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Abstract

The aim of this study was to characterize multidrug resistant E. faecalis strains from pigs of

local origin and to analyse the relationship between resistance and genotypic and proteomic

profiles by amplification of DNA fragments surrounding rare restriction sites (ADSRRS-fin-

gerprinting) and matrix-assisted laser desorption ionization time-of-flight mass spectrometry

(MALDI -TOF MS). From the total pool of Enterococcus spp. isolated from 90 pigs, we

selected 36 multidrug resistant E. faecalis strains, which represented three different pheno-

typic resistance profiles. Phenotypic resistance to tetracycline, macrolides, phenicols, and

lincomycin and high-level resistance to aminoglycosides were confirmed by the occurrence

of at least one corresponding resistance gene in each strain. Based on the analysis of the

genotypic and phenotypic resistance of the strains tested, five distinct resistance profiles

were generated. As a complement of this analysis, profiles of virulence genes were deter-

mined and these profiles corresponded to the phenotypic resistance profiles. The demon-

stration of resistance to a wide panel of antimicrobials by the strains tested in this study

indicates the need of typing to determine the spread of resistance also at the local level. It

seems that in the case of E. faecalis, type and scope of resistance strongly determines the

genotypic pattern obtained with the ADSRRS-fingerprinting method. The ADSRRS-finger-

printing analysis showed consistency of the genetic profiles with the resistance profiles,

while analysis of data with the use of the MALDI- TOF MS method did not demonstrate

direct reproduction of the clustering pattern obtained with this method. Our observations

were confirmed by statistical analysis (Simpson’s index of diversity, Rand and Wallace coef-

ficients). Even though the MALDI -TOF MS method showed slightly higher discrimination

power than ADSRRS-fingerprinting, only the latter method allowed reproduction of the clus-

tering pattern of isolates based on phenotypic resistance and analysis of resistance and
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virulence genes (Wallace coefficient 1.0). This feature seems to be the most useful for epi-

demiological purposes and short-term analysis.

Introduction

Bacteria from the genus Enterococcus constitute an important part of the intestinal biota both

in humans and in animals. Among enterococcal species, mainly E. faecium and E. faecalis have

the largest epidemiological importance since they are recognized as major nosocomial patho-

gens. From a medical perspective, the greatest risk associated with these species is the phenom-

enon of easily acquired resistance to many groups of antimicrobials, particularly to ampicillin,

and high-level aminoglycoside and glycopeptide resistance, which significantly reduces the

therapeutic alternatives and limits treatment to antimicrobials of last resort [1].

In the recent decades, it has frequently been demonstrated that food animals (including

pigs) may constitute a reservoir of resistant bacteria and that the resistance genes may be easily

transferred to the human population [1–3]. The phenomenon of spreading the resistance in

Enterococcus among humans and animals is mainly due to transfer of conjugative and transfer-

able elements carrying resistance genes during passage of enterococci of animal origin through

the intestinal tract. Evidence of human infections caused by animal-origin enterococci has also

been demonstrated and, although such cases are scarce, this path of transmission is possible

[4].

Consequently, the analysis and differentiation of Enterococcus, primarily in terms of resis-

tance, seems to have the greatest importance in epidemiological studies. The first step in this

type of analysis is detection of the range and type of resistance, in which classical microbiolog-

ical methods are still preferred to molecular techniques [5].

Many different methods have been used so far for typing Enterococcus bacteria in terms of

their phenotypic and genotypic resistance [6–10]. However, most of the strains analyzed had a

specific resistance profile, mainly including vancomycin- or high-level aminoglycoside-resis-

tance, as groups with the greatest epidemiological significance. On the other hand, the increas-

ing frequency of isolation of multidrug resistant strains from farm animals and food of animal

origin enforces inclusion of strains resistant to other antimicrobials in epidemiological analysis

and application of methods enabling reproducible typing of strains with a phenotypic resis-

tance profile. Selection of appropriate methods for typing depends primarily on the type of

research, especially the type of the problem to solve (local or broader epidemiological correla-

tion and short- or long-term analysis) and the pool of strains tested (the size and degree of

potential diversification). For analysis of the local diversity and short-term purposes, the typ-

ing method must have high discriminatory potential that will allow distinguishing very closely

related isolates [11]. This criterion is met by the technique of ADSRRS-fingerprinting (amplifi-

cation of DNA fragments surrounding rare restriction sites). Its discriminatory potential is

comparable to the "gold standard" of PFGE [8] and using this method does not require prior

knowledge of the sequences of the analysed strains. Moreover, this method is characterized by

repeatability and ease of interpretation of results and has been successfully used for molecular

typing of bacteria not only from the genus Enterococcus, [8,12], but also other bacterial species

[13–16].

Rapid detection of resistance and capability of reproducible typing is another challenge

for matrix-assisted laser desorption ionization time-of-flight mass spectrometry posed by

researchers over the past few years [17,18]. As a tool for detection of antibiotic resistance and
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typing of different species of microorganisms, the MALDI -TOF MS technique has been

described by many authors [9,19–23]. However, despite the high discriminatory potential, the

results are highly diverse, depending on the species of the microorganism and the pool of

strains tested. Still, it has not been conclusively confirmed whether this method is a suitable

tool for comparative analysis of strains with varying phenotypic resistance profiles.

Local resistance analysis or analysis of closely related strains requires the use of methods

with high discriminatory potential. On the other hand, it is desirable that its results should

facilitate demonstration of the potential relationship between the resistance pattern, genotype,

or protein expression pattern to allow tracking the mode and direction of the spread of multi-

drug resistant strains in animals and humans.

