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Engineering bacterial warriors: harnessing microbes to 
modulate animal physiology
Baizhen Gao1, Daniela Ruiz1,5, Hayden Case2,  
Robert E. Jinkerson3,4 and Qing Sun1,5

A central goal of synthetic biology is the reprogramming of 
living systems for predetermined biological functions. While 
many engineering efforts have been made in living systems, 
these innovations have been mainly employed with 
microorganisms or cell lines. The engineering of multicellular 
organisms including animals remains challenging owing to the 
complexity of these systems. In this context, microbes, with 
their intricate impact on animals, have opened new 
opportunities. Through the utilization of the symbiotic 
relationships between microbes and animals, researchers have 
effectively manipulated animals in various ways using 
engineered microbes. This focused approach has 
demonstrated its significance in scientific exploration and 
engineering with model animals, coral preservation and 
restoration, and advancements in human health.
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Introduction
Recent advances in synthetic biology have enabled the 
creation of highly programmable biology for specific 
functions. Researchers integrated and automated the 

design of synthetic gene circuits in cells to respond to 
environmental signals [1–3]. Applying synthetic biology 
to multicellular organisms, such as animals, faces chal
lenges such as coordinating gene delivery and expression 
across cell types, managing intercellular signaling com
plexity, contending with developmental and evolu
tionary constraints, and addressing ethical and safety 
concerns associated with genetic modifications.

In contrast to the complexities of modifying animals di
rectly, microbes present a tractable platform for lever
aging synthetic biology advances to alter animal 
physiology. Animals share intimate, lifelong relationships 
with microbes that impact animal immunity, behavior, 
development, metabolism, and more. Microbes interact 
with animals through a variety of mechanisms, including 
the exchange of metabolites, proteins, and RNA, all of 
which can be precisely tailored using synthetic biology 
methods [Figure 1]. This review will explore recent ad
vances in using microbes for [1] reprogramming animal 
physiology using Caenorhabditis elegans as a model, [2]
advancing environmental conservation with a focus on 
coral preservation, and [3] enhancing human health out
comes through disease diagnosis and therapeutics de
livery. Using microbes to manipulate animal physiology 
offers new and potentially transformative ways to under
stand and control biological processes and to drive ad
vancements in health, environmental sustainability, and 
therapeutic development.

Programming animal physiology using Caenorhabditis 
elegans as a model animal
An area of particular significance in the realm of mi
crobe–animal interactions is the potential of engineered 
microbes to revolutionize animal health and physiology 
[4–7]. Recent breakthroughs in engineered bacterial 
modulation of animal physiology highlight the use of 
Caenorhabditis elegans, a 1-mm-long soil nematode, as a 
key model organism. Chosen for its simplicity, quick life 
cycle, and easy maintenance, C. elegans is an ideal model 
to study how engineered bacteria influence animal 
health and development. WormBase offers a compre
hensive repository of gene structures, mutants, RNAi 
phenotypes, gene expressions, and protein interactions 
on nematode biology [8]. Furthermore, C. elegans is 
particularly useful for studying bacteria–animal interac
tions as bacteria serve as its primary food source [9]. 
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Utilizing this relationship, researchers have engineered 
bacteria to serve as environmental sensors, impact host 
nutrient processing, and influence host physiology 
[Figure 2].

Engineered bacteria as biosensors mark a major advance 
in synthetic biology, providing new perspectives into 
environmental monitoring and biological interactions. 

This innovation has been applied to studies involving C. 
elegans, where researchers have utilized genetically 
modified bacteria to detect and respond to changes in 
the nematode’s internal and external environments. For 
sensing C. elegans intestinal environment, a bacterium 
has been engineered to produce increasing levels of 
green fluorescent protein (GFP) in response to changing 
concentrations of isopropyl-β-d-1-thiogalactopyranoside 

Figure 1  
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Engineered microbes can interact with and modulate animal physiology and behavior through multiple modalities.  

Figure 2  
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Engineered microbes can sense environmental signals and modulate model animal C. elegans physiology and behavior.  
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(IPTG) using a pLac promoter [10]. Although the bac
terium only detected IPTG, an artificial signal, this ap
proach could be used to detect other environmental 
changes. For example, using a heat switch cl857, Li et al. 
engineered a heat-sensitive E. coli that produced GFP in 
C. elegans gut to indicate temperature changes [11].

