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ABSTRACT

Microbial biosynthetic gene clusters are a valuable
source of bioactive molecules. However, because
they typically represent a small fraction of genomic
material in most metagenomic samples, it remains
challenging to deeply sequence them. We present an
approach to isolate and sequence gene clusters in
metagenomic samples using microfluidic automated
plasmid library enrichment. Our approach provides
deep coverage of the target gene cluster, facilitat-
ing reassembly. We demonstrate the approach by
isolating and sequencing type I polyketide synthase
gene clusters from an Antarctic soil metagenome.
Our method promotes the discovery of functional-
related genes and biosynthetic pathways.

INTRODUCTION

Microbes represent a rich source of bioactive molecules
with valuable properties, many of which are yet to be dis-
covered (1). The biosynthesis of a given molecule is accom-
plished using specific enzymes, the genes for which are often
grouped as a biosynthetic gene cluster in the host genome
(2). By exploiting this genomic architecture, shotgun se-
quencing of metagenomic samples has discovered a vari-
ety of novel gene clusters and their associated molecules
(3). However, since most metagenomes contain diverse mix-
tures of DNA from many organisms, the gene clusters most
likely to be sequenced are those that are most abundant,
and often least interesting (4). While deeper sequencing can
increase coverage of rare gene clusters, the process remains
inefficient, expensive, and computationally challenging (4).

Nucleic acid enrichment allows target DNA molecules
to be isolated from a sample, focusing the sequencing on
them, and thereby reducing costs and improving data qual-
ity. While effective in many scenarios, current PCR and
hybridization approaches commonly recover 5–10 kb tar-

get molecules per probe, and often require thousands of
probes to recover a full region of interest; in addition to
being laborious and expensive, this approach can fail when
dealing with repetitive or homologous sequences (5–8). Re-
cently, CRISPR–Cas9 methods have enabled long-region
target enrichment. However, these methods require multiple
carefully chosen restriction enzymes to prevent cutting of
the target regions, and sufficient sequence knowledge to de-
sign guide RNAs, limiting their value for gene clusters span-
ning tens of kilobases of unknown sequences (9–12). Alter-
natively, bacterial artificial chromosome (BAC) or fosmid
screening can return full-length, high-quality gene clusters
(13). These circular plasmids can carry hundred-kilobase
length fragments of DNA from a metagenome as unique
inserts stored in individual bacteria (14–16). To isolate the
target plasmid, the library of billions of cells is split into
hundreds of aliquots, and each is tested by PCR for the in-
sert. If an aliquot contains the insert, it is selected for further
dilution and subculture, and the process is repeated until a
pure colony with the target is obtained (13,17). Although
this approach yields pure target DNA yielding high qual-
ity sequence data, it requires multiple rounds and hundreds
of PCR assays, and thus is laborious and expensive. To en-
hance our ability to sequence novel gene clusters in metage-
nomic samples, a new method that simplifies, speeds, and
lowers the cost of plasmid library screening is needed.

In this paper, we present Microfluidic Automated Plas-
mid Library Enrichment (MAPLE), an approach that auto-
mates, accelerates, and miniaturizes plasmid library screen-
ing. MAPLE performs the typical steps of plasmid library
screening, but on single bacterial colonies in reactors a mil-
lionth the normal volume, and at screening throughputs of
thousands per second. MAPLE screens each colony for a
target insert and returns its DNA, which is then sequenced.
As with conventional plasmid screening, MAPLE can iso-
late any insert of interest with appropriate design of PCR
primers, thereby enhancing targeted metagenomic sequenc-
ing and isolation of rare targets.
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MATERIALS AND METHODS

Metagenomic library and cell culture

Two metagenomic libraries are used in this work.
The first one is obtained from Dr. Wenjun Zhang’s
lab. Streptomyces sparsogenes (ATCC25498) genome
(NZ MAXF00000000.1) (18) fragments are inserted into
the pCC2FOS™ vector (Epicentre) and transformed into
Escherichia coli EPI300™ cells. A total of 1.5 × 104 clones
with ∼40 kb inserts have been generated. Library cells
are propagated in 2xYT media (Research Products Inter-
national) supplemented with 25 �g/ml chloramphenicol
at 37◦C overnight, and then 1 ml of the culture further
supplemented with 1× Fosmid Autoinduction Solution
(Epicentre) is used for cell encapsulation in droplets. The
second library is obtained from the Canadian MetaMi-
croBiome Library (19). The Arctic Tundra 2 (2ATN)
metagenomic DNA sample is comprised of ∼6 × 104

unique clones, with each ∼31 kb random insert carried
by the pJC8 within E. coli HB101 cells. Library cells are
propagated in 2xYT media supplemented with 15 �g/ml
Tetracycline at 37◦C overnight, and 1 ml of the culture is
used for cell encapsulation in droplets.

