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Synthetic biology has enabled a new generation of tools for
engineering the microbiome, including targeted antibiotics,
protein delivery, living biosensors and diagnostics, and
metabolic factories. Here, we discuss opportunities and
limitations in microbiome engineering, focusing on a new
generation of tools for in situ genetic modification of a
microbiome that hold particular promise in circumventing these
limitations.
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Introduction

Commensal microorganisms play a critical role in main-
taining human health [1-7]; interactions between micro-
biota and the host play a key role in metabolizing
nutrients [8], maintaining homeostatic immunity [9,10],
regulating local tissues [11], and protecting against patho-
gens [12-15]. Conversely, perturbations in microbial com-
munities have been associated with a vast number of
diseases as diverse as skin disease [16,17] to mental
disorders [18,19], cancer [20,21], metabolic diseases
[22], and inflammation [23]. In recent years, the micro-
biome field has rapidly progressed from inferences and
microbial correlates toward a mechanistic understanding
of the microbiome’s role in disease risk. As these studies
identify key host—microbiome interactions underlying
disease (i.e. potential therapeutic targets), manipulating
our native microbial flora has emerged as a unique oppor-
tunity to upsell the benefits of the commensal flora and
reduce potential pro-disease elements.
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Correspondingly, microbe-centric therapeutic strategies
have emerged to either provide or restore a desirable
function to the microbial community of interest or suppress
or eliminate a specific undesirable or pathogenic element.
Such strategies may involve the delivery of a microbe or
cocktail of microbiota of interest. For example, bacter-
iotherapy has been used successfully in Clostridium difficile
infections, where fecal microbiome transplants (FM'T)
engraft healthy human donor microbiota into patients
[24]. In other cases, systems biology approaches have
identified individual microbes and simple defined consortia
that can largely recapitulate the effects of the FMT. A
phylogenetically diverse consortium of four species or one
top candidate, Clostridium scindens, was nearly as effective in
reducing mortality as a full FMT in mice [25], or an 11-
strain consortium acted in concert to elicitan inflammation-
free interferon-y-CD8 T cell response in the gut to increase
immunotherapy efficacy and resistance to Listeria mono-
cytogenes infection in mice [26]. However, progress in iden-
tifying species, strains, and consortia that provide a univer-
sal orlasting protection againstinfection remission has been
limited by our understanding of the underlying biology of
microbe—microbe and host—microbe interactions, which is
perpetuated and compounded by the extensive interindi-
vidual variation of the microbiome.

Complementary synthetic biology-based approaches are
seeing rapid ideation and iteration to generate microbes
with an increasingly sophisticated suite of sensors and
metabolic factors that too can be supplemented in the
community of interest. While the genetic manipulation of
Escherichia coli has been a staple of molecular biology for
decades, the toolbox for microbial engineering has vastly
diversified over the last decade, including clustered reg-
ularly interspaced palindromic repeats (CRISPR)/Cas9
for precision genome engineering [27], vastly more
affordable and accessible DNA sequencing and synthesis
tools [28], tools to increase the genetic tractability of
natural isolates [29-31], high-throughput genomic inte-
gration [32], heterologous protein expression in nonclas-
sical bacteria [33], phages [32], and optimized promoters
[34,35], among others. In addition, engineering principles
have been leveraged for modular design for ready swap-
ping of genetic parts to build sensors, switches, circuits,
and other response regulators to diversify the utility of the
engineered microbe of choice, and such tools have been
effectively used to probe different biological functions of
the underlying ecosystem [36]. In turn, these tools have
greatly broadened the landscape for potential strategies
for microbiome remodeling.
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However, using live microbes as therapies — or ‘live
biotherapeutic products’ — faces challenges in successful
integration into and sustained competition against the
native flora. Foreign probiotic organisms have a low (and
highly variable [37,38]) efficacy of integration into a
native community, often requiring systemic antibiotic
treatment for engraftment [39]. Given this central limita-
tion, emergent approaches for genetic manipulation of a
microbial community iz situ are of strong interest for a
more durable engineering of the microbiome. Here, we
will discuss two recent approaches for iz situ genetic
manipulation of a microbiome. Both are predicated on
mechanisms of natural genetic exchange between
microbes, and both are amenable to a variety of different
genetic payloads, ranging from heterologous expression of
metabolic pathways, delivery of sensors, or CRISPR/Cas9
systems for targeted modification or removal of strains of
interest from a microbiome.

Phage-mediated engineering

Phages, as natural bacterial predators and mediators of
horizontal gene transfer, are versatile for both targeted
bacterial removal as well as delivery of genetic payloads to
the microbiome. Natural, ‘unmodified’ phages or phage
cocktails [40] have been used to eliminate undesired
bacteria, ranging from infectious disease agents to agri-
cultural applications [41,42], albeit with limited clinical
success. In these cases, such therapeutic phages are
typically identified by screening libraries of phages that
effectively target the etiological agent of interest [43].
This is necessary because phages have exquisite host
specificity, even to the strain level, a major factor which
has significantly limited their utility as therapeutics as a
phage for each outbreak strain typically must be identi-
fied then optimized [44].

