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Abstract

The occurrence of Stenotrophomonas maltophilia was monitored in organic amendments and agricultural soils from various sites in France
and Tunisia. S. maltophilia was detected in horse and bovine manures, and its abundance ranged from 0.294 (+0.509) x 10° to 880
(+33.4) x 10° CFU (g drywt)_1 of sample. S. maltophilia was recovered from most tested soil samples (104/124). Its abundance varied from
0.33 (+0.52) to 414 (+50) x 10> CFU (g drywtfl of soil and was not related to soil characteristics. Antibiotic resistance properties of a set of
environmental strains were compared to a clinical set, and revealed a high diversity of antibiotic resistance profiles, given both the numbers of
resistance and the phenotypes. Manure strains showed resistance phenotypes, with most of the strains resisting between 7 and 9 antibiotics.
While French soil strains were sensitive to most antibiotics tested, some Tunisian strains displayed resistance phenotypes close to those of
clinical French strains. Screening for metal resistance among 66 soil strains showed a positive relationship between antibiotic and metal
resistance. However, the prevalence of antibiotic resistance phenotypes in the studied sites was not related to the metal content in soil samples.
© 2016 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

* Corresponding author. UMR-CNRS 5557 Ecologie Microbienne, « Envi- Stenotrophomonas  maltophilia, previously known as

ronmental MDR and Bacterial Efflux » Research Group, Université Claude
Bernard Lyonl-Bat G. Mendel, 43, bd du 11 Novembre 1918, 69622 Vil-
leurbanne cedex, France. Tel.: +33 472431495; fax: 433 426234468.

E-mail  addresses:  aderedjian@club-internet.fr ~ (A.  Deredjian),
alliotnolwenn@yahoo.fr (N. Alliot), laurineblanchard@hotmail.com (L.
Blanchard), elisabeth.brothier@univ-lyonl.fr (E. Brothier), makram.anane @
certe.rnrt.tn (M. Anane), pcambier@grignon.inra.fr (P. Cambier), claudy.
jolivet@orleans.inra.fr  (C. Jolivet), khelil_mn@yahoo.fr (M.N. Khelil),
sylvie.nazaret@univ-lyonl.fr (S. Nazaret), nicolas.saby @orleans.inra.fr (N.
Saby), jean.thioulouse@univ-lyonl.fr (J. Thioulouse), sabine.favre-bonte @
univ-lyonl.fr (S. Favre-Bonté).

http://dx.doi.org/10.1016/j.resmic.2016.01.001

Pseudomonas maltophilia and later Xanthomonas maltophilia,
has been described in the last decades as an environmental
globally emerging Gram-negative multi-drug-resistant organ-
ism that is commonly associated with respiratory infections in
humans, and that is increasingly isolated from cystic fibrosis
(CF) patients [1—3]. This species has been implicated in a
variety of infections alongside respiratory tract infections,
including bacteremia, bone and joint infections, urinary tract
and eye infections, endocarditis and meningitis [1]. It has also
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been shown to cause infections in animals, such as respiratory
infections with chronic coughing in horses, canines and felines
[4—T].

As previously mentioned, S. maltophilia is classified as
multi-drug-resistant bacteria and is characterized by a high
intrinsic capacity to resist a wide range of antimicrobial
molecules. Its intrinsic resistance is particularly due to the
presence of broad-spectrum efflux pumps, enzymes such as L1
metallo-B-lactamase, L2 Ambler class A [-lactamase and
AAC(6')-Iz and APH(3')-Ila aminoglycoside-modifying en-
zymes [8]. Various studies have also revealed the capacities of
clinical strains to develop antibiotic resistance mechanisms
due to mutation or acquisition of mobile elements [9—11]. S.
maltophilia, as a multi-drug-resistant opportunistic pathogen,
resists antibiotics and biocides like hypochlorite cleaners,
triclosan, SDS and antiseptics containing quaternary ammo-
nium compounds [12].

Before being recognized as an emerging opportunistic
pathogen, S. maltophilia was primarily known to be an ubig-
uitous environmental microorganism described in a variety of
natural and anthropogenic environments such as soil [13],
water [14] and sediment [ 15]. Its presence has been reported in
extreme ecosystems such as deep sea or high altitudes [16,17],
as well as polluted sites [18]. Considering terrestrial envi-
ronments, its isolation from industrial and agricultural soils
[19,20], the rhizosphere [21,22] and internal plant tissue [23]
has been reported. In these niches, S. maltophilia can then
act as a degrader of a variety of xenobiotic compounds
[24,25], and hydrocarbons [26], thus playing a significant role
in bioremediation of polluted sites [27,28], as well as a plant
growth promoter or biological control agent of plant pathogens
due to their production of phytohormones [29] and chitinolytic
activities [30], respectively.

