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Microfluidic Digital PCR Enables
Multigene Analysis of Individual
Environmental Bacteria
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Gene inventory and metagenomic techniques have allowed rapid exploration of bacterial diversity
and the potential physiologies present within microbial communities. However, it remains
nontrivial to discover the identities of environmental bacteria carrying two or more genes of
interest. We have used microfluidic digital polymerase chain reaction (PCR) to amplify and analyze
multiple, different genes obtained from single bacterial cells harvested from nature. A gene
encoding a key enzyme involved in the mutualistic symbiosis occurring between termites and their
gut microbiota was used as an experimental hook to discover the previously unknown ribosomal
RNA-based species identity of several symbionts. The ability to systematically identify bacteria
carrying a particular gene and to link any two or more genes of interest to single species residing
in complex ecosystems opens up new opportunities for research on the environment.

major challenge of environmental sci-
Aence is the identification of microbial
species capable of catalyzing important
activities in situ (/). PCR-based techniques that
use single genes as proxies for organisms or key
microbial activities continue to provide valuable
insights into microbial community diversity
(2—4). However, it has been difficult to interre-
late gene inventories to derive correspondences
between any two or more specific genes of in-
terest, or to determine the phylogenetic species
identity of organisms carrying particular genetic
capabilities. Metagenomic (5) analyses of com-
plex communities are dominated by genome
“shrapnel”; unless the microbial community is
dominated by one or a few species (6, 7), resident
genomes are not reliably reconstructed via com-
putation (8, 9). A gene of interest can be at-
tributed to a specific organism only if it is linked
to an unambiguous phylogenetic marker (i.e., on
the same genome fragment) (5, /0). Both PCR
and metagenomic studies are typically carried out
on homogenized, whole-community genomic
DNA preparations. Thus, the cell as a distinct
informational entity is almost entirely lost.
Outside of traditional culture-based isolation,
few approaches can attribute multiple genes to a
single species or cell type. Microautoradiogra-
phy (/1) and stable isotope probing (/2) allow
detection of cells or retrieval of genetic material
from organisms that use a substrate of interest,
but these techniques require active cellular in-
corporation of that substrate. Microscopy-based
in situ hybridization techniques [fluorescence in
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situ hybridization (FISH) and variants (13, 14)]
allow colocalization of sequences through probe
hybridization, but these methods require that
both genes be actively transcribed, that their
sequences be known in advance, and that their
difference from related, nontarget genes is
sufficient to enable effective probe design and
implementation. Single-cell whole-genome am-
plification has recently been reported for a highly
abundant, culturable marine microbial species,
but has not yet been shown to be scalable to in-
terrogating multitudes of diverse, co-resident
microbes (/5). Here, we applied commercially
available microfluidic devices to perform a
variant of “digital PCR” (16), separating and
interrogating hundreds of individual environ-
mental bacteria in parallel.

Microfluidic devices allow control and ma-
nipulation of small volumes of liquid (/7, /8), in
this case allowing for rapid separation and par-
titioning of single cells from a complex parent
sample. Single, partitioned cells served as tem-
plates for individual multiplex PCR reactions
using primers and probes for simultaneous
amplification of both small-subunit ribosomal
RNA (rRNA) and metabolic genes of interest.
Primers and probes with broad target specific-
ities were used, with subsequent resolution of
exact gene sequences after successful amplifi-
cation and retrieval. This technique operates in-
dependent of gene expression, position on the
genome, or physiological state of the cell at
the time of harvest. The result was rapid colo-
calization of two genes (encoding 16S rRNA
and a key metabolic enzyme) to single-genome
templates, along with the determination of the
fraction of cells within the community that en-
coded them. Subsequent retrieval of PCR
products from individual chambers allowed se-
quence analysis of both genes.

