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Abstract Brevundimonas diminuta is used as a control
organism for validating the efficiency of water filtration
systems. Since these protocols use nonselective growth
media, heterotrophic plate count bacteria (HPCs) indige-
nous to the water distribution system may interfere
with B. diminuta enumeration, thus leading to inaccurate
assessment of the filter’s microbial reduction capability.
This could negatively impact public health as unsafe
drinking water may be produced. This study was conducted
to evaluate different potential routes for selective enu-
meration of B. diminuta in drinking water. B. diminuta’s
biochemical and molecular relationships to HPCs recov-
ered from a laboratory drinking-water system were inves-
tigated. Of the 24 HPC morphotypes recovered, members
of the Alpha- and Betaproteobacteria were most com-
monly identified. Based on comparisons of catabolic pro-
files (generated by the Biolog system) using principal
component analysis, B. diminuta possessed similar meta-
bolic patterns to several of the Alphaproteobacteria
(Sphingomonas and Caulobacter), indicating that devel-
opment of a selective medium based solely on carbon
source was not feasible. Antibiotic susceptibility profiles
revealed that the HPCs were least resistant to kanamycin,
making it a candidate for future selective applications.
Sequence comparisons of partial 16S rRNA sequences did
not reveal any distinct similarities. However, basic local
alignment search tool (BLAST) alignments of the gyrB and
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rpoD sequences for B. diminuta did show uniqueness, with
the next closest match being to Caulobacter (88% and 79%
similarity, respectively). Future investigation will focus on
applying molecular assays, such as fluorescent in situ
hybridization and quantitative real-time polymerase chain
reaction (PCR), and incorporating an antibiotic marker or
expressed fluorescent protein into the wild-type strain of
B. diminuta for selective enumeration of B. diminuta.
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Introduction

The safety of drinking water has been a focus of state and
federal regulations since the inception of the Safe Drinking
Water Act of 1974 [20]. Awareness in this area has been
heightened due to the terrorist attacks of September 11,
2001 and the several natural disasters that have occurred in
the past 5 years. In response to these disasters, the US
Environmental Protection Agency (USEPA) published the
Water Security Research and Technical Support Action
Plan in 2004 that specified the necessity to evaluate the
microbial contaminant removal capabilities of point-of-use
(POU) and point-of-entry (POE) drinking-water treatment
systems [33]. Numerous protocols have been drafted to
validate the efficacy of drinking-water filtration systems to
remove waterborne pathogens such as enteric viruses,
bacteria, and protozoa [32, 34]. Validation of microbial
reduction claims, whether performed by the manufacturer
or an independent, third-party company, is of utmost
importance in instilling consumer confidence as well
as ensuring public health. Utilization of a nonvalidated
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(or improperly validated) device for remediation of path-
ogen-contaminated water could result in severe illness or
death to the consumer due to product failure, and thus the
manufacturer would be liable. Most of these protocols
utilize surrogate organisms to assess the removal efficiency
of devices. Surrogates are typically selected based on size,
charge, hazard level, and ease of cultivation and enumer-
ation [13].

Reverse osmosis (RO) is one POU treatment device
technology that has attracted increased attention for use in
emergency response situations. Though traditionally uti-
lized in desalination applications and in the consumer
sector for water purification, RO devices can be effective in
removing pathogens from contaminated water. RO systems
incorporate a pressure-driven process which forces con-
taminated water through a membrane with small pore size
(~0.001 nm). Studies have demonstrated that RO may
provide a significant advantage over traditional filtration
technologies, such as coagulation and sedimentation and
filtration, and that greater than 4-log pathogen removal can
be achieved [5, 6].

The USEPA published a validation protocol for POU RO
devices that incorporates Brevundimonas diminuta as the
test surrogate [32]. Organism size was a key determinant for
selection of this bacterium, since the smallest identified
bacterium of concern, Francisella tularensis, is 0.2 um in
diameter [7]. When grown in minimal media such as saline
lactose broth, B. diminuta has a similar cell diameter
(0.3 pm). Titers exceeding 1 x 10° colony-forming units
(CFU) per ml at this reduced size can be achieved, making it
ideal for use in assessing how “gross” contamination events
can impact a filtration system’s removal efficiency [15].
B. diminuta ATCC 19146 also has been widely used as a
test strain for quality control of membrane filters utilized in
microbiological water assays (such as those specified in
standard methods for enumeration of total coliforms) and as
a challenge organism for water treatment devices such as
mechanical filters [4, 11, 29].