Although S. maltophilia has been found worldwide in soils,
the link between prevalence and soil characteristics and
anthropogenic constraints has not yet been investigated. For
instance, the presence of S. maltophilia in various water sources
and sewage raises questions about the potential dispersion in
soil through common agricultural practices, i.e. irrigation and
organic amendment and factors driving its survival. To fill in this
knowledge gap, the objectives of this study were: i) to evaluate
the distribution and abundance of S. maltophilia in various
agricultural soils from France and Tunisia; and ii) to charac-
terize antibiotic resistance profiles of a set of soil- and manure-
originating isolates and to compare these properties to those of
clinical strains. As several studies reported co-resistance to
antibiotics and metal among clinical and environmental bacte-
ria, a secondary objective was to evaluate the metal phenotypes
of S. maltophilia in order to better appreciate the role of soil
metal content in selection of antibiotic resistance.

2. Materials and methods
2.1. Sampling sites

Samples (n = 124) were collected from 42 sites in France
and 2 sites in Tunisia (Fig. 1). French sites were located in

regions in Burgundy (32 sites in the French RMQS ‘Réseau de
Mesures de la Qualité des Sols = a French soil quality
monitoring network’), the Ile de France (8 sites, Chavenay,
Fontenay le Fleury, Crespierre, Les Alluets le Roy, Feucher-
olles, Pierrelaye control, Pierrelaye moderately metal
contaminated and Pierrelaye highly metal contaminated) and
the Nord Pas de Calais (2 sites, Dourges and Courcelles les
Lens) (Fig. 1). Soil characteristics are listed in Supplementary
Table 1. The occurrence of S. maltophilia was measured based
on analysis of one or several samples per site, as indicated in
Supplementary Table 1. For French sites from the national
RMQS program, each sample was constituted of ten samplings
per field collected from the upper layer (0—5, 0—10 or
0—20 cm), sifted through a 2 mm mesh [31]. They were
collected during various campaigns between 2006 and 2011.
In Pierrelaye sites, samples were collected in 3 fields, mostly
distinguished based on their metal content (Cd, Cu, Pb and
Zn), due to long-term amendment with sewage sludge and
irrigation with wastewaters. These fields were moderately
contaminated (Pierrelaye-2), highly contaminated (Pierrelaye-
3) or non-contaminated, i.e. nearby fields that had never been
irrigated with wastewater (Pierrelaye-Control) as classified
based on total metal concentrations. Eighteen samples were
collected in the three areas chosen according to their level of
heavy metal contamination during a campaign conducted in
April 2009. Five samplings per plots made up one sample. In
Tunisia, soils were sampled from 2 distinct sites, Nabeul and
Souhil, planted with orange and citrus trees irrigated with
either wastewater or groundwater over 25 and 19 years,
respectively. Samples were collected from 15 and 10 nearby
fields from Nabeul and Souhil sites, respectively (Fig. 1). Each
sample was composed of 5 samplings per field and was
collected from the upper layer (0—20 cm), sifted through
2 mm mesh sieves and stored at room temperature for no
longer than 1 week.

2.2. Sources of organic amendments

We included 1- or 6-month-old bovine and horse manure
obtained from 5 farms in the Dombes area (Rhone-Alpes), as
well as various organic amendments, i.e. bovine manure, horse
manure, poultry droppings, dehydrated pig manure and
various municipal composted wastes used on an INRA
experimental site at Feucherolles (Ile de France) (Table 1) or
in various fields around Versailles (Ile de France). Some of
these amendments were provided by the INRA of Grignon. A
total of 35 samples were studied.

2.3. Bacterial counts

Bacterial cells from soils were extracted by blending 5 g of
soil with 50 ml of a saline solution (NaCl 0.8%) for 90 s in a
Waring blender (Eberbach Corporation, New Hampshire,
USA). The total heterotrophic microflora was enumerated on
tryptic soy agar diluted 10-fold (TSA1/10) (Oxoid, Dardilly,
France) supplemented with cycloheximide (200 mg 17') to
impair growth of fungi. S. maltophilia enumeration was
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Fig. 1. Sampling areas. Sampling sites in France and Tunisia are positioned on a map.

Soil and clinical strains used in the study.

Origin

Strain name

Putative anthropogenic pressure

Soil
France

Tunisia

Reference strain

Clinical
CF individuals

Infected patients

Reference strain

Feucherolles

Pierrelaye
control

moderately contaminated
highly contaminated

Nabeul

Souhil

BPOES5102, BPOE5103, BPOES104,
BPOES5105, BPOE5101, BPOES100,
BPOES5108, BPOE5112, BPOES107,
BPOES5113, BPOE5109, BPOES114,
BPOES5106, BPOE5110, BPOES111,
BPOES5123, BPOE5124, BPOES125,

BPOES5126, BPOE5127

BPOES5156, BPOE5157, BPOES158
BPOES159, BPOE5171, BPOE5172

BPOES5173
BPOES5166, BPOE5167

BPOE5154, BPOE5155, BPOE5160,
BPOES5161, BPOE5162, BPOES163,
BPOES5164, BPOE5165, BPOES168,

BPOES169, BPOE5170

BPOE5128, BPOE5131, BPOE5134,
BPOES5135, BPOE5136, BPOES137,
BPOE5138, BPOE5139, BPOE5140,
BPOES141, BPOE5142, BPOE5143,

BPOES5144, BPOE4145
BPOES5130, BPOE5132
BPOE5133, BPOE5149

BPOES5129, BPOE5147, BPOES148,
BPOES5150, BPOE5151, BPOES152

BPOES153
R551.3 [23]

