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Abstract: This study explored the effect of eight antimicrobials on the efficiency of biogas production
in the anaerobic digestion (AD) process of cattle manure. The microbiome involved in AD, presence
and number of genes mcrA, MSC and MST specific for Archaea, and antibiotic resistance genes
(ARGs) concentration in digestate (D) were examined. Supplementation of antibiotics to substrate
significantly lowered biogas production. Amoxicillin caused a 75% decrease in CH4 production in
comparison with the control samples. Enrofloxacin, tetracycline, oxytetracycline, and chlortetracy-
cline reduced the amount of biogas produced by 36, 39, 45 and 53%, respectively. High-throughput
sequencing of 16S rRNA results revealed that bacteria dominated the Archaea microorganisms in all
samples. Moreover, antibiotics led to a decrease in the abundance of the genes mcrA, MSC, MST,
and induced an increase in the number of tetracyclines resistance genes. Antibiotics decreased the
efficiency of the AD process and lowered the quantity of CH4 obtained, while stimulating an increase
in the number of ARGs in D. This work reveals how antimicrobials affect the cattle manure AD
process and changes in microbial biodiversity, number of functional genes and ARGs in the digestate
due to drugs exposure. It also, provides useful, practical information about the AD process.

Keywords: mesophilic anaerobic digestion; biogas production; microbiome biodiversity; antibiotic
resistance genes; Illumina MiSeq Sequencing

1. Introduction

Anaerobic digestion (AD), which is methane fermentation, applied to the processing of
organic waste (e.g., cattle manure (CM)), is a promising production technology generating
biogas, the main component which is methane (CH4) [1]. Cattle manure can be disposed
of and recycled through the AD process. However, cattle manure and digestate obtained
after AD processing can contain veterinary antibiotics (VAs) and antibiotic transformation
products that have not been completely metabolised by animals [2]. Such antibiotics,
such as amoxicillin or tetracycline, are metabolised in just 10–20% of the total amount,
while others (e.g., sulfamethoxazole) can be metabolised up to 85% [3]. Ahmad et al. [4]
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reported that the total volume of antibiotics consumed globally was about 2 × 108 kg a
year, of which several thousand kg of VAs are released back into the environment with
animal excreta.

Antimicrobial presence in substrates undergoing AD can inhibit the biogas production
process and biogas yield as well as the percentage of CH4 in biogas produced during
methane fermentation [5]. Methanogenic microorganisms belonging to the domain of
Archaea and participating in the AD process are of key importance for biogas production and
high CH4 yield. Methanogens are particularly sensitive to antimicrobials, whose presence
in substrate (cattle manure) used in AD can slow down the rate of their growth and
decrease their metabolic activity [6]. The risk of the occurrence of drug resistance (DR) and
increasing number of antibiotic resistance genes (ARGs) in digestate from cattle manure,
an AD by-product, due to the widespread use of antibiotics in veterinary medicine and
agriculture, is a significant problem [7]. There is also a thread of the emergence of selection
pressure and diffusion of resistant strains of microorganisms as well as their MGEs (mobile
genetic elements) in digestate [6].

Over the past decades, the global consumption of antibiotics has been growing con-
stantly. Drugs that belong to the classes of beta-lactams, tetracyclines, sulfonamides,
fluoroquinolones and nitroimidazole derivatives are the most popular pharmaceuticals
in veterinary medicine [8]. In this research, the aforementioned antibiotics were tested as
potential inhibitors of the AD process.

To the best of our knowledge, few researchers have investigated in one experiment
the effect of antimicrobials belonging to so many classes of antibiotics on biogas produc-
tion, biodiversity of microbial consortia occurring in digestate from cattle manure after
mesophilic anaerobic digestion process as well as the presence of ARGs, simultaneously.
Moreover, only a few authors described the dependence between AD in the presence of
antibiotics and the spread of drug resistance. So far, few authors have studied the influence
of metronidazole, which directly affects anaerobic microorganisms, on the AD process.
Moreover, there is some inconsistency in the literature regarding the effects of antibiotics
on the AD process. While some authors report a reduction in CH4 production at concen-
trations such as 3.1 mg L−1 of the drug [9], other authors have shown no inhibition of
AD even at drug concentrations of 125 to 250 mg L−1 [10,11]. Hence, there is a need to
conduct further experiments, using high doses of antibiotics and metagenomics methods,
to determine the changes that occur at the microbiological level and the changes induced
by antibiotics in the methanogenic community. Numerous authors [12–14] suggest that it
is necessary to investigate the source, fate, and risk of such pollutants, such as antibiotics,
and to control them in the AD process, which they can affect directly. Therefore, the main
aim of this study was to assess the effect of selected antimicrobial drugs with high doses
on (i) the efficiency of AD and biogas production, (ii) occurrence and number of mcrA,
MSC, MST genes which are indicators of the presence of methanogenic microorganisms,
(iii) the microbiome involved in the methane fermentation processes, and (iv) the presence
and number of ARGs. In addition, degradation of antibiotics during biomethanisation
was studied. The research provides the basis for understanding the impact of the selected
antibiotics on bacterial communities and populations of methanogenic microorganisms
that participate in biomethanisation. The article also contains some information useful to
help control the AD process.

2. Materials and Methods
2.1. Anaerobic Digestion

The CM was used as substrate, while the anaerobic sludge from the laboratory
methane fermentation reactor was used as the inoculum in AD (Table S1). Antibiotics
belonging to beta-lactams (AMO—amoxicillin, AMP—ampicillin), tetracyclines (OXY—
oxytetracycline, TET—tetracycline, CHLOR—chlortetracycline), fluoroquinolones (ENR—
enrofloxacin), sulfamethoxazole (SMX) and nitroimidazole derivatives (MET—metronidazole)
have been selected for the study and concentrations of each are present in Table S2.
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Beta-lactams and tetracyclines were chosen because of the frequency of use in agricul-
ture and veterinary medicine, while fluoroquinolones and sulfamethoxazole were included
in the study because they may affect the growth and activity of microorganisms belonging
to the Archaea domain. Metronidazole, in turn, inhibits the growth of anaerobic bacteria.
The doses of antibiotics were selected based on the data published in the literature [10,15,16]
and on the preliminary studies that were conducted to obtain a microbiome response to
drugs (unpublished data). This stage of research was conducted in order to select antibiotics
that reduce the efficiency of the AD process. Methane fermentation was carried out in nine
bioreactors, in eight of which a substrate enriched with one of the selected antibiotics was
added. Substrate without antibiotic supplementation was the control (SA—substrate with-
out antibiotic). The whole experiment was loaded in two replicates of each modification of
bioreactor feed. The cattle manure retention time in the bioreactors was 39 days. The de-
tails related to AD conditions and biogas yield were added to Supplementary Materials
(Section S1).