Brevundimonas diminuta is a Gram-negative, nonfer-
menting, rod-shaped bacterium belonging to the Alpha-
proteobacteria class and Caulobacteraceae family. It has
close genetic, metabolic, and morphological similarities to
a variety of heterotrophic plate count bacteria (HPCs)
found in water distribution systems. The occurrence and
prevalence of a diverse array of HPCs, including B. di-
minuta, in water distribution systems is well documented.
Previous studies investigating recovery of HPCs from
similar nutrient-limited water distribution systems revealed
the presence of additional relatives to B. diminuta such as
species of Sphingomonas, Pseudomonas, Alcaligenes,
Acinetobacter, and Ralstonia [1, 38].

A nonselective medium is required for growth of
B. diminuta in the RO validation protocols. As a result,
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microorganisms indigenous to the test system may out-
compete, overgrow or be misidentified as B. diminuta.
Thus, HPCs could potentially interfere with B. diminuta
enumeration and negatively affect the performance
assessment of RO devices. As RO devices have been
employed for the production of potable water following
environmental catastrophes, any inaccurate assessment of
their microbiological removal capability may have pro-
found negative health effects on the individuals consuming
this “treated” water [6].

From a public health standpoint, it is important that a
more accurate method for quantifying B. diminuta from
RO test systems be developed. The purpose of this research
is to determine the metabolic and molecular relationships
of B. diminuta to HPCs indigenous to a laboratory deion-
ized-water distribution system. These relationships will be
used as a basis for the development of a selective enu-
meration approach for B. diminuta in drinking water. The
various approaches applied to the HPCs and B. diminuta
were comparison of: (a) metabolic fingerprinting (using the
Biolog Microbial Identification System and principle
component analysis) for possible development of nutrient-
based selective medium, (b) antibiotic sensitivities for
possible incorporation of a resistance marker, and (c) 16S
rRNA, gyrB and rpoD sequencing, for possible develop-
ment of species-specific probes with applications in quan-
titative real-time PCR (qPCR) and fluorescent in situ
hybridization (FISH).

Materials and methods
Cultures, media, and reagents

Brevundimonas diminuta ATCC 19146 and all reference
strains used for phylogenetic comparisons were obtained
from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The organisms were grown
according to the ATCC’s instructions. All media used for
bacterial isolation and growth were from Difco (Becton—
Dickinson, Franklin Lakes, NJ, USA). Unless otherwise
noted, incubation temperature of 30°C was used for all
enrichment and growth plates and all reagents and chemi-
cals were of American Chemical Society (ACS) reagent
grade or higher (Sigma—Aldrich Co., St. Louis, MO, USA).

Water treatment device validation system

A laboratory drinking-water distribution system was used
to evaluate POU RO devices. The water characteristics
were based on the specifications provided by the USEPA
in its environmental technology verification (ETV) report
for validating POE RO water treatments systems [32]
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and were as follows: pH = 6.0 £ 0.5 or 7.5 £+ 0.5, tem-
perature = 20 £ 2.5°C, conductivity <2 pS/cm at 25°C.
The source was Ann Arbor, MI, USA drinking water that
had been dechlorinated and pretreated with a POE RO
device to reduce organics. The water system had a flow rate
of 1.9 /min.

HPC recovery and characterization

A comparative nonselective media recovery study was
performed on the laboratory drinking-water treatment
system. Effluent (2 1) was aseptically collected from the
effluent port of the treatment system. Effluent aliquots
ranging from 11 to 0.01 ml were filtered on a 0.45-pm-
porosity filter (GN6; Pall Corporation, East Hills, NY,
USA) according to the membrane filtration protocol spec-
ified in standard methods [3]. The filters were aseptically
transferred to tryptic soy agar (TSA), R2A agar, and
standard plate count agar (SPCA) and incubated at 30°C.
The plates were enumerated after 2 days, as specified by
the USEPA RO validation protocol. The plates were
observed again at 5 days to see whether additional organ-
isms were present that could impact the molecular assays
investigated in this study. Isolated colonies on each med-
ium were separated initially by colony appearance and
morphology. All observed bacterial colonies exhibiting
unique colonial characteristics were subjected to further
biochemical and genotypic characterization.