Fabrication of microfluidic devices

The microfluidic devices are fabricated from photoresist
masters. The masters are made by spinning the SU-8 pho-
toresist (Microchem) onto a 3-inch silicon wafer (Univer-
sity Wafer). The choice of SU-8 and spin speed is deter-
mined by the channel height of the microfluidic device. In
this work, we spin SU-8 3025 at 2500 rpm on a SCS G3P-8
Spin Coater (Specialty Coating Systems) for the drop maker
device; SU-8 3025 at 2500 rpm for the first layer of the
merger device and SU-8 3010 at 1000 rpm for the second
layer; SU-8 3025 at 2000 rpm for the sorter device. After
baking at 95◦C for 45 min, the photoresist on the wafer is
exposed to ultraviolet light for 1 min over photolithogra-
phy masks (CAD/Art Services) with patterns of microflu-
idic channels. The wafer is then baked at 95◦C for 5 min,
cooled to room temperature and then developed for 15 min
in propylene glycol monomethyl ether acetate (PGMEA,
Sigma Aldrich). When fabricating the two-layer merger de-
vice, before the development, we expose the wafer to ultra-
violet light again for 1 min over the second photolithogra-
phy mask and then bake it at 95◦C for 5 min. After devel-
opment, the wafer is then rinsed with fresh PGMEA and
isopropanol, before being dried by blowing with air. After
baking at 65◦C for 1 h to remove solvent, the wafer with
channel patterns is stored as the photoresist master.

The microfluidic devices are made by pouring a poly-
dimethylsiloxane solution (PDMS, Dow Corning, Sylgard
184) with an 11:1 polymer-to-crosslinker ratio over the mas-
ter and then cured at 65◦C overnight. The devices are ex-
tracted with a metal scalpel, and punched with a 0.75 mm
biopsy punch (World Precision Instruments, catalog no.
504529) to create holes at each fluid inlet or outlet. Devices
are bonded to a glass slide after plasma treatment and the
channels are made hydrophobic by treatment with Aquapel
(PPG Industries) (20).

Cell encapsulation and culture in droplets

Escherichia coli cells are suspended in media and cell con-
centration is calculated by manual cell counting under a mi-
croscope to determine cell number per droplet. The cell so-
lution is diluted as needed to ensure the appropriate Pois-
son loading before being transferred to a 1 ml syringe. An-
other 3 ml syringe is loaded with HFE 7500 fluorinated
oil (3 M) with 2% (w/w) PEG-PFPE amphiphilic block
copolymer surfactant (Ran Biotechnologies). Both syringes
are placed on syringe pumps (New Era) and connected
via PTFE microtubing (Fisher Scientific) to the microflu-
idic flow-focusing (21) drop maker device with nozzle di-
mensions of 30 �m. The pumps are controlled by a cus-
tom Python script (available at GitHub: https://github.com/
AbateLab/Pump-Control-Program) to pump HFE 7500 at
800 �l/h and cell solution at 400 �l/h. 30 �m droplets are
generated and collected in a 1 ml syringe and incubated
at 37◦C overnight to allow cells to grow into colonies in
droplets.

