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To date, most antibiotics have primarily been developed to target bacteria in the planktonic state. However, biofilm formation
allows bacteria to develop tolerance to antibiotics and provides a mechanism to evade innate immune systems. Therefore, there
is a significant need to identify small molecules to prevent biofilm formation and, more importantly, to disperse or eradicate
preattached biofilms, which are a major source of bacterial persistence in nosocomial infections. We now present a modular
high-throughput 384-well image-based screening platform to identify Pseudomonas aeruginosa biofilm inhibitors and dispersal
agents. Biofilm coverage measurements were accomplished using non-z-stack epifluorescence microscopy to image a constitu-
tively expressing green fluorescent protein (GFP)-tagged strain of P. aeruginosa and quantified using an automated image analy-
sis script. Using the redox-sensitive dye XTT, bacterial cellular metabolic activity was measured in conjunction with biofilm cov-
erage to differentiate between classical antibiotics and nonantibiotic biofilm inhibitors/dispersers. By measuring biofilm
coverage and cellular activity, this screen identifies compounds that eradicate biofilms through mechanisms that are disparate
from traditional antibiotic-mediated biofilm clearance. Screening of 312 natural-product prefractions identified the cyclic depsi-
peptide natural products skyllamycins B and C as nonantibiotic biofilm inhibitors with 50% effective concentrations (EC50s) of
30 and 60 �M, respectively. Codosing experiments of skyllamycin B and azithromycin, an antibiotic unable to clear preattached
biofilms, demonstrated that, in combination, these compounds were able to eliminate surface-associated biofilms and depress
cellular metabolic activity. The skyllamycins represent the first known class of cyclic depsipeptide biofilm inhibitors/dispersers.

Bacterial biofilms are structurally complex biological systems,
exhibiting altered phenotypes from their planktonic state (1).

Biofilms are made up of an extracellular polymeric substance
(EPS) matrix that is composed primarily of polysaccharides but
also contains both proteins and nucleic acids (2). Biofilms provide
bacteria with a protection mechanism against extreme tempera-
tures, rapid variations in pH, and exposure to UV light, metal ions,
and antibiotics (3). Consequently, biofilm-mediated infections
tend to be difficult to clear in patients with infections of native
tissues (4) or on indwelling medical devices (5–7). To put the
impact of biofilms on patients and medical costs into perspective,
biofilm-mediated catheter infections annually account for as
many as 10,000 deaths and more than $11 billion in increased
hospital costs (8).

Pseudomonas aeruginosa is a biofilm-forming Gram-negative
proteobacterium. Its biofilm components include a mannose-rich
polysaccharide, Psl, a glucose-rich polysaccharide, Pel, and a man-
nose-derived biopolymer, alginate (9). P. aeruginosa is one of the
most common nosocomial pathogens (10) and is of particular
concern for cystic fibrosis (CF) patients. CF is an autosomal reces-
sive inherited disease that reduces life expectancy; the reduction in
life expectancy is primarily due to respiratory failure, often driven
by P. aeruginosa biofilm-mediated chronic pulmonary infection
(11, 12).

To discover new therapeutic options for P. aeruginosa biofilm-
associated infections, we have developed an image-based screen to
directly measure surface-associated biofilm coverage in a high-
throughput manner. While there are a number of published
screens for biofilm inhibition, there are no reports of a high-
throughput screen that directly quantifies biofilm coverage and

that is able to model both inhibition and dispersion under similar
conditions (13–18). To create such a system, we employed an
automated epifluorescence microscope using an approach analo-
gous to that of our previously reported image-based screen for
Vibrio cholerae biofilm inhibition (19). To model inhibition of
initial biofilm attachment, compounds were pinned into test
plates immediately after dispensing a bacterial culture. To model
induction of biofilm dispersion, cultures were allowed to initiate
biofilm formation by incubation for 2 h prior to compound addi-
tion using the 384-well pin transfer robot. Using this delayed pin-
ning approach, we were able to recapitulate the antibiotic toler-
ance phenotype of bacterial biofilms reported from both
laboratory and clinical observations and to profile our natural-
product library for the presence of compounds capable of clearing
preattached biofilm infections.