2.2. Analyses of Antibiotic Concentration

Details about sample preparation, analysis of antibiotic concentration and methods
used for measuring the concentration of antibiotics in samples have been described in our
previous, methodological study [17] and briefly in Supplementary Materials (Section S2).

2.3. Genomic DNA (gDNA) Isolation and Quantitative Analysis by qPCR

Genes specific for Archaea (MSC, MST, mcrA), genes encoding resistance to beta-lactams
(blaTEM, blaOXA, blaSHV, cfxA), tetracyclines (tetA, tetM, tetQ), macrolide, lincosamide and
streptogramin (MLS) antibiotics (ermF, linA, mef A), sulfonamides (sul1), fluoroquinolones
(aac(6’)-Ib-cr and qepA) and the integrase gene of class 1 and 2 (intI1 and intI2) were deter-
mined in qPCR reactions (details and conditions presented in Supplementary Materials in
Section S3 and in Table S3). To study target genes, three replicate samples of cattle manure
digestate were collected after the mesophilic anaerobic digestion process, then gDNA was
isolated from each sample and its quantity and quality was measured, after which gDNA
samples were pooled and a standardised sample prepared. Absolute abundances (AAs)
of each analysed gene were presented as an average of all obtained abundance estimates
and presented per gram of analysed digestate from cattle manure (g D

−1). The relative
abundances (RAs) of the ARGs were calculated as copy number of ARGs/copy number of
16S rRNA gene.

2.4. Illumina MiSeq Sequencing

To identify the microbiome the high-throughput sequencing of the hypervariable re-
gion V3–V4 of 16S gene was performed with an Illumina MiSeq instrument (Seoul, Korea).
Primer pairs targeting Bacteria and Archaea were selected according to Klindworth et al. [18].
The details have been described in Supplementary Materials (Section S3.3).

2.5. Statistical Analyses

Data were analysed using Statistica 13.1 software (https://www.statsoft.pl/statistica_
13/, accessed on 20 October 2020). Tests and diagrams use for analysis have been described
in Supplementary Materials (Section S4).

3. Results

Antibiotics present in cattle manure subjected to the AD process may inhibit its effi-
ciency by directly affecting bacteria and methanogens. The microorganisms involved in this
process have different metabolic demands, and there is a strict dependence among them.
Drugs present in substrates subjected to AD can inhibit DNA replication, RNA transcrip-
tion, SOS responses, or the production of ATP in microbial organisms [19]. Pharmaceuticals
can also interfere with cell division, protein translation, and cell wall synthesis or nucleotide
biosynthesis [20]. Wang et al. [21] report that CHLOR in the AD process can completely

https://www.statsoft.pl/statistica_13/
https://www.statsoft.pl/statistica_13/
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inhibit acetoclastic methanogenic Archaea. Antibiotics, such as SMX and TET, prevent
bacterial growth by binding irreversibly to the 50S and 30S subunits of the bacterial ribo-
some, respectively [22]. Sulfonamides act as competitive inhibitors of the dihydropteroate
synthase enzyme that catalyses the conversion of para-aminobenzoate (PABA) to dihy-
dropteroate (AHHMD), a precursor of folate synthesis. Tetrahydrofolic acid is involved in
the synthesis of nucleic acids and, thus, prevent the growth of bacteria [23]. Sulfamethox-
azole in the stage of acidogenesis and acetogenesis can destroy cell membranes, thereby
improving solubilization, but at the same time increasing the production of VFAs (volatile
fatty acids), the accumulation of which may also lead to lower biogas yield or inhibition of
the process [24]. In AD, most of the hydrolysis and acidification processes depend on the
metabolism of the bacteria, which affects its stability. Bauer et al. [25] observed that increas-
ing the concentration of antibiotics in the process of AD may reduce microbial biodiversity.
Amoxicillin had the most significant influence on AD of CM. The CH4 production from the
reactor with amoxicillin was 75% lower than from the SA and the presence of VFAs were
noted (Table 1, Figure S1). The rate of biogas production was notably lower in the reactor
with amoxicillin than in the other investigated reactors (Figure S1).

Table 1. The results of methane fermentation of cattle manure in the bioreactors with antibiotics supplementation and
substrate without antibiotic (SA).

Antibiotic
CH4

Production
(L kg−1

VS)

CH4
Content

in Biogas
(%)

VFAs Concentration
(g L−1)

Acetic
acid

Propionic
acid

Iso-butyric
acid

Butyric
acid

Iso-valeric
acid

Valeric
acid

Iso-caproic
acid

Caproic
acid

Heptanoic
acid

MET 143.4 ± 44.0 70.7 ± 4.7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AMO 51.2 ± 27.0 61.5 ± 11.4 16.11± 2.09 5.96 ± 0.99 6.46 ± 1.12 4.56 ± 0.89 7.75 ± 1.45 2.93 ± 0.43 4.34 ± 0.85 0.89 ± 0.29 0.23 ± 0.11
AMP 138.6 ± 19.6 69.1 ± 3.3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ENR 72.5 ± 14.7 72.9 ± 12.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SMX 183.1 ± 54.1 71.4 ± 3.9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OXY 91.5 ± 33.1 68.2 ± 5.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CHLOR 107.0 ± 54.9 68.7 ± 4.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TET 79.2 ± 23.7 69.4 ± 3.8 6.35 ± 2.54 0.43 ± 0.09 0.48 ± 0.14 0.26 ± 0.07 2.35 ± 1.06 0.68 ± 0.22 0.35 ± 0.08 0.12 ± 0.04 0.03 ± 0.01
SA 201.2 ± 9.7 70.8 ± 3.5 0.26 ± 0.10 0.03 ± 0.03 0.03 ± 0.03 0.00 0.04 ± 0.03 0.02 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.02

CH4—methane, VS—volatile solids, VFAs—volatile fatty acids, MET—metronidazole, AMO—amoxicillin, AMP—ampicillin, ENR—
enrofloxacin, SMX—sulfamethoxazole, OXY—oxytetracycline, CHLOR—chlortetracycline, TET—tetracycline, SA—substrate without
antibiotic (control), ± indicates standard deviation.

