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Tracking the stochastic growth of bacterial populations in microfluidic droplets

Daniel Taylor,!>* Nia Verdon,!* Peter Lomax,? Rosalind J. Allen," T and Simon Titmuss® f
1School of Physics and Astronomy, University of Edinburgh,
James Clerk Mazwell Building, Peter Guthrie Tait Road, Edinburgh EH9 3FD, UK
2Scottish Microelectronics Centre, Alexzander Crum Brown Road, King’s Buildings, Edinburgh, EH98FF, UK
(Dated: January 14, 2022)

Bacterial growth in microfluidic droplets is relevant in biotechnology, in microbial ecology, and
in understanding stochastic population dynamics in small populations. However, it has proved
challenging to automate measurement of absolute bacterial numbers within droplets, forcing the use
of proxy measures for population size. Here we present a microfluidic device and ‘imaging protoecol
that allows high-resolution imaging of thousands of droplets, such that individual bacteria stay in
the focal plane and can be counted automatically. Using this approach, we tragk” the stochastic
growth of hundreds of replicate Escherichia coli populations within droplets. We find that, for early
times, the statistics of the growth trajectories obey the predictions of the Bellman-Harris model, in
which there is no inheritance of division time. Our approach should allow further testingrof models
for stochastic growth dynamics, as well as contributing to broader applications of droplet-based
bacterial culture.

Introduction

Droplet microfluidics has a plethora of well-established applications in biology, ranging from highly sensitive de-
tection methods (e.g. droplet-based polymerase chain reaction [1}) to high-throughput optimisation of chemical or
enzymatic activities [2-4]. The ability to cultivate biological cells,in dropletsiopens up further applications [5, 6], such
as high-throughput screening for gene expression [7, 8] or metabolite. production [9], screening of antibodies [10] or of
environmental isolates for drug discovery [11], understanding anierobial interactions [12-16], investigation of responses
to drugs such as antibiotics [17-21] and the detailed study of sto¢hastie growth dynamics and evolution [22-25].

Many challenges need to be overcome when growing biologigal cells within droplets in a microfluidic device. En-
capsulation of cells in droplets is inherently a randémnprocess, that{can be well described by Poisson statistics [26].
Moreover the cells need to be maintained at a fixed temperature and supplied with appropriate nutrients including
oxygen. One may wish to change the environmental conditions during the experiment (e.g. by infusing a drug) or
across the device, and one may need to sort the droplets at the end of the experiment. All of these challenges have
been addressed through appropriate microfluidic deviee.design [6, 8, 9, 17, 25, 27-31].

Less attention has been paid, however, to the problem of how to directly track population growth within microflu-
idic droplets. Most microfluidic droplet methodologies. do not produce sufficiently high-resolution images to allow
individual cells to be counted as they proliferate. Therefore, growth is often tracked using the total droplet fluores-
cence as a proxy for population size [6, 1dy 17520, 22, 24, 32, 33] — assuming that the cells are fluorescent, or can be
made so. This approach is especially widely usedifor bacteria, whose cells (of size ~ 1-5um) are much smaller than
those of eukaryotes (e.g. yeast or mammalian cells). Alternatively, light scattering from individual droplets has been
used as a proxy measure for bacterial grewth [29], that is analogous to the optical density measurements used for
bulk cultures. However, the fluorescende intensity of individual cells can vary significantly across a population [34],
and can also change with growth'state (e.g: entry to stationary phase [35]) — while light scattering is also sensitive
to factors such as cell size and shape, which can be affected by drug exposure or other changes in environment [36].
Thus, it is hard to reliably link these proxies to cell number. This is important when studying stochastic population
dynamics, where cell numbeér fluctuations are the key quantity of interest [22, 37]. While some studies have measured
cell numbers directly in microfluidic droplets [12, 14, 15, 19, 23], this has typically been done by manual counting,
which is labour-intensive, especially for bacteria. Recently, an innovative microfluidic hemocytometer approach has
also been used to countrindividual bacteria as well as human cells in droplets [38]; however this method is not suitable
for tracking growth dynamics within individual droplets.

Bacterial growth and division areyintrinsically stochastic processes. This individual cell stochasticity translates into
stochastic population growth, with implications e.g. for survival of antibiotic treatment [39-42]. From a theoretical
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FIG. 1: Device design. Droplets are rapidly generated using a microfluidic device with flow4foeusing geometry (a). The oil and
aqueous phases are pumped into the device, shown in (ai), using syringe pumps. (aii) shows a droplet as it is generated; (aiii)
shows a scale drawing of a droplet of volume 85 pL in the generator. Droplets are then transferred to a reservoir (b), which
has a reduced channel height, squashing the droplets (bii) to allow microscopic imaging withinsthedield of focus. The diagram
in (bii) is to scale, such that a droplet of volume 85 pL would have diameter 100umi in thereservoir. (c) shows droplets in the
brightfield (ci) and fluorescence (cii) channels. (cii) shows multiple fluorescence images‘of the same droplet at different times
during the experiment. The red circle represents the droplet outline that has been,detecteddrom the brightfield image. The
number of bacteria detected in this droplet by our automated counting algorithm is‘indicated in red; this number increases in
time as the bacteria proliferate within the droplet.

point of view, there has long been interest in growth of populations(in which individual cell lifetimes are stochastic [43—
46], but it is challenging to distinguish alternative models with‘existing experimental data [22]. Tracking individual
bacteria growing in multiple replicate droplets can improve our ability:sto link growth stochasticity at the individual
cell level to the population level, and to test different theorgticalamodelssfor stochastic population dynamics.