The aim of this study was to carry out epidemiological analysis of multidrug resistant E. fae-
calis strains from pigs and to determine the relationship between phenotypic resistance and

genotypic and proteomic profiles obtained by ADSRRS-fingerprinting and MALDI- TOF MS

methods, respectively.

Material and Methods

Sampling and species identification

The samples were collected from April to June 2015 in three closed-cycle intensive pig farms

(designated as 1,2 and 3) in eastern Poland, spaced at least 30 km apart. All the farms are in

Lublin province, and are distributed according to the following geographical coordinates: the

farm No 1—51˚20039@N 22˚24045@E, Bychawa commune, district of Lublin; the farm No 2—

51˚29028@N 22˚51018@E Ostrów Lubelski commune; district of Lubartów; the farm No 3—51˚

450N 22˚470E Wohyń commune, district of Radzyń Podlaski

The material for the study was collected from farms where the presence of multi-drug resis-

tant strains of E. faecalis was previously demonstrated in animals [24]. Since material came from

a species not covered by the legal protection of species (farm animals) the consent of the ethics

committee was not required. Swabs were taken by veterinary surgeon in the course of routine

clinical examinations as part of control of animals health with the approval of owners of farms.

On all farms, the pigs were housed indoors on deep litter (straw). The following informa-

tion concerning the use of antibiotics for treatment and metaphylaxis during past few years on

these farms was available: penicillin, oxytetracycline, enrofloxacin, florfenicol, and streptomy-

cin were used on all farms, in addition to lincomycin, spectinomycin, tiamulin, and tylosin on

farms 1 and 3.

The material for the study consisted of rectal swabs from 90 randomly selected clinically

healthy animals (30 animals of each farm). The samples were collected from the rectum using

a sterile cotton swab. The swabs were incubated in buffered peptone water for 12 h at 37˚C;

then the material was plated (100 μl) on Slanetz-Bartley Agar (Biocorp, Warsaw, Poland) and

incubated at 41˚C for 48 h. Four most macroscopically different colonies from each sample

were chosen for further analysis.

Identification to the genus Enterococcus was performed as previously described [12]. Species

identification was performed using 16S–23S rRNA intergenic region restriction endonuclease

analysis according to previously described protocols [25].

Antimicrobial susceptibility testing

Drug susceptibility of the isolates was evaluated using the microdilution method (house kits

prepared by ourselves were used) in accordance with the standards of the Clinical and Labora-

tory Standards Institute [26] (E. faecalis ATCC 29212 and E. faecalis ATCC 51299 were used as

quality controls). The phenotypic resistance profiles were established according to breakpoints
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(S1 Table) for the following antimicrobials: ampicillin, chloramphenicol, ciprofloxacin, enro-

floxacin, erythromycin, gentamicin, kanamycin, lincomycin, quinpristin-dalphopristin, rifam-

pin, streptomycin, tetracycline, tylosin, and vancomycin. Multidrug resistance was defined as

a profile including resistance to at least one agent in three or more antimicrobial classes [27].

Genotypic analysis

DNA was isolated using ready-made kits (Bacterial and Yeast Genomic DNA Purification Kit;

Eurx, Gdańsk, Poland) according to protocols described elsewhere [12]. The isolates were tested

for the presence of selected genes encoding resistance to macrolides [ermA, ermB, ermC, ermF,

msrA, mefA], tetracycline [tetM, tetK, tetO,tetL, tetS], phenicols [cfr, fexA, cat], lincosamides

[lnuB, lnuF], copper [tcrB] as well as aminoglycosides and aminocyclitols [aac(6’)-Ie-aph (2”)-

Ia, aph(3’)-IIIa, aph(2”)-Ib, aph(2”)-Ic, aph(2”)-Id, ant(6)-Ia, ant(4)-Ia, ant(9)-Ia, and aadA],

and genes encoding virulence factors: gelE (gelatinase), cylA, cylB, cylM (hemolysin-cytolysin

production), efa Afs (cell wall adhesin), agg (aggregation protein), esp (cell wall-associated pro-

tein involved in immune evasion), hyl (hyaluronidase) cpd, cob, and ccf (sex pheromones facili-

tate conjugation). The PCR assay was also used to demonstrate the presence of the Tn5397-like

(resolvase gene tndX) and Tn916/Tn1545-like (integrase gene Int-Tn) transposons.

The primers and cycling conditions used for detecting resistance and virulence genes were

as previously published (S2 Table). All reactions were performed in a thermal cycler (T Per-

sonal thermal cycler–Biometra GmbH, Goettingen, Germany), using Gold Taq MIX (Syngen

Biotech, Wrocław, Poland) and appropriate primers (Sigma Aldrich, Germany).

Amplification of DNA fragments surrounding rare restriction sites (ADSRRS- fingerprint-

ing) was performed as described by Krawczyk et al. [8] with a few modifications [12]. The reac-

tion of restriction endonuclease digestion of genomic DNA (150–250ng) was carried out with

25 μl of a reaction mixture composed of 10 U XbaI, 5 U BglII, and 5 μl Tango buffer (Thermo-

Scientific1, Waltham, USA) at 37˚C, for 60 min (the reaction was stopped by thermal inactiva-

tion at 80˚C for 2 min). For ligation, appropriate adapters [8], corresponding to cohesive ends

of restriction fragments and T4 Ligase (0.5μl) were used. The ligation reactions were carried

out at room temperature for 60 min and then thermal inactivation at 70˚C for 5 min was per-

formed. The PCR reaction was carried out using 25 μl of a reaction mixture composed of 2 μl

of the solution after the ligation reaction, 5 μl of Gold Taq MIX (Syngen Biotech, Wrocław,

Poland) and 50 pmol of each primer (Genomed, Warsaw, Poland).

