APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2011, p. 5697-5706

0099-2240/11/$12.00  doi:10.1128/AEM.00579-11

Vol. 77, No. 16

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Diversity and Antibiotic Resistance Patterns of Sphingomonadaceae

Isolates from Drinking Water’

Ivone Vaz-Moreira,'? Olga C. Nunes,? and Célia M. Manaia'*

CBQF/Escola Superior de Biotecnologia, Universidade Catélica Portuguesa, 4200-072 Porto," and LEPAE—Departamento de

Engenharia Quimica, Faculdade de Engenharia, Universidade do Porto, 4200-465 Porto,* Portugal

Received 14 March 2011/Accepted 14 June 2011

Sphingomonadaceae (n = 86) were isolated from a drinking water treatment plant (n = 6), tap water (n =
55), cup fillers for dental chairs (n = 21), and a water demineralization filter (» = 4). The bacterial isolates
were identified based on analysis of the 16S rRNA gene sequence, and intraspecies variation was assessed on
the basis of atpD gene sequence analysis. The isolates were identified as members of the genera Sphingomonas
(n = 27), Sphingobium (n = 28), Novosphingobium (n = 12), Sphingopyxis (n = 7), and Blastomonas (n = 12).
The patterns of susceptibility to five classes of antibiotics were analyzed and compared for the different sites
of isolation and taxonomic groups. Colistin resistance was observed to be intrinsic (92%). The highest
antibiotic resistance prevalence values were observed in members of the genera Sphingomonas and Sphingobium
and for beta-lactams, ciprofloxacin, and cotrimoxazole. In tap water and in water from dental chairs, antibiotic
resistance was more prevalent than in the other samples, mainly due to the predominance of isolates of the
genera Sphingomonas and Sphingobium. These two genera presented distinct patterns of association with
antibiotic resistance, suggesting different paths of resistance development. Antibiotic resistance patterns were
often related to the species rather than to the site or strain, suggesting the importance of vertical resistance
transmission in these bacteria. This is the first study demonstrating that members of the family Sphingomon-

adaceae are potential reservoirs of antibiotic resistance in drinking water.

At this writing, the family Sphingomonadaceae, within the class
Alphaproteobacteria, comprises 11 genera: Blastomonas, Eryth-
romonas, Novosphingobium, Sandaracinobacter, Sandarakinorh-
abdus, Sphingobium, Sphingomonas, Sphingopyxis, Sphingosini-
cella, Stakelama, and Zymomonas (http://www.bacterio.cict.fr;
last full update, 24 November 2010) (12). Members of this
family are strictly aerobic chemoheterotrophs with a charac-
teristic yellow pigmentation (43). In spite of their frequently
observed oligotrophic character, members of this family are
widespread in nature, occurring in soils, corals, eutrophic wa-
ters, plant surfaces, and clinical samples (1, 5, 41, 43). The
capacity of sphingomonads (a common designation that in-
cludes the genera Novosphingobium, Sphingobium, Sphingomo-
nas, and Sphingopyxis) to cope with man-made environments is
also relevant. For instance, the ability to degrade xenobiotic
compounds is one of the most remarkable properties of these
bacteria (1, 37). The capacity to survive in chlorinated waters,
allegedly due to the oligotrophic character of these bacteria
and their production of biofilms (14, 19, 25, 44), is another
demonstration of their plasticity in man-made environments.
Sphingomonads are, thus, truly ubiquitous bacteria frequently
found in aquatic environments, such as drinking water (bulk
water and biofilms formed on pipes, reservoirs, and bathtubs),
distilled water, hemodialysis fluids, or supposedly sterile drug
solutions (14, 17, 24, 25, 31, 34, 38). The fact that sphingomon-
ads are recognized opportunistic pathogens (6, 23, 24, 28)
makes such ubiquity potentially hazardous, mainly in habitats
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such as tap water. This hazardous potential is exacerbated by
the fact that sphingomonads are among the most relevant
unappreciated reservoirs of the natural resistome (9). In spite
of this, the diversity of Sphingomonadaceae in oligotrophic
waters and the respective antibiotic resistance patterns are
poorly characterized (14, 25). This study aimed at helping to fill
this gap, characterizing the diversity and antibiotic resistance
patterns of Sphingomonadaceae isolated from drinking water.
Bacteria isolated from a water treatment plant (WTP), taps,
cup fillers for dental chairs, and a water demineralization filter
of the same drinking water network were analyzed. The study
was intended to (i) assess the diversity of genera and species in
the different sites, (ii) determine whether some genera or spe-
cies were particularly relevant as antibiotic resistance reser-
voirs in waters, and (iii) compare the patterns of antibiotic
resistance in different genera and sites of isolation, inferring
possible modes of resistance dissemination.