The isolates were characterized microscopically and
were further differentiated via Gram and endospore stain-
ing and oxidase and catalase activity. The Biolog Microbial
Identification System (Biolog Inc., Haywood, CA, USA)
was utilized to generate a carbon source utilization fin-
gerprint and possible identification. The isolates were
prepared and inoculated according to Biolog specifications
using GN2 (for Gram-negative isolates) and GP2 (for
Gram-positive isolates) plates and a 24-h incubation at
30°C.

Statistical analysis of Biolog metabolic profiles

In order to determine whether B. diminuta possessed
unique metabolic capabilities compared with the HPC
isolates, Biolog metabolic profiles were assessed using
principle component analysis (PCA) and multivariate
analysis. The methods described by Weber et al. [36] were
used for performing the data transformation, with a few
modifications. The dual absorbance value obtained for all
wells was used for PCA. The individual carbon source
wells were normalized by average well color development
(AWCD). For the carbon source wells common to both
Gram-negative and Gram-positive isolates, n = 57. The n
values for the Gram-negative comparisons of all carbon

source wells, carbohydrates only, carboxylic acids only,
and amino acids only were 95, 28, 24, and 20, respectively.

The proportion variation and eigenvalue index were
calculated for each PCA. The top three principle compo-
nents for the Gram-negative isolates were compared using
cluster analysis. The data pertaining solely to the wells
containing carbohydrates, carboxylic acids, and amino
acids were analyzed in the same manner. These three
groups represent ~75% of the carbon source wells utilized
in the Biolog GP and GN identification plates. The PCA
results of the wells common to the Gram-negative and
Gram-positive isolates, as well as selected reference bac-
terial strains, were analyzed via the unweighted pair group
method using arithmetic averages (UPGMA) method. The
squared Euclidean distance (sum of squared deviations
between the components) was used as the distance metric.
A dendogram was generated to express the relationship of
the organisms based on their similarity in Euclidean dis-
tance [10, 16].

Antibiotic resistance screening

Susceptibility of the HPC isolates to ampicillin (10 pg),
tetracycline (10 pg), kanamycin (50 pg), cefepime (30 pg),
levofloxacin (5 pg), and ceftazidime (30 pg) was evaluated
using Mueller—Hinton agar and the National Committee for
Clinical Laboratory Standards antibiotic disk diffusion
method [21]. The plates were incubated at 30°C for 24 h.
Sensitivity to the antibiotics was based on the observed
zones of inhibition, classified as resistant, intermediate or
susceptible.

Genomic DNA isolation and sequencing

All isolates were grown aerobically in 50 ml Luria—Bertani
(LB) medium at 30°C on a gyratory shaker (150 rpm) and
incubated for 1-5 days, depending on the isolate. Genomic
DNA was extracted from the HPCs and B. diminuta using
the GenElute system (Sigma—Aldrich Co., St. Louis, MO,
USA) and Qiagen DNeasy kit (Qiagen, Valencia, CA, USA).
Quantification and purity assessments of the isolated geno-
mic DNA were determined by running 10 pl aliquots of the
sample DNA on a ultraviolet (UV) spectrophotometer.
Purified DNA samples were stored at 4°C until further use.

The 16S rRNA genes were amplified using Microseq
500 kit (Perkin-Elmer, Foster City, CA, USA). ExoSap-It
(USB Corporation, Cleveland, OH, USA) was used for
PCR product clean-up. Sequencing was performed on an
ABI 3100 Genetic Analyzer (Perkin-Elmer, Foster City,
CA, USA), and identification was accomplished with
Microseq v1.0 software. The 500-bp sequences were fur-
ther analyzed for genus and species assignment using the
Ribosomal Database Project II [9].
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The gyrB and rpoD genes were amplified and sequenced
from the isolated genomic DNA using the primers and
procedure described by Yamamoto and Harayama [39]
with the following modifications. PCR was performed on a
Bio-Rad iCycler (Bio-Rad, Hercules, CA, USA). Amplifi-
cation of the gyrB and rpoD genes was performed in a total
volume of 50 pl with 50 ng chromosomal DNA, 1.25 U
Hotstart Tag DNA polymerase (Qiagen, Valencia, CA,
USA), 1.5 mM MgCl,, 10 mM Tris—HCI (pH 8.3), 10 pM
of each primer, and 200 mM of each individual deoxynu-
cleoside triphosphate (dATP, dCTP, dGTP, and dTTP).
Sequencing of the gene products was accomplished via
the dideoxy chain termination method using a Taq Dye
Terminator sequencing kit (Perkin-Elmer, Foster City, CA,
USA). Sequencing reactions were carried out in 20 pl
volumes: 4 ul of BDv3.1 Reaction Mix, 4 pl halfSEQ
BD3.1, 50 ng DNA template, 3.2 pM primer, and nuclease-
free water to total volume of 20 pl. The vector pGEM
(Promega, Madison, WI, USA) was used as a sequencing
reaction control.