Droplet merging and colony PCR in droplets

TaqMan primers for the S. Sparsogenes library are as fol-
lows: Primer1: 5′-CGA GGT CCT TCT CGT TCA C-
3′, Primer2: 5′-ATC GAC AAG TAC CGC ATC AC-3′,
Probe: 5′-6-FAM/AGC AGC AGC/ZEN/ATG TCC TCC
CA/IABkFQ/-3′. Primers for the Antarctic soil library are
as follows (22): Primer1: 5′-GGR TCN CCI ARY TGI GTI
CCI GTI CCR TGI GC-3′, Primer2: 5′-MGI GAR GCI
YTI CAR ATG GAY CCI CAR CAR MG-3′. All primers
and probes are purchased from Integrated DNA Technolo-
gies (IDT). PCR reagents contain 1× Platinum™ Multiplex
PCR Master Mix (Thermo Fisher), 1 �M of each primer,
0.25 �M of TaqMan probe (if used), 2.5% PEG6K, and
1% Tween 20. 500 �L of PCR reagents are loaded into a
1 mL syringe and then connected to the droplet merger de-
vice via PTFE microtubing. HFE 7500 with 2% surfactant
is used as spacer oil and droplet generation oil. The elec-
trode and moat channels are filled with 2 M NaCl solution.
The moat channel prevents stray fields from causing unin-
tended droplet coalescence at other locations on the device
(23). The droplets containing cell colonies are reinjected
into the droplet merger device. The flow rates are as follows:
colony droplets 50 �l/h, spacer oil 400 �l/h, PCR reagents
300 �L/h, droplet generation oil 600 �l/h. The dimensions
and flow rates of this device are configured to produce 45
�m PCR droplets. To merge with the colony droplet, the
droplet pairs flow into the merging zone and electrode is
charged with an alternating current (AC) voltage (3 V, 58
kHz). After collecting the merged droplets in PCR tubes,
the oil underneath the emulsion is replaced with FC-40 flu-
orinated oil (Sigma Aldrich) containing 5% surfactant to
enhance droplet stability during thermocycling. The emul-
sion is transferred to a thermocycler (Bio-Rad) for droplet
PCR with the following program: 92◦C for 3 min, followed
by 40 cycles of 92◦C for 30 s, 55◦C for 30 s, 72◦C for 30 s.
1× SYBR GREEN I in HFE 7500 oil is used to stain pos-
itive droplets when there is no TaqMan probe in the PCR
reagents.

https://github.com/AbateLab/Pump-Control-Program
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Droplet sorting and DNA recovery

After thermocycling, the oil underneath the emulsion is re-
placed with HFE 7500 fluorinated oil with 2% surfactant,
transferred to a 1 ml syringe and reinjected into the mi-
crofluidic droplet sorter at a flow rate of 50 �l/h. The flow
rates of spacer and bias oil are both 1000 �l/h. All the oil
used is HFE 7500 with 0.1% surfactant and loaded in a 10
ml syringe. A 10 mL syringe connected to the outlet of waste
channel is constantly withdrawing with a flow rate of –1000
�l/h. The electrode and moat channels are filled with 2 M
NaCl solution. The droplet fluorescence is excited with a
473 nm laser (CNI lasers) and a custom LabVIEW code
(available at GitHub: https://github.com/AbateLab/sorter-
code) detects the fluorescence signal in real time. The fluo-
rescence signal of positive droplets falls in the user-defined
range which triggers the dielectrophoretic sorting pulse out-
put with a 40 kHz, 1 kV signal to the electrode and pulls
the droplet to the sorted channel (23,24). 200–500 droplets
are collected for the downstream next-generation sequenc-
ing (NGS). For the non-sorted control sample in Figure 2,
all droplets are gated in the LabVIEW code and thereafter
sorted.1H,1H,2H,2H-Perfluoro-1-octanol (final concentra-
tion 20% (v/v), Sigma Aldrich) and 10 �l water is added to
the droplets and then mixed to break emulsion (20). The
tube is centrifuged briefly and the aqueous droplet floating
on top is transferred to a new clean tube.

DNA sequencing

For shotgun sequencing, 1 ng of metagenomic library plas-
mid DNA extracted using FosmidMAX™ DNA Purifica-
tion Kit (Lucigen) is used for library preparation with the
Nextera XT library kit. For amplicon sequencing, 5 ng of
metagenomic library plasmid DNA is used as template fol-
lowing the 16S Metagenomic Sequencing Library Prepara-
tion protocol (Illumina) using primers for the keto-synthase
gene as follows: Primer1: 5′-GTC TCG TGG GCT CGG
GGR TCN CCI ARY TGI GTI CCI GTI CCR TGI GC-3′,
Primer2: 5′-TCG TCG GCA GCG TCM GIG ARG CIY
TIC ARA TGG AYC CIC ARC ARM G-3′. For DNA re-
covered from sorted droplets, the NGS library is made using
half the amount of reagents described in the Nextera XT
library kit (Illumina). The quality of sequencing libraries
is assayed by Bioanalyzer (Agilent) using a High Sensitiv-
ity DNA Assay. Sequencing is performed with a MiSeq se-
quencer (Illumina). A 150-cycle MiSeq Reagent Kit v3 is
used for the S. sparsogenes sample yielding 48 375 540 total
sequencing reads. A 600-cycle kit is used for the Antarctic
soil sample yielding 34 496 030 total sequencing reads.

