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ABSTRACT

Sequencing small quantities of DNA is important
for applications ranging from the assembly of un-
cultivable microbial genomes to the identification
of cancer-associated mutations. To obtain sufficient
quantities of DNA for sequencing, the small amount
of starting material must be amplified significantly.
However, existing methods often yield errors or non-
uniform coverage, reducing sequencing data quality.
Here, we describe digital droplet multiple displace-
ment amplification, a method that enables massive
amplification of low-input material while maintain-
ing sequence accuracy and uniformity. The low-input
material is compartmentalized as single molecules in
millions of picoliter droplets. Because the molecules
are isolated in compartments, they amplify to satu-
ration without competing for resources; this yields
uniform representation of all sequences in the final
product and, in turn, enhances the quality of the se-
quence data. We demonstrate the ability to uniformly
amplify the genomes of single Escherichia coli cells,
comprising just 4.7 fg of starting DNA, and obtain se-
quencing coverage distributions that rival that of un-
amplified material. Digital droplet multiple displace-
ment amplification provides a simple and effective
method for amplifying minute amounts of DNA for
accurate and uniform sequencing.

INTRODUCTION

Single cell sequencing is an invaluable tool in microbial ecol-
ogy and has enhanced the analysis of communities ranging
from the ocean (1) to the human mouth (2). Because the ma-
jority of microorganisms cannot be cultured (3), obtaining
sufficient quantities of DNA for sequencing requires signif-
icant amplification of single-cell genomes. However, exist-
ing methods for accomplishing this are prone to amplifica-

tion bias, making sequencing inefficient and costly. Conse-
quently, there has been a sustained effort to develop new
methods to uniformly amplify small quantities of DNA.

A powerful method is to modify the polymerase chain
reaction (PCR) to enable non-specific amplification. For
example, Primer Extension Preamplification (PEP) and
Degenerate Oligonucleotide-Primed PCR (DOP-PCR) use
modified primers and thermal cycling conditions to enable
non-specific annealing and amplification of most DNA se-
quences (4,5). These methods are simple and accessible, but
amplification bias remains a major challenge: the products
typically do not fully cover the original template and possess
significant variation in coverage (6,7). Multiple Annealing
and Looping Based Amplification Cycles (MALBAC) re-
duces this bias with primers that cause amplicons to self-
anneal in a loop; this suppresses exponential amplification
of dominant products and equalizes amplification across
the templates (8). Nevertheless, the specialized polymerase
required for this reaction is prone to copy errors that prop-
agate through cycling, resulting in increased error rates (8).

Multiple displacement amplification (MDA) enables
non-specific amplification with minimal error through the
use of the highly accurate enzyme ®29 DNA polymerase
(9). In addition, ®29 DNA polymerase displaces Watson—
Crick base-paired strands, enabling exponential amplifica-
tion of template molecules without thermally-induced de-
naturation (7). Nevertheless, two major problems persist
with MDA: amplification of contaminating DNA (10) and
highly uneven amplification of single-cell genomes (11,12).
These problems yield numerous challenges when sequenc-
ing MDA -amplified material, including incomplete genome
assembly, gaps in genome coverage and biased counts of
replicated sequences, which are of biological relevance in a
variety of applications such as assessing copy number vari-
ants in cancer. Due to its simplicity and accuracy, several
strategies have been employed to reduce MDA amplifica-
tion bias, including augmenting reactions with trehalose
(13), reducing reaction volumes (14) and using nanoliter-
scale microfluidic chambers to reduce the diversity in iso-
lated pools (15,16). While these methods mitigate the prob-
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lems associated with MDA, robust and uniform amplifica-
tion of low-input material remains a challenge.

