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INTRODUCTION 

The first step into the antibiotic era was taken nearly a century ago thanks to Alexander Fleming’s 

discovery of penicillin. This discovery has saved the lives of millions and revolutionized the medical 

practice. Yet, every rose has its thorns. In this case, inattentive and excessive use of antibiotics since 

their discovery has almost reverted humankind to the pre-antibiotic era. Inattentive use of 

antibiotics is for example their use for viral infections, and for production animals as growth 

promoters and prophylactics (Khachatourians, 1998). Antibiotics are substances that bacteria and 

fungi produce to offer a competitive edge in the environment where nutritional resources are 

limited. Bacteria fight against each other with various mechanisms e.g., with antibiotics that are an 

ancient “invention” of bacteria. Therefore, also antibiotic resistance in bacteria must be as old since 

bacteria producing antibiotics have to be resistant to them in order not to kill themselves (Perry et 

al., 2016). Man have taken advantage of the ability of bacteria to produce antibiotics and developed 

these antibiotics less toxic and more effective by synthetic modifications (Levy, 1982). 

Consequences of the substantial consumption of antibiotics and the development of new antibiotics 

have provoked a global threat called antimicrobial resistance (AMR).  

Intensive animal production, also known as industrial livestock production, is one of the biggest 

sectors using antibiotics at global scale. In this industry, livestock such as cattle, poultry and pigs are 

raised in large densities to maximize the production and meet the demands of the continuously 

growing consumption of animal protein due to world population increase. Therefore, as livestock 

densities are high, also the need for antimicrobials increase, if animals get sick and require 

medication. Antibiotic use in production animals is divided into therapeutic, prophylactic and 

growth-promoting use (Barton, 2000). Therapeutic use is medicating the sick animals, whereas 

prophylactic use is preventing infections in animals. Use of antibiotics as growth promoters stem as 

far as the 1950s, when effects were found “by coincidence” when studying vitamin B12 levels in 

poultry (Gustafson and Bowen, 1997). Stokstad and Jukes (1949) made the remarkable discovery, 

which changed the whole agricultural world. They were the first to show that chickens gained weight 

because of antibiotic aureomycin later known as chlortetracycline (Gustafson and Bowen, 1997). 

This discovery lead to usage of antibiotics as growth promoters in agriculture to increase the 

volumes of production animals. It has been estimated that the increasing volumes in animal 

production consequently increase also the use of antimicrobials (Van Boeckel et al., 2015). 

According to the estimations by Van Boeckel et al. (2015) the antimicrobial consumption may rise 
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globally even by 67 percent from 2010 levels by 2030. Despite these estimations, it is important to 

be aware of that AMR crisis is already encountered just now and not only threatening our future. 

In Finland and the European Union, the use of antibiotics as growth promoters has been banned 

since 2006 (European Union, 2005). However, prophylactic use of antibiotics may often be regarded 

necessary to secure farmers income. In intensive animal production where livestock are raised in 

large quantities in close contact to each other, one sick animal can easily infect the rest of the 

livestock. This would lead to detrimental economical losses for example in meat production. Hence, 

prophylactic use is sometimes crucial for farmer in order to save one’s livestock. It is then considered 

as prophylactic use since the animals are not yet sick. But there is a greater risk that these animals 

get sick if they are left unmedicated. To describe an example of a threat to pork production, 

Lawsonia intracellularis is a bacterium that causes intestinal infection in farmed pigs. L. 

intracellularis is often prevented by prophylaxis using subtherapeutic levels of antibiotic growth 

promoters in feed along with vaccines outside Europe (Karuppannan and Opriessnig, 2018). 

Karuppannan and Opriessnig (2018) discuss the global concerns of antimicrobial resistance, which 

is partly due to the prophylactic consumption of antibiotic growth promoters. World Health 

Organization (WHO) co-operates with Food and Agriculture Organization of the United Nations 

(FAO) in order to enhance surveillance protocols and  develop national action plans towards AMR. 

Karuppannan and Opriessnig (2018) together with WHO and FAO encourage to prudent use of 

antimicrobials when deliberating actions in the AMR crisis. 

Land application, also known as fertilization, with animal manure has been a common 

worldwide practice in agriculture since ancient times (Brooks et al., 2015). Crop harvested from 

fields fertilized with animal manure is used to feed livestock such as pigs. This practice has been 

shown to transfer antimicrobial resistance genes (ARGs) between manure and soil, which in turn 

increases the prevalence of antibiotic-resistant bacteria (ARB) in soil (Heuer et al., 2011; Udikovic-

Kolic et al., 2014; Williams-Nguyen et al., 2016; Muurinen et al., 2017). A cycle between land 

application with animal manure and forage of livestock passes ARGs back and forth between 

bacteria in two distinct environments: the gastrointestinal tract of production animals and the 

agricultural soil (Muurinen et al., 2017). Dissemination of ARGs into the environment follows the 

basic mechanisms familiar for bacteria. ARB in the environment can transfer their resistance genes 

via horizontal gene transfer (HGT).  Bacteria can perform HGT through three different mechanisms: 

transformation, a competent cell uptakes exogenous genetic material from the environment; 
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conjugation, bacteria exchange genetic material, mainly plasmids, via direct contact i.e., pilus; 

transduction, foreign DNA is transferred by the aid of bacteriophages (Levy and Marshall, 2004). 

Along with HGT also genetic mutation and recombination can occur in bacteria as well as selection 

pressure caused by antibiotics. All of these are considered to spread ARGs in the environment 

(Berendonk et al., 2015). In agriculture HGT can occur in different environments: in animal gut, 

during manure storage and on fields where the manure is spread. It has been shown that AMR 

develops in agroecosystems due to the selective pressure of antimicrobial use in intensive animal 

farming (Ruuskanen et al., 2015; Muurinen et al., 2017; Fang et al., 2018). In addition, the amount 

of ARGs in manure is very variable, thus application of manure to fields in agriculture may increase 

the abundance of ARGs not only in the farm environment but also adjacent areas of the farm 

(Ruuskanen et al., 2015). Several studies conducted in China show that ARGs are found in swine 

farms (Zhu et al., 2013; Sui et al., 2016). Even though the level of antibiotic use and agricultural 

practices differ substantially for example from Finnish agriculture, findings in China are relevant, 

when studying the abundance of ARGs in the swine farm environment. 

The One Health approach harnesses researchers globally to study AMR in a more profound and 

comprehensive way (Tiedje et al., 2019). Interestingly, there are not yet much studies that have 

analyzed how exposure to animal manure affects agricultural environment in countries where 

antibiotics are used in relatively low amounts, such as Finland. In addition to the low level of 

antibiotic use, Finland also differs in agricultural practices from most of the world. Due to climate, 

manure is stored during winter months and used as a fertilizer and applied to the fields in spring. In 

countries with milder climate abiotic factors, phenomena such as soil freezing or snowing on top of 

fields, is not an issue and the manure is applied to the fields year-round. Therefore, in Finland, 

manure is not present on the agricultural fields year-round.  

The ARGs that were selected in this study are tetM, strB and qacE∆1. The abundance of a great 

variety of different ARGs has been studied with qPCR in different sample types in Finnish swine farm 

by Muurinen et al. (2017) and this information was utilized when selecting the genes. Two of these 

genes code resistance against different antibiotic agents: tetM against tetracycline, and strB against 

aminoglycoside called streptomycin. Third gene, qacE∆1, codes biocide resistance for quaternary 

ammonium compounds, which are widely used compounds in disinfectants in agriculture. 