Different approaches have sought to increase the versa-
tility and potency of phage approaches. For example,
shotgun sequencing of human-associated microbiomes
has identified prevalent and diverse phage populations
[1,45,46], and sequencing isolates cultivated from micro-
biota have also increased the search space for phage
diversity. Microbiome analyses can thusly generate
new candidates for phage therapy, even personalized to
an individual or ecosystem of interest. Phage engineering
and recoding can further increase host range, increase
longevity, decrease potential side effects, or modify the
target bacterial genome to remove or add potential func-
tions of interest [47]. Host range can be increased by
changing tail fiber diversity, for example by swapping tail
fibers from different phages, or creating libraries of tail
fiber variants to select for a desired host range [48-50].
Because of their relatively small size, whole genome
synthesis [51] may also have promise for creating phage
libraries with genetic diversity that can increase host
range and circumvent innate resistance mechanisms of
bacteria to phage infection.
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More recently, phages have been demonstrated to have
promising utility for delivering genetic payloads for 77 situ
modification of a metagenome. For example, phages have
been used to deliver CRISPR/Cas9 payloads with guides
that target specific strains [52,53]. The CRISPR system is
encoded on a plasmid packaged into a target phage as a
‘phagemid’, which is then delivered to all susceptible
bacteria in a microbial community. Because guides can
target any gene of interest with very high specificity,
genetic manipulation (in this case, cleavage of the
genome resulting in cell death) only acts on strains of
interest. This approach has been used to target carbape-
nem-resistant and enterohemorrhagic K. co/i [53] and
methicillin-resistant Szaphylococcus aureus [52] in mixed
communities. The use of Cas3, which has endonuclease
activity for greater genome degradation can have similar
effects [54]. Such approaches are promising for targeted
removal of pathogenic strains in a microbiome, rather than
wholesale removal of the species, potentially resulting in
an undesirable microbial dysbiosis. Other CRISPR-based
approaches have been used to re-sensitize antibiotic
resistant microbes by targeting resistance genes and plas-
mids [55].

Functionalization of the microbiome by delivery of genes
or pathways of interest is another exciting application of
phage-based 77 situ microbiome engineering. Such genes
of interest can be delivered by phagemid, or by modifica-
tions integrated into the genome of the phage itself, if
temperate. This approach has been used to restore anti-
biotic susceptibility and deliver biofilm dispersal
enzymes to increase efficacy of adjuvant treatments 7z
vitro or in mice [56-58]. However, restrictions on the size
of packaged DNA can limit transfer of larger and more
complex metabolic pathways, in addition to structural
considerations in disrupting highly ordered phage gen-
omes with the addition of genetic elements.

Conjugation-mediated engineering

Conjugation via plasmids and transposable elements
through direct cell-cell contact, similar to phages, can
deliver genetic elements directly to cells in a microbial
community. A major advantage of conjugation over
phage-based approaches is a broader host range and
potential transfer of more complex genetic elements.
T'wo recent studies have developed conjugative systems
with demonstrated broad host range of natural
‘undomesticated’ isolates.

Brophy ez al. [59] developed miniaturized integrative and
conjugative elements (ICEs) from Bacillus subtilis to
engineer a diversity of natural isolates and propagate
the conjugation machinery. They characterized the abil-
ity of their B. subtilis donor strain, termed the XPORT
donor, to deliver ICEs to 57 Gram-positive strains isolated
from human skin, gut, and soil. Transfer was observed for
35 of these microbes with varying efficiency (ranging over
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several orders of magnitude), albeit with impressive phy-
logenetic diversity. They furthermore characterized the
ability of an IPTG-inducible system to be active in
recipient strains, demonstrating effective expression in
all but three strains with low leakiness and adequate
(though variable) dynamic range. They then demon-
strated the ability of the XPORT system to deliver
multi-gene pathways to recipient bacteria, transferring
a 10kb nitrogen fixation gene cluster between species.
Finally, they demonstrated the ability of this system to
modify a synthetic ‘gnotobiotic’ soil community (pre-
sterilized, then colonized with defined soil consortia) iz
situ under ambient conditions, showing effective transfer
to 4/6 strains.

Ronda ez a/. [60] created a platform for 7z situ conjugative
delivery, termed Metagenomic Alteration of Gut Micro-
biome by 7z situ Conjugation (MAGIC). This platform,
based on the IncPa-family RP4 conjugation system [61], is
compatible with both Gram-positive and Gram-negative
cells and was introduced into a modular suite of plasmids
with different replicative origins and integrative potential
via the Himar transposon system. They tested the host
range and versatility in genetic payloads starting with
fluorescent markers and antibiotic resistance genes, using
libraries of these different delivery vectors expressed in K.
coli. With remarkable rapidity (six hours post gavage), they
observed conjugation to 297 different species from four
phyla and estimated transfer to 5% of all bacterial cells in
the mouse gut. However, donor cells and transconjugants
were rapidly lost from the community (48-72 hours, sug-
gesting a potential toxicity or instability of the vector
design). Nevertheless, the use of an autologous system,
that is, previous transconjugants isolated from the gut and
repurposed to be a donor strain, resulted in long-term and
stable colonization (15 days), albeit with reduced host
range. T'his striking demonstration of 7z situ genetic modi-
fication of an 77 vivo microbial community opens exciting
new applications for microbiome engineering, particularly
as MAGIC has demonstrated versatility for both Gram-
negative and Gram-positive organisms. Future iterations
will likely demonstrate both recipient-specific as well as
broad remodeling applications, flexible to be inclusive of
many of the engineering approaches previously mentioned.