Data analysis

Reads are aligned to the S. sparsogenes reference genome
using Bowtie2 (25). Genome coverage at each position is
calculated using SAMtools (26). Reads are de novo as-
sembled using SPAdes (27) with default parameters. Ref-
erence DNA and protein sequences corresponding to the
key modules in a type I polyketide synthase (PKS) gene
cluster––including 1000 ketosynthase (KS), 372 acyl car-
rier protein (ACP), 143 acyltransferase (AT), 198 enoyl re-
ductase (ER), 140 ketoreductase (KR), 1001 dehydratase

(DH), and 113 thioesterase (TE) sequences––are down-
loaded from the National Center for Biotechnology Infor-
mation (NCBI) database (https://www.ncbi.nlm.nih.gov).
DNA sequences are used for reads alignment and pro-
tein sequences are used for building phylogenetic tree us-
ing MUSCLE v3.8.31 (28) and iTOL (29). Reference DNA
sequences of known and complete type I PKS gene clus-
ters are downloaded from two databases: 600 sequences
are from The Minimum Information about a Biosynthetic
Gene cluster (MIBiG) (2) and 1831 from NCBI. Chem-
ical structures are generated by PubChem Sketcher v2.4
(https://pubchem.ncbi.nlm.nih.gov/edit2/index.html). Con-
tigs are annotated by the RAST app in Kbase (30). Gene
pathways are analyzed by KEGG database (31).

RESULTS

The workflow of MAPLE

The MAPLE workflow comprises four steps, single cell
colony formation, target detection by PCR, plasmid isola-
tion by sorting, and sequencing of isolated plasmids (Figure
1A). Like conventional plasmid library screening, MAPLE
exploits the storage of the metagenome as high-molecular
weight plasmids (BACs or fosmids) in a suspension of liv-
ing bacteria. Each bacterium contains a plasmid carrying
a unique insert from the metagenome that can be tens of
kilobases long; many plasmids are large enough to contain
complete gene clusters. Moreover, individual cells harbor-
ing a BAC or fosmid can be cultured to provide ample DNA
for sequencing.

The first step in MAPLE is to encapsulate and culture
individual cells from the library in picoliter droplets, gen-
erating millions of genetically distinct pico-colonies. This is
accomplished using a cross-junction droplet generator (Fig-
ure 1B) that encapsulates single cells in droplets at kilo-
hertz rates through a plug-squeeze mechanism (32) fol-
lowing a Poissonian process (33). The generated emulsion
is incubated so that isolated single cells can expand into
pico-colonies within each picoliter droplets (34) (Figure 1B,
lower). The colonies provide ample DNA for sequencing,
while minimizing biases common with in vitro amplifica-
tion methods, such as Multiple Displacement Amplification
(MDA) (35).

Colonies carrying sequences of interest are identified us-
ing digital droplet PCR. This is accomplished using an-
other microfluidic device to fuse each colony-containing
droplet with a second droplet carrying primers and PCR
reagents (Figure 1C). The monodispersed colony droplets
are flowed into the device as a close-pack and evenly spaced
with oil (Figure 1C1). On another part of the device, PCR
droplets are generated by a cross-junction (Figure 1C2). The
outlets of the colony spacer and PCR droplet generator
merge the different droplets into an interdigitated stream
(Figure 1C2). Because smaller droplets flow faster in mi-
crochannels, the colony droplets catch up to the larger PCR
droplets, forming pairs that flow into the toothed merg-
ing region (Figure 1C3) (36,37). The surrounding salt-water
electrode channels (38) (Figure 1C3, upper yellow channel)
are charged with an AC voltage that triggers droplet merg-
ing (36) and the resultant fused-droplets are collected into
a PCR tube for thermocycling.

https://github.com/AbateLab/sorter-code
https://www.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov/edit2/index.html
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Figure 1. MAPLE workflow and associated microfluidic devices. (A) Overview of MAPLE workflow. (B) The droplet maker device used for encapsulating
single cells. Top, device schematic; middle, enlarged view of the cross junction where droplets are generated; bottom, image of a single bacterium (red arrow)
in the droplet before culture (left) and resulting colony after incubation (right). Scale bar = 20 �m. (C) Droplet merger device. Left, device schematic.
Right, inserts showing magnified views of the three numbered regions. Insert 1, reinjection of close-packed droplets containing cell colonies spaced out
by oil flow. Insert 2, pairing of colony droplets (orange) with PCR reagent droplets (blue) at a ∼1:1 ratio. Insert 3, entrance of droplet pairs into merging
zone for electro-coalescence. Scale bar = 100 �m. (D) Droplet sorter device used for sorting fluorescently positive droplets. Top, device schematic. Bottom,
inserts showing the junction where droplets are sorted. If a droplet passing the laser (light spot) has a fluorescence signal exceeding the threshold, the
electrode (yellow bar) activates, applying a dielectrophoretic force to pull it into the ‘sorted’ channel. Scale bar = 100 �m.

