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ABSTRACT. Pseudomonas aerugino$s a leading opportunistic pathogen in human infections, and it is
renowned for its intrinsic resistance to structurally and functionally unrelated antibiotics. Filamentation
induced by antibiotics appears to trigger bacteria to depart from a normal growth phase and enter a stationary
growth phase. As antibiotic concentrations decline below a therapeutic range, filamentous bacteria begin
to divide normally, leading to a more rapid regrowth of the bacteria. Furthermore, filamentous bacteria
are associated with an increase in endotoxin release. Moreover, the immune system of a patient needs to
cope with uncharacteristic filamentous bacteria. Thus, it is biologically and clinically significant to study
and understand bacterial filamentation. In this study, we investigate the frequencies, conditions, and
characteristics of a filamentols aeruginosat single cell and single chromosome resolutions. Our results
show that filamentous cells (elongated rods) contain multiple copies of the cell's chromosome. It appears
that the unsuccessful segregation of replicated chromosomes in an individual cell accompanies the formation
of undivided filamentous cells. The quantity of chromosomes and the length of the filamentous wild-type
cells increase as the chloramphenicol concentration increases to 50 andy/2%0, suggesting that
chloramphenicol induces the filamentation. Filamentation in three straifs aéruginosadepends on

the expression level of efflux pump (MexAB-OprM) and the minimum inhibitory concentration of
chloramphenicol. This study also opens up the new possibility of real-time monitoring of modes of actions
of antibiotics in live cells with both temporal and spatial resolution.

It has been reported previously that a variety of antibiotics normal sized cells, leading to a more rapid regrowth of the
induce filamentation in Gram-negative bacteria, and the bacteria due to a swift increase in the number of available
majority of these studies employgelactam antibiotics1— colony-forming units (CFU)4). Furthermore, filamentous
8). It is generally believed thai-lactam antibiotics induce  bacteria are associated with an increase in endotoxin (li-
bacterial filamentation by inhibiting penicillin-binding pro-  popolysaccharide, LPS) releas®.(LPS is a biological and
teins (PBPS)(2—4). Such inhibition terminates the assembly  clinical important compound, creating a wide spectrum of
of the peptidoglycan network in the bacterial cell wall. physiological reactions including changes in white blood cell
Inhibition of PBP-1 leads to rapid cell death, whereas counts, tumor necrosis, and dissemination of intravascular
inhibition of PBP-2 and PBP-3 leads to changes in cell coagulation. A high concentration of free LPS in solution is
morphologies, turning normal cells to spheroplasts and |ethal to humans. Moreover, the immune system of patients
filamentous cells (elongated rods), respectiveB~8).  needs to cope with these uncharacteristic forms (filament)
Normally, PBP-3 catalyzes the formation of the septum in of hacteria 9). Therefore, it is biologically and clinically
dividing bacteria, and the mechanism of such actions involves significant to study and understand bacterial filamentation.
a transpeptidaset). Thus, inhibition of this protein (PBP-

3) leads to the incomplete formation or absence of septa in
dividing bacteria, resulting in the formation of long strands

of bacteria (filaments). In addition, filamentation induced by to filamentous C?"S using electron microscoy %, 7, 83
antibiotics appears to trigger the cells to depart from a normal 10~12), X-ray micrography ), and phase-contrast optical

growth phase and enter a stationary growth phase. AsMicroscopy §, 10). However, these techniques are used to
antibiotic concentrations decline below a therapeutic range, IMmage the morphology of the dead cells, and temporal infor-

filamentous bacteria begin to divide normally and produce Mation on how antibiotics affect the replication of chromo-
somes in live cells cannot be obtained. Recently, the fluor-

t This work was supported in part by NIH (RR15057-01), Old €scent staining assays (e.g., DAPI imaging) have become a
Dominion University, in the form of a start-up fund, and a Dominion  popular tool for the study of chromosomek3), Unfortu-

