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This paper describes the microfluidic streak plate (MSP), a facile method for high-throughput microbial cell separation and cul-
tivation in nanoliter sessile droplets. The MSP method builds upon the conventional streak plate technique by using microflu-
idic devices to generate nanoliter droplets that can be streaked manually or robotically onto petri dishes prefilled with carrier oil
for cultivation of single cells. In addition, chemical gradients could be encoded in the droplet array for comprehensive dose-re-
sponse analysis. The MSP method was validated by using single-cell isolation of Escherichia coli and antimicrobial susceptibility
testing of Pseudomonas aeruginosa PAO1. The robustness of the MSP work flow was demonstrated by cultivating a soil commu-
nity that degrades polycyclic aromatic hydrocarbons. Cultivation in droplets enabled detection of the richest species diversity
with better coverage of rare species. Moreover, isolation and cultivation of bacterial strains by MSP led to the discovery of several

species with high degradation efficiency, including four Mycobacterium isolates and a previously unknown fluoranthene-de-

grading Blastococcus species.

,VI icrobial communities function in natural and artificial envi-
ronments such as soil (1), the human gut (2), and wastewa-
ter treatment facilities (3). Analyses of these communities indicate
that they are composed of abundant and rare biospheres (4). The
abundant biosphere may account for alarge portion of a microbial
biomass in terms of individual populations, while the rare bio-
sphere can comprise up to 75% of the total biomass, although each
rare species may represent less than 0.1% of the biomass (5, 6).
Both abundant and rare microorganisms are considered to play
important roles in maintaining the structure and function of com-
munities, and their metabolisms shape the physiochemical di-
mensions of their environments (5). Microbial populations in en-
vironments are both numerous and diverse; e.g., a single gram of
soil may contain >2 X 10° microbes, representing 2,000 to 18,000
species (1). Thus, unraveling the structure and composition of
microbial communities in environments is challenging. For ex-
ample, members of the rare biosphere can be easily overlooked or
masked when communities are cultivated by traditional methods
(e.g., petri dish agar or nutrient broth) because of their low cell
densities, low rates of growth, or resistance to cultivation (7-9).
Even with culture-independent molecular methods such as meta-
genomics or high-throughput sequencing tools, the rare bio-
sphere is not adequately represented (10, 11).

Numerous efforts have been made to face these challenges and
to unravel the unexplored diversity of microbial species (12, 13).
Culture-independent molecular tools are being improved by
more powerful metagenomic technologies and bioinformatic ap-
proaches (14), as well as single-cell sequencing (15). However,
axenic cultures are indispensable for advancing the true under-
standing of microorganisms, as well as their functions in environ-
ments. The majority of microbial isolates are obtained by plating
on agar, the standard technique since 1882. On a conventional
agar plate, the number of microbial colonies per plate is limited to
a few hundred. An important factor that contributes to this limi-
tation is that abundant and fast-growing microbes compete for
space and mask or inhibit the growth of rare or slow-growing
species. Recently, culture-dependent methods have been im-
proved considerably by the use of oligotrophic media (16), media
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that mimic natural conditions (17, 18), and diffusive growth com-
partments (19-21). These innovations have led to the cultivation
of novel microbes that had been overlooked or considered to be
recalcitrant when current techniques are used. Considering that
85 to 99% of microbes are considered “uncultivable” (13), chal-
lenges in unraveling microbial diversity remain.

Droplets surrounded by immersion oil have been used for ob-
servation of motility and growth of single bacterial cells since 1954
(22). In recent years, droplet microfluidics has attracted substan-
tial interest because of the capacity for high-throughput screening
and single-cell sorting (23). Great efforts have been dedicated to
microbial cultivation by developing large-scale storage of droplets
in microchannels (24, 25) or microfabricated chambers (26-28).
Compared with diffusive compartments, isolation in droplets of-
fers advantages, including prevention of interspecific competition
and elimination of biases due to differences in growth rates (29),
and is more likely to recover species for scale-up with well-defined
cultivation conditions. Recently, splitting of individual microcul-
tures with a SlipChip device has enabled PCR identification of
target species even under conditions of high background noise
(i.e., interfering species) and resulted in the isolation of a previ-
ously uncultivated gut bacterium (26). However, further develop-
ment is needed to effectively cultivate encapsulated cells over pro-
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longed time periods and to be able to access specific droplets
containing targeted species at multiple time points. More impor-
tantly, the proficiency of droplets in revealing microbial diversity
at the community level has not yet been fully demonstrated.

Here, we introduce the microfluidic streak plate (MSP) tech-
nique, which enables the growth of tens of thousands of microcul-
tures in disposable petri dishes. We apply the MSP method to
explore microbial diversity in, as well as isolate and cultivate single
bacterial cells from, a soil community that was enriched with poly-
cyclic aromatic hydrocarbons (PAH). A previously unknown flu-
oranthene-degrading Blastococcus isolate that belongs to the rare
species was obtained by this MSP method.

