol or acetic acid, which are the commercial products most commonly applied as an
external carbon source in practice.

When using methanol, a long period of acclimation of biomass is usually required,
until an increased efficiency of nitrogen compounds removal is obtained [11]. Further
investigations by Ginige et al. [12] showed that the acclimation process was associated with
a change in the structure of the denitrifying bacteria population and, in particular, with
the intensification of the growth of Methylophiles family members, as well Paracoccus and
Hyphomicrobium genera. On the other hand, acetic acid may favor the growth of certain
groups of denitrifying bacteria that prefer growth beyond the floc structure, which may
adversely affect the sedimentation properties of the sediment and reduce the efficiency of
pollutants removal [12].

Research carried out by Hwang et al. [13] has shown that when ethanol or acetic acid
was applied as an external carbon source, an increased growth of denitrifying bacteria,
related to representatives of the genera Acidovorax, Azoarcus, Dechloromonas and Thauera,
is observed. These are also considered to be common components of activated sludge
bacterial community.

Currently, to characterize complex microbial consortia, a set of molecular micro-
biology tools is commonly applied, including polymerase chain reaction (PCR) based
techniques (e.g., PCR-denaturing gradient gel electrophoresis—DGGE) or wide range
of sequencing techniques (mostly high-throughput techniques termed next-generation
sequencing—NGS) [14]. Although the study of microbial communities based on the analy-
sis of 165 rRNA gene sequences polymorphism is currently the most widely used approach
for assessing overall microbial diversity, this approach is limited in terms of denitrifying
bacteria population characteristics. Denitrifiers are highly diverse in terms of taxonomy
and are not defined by a close phylogenetic relationship. Thus, approaches based on 16S
rRNA are not sufficient [15]. More sensible approach is to analyze the functional genes
that are directly involved in denitrification, especially the genes (i.e., nar, nir, nor and
nos) encoding reductases that are responsible for the conversion of a particular nitrogen
form [16].

An example of research that uses molecular techniques based on functional denitrify-
ing genes analysis in order to characterize activated sludge adaptation to external carbon
sources is work by Hallin et al. [17]. The authors conducted studies on a pilot scale, in
two parallel systems, where methanol and ethanol were dosed as external carbon sources.
The control consisted of samples from the full-scale system, in which no additional factors
stimulating the denitrification process were used. Gene libraries of nirK and nirS, both
encoding the alternative forms of nitrite reductase, were applied for the denitrifying popu-
lation characterization. The results showed that, in the case of both substrates, the structure
of bacterial subpopulation with the nirS genotype changed significantly throughout the
experiment. The genetic diversity of microorganisms with the nirS genotype increased in
both reactors, with methanol being a favorable factor in biodiversity being. The groups of
microorganisms with the nirK genotype formed much more stable consortia.

In terms of the waste materials, which were applied as an external carbon source,
general scientific attention in the literature has focused on food waste and fermentation
products. For instance, Tang et al. [18] obtained increased microbial metabolic activity and
bacterial community diversity in the activated sludge that was cultured with fermentation
liquid from food waste. Investigation of the substrate showed denitrification occurring
at a relatively high rate of 5.5 mg NO3-N/g VSS-h. Microbial analyses revealed the
predominance of representatives of the Hydrogenophilaceae family from Betaproteobacteria,
which accounted for 36.6% of the total bacterial community in the analyzed reactor. In the
systems supplemented with other carbon sources, like starch and acetate, the share of those
bacteria was less than 1%.

In previous studies related to the use of fusel oil to increase the denitrification process
rate, most experiments were conducted in lab-scale and their impact on the microbial
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communities was assessed during relatively short time perspectives [19,20]. For full scale
investigations, no analysis of microbial data was provided [21,22].

This study presents the first comprehensive research on the overall stability of the
structure of denitrifying bacteria communities during the implementation of fusel oil to en-
hance the denitrification process rate at a full scale WWTP. The results of the technological
measurements, which were carried out for 98 days in two lines (reference and experimental,
without an external carbon dosage and with fusel oil addition, respectively), were sup-
ported by microbial analyses based on modern molecular biology tools (clone libraries of
functional denitrifying genes and 16S rRNA PCR-DGGE). One of the key scientific aspects
of the presented study was a comparison of the genetic diversity of the nirK and nirS gene
variants encoding alternative forms of nitrite reductase in the biomass samples of activated
sludge from the two lines. The potential selective interaction of compounds that constitute
the external carbon source for microorganisms, may contribute to changes in the structure
of the denitrifying bacteria population, which, in turn, affects the functional and metabolic
properties of these communities.

2. Materials and Methods
2.1. Characterization of Fusel Oil Used as an External Carbon Source

Fusel oil was selected as a potential external carbon source to support the denitrifi-
cation process based on analysis of the basic chemical composition that was carried out
by Makinia et al. [5]. The analyzed fusel oil samples contained a high fraction of soluble,
readily biodegradable organic compounds (chemical oxygen demand (COD) concentra-
tions approx. 1,700,000 g O, /m?) and a favorable COD /TN ratio (approximately 1800). It
was found that 2-methyl-1-butanol was a dominant component of fusel oil (almost 40% by
weight), with three other important components: 2-methyl-1-propanol, 3-methyl-1-butanol
and ethanol [22].