During PCR, thermolysis of the bacteria releases the
plasmids into solution, where they can be amplified if a
colony contains the target insert. PCR-positive drops be-
come fluorescent either by TaqMan assay or SYBR Green
staining (39); droplets lacking the target, by contrast, re-
main dim (40). At the conclusion of thermocycling, the fluo-
rescence of a given droplet thus relates to whether it is pos-
itive for the target insert. To complete the screen, we sort
out the positive droplets, which is achieved using a droplet
sorter (Figure 1D) (20,23). The sorter functions by accept-
ing and spacing a close-packed emulsion and using elec-
trodes to deflect droplets between two outlet channels. To
determine if a droplet is positive, its fluorescence intensity
is measured upstream of the sorter. Droplets with a fluo-
rescence falling within user-defined gates (Supplementary
Figure S1) trigger the sorting electrode, inducing a dielec-
trophoretic force (36) that pulls them into the lower ‘collec-
tion’ channel (Figure 1D, lower right). If the droplet is non-
fluorescent, the electrode remains inactive, and the droplet
continues its default path into the ‘waste’ channel (41).
Droplet sorting is possible at rates comparable to flow cy-
tometry (kilohertz) (23), allowing millions of colonies to be
screened per hour, compared to just a few hundred screened
per day in well plates (42).

The final step in MAPLE is to recover the DNA from
the sorted droplets for sequencing. This is accomplished by
chemically rupturing the emulsion and extracting and se-

quencing the released DNA (20). The obtained data is pro-
cessed using a custom bioinformatics pipeline (Figure 2A),
which removes reads corresponding to the host genome (E.
coli) and plasmid backbone before de novo assembly to gen-
erate contigs. Because MAPLE enriches the target gene and
its surrounding genomic context, the contigs with high cov-
erage are likely physically linked to the target gene.

Enriching the target genomic regions by MAPLE using a
model library

To evaluate the effectiveness of MAPLE, we apply it to a
model fosmid library comprising inserts from the S. spar-
sogenes genome (Figure 2) (18). For a target sequence, we
choose the GlpA gene locus, generating appropriate primers
and a TaqMan probe. As controls, we perform NGS directly
on the plasmid library (‘Shotgun’) and on DNA processed
through a control workflow where all droplets are collected
regardless of the fluorescence signals (‘non-sorted control’).
We compare the proportion of NGS reads from each sample
aligning to the S. sparsogenes genome, E. coli genome, and
plasmid backbone (Figure 2B). As expected, direct shot-
gun sequencing of purified plasmids yields reads mapping
primarily to S. sparsogenes (74%) and plasmid (17%). The
non-sorted control reads map primarily to E. coli (59%),
the remaining to S. sparsogenes (20%) and plasmid (6%).
The MAPLE sample recovers mostly S. sparsogenes (28%)



PAGE 5 OF 9 Nucleic Acids Research, 2020, Vol. 48, No. 8 e48

Figure 2. MAPLE allows enrichment of genomic regions associated with a target gene from a model fosmid library. (A) Illustration of bioinformatic
analysis pipeline for processing MAPLE sequencing data. Raw reads aligning to the fosmid backbone and E. coli genome are removed prior to de novo
assembly, and those remaining are aligned to contigs. Contigs with the highest depth are likely associated with the target gene cluster and thus selected for
annotation. Genes identified from the selected contigs are potentially involved in the target biosynthesis pathway of natural products. (B) Stacked bar plot
showing the proportion of raw reads mapping to the reference genome, for three aliquots of the sample processed differently: conventional metagenomics
(Shotgun), unenriched droplet colonies (non-sorted control), and enriched colonies (MAPLE). The location of reads mapping to the S. sparsogenes genome
are characterized in the pie chart inserts. ‘On-target’ denotes reads within an 80 kb window centered on the target gene, while ‘off-target’ refers to the rest of
the genome. (C) Read coverage per million reads plotted over the target region. (D) Enrichment ratio as a function of the size of the quantitation window.
The enrichment follows an approximately exponential decay, deflecting downward at the average insert size of the fosmid library, as indicated by the dashed
grey line. (E–G) Scatter plots of distribution of de novo assembled contigs versus length and coverage. Contigs falling within or outside of the target region
are differentiated by color.