The symbiotic relationship between animals and their 
gut microbiota is crucial for nutrition, as bacterial me
tabolism and enzymes help unlock nutrients not readily 
accessible to the animal alone. As a demonstration of 
how an engineered gut microbiome can expand nutri
tional opportunities for animals, Sun et al. colonized C. 
elegans gut with cellulose-degrading microbe 
Pseudomonas cellulosa, enabling the nematodes to meta
bolize cellulose, a substance that was initially in
accessible to this species [3]. This showcases how 
changing the localized gut bacteria can extend the ani
mal’s nutritional capabilities. Furthermore, when P. cel
lulosa and Lactobacillus plantarum were combined in the 
presence of cellulose, they jointly reduced the pro
liferation of pathogen Salmonella by 10-fold compared 
with either of the strains. This demonstrates that en
gineered bacterial communities can change the host’s 
nutrition and help fight pathogens [3].

Bacterially produced metabolites and RNA can also im
pact animal physiology. In C. elegans, ingestion of bacte
rially produced RNA can trigger specific and potent RNA 
interference that has been used previously to study gene 
functions [12,13]. Programmed to produce RNA under 
the control of synthetic gene circuits, engineered bacteria 
successfully silenced C. elegans genes to modulate its GFP 
expression, twitching behavior, and fat storage through 
feeding [14]. Importantly, the transfer of genetic circuit 
output from E. coli to C. elegans allows for the manipula
tion of C. elegans physiology through genetic logic gates, 
including ‘AND’ and ‘OR’ gates. Bacterial metabolites 
also influence C. elegans hosts in various ways, including 
development, lifespan, and behavior [4,15,16]. Using en
gineered E. coli, researchers were able to optogenetically 
control the production of colonic acid directly inside C. 
elegans gut [17]. Optogenetic production enabled re
searchers to study colonic acid’s local effect on protecting 
intestinal mitochondria, extending the lifespan by pre
venting stress-induced hyperfragmentation [17].

Using C. elegans has shown engineered bacteria’s capacity 
to sense environmental signals and alter host physiology. 
Beyond model organisms, the application of engineered 
bacteria holds promise for influencing host organisms, 
presenting opportunities for environmental sustain
ability and therapeutic innovations.

Improving coral health through microbiome engineering
Just as engineered bacteria have been used to expand 
the nutritional repertoire of C. elegans by enabling them 

to metabolize previously indigestible substances and 
mitigate environmental stresses, similar strategies are 
being explored to fortify coral health. The manipulation 
of the coral microbiome through microbial community 
transplantation and the introduction of beneficial bac
teria aim to bolster coral resilience in the face of climate- 
induced stressors [Figure 3].

Coral reefs are vital for coastal protection, biodiversity, 
and socio-economic activities. Corals form a symbiotic 
relationship with Symbiodiniaceae algae, providing cru
cial nutrients through photosynthesis. Environmental 
stressors such as rising sea temperatures lead to coral 
bleaching, compromising their primary energy source 
[18]. Given the essential role of coral reefs, coral re
storation and preservation has garnered substantial at
tention [19]. Other than Symbiodiniaceae, coral- 
associated bacteria play a multifaceted role in host or
ganic and inorganic nutrient acquisition and protection 
from pathogens [20]. Microbiome engineering and mi
crobial community transplantation have emerged as 
strategies to mitigate environmental stressors against 
corals [21–23].

Beneficial microorganisms enhance coral fitness through 
their symbiotic relationships [24,25]. Doering et al. con
ducted coral microbiome transfer (CMT) for coral pre
servation. They identified donor corals in reefs with high 
environmental variability. Fresh homogenates from coral 
donor tissues were used to inoculate heat-susceptible 
recipients. The bleaching response and microbiomes of 
recipients were documented using 16S rRNA gene 
metabarcoding, revealing the successful transmission of 
128 donor-specific bacterial species [26]. During heat 
bleaching assays, the presence of beneficial micro
organisms for corals reduced “post-heat stress dis
order,” leading to higher survival rates and stable 
photosynthesis from their endosymbiotic algae [24,26].

When environmental changes lead to increased levels of 
oxidative stress, reactive oxygen species (ROS) from 
Symbiodiniaceae are hypothesized to enter host cells, 
triggering coral bleaching [19]. To test the impact of an 
engineered microbiome scavenging ROS on coral heat 
tolerance, researchers inoculated the coral model Ex
aiptasia diaphana with ROS-scavenging bacteria [19,20]. 
They found a high relative abundance of free radical 
bacteria after inoculation, demonstrating successful in
corporation of some species of bacteria into the coral 
holobiont. Further research on the prolonged integration 
of engineered bacterial consortia into the coral holobiont 
is necessary before deploying this strategy.