In addition to screening for biofilm inhibition/dispersal, it is
important to be able to accurately differentiate between com-
pounds with selective biofilm-modulating activities and tradi-
tional antibiotics. This is not possible from imaging data alone, as
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both classes of compounds give low biofilm coverage readings at
the end of the incubation period. In order to distinguish between
these two biological behaviors, we incorporated a colorimetric
measurement of bacterial cellular activity (XTT) and demon-
strated that this approach is both compatible with image-based
screening and capable of easily differentiating between biofilm
modulators and classical antibiotics. Holistically, this modular
screen therefore provides a model for the identification both of
antibiotics that are active in biofilm states and of new compounds
that are capable of inhibiting initial biofilm formation and/or dis-
persal of preattached biofilms.

Using this screening method, 312 marine-derived microbial
prefractions were screened for both biofilm inhibition and disper-
sal, leading to the identification of five hits in the biofilm inhibi-
tion model (BIM) assay and five hits in the biofilm dispersion
model (BDM) assay. Only two of the prefractions were active in
both the BIM and BDM assays. Examination of prefraction 1675D
(Fig. 1) revealed the active constituents of this extract to be the
cyclic depsipeptides skyllamycins A to C (20, 21). Further biolog-
ical evaluation of skyllamycin B, the only analog to show BDM
activity, demonstrated promising codose activity with azithromy-
cin leading to direct removal of biofilm coverage and clearance of
planktonic cell populations, a result that was not possible using
either compound independently.

MATERIALS AND METHODS
Strains and medium conditions. Streptomyces sp. strain 1675 was isolated
from a marine sediment sample collected at Westport Jetty, WA, under
permit number 10-395 from the Washington Department of Fish and
Wildlife. The sediment sample was stamped onto AIS media (18.0 g/liter
actinomycete isolation agar [Difco], 5.0 g/liter glycerol [Difco], 50 mg/
liter nalidixic acid [Sigma], 50 mg/liter cycloheximide [Acros]), and a

single colony of Streptomyces sp. strain 1675 was isolated and plated on
MB media (31.2 g/liter Instant Ocean mix [Instant Ocean], 20 g/liter agar
[Fisher], 5 g/liter peptone [Difco], 1 g/liter yeast extract [Difco]) (22–24).
For PCR amplification of the 16S rRNA gene, primers 8F (5=-AGAGTTT
GATCCTGGCTCAG-3=) and 1492R (5=-GGTTACCTTGTTACGACTT-
3=) were used. Sequencing was performed by Sequetech Corporation us-
ing the PCR primers described above plus an additional middle primer,
341F (5=-CCTACGGGAGGCAGCAG-3=) (25). The strain was identified
as Streptomyces sp. using 16S rRNA gene analysis of a 1,360-bp sequence
(GenBank accession number KF734086) with 100% similarity to the clos-
est homolog and is stored at the University of California Santa Cruz
(UCSC) under strain code RL10-429-AIS-A. Skyllamycins A to C were
extracted and purified from Streptomyces sp. strain 1675 as described in
the supplemental material. P. aeruginosa strains PAO1 �wspF and �wspF
�pelA �pslBCD were generously provided by the laboratory of Matthew
Parsek.

GFP tagging of P. aeruginosa strains. Insertion of the GFP gene into
the P. aeruginosa genome was delivered by electroporation of mini-Tn7. A
plasmid encoding a transposase gene (pUX-BF13) and the other mini-
Tn7 vector carrying the GFP cassette constitutively expressed from a
rRNA promoter (pMCM11) were introduced into �wspF and �wspF
�pelA �pslBCD mutants by electroporation. Conjugants were selected on
LB agar plates containing gentamicin at 30 �g/ml. Insertion of the mini-
Tn7 cassette into the genome was biased toward several base pairs between
the PA5549 and PA5548 loci. Confirmation of the GFP insertion was
performed by colony PCR using primers Tn7-R (5=-CACAGCATAAC
TGGACTGATTTC-3=) and glmS-F (5=-GCACATCGGCGACGTGCT
CTC-3=).