2.2. The Wastewater Treatment Plant and Experiment Design

The experiment was carried out at Poznan WWTP, situated in central Poland (N 52°43/33",
E 16°95'77"). The size of the WWTP in Poznan is estimated to be 210,000 PE with an aver-
age daily flow rate of around 35,000 m?, while the age of the sludge is maintained in the
range of 20-36 days. The average concentrations of the basic pollution indicators (including
total phosphorus (TP), TN and COD) in the influent and effluent during the experimental
period are presented in Table 1.

Table 1. Average values of the basic pollution indicators in the influent and effluent from Poznan
WWTP during the experimental period.

Parameter Unit Concentration
Influent
COD g COD/m? 851 + 120
NN g N/m? 724+ 6.5
Prp gP/m3 10.1 £ 2.1
Effluent
COD g COD/m? 262 £10.1
NO3-N g NO;3-N/m? 54406
NH,-N g NHy-N/m? 03+02
NN g N/m3 78412
Prp gP/m3 05+0.1

Poznan WWTP designed for biological nutrient removal (BNR) is Johannesburg (JHB)
type process configuration (with an additional denitrification zone for recalculated acti-
vated sludge) consisting of four biological treatment lines and two secondary clarifiers. The
schematic layout of the bioreactors and the fusel oil dosing point are shown in Figure 1.
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Figure 1. Layout of the full-scale JHB systems for investigating the acclimation of biomass to fusel oil at Poznan WWTP.

Abbreviations: RAS—recalculated activated sludge, MLR—mixed liquor recirculation, WAS—waste activated sludge.

Reactors: Ana—anaerobic, Anox—anoxic, Aer—aerobic, Deox—deoxidation of the MLR.

The average dose of fusel oil to the experimental line was approximately 0.4 m3/d (i.e.,
45 cm3/ per m?3 of the average influent flowrate). Line three was chosen as the reference
line (without an external carbon source dosage). Research was carried out for 98 days (from
March to July). During this period, detailed analyses of the efficiency of pollutant removal
for both bioreactors were carried out five times (at 1, 21, 42, 76 and 98 days). Measurements
of the variability of concentrations of the selected pollutants at four points in the circulation
denitrification chamber of the experimental and reference line were performed. In addition
to the in-situ measurements in the full-scale bioreactors, the conventional nitrate utilization
rate (NUR) measurements were carried out under laboratory conditions, including process
biomass from the experimental and reference lines. The NURs were validated during
one-phase tests under anoxic conditions, with nitrate as the nitrogen source (KNO3) and
fusel oil (experimental line) or raw wastewater from Poznan WWTP (reference line) added.
The substrates were added at the beginning of the test, at concentrations related to the full
scale system. Each test was run for 6-7 h. At the regular time intervals (1 h), measurements
of the N compounds (NO3-N, NO,-N) and COD were conducted. In order to estimate the
NUR, the following equation (Equation (1)) was applied:

slope(Sno,-N)

R =
NU At X

[mg NO; — N /g VSS-h] (1)
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where:
Snos-N—concentration of nitrate nitrogen over time (mg N/L),
At—difference between the end and beginning of the measurements (h),
X—concentration of the organic fraction of activated sludge (g VSS/L).

2.3. Analytical Methods

The concentrations of inorganic nitrogen compounds (NH-N, NO3-N, NO,-N), total
phosphorus (Ptp) and COD were determined using dedicated cuvette tests and XION 500
spectrophotometer (Hach Lange GmbH, Berlin, Germany). The total nitrogen (TN) was
determined using a total organic carbon (TOC) analyzer (TOC-VCSH), coupled with a TN
module (TNM-1) (SHIMADZU Corporation, Columbia, USA). The procedure for measur-
ing the TN concentration was described in the previous paper [21]. The concentrations of
nitrogen and the remaining parameters in samples of mixed liquor were determined after
filtering the samples under vacuum pressure through a 1.2 pore size Millipore (Billerica,
MA, USA) nitrocellulose filter. The total and volatile suspended solids (TSS and VSS) were
measured by the gravimetric method, according to Polish Standards (PN-72/C-04559).

2.4. Microbial Analyses
2.4.1. Sampling and Genomic DNA Isolation

A 2-L sampler was used to collect biomass samples from a depth of approximately
one meter from the surface of the effluent in the anoxic reactor. Initially, samples of the
activated sludge were mixed and, after thickening, were poured into a test tube with
a volume of about 15 mL. A repetition was prepared for each sample. The obtained
sludge samples were frozen and kept at —20 °C prior to DNA extraction. Samples were
collected during the 1st, 7th, 28th, 49th and 74th day of the experiment. The isolation of
genomic DNA from a single sample was carried out as follows: 0.075 g of the biomass was
washed with a phosphate buffer (0.1 M, pH 8.0) and centrifuged for 1 min at 13,000 rpm.
After removing the supernatant, 1 mL of the extraction buffer (100 mM Tris-HCl, 100 mM
EDTA; 1.5 M NaCl, pH = 8) and 0.3 g of a mixture of glass beads (&J 0.25-0.5, Carl Roth,
Karlsruhe, Germany) were added. The samples were subsequently shaken for 20 min. at
5000 rpm in a shaker (Uniequip, Planegg, Germany). To increase the efficiency of the cell
lysis, 0.2 mL of a 10% sodium dodecyl sulfate (SDS) solution was added and incubated
at 65 °C for one hour. In the next step, the cell extract was centrifuged at 13,000 rpm. for
10 min. The DNA suspension from an aqueous solution was purified using silica columns
(A&A Biotechnology, Gdynia, Poland) according to the manufacturer’s recommendations.
Purified DNA was suspended in 50 pL of nuclease free deionized water and stored at
—20 °C. Quality and quantity analyses of DNA were checked spectrophotometrically at
280 nm and by electrophoresis on a 1% agarose gel stained with ethidium bromide.