Disinfectants affect the hygiene of fields and buildings to facilitate reduced use of antibiotics. Mobile 

genetic elements (MGEs) are genetic material, which can move within a genome or that can also 
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shift between species. Because of this trait MGEs are often present in HGT. MGEs can shift either in 

or between DNA molecules in e.g., transposons and gene cassettes or integrons or then they can be 

transferred  between bacterial cells e.g., in plasmids (Levy, 1982; Partridge et al., 2018). Resistance 

genes are often associated with MGEs i.e., the mobilome and can thus be transferred between 

bacteria that are distantly related and belong for example in another phyla (Wellington et al., 2013; 

Partridge et al., 2018). Resistance genes for quaternary ammonium compounds i.e., qac-genes are 

for example integron-associated along with class 1 integrons with qacE∆1 deriving from the qacE-

cassette and thus importantly associated to antimicrobial resistance  (Wellington et al., 2013; 

Partridge et al., 2018). Additionally, a conjugative transposon, Tn916, has been shown to encode 

tetracycline resistance (Clewell and Gawron-Burke, 1986; Showsh and Andrews, 1992) whereas 

streptomycin resistance gene strB is also found in MGE in a gene cluster together with strA gene 

(Sundin and Bender, 1996). ARGs linked to MGEs increases the prevalence of ARG dissemination 

and therefore studying the relationship between ARGs and their hosts in agriculture is required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Workflow of epicPCR. (a) Microbial cells in acrylamide suspension are mixed into emulsion oil. The emulsion 

droplets are polymerized into polyacrylamide beads containing single cells. The emulsion is broken and the cells in the 

polyacrylamide beads are treated enzymatically to destroy cell walls, membranes and protein components, and expose 

the genomic DNA. (b) Polyacrylamide-trapped, permeabilized microbial cells are encapsulated into an emulsion with 

fusion PCR reagents. (c) Fusion PCR first amplifies a target gene with an overhang of 16S rRNA gene homology. With a 

limiting concentration of overhang primer, the target gene amplicon will anneal and extend into the 16S rRNA gene, 

forming a fusion product that continues to amplify from a reverse 16S rRNA gene primer. (d) The fused amplicons only 

form in the emulsion compartments where a given microbial cell has the target functional gene. (e) After breaking the 
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emulsion, the fused amplicons are prepared for next-generation sequencing. The resulting DNA sequences are 

concatemers of the target functional gene and the 16S rRNA gene of the same cell. Figure and figure legend retrieved 

from Spencer et al. (2016) (License under Creative Commons Attribution 4.0 International License, 

http://creativecommons.org/licenses/by/4.0/). 

EpicPCR (Emulsion, Paired Isolation and Concatenation PCR) is a semi-novel method that was 

developed in the groups of Marko Virta in the University of Helsinki and Eric Alm in Massachusetts 

Institute of Technology (MIT). Microbial community members can be studied with 16S ribosomal 

RNA (rRNA) gene sequencing, and metagenomics can determine the functional repertoire i.e., the 

diversity of functional genes. However, combining these two methods has been a challenge and this 

is where epicPCR provides a high-throughput method for this purpose. Consequently, epicPCR 

enables to study the question: “What is the functional role of certain bacteria i.e. individual cells in 

the studied community?”. In epicPCR, the functional gene can be linked to its’ host with emulsion-

based technique combined with multiple steps of polymerase chain reactions (PCRs) (Figure 1) 

(Spencer et al., 2016). One big advantages of epicPCR is that the method does not require any 

cultivation steps since most environmental bacteria cannot be cultured in laboratory settings. Along 

with epicPCR, 16S rRNA gene sequencing was also used in this study to determine the microbial 

community in different sample types and compare the microbial communities between soil and 

manure. In addition, 16S rRNA gene sequencing worked as a method to support the findings in 

epicPCR as this kind of procedure has been used in previous study (Hultman et al., 2018) with 

epicPCR. 

The objective of this study was to determine the host range of the selected ARGs tetM, strB and 

qacE∆1, in soil and manure samples collected from a Finnish swine farm using epicPCR. With host 

range analysis the aim was to determine the bacterial genera that carry the studied genes. In 

addition, the microbial communities in soil and manure were determined and compared with 16S 

rRNA gene sequencing. 
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METHODS 

 

Study setting, sample collection and sample handling 

The study area from where the samples were collected in 2017 is a swine farm (T3) located in 

Southern Finland (60°47’43”; 25°13’51”). There are approximately 1000 pigs and the crop is rape 

[Brassica rapa (DC.)]. Pigs had been medicated with β-lactams and sulfonamides. The pig manure 

had been stored in open-air concrete silo and mixed before application to the field. All fields had 

been in regular agricultural use during previous years with annual manure application. Sample 

collection and handling was conducted by other members of the research group in summer 2017. 

Following samples with three replicates were collected: fresh manure from multiple pigs inside the 

animal shelter (I), stored manure from open-air storage silo (M), unfertilized soil from the field 

before manure application (SB) and fertilized soil from the field directly after manure application 

(SA) as well as 2 weeks (S2WA) and 6 weeks (S6WA) after manure application from the same site on 

the field. Soil samples were taken from the topsoil from approximately 0.3 x 0.15 m dimensional 

area 0.1 m of depth producing around 4 liters in volume. Soil samples SB, SA, S2WA and S6WA were 

prepared by adding 5 g of soil into 10 ml of 30 % glycerol in a 15 ml Falcon tube and flash frozen 

with ethanol and dry ice. Manure samples M and I were treated by adding 5 ml of manure with a 

Pasteur-pipette into a 15 ml Falcon tube and flash frozen with ethanol and dry ice. Samples were 

then stored in -80 °C. 

 

Sample pretreatment for epicPCR 

Glycerol was removed from the samples to extract the cells by 2 min centrifugation at 11,700 x g at 

+4 °C (Hettich Mikro 200R). After centrifugation, pellet was eluted in 700 µl of 1X PBS solution 

(molarities of components given in Table 1) and samples were sonicated on Covaris S2 Focused-

ultrasonicator with a protocol (Table 2) that was optimized by our research group member Minna 

Maunula (Maunula, 2020) based on sample type, and with water bath temperature around +7 °C. 

After sonication, the samples were kept on ice and treated with 80 % (w/v) Histodenz (Sigma-

Aldrich) solution to collect the cells. Histodenz treatment was performed twice since the sonicated 

700 µl volume was divided in two. Sonicated sample was vortexed and poured on top of the 

Histodenz solution and centrifuged for 20 min at 5,000 x g at +4 °C. For soil samples (SB, SA, S2WA, 
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S6WA), top and middle phases containing the cells were collected from the Histodenz and 

centrifuged for 10 min at 13,000 x g at +4 °C. For manure samples (I, M), after collecting the top and 

middle phase the samples were strained through 35 µm cell strainer in order to get rid of any 

manure particles left and then centrifuged for 10 min at 13,000 x g at +4°C. After centrifugation, 

pellet containing the cells was eluted in 50 µl of 1X PBS solution and stored overnight at +4°C and 

then proceeded to epicPCR.  

Table 1. 1X PBS solution pH 7,4 (Cold Spring Harbor Protocols, 2006)  

Ingredient Molarity (mol l-1) Manufacturer 

NaCl 0,137  EMSURE® 
KCl 0,0027  Riedel-de HaënTM 

Na2HPO4 0,01 Sigma-Aldrich 
KH2PO4 0,0018 AnalaR NORMAPUR 

 

Table 2. Sonication protocol for soil and manure (Maunula, 2020) 

Sample type Duty cycle Intensity Cycles per Burst 

Soil 1 % 0,1 100 

Manure 2 % 1 200 

 

epicPCR for host range analysis 

epicPCR was performed according to a protocol modified from Spencer et al. (2016), see 

supplementary data S1 for each step that was performed for the samples. Primers used in epicPCR 

are listed in Table 3. In polymerization step 1.2 cells achieved from the pretreatment step in 1 X PBS 

were first diluted based on cell density seen on a microscope (Nikon Eclipse E600). Microscoping 

the cells were done in a same way than microscoping the beads, see step 2.0. Soil samples including 

sample types SB, SA, S2WA and S6WA were diluted 1:2 in 1 X PBS. Manure samples contained much 

more cells than soil samples so sample types I and M were diluted in 1:100 (I) or 1:50 (M) in 1 X PBS. 

In step 1.4 beads were resuspended in 1 X TK buffer (pH 7,5) which was prepared by first preparing 

100 ml of 0,04 mol l-1 Tris-HCl (pH 7,5) and 100 ml of 0,12 mol l-1 KCl and autoclaving the solutions. 

After autoclaving, the solutions were filtered through a 0.22 µm pore size and combined in a same 

bottle. The yield after ABIL emulsion break, step 3.f, was usually around 100 µl with the range of 90 

– 120 µl since intention is to collect as much as is possible. According to the collected volume, PCR 

products were purified by adding binding buffer 5:1 as instructed in step 4.0. Elution volume was 
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always 16 µl in every purification step i.e., in steps 3.0 and 5.2.c, except in the final purification of 

the nested PCR products for sequencing. When the samples were prepared for sequencing, the 

purified PCR products were eluted in 20 µl of the elution buffer provided in the kit. DNA 

concentrations of the purified samples were measured with Qubit 2.0 for sequencing and the 

sequencing was performed on the Illumina MiSeq platform at the Institute of Biotechnology, 

University of Helsinki. 