The reaction conditions for the thermal cycler (T Personal thermal cycler–Biometra GmbH,

Goettingen, Germany) were as follows: initial cycle of 94˚C for 5 min, 72˚C for 5 min to fill in

the ends of the DNA fragments, and initial denaturation at 94˚C for 5 min (pre-PCR), followed

by 22 cycles of 94˚C for 30 s, 56˚C for 30 s, and 72˚C for 1.5 min, after which an extension cycle

of 72˚C for 5 min was added. Electrophoretic separation of PCR products was carried out in 6%

polyacrylamide gel (Sigma-Aldrich Germany). Electrophoretic profiles were fixed using Vision-

capt Quantum (Vilber Lourmat, France).

BIO-1D++ 11.9 software (Vilber Lourmat, France) was used for cluster analysis of the strains

by the Unweighted Pair Group Method with Arithmetic Mean (UPGMA). The similarity index

of the isolates was calculated using the Dice correlation coefficient option of the software with

position tolerance and optimization of 1%.

Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF MS) experiments

Bacteria were prepared for mass spectrometry analysis according to a standard extraction pro-

tocol using formic acid, as recommended by the Bruker Company (OP for Sample Preparation
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Using Formic Acid Extraction Method). A volume of 0.5 μl of the prepared material (full extrac-

tion of bacterial proteins) was applied to an MTP 384 Ground Steel target (BrukerDaltonics).

An HCCA (α-Cyano-4-hydroxycinnamic acid) matrix solution (suspended in a standard solu-

tion recommended by the manufacturer, BrukerDaltonics, GmbH Bremen Germany) was

placed on each bacterial sample. The recommended BrukerDaltonics Bacterial Test Standard

(BTS) was applied in a configuration such that one location of the standard was positioned at

the centre of 4 bacterial sample locations. External calibration was performed using a standard

calibration mixture of an E. coli extract (BrukerDaltonics GmbH Bremen, Germany) containing

RNase A and myoglobin proteins. The bacterial spectra were acquired using an ultrafleXtreme

mass spectrometer from Bruker Daltonics (FlexControl 3.0 software), and then analysed using

Bruker BioTyper 3.0. The spectrum of the bacteria was obtained in a positive linear mode, using

an acceleration voltage of 24 and 23 kV. The spectra were collected within a mass range of 2 to

20 kDa. The analysis was repeated for three separate cultivations of each strain and three times

for each sample. In the first step of the spectral analysis, the commercial BioTyper database con-

taining 5672 entries (Jan 2016) was used for species identification. The spectra were prepro-

cessed by smoothing with the Savitzky-Golay method. The baseline correction was performed

using the Top-Hat baseline algorithm and peak geometry was characterized by means of the

Standford Network Analysis Platform (SNAP) algorithm. Only peaks that had a three times

higher signal-to-noise ratio were considered. The spectra obtained were manually processed

using FlexAnalysis software (ver. 3.3) and peak mass lists were created. Based on the principle

that the identification score reflects compatibility of the spectra with the standard strains from

the reference database, the main spectrum (MSP) profile showing the highest value of log

(score) (the most representative for each isolate) was selected for further analysis. For visualiza-

tion of enterococci, the pseudo gel view was produced from mass spectra (intensities are gray-

scaled log scale).

The statistical comparative analysis

All data were recorded in an Excel file, including the peak mass lists generated by flexAnalysis

3.3 and converted in NTSYSpc ver. 2.0 software (Exeter Software, NY, USA). For cluster analy-

sis (dendrograms), the Unweighted Pair Group Method with Arithmetic Mean (UPGMA)

with the Dice coefficient was used.

In order to compare the discriminatory potential of the analysis of phenotypic resistance in

relation to the analysis of the gene profile (both resistance and virulence), genome (ADSRRS-

fingerprinting) and protein profile (MALDI-TOF MS), Simpson’s index of diversity (SID)

with 95% confidence intervals (95% CI) was calculated. The function of this index is numerical

evaluation of the possibility of assignment two randomly selected strains to separate groups,

i.e. their diversity. Compatibility between the groupings of strains with the different techniques

was determined based on the Rand coefficient and Wallace coefficient.

The first of these coefficients shows the absolute value of the compatibility of methods,

compared in pairs, adjusted for the randomized case of their full compliance. The resulting

matrix of the results is symmetrical. In turn, the bidirectional Wallace coefficient indicates the

degree of overlap between the groups of analyzed strains obtained with other methods, which

allows determining whether two strains classified together in one method will also be grouped

together in another method. In this way, we determine the probability of generation of a corre-

sponding dendrogram. The Wallace coefficient is designed to predict to what extent the group-

ing obtained with one technique can be used to determine the outcome of another method. It

also predicts whether the use of any of the methods for determination of the diversity of strains

is redundant.
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All analyses were performed in the EpiCompare software (Ridom Bioinformatics, Munster,

Germany)

Results

In total, 321 isolates belonging to the genus Enterococcus were obtained, with 40% (128 strains)

classified as E. faecalis (16S-23S rRNA REA). Using the MIC value, seven distinct phenotypic

resistance profiles were separated in the pool of the isolates tested (data not shown).