BPOES5189, BPOE5190, BPOES191,
BPOES5192, BPOE5193, BPOES194,
BPOE5195, BPOE5196, BPOE5197,
BPOES5198, BPOE5199, BPOES200
BPOES5174, BPOE5176, BPOES177,
BPOES5178, BPOE5179, BPOES180,
BPOE5181, BPOE5182, BPOE5183,
BPOES5184, BPOE5185, BPOES186,

BPOES5187, BPOE5188
K279a [36]

Use of organic amendments

Former use of wastewater from Paris for irrigation for a century

Use of wastewater for irrigation

Use of groundwater for irrigation
Use of wastewater for irrigation
Use of groundwater for irrigation

Antibiotic treatments, antiseptics used for disinfection

Antibiotic treatments, antiseptics used for disinfection
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performed using VIA (vancomycin—imipenem—amphotericin)
medium [32] supplemented with cycloheximide (200 mg 171).
Homogenized soil suspensions were serially diluted in sterile
saline solution. One hundred microliters of the 107> to 107>
dilutions were spread on TSA agar plates and 100 pl of the 10°
to 1072 dilutions were spread on VIA agar plates. Three plates
were inoculated per dilution. Bacterial colonies were counted
after 5 days or 48 h of incubation at 28 °C for TSA and VIA
plates, respectively. For each soil sample, 10—20 green col-
onies on VIA plates were collected and further confirmed as
being S. maltophilia as previously described by smeD gene
PCR [33]. Data was expressed as CFU (colony-forming unit)
per gram of dry soil.

2.4. Genetic characterization by pulsed field gel
electrophoresis (PFGE)

A collection of 74 soil isolates of S. maltophilia were
analyzed (Table 1). Among them, 22 were from the Feucher-
olles site, 23 from the Pierrelaye site and 29 from Tunisian
sites (20 from Nabeul and 9 from Souhil). Molecular typing of
S. maltophilia chromosomal DNA was performed by PFGE
after digestion of genomic DNA with the Xbal enzyme as
previously described [34]. Briefly, genomic DNA was digested
with 25 U/ml of Xbal (Fermentas, Saint-Rémy-les-Chevreuse,
France). Macrorestriction fragments were separated using a
CHEF-DR III apparatus (Bio-Rad), with pulse time ramped
from 5 to 35 s over 20 h at 14 °C and 6 V/cm. Genomic
relatedness was established using criteria defined by Tenover
et al. [35]. Macrorestriction patterns were considered identical
if they shared all bands. A PFGE cluster was arbitrarily
defined as banding patterns that showed more than 90% sim-
ilarity. Strains were considered genetically different when they
exhibited distinct banding patterns. One representative of each
PFGE profile was selected for further analyses (i.e. resistance
properties) to ensure that the analysis was performed on iso-
lates belonging to different strains.

2.5. Bacterial strains

Clinical strains (26 strains, Table 1) were provided by the
University Hospital of Toulouse (France). These strains were
isolated from CF individuals (12 strains) and from infected
patients (14 strains). S. maltophilia K279a [36] and S. mal-
tophilia R551.3 [23] strains were added to the set of strains.

2.6. Antibiotic resistance test

In vitro antimicrobial susceptibility of S. maltophilia was
routinely determined using the Vitek®2 system with a card
(NO93) dedicated to non-fermenting Gram-negative bacteria
(Biomérieux, Marcy 1'Etoile, France) according to the manu-
facturer's instructions. Minimal inhibitory concentrations of 16
antibiotics [ticarcillin (TIC 16, 32, 64 pg/ml), ticarcillin/
clavulanic acid (TIM 8/2, 32/2, 64/2 ng/ml), piperacillin (PIP
4, 16, 64 ng/ml), piperacillin/tazobactam (TZP 4/4, 16/4, 128/
4 pg/ml), ceftazidime (CAZ 1, 2, 8, 32 ng/ml), cefepime (FEP

2, 8, 16, 32 ng/ml), imipenem (IPM 2, 4, 16 pg/ml), mer-
openem (MEM 0.5, 4, 16 pg/ml), amikacin (AMK 8, 16,
64 pg/ml), gentamicin (GEN 4, 16, 32 pg/ml), isepamicin (ISP
4, 8, 32 pg/ml), tobramycin (TOB 8, 16, 64 pg/ml), cipro-
floxacin (CIP 0.5, 2, 4 pg/ml), pefloxacin (PEF 0.5, 2, 8 pg/
ml), colistin (CS 4, 16, 32 pg/ml) and trimethoprim/sulfa-
methoxazole (SXT 0.5/9.5, 2/38, 16/304 pg/ml)] were deter-
mined. Interpretations were established following the
recommendations of the antibiogram committee of the French
Society of Microbiology, http://www.sfm-microbiologie.org).