MATERIALS AND METHODS

Chemicals and materials. All solvents and chemicals purchased from
commercial sources were used as received unless otherwise stated. Min-
eral oil was purchased from J&K Scientific (Beijing, China). Silicone oil
(10 centistokes viscosity) was purchased from Wacker Chemie AG (Mu-
nich, Germany). Fluoranthene was purchased from Sigma-Aldrich (St.
Louis, MO). 2,5-Dihydroxybenzoic acid (DHB) was purchased from
Merck (Hohenbrunn, Germany). Food dye pigments were purchased
from Duofuyuan (Tianjin, China). Dichlorodimethylsilane and 3-amino-
propyl triethoxysilane (APTES) were purchased from Alfa Aesar (Tianjin,
China). Silicon wafers were purchased from Qimin Silicon Material Co.,
Ltd. (Shanghai, China). Photomasks were designed in AutoCAD and or-
dered from MicroCAD Photomask Co., Ltd. (Shenzhen, China). SU-8
photoresist was purchased from MicroChem Corp. (Newton, MA). Poly-
dimethylsiloxane (PDMS) was purchased from Momentive Performance
Materials Inc. (Waterford, NY). Fused-silica capillaries were purchased
from Polymicro (Phoenix, AZ). Teflon tubing was purchased from Zeus
(Orangeburg, SC). Gastight glass syringes were purchased from Agilent
(Palo Alto, CA). Polystyrene (PS) petri dishes (90 mm in diameter) and
Axygen pipette tips were purchased from Corning (Tewksbury, MA).

Equipment and software. PicoPlus Elite syringe pumps were pur-
chased from Harvard Apparatus (Holliston, MA). Programs for control-
ling syringe pumps and the automated dish drive were written in Lab-
VIEW (National Instruments, Austin, TX). Droplets were imaged by a
Ti-Eclipse inverted fluorescence microscope (Nikon, Tokyo, Japan)
equipped with a CoolSNAP HQ? charge-coupled device camera (Photo-
metrics, Tucson, AZ) and with fluorescein isothiocyanate (FITC; excita-
tion, 480/40 nm; emission, 527/30 nm) and G-2A (excitation, 535/50 nm;
emission, 590 nm long-pass) filter cubes. Micrographs were collected and
analyzed by NIS-Elements Advanced Research software (Nikon, Tokyo,
Japan). An Epson L551 Inkjet printer (Seiko Epson Corp., Nagano, Japan)
was used to print a mask on A4 paper to mark droplets that would be
collected with toothpicks.

Silanization of petri dishes with APTES. Petri dishes for droplet stor-
age were plasma cleaned with an oxygen plasma cleaner (model PDC-002;
Harrick, Ithaca, NY) and filled with 15 ml of 2% APTES in ethanol and
baked on a 50°C hot plate for 30 min. The surfaces were rinsed with
ethanol and blow dried with nitrogen gas. The dishes were then baked in
a 65°C oven for 30 min. The effect of silanization on surface flatness was
evaluated with an atomic force microscope (Bruker, Billerica, MA).

Fabrication and operation of devices. PDMS-based microfluidic de-
vices for droplet generation were made by soft lithography (30). Teflon
tubing (200-m inner diameter [i.d.], 250-m outer diameter [0.d.]) was
inserted into the junction of the microfabricated channels (see Fig. S3C in
the supplemental material) and sealed with capillary wax (Hampton Re-
search, Aliso Viejo, CA). Capillary-based devices were assembled with
fused-silica capillaries (40-pm i.d., 100-pwm o.d.) and Teflon tubing
(200-pm i.d., 250-pm o.d.). Streaking tips coupled with droplet genera-
tion devices were made by fixing Teflon tubing within a pipette tip (200-pl
size) with capillary wax. The end of the tubing was leveled with the conical
tip to contact the surface of the dish during streaking. Syringe pumps
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controlled by the LabVIEW program were used to drive the fluid flow in
devices. The streaking tip was operated manually or fixed on the auto-
mated dish drive (see Fig. 4A), lowered to contact a petri dish prefilled
with mineral oil, and dragged across the surface of the petri dish along
two-dimensional paths or spiral tracks; droplets exiting the Teflon tubing
were left behind and formed a sessile-droplet array. The dish with a drop-
let array was covered with a lid and wrapped with Parafilm (Bemis, Nee-
nah, WI). A wet filter paper ring was attached inside the lid to prevent
long-term evaporation of droplets (see Fig. S1 in the supplemental mate-
rial). The paper ring was soaked with deionized water. During incubation,
the paper ring was replenished with water every other day. For additional
details of the construction of the apparatus used and the operation of the
MSP method, see Fig. S2 to S4 and the text in the supplemental material.

Preparation of bacterial samples. The bacterial species used were
Escherichia coli RP437 carrying plasmid DsRedT.4 tagged with red fluo-
rescent protein (RFP), E. coli RP1616 carrying plasmid pACGFP1 (Clon-
tech Laboratories, Palo Alto, CA) tagged with green fluorescent protein
(GFP), and GFP-tagged Pseudomonas aeruginosa PAO1. The original
RP437 and RP1616 strains without exogenous plasmids were kindly pro-
vided by J. S. Parkinson of the University of Utah. PAO1 was provided by
Luyan Ma of the Institute of Microbiology, Chinese Academy of Sciences.
The GFP-tagged RP1616 and RFP-tagged RP437 bacteria were cultivated
in LB broth containing 100 pg/ml ampicillin. PAO1 was cultivated in LB
broth without antibiotics. The number of cells was adjusted by dilution.