Here, we present a microfluidic device and image analysis protocol that allows automated, high-throughput count-
ing of individual fluorescent bacteria in multiple réplicate mierofluidic droplets. This allows extraction of growth
trajectories within each droplet, which show significant dreplet-to-droplet variation for the bacterium Escherichia coli
in glucose minimal medium. Our device relies on the verticahsquashing of droplets within the microfluidic reservoir
where they are imaged, into discs of thickness 11.5um (Figure 1(aiii)), such that bacteria remain in the focal plane
as they proliferate. This is combined with‘an image. analysis workflow that includes droplet detection, tracking,
thresholding and spot counting. Analysing our results for stochastic growth of hundreds of E. coli populations on
glucose minimal media, we find good agreement at early times with the predictions of the Bellman-Harris model [46],
in which there is no inheritance of divisien time. We infer the mean and variance of individual cell division times
from the stochastic population growth trajecteries, which had proved impossible in previous work [22]. Our approach
should allow further testing of models for stochastic growth dynamics, as well as being contributing to applications
such as antibiotic discovery [11].

N

Device development and validation
A mierofluidic device for imaging growth of individual bacteria in droplets

Our microfluidic device generates a low polydispersity emulsion of aqueous phase droplets in a fluorocarbon continu-
ous phase and stores them.in a reservoir, allowing observation of encapsulated bacterial communities using brightfield
and fluorescence microscopy.»'Lhe'device design is shown in Figure 1. The device is formed from polydimethylsiloxane
(PDMS) bonded t6 a glass slidepand consists of two parts: a droplet generator and a droplet reservoir.

The droplet generator uses a flow-focusing junction with channels of width 50um that come together in a 20um
constriction in.which the aqueous phase (bacterial suspension) in the central channel is squeezed between the two
outer oil phage flows [47] (Figure la(i),(ii)). This is followed by a serpentine channel which allows mixing within the
droplets (not shown in Figure 1). The droplet generator is 34.5um in height; for the flow rates used in our work,
this leads«toyproduction of droplets of mean volume 120pL, with a standard deviation of 14pL. We note that when
unconfined, the radius of a 120pL droplet is greater than the channel depth of 34.5um, so that the droplets are
compregsed when generated, as shown in Figure la(iii). After generation, droplets are transferred from the generator
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to the reservoir via a piece of tubing of length 2-2.5¢cm (Tygon S3 E-3603, inner/outer diameter 0.8mm/2.4mm).

The droplet reservoir (Figure 1b(i)) receives an input flow of droplets from the generator, and stores them in an
array of 4 parallel channels. The parallel channel design, as well as the inlet geometry and teardrop-shaped support
pillars, aims to disperse droplets laterally, allowing efficient filling of the reservoir (Figure 1c). Droplets can freely
exit the reservoir via a large outlet, preventing jamming. Once the inflow of droplets stops, droplet movement within
the reservoir is arrested almost completely, which proves helpful for droplet tracking. Importantly, thesSmall reservoir
height (11.5pm) ensures that droplets are significantly squashed in the vertical direction (Figure 1b(ii)); this prevents
bacteria from moving out of the microscope focal plane, allowing them to be accurately counted. Wethave verified that
the bacterial count remains stable when we scan the reservoir over a distance of ~12um in the vertical direction (Figure
S1). We aim for a loose packing of the disk-shaped droplets within the reservoir, to preventdshape deformation or
adhesion between droplets. Typically, in our experiments the reservoir contains approximately 1000ndroplets (Figure
1c(i)). The entire device (droplet generator, tubing and reservoir) is maintained at a fixed temperature of 37°C by
being submerged under water in a custom 3D-printed microscope mount coupled to an external temperature-controlled
water bath. As well as maintaining temperature, submerging the device in water suppresses evaporation from the
aqueous droplets [48].

In this work, droplets are created using as the aqueous phase a dilute suspension of Escherichia, coli, strain RJA002,
which constitutively expresses yellow fluorescent protein (YFP) and therefore fluoresces yellow (see Methods). The
oil phase consists of oxygen-permeable, biologically inert FC40, containing the surfactant Pico-Surf at 2.5%w/w [59].

~

Imaging bacterial growth in droplets

To analyse bacterial growth within the droplets, the entire reservoir,is imaged every 6 minutes over a period of
8 hours. Each image is recorded both using brightfield illumination andin the YFP fluorescence channel (Figure
1(c)). To count individual bacteria, high magnification images are(required, typically 20x and above, implying that
multiple fields of view are needed to cover the entire reservoir. The reservoiriis therefore imaged in a grid pattern at
20x magnification, and the fields of view are then stitched together. Each composite image consists of 18x14 fields
of view, with each field of view containing up to 25 droplets. An am8h experimental run, each grid position is imaged
80 times. 4

Once the experimental run is complete, all the images are chiecked manually. Fields of view that are out-of-focus,
do not contain any droplets (e.g. because the regionvimaged lies between reservoir channels), contain distorted or
non-circular droplets, or are contaminated with debris, are replaced with blank image stacks over the entire time
course of the experiment.

Image processingindroplet tdentification and tracking

After stitching together and checking thefields of view, we obtain two composite image stacks, one for brightfield and
the other for fluorescence, containing all fields of view over all time steps. Next, droplets are detected in the brightfield
image using a circular Hough transform algorithm,(see Methods), which fits circular boundaries to the droplets and
outputs their centre positions and radii (Figure 2(a)). The circles detected by the algorithm are considered to be
droplets if their radii lie between ertaiis bounds; this allows for the exclusion of rare large droplets and circular
features in the microfluidic device structure, such as reservoir supports. Droplet detection is performed for every
timestep, leading to a dataset containing the position and radius of every droplet detected at each timepoint.