2.7. Metal resistance profiles

The metal resistance of S. maltophilia was determined
using TSA medium diluted 10-fold (TSA 1/10) and supple-
mented with 5, 10, 20 and 50 mM Zn*>" (ZnCl,), 0.5, 1, 2,
5 mM Cu*" (CuCl,), 0.6, 1.25, and 2.5 mM Cd** (CdCl,), 10
and 50 uM Hg®" (HgCl,) as previously performed in Der-
edjian et al. [37]. Preliminary tests enabled us to determine
suitable concentrations for each metal. The Pseudomonas
aeruginosa PAOI1 strain and the BPOES174 S. maltophilia
clinical strain were used as controls for each experiment. A
suspension was prepared from a 24-h pure culture on 1/10-
TSA in a saline suspension (NaCl, 0.8%). One hundred mi-
croliters of the suspension were inoculated on supplemented
and non-supplemented 1/10-TSA plates. The cultures were
incubated at 28 °C for seven days. A strain was considered
resistant when its growth on metal-supplemented medium was
equivalent to its growth on the same metal-free medium. When
growth was slower, resistance was intermediate. When no
growth was obtained, the strain was considered sensitive. The
experiments were performed in duplicate.

2.8. Statistical analysis

To investigate the relationship between S. maltophilia
abundance and soil characteristics, principal component
analysis was performed using a table containing 83 rows (soil
samples), and 12 variables including all properties (physico-
chemical properties, granulometry, metal content and CFU)
except land use.

To investigate the distribution of S. maltophilia strains ac-
cording to their antibiotic and metal resistance capacities,
antibiotic and metal resistance profiles of S. maltophilia strains
were grouped into one table composed of 93 rows (strains) and
22 variables (16 antibiotics, 6 metals). The phenotypic data
was encoded as R for resistant, I for intermediate, and S for
sensitive. This qualitative data was submitted to a multiple
correspondence analysis (MCA) [38].

To assess the relationships between antibiotic resistance
and metal resistance in S. maltophilia strains, co-inertia
analysis was conducted [39]. To that purpose, 2 tables were
constructed with the same rows (93 strains). One table con-
tained the results of antibiotic resistance phenotypes and the
other contained those of metal resistance phenotypes. Separate
MCAs were computed from each table, and co-inertia analysis
was conducted on each of them. The significance of the
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Table 2

Number of CFU (Colony Forming units) of S. maltophilia in organic amendments.

Sites (Region and city) Description

CFU x 10 (g drywt sample) "
(+standard deviation)

Number of
treated samples

Ile de France
Versailles Green waste and animal powder
Poultry dropping

Dried pig manure

Compost of horse manure with wood chip (farm 1)
Compost of horse manure with farm wheat straw (farm 2)
Compost of horse manure with commercial wheat straw (farm 3)

Feucherolles 1 month wet bovine manure year 2006
1 month wet bovine manure year 2007

Compost of municipal solid waste (MSW)

Compost of fermentable fraction of municipal wastes and

green wastes (BW)

Compost of sewage sludge, green wastes, and wood chips

Rhone-Alpes

Versailleux 6 month dry bovine manure year

1 month wet bovine manure year
Joyeux 6 month dry bovine manure year
St Olive 1 month horse manure year

0
0

0

13.9 (+3.92)
1.71 (+1.21)
2.96 (£1.05)
13.9 (+7.08)

0
0

LW W W WD

w

0

5.79 (+3.20)
75.0 (x42.4)
0.294 (£0.509)
880 (£33.4)

[SSENST ST S}

relationships highlighted by co-inertia analysis was tested by a
Monte-Carlo permutation test.

All these analyses were carried out with ade4 software, a
package for the R statistical environment [40].

3. Results
3.1. Prevalence of S. maltophilia in organic amendments

S. maltophilia were screened from organic amendments and
isolated only from bovine manure at Feucherolles [14
(+7.1) x 10° CFU (g drywt)fl of sample], and from each of
the manure collected at farms from the Dombes region [from
0.29 (0.51) to 880 (+33) x 10° CFU (g drywt)” " of sample]
and Versailles area [from 1.7 (£1.2) to 14 (£3.9) x 10> CFU
(g drywt)_l of sample] (Table 2).

3.2. Distribution of S. maltophilia in soils from France
and Tunisia

S. maltophilia isolates were detected in 83% of the samples
(104 out of 124 samples). No S. maltophilia colonies were
obtained from 3 samples from Ile de France sites or 17 sam-
ples (i.e. sites) from the Burgundy region. Among the other
samples, S. maltophilia abundance varied from 3.3
(£5.7) x 10% to 1.9 (+0.80) x 10° CFU (Feucherolles site) per
gram of dry soil (Table 3). The S. maltophilia population
represented between 0.001% and 1.2% of the total heterotro-
phic microflora. The abundance of S. maltophilia also varied
within sites. In Pierrelaye, abundance varied from O to 4.7
(£2.5) x 10* CFU/g of dry soil and in Burgundy, from 0 to 7.2
(0.50) x 10°> CFU/g. In Tunisia, although maximum abun-
dances were 3.7 (+0.1) x 10* and 9 (+0.7) x 10* CFU/g in
Souhil and Nabeul sites respectively, intra-site variability was
also observed. At Feucherolles, intra-site variability was also

observed, reaching a 10* factor between samples. PCA per-
formed on the physic-chemical properties of soils with S.
maltophilia abundances (Fig. 2) revealed no relationship be-
tween soil characteristics and the distribution and abundance
of S. maltophilia in soil from France and Tunisia (CFU arrow
on PCA; size of squares were not linked to any parameter such
as metals, silt, sand, clay, CEC or pH).