Biofilm inhibition/dispersal assay. After overnight LB liquid culture
growth, cultures were diluted 1:25 into 50 ml of 5% LB (0.2 g/liter tryp-
tone [Fisher], 0.1 g/liter yeast extract [Difco], 10 g/liter NaCl [Fisher]) and
allowed to acclimate to nutrient-poor media for approximately 30 min
before they were dispensed into 384-well plates (Corning; catalog no.
3712). A 40-�l volume of the liquid culture was dispensed into each well,
and the wells were covered with an air-permeable membrane (E&K Sci-
entific T896100-S) and incubated for 6 h at 30°C. Due to the heteroge-
neous properties of biofilm-state bacteria, it is critical to maintain a light
swirling motion to keep bacteria evenly distributed in liquid media while
dispensing. When BIM assays were performed, compounds were pinned
immediately after dispensing of the culture. When BDM assays were per-
formed, compounds were pinned after 2 h of incubation at 30°C. After a
total of 6 h of incubation, 30 �l of 0.5 mg/ml of XTT–phosphate-buffered
saline (PBS) buffer with 200 �M menadione (MEN) (CAS; catalog no.
58-27-5) was added. Measurements of the background absorption at 490
nm were taken immediately after dispensing XTT/MEN and again after 2
h of incubation at 30°C.

Biofilm quantification. For biofilm measurements, each well was
quantified by the acquisition of 8 images at �20 magnification. The com-
bined �20 images account for �20% of the total well surface area, which
is critical for reproducible and accurate quantification of biofilm cover-
age. The images were analyzed using MetaXpress image software (Molec-
ular Devices) to quantify biofilm coverage. Biofilms were identified using
a modified version of the existing “count nuclei” script. This modified
script compares the intensities of all pixels in the image to identify pixel
clusters with intensities above a user-defined threshold (see Fig. S1 in the
supplemental material). These bright pixel clusters are defined as repre-
senting biofilm coverage. From past experience, we knew that the total
biofilm coverage for the negative control must be greater than 25% for a
reproducible and accurate 50% effective concentration (EC50) for the
polymyxin B dilution series control.

Nucleotide sequence accession number. The Streptomyces sp. strain
sequence identified in this work has been submitted to GenBank under
accession number KF734086.

FIG 1 Cyclic depsipeptides skyllamycins A to C. Skyllamycins A and B differ
by the presence or absence of �-methylation on the aspartate residue. Skylla-
mycins B and C differ by the oxidation state of the �-� carbons on the
polyketide-derived portion.
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RESULTS
Screen design and implementation. Having recently developed a
384-well plate high-content high-throughput biofilm screen for
Vibrio cholerae, we elected to use a similar approach to study P.
aeruginosa biofilms (19). To extend the utility of the screening
platform for examining both biofilm inhibition and disruption of
bacterial cell viability, we elected to develop a pair of complemen-
tary assays that could be run in the same screening plate to mea-
sure simultaneously both bacterial biofilm coverage and cellular
activity. The advantage of this approach is that it provides direct
evaluation of biofilm clearance due to inhibition of biofilm for-
mation versus bacteriostatic or bactericidal activities and can
therefore clearly differentiate between classical antibiotics and
compounds that decrease biofilm coverage without impacting cell
viability. We hypothesized that this method could identify com-
pounds with modes of action orthogonal to those of traditional
antibiotics, delivering new molecular scaffolds to treat biofilm-
mediated infections.

Measurement of biofilm coverage was accomplished by imag-
ing a P. aeruginosa GFP-tagged strain with enhanced ability to
form biofilms in the 384-well format using non-z-stack epifluo-
rescence microscopy. Imaged biofilms were quantified using an
automated script to segment and measure bright regions of bio-
film coverage. Bacterial cellular activity was measured with the use
of an optimized XTT assay (26). With respect to statistical screen-
ing quality control, the addition of dimethyl sulfoxide (DMSO)
(vehicle) to 32 control wells served as a negative control for the
BIM and BDM assays (Fig. 2A). For positive controls, we chose

both chemical and biological methods. The biological-screening
control was a �pelA �pslBCD strain of P. aeruginosa incapable of
producing biofilms (27, 28). For the chemical control, we in-
cluded a dilution series of polymyxin B, which was used to quan-
tify plate-to-plate variability of the assay. Biofilm quantification of
the negative-control images resulted in an average of 35% biofilm
coverage of the total imaged surface area and Z=-factor scores of
greater than 0.7 per assay. For the XTT cellular activity assay, these
conditions resulted in Z=-factor scores of greater than 0.6 per
assay.

To directly compare the imaging techniques in our assay wells
to traditional confocal imaging techniques, we imaged the bio-
films directly in the 384-well plate with a confocal microscope.
Confocal images of the negative-control P. aeruginosa biofilms
show that the biofilm integrity was similar to that seen with tradi-
tional culture conditions (Fig. 2B). In addition, biofilm morphol-
ogies in the absence of DMSO developed identically to those seen
with wells with DMSO (negative control), suggesting that the ad-
dition of up to 1% DMSO had no effect on biofilm growth.