Phylogenetic analysis of the rRNA gene al-
lows classification of the host bacterium, and the
metabolic gene is sequenced to confirm that the
cell carried the genotype of interest. Additional-

ly, because microfluidic digital PCR yields fluo-
rescent signal upon amplification of a gene
regardless of the number of copies present in
the cell, this approach can yield estimates of the
fraction represented by a given species within
the general microbial community. The number
of rrn operons present in a genome can vary
widely, ranging from 1 [e.g., Rickettsia prowazekii
(19)] to 15 [e.g., Clostridium paradoxum (20)],
confounding the interpretation of traditional en-
vironmental gene inventories. Moreover, the use
of single-cell PCR to prepare clone libraries
avoids complications and PCR artifacts such as
amplification biases and unresolvable chimeric
products (21).

We used this technique to examine a com-
plex, species-rich environment: the lignocellulose-
decomposing microbial community resident in the
hindguts of wood-feeding termites. Therein, the
bacterial metabolism known as CO,-reductive
homoacetogenesis is one of the major sources
of the bacterial fermentation product acetate
(22). Acetogenic bacteria must compete for
hydrogen with Archaea that generate methane,
a potent greenhouse gas for which termites are
considered a small yet significant source.
Because of their high rates of bacterially me-
diated homoacetogenesis, many termites con-
tribute less to the global methane budget than
they might otherwise (23). Additionally, ace-
tate serves as the insect host’s major carbon and
energy source, literally fueling a large propor-
tion of this mutualistic symbiosis (22, 24, 25).
A key gene of the homoacetogenesis pathway
encodes formyl-tetrahydrofolate synthetase
(FTHFS) (26). Although a diverse inventory
of termite hindgut community FTHFS variants
already existed (27), the identities of the orga-
nisms dominating homoacetogenesis in ter-
mites had remained uncertain. Here, with the
use of microfluidics, we discovered the iden-
tities of a multitude of FTHFS-encoding orga-
nisms by determining their specific 16S rRNA
gene sequences.

The “clone H group” of FTHFS genotypes
corresponds to a large fraction of the sequences
collected during an inventory of FTHFS genes
present in the termite hindgut environment (27).
We designed a specific primer set and a
fluorescein-labeled probe capable of on-chip
detection and amplification of the genotypes
comprising this FTHFS group. We also re-
designed broad-specificity “all-bacterial” 168
rRNA gene primers and used a previously pub-
lished probe (28) to amplify and detect bacterial
rRNA genes. Both the all-bacterial 16S rRNA
gene and clone H group FTHFS primer-probe
sets showed single-molecule sensitivity in
multiplex on-chip reactions using purified plas-
mid or termite gut community DNA. The ob-
served success rate for the amplification of
individual genes from single-molecule templates
was 48% (fig. S1) (29); thus, the success rate
for coamplification of two genes from single-
molecule templates is estimated to be about 1 in 5.
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Freshly collected termite hindgut luminal con-
tents were suspended in a PCR reaction buffer
and loaded into a microfluidic device (29). Each
microfluidic panel uses micromechanical valves
to randomly partition a single PCR mixture into
1176 independent 6.25-nl reaction chambers
(Fig. 1). We considered single-cell separation to be
achieved when fewer than one-third of chambers
showed rRNA gene amplification. Assuming a
Poisson distribution of cells, under such conditions
6% of chambers should have contained multiple
cells or cell aggregates (30). PCR was carried out
on a conventional flat-block thermocycler.
Amplification was monitored using 5’ nuclease
probes to generate a fluorescent signal detected
with a modified microarray scanner.

Multiplex PCR amplifications from single
cells or cell aggregates were successfully per-
formed using diluted gut contents that had been
partitioned on-chip (Fig. 2, left). We found
global averages of 1.2 (+0.8) x 10° total bacterial
16S rRNA gene encoding units and 1.5 (+1.0) x
10° total clone H group FTHFS gene encoding
units per Zootermopsis nevadensis termite (31).
This suggests that, in Z. nevadensis, these par-
ticular FTHFS genes are carried by a minority
population representing ~1% of gut symbionts.
The observed variability of these measurements
was not surprising, as the Z. nevadensis speci-
mens examined were collected from different
colonies and locations and had been maintained
in captivity for varying periods of time.