Excess nitrogen, often from agricultural runoff, is an
other stressor between corals and their endosymbiotic 
algae. A current hypothesis suggests that an increase of 
nitrogen is detrimental to coral reproduction and growth, 
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but if maintained at stable levels, it may be beneficial 
and necessary for specific coral species [27]. To assess 
nutrient exchange between bacteria and corals, coral 
larvae were incubated with 15N-labeled coral-associated 
bacteria [21]. An increase in detected nitrogen isotopes 
within corals suggests coral larvae acquire nutrients from 
bacteria, potentially improving their survival in early-life 
stages [21]. Engineered bacteria or bacterial commu
nities could be developed to assist coral larvae in critical 
stages such as settlement and polyp growth.

Fragoso et al. incubated fragments of Mussismilia harttii 
with a bacterial consortium capable of degrading water- 
soluble oil fractions [28]. The inoculated coral exhibited 
a reduction in the adverse effects of a simulated oil spill. 
This demonstrates that utilizing bacterial communities 
from the environment enables acquisition of enhanced 
survivability for host corals.

Microbial supplementation has the potential to address 
multiple stressors simultaneously and positively influ
encing the entire reef ecosystem [29], but deploying 
microbes at scale has inherent challenges that must be 
overcome. The intricate interactions between in
troduced and native microorganisms in coral reef 

ecosystems are difficult to predict, and interventions 
must be carefully designed to avoid harm to these sen
sitive organisms. Coral reefs can occupy large areas of 
the ocean floor, thus, strategies to physically deploy 
microbes must be developed. Currents and tides could 
be used strategically to help distribute microbes across 
the reef. Ultimately, it may be infeasible to deploy in
terventions across a whole reef, but a strategy of targeted 
deployment could be used to save distributed coral co
lonies that can then serve as founders to reseed the reef 
after a bleaching event. Despite the challenges, ex
ploring innovative approaches is crucial for developing 
sustainable methods to improve coral reef health. Syn
thetic biology plays a significant role in leveraging mi
crobial communities to amplify positive interactions and 
mitigate the impact of harmful elements, including pa
thogenic microorganisms among coral reefs.

Enhancing human health outcomes through disease 
diagnosis and therapeutics delivery
Beyond programming the model animal C. elegans and 
improving coral health, bacterial product modalities such 
as RNAs and proteins, as well as microbiota transplanta
tion have enabled engineered bacteria to offer therapeutic 
benefits to a range of human health conditions. There are 

Figure 3  
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Engineered microbes have the capacity to assist corals in alleviating environmental stresses.  
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numerous comprehensive reviews in this area [30–33], 
and here we highlight some of the representative studies 
and recent advancements using different modalities for 
various conditions, including inflammatory diseases, 
cancer, infections, and metabolic disorders [Figure 4].

In the context of inflammatory bowel disease (IBD), bac
teria have been engineered to detect inflammation signals, 
including tetrathionate and thiosulfate [34–37]. Engineering 
lactic acid bacteria (LAB) and nonpathogenic E. coli to 
produce cytokines such as IL-10 and IL-35 has shown 
promise in modulating inflammation as indicated by up to 
50% reduction in disease activity index (DAI) [38–40]. Ad
ditionally, LAB and engineered E. coli-producing nano
bodies and short-hairpin RNA have been effective in 
reducing inflammation markers such as TNF-α and COX-2 
in murine models and reducing DAI by up to sixfold 
[11,41–43]. An alternative method is to engineer bacteria to 
produce antioxidant enzymes, providing a long-lasting 
therapeutic impact [44,45].

In cancer therapy, engineered bacteria have been used 
to deliver cytokines and nanobodies targeting immune 
checkpoints leading to tumor regression [46–49]. Bac
teria have also been engineered to act as vaccines, pro
ducing tumor-associated antigens to stimulate adaptive 
immune responses. For example, engineered Lactoba
cillus casei producing modified full-length HPV16 E7 

protein reduced cervical intraepithelial neoplasia grade 3 
(CIN3) to CIN2 in 70% of patients. Similarly, en
gineered E. coli-producing antigen-bearing outer-mem
brane vesicles (OMVs) decreased lung metastases from 
over 150 to less than 50 in animals during tumor re
challenge [46,50]. Additional approaches involve en
gineering bacteria to produce prodrug enzymes. For 
instance, Salmonella typhimurium and Bifidobacterium 
longum can convert nontoxic prodrugs such as 5-fluor
ocytosine into the active antitumor agent 5-fluorouracil, 
inhibiting tumor growth effectively [51,52].

