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Members of the genus Sphingomonas are important catalysts for removal of polycyclic aromatic hydrocarbons (PAHs) in soil,
but their activity can be affected by various stress factors. This study examines the physiological and genome-wide transcription
response of the phenanthrene-degrading Sphingomonas sp. strain LH128 in biofilms to solute stress (invoked by 450 mM NaCl
solution), either as an acute (4-h) or a chronic (3-day) exposure. The degree of membrane fatty acid saturation was increased as a
response to chronic stress. Oxygen consumption in the biofilms and phenanthrene mineralization activities of biofilm cells were,
however, not significantly affected after imposing either acute or chronic stress. This finding was in agreement with the tran-
scriptomic data, since genes involved in PAH degradation were not differentially expressed in stressed conditions compared to
nonstressed conditions. The transcriptomic data suggest that LH128 adapts to NaCl stress by (i) increasing the expression of
genes coping with osmolytic and ionic stress such as biosynthesis of compatible solutes and regulation of ion homeostasis, (ii)
increasing the expression of genes involved in general stress response, (iii) changing the expression of general and specific regu-
latory functions, and (iv) decreasing the expression of protein synthesis such as proteins involved in motility. Differences in gene
expression between cells under acute and chronic stress suggest that LH128 goes through changes in genome-wide expression to
fully adapt to NaCl stress, without significantly changing phenanthrene degrading activity.

Polycyclic aromatic hydrocarbons (PAHs) are persistent envi-
ronmental contaminants in soil (37). Despite their low bio-
availability, microbial degradation is a major process for PAH
removal in soil, either through indigenous microorganisms or
through bioaugmentation (37). One important bacterial genus
implicated in aerobic PAH biodegradation in soil is Sphingomo-
nas. Members of this genus are often isolated as PAH degraders
from PAH-contaminated environments and are ubiquitous in
soil, water, and sediments (2, 39). In addition, they can degrade
many other xenobiotics (62).

In terrestrial habitats, bacteria often colonize soil particles and
plant surfaces as biofilms or microcolonies (21). Biofilm cells
show advantages over planktonic cells toward environmental
stress, such as an increased tolerance to antibiotics and biocides
(6). Moreover, PAH degraders often grow as biofilms on or near
PAH sources, which is hypothesized to be a mechanism for in-
creasing PAH substrate transfer toward the cell (37). Bacteria in
soil are subjected to various environmental stresses due to fluctu-
ations in environmental conditions, which in turn can affect bac-
terial survival and activities including organic pollutant degrada-
tion. One of the most important stress factors in soil is the water
potential (46). An important component of the soil water poten-
tial is the solute content (46), since changes in solute content affect
cell turgor pressure and result in cellular osmotic stress and even-
tually ionic stress (52). Changes in solute content occur regularly
in soil due to periodical weather-bound drought-wet cycles and
the input of anthropogenic solutes from industrial and agricul-
tural activities such as irrigation with poor quality water and the
use of salt for deicing roads (43, 48). The latter results in increased
sodium chloride concentrations in topsoil in urban environments
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and near highways that can also contain significant PAH concen-
trations (36, 48). Also, uptake of water by plants can result in a
local increase in solute concentration around the plant roots (43),
which can affect rhizoremediation activities (40).

To minimize the effect of a solute stress, microorganisms dis-
play a number of cellular responses, such as the adjustment of
intracellular osmolyte concentrations by the accumulation of
compatible solutes (12, 61) and adjustment of the degree of mem-
brane fatty acid cis-trans isomerization and saturation (27). Stud-
ies on cellular responses on solute stress in bacteria emphasized on
enterobacteria such as Escherichia coli (51) and on Pseudomonas
aeruginosa (1). Few reports exist on soil bacteria and xenobiotic
compound-degrading bacteria (22, 27), although such studies are
important for understanding the natural attenuation of xenobiot-
ics in soil and for optimizing soil bioremediation activities. In
addition, reported studies on solute stress response by pollutant-
degrading bacteria did not assess the response of the organisms
when actively degrading and growing on the pollutant itself. Nei-
ther do they address the fact that in soil, bacteria are often present
as aggregated sessile communities attached as biofilms to soil par-
ticles (54).
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We examine here the physiological and transcriptomic re-
sponse of biofilms of the PAH-degrading Sphingomonas sp. strain
LH128 on solute stress when degrading phenanthrene. For this
purpose, strain LH128 was grown in continuous flow chambers
that contain solid phenanthrene as a sole carbon source and that
allow easy recovery of biofilm cells for transcriptomic and physi-
ological analysis. As in other studies addressing the bacterial re-
sponse to solute stress, NaCl was used as the osmolyte (9, 38). Both
acute and chronic solute stress was invoked to assess differences in
short-term and long-term responses.

MATERIALS AND METHODS

Bacterial strain and growth conditions. Sphingomonas sp. LH128 uses
phenanthrene as the sole source of carbon and energy (2). In the present
study, a green fluorescent protein (GFP)-tagged derivative of LH128 was
used (63). For all experiments, LH128 was precultured at 27°C in 25 ml of
R2A medium and harvested in the exponential growth phase (optical
density at 600 nm [ODy,] 0f 0.6). The cells were centrifuged at 5,000 X g
for 10 min in a Becton Dickinson centrifuge (Benelux, Netherlands),
washed twice with 0.9% saline solution, and suspended in a defined phos-
phate-buffered minimal medium (MM) at an ODy,, of 0.25 (2.4 X 107
cells per ml). The compositions of R2A and MM were as reported previ-
ously (50, 59).

