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Sublethal Concentrations of Carbapenems Alter Cell Morphology and
Genomic Expression of Klebsiella pneumoniae Biofilms
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Klebsiella pneumoniae, a Gram-negative bacterium, is normally associated with pneumonia in patients with weakened immune
systems. However, it is also a prevalent nosocomial infectious agent that can be found in infected surgical sites and combat
wounds. Many of these clinical strains display multidrug resistance. We have worked with a clinical strain of K. pneumoniae that
was initially isolated from a wound of an injured soldier. This strain demonstrated resistance to many commonly used antibiot-
ics but sensitivity to carbapenems. This isolate was capable of forming biofilms in vitro, contributing to its increased antibiotic
resistance and impaired clearance. We were interested in determining how sublethal concentrations of carbapenem treatment
specifically affect K. pneumoniae biofilms both in morphology and in genomic expression. Scanning electron microscopy
showed striking morphological differences between untreated and treated biofilms, including rounding, blebbing, and dimpling
of treated cells. Comparative transcriptome analysis using RNA sequencing (RNA-Seq) technology identified a large number of
open reading frames (ORFs) differentially regulated in response to carbapenem treatment at 2 and 24 h. ORFs upregulated with
carbapenem treatment included genes involved in resistance, as well as those coding for antiporters and autoinducers. ORFs
downregulated included those coding for metal transporters, membrane biosynthesis proteins, and motility proteins. Quantita-
tive real-time PCR validated the general trend of some of these differentially regulated ORFs. Treatment of K. pneumoniae bio-
films with sublethal concentrations of carbapenems induced a wide range of phenotypic and gene expression changes. This study

reveals some of the mechanisms underlying how sublethal amounts of carbapenems could affect the overall fitness and patho-

genic potential of K. pneumoniae biofilm cells.

Antibiotic resistance and tolerance are common impediments
to healing in cases of chronic infections (1). The bacteria im-
plicated in causing chronic infections tend to be those able to
persist in the patient in the form of biofilms (2—4). Biofilms are
communities of microorganisms (fungal and/or bacterial) that are
attached to surfaces and exist within self-produced extracellular
polymeric substances (EPSs) (5, 6). Biofilms can form on a mul-
titude of biotic and abiotic surfaces within the body, including
implanted devices, such as artificial heart valves and catheters (5,
7). As biofilms are sessile, the microorganisms housed within are
phenotypically different from their planktonic counterparts and
are more resistant to antibiotics and clearance than those found in
a free-living state (7—10). Biofilms are involved in at least 65% of
all chronic bacterial infections, causing a wide variety of disease
manifestations, including urinary tract infections (UTIs), endo-
carditis, and catheter infections (7, 8, 11, 12). Thus, identification
of compounds that are effective against biofilms is of the utmost
importance.

One challenge in treating biofilms is their increased antimicro-
bial resistance or tolerance. The structure of the biofilm itself can
prevent antimicrobial penetration into the matrix, thus prevent-
ing contact with the cells (5, 6). The cells within a biofilm are
generally less metabolically active than planktonic cells and there-
fore significantly less sensitive to mechanisms of action by many
antimicrobials targeting synthesis of macromolecules or meta-
bolic pathways (13). A percentage of cells within a biofilm may be
persister cells, which are transiently antibiotic tolerant without the
concomitant genetic changes seen in antimicrobial resistance
(14). Furthermore, there is an increasing amount of antibiotic
resistance seen in many strains of Gram-positive and Gram-neg-
ative bacteria as the results of increased expression of efflux
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pumps, mutations to the target site, and production of enzymes to
inactivate the drug.

Klebsiella pneumoniae is a Gram-negative bacterium com-
monly found in soil and as normal human flora (15). However, K.
pneumoniae biofilms can be associated with respiratory and uri-
nary tract infections, especially in individuals with a weakened
immune system (7, 8). K. pneumoniae also has emerging impor-
tance as a pathogen of surgical sites and chronic wounds (8, 11).
Increasingly, multidrug-resistant (MDR) strains of K. pneu-
moniae are being isolated from wounded soldiers returning from
combat (1, 7, 16, 17). MDR K. pneumoniae is also found in con-
junction with other Gram-negative bacteria in nosocomial wound
infections, especially those associated with burns (18).

The increasing antibiotic resistance seen in K. pneumoniae, in-
cluding extended-spectrum -lactamase (ESBL)- and, more re-
cently, carbapenemase-producing strains is a source of concern in
the medical community (19-21). Although carbapenem resis-
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tance is emerging, this antibiotic is one of the more effective anti-
biotics to combat bacterial infections. As such, we wanted to de-
termine the effects of various clinically relevant carbapenems on
biofilm cultures of K. pneumoniae in order to understand how
antibiotic therapy might alter the gene expression of K. pneu-
moniae and whether these changes could decrease the pathogenic-
ity or fitness of nosocomial pathogens. Previous work from our
laboratory has shown that treatment of in vitro K. pneumoniae
biofilms with low concentrations of imipenem (=3.12 pg/ml)
caused dramatic changes in morphology without a significant de-
crease in cell viability (7). Higher concentrations of imipenem
(200 to 1,000 pg/ml) significantly reduced biofilm viability and
therefore led to improved healing in the rabbit ear biofilm-in-
fected wound model (7).