The PAH-degrading microbial community was collected from soil at
an abandon coke plant in a suburb of Beijing, China. The community was
maintained on mineral salts medium (MSM) containing K,HPO, at 1.60
g/liter, KH,PO, at 0.40 g/liter, NH,NO; at 1.0 g/liter, MgSO,-7H,0 at 0.2
g/liter, CaCl,-2H,0 at 0.10 g/liter, NaCl at 0.10 g/liter, and FeCl,-6H,O at
0.01 g/liter with 2 ml of a trace element solution containing MoOj at 4
g/liter, ZnSO,-5H,0 at 28 g/liter, CuSO,-5H,0 at 2 g/liter, H;BO; at 4
g/liter, MnSO -5H,0 at 4 g/liter, and CoCl,-6H,0 at 4 g/liter. This MSM
was supplemented with fluoranthene for selection of PAH-degrading
populations and was adjusted to an initial pH of 7.0 with HCI or NaOH.
To make MSM-fluoranthene medium, 3 ml of a dichloromethane (DCM)
stock solution of sterile fluoranthene (2,000 mg/liter) was added to auto-
claved flasks. After the DCM had evaporated, 30 ml of MSM was trans-
ferred to the flasks to a final fluoranthene concentration of 200 mg/liter.
All solid media were solidified with agar at 15 g/liter.

Isolation and cultivation of E. coli. Both E. coli strains were cultivated
in LB broth containing 100 pg/ml ampicillin at 200 rpm/min at 37°C
overnight, diluted 10,000 times with LB medium, and mixed 1:1 as the
water phase in droplets streaking with an automated dish drive. The spiral
droplet array was imaged with FITC and G-2A filters on the fluorescence
microscope every 30 min for 24 h. To collect GFP-tagged RP1616 selec-
tively from the droplet array, the droplet array was imaged and analyzed to
find coordinate points in the x-y plane of all droplets as regions of inter-
ests. Those droplets with RP1616 (green) were selected according to GFP
intensity and printed as black dots on paper. This paper was attached
under the dish and aligned to make all droplets containing RP1616 coin-
cide with the dots on the paper. Autoclaved toothpicks were used to trans-
fer the RP1616 droplets and inoculate them onto an agar plate or into LB
broth for scale-up growth. (see Fig. S6 in the supplemental material).

MIC determination. PAO1 was grown in LB broth at 200 rpm at 37°C.
The cell suspension was first adjusted to an ODg, of 1 and then diluted
100 times with LB broth as the cell sample. Mineral oil was used as the
carrier oil. Pure LB and LB with colistin at 100 pwl/ml were used as the
other two aqueous phases. For more precise control of the concentration,
we added a 15-s prerun step with flow rates of the cell suspension, colistin,
and LB broth set at 1.5, 0, and 1.5 pl/min, respectively. After the prerun
step, we paused all of the pumps for 20 s while keeping the dish drive
running and then initiated the ramping program. The flow rate of colistin
was linearly ramped from 0 to 1.5 pl/min in 8 min, and the flow rate of LB
broth was linearly decreased from 1.5 to 0 wl/min simultaneously, while
the flow rate of PAOI1 remained 1.5 pl/min and the carrier oil flow rate
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was 20 wl/min. The device was fixed on the MSP system to generate a
spiral array from an i.d. of 15 mm to an o.d. of 65 mm at a 5,000-m/s
constant linear velocity (CLV) (31) with a track spacing of 900 wm and a
total writing time of 8 min. Control experiments (broth dilution method)
were conducted with tubes containing colistin concentrations ranging
from 0 to 80 pg/ml. Growth of PAO1 cells in tubes was observed for MIC
evaluation.

Isolation and cultivation of bacteria from the PAH-degrading com-
munity. The PAH-degrading community was cultured with MSM-fluo-
ranthene for approximately 3 days at 30°C to the postexponential growth
phase (approximately 5 X 10° to 6 X 10® cells/ml) and diluted to a con-
centration of approximately 3 X 10*to 5 X 10* cells/ml as the sample. To
isolate PAH-degrading species from the community, we performed ex-
periments with MSP and agar plates simultaneously and three different
culture media, i.e., LB broth, MSM containing 2 mmol/liter DHB, and
MSM-fluoranthene. For the MSP method, instead of MSM-fluoranthene,
we dissolved fluoranthene in mineral oil at a concentration of 200 mg/
liter. By the MSP method, about 4,000 droplets from a cell suspension
diluted in MSM were written onto the surfaces of petri dishes with ~30 .l
of cell suspension. The same volume (30 pl) of inoculum was diluted with
deionized water to 300 pl and spread onto agar plates in the same way as
for the MSP method. All MSPs and agar plates were incubated at 30°C.
Droplets containing growing cells, as well as visible colonies on agar
plates, were harvested individually into 96-well plates, each well of which
contained 200 pl of MSM-fluoranthene medium. After another 3 days of
culture at 30°C monitored with Microbiology Reader Bioscreen C (Lab-
systems, Helsinki, Finland), the culture solutions were diluted to 10 *to
10~ ¢ according to their ODg,. Two-hundred-microliter diluents of each
well were spread onto MSM-fluoranthene agar plates to obtain pure
clones.