To measure bacterial population growth within a given droplet, we track droplets from one time step to the next
using an adapted particle tracking algorithm [49]. This works well because very few droplets move by more than their
own radius during the 6 minute, time interval between images.

Upon completion of both the droplet boundary detection algorithm and the droplet tracking algorithm, a data
array is output. This array contains the centre position and radius of every droplet across all time steps. In the array,
each droplet is also.assigned,anddentification number that allows it to be followed in time, from one frame to the
next.

Image processing: counting individual bacteria

To countiindividualdbacteria within a droplet, the fluorescence images are binarised (see Methods). The binarisation
threshold is optimised on a subset of images (4 fields of view, at a timepoint midway through the experiment) to
minimize, the absolute difference between a manually conducted count, and our automated counting algorithm (see
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FIG. 2: Image processing. (a) Droplet detection using the circular Hough transform algorithm; the circles that are identified
as droplets are shown in red. (b) Optimisation of the binarisation threshold for detection of individual bacteria in fluorescence
images. The absolute difference between the total number of bacteria recorded by the algorithm and a manual count is plotted
as a function of the threshold pixel intensity value. Here images were taken at 120 mins.,and comprised 118 droplets with 475
bacteria recorded in the manual count. (c) Binarised fluorescence images (with overlaid droplet boundaries) obtained using a
range of threshold values. If the threshold value is too low, spurious small objects'are detected; if it is too high bacteria are
missed.

Methods and Figure 2(b) and (c)). Once the optimal threshold valueshas been determined, all of the images are
binarised using this threshold and then passed to the automated.bacterial counting algorithm. This counts the
number of distinct fluorescent objects within each droplet boundary, for each image. Using the droplet identification
numbers from the tracking algorithm, it is then possible to tragk changes inybacterial numbers in specific droplets,
over the duration of a complete experimental run (see, e.g. Figure I(cii)).

The bacterial counting algorithm was found to be accurate to within ~»4.7%, when compared to manual counts for a
sample of 68 droplets, containing on average 7 bacteria (droplets with Zet6 bacteria were excluded from this analysis).
To analyse in detail the source of counting errors, we also analysed a larger dataset consisting of 118 droplets, with
a total of 475 bacteria, imaged after 120min of growth.zHere we found 17 droplets for which the automated bacterial
count differed from the manual count. Of these, the'automated algorithm counted too few bacteria in the majority
of cases (14/17). The magnitude of the count error 'did notycorrelate with either the number of bacteria in the
droplets (counted manually), or the total dreplet fluorescence (Figure S2(a)), suggesting that there is not a simple
link between bacterial density and count errory for early-time trajectories. We also looked in detail at the images
for these 17 droplets, to characterise the source ofierror (Figure S2(c) and (d)). In 6/17 cases, errors were caused
by clumping of bacteria, causing multiple bacteria to be counted as one unit. In 7/17 cases we observed that two
daughter cells had just separated but are counted by the algorithm as one unit; this is a biological process rather
than an error as such. The few remainingerrors were caused by random pixels being counted as bacteria (1/17), an
incorrect droplet boundary position (1/17), or fluorescent dust particles (2/17).An analysis of this data set, in which
miscounts caused by just divided cells not, being resolved are discounted, results in a a difference between the manual
and automated count decreasing te 2.8%™

Device validation

To confirm that the bagcterial,population in each of the droplets behaves independently, we measured the spatial
correlation between droplet populations. We construct a correlation metric S(r;;), for a given timepoint (here 480min),
according to the following,procedure. For each pair of droplets (¢,j) we measure the centre-to-centre distance (r;;),
and the absolute différence impeopulation size (|P; — P;|), between the droplets. Pairs of droplets (¢, j) are sorted into
bins on the basis of their centre-to-centre distance r;;, and we compute the mean difference in population size for the
pairs of droplets in each bin (i.e. the sum of |P; — P;| values divided by the number of droplet pairs in the bin). This
produces a spatial correlation function for the absolute difference in population size between pairs of droplets. We
detected no gignificantsspatial correlations in population size between the droplets (Figure 3(a)).

To verify that our device provides adequate nutrients and oxygen for bacterial growth, we compared the total rate of
bacterialqgrowth within the device with that measured in a bulk culture. Summing the total bacterial numbers across
188 droplets in our device, measured over a run of length 150 minutes, in M9 glucose minimal media (see Methods),
we observed exponential growth with a doubling time of 89 + 1 minutes. This is comparable to the doubling time of
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FIG. 3: Method validation. (a): Absence of spatial correlation. Mean absolute difference in bacterial counts between pairs of
droplets, plotted as a function of inter-droplet separation (i.e. mean value of |P; — P;| fordroplet pairs whose spatial separation
lies within a bin assigned on the basis of the inter-droplet distance r;;. Data corresponds-te<a'single timepoint at 480 min.
The error bars show 95% confidence intervals for the mean (1.96xSEM). (b): Comparing bacterial counts measured using our
algorithm to total droplet fluorescence values. The data points represent 118 droplets tracked over the entire experimental run
(therefore different data points can represent different times). To evaluate total fluorescence; pixel values are summed over an
entire droplet and the sum is normalised by the droplet area, to control for, backgroundifluorescence, which scales with area.
Total fluorescence correlates strongly with bacterial count: Pearson correlatiomcoefficient = 0.84 (P<0.001). The best fit line
is y = 0.34x + 438 (R? = 0.66). (c): Representative images showing a droplet in which/bacteria have clumped: phase contrast
image (left), fluorescence image (middle) and binarised fluorescence image (right). The droplet counting algorithm gives an
incorrect result of 11 bacteria.