Thirty six resistant strains of E. faecalis belonging to three different phenotypic resistance

profiles (A,B and C) met the criteria of multidrug resistance and these strains were selected for

further studies (each selected strain came from another animal) (S1 Table).

Profiles A and B were homogeneous in terms of the source (the strains were isolated from

animals originating from farms 1 and 3 respectively) but isolates from profile C originated

from animals from both farms 2 and 3.

All selected strains were susceptible to ampicillin and vancomycin and resistant to tetracy-

cline, chloramphenicol, linkomycin, high-level kanamycin and streptomycin, as well as macro-

lides (erythromycin and tylosin) and glycopeptides (quinpristin-dalphopristin). The resistance

to other antimicrobials varied between the three profiles. Strains belonging to profile A were

resistant to all other antimicrobials tested with the exception of rifampin. Strains from profile

B were susceptible to rifampin and high-level gentamycin, and strains of profile C exhibited

resistance to rifampicin and susceptibility to both fluoroquinolones (S1 Table). Phenotypic

resistance to tetracycline, macrolides, phenicols, and lincomycin and high-level aminoglyco-

side resistance to kanamycin, streptomycin, and gentamycin were confirmed by occurrence of

at least one corresponding resistance gene in each strain belonging to a particular profile.

The presence of 12 genes of all the 28 resistance genes and 2 transposone genes (resolvase

and integrase) tested was shown (Table 1). All the strains showed the presence of tetM, ermB,

aph(3’)-IIIa, and ant(6)-Ia. The distribution of the other genes varied and correlated with the

phenotypic resistance profile. The following resistant genes: catA-8, lnuB, Int-Tn, and aac(6’)-
Ie-aph(2”)-Ia, were further detected in strains belonging to profiles A and C, while the geno-

typic resistance profile of the strains belonging to group B was characterized by the presence of

the fexA gene. Furthermore, the strains belonging to both profiles A and B had the tetL gene.

Nearly half of the strains from profile A (44,4%) had the ermF gene and 42,9% of the strains

from profile C had the catA-9 gene (wherein all catA-9 positive isolates originated from ani-

mals of farm No 2) (S1 Table).

Table 1. Occurrence of resistance and virulence genes in three selected phenotypic resistance profiles of E. faecalis.

phenotypic resistance profiles

/No of strains

resistance gene profile/

No of strains

resistance and transposon genes virulence genes

profile A/9 CFMGKLQDST I/5 Int-Tn, aac(6’)-Ie-aph(2”)-Ia, aph(3’)-IIIa, ant(6)-Ia, erm

(B), tet(M), tet(L), catA8, lnuB

agg, esp, cpd, cob, ccf, efaAfs

II/4 Int-Tn, aac(6’)-Ie-aph(2”)-Ia, aph(3’)-IIIa, ant(6)-Ia, erm

(B), aerm(F), tet(M), tet(L), catA8, lnuB

profile B/13 CFMKLQDST III/13 aph(3’)-IIIa, ant(6)-Ia, erm(B), tet(M), tet(L), fexA gelE, cpd, cob, ccf, efaAfs

profile C/14 CMGKLQDRST IV/8 Int-Tn, aac(6’)-Ie-aph(2”)-Ia, aph(3’)-IIIa, ant(6)-Ia, erm

(B), tet(M), catA8, lnuB

agg, esp, cylA, cylB, cylM,

cpd, cob, ccf, efaAfs

V/6 Int-Tn, aac(6’)-Ie-aph(2”)-Ia, aph(3’)-IIIa, ant(6)-Ia, erm

(B), tet(M), catA8, catA9, lnuB

aboldface indicates differentially expressed genes within each phenotypic resistance profiles.

doi:10.1371/journal.pone.0171160.t001
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Based on the analysis of genotypic and phenotypic resistance in the group of multidrug

resistant E. faecalis, five distinct genotypic resistance profiles were generated (Table 1).

The profiles of virulence genes were less diverse than the genetic resistance profiles; how-

ever, they included at least five different genes. Only three distinct genotypic virulence profiles

were generated and these profiles closely corresponded to the phenotypic resistance profiles

(Table 1). From the eleven virulence genes tested, only the hyl gene (encoding hyaluronidase)

was not demonstrated in any of the strains analyzed. Genes encoding sex pheromones (cpd,

cob, ccf)and efaAfs were present in all the strains tested. The gelE gene was present in strains

from profile B and the two other virulence genes (agg, esp) were detected in all the strains

belonging to profile A and C; additionally, the presence of the cyl gene was noted in the latter

profile.

The genotypic ADSRRS-fingerprinting analysis revealed the presence of 18 to 22 bands

ranging in size from 110 to 1.500 bp (Fig 1). The strains were grouped in three major clusters

(with the exception of the reference strains) corresponding to the phenotypic resistance pro-

files (Fig 1). The similarity coefficients between the groups clustering the E. faecalis strains

belonging to the three phenotypic profiles were 0.78 for profiles C and B and 0.7 for profile A,

compared to the other strains. The percentage of similarity of the strains was considerably

higher within the major groups and fluctuated around 93% in each group.

The spectral analysis using the BioTyper software and BioTyper database confirmed that all

of the examined mass spectra of Enterococcus tested were assigned to correct species with an

Fig 1. Dendrogram of genetic relatedness among E. faecalis strains obtained with the ADSRRS-

fingerprinting method. a reference strains of E. faecalis: ATCC29212 and ATCC51299 b resistance gene

profile.

doi:10.1371/journal.pone.0171160.g001
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average score value of 2,1 (including all repeated spectra) validating probable species identifi-

cation according to the Bruker guide.