Identification of isolates from the PAH-degrading community. Sin-
gle colonies on agar plates were picked and put into 0.2-ml tubes with 2 pl
of lysate (Zomanbio, Beijing, China) and 150 p.l of double-distilled H,O
(ddH,0), and 2 pl was taken for PCR after stirring. PCR amplifications
were carried out in a final 50-pl reaction volume that contained 2 pl of
template DNA, 1 pl of each primer, 5 wl of 10X Taq buffer, 4 .l of a
deoxynucleoside triphosphate mixture (200 mM each dATP, dCTP,
dGTP, and dTTP), 0.5 pl of 25 U of Taq DNA polymerase, and 36.5 pl of
ddH,O. PCR amplification was conducted with the following program:
predenaturation at 95°C for 10 min; 30 cycles of denaturation at 95°C for
1 min, annealing at 55°C for 1 min, and extension at 72°C for 1.0 min; and
then 10 min of extension at 72°C. PCR products were purified on agarose
gel, the bands were cut out, and DNA was extracted with the QIAquick gel
extraction kit (Qiagen, Shanghai, China) and sequenced. Sequencing data
were compared with 16S rRNA gene sequences available in the NCBI
database (http://www.ncbi.nlm.nih.gov/) by BLAST searching.

Metagenomic sequencing. To evaluate the overall microbial diversity
after cultivation, cells on agar plates or MSPs were pooled and total DNAs
were extracted and PCR amplified with the U515F and 806R primers (16S
rRNA gene V4 region) containing barcodes at the 5" end of the forward
primer. The PCR products were used to construct DNA libraries and
sequenced on a MiSeq machine by the PE250 protocol. More than 30,000
raw sequences were obtained from each sample. See the supplemental
material for details.

RESULTS

Concept, design, and work flow. Conventional petri dishes filled
with agar media provide continuous space and nutrients for mi-
crobial cells to grow and develop into colonies. When an agar plate
is inoculated with a complex microbial community, abundant and
fast-growing microbes grow and consume nutrients and spread
out rapidly, while rare or slow-growing microbes are adversely
affected because of nutrient depletion and space limitation or even
inhibited by metabolic exudates from the faster-growing microbes
(19). Dilution plating allows the growth of some slow-growing
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FIG 1 Work flow for microbial isolation from a mixture based on the MSP
method.

microbes after long-term incubation. However, it requires a large
number of plates to be screened to obtain isolates of rare species,
which is labor-intensive and time-consuming. We predicted that
if the space of a petri dish were separated into microspaces and
nutrients were introduced into each microspace in a discontinu-
ous way, the growth of microbial cells would be contained in the
microspace, preventing fast-growing microbes from dominating
the entire dish. On the basis of this idea, we developed the MSP
method (Fig. 1). The MSP work flow features three major steps. In
the first, a microfluidic device generates droplets of picoliter to
nanoliter volumes carrying single microbial cells and transports
them to the “writing tip.” In the second, the droplets form station-
ary droplet arrays on the PS surface of an empty petri dish prefilled
with carrier oil. In the third, the droplets are incubated during
immersion in carrier oil to allow cells to grow and these cells can
later be transferred for further cultivation or characterization.

Formation and stabilization of sessile-droplet arrays. The
formation of a droplet array relies on spontaneous coalescence of
the droplets with a surface. The coalescence time of droplets flow-
ing toward a hydrophilic surface within carrier oil is reported to be
a linear function of the capillary number (32), which defines the
ratio of viscous energy over surface energy as Ca = ., U/vy, where
U (in meters per second) is the average flow velocity in the chan-
nel, p, (in pascal seconds) is the viscosity of the carrier oil (n =
0.03 Pa - s for mineral oil), and vy (in newtons per meter) is the
surface tension. Our results were consistent with this rule. For a
writing tip with an i.d. of 200 wm and a flow velocity of 10 mm/s,
droplets could spontaneously coalesce without the addition of a
surfactant (e.g., Span 80) to the mineral oil (Ca = 0.006). After
Span 80 (0.5%, wt/vol) was added to the mineral oil, Ca increased
to 0.064 because of a decrease in surface tension (7y; from 50 to
4,67 mN - m™") (33). In this case, drifting of droplets away from
the writing track was observed, which resulted in droplet coales-
cence and disruption of the array pattern. We also verified that the
MSP system is compatible with silicone oil for droplet writing and
storage.