The highest concentration was determined for acetic acid (16.11 ± 2.09 g L−1).
However, concentrations of other acids were also higher than in the SA. The higher concen-
trations of VFAs increased also slightly the FOS/TAC ratio (the ratio of volatile organic
acids to alkaline buffer capacity and measure the risk of acidification of a biogas plant)
(Table S4). Sun et al. [26] investigated the combined effect of amoxicillin, aureomycin,
sulfadimethoxine, and florfenicol on AD of piggery wastewater and observed that AMO
was the second most strongly inhibiting antibiotic. Nuengjamnong et al. [27], who mea-
sured only the influence of AMO, showed that the presence of AMO inhibited the CH4
production. Lallai et al. [10] noted a decrease in CH4 production from pig slurry enriched
with amoxicillin trihydrate at a dose of 0.6 and 0.12 mg L−1. The significantly lower CH4
production was noted in reactors with AMP, OXY, ENRO, CHLOR, and TET. Similarly,
Bauer et al. [25] noted that the concentration of ENRO and CHLOR of 0.2 g L−1 inhibited
CH4 yields from pig slurry. However, in the present study higher concentrations of VFAs
were observed (except the bioreactor with AMO addition) only in the bioreactor with
TET. This antibiotic increased mainly acetic acid and iso-valeric acid concentration in the
digestate. In the reactor with TET also the lowest rate of biogas production was observed
(except the bioreactor with AMO addition) (Figure S1). The indicators of AD (for exam-
ple FOS/TAC ratio or pH) were not changed in the bioreactors with AMO, OXY, ENRO,
CHLOR, and TET. Min et al. [28] showed that a concentration from 0.1 to 0.5 g L−1 of OXY
only slightly inhibited AD, although a concentration of OXY in the range of 1–2 g L−1

decreased the biogas production from 199.6 to 41.9 L kg−1 vs. (volatile solids), respectively.
These observations were confirmed in the present study, where the OXY concentration was
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over 1 g L−1, and the inhibition of CH4 production was observed. Massé et al. [29] reported
that TET reduced CH4 production by 25% when it was included at the maximum allowable
level in the diet of pigs. Arikan et al. [9] reported that cumulative biogas production
was 27% lower from anaerobic digesters containing cattle manure treated with 0.2 g kg−1

per day OXY for 5 days compared to manure from untreated calves. Wang et al. [15]
showed that when the concentration of an antibiotic reached 0.1 g L−1, the rate at which
biogas was produced in AD decreased drastically. Having added antibiotics to substrates,
these authors noted the accumulation of VFAs in bioreactors, which led to the inhibition
of CH4.

Based on the results of this and other studies it was concluded that drugs significantly
reduce the amount of biogas produced. However, the impact of antimicrobials depends on
their class, dosage, and the method by which the residues are transferred to bioreactors
(i.e., direct supplementation to bioreactor or as a content of manure) [30].

3.1. Fate of Antibiotics During AD

The AMO was not detectable in any fraction of the CM after the AD process—neither
in the liquid fraction nor in the solid phase of the samples. Ampicillin was detected only
in the liquid phase of the samples, while MET was determined only in the solid phase
of the samples (the concentration did not exceed 0.02 µg gD

−1). Other compounds were
detectable in post-treatment samples in both the liquid and solid phases. The results
allowed us to estimate the values of drug degradation coefficient (Kd) parameters (accord-
ing to Equation (1) Section S2.2 in Supplementary Materials), which are known to be a
measure of sorption affinity on solid (suspended) particles of a sample. The determined
sorption parameters of the tested compounds (Table S5) allowed us to estimate the to-
tal compounds concentration in the bioreactor according to Equation (2) (Section S2.2 in
Supplementary Materials), (Table S6), which subsequently enabled the calculation of total
removal efficiency (Equation (3) (section S2.2 in Supplementary Materials) (Table S7)).

The calculated values of Kd parameters indicated that none of tested antibiotics showed
very strong affinity for the solid fraction of the CM (Table S7). The highest values of these
coefficients were observed for TET (log Kd = 1.6), although they indicate only moderate
affinity for sorption onto the solid (suspended) fractions. Bajkacz et al. [17] observed
that the antibiotics, such as tetracyclines and quinolones, were fairly stable under the
conditions of anaerobic digestion. Álvarez et al. [30] observed that CHLOR and OXY
showed a strong tendency to be adsorbed onto the solid fractions of manure (especially
fresh one). Loke et al. [31] reported that OXY binds readily to organic molecules in manure.
Kühne et al. [32] reported a TET half-life of 9 days in non-aerated pig manure at ambient
temperature. Arikan [33] investigated the fate of CHLOR in calf excrements and found that
the concentration of the drug decreased by 75% in a 33 day digestive period, but the con-
centration of the drug metabolite isochlortetracycline increased 2 fold over the same period.
Both of these compounds are able to form strong complexes with divalent cations, which are
abundant in pig manure, and demonstrate the capacity to be adsorbed onto proteins and
organic matter [31]. However, as a result of biochemical processes occurring during the AD,
organic biomass undergoes transformation into biogas and, thus, the solid fraction of the
manure remaining after the process significantly changed its physico-chemical properties
(including the content of organic compounds). Therefore, the values of Kd coefficients
determined in this experiment indicated much greater affinity of the tested compounds
for the liquid than the solid phase. In addition, the concentrations of antibiotics used in
the investigations were higher than those described by Alvarez et al. [30] and probably the
adsorption of these substances could be limited by the available superficial area of the solid
fraction of the inoculum and the manure, especially that the hydration of the samples was
very high and exceeded 93% (Table S8).

