
COMMENTARY

Navigating genetic diversity by painting the
bacteria red
Claire M. Palmera and Hal S. Alpera,b,1

A new era of high-throughput biological exploration is
upon us, fueled by an ever-expanding toolkit to generate
genetic and biological diversity. However, for most en-
gineering applications, this approach necessitates an
increased throughput for metabolite detection. In this
regard, the primary bottleneck of most high-throughput
metabolic engineering approaches is detecting the de-
sired product, not creating genetic diversification. In-
deed, this presents an interesting deviation from the tradi-
tional paradigms of metabolic engineering espoused
several decades ago when genetic modifications

were the bottleneck. To this end, detection of metabo-
lites, especially those that are central and active interme-
diates in metabolism such as malonyl-CoA, can be
especially challenging. The field has been exploring bio-
sensors to transduce the concentrations of such interme-
diates into readily detectable outputs, such as color or
fluorescence. However, application of this work has been
stymied by malonyl-CoA biosensors that invoke multi-
step transduction and are self-limited to Escherichia coli
and Saccharomyces cerevisiae. In their recent report,
Yang et al. (1) repurpose a red pigment-producing enzyme
to create a single-step malonyl-CoA biosensor for rapid
detection that can function in several different industrially
relevant bacteria. This versatile, direct approach facili-
tated rapid library screening, resulting in improved pro-
duction of malonyl-CoA–derived polyketide products.

Detection of active intermediates, such as the
central metabolite malonyl-CoA, poses unique chal-
lenges for the field. Unlike a downstream product that
accumulates to ease detection, CoA species are highly
labile and, thus, obtaining an accurate cellular concen-
tration can be difficult due to rapid conversion to
various downstream products. Moreover, although de-
termining precise measurements via analytical tech-
niques such as LC-MS/MS are possible, they are time-
consuming and particularly challenging due to the
complex chemical mixture found within cells (2). How-
ever, even measurements of total concentrations
alone (either through binding-based biosensors or
chromatography) do not measure what is of most
importance to a metabolic engineer: metabolite avail-
ability. In this regard, determining how much of an in-
termediate metabolite is available to be diverted and
feed a downstream product or pathway is the essence
of pathway rewiring. Central metabolites such as malonyl-
CoA participate in many different pathways, complicating
this question of availability. Functionally, the cell controls
such labile products through the use of enzyme com-
plexes, and in eukaryotes through compartmentalization.
These mechanisms can contribute to the rapid shuttling
of metabolites of interest into context-specific pathways.

Fig. 1. A new RppA-based biosensor provides a method for rapidly detecting
malonyl-CoA availability. The malonyl-CoA pool within a cell contains a portion
that is bound by enzyme complexes and readily shuttled to downstream
reactions. This rapidly shuttled portion is shown in dark green, whereas the
portion available to be diverted into an alternative pathway is represented by
light green. (A) Sample preparation extracts the entire pool of malonyl-CoA for
time-consuming LC-MS/MS analysis. (B) The RppA biosensor converts available
malonyl-CoA into the red pigment, flaviolin, which can be rapidly assessed
through colorimetric screening.
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Thus, themeasurement of concentration and availability can diverge,
requiring metabolite detection strategies that can parse this differ-
ence (Fig. 1).

To address the detection bottleneck, researchers have de-
veloped several techniques that have increased throughput.
Outside of high-throughput mass spectrometry methods, the
most contemporary approach for sampling metabolic concentra-
tion is the use of biosensors. In such a scheme, enzymes,
transcription factors, and aptamers are repurposed and optimized
to transduce metabolite concentration into a more readily de-
tectable attribute such as fluorescence or color (3). This approach
replaces the often-limited scale of analytical techniques such as
liquid or gas chromatography and mass spectrometry with more
rapid, liquid-handling–based methods such as FACS or plate-
reader assays. The resulting increase in scale has allowed re-
searchers to improve production of a vast array of products (3).
In the case of malonyl-CoA [the intermediate of interest in the
Yang et al. (1) paper], biosensor detection has been previously
developed and applied to improve the production of malonyl-
CoA–derived products for both E. coli (4–6) and S. cerevisiae (7,
8). In this scheme, the transcription factor system FapR (adapted
from Bacillus subtilis) binds the associated fapO operator region,
inducing transcriptional repression. In the presence of malonyl-
CoA, FapR undergoes a conformational change, which releases the
operator and thus relieves repression, enabling expression of a
downstream fluorescent reporter gene (4). However, this system re-
quires a multistep, heterologous signal transduction that is not ame-
nable to all host organisms. Moreover, the use of fluorescence-
based methods is also incompatible with some host organisms
due to high levels of natural autofluorescence that can obfuscate
the biosensor signal (9). Although biosensors have provided valu-
able improvements tometabolic engineering, several issues remain to
be addressed to fully realize the potential of high-throughput strain
engineering.

