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Abstract: In this study, the microbiomes linked with the operational parameters in seven mesophilic
full-scale AD plants mainly treating food waste (four plants) and sewage sludge (three plants) were
analyzed. The results obtained indicated lower diversity and evenness of the microbial population
in sludge digestion (SD) plants compared to food digestion (FD) plants. Candidatus Accumulibacter
dominated (up to 42.1%) in SD plants due to microbial immigration from fed secondary sludge (up
to 89%). Its potential activity in SD plants was correlated to H, production, which was related to
the dominance of hydrogenotrophic methanogens (Methanococcus). In FD plants, a balance between
the hydrogenotrophic and methylotrophic pathways was found, while Flavobacterium and Levilinea
played an important role during acidogenesis. Levilinea also expressed sensitivity to ammonia in FD
plants. The substantial differences in hydraulic retention time (HRT), organic loading rate (OLR), and
total ammonium nitrogen (TAN) among the studied FD plants did not influence the archaeal methane
production pathway. In addition, the bacterial genera responsible for acetate production through
syntrophy and homoacetogenesis (Smithella, Treponema) were present in all the plants studied.

Keywords: Candidatus Accumulibacter; food waste; full-scale anaerobic digestion; Methanococcus;
microbial immigration; sewage sludge

1. Introduction

The growing world population as well as rapid economic development are leading to
increased generation of organic wastes. Food waste (FW) and sewage sludge (SS) are the
most copious and problematic forms of organic waste. Life-cycle assessment studies have
shown that anaerobic digestion (AD) is a reliable option not only for the treatment of FW
and SS but also for biogas production [1-3]. In addition, AD has other benefits including
reduced sludge generation, odor removal, pathogen reduction, and the generation of
nutrient-rich compost [3]. In South Korea, approximately ninety AD plants that treat FW
and SS are operational, and the biogas produced is utilized for the generation of heat and
power, and is also fed into the natural gas grid after biogas upgrading [4].

The food chain of AD consists of four distinct stages involving the mutualistic behavior
of various anaerobic microorganisms: bacteria are involved in hydrolysis, acidogenesis,
and acetogenesis, while methanogenesis is performed by a specific branch of archaea via
the hydrogenotrophic or acetoclastic pathway [5]. During AD, the complex activity of
bacterial and archaeal consortia degrades organic matter into methane (CHy) and carbon
dioxide (CO,). Therefore, it is commonly accepted that the microbial community is a key
factor for efficient biogas production [6].

Even though the AD food chain has been delineated, the complexity of the microbial
communities responsible for AD is not yet fully understood. This is mainly due to a high
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number of potential variables that determine the microbial community structure; the struc-
ture is dependent on biotic and abiotic factors such as feedstock characteristics/origin and
operational parameters (e.g., temperature, feeding pattern, organic loading rate (OLR),
hydraulic retention time (HRT), and sludge retention time (SRT)). Extensive studies on the
influence of ammonia, pH, and temperature on the structure of microbial communities
have been undertaken [7-9]. However, the impact of microbial immigration from feed-
stock is usually neglected, while interactions among microorganisms (e.g., syntrophy) or
microbial responses to external parameters are mostly unknown or are considered to be
unrelated. Knowledge development with regard to these relationships can lead to better
microbial management and process stability, especially in the case of hardly biodegradable
organic matter.

Recent developments in high-throughput sequencing tools have enabled the sequenc-
ing of large microbial communities in complex biological samples at low cost and with
short analytical times. Therefore, the number of studies focused on microbial communities
originating from laboratory, pilot, and full-scale AD plants, and using 454 pyrosequencing
of the 16S rRNA gene, are increasing [8-11]. A comprehensive overview of the micro-
bial communities involved in AD is necessary to understand the influence of particular
microorganisms on the AD process under specific conditions. However, there is still
limited information available that can be used to compare full-scale AD plants having
different feedstocks such as FW and SS, including information on the impact of microbial
immigration.

In this study, the microbiomes in seven full-scale AD plants fed with FW (four plants)
and SS (three plants) were compared to identify the factors that influence microbial com-
munity structure under specific conditions by using next-generation sequencing (NGS).
In addition, to gain a deeper understanding of the results obtained, principal component
analysis (PCA) was performed.

