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Microfluidic Confinement of Single Cells of Bacteria in Small Volumes
Initiates High-Density Behavior of Quorum Sensing and Growth and

Reveals Its Variability™**

James Q. Boedicker, Meghan E. Vincent, and Rustem F. Ismagilov*

Herein we show that upon confinement in small volumes,
groups of Pseudomonas aeruginosa bacteria, containing as
few as one to three cells, are able to initiate quorum sensing
(QS) and achieve QS-dependent growth. In addition, we show
that, at low numbers of cells, initiation of QS is highly variable
within a clonal population. QS pathways are involved in
critical functions of microorganisms, such as pathogenesis,
development of biofilms, sporulation, acquisition of nutrients,
conjugation, motility, and production of secondary metabo-
lites such as antibiotics."!l Experimental control of QS path-
ways through confinement may enable fundamental research
into the role of QS in small groups of cells and could provide a
tool for growing unculturable bacteria or inducing antibiotic
production.

QS is by definition a high-density behavior, regulated by
the number of cells per unit volume. QS is initiated by the
accumulation of released signaling molecules, such as auto-
inducers (Als), and is known to be initiated when the density
of cells rises above a threshold level. There are two
approaches to activating high-density behavior in cultures:
1) seed a macroscopic volume with bacteria and let them
divide until they reach high density, or 2) take a few cells and
confine them in a very small volume to enable accumulation
of Als (Figure 1 A). Activation of QS through strategy (1) has
dominated and has led to the general view that QS is a process
to coordinate the collective behavior of large groups of
cells,>¥ and the possibility that small groups of bacteria could
initiate QS upon confinement is often overlooked. Never-
theless, strategy (2) is important to consider, because QS
pathways are relevant to function, survival, and growth of
small numbers of cells—for example, early in biofilm
formation, in early stages of infection, or in soils.

Because confinement influences the diffusion of released
signaling molecules, QS has been redefined in terms of
diffusion!”! or efficiency”™ sensing. Spatial constraints and
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Figure 1. A hypothesis for activation of QS by confinement of single
cells and a device for testing this hypothesis. A) Pseudomonas aerugi-
nosa cells (gray rods) excrete auto inducers (Als, orange circles) that
can accumulate in the media. In a confined volume, the Als do not
diffuse away, and thus they reach high concentrations around the cell.
We hypothesized that in a small volume, a single cell would be able to
accumulate Als above the critical concentration needed to initiate QS.
In these experiments, QS was visualized by using a green-fluorescent
protein (GFP) reporter gene for lasB (green rod). B) Schematic drawing
of arrays of sub-picoliter droplets that contain confined bacteria
covered by air. The entire device is sealed inside a petri dish (not
shown). C) Small groups of bacteria can grow and divide when
confined in droplets with volumes less than 1 pL. After 7.5 h, the
original cell has divided, as shown by the increase in the number of
cells in the droplet, and the bacteria are also motile, as indicated by
the series of pictures, taken several seconds apart, showing movement
of some of the cells in the droplet.

transport parameters, such as the flow rate through open
systems, have been shown to play a role in the regulation of
QS.[** In addition, it has been shown that even small groups
of Staphylococcus aureus cells inside a vesicle of a host cell are
able to initiate QS,'*! and that initiation is required for
escape from the vesicle.'"'! In another example, the restric-
tion of diffusion on dry leaf surfaces reduced the size of a
quorum down to groups of dozens of cells.”” In these
experiments the cells were not only confined but they were
also exposed to the host environment. It is not known in these
systems to what extent host factors or confinement are
playing a role in the initiation of QS.

To study high-density behavior of a few cells experimen-
tally without influence from host factors requires the creation
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of confined spaces. Microfluidics is a useful tool for working
with very small volumes'*™ and recently has become an
attractive tool in microbiology!*'®l partly because of to its
ability to control the spatial structure of microbial cul-
tures."*2" Microfluidics also enables separation of individual
cells,?? which makes it possible to measure heterogeneity in
populations of cells at the single-cell level.7

To investigate the initiation of QS by small groups of cells
in the absence of interactions with the host, we adapted a
microfluidic technique previously described® to create an
array of droplets, each approximately 100 fL. in volume, in
wells made from the biocompatible® resin SU-8 (see
Supporting Information).”” Bacteria were added by flowing
low-density culture media through a poly(dimethylsiloxane)
(PDMS) channel placed over the wells. Bacteria were allowed
to settle and therefore concentrate over the wells. We
introduced an air bubble over the wells to form individual
droplets, which were physically separated from one another
(Figure 1B). As the air bubble swept over the wells bacteria
were pushed into wells and ended up at a cell density much
higher than the initial culture. We found that upon confine-
ment bacteria divided (Figure 1C) and remained motile for
over 7 h (Supporting Information; movie S1), indicating that
nutrients in the media and gases were not depleted.