MATERIALS AND METHODS

Sampling. The bacterial isolates examined in this study were collected from (i)
a water treatment plant (both raw and treated water samples), (ii) tap water, (iii)
cup fillers for dental chairs, and (iv) biofilm from a water demineralization filter
installed in a research laboratory. WTP samples, both raw (groundwater and
surface water) and treated (after sand filtration, ozonation, flocculation,
activated-carbon treatment, and chlorination), were collected in two sampling
periods, in November 2007 and September 2009 (sampling periods A and B,
respectively) (see the legend to Fig. 2). These samples were collected at the
sampling points used in routine monitoring analysis in the WTP. Tap water
samples were collected in three sampling periods (April, July, and October 2009
[sampling periods A, B, and C, respectively]) (see the legend to Fig. 2), from 11
household taps used 1 to 4 times a month and from a tap of a health care unit
(T1 to T12 in Fig. 2). Forty-five-liter volumes of water were collected from the
WTP or taps, using sterile 5-liter containers (these samples were also processed
for other analyses; hence the large volume of water sampled). In the laboratory,
a composite sample was prepared by mixing equal volumes of water from each
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container. Samples from the cup fillers of nine dental chairs were collected
between February and April 2008 (sampling periods A, B, and C, respectively)
(see the legend to Fig. 2) in a university dental school clinic where the chairs are
in use for more than 10 years (33). Water was allowed to run for about 1 min
before its collection into a 100-ml sterile flask. The biofilm was collected in
October 2008 (sampling period A in Fig. 2) from a pleated filter (responsible for
the removal of suspended solids) of a laboratory water demineralization system
fed with tap water during approximately 4 months of frequent use at a maximal
flow rate of 90 liters h~'. The biofilm was collected with a sterile swab and was
suspended in 20 ml of sterile saline solution (0.85% [wt/vol] NaCl), and cells
were homogenized by vigorous shaking and 15 min of sonication in a water bath.
All water and biofilm samples were processed within 4 h after collection. In order
to neutralize the activity of disinfectants, 0.1 mg liter ! of sodium thiosulfate was
added to the samples of treated water collected in the WTP and from the taps.
All the taps, all the dental chairs, and the lab demineralization system were
supplied by the same WTP examined in this study.

Bacterial isolation and characterization. Three culture media widely used for
microbiological quality control of water were employed: R2A (Difco), Pseu-
domonas isolation agar (PIA; Difco), and Tergitol-7 agar (TTC; Oxoid). R2A
agar is a nonselective medium recommended for the examination of total het-
erotrophic bacteria; PIA and TTC are recommended for the enumeration of
Pseudomonas bacteria and presumptive coliforms (11, 21), respectively. One
hundred-milliliter volumes of water or of decimal serial dilutions thereof were
filtered through cellulose nitrate membranes (pore size, 0.45 wm; diameter, 47
mm; Albet), which were placed on the three different culture media and were
incubated at 30°C (for R2A and PIA) or 37°C (for TTC) for as long as 7 days.
Decimal serial dilutions and filtrations were carried out in triplicate, and after
the incubation period, the number and morphology of CFU on filtering mem-
branes with as many as 80 colonies were registered. About 50% of the colonies
with a morphotype represented by >10 CFU, and all the colonies with a mor-
photype represented by =10 CFU, were isolated. The colonies isolated on R2A
were purified on the same medium, and those isolated on culture media with
higher nutrient contents (PIA or TTC) were purified on plate count agar (PCA;
Pronadisa). Pure cultures were preserved at —80°C in nutritive broth supple-
mented with 15% (vol/vol) glycerol. Colony and cellular morphologies, Gram
stain reactions, and cytochrome c oxidase test results were characterized as
described by Smibert and Krieg (35). After this preliminary characterization, 30
to 40% of the cultures comprising Gram-negative rods forming yellow colonies
on R2A or PCA, isolated from each type of habitat (WTP, taps, cup fillers, or
biofilm) in different sampling periods and on different culture media, were
selected for further studies.

Bacterial identification and typing. Bacterial isolates were identified to the
species level on the basis of analysis of the 16S rRNA gene sequence. The 16S
rRNA gene was amplified and sequenced with primers 27F and 1492R (26)
according to the method of Vaz-Moreira et al. (40). The nucleotide sequences
were used to query the EzTaxon library (7).

In an attempt to assess intraspecies variability, the nucleotide sequence of the
housekeeping gene atpD (the beta subunit of membrane ATP synthase) was
analyzed (16). atpD and 16S rRNA gene sequences were aligned using ClustalW
from MEGA software, version 4.0 (39). Nucleotide sequence relatedness was
estimated based on the model of Jukes and Cantor (22), and dendrograms were
created using the neighbor-joining method. Other methods, namely, maximum
parsimony and maximum likelihood, were used to assess the tree stability, and
the branches recovered by these three methods are indicated in Fig. 3 (black
circles). The type species of the closest neighbors were added to the dendrogram
in order to allow the identification of the isolates under study. Nonhomologous
and ambiguous nucleotide positions were excluded from the calculations, and
bootstrap values, generated from 1,000 resamplings, at or above 50% are indi-
cated at the branch points. A total of 1,229 and 350 nucleotide positions were
included in the analysis of the 16S rRNA and afpD sequences, respectively. 16S
rRNA and atpD gene sequences were compared for each pair of isolates belong-
ing to the same species. Strains differing in at least one nucleotide position in any
of those gene sequences were classified as belonging to a distinct sequence type
(ST).