For this study, we wanted to elucidate the effects of carbapen-
ems on K. pneumoniae biofilms independent of significant killing.
To that end, we treated K. pneumoniae biofilms with sublethal
concentrations of various carbapenems, resulting in remarkable
morphological changes in addition to highly altered gene expres-
sion profiles. A greater understanding of mechanisms underlying
sublethal effects of carbapenem treatment of K. pneumoniae could
aid in determining alternative treatment modalities targeting re-
duction of overall fitness or attenuation of pathogenicity of this
important nosocomial human pathogen.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A clinical isolate of K. pneu-
moniae, BAMC 07-18, was used for all experiments (22). This strain is
multidrug resistant, with demonstrated resistance to a number of drugs,
including ampicillin, azithromycin, ceftazidime, chloramphenicol, clari-
thromycin, gentamicin, linezolid, and tetracycline (7). K. pneumoniae cul-
tures were grown in Luria-Bertani broth (LB) at 37°C. For cell enumera-
tion experiments, K. pneumoniae was plated on Trypticase soy agar plates
supplemented with 5% sheep’s blood (TSA+). Cells were enumerated
using the ProtoCOL automated colony counter (Microbiology Interna-
tional, Frederick, MD).

Determination of MICs. To determine the MICs of BAMC 07-18 for
imipenem, meropenem, and doripenem, these antibiotics were serially
diluted in LB in a 96-well plate. To prepare the inoculum, an overnight
culture of K. pneumoniae cells was diluted 1:100 in fresh LB, grown to an
optical density at a wavelength of 600 nm (ODy,) of 0.5, diluted to an
0Dy 0f 0.05 in fresh LB, and added to each well of the plate containing
the test carbapenems. The plate was incubated at 37°C overnight with
shaking. The lowest concentration of antibiotic with no visible cell growth
as determined by optical density spectrophotometrically was defined as
the MIC of the test antibiotic. Each antibiotic was tested in triplicate.

Biofilm formation. Borosilicate glass discs with a diameter of 1.75 mm
(Ace Glass, Inc., Vineland, NJ) were coated with 10 pg/ml type I collagen
in phosphate-buffered saline (PBS) overnight at 4°C. The K. pneumoniae
inoculum, prepared as described above, was suspended in PBS (ODy,, of
0.05) and was incubated with the glass discs in a 24-well plate for 2 h at
room temperature. Each well contained 1 ml of bacterial suspension and
one glass disc. After attachment, the discs were rinsed, and 1 ml fresh LB
was added to each well. To test the effect of carbapenems on inhibition of
biofilm formation, the discs were incubated for 24 h at 37°C with imi-
penem (2 pg/ml), meropenem (2 pg/ml), or doripenem (1 pg/ml) in LB.
The discs were rinsed and placed in 1 ml of PBS. Biofilms were detached by
sonication using the Microson XL ultrasonic cell disruptor (Qsonica,
LLC, Newtown, CT) at 7 W for 2 min, and the cells were plated on TSA+
for enumeration after overnight incubation at 37°C. To test the effect of
carbapenems on preformed biofilms, the discs were first incubated at
37°C for 24 h after attachment to allow optimal biofilm formation. The
spent medium was removed, and the discs were incubated for 2 or 24 h
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with the aforementioned antibiotics. Plating for enumeration expressed
as CFU was performed as described above.

Scanning electron microscopy. Biofilms on glass discs were fixed in
2.5% phosphate-buffered glutaraldehyde for 1 h at 4°C and dehydrated in
a graded series of cold ethanol-water mixtures (10, 20, 30, 50, 70, 80, 90,
95, and 100% ethanol) for 6 min each. Samples were dehydrated by critical
point drying (EMS 850; Electron Microscopy Science, Hatfield, PA) and
coated with palladium-gold using a Hummer 6.2 sputter coater (Anatech
USA, Hayward, CA). After processing, samples were observed with a
Sigma VP40 field emission scanning electron microscope (Carl Zeiss, Inc.,
Germany) in high-vacuum mode at 2 kV. Cell length was measured using
Image] software (23).

RNA extraction. To prepare K. pneumoniae biofilms for isolation of
RNA, wells of a 6-well plate were coated with 10 pg/ml type I collagen in
PBS overnight at 4°C. The bacterial suspension (ODy,, of 0.05 in PBS),
prepared as described above, was added to each well of the 6-well plate.
After 2 h of incubation at room temperature, the wells were rinsed to
remove unattached K. pneumoniae cells, and LB was added. After over-
night incubation at 37°C, the wells were rinsed and treated with imipenem
as described previously. Following 2 or 24 h of treatment, biofilms were
removed from the plates and preserved in RNAprotect (QIAgen, Valen-
cia, CA). RNA was extracted using the RNeasy minikit (QIAgen) accord-
ing to the manufacturer’s instructions. Samples were then treated twice
with TURBO DNase (Ambion, Grand Island, NY) according to the man-
ufacturer’s instructions to remove contaminating genomic DNA. RNA
was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific, Wilmington, DE) and analyzed for quality using an Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara, CA).

RNA sequencing and read mapping. Total K. pneumoniae RNA from
untreated and imipenem-treated biofilms was sequenced by the Genome
Sequencing Facility at the University of Texas Health Science Center San
Antonio (UTHSCSA). Briefly, 2 to 5 pg total RNA was used for prepara-
tion of the strand-specific RNA transcriptome sequencing (RNA-Seq)
library. rRNA was depleted from total RNA using the Ribo-Zero Magnetic
kit (Epicentre, Madison, WI). The directional RNA-Seq library was devel-
oped using the NEXTflex directional RNA-Seq (dUTP-based) kit (Bioo
Scientific, Austin, TX). Following purification, mRNA was fragmented
into small pieces using divalent cations under elevated temperature. The
cleaved RNA fragments were copied into first-strand cDNA using reverse
transcriptase and random primers followed by second-strand cDNA syn-
thesis using DNA polymerase I and RNase H. These cDNA fragments
went through an end repair process, the addition of a single A base, and
ligation of the adapters. The products were further purified and enriched
with PCR to create the final RNA-Seq library. Directionality was retained
by adding dUTP during the second-strand synthesis step and subsequent
cleavage of the uridine-containing strand using uracil DNA glycosylase.