Growth in suspended batch cultures. The effect of the NaCl concen-
tration on growth of strain LH128 on glucose was assessed in triplicate in
suspended batch cultures in 25-ml test tubes. The tubes contained 7.2 ml
of MM with 2 g of glucose liter "' and increasing concentrations of NaCl
(50, 150, 300, 450, and 600 mM) and were inoculated with LH128 cells at
a final density of 2.4 X 107 cells per ml. Growth was monitored by deter-
mining the OD,, and growth rates were determined from the slopes of
the growth curves.

Cultivation of LH128 biofilms in flow chambers. LH128 biofilms
were grown in glass flow chambers (exterior sizes of 85 by 60 by 10 mm,
total interior volume of ~45 ml) equipped with one inlet and three outlets
(see Fig. S1 in the supplemental material). Silicone tubing with 1.5-mm
internal diameter was connected to the inlets and outlets, and the flow
chambers were autoclaved twice. Glass slides (75 by 25 by 1 mm) were
coated with 12.5 mg per slide of phenanthrene dissolved in acetone at a
concentration of 50 mg ml ™. The acetone was allowed to evaporate in a
laminar flow, and two coated slides were aseptically positioned in each
chamber. The flow chambers were covered with Viton rubber, glued with
silicone, and irrigated with MM at a flow rate of 60 ml h™" using a Wat-
son-Marlow 205S/CA multichannel peristaltic pump (Watson-Malow
NV, Belgium) until the chambers were completely filled. The flow cham-
bers were inoculated by stopping the flow, clamping off the inlet and
outlet tubes, and injecting 2 ml of a LH128 suspension (prepared as re-
ported above) using a 1-ml plastic insulin syringe with needle (Terumo,
Europe NV, Belgium). The cells were allowed to attach to the glass slides
for 1 h, after which the MM was supplied continuously at a rate of 15 ml
h™! creating dilution rates of around 0.3 h . Biofilms were grown at 25°C
for a total of 11 days and then analyzed. This time point was chosen based
on preliminary experiments that defined 11 days as the minimum time
needed for acquiring sufficient biomass for transcriptome analysis with-
out depletion of phenanthrene in the flow chamber. Conditions of solute
stress were imposed by irrigating the flow chambers with MM containing
450 mM NaCl at a rate of 15 ml h™! from day 8 for a period of 3 days
(chronic stress condition) or at day 11 for 4 h (acute stress condition).
Simultaneously, biofilm systems without stress were operated (control
condition). Uninoculated chambers were similarly operated for 11 days as
a cell-free control. For each condition, three replicate flow chambers were
operated. At day 11, the flow chambers were opened and from each rep-
licate chamber, one glass slide was removed for confocal laser scanning
microscopy (CLSM) analysis, and one was removed for transcriptomic
analysis. In an identical but separate triplicate experiment, one glass slide
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was used for fatty acid methyl ester (FAME) analysis, and the other was
used for determining [**C]phenanthrene mineralization activity.

Oxygen consumption. Oxygen consumption in the biofilm systems
was determined by measuring the concentrations in the influent and ef-
fluent of the flow chambers using a Unisense oxygen microsensor elec-
trode (Unisence A/S, Aarhus N, Denmark). For calibration, the sensor tip
was placed in water, bubbled with oxygen-saturated air, and then trans-
ferred into an anoxic solution consisting of 0.1 M sodium ascorbate and
0.1 M NaOH. Signals were recorded in millivolts and converted to oxygen
concentration (in wM) by using Unisence SensorTrace Pro v2.0 software.
Samples were taken from the influent and effluent by means of 10-ml
syringes with hypodermic needles flushed with oxygen-free nitrogen gas.
The sensor was immediately immersed into the sample inside the syringes
and oxygen concentrations recorded. A two-tailed Student ¢ test with a P
value cutoff of 0.05 was used to test for significance of differences in
oxygen consumption between stressed and nonstressed biofilms.

CLSM analysis of biofilms. Glass slides removed from the flow cham-
bers were washed carefully by immersing in MM to remove planktonic
cells. For each condition, the biofilm present in each of the three replicate
flow chambers was analyzed on an Olympus IX81 inverted microscope
equipped with a Fluoview FV1000 confocal scanning unit and two lasers.
The green fluorescent protein (GFP) signal of LH128 was collected from
five different locations along the glass slide by excitation with a 488-nm
laser line in combination with a 505- to 540-nm band-pass emission filter.
Phenanthrene crystals, which emit blue fluorescence, were visualized by a
375-nm laser line excitation in combination with a 430- to 470-nm band-
pass emission filter. Images were captured at 1.5-pm increments with a
X20/0.75 objective lens (Olympus). Fluorescence projections and sec-
tions through the images were generated using the IMARIS software pack-
age (Bitplane AG, Zurich, Switzerland). Quantification of biomass (bio-
volume) from a minimum of five different images per microscopic glass
slide was performed using COMSTAT image-processing software (28)
using a script written in MATLAB (MathWorks, Natick, MA). A two-
tailed Student ¢ test with a P value cutoff of 0.05 was used to test for
significant differences in biomass between stressed and nonstressed bio-
films.

FAME analysis of biofilms. FAME analysis was performed on biofilms
cells recovered from each of the three replicate flow chamber of each
condition. After the biofilm was scraped off the glass slide, the phenan-
threne crystals were allowed to settle, and the recovered cells were centri-
fuged at 3,000 X g for 10 min in a Becton Dickinson centrifuge. The cells
were resuspended in 0.5 ml of water, after which the fatty acids were
directly extracted using methanol-chloroform as described previously (7).
The fatty acids were converted into FAMEs, and the FAMEs were identi-
fied and quantified by gas chromatography-quadrupole mass spectrome-
try, as described previously (27). The degree of saturation of membrane
fatty acid was defined as the ratio between the sum of the relative propor-
tions of palmitic acid (16:0) and stearic acid (18:0) divided by the sum of
the relative proportions of palmitoleic acid (16:1A9¢is) and cis-vaccenic
acid (18:1A11cis). These four fatty acids compose >95% of the bacterial
membrane fatty acids. A two-tailed Student ¢ test with a P value cutoff of
0.05 was used to test whether the degree of saturation was significantly
different between FAME composition for control biofilms and for bio-
films exposed to solute stress.