Previous studies of filamentation have focused primarily
on the changes in cellular morphology as normal cells turn
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! Abbreviations: ADC, analog and digital count; CFU, colony- dyes, frequently resulting in cell death. Consequently, the
forming units; DAPI, &-diamidino-2-phenylindole hydrochloride; EtBr,  f|,,grescent staining assays are unable to offer real-time
ethidium bromide; PBP, penicillin binding protein; LPS, lipopolysac- . . . . .
charide; MIC, minimum inhibitory concentration: MDR, multidrug ~ t€mporal information on the mechanism(s) of filamentation

resistanceP. aeruginosaPseudomonas aerugings&/T, wild-type. and the modes of action of antibiotics in live cells. Thus,
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the mechanism of bacterial filamentation remains incom- autoclaved ultrapure water (Nanoporel8 MQ sterilized)
pletely understood. (29—32). EtBr solution prepared using ultrapure water was

Unlike the previous studies, we use single live cellimaging triple filtered using 0.22«m membrane filters (sterilized,
to characterize filamentous bacteria, directly observing Costar). All chemicals were purchased from Sigma and were
replication of chromosomes in individual cells, and to used directly without further purification.
investigate the role of chromosomes in filamentation. In this ~ Three strains oP. aeruginosaWT (PAO4290, a strain
study, Pseudomonas aeruginosm selected because it is a that expresses the same level of MexAB-OprM as a wide
ubiquitous Gram-negative bacterium and is a leading causetype), nalB-1 (TNPO30#1, a mutant strain that overexpresses
of nosocomial infections in cancer, transplant, burn, and MexAB-OprM), andAABM (TNP076, a mutant devoid of
cystic fibrosis patientsl4—16). These infections are impos- MexAB-OprM), were used9-21). The cells were prepared
sible to eradicate due in part to the resistancePof in a2 mL of L-broth (1% tryptone peptone, 0.5% yeast
aeruginosao multiple classes of antibioticd4—16), which extract, 0.5% NaCl, pH 7.2) and incubated in a shaker (Lab-
is attributable to several efflux pumps . aeruginosa  Line Orbit Envivon-shaker) at 37C and 120 rpm for 21 h
including MexAB-OprM, MexCD-OprJ, MexEF-OprN, and  to ensure a full growth. Cells were then cultured in 3 mL of
MexXY-OprM (17, 18). The MexAB-OprM is the major ~ L-broth containing 30@L of precultured cells and chloram-
efflux pump in wild-type (WT) cells. This pump consists of phenicol concentrations of 0, 6.25, 12.5, 25.0, 50.0, and 250
two inner membrane proteins (MexA and MexB) and one u#g/mL, respectively. Such cell suspensions were incubated
outer membrane proteins (OprM)7, 18). Despite extensive  in the shaker at 37C and 120 rpm for 9 h tprepare cultured
research over decades, the extrusion mechanism in bacterigells. Another 3 mL of solution containing 2M EtBr and
still remains essentially unknowri4—16). In this study,  150uL of the cultured cells was prepared and incubated at
three strains oP. aeruginosa(WT, nalB-1, andAABM) 37 °C for an additione 2 h before taking absorbance
(19-21) are used to determine the characteristics of filaments measurements at 600 nm and dark-field microscopic images.
associated with the different expression levels of the extru- To determine the proliferation of the cells, the absorbance
sion pump (MexAB-OprM). Studying the mechanisms of (optical density) of each cell suspension was measured in

filamentation of mutants will lead to a better understanding triplicate at 600 nm using an UWis spectrophotometer
of the role of multidrug resistance (MDR) in the formation
of filamentous cells.

In this study, ethidium bromide (EtBr) is used as a

fluorescent probe to study chromosomes in chloramphenicol-

induced filamentou®. aeruginosausing our real-time live

(Cary 3G, Varian). To study cell morphology and to
guantitatively determine the number of chromosomes in
individual cells, each cell suspension was imaged using dark-
field optical and epi-fluorescence microscopy.

Single Lve Cell Imaging.A total of 20 4L of the cell

cell imaging. EtBr has been widely used as a fluorescenceSolution containing 1Q«M EtBr and chloramphenicol (0,

probe to study the uptake and extrusion mechanism.in
aeruginosa(16, 19, 22—-28). It is well-known that EtBr
passively diffuses through the membranePofaeruginosa
and can be extruded out of cells by an efflux pump,
preventing an overdose of EtBr from being accumulated in
the cells (6, 19, 22). Furthermore, the minimum inhibitory
concentration (MIC) of EtBr foP. aeruginosas higher than

1 mM (19, 26). Thus, the cells can still be alive while high
concentrations of EtBr are accumulated in live cells. EtBr