 

16S rRNA gene sequencing for microbial community analysis 

Forward primers Illum_519F_1 – Illum_519F_4 and reverse primers Illum_785R_1 – Illum_785R_4 

were used (Table 3) to amplify the same 16S rRNA gene region i.e., V3-V4 region that is amplified in 

epicPCR. I constructed the forward primers Illum_519F_1 – Illum_519F_4 as a reverse complement 

of the reverse 16S rRNA gene sequence (GWATTACCGCGGCKGCTG) linked to the short Illumina 

TrueSeq adapter (ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT) with variable nucleotides 

added for mixing in sequencing. The DNA from different sample types and replicates had already 

been extracted in 2017 after the sample collection by the research group members. Same samples 

with replicates were used in 16S rRNA gene amplification as in epicPCR in order to have comparable 

results between 16S rRNA gene PCR and epicPCR. DNA concentration varied between samples 

(Table 4), so for PCR optimization some samples were diluted before they were used as a template 

in order to harmonize the level of DNA concentrations between samples. The PCR reactions were 

prepared by following the instructions provided by the enzyme manufacturer (Thermo Scientific) 

(Table 5). The PCR cycling conditions were as following: initial denaturation at 98 °C for 30 s, 

followed by 14 cycles at 98 °C for 10 s, 59 °C for 30 s and 72 °C for 30 s, and a final extension for 5 

min at 72 °C. The amount of template DNA in 25 µl reaction varied between 30 and 56 ng. A PCR 

negative control without template DNA was also added to the PCR run. The PCR products were run 

in a mini gel (Invitrogen™ E-gel™, Thermo Scientific) to check that the PCR was successful and after 

that purified with Monarch® PCR & DNA Cleanup Kit (5 µg) (New England Biolabs) with elution 

volume of 20 µl. To determine the size of the PCR products in the gel, GeneRuler 1 kb Plus DNA 

Ladder (Thermo Scientific) was used as a size standard. DNA concentrations of purified samples 

were measured with NanoDrop One for sequencing and the sequencing was performed on the 

Illumina MiSeq platform at the Institute of Biotechnology, University of Helsinki. 
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Table 3. Primers that were used in the study 

 

a Lower case nucleotides in primers 519F and 785R refer to nucleotides that were added for mixing in sequencing 

b Nucleotides marked in bold indicate the 16S rRNA gene sequence (in R1_F2’) or the short Illumina TrueSeq adapter (in 

nested primers) 

 

Gene name Sequence 5’-3’ a) b) Target Ref. 
Illum_519F_1 ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

CAGCMGCCGCGGTAATWC 

16S rRNA gene Lane, 1985 

Illum_519F_2 ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

gtCAGCMGCCGCGGTAATWC 

16S rRNA gene Lane, 1985 

Illum_519F_3 ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

agagCAGCMGCCGCGGTAATWC 

16S rRNA gene Lane, 1985 

Illum_519F_4 ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

tagtgtCAGCMGCCGCGGTAATWC 

16S rRNA gene Lane, 1985 

Illum_785R_1   GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAC

TACHVGGGTATCTAATCC 

16S rRNA gene Herlemann et al., 

2011 

Illum_785R_2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaGA

CTACHVGGGTATCTAATCC 

16S rRNA gene Herlemann et al., 

2011 

Illum_785R_3 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtct

GACTACHVGGGTATCTAATCC 

16S rRNA gene Herlemann et al., 

2011 

Illum_785R_4 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTctg

agtgGACTACHVGGGTATCTAATCC 

16S rRNA gene Herlemann et al., 

2011 

U519_blockF TTTTTTTCAGCMGCCGCGGTAATWC/3SpC3/ epic forward 

blocking primer 

Spencer et al., 2016 

U519_blockR TTTTTTTGWATTACCGCGGCKGCTG/3SpC3/ epic reverse 

blocking primer 

Spencer et al., 2016 

tetM_F1 CATCATAGACACGCCAGGACA tetM epic forward Karkman et al., 

2016 

tetM_ R1_F2’ GWATTACCGCGGCKGCTGCTGTTTGATTACAATTTCC

GC 

tetM epic linker Tamminen et al., 

2011 

tetM_F3_TS ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

GCAATTCTACTGATTTCTGC 

tetM epic nested Tamminen et al., 

2011 

strB_F1 CTAATGGCGAAGCTGTATG strB epic forward Virta et al., 

unpublished 

strB_ R1_F2’ GWATTACCGCGGCKGCTGGTGGACGTAGTCAGTTTGA

C 

strB epic linker Virta et al., 

unpublished 

strB_F3_TS ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

GTATGCCGCATCTGAGGAAC 

strB epic nested Virta et al., 

unpublished 

qacE∆1_F1 TCGCAACATCCGCATTAAAA qacE∆1 epic 

forward 

Eckert et al., 2006 

qacE∆1_ R1_F2’ GWATTACCGCGGCKGCTGATGGATTTCAGAACCAGAG

AAAGAAA 

qacE∆1 epic linker Karkman et al., 

2016 

qacE∆1_F1_TS ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

TCGCAACATCCGCATTAAAA 

qacE∆1 epic nested Karkman et al., 

2016 

pH’ AAGGAGGTGATCCAGCCGCA 16S rRNA gene Edwards et al., 

1989 
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Table 4. Original DNA concentration in extracted DNA samples, measured by other research group members in 2017 

Sample Replicate (concentration in ng l-1) 
A B C 

T3SB1 28 18,1 19,5 
T3SA1 22 23,6 17,5 
T3S2WA1 48,4 44 39,6 
T3S6WA1 15,2 77,8 26,4 
T3M1 37 30 35,2 
T3I3 63,4 67 72 

 

Table 5. PCR master mix composition for the PCR reactions in 16S rRNA gene PCR  

Reagent Final concentration 

PCR-H2O  
5 x GC Buffer (Thermo Scientific) 1x 
10 mM dNTPs (BioNordika) 200 µmol l-1  of each 
Forward primer (mix of primers 519F_1 – 519F_4, 
5 µmol l-1) 

0,5 µmol l-1 

 
  

Reverse primer (mix of primers 785R_1 – 785R_4, 
5 µmol l-1) 

0,5 µmol l-1 

Template DNA x 
DMSO (Thermo Scientific) 3 % 
Phusion™ High-Fidelity DNA Polymerase (Thermo 
Scientific) 

0,02 U µl-1 

 

 

Sequence analysis for epicPCR products and 16S rRNA gene sequences  

Sequence analysis for 16S rRNA gene and epicPCR amplicon sequences was carried out on CSC’s (IT 

Center for Science) supercomputer Taito. Analysis of epic amplicon and 16S rRNA gene sequences 

were partly performed individually and partly together (Figure 2). Analysis for 16S rRNA gene 

sequences were performed by following the pipeline on GitHub created by Jenni Hultman 

(https://github.com/jjholsa/MMB-117) with an exception that OTU analysis was performed 

together with the 16S rRNA sequences of epic reads. epicPCR analysis and OTU analysis both for 16S 

rRNA gene sequences as well as for the 16S rRNA sequences of epic reads were performed by 

following the pipeline on GitHub created by Katariina Pärnänen 

(https://github.com/KatariinaParnanen/epicPCR_analysis). Illumina adapters, Illum_519F_1 – 4 and 

Illum_785R_1 – 4, (Table 6) on 16S rRNA gene sequences from the 3’ (reverse complement of 

reverse primes) and 5’ (forward primers) on R1 reads and 5’(reverse primers) on R2 reads were 

removed with Cutadapt (v1.18; Martin, 2011) with following parameters: -m 1, -e 0.2, -q 25 and -O 

https://github.com/jjholsa/MMB-117
https://github.com/KatariinaParnanen/epicPCR_analysis
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15. After adapter trimming the read quality was checked with FastQC (v0.11.8; Andrews, 2010) 

provided by Babraham Bioinformatics. Trimmed 16S rRNA gene reads were assembled with Pear 

(v0.9.6; Zhang et al., 2014) with default settings and quality filtered with USEARCH (version 

10.0.240; Edgar, 2010) by fastq_filter command with -fastq_maxee 1 and -fastq_minlen 230 

parameters. epicPCR sequences were also trimmed with Cutadapt to remove the 3’ adapter from 