[**C]phenanthrene mineralization activity of biofilm cells. The
phenanthrene mineralization activity of biofilm cells was examined as
described previously (59) by measuring the production of *CO, from
9-C-labeled phenanthrene (Sigma; 13.1 mCi mmol™ ! dissolved in
methanol; radiochemical purity, 98.9%) in 15-ml Pyrex tubes containing
4.5 ml of MM with 120 kBq of '*C-labeled phenanthrene ml ™' (final
phenanthrene concentration of 0.012 mg liter ') and inoculated with
biofilm cells. The assay was performed in triplicate for each of the three
replicate flow chambers of each condition. Biofilms cells were scraped off
from the glass slides using a scalpel blade while flushing with MM. After
the phenanthrene crystals were settled, viable cells producing GFP were
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counted in a Helber counting chamber by epifluorescence microscopy. A
0.5-ml portion of the cell suspension (2.4 X 107 cells) was added to the
Pyrex tubes, which were then closed with Teflon-lined stoppers equipped
with glass vials containing 1 ml of 0.5 M NaOH, to trap '*CO,, followed by
incubation at 20°C on a rotary shaker at 150 rpm. Trapped '*CO, was
measured in a liquid scintillation counter (Packard Tri-Carb 1600CA;
Perkin-Elmer) after 4 and 16 h of incubation, as described previously (59).
A two-tailed Student ¢ test with a P value cutoff of 0.05 was used to test for
significant differences between stressed and nonstressed cells.

RNA extraction from biofilms. RNA was separately extracted from
each of the three replicate flow chambers of each condition. Glass slides
containing biofilms were carefully removed from the flow chambers and
washed by immersion in MM containing RNAprotect bacterial reagent
(Qiagen, Benelux BV) to remove planktonic cells and to stabilize the RNA.
Biofilm cells, together with the phenanthrene crystals, were then scraped
off from the glass slides using a sterile scalpel blade while flushing with 2
ml of MM containing 1 ml of fresh RNAprotect bacterial reagent. RNA
was immediately extracted using a Promega SV total RNA extraction kit
(Promega, Benelux BV) with minor modifications of the protocol (cen-
trifugation was performed at 17,000 X g instead of at 14,000 X g and 200
wl of Tris-EDTA containing lysozyme was used instead of 100 wl). The
RNA was eluted with 80 pl of RNase-free water and precipitated to the
required concentration after adding 0.1 volume of 3 M sodium acetate and 2
volumes of 100% ethanol. Traces of remaining DNA were removed by using
the Turbo DNA-free kit (Ambion), and its absence was verified by perform-
ing PCR using degenerate primers (DOF1, AARGGYTTCATYTTCGGY
TGC; DORIL, TGSGTCCAKCCSACRTGAT) targeting phnAlf. The integ-
rity and purity of the RNA extracts were checked by using a Bioanalyzer
2100 (Agilent Technologies).

Genome sequence and design of microarray probes. A draft se-
quence of the genome of Sphingomonas sp. LH128 was obtained using
Mlumina (Solexa) sequencing (Baseclear Labservices, Leiden, Nether-
lands). The draft sequence consisted of 659 contigs, which were concate-
nated using a 45-base linker sequence (CATNCATNCATNTAGNTAGN
TAGCTANCTANCTAATGNATGNATG) that provided start and stop
codons in six frames for truncated open reading frames (ORFs) at the
termini of the contigs. The concatenated contigs were submitted to the
GeneMark ORF prediction software (5) as one Fasta file. About 7,275
ORFs were predicted and a Greengene batch BLAST search was run
against the NCBI database to predict the gene functions encoded by ORFs.
Microarray probes were designed for the obtained ORFs using YODA (Yet
Another Oligonucleotide Design Application) software (45). A total of
12,663 60-mer probes were designed which targeted >96% of the pre-
dicted ORFs (7,033 0f 7,275). About 86% of the probes were designed with
stringent parameters: one to two nonoverlapping probes per gene, a max-
imum of 70% identity to nontarget sequences, a maximum of 15 consec-
utive matches to nontarget sequences, a melting temperature range of 6°C
from the average, a GC content range of 12% from the average, and a
maximum of four consecutive polynucleotides. The remaining 10% of the
probes were designed with the following nonstringent parameters: one to
two nonoverlapping probes per gene, a maximum of 80% identity to
nontarget sequences, a maximum of 15 consecutive matches to nontarget
sequences, a melting temperature range of 15 to 20°C, a GC content range
of 15 to 25%, and a maximum of four consecutive polynucleotides.
Twenty control probes were also included in the design as an internal
quality control and to assess reproducibility (see Table SI in the supple-
mental material). The probes were submitted online to the Agilent Cus-
tom Array and printed on a 815,000 array platform (eight arrays per
slide; 15,000 probes per array) using the Agilent Technology format.

Nucleic acid labeling. The nucleic acids were labeled with cyanine
3-labeled dCTP while reverse transcribing the RNA to ¢cDNA using a
one-color gene expression protocol of Agilent Technologies with some
modifications. Briefly, the reaction was performed in 25 pl containing 4
g of RNA, 10 mM each dATP, dGTP, and dTTP, 5 mM unlabeled dCTP,
200 U of Superscript II reverse transcriptase (Invitrogen), 625 ng of ran-
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dom hexanucleotide primer (Promega), and 1.25 mM cyanine 3-labeled
dCTP (Perkin-Elmer). Reactions were performed at 42°C for 2 h, followed
by 70°C for 10 min. Residual RNA was removed by alkaline hydrolysis
using 100 mM NaOH and heating at 65°C for 20 min, followed by neu-
tralization using 100 mM HCl and 300 mM sodium acetate (pH 5.2). The
labeled ¢cDNA was purified using a MiniElute PCR purification kit
(Qiagen). The quality of the labeled cDNA and the cyanine 3-labeled
dCTP incorporation efficiency was assessed using the microarray function
of the NanoDrop spectrophotometer.