6.25, 12.5, 25.0, 50.0, and 25@/mL) was added into a
microchannel. The microchannel was constructed by sand-
wiching the solution between a microscope slide and a cover
slip and then sealed with glue to prevent evaporation of the
aqueous solution as described previougly<24). We have
successfully used this microchannel to overcome the rapid
motion of tiny microbial cells in solution and to continuously
monitor single bacterial cells in the microchannel for hours
(23—26). In comparison with eukaryotic cells (average size

emits a weaker fluorescence emission in agueous environ-Of 10 um), it is much more challenging to image single

ments and becomes strongly fluorescent in nonpolar or
hydrophobic environments. The quantum yield of EtBr
intercalated with DNA is about 10 times higher than that of
EtBr in buffer solution 22), allowing a single copy of
chromosomes in live bacterial cells to be directly observed.
In this study, we investigate the filamentation Bf

aeruginosain response to the change of chloramphenicol
concentration, aiming to determine the condition and fre-
quency of filamentation and to understand the size distribu-
tion of filaments associated with the amount and distribution

of their chromosomes. Such studies can enhance our

understanding of the conditions leading to bacterial filamen-
tation and its mechanism. A better understanding of bacterial
filamentous cells will lead to the improved treatment of
severe bacterial infections using antibiotics.

MATERIALS AND METHODS

Reagents and Cell Strain€hloramphenicol solutions
were prepared by dissolving chloramphenicol in 95% ethanol
(25 mg/mL) and diluting the solution to 2.5 mg/mL using

bacterial cells in suspension because tiny microbial cells
(average size of Z 0.5 x 0.5um) can move much more
rapidly in solution. Furthermore, only a single copy of the
chromosome is present in a single bacterial cell, whereas
there are multiple copies of chromosomes in eukaryotic cells.
Thus, much more sensitive detection is needed to detect
chromosomes in single microbial cells than in single eu-
karyotic cells. We have already used our single living cell
microscopy to detect a single copy of chromosomes in single
bacterial cells 23, 25).

In this study, 10 representative locations in the micro-
channel were randomly chosen, and the cells in these
locations were imaged using dark-field optical and epi-
fluorescence microscopy. The dark-field optical and epi-
fluorescence microscope was equipped with an oil dark-field
condenser (Oil 1.431.20, Nikon), a 10& objective (Nikon
Plan fluor 100 ail; iris; SL N.A. 0.5-1.3; W.D. 0.20 mm),

a microscope illuminator (100 W halogen) for dark-field
optical imaging, a super high-pressure mercury lamp (Nikon)
for fluorescence imaging, and a CCD camera (Micromax, 5
MHz Interline, PID 1030x 1300, Roper Scientific) for high-
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Ficure 2: Representative dark-field optical (1) and fluorescent (Il)
images of the live cells (WT) in 1M EtBr solution containing
FiGURe 1: Representative full-frame (1) optical and (Il) fluorescent (A) 0, 6.25, and 12.5g/mL; (B) 25.0ug/mL; (C) 50.0ug/mL;

images of the live cells (WT) acquired using a CCD camera through @1d (D) 250ug/mL chloramphenicol, respectively. Images are

a dark-field microscope with CCD exposure time at 100 ms. All selected from full-frame images similar to the ones shown in Figure

images were acquired from the cells in M EtBr solution 1. Scale bars are 2m. The intensity scale for (I) and (Il) is 190

containing (A) 0, 6.25, and 12/g/mL; (B) 25.0ug/mL; (C) 50.0 882 and 172209 ADC, respectively.

ug/mL; and (D) 250ug/mL chloramphenicol, respectively. Scale

bars are 2Qum. The intensity scale is 19882 ADC. . T -
contains an individual cell (solid-line square) and an equal

speed and high-resolution cell imagin@3( 25). The sized area that contains no cells (solution only, dash-line
fluorescence images were acquired through a filter cube SAuare) in the same frame (Figure 1: D-Il). We then analyze

containing a band-pass excitation filter (488 10 nm, the integrated fluorescence intensity of each area and subtract
Coherent), band-pass emission filter (6880 nm, Coher- the integrated intensity of the area (dash-line square) where
ent), and a dichroic mirror (565 nm, Chroma Tech). no cell (solution only) was present from the integrated
Data Analysis and Statistic¥he full-frame CCD image intensity of the area containing the cell (solid-line square).
(Figure 1) is able to simultaneously monitet50 normal This subtraction is used to overcome possible dark noise of

sized cells in the microchannel. Ten full-frame images were the CCD camera and photodecomposition of EtBr. It is also
recorded for each experiment. For each concentration andutilized to ensure that the fluorescence intensity reflects the
each strain, four experiments were performed. Thus, 2000nymber of chromosomes in an individual cell (Figure 3).