Challenges for in situ microbiome engineering
While several examples of 7 sifu microbiome engineering
have shown some early translational promise, many chal-
lenges still remain, as current limitations of iz situ
approaches are shared with those inherent to any hori-
zontally transferred DNA element. The use of phage
therapy in a clinical setting was first described in
1931 [62]; however, this approach has had difficulty in
showing success, and several recent trials using phage
therapy have failed to show efficacy, including clinical
trials in £. co/i diarrheal diseases [63] and Pseudomonas
aeruginosa burn wound infection [64].

One limitation is penetrance of the donor, as transduc-
tion, conjugation and other transformation events require
physical proximity for DNA delivery. While a surprising
penetrance and taxonomic breadth in transfer of donor
DNA were observed in Ronda ez a/., penetrance may be
increasingly limited in likely more structured communi-
ties like the skin, oral pockets or biofilm-like structures.
In addition, donor range will likely require significant
optimization, both for cellular attachment as well as
expression of the genetic payload. The high range of
transduction and conjugative efficiency observed in these
studies underscore challenges to broad efficacy 7z vivo or
in complex consortia, including physical proximity,
donor-host compatibility, and innate host defenses like
CRISPRs and restriction endonucleases. Following deliv-
ery, expression of the desired product in recipient cells
will be further complicated by host factors such as plas-
mid copy number, efficiency of genomic integration,
promoter incompatibility, codon usage, protein folding,
and secretion systems that may need species-specific
optimization.

Moreover, subspecies, or strain considerations in micro-
biome engineering is an important emerging concept.
Recent algorithms have attempted to characterize strain
diversity in metagenomic data [65,66]. Both population-
level and within-individual strain diversity [67] will alter
efficacy as strains can have different resistance mecha-
nisms and compatibility to donors, which themselves
must be screened for strain-specific effects. Finally, col-
onization resistance of a community may change favor-
ably or unfavorably in conditions of high versus low strain
diversity, in which a larger and potentially more saturated
functional complement provided by heterogeneous
strains may be more resilient to foreign microbes or
genetic pathways.

We envision that microbial community engineering is
best complemented with a deep understanding of the
metagenome gained through genomic surveys, systems
analyses, imaging, and modeling at the taxonomic and
functional level. At the most basic level, the metagenome
provides a blueprint to identify potential therapeutic
targets (e.g. antibiotic resistance or virulence genes)
and guide selection of a delivery vehicle that could have
maximum host range. Metagenomes could also facilitate
design and iteration on delivery vehicles; plasmids have
been identified with increasing resolution and quality
with de novo assembly and mapping-based approaches
[68,69], chromatin linkage analysis [70,71], and long-read
sequencing [72]. Phages (most commonly lysogens) are
commonly reconstructed together with their host
genome. Advances in synthesis technologies obviate
the requirement for cultivation of microbes to obtain or
modify these potential delivery vehicles [51]. Metage-
nomic analyses can be also used to create predictive
models for understanding the impacts of i situ
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engineering. While few ecological models have
accounted for species complexity of a microbiome [73],
ecological models that define stable states of a community
and resilience to perturbation will be valuable for infer-
ring the stability of an exogenous microbe or genetic
pathway that alters the metabolic complement of a micro-
biome on a population-scale. Such models must also
account for the different rubrics of an application. For
example, phage-based approaches might have versatility
for both acute, point-of-care (e.g. infection control, anti-
biotic resistance) as well as chronic or preventative treat-
ments, while conjugative approaches might be preferred
for the latter’s long-term implications.

Advances in imaging complex microbial communities will
also be critical in optimizing delivery and microbiome
modulation. Combinatorial Labeling and Spectral
Imaging—Fluorescence iz situ Hybridization (CLASI-
FISH) uses fluorescent probes that in combination,
uniquely label dozens of different bacteria [74,75]. This
method showed that human oral structures are polymi-
crobial and complex, which will likely reduce access to
certain microbes or limit penetrance of the genetic pay-
load. Imaging of /# vivo dynamics and microbial flow in
the mouse gut using fluors and click chemistry [76]
showed different colonization dynamics for different
Bacteroides species depending on location in the gut.
In addition, live imaging of fluorescently labeled Proteo-
bacteria in the zebrafish intestine defined a spectrum of
different growth modes and microbial superstructures
[29]. These data underscore that relative abundance data
reconstructed by metagenomic sequencing can be mis-
leading in terms of biological inferences and potential
regions where iz situ delivery may be more or less
effective.

Conclusions

Adding to the toolkit of broad-spectrum remodelers like
antibiotics, pre-biotic, pro-biotic, and post-biotic
approaches for modulating the microbiome, iz situ
approaches have extraordinary potential for introducing
a broad range of different functions into existing commu-
nities, with two major advantages, first circumventing
requirements for stable integration of an exogenous
microbe, and second, increasing the genetic repertoire
that can be introduced. While these approaches are in
their infancy, synthetic biology allows rapidly iteration on
these initial platforms for improved stability, dosing,
spatial and temporal control as well as containment and
control. Would 7z situ engineering approaches yield a
microbiome for which containment be more challenging?
We note that while the approaches discussed here are
amenable to many containment approaches developed by
the synthetic biology community, including kill switches
[77,78], auxotrophies [79], metabolic dependencies [80],
or use of unnatural amino acids [81-84], they may be
challenging to implement as the underlying chassis
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characterized to date are inherently size-restricted—for
example, in the DNA fragment packageable as a phage-
mid, or deliverable through conjugative machinery.
Nonetheless, as the underlying biology of host—micro-
biome and microbe-microbiome interactions is better
understood, new opportunities for re-coding, optimizing,
and re-programming the microbiome for a wide range of
different applications will continue to emerge.