In this paper, we describe digital droplet MDA
(ddMDA), an alteration to the MDA reaction in which sin-
gle template molecules are compartmentalized in millions
of picoliter droplets. Compartmentalizing and amplifying
single molecules affords a number of benefits for obtaining
accurate sequence data with uniform coverage. Because
the molecules are isolated, each amplifies to saturation
irrespective of when the reaction initiates — a stochastic
process that, in bulk, is the primary source of bias (17).
As we show, this greatly reduces bias. The ‘compartmen-
talization’ is analogous to that in digital droplet PCR
(ddPCR), in which PCR reagents are isolated in millions of
droplets, enabling accurate quantification of nucleic acids
(18). In this work, we describe microfluidic and accessi-
ble non-microfluidic methods for generating the droplet
compartments, and demonstrate uniform amplification
and high-coverage sequencing of single Escherichia coli
cells comprising just 4.7 femtograms of starting DNA. Our
method combines the accuracy of ®29 DNA polymerase
with the uniformity of compartmentalized amplification,
and should be valuable whenever low-input samples must
be sequenced accurately, such as in forensics and single-cell
analysis.

MATERIALS AND METHODS
Generating shaken emulsion droplets

Shaken emulsions are generated by adding 30 pl of
HFE-7500 fluorinated oil (3M, catalog no. 98-0212-2928-
5) and 2% (w/w) PEG-PFPE amphiphilic block copoly-
mer surfactant (RAN Technologies, catalog no. 008-
FluoroSurfactant-1G) to 30 pl of MDA reaction mixture.
Alternatively, HFE-7500 fluorinated oil with 2% PicoSurf1
(Dolomite Microfluidics) can be used. The combined mix-
ture is vortexed at 3000 rpm for 10 s using a VWR vortexer,
creating droplets ranging in diameter from 15 pm to 250 pwm
(Supplementary Figure S1). At the conclusion of incuba-
tion, 10 pl of perfluoro-1-octanol (Sigma Aldrich) is added,
the mixture vortexed to coalesce the droplets and the aque-
ous layer extracted with a pipette. A detailed protocol for
shaken emulsion formation can be found in Supplementary
Protocol S1.

Generating monodisperse microfluidic emulsion droplets

The poly(dimethylsiloxane) (PDMS) microfluidic device
used to generate monodisperse emulsions is fabricated by
pouring uncured PDMS (10.5:1 polymer-to-crosslinker ra-
tio) over a photolithographically-patterned layer of pho-
toresist (SU-8 3025, MicroChem) on a silicon wafer (19).
The device is cured in an 80°C oven for 1 h, extracted with
a scalpel and inlet ports added using a 0.75 mm biopsy core
(World Precision Instruments, catalog no. 504529). The de-
vice is bonded to a glass slide using O, plasma treatment
and channels are treated with Aquapel (PPG Industries)
to render them hydrophobic. Finally, the device is baked
at 80°C for 10 min. Commercial microfluidic droplet mak-
ers and pumps may also be used to generate monodisperse
emulsions for ddMDA.
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The MDA reaction mixture and HFE-7500 fluorinated
oil with 2% (w/w) PEG-PFPE amphiphilic block copoly-
mer surfactant (RAN Biotechnologies) are loaded into sep-
arate 1 ml syringes and injected at 300 and 500 wl/h, re-
spectively, into a flow-focusing droplet maker using sy-
ringe pumps (New Era, catalog no. NE-501) controlled
with a custom Python script (https://github.com/AbateLab/
Pump-Control-Program). Alternatively, HFE-7500 fluori-
nated oil with 2% PicoSurfl (Dolomite Microfluidics) may
also be usable and is available for purchase. The droplet
maker generates monodisperse droplets ~26 pm in diam-
eter (Supplementary Figure S1), collected into a PCR tube.
Droplets in this size range are stable during the ddMDA re-
action. At the conclusion of incubation, 10 .l of perfluoro-
1-octanol is added, the emulsion vortexed to coalesce the
droplets and the aqueous layer extracted with a pipette.
A detailed protocol for microfluidic device fabrication and
emulsification can be found in Supplementary Protocol S2.
Furthermore, a schematic of the droplet maker used can be
found in Supplementary Figure S2.