cells of each strain were studied and analyzed. The lengthThe jmaging station and software (Winview and MetaMorph)

of the cells was directly measured using both Winview 16, quantitative analysis of analog and digital counts

(Ropgr Smennﬁg) and MetaMorph software (Un_lversal (ADC) from each pixel. The ADC can be converted to a

Imagine). Each pixel of CCD represents a square with 0'067|photoelectron count (10 for our CCD camera) that repre-

um edges, as calibrated by the microscope stage micromete o . .
(0.1 mm per 50 divisions) via the 160objective. The sents the digitized electrons accumulated in each pixel and

average length of normal sized cells is determined to be 1.73n€nce reflecting the photons collected by the pixel during
+ 0.05.m, whereas the average length of filamentous cells the exposure of the CCD camera. Thereby, ADC is an
is 9.34+ 0.83um, with a range from 6 to 2&m (Figures arbitrary unit for the relative quantitative measurement of
2—4). To determine the number of chromosomes in indi- intensity of specimens imaged by the CCD cam@@ 25).
vidual cells, we select an area (350 350 pixels) that Each optical and fluorescence image is presented using the
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Ficure 3: Plots of (A) optical length of fluorescent cells and (B) . p S
subtracted integrated fluorescent intensity of the cells versus 10 investigate the number of chromosomes in individual

Chloramphenicol Concentration (ng/mL)

chloramphenicol concentration: W#{, nalB-1 (»), AABM (0O0), cells, EtBr is used as a fluorescence probe. EtBr has been
and normal sized cells<) (average length for all nonfilamentous  widely used as a fluorescence probe to study the uptake and
cells), respectively. extrusion mechanism iR. aeruginosa(16, 19, 22—28). It

has been demonstrated that EtBr enters the live bacterial cells
same scale of ADC, 196882 ADC and 176:209 ADC, through passive diffusion and intercalates with DNA in the
respectively (Figures 5 and 6). Thus, the variation of the ceji5 16, 19, 22), leading to the 10-fold enhancement of
intensity in each image can be directly visualized, represent-f grescence intensity. This feature allows us to directly
ing the _contours of the distribution of chromosomes in the ,carve and measure the replication and distribution of
cells (Figures 5 and 6: II). chromosomes in individual cells using fluorescence micro-

scopy and spectroscopy. The minimum inhibitory concentra-
RESULTS AND DISCUSSION tion (MIC) of EtBr for all three strains oP. aeruginosds

Concentration Dependenc@/T cells incubated in 1@M higher than 1 mM 19, 26). Thus, a low concentration EtBr

EtBr and 0-250 ug/mL chloramphenicol were directly  (10uM) does not significantly perturb cellular function and
imaged using dark-field optical and fluorescence microscopy. can be used as a fluorescence probe for live cell imaging
Representative images of the cells from these solutions(23—26). Our previous data have demonstrated that the
(Figures 1A,B and 2A,B) show that the morphology and accumulation of EtBr in WT cells remains unchanged after
length of the cells (23 xm) remain almost unchanged in 0, the cells have been incubated with ARl EtBr for 2 h 23—
6.25, 12.5, and 25.@g/mL chloramphenicol. In contrast, 25). Therefore, the fluorescence intensity can be used to
the filamentous WT cells-625 um in length were observed ~measure the number of chromosomes in cells that have been
in 50.0 and 25@ig/mL chloramphenicol (Figures 1C,D and incubated with 1Q:M EtBr for 2 h.
2C,D). Cell lengths increase notably as the chloramphenicol In dark-field optical microscopy, only scattered light from
concentration increases (Figure 3A). Histograms of a length the specimen captured by the objective lens creates images.
of ~5000 cells in 8-250 ug/mL chloramphenicol (Figure  Thus, the images emerge bright against a dark background
4) show that the normal sized cells are observed in 0, 6.25,(33). The specimen that scatters light most efficiently
12.5, and 25.@g/mL chloramphenicol, and filamentous cells generates the brightest image. This unique feature has proven
with a variety of lengths are observed in 50.0 and 280 dark-field microscopy to be well-suited for the imaging of
mL chloramphenicol. This result suggests that chlorampheni- species with small sizes, such as live bacterial cells with an
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FiGurRe 5: Representative dark-field optical (1) and fluorescent (Il)
images of the live cells (WT) in 1@M EtBr solution containing