84 + 2 minutes for the same strain and media in bulk culture [50]. L 4

Comparing bacterial counting to total droplet fluorescence

Previous work has monitored bacterial growth in droplets using total droplet fluorescence as a proxy for bacterial
number [6, 11, 17, 20, 22, 24, 32, 33]. Therefore we eompared bacterial counts for individual droplets, obtained using
our counting algorithm, with the integrated total fluerescence across the droplet (Figure 3(b); data from all time points
are included on the plot; total fluorescence is normalised by droplet area). We observe correlation between bacterial
number and integrated droplet fluorescence (Pearson correlation coefficient = 0.84, P<0.001), particularly for small
bacterial numbers (corresponding typically tovearly times during the experiment), although there is significant noise
in the fluorescence values for a given bacterial ‘count. This could arise from heterogeneity in fluorescence intensity
between bacteria [34]. For larger bacterial numbers, there is some indication that the integrated fluorescence plateaus,
such that it no longer correlates with baeterialdcount. This may correspond to the late-stage growth regime, when
the fluorescence intensity of individual bacteria may start to decrease [35]. This effect can be seen more clearly when
comparing trajectories of total fluorescence and bacterial count for individual droplets (Figure S3).

FEneapsulation of bacteria follows a Poisson distribution

From similar microfluidics experiments, we expect the loading of bacteria into droplets to conform to the theoreti-
cally predicted Poissen'distribution [26]. To test this, we analysed the distribution of the numbers of bacteria in the
droplets for 375 dropletsfloaded with fluorescently labelled E. coli bacteria in M9 minimal medium at the start of our
monitoring period. Atfthe loading density used, 179 of the droplets were empty while 196 contained bacteria.

Figure 4(a) shows the measured distribution of bacterial numbers in the droplets for our first timepoint. The blue
region shows/the best fit to a Poisson distribution (with 95% confidence interval), while the red region shows that a
much better fit is obtained to a computational model in which we simulate exponential growth of bacteria that are
initially Peisson distributed (see Methods). The fact that our data is well fitted by a model that includes Poisson
loadingfand growth reflects the fact that, because droplets have to transfer between the generator and the reservoir,
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FIG. 4: Stochastic encapsulation and growth of E. coli cells in droplets. (a): Distribution ofsdroplet oceupation numbers at
the first imaged timepoint. The blue area shows a fit to a Poisson distribution (the shaded area shows 95% confidence interval)
while the green area shows the fit to a model where initially Poisson-distributed bacteria proliferate exponentially (see Methods
for more details). (b): Trajectories of logarithm of bacterial count for individual droplets; extensive variability in growth is
observed.

~

there is a time delay of ~95 mins (approximately 1 doubling time) between droplet creation and the start of our
imaging. During this time, bacteria can proliferate within the droplets.

Counting errors lead to transient drops in_growth,trajectories

To investigate stochastic bacterial growth in individual microfluidic droplets; we tracked over time the growth of the
196 E. coli populations contained in our 375 droplets. Figure 4 (b) shows that, although growth within the droplets
is broadly exponential, growth trajectories are highly variable between droplets.

Occasionally, apparent decreases in bacterial number within individul droplets can be seen. Since spontaneous
bacterial lysis is unlikely under these conditions, these are most likely caused by counting errors. To check the origin
of the transient drops in the bacterial count trajectories, we analysed in detail 3 droplet trajectories that showed
such drops (Figure S4). Comparing the microscopy images,of these droplets before and after the transient drops in
bacterial count (Figures S5, S6 and S7), we found thatindeed the drops were caused by errors. In two cases (Figures
S5 and S6) the error occurred because severalsbacteria happened to be close together and were counted as a single
unit. In the third case (Figure S7), a droplet was distorted by a nearby pillar in the reservoir, causing the droplet
boundary-finding algorithm to misdraw the boundary, such that a bacterium was missed in the count. In the same
trajectory, two bacteria that were cologalised in space were also counted as a single unit (Figure S7).

Bacterwatend to clump at late times

At late times in our experiments, we Observé more frequent and larger drops in the bacterial count (Figure S4).
Checking our database of microscopy images; we observe that when the bacterial density in the droplets becomes high,
the bacteria can form clumps (Figure'3(c); see also Figure S6); indeed a few small clumps are observed from ~60 min
onwards. This leads our counting algorithm to produce incorrect results — although we note that it is generally not
possible to count the individual bacteria in these clumps manually either. Clumping of E. coli bacteria in microfluidic
droplets has also been observed, by other authors [21]. This issue might be avoided in future work by the use of
non-clumping bacterial strains (see Discussion). From a practical point of view, the appearance of large apparent
fluctuations in the bacterial count might provide a useful sign that the accuracy of the automated count can no longer
be relied on, due tosclumping:-The beauty of our approach is that the images of the droplet corresponding to that
particular trajectory camn becexamined to confirm that a biologically phenomenon, such as clumping is occurring.
Being able to assay for clumping in this way could prove interesting, for example, in the study of biofilm initiation.

Stochastic dynamics of bacterial growth

Our system allows us to probe in detail the statistical properties of stochastic bacterial growth trajectories in
small populations. In principle, such analysis can be used to test different models for the stochastic process of
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FIG. 5: Stochastic growth of encapsulated E. coli; comparison to'the predictions of the Bellman-Harris model [46]. (a): The
mean bacterial count grows exponentially in time, for the entife collectionnof non-empty droplets (black data), and for the
sub-groups of droplets, sorted by initial bacterial count k (red: "k = 1, green: k = 2, blue: k = 3, orange: k = 4, magenta:
k = 5. The vertical dashed line indicates 150min; the gfowth rate was obtained by fitting to the data for 0-150min. (b): The
standard deviation of the bacterial count also grows exponentially in time (colours as in (a). (c): The coefficient of variation
(CV = standard deviation / mean) is approximately constant atiearly times (colours as in (a)). The values for CV reported
in the text were computed by averaging over the data for 0-150min. (d): The coefficient of variation C'Vj, for droplets starting
with k& bacteria scales with 1/ V'k, as predicted by Barizien et al’s generalisation of the Bellman-Harris theory [22].