Amplification products were retrieved from
reaction chambers via syringe needle and were

reamplified, cloned, sequenced, and analyzed
using standard methods. Twenty randomly se-
lected chambers that had amplified only a 16S
rRNA gene (and not FTHFS) yielded a diversity
of Endomicrobia, Firmicutes, Bacteroidetes,
Proteobacteria, and Spirochaetes ribotypes, as
expected on the basis of prior 165 rRNA gene
clone libraries (32) (figs. S2 and S3). Two-thirds
of chambers positive for FTHFS genes did not
amplify 165 rTRNA genes when either all-bacterial
or termite treponeme—specific IRNA gene primers
were used. This amplification success rate is
comparable to that observed when purified,
single-molecule templates were used (e.g., fig.
S1) and remains a target for refinement and
improvement in the future.

PCR products were retrieved and analyzed
from 28 reaction chambers that coamplified both
FTHFS and 16S rRNA genes. In 10 of those
reactions, sequence analyses revealed that the
FTHFS gene had coamplified with a clade of
closely related 16S rRNA gene sequences af-
filiating with the “termite spirochete cluster”
(33) of the genus Treponema. Members of this
novel clade were never observed in chambers
that lacked FTHFS gene amplification. An
additional three chambers contained a single
FTHEFS type and multiple 165 rRNA genotypes,
one of which in each affiliated with the above-
mentioned group [Zootermopsis environmental
genomovar (ZEG) 11.4, 10.2, and 10.1]. These
latter reactions also contained two additional
other Spirochaetes (Zn-FG7A and B in Fig. 3)
in one chamber, a single y-Proteobacterium
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Fig. 1. Microfluidic digital PCR chip. Top:
Schematic diagram showing many parallel
chambers (blue) connected by channels to a
single input. When pneumatic or hydraulic
pressure is applied to the control channel net-
work (red), the membranes between the red
and blue channels are deflected upward,
creating micromechanical valves. When the
valves are closed, the continuous blue network
is partitioned into independent PCR reactors.
Bottom: Schematic showing how a single valve
connection can be used to partition thousands
of chambers. In the device used, each exper-
imental sample could be partitioned into 1176
chambers, and each device contained 12 such
sample panels.
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Multiplex microfluidic digital PCR of single cells in environmental
samples. Six panels from a representative experiment show microfluidic digital
diluted hindgut contents harvested from a single Z. nevadensis
individual. Left: Multiplex PCR using “all-bacterial” 16S rRNA gene (red
fluorescence) and “clone H group” (27) FTHFS gene (green fluorescence)

primers and probes. Reaction chambers that contained both genes in 1/500,000
dilutions from this and other on-chip experiments were sampled and the PCR
products were analyzed (see Fig. 3). Right: The same, except that 16S rRNA
primers specifically targeted members of the “termite cluster” (33) of the
spirochetal genus Treponema.
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sequence (Zn-FG12) in the second, and a
Firmicutes sequence (Zn-FG1) in the third. The
remaining 15 chambers analyzed (which coam-
plified FTHFS and rRNA genes) yielded 16S
rDNA sequences in proportions that corre-
sponded well with the ribotype diversity en-
countered in the general non-FTHFS encoding
population. On the basis of this evidence, we
conclude that the unique cluster of termite gut
treponeme rRNA gene sequences that were
repeatedly identified in FTHFS-containing cham-
bers represents the ribotype of the FTHFS-
encoding cells. We attribute the instances of
FTHFS colocalization with other rRNA gene
sequences to cell-cell aggregations. The latter is
not to be unexpected in a complex, wood
particle—filled, sticky environment such as the
termite hindgut (34, 35). Such aggregations ap-
pear to be largely random, although there may
be a slight enrichment of proteobacterial se-
quences relative to the general population (figs.
S2 and S3). Our results show that FTHFS se-
quences present in ~1% of bacterial cells were,
in 13 of 28 trials, found in association with a
16S rRNA sequence type not identified in 20
random samplings of the bacterial popula-
tion (16S rRNA—only chambers) at large. The
probability of a 165 rRNA gene sequence type
that is present in less than 5% of the population
randomly colocalizing with FTHFS in 13 of 28
trials is low, on the order of 107'° (36).