Declaration of Competing Interest

Travis Whitfill is an employee of Azitra, Inc. Julia Oh is on
the scientific advisory board of Azitra, Inc.

Acknowledgements

JO thanks the National Institutes of Health (1 DP2 GM126893-01,
1U54NS105539, 1 U19 Al142733, 1 R21 AR075174, 1 R43 AR073562), the
Department of Defense (W81XWH1810229), the National Science
Foundation (1853071), the American Cancer Society, L.eo Foundation,
Denmark and Mark Foundation for their support. TW is an employee of
Azitra, Inc.

References

1. Human Microbiome Project Consortium: Structure, function and
diversity of the healthy human microbiome. Nature 2012,
13:207-214 PMCID: PMC3564958.

2.  Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC,
Siuzdak G: Metabolomics analysis reveals large effects of gut
microflora on mammalian blood metabolites. Proc Nat/ Acad
Sci U S A 2009, 106:3698-3703 PMCID: PMC2656143.

3. Salzman NH, Hung K, Haribhai D, Chu H, Karlsson-Sjocberg J,
Amir E, Teggatz P, Barman M, Hayward M, Eastwood D et al.:
Enteric defensins are essential regulators of intestinal
microbial ecology. Nat Immunol 2010, 11:76-83 PMCID:
PMC2795796.

4, Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI: Human
nutrition, the gut microbiome, and immune system:
envisioning the future. Nature 2011, 15:327-336 PMCID:
PMC3298082.

5. Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SSK, McCulle SL,
Karlebach S, Gorle R, Russell J, Tacket CO et al.: Vaginal
microbiome of reproductive-age women. Proc Nat/ Acad Sci
2011, 108(Suppl. 1):4680-4687 PMID: 20534435.

6. Grice EA, Segre JA: The skin microbiome. Nat Rev Microbiol
2011, 4:244-253 PMCID: PMC3535073.

7. Diaz Heijtz R, Wang S, Anuar F, Qian Y, Bjérkholm B,
Samuelsson A, Hibberd ML, Forssberg H, Pettersson S: Normal
gut microbiota modulates brain development and behavior.
Proc Natl Acad Sci U S A 2011, 108:3047-3052 PMCID:
PMC3041077.

8. Levy M, Thaiss CA, Elinav E: Metabolites: messengers between
the microbiota and the immune system. Genes Dev 2016,
30:1589-1597 PMID: 27474437.

9. Belkaid Y, Harrison OJ: Homeostatic immunity and the
microbiota. Immunity 2017, 18:562-576 PMCID: PMC5604871.

10. Belkaid Y, Naik S: Compartmentalized and systemic control of
tissue immunity by commensals. Nat Immunol 2013, 14:646-
653.

11. Yu Q, Jia A, Li Y, Bi Y, Liu G: Microbiota regulate the
development and function of the immune cells. Int Rev Immunol
2018, 37:79-89 PMID: 29425062.

12. Kamada N, Kim Y-G, Sham HP, Vallance BA, Puente JL,
Martens EC, Nufez G: Regulated virulence controls the ability

www.sciencedirect.com

Current Opinion in Microbiology 2019, 50:28-34


http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0005
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0005
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0005
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0045
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0045
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0060
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0060

32 Microbiota

of a pathogen to compete with the gut microbiota. Science
2012, 336:1325-1329 PMCID: PMC3439148.

13. Lawley TD, Walker AW: Intestinal colonization resistance.
Immunology 2013, 138:1-11 PMCID: PMC3533696.

14. Naik S, Bouladoux N, Wilhelm C, Molloy MJ, Salcedo R,
Kastenmuller W, Deming C, Quinones M, Koo L, Conlan S et al.:
Compartmentalized control of skin immunity by resident
commensals. Science 2012, 337:1115-1119 PMID: 22837383.

15. Buffie CG, Pamer EG: Microbiota-mediated colonization
resistance against intestinal pathogens. Nat Rev Immunol 2013,
13:790-801 PMCID: PMC4194195.

16. Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA,
Nomicos E, Polley EC, Komarow HD, Murray PR, Turner ML,
Segre JA: Temporal shifts in the skin microbiome associated
with disease flares and treatment in children with atopic
dermatitis. Genome Res 2012, 22:850-859 PMID: 22310478.

17. Oh J, Freeman AF, Park M, Sokolic R, Candotti F, Holland SM,
Segre JA, Kong HH: The altered landscape of the human skin
microbiome in patients with primary immunodeficiencies.
Genome Res 2013, 23:2103-2114 PMID: 24170601.

18. Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T,
Codelli JA, Chow J, Reisman SE, Petrosino JF, Patterson PH,
Mazmanian SK: Microbiota modulate behavioral and
physiological abnormalities associated with
neurodevelopmental disorders. Cell 2013, 155:1451-1463
PMCID: PMC3897394.

19. Sharon G, Cruz NJ, Kang D-W, Gandal MJ, Wang B, Kim Y-M,
Zink EM, Casey CP, Taylor BC, Lane CJ et al.: Human gut
microbiota from autism spectrum disorder promote
behavioral symptoms in mice. Cell 2019, 177:1600-1618.e17
PMID: 31150625.