single-cell growth and division, and to'extract information on single-cell growth and division parameters. In recent
work, Barizien et al. [22] analysed a dataset, of growth trajectories for E. coli populations in microfluidic droplets,
in which the readout was total droplet fluoreseence (i.e. absolute bacterial counts were not available). Barizien
et al. showed that their data was consistent with’the Bellman-Harris (BH) model [46]. The BH model considers
stochastic population growth, starting flc{m exactly 1 bacterium, and assumes that the division times of all bacteria
in the population are independent and/chosen from a fixed probability distribution (which Barizien et al. took to
be a Gaussian with mean 7 and standard deviation o [22]). In Barizien et al.’s work, three sources of stochasticity
contributed to the variability in population growth dynamics: intrinsic stochasticity from the single-cell growth and
division process, stochasticity in initial population size from the Poisson loading of the droplets, and changes in the
overall growth rate during the experiment [22]. The latter two effects tended to obscure the signal from the intrinsic
single-cell stochasticity. Our methodology provides a way to overcome this problem. Because we are able to count
individual bacteria, weycan group droplets in our dataset according to their initial bacterial occupancy. Analysing
each group separately removes the effect of the stochastic droplet loading. Moreover, we do not observe changes in
growth rate duringthe early stages of our experiments (perhaps because bacteria acclimatize to the device during the
wait time between droplet generation and arrival in the reservoir). Applying the analysis pioneered by Barizien et al.
to our dataset, we ‘are able to infer values for the single-cell growth parameters: the mean and standard deviation of
the division time 7 and o
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Growth dynamics are consistent with the Bellman-Harris model

The BH model makes predictions for the statistics of the number of bacteria N () in a population at time ¢, starting
from a single bacterium at time zero, and assuming that bacteria divide independently with division times that are
chosen from a fixed distribution [46]. The BH model predicts that both the mean and the standard deviation of N ()
grow exponentially with the same exponent c, i.e. they tend to nie® and nye®’ at long times. Hence the coefficient
of variation C'Vy, the standard deviation of the population size N(t) divided by the mean, tends to‘a eonstant value
ng/m1. The values of the constants «, n; and ny depend on the parameters of the underlying distribution ofidivision
times. Barizien et al. extended the work of Bellman and Harris to show that for a population initiated with & bacteria,
the coefficient of variation CV still tends to a constant, but the value of the constant now depends on k [22]:

1 ) ( 1 )
CVi—|—=)—=CW"1|—]. 1
* (\/E) n "\ W
Furthermore, for the case where the initial bacterial numbers are Poisson-distributed,. the coefficient of variation of
the population size CV) (computed over non-empty droplets) obeys the relation [22]:

T—e™ (na)° 1—-(OA+De ™ 1-—¢?
CVi=—"—|— = CV?
A A <n1> * A A i

b=+ e
< (2)

where A is the parameter of the Poisson distribution, i.e. the mean initial bacterial number (computed over all droplets
including empty ones).

We analysed 188 non-empty droplet trajectories for E. coli bacterianin M9 minimal medium supplemented with
glucose (see Methods). Our complete dataset consisted of 375 droplets, of which 184 were empty (3 trajectories were
manually disgarded due to the presence of imaging artefacts, e.g. Adust)s Of the 188 non-empty droplet trajectories,
68 initiated with 1 bacterium, 66 with 2 bacteria, 23 with 3 bacteria, 19 with 4 bacteria, and 8 with 5 bacteria. We
therefore divided the trajectories into five groups according to their initial population size (omitting the 4 trajectories
that initiated with more than 5 bacteria). For each groupfof trajectories, we computed the mean and standard
deviation of the population size, and the coeflicient of variation, as funcfions of time. Figure 5(a) and (b) show that
the mean and standard deviation of the population size grow exponentially in time, regardless of initial population
size, as predicted by the BH model. Figure 5(c) shows that, at early times (up to ~150min), the coefficient of variation
CV}, is indeed constant in time, as predicted. At later times, the coefficient of variation tends to increase slightly,
perhaps suggesting a deviation from true exponential growths The BH model makes the specific prediction that the
coefficient of variation C'V}, should scale with the inverse'square root of k (Eq. (1)). Figure 5(d) tests this directly, by
plotting the ratio C'V;/CV; (averaged over the first 150min), versus 1/v/k. Indeed this data collapses rather well onto
the predicted 1:1 straight line. We can also test the prediction of Eq. (2) for the coefficient of variation of the entire
set of 188 non-empty droplets, C'Vy. In.our dataset, the mean initial bacterial number (including empty droplets) is
A = 1.11. Hence, from Eq. (2) we expect that CVy = 1/0.6CV + 0.27. Evaluating the coefficient of variation across
all the 188 non-empty droplets in our datasety averaged over the first 150min (bold black data in Figure 5(c)), we
obtain 0.681 £ 0.008. This is in good agreement with the value of 0.70 4= 0.05 that we obtain from right-hand side of
Eq. (2), evaluated for our dataset starting with/one bacterium per droplet (for which CV; = 0.60 £ 0.05, averaged
over the first 150min). N

Inferring single-cell division time statistics

Using the BH model, sve cam,alsovinfer the mean 7 and standard deviation o [22]) of single-cell division times.
Assuming that the single-cell division times are Gaussian distributed, Barizien et al. showed that [22]

azl*\/l*(QlH?)Cvz 3)

Tcv?

and

1—(2ln2)cv?

