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ARTICLE
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ABSTRACT
The carbapenem-resistant bacteria (CRB) are currently at the top of the
WHO priority list of bacteria that pose the greatest threat to human
health. Considering that soil is one of the important environments for
the emergence of antibiotic-resistant bacteria, we isolated and quantified
cultivable CRB in soils across Croatia, including ones affected by illegal
dumps.

We cultivated CRB at two temperatures, distinguishing between the
intrinsically resistant CRB (37°C, mostly Stenotrophomonas spp.) and the
ones that are presumably human-associated and clinically relevant (42°C,
Acinetobacter sp., Enterobacteriaceae, Burkholderia spp.). Our study
demonstrated that distinguishing between the two offers a better insight
into the diversity of CRB in the environment. The ones cultivated at 37°C
were found in almost all soil samples, while the presumably clinically
relevant ones were absent from uncontaminated pasture and grassland,
indicating that human-associated CRB are unlikely to be found in soils
spared from anthropogenic influence.
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Introduction

Antibiotic-resistant bacteria (ARB) are considered to be the consequence of selective pressures
exerted by antimicrobials used in clinical practice, animal food, and agriculture (Levy 2002). The
term antimicrobial is not limited to antibiotics but includes many other disinfecting agents such as
triclosan, chlorhexidine, or quaternary ammonium compounds. Disinfectant/Antibiotic cross-
resistance in bacteria is well documented (Levy 2002; Gnanadhas et al. 2013; Wesgate et al.
2016). Therefore, the release of antimicrobials in the environment may be as important for ARB
emergence as is patient treatment with antibiotics (Levy 2002).

Furthermore, there are bacteria that are intrinsically resistant to antibiotics without ever having
been exposed to them in their environment. For example, genes carrying resistance to commercial
antibiotics have been found in cultivable bacteria from a cave isolated from anthropogenic
influence for 4 million years (Bhullar et al. 2012) or in a DNA isolated from a 30,000-year-old
permafrost sediment (D’Costa et al. 2011).

Of all types of environment, the soil probably has the largest and most divergent resistome (a
collection of all the antibiotic resistance genes), which includes both the bacteria with intrinsic
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and the ones with acquired antibiotic resistance. In fact, many of the clinically resistant bacteria
arise from the soil bacteria (D’Costa et al. 2006, 2007; Alkhaleefah 2015).

In 2017, the World Health Organisation issued its first ever list of antibiotic-resistant ‘priority
pathogens’ – a catalogue of 12 families of bacteria that pose the greatest threat to human health
(WHO 2017). Among those, carbapenem-resistant bacteria (CRB), namely Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacteriaceae are on the top of the list. In fact,
carbapenem resistance is increasing rapidly and becoming a major healthcare problem worldwide
(Meletis 2016).

In Croatia, the prevalence of carbapenem-resistant isolates among all clinical isolates has
increased from 34% to 86% for A. baumannii, 12–21% for P. aeruginosa, and from none to
detectable (1%) for Enterobacteriaceae between 2010 and 2016 (CAMS 2017 – Antibiotic resis-
tance in Croatia, 2010 & 2016).

CRB were initially considered exclusively hospital-acquired pathogens, but recent literature
describes community-acquired infections (Dexter et al. 2015), which are not rare (Tang et al.
2016). Tang et al. (2016) reported that almost one-third of human infections with carbapenem-
resistant Enterobacteriaceae were community-acquired, while 10% were colonisations. The origins
of community-acquired CRB infections are unknown (Kelly et al. 2017). Also unknown are the
ways by which CRB enter and colonise hospitals worldwide. In any case, the existence of
community-acquired infections points to living environments as possible reservoirs of CRB
(Eveillard et al. 2013). Recent studies have started to monitor and report CRB occurrence in
hospital or municipal wastewaters (Picão et al. 2013; Bengtsson-Palme et al. 2016; Hrenovic et al.
2017a). The fact that both ARB and antibiotic-resistance genes are readily disseminated to the
environment through wastewaters and wastewater treatment plants is sufficiently described
(Bengtsson-Palme et al. 2016; Yang et al. 2016; Hrenovic et al. 2017a; Dal 2018). In contrast,
the data about CRB in soils are still scarce, and to the best of our knowledge, carbapenemase genes
and CRB were reported in soil by Gudeta et al. (2016), Alkhaleefah (2015), and Hrenovic et al.
(2014, 2017b). The last two found CRB in soils influenced by illegally disposed solid waste of
external origin, including hospital waste, which raised concern about an association between
Gram-negative CRB in soils and illegal waste dumping in Croatia, especially in view that the
central Balkans (including Croatia) is considered one of the world’s epicentres of CRB global
spread (Meletis 2016).