In the experiment, the antibiotics were degradable at varying levels, from 57% (OXY)
to 100% (MET, AMO, AMP and SMX). However, even for substances for which the complete
degradation was observed, their transformation by-products were present in the solid phase
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of the digested CM. Due to the nature of the experiments carried out, the transformation
by-products were identified only tentatively, based on the comparison of data from previ-
ously published references [2,34] and taking into account collision-induced dissociation
mass received in different modes of operation of the mass spectrometer such as: precursor
ion, product ion(s) and neutral loss. Some authors [30,35] stated that mainly isomeric
transformations at the molecular level may occur at the beginning of the AD. The forma-
tion of epimers of TET and CHLOR, that is 4-epi-tetracycline and 4-epi-chlortetracycline,
respectively, are mentioned as examples of such transformations [30], but none of these
by-products were observed in this study. However, in the case of other antibiotics, such as
SMX, AMO, and AMP, the formation of by-products with the same molecular weight
(but different retention time) was observed. These products were tentatively identified
as 4-amino-N-(5-methyl-1,3-oxazol-2-yl)benzenesulfonamide or 4-amino-N-(5-methyl-1,2-
oxazol-3(2H)-ylidene) benzenesulfonamide, diketopiperazine amoxicillin, and diketopiper-
azine ampicillin. The explicit confirmation of the structures of the tentatively identified
transformation by-products requires further research consisting of the comparison of the
precursor and product ions as well as the retention times obtained for the tentatively identi-
fied by-products with the same parameters of the analytical standards of these substances.
However, this may be a certain analytical challenge because the analytical standards of
these by-products are not available commercially.

3.2. Impact of AD on Microbial Community

The taxonomic distribution of bacterial diversity as percentages of groups at the
phylum level in digestate was visualized with Circos (Figure 1). The analysed digestate
mass via the profiling of the gene 16S rRNA, was found to contain 324 OTUs.
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The high-throughput sequencing analysis revealed considerable changes in the pop-
ulation of microorganisms in digestate depending on the added antibiotic. Among the
identified OTUs in the analysed samples of digestate, the most numerous were the microor-
ganisms of the types Bacteroidetes and Firmicutes which can decompose VFAs, are tolerant
to fluctuations of temperature, pH and the availability of oxygen, and are characterised by
the potential capability of hydrolysis and hydrogenogenic acidogenesis [36]. As well as
degrading proteins, most bacteria of the type Bacteroidetes produce lytic enzymes and acetic
acid and are widespread in AD of different substrates [37]. Previous studies also showed
that the Firmicutes to Bacteroidetes ratio can serve as an indicator of the stability of AD [38].
In the digestate with added MET or AMP, the Bacteroidetes type made up almost 40% of
the microbial community, while TS was reduced in the digestate with MET, and CH4 yield
decreased in both digestate samples. In the digestate with AMO, ENRO, OXY or TET,
Bacteroidetes constituted nearly 30% of all identified microorganisms, while the yield of CH4
was found to be lower (decreased by three-fold in comparison to SA) and the TS content
was decreased relative to the SA variant. The Bacteroidetes and Firmicutes types made up
22% each of the microbial community in the digestate supplemented with CHLOR. A sam-
ple of the digestate including SMX showed the most extensive changes in the microbial
community relative to the SA. Numerous genera Bacteroides and Paludibacter belonging to
the type Bacteroidetes were found in all bioreactors with the supplementation of antimicro-
bials (Figure S1). Microorganisms belonging to the Bacilli and Clostridia classes dominated
among the Firmicutes type. In most of the bioreactors, numerous reads of the genera Bacil-
lus, Rumellibacillus, Enterococcus, Turicibacter, belonging to the Bacilli class, were achieved.
However, the number of reads per sample for the most of drug-supplemented bioreactors
was significantly lower compared to the SA. The types Bacteroidetes and Firmicutes rep-
resented 10% each of the community of microorganisms in the digestate with SMX. It is
highly probable that during the process of SMX transformation, the antibiotic degradation
products [17] caused a decrease in the abundance of microorganisms, thereby leading to
a fall in CH4 yield due to the insufficient amounts of substrate supplied by bacteria to
methanogenic microorganisms.

Microorganisms of the type Proteobacteria represented 11.8% of the OTUs in digestate
with MET, 5.99% in digestate with ENRO and nearly 4% in samples of digestate with
AMO and AMP. Meanwhile, Proteobacteria made up slightly over 1% of the microbial
community in digestates supplemented with TET drugs. Among the microorganisms
belonging to the Proteobacteria type, the Alpha-, Beta- and Gammaproteobacteria classes
were dominant. The predominant genus among Alphaproteobacteria belonged to the order
Rhizobiales. The Oligella genus belonging to the order Burkholderiales dominated among
Betaproteobacteria. Among the Gammaproteobacteria, numerous genera of Pseudomonas be-
longing to the order Pseudomonadales were noted. Proteobacteria play a very important
role in AD by consuming glucose, acetate and propionate (VFAs), which—if accumu-
lated in large amounts—may cause a decrease in pH, which most often leads to some
disorder or inhibition of the process [6,39]. Other important types of microorganisms
included Spirochaetes (more than 1% in samples with AMO, ENRO or OXY), genera Tre-
ponema and Tenericutes (over 2% in digestate with MET, AMO, AMP and 1% in sample
with TET), genus Acholeplasma (over 1% in samples with MET, AMO, AMP, ENR, OXY,
CHLOR and TET). Sequencing revealed a few readings for the Archaea domain. The genera
Mathanosarcina and Methanosaeta were identified most frequently (over 1% sequentially in
samples with MET, AMP, SMX, OXY, CHLOR, TET and in samples with MET, AMP, ENRO,
OXY, CHLOR, TET) which is consistent with the qPCR analysis conducted in this study,
targeting the MSC and MST genes, specific for the Methanosarcinaceae and Methanosaetaceae
families (Figure 1 and Figure S2).