Antibiotic resistance phenotype. The 86 isolates identified as members of the
family Sphingomonadaceae—6 from the WTP (3 from raw and 3 from treated
water), 4 from the biofilm, 55 from taps, and 21 from the cup fillers—were
studied further for their antibiotic resistance phenotypes, determined by using
the ATB PSES panel (bioMérieux) according to the manufacturer’s instructions.
Five classes of antibiotics were tested: beta-lactams, aminoglycosides, a fluoro-
quinolone, a polymyxin, and a sulfonamide. The beta-lactams tested were am-
picillin-sulbactam (FAM) (tested at 8 and 4 mg liter ' and 16 and 8 mg liter ",
respectively), ticarcillin (TIC) (16 mg liter™ '), ticarcillin-pyocyanin (TICP) (64
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myg liter '), ticarcillin-clavulanic acid (TCC) (16 and 2 mg liter ™!, respectively),
ticarcillin-clavulanic acid-pyocyanin (TCCP) (64 and 2 mg liter ™!, respectively),
piperacillin (PIC) (16 mg liter '), piperacillin-pyocyanin (PICP) (64 mg liter '),
piperacillin plus tazobactam (TZP) (16 and 4 mg liter ', respectively), pipera-
cillin plus tazobactam-pyocyanin (TZPP) (64 and 4 mg liter !, respectively),
imipenem (IMI) (4 and 8 mg liter '), meropenem (MEM) (4 and 8 mg liter '),
ceftazidime (CAZ) (8 and 16 mg liter '), and cefepime (FEP) (8 and 16 mg
liter™"). The aminoglycosides tested were amikacin (AKN) (16 and 32 mg
liter '), gentamicin (GEN) (4 and 8 mg liter™'), and tobramycin (TOB)
(4 and 8 mg liter™!). Also tested were the fluoroquinolone ciprofloxacin
(CIP) (1 and 2 mg liter™'), the polymyxin colistin (COL) (2 mg liter™),
and the sulfonamide cotrimoxazole (TSU) (2 and 38 mg liter ). Phenotypes
were defined as resistant, intermediary, or sensitive according to the manu-
facturer’s instructions.

Statistical analyses. The chi-square test was used to compare the antibiotic
resistance prevalences among groups of isolates from the different types of water,
or to compare resistant and susceptible bacteria, at a significance level (P)
of <0.05. A matrix with nominal variables was constructed based on the resistant,
intermediary, and sensitive phenotypes, defined according to the instructions of
the manufacturer of the ATB PSES panel. In order to establish groups of isolates
with similar profiles of resistance to the different antibiotics tested, hierarchical
ascendant cluster analysis was carried out using Euclidean distance and the Ward
method for the aggregation criterion. Other methods, namely, between-groups
linkage, nearest group, and farthest group, were applied to assess the stability of
the dendrogram. To define the groups of resistance profiles that were signifi-
cantly different, the R? criterion was used, at a significance level (P) of <0.05 (see
Fig. 3). The SPSS software package, version 18.0 (SPSS Inc., Chicago, IL), was
used for these analyses.

Nucleotide sequence accession numbers. The apD and 16S rRNA gene se-
quences have been submitted to under accession numbers JF459878 to JF459930
and JF459931 to JF459988, respectively.

RESULTS

Abundance and diversity of Sphingomonadaceae. The culti-
vable Sphingomonadaceae were present at a density of 10°
CFU ml ! in the raw WTP water and at 10' CFU ml ™! after
treatment. In the taps and cup fillers, the densities of Sphin-
gomonadaceae were slightly higher, ranging from 10' to 10°
CFU ml . The higher counts of Sphingomonadaceae observed
in the treated water from the WTP may be due to decreases in
the levels of other bacteria, which were eliminated more ex-
tensively by the disinfection process. The Sphingomonadaceae
isolates analyzed in this study were identified as members of
the genera Sphingomonas, Sphingobium, Novosphingobium,
Sphingopyxis, and Blastomonas (Fig. 1). Most of the isolates
(n = 82) presented 16S rRNA gene sequence similarity values
higher than 97.4% with the type strain of a validly named
species and were thus considered members of that species.
Four strains, three isolated from the health care unit tap water
and one from the WTP (raw groundwater), could not be affil-
iated with any validly named species. In these cases, 16S rRNA
gene sequence similarity values lower than 97.0%, the thresh-
old value recommended for species definition (36), were ob-
served. The closest neighbors were the type strains of the
species Sphingomonas sanxanigenens (96.3 and 96.9% similar-
ities), Sphingomonas changbaiensis (96.8%), and Blastomonas
natatoria (96.3%).