3.3. Antibiotic resistance profile

The antimicrobial susceptibility of S. maltophilia was
studied on 20 strains from bovine and horse manure, 65 strains
from our soil samples, 26 strains from clinical origin and
reference strains K279a and R551.3. A high diversity of
antibiotic resistance profiles was observed among manure and
soil strains, both considering the number of antibiotics a strain
was resistant to, i.e. multi-resistance (Fig. 3), and the antibiotic
type (data not shown). Resistance to 1—12 antibiotics was
obtained in all strains whatever their origin (only clinical
strains were able to resist more than 13 antibiotics) (Fig. 3).
Only 36% of soil strains exhibited resistance to more than 3
antibiotics (Fig. 3), whereas more than 85% and 92% of
manure and clinical strains, respectively, were found to be
resistant to more than 3 antibiotics. Most of the soil strains (38
out of 42) belonging to a sensitive phenotype were isolated
from the French sites of Feucherolles and Pierrelaye. Most soil
strains resisting 4—12 antibiotics were isolated from Tunisia.
Among the 13 strains resisting 7 antibiotics or more, 10 were
isolated from soils irrigated with wastewater and 3 from soils
irrigated with groundwater. Among the 12 Tunisian strains
resisting less than 7 antibiotics, 7 strains originated from
wastewater-irrigated soils and 5 from groundwater-irrigated
soils. Most manure strains that resisted more than 7 antibi-
otics originated from compost from bovine manure and horse
manure.
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Table 3

Number of CFU of S. maltophilia in soils.

A. Deredjian et al. / Research in Microbiology 167 (2016) 313—324

Saint Aubin
ENESAD

Sites (Region and city) Description Number of treated CFU x 10° (g drywt sample) ™
samples (+standard deviation)
Ile de France
Chavenay Rapeseed 1 0.740 (x1.05)
Wheat, horse manure 2 0
Fontenay le Fleury Wheat 1 0
Wheat, horse manure 1 0.361 (+0.511)
Crespierre Wheat 1 0.354 (+0.501)
Les Alluets le Roy Maize 3 5.43 (£0.578)
Feucherolles Non amended soil 4 186.7 (+84.9)
1 month wet bovine manure year 2006 4 7.79 (£3.30)
1 month compost of municipal solid waste (MSW) 4 414.48 (£52.30)
1 month compost of fermentable fraction of municipal 4 13.51 (+2.80)
waste and green wastes (BW)
1 month compost of sewage sludge, green wastes, 4 17.25 (+3.90)
and wood chips
Pierrelaye-control Unplanted 2 0.5 (£0.24)
Pierrelaye-2 (moderately metal contaminated) Unplanted 5 18 (£5.03)
Pierrelaye-3 (highly metal contaminated) Corn 12 9.45 (+3.60)
Nord Pas de Calais
Dourges Miscanthus 5 1.19 (£1.03)
Courcelles les Lens Miscanthus 6 2.47 (£1.03)
Miscanthus, rhizosphere samples 6 0.784 (+0.679)
Wheat 2 13 (£5.2)
Tunisia
Nabeul 15 12 (+22.02)
Souhil 10 14.5 (£9.19)
Burgundy
Cudot 1 0
Joigny 1 0
Brienon sur Armancon 1 0
Balot 1 0
Treigny 1 0
Merry sur Yonne 1 0
Angely 1 0
Venarey les Laumes 1 0
Is sur Tille 1 2.6 (+£0.284)
Bourberain 1 2.85 (£1.39)
Saint Pere 1 0.433 (+3.05)
Courcelles 1 0.4 (+0.49)
Dompierre en Morvan 1 0
Ruffey les Echirey 1 7.16 (+0.538)
Nannay 1 0
Hery 1 4.37 (+0.832)
Marcilly-Ogny 1 6.67 (£0.353)
Commarin 1 4 (0)
Blisms 1 1.33 (£1.73)
Echevronne 1 5.88 (£1.02)
Moulins 1 0
Sougy sur Loire 1 0
Remilly 1 0
Gilly sur Loire 1 0
Rigny sur Arroux 1 3.33 (+0.49)
Palinges 1 0
La Guiche 1 0.333 (+0.122)
Salornay sur Guye 1 0
L'Hopital le Mercier 1 0
Morey saint Denis 1 1.19 (£0.11)
1
1

0.803 (+0.069)
3.21 (£0.139)
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PC2=33% d=2
Zn
Sand
PC1 =39%