2. Materials and Methods
2.1. Full-Scale Anaerobic Digestion Plants Studied and Sample Collection Procedure

Sludge samples collected from seven mesophilic, full-scale anaerobic digesters op-
erating stably in South Korea were investigated. The plants were primarily fed either
FW or food waste leachate (FWL) in food digestion (FD) plants (four plants), and SS (a
mixture of primary and secondary sludge originating from wastewater treatment plants;
three plants) in sludge digestion (SD) plants as shown in Table 1. Sample collection for
the determination of influent characteristics, effluent parameters, and the characteristics of
microbial communities was performed simultaneously in the spring of 2016. The samples
were dispensed into a sterile tube and centrifuged at 14,000 x g for 15 min. The solids
obtained were stored at —80 °C prior to analysis.

The plants are characterized by different working volumes ranging from 17,500 to
180,000 m? with the share of SS at FD plants ranging from 4% to 28%. The range of HRT
for FD plants was 14.8-39 days, while for SD plants, it was 17.8-49 days. OLR in all the
plants ranged between 0.6 and 2.6 kg volatile solid (VS)/m?3/d. Further details regarding
the plant characteristics are summarized in Table 1.
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Table 1. Characteristics and operational parameters of seven full-scale anaerobic digestion plants treating food waste and sewage sludge.

Influent

Effluent

Feedstock Reactor ; CH,4 Yield
g 3
Plants 8 Vfll(;';ge (:1{:3 coeedstock N " ((1)<]ng Nutrient (%) iVFA  JTAN  T-Alkalinity CI&T,kg pH
(%:%) m?) (g COD/L) VS/m3/d)  Protein Fat Carbohydrate (&/L) (&/L) (g CaCO4/L) VS)
A_FD ’ 59‘2/;3)8 28 19 18 +1.1 82402 1.5£0.0 447 233 32.0 021+00 13+01 3.8+02 0.3+0.0 8.0+0.1
B_FD C(I;;NZLS)S 39 14.8 38 £ 0.5 8.0£0.1 26+0.1 46.2 31.6 222 028+00 1.1+£0.0 37101 024 +0.1 79 £0.1
C_FD 58\2/%7§ 75 22 36 £0.6 10.1 £1.0 0900 45.2 41.0 13.9 027+01 20+02 51+02 041 +£0.1 8.0+0.1
D_FD Fg\(/,[Al)S 180 39 54 £0.1 70+0.1 0.8+0.1 55.7 35.1 9.2 054+01 25401 50+0.3 0.30 £ 0.2 82102
E_SD d(I;f;gS)E 17.5 17.3 22 £0.1 6.4+ 0.6 1.6 £0.1 58.2 26.9 14.9 080+01 08=%0.0 25+ 0.0 028 £0.1 79 £0.1
F_SD (15332115) 21 28 49 £ 1.8 73+05 1.4+£0.0 443 13.6 421 032+00 11+£0.0 3.1+00 014 £ 0.1 79£0.0
G_SD (452»55?8) 25.12 36 18 +1.1 6.1 £0.1 0.6 £ 0.0 66.4 10.5 23.1 025+00 08=+0.0 22101 024 £0.0 76 £0.1

2 FW—food waste; ® S—sludge (mix of primary and secondary sludge); ¢ FWL—food waste leachate; ¢ PS—primary sludge; ¢ SE—secondary sludge; f HRT—hydraulic retention time; & C/N—carbon /nitrogen;
h OLR—organic loading rate; | VFA—volatile fatty acid; ) TAN—total ammonium nitrogen.
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2.2. Analysis of Microbiome