Therefore, the aim of our study was to look deeper into the issue by isolating and quantifying
cultivable CRB in soils affected by illegal dumps across Croatia and to compare the findings with
those in unaffected soils and soils under the influence of other human activities that might
contribute to the CRB spread. To do that, we used a novel method that would be able to
distinguish between native, intrinsically resistant soil bacteria and those that are presumably of
anthropogenic origin, therefore clinically relevant. This methodology has been successfully used in
our previous studies where CRB were monitored in wastewater treatment plant (Hrenovic et al.
2017a, 2017c) and now it was, to best of our knowledge, implemented for soil samples for the first
time. This methodology is based on cultivation of environmental samples on 37 and 42°C in
parallel. The latter supresses the growth of Stenotrophomonas sp. (Denton and Kerr 1998) which
are intrinsically carbapenem-resistant and ubiquitous in soil and therefore dominant in soil
samples cultivated at 37°C. Cultivation at 42°C allows the detection of other CRB that are usually
present in lower abundance than Stenotrophomonas sp.

Materials and methods

Soil sampling

Twenty-two soil samples were taken at 14 locations (8 illegal dump sites, 1 coke factory, 1
thermal power plant, 2 arable lands, 1 pasture, and a grassland) in period from April 2014 to
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July 2017 (Table 1). Except for the pasture on the island of Mljet and grassland at the slopes of
Medvednica, the remaining 12 locations were selected from the Soil Monitoring Programme
(Mesic et al. 2008) for potentially contaminated soil in Croatia. Figure 1 shows some of the
locations.

Samples for bacteriological analysis were taken aseptically in a sterile plastic container and
prepared in the laboratory within 6 h of collection. Soil water content was measured
gravimetrically, and the pH was measured in soil suspension in distilled water (1:2.5 m/v
ratio).

Bacteriological analysis

The soil samples were first suspended in sterile peptone water (10 g of soil per 100 mL) and then
filtered three times on sterile membrane filters of 0.45 µm pore size (10 mL aliquot). Next,
membrane filters were placed on adequate cultivation media as follows:

Intestinal enterococci were determined according to the current Croatian standard (HRN ISO
7899-2, 2000): membrane filters were incubated on Slanetz Bartley agar (Biolife, Milano, Italy) at
37°C for 72 h and confirmed on Bile esculin azide agar (Sigma-Aldrich, Taufkirchen, Germany)
after incubation at 44°C for 4 h.

The CRB were cultivated by placing membrane filters on selective CHROMagar™ Acinetobacter
medium (CHROMagar, Paris, France): agar: 15 g L−1; peptone and yeast extract: 12 g L−1; salts:
4 g L−1; chromogenic mix: 1.8 g L−1, supplemented with CR102 (one dose per litre) (CHROMagar
2018). For each sample, two incubation temperatures were used, 37 and 42°C (Hrenovic et al.
2017a, 2017c). All the colonies that grew on the plates were labelled CRB and labelled as CRB37 or
CRB42. Referencing to our previous work (Hrenovic et al. 2017a, 2017c), the CRB37 are
considered to be natively present and intrinsically carbapenem-resistant while CRB42 are con-
sidered to be of anthropogenic origin, and potentially clinically relevant, carrying acquired
resistance.

The CR102 supplement allows for the growth of carbapenem-resistant Acinetobacter sp. and
other carbapenem-resistant Gram-negative bacteria, belonging mostly to the Enterobacteriaceae,
Pseudomonas spp., and Stenotrophomonas genera (Figure 2) (Barsoumian et al. 2013; Song et al.
2013). Just to confirm that all bacteria cultivated on CR102 plates can be considered carbapenem-
resistant, random isolates were tested using the Vitek® automated system for determination of
antibiotic susceptibility (Biomerieux, Marcy-l’Étoile, France). Each tested isolate (N = 20) had
minimum inhibitory concentrations of imipenem and meropenem of 8 up to ≥16 mg L−1, which
classified them as carbapenem-resistant according to the EUCAST criteria for clinical isolates
(EUCAST 2017). This confirmed that all bacteria cultivated on CHROMagar™ Acinetobacter
plates supplemented with CR102 can be labelled as CRB.