PS petri dishes are ideal for storing a large quantity of droplets.
They are affordable and widely available and provide a large sur-
face area, high flatness, and optical transparency. To stabilize the
droplet array and avoid optical distortion, we silanized the dish
with APTES (Fig. 2A) (34). The average contact angles of 2 .l of
LB broth before and after APTES modification were 161° (Fig. 2B)
and 81°and (Fig. 2C). Our results showed that aqueous droplets
drifted on the untreated PS surface and could not form a stable
array (Fig. 2D). The spherical shape of droplets on the untreated
surface also caused distortion during optical imaging (see Fig. S1D
in the supplemental material). After silanization, we obtained
moderate hydrophobicity for reliable and compact array storage
of hemispherical nanoliter droplets (Fig. 2E), which allowed mi-
crobial cells inside droplets to be imaged and counted with high
fidelity (see Fig. S1E in the supplemental material).
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FIG 2 Stabilization of the droplet array. (A) Procedure used to introduce
amine groups to PS petri dishes by silanization. (B to E) Photographs of 2-l
LB droplets deposited and micrographs of 7-nl droplets in the array written on
the surface under mineral oil before (B, D) and after (C, E) silanization.

Under mineral oil, droplets evaporate very slowly and can be
stored for several hours without a notable volume change. For
long-term storage, the dish was covered with a lid attached with a
polyester paper ring soaked with deionized water (see Fig. S1F and
G in the supplemental material), and the paper ring was replen-
ished with water every other day. This helped increase humidity,
and the droplets could be stored for more than 1 month without
drying up.

Manual streaking. To facilitate high-throughput cultivation of
microbes in droplets, we made a capillary-based device. The de-
vice was composed of a droplet generator and a writing tip (Fig. 3).
Monodisperse droplets with an average volume of 6.2 nl (relative
standard deviation [RSD] = 0.97%; n = 10) were obtained in the
Teflon tubing when the flow rates of the sample (food dye) and the
oil in the droplet generator were 3 and 30 wl/min, respectively
(Fig. 3C). The writing tip was manually moved in a zigzag pattern
over a dish prefilled with ~15 ml of mineral oil (~3 mm thick).
Droplets instantly coalesced on the surface of the dish along the
moving track. A typical manually written droplet array was gen-
erated in 4 min by manual streaking (Fig. 3D). The final array
contained more than 1,800 food dye droplets.

Automated streaking. Inspired by the compact disc digital
data storage scheme (31), we designed a low-cost and automated
dish drive to further improve the efficiency and capacity of stor-
age. The dish drive contains a spindle motor carrying the dish and
alinear translator holding the microfluidic device (Fig. 4A and B).
The spindle motor spins the dish, the linear translator moves
along a radius away from the center of the dish, and the droplets
exiting the writing tip are written on spiral tracks with a uniform
spatial distribution on the dish, forming a large-scale array of ses-
sile droplets that can be monitored, indexed, and individually ac-
cessed. The spiral tracks of droplets were deposited with a CLV,
obtaining uniform and compact droplet distribution. We could
easily address the droplet array by imaging and indexing droplets
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with their positions in the spiral tracks. For additional details of
the CLV model and the construction of the dish drive, see Fig. 52
in the supplemental material.

Addressable spiral array for high-throughput experiments.
We investigated whether variable constituents could be encoded
in the addressable droplet array. We used T-junction geometry
(30, 35) to generate droplets with an arbitrary mixing ratio and
wrote the droplet array by automated streaking. Using three food
dye solutions (red, yellow, and blue) for the demonstration, we
performed three-component dosing and mixing (Fig. 4; see Fig. S3
in the supplemental material). The resultant droplet array con-
tained more than 1,600 droplets with colors continuously chang-
ing (Fig. 4D).

We used the MSP method to measure the inhibition effect of
the antibiotic colistin sulfate against GFP-tagged PAO1, a Gram-
negative opportunistic human pathogen with multidrug resis-
tance. Colistin is one of the last-resort antimicrobial drugs for
bacterial infections. Determination of the MIC of colistin is im-
portant for improving outcomes for patients and preventing the
evolution of drug-resistant strains. A total of 2,261 droplets of 6 nl
containing PAOL cells, culture medium, and colistin in LB broth
were generated and written onto a petri dish. The final droplets
contained about 50 PAO1 cells each, and colistin concentrations
ranged from 0 to 100 pg/ml, controlled by linear ramping up of
the flow rate of colistin opposite to that of the culture medium.
The droplet array was imaged with a motorized microscope every
hour (Fig. 4F). The fluorescence intensities of droplets at 24 h were
plotted against the concentrations of colistin and exhibited a
monophasic dose-response curve (Fig. 4G). The MIC for 99% of
the bacterial cells tested (MICqy,) was 72.7 g/ml. This result is in
agreement with control experiments with well plates, which pro-
duced a MICy, of 70 pg/ml.

To achieve a greater storage capacity, we fabricated a PDMS
device that generates droplets with a 180-pl volume based on flow
focusing design, with the droplet exit channel (60 by 60 wm in
size) carefully trimmed to serve as the writing tip (see Fig. S4 in the
supplemental material). The device was fixed on the automated