(21ln2)cv ] _ 1+<%>2 1+(Clvl)2
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where cv = o/7 is the coeflicient of variation of the single-cell division-time distribution. Using our 68 trajectories that
started with a single bacterium, we obtain o = 0.00777 £ 0.00007min ", from a linear fit of the log-mean population
growth over the first 150min (Figure 5(a), red data points). Using also our result that C'V; = 0.60 £ 0.05 (averaged
over the first 150min), we can solve numerically Eqs (3) and (4) to estimate the single-cell division time parameters:
7 =86 + 2min and cv = 0.20 £ 0.03. Single-cell division statistics can also be measured directly, for example, in the
mother machine [51]. While the reported values for cv vary [43, 52, 53], and depend on conditiong,such as growth
medium [53], our result is close to that of cv = 0.24 reported by Wallden et al. [53] for mother machine measurements,
for bacteria that were growing at a similar rate to ours (mean growth rate 0.011min~1).

Discussion

In this paper, we have presented a microfluidic system, with image analysis protocol/that allews direet counting
of individual bacteria during growth in microfluidic-produced emulsion droplets. While a number of microfluidic
devices have been developed previously to monitor bacterial growth in droplets [6,11, 127, 18, 20-22, 33], these
have mostly used the total fluorescence of a droplet as a proxy for population sizé. The few eases where bacterial
numbers have been directly counted have not allowed high-throughput counting [19]. To out knowledge, our study is
the first to achieve automated direct counting of individual bacteria in a high-throughput manner. Direct counting
avoids technical issues caused by fluorescence heterogeneity between bacteria [34] and.chranges in bacterial fluorescence
intensity during growth [35]. Direct counting also removes the need for the use offadvanced fluorescence background
subtraction methods [22]. Furthermore, knowledge of the absolute population size i§ important when comparing
experimental results to theory for stochastic population growth [22].

Using our system, we analysed in detail the population size statisticgifor 188 non-empty droplets containing E. coli
growing on minimal media. Extending the earlier analysis of Barizien et'al. (who did not have access to absolute
bacterial counts), we found excellent agreement between our datafand the predictions of the Bellman-Harris model
[46], which assumes that cell division events are independent,, with the division times being drawn from a fixed
distribution. Under the assumption that the distribution of single-cell division times is Gaussian [22], we could infer
from our population growth trajectories the mean and coeflicient of wariation of the single-cell division times. The fact
that we obtain good fits to the memory-less Bellman-Harris model isy¢onsistent with mother machine observations
that E. coli shows little inheritance of growth rate under standard, aerobic growth conditions [51]. However there is
evidence that growth rate can be more strongly inherited underiother conditions, such as anaerobic growth [54]. It
would therefore be interesting to investigate population grewth statistics for bacteria in droplets under a wide range
of conditions, as well as to investigate the power of such dataito discriminate between alternative population growth
models.

Our system comprises two parts, the first 6f whichigenerates a microfluidic droplet emulsion whilst the second acts
as a reservoir for imaging and analysing droplet-based bacterial populations. Crucially, the reservoir height is small
(11pm), to prevent bacteria from leaving the focal plame during imaging. Because droplet generation is more robust
and reliable in a deeper device, we have fabricated the two parts of the device with different heights, and connected
them via a short piece of tubing. This dees,showever, introduce some delay between droplet creation and imaging
(around 90 mins in total to transfer droplets amd fill the reservoir). In future we plan to eliminate this delay by
integrating the two components into a ‘single multilevel device.

Image processing is an important aspect,ofour study. The image processing algorithm must be sophisticated
enough to track hundreds of droplets and count individual bacterial cells within them. The algorithm must also be
efficient enough to process large volumes of data within a reasonable time frame. The current version of our image
processing algorithm runs om@ standard. desktop computer with a typical experimental run taking less than 4 days
to fully process on a standard desktop PC (including manual counting for optimisation of the binarisation threshold,
manual stitching of fields of wiew andand manual image preprocessing). We are currently investigating options for
parallelising the code to improve image processing speed, and automating the steps that are currently done by hand,
such as stitching together of multiple fields of view. Other parts of the image processing algorithm that could be
made more sophisticated; orautomated, include the droplet identification and determining the optimal threshold for
binarising the images prior to counting of the bacteria.

In this work, we choSe to use a 6 minute time interval between successive images of the same field of view. This
was the shorteststime interval that allowed all 18x14 fields of view in the grid to be imaged in both brightfield and
fluorescence, /before a new round of imaging began. This time interval is substantially smaller than the expected
doubling time of the FE. coli bacteria used, and allowed good tracking of droplets between frames. However, the 6
minute time,interval is too long to allow dynamical tracking of individual bacteria within droplets, which might be
interesting for some applications, such as studies of bacterial motility [55]. Recording of short movies of a given field
of a view, rather than static images, might be a fruitful direction should dynamical information be required.
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Our approach to bacterial counting relies, at present, on fluorescence images — therefore we have used a bacterial
strain that expresses a fluorescent protein. Fluorescent strains of bacteria are widespread, and for applications with
non-fluorescent bacteria one could perhaps use a fluorescent dye. However in future we hope also to develop bacterial
counting via segmentation of phase contrast images, using more sophisticated image processing techniques.

In our experiments, we observe that our strain of E. coli tends to form clusters in the droplets at long times, which
prevents the counting algorithm from working. This could perhaps be avoided by using a non-aggtegating bacterial
strain (e.g. a strain that does not produce appendages such as fimbriae that are implicated in aggregation). However,
bacterial clustering is of biological interest in itself, for example as a first stage in biofilm formation{56557]. Therefore
it might be interesting to develop image analysis algorithms that could detect and analyse the omset of clustering in
microfluidic droplets, perhaps via the observed fluctuations in the bacterial count.