and E. coli (35%) with a small fraction (5%) mapping to the
plasmid. All reads failed to map to the listed references are
assigned to the ‘other’ category, including sequences likely
belong to the gap regions of the S. sparsogenes reference
genome, extrachromosomal genetic elements of E. coli, and
other sequences likely generated by errors from PCR, NGS
and bioinformatic algorithms. E. coli DNA reads are ex-
pected in MAPLE data because, in addition to the target
plasmids, the recovered droplets also contain the genome
of host E. coli cells.

If MAPLE performs as expected, the obtained reads
should map to S. sparsogenes and the target locus. To con-
firm this, we inspect the sequence results for loci surround-
ing the target. Because the average fosmid insert is ∼40 kb,
enriched reads should fall within an ∼80 Kbp window cen-
tered on the target. For reads mapping to the S. sparso-
genes genome, >80% from MAPLE fall within this win-
dow, compared to 0.7% for Shotgun and 10.2% for non-
sorted samples (Figure 2B, pie charts). The MAPLE cov-
erage map has a Gaussian-like distribution centered at the
target gene locus in the window (Figure 2C). By contrast,

the shotgun and non-sorted samples have uniform coverage
with a very low sequencing depth. Integrating the distribu-
tions and taking the ratio for target to off-target, we esti-
mate fold-enrichment within a given window size. The en-
richment by MAPLE peaks at >1200× within 5 kb window
that includes genomic context close to the target gene and
drops with the window increasingly covering genomic con-
text far away from the target gene until reaches background
(∼1×) by 1 Mb (Figure 2D); the Shotgun sample remains
∼1× regardless of window size, indicating uniform coverage
over the genome, as expected for unbiased sequencing. The
non-sorted control exhibits slight enrichment due to PCR
amplicons from a small portion of target plasmids (Figure
2D).

An essential step in many metagenomic studies is con-
tiguous sequence (contig) assembly from raw read data; this,
ultimately, provides information about the relationships be-
tween genes and their roles in gene clusters (43). MAPLE
should improve assembly quality of the target region be-
cause it allows long target fragments from a metagenome
to be enriched and sequenced deeply. To investigate this, we



e48 Nucleic Acids Research, 2020, Vol. 48, No. 8 PAGE 6 OF 9

process the S. sparsogenes data through available assemblers
(27). After De novo assembly, the Shotgun sample yields
contigs with a wide range of lengths, from 200 bp to >10
kb, with only 4 of 693 contigs mapping to the 80 Kbp re-
gion (Figure 2E). MAPLE yields a higher proportion (37
of 684) of target region contigs, indicating improved assem-
bly of the target gene’s genomic context (Figure 2F and
G). Importantly, read-mapping (Figure 2A) indicates that
MAPLE’s longest and most deeply covered contigs relate
to the target region; this is not the case for the two con-
trols (Figure 2E–G). We have also performed MAPLE on
another fosmid library constructed with a different Strepto-
myces genome, and observed a Gaussian-like coverage map
over a 70 kb target region centered at the target gene. After
assembly, contigs with the highest coverage map to the tar-
get region with 99% alignment, illustrating the consistency
of MAPLE (Supplementary Figure S2),

Enriching the target PKS gene clusters from an Antarctic soil
metagenomic library by MAPLE

Our experiments with the S. sparsogenes genome library
demonstrate that MAPLE allows enrichment of long DNA
fragments containing a target sequence, and their high-
coverage sequencing. To illustrate this, we use MAPLE to
characterize microbial polyketide synthesis in an Antarctic
soil metagenome. Polyketides are an important and diverse
class of natural products with pharmaceutical value as an-
tibiotics and chemotherapeutics (44). A signature enzyme
within polyketide encoding biosynthetic gene clusters is the
type I polyketide synthase (PKS). All type I PKS biosyn-
thetic gene clusters consist of a repeating structure of mod-
ular ketosynthase (KS), acyltransferase (AT), acyl carrier
protein (ACP), dehydratase (DH), methyltransferase (MT),
ketoreductase (KR), enoyl reductase (ER) and thioesterase
(TE) domains. (Figure 3A).