Phylogenetic alignments and identifications

The Clustal W program was used for sequence alignment
[31]. The nucleotide sequence data from Halobacteria
salinarum DSM 671 AMT774415, obtained from the
National Center for Biotechnology Information (NCBI)
GenBank database, was used to root each tree. Phyloge-
netic trees were generated using Mega 3.1 neighbor-join-
ing bootstrap analysis with 1,000 iterations.

Isolate identification was attempted via BLAST search
of the NCBI GenBank database with the partial 16S rRNA
sequences of the individual HPCs [2]. BLAST searches of
the GenBank database were also conducted on the Gram-
negative HPC gyrB and rpoD sequences. The sequence
data for B. diminuta 19146 were deposited to the NCBI
GenBank nucleotide sequence database with the following
accession numbers: DQ650706 (16S rRNA gene),
EF052679 (gyrB gene), and DQ979874 (rpoD gene).
The accession numbers for the HPCs are as follows:
GQ891690-GQ891727 (16S rRNA gene), GQ980291—
GQ980308 (gyrB gene), and GQI980309-GQ980327 (rpoD
gene).

Results and discussion

HPC recovery and characterization

A thorough understanding of the similarity of B. diminuta
to the HPCs indigenous to the laboratory drinking-water

distribution system used for RO device testing was essen-
tial for designing a selective recovery approach. To assess
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the diversity of HPCs present in the laboratory water dis-
tribution system, multiple nonselective media were utilized
for isolating these organisms from the laboratory water
distribution system. A total of 24 individual HPC mor-
photypes were identified from the nonselective growth
media: 21 after a 2-day incubation period and 3 additional
isolates following a 5-day incubation period. Ten organ-
isms were also isolated but could not be recultured.
Martiny et al. [18] also documented viability loss of similar
HPCs following their isolation from a drinking-water
source. As has been reported in other studies with drinking
water [17, 28], the highest overall bacterial recovery was
found with R2A agar (2.1 x 10* CFU/ml). Compared with
TSA and SPCA, total bacterial counts on R2A were higher
by 1.01 log (90.2% greater) and 0.08 log (13% greater),
respectively.

Four isolates accounted for 75% of the total population
observed on TSA agar. For the SPCA and R2A agars, two
isolates accounted for 86.6% and 90.6%, respectively, of
the total recovered bacterial population. Additional isolates
were recovered from each growth medium, albeit in lesser
concentrations (<8% of the total population). Of the 24
isolates, all but 2 displayed circular whole-colony appear-
ances with entire edges and 68% possessed colony sizes of
<1.0 mm. Nineteen isolates were Gram-negative bacteria
and five were Gram positive. Over 80% of the isolates were
single rods. Thus, a majority of the HPCs possessed mac-
roscopic and microscopic appearances similar to those of
B. diminuta. The recovery of predominantly Gram-nega-
tive rods from this sample type with this nonselective
media was expected, and similar results have been docu-
mented [18, 25, 38].