20. Bullman S, Pedamallu CS, Sicinska E, Clancy TE, Zhang X, Cai D,
Neuberg D, Huang K, Guevara F, Nelson T et al.: Analysis of
Fusobacterium persistence and antibiotic response in
colorectal cancer. Science 2017:eaal5240. PMID: 29170280.

21. Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, Ameh S,
Sandel D, Liang XS, Mazzilli S et al.: Commensal microbiota
promote lung cancer development via vd T cells. Cell 2019,
176:998-1013.e16 PMID: 30712876.

22. Cani PD: Microbiota and metabolites in metabolic diseases.
Nat Rev Endocrinol 2019, 15:69.

23. Clemente JC, Manasson J, Scher JU: The role of the gut
microbiome in systemic inflammatory disease. BMJ 2018, 360:
j5145 PMID: 29311119.

24. Hui W, Li T, Liu W, Zhou C, Gao F: Fecal microbiota
transplantation for treatment of recurrent C. difficile infection:
an updated randomized controlled trial meta-analysis. PLoS
One 2019, 14:e0210016 PMCID: PMC6343888.

25. Buffie CG, Bucci V, Stein RR, McKenney PT, Ling L, Gobourne A,
No D, Liu H, Kinnebrew M, Viale A et al.: Precision microbiome
reconstitution restores bile acid mediated resistance to
Clostridium difficile. Nature 2015, 517:205-208.

Here, Buffie et al. used mathematical modeling of human and mouse

microbiome dynamics to identify microbes that confer resistance to C.

difficile infection. They identified a 4-strain consortium that was effective

as fecal microbiome transplant in treating the infection.

26. Tanoue T, Morita S, Plichta DR, Skelly AN, Suda W, Sugiura Y,
Narushima S, Vlamakis H, Motoo I, Sugita K et al.: A defined
commensal consortium elicits CD8 T cells and anti-cancer
immunity. Nature 2019, 565:600.

Tanoue et al. screened human microbes in germ-free mice to look for

microbes and microbial combinations that could elicit IFNy+ CD8 T cells.

A consortium of 11 microbes working cooperatively could provide resis-

tance against infection and promote cancer immunotherapy efficacy.

27. Jakogiunas T, Jensen MK, Keasling JD: CRISPR/Cas9 advances
engineering of microbial cell factories. Metab Eng 2016, 34:44-
59 PMID: 26707540.

28. Shendure J, Balasubramanian S, Church GM, Gilbert W, Rogers J,
Schloss JA, Waterston RH: DNA sequencing at 40: past, present
and future. Nature 2017, 19:345-353 PMID: 29019985.

29. Wiles TJ, Wall ES, Schlomann BH, Hay EA, Parthasarathy R,
Guillemin K: Modernized tools for streamlined genetic
manipulation and comparative study of wild and diverse
proteobacterial lineages. mBio 2018, 9 PMCID: PMC6178617.

Wiles et al. developed a collection of genetic tools to expedite genetic

manipulation and live visualization of different gut flora in zebrafish.

30. Monk IR, Shah IM, Xu M, Tan M-W, Foster TJ: Transforming the
untransformable: application of direct transformation to
manipulate genetically Staphylococcus aureus and
Staphylococcus epidermidis. mBio 2012, 3:e00277-11 PMID:
22434850.

31. Johnston CD, Cotton SL, Rittling SR, Starr JR, Borisy G,
Dewhirst F, Lemon KP: SyngenicDNA: stealth-based evasion of
restriction-modification barriers during bacterial genetic
engineering. bioRxiv 2018. 387985.
Johnston et al. developed a tool to genetically recode plasmids to evade
restriction modification barriers to increase transformation efficiency and
genetic tractability.

32. Whitaker WR, Shepherd ES, Sonnenburg JL: Tunable expression
tools enable single-cell strain distinction in the gut
microbiome. Cell 2017, 169:538-546.e12 PMID: 28431251.

Whitaker et al. developed a platform, based on phage promoters, that

allowed a large dynamic range of expression in Bacteroides species,

allowing them to examine strain dynamics in vivo.

33. Katzke N, Knapp A, Loeschcke A, Drepper T, Jaeger K-E: Novel
tools for the functional expression of metagenomic DNA.
Methods Mol Biol Clifton NJ 2017, 1639:159-196 PMID: 27900689.

34. ZhuD, LiuF, XuH, Bai Y, Zhang X, Saris PEJ, Qiao M: Isolation of
strong constitutive promoters from Lactococcus lactis subsp.
lactis N8. FEMS Microbiol Lett 2015, 362 PMID: 26156144.

35. Tauer C, Heinl S, Egger E, Heiss S, Grabherr R: Tuning
constitutive recombinant gene expression in Lactobacillus
plantarum. Microb Cell Fact 2014, 13:150 PMCID: PMC4247782.

36. Lim B, Zimmermann M, Barry NA, Goodman AL: Engineered
regulatory systems modulate gene expression of human
commensals in the gut. Cell 2017, 169:547-558.e15 PMID:
28431252,

Lim developed a suite of expression platforms for Bacteroides species

with a synthetic inducer that can be provided in the drinking water to

modulate Bacteroides gene expression in the gut.

37. Maldonado-Gomez MX, Martinez I, Bottacini F, O’Callaghan A,
Ventura M, van Sinderen D, Hillmann B, Vangay P, Knights D,
Hutkins RW, Walter J: Stable engraftment of Bifidobacterium
longum AH1206 in the human gut depends on individualized
features of the resident microbiome. Cell Host Microbe 2016,
20:515-526 PMID: 27693307.