Microarray analysis. Microarray analysis was done separately for each
of the three replicate biofilms of each condition with one array per repli-
cate RNA and was performed according to the “minimum information
about a microarray experiment” (MIAME) procedure (8). A total of 60 ng
of labeled cDNA with an incorporation efficiency of cyanine 3-labeled
dCTP of between 3 and 5.9% was hybridized with the array for 17 h at
65°C. The array was washed and scanned according to the one-color
microarray-based gene expression analysis protocol of Agilent Technolo-
gies. The Agilent Feature Extraction software package (version 9.5.3; Agi-
lent Technologies) was used to extract the hybridization signal intensities
from the scanned images. Normalization of the signal intensities (quantile
normalization) and analysis of the data were done using the GeneSpring
GX software package (version 11; Agilent technologies). To test for signif-
icantly differentially expressed genes, Welch’s ¢ test with unequal vari-
ances was first used to calculate P values, followed by the Benjamini-
Hochberg procedure to correct the P values for multiple hypothesis
testing and convert the P values into false discovery rates (FDRs) (4).
Genes with significant differential expression between conditions were
defined as having an FDR of <0.05 and a fold difference in hybridization
signal intensity of =2. GeneSpring analysis included a hierarchical clus-
tering and principal component analysis (PCA) to test the reproducibility
of samples.

RT-qPCR. Reverse transcription real-time quantitative PCR (RT-
qPCR) targeting selected transcripts was performed on RNA recovered
from each of the three replicate flow chambers of each condition. RNA
(500 ng) that had been used in the microarray analysis was converted to
c¢DNA using random hexamers and Superscript II reverse transcriptase
(Invitrogen). The resulting cDNA was used in real-time PCR using a
SYBR green RT-qPCR kit (Westburg, Leusden, Netherlands) and gene-
specific primers to quantify the transcript numbers of selected genes in a
Rotor-Gene RG-3000 real-time PCR cycler (Westburg). Primers were de-
signed using FastPCR software (PrimerDigital, Ltd., Helsinki, Finland) or
by visual inspection of the target gene sequences, and the specificity was
checked by BLAST analysis. The PCR conditions were as follows: an initial
hold temperature of 95°C for 15 min, followed by 40 cycles of denatur-
ation at 95°C for 5 s, annealing at 50 to 56°C for 5 s (depending on the
primers used), and elongation at 72°C for 15 s, with a final hold temper-
ature of 72°C for 10 min. The primer sequences and the applied annealing
temperatures to amplify the selected genes are given in Table S2 in the
supplemental material. Calibration curves were performed with cDNA of
target genes amplified by PCR and serially diluted over a range of 7 to 10
orders of magnitude after purification. The RNA transcript copy number
was normalized to the total amount of transcript quantified using a Nano-
Drop spectrophotometer. The ratio of transcript copy number per mass of
RNA obtained from stressed biofilms to transcript copy number per mass
of RNA obtained from nonstressed biofilms was calculated for each of the
applied stress conditions.

Microarray data accession number. The microarray data discussed
here have been deposited in NCBI’s Gene Expression Omnibus (18) and
are accessible under GEO series accession number GSE38296.

RESULTS

Effect of solute stress on LH128 growth on glucose in suspended
batch cultures. The effect of increasing concentrations of NaCl on
the growth of LH128 on glucose was examined in suspended batch
cultures to select an appropriate concentration of NaCl to be ap-
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FIG 1 Growth of Sphingomonas sp. LH128 in MM with glucose in the pres-
ence of increasing concentrations of NaCl, indicated as follows: control (), 50
mM NaCl (H), 150 mM NaCl (A), 300 mM NaCl (X), 450 mM NaCl (@), and
600 mM NaCl (O). The values shown are the average of three biological rep-
licates with the indicated standard deviations.

plied in the biofilm systems. NaCl concentrations of 50 mM and
higher resulted in increased lag phases and affected growth rate
(Fig. 1), but at all salt concentrations, LH128 ultimately achieved
an OD similar to that of nonstressed cultures. Cell size and mor-
phology were not affected by NaCl, suggesting that the differences
in ODg, were indeed due to differences in cell number (data not
shown). Based on these results, a concentration of 450 mM NaCl
that clearly affected LH128 growth (i.e., ca. 20% growth rate re-
duction in the exponential phase and increase in lag time to about
24 h) was selected for application in the biofilm systems. This
concentration is slightly lower than that found in seawater (19)
but was higher than that found in freshwater after deicing activi-
ties (33).

Effect of solute stress on LH128 biofilm structure. During the
11-day irrigation period, strain LH128 developed around 60-p.m-
thick biofilms under all conditions. Colonization occurred pre-
dominantly on and around the borders of the phenanthrene crys-
tals. CLSM analysis revealed no visible structural differences
between stressed and nonstressed biofilms, including biofilm hor-
izontal and vertical cross-sections (see Fig. S2 in the supplemental
material) and no significant differences in biovolume as a measure
for biomass. Due to the heterogeneity and dispersed attachment of
the biofilms to the phenanthrene crystals, no quantitative assess-
ment of other biofilm parameters, such as roughness, could be
obtained by image analysis.