DNA extraction and pretreatment were performed based on Yun et al. (2016) [12].
Quantification of polymerase chain reaction (PCR) product libraries was performed using
the Picogreen assay (Victor 3). The GS-FLX titanium emPCR Kit (454 Life Sciences, Bran-
ford, CT, USA) was used for emPCR (clonal amplification of the purified library). A 20-ng
aliquot was used as the DNA sample for a 50 uL PCR reaction. To amplify the targeted
sequence, the 16S universal primers 27F (5-GAGTTTGATCMTGGCTCAG-3) and 518R
(5-WTTACCGCGGCTGCTGG-3) for bacteria, and Arc21F (5-TCCGGTTGATCCYGCCGG-
3) and Arc516r (5-GGTDTTACCGCGGCKGCTG-3) for archaea were used [13,14]. The
adaptors CCATCTCATC CCTGCGTGTCTCCGACTCAG (forward) and CCTATCCCCTGT-
GTGCCTTGGCAGTCTCAG (reverse), with barcodes 5-AGTACGCTAT-3 for bacteria and
5-AGTATACATA-3 for archaea, were used. A FastStart High Fidelity PCR system (Roche)
was used to perform PCR. The PCR was performed under the following conditions: 94 °C
for 3 min, 35 cycles at 94 °C for 15 s, 55 °C for 45 s, 72 °C for 1 min, and a final elongation
step at 72 °C for 8 min.

PCR products were purified using AMPure beads (Beckman Coulter, Brea, CA, USA).
A 454 pyrosequencing Genome Sequencer, FLX Titanium (Life Sciences, Branford, CT,
USA), was used for sequencing; sequencing was performed by a commercial facility
(Macrogen, Seoul, South Korea). The generated sequences were analyzed using the QIIME
software [15]; sequences with more than one ambiguous base call, and those that were
300 nt or shorter were removed [16]. Collection of sample-specific sequences was performed
based on the barcode sequences tagged to each sample. Forward and reverse primers
and barcodes were trimmed from the initial sequences. Infernal was used to align the
trimmed sequences; covariance models for the analysis of the aligned sequences were
obtained from the Ribosomal Database Project [17]. The NCBI BLAST database was used
for sequences spanning. For aligned sequences, the distance matrix was calculated, and
OTUs (95—100% similarity) were assigned using the furthest neighbor clustering algorithm.
The OTUs defined at a 3% distance level were phylogenetically classified with a modified
bacterial RDP II database containing 164,517 almost full-length 165 rRNA gene sequences
prepared using TaxCollector (http://www.microgator.org). Interactive Tree of Life (iTOL)
4.4.2 software was used to generate the phylogenic tree [18]. PCA was performed with
Pearson (n-1 type) using XLSTAT software (2019.3.2). Variables (axes F1 and F2) were
filtered above 80%.

2.3. Analytical Methods for Physicochemical Parameters

Physicochemical parameters of the influent and effluent were analyzed. The chemical
oxidation demand (COD), total ammonium nitrogen (TAN), total alkalinity (T-Alkalinity),
total solids (TS), and volatile solids (VS) were analyzed using standard methods [19]. High-
performance liquid chromatography (HPLC, YOUNGLIN SDV50A, Anyang, South Korea)
with a Zorbax SB-Aq (4.6 mm ID x 150 mm) was used for the determination of volatile
fatty acids (VFAs). The CH, content of biogas was determined by gas chromatography
(Gow Mac Series 580, GOW-MAC Instrument Co., Bethlehem, PA, USA) coupled with a
thermal conductivity detector (TCD).

3. Results and Discussion
3.1. Performance of Full-Scale Anaerobic Digestion Plants

The physicochemical and operational parameters of seven mesophilic AD plants are
summarized in Table 1. The B_FD plant is characterized by the highest OLR (2.6 + 0.0 kg
VS/m3/ d), along with A_FD, E_SD, and F_SD which had higher OLRs (ranging between
1.4 + 0.0 and 2.6 + 0.1 kg VS/m3/d). A substantially lower OLR (<1.0 kg VS/m3/d) was
maintained in the remaining plants (C_FD, D_FD, and G_SD).

The main effluent parameter that differentiated FD and SD plants was TAN. Higher con-
centrations of TAN were characteristic of FD plants compared to SD plants. Their elevated
presence was caused by the fed FW which is a protein-rich feedstock. It has been reported
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that the share of protein in FW, such as fish and meat residue, can go up to 76% [20].
Therefore, in FD plants, TAN was between 1.1 and 2.5 g/L, while lower concentrations of
0.8-1.1 g/L were present at SD plants. During protein degradation, the amine group (-NHy)
is released, forming ammonia/ammonium (NH3/NH,4"). Since the reactors maintained a
pH of approximately 8.0 (7.6-8.2), the NH,* fraction prevailed over NHj3. The presence of
high NH3 /NH4" has been frequently reported to inhibit methanogens [21]. Nevertheless,
despite elevated concentration of TAN, the influent carbon/nitrogen (C/N) ratio was
higher (7.0-10.1) in FD plants compared to SD plants, where it ranged from 6.1 to 7.3.