Refined phylogenetic analysis of 165 rRNA
gene sequences that were repeatedly isolated
from FTHFS-containing reaction chambers re-

—

Fig. 3. “Clone H group” and “clone P group” FTHFS genes are encoded by
not yet cultivated termite gut treponemes. Left: Phylogenetic tree of 16S
rRNA genes cloned from cultivated strain isolates (orange) and from
hindgut community microbiota. Right: Phylogenetic tree of FTHFS genes
from the termite hindgut. Dotted lines connect genes believed to originate
from the same genome. Incongruent gene phylogenies implicate acquisition

are listed in table S1.

vealed that all such 16S tRNA gene sequences
affiliated within the termite gut treponeme clus-
ter of Spirochaetes. These 16S rRNA genes
group into four distinct ribotype clusters (Fig. 3).
These four sequence types share within-group
sequence identity of >99% and between-group
identities of 95 to 99%. We propose the term
“environmental genomovar” (genome variant)
to describe not-yet-cultivated organisms shown
to encode two or more known genes of inter-
est. Here, we label the four 16S ribotypes identi-
fied as ZEG 10 through 13; three genomovars
(ZEG 10, 11, and 13) encode clone H group
FTHFS sequences, whereas one genomovar
(ZEG 12) encodes a clone P group FTHFS se-
quence. Previously, nine termite gut treponemes
had been isolated and assigned the strain epithet
ZAS (Zootermopsis acetogenic spirochete)
1 through 9 (37, 38).

To build additional support for a spirochetal
origin of clone H group FTHFS genotypes, we
designed and used a termite treponeme—specific
16S rRNA gene primer set and gene probe, with
the aim of reducing nonspirochetal background
(Fig. 2, right). The frequency with which clone H
group FTHFS genes were recovered increased
from 1 in 175 cells of the general bacterial pop-
ulation, to 1 in 16 treponemal cells [several ter-
mite gut treponemes are already known or
suspected to encode FTHFS genotypic variants
that would not amplify with the clone H group
FTHFS primer and probe set (27) (fig. S1)].
Similar to the amplification success rates ob-
served in experiments using the “all-bacterial”

ZA-Gut Clone H

ZA-Gut Clone A 100 98
T. azotonutricium ZAS-9 0.1

ZA-Gut Clone G 94

ZA-Gut Clone Z 89

of FTHFS genes via lateral gene transfer and can be observed in both
isolated species (Treponema primitia ZAS-1) and proposed “environmental
genomovars” (ZEG 12.2). Scale bars represent substitutions per alignment
position. The trees were constructed using TreePuzzle (39); 630 (16S rDNA)
and 249 (FTHFS) nucleotide positions were used. Citations for all sequences

16S rRNA gene primers (Fig. 2, left) and those
using the clone H primers against purified single-
molecule templates (fig. S1), about one-third of
FTHFS-positive reaction chambers also ampli-
fied detectable levels of 165 rRNA genes. Trep-
onemal cells were deduced to constitute 10 to
12% of the bacterial community of Z. nevadensis
(comparing amplification frequencies in the left
and right panels of Fig. 3).

Our results show that specific, not yet cul-
tivated Treponema species encode variants of a
key gene underlying the dominant bacterial
metabolism known to affect the energy needs
of their termite hosts. The microfluidic, mul-
tiplex digital PCR approach taken here can be
extended to expand our understanding of the
genetic capacities of not-yet-cultivated species,
and to collect and collate genetic information in
a manner that builds conceptual genomovars
that directly represent the organisms catalyzing
important activities in various environments of
global relevance.
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Prevention of Brcal-Mediated
Mammary Tumorigenesis in Mice by a
Progesterone Antagonist