RNA-Seq libraries were subjected to the quantification process and
pooled for cBot amplification and a subsequent sequencing run with
HiSeq 2000 platform (Illumina, San Diego, CA). After the sequencing run,
de-multiplexing with CASAVA was employed to generate a FASTQ file for
each sample.

Single-end nucleotide reads were mapped to the annotated draft
genomic sequence of K. pneumoniae BAMC 07-18 (GenBank accession
no. JRQE00000000) using the software Bowtie (24). The mapped reads
were separated into the forward and reverse complement directions using
the software tool SAMtools (25). The mapped reads on each strand were
visualized in the JBrowse genome viewer (26) for sequencing quality.

Differential gene expression analysis. Raw read counts for the K.
pneumoniae genes were determined with a Perl script based on the
mapped read profiles determined above. The read counts were subjected
to the Bioconductor software package “DESeq” (27) to evaluate the dif-
ferential expression for the genes between experiments. Two sequencing
runs derived from two independently conducted experiments were used
in the DESeq analysis. Genes with significantly up- or downregulated
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TABLE 1 Oligonucleotides used in this study

Name” Sequence (5'—3")

csiDF GCTTTTCTTTCACCCCTTCC
csiDR CTGCTCGTCGATCTTCATCA
cspAF CCGGTAAAATGACTGGTATCG
cspAR GCTTTCGATGGTGAAGGATA
cysPF GACAAGCTGACCATCAAGCA
cysPR ACCCATCGTCGAATAGAACG
gyrAF TACGCGGTATACGACACCAT
gyrAR CGATGGAACCAAAGTTACCC
ibrAF CTATGACTGGAAAACCGCCG
ibrAR AGGTTCCAGCACGTGATACA
mreCF ACGGTCAACGACCCTTACAG
mreCR ATGCTCAAGCTGGAGATCGT
pmrJF TACGGCTGGGATATTCTGCT
pmrJR CAGCAGGTAGCGGTTAAAGC
sitAF GCAATGGGCTTAATCTCGAA
sitAR ATGGTGCTTTCGCTGAAGAT
tauBF AGATGCTGAAGAAGGTGGGG
tauBR CGGTCTCATGCCACAGTTTC

@ In the primer names, the last letter indicates the orientation: F, forward; R, reverse.

expression levels were subject to the functional and pathway analysis us-
ing the DAVID software (28, 29).

qRT-PCR. RNA extracted from K. pneumoniae biofilms was con-
verted to cDNA using the iScript Select cDNA synthesis kit (Bio-Rad,
Hercules, CA). cDNA was subjected to quantitative real-time PCR (qRT-
PCR) with SYBR green PCR master mix (Bio-Rad) with a final concen-
tration of 0.3 wM oligonucleotides (Table 1) using the ABI Prism 7300
system (Applied Biosystems, Grand Island, NY). Gene expression levels of
treated and untreated biofilms were compared for selected hits generated
from RNA sequencing results. Data were normalized to expression levels
of gyrA.

Statistical analysis. The unpaired Student’s f test (two-tailed) was
used to analyze cell viability and cell length data. All statistical data were
calculated using GraphPad Prism version 4.0 for Macintosh (GraphPad
Prism Software, San Diego, CA). Statistical significance was accepted
when P values were less than 0.05.

Microarray data accession number. The RNA-Seq reads and the
DESeq results have been deposited in NCBI’s Gene Expression Omnibus
(30) and are accessible through GEO Series accession no. GSE62045.
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Effects of Carbapenems on K. pneumoniae Biofilms

RESULTS

MICs. In order to determine the sublethal concentration for use in
treating biofilms without drastic loss of cell viability, we used a
broth dilution method to determine the MIC of each of the car-
bapenem antibiotics used. The MIC for both imipenem and
meropenem was 0.4 pwg/ml. The MIC for doripenem was 0.2 g/
ml. Five times the MIC of each test carbapenem was used as the
sublethal (sub-antibiofilm) dose level to study its effect on each
biofilm.

Meropenem and doripenem but not imipenem inhibited
biofilm formation in K. pneumoniae. As shown in Fig. 1A, imi-
penem at 5X (2 pg/ml) its MIC had no significant effect on K.
pneumoniae biofilm formation (untreated, 8.30 X 10° CFU/disc;
imipenem, 9.26 X 10° CFU/disc; P = 0.76). In contrast, both
meropenem (2.56 X 10* CFU/disc; P < 0.001) and doripenem
(1.37 X 10* CFU/disc; P < 0.001) at 5X their MICs had negative
effects on the formation of K. pneumoniae biofilms, reducing the
viable cell count by over 99%.

High concentrations of carbapenems were effective in killing
preformed 24-hour biofilms of K. pneumoniae. Since we deter-
mined that 5X the MIC had a detrimental effect on biofilm for-
mation, we decided to test the effect of the carbapenems on pre-
formed biofilms. Preformed biofilms were treated with the
aforementioned carbapenems at 5X their MICs for either 2 or 24
h (Fig. 1B). Following 2 h of treatment, doripenem caused a sig-
nificant decrease in CFU/disc (P < 0.05), while imipenem and
meropenem had no effect on cell viability within a preformed
biofilm. Conversely, following 24 h of treatment with the various
carbapenems, there were no significant decreases in the levels of
CFU/disc.

In order to determine if even higher levels of carbapenems
could have a significant effect on the viability of K. pneumoniae in
preformed biofilms, increased concentrations of carbapenems
(10X, 100X, and 1,000X MIC) were used to treat biofilms for 2
and 24 h. We saw that using carbapenems at these higher levels
caused significant reductions in biofilm viability after both 2 and
24 h of antibiotic treatment (Fig. 2); however, none of these anti-
biotics at even the highest levels was able to completely clear bio-
films from the discs.