A modified lactic acid-free Streptococcus mutans strain 
prevented dental caries by replacing traditional acid- 
producing mutants crucial to the pathogenic process 
[53]. Engineered strains of L. lactis and E. coli with 
bacteriocin secretion inhibited the growth of pathogens 
such as Enterococcus faecalis and Pseudomonas aeruginosa 
[54,55]. Additionally, biofilms composed of inactivated 
Lactobacillus casei showed significant antibacterial effec
tiveness against methicillin-resistant Staphylococcus 
aureus [56]. Besides engineering specific bacterial strains, 
RBX2660 (Rebyota) and SER-109 (Vowst) — both fecal 
microbiota-based live biotherapeutic products — have 
demonstrated efficacy in preventing the recurrence of 
Clostridioides difficile infection, and received approval 
from the Food and Drug Administration (FDA) in 2022 
and 2023, respectively [57,58].

Figure 4  
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Engineered microbes can provide therapeutic benefits through multiple bacterial product modalities.  
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In treating metabolic disorders, engineered bacteria 
equipped with optimized enzymes can help digest spe
cific metabolic by-products that are toxic when accumu
lated at high levels. One of the most exciting 
advancements for engineered bacteria is the development 
of SYNB1934, an engineered E. coli Nissle 1917 produ
cing phenylalanine ammonia lyase with enhanced activity 
[59]. This engineered strain breaks down phenylalanine, a 
compound that patients with phenylketonuria (PKU) 
cannot metabolize naturally [59]. In a Phase-2 clinical 
trial, PKU patients receiving SYNB1934 treatment ex
hibited a substantial 43% reduction in phenylalanine le
vels from baseline, paving the way for SYNB1934 to 
advance into a Phase-3 clinical trial in 2023 [59].

In summary, these engineered bacteria not only offer 
novel treatments for chronic conditions such as IBD and 
cancer but also provide a potent weapon against drug- 
resistant pathogens and many other diseases. By in
tegrating synthetic biology tools with natural bacterial 
metabolic pathways, researchers can target specific dis
ease markers.

Discussion
Engineered microbes exhibit versatile capabilities, im
pacting host organisms in diverse ways. In model or
ganisms such as C. elegans, engineered bacteria can sense 
and respond to signals, delivering biomolecules for re
porting or manipulation. Beyond model organisms, en
gineered microbiomes have demonstrated significant 
promise in environmental applications. For example, 
they help corals adapt to changing environments and 
neutralize harmful stressors. Finally, bacteria have been 
engineered for therapeutic applications, detecting dis
ease markers, and delivering targeted therapies to en
hance efficacy without undesired side effects.

While engineered bacteria have demonstrated diverse 
functions across a range of applications, their effective
ness varies significantly outside the controlled conditions 
of a laboratory, influenced by the unique characteristics 
of individual hosts and fluctuating environments. 
Dynamic control mechanisms that enable engineered 
bacteria to consistently localize and function within 
various hosts are worth exploring [60]. Such advance
ments would ensure more uniform and predictable 
outcomes across different individual hosts. The use of 
animal models such as C. elegans, offers a rapid and high- 
throughput method for testing these dynamic controls, 
serving as a crucial step before transitioning to broader 
environmental and health-related applications.

Additionally, safety concerns also require careful con
sideration, including the biocontainment of engineered 
bacteria, the potential for unforeseen repercussions on 
host ecosystems, and the emergence of resistant strains. 

To address these concerns, new artificial systems to 
contain synthetically engineered microbes, such as a kill 
switch developed in E. coli Nissle 1917 [61], are cur
rently being explored to aid in the safety concerns pro
posed by FDA.

Synthetic biology’s influence spans a wide range of 
disciplines, underscored by its essential role in var
ious applications of biotechnology. By fostering 
creativity and integrating interdisciplinary insights, 
synthetic biology stands to drive significant ad
vancements in our understanding and manipulation 
of biological systems.

CRediT authorship contribution statement
Q.S. and R.J. did the conceptualization. B.G. and D.R. 
drafted the review paper. Q.S. and R.J. supervised the 
project and revised the review paper. H.C. helped with 
reference collection. Q.S. and R.J. did the funding ac
quisition.

Data Availability

No data were used for the research described in the ar
ticle.