Only representative spectra from each strain with the highest log (score) were assigned for

further analysis (the average log(score) was 2,344; CI: 2,354–2,334). In total, 189 distinct peaks

were obtained by MALDI TOF MS, with 25 present in all the strains tested (S3 Table). In the

next stage of our analysis, we examined the pseudo gel view (in the mass range between m/z

3000–13000), which converts spectral peak intensities to gray-scales (Fig 2). Among the most

intense mass peaks, we found 9 peaks occurring in all the strains: 11112 m/z, 9522 m/z, 9104

m/z, 8875 m/z, 8103 m/z, 6669 m/z, 6223 m/z, 6077 m/z, and 4428 m/z (Fig 2).

Comparative analysis

To compare the discriminatory power and the congruence between the type assignments of

the different typing methods (Figs 1 and 3, S1 and S2 Figs), Simpson’s index of diversity and

an adjusted Rand and Wallace coefficient were calculated for 36 isolates for which the results

of typing methods were available (Table 2).

Simpson’s index of diversity was in the range of 0.386 (0.241–0.530) for the analysis of phe-

notypic resistance, 0.783 (0.717–0.848) for the analysis of resistance and virulence genes, and

0.884 (0.848–0.920) for the ADSRRS-fingerprinting technique. It had the highest value of

0.941 (0.899–0.983) for MALDI-TOF MS. Maximum values of the Rand coefficient (showing

good correlations between the techniques) amounting to 0.898 (CI 0.822–0.975) and 0.844 (CI

Fig 2. Pseudo gel view representation obtained from the average mass spectra of E. faecalis.

doi:10.1371/journal.pone.0171160.g002

Fig 3. Dendrogram obtained after NTSYSpc analysis of MALDI-TOF MS data.

doi:10.1371/journal.pone.0171160.g003
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0.790–0.920) were obtained while comparing ADSRRS-fingerprinting with the analysis of

genes and

ADSRRS-fingerprinting with MALDI -TOF MS, respectively. In contrast, the MALDI-TOF

MS analysis and phenotypic resistance exhibited the lowest compliance of clustering; in this

case, the Rand coefficient was only 0.397 (CI 0.256–0.538). Application of the ADSSRS-finger-

printing method allows accurate projection of clustering obtained by analysis of the pheno-

typic resistance profile and analysis of gene profiles (Wallace coefficient 1.0). However, it

significantly deviates from the clustering of strains by MALDI-TOF MS technique (0.082). On

the other hand, the latter technique can predict the outcome of the typing method of pheno-

typic resistance testing at the highest level (0.595), which is substantially higher than in the

case of the analysis of the gene profile and ADSRRS-fingerprinting (respectively 0.243 and

0.162). In addition, the analysis of the occurrence of the genes in the strains tested can accu-

rately reproduce the grouping obtained in the phenotypic resistance analysis (1.0); symmetri-

cally, the compliance result is much weaker (0.354). In the other cases, the value of the Wallace

coefficient had a relatively low value, i.e. in the range of 0.057–0.082.

Discussion

The prevalence of antimicrobial resistance in commensal gut bacteria including Enterococcus
is a good indicator of the selective pressure caused by the use of antimicrobials in farm ani-

mals. Enterococcus bacteria constitute a significant proportion of the gastrointestinal part of

animal microbiota and fecal contamination of carcasses during slaughter processes [3,28].

Direct and indirect contact with animals may favor the spread of bacteria. Enterococci origi-

nating from animals (including pigs) are also considered as an important reservoir of resis-

tance genes, which may be transferred to other human pathogens [28–31]. Special attention

should be paid to multidrug resistant strains of Enterococcus, and especially those belonging to

the species E. faecalis, which is the third most prevalent nosocomial pathogen worldwide [32].

Therefore, multidrug resistant (MDR) E. faecalis strains isolated from farm animals were cho-

sen for our study. In order to evaluate most reliably the usefulness and discriminatory potential

of typing methods, we selected potentially closely related strains (the analysis was limited to

the local range), and the phenotypic resistance profile was used as a main criterion.

Table 2. Statistic comparison of the typing methods used in this study.

Technique Simpson’s index of

diversity (95% CI)

Rand coefficient (95% CI) Wallace coefficient (95% CI)

MALDI TOF

MS

Phenotype Genotype MALDI TOF

MS

Phenotype Genotype ADSSRS

MALDI TOF MS 0.941 (0.899–0.983) 0.595 (0.434–

0.755)

0.243 (0.049–

0.437)

0.162 (0.00–

0.263)

Phenotypea 0.386 (0.241–0.530) 0.397

(0.256–

0.538)

0.057

(0.011–

0.103)

0.354 (0.263–

0.445)

0.082

(0.008–

0.157)

Genotypeb 0.783 (0.717–0.848) 0.752

(0.673–

0.832)

0.603 (0.483–

0.723)

0.066 (0.00–

0.140)

1.0 0.472

(0.371–

0.572)

ADSSRS-

fingerprinting

0.884 (0.848–0.920) 0.844

(0.790–

0.899)

0.502 (0.359–

0.645)

0.898 (0.822–

0.975)

0.082 (0.00–

0.196)

1.0 1.0

a phenotype indicates the phenotypic resistance profile.
b genotype indicates the profiles of resistance and virulence genes.

doi:10.1371/journal.pone.0171160.t002
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The selected MDR strains of E. faecalis were resistant to antimicrobials belonging to at least

six different groups of antimicrobial agents. The phenotypic multidrug resistance profiles of E.

faecalis were similar as those obtained from animals originated from the same herds, tested in

previous study [24]. The resistance profile of all the strains comprised resistance to tetracy-

cline, macrolides (including both erythromycin and tylosin), chloramphenicol, as well as high-

level streptomycin and kanamycin. Such a pattern of phenotypic resistance has also been com-

monly observed among isolates from humans [33] and pigs, but in the case of animals with a

much lower level of resistance to chloramphenicol [33,34].