=
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EZ3 + imipenem (2 ug/ml)
E=1+ meropenem (2 ug/ml)
[+ doripenem (1 ug/ml)

Log CFU/disc
I

24 hours
Time of treatment with carbapenem

2 hours

FIG 1 Effect of a sublethal concentration of carbapenems on biofilm formation and viability in K. pneumoniae. (A) To determine the effect of carbapenems on
biofilm formation, the cells were grown for 24 h in Luria-Bertani liquid medium (LB) with 2 pug/ml imipenem/meropenem or 1 pg/ml doripenem. There was no
significant effect seen on biofilm formation (P = 0.14) with imipenem; however, there was a significant effect seen with meropenem and doripenem. (B) To
determine the effect of carbapenems on preformed biofilms, biofilms were grown for 24 h in LB. The discs were rinsed and placed in LB with the indicated
carbapenems for 2 or 24 h. There was no significant effect on viability after 2 or 24 h of treatment (P = 0.31 and 0.59, respectively), with the exception of 2 h after
treatment with doripenem. Data are representative of three independent experiments. *, P < 0.05; ***, P < 0.001.
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FIG 2 Effect of increasing concentrations of carbapenems on biofilm viability in K. pneumoniae. Cells were grown for 24 h in LB and then incubated with the
indicated fold increases of carbapenems over the MIC. (A) After 2 h of treatment, there were significant decreases in viability with 100X and 1,000 X imipenem,
1,000X meropenem, and 10X, 100X, and 1,000 X doripenem. (B) After 24 h of treatment, there were significant decreases in viability with all three drugs at all

three increased concentrations. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Sub-antibiofilm levels of carbapenems caused transient
changes of cell morphology in K. pneumoniae biofilms. Al-
though for the most part there were slight differences in the
change of viability in response to treatment with carbapenems at
5X their MICs, there were striking differences in morphology
when biofilms were visualized by scanning electron microscopy
(SEM) after 2 or 24 h of treatment (Fig. 3A). Treated cells showed
noticeable changes in cell morphology as early as 2 h after treat-
ment. These changes included alterations in size and shape (most
noticeable was rounding of biofilm cells) and the appearance of
additional extracellular material in the treated versus untreated
biofilms. We quantified the change in the size of treated cells by
measuring cell length with ImageJ software (Fig. 3B). Despite vis-

A) Imipenem

ible changes in cell shape as revealed by SEM, there was no signif-
icant difference in cell length of biofilm cells treated for 2 h. In
contrast, there were significant differences in cell length in bio-
films treated with carbapenems for 24 h. Cells of imipenem-
treated biofilms (1.12 wm) were significantly shorter than cells
from untreated biofilms (1.57 wm; P < 0.05). Meropenem- and
doripenem-treated cells were significantly larger and longer (2.73
and 2.09 pm, respectively) than cells in untreated biofilms (P <
0.05 for both treatments).

We also tested if the alteration in morphology was a transient
effect by removing the antibiotics and allowing the cells to recover
for periods of 2, 6, and 24 h. The cells were visualized using SEM
and also plated for viability. Morphologically, the cells treated for

Meropenem Doripenem
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FIG 3 A sublethal concentration of carbapenems alters the morphology and length of K. pneumoniae cells in a preformed biofilm. Biofilms were visualized using
scanning electron microscopy. (A) Exposure of K. pneumoniae to a sublethal concentration of carbapenems for 24 h caused significant accumulation of material
resembling cellular debris. Changes in cellular morphology started as early as 2 h after exposure to carbapenems. Images show 15,000 X magnification and are
representative of 3 independent experiments. (B) Following 24 h of imipenem treatment, there was significant cell shortening, while treatment with meropenem
and doripenem led to significant cell lengthening compared to that in cells of an untreated biofilm. *, P < 0.05; **, P < 0.01.
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2 h with sublethal concentrations of carbapenems recovered after
approximately 6 h in antibiotic-free medium (Fig. 4A), with no
significant change in viability (Fig. 4C). Following 24 h of antibi-
otic treatment, a similar trend was seen, showing the overall mor-
phology returning to normal after 6 h of recovery (Fig. 4B), with
no significant change in viability (Fig. 4D).

Differential gene expression of K. pneumoniae biofilms in
response to imipenem treatment. RNA sequencing was per-
formed on RNA extracted from K. pneumoniae biofilms treated
for 2 h and 24 h with 2 pg/ml of imipenem. Two replicates of each
experimental condition were performed, and the RNA was se-
quenced with the read numbers as follows: untreated, 15.4 and
10.6 million sequence reads; 2 h of treatment, 13.1 and 12.5 mil-
lion sequence reads; and 24 h of treatment, 20.6 and 10.9 million
reads. An average of 82% of the reads was successfully mapped to
the K. pneumoniae strain BAMC 07-18 genome.

Comparison of 2 h of imipenem treatment to no treatment
showed that there were 401 open reading frames (ORFs) upregu-
lated (=2-fold change; P < 0.05) and 257 ORFs downregulated
(=2-fold change; P < 0.05) out of the 5,409 ORFs predicted in the
K. pneumoniae genome, representing 7.4% of ORFs upregulated
and 4.7% downregulated (see Data Set SI in the supplemental
material). Following 24 h of imipenem treatment, there were 28
ORFs upregulated (0.5%) and 12 ORFs downregulated (0.2%)
using the aforementioned criteria (see Data Set S2 in the supple-
mental material). When comparing cells treated for 24 h to those
treated for 2 h, we found 217 ORFs (4.0%) upregulated and 308
ORFs (5.7%) downregulated (see Data Set S3 in the supplemental
material). These results are summarized in Table 2. Considering
treated versus untreated cells within the K. pneumoniae biofilm,
the most dramatic changes in gene expression were seen following
2 h of treatment.