Population diversity of HPCs

The Biolog data and 16S rRNA, gyrB and rpoD sequence
analyses provided the identification (genus and species) of
a number of the HPCs. As identification of the isolates was
only a minor objective of the study, only 500 bp of the 16S
rRNA was amplified and sequenced. For the 24 HPCs
analyzed by both methods, Biolog and Microseq results
were in agreement at genus and species level for 38% and
16%, respectively, of the isolates. Differences in identifi-
cation may be due to numerous factors, including failure of
some of the “nutrient-starved” isolates to adapt to the
nutrient-rich medium used by Biolog, or absence of the
organism in the Biolog database. An additional 20% of
the isolates had genus identifiers belonging to the same
class (i.e., Caulobacter and Sphingomonas, both belonging
to the class Alphaproteobacteria). The percentage of sim-
ilar genus identifications observed in this study is consis-
tent with previously published research involving
environmental isolates [19].
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The sequence data obtained from the 16S rRNA, gyrB
and rpoD analyses were used to assign genus and species
designations to the isolated HPCs. The results of the
sequence BLAST searches against the GenBank database
are presented in Table 1. The percentage homology of the
HPCs to bacterial strains deposited in GenBank is much
lower for gyrB and rpoD; the GenBank database contains
far fewer sequences for gyrB and rpoD as compared with
16S rRNA. The differences may also be related to the
sequence length analyzed for strain alignment (500-bp 16S
rRNA partial sequence versus complete sequences of 800
and 1,100 bp for rpoD and gyrB, respectively). In many
instances, the genus matching the HPCs’ gyrB and rpoD
genes was in agreement with the bacterial identifier
assigned to the 16S rRNA sequences. About half of the
HPCs were identified as members of the Alpha-, Beta-, and
Gammaproteobacteria (>99% homology). For the 16S
rRNA sequences, 18 of the 24 isolates possessed >97%
sequence homology to strains deposited in GenBank. The
greatest sequence similarity was to the genera Caulobacter,
Sphingomonas, Delftia, Acidovorax, Rhodopseudomonas,
and Acinetobacter. A small percentage of the remaining
Gram-negative HPCs were identified as belonging to the

Proteobacteria. Some of the Gram-positive isolates were
identified as Micrococcus and Bacillus. Previous studies
analyzing the culturable organisms present in drinking
water suggest that the HPCs identified in this study are
typical for this type of environment [17, 23, 37]. It should
be noted that viable but nonculturable organisms were not
investigated in this study, since only culturable organisms
could directly interfere with the B. diminuta recovery plate
assays and thus affect the determination of log removal by
RO treatment devices. Additional studies investigating the
distribution of HPCs in drinking-water treatment systems
and bottled water have recovered similar Gram-negative
bacteria in addition to lower levels of Alcaligenes, Brev-
undimonas, Stenotrophomonas, and Acidovorax. Gram-
positive organisms from the genera Bacillus, Corynebac-
terium, Micrococcus, and Staphylococcus have all been
documented from similar water sources when using mini-
mal-nutrient media for recovery [38].

Carbon utilization profiles

As B. diminuta could not be distinguished from indigenous
HPCs using the current test procedures, the next step was to

Table 1 Sequence homology of the Gram-negative heterotrophic plate count bacteria (HPCs) 16S rRNA, gyrB and rpoD genes to sequences

deposited in GenBank

HPCs?* 16S rRNA identification® gyrB identification rpoD identification

E Acinetobacter radioresistens (99%) Acinetobacter radioresistens (97%) Acinetobacter spp. (79%)

F Variovorax paradoxus (100%) Variovorax spp. (96%) Variovorax spp. (89%)

G Rhodopseudomonas palustris (100%) Rhodopseudomonas spp. (87%) Rhodopseudomonas spp. (85%)
I Rhodopseudomonas palustris (97%) Rhodopseudomonas spp. (90%) Rhodopseudomonas spp. (85%)
K Acidovorax delafieldii (99%) Variovorax spp. (88%) Acidovorax spp. (88%)

M Caulobacter leidyi (99%) Stenotrophomonas spp. (96%) Stenotrophomonas spp. (94%)
N Sphingomonas chlorophenolica (96%) Sphingopyxis spp. (87%) Sphingopyxis spp. (91%)

(6] Sphingomonas terrae (100%) Sphingopyxis spp. (84%) Sphingomonas spp. (79%)

P Sphingomonas chlorophenolica (96%) Sphingomonas spp. (84%) Sphingomonas spp. (719%)

Q Sphingomonas capsulata (96%) Novosphingobium spp. (86%) Novosphingobium spp. (86%)
R1 Acidovorax delafieldii (100%) Variovorax spp. (88%) Acidovorax spp. (87%)

R2 Rubrivivax spp. (94%)

T Caulobacter leidyi (99%)

Wi Caulobacter leidyi (99%)

X Caulobacter leidyi (99%)

Rig 1 Sphingomonas capsulata (98%)
Rig 2 Delftia acidovorax (99%)

Rig 6 Ralstonia eutropha (96%)

2 Caulobacter leidyi (97%)

Not performed

No significant similarity found
Novosphingobium spp. (85%)
Caulobacter spp. (95%)
Novosphingobium spp. (86%)
Variovorax spp. (92%)
Ralstonia metallidurans (98%)
Verminephrobacter spp. (93%)