Apparently, the culture media and temperature did not in-
fluence the diversity of genera recovered (Fig. 1A). The only
exception was that Sphingopyxis spp. and Blastomonas spp.
were isolated only on R2A and PIA, which were incubated at
30°C, but not on TTC, which was incubated at 37°C.

The distributions of genera were not identical for the differ-
ent sites of isolation (Fig. 1B). In this respect it is noteworthy
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FIG. 1. Summary of the numbers of isolates examined in this study according to isolation conditions (A) and site (B).

that all five genera identified in this study were represented in
the group of six isolates from the WTP. Three isolates, iden-
tified as Sphingomonas melonis, Novosphingobium subterra-
neum, and Sphingopyxis ginsengisoli, were recovered from WTP
treated water in 2007. Bacteria isolated in 2009 from raw
groundwater and surface water from the WTP were identi-
fied as Sphingopyxis taejonensis, Blastomonas natatoria, and
Sphingobium yanoikuyae, respectively. Tap and cup filler
water samples also contained isolates belonging to the dif-
ferent genera, although Sphingomonas spp. and Sphingo-
bium spp., respectively, were prevalent in these samples
(Fig. 1B). The biofilm of the pleated filter was observed to
contain only members of the species Novosphingobium sub-
terraneum. Considering the whole set of isolates, it was ob-
served that members of the genera Sphingomonas and Sph-
ingobium were prevalent, constituting 64% of the total (31.4
and 32.6%, respectively).

The diversity of Sphingomonadaceae species observed in the
water samples examined in this study represented only a small
part of the validly named species within the different genera
(http://www.bacterio.cict.fr) (12): only 10 of the 44 in the genus
Sphingomonas (Sphingomonas panni, Sphingomonas yunnanen-
sis, Sphingomonas dokdonensis, Sphingomonas mucosissima, S.
sanxanigenens, Sphingomonas wittichii, S. changbaiensis, Sphin-
gomonas koreensis, S. melonis, and Sphingomonas pituitosa), 4
of the 24 in the genus Sphingobium (Sphingobium amiense,
Sb. yanoikuyae, Sphingobium xenophagum, and Sphingobium
rhizovicinum), 4 of the 15 in the genus Sphingopyxis (Sp.
taejonensis, Sphingopyxis witflariensis, Sp. ginsengisoli, and
Sphingopyxis chilensis), 3 of the 18 in the genus Novosphin-
gobium (N. subterraneum, Novosphingobium aromaticiv-
orans, and Novosphingobium panipatense), and 1 of the 2 in
the genus Blastomonas (B. natatoria) were identified in this
study (Fig. 2).

In an attempt to assess intraspecies variability, the nucleo-
tide sequence of the atpD gene was analyzed, as recommended
by Gaunt et al. (16). This procedure allowed the differentiation
of the 86 isolates into 56 sequence types (Fig. 2). Of the total,
42 isolates could be distinguished at the strain level. The other
44 isolates shared the same sequence type with at least one
other isolate and were divided into 14 STs (with 2 to 6 isolates
each) (boldface in Fig. 2). These 44 isolates were recovered
from the biofilm, cup fillers, and taps and belonged to the

genera Novosphingobium (all three species), Sphingobium (Sb.
amiense, Sb. yanoikuyae, Sb. xenophagum), Sphingomonas (S.
yunnanensis, S. mucosissima, S. panni), Sphingopyxis (Sp. wit-
flariensis), and Blastomonas (B. natatoria). Five of the 14 STs
comprising more than one isolate (STS8, ST9, ST24, ST25, and
ST26) included 12 bacteria from the same site, sampling time,
and culture medium, suggesting that they were repetitions (i.e.,
the same isolate recovered more than once). In other cases, the
isolates (n = 5) yielding the same ST were recovered on dif-
ferent culture media, though from the same site and sampling
date (ST1 isolates on R2A and TTC; ST46 isolates on TTC and
PIA), suggesting that they were possibly clones. The other
seven STs common to more than one isolate grouped 27 bac-
teria isolated from different sites, on different sampling dates,
and/or on different culture media (ST7, ST37, and ST53), or
isolated from the same site but on different sampling dates
and/or on different culture media (ST21, ST23, and ST33).
ST43 clustered bacteria of different origins, isolated on differ-
ent dates and on different culture media. The presence of the
same ST at different sites on different dates may suggest a
common origin of those bacteria but most probably results
from the poor resolution of the method used, since only two
gene sequences were examined. Nevertheless, in general, it is
possible to conclude that the alleles examined in this study
allowed good differentiation of the isolates and showed that
the same strain is rarely, if ever, observed in different taps, in
different cup fillers, or in samples from the WTP. The impres-
sive diversity of species was also observed at the strain level,
evidencing the widespread distribution of members of the fam-
ily Sphingomonadaceae in waters.