Imipenem treatment of K. pneumoniae biofilms caused up-
regulation of genes involved in transport and metabolism as
well as protein turnover. There was an overall trend of upregula-
tion when looking at categories involving macromolecule trans-
port and metabolism after cells were treated with imipenem. A
large number of ORFs involved in amino acid transport and me-
tabolism were upregulated, while comparatively fewer ORFs im-
plicated in amino acid transport and metabolism were downregu-
lated. ORFs involved in rRNA/tRNA processing and ribosome
biosynthesis were generally downregulated. Although the protein
biosynthetic machinery was downregulated, posttranslational
modification, protein turnover, and chaperone ORFs were up-
regulated in response to imipenem treatment. There was also
downregulation of genes involved in nucleotide and coenzyme
biosynthesis. Lipid and fatty acid metabolism was commonly up-
regulated, as were the metabolism and transport of secondary me-
tabolites.

There was a noticeable upregulation of genes involved in en-
ergy metabolism. Members and regulators of the glyoxylate cycle,
pentose phosphate pathway, and the tricarboxylic acid (TCA) cy-
cle were upregulated in response to imipenem treatment. ORFs
involved in acetyl coenzyme A (acetyl-CoA) biosynthesis, forma-
tion of the succinate dehydrogenase complex, and cytochrome bo
terminal oxidase also experienced significant upregulation in imi-
penem-treated biofilm cells. However, some ORFs involved in
anaerobic respiration/fermentation were downregulated with
imipenem treatment. These included genes essential for biosyn-
thesis of fumarate reductase and dimethyl sulfoxide (DMSO) re-
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ductase. Also downregulated were cytochrome bd-1 terminal oxi-
dase ORFs and cytochrome ¢ biogenesis ORFs.

Imipenem affected the expression of genes involved in cell
wall/membrane biosynthesis of K. pneumoniae biofilm cells.
OREFs involved in peptidoglycan catabolism were upregulated, in-
cluding bax and nlpD, with a concomitant downregulation of
various ORFs involved in peptidoglycan biosynthesis, such as
murDGP, mraYZ, uppP, and dacC, although two L,p-transpepti-
dase genes, erfK (31) and ynhG, responsible for peptidoglycan
cross-linking were upregulated. Also upregulated were a number
of ORFs implicated in altering morphology and responding to cell
membrane and cell wall stress, such as the toxin gene vapC, bolA
(coding for a morphogenic protein and member of the RpoS regu-
lon), pspABCG, and spy. Conversely, genes coding for outer mem-
brane (wbbM, wecFG, and wzyE) and lipid A (arcACT) biosyn-
thetic proteins were downregulated. Associated with the decrease
in peptidoglycan and outer membrane biosynthesis, cell division
ORFs maf, mukF, and envC were downregulated in response to
imipenem treatment.

Sublethal concentrations of imipenem activate the stress re-
sponse in K. pneumoniae biofilm cells. Of greatest interest were
changes in expression levels of genes involved in the cellular stress
response. ORFs representing heat shock (ibpAB and hspEQ) were
upregulated, as were those involved in oxidative stress response
(including fnr, sodAC, and sufABCDSE), phosphate starvation
(psiF and phoH), carbon starvation (cstA and ¢siDE), and osmotic
stress (osmBCEF). The master stress/stationary response regulator
gene, rpoS, was upregulated, as was iraP, a gene coding for an RpoS
stabilizer, and cspD, an rpoS-independent replication inhibitor
gene induced in the stationary phase. Many ORFs implicated in
protein repair or degradation of misfolded proteins (msrAB and
cpxP) were upregulated in response to imipenem treatment, as
were inhibitors of biofilm formation (bhsA, bssR, and ariR) and
two autoinducers, IsrBF.

A number of stress response genes were also downregulated in
response to imipenem treatment. The major chaperone gene hfg
and a cold shock response DEAD box RNA helicase A gene, csdA/
deaD, were downregulated, as were a few ORFs with roles in anti-
biotic resistance, including ampE (a repressor of the 3-lactamase-
encoding ampC gene), ermB, tetR, and a multidrug efflux pump
gene, mdtC. A gene coding for a porin implicated in carbapenem
sensitivity, oprD, was downregulated in imipenem-treated biofilm
cells. Positive regulators of virulence, such as the sensor kinase
genes baeS and barA, were also downregulated, as was comEC, a
regulator of DNA uptake from the external environment. Finally,
genes coding for a toxin (cvpA) and a holin (cidA) leading to cell
lysis had decreased expression in biofilms treated with imipenem
for 2 h.

Summary of differential gene expression following 24 h of
imipenem treatment. Much of the gene expression seems to have
stabilized after 24 h of imipenem treatment when treated and
untreated biofilms are compared. As there were very few ORFs
differentially expressed in response to 24 h of imipenem treat-
ment, the data do not show strong trends either way. Some of the
energy metabolism genes were still upregulated, as were a few
ORFs for amino acid, carbohydrate, and lipid metabolism and
transport as well as acetyl-CoA biosynthesis. The two stress re-
sponse genes showing continued significant upregulation after 24
h of imipenem treatment were the carbon starvation-induced
gene, c¢siD, and the RpoS stabilizer gene, iraP. There were two
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FIG 4 Recovery of K. pneumoniae following carbapenem treatment. Following 2 h (A and C) or 24 h (B and D) of treatment, biofilms were placed in fresh
medium and allowed to recover for the indicated time periods. Biofilms were then visualized using SEM (A and B) or plated (C and D) to determine cell viability.
SEM indicated a majority of cells had recovered normal cell morphology after 2 h in imipenem-treated biofilms, 6 h in meropenem-treated biofilms, and 24 h in
doripenem-treated biofilms. In general, although there were morphological differences observed, there were not significant differences in viability in most treated
biofilms, with the exception of doripenem-treated biofilm cells. *, P < 0.05.
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TABLE 2 Differentially expressed ORFs organized by functional category

Effects of Carbapenems on K. pneumoniae Biofilms

No. (%) of ORFs with change in expression for”:

2-h treatment vs no treatment

24-h treatment vs no treatment ~ 24-h vs 2-h treatment

OREF category by function(s) Upregulated ~ Downregulated ~ Upregulated =~ Downregulated — Upregulated =~ Downregulated
Cellular processes and signaling
Cell cycle control, cell division, and chromosome 1 (0.2) 5(1.9) 2(0.9) 1(0.3)
partitioning
Cell wall, membrane, and envelope biogenesis 14 (3.5) 17 (6.6) 1(8.3) 18 (8.3) 10 (3.2)
Cell motility 3(0.7) 1(0.4) 1(8.3) 1(0.5) 3(1.0)
Posttranslational modification, protein turnover, 20 (5.0) 10 (3.9) 10 (4.6) 14 (4.5)
and chaperones
Signal transduction mechanisms 18 (4.5) 8 (3.1) 3 (25) 2(0.9) 16 (5.2)
Intracellular trafficking, secretion, and vesicular 4(1.0) 4(1.6) 1(8.3) 3(1.4) 3 (1.0)
transport
Defense mechanisms 4(1.0) 4(1.6) 3 (1.0)
Information storage and processing
Translation, ribosomal structure, and biogenesis 3(0.7) 36 (14.0) 29 (13.4) 3 (1.0)
Transcription 41 (10.0) 11(2.7) 2(7.1) 1(8.3) 9 (4.1) 33 (10.7)
Replication, recombination, and repair 9(2.2) 9 (3.5) 5(2.3) 3 (1.0)
Metabolism
Energy production and conversion 47 (11.7) 28 (10.9) 6(21.4) 29 (13.4) 41 (13.3)
Amino acid transport and metabolism 65 (16.2) 21(8.2) 5(17.9) 2 (16.7) 25 (11.5) 43 (14.0)
Nucleotide transport and metabolism 8(2.0) 18 (7.0) 17 (7.8) 7 (2.3)
Carbohydrate transport and metabolism 55 (13.7) 36 (14.0) 3(10.7) 34 (15.7) 40 (13.0)
Coenzyme transport and metabolism 7 (1.7) 13 (5.1) 1(3.6) 8 (3.7) 7 (2.3)
Lipid transport and metabolism 24 (6.0) 6(2.3) 4(14.3) 1(8.3) 3(1.4) 17 (5.5)
Inorganic ion transport and metabolism 20 (5.0) 18 (7.0) 3(10.7) 1(8.3) 20(9.2) 20 (6.5)
Secondary metabolite biosynthesis, transport, 25 (6.2) 2(0.8) 5(17.9) 1(8.3) 2(0.9) 17 (5.5)
and catabolism
Poorly characterized
General function prediction only 19 (4.7) 3(1.2) 1(3.6) 2(0.9) 11 (3.6)
Function unknown 65 (16.2) 26 (10.1) 6(21.4) 3 (25) 21(9.7) 57 (18.5)

“ Percentages total more than 100% due to ORFs belonging to multiple functional categories.

stress response genes downregulated at 24 h, ¢pxP and a sigma
factor gene generally induced in response to damaged or mis-
folded proteins, rpoE.

Comparison of gene expression levels between biofilms
treated for 2 h and 24 h. Although there was not an overall global
alteration in gene expression levels when untreated biofilms were
compared to those treated for 24 h, when we compared 24 h of
treatment with 2 h of treatment, we observed that ORFs that were
upregulated after 2 h showed a significant decrease in expression
compared to a 24-h biofilm. Along those lines, we also noticed that
ORFs that had been downregulated after 2 h compared to un-
treated biofilms experienced an upregulation following 24 h of
imipenem treatment.

qRT-PCR analysis. RNA converted to cDNA was used to per-
form quantitative real-time PCR (qRT-PCR) to verify some of the
differentially expressed genes observed from RNA sequencing.
Using RNA samples extracted from biofilms treated with carbap-
enems for 2 h, QRT-PCR using primers for csiD, ibrA, and sitA
confirmed an upregulation of these ORFs compared to those in
untreated biofilms. Similarly, qRT-PCR using primers for cysP,
pmr] (with the exception of doripenem-treated biofilms), and
tauB showed a downregulation of the target ORFs. The results
were consistent with the RNA-Seq data generated from imi-
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penem-treated biofilms (Fig. 5A). Confirmation of expression
trends was also seen when analyzing samples from biofilms treated
for 24 h, with the exception of tauB in meropenem-treated bio-
films (Fig. 5B).

DISCUSSION

The emergence of increasingly multidrug-resistant (MDR) strains
of K. pneumoniae necessitates the study of how currently effective
therapies can be utilized to ameliorate virulence and eliminate
infection without promoting the acquisition of a resistant pheno-
type. To that end, we studied the effects of sublethal concentra-
tions of carbapenems on an ESBL-producing strain of K. pneu-
moniae, BAMC 07-18. For this study, we investigated three
different carbapenems (imipenem, meropenem, and doripenem)
to elucidate the pleiotropic effects of carbapenems at sublethal
concentrations on a sensitive strain of K. pneumoniae. This study
is the first of its kind to combine RNA-Seq analysis with SEM
imaging of treated biofilms to examine the effects of sublethal
concentrations of carbapenems on K. pneumoniae biofilms.
When K. pneumoniae biofilms were grown for 24 h and treated
with increasing concentrations of carbapenems (up to 1,000X the
MIC), we did not observe a significant decrease in viability until
using 10X the MIC or higher (Fig. 2). For this reason, we chose to
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FIG 5 qRT-PCR confirms trends from RNA sequencing data. The remaining
K. pneumoniae RNA from RNA-Seq and RNA isolated from meropenem- and
doripenem-treated biofilms were converted to cDNA and amplified using
qRT-PCR. qRT-PCR data confirmed expression trends from RNA-Seq data
for a number of open reading frames following 2 h (A) and 24 h (B) of treat-
ment with imipenem.

use 5X the MIC for all further experiments as the sublethal anti-
biofilm concentration for all test carbapenems since we could ob-
serve striking morphological changes without a killing effect (Fig.
3). Interestingly, even when treating biofilms with 1,000X the
MIC of the most potent carbapenem available to us (doripenem),
we did not observe total killing or clearance of the biofilm (Fig. 2).
Since the levels of carbapenems used in this experiment would be
much higher than in an in vivo situation (32-34), the results high-
light the difficulty in treating established biofilm infections, re-
gardless of whether or not the strain is resistant to the prescribed
antibiotics.