A higher CHy yield was characteristic of FD plants; it was in the range 0.24-0.41 m?
CH4/kg VS in FD plants, while lower values of CH, yield in the range 0.14-0.28 m3
CHy/kg VS were observed at SD plants. A higher share of SS in the feedstock of FD plants
reflected a lower CHy yield. For B_FD where the share of SS in the feedstock was the
highest (28%), the CHy yield (0.24 & 0.1 m® CH,/kg VS) achieved was the lowest among
FD plants. Regarding SD plants, the higher share of secondary sludge (SE) in the feedstock
increased CHy yield. In the case of E_SD with a 2.2 times higher share of SE, the CHy yield
was twice that of F_SD, reaching 0.28 £+ 0.1 and 0.14 £ 0.1 m3 CHy/ kg VS, respectively.

3.2. Microbial Diversity
3.2.1. Bacterial Structure

The community structure and composition of bacterial genera of FD and SD plants are
presented in Figure 1. Only three bacterial genera, Candidatus Accumulibacter, Smithella, and
Treponema, were present in all the plants studied (share > 0.5%). Candidatus Accumulibacter
prevailed substantially in SD plants (E_SD, F_SD, and G_SD), with its share ranging be-
tween 22.5% and 42.1% (the highest in E_SD). Additionally, a high proportion of Candidatus
Accumulibacter was found in the A_FD and B_FD plants (13.3-14.0%). The presence of
this genus is typical of AD plants because it represents a model phosphate-accumulating
organism (PAO). They usually predominate during enhanced biological phosphorus re-
moval in full-scale wastewater treatment plants [22]. The significant presence of Candidatus
Accumulibacter in the AD plants considered in this study can be attributed to microbial
immigration during continuous feeding of SE rich in PAO into the AD plants. This can be
observed in SD plants especially, where the share of SE was in the range 35-89%, and the
highest share of fed SE coincided with the highest presence of Candidatus Accumulibacter.

Candidatus Accumulibacter activity during AD can be hypothesized based on its diverse
metabolism. Apart from phosphate accumulation and denitrification, their ability for anaer-
obic production of hydrogen (H;) gas in the presence of acetate has been reported [21,22].
Therefore, it can be suggested that the continuously augmented (through feeding) Candida-
tus Accumulibacter could be responsible for H, production during AD. The potential for
H, production by Candidatus Accumulibacter in SD plants can be inferred from the archaeal
community structure where hydrogenotrophic methanogens prevailed (further description
in the next section).

The two remaining bacterial genera (Smithella and Treponema), found in all samples,
represent acetogenic bacteria. Smithella (2.5-7.4%, highest in B_FD) are recognized as
mesophilic, syntrophic propionate-oxidizing bacteria producing acetate, while Treponema
(0.5-6.8%, highest in G_SD) is one of the homoacetogenic bacteria, also producing acetate
using Hy and CO; [11,23-25]. Their common presence induces universal acetate production
through syntrophic reaction and homoacetogenesis during AD.

The inherent presence of Dechloromonas, Flavobacterium, Levilinea, and Sedimentibac-
ter was noticed in FD plants. Dechloromonas (0.6—6.1%, highest in D_FD) is a known
hydrocarbon-degrading genus of bacteria with versatile metabolism, where NO3;~, NO, 7,
ClOs—, and SO42~ act as electron acceptors to electron donors such as VFAs [26,27]. Due
to its versatile metabolism, it could be involved in chloride reduction or denitrification,
utilizing the VFAs generated during the acidogenic stage. The presence of Flavobacterium
(2.1-8.9%, highest in B_FD) and Sedimentibacter (1.0-4.7%, highest in B_FD) has been re-
ported in connection with the degradation of various compounds including proteins and
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carbohydrates [28-30]. In comparison to other genera inherent in FD plants, the share of
Levilinea was the most uneven, and ranged between 0.6% and 19.3%. The A_FD and B_FD
plants had a lower share of Levilinea (0.6-1.2%), while its presence was more pronounced in
the C_FD and D_FD plants (19.1-19.3%), being the most prevalent bacteria in these plants.
Levilinea is recognized as a mesophilic anaerobic bacterium that feeds on carbohydrates;
however, it cannot utilize Hy /CO,, VFAs, and alcohols (e.g., methanol and ethanol) [31,32].
The substantial differences in the share of Levilinea can be correlated with differences in
feedstock quality among the FD plants—for example, carbohydrate and protein content.
Additionally, based on Flavobacterium and Levilinea metabolism, it can be hypothesized that
they play an important role in the acidogenesis stage of FW degradation.