Fig. 2. PCA of physic-chemical characteristics of soils and S. maltophilia abundance. The data table contains S. maltophilia CFUs with soils in rows and
physicochemical characteristics in columns. The soils are not plotted individually; only groups are displayed, using inertia ellipses (i.e. P3 for Pierrelaye highly
contaminated 3). Square sizes are proportional to the absolute value of S. maltophilia abundance (in CFUs x 10%). The groups are based on soil origin: TS = Souhil
(Tunisia), TN = Nabeul (Tunisia), F = Feucherolles, PC = Pierrelaye control, P2 = Pierrelaye moderately contaminated 2. The first axis presents soils char-
acterized by a high CEC, clay, silt, N and C content on the left versus sandy soils on the right; the second axis compares soils highly contaminated by metals:
P3 = Pierrelaye 3, Zn: zinc, Pb: lead, Cu: copper, Cd: cadmium. CFU: colony forming unit of S. maltophilia in number x 10%.
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Fig. 3. Antibiotic multiresistance in 20 manure strains, 66 soil strains and 27
clinical strains of S. maltophilia; n = number of strains in each category;
[ ] = number of antibiotics. Effectives are indicated above the bar graph.

Resistance to all 16 antibiotics was observed in clinical and
soil strains, except for the trimethoprim/sulfamethoxazole
association, that was active against all soil strains (data not
shown). Strains isolated from Feucherolles and Pierrelaye
resisted the B-lactams ticarcillin, piperacillin, imipenem and
meropenem. Resistance to the quinolones ciprofloxacin and
pefloxacin was also observed in strains from Feucherolles and
resistance to the B-lactam cefepime was observed in strains
from Pierrelaye. For strains isolated from Tunisian soils,
resistance was observed for most antibiotics except for
trimethoprim/sulfamethoxazole, and the quinolones cipro-
floxacin and pefloxacin (data not shown).

3.4. Metal resistance

To examine the role of metal content as a selective pressure
upon antibiotic resistance, we focused our investigation on
isolates from Feucherolles, Pierrelaye and Tunisia, as these
sites exhibit varying metal contents, and this led us to observe
the extent of diversity towards antibiotic resistance among
their indigenous S. maltophilia populations (above data). Prior
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Fig. 4. Heavy metal resistance in 66 soil strains and 27 clinical strains of S. maltophilia; n = number of strains in each category.

to this study, we analyzed our set of isolates using PFGE to
ensure that non-redundant isolates were screened for metal
resistance. A set of 74 soil isolates was selected, and R551-3
and K279 strains were included as reference strains. Among
the 74 isolates, 65 PFGE profiles were obtained. Few identical
profiles were observed within each site. Twenty profiles were
detected at Feucherolles and Pierrelaye, and only 2 and 3
profiles, respectively, were shared by no more than 2 isolates.
Similarly, the 20 isolates from Nabeul showed 16 distinct
profiles. No identical profile was detected between sites. No
common profile was detected between soil isolates and the 2
reference strains.

Both soil and clinical strains were able to resist the 4
metals, i.e. Zn, Cu, Cd and Hg (Fig. 4). Some soil strains were
found to be able to grow at maximal concentrations of 5 mM
Zn, 1 mM Cu, 0.6 mM Cd and 10 uM Hg. Clinical strains
grew at the same concentrations of Cu, Cd and Hg, but some
of them also grew in the presence of 10 mM Zn. None of the
strains, irrespective of their origin, grew in the presence of the
highest concentrations tested, i.e. 20 and 50 mM Zn, 2 and
5 mM Cu, 1.25 and 2.5 mM Cd and 50 uM Hg. Resistance
frequencies were lower in the soil strain group than in the
clinical one except for Hg, as no difference between soil and
clinical groups was observed (Fig. 4).

Among soil strains, metal resistance profiles greatly
differed depending on the strain origin. The Pierrelaye strains,
whatever the field of origin and the metal content of soil
(France), were the least resistant, since no resistance was
observed for Zn, Cd and Hg, and only a few strains were
resistant to Cu. Twenty percent and 5% of Feucherolles strains
(France) were resistant to Zn and Cu, respectively. Finally,
strains isolated from Tunisia were resistant to all 4 metals
(data not shown).

3.5. Strain grouping based on antibiotic and metal
resistance

MCA conducted on antibiotic and metal resistance pheno-
types of the 93 S. maltophilia strains separated the strains

according to their resistance properties (Fig. 5). The projection
of the strains was mainly driven by the first and second axes,
which accounted for, respectively, 43% and 13% of the total
inertia of our data. On the first axis, we observed that the
strains were distributed along a gradient of antibiotic and
metal resistance from sensitivity on the left to resistance on the
right. Moreover, strains were grouped depending on their
origin. The strains found to be sensitive to most antibiotics and
metals were mainly those isolated from the French sites of
Feucherolles and Pierrelaye. It should be noted that sensitive
profiles were observed among strains from both non-
contaminated sites (Feucherolles and Pierrelaye control field)
and highly metal-contaminated sites (field Pierrelaye-3 at the
Pierrelaye site). Most clinical strains showed high metal and
antibiotic resistance capacity. Strains isolated from Tunisian
sites were distributed along the gradient. Some of them had a
sensitive phenotype, close to strains from Pierrelaye and
Feucherolles, while others had a resistant phenotype close to
clinical strains. Again, it should be noted that the occurrence
of both sensitive and resistant strains was observed in samples
from non-contaminated fields. On the second axis, we
observed that resistant strains could be divided into 2 groups,
one characterized by aminoglycoside and colistin resistance
(and Hg resistance) and composed of clinical strains and
Tunisian strains from Nabeul, and the other characterized by
resistance to other antibiotics such as B-lactams and quino-
lones and composed of clinical strains and Tunisian strains
(Nabeul and Souhil). The K279a clinical strain belonged to the
aminoglycoside- and colistin-resistant group, whereas the
R551-3 environmental strain was closer to sensitive strains.