Antibiotic resistance phenotypes. Antibiotic resistance pat-
terns were analyzed as a function of the site and conditions of
isolation or bacterial genus (Table 1). The susceptibility phe-
notype was determined with respect to 19 antibiotics belonging
to five different classes. None of the isolates presented resis-
tance to the aminoglycoside AKN. In contrast, colistin resis-
tance was observed in 91.9% of the isolates, suggesting that it
is an intrinsic phenotype in Sphingomonadaceae. On average,
simultaneous resistance to antibiotics belonging to three dif-
ferent classes (excluding colistin) was observed in 10.5% of the
isolates. Most of the multiresistance phenotypes included
resistance to at least one of the beta-lactams tested. Actu-
ally, resistance to beta-lactams, mainly TIC, PIC, PICP, and
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substitution per 200 nucleotide positions. Strains in which it was not possible to amplify the afpD gene are asterisked. (Right) Antibiotic resistance
profiles. Black squares indicate resistance; gray squares, an intermediary phenotype; white squares, susceptibility. RT, resistance type. Antibiotics
are represented by numbers above the chart as follows: 1, ampicillin-sulbactam; 2, ticarcillin; 3, ticarcillin-pyocyanin; 4, ticarcillin-clavulanic acid;
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TZP, was the most prevalent resistance phenotype, with
resistance rates above 50%. For the other classes tested,
fluoroquinolone resistance and sulfonamide resistance were
the second most prevalent, with rates of 25.6 and 20.9%,
respectively (Table 1).

According to our results, the isolation conditions (culture
medium/temperature) can have some influence on the resis-
tance phenotypes observed. For instance, isolates recovered on
PIA or TTC presented significantly (P < 0.05) higher percent-
ages of resistance to the beta-lactams TIC, TICP, PIC, PICP,
TZP, and TZPP and the sulfonamide TSU than isolates
recovered on the nonselective medium R2A. Among the
TTC isolates, a significantly higher percentage of resistance
was observed for the aminoglycoside TOB, and resistance to

the beta-lactams TCC and TCCP or to the aminoglycoside
GEN was not observed (Table 1).

Given the low number of isolates from WTP and biofilm
samples, it was impossible to compare the resistance preva-
lence values accurately across all the sites sampled. However,
taps and cup fillers could be compared. These sites showed
similar percentages of resistance, except for the beta-lactams
MEM, TCC, TCCP, and IMI and the aminoglycoside GEN.
For MEM, significantly lower resistance rates were observed in
the cup fillers than in the taps, whereas the other resistance
phenotypes were not detected in the dental chairs (Table 1).

Comparison of the patterns of antibiotic resistance in the
different genera of Sphingomonadaceae highlighted some dis-
tinctive features. For instance, members of the genus Sphin-
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TABLE 1. Percentages and types of antibiotic resistance per culture medium, sampling site, and genus

Culture medium, sampling

% of isolates resistant to:

site,” or genus

Beta-lactams

(no. of isolates)
FAM TIC TICP TCC

TCCP

PIC PICP TZP TZPP IMI MEM CAZ FEP

Culture media

R2A (34) 59 382 147 29
TTC (17) 17.7 588 353 0
PIA (35) 20.0 686 514 8.6
Sampling sites
WTP (6) 0 333 333 16.7 16.7
Biofilm (4) 0 0 0 0 0
Taps (55) 18.2 546 346 5.5
Dental cup fillers (21) 9.5 71.4 38.1 0
Genera
Sphingomonas (27) 18.5 44.4 25.9 7.4
Sphingobium (28) 17.9 100 60.7 0
Novosphingobium (12) 16.7 25.0 16.7 8.3
Sphingopyxis (7) 0 571 286 143 143
Blastomonas (12) 0 0 0 0

Total Sphingomonadaceae 14.0 54.7 33.7 4.7

55.9 38.2 38.2 17.7 2.9 11.8 11.8 8.8
70.6 47.1 58.8 29.4 17.7 35.3 294 353
82.9 65.7 71.4 37.1 8.6 28.6 314 14.3

50.0 333 16.7 0 0 16.7 0 0
0 0 0 0 0 0 0 0
74.6 50.9 65.5 34.6 12.7 273 273 12.7
76.2 66.7 52.4 23.8 0 19.1 238 333

63.0 40.7 55.6 25.9 25.9 29.6 14.8 3.7
100 96.4 89.3 50.0 0 28.6 46.4 464
41.7 25.0 333 16.7 0 16.7 16.7 0
85.7 42.9 28.6 0 0 28.6 0 0
333 0 16.7 8.3 0 0 8.3 0

69.8 51.2 55.8 27.9 8.1 233 23.3 16.3

¢ WTP, water treatment plant; R2A, R2A medium; TTC, tergitol-7-agar; PIA, Pseudomonas isolation agar.