Acidovorax spp. (81%)
Sphingopyxis spp. (89%)
Novosphingobium spp. (86%)
Sphingomonas spp. (81%)
Erythrobacter spp. (74%)
Erythrobacter spp. (73%)
Acinetobacter spp. (78%)
Verminephrobacter spp. (89%)

The GenBank maximum identity value is presented in parenthesis. Genus and species are provided for isolates that possess similarity >97%, as

these sequences are considered operational taxonomic units [37]

? Five Gram-positive isolates were also assigned IDs based on their 16S rRNA sequences: isolate 5—Arthrobacter spp. (93%),
isolate 10—Bacillus mojavensis (100%), isolate 11—Bacillus amyloliquefaciens (99%), isolate B—Micrococcus luteus (99%), and isolate
Rig 4—Bacillus cereus (100%). Analyses of their gyrB and rpoD genes were not performed

® A 500-bp gene segment was used for the 16S rRNA analysis
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evaluate carbon utilization profiles to determine whether a
nutrient-based selective medium could be developed.
Metabolic fingerprints generated from the Biolog data have
been widely used for microbial community analysis studies
[36]. Applying this same multivariate analysis strategy to
assess the metabolic relationship of B. diminuta to the
recovered Gram-negative HPCs, no single carbon source
was observed as being uniquely metabolized by B. dimin-
uta. The Gram-positive isolates were excluded from this
particular analysis, as their colony morphologies were
distinctly different from that of B. diminuta. The results of
the PCA cluster analysis with all 95 carbon sources for the
Gram-negative HPCs are shown in Fig. 1. Separate anal-
ysis of the carbohydrate, amino acid, and carboxylic acid
groups was performed, since these are the three most
prominent nutrient groups, in terms of number of chemi-
cals, featured on the Biolog GN plate. These analyses also
demonstrated that B. diminuta clustered with multiple
organisms for each carbon source type (data not shown).
Figure 2 displays the dendogram of the 21 Gram-negative
and Gram-positive HPCs subjected to UPGMA analysis.
Only the organisms that were observed after 2 days of
growth were included in this analysis, since only these
organisms could potentially interfere with B. diminuta
enumeration due to plate overgrowth or misidentification.
When analyzing the cluster plots for the three carbon
source groups as well as the UPGMA dendogram, it was
evident that B. diminuta possessed a metabolic profile that

20 F
10
O gW1
S 0 9T .PM i
— 1
o N K  Rigé 9
R2 2
Rig1
=10
R1
E
I I I I I
-20 0 20 40 60
PC1

Fig. 1 Cluster analysis of the top two principle component analysis
(PCA) vectors for all Gram-negative bacteria based on Biolog carbon
source utilization data. Brevundimonas diminuta ATCC 19146 is
denoted by a bullet; the designations for the other Gram-negative
bacteria are explained in Table 1 (n = 95, as all carbon sources were
compared). The individual carbon source wells were normalized by
average well color development (AWCD) prior to performing the
principle component and multivariate analyses
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was similar to HPCs determined to be members of the
Sphingomonas and Caulobacter genera (Fig. 2, isolates 2,
M, N, O, P, Q, T, W1, and X). This finding is not surprising
as B. diminuta is a member of the Caulobacteraceae
family [28]. This indicates that there are multiple, cultur-
able, indigenous HPC isolates that are close relatives to
B. diminuta in the test system having similar carbon utili-
zation patterns. Because of the similarity in metabolic
profiles, designing an isolation strategy for B. diminuta
based solely on selective carbon source utilization could be
difficult.

Antibiotic susceptibility

To further characterize the isolates HPCs and determine
their relatedness to B. diminuta, antibiotic susceptibility
testing was performed. Cefepime, levofloxacin, and ceft-
azidime were included, since studies indicated that certain
strains of B. diminuta possess innate resistance to these
fluoroquinolones [12]. Additional antibiotics selected for
the study are commonly used as antibiotic markers [27].
The results of the antibiotic susceptibility testing are pre-
sented in Table 2. When considering the entire set of HPCs
analyzed, levofloxacin showed the highest percentage of

Height
0 5 10 15 20
L 1 1 1 ]
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10
Rig 4
Rig 1
K
E
B
Rig6
2
B dm
M
(0]
Q
X
T
P
w1
N —
R2
R1 B
1M1 —

F
Rig 2 ]