(A and B) 50.0ug/mL and (C) 250ug/mL chloramphenicol,
respectively. Images are selected from full-frame images similar
to the ones shown in Figure 1. Scale bars arem? The intensity
scale for (I) and (Il) is 196882 and 172209 ADC, respectively.
The arrows point out to the locations of septa.

average size of Z 0.5 x 0.5 mm @3). The cytoplasmic
space is surrounded by the periplasmic space. Hence, thd
light from the microscope illuminator needs to penetrate the
periplasmic space to reach the cytoplasmic space. ThejR
periplasmic space absorbs and scatters the light. As a result
the intensity of the illumination was weaker in the cytoplas-
mic space than in the periplasmic space. For this reason,
optical images of single cells acquired by dark-field micro-
scopy (Figures 5 and 6: 1) clearly distinguish the contours
of the periplasmic space (bright) and cytoplasmic space
(dim). In contrast, the fluorescent images (Figures 5 and 6:
I) display a bright cytoplasmic space and a dim periplasmic
space. Therefore, the fluorescence of EtBr is primarily
observed in the cytoplasmic space where DNA and RNA
are present. This result demonstrates that the fluorescencé:n'anUR:sﬁéfTﬁg?;inzs\t}_\ﬁ 'Orllaik-lf\i/lell(zjtgrr)tjsccﬁl g%ﬁnc% E?Q?Le'rslce(r:)(”)
intensity of EtBr in cells represents the quantity of DNA :so.gﬂg/mL and (B_E) 250;¢g/n8L chloramplrjwénicol, reslple(?tively.
and RNA, and the fluorescence intensity can be used t0|nages are selected from full-frame images similar to the ones
quantitatively measure the amount of replicated chromo- shown in Figure 1. Scale bars are:&. The intensity scale for (1)
somes in cells because the amount of RNA remains relatively and (l1) is 196-882 and 172209 ADC, respectively. The arrows
small in comparison with large chromosomes. point out to the locations of septa.

As the cell length increases along with the chloramphenicol individual cells also increases (Figure 3B). This suggests that
concentration, the length of fluorescent chromosomes (Fig- the chromosomes are replicated in individual filamentous
ures 5 and 6: Il) and the fluorescence intensity of the cells and that multiple copies of chromosomes are present
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05 A cells. Thus, the cell growth curves are measured by the
monitoring of cell concentration with time using absorbance
at 600 nm (O nm). The cells that had been incubated with
25 ug/mL chloramphenicol and 100M EtBr for 2 h have
similar growth curves to those that had not been incubated
with EtBr and chloramphenicol (Figure 7). It is interesting
to note that the cell growth curves show mutant dependence
(Figure 7). The mutant that overexpresses MexAB-OprM
(nalB-1) shows the highest resistance to EtBr and chloram-

0 5 10 o2 25 30 phenicol. Thus, the growth curve of nalB-1 cells that had
Time (h) been incubated with EtBr and chloramphenicol is almost
05 identical to the growth curve of the cells that were grown in
B the absence of EtBr and chloramphenicol. In contrast, the
0.4 4 mutant deficient of MexAB-OprM AABM) shows the

lowest resistance to EtBr and chloramphenicol. TIABM
cells that had been incubated with EtBr and chloramphenicol
grew much more slowly than the cells that were grown in
the absence of EtBr and chloramphenicol. To investigate
cellular morphology and cell growth at single cell resolution,
optical images of the cells from these cell suspensions were
0 T T T T acquired over time, showing that a few cells were introduced
0 5 0 15 20 25 into the culture medium initially. After incubation in the
Time (h) shaker at 120 rpm and 3T, these cells grew, divided, and
generated normal sized cells, demonstrating that the cells
that had been incubated with 2§/mL chloramphenicol and
EtBr for 2 h in Figure 1 are still alive.