2.4.2. PCR-DGGE of 16S rRNA Gene

The fragment of the 16S rRNA gene was amplified using the pair of F-968-GC and R-
1401 primers proposed by Niibel et al. [23]. The reaction mixture consisted of the following
components: 100 ng genomic DNA; 0.5 uM of each primer; 100 pM nucleotide mixture
(Promega, Madison, WI, USA); 0.6 U of Hypernova DNA polymerase (DNA-Gdansk,
Gdarnsk, Poland); 3 puL of 10x concentrated reaction buffer (100 mM Tris-HCI, 500 mM
KCl, 1.5% Triton X-100); 1.5 mM MgCl,; the mixture was diluted with deionized water
to a volume of 30 pL. The PCR reactions were performed in a Gene-Amp® PCR System
9700 thermocycler (Applied Biosystem, Waltham, MA, USA) with a temperature program
consisting of: initial denaturation at 94 °C for 5 min; 35 cycles with denaturation at 94 °C
for 45 s, primer assembly at 62 °C (which was lowered by 0.1 °C in subsequent cycles) for
45 s, elongation at 72 °C for 45 s, and final elongation at 72 °C for 10 min. The PCR reaction
for each trial was carried out in triplicate. The qualitative analysis of the products were
performed in a 1% agarose gel, in the presence of 5 ug molecular marker (100 bp Ladder,
Promega). After verification, the products from each replication were mixed together.
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Two 6% acrylamide-bisacrylamide solutions (Acrylamide: N, N’-Metylene bisacry-
lamide 37.5:1, Fluka, Buchs, Switzerland) that differed in terms of the concentration of the
denaturant agent were mixed to prepare the gel for the DGGE analysis. The less concen-
trated solution contained 30%, while the second solution contained 60% of the denaturant
agent (urea). Both solutions contained formamide in order to reduce the renaturation
of DNA strands during electrophoresis. To ensure a uniform denaturation gradient in
the range of 30% to 60%, the gels were prepared using attachments from the DCode™
Universal Mutation Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA)
according to the manufacturer’s instructions. TEMED (N’-Tetramethyl-ethylene-diamine)
and a 1% solution of ammonium persulfate (Carl Roth GmbH, Karlsruhe, Germany) were
used as initiating agents for the gel polymerization. Before the electrophoresis, up to
50 uL of the sample from the three PCR replications were mixed together and added with
10 uL of the loading buffer to the gel wells. The electrophoresis of the PCR products
was carried out in a Dcode System electrophoresis apparatus (Bio-Rad Laboratories Inc.,
USA) in 1x concentrated TAE buffer (2 M Tris, 40 mM acetic acid, 1 mM EDTA). The
electrophoresis process lasted 12 h, during which a constant temperature of 60 °C and 60 V
voltage were maintained. The fingerprints contained in the gels were visualized using
the SybrGold fluorescent dye (1:10,000, Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. After rinsing off the excess dye, the gel was transilluminated
with UV radiation. Images were archived and analyzed, using the KODAK 1 D 3.6 Image
Analysis Software (Eastman Kodak Company, Rochester, NY, USA). In order to verify the
obtained patterns of the bands, the whole process was repeated twice.

The presence/absence patterns of individual bands on the stained gels were used
to prepare binary matrices for genetic distance estimation between the samples. Genetic
distance was assessed by a Dice coefficient with formula (Equation (2)):

2j

Sd:l_a+b

@)

where j is the number of bands common to both samples, while a and b correspond to the
total number of bands in a given track [24]. In order to map the genetic distance values
in a graphic form, the DGGEstat program module was applied [25] with the method of
calculating the average distances between objects in clusters (UnMaged Pair Group Method
with Arithmetic Mean—UPMGA).

It was assumed that a single band on the particular track that was visible on PCR-
DGGE gel corresponded to an individual bacteria taxon. With this assumption and by
measuring the band intensity (as a densitometric curves), it was possible to estimate the
relative abundance of the particular bacterial group. The sum of the band intensities
from a single track was considered as the total number of all bacteria presented in the
sample. Based on the band intensity on the gel tracks, measured by the peak heights of the
densitometric curves, a Shannon index of general diversity H was estimated [26], using the
following formula (Equation (3)):

-
H:—Zﬁl*log% 3)

i

where: 1 corresponds to the height of the densitometric curve of a single band, and N the
sum of the heights of all densitometric curves on a given track.

2.4.3. nirS and nirK Genes Clone Libraries

For the purpose of constructing gene libraries, fragments of the nirS and nirK gene
were amplified using PCR. Gene libraries were constructed for the samples collected during
the 74th day of the experiment, from both reactors (i.e., the experimental line with the
fusel oil addition and the reference line). In the case of the nirS gene, a pair of cd3aF/R3cd
primers were used, whereas for nirK a pair of FlaCu/R3Cu, developed by Throback
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et al. [27] and Hallin et al. [28], respectively, were used. The R3cd and R3Cu primers had
an additional GC clamp of 33 nucleotides. The primer sequences are shown in Table 2.

Table 2. PCR primers used to amplify fragments of nirS and nirK genes (based on [27] and [28], respectively).