Summarising, the microbial community was mainly represented by Bacteroidetes,
Firmicutes, Proteobacteria, Spirochaetes and Tenericutes, which is consistent with the results
of experiments conducted by other researchers [6,40,41]. The identified microorganisms
are characterised by hydrolytic capability, and products of hydrolysis serve as substrate
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to microorganisms involved in acidogenesis in order to produce VFAs. Bacteroidetes,
Firmicutes and Proteobacteria can decompose VFAs and use them as a source of carbon
for their metabolic activity. In contrast to SA, most of the analysed digestate samples
(except the one with AMO and TET) were not detected to contain VFAs. It is highly
probable that microorganisms present in digestate, by using the available substrates as a
source of carbon [42,43], diminished the supply of VFAs to acetogenic microorganisms,
which in turn, lacking sufficient amounts of substrate, decreased the rate of their production
as the substrate for methanogenic microorganisms. This led to the disturbance of the
methanogenesis pathway and to the decrease of the efficiency in CH4 production in
all samples of digestate supplemented with antibiotics. The profiling of the 16S rRNA
fragment suggests that the identified Bacteroidetes and Firmicutes can play a significant
role in degradation and removal of TS. Based on the research results presented herein,
it can be concluded that the types Bacteroidetes and Firmicutes, in the presence of antibiotics,
did not supply adequate quantities of substrates for biogas producing methanogenic
microorganisms. Delbès et al. [44] also emphasise that the community of microorganisms
engaged in AD can be affected by changes in the environmental conditions, which can lead
to reducing the productivity of a reactor or to processing errors, such as excessively lowered
pH causing the acidification of the environment and decreased CH4 yield, a consequence
of which, with varying degrees of intensify, was observed in all the digestate samples
analysed in this study.

3.3. Impact of AD on the Prevalence of mcrA, MSC and MST Genes
3.3.1. mcrA Gene

The absolute abundances of mcrA gene copies (in the order of 101 to 108 copies gD
−1)

can reflect the level of methanogens participating in AD (Table 2) [6,45].
Relative abundances (RAs) of the number of genes are shown in Supplementary Materials

(Table S9). In this research, compared to the SA, statistically significant (ANOVA Kruskal–
Wallis; p < 0.05; N = 6) differences in the number of copies of the gene mcrA among samples
of digestate with added antibiotics were observed (Figure S3). An increase in the number
of copies of the gene mcrA in the order of 106 copies gD

−1 was observed in the presence
of OXY, CHLOR and TET. The mcrA gene encoding the subunit of α reductase of methyl-
coenzyme M, which catalyses the final stage of methanogenesis, is described as a potential
biomarker of the CH4 yield during methanogenesis [46]. A decrease in the number of
copies of the gene mcrA in comparison with SA was observed in the digestate samples
with MET, AMO, AMP and SMX. An increase in the number of copies of the gene mcrA in
digestate samples supplemented with tetracycline drugs alongside a decrease in CH4 yield
can indicate that these drugs exerted the selection pressure on methanogenic microorgan-
isms throughout the experiment. As TET is a much more difficult xenobiotic compared to
the substrate mixture fed to the bioreactor, it is more likely that the main mechanism for
TET removal observed in this study is metabolite formation rather than biodegradation.
Tetracyclines inhibited methanogenic microorganisms, but only slightly, as evidenced by a
low amount of accumulated VFAs in bioreactors during the AD process [47]. In addition,
due to the long-term selection pressure of tetracycline on microorganisms, they developed
adaptation and resistance mechanisms, as evidenced by the high number of copies of
genes characteristic of methanogens. This interpretation was also fully supported by a
metagenomic analysis of the microbial community based on sequencing techniques which
revealed numerous readings for the methanogenic Archaea (Figure S2).
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Table 2. Absolute abundances (AAs) of genes specific for Archaea, antibiotic resistance genes, and integrase genes in digestate with antibiotic addition and substrate without antibiotic
addition. AAs were calculated as copy number of an antibiotic resistance genes in 1 g digestate (gD

−1).

Genes Specific for Archaea MLS Group Fluoroquiolones Tetracyclines Sulfona-
mides Beta-Lactams Integrase Genes

mcrA MSC MST ermF linA mefA qepA aac6’-Ib-cr tetA tetM tetQ sul1 blaTEM blaOXA cfxA intI1 intI2

MET 3.14 × 106 2.14 × 106 9.00 × 104 7.59 × 105 1.03 × 105 1.14 × 107 2.37 × 105 3.41 × 105 6.10 × 107 3.97 × 108 2.56 × 107 1.70 × 107 6.60 × 104 0 5.03 × 105 1.96 × 106 1.16 × 107

AMO 6.63 × 106 5.94 × 106 7.15 × 105 3.71 × 106 9.62 × 105 1.28 × 107 1.58 × 109 2.54 × 106 5.73 × 107 4.05 × 108 3.36 × 108 3.46 × 107 6.57 × 104 8.11 × 105 4.56 × 106 3.91 × 106 1.71 × 107

AMP 3.04 × 107 3.74 × 107 9.35 × 106 2.16 × 107 6.09 × 106 1.27 × 108 3.03 × 109 2.41 × 107 1.76 × 109 8.95 × 109 2.26 × 109 6.18 × 108 1.81 × 105 0 5.41 × 107 8.82 × 107 3.58 × 108

ENR 6.72 × 108 8.02 × 107 5.85 × 106 7.36 × 106 2.44 × 105 3.99 × 106 2.30 × 108 9.59 × 105 1.61 × 108 1.53 × 108 1.15 × 108 1.81 × 107 2.66 × 105 0 7.10 × 106 6.54 × 106 2.16 × 107

SMX 2.10 × 108 1.13 × 107 3.26 × 106 4.33 × 106 4.43 × 105 2.42 × 106 7.00 × 108 1.02 × 106 4.76 × 107 1.29 × 108 4.64 × 107 3.34 × 107 4.12 × 104 0 1.76 × 106 2.35 × 106 1.37 × 107

OXY 1.52 × 108 9.02 × 106 2.25 × 106 2.01 × 106 1.54 × 105 8.50 × 106 1.73 × 109 1.62 × 106 2.10 × 109 1.97 × 109 2.83 × 108 3.95 × 107 1.06 × 104 7.53 × 105 4.90 × 106 2.79 × 106 7.57 × 106

CHLOR 1.11 × 109 4.55 × 107 8.63 × 106 1.41 × 108 4.96 × 105 2.26 × 107 1.31 × 106 4.01 × 106 1.44 × 109 1.82 × 109 1.86 × 108 1.09 × 108 1.01 × 105 0 3.90 × 106 1.43 × 107 3.49 × 107