Effect of solute stress on membrane fatty acids. The degree of
cell membrane fatty acid saturation was significantly increased in
chronic solute-stressed biofilms compared to nonstressed control
biofilms (P = 0.037). Acute solute-stressed biofilms did not show
significant differences compared to control biofilms (Fig. 2).

Effect of solute stress on phenanthrene degradation activity
of biofilm cells. The effect of solute stress on phenanthrene deg-
radation activity of the biofilm cells was measured in two ways.
First, oxygen consumption in the flow chambers was measured by
determining oxygen concentrations in the influent and effluent
before and after solute stress. A significant reduction in the con-
centration of oxygen in the effluent medium compared to the
influent medium was observed for inoculated flow chambers (P =
0.001), while no difference was recorded for uninoculated flow
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FIG 2 Degree of saturation of membrane fatty acids of Sphingomonas sp.
LH128 biofilm cells grown in flow chambers without solute stress (control)
and with acute or chronic solute stress. The values shown are the average of
three biological replicates with the indicated standard deviations. The asterisk
indicates a statistically significant difference from the control (¥, P < 0.05).

chambers (Fig. 3). This shows that the biofilm cells in the inocu-
lated flow chambers were consuming oxygen and degrading
phenanthrene. Oxygen consumption, however, did not signifi-
cantly differ between control biofilms and acute (P = 0.1) or
chronic (P = 0.3) solute-stressed biofilms (Fig. 3B). Second, the
phenanthrene mineralization activity of biofilm cells recovered
from the flow chambers was measured by determining the pro-
duction of "*CO, from "*C-labeled phenanthrene after 4 and 16 h
of incubation (Fig. 4). Neither acute nor chronic solute stress-
exposed cells showed a significant difference in '*CO, production
compared to cells recovered from the control biofilm systems.

Gene expression analysis of biofilm cells. Both hierarchical
clustering analysis and PCA of all microarray data showed strong
clustering of the replicates for each condition with distinct clusters
for each condition. Clusters of acute and chronic NaCl stressed
biofilms were closer to each other than to the control biofilm
cluster (data not shown). Of all targeted ORFs encoding putative
proteins, 9% (656/7,033) and 12% (815/7,033) of the genes were
differentially expressed in acute and chronic solute-stressed bio-
films, respectively, compared to nonstressed biofilms (Table 1).
Genes with increased expression were found less frequent than
genes with decreased expression, i.e., 41% had increased expres-
sion upon acute and 45% upon chronic solute stress. In total, 4.6%
(324/7,033) of the genes were differentially expressed as a response
to both acute and chronic solute stress, with 2% having increased
expression and 2.6% having decreased expression. About 30 and
40% of the genes with significantly altered expression upon acute
and chronic solute stress, respectively, encoded hypothetical pro-
teins or proteins with no known function.

Genes that were differentially expressed between stressed and
nonstressed biofilms and which could be related to proteins with
known function were classified into clusters of orthologous
groups (COGs) (57) based on their predicted functions (Fig. 5).
The majority of differentially expressed genes that could be asso-
ciated with a putative function had reduced expression in re-
sponse to both types of solute stress. Genes in the category of lipid
transport and metabolism, as well as secondary metabolite trans-
port and metabolism, had especially reduced expression as a re-
sponse to acute solute stress, whereas genes in the category of
DNA replication, recombination, and repair had increased ex-
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Chronic solute
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PAH-Degrading Activity of Sphingomonas sp. LH128
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Oxygen concentration (M)

320 0 80 160 240 320
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FIG 3 Oxygen concentrations in the influent and effluent of flow chambers colonized by Sphingomonas sp. LH128 biofilms and of noninoculated systems for
comparison. The oxygen concentration was measured in the influent (black bars) and effluent (gray bars) before (A) and after (B) the application of solute stress
in the inoculated systems. Values shown are the average of three biological replicates with the indicated standard deviations.

pression upon chronic solute stress. Only genes in the category of
carbohydrate transport and metabolism had concomitant in-
creased expression in response to acute and chronic solute stress.
Genes in the category of translation, ribosomal structure, and sig-
nal transduction had reduced expression in both chronic and
acute stress situations. A list of genes differentially expressed in
each of the stress conditions compared to the control without
stress is presented in Table S3 and Table S4 in the supplemental
material. No differential expression of genes (see the list in Table
S1 in the supplemental material) that are known to be involved in
PAH degradation was observed as a response to both acute and

25.0

20.0

15.0

10.0

Cumulative mineralization (%)

o
o
L

HH

chronic solute stress compared to nonstressed biofilms. In the
following discussion, the major differentially expressed putative
genes according to their COG classification are given.

(i) Amino acid transport and metabolism. Genes with in-
creased expression in response to both acute and chronic solute
stress included the cystathionine gamma-synthase (CGS)-encod-
ing gene and genes involved in biosynthesis of glutamate, such as
genes encoding formylglutamate amidohydrolase and ferredoxin-
dependent glutamate synthase homologues. Genes with reduced
expression as a response to both acute and chronic stress included
genes encoding homologues of phosphoserine phosphatase,

0.0
4h

16h

Incubation time

FIG 4 Phenanthrene mineralization activity of Sphingomonas sp. LH128 biofilm cells. Cells from control biofilms and from acute and chronic stressed biofilms
were scraped and transferred to MM containing ['*C]phenanthrene and '*CO, production was measured after 4 and 16 h of incubation. Control condition
without solute stress (white bars), acute NaCl stress condition (light gray bars), chronic NaCl stress condition (dark gray bars), and cell-free control condition
(black bars). Values are expressed as the percentage of initial phenanthrene converted into CO, and are the average of three biological replicates, each of which

was measured three times, with the indicated standard deviations (n = 9).
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TABLE 1 Number of genes with increased and reduced expression (>2-
fold changes) in Sphingomonas sp. LH128 biofilm under solute stress
compared to nonstressed biofilms

No. of differentially expressed genes

Increased Reduced
Stress condition(s) expression expression Total
Acute solute stress 269 387 656
Chronic solute stress 368 447 815
Acute and chronic solute stress” 141 183 324

“ That is, genes that were differentially expressed as a response to acute solute stress as
well as chronic solute stress.

diaminopimelate/ornithine decarboxylase, and lysophospho-
lipase L1-like esterase.