Co-inertia analysis of antibiotic resistance and metal
resistance of S. maltophilia strains showed that cross-co-
variances were high for resistant and intermediate metal and
antibiotic phenotypes and also for sensitive metal and antibi-
otic phenotypes. This suggests a positive relationship between
antibiotic and metal resistance. The Monte-Carlo permutation
test confirmed the existence of a significant association be-
tween antibiotic and metal resistance phenotypes (p-
value = 0.001).



A. Deredjian et al. / Research in Microbiology 167 (2016) 313—324 321

b.

Cu05.1

TS
PC
3
Zn5.5 F
nl10S
d06.S
Cu05.5! Cuis

Zn5.l

el sxtR

tim.|

tic.l
ipm.l
isp.1*

Fig. 5. MCA biplot of antibiotic and metal resistance phenotypes of S. maltophilia strains. The first axis accounts for 43% of total inertia and the second axis for
13%. The data table contains phenotypes (R/I/S), with strains in rows and metals and antibiotics in columns. Metals (Fig. 5a.) and antibiotics (Fig. 5b.) are
represented on 2 different plots for better clarity, but the two graphs could actually be superimposed. The 93 strains are not plotted individually; only groups are
displayed, using inertia ellipses. The groups are based on strain origin: I = infected patients, CF = cystic fibrosis patients, TS = Souhil (Tunisia), TN = Nabeul
Tunisia, F = Feucherolles, PC = Pierrelaye control, P2 = Pierrelaye 2 (i.e. moderately contaminated), P3 = Pierrelaye 3 (i.e. highly contaminated). The first axis
presents sensitive strains on the left versus resistant ones on the right; the second axis compares strains resistant to particular antibiotics (marked with an asterisk).
TIC = ticarcillin, TIM = ticarcillin-clavulanic acid, PIP = piperacillin, TZP = piperacillin-tazobactam, CAZ = ceftazidime, FEP = cefepime, IPM = imipenem,
MEM = meropenem, AMK = amikacin, GEN = gentamicin, ISP = isepamicin, TOB = tobramycin, CIP = ciprofloxacin, PEF = pefloxacin, CS = colistin,
SXT = trimethoprim/sulfamethoxazole; R = resistant, I = intermediate, S = sensitive.

4. Discussion

S. maltophilia has wide environmental distribution and is
readily isolated from water, soil and sewage. However, little is
known about its abundance within these environments. In the
present work, we enumerated S. maltophilia within the bulk
soil of agricultural sites that are physically, chemically and
geographically different from each other, and we determined
whether soil characteristics influenced its distribution. What-
ever their characteristics, most soil samples from France
(Feucherolles, Pierrelaye, and Burgundy) and Tunisia led to
the detection of S. maltophilia, confirming its widespread
presence and as the fact that this species is a natural inhabitant
of soil. This result was expected, since soil is considered to be
areservoir of S. maltophilia [41]. S. maltophilia showed a high
frequency of occurrence in the rhizosphere [21] and a recent
report on its presence as a rice endophyte led the authors to
conclude that this species is highly adapted to the plant niche
[42]. Our data evidenced that S. maltophilia can also survive in
bulk soil far from the influence of plant roots. Furthermore,
several of our samples were collected whereas the soil was not
planted, or else long after crop harvest. Nevertheless, we
showed that the success of isolation and the abundance of S.
maltophilia differed both within and between sites. Sites from
Burgundy showed the lowest abundance of S. maltophilia and
the site of Feucherolles the highest. At the latter, S. malto-
philia represented up to 1.2% of total heterotrophic microflora.

We then tested the role of soil characteristics on S. maltophilia
abundance and observed that it was not related to any of the
tested characteristics, i.e. pH, CEC, clay, silt or metals. We
expected pH to influence S. maltophilia prevalence, since this
parameter is known to shape the diversity of soil bacterial
communities [43]. Similarly, metal concentration could be a
factor that favored growth of S. maltophilia, as it has been
demonstrated that metal-resistant S. maltophilia populations
are selected in soils exposed to chromium concentrations [27].
However, when considering soil pH, it should be mentioned
that our samples may not cover a range of pH (from 4.91 in a
Burgundy sample to 8.64 in a Nabeul sample) wide enough to
reveal such a relationship.