To capture the largest number of KS variants and their as-
sociated gene clusters, we use a previously reported degen-
erate primer set targeting the KS gene (22). We compare se-
quencing results from conventional approaches (amplicon
and direct shotgun sequencing) and MAPLE. KS sequences
exhibit high diversity across the tree of life, having a rich
and complex lineage, as illustrated centrally in Figure 3B.
Direct shotgun sequencing of the bulk metagenome detects
the fewest KS genes (32 out of 1000) with relatively low cov-
erage (only 3 hits with a coverage over 1000-fold). Amplicon
sequencing, in theory, should best resolve all KS domains
by virtue of focusing all the sequencing power on a small re-
gion (6). Notably, however, MAPLE outperforms amplicon
sequencing (43 hits, only 3 with a coverage over 1000-fold),
recovering the highest number of unique KS genes (366 out
of 1000) and yielding the deepest coverage (170 hits with a
coverage over 1000-fold). (Figure 3B, C and Supplementary
Figure S3A, S3B). For the genes detected by both MAPLE
and shotgun sequencing, 96% from MAPLE have deeper
coverage than shotgun sequencing, and 100% in MAPLE
have deeper coverage than amplicon sequencing (Supple-
mentary Figure S3B). This is likely due to MAPLE’s use of
compartmentalized droplet amplification that, unlike bulk
PCR, is insensitive to sequence and concentration depen-
dent amplification biases that can result in variant drop out

(45,46). We also find that most identified PKS genes in the
arctic soil library are from either Streptomyces or currently
uncultured microbes (outer-most ring, Figure 3B).

When applied to a diverse library containing inserts from
many species, MAPLE affords the ability to query for a
‘keyword’ sequence to recover all physically connected se-
quences. This can be used to investigate how a specific gene
or gene class is used across a metagenome in a variety of
gene clusters. To illustrate this, we plot the distribution of
recovered genes known to be associated with the PKS path-
way (Figure 3A), finding that these genes are highly en-
riched with MAPLE compared to shotgun sequencing of
unenriched DNA (Figure 3D and E). For the genes detected
by both shotgun sequencing and MAPLE, most in MAPLE
have higher coverage, with many obtaining >100x deeper
coverage (Supplementary Figure S3C). We also map our
data against previously identified PKS gene clusters (Fig-
ure 3F). Reads from amplicon sequencing map to the fewest
(63 out of 441) and smallest portion of each gene cluster,
since this method only sequences the region between the
primers (6). Shotgun sequencing obtains reads from more
gene clusters (318 out of 441), but most are poorly cov-
ered. By contrast, MAPLE shows the best coverage for the
largest number of gene clusters (362 out of 441), with many
reads covering long contigs (Supplementary Figure S4A).
For the gene clusters detected by both MAPLE and shotgun
sequencing, ∼70% have deeper coverage using MAPLE.
This increases to 100% when comparing MAPLE to am-
plicon sequencing (Supplementary Figure S4B). Together,
these results show that MAPLE outperforms these conven-
tional methods. Analysis of ten representative gene clus-
ters with known natural products provides a closer look at
how well gene clusters are covered by MAPLE compared
to the other methods (Figure 3G). For example, shotgun
sequencing only detects a small part of the Ajudazol gene
cluster, and almost none of the others. Amplicon sequenc-
ing only achieves good coverage in the amplicon region for
Dorrigocin and Virginiamycin.