R1 (AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) and R2 (AGATCGGAAGAG) reads. Quality 

control of reads with FastQC i.e., to check that the adapters were removed was performed prior 

assembling reads with Pear with default settings. After that, 16S 3’ primers i.e., Illum_785R_1_RC – 

4_RC, (Table 6) were removed and reads were quality filtered with Cutadapt with a cutoff of 20, 

minimum length of 350 and maximum length of 550. Assembled reads, 16S rRNA gene and 16S rRNA 

gene from epic reads, were then joined in a same file and OTU clustering was done by using 

VSEARCH (v2.14.1; Rognes et al., 2016) with 99 % identity. In OTU clustering the sequences are 

aligned to each other to determine representative OTU sequences. Using 99 % identity means that 

sequences clustered together as an OTU will have to be at least 99 % identical. Chimera removal 

i.e., discarding chimeric sequences was also performed during OTU clustering. After OTU clustering 

the sequences both from 16S and epic data were classified with Mothur (v1.40.5; Schloss et al., 

2009) to produce taxonomic data. 
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Figure 2. Schematic illustration of the workflow to achieve taxonomic data from soil and manure samples by methods 

performed in laboratory together with bioinformatic analyses carried out on CSC’s supercomputer Taito for the 

sequence data. 

epicPCR amplicon sequences 

 

16S rRNA gene sequences 

 

Cutadapt (Martin, 2011) 

Output: Trimmed reads 

 

 

Cutadapt (Martin, 2011) 

Output: Trimmed reads 

 

 

Pear (Zhang et al., 2014) 

Output: Assembled reads 

 

 
Cutadapt (Martin, 2011) 

Output: Filtered assembled reads 

 

 

Pear (Zhang et al., 2014) 

Output: Assembled reads 

 

 
USEARCH (Edgar, 2010) 

Output: Filtered assembled reads 

 

 

VSEARCH (Rognes et al., 2016) 

Output: Reads mapped to OTUs producing an OTU table 

 

 

Mothur (Schloss et al., 2009) 

Output: Classifying OTUs producing a taxonomy table 

 

 

soil/manure sample (SB, SA, S2WA, S6WA, I, M) 

 

 

Extracted DNA 

 

Extracted cells 
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Table 6. Illumina adapter sequences removed with Cutadapt when trimming the sequence data 

Forward primers 519F_1 – 4 and reverse 
primers 785R_1 – 4 a) 

Adapter sequence 

Illum_519F_1 CAGCMGCCGCGGTAATWC 

Illum_519F_2 gtCAGCMGCCGCGGTAATWC 

Illum_519F_3 agagCAGCMGCCGCGGTAATWC 

Illum_519F_4 tagtgtCAGCMGCCGCGGTAATWC 

Illum_785R_1 GACTACHVGGGTATCTAATCC 

Illum_785R_2 aGACTACHVGGGTATCTAATCC 

Illum_785R_3  tctGACTACHVGGGTATCTAATCC 

Illum_785R_4 ctgagtgGACTACHVGGGTATCTAATCC 

Illum_785R_1_RC GGATTAGATACCCBDGTAGTC 

Illum_785R_2_RC GGATTAGATACCCBDGTAGTCt 

Illum_785R_3_RC GGATTAGATACCCBDGTAGTCaga 

Illum_785R_4_RC GGATTAGATACCCBDGTAGTCcactcag 
 

a RC in the end of the name of the reverse primer refers to adapter sequence as a reverse complement 

 

Data-analysis in R 

R version 3.6.2. (R Core Team, 2017) was used to analyze the taxonomic data and produce graphics. 

In R, the phyloseq package (McMurdie and Holmes, 2013) was used both for epic and 16S rRNA gene 

data to process and analyze the taxonomic data. 16S data was analyzed by following the pipeline on 

GitHub created by Dr. Igor S. Pessi (https://github.com/igorspp/MMB-114/blob/master/MMB-

117.md). epic data was analyzed by following the pipeline on GitHub by Katariina Pärnänen 

(https://github.com/KatariinaParnanen/epicPCR_analysis/blob/master/epic_R.html). 

 

epicPCR data-analysis 

The host range analysis was performed independently for each ARG by analyzing the taxonomy of 

the 16S rRNA gene reads that were linked to the studied ARGs. Host range of the studied ARGs was 

analyzed at genus level. The technical replicates (a, b, c) within the same sample type (SB, SA, S2WA, 

S6WA, I, M) were merged to get results that represent each sample type. The read counts were 

transformed to presence/absence data since epicPCR is a qualitative method and therefore the 

number of reads observed in each genus per sample was not considered. Taxa belonging to the 

same genus were agglomerated with tax_glom command in phyloseq package. For a genus to be 

defined as a carrier for the ARGs in certain sample type, it had to be present in 2/3 of technical 

replicates. After this, the genera found in each sample type were analyzed and figures visualizing 

https://github.com/igorspp/MMB-114/blob/master/MMB-117.md
https://github.com/igorspp/MMB-114/blob/master/MMB-117.md
https://github.com/KatariinaParnanen/epicPCR_analysis/blob/master/epic_R.html
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the different genera found in each sample type were created with ggplot2 package (Wickham, 

2016). Reads that could not be classified on genus level and assigned only to upper taxonomic levels 

e.g., to family or order, were also kept in the data. In the plots, hosts not defined on genus level, are 

named so that there is uncultured/unclassified/_ge label in the end. Barplots visualizing the 

readcount achieved from epicPCR were also created using ggplot2 package as the host range plots. 

 

16S rRNA gene data-analysis 

The microbial community composition between soil and manure and the different sample types 

were compared with permutational multivariate analysis of variance (PERMANOVA) with adonis 

function from the vegan package (Oksanen et al., 2017). Beta diversity was calculated with phyloseq 

package with the Bray-Curtis dissimilarity index for principal coordinate analysis (PCoA). For relative 

abundance plots of twenty most abundant genera in soil and manure communities, the technical 

replicates (a, b, c) from each sample type were merged and the read counts were normalized to get 

relative abundances. Before selecting twenty most abundant genera in soil and manure 

communities, soil samples (SB, SA, S2WA, S6WA) and manure samples (I, M) were separated in their 

own phyloseq objects and then twenty most abundant genera in these communities were selected 

and plotted with ggplot2 package. Subsetting the samples based on the sample material i.e., to soil 

and manure samples was performed because the microbial compositions were significantly 

different in soil and manure. Therefore, very different genera belonged to the top twenty genera in 

soil and manure based on relative abundance. Consequently, some genera that were very abundant 

in soil was not that abundant in manure. 
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RESULTS 

 

Microbial communities in soil and manure 

The 16S rRNA gene was amplified in all samples producing high read counts (Figure 3). Samples 

PCR0, neg1 and neg2 are negative controls: PCR0, a negative control added in the Illumina MiSeq 

sequencing, and neg1 and neg2 are negative controls that were added in the 16S rRNA PCR run 

when amplifying the 16S rRNA gene. These three negative controls were removed for further 

analysis, since the read counts were that low and the same OTUs were found in the samples with a 

significantly higher read count. Therefore, it is concluded that the reads in the negative controls 

derived from the samples as cross-contamination during PCR runs rather than a contamination in 

the components of the PCR master mixes.  

 

 

 

Figure 3. Read counts of the 16S rRNA gene amplified in different sample types (I, M, S2WA, S6WA, SA, SB) and replicates 

(a, b, c). 
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According to the principal coordinate analysis (PCoA), the microbial community of manure was 

found to be significantly different from that of soil (PERMANOVA with Bray-Curtis dissimilarity, p-

valuesoil-manure=0.001, R2=0.75069) (Figure 4). Two dimensions of the PCoA plot (Figure 4) explains 

most of the variation observed between different sample types with 82 % being the percentage of 

how much of the variation can be explained by this statistical test. Additionally, unfertilized soil (SB) 

seems to be distinct from fertilized soil (SA), soil 2 weeks after fertilization (S2WA) and soil 6 weeks 

after fertilization (S6WA), respectively. In all sample types the three technical replicates were 

clustered together, and very little variation was observed between the technical replicates within 

the same sample type. 

 

 

Figure 4. Principal coordinate analysis (PCoA) plot from the OTU relative abundances calculated with the Bray–Curtis 

dissimilarity. The two-dimensional plotting explains most of the variation between different sample types (82,2 %). 