20 .- writing tip

/sessile droplet
o e o o

spacing mm
[ L o ©

Petri dish

mineral oil I
L8O 0 0 0 0 O

FIG 3 Manual droplet streaking. (A) Schematic of a capillary-based device for
writing droplets on a petri dish prefilled with mineral oil. (B) Photograph of
the manual writing tip. (C) Close-up view of droplets flowing in Teflon tubing
toward the writing tip. (D) Sessile-droplet array produced by manual streaking
onto a petri dish. (E) Close-up view of the sessile-droplet array showing uni-
form footprint sizes.
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FIG 4 Automated droplet streaking and application to antimicrobial suscep-
tibility testing. (A) Schematic of a microfluidic device and automated dish
drive for generating spiral droplet arrays. (B) Close-up view of continuous
droplet deposition by a writing tip. (C) The program for serial dilution and
mixing of red, yellow, and blue food dyes in droplets generated in sequence.
(D) The resulting spiral droplet array with rainbow colors. (E) Micrograph
showing a typical region of a spiral array of 180-pl droplets. (F) Testing of P.
aeruginosa PAO1 susceptibility to colistin at concentrations increasing from 0
(inner tracks) to 100 (outer tracks) pg/ml. The green fluorescence micrograph
of a typical region of the droplet array is shown, and droplets are outlined with
white dots. (G) Integrated fluorescence intensity of 2,261 droplets with colistin
concentrations ranging from 0 to 100 pg/ml. A.U., arbitrary units.

dish drive to generate droplets and write droplets from ani.d. of 10
mm to an o.d. of 75 mm at a CLV of 5,000 wm/s and a track
spacing of 400 pwm. About 50,000 180-pl droplets were written on
the dish in 36 min (Fig. 4E). The storage capacity is scalable, as we
can use larger petri dishes to expand the storage area.

Single-cell isolation and cultivation of E. coli. To demon-
strate the capacity of MSP for single-cell separation and cultiva-
tion, we prepared a sample consisting of GFP-tagged RP1616 and
RFP-tagged RP437. Both strains were cultivated overnight, di-
luted 10,000 times in LB broth, and mixed 1:1 for use as the “ink”
to write a droplet array by automated streaking. An array of 4,115
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droplets (~6 nl) on a petri dish was obtained (Fig. 5A and B). The
representative growth pattern of single RP1616 cells in a droplet is
shown in Fig. 5C. Typical single-cell growth curves of RP1616 and
RP437 were monitored by imaging at 30-min intervals for 22 h
(see Fig. S5 in the supplemental material). After 24 h of incubation
at 37°C, about 38.0% of the droplets contained growth of only
RP1616 (green) or only RP437 (red) and 3.5% contained growth
of both strains (Fig. 5B).

Targeted recovery of bacterial species from MSPs. We opti-
mized the sessile droplets to ~300 pwm (6 to 7 nl) with 700- to
1,000-m spacing for easy observation and operation. To select
droplets for further cultivation, the droplet array was imaged and
then all droplets with GFP-tagged RP1616 were marked with a
mask (printed on paper with an inkjet printer) aligned under the
petri dish with the help of a stereoscope (Fig. 6). We carefully
picked 144 droplets that contained GFP-tagged E. coli with sterile
toothpicks. Cells from 131 droplets were successfully transferred
to and grown on fresh agar plates, showing that 91% of the cells in
droplets were successfully harvested and scaled up (Fig. 6).

Isolation and cultivation of fluoranthene-degrading species.
PAH have raised serious environmental and health concerns be-
cause of their toxicity to animals and humans and their persistence
in the environment. Microbial degradation is a major process used
to remediate PAH-polluted sites (36). However, isolation and cul-
tivation of PAH-degrading species on conventional agar plates are
labor-exhaustive and often unsuccessful, partly because of the hy-
drophobic nature of PAH (very low solubility in water). Recently,
we enriched a microbial community from a PAH-polluted site
(37) that could effectively degrade 95.12% of the fluoranthene in
MSM after 9 days (see Fig. S6 in the supplemental material). Re-
sults of 16S rRNA gene metagenomic sequencing revealed that the
community was composed of >190 operational taxonomic units
(OTUs) with a high degree of variation in abundance.

To recover PAH-degrading species from this soil commu-
nity, we used the conventional method and the MSP method in
parallel (Fig. 7A). A 30-pl inoculum of the community in MSM
broth (30 wl) was written as ~4,000 droplets on petri dishes
prefilled with mineral oil. The inoculating cell density was con-
trolled to yield ~20 to 30% of droplets carrying microbial cells.
Fluoranthene was dissolved in mineral oil at 200 pwg/ml to serve
as the carbon source. By this approach, fluoranthene was con-
tinuously supplied by diffusion for cell growth in the droplets,
thus avoiding the toxicity of higher concentrations of fluoran-
thene (Fig. 7B). Microbial growth in droplets was monitored by
time-serial imaging, showing that the community contained
both fast- and slow-growing species (Fig. 7C). The droplets
were incubated, and those in which microbes grew were har-
vested and transferred into MSM supplemented with fluoran-
thene as the sole carbon source. At the same time, a 30-pl
inoculum of the community was diluted with deionized water
to 300 pl and spread on MSM-fluoranthene agar plates for
cultivation and isolation. The degradation of fluoranthene by
each isolate was evaluated by determination of fluoranthene
removal (see Table S1 in the supplemental material).