Fig. 2 Comparison of Biolog metabolic profiles for heterotrophic
plate count bacteria (HPCs) as well as Brevundimonas diminuta
(“B dim”). The designations for the other bacteria are explained in
Table 1. Only isolates exhibiting visible growth on culture plates
within 48 h of incubation at 30°C (i.e., those that could potentially
interfere with enumeration of B. diminuta due to overgrowth) were
included in this analysis. Isolates G and I were excluded. The
dendogram is based on UPGMA cluster analysis of metabolic data
from all common carbon source wells for Gram-negative and Gram-
positive Biolog identification plates. Agglomerative coefficient = 0.61
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Table 2 Antibiotic sensitivity of heterotrophic plate count bacteria
(HPCs) isolated from a laboratory deionized-water distribution
system

Antibiotic Intermediate (%) Resistant (%)

All HPCs®
Ampicillin (10 pg) 21 71
Kanamycin (50 pg) 12 32
Tetracycline (10 pg) 29 65
Cefepime (30 pg) 0 29
Levofloxacin (5 pg) 6 18
Ceftazidime (30 pg) 12 53

Alphaproteobacteria®
Ampicillin (10 pg) 17 83
Kanamycin (50 pg) 8 8
Tetracycline (10 pg) 25 75
Cefepime (30 pg) 0 38
Levofloxacin (5 pg) 13 38
Ceftazidime (30 pg) 25 63

Determined by the National Committee for Clinical Laboratory
Standards diffusion disc test [21]. B. diminuta ATCC 19146 was
sensitive to tetracycline, cefepime, and levofloxacin, had intermediate
resistance to ampicillin and kanamycin, and was resistant to
ceftazidime

* n = 24 for ampicillin, kanamycin, and tetracycline; n = 17 for

cefepime, levofloxacin, and ceftazidime (as several isolates lost
viability)
® n =12 for ampicillin, kanamycin, and tetracycline; n = 8 for
cefepime, levofloxacin, and ceftazidime (as several isolates lost
viability)

susceptible and intermediate resistance responses, followed
by cefepime and kanamycin. For the Alphaproteobacteria
subset, kanamycin showed the highest percentage of sus-
ceptible and intermediate resistance responses. B. diminuta
19146 was also observed to be susceptible to cefepime and
levofloxacin and to have intermediate resistance to kana-
mycin. The isolates with greatest susceptibility to kana-
mycin were identified as species of Caulobacter,
Sphingomonas, and Rhodopseudomonas. Pavlov et al. [22]
described similar observations of HPCs antibiotic reaction
when performing disk diffusion studies on populations
recovered from drinking water. That study documented
resistances of HPCs to ampicillin and kanamycin of 54.3%
and 6.9%, respectively, although the concentration of
kanamycin tested was lower than that used in the current
study (30 pg per disk compared with 50 pg). Jeena et al.
[14] also observed elevated resistance of isolated HPCs to
ampicillin (70%) and tetracycline (48%). The increased
percentage of HPCs susceptible to kanamycin, compared
with tetracycline and ampicillin, make this antibiotic ideal
for inclusion in a selective media for recovery of B. di-
minuta from drinking water.

Molecular comparisons of HPCs with B. diminuta

The genetic similarity of B. diminuta to the HPC isolates
was examined to assess whether molecular approaches for
selectively enumerating B. diminuta could be employed.
Individual phylogenetic comparisons were generated using
the 16S rRNA, gyrB and rpoD sequences of the organisms
(Figs. 3, 4, 5, respectively). Sequences of two housekeep-
ing genes, for the ¢’ transcription factor (rpoD) and the
DNA gyrase protein (gyrB), were included in this study.
Several recent studies have used these protein coding genes
for establishing microbial phylogeny [8, 26], as the
sequence variation within these genes is greater compared
with 16S rRNA. This disparity can permit two or more
closely related strains to be distinguished. Additionally,
sequence alignment of distantly related strains may be
improved due to the protein coding facet of these genes
[35, 39].

Phylogenetic comparison of the 16S rRNA partial
(500 bp) sequences obtained from the isolates revealed that
there were strong similarities between B. diminuta and two
Gram-negative isolates (G and I) belonging to the class
Alphaproteobacteria. Analysis of the gyrB and rpoD
bootstrap consensus trees showed that B. diminuta dis-
played the highest degree of homology to isolate G
(identified through 16S rRNA sequence analysis as Rho-
dopseudomonas palustris) as well as a close relation to
other members of the Caulobacteraceae.