Fresh (I) and stored (M) manure clusters were clustered together and distinct from soil samples. Unfertilized soil (SB) 

cluster was more distinct from fertilized soil (SA), soil 2 weeks after fertilization (S2WA) and soil 6 weeks after 

fertilization (S6WA) clusters. In addition, fertilized soil, soil 2 weeks after fertilization and soil 6 weeks after fertilization 

were closely clustered and less distinct from fresh and stored manure than from unfertilized soil. 
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Soil community 

In soil community, including unfertilized soil, fertilized soil, soil 2 weeks after fertilization and soil 6 

weeks after fertilization, twenty most abundant orders (Figure 5) and twenty most abundant genera 

(Figure 6) were defined. The most abundant order was Betaproteobacteriales representing 43 % of 

the soil samples (Figure 5). Rhizobiales was the second most abundant order in soil samples with 32 

% of the reads from soil samples (SB, SA, S2WA and S6WA) assigned to it (Figure 5).  

The most abundant genus was Candidatus_Udaeobacter with 19 % detected in all soil samples 

(Figure 6). Secondly most abundant genus was unclassified genus from family SC-I-84 which belongs 

to order Betaproteobacteriales (Figure 6). In this genus, the relative abundance in all soil samples 

was 14 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Twenty most abundant orders in soil samples including unfertilized soil, fertilized soil, soil 2 weeks after 

fertilization and soil 6 weeks after fertilization. Relative abundance of each order is proportional to the whole microbial 

community including all sample types i.e., soil and manure. 
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Figure 6. Twenty most abundant genera in soil samples including unfertilized soil, fertilized soil, soil 2 weeks after 

fertilization and soil 6 weeks after fertilization. Relative abundance of each genus is proportional to the whole microbial 

community including all sample types i.e., soil and manure. 

 

 

Manure community 

In manure community, including fresh and stored manure, twenty most abundant orders (Figure 7) 

and twenty most abundant genera (Figure 8) were defined. The most abundant order was 

Clostridiales representing 61 % of the manure community (Figure 7). Bacteroidales was the second 

most abundant order in manure samples with 47 % of the reads from manure samples (I and M) 

assigned to it (Figure 7).  

The most abundant genus was Lactobacillus with a relative abundance of 26 % with both 

manure samples combined (Figure 8). Secondly most abundant genus was Proteiniphilum in which 

the relative abundance was 22 % in manure samples (Figure 8). 
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Figure 7. Twenty most abundant orders in manure samples including fresh and stored manure. Relative abundance of 

each order is proportional to the whole microbial community including all sample types i.e., soil and manure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Twenty most abundant genera in manure samples including fresh and stored manure. Relative abundance of 

each genus is proportional to the whole microbial community including all sample types i.e., soil and manure. 
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Bacterial genera carrying the studied ARGs  

Host range of strB 

StrB gene was amplified in all studied sample types that can be seen in Figure 9 as all the samples 

have reads. Read counts of the samples, which had the strB gene (Figure 9), illustrates the read 

counts achieved after the sequence analysis on Taito. As can be seen from Figure 9, replicate b from 

sample S6WA is missing and that is because after the sequence analysis no reads were remained 

i.e., strB gene was not detected in this replicate. In general, the read numbers were very variable in 

different samples as well as within the same sample between different replicates. Fresh (I) and 

stored (M) manure samples seemed to have the lowest read numbers whereas fertilized soil (SA) 

and soil 2 weeks after fertilization (S2WA) had the highest read numbers taken as an average of the 

three replicates. 

 

 

Figure 9. Read counts of the different sample types (SB, SA, S2WA, S6WA, M, I) and replicates (a, b, c) that had strB gene 

amplified. 
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According to Figure 10 there seemed to be multiple genera carrying the strB gene and these genera 

also vary between different sample types as genera carrying strB were detected in all studied sample 

types.  

In unfertilized soil, strB was carried by 6 genera: Acinetobacter, Arcobacter, three unclassified 

genera belonging to families Enterobacteriaceae, Moraxellaceae and Methylophilaceae and 

unclassified genus from order WCHB1-41.  

In fertilized soil, strB was found to be carried by 146 different genera, 148 genera are listed in 

Figure 10. Therefore, all genera excluding Campylobacterales_unclassified and Dechloromonas were 

detected in fertilized soil.  

In soil 2 weeks after fertilization, 39 genera were found to be carrying strB and these were 

AAP99, Acinetobacter, Aeromonas, Arcobacter, Aquaspirillum, Denitratisoma, Enhydrobacter, 

Escherichia-Shigella, JGI_0001001-H03, Methylophilus, MM1, Ottowia, Parabacteroides, 

Prevotella_9, Proteiniclasticum, Pseudocitrobacter, Pseudomonas, Psychrobacter, Rhodoferax, 

Rivicola, Stenotrophomonas, Succinivibrio, Terrimonas, Tolumonas, Trichococcus, and Zoogloea. In 

addition, in soil 2 weeks after fertilization there were unclassified genera under families 

Enterobacteriaceae, Burkholderiaceae, Moraxellaceae (2 genera), Methylophilaceae, 

Xanthomonadaceae, Prolixibacteraceae, Neisseriaceae and Aquaspirillaceae, and from order 

Betaproteobacteriales and class Gammaproteobacteria lastly just domain Bacteria.  

In soil 6 weeks after fertilization, 8 genera; Acinetobacter, Aquaspirillum, Escherichia-Shigella, 

Extensimonas, Pseudomonas, Stenotrophomonas and two unclassified genera from families 

Enterobacteriaceae and Moraxellaceae were detected to be carrying strB.  

In fresh manure, where the host range was the narrowest, only Psychrobacter genus was 

carrying strB.  

And lastly, in stored manure, 9 genera: Acinetobacter, Desulfuromonas, Ignatzschineria, 

Paracoccus, Pseudomonas, Psychrobacter and three unclassified genera under families 

Enterobacteriaceae, Methylophilaceae and Moraxellaceae were detected as carriers for strB.  
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Figure 10. Host range of strB determined with epicPCR; genus was defined as a carrier for strB if it was found in two of the three 

technical replicates within each sample type. Bacterial genera carrying strB gene were found in all studied sample types. In 

unfertilized soil, strB was carried by 6 genera. In fertilized soil, strB was found to be carried by 146 different genera, that are all listed. 

In soil 2 weeks after fertilization, 39 genera was carrying strB. In soil 6 weeks after fertilization, 8 genera were detected to be carrying 

strB. In fresh manure, only Psychrobacter genus was carrying strB. And lastly, 9 genera were detected as carriers for strB in stored 

manure. 
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Host range of qacE∆1 

QacE∆1 gene was amplified in all sample types where unfertilized soil had the highest read counts 

and fresh and stored manure the lowest (Figure 11). With S6WA samples the read number was also 

very small in two of the replicates and in one of the replicates quite high. In soil 2 weeks after 

fertilization replicate b, qacE∆1 was not detected and that is why it is missing in Figure 11. 

 

Figure 11. Read counts of the different sample types (SB, SA, S2WA, S6WA, M, I) and replicates (a, b, c) that had qacE∆1 

gene amplified. 

 

The host range of qacE∆1 gene was variable between different sample types. Firstly, genera carrying 

qacE∆1 were detected in four of the six studied sample types, in unfertilized soil, fertilized soil, soil 

2 weeks after fertilization and stored manure. In addition, the number of genera carrying qacE∆1 

varies a lot. It was found in 12 genera in unfertilized soil, 128 genera in fertilized soil, one genus in 

soil 2 weeks after fertilization and 3 genera in stored manure (Figure 12).  

In unfertilized soil, qacE∆1 was found to be carried by Acinetobacter, Enhydrobacter, 

Flavobacterium, Methylophilus, Methylotenera, Tolumonas, Zoogloea and three unclassified genera 

from families Aquaspirillaceae, Enterobacteriaceae and Methylophilaceae. In addition, one genus 

from order Betaproteobacteriales and one from class Gammaproteobacteria were detected in 

unfertilized soil.  
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The broadest host range on genus level for qacE∆1 was detected in fertilized soil where it was 

carried by 128 different genera that are all listed with color code in Figure 12.  

In soil 2 weeks after fertilization only one genus from family Enterobacteriaceae was detected 

as a carrier for qacE∆1.  

In stored manure, genus Psychrobacter and two unclassified genera belonging to families 

Enterobacteriaceae and Pseudomonadaceae were carrying qacE∆1. 

 

 

 

Figure 12. Host range of qacE∆1 determined with epicPCR; genus was defined as a carrier for qacE∆1 if it was found in 

two of the three technical replicates within each sample type. Bacterial genera carrying qacE∆1 gene were found in four 

of the six studied sample types, in unfertilized soil, fertilized soil, soil 2 weeks after fertilization and stored manure. 