The presence of S. maltophilia in agricultural soils could
also be the consequence of anthropogenic activities such as
irrigation with wastewater or fertilization with animal-derived
products. We then looked for the presence of S. maltophilia in
various organic amendments derived from animal farms in the
Ile de France and Rhone-Alpes regions. As previously re-
ported for P. aeruginosa using the same set of samples [31],
our data showed that S. maltophilia is present in bovine and
horse manures and that composting did not eliminate S. mal-
tophilia cells. Furthermore, S. maltophilia was found to be
more abundant than P. aeruginosa, and able to survive in both
wet and dry manures. These observations confirmed the high
adaptability of S. maltophilia to environmental conditions.
Screening for the presence of S. maltophilia in soil that
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received or not organic amendment showed that no relation-
ships could be seen between its prevalence and the addition of
manures, since soils that did not receive manure (i.e. control
soil from Feucherolles, Pierrelaye and Tunisian soils) showed
a high abundance of that species. Unfortunately, at the time of
sampling, we did not have the opportunity to look for the
presence of S. maltophilia in wastewater or sewage sludge.
However, several reports from the literature indicated that S.
maltophilia can be recovered from these waste samples. As
Tunisian sites and Pierrelaye soils were irrigated with waste-
water from municipal treatment plants or received sewage
materials as organic amendments, it would be expected that S.
maltophilia in these soils originated from exogenous sources.
As abundance could not be directly related to irrigation or
organic amendment, a diversity study would need to be per-
formed in order to determine whether detected populations in
soils are indigenous or originate from exogenous sources.

The observed differences in the prevalence of S. malto-
philia at the various sites could also be related to potential bias
in our sampling strategy. For instance, several samples over a
limited area at Pierrelaye were analyzed, whereas only one
sample per site over a large region, i.e. Burgundy, was
considered. Similarly, differences could be related to the
season and climatic conditions in which soil samples were
collected, as well as to the presence and type of vegetation
cover at the time of sampling. Samples from Burgundy and
Pierrelaye were collected in spring, whereas Feucherolles
samples were collected in autumn. Some samples in Pierrelaye
and Burgundy were collected in fields without any vegetation
cover, whereas others from some Burgundy sites and Tunisia
were covered with grassland or citrus and orange trees,
respectively. One could expect that the presence of plants
could influence the abundance of S. maltophilia, even in bulk
soil. Similarly, biotic parameters could also be involved in
variation in the proportion of S. maltophilia between sites and
within a given site. More analysis would then be required to
resolve the causes of the differences in S. maltophilia preva-
lence observed here.

During recent decades, S. maltophilia has become a major
opportunistic pathogen related to its high multidrug resistance
capacity [2,3]. While antibiotic resistance has been fully
investigated in S. maltophilia clinical isolates, few studies
have been conducted thus far on environmental isolates.
Ninety-three strains, representing the 91 different PFGE pro-
files plus K279a and R551.3 strains, were chosen for further
analyses of resistance properties. High phenotypic diversity
was revealed in both the number of antibiotics that the strains
were able to resist and the diversity of the antibiotic families
(Fig. 3). Resistance to all antibiotics was observed, except for
trimethoprim/sulfamethoxazole. Our manure and soil strains
were able to resist between 1 and 12 antibiotics, whereas
clinical strains were able to resist up to 15 antibiotics (Fig. 3).
Resistant strains were observed in manure samples and in
amended and non-amended soils. Such a high diversity of
antibiotic resistance profiles among S. maltophilia strains has
already been observed [22]. Antibiotic use at the hospital and
for treating CF patients explained the frequent resistant

phenotype observed among our set of clinical strains. The high
frequency of antibiotic resistance among manure strains could
also be explained by antibiotic presence in manure, since farm
animals are often treated with antibiotics. Manure used as a
fertilizer could then be a source of antibiotic-resistant bacteria
in soil. In our study, no resistant strains were detected in the
amended soil at the Feucherolles site, suggesting that manure-
originating soil did not survive in soil and/or isolated sensitive
strains were indigenous soil populations.

Underground and wastewater could also be a source of
antibiotic-resistant bacteria in soil through irrigation, since
both are known to harbor S. maltophilia [44]. Since the
Tunisian sites were irrigated, resistant S. maltophilia strains
might then have originated from exogenous sources. The po-
tential presence of antibiotics in the wastewater could also
favor the selection and/or maintenance of resistant strains. In
contrast, at Pierrelaye, irrigation was not a source of resistant
strains. Similarly, the presence of antibiotics in these soils [45]
did not exert selective pressure. Due to the significant co-
resistance to metals and antibiotics observed among strains
and the high amount of metals in soil, we expected the strains
to be resistant. One explanation for the observed absence of
resistance among strains could lie in the non-availability of
metals and antibiotics due to the presence of poorly degrad-
able organic compounds entrapping metals and antibiotics
(Van Ort, personal communication).

In conclusion, since we observed that S. maltophilia was
present in various soil types from geographically different
agricultural lands, we concluded that different biotic and
abiotic conditions enable its survival, pointing to the high
adaptability of that species. Further investigations are thus
needed to evaluate whether specific populations are associated
with specific habitats and identify local environmental con-
ditions and/or alternative niches (plant roots, soil macrofauna)
that participate in this specificity. High antibiotic resistance
was observed among soil strains. However, further studies are
needed to better appreciate whether exogenous sources and
environmental selective pressure contribute to the prevalence
of this phenotype in agricultural soils.
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