Marker Gene Primer Name Primer Sequence
nirS GC-R3cd 5-GGC GGC GCG CCG CCC GCC CCG CCC CCG TCG CCC GA(C/G) TTC GG(A/G) TG(C/G) GTC TTG A-3
cd3aF 5-GT(C/G) AAC GT(C/G) AAG GA(A/G) AC(C/G) GG-3
nirk GC-R3Cu 5'-GGC GGC GCG CCG CCC GCC CCG CCC CCG TCG CCC GCC TCG ATC AG(A/G) TTG TGG TT-3'
FlaCu 5'-ATC ATG GT(C/G) CTG CCG CG-3'

Amplification of the fragments of both genes was performed with the same com-
position of the PCR reaction mixture and the temperature profile. The reaction mixture
contained: 50 ng of genomic DNA; 0.5 uM of each primer; 100 uM nucleotide mixture
(Promega, Madison, WI, USA.); 0.15 U GoTaq® Polymerase DNA (Promega, Madison, WI,
USA); 6 uL of 5x concentrated reaction buffer (50 mM Tris-HCI, pH 9.0; 50 mM NaCl;);
and 1.5 mM MgCl,. The obtained mixture was then diluted with deionized water to a
volume of 30 uL.

The PCR reactions were performed in a Gene-Amp® PCR System 9700 thermocycler
(Applied Biosystem, USA) with the following temperature profile: initial denaturation at
94 °C for 10 min; 32 cycles with denaturation at 94 °C for 60 s; primer assembly at 63 °C
(which has been lowered by 0.1 °C in subsequent cycles) for 60 s; elongation at 72 °C for
60 s; and final elongation at 72 °C for 10 min. The qualitative analysis of the product was
performed in a 1% agarose gel, in the presence of a 5 g molecular marker (100 bp Ladder,
Promega, Madison, WI, USA). The verified PCR products from the three replicates were
mixed. The resulting mixture was subsequently cleaned using the Clean-up kit (A & A
Biotechnology, Gdynia, Poland), according to the protocol provided by the manufacturer.
The purified DNA was suspended in deionized water.

The recovered PCR products were cloned using the InsTAclone™ PCR Cloning Kit
(Fermentas, Waltham, MA, USA), according to the manufacturer’s instructions. Clones
were verified by the means of a microorganism culture system on the Luria-Bertani (LB)
agar nutrient medium (components in proportion to the volume of total aqueous solution:
0.5% yeast extract, 1% NaCl, 1% tryptone-peptone, 1.5% agarose), which additionally
contained IPTG, Xgal and ampicillin.

The cultures were carried out in a liquid LB medium, supplemented with ampicillin,
overnight at 37 °C. The cultures were subsequently centrifuged for 30 min at 4000 rpm.
Plasmid DNA was isolated from the harvested cells by using the Plasmid Mini kit (A & A
Biotechnology, Gdynia, Poland). The presence of the insert of correct length was verified
using PCR. Four libraries in total were constructed for both genes (with comprehension
of the particular gene variants diversity between the reference and experimental lines), of
which each consisted of 40 vectors with an insert.

2.4.4. DNA Sequencing and Phylogenetic Analysis

Sequencing of the plasmids containing the inserts with nirS and nirK gene fragments
was performed by Macrogen Europe (Amsterdam, The Netherlands) using the ABI3730XL
automatic sequencer (PE Applied Biosystems, Foster City, CA, USA). The vector primer
M13F (GTAAAACGACGGCCAGT) was used to initiate the sequencing reaction. Sequence
readings for further analysis were provided in the form of fluorograms and text files.

Fluorograms in which the degree of contamination of the matrix prevented the un-
ambiguous recording of the DNA sequence were rejected. The remaining reads with the
nirS and nirK gene DNA sequences were aligned in the MEGA 6.06 program [29] using the
ClustalW module [30]. At this stage of the analysis, the sequences of plasmids and reactions
primers were removed from the reads. The sequences of the nirS and nirK gene fragments
were checked by translating them with the EMBOSS Transeq tool which is included in
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the EMBL-EBI service resources (http://www.ebi.ac.uk (accessed on 2 August 2021). In
cases where stop codons were present and where the amino acid composition differed
significantly from the DNA sequences derived from the cultivable denitrifying bacteria, the
given read was not taken into account in further analysis. The obtained DNA sequences
have been deposited in the Gene Bank (NCBI) with the accession numbers ranging from
KP662417 to KP662440 in terms of the nirK gene and from KP662360 to KP662386 for the
nirS gene.

The positively verified sequences of both genes were subsequently compared to the
sequences that were deposited in the Gene Bank (NCBI, http://www.ncbi.nlm.nih.gov
(accessed on 2 August 2021). The BLAST algorithm was used to search the database [31],
including cultivable microorganisms, as well environmental isolates from bacteria not
susceptible to growth on synthetic media. In order to establish the taxonomic position of
the microorganisms from which the nirS and nirK gene DNA sequences were obtained,
sets of marker DNA sequences from cultivable denitrifying bacteria were selected during a
previously performed search of the Gene Bank resources. The analyzed DNA sequences
and marker DNA sequences were used for the construction of phylogenetic trees, after
alignment with the Clustal W program (constituting module of the MEGA 6.06 software).
Phylogenetic trees were created in the MEGA 6.06 program through the use of the neighbor
joining algorithm [32]. To verify the topology of the obtained dendrograms, self-sampling
(bootstrap) for 500 repetitions was applied. In addition, the values of total genetic distance
and mean inter-group distance were estimated using the maximum composite likelihood
model included in the MEGA 6.06 program.