> Amikacin resistance was not observed. FAM, ampicillin-sulbactam; TIC, ticarcillin; TICP, ticarcillin-pyocyanin; TCC, ticarcillin-clavulanic acid; TCCP, ticarcillin-
clavulanic acid-pyocyanin; PIC, piperacillin; PICP, piperacillin-pyocyanin; TZP, piperacillin plus tazobactam; TZPP, piperacillin plus tazobactam-pyocyanin; IMI,
imipenem; MEM, meropenem; CAZ, ceftazidime; FEP, cefepime; GEN, gentamicin; TOB, tobramycin; CIP, ciprofloxacin; COL, colistin; TSU, cotrimoxazole.

gomonas presented the widest range of resistance phenotypes,
comprising resistance to 18 of the 19 antibiotics tested. Mem-
bers of the genus Sphingobium, which presented resistance to
13 of the 19 antibiotics tested, yielded significantly higher per-
centages of resistance to eight beta-lactams (>46%) than
members of the other genera. Members of the genus Sphingo-
bium differed from members of the genus Sphingomonas by
showing no resistance to the beta-lactams TCC, TCCP, and
IMI and the aminoglycosides GEN and TOB, and a lower rate
of resistance to the fluoroquinolone CIP (Table 1).
Differences in antibiotic resistance patterns can result from
the ecology and physiology of the bacteria and may suggest
distinct modes and mechanisms of resistance acquisition. The
antibiotic resistance patterns of isolates belonging to the gen-
era Sphingomonas and Sphingobium (which had more than 20
isolates and thus supported such an analysis) were compared
on the basis of cluster analysis (Fig. 3). This comparison
showed different patterns of antibiotic resistance and of resis-
tance associations in these two genera. In the genus Sphin-
gomonas, it was possible to distinguish four significant clusters
(S1 to S4). Cluster S3 included the antibiotics for which resis-
tance rates were highest, with prevalences of resistance to PIC,
TZP, and COL above 55%. In contrast, the antibiotics for
which resistance rates were lowest (4 to 11%), comprising
beta-lactams (TCC, TCCP, FEP), a sulfonamide (TSU), and
aminoglycosides (GEN and TOB), were clustered in S1. Clus-
ter S4 included the antibiotics for which resistance rates ranged
from 15 to 44%: all beta-lactams, including the carbapenem
imipenem. Resistance to this carbapenem was observed only in
the genus Sphingomonas and was associated with CAZ resis-
tance. The other carbapenem tested, MEM, was included in
another cluster and was not associated with a phenotype of

resistance to any other beta-lactam. In the genus Sphingobium,
different clusters and patterns of association were observed. In
this case, the high-resistance cluster (cluster Sp3, with resis-
tance rates above 46%) included the beta-lactams TIC, PICP,
FEP, and CAZ, in addition to those grouped in the equivalent
cluster (S3) of Sphingomonas spp. Similarly, the low-resistance
cluster (Sp1), with resistance rates ranging 0 to 25%, included
TICP, CIP, and IMI, in addition to the antibiotics observed in
the corresponding cluster (S1) of the genus Sphingomonas. In
contrast to the pattern for the genus Sphingomonas, in the
genus Sphingobium resistance to the carbapenem MEM was
associated with resistance to other beta-lactams. This observa-
tion may suggest distinct mechanisms or paths of acquisition of
resistance to this carbapenem in the two genera.

The distinctive patterns of resistance observed for the gen-
era Sphingomonas and Sphingobium supported the hypothesis
that antibiotic resistance profiles may also differ for different
species. Alternatively, it could be hypothesized that the prove-
nience of the isolates was the most important explanatory
factor for the different patterns of resistance observed. Two
complementary approaches were used to test these hypothe-
ses: (i) cluster analysis of the isolates based on their respective
antibiotic resistance patterns and (ii) analysis of the antibiotic
resistance patterns as a function of taxonomic classification (on
the basis of 16S rRNA and afpD gene sequence analyses) and
site of isolation (Fig. 2).

Cluster analysis of the antibiotic resistance patterns led to
the definition of six significant clusters, designated resistance
type A (RT-A) to RT-F (Fig. 2 and Table 1). The RT-A cluster
(n = 17) comprised isolates with a core phenotype of resis-
tance to TIC and/or PIC, besides COL. The RT-B cluster (n =
14) included mostly isolates susceptible to all antibiotics or
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TABLE 1—Continued

% of samples resistant to:

>3 different Resistance types

Aminoglycosides” Fluoroquinolone Polymyxin Sulfonamide classes (no. of isolates)

GEN TOB (CIP) (coL) (TSU) (multiresistance)

29 59 23.5 88.2 11.8 59 A(7),B(9),C(5),D(5),EQ@),F (7

0 22.7 11.8 94.2 29.4 11.8 A(2),B((3),C#),E@),F(®)

29 8.6 343 94.3 25.7 14.3 A (8), B (2), C(2), D (7), E (6), F (10)
0 0 16.7 333 333 16.7 A(2),B(2),C((1),F@1)

0 0 0 75.0 0 0 B (4)

3.6 3.6 29.1 98.2 20.0 10.9 A (6), B (6), C (9), D (10), E (9), F (15)
0 9.5 23.8 90.5 23.8 9.5 A(9),B(2),C(1),D(2),E(@),F ()
3.7 11.1 259 92.6 11.1 7.4 A (5),B(5),C(7),D (1), E (6), F (3)