Biological reactions

Extraction, fragmentation and amplification of genomic
DNA. Purified E. coli KI2(DH10B) cells are obtained
from New England BioLabs (catalog no. C3019H), lysed
and purified using PureLink Genomic DNA Mini Kit
(Life Technologies, catalog no. K1820-00). Ten kilobase
fragments are gel-extracted following a 10-min digestion
with NEBNext dsDNA Fragmentase (NEB, catalog no.
MO0348S) of 800 ng DNA and quantified using a NanoDrop
(Thermo Scientific). MDA reactions are performed using
REPLI-g single cell kit (Qiagen, catalog no. 150343). Puri-
fied DNA (0.05 pg, 0.5 pg and 5 pg) is incubated with 3 pl
Buffer D2 and 3 pnl H20 for 10 min at 65°C. After stopping
by adding 3 .l stop solution, the reaction is divided in two
and a master mix comprising nuclease-free H2O, REPLI-g
Reaction Buffer and REPLI-g DNA Polymerase is added
to each partition. The MDA reactions are either incubated
at 30°C for 16 h in bulk or as an emulsion.

Single E. coli cell sorting and whole genome amplification.
OneShot TOP10 chemically competent E. coli cells (Life
Technologies, catalog no. C4040-10) are cultured in LB me-
dia for 12 h, diluted in water and stained with 0.25x SYBR
Green I (Life Technologies, catalog no. S-7563). Following
cell stain, the cell solution is imported into a BD FACS Aria
II. Single positive events are sorted into 10 separate wells
of a 96-well plate. Added to each well are 3 pl Buffer D2
and 3 pl H;O, after which the plate is heated at 98°C for
4 min. This heat step lyses the cells and fragments the ge-
nomic DNA to adequate lengths for ddMDA (5-15 kilo-
bases). After heating, the reaction is stopped by adding 3
1 stop solution to each well. Next, master mix comprising
nuclease-free H,O, REPLI-g Reaction Buffer and REPLI-
g DNA Polymerase is added to each well. The MDA reac-
tions are either incubated at 30°C for 16 h in bulk or as an
emulsion.

Digital droplet PCR and MDA. The digital PCR and
MDA experiments are performed with phage lambda ge-
nomic DNA as template (NEB, catalog no. N3011S). For
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digital PCR, the template is mixed in bulk with primers
(IDT), TagMan probe (IDT) and 2X Platinum Multiplex
PCR Master Mix (Life Technologies, catalog no. 4464268)
in a total volume of 100 wl. The sequences of the primers
and probes are — Lambda Fwd: 5-GCC CTT CTT CAG
GGC TTA AT-3’; Lambda Rev: YCTC TGG CGG TGT
TGA CAT AA-3; Lambda Probe: 5/6-FAM/AT ACT
GAG C/ZEN/A CAT CAG CAG GAC GC/3IABkFQ/-
3’. Primers and probe are used at concentrations of 1 pM
and 250 nM, respectively, and target a 110-basepair re-
gion in the lambda phage genome. Reaction mixture and
HFE-7500 fluorinated oil with 2% (w/w) PEG-PFPE am-
phiphilic block copolymer surfactant are loaded into sep-
arate 1 ml syringes and injected at 300 and 600 wl/h, re-
spectively, into the flow-focusing device. After collecting the
emulsion in PCR tubes, the oil underneath the emulsion
is removed using a pipette and replaced with FC-40 flu-
orinated oil (Sigma-Aldrich, catalog no. 51142-49-5) with
5% (w/w) PEG-PFPE amphiphilic block copolymer sur-
factant. This oil/surfactant combination yields greater sta-
bility during the cycled ddPCR reaction than the HFE oil
combination. The emulsion is transferred to a T100 ther-
mocycler (BioRad) and cycled with the following program:
95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 60°C
for 90 s and 72°C for 20 s, followed by a final hold at 12°C.

For digital MDA, the template is mixed with reagents
from the REPLI-g single cell kit as described previously,
and combined with a DNA dye (EvaGreen, Biotium). The
reaction mixture is emulsified through a flow-focusing de-
vice connected to syringes containing the reaction mix-
ture and HFE-7500 fluorinated oil with 2% (w/w) PEG-
PFPE amphiphilic block copolymer surfactant. The col-
lected emulsion is incubated at 30°C for 16 h. Since thermo-
cycling is not required, FC-40 replacement is not necessary
for digital MDA.