3. Results and Discussion
3.1. Kinetics of Denitrification during the Acclimation Experiments Effect

Conventional denitrification rate measurements showed that the NURs obtained for
the experimental line with fusel oil dosage were higher than the values obtained for the
reference line.

The NURs for biomass collected from the experimental line gradually increased from
1.7 mg NO3-N/g VSS-h on the first experimental day, to 2.7 mg NO3-N/g VSS-h in the final
period of the study (representing an increase of approximately 60%). In the case of biomass
from the reference line, the NUR values were significantly lower, remaining in a relatively
narrow range from 1.3 to 1.5 mg NO3-N/g VSS-h throughout the study period. Changes in
the NUR values during the conducted experiment are shown graphically in Figure 2.
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Figure 2. Denitrification rates measured in laboratory conditions for biomass from the experimental
line (with fusel oil dosing) and reference line (without dosing of fusel oil) at Poznan WWTP.

The initial NURs for the non-adapted activated sludge from the Poznan WWTP were
comparable to the NUR values measured in our previous lab scale studies, also for not
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acclimated biomass to an external carbon source [20]. After adaptation to fusel oil, the
NUR obtained in this study (2.7 mg NO3-N/g VSS-h) was significantly lower in relation
to the values obtained in lab-scale experiments, where the NUR was as high as 16.0 mg
NOs-N/g VSS-h [20,22].

There are two main explanations of the differentiation of the NURs between laboratory
and full scale experiments:

1. As shown in Figure 1, lines one and two of the bioreactors had a common secondary
clarifier from which the sludge was recirculated to the activated sludge reactors. With this
technical solution applied at Poznan WWTP, the sludge from line one (with dosing fusel oils)
was mixed with the sludge from line two (without dosing). For this reason, the actual dose of
fusel oils per unit of biomass was about two times lower than in the laboratory tests.

2. Insufficient mixing of the dosed fusel oils in the reactors was observed, which
resulted in their partial lifting to the surface and evaporation into the atmosphere. As a
result of this loss, the actual external carbon dose was potentially lower than assumed. The
study by Kim et al. [33] also indicated the necessity of verifying the results of the external
carbon application obtained in laboratory scale, in relation to the full-scale tests under
real operating conditions. At the same time, they indicated that there was only a limited
number of relevant studies. Higher NURs were obtained during tests under laboratory
conditions for various sources of organic carbon.

In the literature [34], there is a consensus that the chemical structure and molecular
weight of the substrate used as a carbon source is correlated with the denitrification
efficiency. In general, sole carbon sources with low molecular weights favors denitrifying
activity in contrary to complex substrates, especially those with an aromatic structure. For
instance, Peng et al. [35] conducted a process of adaptation to ethanol and obtained the
denitrification rate of 9.6 g mg NO3-N/g VSS-h. In contrast, Queiroz et al. [36] studied
denitrification with phenol addition as an external carbon source., The observed NURs were
significantly lower and ranged from 1.3 to 1.5 mg NO3-N/g VSS-h. The highest values
of NUR were reported for acetic acid (16.86 mg NO3-N/g VSS-h) [37] and food waste
materials (12.89 mg NO3-N /g VSS-h) [38]. However, previously identified issues about the
scale of the experiments have to be taken into account (e.g., in studies by Wang et al. [39],
the application of acetate, despite C/N optimization, was not allowed to cross the threshold
of NUR = 4.0 mg NO3-N/g VSS-h).

Another issue that has to be taken into account is the potential toxicity of the applied
substrate. In our previous studies [22], detailed analyses of the composition of ten fusel
oil samples were performed. The scope of the analyses included 29 selected organic
compounds, as the study was also aimed at their potential toxicity. It was shown that
2-methyl-1-butanol, 2-methyl-1-propanol, 3-methyl-1-butanol and ethanol accounted for
over 68% by weight. When additionally taking into account n-propanol, this proportion
increases by more than 70%. The content of the remaining compounds ranged only from
0.002 to 0.3%.

During preliminary studies, the toxicity of fusel oils (at doses equivalent to what was
applied during full scale experiments) was assessed by checking their influence on the
nitrification process. The results of respirometric measurements of oxygen uptake did not
show any significant differences from the control sample (i.e., the differences did not exceed
3%). On this basis, it was confirmed that fusel oil will not adversely affect the biocenosis of
activated sludge at applicable doses.

The results showed that the required period of biomass adaptation to the addition of
fusel oil is approximately three weeks. A 5-fold analysis of nitrate nitrogen concentrations at
four points located in the anoxic chamber of the experimental and reference line confirmed
the increase in the denitrification efficiency as a result of fusel oil dosing (Figure 3). The
average concentration of nitrate nitrogen in the area of mixed liquor recirculation from
the aerobic chamber (point 1) was approximately by 3 g NO3-N/m3 lower in the test line
compared to the reference one. The inflow of wastewater from the anoxic chamber (point 2)
enabled the effective denitrification in the reference line, resulting in low concentrations of
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nitrate in point 3 (mid-way of internal recirculated wastewater flow) and point 4 (outflow
into the nitrification chamber).

4
é - @ - Experimental line
T3 ] --@- Reference line
pd
(@] 2 4
z o
o

S g

. ““-—é _________ ":Q_._.____,___-_’

Sampling point in denitrifiaction chamber

Figure 3. Variability of NO3-N concentrations in the anoxic chamber in experimental and reference
line at Poznan WWTP (average values from the entire research period).