Based on the varying degrees of phenotypic resistance to the other antimicrobials tested,

three different phenotypic resistance profiles were determined and designated as A, B, and C.

A majority of strains with a specific profile were associated with only one source of origin (the

strains of profile A originated only from herd No1 and strains of profile B only from herd No

3). However, strains belonging to profile C were isolated from both herd No 2 and No 3, which

initially may indicate that multidrug resistant strains may be transmitted not only between

individuals within the same herd but also between different herds. This phenomenon seems to

be confirmed by the high degree of correlation between the phenotypic resistance profile and

the genomic profile of the strains tested, regardless of the source of origin. However, strains

belonging to the same phenotypic profile were not fully genetically homogeneous, which may

be due to diverse and multiple mechanisms of genetic resistance to the same antimicrobial.

For most of the analyzed antimicrobials (or for the antibiotics belonging to the same group),

two or three different genes encoding resistance have been demonstrated. The tetracycline-

resistant strains tested in this study carried tetM, but co-occurrence of both tetracycline resis-

tance mechanisms (efflux encoded by tetL and ribosomal protection encoded by tetM) was

observed in strains belonging to profile A and B. The co-existence of both types of resistance

mechanisms may be reflected not only in the differentiated genotypic patterns (ADSRRS-fin-

gerprinting patterns) but also as in our study, in higher MIC values of the strains [35,36]. The

second most common type of resistance in Enterococcus, i.e. resistance to macrolides [37], was

confirmed by the presence of the ermB gene in all the strains tested. However, the presence of

another gene encoding target modification (ermF) was shown in four out of the nine strains

belonging to profile A only. The ermF gene has been previously isolated in high percentage

from Enterococcus strains originating from the living environment of pigs [38,39], which sug-

gests that ermF may be common in isolates from this species of animals. Our studies also

showed that all the strains were resistant to lincomycin, which was confirmed genetically by the

presence of one or both erm genes (cross-resistance to macrolides, lincosamides, and strepto-

gramin B) but another lincosamide-resistance mechanism encoded by the lnuB gene [40] was

also found in all the strains of profile A and C. Although this gene seemed to be primarily char-

acteristic for E. faecium only [41], the results of our study and those reported by other authors

[42,43] confirmed its presence in a wider spectrum of Enterococcus species.

Although the level of phenotypic resistance to chloramphenicol was similar for all the

strains tested (MIC�32μl ml-1), it was mediated by different genetic mechanisms. The resis-

tance was mainly determined by cat genes encoding type A chloramphenicol acetyltransferases

(strains belonging to profile A and C); however, in the case of six strains from profile C, two

different cat genes (catA-8 and catA-9) were present simultaneously. The catA genes are com-

monly found in gram-positive bacteria [44,45], but most authors have detected catA genes

mostly corresponding to the A-7 group in enterococci [33,45]. Nevertheless, the genes belong-

ing to both catA-9 and catA-8 groups were detected in bacteria of the genus Enterococcus as

well [45]. In turn, strains belonging to profile B had the fexA gene. This gene encoding differ-

ent mechanisms of resistance mediates combined resistance to both phenicols: chlorampheni-

col and florfenicol [44].
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Despite the wide panel of tested genes responsible for high-level aminoglycoside resistance,

the genetic profile of this type of resistance was homogenous in all the strains. The resistance

was encoded by the most typical genes: aph(3’)-IIIa (resistance to kanamycin), ant(6)-Ia (resis-

tance to streptomycin), and aac(6’)-Ie-aph(2”)-Ia (resistance to all clinically available amino-

glycosides but not streptomycin) [46]. These genes have been described as the most common

mechanisms of HLAR in Enterococcus strains [46–48]. Other genes responsible for this type of

resistance are rarely detected in Enterococcus [46,47] or are not widely evaluated [45,48].

The high percentage of concurrent prevalence of phenotypic resistance to macrolides, tetra-

cyclines, and aminoglycosides in the strains tested in this study appears to be validated by the

molecular analysis. Detection of the integrase gene in all the strains belonging to profile A and

C may confirm the association between tetM, ermB, and aph(3’)-IIIa by Tn1545-like transpo-

sons [49,50]. This highly mobile conjugative transposon was reported previously among

enterococci isolated mainly from humans and pigs [49]. However, this seems to be not the

only mechanism allowing simultaneous spread of these genes. Werner et al. [51] described the

presence of another gene cluster containing both aph(3’)-IIIa and ant(6)-Ia genes, dissemi-

nated in MDR Enterococcus strains. Moreover, Hidano et al.[52], who identified specific link-

ages between the presence of different genes encoding resistance to macrolides (ermB),

tetracyclines (tetM, tetL), and aminoglycosides (aph(3’)-IIIa and ant(6)-Ia), suggested that

there may be varied genetic linkages between genes responsible for the multidrug resistance

profile, and they are rather regular than random.