Sequencing and bioinformatics

Library prep and sequencing parameters. Bacterial li-
braries are prepared from 1 ng genomic DNA from each
sample using the Nextera XT sample preparation kit (Il-
lumina). The resulting libraries are quantified using a high
sensitivity Bioanalyzer chip (Agilent), a Qubit Assay Kit
(Invitrogen) and qPCR (Kapa Biosystems). Bacterial li-
braries vary between 800-1000 bp in fragment size. All li-
braries are pooled in equimolar proportions and sequenced
using an [llumina MiSeq with 150 bp paired-end reads (Fig-
ure 3), an Illumina HiSeq with 100 bp paired-end reads
(Figure 4) and additional Illumina MiSeq with 150 bp
paired-end reads (Figure 5).

Sequencing analysis. Sequencing data are mapped to the
E. coli K12 DHI10B reference genome using the BWA
Whole Genome Sequencing program available on BaseS-
pace (Illumina). Mapped data are converted to SAM files
and pileup files are generated using SAMtools. Genomic
coverage as a function of genome position is determined by
parsing the number of aligned reads from the pileup file, di-
viding each read number by the average read number, and
consolidating the normalized data into 10 000 bp bins.
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RESULTS
Digital droplet MDA workflow

Single cell sequencing necessitates the unbiased amplifica-
tion of tiny quantitiecs of DNA. Because of its low error
rate and ability to amplify long genomic regions, MDA is a
powerful method for amplifying low-input DNA. However,
traditional bulk MDA does not constrain the exponential
character of the reaction: sequences that begin amplifying
early tend to comprise a disproportionately large fraction
of the final DNA library, resulting in these regions being se-
quenced with high coverage while others are sequenced with
low coverage (Figure 1A). Uneven coverage creates ma-
jor challenges when sequencing, including inefficient use of
reads, difficulty confidently assembling genomes with low-
covered regions and un-sequenced gaps in the genome (Fig-
ure 1A, right panel).

One strategy for increasing amplification uniformity is
to compartmentalize the MDA reaction in millions of iso-
lated reactors. Just as nanoliter-based MDA yields more
uniform single-cell sequences (15,16), compartmentalized
digital MDA constrains the reaction to single molecules, re-
sulting in better coverage of each molecule and more uni-
form representation of all molecules in the final library. A
simple method for compartmentalizing reactions is to emul-
sify the solution containing the DNA to be amplified in oil
by vigorously shaking the mixture. If a surfactant is present,
stable aqueous droplets suspended in oil are produced, each
of which amplifies a template molecule (Figure 1B). Because
the isolated reactors are not physically connected, the re-
actions occur independently and in parallel, allowing each
compartment to amplify to saturation. Consequently, the
representation of each template in the amplified product is
more uniform. Nevertheless, ‘shaken’ emulsions consist of
polydisperse droplets in which volume can vary by thou-
sands of times; because the number of product molecules at
saturation scales with the volume of the reactor, polydisper-
sity produces bias.

A simple way to remove bias due to droplet polydispersity
is to compartmentalize the molecules in droplets of equal
volume, which can be achieved using microfluidic emulsi-
fication (Figure 1C). Just as in the shaken emulsion case,
ensuring that single molecules are amplified requires that
the template concentration be set such that a percentage
of droplets, typically <10%, contain a molecule, in accor-
dance with Poisson statistics (20). This reduces the num-
ber of product molecules generated, but provides better uni-
formity (Figure 1C, right panel). Moreover, since MDA is
an efficient reaction yielding copious DNA (7,9), the small
number of productive droplets provides more than enough
material for sequencing.

Non-specific quantification of DNA with digital droplet MDA
(ddMDA)