Genus afp | B0 | cfo | Do | Esp | Fso | espo |

Tr 0.7
Aminivibrio 03
Coacibadilius 0.3

Thermovirga 0.2
Petrotoga 0.4
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— ;
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Figure 1. The bacterial genera share and phylogenic tree of seven full-scale anaerobic digestion plants treating food waste
and sewage sludge (share > 0.5%) (OTU—operational taxonomic units).

The high share of Levilinea in the C_FD and D_FD plants coincided with the presence
of Thermovirga, which was the second most prevalent genus in these plants (7.7-8.5%).
Their metabolism facilitates the degradation of proteinous substrates [33]. Similarly, in
the A_FD and B_FD plants, the genera associated with protein degradation were found
in abundance. Sunxiuginia (9.8%) and Thermosipho (9.3%) were the second most abun-
dant genera at the A_FD and B_FD plants, respectively. Species of Sunxiuginia grow
anaerobically (i.e., Sunxiuginia faeciviva) degrading proteins, whereas Thermosipho (i.e., Ther-
mosipho japonicas) growth is supported by sulfur/thiosulfate as an electron acceptor [34,35].
Therefore, protein-degrading bacteria were commonly present in substantial proportions,
independent of the TAN concentration, in FD plants.

The higher evenness and richness of microbial population due to Candidatus Accu-
mulibacter prevalence was characteristic of SD plants compared to FD plants, indicating a
high impact from microbial immigration. Nevertheless, a substantial number of genera
such as Acidovorax, Mesotoga, and Paludibacter were commonly present (>0.5%). In partic-
ular, the presence of Mesotoga and Paludibacter indicates the production of organic acids
(i.e., acetic and propionic acid) primarily from carbohydrates but also from proteins [36,37].
The presence of Acidovorax (0.7-4.3%, highest in E_SD) was found to be intriguing due to
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its capability to denitrify in the presence of nitrogen oxide [38]. A lower share of Acidovorax
was also found in FD plants.

3.2.2. Archaeal Structure

Ten archaeal genera were found in all the study samples. Most genera represented
methanogens (nine), while one represented sulfate-reducing archaea (SRA) (Table 2 and
Figure 2). The chemolithoautotrophic SRA, Stygiolobus (0.2—4.6%), found in nearly all
studied archaeal communities utilizes elemental sulfur (S°) and H,, signifying possible
hydrogen sulfide (H,S) generation by archaea.

Table 2. Metabolic association of archaea observed in seven full-scale anaerobic digestion plants
treating food waste and sewage sludge (genus level according to Figure 2).

Genus Metabolism
Stygiolobus chemolithotrophic (S%+H,)
Methanomassiliicoccus methylotrophic
Methanococcus hydrogenotrophic
Methanothermobacter hydrogenotrophic
Methanoculleus hydrogenotrophic
Methanosaeta acetoclastic
Methanosarcina acetoclastic and hydrogenotrophic
Methanomethylovorans methylotrophic
Methanococcoides methylotrophic
Methanosalsum methylotrophic
Genus AFD | B_FD cFb | pFp | Esp | Fsp [ G_sp
Stygiolobus 3.5 3.6 0.5 0.0 1.7 4.6 0.2
fethanomassiliicoccus 0.0 0.0 0.0 0.0 0.0 0.1 0.4
Methanococcus 39.0 34.5 37.8 26.8 481 575 [ 659 |
Methanothermobacter | 0.0 0.5 00 0.0 0.0 0.0 00
Methanoculleus (0.0 DO 142 OO 0.1 0.0
Methanosaeta 0.2 0.3 38.9 0.4 1.5 0.4 0.0
— Methanosarcina 12.2 10.0 0.9 0.2 21.5 14.4 1.1
——— | Methanomethylovorans 0.0 5.8 SO0 0.0, 0.0 0.0 0.2
— Methanococcoides 21.7 229 4.4 20.1 0.3 2.0 13.7
— Methanosalsum 10.3 10.1 9.3 16.7 0.0 0.0 0.0
OTUs 48 37 24 29 2 44 40
Shannon index 26156 | 21243 | 06668 | 11315 | 05467 | 15231 | 2.0961