Listed 128 genera with color code were all detected to carry qacE∆1 in fertilized soil. In unfertilized soil, 12 genera were 

detected as a carrier for qacE∆1. In soil 2 weeks after fertilization, only one genus, and in stored manure 3 genera were 

carrying qacE∆1. 
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Host range of tetM 

The tetM gene was amplified in all sample types except in soil 2 weeks after fertilization (Figure 13). 

Nevertheless, in some of the replicates of the other sample types it had not been amplified and 

therefore samples S6WA_c, M_c, I_a and I_c are missing in Figure 13. Unfertilized soil had the 

highest read number when taken as an average of the three replicates. Read numbers in S6WA and 

manure samples (I and M) in turn were very poor, only few reads in total. 

 

Figure 13. Read counts of the different sample types (SB, SA, S6WA, M, I) and replicates (a, b, c) that had tetM gene 

amplified. 

 

Genera carrying tetM were found only in two of the six sample types that were studied, in 

unfertilized soil and fertilized soil (Figure 14). In addition, the number of genera vary a lot, where in 

unfertilized soil there were 8 genera carrying tetM and fertilized soil had 160 genera.  

Genera carrying tetM in unfertilized soil were Acinetobacter, MM1, Parabacteroides, 

Tolumonas, Vitreoscilla and three unclassified genera from families Aquaspirillaceae, 

Enterobacteriaceae and Moraxellaceae (Figure 14).  
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Carriers of tetM in fertilized soil, including 160 different bacterial genera, are listed color coded 

in Figure 14. There were many bacteria not grouped to any specific genus since they haven’t been 

cultured yet (uncultured) or cannot basically be assigned to any of the existing genera (unclassified) 

(Figure 14). 

 

 

 

Figure 14. Host range of tetM determined with epicPCR; genus was defined as a carrier for tetM if it was found in two 

of the three technical replicates within each sample type. Bacterial genera carrying tetM gene found only in two of the 

six studied sample types, in unfertilized and fertilized soil. Listed 160 genera with color code were all detected to carry 

tetM in fertilized soil. In unfertilized soil, the number of host genera was drastically smaller with 8 genera being detected 

as carriers for tetM. 
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DISCUSSION 

Microbial communities in soil and manure are significantly different 

Microbial communities in soil and manure were significantly different according to the principal 

coordinate analysis (PCoA) (Figure 4). Results from PCoA are consistent with the results of the 

twenty most abundant orders and genera in soil and manure communities (Figures 5–8). Microbial 

community compositions were different in soil and manure where the most abundant order in soil 

was Betaproteobacteriales and Clostridiales in manure. On genus level, the most abundant genus in 

soil was Candidatus Udaeobacter whereas in manure it was Lactobacillus. Candidatus Udaeobacter 

has been previously characterized as abundant and ubiquitous soil bacterium (Brewer et al., 2016). 

Lactobacillus spp. are abundant in the intestinal environment of both humans and animals. Hence, 

these results seem relevant and consistent. 

Host range analysis with epicPCR reveals multiple bacterial genera as carriers for the studied ARGs 

Results from the host range analysis of tetM, strB and qacE∆1 performed with epicPCR were variable 

among the three genes studied. Firstly, the read counts achieved from the sequence analysis varied 

a lot, not only between the different genes but also among different sample types in certain gene 

(Figures 9, 11 and 13). However, epicPCR is rather a qualitative and not a quantitative method and 

thereby the read counts were not considered in the analysis and they were transformed to presence 

absence matrices. This means that despite the read count assigned to each taxon being one or 1000, 

it was transformed to 1 that represents the presence of that certain taxon in a sample. Therefore, 

read count plots were only added in the study to visualize the differences among the studied genes. 

Higher read count might be explained by that the gene was more abundant in the sample or then 

by that the primers for that specific gene were working better. 

Carriers for studied ARGs were found in various bacterial genera. Both abundant and scarce 

genera were detected to carry tetM, strB and qacE∆1. Some hosts of the ARGs were among the 

twenty most abundant genera in soil and manure (Figures 6 and 8). On the other hand, most of the 

genera carrying the ARGs seemed to be among the scarce genera according to microbial community 

analysis based on the 16S rRNA gene. In soil community, the twenty most abundant genera included 

genera whose relative abundances varied from 4,1 % to 19 % (Figure 6). In manure community the 

same numbers varied from 2 % to 26 % (Figure 8). In total 1343 different genera were detected with 
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16S rRNA gene sequencing among all sample types and 405 genera were detected with epicPCR to 

carry the studied ARGs.  

Genera carrying strB 

Genera carrying strB were detected in all studied sample types. The streptomycin resistance gene 

strB was detected in Acinetobacter genus in five of the six studied sample types. In Acinetobacter 

baumannii spp., resistance for aminoglycosides has been reported (McConnell et al., 2013). As a 

matter of fact, A. baumannii has been shown to be resistant for streptomycin and the resistance 

gene, strB, among many others has been indicated to be responsible for this (Hamidian et al., 2016). 

Although these publications concern species baumannii and I did not achieve results on species 

level, these characteristics may concern all Acinetobacter spp. and is thus important to discuss. 

Genera carrying qacE∆1 

Genera carrying qacE∆1 were detected in all studied sample types excluding soil 6 weeks after 

fertilization and fresh manure. Result of so many genera conferring resistance to  qacE∆1 is a bit 

alarming since disinfectants containing quaternary ammonium compounds are widely used in 

agriculture. Therefore, their use in order to reduce the use of antibiotics seems useless if a wide 

variety of bacteria have developed resistance for those compounds.  

Genera carrying tetM 

Investigating the host range of tetM, there were multiple genera detected to confer resistance for 

tetracycline. Tetracyclines have been extensively used for a long time not only in human and 

veterinary medicine but also in animal production, thus the host range for tetracycline resistance 

genes cover basically all bacterial genera (Aminov et al., 2001). Consequently, tetM gene detected 

in a wide variety of genera of many different families might be explained by the widespread 

tetracycline resistance genes. But since results only from unfertilized and fertilized soil were 

achieved, the analysis of these results is challenging as there is no evidence on which genera carry 

the tetM gene in manure. The results observed in fertilized soil may reflect to the results observed 

in manure. This kind of pattern was observed with strB and qacE∆1 where genera carrying the ARGs 

in manure were also present in fertilized soil. 
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Many genera were detected to confer resistance to all studied ARGs 

The host range analysis of all studied resistance genes suggests that there are many genera, like 

Acinetobacter, Arcobacter and Aeromonas, that confer resistance to all the three ARGs included in 

this study. 

Acinetobacter genus have approximately 50 species from which multi-drug resistant species 

baumannii has the most prevalent clinical importance (Lee et al., 2017). Acinetobacter spp. have 

been studied to have multiple mechanisms for acquiring resistance genes that will profit the species 

in this genus to confer resistance for several antibiotics (McConnell et al., 2013). Hence, this 

characteristic of Acinetobacter spp. might be adequate to explain Acinetobacter detected as a 

carrier for all studied ARGs. I did not achieve the species level knowledge on the hosts carrying the 

studied ARGs, but the detection of Acinetobacter genus gives room for speculation on species level. 

In fact, it is possible that species from genus Acinetobacter carrying all studied genes is baumannii. 

If this was the case, then Acinetobacter spp. detected in the farm environment would be alarming 

and truly address the importance of One Health approach since A. baumannii is mostly prevalent in 

infections deriving from hospital settings (Lee et al., 2017). Nevertheless, among Acinetobacter spp. 

the clinical relevance and susceptibility to antibiotics differs drastically between the different 

species and thus without exact identification of the species, any further speculation is left out (Lee 

et al., 2017). Acinetobacter was also detected in many different sample types, e.g., it carried strB in 

all sample types excluding fresh manure. 

Arcobacter was detected as a carrier for all studied ARGs in fertilized soil. In addition, Arcobacter 

was carrying strB also in unfertilized soil. Arcobacter has been described to be widely distributed in 

the environment and having multiple animal hosts (Douidah et al., 2014). Therefore, result of 

Arcobacter detected to carry all studied genes seems logical. 

Aeromonas was also detected to confer resistance to all studied ARGs. Aeromonas spp. are very 

widely distributed in various environments and have been shown to own a wide mobilome of 

multiple resistance genes (Piotrowska and Popowska, 2015).  