ddMDA enables uniform amplification of DNA by com-
partmentalizing and amplifying single template molecules
in isolated droplet reactors. If a fluorescent reporter is
included that indicates when a given droplet undergoes
amplification, and thus contains a template molecule, the
method can also be used to quantify nucleic acids in solu-
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Figure 1. Illustration of how compartmentalized Multiple displacement amplification (MDA) enhances sequencing coverage (A) Uncompartmentalized
amplification does not constrain the exponential activity of ®29 DNA Polymerase, leading to sequencing bias. (B) Compartmentalization of reaction in a
shaken emulsion enhances sequencing coverage; however, the polydispersity of the emulsion leads to some sequencing bias. (C) Compartmentalization of
reaction generated using a microfluidic device yields even greater sequencing coverage due to the high uniformity of the reaction.
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Figure 2. Demonstration of digital droplet MDA and its utility for nonspecific DNA quantification (A) Fluorescence microscopy images of droplets sub-
jected to digital droplet MDA (ddMDA-upper row) and digital droplet PCR (ddPCR-lower row) for three concentrations of input material. Fluorescence
was obtained using Eva Green (ddMDA) and Tagman probe (ddPCR). The disparity between digital MDA and PCR quantification corresponds to the
nonspecific nature of MDA compared to specific PCR amplification (B) Fraction of observed versus predicted droplets. Fraction of fluorescent droplets is
predicted assuming Poisson encapsulation of whole genomes. While ddPCR encapsulates one positive droplet per genome, ddMDA encapsulates one pos-
itive droplet per DNA segment. This enables nonspecific quantitation of nucleic acids and allows for the calculation of contamination and fragmentation
of the sample.
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tion by counting the fraction of fluorescent droplets. This
process is similar to ddPCR, a more accurate alternative
to qPCR for measuring DNA concentration, except that
whereas ddPCR counts known templates, ddMDA quan-
titates any template amplifiable with the reaction, including
templates of unknown sequence (21). To illustrate this, we
apply ddMDA to quantify the concentrations of Lambda
phage genomic fragments in solution, comparing the results
with ddPCR (Figure 2). The small Lambda phage genome
offers a convenient source of DNA for quantification of am-
plification and contamination. Because ddPCR uses spe-
cific primers and probes, fewer fluorescent droplets are ob-
served for the same concentration compared to ddMDA
(Figure 2A). In addition, the TagMan probe required by
ddPCR leads to higher background fluorescence than the
non-specific dye used in ddMDA (Figure 2A). Moreover,
whereas the prediction based on Poisson encapsulation of
single molecules is close to the ddPCR data (Figure 2B,
red line), digital MDA systematically overestimates concen-
tration (Figure 2B, green line). This can be rationalized by
the specific nature of PCR versus the non-specific nature of
MDA: ddPCR yields approximately one fluorescent droplet
for each target genome in the sample, but ddMDA does
so for every genomic fragment amplifiable with the reac-
tion. As the DNA concentration increases, the probability
of multiple template molecules encapsulated in the droplets
increases too, leading to a larger fraction of droplets with
two, three or more molecules. Nevertheless, since this is ac-
counted for by the Poisson distribution, the method can
still be used at these concentrations, although precision is
reduced. Thus, fragmented or highly contaminated DNA
will yield higher concentrations using ddMDA compared
to ddPCR. This is key to the effectiveness of ddMDA non-
specific DNA quantitation and for amplifying low-input
DNA without regards to sequence.

Next generation sequencing of ddMDA-amplified DNA

To investigate the effectiveness of ddMDA for amplifying
low-input DNA for sequence analysis, we sequence samples
prepared in different ways and compare the results: unam-
plified E. coli DNA (no amplification bias), E. coli DNA
amplified using bulk MDA (the current standard) and E.
coli DNA amplified using monodisperse ddMDA (the best-
case scenario of compartmentalized reactions). We use E.
coli genomes rather than Lambda phage genomes due to
their greater size and complexity, thus offering greater ap-
plicability to next generation sequencing techniques. The
starting concentration for the MDA reactions is 0.5 pg, cor-
responding to the genomes of ~100 E. coli cells. The un-
amplified sample, not surprisingly, exhibits extremely uni-
form coverage with the exception of long-ranged system-
atic variation that may be representative of the bacteria’s
natural DNA replication cycle (Figure 3A, top row). When
the sample is subjected to bulk MDA, we observe substan-
tial amplification bias causing significant over- and under-
coverage of regions (Figure 3A, middle row). In contrast,
when the MDA amplification is constrained in monodis-
perse droplets, no subset of templates dominates the final
product, resulting in uniform coverage across the genome
(Figure 3A, bottom row).
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To further quantify the differences in sequencing bias for
these preparation methods, we plot the probability density
of coverage levels for the three samples (Figure 3B). As ex-
pected, unamplified E. coli DNA has a narrow distribu-
tion, with little variation in coverage. In contrast, the cover-
age of DNA amplified by bulk MDA is extremely broad,
with many regions exhibiting very low or very high cov-
erage. This variation causes a number of challenges. The
limited data for under-covered regions make it challeng-
ing to assemble long sequences spanning these regions,
since the low-coverage junctions cannot be determined with
high confidence. Additionally, the high-coverage regions are
wasteful of sequencing, since these regions are already cov-
ered adequately; they comprise a large fraction of sequenc-
ing data but offer little additional information. DNA am-
plified by ddMDA has a coverage distribution similar to
the unamplified best-case scenario, but with larger bias.
ddMDA thus yields amplified DNA that approaches the
uniformity of unamplified material. To further validate the
utility of ddMDA as a reliable whole genome amplifica-
tion method, we compare sequenced DNA from a commer-
cially available PCR-based single cell WGA kit (PicoPLEX
WGA, NEB) to that of ddMDA. The PicoPLEX WGA kit
gives rise to less bias than that seen in bulk MDA. How-
ever, the uniformity in coverage observed in ddMDA still
outperforms that seen in PicoPLEX (Supplementary Fig-
ure S3). This demonstrates the unique ability of ddMDA to
provide minimal amplification bias.