Simultaneous acquisition of both biofilm coverage and cellular
activity measurements provides a fast and efficient method to dif-
ferentiate between antibiotic and biofilm inhibitor/disperser ac-
tivities. Compound activity plots were divided into three sub-
groups: (i) compounds that did not remove biofilm coverage but
did prevent cellular activity, representing bacteriostatic antibiot-
ics; (ii) compounds that removed biofilm coverage and decreased
cellular activity, representing a classical phenotype associated with
bactericidal antibiotics; and (iii) compounds that removed bio-
film coverage but did not affect cellular activity. The compounds
in the third subgroup were of the highest value to this project, as
these include both biofilm inhibitors and dispersers. Compounds
that either inhibit biofilm formation or disrupt preattached bio-
films are of particular interest as they remove biofilm coverage
through a mechanism that does not modulate cellular metabolic
activity (as measured by XTT reactivity), thus potentially decreas-
ing the selective pressure to develop resistance.

Evaluation of antibiotic tolerance. Clinically, one of the most
significant challenges in the treatment of biofilm-mediated infec-
tions is that of tolerance to antibiotics imparted by biofilm forma-
tion (29). To be of relevance to this issue, the BDM assay should
recapitulate the antibiotic tolerance observed under clinical set-
tings. To examine whether the BDM assay was a suitable model for
evaluating this behavior, we screened an array of antibiotics in
both the BIM and BDM assays and calculated EC50 shifts in bio-
film coverage between the two assays as a measure of antibiotic
tolerance. We elected to screen members of three commonly used
classes of antibiotics (aminoglycosides, macrolides, and tetracy-
clines), as well as our positive control, polymyxin B, in both assays
(see Table S2 in the supplemental material) (30). Figure 3 presents
the dose-response curves for the most active members of each of
the tested antibacterial classes: tobramycin (aminoglycoside), azi-
thromycin (macrolide), demeclocycline (tetracycline), and poly-
myxin B.

Encouragingly, all three antibiotic classes displayed significant
EC50 shifts between the BIM and BDM assays, indicating that
these compounds are much less effective at clearing preattached
biofilms than inhibiting initial attachment under these test condi-
tions. For azithromycin and tobramycin, the BIM EC50s were 30
and 9.0 �M, respectively, whereas the highest attainable soluble
concentrations in DMSO (3,800 and 5,350 �M) did not affect

FIG 2 Biofilm images directly from wells of a 384-well assay plate. White bars
represent 100 �m. (A) Non-z-stack epifluorescence biofilm images at �20
magnification for quality control statistical metrics. Negative control: healthy
biofilm formation with addition of DMSO vehicle. Genetic positive control:
the �pelA �pslBCD strain shows no biofilm formation due to knockout of
biofilm genes. Chemical positive control: no biofilm formation due to treat-
ment of polymyxin B at final concentration of 2 �M. Biofilm inhibitor: biofilm
inhibition with treatment of skyllamycin B at final concentration of 102 �M.
(B) Confocal images of biofilms at �10 magnification. Healthy biofilm forma-
tion under assay conditions with DMSO and without DMSO is shown.
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biofilm coverage in the BDM assay. This represents developments
in antibiotic tolerances in the BDM assay of greater than 120- and
590-fold for azithromycin and tobramycin, respectively. Deme-
clocycline had a BIM EC50 � 75 �M and a BDM EC50 � 2,500
�M, representing an antibiotic tolerance of 33-fold. These data
show that antibiotic tolerance, a characteristic of biofilm-state
bacteria (29), was present in the BDM assay, ranging anywhere
from 33-fold to greater than 590-fold with respect to that of the
BIM assay. As previously reported, biofilm coverage increases
with the amount of tobramycin added as a defense mechanism
against aminoglycoside antibiotics (31). Notably, the same phe-

nomenon was observed under our 384-well plate culture condi-
tions, suggesting that the results from this primary screening plat-
form could have direct relevance to clinical issues surrounding
antibiotic resistance.