The profiles of virulence genes were less diversified (only three profiles) and strictly corre-

lated with phenotypic resistance profiles. The linkage between resistance and presence of

selected virulence determinants has been confirmed previously [53]. The genome of all the

strains tested in our study included genes encoding sex pheromones (cpd, cob, ccf) and most of

the strains (from profiles A and C) exhibited the presence of the agg gene. The agg gene was

detected using the highly conserved sequence characteristic for representatives of the class of

pheromone-responsive plasmids (pAD1, pPD1, and pCF10) [54,55]. The family of these plas-

mids shows high frequency of conjugative transfer of antibiotic resistance and virulence genes

from donor cells by mating sex pheromones produced by potential recipient cells [53,54]. The

aggregation substance promotes cell conjugation by bacterial aggregation, which results in

close contact between the donor and recipient cells [56]. This phenomenon may increase viru-

lence traits and antimicrobial resistance of recipient E. faecalis strains [53–55].

The use of only a method based on phenotypic resistance testing or only the presence of the

resistance and virulence genes provided a low degree of differentiation within the pool of the

tested strains (SID 0.386 and 0.783, respectively). According to the results of statistical analysis

comparing only these two methods, it appears that, given the numerical rating indicating a

high compatibility of the results obtained (60.3% and a total reproduction of the topography of

the dendrogram of the resistance phenotype), it is sufficient to use the comparative analysis of

gene profiles only (Wallace coefficient 1.0).

The molecular analysis performed with the ADSRRS-fingerprinting method revealed a high

level of similarity within strains grouped in the particular resistance profiles, not exceeding the

value of 0.93. Higher genomic variability, i.e. from 0,6 to 0,78, was noted between the specific

profiles and reference strains (E. faecalis ATCC 29212 and E. faecalis ATCC 51299). Our study

has shown that the ADSRRS-fingerprinting patterns are strongly determined by molecular

resistance elements, which was also confirmed by previous analysis conducted for E. faecalis
and E. faecium strains isolated from poultry [12]. Also for E. faecalis, E. faecium and E. hirae
isolated from pigs [24] originated from the same herds as tested in present study, a similar cor-

relation but between phenotypic resistance patterns and ADSRRS-fingerprinting profiles has

been showed. However, comparing the genotypic profiles of multidrug resistant E. faecalis

Analysis of Multidrug Resistant E. faecalis by ADSRRS-Fingerprinting and MALDI-TOF MS

PLOS ONE | DOI:10.1371/journal.pone.0171160 January 30, 2017 11 / 19



(ADSRRS-fingerprinting) from the current and previous study (samples for current analysis

were collected about one year later than for previous analysis), the full homogeneity of

ADSRRS profiles within the same phenotype of resistance has been shown in the previous

study, while the strains in the present study were characterized by certain diversity within the

same phenotype, both for ADSRRS profiles and resistance genes. This phenomenon may con-

firm the high discriminatory potential of ADSRRS-fingerprinting method allowing for diversi-

fication of strains with the same or similar phenotypic resistance profile, but differing in

relation to the genes that determine this resistance [12]. A similar regularity in the consistency

of genetic profiles (obtained with the PFGE method) with resistance profiles was observed by

other authors [6,7,32,42,57]. This regularity seems to be especially important for analysis of

strains with similar or the same antibiograms obtained from different sources (different farms,

flocks, or individuals) and for tracking the ways of potential spread of multidrug resistant

strains or strains causing local outbreaks. Also in this study, a significant genetic similarity

between strains belonging to profile C but originating from two different sources (farms) has

been found, probably related to highly similar profiles of resistance and virulence genes (differ-

ence in only one gene tested).

In this analysis, the ADSSRS- fingerprinting technique was applied due to its simplicity, ease,

and speed of execution and, above all, high capacity of separation of closely related strains (SID

0.884). An unquestionable advantage of this method is the high Wallace coefficient in relation

to the phenotypic and genotypic method (1.0 in both cases). Moreover, this method indicates a

uniform way of grouping the isolates tested, confirmed by the Rand coefficient (50.2% and

89.8%, respectively), and thereby, it theoretically eliminates the need to use phenotypic resis-

tance analysis and detection of genetic determinants at least for the pool of the multidrug resis-

tant strains described in this study. On the other hand, phenotypic analysis of resistance cannot

be omitted due to its crucial importance in the standard diagnostic procedure (it determines the

potential success of therapy) and, as shown in our study, it is the first criterion for grouping and

typing of multidrug resistant strains [27].

The gradual development of the proteomic technique MALDI-TOF MS has provided new

opportunities for precise microbiological analysis. Numerous studies have shown that MAL-

DI-TOF MS is a rapid, reliable, and cost-effective technique for identification of different

groups of microorganisms [20,58–61], including Enterococcus [25,62,63]. In our study, we also

obtained high log (score) values (> 2) for all the strains tested and the results were consistent

with those of molecular identification.

A confirmation of the suitability of the MALDI-TOF MS technique in genus/species identi-

fication of microorganisms seems to be the determination of the genus-specific or species-spe-

cific biomarkers [64,65]. In our study, 25 different peaks were found in all the strains tested,

including both reference strains. As in another study conducted by Quintela–Baluja et al. [64]

and Santos et al. [65], a peak at m/z 4428 with high intensity visualized in pseudo-gel view was

detected in all the strains, which confirms that this may be an important genus-specific marker

[64]. Some other peaks detected by other authors exclusively in E. faecalis species (3036 m/z,

4764 m/z, 6077 m/z, 6857 m/z, and 9104 m/z) and those found in all the strains tested in this

study may be considered as species-specific biomarkers [64,65]. The importance of other com-

mon peaks, especially the most intense ones, is currently unknown. Quintela–Baluja et al. [64]

suggest that the expression of specific biomarkers may be related to ecological niches of strains

tested. Giebel et al. [66] showed a correlation between the presence of specific peaks and spe-

cies of animals from which a given Enterococcus strain originated. All our strains originated

from the same species of animal and they were relatively similar within the phenotypic resis-

tance profiles (with the exception of two reference strains); therefore, comprehensive analysis
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PLOS ONE | DOI:10.1371/journal.pone.0171160 January 30, 2017 12 / 19



in this aspect needs a wider pool of strains tested, including different sources, species, and var-

ied phenotypic and genotypic properties.