3.2. Analysis of Activated Sludge Bacterial Community Composition during Adaptation to Fusel Oil
3.2.1. General Bacteria Population Structure

The structure of the general bacterial community analyzed with the 165 rRNA PCR-
DGGE, showed that the number of bands and their distribution in the samples collected
from the experimental line fed with fusel oil (FO) and the reference line (REF) were similar
to each other during the entire experiment (Figure 4A). In all the samples, the same set of
bands with the highest light intensity was present, and were marked with symbols from
t_1 to t_9. In the inoculum sample, 29 bands were detected. In the case of a reactor FO, after
the first week, the number of bands gradually increased from 29 to 33 and stabilized at this
level until the end of the experiment. In the reference line, the number of observed bands
initially decreased to 28 and then increased to 34 in the third sampling period (28th day of
the experiment). Similarly to the FO reactor, the structure of the analyzed community was
not subjected to stringent rearrangements in the further part of the research. Changes in
the intensity of the single bands were observed. The course of changes was similar in both
reactors. The analysis of the genetic distance, visualized as the form of the dendrogram,
allowed for distinguishing two branches (Figure 4B). On the first branch, the samples
collected from both reactors in the initial phase of the experiment were grouped together
with the inoculum sample. The second branch of the genetic distance tree was formed
by samples derived from both reactors after the 28th day of the experiment. The distance
between the samples increased with the time interval between their collection.

The Shannon biodiversity index for the FO experimental line varied within a narrow
range from 3.3 to 3.4 (Figure 5). These values were comparable with the value of the
indicator for the inoculum sample (H = 3.3). In the reference reactor (REF) at the beginning
of the experiment, there was a slight decrease in the H value to 3.2. H values then increased
and stabilized at 3.3 in the final two months of the experiment.
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Sample
Inoculum FO1 FO2 FO3 FO4 REF1 REF2 REF3 REF4
Experiment day REF2
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Figure 4. Band pattern obtained by 16S rDNA PCR-DGGE technique of the samples collected from the reference reactor
without dosage of external carbon source (REF) and from the reactor with fusel oil addition (FO). The days of sample
collection during the experiment are shown below the reactor symbols (A). Dendrogram created using the UPGMA
algorithm (self-sampling—1000 repetitions) illustrating the genetic distance between individual samples (B).
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Figure 5. Shannon index H values representing biodiversity of the activated sludge samples during the experimental period:
Inoculum; M reference reactor (REF) M reactor with fusel oil addition (FO).

The structure of the microbial communities in the activated sludge samples were
characterized by a high stability in both analyzed lines (i.e., the experimental line with
dosing fusel oil, as well the reference system without the addition of external carbon
source). This is evidenced by the balanced values of the Shannon diversity index in both
lines throughout the duration of the experiment. A direct comparison of fingerprints
indicated a significant similarity of the structure of communities between the experimental
and reference lines. The number of detected bands and the trends of intensity changes
were similar. Arrangement of the individual samples on the genetic distance tree indicated
the gradual adaptation of the analyzed communities to the operational conditions applied
at the local WWTP. Adaptation proceeded in a similar manner in both lines, thus fusel oil
addition at the applied concentration was considered to not be a strictly selective factor in
relation to the activated sludge bacteria.
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3.2.2. Diversity of nirS and nirK Gene Variants

Due to the significant phylogenetic diversity of microorganisms with the ability to
carry out the denitrification process, their identification based on the sequence of the
gene coding for 165 rRNA is limited [40]. Commonly, the nirS and nirK genes encoding
alternative forms of nitrite reductase are applied for the analysis of denitrification bacteria
groups, due to the fact that this enzymes catalyze the first step of the denitrification process
where gaseous product occurs [41]. These genes show a relatively high genetic hetero-
geneity, which, combined with the availability of PCR primers with verified efficacy [27],
enabled their widespread use for the biodiversity analysis of denitrifying communities
in various natural ecosystems (e.g., soil [42] or marine sediments [43] as well as artificial
ecosystems [44]). For this reason, the analysis of nirS and nirK genes libraries were applied
in order to characterize and compare denitrifying bacteria population between reference
and experimental line with the fusel oil addition (after adaptation period).

Of the 80 nirS clones analyzed, 69 DNA sequences were obtained which correctly
encoded the cytochrome cdl nitrite reductase amino acid chain. The acquired DNA
sequences differed in length, ranging from 366 to 381 nucleotides. For the reference
and reactor with fusel oil dosage, 34 and 35 positively verified clones were obtained,
respectively. The general genetic distance between the obtained DNA sequences of the nirS
gene fragment was 0.38. The intra-group distance values in the experimental and reference
reactors were similar and reached 0.34 and 0.33 values respectively (Table 3).

Table 3. Genetic distance values, number of positively verified clones and number of unique sequences within libraries for

the nirS gene.