TET 1.05 × 109 9.75 × 107 2.30 × 107 3.37 × 108 3.24 × 105 2.12 × 107 1.30 × 109 2.13 × 106 2.36 × 109 1.74 × 109 1.30 × 108 7.70 × 107 5.05 × 104 0 7.40 × 106 1.58 × 107 3.75 × 107

SA 5.00 × 108 1.73 × 107 6.03 × 106 2.37 × 108 4.37 × 105 7.49 × 106 1.09 × 109 1.14 × 106 4.11 × 108 2.10 × 108 6.14 × 107 3.41 × 107 6.16 × 104 0 2.54 × 106 3.12 × 106 1.01 × 107
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The high drug degradation coefficient (Kd) achieved in this study suggests the pres-
ence of a small amount of tetracyclines in digestate throughout the whole experiment.
Alvarez et al. [30] report that the half-time of adsorbed tetracyclines in manure is longer
than in other environments. Martinez [48] and Wu et al. [49] also observed increased
adsorption of tetracycline after the AD process, which was demonstrated to improve the
stability of tetracyclines and to minimise their degradation. The results of this study suggest
that microorganisms may have used the tetracycline as a source of carbon [50], and that these
drugs simultaneously inhibited the expression of the gene mcrA. Consequently, the concen-
tration of the gene mcrA was high but microorganisms were not active metabolically and
produced less CH4.

3.3.2. MST and MSC Genes

Presence and number of genes characteristic of the two families of acetoclastic methanogens:
Methanosarcinaceae (MSC) and Methanosaetaceae (MST), were examined during AD.
These methanogens require higher concentrations of acetic acid, which they convert to CH4;
they are characterised by a more rapid rate of substrate conversion than other families of
microorganisms [51], and they constitute the majority of Archaea in fermentation chambers.
In this experiment, statistically significant (p < 0.05) differences were determined in num-
bers of MSC and MST genes between digestate samples (Figure S3). High concentration
of MSC and MST genes was noted in samples of digestate with AMP, OXY, CHLOR and
TET (number of copies of the genes in the order of 106 to 107 gD

−1) (Table 2). In the other
samples with antibiotics, there was a decrease in the number of copies of the genes MSC
and MST in comparison with SA, possibly indicating the inhibitory effect of MET, AMO,
ENR and SMX on the growth and development of the methanogenic organisms described
in this paper. Bauer et al. [52] noted small numbers of the Methanosaetaceae and Methanosarci-
naceae in an AD system following the application of antibiotics. Turker et al. [53] also noted
reduction in the abundance of Methanosarcinaceae in AD of CM with antibiotics. The fam-
ily Methanosaetaceae contains strictly anaerobic microorganisms, extremely sensitive to
changes occurring in the environment during AD, especially to the addition of inhibitors
like antibiotics, to low pH or to fluctuations in temperature [25].

3.4. Impact of AD Process on the AAs of Analysed ARGs and Integrase Genes, and Their
Prevalence in Bioreactors
3.4.1. tet Genes

Statistically significant (p < 0.05) differences were determined in the number of copies
of tet genes (in the order of 1.0 × 108 gD

−1) between samples of digestate with the content
of different antibiotics (Figure S4). In most digestate samples, compared to the control,
there were numerous ARGs carrying resistance to tetracyclines (Table 2) which agrees
with the results provided by other authors [30,49]. In this study, the concentrations of
tetracycline antibiotics added to substrates most probably effected selective pressure on
the number and dissemination of ARGs in digestate from CM. tet genes are widespread in
CM and the antibiotics present in AD systems additionally induce the increasing resistance
to these antibiotics [54,55], which explains their high abundance in digestate samples
observed in this experiment. It is possible that tet genes are a stable part of the genomes
of animals’ physiological microbiota [56] and, therefore, are evacuated from intestines to
animal manure, where DR can be spread via HGT. In this study, samples of digestate with
MET or SMX were observed to contain a lower number of copies of the tetA and tetQ genes
by one order in comparison to the SA.

3.4.2. bla Genes

The AAs of the bla genes in 1gD
−1 varied within the order of 104–107 of copies of the

gene (Table 2). In comparison with SA, statistically significant (p < 0.05) differences were
observed in the AAs values for the blaTEM gene. The number of copies of the blaTEM gene
was higher by one order in 1 g of a sample of digestate with added AMP, ENR or CHLOR
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(Figure S5). In addition, an evident increase in the number of copies of the cfxA gene
by one order in 1 g of digestate in the presence of AMP was observed relative to the SA.
Many authors [57,58] describe the blaTEM gene as the one most frequently present among
the bla genes in environmental samples. The presence of the blaOXA gene was unobserved
in most of the analysed digestate samples. Degradation of beta-lactam antibiotics in
the AD process could have been the reason why the blaOXA gene was absent. Bacteria
show resistance to beta-lactam antibiotics through the acquisition of beta-lactamase genes,
responsible for the tolerance to these drugs. Beta-lactamases react on the beta-lactam
ring of beta-lactams, which enable the bacteria to acquire resistance to these antibiotics.
However, the instability of the beta-lactam ring in beta-lactam antibiotics can cause their
rapid degradation in the environment, and therefore prevent the bacteria present in this
ambient to gain drug-resistance to these antibiotics [59,60].

3.4.3. sul1 Gene

Compared to SA (number of copies of the gene sul1 in the order of 107 gD
−1), statisti-

cally significant (p > 0.05) differences were determined between samples of digestate with
the content of different antibiotics in the number of the sul1 genes (Figure S6). An increase
in the number of the sul1 gene by one order (108 copies of the gene gD

−1) was determined
in samples of digestate with AMP, TET and CHLOR (Table 2). The formation of transfor-
mation products during AD depends on the type of an antibiotic and its concentration
added to the substrate in a bioreactor [61]. Complete degradation of SMX was observed in
this study, although it is possible that products of the transformation of this compound
may appear and remain in digestate mass. Bajkacz et al. [17] observed SMX transformation
products in the cattle manure digestate in which the change occurred within the isoxazole
ring. The authors noted that epimerisation of antibiotics appears to be the first step in
transformation under the anaerobic conditions of the AD process. Similar results were also
observed by Spielmeyer et al. [2]. It is highly probable that the supplementation of SMX to
substrate caused selection pressure and increased number of ARGs to this drug. On the
genetic level, DR results in the presence of ARGs in chromosomes and/or in MGEs, such as
integrases, noted in high numbers of the digestate samples analysed in this research [56].
The factors mentioned above, such as selection pressure or presence of the integrase genes,
are closely connected with the abundance of ARGs in the AD process, causing mutations of
ARBs (antibiotic resistance bacteria) and acquisition of new features, including DR [21,62].