38. Shepherd ES, DeLoache WC, Pruss KM, Whitaker WR,
Sonnenburg JL: An exclusive metabolic niche enables strain
engraftment in the gut microbiota. Nature 2018, 557:434-438.

Shepherd engineers a Bacteroides strain that allows it to utilize por-

phyran, which allows the strain to reliably engraft in the gut of mice and

demonstrating an approach to control and enhance efficacy of probiotic
engraftment.

39. Suez J, Zmora N, Zilberman-Schapira G, Mor U, Dori-Bachash M,
Bashiardes S, Zur M, Regev-Lehavi D, Ben-Zeev Brik R, Federici S
et al.: Post-antibiotic gut mucosal microbiome reconstitution
is impaired by probiotics and improved by autologous FMT.
Cell 2018, 174:1406-1423.e16 PMID: 30193113.

Suez et al. demonstrate that probiotics have limited engraftment in

humans in the absence of antibiotics, and that probiotics can compro-

mise the recovery of the gut microbiome after antibiotics.

40. Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM: Phage treatment of
human infections. Bacteriophage 2011, 1:66-85 PMCID:
PMC3278644.

41. Summers WC: Bacteriophage therapy. Annu Rev Microbiol 2001,
55:437-451.

42. Perera MN, Abuladze T, Li M, Woolston J, Sulakvelidze A:
Bacteriophage cocktail significantly reduces or eliminates
Listeria monocytogenes contamination on lettuce, apples,
cheese, smoked salmon and frozen foods. Food Microbiol
2015, 52:42-48.

Current Opinion in Microbiology 2019, 50:28-34

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0060
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0060
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0135
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0135
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0135
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0190
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0190
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0190
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0210

43. Schmidt C: Phage therapy’s latest makeover. Nat Biotechnol
2019, 37:581-586 PMID: 31068679.

44. Wittebole X, De Roock S, Opal SM: A historical overview of
bacteriophage therapy as an alternative to antibiotics for the
treatment of bacterial pathogens. Virulence 2014, 5:226-235
PMCID: PMC3916379.

45. Brito IL, Yilmaz S, Huang K, Xu L, Jupiter SD, Jenkins AP,
Naisilisili W, Tamminen M, Smillie CS, Wortman JR et al.: Mobile
genes in the human microbiome are structured from global to
individual scales. Nature 2016, 535:435-439.

46. OhJ, Byrd AL, Park M, Kong HH, Segre JA: Temporal stability of
the human skin microbiome. Cell 2016, 165:854-866.

47. Brown R, Lengeling A, Wang B: Phage engineering: how
advances in molecular biology and synthetic biology are being
utilized to enhance the therapeutic potential of
bacteriophages. Quant Biol 2017, 5:42-54.

48. Ando H, Lemire S, Pires DP, Lu TK: Engineering modular viral
scaffolds for targeted bacterial population editing. Cell Syst
2015, 1:187-196.

Ando et al. perform modular swapping of tail fiber components, engineer-

ing phage genomes in yeast to create phages that are interchangeable

between Yersinia and Klebsiella.

49. Yoichi M, Abe M, Miyanaga K, Unno H, Tanji Y: Alteration of tail
fiber protein gp38 enables T2 phage to infect Escherichia coli
0157:H7. J Biotechnol 2005, 115:101-107 PMID: 15607229.

50. Mahichi F, Synnott AJ, Yamamichi K, Osada T, Tanji Y: Site-
specific recombination of T2 phage using IP008 long tail fiber
genes provides a targeted method for expanding host range
while retaining lytic activity. FEMS Microbiol Lett 2009, 295:211-
217 PMID: 19453513.

51. Smith HO, Hutchison CA, Pfannkoch C, Venter JC: Generating a
synthetic genome by whole genome assembly: ¢X174
bacteriophage from synthetic oligonucleotides. Proc Nat/ Acad
Sci U S A 2003, 100:15440-15445 PMID: 14657399.

52. Bikard D, Euler CW, Jiang W, Nussenzweig PM, Goldberg GW,
Duportet X, Fischetti VA, Marraffini LA: Exploiting CRISPR-Cas
nucleases to produce sequence-specific antimicrobials. Nat
Biotechnol 2014, 32:1146-1150.

Bikard et al. introduced a CRISPR-delivering phagemid to selectively

eliminate S. aureus strains in a population.

53. Citorik RJ, Mimee M, Lu TK: Sequence-specific antimicrobials
using efficiently delivered RNA-guided nucleases. Nat
Biotechnol 2014, 32:1141-1145.

Citorik also demonstrated the ability of CRISPR-delivering phage to

control strain specificity in a microbial population with drug resistant En-

terobacteriaceae and E. coli.

54. Luo ML, Jackson RN, Denny SR, Tokmina-Lukaszewska M,
Maksimchuk KR, Lin W, Bothner B, Wiedenheft B, Beisel CL: The
CRISPR RNA-guided surveillance complex in Escherichia coli
accommodates extended RNA spacers. Nucleic Acids Res
2016, 44:7385-7394 PMCID: PMC5009729.

55. Yosef |, Manor M, Kiro R, Qimron U: Temperate and lytic
bacteriophages programmed to sensitize and kill antibiotic-
resistant bacteria. Proc Nat/ Acad Sci U S A 2015, 112:7267-7272
PMID: 26060300.