Figure 2. The archaeal genera share and phylogenic tree of seven full-scale anaerobic digestion plants treating food waste

and sewage sludge (OTUs—operational taxonomic units).

The detected methanogens represented three metabolic pathways. Two acetoclastic
(Methanosaeta, Methanosarcina), four hydrogenotrophic (Methanococcus, Methanoculleus,
Methanosarcina, Methanothermobacter), and four methylotrophic (Methanomassiliicoccus,
Methanomethylovorans, Methanococcoides, and Methanosalsum) genera were found in
all samples.

Methanococcus was the only archaea present in all FD and SD plants (share >0.5%),
ranging between 26.8% and 65.9% (highest in G_SD). At the same time, Methanococcus is an
archaeon that prevails in most plants, independent of feedstock origin.

In FD plants, in addition to Methanococcus, Methanococcoides (4.4-2.9%, highest in
B_FD) and Methanosalsum (9.3-16.7%, highest in D_FD) were commonly present. SD plants
only had one specific archaeal genus, Methanosarcina (1.1-21.5%, highest in E_SD).

Due to the diverse metabolism of the archaea, they were associated with specific
metabolic groups, as shown in Table 2 and in Figure 3 (Methanosarcina was equally dis-
tributed between acetoclastic and hydrogenotrophic pathways). The hydrogenotrophic
pathway prevailed in most of the plants studied; nevertheless, a clear difference between
FD and SD plants is evident. In SD plants, the hydrogenotrophic pathway substantially
prevailed, with a 58.9-66.4% share. The proportions of acetoclastic and methylotrophic
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pathways in SD plants were minor, and in the range of 0.6-12.3% and 0.3-14.2%, respec-
tively. These results contradict those of previous studies, where the prevailing acetoclastic
pathway was found to be characteristic of SD plants, with Methanosaeta frequently observed
to be the dominant methanogen [39]. Even if the TAN concentration in SD plants was lower
than that in FD plants, this discrepancy could be attributed to Methanosaeta inhibition by
TAN; it has been reported that Methanosaeta can be inhibited even at TAN concentrations as
low as 0.6 g/L [9]. Another fact that can be correlated with hydrogenotroph dominance in
SD plants is the Candidatus Accumulibacter augmented with fed SE. As already mentioned
in Section 3.2.1, Candidatus Accumulibacter prevailed in SD plants. Its potential activity in
the presence of acetate could lead to H; generation, facilitating CHy generation primarily
by Methanococcus, the dominating hydrogenotrophic methanogen.

70 —
1 | == methylotrophic
60 Em hydrogenotrophic
4 | =@ acetodastic
50 -
e~
& 7
N
9 40
-] -
= ]
“® -
o -
330
£ ]
E =
< ]
20 —
10 -
~
A_FD B_FD CH

D D_FD E_SD F_SD G_SD

Figure 3. Metabolic share of methanogens of seven full-scale anaerobic digestion plants treating food
waste and sewage sludge.