The aerobically grown total heterotrophic bacteria were determined by counting all grown
colonies on tryptone glucose yeast agar (Biolife, Milano, Italy) after appropriate serial dilution and
incubation at 22°C for 72 h (APHA, 2005).

The counts of total heterotrophic bacteria (He), intestinal enterococci (Ie), and CRB (CRB37
and CRB42) were expressed in colony forming units per 1 g of wet soil (CFU g−1). Enumeration of
bacteria was done in triplicate.

Identification of CRB isolates

For insight in bacterial species carrying carbapenem-resistance in tested soil samples, certain isolates
were identified to genus and/or species level. The identification was not performed systematically,
meaning not every CRB colony was identified, but random morphologically different colonies were
subjected to further analysis. This approach does not give complete picture of population density, as
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Figure 1. Photographs of several sites from which soil samples were collected. The samples are described in Table 1.

Figure 2. (a) An example of CHROMagar AcinetobacterTM plate (without CR102 supplement for cultivation of carbapenem-
resistant bacteria) inoculated with wastewater sample after incubation at 37°C for 48 h. The blue colonies are usually
Enterobacteriaceae and red colonies are Stenotrophomonas sp., Acinetobacter sp., Pseudomonas sp., or other Gram-negative
bacteria. (b and c) – example of CHROMagar AcinetobacterTM (with CR102 supplement) from here presented study, inoculated
with soil sample and incubated at 37°C (b) and 42°C (c).

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 5



could be determined by molecular techniques, but it gives information about presence of cultivable
CRB in soil that can be of clinical relevance and potential risk to public health.

For identification, selected colonies were re-cultivated in pure culture on selective plates
(CHROMagar™ Acinetobacter supplemented with CR102) and then on non-selective nutrient
plates (tryptone glucose yeast agar). Pure culture grown on non-selective plate was subjected to
routine bacteriological techniques (Gram stain, oxidase and catalase test, growth on Kligler-iron
agar) and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-
TOF MS) (software version 3.0, Microflex LT, Bruker Daltonics) (Saffert et al. 2011; Schauman
et al. 2013; Sousa et al. 2014; Singhal et al. 2015). Only the isolates with a valid MALDI-TOF MS
score of ≥2.0 (Bizzini et al. 2010), meaning undoubtedly identified to genus/species level, were
presented in the results (Ntotal = 100; 63 valid and 37 invalid scores).

Statistical analysis

Before statistical analysis, we logarithmically transformed the CFU (log CFU per 1 g of wet soil) to
normalise the distribution. Statistically significant correlations between variables (p < 0.05) were
determined in Statistica v. 13.1. (TIBCO Software Inc., Palo Alto, CA, USA) using Spearman’s
rank correlation.

Results

CRB in soil

Table 2 shows the bacterial counts by soil sample. CRB37 were detected in all but two soil
samples. Opposite to what one might expect, these two samples were not from uncontaminated
locations of pasture and grassland but from quarry dump site and coke factory sanitary landfill.
The reasons for the absence of CRB37 in sample No. 10 are most likely the extremely low pH of
2.6 (pH of other soils was ranging from 4.9 to 9.7; mean ± sd = 7.4 ± 1.1) and in sample No. 5, the
low humidity of 9% (humidity of other soils was ranging from 12.1 to 57.1; mean ± sd = 22.7 ± 11.1).
These two samples also had significantly (p < 0.05) lower total heterotrophic bacterial counts than
other soils.

The presence of CRB37 in non-contaminated pasture and grassland soil (samples No. 1 and 22)
confirms that soil in general contains intrinsically resistant CRB, except where conditions are
unfavourable for the growth of mesophilic Gram-negative bacteria (extreme pH, low humidity).

Table 2. Numbers of bacteria detected in soil samples (log CFU g−1).