Declaration of Competing Interest

The authors declare that they have no known competing 
financial interests or personal relationships that could 
have appeared to influence the work reported in this 
paper.

Acknowledgements
This work was supported by funds provided by a National Institute of 
Health (NIH) National Institute of Allergy and Infectious Diseases 
(NIAID) R01 to Q. S. (R01AI165433), USA; National Science Foundation 
(NSF) grant to Q. S. (2203715), USA; NSF Emerging Frontiers in Research 
and Innovation (EFRI) to Q. S. (2132156), USA; Texas A&M Excellence 
Fund X-grants to Q. S., Texas A&M, USA;, and NSF-Integrative 
Organismal Systems (IOS) EDGE Award to R.E.J. (2220620), USA

References and recommended reading
Papers of particular interest, published within the period of review, have 
been highlighted as: 

•• of special interest
•• of outstanding interest

1. Siuti P, Yazbek J, Lu TK: Synthetic circuits integrating logic and 
memory in living cells. Nat Biotechnol 2013, 31:448-452.

2. Fernandez-Rodriguez J, Moser F, Song M, Voigt CA: Engineering 
RGB color vision into Escherichia coli. Nat Chem Biol 2017, 
13:706-708.

3.
••

Sun Q, Vega NM, Cervantes B, Mancuso CP, Mao N, Taylor MN, 
et al.: Enhancing nutritional niche and host defenses by 
modifying the gut microbiome. Mol Syst Biol 2022, 18:e9933. 

This work engineered C. elegans gut microbiome that enabled the host 
worms to utilize cellulose, a nutrient source that could not be digested 
by the hosts themselves. In addition, the engineered gut microbiome 
also demonstrated protection of the worms from the infection by pa
thogenic bacteria.

6 Tissue, Cell & Pathway Engineering 

www.sciencedirect.com Current Opinion in Biotechnology 2024, 87:103113

http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref1
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref1
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref2
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref2
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref2
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref3
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref3
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref3


4. Feng M, Gao B, Garcia LR, Sun Q: Microbiota-derived 
metabolites in regulating the development and physiology of 
Caenorhabditis elegans. Front Microbiol 2023, 14  [cited 2023 
Aug 6]; Available from: 〈https://www.frontiersin.org/articles/ 
10.3389/fmicb.2023.1035582〉.

5. Masuzzo A, Montanari M, Kurz L, Royet J: How bacteria impact 
host nervous system and behaviors: lessons from flies and 
worms. Trends Neurosci 2020, 43:998-1010.

6. Zheng D, Liwinski T, Elinav E: Interaction between microbiota 
and immunity in health and disease. Cell Res 2020, 30:492-506.

7. Visconti A, Le Roy CI, Rosa F, Rossi N, Martin TC, Mohney RP, 
et al.: Interplay between the human gut microbiome and host 
metabolism. Nat Commun 2019, 10:4505.

8. Harris TW, Arnaboldi V, Cain S, Chan J, Chen WJ, Cho J, et al.: 
WormBase: a modern Model Organism Information Resource. 
Nucleic Acids Res 2020, 48:D762-D767.

9. Backes C, Martinez-Martinez D, Cabreiro F: C. elegans: a 
biosensor for host–microbe interactions. Lab Anim 2021, 
50:127-135.

10. Rutter JW, Ozdemir T, Galimov ER, Quintaneiro LM, Rosa L, 
Thomas GM, et al.: Detecting changes in the Caenorhabditis 
elegans intestinal environment using an engineered bacterial 
biosensor. ACS Synth Biol 2019, 8:2620-2628.

11.
•

Li L, Pan H, Pang G, Lang H, Shen Y, Sun T, et al.: Precise thermal 
regulation of engineered bacteria secretion for breast cancer 
treatment in vivo. ACS Synth Biol 2022, 11:1167-1177. 

The authors engineered an E. coli Nissle strain to respond to heat sti
mulus. Response to heat from the engineered E. coli was tested in 
different host models, including C. elegans, bees, and mice. The pro
duction of TNF-α through heat stimulation significantly inhibited the 
tumor growth in mice.

12. Timmons L, Court DL, Fire A: Ingestion of bacterially expressed 
dsRNAs can produce specific and potent genetic interference 
in Caenorhabditis elegans. Gene 2001, 263:103-112.

13. Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, Gotta M, et al.: 
Systematic functional analysis of the Caenorhabditis elegans 
genome using RNAi. Nature 2003, 421:231-237.