Our previous studies showed that treatment of a preformed
biofilm with imipenem in excess of the MIC did not significantly
affect viability of the biofilm (7), we wanted to determine the effect
of carbapenems on biofilm formation, mimicking a prophylaxis
situation. We found that treatment with imipenem for 24 h had no
effect on biofilm maturation of K. pneumoniae (Fig. 1A). In con-
trast, meropenem and doripenem did significantly decrease bio-
film maturation; however, they did not completely kill cells that
had already adhered to the disc surface (Fig. 1A). This is suggestive
of the fact that even an immature biofilm (<2 h) is able to provide
antibiotic tolerance to the cells within, again indicating the impor-
tance of prophylactic antibiotic therapy to prevent a biofilm from
forming and the extraordinarily difficult task of clearance of re-
calcitrant biofilm infections once established.

Though we did not observe killing of K. pneumoniae biofilm
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cells with carbapenem treatment, we did see striking changes in
cell morphology, including rounding, blebbing, and alteration
of cell size (Fig. 3). We were curious as to whether this was a
transient morphology, and if so, at what point the cells within the
biofilm recovered. With both 2 h and 24 h of carbapenem treat-
ment, after 2 h of recovery, the majority of imipenem- and mero-
penem-treated biofilms had returned to the untreated morphol-
ogy. Near complete recovery of the cells was observed within 6 h of
removal of the carbapenems. These observations via SEM were
supported by the finding of no differences in CFU counts within
the treated biofilm (Fig. 4). The data indicate that carbapenems
lead to a transient change in morphology, and their removal al-
lows the biofilms to quickly return to normal. In terms of an in
vivo correlation, these data emphasize the importance of having
consistent levels of antibiotic therapy, as the cells are able to re-
cover rapidly, negating any benefit the antibiotics may have been
providing.

Because we knew that carbapenems were having an effect on
the cells without killing, we decided to use RNA-Seq to compare
whole transcriptome profiles of K. pneumoniae biofilms treated
with sublethal concentrations of imipenem for 2 and 24 h to those
of untreated K. pneumoniae biofilms. RNA-Seq results gave hun-
dreds of differentially expressed ORFs, many of which gave mo-
lecular insights into the morphological changes observed by SEM.

The upregulation of genes involved in peptidoglycan catabo-
lism, such as bax, which is homologous to mannosyl-glycoprotein
endo-B-N-acetylglucosamidase genes from other bacteria, and
nlpD, which activates amidases at the septal ring (35), is indicative
of how carbapenems could affect gene expression resulting in
changes of cell morphology. Two L,p-transpeptidase genes (erfK
and ynhG) generally responsible for peptidoglycan cross-linking
were also upregulated (31, 36, 37). As carbapenems are able to
inhibit L,D-transpeptidases (36), it follows that a treated bacterium
could upregulate expression of the genes coding for these proteins
in order to compensate for the deleterious effect of treatment.

A homolog of the morphogene bolA was significantly upregu-
lated in response to imipenem treatment. In Escherichia coli, over-
expression of bolA leads to a rounded morphology and induction
of biofilm formation (38, 39). bolA is normally expressed in the
stationary phase but can be induced under stress conditions;
therefore, the increased expression of bolA and its regulator, rpoS,
under the stress condition of antibiotic therapy is consistent with
previous studies (38, 39). Also potentially affecting cell morphol-
ogy could be the downregulation of genes involved in the biosyn-
thesis of peptidoglycan, including murDGP, mraYZ, uppP, and
dacC.

It has been previously noted that K. pneumoniae can form
spheroplasts following treatment with antibiotics (40, 41). Our
morphological analysis is consistent with these findings, and our
RNA-Seq results suggest a molecular mechanism for this phe-
nomenon. Furthermore, two proteins generally implicated as be-
ing upregulated in spheroplasts, CpxP and spheroplast protein y
(Spy), are upregulated in imipenem-treated K. pneumoniae bio-
films. The Cpx pathway is turned on under spheroplast conditions
and leads to upregulation of spy (42, 43). Spy is a homolog of
CpxP, which is hypothesized to be involved in the biogenesis of
outer membrane proteins (OMP) (44).

In the analysis of our RNA sequencing data, we also noticed
some significant changes in gene expression in the areas of gener-
alized stress response, virulence, and the antibiotic resistance/tol-
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erance in cells from an imipenem-treated biofilm. A large number
of ORFs, including rpoS, were differentially expressed, contribut-
ing to the stress response observed. In E. coli, the Crl-RpoS regulon
is shown to regulate metabolism, response to the environment,
and DNA metabolism (45). Our study supports many of these
results, with the upregulation of known RpoS-dependent ORFs.
RpoS is the central regulator of general stress response in bacteria.
Some of these upregulated ORFs are necessary for the oxidative
(dps and sod family) and osmotic (osm family) stress responses,
fatty acid biosynthesis (fad family), persister cell formation (hip
family), and morphological changes (bolA), indicating the impor-
tance of the RpoS stress response to tolerance of antibiotic ther-
apy. Also upregulated was the gene coding for cold shock protein
D (espD), which is induced in the stationary phase in an rpoS-
independent manner. CspD is responsible for inhibiting replica-
tion by binding to single-stranded DNA (ssDNA), and its overex-
pression is implicated in increased persister cell formation (46).
With upregulation of both hipB and ¢spD, it is possible that there
are an increased number of persister cells found in imipenem-
treated biofilms, potentially giving insight into the ability of these
biofilms to remain viable even with a carbapenem treatment of
1,000X the MIC. As persister cells are dormant and transiently
antibiotic tolerant, it may be necessary to develop novel therapies
that are able to target these metabolically inactive cells to effec-
tively clear biofilm infections.