Natural-product screening. After establishing both assays and
validating their utility for quantifying biofilm-mediated antibiotic
tolerance, we initiated a screening campaign to identify novel
small-molecule-based biofilm inhibitors with activity against P.
aeruginosa. To accomplish this, we screened a subset of our ma-
rine microbial natural-product library using both the BIM and
BDM assays. Hits from this initial screen were categorized into
four bins, as illustrated by the four segments in Fig. 4: in bin 1,
inactive compounds, with normalized biofilm coverage � 0.55
and normalized cellular activity � 0.8; in bin 2, nonantibiotic
biofilm inhibitors, with low normalized biofilm coverage (	0.55)
but no effect on cellular activity; in bin 3, bactericidal antibiotics
with both low biofilm coverage and decreased cellular metabolic
activity; and in bin 4, bacteriostatic antibiotics with biofilm cov-
erage values similar to those of the negative controls but with low
cellular metabolic activities.

Generally, we observed fewer prefractions capable of reducing
biofilm coverage in the BDM assay than in the BIM assay. This is
seen by a decrease in the number of extracts in bin 3 and a con-
comitant increase in the number of extracts in bin 4 for the BDM
versus the BIM assays. This is perhaps to be expected, given that
bacterial cells are known to enter a quiescent state inside biofilm
microcolonies, making them less susceptible to drug treatment
(32). Therefore, the antibiotic leads from the BDM assay are of
particular interest, as they possess the ability to affect biofilm
clearance even in the presence of preattached biofilms. However,
the objective of this initial study was to identify new lead com-
pounds as inhibitors/dispersers of biofilm formation for use
against P. aeruginosa; thus, leads from bin 2 were prioritized and
profiled using our standard liquid chromatography-mass spec-
trometry (LC-MS) analysis methods (see Fig. S2 in the supple-
mental material). From these analyses, one prefraction containing
a unique metabolite profile (1675D) was selected for further char-
acterization.

Isolation and structure elucidation of skyllamycins A to C.
LC-MS analysis of the selected prefraction (1675D) identified
three major components with similar UV absorbance profiles (see
Fig. S2 in the supplemental material). High-resolution ioniza-
tion–time of flight mass spectroscopy (HRESITOFMS) analysis
revealed that two of these metabolites possessed mass spectromet-
ric data consistent with the known cyclic depsipeptides skyllamy-
cins A and B, while data for the third metabolite suggested a skyl-
lamycin B derivative with a mass gain of 2 atomic mass units.
Using standard isolation procedures (see the supplemental mate-
rial), approximately 2 mg of each of the major components was
isolated from 6 liters of the producing strain for spectroscopic
analysis and biological follow-up.

1H nuclear magnetic resonance (NMR) comparison to pub-
lished structures (21) revealed close agreement with the original
assignments for skyllamycins A and B (see Fig. S3 in the supple-
mental material). Furthermore, correlation spectroscopy (COSY)
and total correlation spectroscopy (TOCSY) data identified all of
the spin systems associated with the predicted proteinogenic and
nonproteinogenic amino acids, which were assembled through
heteronuclear multiple-bond correlations (HMBC) to verify that
each compound contained the skyllamycin core. To further verify

FIG 3 Antibiotic biofilm coverage measurements for BIM and BDM assays,
demonstrating a general increase in antibiotic tolerance for the BDM assay.
The BIM EC50s for azithromycin, tobramycin, and demeclocycline were 30,
9.0, and 75 �M, respectively. Demeclocycline showed an EC50 of 2,500 �M in
the BDM assay, while azithromycin and tobramycin were inactive up to the
highest tested concentrations (3,800 and 5,350 �M, respectively). Antibiotic
tolerance increased by values of greater than 120- and 590-fold for azithromy-
cin and tobramycin, respectively, while demeclocycline displayed a 33-fold
increase in antibiotic tolerance. Assays were performed with 3 technical repli-
cates and 3 biological replicates. For the presented replicate, the Z= scores were
0.70 for the BIM assay and 0.63 for the BDM assay.
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the identities of these metabolites, skyllamycin A was compared to
an authentic sample (20) by LC-MS coinjection, which demon-
strated that our sample and the authentic material shared identical
retention times (see Fig. S4 in the supplemental material). In order
to prove that the isolated structures were not enantiomeric with
respect to previously reported structures, Marfey’s analysis (33)
was conducted on skyllamycins A and B. The absolute configura-
tions of all the proteinogenic amino acids corroborated those
originally assigned by biosynthetic studies (see Fig. S5 in the sup-
plemental material). Taken together with optical rotation mea-
surements, the absolute configuration of these isolated skyllamy-
cin analogs can therefore be confirmed as representing the
previously published structures (20, 21).