All these three genera, Acinetobacter, Arcobacter and Aeromonas, are quite scarce genera in 

soil and manure communities based on the 16S rRNA gene analysis. Respectively, most of the genera 

detected as carriers for studied ARGs are among the less abundant genera i.e., with relative 

abundance under 4 % in soil community and under 2 % in manure community. 
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Challenges with manure pretreatment 

According to current knowledge, there are yet no published research of epicPCR applied to this kind 

of sample material i.e., soil and manure. Analyses of these matrices by DNA-technology are 

associated with challenges, also noticed in this study. To start with, the bacterial cells were very 

hard to extract from the pig manure. The sonication performed on the manure samples did not 

separate the cells and they remained tightly in aggregates. Despite using various sonication 

intensities during pretreatment, most of the cells would stay in clusters in aggregates and only some 

of the cells were separated. Consequently, as the cells were not properly separated from the 

aggregates, these cell clusters ended up in the beads and as a result it was difficult to produce beads 

with single cells. Requirements for epicPCR are beads with single cell in order to get reliable results 

since one cell equals to one bacterial species. Therefore, with multiple cells inside the bead, 16S 

rRNA gene and target gene derived from different cells can fuse. This would lead to false positive 

results i.e., the 16S rRNA gene representing the carrier bacterium is not the actual carrier of the 

amplified target gene. Multiple cells inside the beads may also distract and inhibit the PCR reactions 

in different PCR steps in epicPCR, leading to lack of amplification of the target gene fused to 16S 

rRNA gene. 

The problems that were encountered with the extraction of the cells in manure samples led to 

lack of amplification of the predicted product. Thereby, no sequences could be retrieved from some 

of the manure samples. 

epicPCR is a promising method but has still room for optimization 

Finally, despite the previously reported literature from the studied ARGs, the analysis of the host 

range results is very challenging and requires suspicious and careful speculation towards the results. 

Additionally, the sample material for epicPCR was “new” and thereby more research on these kind 

of sample types is required before general hypothesis can be given. Generally, the epicPCR results 

can thus be speculated but profound conclusions will be left out. On the other hand, epicPCR is a 

quite novel method that has not yet been in extensive use. Taken this into consideration, epicPCR 

still requires further optimization to reduce the potential error sites of the method. It is important 

to consider the existing limits of the method in order to optimize epicPCR for further studies. 

Interpretation of the results is now challenging and may also be a bit inaccurate due to the limits of 

the method. Currently, there are many steps in the method where errors may occur. To name a few, 
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negative controls should be added from the very beginning i.e., when encapsulating the cells inside 

the beads. In this step, instead of cells, water could be added in order to determine any 

contamination. Current procedure is that the negative control is not added until the nested PCR 

step. Thus, only contamination occurring in that step is indicated but not on the previous steps. 

Taking a negative control into the nested PCR step represents only the possibility of contamination 

at the very end of the method and thus many possible errors in previous steps can escape. 

Future perspectives 

As prospects for the future, further studies are required to ensure that the bacterial genera 

found to be carrying the studied ARGs can be detected in their genome. Although epicPCR is a very 

promising method there are still a lot of errors to address and therefore epicPCR still requires 

optimization. Furthermore, epicPCR as a method requires a lot of manual work in the laboratory, 

which also increases the error rate. The dependency on manual work of the method is also 

problematic if the method was used in a larger scale for a numerous set of genes of interest. One 

can basically easily process 12 beads at a time so depending on the number of replicates, which 

often is three, then only four genes can be amplified with epicPCR at a time. The whole process from 

beads to nested PCR product i.e., the final fusion of target gene and 16S rRNA gene part, takes about 

three working days. The manual processing of the samples is time consuming even though the 

method itself provides a very high throughput without completely any cultivation steps required. 

Results of this study indicate that epicPCR shows potential also for solid samples such as soil and 

manure as according to publications it has been mainly used for different water samples e.g., for 

wastewaters (Hultman et al., 2018) and water from lakes (Qin et al., 2019). Consequently, epicPCR 

is a promising method that has a lot of potential and as research and optimization proceed, who 

knows how far epicPCR can go. 

The result of a wide variety of bacterial genera carrying the studied ARGs truly address the 

importance of this kind of research in agricultural settings also in countries with low antibiotic use 

as there are yet quite a few research on that field. On the other hand, it was observed that the 

number of genera carrying the ARGs diminishes already in two weeks after the manure application. 

Therefore, land application practices performed in Finland i.e., that manure is applied on fields only 

before cropping season, is something that would aid in decreasing the ARG load in soil. Applying this 

practice in countries with high antibiotic consumption instead of fertilizing the fields year-round 



35 
 

might be one solution for reducing ARG dissemination in soil, not only in the farm environments but 

also in the adjacent areas of the farms. 
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SUPPLEMENTARY DATA 

 

S1. epicPCR protocol; Modified from Spencer et al. (2016) 

epicPCR Protocol 

1. Polyacrylamide bead formation 

 

1.2 Polymerization 

a) Combine the following reagents in a 2 ml round-bottom safe-lock microtube: 

• 30 µl suspended and diluted cells in 1 x PBS 

• 100 µl PCR H2O 

• 100 µl 30% BIS/acrylamide (storage temp: 4 °C) 

• 25 µl 10% APS (storage temp: -20 °C) 

Vortex gently to mix. 

b) Shake & mix STT emulsion oil thoroughly before use!  

Add 600 µl STT emulsion oil. (storage temp: RT) 

Vortex at max speed (3 000 rpm) for 30 s. 

c) Add 25 µl TEMED.  (storage temp: RT) 

Vortex at max speed (3 000 rpm) for 30 s. 

d) Allow tube to sit on the benchtop for polymerization to occur for 1h 30 min. 

 

1.3 Removal of oil 

Mix equal volume of water and diethyl ether (at least 50 % water!) in a bottle and shake the bottle in a chemical hood, opening 
occasionally to prevent pressure from building up as the ether dissolves in water. Draw from the top (ether) phase after it settles 
(step 1.3 a). Invert and mix the eppendorf tube ASAP after adding the ether (step 1.3 a)! 

a) Add 800 µl of diethyl ether to the tube, then immediately close, invert and flick the tube to mix the emulsion with the ether. A 
visible precipitate ought to form.  

Draw off the ether/oil mixture around the precipitate and discard in a dedicated chemical waste container. 

b) Add 1 ml of autoclaved H2O to the top of the tube and mix by flicking and inverting.  

Centrifuge for 30 s at 12 000 rcf.  

Three layers should form: a bottom layer of beads, a middle cloudy layer of oil/water, and a top milky layer of oil. 

c) Draw off the top oil layer as much as possible and discard it. 

Repeat the wash steps (1.3 b & c) until there is no remaining oil at the top of the tube and the liquid phase is transparent. 

 

1.4 Removing water and resuspension in buffer 

a)  Once the oil is removed, aspirate all the remaining water without disturbing the bottom bead layer.  

b)  Resuspend the beads in 1 ml 1x TK buffer. 

c)  Run the bead suspension through a 35 µm cell strainer; pipette forcefully in small portions to move the liquid through the filter. 
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Transfer the flow-through to a fresh 1,5 ml tube. 

The sample can be stored at 4°C overnight. 

 

2. Fusion PCR 

 

2.0 Microscope 

To check that your beads are OK and contain cells. Prepare the bead samples for microscope: in an Eppendorf tube, add 10 μL of 

sample, 90 μL of water and 0,5 μL of 10 000 X Sybr green. Pipette 20 μL of the sample on a microscope glass slide. 

Use a UV-light -equipped fluorescence microscope to visualize the cells. Ideally, every 100 beads there should be only 1 bead 

containing a cell. In practice, if the magnification is 40X, there should be 1-10 cells on the screen. Ideally, there shouldn’t be beads 

that contain more than one cell, as this might result in false positives. 

 

2.1 Preparing PCR mix & emulsion 

a) Take a new 2 ml round-bottom safe-lock tube for each sample. 

Add four glass beads (diameter 2 mm) to each tube (use sterile tweezers to add the glass beads). 