56. Lu TK, Collins JJ: Dispersing biofilms with engineered
enzymatic bacteriophage. Proc Nat/ Acad Sci U S A 2007,
104:11197-11202 PMID: 17592147.

57. Lu TK, Collins JJ: Engineered bacteriophage targeting gene
networks as adjuvants for antibiotic therapy. Proc Nat/ Acad
Sci U S A 2009, 106:4629-4634 PMID: 19255432,

58. PeiR, Lamas-Samanamud GR: Inhibition of biofilm formation by
T7 bacteriophages producing quorum-quenching enzymes.
Appl Environ Microbiol 2014, 80:5340-5348 PMID: 24951790.

59. Brophy JAN, Triassi AJ, Adams BL, Renberg RL, Stratis-
Cullum DN, Grossman AD, Voigt CA: Engineered integrative and
conjugative elements for efficient and inducible DNA transfer
to undomesticated bacteria. Nat Microbiol 2018, 3:1043-1053.

Microbiome engineering :» siz« Whitfill and Oh 33

Brophy et al. created a system in B. subtilis that allowed genetic manip-
ulation of a wide range of different Gram positive microbes, and used this
system to deliver genetic material to a soil consortium.

60. Ronda C, Chen SP, Cabral V, Yaung SJ, Wang HH: Metagenomic
engineering of the mammalian gut microbiome in situ. Nat
Methods 2019, 16:167.

Ronda et al. demonstrated the first application of in situ engineering of the

mouse gut microbiome using a platform of conjugative vectors.

61. Pansegrau W, Lanka E, Barth PT, Figurski DH, Guiney DG, Haas D,
Helinski DR, Schwab H, Stanisich VA, Thomas CM: Complete
nucleotide sequence of Birmingham IncP alpha plasmids.
Compilation and comparative analysis. J Mol Biol 1994,
239:623-663 PMID: 8014987.

62. d’Herelle F: Bacteriophage as a treatment in acute medical and
surgical infections. Bull N Y Acad Med 1931, 7:329-348 PMCID:
PMC2095997.

63. Sarker SA, Sultana S, Reuteler G, Moine D, Descombes P,
Charton F, Bourdin G, McCallin S, Ngom-Bru C, Neville T et al.:
Oral phage therapy of acute bacterial diarrhea with two
coliphage preparations: a randomized trial in children from
Bangladesh. EBioMedicine 2016, 4:124-137 PMCID:
PMC4776075.

64. Jault P, Leclerc T, Jennes S, Pirnay JP, Que Y-A, Resch G,
Rousseau AF, Ravat F, Carsin H, Le Floch R et al.: Efficacy and
tolerability of a cocktail of bacteriophages to treat burn
wounds infected by Pseudomonas aeruginosa (PhagoBurn): a
randomised, controlled, double-blind phase 1/2 trial. Lancet
Infect Dis 2019, 19:35-45 PMID: 30292481.

65. Luo C, Knight R, Siljander H, Knip M, Xavier RJ, Gevers D:
ConStrains identifies microbial strains in metagenomic
datasets. Nat Biotechnol 2015, 33:1045-1052.

66. Scholz M, Ward DV, Pasolli E, Tolio T, Zolfo M, Asnicar F,
Truong DT, Tett A, Morrow AL, Segata N: Strain-level microbial
epidemiology and population genomics from shotgun
metagenomics. Nat Methods 2016, 13:435-438.

67. Zhao S, Lieberman TD, Poyet M, Kauffman KM, Gibbons SM,
Groussin M, Xavier RJ, Aim EJ: Adaptive evolution within gut
microbiomes of healthy people. Cell Host Microbe 2019, 25 656-
667.e8 PMID: 31028005.

In one of the first deep investigations of strain diversity within-individual,

Zhao et al. demonstrated within-individual strain dyamics of B. fragilis.

68. Beaulaurier J, Zhu S, Deikus G, Mogno |, Zhang X-S, Davis-
Richardson A, Canepa R, Triplett EW, Faith JJ, Sebra R,
Schadt EE, Fang G: Metagenomic binning and association of
plasmids with bacterial host genomes using DNA methylation.
Nat Biotechnol 2018, 36:61-69.

69. Krawczyk PS, Lipinski L, Dziembowski A: PlasFlow: predicting
plasmid sequences in metagenomic data using genome
signatures. Nucleic Acids Res 2018, 46:e35 PMCID:
PMC5887522.

70. DeMaere MZ, Darling AE: bin3C: exploiting Hi-C sequencing
data to accurately resolve metagenome-assembled genomes.
Genome Biol 2019, 20:46.

71. Stewart RD, Auffret MD, Warr A, Wiser AH, Press MO,
Langford KW, Liachko I, Snelling TJ, Dewhurst RJ, Walker AW
et al.: Assembly of 913 microbial genomes from metagenomic
sequencing of the cow rumen. Nat Commun 2018, 28:870
PMCID: PMC5830445.

72. Kolmogorov M, Rayko M, Yuan J, Polevikov E, Pevzner P:
metaFlye: scalable long-read metagenome assembly using
repeat graphs. bioRxiv 2019. 637637.

73. Goldford JE, Lu N, Baji¢ D, Estrela S, Tikhonov M, Sanchez-
Gorostiaga A, Segre D, Mehta P, Sanchez A: Emergent simplicity
in microbial community assembly. Science 2018, 361:469-474
PMID: 30072533.