Sample Origination

Experimental reactor
Reference reactor

Positively Verified Unique Gene Variant Intra-Group Distance = General Genetic Distance
Clones Number
35 32 0.33
34 31 034 034

The dendrogram illustrating the phylogenetic relationships between the analyzed
nirS DNA sequences obtained from the samples collected from reactor fed with fusel oil
(DNA sequences marked as OF) and the reference reactor (DNA sequences marked as
KON) is presented in Figure 6. In the course of phylogenetic analysis, nine groups were
distinguished. Three of them (i.e., group II, which included representatives of the genus
Halomonas; group IV with sequences from Cupriavidus; and group VI that included repre-
sentatives of Herbaspirillum) did not contained any of the experimental sequences. Group I,
present on the phylogenetic tree in the form of two smaller branches, contained sequences
similar to that of the representatives of the Azoarcus tolulyticus species (AY078272). In
addition to the Acidovorax representatives, Group III contained three sequences from the
experimental line and a single sequence isolated from the reference line. The three experi-
mental DNA sequences were included together with the Bradyrhizobium representatives
in the V group. Group VIII was formed from two sequences from the reference line and
representatives of the Paracoccus genus. The sequence of OF31 (KP410866), from the reactor
where the fusel oil were dosed, was found on a common branch together with represen-
tatives of Alicycliphilus. Group X was divided into two subgroups: XA composed of a
single experimental sequence and marker sequences derived from the Dechloromonas genus
and a subgroup of XB formed by a set of seven experimental DNA sequences along with
variants of the nirS gene specific for the Thauera genus. The last group, XI, contained a set of
DNA sequences showing the greatest uniqueness in relation to groups containing marker
sequences. In addition, this group was not characterized by homogeneity, as evidenced
by its division into two subgroups shown in the phylogenetic tree. Due to the different
nucleotide composition with respect to the other analyzed sequences, the OF24 sequence
(KP410874) was not included in any of the identified groups.
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Figure 6. Phylogenetic analysis of nucleotide sequences of the nirS gene. The rooted phylogenetic
tree was built on the basis of 102 sequences (63 test clones and 39 sequences obtained from the Gene
Bank), using the algorithm of combining neighboring taxa. The figure shows self-sampling values
above 50% for 500 repetitions. In parentheses () the accession numbers from the Gene Bank are
shown, in square brackets [] the number of repetitions of the same sequence within the analyzed
maple library.
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After discarding DNA sequences that contained unreadable fluorograms and those
that did not correctly encode the amino acid chain of nirK reductase, 34 sequences were
obtained. They all had the same length, which was 439 nucleotides. In the case of samples
taken from the experimental and reference lines, 15 and 19 positively verified clones were
obtained, respectively, of which 15 and 16 contained unique sequences. The general genetic
distance between the obtained sequences of the nirK gene fragment was 0.33. The intra-
group distance values in the experimental and reference lines were the same and reached
0.33 (Table 4).

Table 4. Genetic distance values, number of positively verified clones and number of unique sequences within libraries for

the nirK gene.

Sample Origin

Positively Verified
Clones Number

Unique Gene Variant Intra-Group Distance = General Genetic Distance

Experimental line

Reference line

15 15 0.33

19 16 0.33 0.33

Figure 7 shows the results of phylogenetic analysis for nirK gene DNA sequences obtained
from both analyzed lines. A set of 29 marker sequences was used to construct the dendrogram.

The obtained dendrogram has six clearly separated branches. Group I was divided
into two subgroups, of which IA comprised a set of DNA sequences, from both the
experimental and reference lines characterized by high homogeneity; and a subgroup
IB, which included variants of the nirK gene derived from representatives of the genus
Nitrosomonas. In addition, the unique sequence KON38 (K]J584691) was located at the
branching point of the dendrogram for the IA and IB subgroups. Group II also had two
branches. The first IIA focused the nirK gene sequences belonging to Bradyrhizobium
representatives, while IIB included four closely related test sequences, from both reactors,
and a single KON17 (KJ584684) showing a smaller degree of similarity to them. Group III
was built only from a heterogeneous genetic set of DNA sequences. None of the test
sequences were included in group IV, which contained the DNA sequences of the nirK
gene derived from representatives of the genera Rhizobium and Shinorhizobium. There were
no sequences related to representatives of the genus Paracoccus. Group VI was composed
of the nirK sequences derived from the Mesorhizobium-related bacteria; it contained three
unique test sequences. The marker sequences obtained from the microorganisms of the
genera Pseudomonas and Alcaligenes, forming Group VII, were clearly distinguished from
the other groups. Between Group VII and the sequence derived from Starkey novella, a
single OF29 sequence was located (JK584671).

The DNA sequences of the nirS and nirK genes obtained in this study represented a
wide range of phylogenetic groups of microorganisms. This fact is consistent with data
presented in the literature, which emphasize the large diversity of denitrifying bacteria
communities, which may include representatives of more than 50 bacterial genera belong-
ing to the types Proteobacteria, Firmicutes and Bacteroidetes [16,45]. Analyses carried out in
subsequent years and based on the use of molecular biology techniques, showed that the
dominant share of 3-proteobacteria belonged mainly to the genera Acidovorax, Azoarcus,
Curvibacter, Dechloromonas, Thauera and Zoogloea [15,46,47]. The obtained results correspond
to the trends presented above, especially in the context of the abundant occurrence of nirS
gene variants derived from p-protebacteria, showing a high degree of similarity to the
sequences derived from the genera Acidovorax, Azoarcus and Thauera. In research carried
out with the use of the FISH technique [48], samples of activated sludge from 17 different
wastewater treatment plants with separate denitrification zones were analyzed. The results
showed that representatives of Azoarcus and Thauera may constitute between 20% and
49% of the general microbial population. It was concluded that the dominant share of the
representatives of the discussed types in the activated sludge samples result from their
metabolic versatility, which enables them to use substrates, such as volatile fatty acids,
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ethanol and amino acids, as a carbon source. Literature data indicate that representatives
of x-proteobacteria belonging to the genera Paracoccus and Rhizobium are also mentioned as
a numerical component of denitrifying bacteria complexes in the activated sludge [15,49].
The presence of DNA sequences derived from microorganisms that are related to the
above-mentioned species was confirmed mainly in the analysis of nirK gene libraries.
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Figure 7. Phylogenetic analysis of the nirK gene sequence obtained from activated sludge samples
from the technical scale. The rooted phylogenetic tree was built on the basis of 60 sequences (31 test
clones and 29 sequences obtained from the Gene Bank), using the algorithm of combining neighboring
taxa. The figure shows the bootstrap values above 50% for 500 repetitions. In parentheses () the
accession numbers from the Gene Bank are shown, in square brackets [] the number of repetitions of
the same sequence within the analyzed maple library.