To compare differences in sequence bias obtained with
the different methods of preparation, we prepare fresh sam-
ples using the three amplification methods described in Fig-
ure 1 (bulk MDA, shaken emulsion MDA and ddMDA) at
three different input concentrations: 5 pg (~1000 genomes),
0.5 pg (~100 genomes) and 0.05 pg (~10 genomes). Next-
generation sequencing of these samples reveals that, indeed,
bulk MDA yields poor uniformity in sequencing coverage,
while ddMDA and shaken emulsion MDA exhibit signifi-
cantly improved uniformity (Supplementary Figure S4).

Next-generation sequencing of unknown genomes neces-
sitates near-complete coverage of all regions. However, am-
plification can result in biased genomic representation, in
which low-abundance regions may not be sufficiently cov-
ered during sequencing. To quantify the frequency of this
occurrence for the different preparation methods and con-
centrations, we use a dropout metric that represents the
number of genomic regions that are significantly under-
covered (Figure 4A). Specifically, we analyze the fraction
of bases covered at less than 10% of the mean coverage
for each sample (the equation is in Supplementary Figure
S5). In the bulk MDA samples, a significant fraction of the
genome is not detected for low and moderate input concen-
trations (Figure 4A, red curve). For higher input concentra-
tions, the fraction of under-coverage is lower, but still sig-
nificant. In the shaken emulsion MDA samples, compart-
mentalization results in a marked reduction of dropout for
all three concentrations (Figure 4A, blue curve); however,
substantial dropout is still observed. The ddMDA samples
further reduce the number of dropout regions and maintain
low dropout even down to 10 genome equivalents of E. coli
DNA (Figure 4A, green curve). This trend in which bulk
MDA results in the worst data and ddMDA the best is ev-
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Figure 3. Impact of compartmentalized amplification on coverage uniformity. (A) Relative coverage, defined as the number of reads for each base divided
by the mean number of reads for the whole genome (29), plotted versus genome position. Relative coverage was measured for three scenarios: unamplified
E. coli (top), standard bulk MDA (middle), and digital droplet MDA (bottom) and consolidated into 10 kbp bins. (B) Probability density as a function
of relative coverage for Unamplified E. coli, Bulk MDA and digital droplet MDA. While coverage distribution has negligible undercovered reads for
Unamplified E. coli, Bulk MDA shows a significant fraction of bases with very low coverage, a known property of MDA. Digital droplet MDA appears

as a mixture of these distributions, indicating that coverage is enhanced.

ident when all three concentrations are normalized to the
bulk preparation and averaged (Figure 4A, right panel).

Another important factor in sequencing low-input DNA
is the efficiency of sequencing — specifically, ensuring that
each additional read that is sequenced provides maximum
new information content. If significant coverage spread ex-
ists, small, highly covered regions can comprise a large frac-
tion of the sequenced reads, thus requiring increased se-
quencing expenditure to observe the low-covered regions.
To quantify this disparity in coverage, we use a metric
that estimates coverage spread, calculated as the root mean
square of the relative coverage (Figure 4B). The mathemat-
ical definition of the spread is in Supplementary Figure S5.
The trend between samples is similar to the trend in the
dropout metric, since regions that are under-covered also
tend to drop out, and is also evident when the points are
normalized to the bulk results and averaged (Figure 4B,
right panel). This shows that compartmentalized MDA sig-
nificantly reduces coverage disparity, maximizing the useful
information content in the reads that are obtained and, con-
sequently, allowing an equal amount of new information to
be obtained with less total sequence expenditure compared
to bulk MDA.