Add 900 µl of ABIL emulsion oil.  

b) Prepare the PCR master mix (V1x x number of samples x 1,1): 

Reagent     V1x (µl) 

5 x GC buffer (NEB)    20 

50 mM MgCl2 (NEB)    2 

10 mM dNTPs  (BioNordika)   2,5 

R2 (10 µM)     10 

F1 (10 µM)     10 

R1-F2’ (1µM)     1 

Phusion Hot Start Flex (NEB)   8 

Total     53,5 

c)  Add 46,5 µl of sample and 53,5 µl of master mix to each tube from part a). 

d)  Emulsify by vortexing at max speed (3 000 rpm) for 1 min. 

 

2.2 Running PCR 

a)  Aliquot 50 µl of emulsion from each tube to as many PCR tubes as possible (2x 8-strip needed per sample).  

b) Run the following PCR program: 

 

 

 

 



44 
 

Step Temperature (°C) Time Number of cycles 

Beginning temperature 80 10 s 1 

Initial denaturation 94 30 s 1 

Denaturation 

Annealing 

Extension 

94 

55 

72 

5 s 

30 s 

30 s 

 

32 

Final extension 72 5 min 1 

Storing temperature 4 ∞ 1 

 

c) Immediately after the fusion reaction, pool the emulsion aliquots for each sample into a new 2 ml round-bottom safe-lock tube 

and continue to step 3. 

 

3. Break ABIL emulsions 

Shake diethyl ether & ethyl acetate bottles as previously (step 1.3). Water-saturated ethyl acetate is prepared the same way as water-

saturated diethyl ether. 

a)  Add 1 ml of water-saturated diethyl ether. 

Vortex gently to mix contents. 

Centrifuge for 1 min at 13 000 rcf to separate the phases.  

Dispose of the upper (solvent with oil) phase.  

b)  Add 50 µl of PCR H2O. 

Repeat step a) and then continue to step c).  

c)  Add 1 ml of water-saturated ethyl acetate. 

Vortex to mix contents. 

Centrifuge for 1 min at 13 000 rcf to separate phases 

Dispose of upper ethyl acetate phase. 

d)  Perform two more extractions with diethyl ether: 

• Add 1 ml of water-saturated diethyl ether. 

• Vortex gently to mix contents. 

• Centrifuge for 1 min at 13,000 rcf to separate the phases.  

• Dispose of the upper (solvent) phase.  

e)  Leave the samples open in a laminar hood or covered area for at least 3 min so the remaining diethyl ether can evaporate.  

f) Avoiding the pipetting of the middle emulsion residual layer, pellet or any strange floating particles, collect 100-200 µl (or as much 

as you can) from the bottom phase to a new 1,5 ml tube. 

Extracted reactions can be stored at 4°C for a few hours or at –20°C overnight. 
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4. PCR Cleanup (Monarch PCR & DNA Cleanup Kit, NEB) 

BEFORE YOU BEGIN: 

• Add ethanol to DNA Wash Buffer prior to use (4 volumes of ≥ 95% ethanol per volume of Monarch DNA Wash Buffer). 

Always keep all buffer bottles tightly closed when not in use. 

• All centrifugation steps should be carried out at 16,000 x g. (~13K RPM in a typical microcentrifuge). This ensures all traces 

of buffer are eluted at each step. 

PROTOCOL STEPS: 

1. Dilute sample with DNA Cleanup Binding Buffer. For dsDNA fragments < 2kb, use a 5:1 ratio of Binding Buffer: sample (e.g. add 500 

μl Buffer to 100 μl sample).  Mix well by pipetting up and down or flicking the tube. Do not vortex. A starting sample volume of 20–

100 μl is recommended. For smaller samples, TE can be used to adjust the volume. For diluted samples larger than 800 μl, load a 

portion of the sample, proceed with Step 2, and then repeat as necessary 

2. Insert column into collection tube and load sample onto column. Spin for 1 minute, then discard flow-through. 

3. Re-insert column into collection tube. Add 200 μl DNA Wash Buffer and spin for 1 minute. Discard flow-through.  

4. Repeat wash (Step 3).  

5. Transfer column to a clean 1.5 ml microfuge tube. Use care to ensure that the tip of the column does not come into contact with 

the flow-through. If in doubt, re-spin for 1 minute to ensure traces of salt and ethanol are not carried over to next step.  

6. Add ≥ 6 μl of DNA Elution Buffer to the center of the matrix. Wait for 1 minute, then spin for 1 minute to elute DNA. Note: Typical 

elution volumes are 6–20 μl. Nuclease-free water (pH 7–8.5) can also be used to elute the DNA. Yield may slightly increase if a larger 

volume of DNA Elution Buffer is used, but the DNA will be less concentrated. For larger size DNA (≥ 10 kb), heating the elution buffer 

to 50°C prior to use can improve yield. Care should be used to ensure the elution buffer is delivered onto the matrix and not the wall 

of the column to maximize elution efficiency. 

 

5. Blocking PCR 

 

5.1 Prepare PCR mix 

Prepare following PCR mix (4× per sample + 1 extra volume): 

Reagent  V1x (µl) V5x (µl) (one sample) 

PCR-H2O 12,25 61,25 

5x GC buffer (Thermo Scientific) 5 25 

10 mM dNTPs (BioNordika) 0,5 2,5 

BlockF (32 µM) 2,5 12,5 

BlockR (32 µM) 2,5 12,5 

2U/µl Phusion polymerase (Thermo Scientific) 0,25 1,25 

Total 23 115 

Note: final concentration of blocking primers 3,2 μM 

 

5.2 Running PCR 

a) pipette 46 µl mastermix and 4 µl template (purified fusion PCR product) to 2 PCR tubes per sample 

b) Run the following cycling program: 
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Step Temperature (°C) Time Number of cycles 

Beginning temperature 98 30 s  1 

Denaturation 

Annealing 

Extension 

98 

55 

72 

10 s 

30 s 

30 s  

 

30 

Final extension 72 5 min 1 

Storing temperature 4 ∞ 1 

c) Monarch PCR & DNA Cleanup (NEB)  

 

6. Nested PCR 

 

6.1 Prepare PCR mix 

Prepare following PCR mix (4× per sample + 1 extra volume): 

Reagent  V1x (µl) V5x (µl) (one sample) 

PCR-H2O 7,25 36,25 

5x GC buffer (Thermo Scientific) 5 25 

10 mM dNTPs (BioNordika) 0,5 2,5 

R3 (3 µM) 2,5 12,5 

F3 (3 µM) 2,5 12,5 

BlockF (3,2 µM) 2,5 12,5 

BlockR (3,2 µM) 2,5 12,5 

2U/µl Phusion polymerase (Thermo Scientific) 0,25 1,25 

Total 23 115 

Note: final concentration of blocking primers 0,32 μM 

 

6.2 Running PCR 

a) pipette 46 µl mastermix and 4 µl template (purified fusion PCR product) to 2 PCR tubes per sample 

b) Run the following cycling program: 

Step Temperature (°C) Time Number of cycles 

Beginning temperature 98 30 s  1 

Denaturation 

Annealing 

Extension 

98 

60 

72 

10 s 

30 s 

30 s  

 

39 

Final extension 72 5 min 1 

Storing temperature 4 ∞ 1 
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c) Visualize results with agarose gel electrophoresis. 

d)  Pool replicate reactions and use a PCR product purifying kit (Monarch PCR & DNA Cleanup Kit, NEB) to purify nested PCR products 

for final (Illumina for real samples requiring adapters in nested primers) amplification/sequencing. 

 

6. Visualizing results with Invitrogen E-Gel 

Device: Invitrogen E-Gel® iBase™  

Agarose gel casket: Invitrogen E-Gel® EX with SYBR® Gold II, 2% agarose (Thermo Scientific) 

a)  Add 20 µl of 1:10 GeneRuler 1 kb Plus (Thermo Scientific, #SM1333) to marker well. 

b)  PCR products:  

Mix 2 µl of the product with 18 µl of PCR quality water e.g. on a parafilm. 

Pipette the diluted product to the sample well.  

c)  Open lid, position gel casket, and press Go (program: E-Gel EX 1–2%). 

 

Continue with downstream applications e.g., sequencing. 

 

7. Additional information 

 

Primers used: 

 

• F1 (fusion PCR) and F3 (nested PCR) are target gene forward primers. 

• R1-F2’ is a bridge primer, containing a target gene reverse sequence (R1) and a 16S rRNA gene sequence 

(F2’)(GWATTACCGCGGCKGCTG = 519R) 

• R2 is a universal 16S rRNA gene primer, pH’ (used in Jenni Hultman’s paper), used in Fusion PCR 

• R3 is a universal 16S rRNA gene primer 785R 

 

 

 

 

 

 