(ii) Carbohydrate transport and metabolism. Among the
genes with increased expression in the category of carbohydrate
transport and metabolism were putative osmoregulatory genes,
including genes encoding homologues of proteins involved in the
biosynthesis of trehalose, such as trehalose-6-phosphate synthase
and trehalase, of the major facilitator superfamily MFS_1 pro-

Amino acid transport and metabolism

holi

Carbohydrate transport and met:
Energy production and conversion
Transcription

Signal transduction mechanisms

Translation, ribosomal structure and biogenesis

Inorganicion transport and metabolism

Secondary metabolites biosynthesis, transport and
catabolism
Posttranslational modification, protein turnover,
chaperones
Cell cycle control, cell division, chromosome
partitioning

Cell motility

Cell wall/membrane/envelope biogenesis

RNA processing and modification

Replication, recombination and repair

Defense mechanisms

Intracellular trafficking, secretion, and transport
Nucleotide transport and metabolism

Coenzyme transport and metabolism

Lipid transport and metabolism

teins, and of fructose porters. Some genes, such as the Na™/xylo-
side symporter and efflux-type transporter genes, were only in-
duced as a response to chronic solute stress.

(iii) Transcriptional regulators and signal transductions.
Among the major differentially expressed genes included in the
transcriptional regulator and signal transduction category as a re-
sponse to both acute and chronic solute stress were the genes
encoding homologues of cold shock proteins and translation ini-
tiation factor IF-2. The majority of the genes involved in tran-
scription, such as genes encoding homologues of the extracyto-
plasmic function (ECF) subfamily RNA polymerase sigma-24
factor and RNA polymerase factor sigma-54, showed reduced ex-
pression in response to both acute and chronic stress. Genes en-
coding homologues of the RNA polymerase sigma-70 factor and
Fecl-like sigma-24 had increased expression as a response to
chronic solute stress.

(iv) Translational apparatus and ribosomal biogenesis.
Genes in the translational apparatus and ribosomal biogenesis
group are involved in controlling metabolically expensive protein
expression. Most of the genes in these groups had reduced expres-
sion upon both acute and chronic solute stress. Genes with re-

T T T

0 10 20

30 400 10 20 30 40

Number of genes

FIG 5 COG-based functional classification of differentially expressed genes in LH128 as a response to acute NaCl stress (A) and chronic NaCl stress (B)
compared to control conditions. White bars indicate the number of genes with increased expression, while black bars indicate the number of genes with reduced
expression. Genes classified in more than one category were counted more than once. Genes with unknown functions or encoding hypothetical proteins or

classified in none of the mentioned categories were not included.
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duced expression were mainly genes encoding ribosomal proteins,
such as different 30S and 50S ribosomal proteins and elongation
factors (Tu and Ts). The exception was ribosomal protein L4 that
had increased expression during chronic solute stress.

(v) Ion transport and secondary metabolite biosynthesis.
The ion transport and secondary metabolite biosynthesis category
of genes includes several putative osmoregulatory and antioxida-
tive stress response genes. The major known osmoregulatory
genes with increased expression were the genes encoding ectoine
synthase (45-fold increased expression) and ectoine hydroxylase
(30-fold increased expression) homologues. Both were expressed
in acute and chronic solute stressed biofilms. Other genes with
increased expression as a response to both stress conditions were
genes encoding homologues of cation/multidrug efflux pumps
and of oxidative stress response proteins (catalase and oxido-
reductase). Genes encoding a homologue of voltage gated CI-
channels (chloride channels) had increased expression only in
case of acute solute stress. The gene encoding a putative NhaA-like
Na*/H™ antiporter had increased expression upon chronic solute
stress but reduced expression upon acute solute stress.

(vi) Posttranslational modification, protein turnover, and
chaperones. Finally, genes associated with posttranslational mod-
ification, protein turnover, and chaperones, especially genes in-
volved in cell protection against reactive oxygen species, had in-
creased expression in response to both acute and chronic solute
stress, including genes encoding a 1-Cys peroxiredoxin homo-
logue, a putative redoxin domain-containing protein, and a glu-
tathione S-transferase homologue. Genes encoding a molecular
chaperone (small heat shock protein) and a disulfide bond
(DSBA) oxidoreductase homologue had increased expression
upon acute solute stress, and a gene encoding a homologue of the
GrpE protein had reduced expression upon chronic solute stress.

(vii) Other categories. A number of genes belonging to other
functional categories not mentioned above were differentially ex-
pressed in response to solute stress. Those included genes encod-
ing homologues of proteins involved in genetic recombination,
gene exchange, and cell motility. Genes involved in recombina-
tion and genetic exchange showed especially increased expression
upon both acute and chronic stress exposure and included genes
encoding homologues of resolvases, integrases, and transposases.
Putative motility-associated genes showed decreased expression
upon both stress conditions and included genes encoding homo-
logues of flagellar proteins and proteins involved in chemotaxis.
Other differentially expressed genes were a gene encoding an ho-
mologue of the rod shape-determining protein (RodA) that
showed increased expression upon chronic stress and some genes
encoding putative membrane bound protein such as genes encod-
ing homologues of the small-conductance mechanosensitive
channel (MSC), carbohydrate-selective porins, and porin B pre-
cursors (outer membrane glucose porin), which had increased
expression upon both acute and chronic solute stress.