Sample 1 2 3 4 5 6 7 8 9 10 11

He 4.8 7.3 6.9 8.4 5.1 6.8 6.7 6.5 6.8 2.3 6.4
Ie * 1.9 1.4 6.2 2.8 1.7 3.4 1.6 1.5 * 2.0
CRB37 2.4 nm. nm. nm. * 4.3 3.1 4.1 3.0 * 2.6
CRB42 * 4.7 3.6 4.6 * 3.3 2.0 1.4 2.7 * 1.4
pH 7.3 8.3 8.3 7.3 8.5 7.9 9.7 6.8 7.9 2.6 7.8
W (%) 22.7 18.2 17.7 24.5 9.3 16.3 31.4 21.7 17.8 22.8 25.5
Sample 12 13 14 15 16 17 18 19 20 21 22
He 7.9 7.4 7.1 7.5 7.1 7.6 7.7 6.5 7.8 6.9 8.1
Ie 1.3 1.8 2.5 2.4 2.4 1.9 0.0 0.0 0.0 0.0 2.2
CRB37 5.3 3.4 3.7 3.1 3.5 4.5 4.8 4.9 4.3 3.4 3.1
CRB42 1.2 * 1.4 2.3 2.1 3.9 2.6 3.1 3.5 2.4 *
pH 7.7 7.2 6.8 7.2 8.2 7.9 6.1 5.9 4.9 4.9 6.9
W (%) 15.5 57.1 31.6 28.4 28.5 14.6 15.1 16.5 14.8 12.1 42.4

Shaded are the highest numbers of specific type of bacteria across all the samples, as well as lowest pH and W (%) values.
*Below detection limit (<1 CFU g−1). For clarity, only mean values are presented; standard deviations for all samples
were in the range ±0.1–0.3. He: Total heterotrophs; Ie: intestinal enterococci; CRB37 and CRB42: carbapenem-
resistant bacteria cultivated at 37 or 42°C, respectively; W: water content; nm: not measured.
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The highest counts of CRB42 were found at the illegal dump site on the island of Susak
(Table 2) and in agricultural soil samples fertilised with swine or poultry manure. The pasture on
Mljet and grassland at Medvednica, which are considered as uncontaminated, free of any
anthropogenic influence, turned out to be free from CRB42 (Table 2).

Statistical analysis showed that the CRB37 and CRB42 counts correlated positively (p < 0.05)
with each other and the He counts (Table 3) but showed no correlation (p > 0.05) with the Ie
counts, pH, and water content in soil. The pH correlated positively with Ie (p < 0.05), as this type
of bacteria better adapts to high pH (Meckes and Rhodes 2004; Ivankovic et al. 2014). This finding
also suggests that Ie, even though it is the usual indicator of anthropogenic influence, should not
be considered as indicator of CRB presence in soil.

CRB identified in soil

Bacteria identified after cultivation at 37°C were intrinsically resistant to carbapenems with 10
isolates of Stenotrophomonas sp. and 1 isolate of Elizabethkingia meningoseptica (Zhang et al.
2000; Çıkman et al. 2016; EUCAST 2016). Table 4 shows CRB42 isolates randomly identified
across the soil samples. Incubation at 42°C allowed for a greater variety of isolates, but dominant
were the bacteria from the Burkholderia, Acinetobacter, and Enterobacteriaceae genera.

Table 3. The correlations of different groups of bacteria cultivated from soil samples, with each other and with pH and water
content (W).

He Ie CRB37 CRB42 pH W (%)

He 1.000 0.222 0.781 0.599 0.409 0.088
Ie 1.000 −0.184 −0.087 0.745 0.368
CRB37 1.000 0.608 0.173 −0.083
CRB42 1.000 0.049 −0.385
pH 1.000 0.139
W 1.000

He: Total heterotrophs; Ie: intestinal enterococci; CRB37 and CRB42: carbapenem-resistant bacteria cultivated at 37 or 42°C,
respectively.

Correlations; R values are shown; significant correlations (p < 0.05) are shaded.

Table 4. List of bacteria with acquired resistance to carbapenems randomly isolated after cultivation at 42°C.

Species Number of isolates Location*

Acinetobacter baumannii 3 8
Acinetobacter sp. 6 21
Burkholderia ambifaria 12 18/19/20
Burkholderia multivorans 2 14
Burkholderia sp. 2 21
Cupriavidus gilardii 3 2/3
Cupriavidus respiraculi 5 2/3
Enterobacter asburiae 1 18
Enterobacter cloacae 3 18/20
Enterobacter ludwigii 1 7
Enterobacter sp. 2 21
Escherichia coli 3 20
Escherichia sp. 1 21
Ochrobactrum intermedium 3 18
Pediococcus sp. 1 20
Providencia sp. 1 19
Providencia stuartii 1 18
Pseudomonas putida 1 2
Sphingobacterium thalpophilum 1 14

Isolates that were undoubtedly identified to genus or species level by valid MALDI-TOF MS score of ≥2.0 are
shown. *Location where the bacteria were isolated (referenced to no in Table 1).