Aleksandra Jovanovic Poole,™* Ying Li,>* Yoon Kim,? Suh-Chin ]. Lin, %t

Wen-Hwa Lee,* Eva Y.-H. P. Lee™?t

Women with mutations in the breast cancer susceptibility gene BRCA1 are predisposed to breast and
ovarian cancers. Why the BRCA1 protein suppresses tumor development specifically in ovarian
hormone—sensitive tissues remains unclear. We demonstrate that mammary glands of nulliparous
Brcal/p53-deficient mice accumulate lateral branches and undergo extensive alveologenesis, a
phenotype that occurs only during pregnancy in wild-type mice. Progesterone receptors, but not
estrogen receptors, are overexpressed in the mutant mammary epithelial cells because of a defect in
their degradation by the proteasome pathway. Treatment of Brcal/p53-deficient mice with the
progesterone antagonist mifepristone (RU 486) prevented mammary tumorigenesis. These findings
reveal a tissue-specific function for the BRCAL protein and raise the possibility that antiprogesterone
treatment may be useful for breast cancer prevention in individuals with BRCA1 mutations.

utations in the breast cancer suscep-
Mtibility gene BRCAI are associated

with an increased risk of breast and
ovarian cancers (/). Reduced BRCAI expres-
sion due to promoter methylation may con-
tribute to breast cancer progression (2). The
BRCAL protein has been implicated in DNA
damage repair, cell cycle checkpoint control, and
transcriptional regulation [reviewed in (3, 4)].
The specific suppression of breast and ovarian
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carcinogenesis by the pleiotropic BRCA1 tumor
suppressor has been attributed to its regulation of
estrogen receptor o, (ERo) and two progesterone
receptor isoforms (PRs) (5-8), which play im-
portant roles in breast development (9-15).
BRCAL interacts with ER and PRs directly and
modulates ligand-dependent and -independent
transcription activities of ERo and PR, as well
as nongenomic functions of ERa (5—8). How-
ever, the mechanisms by which the ER and PRs
contribute to BRCA1-mediated carcinogenesis
remain unclear.

Hormone replacement therapy with pro-
gesterone and estrogen, but not estrogen alone,
has been associated with an elevation in breast
cancer risk in postmenopausal women (/6—18).
In mice, the long isoform of PR, PR-B, is
required for full development of mammary gland
(15, 19), and overexpression of the short isoform,
PR-A, leads to abnormal mammary gland

development and ductal hyperplasia (20). These
results are consistent with the hypothesis that PRs
play a role in breast carcinogenesis.

To address the specific roles of ER and PRs
in Brcal-mediated tumorigenesis, we studied
D53EIESCree and Brea 153580585 Cpge
mice (fig. SIA) (21, 22). Inactivation of both
Brcal and p53 genes in the mouse mammary
gland mimics the majority of human BRCAI-
associated tumors, which also harbor p53 muta-
tions (3, 4). Breal”"" p53” <40 Cre® mammary
glands from nulliparous mice at 2.5 months of age
showed about 4.5-fold more branching points
compared with wild-type or p353 <P<0 e
glands (Fig. 1A and fig. SIB). By 4 months of
age, the nulliparous Breal’"" p53/ <0 &0 e
mammary gland showed further accumulation of
side branches and extensive alveolar formation
(Fig. 1B). The mammary gland morphology of
mature, nulliparous Breal’!/p53/&03&0 g
was similar to that of wild-type pregnant mice,
suggesting that proliferation of mammary epi-
thelial cells (MECs) was altered. Proliferation of
MEC:s is regulated by ovarian hormones (23).
In the estrous phase, MEC proliferation as mea-
sured by 5-bromo-2-deoxyuridine (BrdU) in-
corporation was about five times higher in the
Breal”M p53/°&00340 Cpef mice than it was
in wild-type or p53°<*P<5Crec mice (Fig. 1C
and fig. S1C). Increased MEC proliferation in
Breal’"1"p53P <046 Cret mice was also seen
in the diestrous phase (Fig. 1C and fig. S1C).
Previous studies have shown that progesterone
exerts its functional effects through paracrine
action (24). Indeed, BrdU-positive MECs were
found adjacent to PR-positive cells; there were
also BrdU and PR double-positive MECs in the
hyperplastic Brea /""" p53” 4540 Cre® mam-
mary gland (fig. S2), indicating that the paracrine
action of PR was maintained, at least in most
cases.

To assess the contribution of circulating
estrogen and progesterone on MEC proliferation,
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