In the original community, the average Mycobacterium 16S
rRNA gene abundance reached 20.4% (see Table S2 in the supple-
mental material), which indicated that Mycobacterium might be
one of the dominant PAH-degrading genera. However, the fluo-
ranthene degradation rates all of the isolates obtained from agar
plates were in a low range of <12.7% after 9 days (Fig. 7) and no

April 2016 Volume 82 Number 7

AD0TONHO3L 40 LSNI VINYOLITVD Aq £T0Z ‘z dunr uo /Bio wse wae//:dny woij papeojumoq


http://aem.asm.org
http://aem.asm.org/

Microfluidic Streak Plate Technique

D, .
21000! :‘
[} E [ L}
% 100 .
© 100 A A
o 3
2 1 GFP E. coli
o 104 4 RFPE coli
™ E I
& E both
10 100 1000

GFP fluorescence

FIG 5 Isolation and cultivation of bacterial cells from a mixture of RFP-tagged E. coli RP437 and GFP-tagged E. coli RP1616. (A, B) Overlaid green and red
fluorescence images of the droplet array after 24 h of cultivation. Droplets are outlined with white dots. (C) Time-lapse micrographs of green fluorescence
showing the growth of single RP1616 cells in a droplet. The scale bars are 50 pm for droplets and 5 pm for close-up views. Dots outline the edges of droplets. BF,
bright field. (D) Scatter plot of green and red fluorescence of droplets with growth of only RP1616, only RP437, or a mixture of both strains.

Mycobacterium isolates were found. With fluoranthene as the sole
carbon source, microscopic imaging revealed that Mycobacterium
strains isolated from MSP were slow-growing bacteria with long
doubling times (Fig. 7C). Their low growth rates might result in
small colony sizes on agar when they are mixed with fast-growing

inted k
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FIG 6 Rapid recovery of microbial cells from MSPs after growth. (A) The
coordinate positions of droplets that contain E. coli RP1616 cells were printed
on paper as black dots. This paper was attached under the dish, and droplets
were aligned with the dots for selective picking. (B) Picking of a droplet coor-
dinate with a black dot with a toothpick for scale-up cultivation. (C) The
success rate of droplet picking evaluated by growth of RP1616. A total of 144
droplets were picked, and 131 droplets were successfully scaled up with growth
of RP1616 on an agar plate.
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species. As expected, by the MSP method, we obtained four My-
cobacterium isolates that could effectively remediate fluoranthene
at 94.6 t0 99.5% degradation rates in 9 days (Fig. 7D; see Fig. S6 in
the supplemental material). Moreover, we obtained an isolate of
the genus Blastococcus with DHB as the carbon source that could
degrade 100% of the fluoranthene present after 9 days (Fig. 7D).
Unexpectedly, the genus Blastococcus was not detected by 16S
rRNA gene sequencing of the original community, indicating that
it belongs to the rare biosphere. These results indicate that the
MSP method effectively eliminates interspecies competition and
provides a significant advantage in isolating microbial species that
are commonly overlooked by conventional methods.
Approaching the microbial diversity of the PAH-degrading
community. Unraveling the vast diversity of complex microbial
communities is challenging for both culture-dependent and cul-
ture-independent methods. In addition to isolating and charac-
terizing individual species, we also demonstrated that the total
biomass on each MSP dish can be easily pooled and subjected to
16S rRNA gene sequencing to elucidate overall “cultivable” mi-
crobial diversity. To compare the MSP and agar plate methods,
parallel cultivation of the same soil community was carried out;
for the results, see Table S2 in the supplemental material. All ex-
periments were performed in triplicate. Principal-coordinate
analysis revealed that cultivation is robust and reproducible (see
Fig. S7 in the supplemental material). Sequencing indicated that
both the MSP and agar plate methods were successful in the re-
covery of major taxa. However, the MSP method led to higher
microbial diversity than the agar plate method. Rarefaction curves
suggested that OTU richness from MSPs was about 22.2% greater
than that from agar plates (Fig. 7E). Relative 16S rRNA gene abun-
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FIG 7 Isolation and characterization of a PAH-degrading community enriched from petroleum-contaminated soil. (A) Diagram of metagenomic DNA library
construction and strain isolation with agar plates and MSPs. (B) Schematic of single-cell isolation and cultivation in droplets with MSM with fluoranthene
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thene-degrading efficiencies of pure strains obtained by MSPs and agar plates according to fluoranthene removal in 9 days. (E, F) Rarefaction curves (E) and heat
maps (F) of metagenomic sequencing of the original community, pooled cells from agar plates, and pooled cells from MSPs. Fluoranthene was used as the sole
carbon source. (G) Cultivated isolates from MSPs and agar plates with genus names colored according to the metagenomic abundance of the community in

various culture media. HTS, high-throughput sequencing.

dance shows that MSP significantly increased the chance of rare
species detection by sequencing (Fig. 7F), maybe because MSP
allowed some rare species to grow from single cells with sufficient
nutrients and space and without suppression by fast-growing spe-
cies.