A principal advantage of MAPLE over other methods is
its ability to associate a target gene with other genes in the
same cluster, even if they are not in the same contig. This
is valuable because such associative neighborhood informa-
tion may be used to infer the function of a gene cluster, even
if a contig spanning all portions of a gene cluster is unavail-
able (47). To illustrate this, we perform de novo assembly
for both the shotgun and MAPLE sequenced data. While
shotgun sequencing tends to yield longer contigs, MAPLE
obtains more contigs mapping to PKS gene clusters (Fig-
ure 3H), indicating MAPLE’s ability to facilitate de novo as-
sembly of novel variants. We map reads to the contigs and
extract all having a sequencing depth of >100× within the
shotgun and MAPLE sequenced samples (Figure 3H, red
dotted line); this corresponds to 18 contigs for the shot-
gun data and 136 contigs for MAPLE. We aggregate all
identified genes for selected contigs, annotate them from
the database based on homologous genes, assign to them
metabolism pathways (31), and plot the results as a pie chart
(Figure 3I). For the shotgun data, we observe no clear pat-
tern, with identification of seven genes for seven random cel-
lular pathways. By contrast, when using MAPLE, a pattern
of biosynthetic and metabolic pathways emerges, with iden-
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Figure 3. MAPLE enriches PKS gene clusters and associated pathways from an Antarctic soil metagenomic library. (A) Basic modular structure of type
I PKS gene cluster. The arrow indicates MAPLE primers targeting the KS gene. AT: acyltransferase; ACP: acyl carrier protein; KS: keto-synthase; DH:
dehydratase; ER: enoyl-reductase; KR: keto-reductase; TE: thioesterase. (B) Reads mapping to the phylogenetic tree of KS genes from the NCBI database.
Methods are shown in the red dashed box. Branch colors and outermost ring indicate genus from which a KS domain’s gene cluster originates, with labels
at the bottom. (C) Identification and coverage of KS genes. Each dot represents an identified KS gene. (D) Reads mapping to phylogenetic trees of the
six other genes in PKS gene clusters. Methods are shown in the red dashed box. (E) Identification and coverage of six other genes in PKS gene clusters.
Each dot represents an identified gene. (F) Heatmap illustrating coverage of selected PKS gene clusters. The x-axis is normalized positions of every gene
cluster, with intensity indicating sequencing depth at that position. (G) Heatmaps for ten representative gene clusters for the synthesis of antibiotics with
corresponding chemical structures on the right. (H) Scatter plots illustrating the distribution of de novo assembled contigs versus length and reads coverage.
Contigs with and without PKS annotations are differentiated by color. The red dashed line indicates the threshold to separate on- and off-target contigs
in MAPLE. (I) Pie charts comparing the distribution of the pathways identified by the two methods.

tification of >60 genes for biosynthesis of antibiotics and
secondary metabolites, including members from the type I
PKS gene cluster ketosynthase (KS), acyltransferase (AT),
dehydratase (DH), and acyl carrier protein (ACP) (44). We
also discover many genes that physically link and therefore
may be functionally related to PKS gene clusters, for exam-
ple: genes homologous to amino acid and lipid metabolism;
transporter genes that may act as multidrug efflux pumps

for the antibiotic synthesized by neighboring PKS genes;
genes for quorum sensing; transposases for gene cluster
horizontal transfer. Many of these genetic elements have
been previously reported to correlate with PKS biosynthetic
gene clusters (48–51). This demonstrates that MAPLE al-
lows a metagenome to be queried for a gene sequence to
recover all information physically associated with it, analo-
gous to extracting all sentences containing a keyword from
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a book. The resultant ‘targeted metagenome’ provides deep
and comprehensive information about the gene, the con-
texts in which it is used, and other genes it is associated
with. This should aid in characterizing a gene’s use across a
metagenome. Moreover, for genes of unknown function, the
rich information on other genes it is associated with, some
of which may have known functions, may provide guiding
information to infer a function for the target gene.

DISCUSSION

MAPLE combines living cells carrying long fragments of
metagenomic DNA (fosmid/BAC libraries) with droplet
microfluidic techniques. This allows accurate, unbiased am-
plification of the fragments by single-cell droplet culture,
and efficient screening, recovery, and sequencing of plas-
mids. The result is superior sequencing data compared to
conventional shotgun sequencing.

Because the MAPLE workflow’s output is fosmids or
BACs, the method is compatible with plasmid retransfor-
mation. This would extend the technique in two major ways.
First, retransformation would allow MAPLE to stack over
additional screening rounds, for which the enrichments will
multiply, enabling the maximum enrichments to surpass 10
000-fold, which would facilitate the discovery and sequenc-
ing of very rare gene clusters that likely exist below current
detection thresholds of metagenomic sequencing (52). Sec-
ond, retransformation would also facilitate direct manipu-
lation and integration of recovered gene clusters into pro-
duction host cells, for example, to perform direct functional
characterization (53).

While we have focused on PCR as the determining screen-
ing step in MAPLE, the droplet assay is generalizable to
other assays, including chemical (54), enzymatic (55), and
aptamer (56) assays. This should allow querying of the
metagenome for a function of interest, rather than a se-
quence of interest (57). For example, MAPLE could be used
to narrow a plasmid library down to all gene clusters associ-
ated with a specific drug resistance or the ability to catalyze
a desired reaction, like the environmental degradation of
waste plastics (58) or contaminants (59). MAPLE thus af-
fords a significant improvement over conventional plasmid
library screening that should impact our ability to query
diverse mixtures of DNA to isolate and sequence those of
most interest.
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