Substantiating the HRESITOFMS data showing a gain of two
protons, the one-dimensional (1D) and 2D NMR skyllamycin C
data revealed a skyllamycin B analog with a reduced olefin on the
polyketide synthase (PKS)-derived portion of the molecule (see
Fig. S3 in the supplemental material). This interpretation was sup-
ported by the loss of two vinyl protons associated with the PKS-
derived portion and the gain of four new aliphatic protons. Uti-
lizing the heteronuclear single-quantum correlation (HSQC) and
HMBC data, these new aliphatic signals were identified as part of
the reduction product of the trans-olefin. Stereochemistry of the
whole molecule was inferred to be identical to that of skyllamycin
A and B due to Marfey’s analysis (see Fig. S5), optical rotation, and
biosynthetic stereospecificity (20). Therefore, skyllamycin B dif-
fers from skyllamycin A by the absence of �-methylation on the
aspartic acid residue (R1 � H versus R1 � CH3; Fig. 1), while
skyllamycin C differs from skyllamycin A by the inclusion of one
fewer double bond in the polyketide portion of the sidechain (R2;
Fig. 1).

Biological evaluation of skyllamycins A to C. Biological activ-
ity evaluation of skyllamycins A to C in the BIM assay revealed that
skyllamycin B had an EC50 � 30 �M, skyllamycin C had an
EC50 � 60 �M, and skyllamycin A possessed only marginal activ-
ity (
250 �M) (Fig. 5). From these data, we can postulate that the
aspartate residue plays an important role in a molecular contact,

FIG 4 BIM and BDM assay plots of results from natural-product screening. The y axis values represent percentages of biofilm coverage normalized to DMSO
controls. The x axis values represent absorption at 490 nm normalized to DMSO controls. Wells with less than 55% biofilm coverage were defined as extracts that
modulate biofilm formation. Wells with normalized cellular metabolic activity greater than 0.8 were considered to be nonantibiotic.

FIG 5 Dose response curves for skyllamycins A to C against percent biofilm
coverage (�) and cellular activity (●).
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while the cinnamic acid is not as critical. In the cellular activity
assay, none of the analogs displayed any reduced cellular activity
up to the highest tested concentrations. In the BDM assay, only
skyllamycin B showed biofilm clearance, with an EC50 � 60 �M,
with no effect on cellular activity up to the highest tested concen-
trations.

Structurally, the skyllamycins are a unique family of P. aerugi-
nosa biofilm inhibitors. While a number of P. aeruginosa biofilm
inhibitors have been published to date (34–38), the majority of
inhibitors with nonmicrobicidal effects have been identified as
quorum-sensing mimics (36, 37) or as related to quorum modu-
lation (38). As skyllamycin B is structurally unrelated to quorum
mimics, its activity is most likely not directly quorum mediated.
The skyllamycins are the first reported cyclic depsipeptides with P.
aeruginosa biofilm inhibition and dispersal activity, making the
elucidation of the mechanism of action for biofilm inhibition a
very attractive subject for future work.

Azithromycin and skyllamycin B codose experiments. The
ability to codose antibiotics with biofilm dispersers to clear bio-
film-mediated infections is potentially of significant therapeutic
value. Codosing has been proposed previously as an attractive
alternative to antibiotic monotherapy treatments for biofilm-me-
diated infections, since it has been suggested that codose experi-
ments could prevent or eliminate bacterial resistance (39). To as-
sess the utility of skyllamycin B for eliminating established biofilm
infections by coadministration with current antibiotics, we con-
ducted a codose experiment in the BDM assay. Using protocol
conditions identical to those used for the BDM assay, we pinned a
concentration array of skyllamycin B, ranging from EC100 to EC10,
immediately followed by pinning of three different concentra-
tions of azithromycin, all at concentrations above the EC50 in the
BIM assay (see Table S3 in the supplemental material).

Confocal images of BDM assay codose experiments (Fig. 6)
highlight the potential of combination therapies for biofilm-me-
diated infections. Skyllamycin B, while able to detach biofilms
independently, could not suppress bacterial cellular metabolic ac-
tivity. Similarly, azithromycin alone had no effect on biofilm cov-
erage at the tested concentrations. However, skyllamycin B with
azithromycin resulted in both the detachment of biofilms and the
concomitant reduction of cellular metabolic activity. Since cur-
rent treatment of biofilm-mediated infections depends on high
dosages of antibiotics, procuring antibiotic resistance to the etio-

logical pathogen, the codose results provide encouraging alterna-
tive conditions for biofilm detachment and bacterial cellular ac-
tivity depression, a method that could ameliorate or circumvent
acquisition of antibiotic resistance.