It is noteworthy that the distribution of cell lengths and
number of chromosomes in individual cells becomes widely
varied as the chloramphenicol concentration increases (Fig-
ures 2-4). As the chloramphenicol concentration increases,
a few of the cells remain in the normal sized range 32
e i . . i um), while other cells increase in length and generate
0 5 10 15 20 25 30 filaments of various sizes (Figures-2). This suggests that

Time (h) individual cells have different responses to chloramphenicol,

F 7 R . I h ; h | further emphasizing the importance of studying filamentation
solltion of ('i?mv\/sﬁnggt)uv:af:; lg;c;]"ét (CC)KrAVSEA r?:; tre%r%rsee(:#t;ure at single cell resolution. To determine whether EtBr affects

the cells that have been incubated with 10 EtBr and 25ug/ the filamentation, similar experiments were carried out in
mL chloramphenicol for 2 h, and) represents the cells that have the absence of EtBr and in the presence of Hoechst 33258
not been incubated with EtBr and chloramphenicol. (a fluorescence probe that specifically binds with DNA only)

(34). Similar histograms are generated from the experiments
in these cells. The optical and fluorescence images of the (Figure 1S, Supporting Information). These data demonstrate
cells in Figures 5 and 6 show that each filamentous cell that the presence of 16M EtBr has little effect on the cell
consists of discrete entities (undivided cells) and that eachfjlamentation.
entity appears to contain one copy of the bacterial chromo-  Morphologies and Chromosomes of Single Filamentous
some. This observation suggests a mechanism whereby j e Cells.Many single cells were monitored simultaneously
filamentous bacteria successfully and rapidly divide and (Figure 1) and analyzed quantitatively in each frame (Figures
recolonize after the removal of antibioticé)( 3 and 4). Representative cells selected from the full-frame

Chloramphenicol is neither @-lactam nor an aminogly-  images in Figure 1 are shown in Figures 2, 5, and 6,
coside antibiotic. Its primary target is ribosomal peptidyl presenting the morphologies of individual cells in detail.
transferase, where it acts competitively to inhibit normal Some cells retain normal morphology, exhibiting the same
substrate binding2®). Chloramphenicol has also been known lengths as normal cells as the chloramphenicol concentration
as a bacteriostatic agent that inhibits bacterial growth by increases (Figure 2C: a). In contrast, other cells increase
targeting ribosomal peptidyl transferase and inhibiting protein their lengths and turn to filaments with aseptate (Figure 5A)
synthesis 29). As the chloramphenicol concentration de- or partially septate and aseptate (Figures 5B,C and 6) forms.

creases, the cells resume the growth and divisgg). (To Fluorescence images in Figure 5-11 show that the chro-
study the viability of the cells, we measured the cell growth mosomes in some individual cells are unsegregated. These
curves (Figure 7). We took 2@L of the cultured cell chromosomes are observed as a continuous filament in the
solutions that had been incubated with %mL chloram- cells. In contrast, fluorescent images in Figure 6 show that

phenicol and 10M EtBr for 2 h and added it into 2 mL ~ chromosomes in some cells are constricted by intact septa.
of L-broth medium to prepare a highly diluted cell culture The fluorescent images of these individual cells (Figure 6)

suspension. The scattering of cells at 600 nm £§&R) is show the highest intensity in the center of discrete entities
typically used to determine the concentration of bacterial (undivided cells) and the weakest intensity at the septa. The
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Table 1: Summary of Occurrences of Filamentation from All level of MexAB-OprM is able to extrude chloramphenicol