A BLAST search of the NCBI GenBank database for
gyrB and rpoD genes of B. diminuta showed the closest
homology to a species of Caulobacter (88% and 79%,
respectively). BLAST alignments of the B. diminuta gyrB
and rpoD sequences to their closest relatives revealed that
there were 100-bp regions of these genes that showed little
(<70%) homology to the deposited strain. This suggests
that there are multiple locations within the B. diminuta
gyrB and rpoD genes that could be utilized for species-
specific primer/probe design. Until now, the only approach
for quantifying the extent of removal by filtration devices
has been culture based. By employing a species-specific
probe approach for B. diminuta, filtration efficiencies could
potentially be assessed through more rapid techniques such
as real-time quantitative PCR or fluorescent in situ
hybridization [24].

Conclusions

It can be concluded from the identification study of HPCs
that the drinking-water system evaluated in this study is
consistent with similar drinking-water sources in respect to
the culturable bacterial flora present. Furthermore, certain
HPCs present in a drinking-water distribution system may
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Fig. 3 Neighbor-joining comparison of 16S rRNA sequence align-
ment data for heterotrophic plate count bacteria (HPCs) isolated from
a laboratory drinking-water distribution system. Brevundimonas
diminuta ATCC 19146 is included in the comparison. Halobacterium
salinarum DSM671, a halophilic marine Gram-negative obligate
aerobic archaeon, was used as the outgroup to root the tree. For each
isolate included, a partial gene sequence (500 bp) was used for the

display similar colonial morphologies compared with
B. diminuta when cultivated on R2A agar. This indicates
that the observed interference of HPCs with B. diminuta
enumeration could occur in other laboratories. In relation
to the USEPA RO validation protocol, this may impact the
validation assay in a negative manner as the HPCs may
outcompete and overgrow this target organism on the
nonselective media employed in these protocols. Investi-
gation into the metabolic capabilities and profiles of each
isolate showed the presence of close relatives to B. di-
minuta in the test system. The absence of obvious catabolic
differences between B. diminuta and these commonly
recovered HPCs indicates that designing a selective enu-
meration system based on carbon source utilization would
be difficult. However, at the molecular level, a feasible
approach could be the use of using unique, nonhomologous
regions of B. diminuta gyrB and rpoD genes in techniques
such as qPCR and FISH protocols. Since the HPC strains
were shown to be susceptible to kanamycin, an approach

@ Springer

analysis. The lower bracket indicates which isolates are Gram
positive; the remaining isolates are Gram negative, with the upper
bracket denoting those belonging to the Alphaproteobacteria class.
The numbers on the branches represent the bootstrap values obtained
from 1,000 bootstrap trials, presented as percentage. The scale bar
corresponds to 0.05 changes per nucleotide. Bootstrap values were
obtained from 1,000 bootstrap trials (percentage presented)

which could confer resistance of B. diminuta to kanamycin
could also be the basis for selective medium.

Given the potential of these approaches to serve as
selective replacements for current nonselective enumera-
tion plating methods, the authors have also investigated the
efficacy of employing the rpoD and gyrB sequences as a
basis for B. diminuta-specific probe and primer design.
Data has been generated that demonstrate the successful
use of gPCR and FISH for quantifying B. diminuta con-
centrations in water. The primers and probes were shown to
be specific to B. diminuta with no cross-reactivity when
screened against the HPC isolates presented in this study as
well as a number of Gram-positive and Gram-negative
reference strains. Sensitivities of the qPCR reactions using
purified genomic DNA from B. diminuta were determined
to be 0.89 pg for rpoD and 8.9 pg for gyrB. Furthermore,
studies have been performed on incorporating a kanamy-
cin-resistance gene into the chromosomal DNA of B. di-
minuta via a TnS transposon/transposase approach. The
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B. diminuta transformant (kan®) displayed long-term
expression of the gene, and monitoring of bacteria present
in the test system showed no transfer of kanamycin

Halobacterium salinarum DSM 671

resistance from the kan® strain to indigenous microorgan-
isms. It was concluded that these approaches could be used
to aid in the determination of filtration efficiency of
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treatment units employed in the production of sterile water
or used in the pharmaceutical industry [30]. The complete
findings of the qPCR, FISH and Tn5 transposon studies
will be presented in future correspondence. By achieving a
more accurate validation approach for RO and other water
filtration devices, the production of safe drinking water is
assured and public health is preserved.
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