Goldford et al. modeled a complex microbiome in vitro and found that

communities converged on steady states defined by metabolic facilita-

tion, which allowed co-existence of competing species.

74. Valm AM, Welch JLM, Rieken CW, Hasegawa Y, Sogin ML,
Oldenbourg R, Dewhirst FE, Borisy GG: Systems-level analysis
of microbial community organization through combinatorial

www.sciencedirect.com

Current Opinion in Microbiology 2019, 50:28-34


http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0215
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0215
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0220
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0220
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0220
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0220
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0230
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0230
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0235
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0235
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0235
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0235
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0240
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0240
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0240
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0245
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0245
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0245
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0250
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0250
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0250
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0250
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0250
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0255
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0255
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0255
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0255
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0260
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0260
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0260
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0260
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0265
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0265
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0265
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0270
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0270
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0270
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0270
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0270
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0275
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0275
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0275
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0275
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0280
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0280
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0280
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0285
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0285
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0285
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0290
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0290
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0290
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0295
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0295
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0295
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0295
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0300
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0300
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0300
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0305
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0305
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0305
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0305
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0305
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0310
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0310
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0310
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0315
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0320
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0325
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0325
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0325
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0330
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0330
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0330
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0330
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0335
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0335
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0335
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0335
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0340
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0340
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0340
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0340
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0340
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0345
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0345
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0345
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0345
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0350
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0350
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0350
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0355
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0355
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0355
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0355
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0355
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0360
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0360
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0360
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0365
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0365
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0365
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0365
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0370
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0370
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0370

34 Microbiota

75.

labeling and spectral imaging. Proc Nat/ Acad Sci U S A 2011,
108:4152-4157 PMID: 21325608.

Welch JLM, Rossetti BJ, Rieken CW, Dewhirst FE, Borisy GG:
Biogeography of a human oral microbiome at the micron
scale. Proc Nat/ Acad Sci U S A 2016, 113:E791-800 PMID:
26811460.

Combinatorial labeling of microbes provided initial insights intoin situ
microbial, multi-species microbial structures in oral biofilms.

76.

Geva-Zatorsky N, Alvarez D, Hudak JE, Reading NC, Erturk-
Hasdemir D, Dasgupta S, von Andrian UH, Kasper DL: In vivo
imaging and tracking of host-microbiota interactions via
metabolic labeling of gut anaerobic bacteria. Nat Med 2015,
21:1091-1100.

Fluorescently labeling different species using click chemistry allowed
assessment of microbial transit in the mouse intestine in real time.

77.

78.

79.

Chan CTY, Lee JW, Cameron DE, Bashor CJ, Collins JJ:
“Deadman” and “Passcode” microbial kill switches for
bacterial containment. Nat Chem Biol 2016, 12:82-86.

Stirling F, Bitzan L, O’Keefe S, Redfield E, Oliver JWK, Way J,
Silver PA: Rational design of evolutionarily stable microbial kill
switches. Mol Cell 2017, 68:686-697.e3.

Whitford CM, Dymek S, Kerkhoff D, Mérz C, Schmidt O, Edich M,
Droste J, Pucker B, Riickert C, Kalinowski J: Auxotrophy to Xeno-

80.

81.

82.

83.

84.

DNA: an exploration of combinatorial mechanisms for a high-
fidelity biosafety system for synthetic biology applications. J
Biol Eng [Internet] 2018, 12:13 [cited 2019 Jul 21] PMCID:
PMC6090650.

Wintermute EH, Silver PA: Emergent cooperation in microbial
metabolism. Mol Syst Biol 2010, 6:407 PMCID: PMC2964121.

Rovner AJ, Haimovich AD, Katz SR, Li Z, Grome MW,
Gassaway BM, Amiram M, Patel JR, Gallagher RR, Rinehart J,
Isaacs FJ: Recoded organisms engineered to depend on
synthetic amino acids. Nature 2015, 518:89-93.

Ma NJ, Isaacs FJ: Genomic recoding broadly obstructs the
propagation of horizontally transferred genetic elements. Cell
Syst 2016, 3:199-207 PMCID: PMC5568630.

Isaacs FJ, Carr PA, Wang HH, Lajoie MJ, Sterling B, Kraal L,
Tolonen AC, Gianoulis TA, Goodman DB, Reppas NB et al.:
Precise manipulation of chromosomes in vivo enables
genome-wide codon replacement. Science 2011, 333:348-353
PMCID: PMC5472332.

Leconte AM, Hwang GT, Matsuda S, Capek P, Hari Y,
Romesberg FE: Discovery, characterization, and optimization
of an unnatural base pair for expansion of the genetic
alphabet. J Am Chem Soc 2008, 130:2336-2343 PMCID:
PMC2892755.

Current Opinion in Microbiology 2019, 50:28-34

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0370
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0370
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0375
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0375
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0375
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0375
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0380
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0380
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0380
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0380
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0380
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0385
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0385
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0385
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0390
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0390
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0390
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0395
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0400
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0400
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0405
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0405
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0405
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0405
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0410
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0410
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0410
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0415
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0415
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0415
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0415
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0415
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0420
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0420
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0420
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0420
http://refhub.elsevier.com/S1369-5274(19)30058-X/sbref0420

	Recoding the metagenome: microbiome engineering in situ
	Introduction
	Phage-mediated engineering
	Conjugation-mediated engineering
	Challenges for in situ microbiome engineering
	Conclusions
	Acknowledgements