14.
•

Gao B, Sun Q: Programming gene expression in multicellular 
organisms for physiology modulation through engineered 
bacteria. Nat Commun 2021, 12:2689. 

In this study, E. coli was equipped with synthetic logic gates that con
trolled the synthesis of RNA to silence specific genes in C. elegans. This 
allowed the transfer of genetic engineering for complex control from 
host to bacteria without genetic modification on hosts themselves.

15. Zhang J, Holdorf AD, Walhout AJ: C. elegans and its bacterial 
diet as a model for systems-level understanding of 
host–microbiota interactions. Curr Opin Biotechnol 2017, 
46:74-80.

16. Kim DH, Flavell SW: Host-microbe interactions and the behavior 
of Caenorhabditis elegans. J Neurogenet 2020, 34:500-509.

17. Hartsough LA, Park M, Kotlajich MV, Lazar JT, Han B, Lin CCJ, 
et al.: Optogenetic control of gut bacterial metabolism to 
promote longevity. eLife 2020, 9:e56849.

18. Prada F, Caroselli E, Mengoli S, Brizi L, Fantazzini P, Capaccioni B, 
et al.: Ocean warming and acidification synergistically increase 
coral mortality. Sci Rep 2017, 7:40842.

19.
•

Dungan AM, Hartman LM, Blackall LL, van Oppen MJH: Exploring 
microbiome engineering as a strategy for improved thermal 
tolerance in Exaiptasia diaphana. J Appl Microbiol 2022, 
132:2940-2956. 

In this study, the authors investigated the effects that integrated FRS 
bacteria may have on the environmental tolerance of coral, a bacterial 
consortium was designed and introduced to coral.

20.
•

Dungan AM, Bulach D, Lin H, van Oppen MJH, Blackall LL: 
Development of a free radical scavenging bacterial consortium 
to mitigate oxidative stress in cnidarians. Micro Biotechnol 2021, 
14:2025-2040 [cited 2023 Aug 15] 〈https://pubmed.ncbi.nlm.nih. 
gov/34259383/〉. 

Thermal stress in corals increases the amount of ROS in the holobiont, a 
toxic by-product that is linked to causing bleaching events. Bacteria in 

the coral microbiome are responsible for scavenging ROS, preventing 
the coral from bleaching. Genomics was used to create a consortium of 
both high and low FRS bacteria.

21. Ceh J, Kilburn MR, Cliff JB, Raina JB, van Keulen M, Bourne DG: 
Nutrient cycling in early coral life stages: Pocillopora 
damicornis larvae provide their algal symbiont (Symbiodinium) 
with nitrogen acquired from bacterial associates. Ecol Evol 
2013, 3:2393-2400.

22. Damjanovic K, van Oppen MJH, Menéndez P, Blackall LL: 
Experimental inoculation of coral recruits with marine bacteria 
indicates scope for microbiome manipulation in Acropora 
tenuis and Platygyra daedalea. Front Microbiol 2019, 10:1702.

23. Rosado PM, Leite DCA, Duarte GAS, Chaloub RM, Jospin G, 
Nunes da Rocha U, et al.: Marine probiotics: increasing coral 
resistance to bleaching through microbiome manipulation. 
ISME J 2019, 13:921-936.

24. Maire J, van Oppen MJH: A role for bacterial experimental 
evolution in coral bleaching mitigation? Trends Microbiol 2022, 
30:217-228.

25.
•

Santoro EP, Borges RM, Espinoza JL, Freire M, Messias CSMA, 
Villela HDM, et al.: Coral microbiome manipulation elicits 
metabolic and genetic restructuring to mitigate heat stress and 
evade mortality. Sci Adv 2021, 7:eabg3088. 

This work demonstrated manipulation of coral microbes improves coral 
stress tolerance and was observed by identifying the beneficial nature of 
a selected BMC (beneficial microorganisms for corals) consortium in 
eliminating coral bleaching.

26.
•

Doering T, Wall M, Putchim L, Rattanawongwan T, Schroeder R, 
Hentschel U, et al.: Towards enhancing coral heat tolerance: a 
“microbiome transplantation” treatment using inoculations of 
homogenized coral tissues. Microbiome 2021, 9:102. 

Coral microbiome transplantation (CMT) has become a promising 
method to potentially enhance coral health. This study investigated the 
reef-building corals such as Pocillopora and Porites to test whether this 
technique can benefit coral heat resistance while modifying the bacterial 
microbiome.