It is important to note that the approach presented here allows for retrospective{investigation of phenomena
occurring in a given droplet. For example, if a growth trajectory shows unexpected dymamics, one.can extract
the image series corresponding to that droplet and inspect the images to see what has/happened. This provides a
useful way to control for errors (e.g. in bacterial counting) but also to investigate biological phenomena such as the
onset of bacterial aggregation.

Future improvements to our device may also include the use of injection to allow c¢hemical perturbations to droplets
after they are created (e.g. the injection of other bacterial species to test for production of poténtial biopharmaceuticals
[11]), and the use of droplet sorting [58] to allow the extraction and further precessing of droplets with interesting
properties, for example for biotechnological applications. ~

Conclusions

We developed a microfluidic device and image analysis protocol that ean,count individual bacteria during growth
in microfluidic droplets. This allows high throughout tracking of the dymamics of small bacterial populations, without
the need for proxy measures of population size such as integrated droplet fluerescence. Analysing growth trajectories
for multiple small populations of E. coli bacteria we find good agreement with the Bellman-Harris model, which
assumes that individual-cell lifetimes are independent. We aré also,able,to infer parameters of the single-cell lifetime
distribution from population trajectories. We hope that our approach,will contribute to the numerous fundamental
and biotechnological applications of droplet-based bacterial culture.

Materials and Methods
1. Microfluidic device fabrication

Our PDMS microfluidic device wasgereated as follows. Microfluidic master moulds with depths of 34.5um and
11.5um (for the droplet generator and reservoir respectively) were fabricated at the Scottish Microelectronics Centre
using standard methods. SU8-3010 was spin coated on a 4" silicon wafer to the required thickness (2min at 2000 rpm
for the 34.5um-depth and 2min at 4000rpm for the 11.5um depth). The wafers were baked (1lmin at 65°C followed
by 10min at 95°C), exposed to UV light through a photomask (2min) then baked again (1min at 65°C then 2min at
95°C) and finally rinsed for 4mindn prcﬁ?ylene glycol methyl ether acetate (PGMEA). We used a 4" low reflective
chrome photomask printed onto a/1.5min soda lime glass base substrate at a resolution of 128k DPI (JD-PhotoData).

To make a device, 30g of PDMS was prepared by mixing 10 parts elastomer to 1 part crosslinking agent for 5min.
Air bubbles were removed by exposing tovacuum (30min). The PDMS was then poured over the microfluidic master
to a depth of 15mm then placed under vacuum to remove air bubbles, before baking (90min at 80°C). Excess PDMS
was removed and inlet and outlet holes‘'were created using a biopsy punch. 20mm-length glass capillaries were inserted
into the inlet and outlet holes and flushed with compressed air to remove debris. The PDMS surface was cleaned
using compressed air dnd repeated gentle application of adhesive tape.

The PDMS device'was plasma‘treated, together with a glass microscope slide (Diener Zepto plasma oven, oxygen
plasma for 55s at 35W),&and the PDMS and glass were bonded together by gentle pressing. Both the droplet generator
and the reservoir were' mounted on ‘the same microscope slide. The glass capillaries were then sealed to the PDMS
with a 2-part epoxy resin< The tube connecting the generator and reservoir was connected after the expoxy had
dried. Finally 500l of PicoGlide (Dolomite Microfluidics) was injected into the device with a 1ml syringe and left
for 60min before flushing. PicoGlide contains a fluorinated polyether polymer that forms a covalently-bonded layer
on the PDMS “and. glass surfaces, enhancing droplet stability [www.spherefluidics.com)].
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2. Bacterial strains and media

Our experiments used E. coli strain RJA002 [50]. RJA002 is a derivative of strain MG1655, with a chromosomal
insertion of a gene encoding yellow fluorescence protein (YFP) under the control of the phage lambda P1 promoter,
which is constitutively expressed. RJA002 also contains a chloramphenicol resistance cassette. It was created by P1
transduction from strain MRR, supplied by the Elowitz lab [34, 50].

All experiments were performed in M9 minimal medium, supplemented with 0.4%w/v glucose. The medium was
prepared in-house; briefly, 100ml of M9 X4 salt stock (28¢ NagHPO,, 12¢g KHyPO,, 2g NaCl and 4g, NH;Cl in 11
sterile HoO) was mixed with 300ml sterile HoO, 800ul of 1M MgSO,4 and 40ul of 1M CaCly, then 8ml of 20%w/v
glucose was added.

3. Device setup

Our experimental protocol was as follows. An overnight culture of E. coli straimmRJAQ02 was prepared in M9
minimal medium. This was used to inoculate a fresh culture 1:400 which was incubated (37°C, 200rpm) for 1.5h
before encapsulation into droplets.

For droplet creation, the device was first filled with the oil phase (FC40 containing, 2.5%w/w PicoSurf) using a
syringe pump (New Era NE-1002X) at 50ul h=!. A second, identical, syringe pump aas then used to flow the aqueous
phase (bacterial suspension) into the device at 50ul h=!, and the device was imimersed in water at 37°C using the
bespoke microscope-mounted chamber.