Energies 2021, 14, 5225

17 of 20

Important information regarding the biodiversity of bacterial assemblages was pro-
vided by Heylen et al., [15] who analyzed the presence of nirS and nirK genes among 227 cul-
tivated strains of denitrifying bacteria. Both genes were distributed mainly among the
representatives of x- and (3-proteobacteria and, to a lesser extent, in y-proteobacteria. Addi-
tionally, the nirK gene was identified for representatives of the Firmicutes and Bacteroidetes
and Firmicutes types. Phylogenetic analyses of the nirS gene sequences showed their signif-
icant convergence with the phylogenesis of the 165 rRNA gene at the family and species
level, although some deviations were observed. The reverse situation was found for the
sequence of the nirK gene, which showed no such convergence. The authors observed
that most of the nirK sequences obtained from a specific taxonomic unit showed a greater
degree of similarity with regard to the nirK gene variants derived from the same sample,
rather than representatives of the same species isolated from different biocenoses. The
obtained results suggest that DNA sequences encoding enzymes that are involved in
denitrification processes are subject to horizontal gene transfer mechanisms, while the
nirK gene is characterized by an increased frequency of exchange. This may be due to
the fact that nirK genes, in contrast to nirS genes, occur mainly on plasmids, which can
easily be exchanged between even unrelated microorganisms. Therefore, the nirK gene is
of limited use in determining the taxonomic position of microorganisms. However, the
authors emphasize that representatives of the genera Rhizobium and Nitrosomonas are an
exception in this aspect.

In addition, in this study, the nirK gene libraries consisted of DNA sequences show-
ing common phylogenesis with variants of the discussed gene derived from nitrifying
bacteria of the genus Nitrosomonas. However, results of the experiments conducted by
Beaumont et al. [50] indicated that nirK of nitrifying bacteria does not really participate in
the denitrification process in the classical sense. The gene rather constitutes an element of
protective system of the discussed group against the toxic effects of nitrite accumulation,
which may occur as a result of partial denitrification or nitrification. Libraries for both
analyzed genes also contained numerous variants derived from microorganisms that have
not been characterized so far, and show a further degree of relatedness with regard to the
known groups of denitrifiers. A significant proportion of sequences from unidentified mi-
croorganisms is commonly found in the analysis of microbial communities using molecular
techniques [51]. This problem concerns both the previous and the newest generation of
techniques, including metagenomics [52], and is mainly related to the lack of sufficiently
rich databases. The solution to the above difficulties may be the dissemination of advanced
cultivation techniques, such as co-cultivation of dependent bacterial groups or on the
recreation of the conditions prevailing in a given ecosystem [53] and the use of complex
bioinformatic tools that allow for obtaining entire bacterial genomes from data created as
part of metagenomic analyses [54].

4. Conclusions

The presented study provided the first comprehensive insight into the overall stability
of denitrifying bacterial communities during the implementation of fusel oil to enhance the
denitrification process at a full-scale WWTP. After 98 days of adaptaion, with continuous
introduction of the fusel oil to the experimental line at a dose of 45 cm®/ per m3, gradual
enhancement of the denitrification process rate was achieved. In comparison with the
reference line, where NURs remained at a stable level (1.4 + 0.1 mg NO3-N/g VSS-h)
throughout the entire experimental period, the use of fusel oil approximately doubled
NUR up to 2.7 mg NO3-N/g VSS-h. Moreover, fusel oil contributed to the mitigation of
the variability of NO3-N concentrations in the effluent from the anoxic zone. The results
of the 165 rRNA PCR-DGGE assay revealed a very similar composition of the bacterial
community between the reference and experimental lines at the particular experimental
stages. The applied doses of fusel oil did not reflect a stringent selective pressure on the
bacterial community structure, but rather stimulated denitrifying bacteria activity.
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Despite fusel oil addition, denitrifiers belonging to the genera Acidovorax, Alcaligenes,
Azoarcus, Paracoccus and Thauera were predominant and similarly distributed between the
clone libraries for biomasses from the experimental and reference lines. Analysis of the
clone libraries reflected a greater diversity of the nirS gene variants in comparison with
nirK. This suggests greater metabolic potential of the nirS denitrifiers in terms of variable
external carbon source usage.

The practical application of fusel o0il generates opportunities for WWTPs to meet
effluent standards and reduce operational costs (e.g., increased biogas production can be
achieved by redirecting the primary sludge to anaerobic digesters). Additional benefits of
the study is the opportunity for the distillery industry to optimize waste management.
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