27. Ceh J, Kilburn MR, Cliff JB, Raina JB, van Keulen M, Bourne DG: 
Nutrient cycling in early coral life stages: Pocillopora 
damicornis larvae provide their algal symbiont (Symbiodinium) 
with nitrogen acquired from bacterial associates. Ecol Evol 
2013, 3:2393-2400.

28. Fragoso ados Santos H, Duarte GAS, da C.Rachid CT, Chaloub 
RM, Calderon EN, de B. Marangoni LF, et al.: Impact of oil spills 
on coral reefs can be reduced by bioremediation using 
probiotic microbiota. Sci Rep 2015, 5:1-11.

29. Frade PR, Glasl B, Matthews SA, Mellin C, Serrão EA, Wolfe K, 
et al.: Spatial patterns of microbial communities across surface 
waters of the Great Barrier Reef. Commun Biol 2020, 3:1-14.

30. Aggarwal N, Breedon AME, Davis CM, Hwang IY, Chang MW: 
Engineering probiotics for therapeutic applications: recent 
examples and translational outlook. Curr Opin Biotechnol 2020, 
65:171-179.

31. Charbonneau MR, Isabella VM, Li N, Kurtz CB: Developing a new 
class of engineered live bacterial therapeutics to treat human 
diseases. Nat Commun 2020, 11:1738.

32. Gurbatri CR, Arpaia N, Danino T: Engineering bacteria as 
interactive cancer therapies. Science 2022, 378:858-864.

33. Rutter JW, Dekker L, Owen KA, Barnes CP: Microbiome 
engineering: engineered live biotherapeutic products for 
treating human disease. Front Bioeng Biotechnol 2022, 10  cited 
2024 Jan 25]; 〈https://www.frontiersin.org/articles/10.3389/fbioe. 
2022.1000873〉.

34. Daeffler KNM, Galley JD, Sheth RU, Ortiz-Velez LC, Bibb CO, 
Shroyer NF, et al.: Engineering bacterial thiosulfate and 
tetrathionate sensors for detecting gut inflammation. Mol Syst 
Biol 2017, 13:923.

35. Riglar DT, Giessen TW, Baym M, Kerns SJ, Niederhuber MJ, 
Bronson RT, et al.: Engineered bacteria can function in the 
mammalian gut long-term as live diagnostics of inflammation. 
Nat Biotechnol 2017, 35:653-658.

Harnessing microbes to modulate animal physiology Gao et al. 7

www.sciencedirect.com Current Opinion in Biotechnology 2024, 87:103113

http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref4
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref4
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref4
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref4
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref4
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref5
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref5
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref5
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref6
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref6
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref7
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref7
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref7
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref8
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref8
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref8
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref9
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref9
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref9
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref10
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref10
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref10
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref10
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref11
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref11
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref11
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref12
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref12
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref12
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref13
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref13
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref13
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref14
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref14
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref14
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref15
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref15
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref15
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref15
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref16
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref16
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref17
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref17
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref17
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref18
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref18
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref18
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref19
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref19
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref19
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref19
https://pubmed.ncbi.nlm.nih.gov/34259383/
https://pubmed.ncbi.nlm.nih.gov/34259383/
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref21
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref21
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref21
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref21
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref21
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref22
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref22
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref22
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref22
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref23
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref23
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref23
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref23
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref24
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref24
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref24
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref25
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref25
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref25
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref25
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref26
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref26
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref26
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref26
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref27
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref27
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref27
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref27
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref27
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref28
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref28
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref28
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref28
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref29
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref29
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref29
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref30
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref30
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref30
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref30
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref31
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref31
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref31
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref32
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref32
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1000873
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1000873
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref34
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref34
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref34
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref34
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref35
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref35
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref35
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref35


36. Barra M, Danino T, Garrido D: Engineered probiotics for 
detection and treatment of inflammatory intestinal diseases. 
Front Bioeng Biotechnol 2020, 8  [cited 2023 Aug 6] 〈https://www. 
frontiersin.org/articles/10.3389/fbioe.2020.00265〉.

37. Guan Q: A comprehensive review and update on the 
pathogenesis of inflammatory bowel disease. J Immunol Res 
2019, 2019:e7247238.