Another valuable metric for estimating uniformity of cov-
erage and the likelihood of being able to generate an accu-
rate assembly is the informational entropy, a measurement
used to estimate the randomness of a signal, such as the cov-
erage signals obtained from Figure 3A. When sequencing
unknown genomes, high entropy representing a coverage
distribution that is maximally randomized over the entire
sequence is ideal. The informational entropies are similar
for ddMDA and shaken emulsion MDA, and both perform

better than bulk MDA (Figure 4C). As before, the trend
is present when normalizing and averaging over input con-
centrations (Figure 4C, right panel). The definition for in-
formational entropy is in Supplementary Figure S5. These
data demonstrate that compartmentalized ddMDA is an ef-
fective means to maximally cover the genome with minimal
sequencing expenditure.

Next generation sequencing of ddMDA-amplified DNA from
single cells

To illustrate the utility of ddMDA for single cell whole
genome amplification, we use it to sequence single E. coli
cells. Amplifying single cells is of enormous importance for
single cell analysis, such as for studying uncultivable mi-
crobes and individual cancer cells. Though valuable, the
procedure is more complex than when working with puri-
fied DNA, because the single cell must be reliably lysed and
its genome fragmented. Furthermore, a number of precau-
tions must be taken to minimize contamination and DNA
loss, such as UV exposure and sterile procedures. To se-
quence single cells, we FACS-sort E. coli cells individually
into wells, lyse the cells, heat-fragment the genomes and
emulsify the resultant solution with ddMDA reagents, in
accordance with the protocol. We compare two cells ampli-
fied with ddM DA to two different cells amplified with stan-
dard bulk MDA. As expected, we observe significant ampli-
fication bias in the bulk-amplified samples (Figure SA, first
panel). Bulk MDA Cell 2, in particular, possesses a massive
amount of under-amplification, yielding complete dropout
of several regions (denoted by gaps in the coverage plot).
The two cells amplified by ddMDA, on the other hand, have
uniform coverage (Figure 5A, second panel). These results
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where p is the probability of observing reads within defined windows of
the genome.

are further illustrated by analyzing the probability densities
of the four samples (Figure 5B). The dramatic difference
in coverage uniformity between bulk and ddMDA is fur-
ther illustrated by looking at the probability mass function
and Lorenz curve of each sample (Supplementary Figure
S6), generated using htSeqTools (22). Though contamina-
tion and DNA loss are a concern, the dramatic difference
in coverage between bulk MDA and ddMDA demonstrate
the adaptability of this technique to single bacterial cells.

DISCUSSION

ddMDA is a simple method for amplifying small amounts
of DNA that significantly enhances sequencing coverage
compared to available methods. It is also useful for non-
specifically detecting and quantifying nucleic acids in solu-
tion. Quantification via ddMDA is similar to ddPCR quan-
tification in that it has a low level of detection and allows
absolute counting of molecules without a standard curve
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(21). In contrast to ddPCR, however, ddMDA does not
require specific probes, enabling the quantification of un-
known sequences. These advantages make ddMDA valu-
able for quantitating DNA in low-abundance settings, such
as clean rooms and extra-terrestrial habitats. When used
with ddPCR, ddMDA is also effective for detecting frag-
mentation and contamination during DNA amplification
(23).

In addition to its utility for nonspecific DNA quantifi-
cation, ddMDA is valuable for whole genome amplifica-
tion of limited DNA samples. Efficient amplification of
these samples necessitates the development of new tech-
niques, including modifications of existing PCR techniques
(PEP, DOP-PCR, MALBAC) (4,5,8) and isothermal ampli-
fication techniques (MDA). MDA performed on single-cell
genomes in nanoliter chambers yields enhanced sequenc-
ing coverage (15,16), but reducing reaction volume further
and increasing the number of compartments is difficult with
this approach. Droplet microfluidics represents a powerful
alternative for compartmentalizing samples in millions of
monodisperse droplets, enabling, as we show, digital MDA
on single molecules and yielding extremely uniform se-
quencing coverage. Furthermore, by applying this approach
to single cell genomes, ddMDA provides accurate and uni-
formly covered sequencing data.