Attempts to use the MALDI-TOF MS method for typing strains below the species level

undertaken during the past few years [17,67,68] often reached contradictory results, especially

in the aspect of comparative analysis of antibiotic resistance mechanisms. Detection of specific

antibiotic resistance mechanisms is questionable also in the case of analysis of Enterococcus
resistance [9,17,19,69,70]. These discrepancies may be affected by several factors: differences

between strains not relating to resistance only [18] (e.g. different profiles of virulence genes),

different mechanisms of resistance to the same antimicrobials [17], and high molecular weight

of some resistance factors, which may not be detectable in the peak range of standard analysis

[23]. Moreover, the MALDI-TOF spectra include conserved molecules mostly corresponding

to housekeeping and ribosomal proteins, which are only slightly modulated by environmental

influences (e.g. selective pressure of antimicrobials). Therefore, clustering by this method does

not always correspond to clustering by genetic methods [18] and does not always reproduce

resistance profiles; however, due to the high discriminatory potential, it may complement

other genetic techniques [71]. It seems that the strategy of the analysis of resistant strains with

MALDI-TOF MS is most useful rather for rapid species identification of strains, allowing

rapid assessment of the potential type of intrinsic antimicrobial resistance [20].

The highest resolving power was confirmed statistically also in our study by the highest

Simpson coefficient of the discrimination of MALDI technique (0.941) among the analyzed

methods along with the high compatibility of MALDI and ADSRRS-fingerprinting techniques,

i.e. 84.4% (Rand coefficient 0.844), and a slight overlap of the groups in the MALDI technique

(Wallace coefficient 0.082) versus ADSRRS-fingerprinting. However, the differences in Simp-

son’s index of diversity between MALDI and ADSRRS-fingerprinting methods do not have

statistical significance.

Conclusion

The MALDI -TOF MS analysis showed higher discrimination power in diversification of mul-

tidrug resistant strains of E. faecalis (initially classified into three groups according to the resis-

tance profile) than ADSRRS (0.941 vs. 0.884, respectively). However, the ADSRRS technique

allowed reliable reproduction of the clustering pattern of isolates obtained with the technique

of phenotypic analysis of resistance profiles and the analysis of resistance and virulence genes

(Wallace coefficient 1.0). This feature seems to be the most applicable for epidemiological pur-

poses and short-term analysis. Moreover, the agreement of the results from ADSRRS is at a

higher level (50–90%) than in the case of MALDI (40–85%). This is probably related to the fact

that both methods are based on completely different methodological bases. Since ADSRRS-fin-

gerprinting is based on analyzing total genomic DNA diversity by detecting polymorphism

restriction sites and MALDI -TOF MS spectra correspond rather to housekeeping proteins, it

would be more appropriate to compare the results of the MALDI -TOF MS analysis with the

results of multilocus sequence typing (MLST). This phenomenon has been confirmed by

many authors who observed greater compatibility between MSP spectra and the type of ST

[9,72–74] rather than the PFGE profile [21,75].

Supporting Information
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S2 Fig. Dendrogram obtained after NTSYSpc analysis of resistance and virulence gene pro-

files with the unweighted pair group method with arithmetic mean (UPGMA).

(TIF)

S1 Table. MIC values of multidrug resistant strains selected for this study. a AMP- ampicil-

lin, CHL- chloramphenicol, CIP- ciprofloxacin, ENR- enrofloxacin, ERY–erythromycin, GEN-

gentamicin, KAN- kanamycin, LIN- lincomycin, Q-D—quinupristin-dalfopristin, RIF- rifampin,

STR- streptomycin, TET- tetracycline, TYL- tylosin, VAN- vancomycin.
b The breakpoints (μl ml-1) for particular antimicrobials; for ampicillin, chloramphenicol, cipro-

floxacin, erythromycin, gentamycin, rifampin, streptomycin, tetracycline and vancomycin the

CLSI criteria (M100-S24) were used, for enrofloxacin, the breakpoint was defined according to

VET 01-S2. Since CLSI does not define criteria for kanamycin, lincomycin and tylosin, the break-

points defined by the National Antimicrobial Resistance Monitoring System Animal Isolates

(NARMS) (http://www.ars.usda.gov/News/docs.htm?docid=6750&page=3) were used.
c Profiles were created from the first letters of the names of antimicrobials (C -chloramphenicol,

G-gentamicin, K-kanamycin,L- lincomycin, QD- quinupristin-dalfopristin, R-rifampin, S-strep-

tomycin, T-tetracycline) or names of groups of antimicrobials: fluoroquinolones-F (ciprofloxacin,

enrofloxacin) and macrolides-M (erythromycin, tylosin) to which given strains are resistant

(DOCX)

S2 Table. Primers used in this study.
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S3 Table. The common peaks occured in all strains E. faecalis tested in this study. apotential

genus-specific marker
bpotential species-specific markers.
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