Once both the aqueous and oil phase had reached the flow-focusing junction and droplet generation had begun, the
device was allowed to equilibrate for 15min, then the flow rates of the'agqueous and oil phases were adjusted to 20ul
h~! and 80ul h~! respectively. After a further 15min the outlet tubing was disconnected so that the droplet reservoir
began to fill — a process that took 1.5-2h. Once the reservoir was full with.monodisperse droplets, the syringe pumps
were stopped and the inlet and bridge tubing were severed, arresting dropletymovement within the reservoir. Image
acquisition then commenced. During the entire 8h period of image aequisition the temperature of the water in which

the device was immersed was maintained at 37°C. N

4. Microscopy

Our experiments were performed using a Nikon Eclipse Ti epi-fluorescence inverted microscope with a Nikon Plan
Fluor 20x/0.5 objective. We used a Hamamat§w©Ozrca-Flash4.0 V2 (C11440-22CU) camera with a CMOS image sensor
with 6.5um x 6.5um pixel size and 2048 x 2048 imaging pixels. Fluorescence imaging used a broad-spectrum Mercury
lamp with a Chroma EYFP filter. The brighteld channel exposure was set to 10ms, the fluorescence exposure was set
to 50ms and we used 2x2 pixel binningdn both channelsiyAutomatic focussing (perfect focus) was used, with the focus
being initially adjusted manually for optimal imaging of bacteria viewed in the uorescence channel. The reservoir was
imaged by scanning a grid, typically consisting,of 18x14 fields of view in the brightfield and fluorescence channels.
The whole microfluidic reservoir was imaged once per 6min and a full experimental run was 8h long. Therefore, each
grid position was imaged 80 times.

5.4 Image analysis: droplet detection and tracking

Droplets were detected using Matlab’s imfindcircles function, which searches for circular objects in an image
using a circular Hough transform. The function outputs a data array of centre positions and radii for all circular
objects found in the image. The sensitivity factor and edge threshold value were adjusted manually to optimise droplet
detection. The detected cixcles were filtered by a minimum and maximum radius, allowing for the exclusion of rare
non-monodisperse droplets and-¢ircular features in the microfluidic device structure, such as reservoir supports.

Droplet tracking was/erformed,using an adapted particle tracking algorithm [49]. This algorithm is based on the
Matlab track funetion, which considers all possible identifications of the old positions with the new positions, and
chooses the idéntificationswhich results in the minimal total squared displacement. Droplet tracking works well in
our system because very few droplets move by more than their own radius during the 6min interval between images.
The resulting data array contains an identification number for each droplet that allows it to be followed in time. We
note that in this paper we only analyse trajectories for droplets that were tracked over the entire duration of the
experiment.
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6. Image analysis: binarization threshold optimisation

Binarization of the fluorescence images is a key step in our bacterial counting algorithm. This amounts to setting
every pixel to either ‘on’ or ‘off’, depending on whether the pixel intensity is above or below a threshold value. To
optimise the binarization threshold, we select images corresponding to 4 fields of view, distributed across the reservoir,
for a timepoint midway through the experiment. We perform manual counts of the number of bacteria within each
droplet, using the fluorescence images overlaid by the droplet boundaries. We then binarize the images using a given
threshold and quantify the number of distinct objects (defined as pixel islands that are not 8-conuécted) within each
droplet boundary. This procedure is performed for a range of binarization thresholds and the sum of the absolute
differences between the manual and automated counts is plotted as a function of the binarization threshold. The
optimal threshold value is taken as the minimum of this curve (Figure 2(c)).

7. Handling large image datasets

Each experiment results in a large volume of image data, such that the stitched 18x14 grid,of images is too large to
be processed on a standard desktop PC. Therefore in practice we split the grid into a small number of ’subsections’
(typically 9), that are processed separately, but using the same image processing/parameters (e.g. optimal binarization
threshold) . This allows the data to be processed on a standard desktop PC. Splitfing the data in this way could
introduce some errors due to some droplets being cut in half at the edge of asubsection - although the boundaries
between subsections were chosen to avoid this as much as possible. These errors should be caught by the manual
image checking step in the data processing.

8. Data analysis for Poisson encapsulation of encapsulated E. coli

To analyse the distribution of bacterial counts in the first set. of images taken in our experiments, we first fitted
to a Poisson distribution py(N) = Ae=*/k!, where N is the bacterial count measured in a given droplet and A
is the Poisson parameter (to be fitted). This resulted in poorfagreement with the data (Figure 4(a); red shaded
area). We then performed computer simulations in which initially Poisson-distributed populations of bacteria were
assumed to grow exponentially at rate p for time 7.“This growth was assumed to be deterministic (i.e. we neglect the
inherent stochasticity of bacterial growth). The simulated distribution of final bacterial counts was then fitted to our
experimental data, with the fit parameters being the Poisson parameter A\, and the product pr (since only the product
is relevant for exponential growth). This produeed a much better fit (Figure 4(a), green shaded area). The best fit
parameters for our experimental dataset were = 0.77pand ur = 0.36. The fitted value for ur is about half the
expected value given the known wait time and growth rate (95min x 0.0077 min—! = 0.73). This might be accounted
for if some bacteria were still in the lag, phase of growth when the droplets were created; in future experiments we
plan to ensure a longer period of exponential growth prior to droplet encapsulation.

9. Data\set for amalysis of stochastic growth of E. coli

For the analysis presented in Figure 5, We used a dataset consisting of 375 droplets, containing FE. coli strain
RJA002. Of these droplets, 184 were empty, i.e. they had a zero bacterial count at the start. To avoid artefacts
that can skew the bacterial number distribution, we manually checked the microscopy images for all droplets that
started with non-zero counts but had counts less than 7 bacteria the end of the 8h experimental run. This resulted
in the exclusion of 3 droplets imywhich small pieces of dust had been incorrectly counted as bacteria. Therefore our
final dataset consisted of 188 non-empty droplet trajectories. In our analysis, the coefficients of variation C'Vj, were
computed by averaging over the first 150min of our dataset (omitting the first datapoint for which by definition the
standard deviation of the trajectories is zero). Error bars in the reported values of CVj refer to 95% confidence
intervals, obtained by bootstrapping the datasets.
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