In contrast to previous reliance on a transcription factor-based
fluorescent sensor, Yang et al. (1) take the approach of opting to
detect malonyl-CoA availability—rather than absolute concentra-
tion—directly in a colorimetric assay. Previously in the field, a
related strategy was used to screen for improved isoprenoid
production by detecting lycopene (10). Such an approach relies
on the hypothesis that improved intermediate production can
translate to improved yields in a different (but related) heterolo-
gous pathway. We see this hypothesis at work in Yang et al. (1) as
well; however, their study is unique in the focus on a central me-
tabolite for detection and the more direct measurement of pre-
cursor availability. The authors utilize a heterologous enzyme,
RppA, to directly transduce the availability of malonyl-CoA into
a red pigment. RppA (found in several Streptomyces spp.) has
previously been described to produce the secondary metabolite
1,3,6,8-tetrahydroxynaphthalene (THN), an intermediate that can
spontaneously oxidize into the red pigment flaviolin (11, 12).
When Yang et al. (1) expressed rppA in E. coli, they were able
to readily detect flaviolin by eye and quantify it using absorbance.
Moreover, this signal was found to exhibit a dose–response be-
havior to malonyl-CoA, as determined by experiments using the
chemical inhibitor of fatty acid synthesis, cerulenin (13). Thus, this
work bypasses the need for a multistep, transcription factor-based
process to detect malonyl-CoA. In converting malonyl-CoA di-
rectly and permanently into flaviolin, this approach also provides
a more specific measure of intermediate availability in comparison
with techniques that rely upon the transient interactions required
for transcription factor activation. In other words, malonyl-CoA

must be fully available to be converted into flaviolin, rather than
just present to activate a transcription factor. Furthermore, Yang
et al. (1) demonstrate the generalizability of this approach by
importing this sensor into the industrially relevant organisms
Pseudomonas putida and Corynebacterium glutamicum, in
which cellular autofluorescence can be an issue. In this regard,
Yang et al. successfully address limitations to previous malonyl-
CoA detection schemes.

Armed with this way to measure malonyl-CoA, Yang et al. (1)
embarked on a series of experiments using this enzyme-based
biosensor to improve the throughput of metabolic engineering
for malonyl-CoA–derived products. To this end, an E. coli sRNA

Yang et al. repurpose a red pigment-producing
enzyme to create a single-step malonyl-CoA
biosensor for rapid detection that can function
in several different industrially relevant bacteria.

knockdown library was screened to identify 14 top gene targets
that led to increased production of flaviolin. These identified
targets were then applied to the production of four malonyl-CoA–
derived polyketides (6-methylsalicylic acid, aloesone, naringenin,
and resveratrol) that possess a variety of different potential health
applications (14–16). Through the efforts in this work, Yang et al.
(1) were able to improve production significantly across all
products, with the highest increase of fourfold observed for
resveratrol production. Moreover, this work also boosts micro-
bial production of the polyketide aloesone. As described
above, one of the hallmarks of this scheme is direct detection of
the central intermediate availability, rather than a surrogate
downstream molecule as explored by previous approaches.
To this end, the same identified sRNA-based knockdown was
found to yield the greatest production improvement in all four
cases, clearly demonstrating the malonyl-CoA–specific nature
of their sensor. This exciting result suggests that the RppA
biosensor could be used to create platform strains preoptimized
for malonyl-CoA availability. Such strains could be applied
to malonyl-CoA products beyond even those tested by Yang
et al. (1), further reducing the overall strain development time-
line. Therefore, in addition to addressing previous malonyl-
CoA biosensor limitations, this work also opens up exciting
future applications.

Collectively, this recent work by Yang et al. (1) tackles many
challenges associated with the rapid detection of energetic me-
tabolites, as exemplified by malonyl-CoA. By detecting the red
pigment of flaviolin, the authors, in essence, devised a direct
screen for metabolite availability. Moreover, this screen is appli-
cable to other host organisms and generalizable for improving
other malonyl-CoA–derived products. This work highly comple-
ments the emerging high-throughput biology approach. In this
regard, this RppA biosensor scheme is compatible with the
field’s ever-increasing capacity to diversify strains. Additionally,
the underlying principle of establishing a platform strain (for
malonyl-CoA through flaviolin production) and applying this
strain to a multitude of other alternative products is rather ap-
pealing. Such approaches have started (and will continue) to
speed engineering and science goals. Lastly, this approach
should inspire similar detection schemes for other key labile
intermediates in cellular metabolism.
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