As previously mentioned, this strain of K. pneumoniae is mul-
tidrug resistant, with ORFs encoding resistance to numerous
classes of antibiotics. Therefore, it was not surprising to see differ-
ential expression of some of these ORFs in response to 2 h of
imipenem treatment. We found upregulation of genes responsible
for chloramphenicol and bleomycin resistance, as well as a pre-
dicted multidrug resistance gene. We also noted the downregula-
tion of oprD, cidA, and ampDE (although only ampE was signifi-
cantly downregulated). OprD is a porin, and decreased levels of
this protein are implicated in increased carbapenem resistance
(47). The ampDE genes are negative regulators of ampC, a B-lac-
tamase-encoding gene (48). Finally, cidA mutants have increased
vancomycin and rifampin tolerance (49). Taken together, these
data suggest a generalized antibiotic-induced stress response in-
stead of a specific response to the therapy being applied.

Interestingly, in response to 2 h of imipenem treatment, there
was a downregulation of ORFs responsible for resistance to other
antibiotics. Both tetR, which drives resistance to tetracycline, and
ermC, which drives resistance to macrolides, were significantly
downregulated in response to imipenem treatment. This finding
provides a molecular basis for the potential of dual antibiotic ther-
apy to more effectively target K. pneumoniae biofilms.

After 24 h of imipenem treatment, only two stress response
genes were significantly upregulated, c¢siD and iraP. CsiD is ex-
pressed only under carbon starvation conditions and is positively
regulated by rpoS. IraP functions to stabilize RpoS in the station-
ary phase and during starvation conditions. Other ORFs previ-
ously mentioned, including rpoS, the ibr family, msrAB, and bolA,
are still upregulated compared to those in untreated biofilms, al-
though the levels are insignificant.

A similar trend is seen with downregulated ORFs, as only two
are significantly downregulated after 24 h of imipenem treat-
ment—cpxP and rpoE. CpxP was shown to be upregulated after 2
h of imipenem treatment. CpxP can act as a negative regulator of
its own expression. Therefore, extended production of CpxP
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could activate the feedback mechanism leading to decreased tran-
scription of the cpxP gene, as shown here after 24 h of treatment.
rpoE has a large regulon and varied responsibilities in the cell. A
number of ORFs regulated by RpoE are involved in the synthesis
and assembly of lipopolysaccharide (LPS) and OMPs (50). Addi-
tionally, the RpoE regulon consists of genes necessary for cell di-
vision and virulence. rpoE is downregulated following 2 h of ex-
posure, although not significantly. It is interesting to speculate
thata downregulation of rpoE following imipenem treatment may
contribute to a decreased pathogenicity of K. pneumoniae without
affecting viability of the cells.

Decreased virulence in the presence of sublethal concentra-
tions of antibiotics has been shown in other organisms, such as
Pseudomonas aeruginosa (51) and Staphylococcus aureus (52),
among others. We found that a number of ORFs previously im-
plicated in virulence of K. pneumoniae and other species were
downregulated, indicating that treatment with sublethal levels of
carbapenems may be altering the virulence potential of K. prneu-
moniae biofilms. The ORFs include genes required for adhesion
(fimC), iron sequestration (feo and fec family members), nickel
transport (nikR), two-component systems, anaerobic growth
(dmsABC, frdC, and adhE), and lipid A (arnACT) and outer mem-
brane production (wecFG, wbbM, and wzyE) (53-59). Sublethal
antibiotics have also been implicated in altered biofilm formation
in P. aeruginosa, E. coli, and S. aureus (60, 61) and we observed the
differential gene expression of a number of biofilm-related ORFs,
including cidA, ariR, mirA, bssR, and cysB (62—66). As biofilm
formation is yet another important virulence factor for K. pneu-
moniae and other bacteria, altering biofilms with sublethal con-
centrations of carbapenems may have positive effects on decreas-
ing virulence potential.

While it is clear that the ability of sublethal concentrations of
antibiotics to ameliorate the virulence of K. pneumoniae provides
an opportunity to treat infections in novel ways, it is important to
consider what, if any, deleterious effects could result from sub-
lethal levels of antibiotic therapy. It has been shown that exposure
to sublethal antibiotic concentrations in other species can pro-
mote the growth of resistant variants by both selecting for pre-
existing mutants and promoting new mutations (67). Sublethal
antibiotic levels have also been shown to increase persister cell
formation (67). Therefore, it would be interesting to generate
mutations in genes we have classified as important for cell
shape or virulence, for example, to determine the gene func-
tion. Once function has been confirmed, we could attempt
to develop antipathogenic therapies by screening inhibitors
against our candidate genes. Antipathogenic therapy is one of
the most effect means to counteract microbial resistance as the
end goal is not killing the bacteria, simply a reduction in viru-
lence potential.

The increasing antibiotic resistance seen in pathogenic bacteria
is a worrying trend necessitating the understanding of how bacte-
ria are able to adapt to antibiotic insults. Our RNA-Seq results
from imipenem-treated K. pneumoniae biofilms give a glimpse of
the complex regulatory pathways being activated by antibiotic
therapy, even at sublethal concentrations. These data hint at alter-
native targets for antimicrobial/antipathogenic therapies and pro-
vide suggestions for pathways that can be inhibited to promote
elimination of biofilm infections.
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