0 0 10.7 96.4 25.0 3.6 A (6), D (2), E (2), F (18)

0 0 8.3 75.0 8.3 0 A (2),B(6),C(2),E (2

0 0 57.1 85.7 42.9 42.9 A@),CQ2),F@)

8.3 16.7 583 91.7 333 25.0 B (3), D (9)

2.3 11.0 25.6 91.9 20.9 10.5 A (17), B (14), C (11), D (12), E (10), F (22)

resistant only to COL. The RT-C cluster (n = 11) consisted of
carbapenem-resistant isolates. The RT-D cluster (n = 12)
comprised isolates with a core phenotype of resistance to CIP
and PIC. The RT-E (n = 10) and RT-F (n = 22) clusters
included the isolates with the heaviest multiresistance pheno-
type, mainly to beta-lactams. RT-E differed from RT-F by
including resistance to IMI and CIP.

This analysis showed that most of the time, resistance pat-
terns were similar within the same species, though they often
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differed among species of the same genus. Within the genus
Sphingomonas, the majority of species represented by a single
isolate (S. melonis, S. pituitosa, S. changbaiensis) were included
in RT-A, while those with two isolates were included in RT-B
(S. wittichii, S. sanxanigenens) or RT-C (S. mucosissima). All
the S. dokdonensis isolates belonged to RT-F, while 6 of the 10
S. panni isolates clustered in RT-E. In contrast, the S. yun-
nanensis isolates (n = 7) were distributed among the RT-A to
RT-D clusters. Within the genera Novosphingobium and
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FIG. 3. Cluster analysis based on the antibiotic resistance profiles observed for Sphingomonas and Sphingobium spp. using Euclidean distance
and the Ward method for the aggregation criterion. Groups of resistance profiles that differed significantly from each other were determined by
the R? criterion, at a significance level (P) of <0.05. Black circles indicate branches recovered by other methods.
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Sphingopyxis also, it was possible to observe different resistance
patterns for different species. While the majority of the N.
subterraneum isolates (5 of 6), recovered mainly from the bio-
film, belonged to RT-B, both N. panipatense isolates, recovered
from tap water, were included in RT-E. The four species of the
genus Sphingopyxis were distributed in three RTs: RT-A (Sp.
witflariensis, Sp. taejonensis, Sp. chilensis), RT-C (Sp. chilensis,
Sp. ginsengisoli), and RT-F (Sp. taejonensis). In contrast to the
other genera, in the genus Sphingobium the antibiotic resis-
tance patterns were similar for different species. The majority
of isolates in the species Sb. amiense (9/12), Sb. yanoikuyae
(7/11), and Sb. rhizovicinum (1/1) belonged to RT-F. Sb. xe-
nophagum (n = 4) constituted the only exception, in that three
of its members were included in RT-A.

Analysis of the antibiotic resistance patterns as a function of
the taxonomic classification (on the basis of 16S rRNA and
atpD gene sequence analyses) and site of isolation found, in
general, similar patterns of antibiotic resistance for members
of the same species. Nevertheless, different species of the same
genus often exhibited distinct resistance types, and sometimes
(in 25% of the cases) isolates with the same sequence type
showed distinct antibiotic resistance types. In some species it
was possible to identify a core of resistance phenotypes, pres-
ent in every isolate, or in most of the isolates, irrespective of
the site, conditions of isolation, or sequence type. This was
particularly evident in the genus Sphingomonas. In this genus,
the species S. dokdonensis and S. panni were characterized by
the multiresistance phenotypes RT-F and RT-E, respec-
tively. The same resistance phenotype was common to most,
though not all, the species members irrespective of the site
of isolation or sequence type. Imipenem resistance was ob-
served only in the species Sphingomonas panni, in isolates
with different sequence types and sites of isolation. The
resistance type observed for S. dokdonensis (RT-F) was
found in other taxa, predominantly in the genus Sphingo-
bium (Fig. 2). In this genus, Sb. xenophagum, with RT-A,
differed from the other species by virtue of its general sus-
ceptibility to antibiotics. In contrast, N. panipatense, char-
acterized by multiresistance phenotypes (RT-E), differed
from other Novosphingobium species, which were suscepti-
ble to most antibiotics (RT-B) (Fig. 2).

This analysis demonstrated that antibiotic resistance profiles
could easily be related to the species, or even the genus, sug-
gesting the relevance of population dynamics for the hypothet-
ical dissemination of resistance. Nevertheless, on rare occa-
sions, different isolates of the same species, isolated from
different sites, yielded distinct antibiotic resistance patterns,
suggesting a possible process of resistance acquisition or loss.
Examples could be observed in the different genera (Fig. 2).
For instance, within the species N. subterraneum, the isolate
from the WTP exhibited no resistance phenotype, the biofilm
isolates were resistant to COL, and the tap water isolate was
resistant to COL, PIC, and TZP. Another example was ob-
served in Sp. taejonensis, in which the tap water isolate had
resistance to COL, MEM, PICP, and FAM, which was not
detected in the WTP strain. In Sb. yanoikuyae, two cup filler
isolates were susceptible to more antibiotics (RT-A) than the
other isolates, isolated from taps, the WTP, and cup fillers. In
S. panni and S. yunnanensis also, distinct patterns could be
observed for isolates from different taps. For example, S. panni
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strain T7AT6, isolated from a distinct tap and on a sampling
date different from those for all the other S. panni isolates,
belonged to RT-C, whereas all the other isolates belonged to
RT-E. These examples suggest that both vertical and horizon-
tal gene transfer processes are relevant in antibiotic resistance
proliferation among Sphingomonadaceae.