A barrier to implementing ddMDA is the require-
ment of microfluidic emulsification. While a number of
available commercial instruments (BioRad, RainDance,
Dolomite) can be used to generate monodisperse emul-
sions for ddMDA, many may prefer a simpler and more
accessible protocol that requires no microfluidics or special-
ized equipment. Shaken emulsion MDA, in which polydis-
perse droplets are generated by vortexing the sample with
an emulsifier, is simple and accessible. Even though poly-
dispersity of the resultant droplets yields in some bias, the
method is a significant improvement over bulk MDA. Thus,
the simplicity and accessibility of shaken emulsion MDA
may make it the preferred method for labs lacking microflu-
idic expertise.

An additional barrier to implementing ddMDA is the
need for reliable and chemically inert oils and surfactants.
In this work, the fluorinated oil HFE-7500 is used with 2%
(w/w) PEG-PFPE amphiphilic block copolymer as the sta-
bilizing surfactant, due to the reliability of this formulation
for producing thermostable, chemically inert droplets. How-
ever, if cost and ease of access are a concern, a number of
other non-ionic surfactants may be used, such as PicoSurf1
(Dolomite Microfluidics) or mineral oil formulations com-
monly used in emulsion PCR.

Many important sequencing applications involve mam-
malian cells, which have much larger genomes than the E.
coli cells to which we have applied the method. The E. coli
genome is ~4.7 million base pairs and relatively simple to
amplify and sequence. The diploid human genome, on the
other hand, is complex and possesses over 6 billion base
pairs. Due to the larger genome size, more fragments must
be generated for a fixed fragment length, which in turn ne-
cessitates more droplets to ensure single-molecule Poisson
encapsulation. For example, for a 10-kb fragment size, there
will be 600 000 fragments, requiring ~6 million droplets to
ensure 1 in 10 loading rates during the ddMDA reaction.
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Figure 5. ddMDA of single E. coli cells significantly enhances coverage uniformity. (A) Relative coverage, defined as the number of reads for each base
divided by the mean number of reads for the whole genome, plotted versus genome position. Relative coverage is measured for two cells amplified via bulk
MDA (first panel) and two cells amplified via ddMDA (second panel) consolidated into 10 kbp bins. Gaps in coverage plots represent complete dropout
of a given 10 kbp bin. (B) Probability density as a function of relative coverage for two cells amplified via bulk MDA and two cells amplified via ddMDA.
The two cells amplified by bulk MDA show a significant fraction of bases with very low coverage, while the cells amplified by ddMDA show much more

uniform coverage.

There is, however, immense flexibility in the workflow and
this is well within the comfort zone of ddMDA: using ~30
wm droplets, for example, a 6 million droplet emulsion con-
sumes ~140 pl of ddMDA reagent and takes ~30 min to
generate with microfluidic flow focusing, both of which are
reasonable. In addition, droplet volume, fragment length
and the emulsification method can all be altered to opti-
mize for the experiment. For example, higher-throughput
droplet generation method such as parallel droplet genera-
tion (24), hierarchical droplet splitting (25) and bubble trig-
gered droplet generation (26), each provide >10X through-
put in droplet generation, and can be used in combination.

The ability to uniformly amplify minute quantities of
DNA is valuable for a variety of biological applications.
Forensic investigation, for instance, requires amplification
and sequencing of samples well below the sensitivity limits
of routine DNA analysis (27). Incorporating ddMDA into
these samples should yield enhanced uniformity of whole
genome amplification, thus improving draft genomes and
follow-on analyses of the data. In addition, single cell anal-
ysis is becoming an increasingly valuable tool for identify-
ing tumor growth, evolution and potentially effective ther-
apies (28). ddMDA on individual tumor cells should pro-
vide more accurate sequences of cancer-associated muta-
tions, especially copy-number variants, for tracking the pro-
gression and evolution of the disease.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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