To detect QS, we used P. aeruginosa cells containing a
fluorescent reporter for the QS-controlled gene lasB.*!
Green fluorescence indicated a high level of lasB induction,
which has been shown to correlate closely with extracellular
Al concentrations,”! and is interpreted as activation of QS.
Upon confinement in volumes of approximately 100 fL, small
groups of P aeruginosa cells were able to initiate QS
(Figure 2). Activation of QS by very small groups of
P. aeruginosa cells was not an artifact of the materials used
to make the device, as the phenomenon was also observed for
small groups of cells confined in droplets on a glass slide
covered by air (Supporting Information; Figure S1).

In three adjacent droplets each starting with two cells
(Figure 2 A), there was heterogeneity in initiation of QS both
among and within the wells. After 8 h, two droplets had cells
that initiated QS (Figure 2B and C, left and right droplets,
green arrows), while one droplet had cells that had not
initiated QS (Figure 2B and C, center droplet, white arrows).
This heterogeneity was observed despite all three droplets
showing similar numbers of cells per well after 8 h. Hetero-
geneity in activation of QS was even observed within the same
droplet: in the left droplet in Figure 2B and C, only about half
of the cells initiated QS. This heterogeneity within a well also
occurred when starting from a single cell (Supporting
Information; Figure S2).

In this culture media, cells grew at similar rates in
confined volumes whether they turned on QS or not
(Figure 2F). There was also no correlation of QS with the
volume of the droplet (Supporting Information; Figure S3,
distribution of well volumes for QS vs. non-QS cells, two-
tailed p =0.8098, Chi-square test). Thus, the heterogeneity in
activation of QS was not due to damage to cells during
loading or to another gross problem within the wells, but
rather represents inherent variability in P. aeruginosa. We
monitored initiation of QS over time in droplets loaded at t =
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Figure 2. Small populations of clonal cells initiate QS upon confine-
ment (Supporting Information; movie S2), and do so with marked
variability. A)—C) Three adjacent droplets, each containing a small
population of cells at time zero, show variability in initiation of QS
after 8 h. White arrows point to cells that did not initiate QS; green
arrows point to cells that initiated QS. D) Cells in a larger droplet (ca.
20 pL) grew to a population of hundreds of cells and show more
homogeneous expression of QS, as visualized by the fluorescence
reporter. Inside the red dashed boxes, cell counts are 109 total (from
bright field, left), and 98 initiated QS (from GFP, right). E) Initiation of
QS in droplets, loaded at time zero with 1 to 14 cells, was measured
after 10 h, demonstrating increased variability in initiation of QS within
small groups of cells. A well was scored as “with QS” if at least one
bacterium in the well was fluorescent. Inoculation No. is the initial
number of cells; the bar for > 8 represents groups of 9, 10, and 14
cells at t=0. Numbers above bars represent the total number of
wells N for that inoculation number. F) Initiation of QS in droplets
containing single cells at time zero was not correlated with the growth
rate of the cells. Bars represent standard error. 0,——: droplets that
achieved quorum sensing; m,eeee+ : droplets that did not achieve
quorum sensing.

0 with 1 to 14 cells. After 10 h, only 20 % of groups starting
with single cells initiated QS and 100% of groups starting
with seven or more cells initiated QS (Figure 2E). In a larger
droplet that grew to nearly one hundred cells (Figure 2D) and
in the bulk culture near the outlet of the device (Supporting
Information; Figure S4), most of the cells within the droplet
had initiated QS, indicating that heterogeneity in initiation of
QS was not due to plasmid loss. The behavior of small groups
of cells may be more random than large groups because of
stochastic effects that arise from small sample sizes.
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Time of first division in these experiments occurred at
approximately 3 h, and initiation of QS occurred at approx-
imately 8 h (Supporting Information; Figure S5). Because
division was generally more rapid than initiation of QS, single
cells usually divided before activating QS; rarely, however,
individual cells initiated QS before dividing (Figure 3 and
Supporting Information S6). This result is in contrast with the
view of QS as a collective behavior.

Figure 3. A single Pseudomonas aeruginosa bacterium, originating from
a low-density culture, initiated QS after confinement for 17 h in an
approximately 200 fL droplet. Bright-field images show the bacterium
at O h (A) and 17 h (B). Fluorescent images show activation of QS
after 17 h, as visualized by the expression of fluorescent reporter for
the QS-controlled gene lasB.