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 7



Discussion

Our findings confirm that ARB, including carbapenem-resistant ones, are normally present in soil
and are a part of natural microflora (Forsberg et al. 2012; Nesme and Simonet 2015; Williams-
Nguyen et al. 2016). The resistance genes found in soil are probably intrinsic to many soil-
inhabiting bacteria (Nesme and Simonet 2015). Mechanisms of gene transfer from environmental
to clinical pathogens, such as the horizontal or lateral, are known, but little is still known about to
what extent intrinsic ARB from soil contribute to the global spread of antibiotic resistance. Recent
review articles by Nesme and Simonet (2015) and Williams-Nguyem et al. (2016), therefore,
clearly stress the need to focus more on environments affected by human activities.

Alkhaleefah (2015) found significantly higher CRB counts in soils from a farm using cattle
manure than a farm using inorganic fertilisers, which points to animal manure as a source of ARB
associated with anthropogenic activities, in this particular case, feeding the livestock with anti-
biotic-enriched feed. Our findings from agricultural soils fertilised with swine and poultry manure
confirm Alkhaleefah’s findings.

The novelty of our approach, however, is a methodology to distinguish between the soil
bacteria with the intrinsic and acquired (clinically relevant) carbapenem resistance by incubating
the samples at 37 and 42°C, respectively. As our results with the identified isolates show (Table 4),
incubating at 37°C blurs the picture of how many CRB species are present in the soil, as the
intrinsically resistant Stenotrophomonas spp. is dominant and wins the competition with other
species. Only at 42°C, when growth of Stenotrophomonas spp. is supressed (Denton and Kerr
1998) did we detect isolates associated with human activities. This is probably why Gudeta et al.
(2016), unlike us, found no Enterobacteriaceae, Acinetobacter, or Pseudomonas species in their
samples or why Alkhaleefah (2015) found no Enterobacteriaceae or Acinetobacter spp. Incubation
and enrichment temperature of 37 and/or 22°C could also explain why mentioned studies
(Alkhaleefah 2015; Gudeta et al. 2016) reported finding carbapenemase genes that were not
related to carbapenemases observed in clinical bacteria.

Even though we did not determine carbapenemase genes in our current study, in our earlier
study (Hrenovic et al. 2014, 2017b), the A. baumannii isolates (from the same soil samples Nos. 8
and 12 in this study) carried acquired class D oxacilinase genes, which were not detected in the
studies by Alkhaleefah (2015) and Gudeta et al. (2016). This strongly suggests that incubation of
soil samples at 37°C is probably shading clinically relevant carbapenemase genes and CRB in soil.
The main limitation of our study is that carbapenemase genes were not defined by molecular
techniques and compared between samples incubated at two temperatures that would solidify the
assumption that cultivation at higher temperature allows isolation of clinically relevant CRB from
soil. We propose further research in this direction.

Thanks to our method for distinguishing intrinsically resistant CRB37 and presumably anthro-
pogenic originated CRB42, we have gained a better insight into the distribution of clinically
relevant CRB in soil; none were found in the uncontaminated pasture and grassland soil (samples
1 and 22) and soils with poor growth conditions (samples 5 and 10). The remaining illegal dump
sites confirm that they are the most probable source of clinically relevant CRB in soil, which were
probably leached from the waste by storm water and infiltrated the soil, where they can survive for
long (Hrenovic et al. 2017b). These findings recognise illegal dump sites as potential sites of
dissemination of ARB. More stringent monitoring and prevention of such sites as well as (bio)
remediation of already contaminated sites is therefore desired.

Conclusions

Our study has demonstrated that distinguishing between the intrinsically resistant and presum-
ably clinically relevant CRB makes a significant difference in analysing environmental samples for
CRB, and we propose that future studies of the kind should try this method.
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Intrinsically resistant CRB were found in almost all soil samples, while presumably
clinically relevant ones were absent from uncontaminated pasture and grassland, indicating
that human-associated CRB are unlikely to be found in soils spared from anthropogenic
influence.

Since we did not genotype the isolated CRB or search for specific carbapenemase genes, future
research could take this direction. Metagenomic analysis of soils conditioned and/or enriched at
42°C could give a more precise insight into the diversity of ARB in the environment.
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