3.4.4. MLS Group Genes

The value of AAs of the ermF, linA, mef A genes ranged from 105 to 108 copies of the
gene gD

−1 (Table 2). Relative to SA statistically significant differences were noted in the
number of the mef A gene between samples of digestate supplemented with antibiotics.
In comparison with SA (number of copies in the order of 106 gD

−1), the mef A gene appeared
in high numbers in digestate with MET, AMO, AMP, CHLOR and TET. In samples of the
digestate with AMP, compared to SA, a rise in the number of the mef A gene by two orders
was noted (Figure S7). In samples of digestate with added MET, AMO, CHLOR or TET,
the mef A gene was present in quantities in the order of 107 copies gD

−1. Small amounts of
metronidazole and considerable amounts of tetracycline drugs were detected in digestate
after the AD process. The antibiotics present in digestate may have induced an increase in
the DR to these pharmaceutical substances. A significant role in the increase of ARGs in
digestate samples may have also been played by the ongoing HGT processes. According
to Bouanane-Darenfeld et al. [63] it is also possible that some genera of the methanogenic
Archaea, including Methanosaeta, found in digestate samples are potential hosts of ARGs,
responsible for the resistance to MLS antibiotics.

3.4.5. Fluoroquinolones Resistance Genes

In comparison with SA, particularly high and statistically significant (ANOVA Kruskal–
Wallis; p < 0.05; N = 6) differences in the number of the qepA genes (1.0 × 109 copies of
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the gene gD
−1) were determined for samples of digestate with AMO, AMP and OXY

(Table 2) (Figure S8). Fluoroquinolones are compounds that adsorb strongly to organic
matter present in all types of faeces [64], owing to which their degradation is much weaker
than that of other antibiotics, like beta-lactams. Selvam et al. [55] noted the presence of
genes carrying resistance to fluoroquinolones after 56 days of composting pig manure.
Qu et al. [65], who analysed poultry droppings, noted numerous presences of genes re-
sistant to fluoroquinolones. In this study, a decrease in the numbers of the qepA and aac
6′-Ib-cr genes was observed only in the digestate with added MET.

3.4.6. Integrase Genes

The value of AAs of the analysed ARGs in most of the samples of digestate with added
antibiotics ranged within 106 to 108 copies of the gene gD

−1 (Table 2, Figure S9). The number
of genes in the SA oscillated around 106 to 107 copies of the gene gD

−1. The high number
of copies of the genes intI1 and intI2 in samples of digestate supplemented with antibiotics
and the SA sample can testify to the possibility of spreading ARGs through the HGT
process. The abundance of the genes intI1 and intI2 can therefore serve as an indicator of
the HGT processes [66]. In this experiment, the concentrations of intI1 and intI2 in most
samples of digestate supplemented with antibiotics increased by one order in comparison
to SA samples (ANOVA Kruskal–Wallis; p < 0.05; N = 6). A similar number of copies of the
tested integrase genes in an AD system may indicate the adaptation of microorganisms
to the concentrations of antibiotics applied at the onset of the AD process [6]. The results
obtained in this study are consistent with the ones reported by other authors. Gaze et al. [66]
showed that the selection pressure exerted by antibiotics can increase the number of copies
of the integrase genes. Allen et al. [57] investigated the share of sequences associated with
transposition elements and plasmids in the microbiome of farm animals and recorded
their higher contribution in animals treated with antibiotics than in the control group.
These authors concluded that antibiotics could induce DR as well as the growth and spread
of ARGs on a broad scale in the environment. However, it is HGT that remains the main
mechanism for the dissemination of ARGs in the environment, which poses an immense
threat to animal and human health due to DR, as well as limiting the possibilities of
controlling this phenomenon [67].

3.5. Results of Statistical Analyses

The Spearman’s correlation analysis applied to investigate ARGs, genes specific for
Archaea and integrase genes in 1 g of digestate, showed very strong, statistically significant
positive correlations between numbers of these genes (R > 0.8) (Figure 2).

The ermF gene highly correlated with the genes MST (R = 0.8153, p < 0.05), mcrA and
MSC (R = 0.8158, p < 0.05). High correlation also appeared between the number of sul1 and
integrase genes, with the correlation with intI1 and with intI2 reaching R = 0.8184 (p < 0.05).
Previously published studies have also confirmed the positive correlation between ARG
and intI1 and antibiotic concentrations in livestock and poultry faeces [68]. Moreover,
Luo et al. [69] found that intI1 was associated with the spread of sul1 and sul2.

High, statistically significant correlation between genes can suggest that the microor-
ganisms present in digestate may have been drug-resistant, and the selection pressure
exerted by antibiotics caused their growth and the spread of DR during the AD process.
The genes intI1 and intI2 showed statistically significant (p < 0.05) positive correlations
with most of the analysed ARGs (R = od 0.60 do 0.82), which suggests an important role of
these genes in HGT. The results of the statistical analysis performed in this study overlap
with the data reported by other researchers, who demonstrated a strong and significant
correlation between ARGs and the presence of integron [70].

High, statistically significant correlations (p < 0.05) were determined between the type
Spirochatetes and the gene blaOXA (R = 0.70) (Figure 3), which implicates the succession of
Spirochaetes, which can condition changes in ARGs present in digestate obtained from cattle
manure [71].
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Figure 3. The network analysis showing the co-occurrence patterns between the detected ARGs
and microbial taxa (type level). The nodes were coloured according to ARGs types and bacterial
taxa. The connection between ARGs and bacterial taxa represents a strong (Spearman’s correlation
coefficient R > 0.7) and significant (p-value < 0.01) correlation. Node size is proportional to the
number of connections; edge width is proportional to Spearman’s p-value.
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Proteobacteria and Spirochaetes demonstrated a high, statistically significant (p < 0.05)
mutual correlation (R = 0.77) and correlated negatively with the gene ermF (R = −0.70),
indicating that their hosts were different [41]. The type of bacteria Firmicutes highly
correlated with the type of bacteria Bacteroidetes (R = 0.70) and with Proteobacteria (R = 0.72)
(Figure 3). Consistent results of studies carried out by many researchers provide direct
evidence that the spread of ARGs can be correlated with residues of antibiotics in the
environment, and this information should improve the current understanding of the
distribution of ARGs and their connection with the succession of microbial communities.