DISCUSSION

Given the significant impact of biofilm-mediated infections on
human health, and the biomedical costs associated with P. aerugi-
nosa biofilm-mediated infections, new treatment options are vital
to address biofilm-mediated infections. In order to identify bio-
film inhibitors and dispersal agents, we have developed a modular
assay that models both biofilm inhibition and dispersal and that
can recapitulate clinically observed biofilm-mediated antibiotic
tolerance. Performing the BIM and BDM assays in parallel pro-
motes the identification of lead compounds that can be directly
evaluated for their potential either as prophylactic treatments for
inhibiting initial biofilm formation (e.g., as coatings for medical
implant devices) or as treatments for eliminating established bio-
film infections.

Inclusion of two independent measurements to quantify both
cellular activity and biofilm coverage increased the ability of this
screen to differentiate between different biological behaviors. No-
tably, if the marine microbial natural-product library had been
screened for antibiotic activity using XTT alone, it would not have
been possible to differentiate between the bacteriostatic and bac-
tericidal antibiotics from the extracts found in bins 3 and 4. How-
ever, by directly measuring bacterial colonies attached to well sur-
faces, we can distinguish between bacteriostatic (bin 4) and
bactericidal (bin 3) activities. Likewise, compounds in bins 1 and
2 would have been overlooked as inactive compounds because
they show little to no effect on cellular metabolic activity. How-
ever, by measuring surface-associated bacterial cells, it is possible
to directly differentiate between biofilm inhibitors/dispersers and
inactive compounds. This combination of image-based biofilm
screening and XTT-based cellular metabolic activity screening
therefore provides a more detailed and complete view of the roles
of lead compounds as antibiotics or antibiofilm agents.

One advantage of this whole-cell screening strategy is that the
screen is configured to discover biofilm inhibitors in a target-
independent manner. This is in contrast to target-based screening
approaches, which report directly on the ability of test compounds
to inactivate predefined target proteins of interest. This screen

FIG 6 Confocal images and cellular activities of BDM assay codose experiments with skyllamycin B and azithromycin taken at �10 magnification. White bars
represent 100 �m. (A) Azithromycin at 99 �M. (B) Skyllamycin B at 100 �M. (C) Azithromycin at 99 �M and skyllamycin B at 100 �M (codose).
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employs a �wspF mutant of P. aeruginosa, which overproduces
cyclic-di-GMP and therefore forms strong, competent biofilms.
Consequently, hits discovered from this screen are inherently ro-
bust leads, given that biofilm formation occurs at elevated levels in
the �wspF mutant compared to the WT strain. However, because
the platform is target independent, it is not possible to extract
mechanistic or mode-of-action information directly from the pri-
mary screen. Therefore, although we would expect to identify in-
hibitors from a variety of targets, including quorum sensing,
cyclic-di-GMP production, and matrix protein production, addi-
tional experiments are required to further delineate mechanistic
information for lead compounds.

Screening a subset of our marine natural-product library has
identified multiple inhibitors/dispersers that eliminate biofilms
while having little or no impact on cellular survival. These leads
are promising as molecular probes or as potential therapeutics, as
they do not directly kill the bacterial cells but rather prevent/dis-
perse the more persistent biofilm state. From these initial leads, we
have identified the skyllamycin cyclic depsipeptide family as a
unique and enticing new class of biofilm inhibitor/dispersal agents
and identified one new natural product, skyllamycin C. Given the
nonantibiotic nature of skyllamycin B, the mechanism of action
by which it clears biofilm coverage is likely to be different from
that of antibiotic-mediated biofilm clearance. Skyllamycin B, a
large cyclic depsipeptide, is structurally distinct from known P.
aeruginosa biofilm inhibitors/dispersers, which have been almost
exclusively quorum-sensing-molecule mimics. Skyllamycin B also
showed promising codose activity with azithromycin, demon-
strating that combination treatment using the two drugs is able to
remove biofilm coverage and suppress cellular activity, a result not
possible using either drug independently.

Overall, this screen successfully identified compounds that
clear biofilms, highlighted by the discovery of skyllamycin B, rais-
ing the possibility of developing new therapeutic options to treat
P. aeruginosa biofilm-mediated infections.
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