Confirmation of differential expression properties of se-
lected genes by RT-qPCR. To validate the microarray data, the
differential expression of nine selected ORFs was examined by
RT-qPCR. These genes included six genes that showed increased
expression and one gene that showed decreased expression. In
addition, the expression of the gene encoding the PAH ring-hy-
droxylating dioxygenase a-subunit (phnAlf) and of gfp that was
not differentially expressed in the microarray analysis was exam-
ined. The RT-qPCR data were in accordance with the microarray
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data with regard to the trends in differential expression for all of
the selected genes (correlation coefficient of 0.74.), although dif-
ferences in induction levels between microarray and RT-qPCR
data were observed (see Fig. S3 in the supplemental material).

DISCUSSION

The aim of this study was to identify and compare the adaptive
strategy and activity of Sphingomonas sp. LH128 biofilms in re-
sponse to acute and chronic solute stress exposure. To the best of
our knowledge, this is the first detailed transcriptomic study of
biofilms of a PAH-degrading soil bacterium and Sphingomonas on
solute stress in relation to its PAH-degrading activity. It should be
noted that biofilms are complex in structure and are characterized
by chemical gradients, which can result into the development of
populations with different gene expression and physiological pro-
files within the biofilm structure (3). The physiological and tran-
scriptomic data presented here should therefore be considered as
values that are averaging potentially stratified biofilm gene expres-
sion. NaCl diffusion into and within the biofilm is expected to
occur quite quickly (in about 3 min, the NaCl concentrations
should be similar throughout the biofilm) as estimated based on
theoretical assumptions of homogenous and monolayer biofilms
(55). Consequently, NaCl concentrations are expected to be not
different between upper and lower layers of the biofilms in both
stress conditions. Such an overall approach of biofilm gene ex-
pression analysis has been reported for other bacteria, including E.
coli (24), Salmonella enterica serovar Typhimurium (23), and
Pseudomonas aeruginosa (60).

Despite the changes in the genome-wide expression, which
clearly suggest an overall response to solute stress, no drastic changes
in biofilm morphology were observed between control biofilms and
NaCl stressed biofilms. Visual observation of the biofilm morphol-
ogy showed that both stressed and nonstressed biofilms of LH128
colonized the flow chamber environment in a similar way, grow-
ing especially on and adjacent to the crystals, which is a coloniza-
tion pattern that is in accordance with previous reports (63). A
major physiological response on the NaCl stress was an increase in
the degree of saturation of membrane fatty acids as a response to
chronic solute stress. An increase in the relative abundance of
saturated fatty acids has been proposed to reduce cell membrane
fluidity and permeability and, as such, decrease the rate of water
loss under osmotic stress (44). This has been shown in S. wittichii
RWI (38), where the ratio was increased by ~1.3-fold compared
to an ~1.8-fold increase in LH128. The apparent lack of response
of membrane fatty acid saturation to the acute solute stress could
be explained by the fact that changes in membrane fatty acid sat-
uration requires cell growth (26) and that the majority of the bio-
film cells did not have time to grow during the 4-h exposure, with
the doubling time of LH128 on phenanthrene being 11 h (P.
Bruegelmans and D. Springael, unpublished results). This is in
contrast with the clear response of the transcriptome on short solute
stress. Cellular responses at the transcriptional level are, however,
more rapid than at the membrane fatty acid level and do not require
cell growth (11). Interestingly, no important changes in parameters
related to in situ phenanthrene biodegradation activity, i.e., oxy-
gen consumption and ['*C]phenanthrene mineralization activity
were observed. Oxygen consumption can be related to phenan-
threne degradation since phenanthrene was the only carbon
source and no oxygen was consumed in chambers without
phenanthrene. Oxygen is consumed in phenanthrene degradation
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for respiration and for aromatic ring hydroxylation and ring
cleavage reactions (42). The data suggest that the imposed stress
conditions did not have a major impact on phenanthrene degra-
dation and that the observed changes in transcriptome and mem-
brane fatty acid saturation resulted in protection of the cells to
solute stress without significant loss in phenanthrene degrading
activity.

Both acute and chronic solute stress clearly affected the average
transcriptome of the LH128 biofilm cells. It indeed shows that
even in a short period of solute stress, the NaCl penetrated suffi-
ciently deep into the biofilms to affect a substantial fraction of
cells. The absence of differential expression of PAH catabolic
genes agrees with the results inferred from the activity measure-
ments and suggests that solute stress has no influence on the
phenanthrene catalytic activity in biofilm systems at the transcrip-
tion level. We have indications for phenanthrene inducible ex-
pression of at least phnAlf involved in initial aromatic ring hy-
droxylation (K. Wouters and D. Springael, unpublished results).
Also, in salicylate-grown cells of S. wittichii RW1, the transcrip-
tion of genes involved in aromatic degradation was not affected by
immediate and long-term exposure to NaCl (38).