Experiments out of cells much more effectively than WT, leading to the
chlorampheriicol frequency slower accumulation of chloramphenicol in the cells. Because
strains  concn fig/mL)  experiments  occurrente (%) of the different expression levels of MexABDprM in these
wT 0 4 0 0 three strains, MIC of chloramphenicol f&tABM, WT, and
5% . 0 9 nalB-1is 12.5, 25 and 50g/mL, respectively Z1, 26, 27).
25.0 4 0 0 This has a marked effect on cell viability (Figures 3,7).
Zgg-g i g 1(5)8 Typically, only a few AABM cells were observed in
nalB-1 0 4 0 0 chloramphenicol concentrations above 12d@/mL. Thus,
6.25 4 0 0 there is insufficient number of filamentousABM cells in
;é:g 2 ; ég all selected chloramphenicol concentrations (0, 6.25, 12.5,
50.0 4 4 100 25.0, 50.0, and 25pg/mL) (Figure 3).
AABM 25(?'0 44 04 1%0 For WT, filamentation appears highly associated with
6.25 4 1 25 MIC. The filamentous WT cells are observed only above
rao . 5 2 the MIC at 50ug/mL (2 x MIC) and 250ug/mL (10 x
50.0 4 0 0 MIC), which agrees well with previous reports using other
250.0 4 0 0 types of antibioticsZ, 4, 5, 7, 35). Unlike WT, filamentation

2 Represent the number of experiments that resulted in filamentousin AABM is not observed beyond its MIC (12 /&g/mL),
c_eIIs.b Represent the percentage of experiments that resulted in\hereas filamentation in nalB-1 is observed both below and
filamentous cells. beyond its MIC (5Q:g/mL). These findings are significantly

different from the previously reported dat3 4, 5, 7, 35),
pattern of fluorescence in the cells reveals the traces ofwhich shows that filamentation typically starting at 05
attempted chromosomal segregation in live cells, suggestingMIC to well over 100 x MIC. This new finding appears
that the chromosomes struggled to segregate but failed inattributable to the use of single live cell imaging. This
completion of the entire segregation. The unsuccessful approach allows us to directly monitor many single live cells
segregation of multiple copies of chromosomes could have simultaneously in solution at single cell resolution.
led to the failure of cell division. In this study, both septate
and aseptate filaments (elongated rods) are observed? How—CONCLUSION
ever, other morphological forms (e.g., spheroplasts) are not In this study, we present a new platform for the quantita-
observed. Previous reports have indicated that severaltive study of chromosomes in filamentous Gram-negative
antibiotics (e.g., carbapenems, imipenem, panipenem, andoacteria P. aeruginosainduced by chloramphenicol using
biapenem) bind primarily to PBP-2 &f. aeruginosaleading single live cell imaging. We find that chloramphenicol can
to the formation of spheroplast®«3). In contrast, ceftazi-  induce the formation of filamentous cells, which contain mul-
dime binds primarily with PBP-3 oP. aeruginosawhich ticopies of unsegregated chromosomes, leading to the unsuc-
leads to filamentation4]. Chemically, it is unlikely that  cessful division of elongated cells and the formation of bac-
chloramphenicol has a specific affinity with PBP. One terial filaments. The study of filamentation at single live cell
plausible explanation is that chloramphenicol induces fila- resolution offers new insights into filamentation mechanisms.
mentation by targeting ribosomal peptidyl transferase and For example, the quantity of chromosomes and the length
hence inhibiting the expression of PBP. of individual filamentous cells (WT) become highly varied

Mutant Dependencd.o study whether the filamentation as the chloramphenicol concentration increases, suggesting
depends on the expression level of MexAB-OprM (extrusion that individual cells differ their response to chloramphenicol.
pump), strains of WT, nalB-1, andABM were incubated Furthermore, this study indicates that filamentation occur-
with 0—250ug/mL chloramphenicol. Four experiments were rences depend on expression levels of an efflux pump
performed on each cell type at each chloramphenicol con- (MexAB-OprM), showing the important role of the extrusion
centration. Occurrences of filamentation in three strains of pump in bacterial filamentation. Moreover, this study opens
P. aeruginosare summarized in Table 1, showing that fila- up the new possibility of real-time monitoring of modes of
mentation is not observed in the absence of chloramphenicol.actions of antibiotics in live cells with both temporal and
Filamentous WT cells are observed in 50 and 280mL spatial resolution. One can now use this new approach to
chloramphenicol, with the highest occurrences (100%) at 50 further study the function of antimicrobial agents on cell
ug/mL (2 x MIC). Unlike WT, filamentous nalB-1 cells are  growth and division, as well as to carry out biochemical and
observed through the wide range of chloramphenicol con- biophysical measurements in real time at single live cell and
centrations (12.5250ug/mL), with the highest occurrences single chromosome levels.

(100%) at 50 and 25Q:g/mL. In contrast, filamentous
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