DISCUSSION

The presence of members of the family Sphingomonadaceae
in drinking water and even the observation of higher counts in
tap water and in dental chairs than in the WTP can be asso-
ciated both with resistance to chlorination (14, 25) and with the
capacity to form biofilms (19, 34). Nevertheless, the possibility
that external sources of Sphingomonadaceae, other than the
water supply, exist in the water distribution network cannot be
discarded. In this study it was possible to identify 22 species of
the family Sphingomonadaceae. Among these, to our knowl-
edge, the species S. koreensis, S. pituitosa, S. wittichii, Sb. xe-
nophagum, Sp. taejonensis, Sp. witflariensis, N. subterraneum,
and N. aromaticivorans were previously referred to as inhabit-
ants of rivers, streams, aquifers, natural mineral water, and tap
water (1, 14, 25). Blastomonas natatoria was also referred to as
a common inhabitant of disinfected water, namely, chlorinated
waters (1, 14).

The observed levels of antibiotic resistance can be consid-
ered high, in particular for colistin and beta-lactams. Although
high prevalences of resistance to a polymyxin (polymyxin B)
and to beta-lactams were reported previously for clinical iso-
lates of the species Sphingomonas paucimobilis (32), it is rele-
vant that the same findings are extended to other genera and
species of the family Sphingomonadaceae isolated from water.
In general, it was observed that members of the same species
shared common antibiotic resistance profiles, suggesting that
due to their ecology and physiology, these bacteria tend to
acquire and/or develop similar patterns of resistance. Although
it was not possible to establish a relationship between the
resistance phenotype and the site of isolation, the data analyses
demonstrated that multiresistance is widely found in Sphin-
gomonadaceae in tap water.

Some of the species that presented the highest rates of
(multi)resistance in the current study (RT-E and RT-F) were
previously isolated from habitats with human-derived contam-
ination, such as activated sludge (S. dokdonensis and Sp. yanoi-
kuyae), pet-associated environments (S. panni and N. panipat-
ense), or potato cultures (Sp. yanoikuyae) (3, 4, 10, 15). On the
other hand, some species were distinguished by susceptibility
to most of the antibiotics. Some of these species are common
inhabitants of environments with low human impact, such as
soil (S. sanxanigenens and S. melonis), sea, river, and lake water
and sediments (S. melonis, N. subterraneum, and N. aromati-
civorans), or freshwater biofilms (S. melonis). However, S.
melonis and N. subterraneum are also found in polluted envi-
ronments, such as gasoline-contaminated soils or mines (2, 8,
13, 20, 30).

Antibiotic resistance in this family of bacteria has not been
studied much. Consequently, information on the mechanisms
of resistance is scant. Additionally, the complete genome se-
quences, available for only a few strains, are poorly annotated.
These facts represented serious limitations to the detection of



VoL. 77, 2011

antibiotic resistance genes in these bacteria. The current study
demonstrates the need for a better understanding of the ecol-
ogy of antibiotic resistance acquisition and development in
these bacteria.

With this study, some major conclusions were reached. Dif-
ferent genera of the Sphingomonadaceae were prevalent in
distinct parts of the drinking water network. In about one-half
of the isolates, the combination of the 16S rRNA and atpD
housekeeping genes allowed the differentiation of the Sphin-
gomonadaceae to the strain level, emphasizing the diversity of
these bacteria in drinking water.

No amikacin resistance was observed, although colistin re-
sistance was intrinsic, mainly in tap water and cup filler iso-
lates. Beta-lactam resistance was also observed to be highly
prevalent in members of this family. The use of selective cul-
ture media favored the growth of multiresistant bacteria. Dis-
tinct patterns of resistance association were observed in
Sphingomonas and Sphingobium. Additionally, within each genus,
antibiotic resistance patterns were observed to be mainly spe-
cies related. These observations may suggest distinct mecha-
nisms or paths of resistance acquisition for the different taxa.

Sphingomonadaceae are common inhabitants of drinking
water worldwide (19, 27, 29, 42) and have a remarkable capac-
ity to cope with stress conditions and to adapt to new habitats
(14, 19, 25, 37, 44). The current study provides the first evi-
dence that these bacteria can play an important role as anti-
biotic resistance reservoirs in drinking water. Further studies
on the ecology and genome dynamics (mutation and gene
transfer) of these bacteria will make important contributions to
the elucidation of their role in the propagation of antibiotic
resistance.
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