A variety of genes were differentially expressed which could be
directly linked to osmotic and ionic stress release. One strategy
used by strain LH128 appears to be the biosynthesis or accumula-
tion of compatible solutes, e.g., amino acids such as glutamate,
ectoine, and sugars such as trehalose. Glutamate is an important
osmoregulatory amino acid in bacteria exposed to solute stress
(13) and the expression of its biosynthesis genes upon solute ex-
posure was also reported in Sinorhizobium meliloti (16). The im-
portance of ectoine as an osmoprotectant response to solute stress
was shown for S. meliloti and Desulfovibrio vulgaris (25, 34), while
biosynthesis of trehalose as a response to NaCl stress was also
suggested in S. wittichii RW1 (38). The role of import of compat-
ible solutes is further accentuated by the increased expression of
genes encoding proteins that show homology to permeases and
conductance mechanosensitive channel (MSC). MSC is located in
the cytoplasmic membrane and is responsible for the release and
transport of various compounds during stress exposure and, as
such, acts as a safety valve against the build-up of turgor pressure
(29). Another set of genes that can be directly related to solute
stress release are genes associated with ion homeostasis, such as a
gene encoding an NahA Na*/H™ antiporter homologue. Na™/H™
antiporters extrude Na™, which is toxic if accumulated in the cell,
while importing H™ to create a proton gradient (15, 56). Its in-
creased expression upon chronic stress and not upon immediate
solute stress indicates that Na™ is tolerated initially to avoid os-
motic stress but later extruded from the cytoplasm to mitigate
ionic stress. Similar to observations in D. vulgaris, several homo-
logues of cation/multidrug efflux pumps appear to be involved in
the defense against ionic stress in LH128 under both acute and
chronic solute stress (25). Other identified gene functions directly
related with osmotic and ionic stress release was a chloride chan-
nel homologue and a RodA homologue. Chloride channels are
involved in ion homeostasis, membrane potential stabilization,
and cell volume regulation (35) and increased expression of this
gene under solute stress was also observed in strain RW1 (38).
RodA is involved in peptidoglycan biosynthesis and plays a role in
cytoskeletal ring assembly and maintenance in different organ-
isms such as E. coli (32).

Several genes were differentially expressed whose deduced
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functions could be related to a general stress response rather than
to osmotic and ionic stress. A first set of such genes is associated
with general protein synthesis such as genes encoding ribosomal
proteins, which showed reduced expression with the exception of
the L4 protein. Reduced expression of genes encoding ribosomal
proteins as a response to salt stress has also been documented for
D. vulgaris and S. meliloti (16, 25) and has been proposed as an
energy-saving mechanism to shut down other protein synthesis
for an increased expression of genes important for adaptation to sol-
ute stress. Ribosomal protein L4 stabilizes mRNA by inhibiting
RNase E activity, and its increased expression under stress conditions
in E. coli has been related to the protection of stress-responsive tran-
scripts and elevated production of stress-induced proteins (58).
Genes controlling oxidative stress also had increased expression
under salt stress. Similar findings were obtained in other bacteria,
including RW1 (10, 25, 38). Perturbations of the cell membrane or
alterations in intracellular enzyme activities due to osmotic stress
can cause aberrant electron flow from the electron transport chain
or cellular redox enzymes to O,, resulting in the production of
reactive oxygen species (31).

A response to stress often also involves several transcriptional
factors. This also accounted for LH128. Reduced expression of
gene encoding RNA polymerase sigma factor 54, which is involved
in transcription of genes required for nitrogen assimilation and
fixation, dicarboxylic acid transport, and pilus formation (53),
suggests that LH128 as a response to the salt stress shuts down
specific gene functions. In contrast to RW1 (38) and other bacteria
(16), the gene encoding the extracytoplasmic function (ECF) sub-
family RNA polymerase sigma-24 factor, showed reduced expres-
sion. This was unexpected since such factors are part of the bacte-
rial stress response regulon by activating transcription of genes
encoding gene products involved in defense or repair processes as
aresponse to external stress signals (47). The increased expression
of housekeeping gene sigma factor ¢’ upon chronic but not acute
solute stress indicated that key genes important for the survival of
LH128 are expressed after long exposure to salt stress (49). The
transcriptome data further showed increased expression of several
genes that encode proteins that allow cells to cope with incorrectly
folded or denatured proteins. Small heat shock proteins are often
expressed in stress situations and assist in protein stability, while
the DSBA protein catalyzes disulfide bond formation during fold-
ing of secreted proteins (47). The GrpE protein prevents in E. coli,
together with DnaK and Dna], the aggregation of stress-denatured
proteins in response to hyperosmotic and heat shock stress (20).

In accordance with planktonic cells of other bacteria, including
strain RW1 (14, 25, 38), LH128 biofilm cells shows reduced ex-
pression of genes putatively involved in motility as a response to
acute and chronic salt stress. It is currently unknown why bacteria
reduce motility as a response to salt stress, but Liu et al. (41)
suggested that it helps Shewanella oneidensis MR1 to conserve en-
ergy for cellular export of Na™ during NaCl exposure. Differences
in the motility of LH128 were not observed in the presence of 450
mM NaCl compared to cells in the absence of NaCl when exam-
ined by microscopy or in soft agar assays (data not shown). How-
ever, the effects of NaCl on biofilm cells could be different from
planktonic cells. For instance, increased expression of motility
genes was observed in biofilm cells compared to planktonic cells of
S. enterica (23) and E. coli K-12 (17) without stress exposure,
which has been related to detachment of cells from mature bio-
films for colonization of free niches (58). Motility in Bacillus
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thuringiensis 407 biofilms has been related to the generation of
pores to increase nutrient flux (30).

In conclusion, the observed changes in whole-genome expres-
sion and membrane fatty acids suggests that, as a reaction to im-
mediate NaCl stress, where the cells are expected to lose water,
LH128 biofilm cells respond by the production or uptake of os-
moprotectants and the decrease in the biosynthesis of proteins.
Upon longer NaCl stress, LH128 appears to reduce the fluidity of
the membrane by increasing the saturation of fatty acid, to stabi-
lize the expression of stress response genes, and to control ion
homeostasis and energy-demanding gene expression, for in-
stance, for motility. These mechanisms apparently contribute in
the immediate and long-term sustainment of the PAH catabolic
activity in strain LH128 biofilms during solute stress exposure.
Due to its inherent and rapid adaptation to increased salt concen-
trations, LH128 and possibly other Sphingomonas strains can con-
tribute to the natural attenuation and biodegradation of pollut-
ants in polluted environments experiencing regular fluctuations
in solute concentrations.
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