3.6. Impact of Physicochemical Parameters on the Microbial Community in Bioreactors

Zhang et al. [6] report that fluctuations of pH and accumulation of VFAs in bioreactors
can lead to disturbances in the AD process and decrease in the efficiency of methanogenesis.
In this experiment, no significant changes in pH or in concentrations of VFAs were noted.
It can therefore be concluded that these factors were not responsible for changes in the
community of microorganisms or the observed decrease in the yield of CH4 in most of the
analysed digestate samples.

3.7. Future Prospects

This work concluded that antibiotics had the greatest impact on the AD process.
The antimicrobials showed high toxicity to microorganisms, which directly reduced the
production of biogas. To reduce antibiotic toxicity in digesters treating cattle manure
co-fermentation is recommended, i.e., digesting the manure with the addition of, for ex-
ample, cheese whey [72], which is locally available and easily biodegradable substrate.
This method can significantly improve the stability of AD process range compared to the
decomposition of a single substrate. The implementation of anaerobic digestion in full-size
biogas plants located on large farms can be an environmentally friendly solution ensuring
energy security for the farm, allowing for the reduction of transport and management costs.
However, the condition for achieving these benefits is rational management of antibiotics
and limiting their supply to animals.

4. Conclusions

The research has demonstrated the inhibitory effect of antibiotics on the efficiency of
AD and CH4 production. The AD process in the presence of antibiotics also stimulates
an increase in the number of ARGs and their spread in digestate samples. The antibiotics
tested in this study were toxic not only to fermentation bacteria but also to methanogens,
responsible for CH4 production. Antibiotics caused a change in the proportions of counts
of bacteria relative to Archaea. In conclusion, it is necessary to monitor the AD process
in biogas plants, the digestate obtained from this process and the environment to which
such digestate is introduced. This work will enrich the database supporting the design and
commissioning of the full-scale processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-107
3/14/4/1125/s1, S1. Anaerobic digestion and Methane fermentation. S2. Analyses of antibiotics
concentration. S3. Analyses of genes concentration. S4. Statistical analyses. Table S1: The charac-
teristics of cattle manure used as substrate in AD process and anaerobic sludge used as inoculum.
Table S2: The concentrations of antibiotics used in the investigations, per unit of reactor feed volume.
Table S3: Primers sequences and parameters use for qPCR analysis. Table S4: The FOS/TAC ratio,
concentration of nitrogen and phosphorus in biomass, and pH value in digestate samples from
methane fermentation of cattle manure with the addition of selected antibiotics and in bioreactor
with substrate without antibiotic supplementation (SA). Table S5: LC-MS/MS parameters for the
investigated compounds. Table S6: Total compound concentration at the beginning of the experiment
(C0) and in the equilibrium conditions (after the process) (Ct), per unit of reactor volume, µg L−1.
Table S7: Concentrations, sorption parameters and removal efficiency of the test substances during the
anaerobic digestion. Table S8: Hydration of samples after the anaerobic digestion process. Table S9:
Relative abundances (RAs) of genes specific for Archaea antibiotic resistance genes, and integrase
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genes in digestate with antibiotic addition and substrate without antibiotic addition. The relative
abundances (RAs) of the ARGs were calculated as: copy number of ARG/copy number of 16S
rRNA. Figure S1: Average values (± standard deviation) of methane production during anaerobic
digestion in bioreactors with (A) MET, (B) AMO, (C) AMP, (D) ENR, (E) SMX, (F) OXY, (G) CHLOR,
(H) TET supplementation, and (I) control reactor (SA). All the results presented are the means of two
independent assays. Figure S2: Detailed taxonomy and community structure of Archaea and bacteria
(based on the OTUs) up to species in digestate with supplementation of selected antibiotics and
in bioreactor with substrate without antibiotic supplementation (SA). Figure S3: Frame-mustache
charts showing the results of the Kruskal–Wallis test (ANOVA). Statistically significant changes in the
concentration of genes specific for Archaea like (a) mcrA gene, (b) MSC gene, (c) MST gene are marked
with an asterisk (*) (p-values < 0.05 were considered statistically significant). Figure S4: Frame-
mustache charts showing the results of the Kruskal–Wallis test (ANOVA). Statistically significant
changes in the concentration of tet genes like (a) tetA, (b) tetM, (c) tetQ, are marked with an asterisk (*)
(p-values < 0.05 were considered statistically significant). Figure S5: Frame-mustache charts showing
the results of the Kruskal–Wallis test (ANOVA). Statistically significant changes in the concentration
of bla genes like (a) blaTEM, (b) blaOXA, (c) cfxA, are marked with an asterisk (*) (p-values < 0.05
were considered statistically significant). Figure S6: Frame-mustache charts showing the results of
the Kruskal–Wallis test (ANOVA). Statistically significant changes in the concentration of sul1 genes
are marked with an asterisk (*) (p-values < 0.05 were considered statistically significant). Figure S7:
Frame-mustache charts showing the results of the Kruskal–Wallis test (ANOVA). Statistically signifi-
cant changes in the concentration of MLS group genes like (a) ermF, (b) linA, (c) mef A, are marked with
an asterisk (*) (p-values < 0.05 were considered statistically significant). Figure S8: Frame-mustache
charts showing the results of the Kruskal–Wallis test (ANOVA). Statistically significant changes
in the concentration of fluoroquinolones genes like (a) qepA, (b) aac-(6′)-Ib-cr are marked with an
asterisk (*) (p-values < 0.05 were considered statistically significant). Figure S9: Frame-mustache
charts showing the results of the Kruskal–Wallis test (ANOVA). Statistically significant changes in the
concentration of integrase genes like (a) intI1, (b) intI2 are marked with an asterisk (*) (p-values < 0.05
were considered statistically significant). References [73–84] are cited in the Supplementary Materials.
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