We explored microbial cultivation by conventional agar plate
and MSP methods in parallel. In total, we obtained and character-
ized 105 isolates on agar plates and 218 isolates by the MSP
method and performed 16S rRNA gene sequencing of individual
isolates. A total of 47 OTUs (at the genus level) were recovered
from the PAH-degrading community (Fig. 7G). The agar plate
method recovered 18 of these, and the MSP method recovered 44.
The coverage of species diversity for agar plates and MSP droplets
was estimated to be 89.2 and 68.1%, suggesting that the diversity
recovered from agar plates and droplets could be further im-
proved and that the MSP method has the potential to detect even
greater richness if more isolates are sampled. A total of 55 micro-
bial isolates of 24 OTUs obtained by the MSP method had a rela-
tive abundance of <0.1% (in the original community), which
demonstrated again that the MSP method has an advantage in
cultivating members of the rare biosphere.
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DISCUSSION

We developed a simple microfluidic method for the continu-
ous generation of large-scale droplet arrays. The novelty of this
method lies in the robustness of surface modification, the sim-
ple chip-to-world interface design, its high speed and high
throughput capacity, and the simple streaking and picking
strategies. Previous methods of generating droplet arrays usu-
ally involved precise position configuration, either predefined
by robots or with the help of microfabricated chambers (38—
40). These methods result in remarkably accurate positioning and
provide additional capabilities, including automated multistep
liquid handling. However, the widespread applicability of these
systems has been limited by the complexity required to attain pre-
cise alignments, stop-flow modulation, and a microfabricated ar-
ray structure (38, 39). We took advantage of the fact that in mi-
crochannels, adjacent droplets are spaced by uniform oil plugs
during formation and flow. As the writing tip is moved across the
surface of the petri dish, adjacent droplets coalesce with the sur-
face and are separated by a distance that can be tuned by the time
interval and velocity of the writing tip. Although the spiral array
structures obtained in this work are not as uniform and conve-
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nient as those of a standard rectangular array in terms of manip-
ulation and detection, our method is much simpler than existing
robotic systems and can effectively use the surfaces of petri dishes,
which are commonly round.

The MSP method effectively reduces the labor, time, and cost
required to perform high-throughput cultivation of cells and can
be set up easily in common laboratories. Working from the con-
ventional plate-streaking technique, the MSP method could be
applied to microbial cultivation in a way similar to traditional
microbial cultivation on agar plates. Droplet storage on a dispos-
able petri dish prefilled with carrier oil provides long-term stabi-
lization and biocompatibility. Cells grown in droplets can be easily
harvested with toothpicks and transferred. Full automation of the
MSP method may be realized with commercially available motor-
ized colony pickers, though these systems are currently very ex-
pensive. We believe that the MSP work flow could be used with
various droplet-based microfluidic systems to facilitate many ap-
plications, such as studies of cellular heterogeneity (41), selection
of mutants, and adherent-cell or microbial biofilm cultivation. In
addition, the spiral droplet array generated by an automated dish
drive is addressable, which facilitates serial dilution and dose-re-
sponse screening. In this work, the fluoranthene dissolved in the
hydrophobic carrier oil diffused continuously into the aqueous
droplets, thus supporting microbial cell growth and promoting
the recovery of microbial species with high degradation efficiency.
This method could be further extended by appropriate combina-
tions of the carrier oil phase, such as by using lipids, petroleum,
and hydrophobic substrates that dissolve in the oil phase, such as
water-insoluble herbicides, pesticides, or other hydrophobic en-
vironmental pollutants, enabling the isolation and identification
of functional microbes for bioremediation and bioconversion.

“Who are out there, and what are they doing?” These are the
most fundamental and persistent questions for environmental
microbiology. Major challenges in gaining this knowledge include
the following. (i) Many microbes are recalcitrant to cultivation,
and our knowledge of their physiology is limited. (ii) Slow-grow-
ing and rare microbes are often masked by more abundant species
during cultivation and sequencing. (iii) Some microbes cannot be
grown alone because their growth depends on another microbe’s
metabolic activity or on environmental conditions. By the simple
MSP approach, the cultivation area of a petri dish is divided into
large numbers of droplets to allow the segregation of species in
very low numbers and provide space and nutrients for single mi-
crobial cells to grow, while separation among droplets prevents
fast-growing strains and more abundant species from outcompet-
ing slow-growing strains and rare species. Droplets can be pooled
for metagenomic analysis to allow the rapid evaluation of various
substrates and culture conditions for the recovery of species with
different metabolic lifestyles. In this study, we have demonstrated
that application of the MSP significantly increases the diversity of
the microbes recovered. We found that MSP greatly improved the
efficiency of isolation and cultivation of rare species, including the
discovery of a previously unknown fluoranthene-degrading Blas-
tococcus species that was not detected by sequencing. This finding
proves that the rare biosphere may contain a multitude of undis-
covered biochemical capabilities that are highly relevant in bio-
technological applications (4). In this work, we evaluated several
hundred isolates from a soil community. New methods for rapid
and cost-effective characterization of microbial isolates have to be
introduced for comprehensive studies of complex microbial com-
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munities. Another interesting direction for future work is the di-
lution of communities to multiple cells per droplet (42) or to
single cells accompanied by externally added syntrophic species in
droplets for isolation of novel strains with symbiotic interactions
(43). We envision that the MSP work flow described in this paper
can be useful for harnessing microbial diversity and recovering
functional and rare biosphere members relevant to host health,
biogenic transformation, and natural products.
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