Finally, we tested whether confinement of small groups of
cells could have functional consequences for those cells. Even
though the lasB-GFP strain we were using is exceptionally
well characterized, we wished to confirm that our results
were not an artifact of the reporter and had functional
significance. The growth of P aeruginosa in media with
adenosine as the sole carbon source is QS-dependent; the
enzyme needed in the adenosine catabolic pathway, Nuh, is
controlled by LasR,* one of the regulators of QS and lasB
expression. We loaded wells (20 um in diameter) with 1 to 3
cells in M9 media with 0.01 % adenosine. The device was then
incubated at 30°C and both growth of cells and activation of
QS were monitored over time. After 29 h, 2 out of 14 wells
loaded with 1 to 2 cells at =0 showed both initiation of QS
and dense growth within the wells (Figure 4 A, green arrows).
Initiation of QS was required for growth: no other wells
contained cells that had initiated QS or cells that had divided
more than once, even after 29 h (Figure 4 A, white arrow).

To quantify the influence of QS on growth in this media,
we monitored division and initiation of QS by P. aeruginosa
cells in a different array of wells (50 um diameter, Figure 4 B).
Initially, some cells in the wells divided, with populations
increasing to at most five cells. Similar weak growth has been
reported for cells in starvation conditions in the absence of
available carbon sources.>) Of the 18 wells we monitored,
cells in four wells initiated QS between 21 and 31 h. The
percentage of wells with initiated cells (ca. 22 %) was similar
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Figure 4. In media with adenosine as the sole carbon source, small
groups of bacteria did not divide more than a few times, unless they
initiated QS. A) Both wells indicated by arrows started with one cell at
t=0. After 29 h, a well with cells that had initiated QS (green arrows)
contained a population of tens of cells, whereas in a well with cells
which did not initiate QS (white arrow) the cells did not divide.
Fluorescence on the edges of wells is an artifact. B) After 31 h,
bacteria in 4 of 16 wells (50 um diameter) initiated QS, (green dots,
dashed lines). Inset: the growth rate of the cells which initiated QS,
0.7 cellshour™, is significantly higher than the growth rate of cells
which did not initiate QS, 0.01 cellshour™' (p < 0.0001). Error bars are
standard error. Owing to inaccuracies in counting moving cells which
occupy multiple imaging planes, counts at any time have an error of
approximately 1-4 cells.

to that observed for single bacteria confined in 100 fL
droplets (ca. 20 %; Figure 2E). If the cells in a well did not
initiate QS by #=31 h, they also did not initiate QS by t=
43 h, nor did the number of cells increase over time
(Figure 4B). These results confirmed that the activation of
the fluorescent reporter was well correlated with functionally
significant, QS-dependent behavior and that there was
heterogeneity at the single-cell level for QS-dependent
behavior. Thus, QS can be initiated in confined small groups
of cells with functional consequences, and this confinement
can be used to induce and measure heterogeneity of high-
density behavior at the single-cell level.

Herein we demonstrated that confinement alone, in the
absence of potential host cell factors, caused a single cell to
activate QS pathways, demonstrating the possibility of auto-
crine signaling by the QS pathways. These results argue
against the commonly stated belief that quorum sensing
requires millions of cells, confirming that QS responses are
consequences of biomass per unit volume, and that if the
volume is small enough, a single cell provides sufficient
biomass to initiate QS. These results emphasize that QS-
controlled factors may be induced by a few cells in a confined
environment and that confinement may play a role in the
relationship between QS and virulence in pathogens such as
P. aeruginosa. These results also provide support for the views
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of QS as diffusion-sensing and efficiency-sensing rather than
social interactions. Clearly, these results do not provide
information on the relative importance of these views of
QS. Confinement should be a general mechanism for inducing
high-density behavior in small groups of cells and could be
relevant to any systems in which accumulation of released
signals regulates cellular functions. Microfluidic tools such as
the chemistrode®*®! may provide a convenient way of
capturing microbes from the environment directly into
confined volumes. Confinement,®” combined with isolation
of bacteria in wells etched at the ends of fiber-optic arrays,””!
could be an attractive method for monitoring single highly
confined cells of microorganisms. These results pose several
new questions about P.aeruginosa, such as, what is the
mechanism of heterogeneity in initiation of QS? Does it
arise at the level of signal production, the ability to respond,
or both? What are the levels of the Als in the droplets? Can
active transport of Als play a role? Is the heterogeneity
specific for these growth conditions or this strain? These
results also open new opportunities for determining the role
of confinement-induced QS in other bacterial systems. For
example, this approach could be used to ask if there is any
difference in gene expression when initiation of QS occurs as
a result of confinement, as opposed to reaching high density
by growth. In addition, confinement may become a tool to test
the initiation of QS pathways of species that cannot be grown
to high density in culture, or where such growth is slow or
inconvenient. Confinement will likely affect “quorum acting”
in similar ways (e.g. in initiation of blood coagulation by
bacteria),BS] and is a tool to understand and control autocrine
signaling in other systems, and to monitor behavior of single
cells.”! Confinement could potentially be used to induce
growth of unculturable microorganisms, to help search for
activation of virulence mechanisms, or to initiate production
of antibiotics, signaling molecules, and other microbial
secondary metabolites.
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