In contrast, the FD plants were mostly characterized by a balance between hy-
drogenotrophic and methylotrophic pathways, occupying ranges of 38.3-45.1% and 13.7-
38.9%, respectively. Usually, in mesophilic AD, a balance between acetoclastic and hy-
drogenotrophic methanogens or the dominance of one of them is observed [40]. Similar re-
sults were obtained only for the C_FD plant, where the acetoclastic pathway (Methanosaeta)
dominated with a slight advantage over the hydrogenotrophic pathway. The most preva-
lent methylotrophs in FD plants were Methanococcoides and Methanosalsum. Methylotrophic
methanogens are common in marine and hypersaline, sulfate-rich sediments where they
utilize methylated compounds such as trimethylamine, dimethyl sulfate, and methanol [41].
This implies that the feedstock of FD plants had a higher salinity compared to that of SD
plants, and that methanol or other methylated compounds could either be present in the
feedstock or are generated at FD plants. Nevertheless, the substantial differences in HRT,
OLR, and TAN among the studied FD plants did not significantly influence the archaeal
methane production pathway (except in C_FD).

3.3. Principal Component Analysis

The correlations between the archaeal and bacterial communities were studied using
PCA (Figure 4). As shown in Figure 4a, bacterial PCA clearly distinguished between the
FD and SD plants, while differentiation based on the proportion of sludge and presence
of FW or FWL in the feedstock was not achieved. The FD plants were additionally segre-
gated into two groups: one including A_FD and B_FD, and another with C_FD and D_FD;
segregation was achieved based on differences in TAN and OLR between these groups.
Lower TAN (1.1-1.3 g/L) and HRT (14.8-19 d) were observed at the A_FD and B_FD plants
compared to the C_FD and D_FD plants, which exhibited higher TAN (2.0-2.5 g/L) and
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HRT (22-39 d). The idea of bacterial genera distinguishing FD plants suggests the impact of
substrate properties (i.e., TAN) on bacterial community structure. A similar differentiation
in microbial community based on TAN presence was reported by De Vrieze et al. (2015) [7].
The divergence of bacterial FD plants from SD plants was mainly based on four bacterial
genera. Levilinea was characteristic of C_FD and D_FD plants (high TAN and OLR), while
Flavobacterium, Namhaeicola, and Thermosipho were characteristic of A_FD and B_FD plants
(low TAN and OLR). Lower TAN at A_FD and B_FD plants was related to the short HRT.
A previous study reported that TAN level decreased when HRT was shortened, and this
could be due to the insufficient contact time to allow for the hydrolysis of protein com-
pounds of the FW [42]. As already mentioned, Candidatus Accumulibacter was frequently
found to be dominant in SD plants due to microbial immigration. Therefore, in the bacterial
PCA plot, Candidatus Accumulibacter was a critical bacterial genus distinguishing SD plants
from FD plants.
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Figure 4. Principal component analysis of bacteria (a) and archaea (b) in seven full-scale anaerobic digestion plants treating

food waste and sewage sludge (plots indicate only the most influential loadings).

The archaeal PCA also facilitated the segregation of FD and SD plants (Figure 4b).
A tighter grouping of SD plants can be observed on archaeal PCA compared to the bacterial
plot. FD plants were characterized by a looser grouping, and the archaeal structure at the
C_FD plant was significantly different from that at other plants. The four archaeal genera
mostly shaped archaeal PCA. Methanococcus distinguished SD plants from FD plants, while
Methanosalsum and Methanosarcina differentiated A_FD, B_FD, and D_FD. The presence of
Methanosaeta led to the segregation of the C_FD plant from other plants.

4. Conclusions

The SD plants were characterized by lower diversity and evenness of microbial pop-
ulation compared to FD plants. Candidatus Accumulibacter dominated SD plants (up to
42.1%) due to secondary sludge (up to 89%) fed to the plants. Its potential role in Hp
production was hypothesized, and confirmed by hydrogenotrophic methanogen domi-
nance (Methanococcus) at SD plants. The presence of Flavobacterium and Levilinea played an
important role in acidogenesis in FD plants, with Levilinea found to be sensitive to feed-
stock characteristics, that is, TAN presence. The hydrogenotrophic pathway substantially
prevailed in SD plants (Methanococcus), while a balance between hydrogenotrophic and
methylotrophic (Methanococcoides and Methanosalsum) pathways was found for most FD
plants. Interestingly, the differences in HRT, OLR, and TAN between FD plants did not
significantly influence the archaeal methane production pathway. Both at FD and SD plants,
the bacterial genera responsible for acetate production through syntrophic reaction and
homoacetogenesis (Smithella and Treponema) were found to be greater than or equal to 0.5%.
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