38. Steidler L, Neirynck S, Huyghebaert N, Snoeck V, Vermeire A, 
Goddeeris B, et al.: Biological containment of genetically 
modified Lactococcus lactis for intestinal delivery of human 
interleukin 10. Nat Biotechnol 2003, 21:785-789.

39. Hanson ML, Hixon JA, Li W, Felber BK, Anver MR, Stewart CA, 
et al.: Oral delivery of IL-27 recombinant bacteria attenuates 
immune colitis in mice. Gastroenterology 2014, 146:210-221.e13.

40. Zhang B, Liu Y, Lan X, Xu X, Zhang X, Li X, et al.: Oral Escherichia 
coli expressing IL-35 meliorates experimental colitis in mice. J 
Transl Med 2018, 16:71.

41. Vandenbroucke K, de Haard H, Beirnaert E, Dreier T, Lauwereys M, 
Huyck L, et al.: Orally administered L. lactis secreting an anti- 
TNF nanobody demonstrate efficacy in chronic colitis. Mucosal 
Immunol 2010, 3:49-56.

42. Ferenczi S, Solymosi N, Horváth I, Szeőcs N, Grózer Z, Kuti D, 
et al.: Efficient treatment of a preclinical inflammatory bowel 
disease model with engineered bacteria. Mol Ther — Methods 
Clin Dev 2021, 20:218-226.

43. Spisni E, Valerii MC, Fazio LD, Cavazza E, Borsetti F, Sgromo A, 
et al.: Cyclooxygenase-2 silencing for the treatment of colitis: a 
combined in vivo strategy based on RNA interference and 
engineered Escherichia coli. Mol Ther 2015, 23:278-289.

44. LeBlanc JG, del Carmen S, Miyoshi A, Azevedo V, Sesma F, 
Langella P, et al.: Use of superoxide dismutase and catalase 
producing lactic acid bacteria in TNBS induced Crohn’s 
disease in mice. J Biotechnol 2011, 151:287-293.

45. Liu M, Li S, Zhang Q, Xu Z, Wang J, Sun H: Oral engineered 
Bifidobacterium longum expressing rhMnSOD to suppress 
experimental colitis. Int Immunopharmacol 2018, 57:25-32.

46. Kawana K, Adachi K, Kojima S, Taguchi A, Tomio K, Yamashita A, 
et al.: Oral vaccination against HPV E7 for treatment of cervical 
intraepithelial neoplasia grade 3 (CIN3) elicits E7-specific 
mucosal immunity in the cervix of CIN3 patients. Vaccine 2014, 
32:6233-6239.

47. Sieow BFL, Wun KS, Yong WP, Hwang IY, Chang MW: Tweak to 
treat: reprograming bacteria for cancer treatment. Trends 
Cancer 2021, 7:447-464.

48. Chowdhury S, Castro S, Coker C, Hinchliffe TE, Arpaia N, Danino T: 
Programmable bacteria induce durable tumor regression and 
systemic antitumor immunity. Nat Med 2019, 25:1057-1063.

49. Gurbatri CR, Lia I, Vincent R, Coker C, Castro S, Treuting PM, et al.: 
Engineered probiotics for local tumor delivery of checkpoint 
blockade nanobodies. Sci Transl Med 2020, 12:eaax0876.

50.
•

Yue Y, Xu J, Li Y, Cheng K, Feng Q, Ma X, et al.: Antigen-bearing 
outer membrane vesicles as tumour vaccines produced in situ 
by ingested genetically engineered bacteria. Nat Biomed Eng 
2022, 6:898-909. 

E. coli was engineered to release tumor antigens fused with protein 
cytolysin A on the surface of OMVs under induction of arabinose. Orally 
administered E. coli and arabinose inhibited tumor growth in mice.

51. King I, Bermudes D, Lin S, Belcourt M, Pike J, Troy K, et al.: 
Tumor-targeted Salmonella expressing cytosine deaminase as 
an anticancer agent. Hum Gene Ther 2002, 13:1225-1233.

52. Sasaki T, Fujimori M, Hamaji Y, Hama Y, Ito KI, Amano J, et al.: 
Genetically engineered Bifidobacterium longum for tumor- 
targeting enzyme-prodrug therapy of autochthonous 
mammary tumors in rats. Cancer Sci 2006, 97:649-657.

53. Hillman JD, Brooks TA, Michalek SM, Harmon CC, Snoep JL, van 
der Weijden CC: Construction and characterization of an 
effector strain of Streptococcus mutans for replacement 
therapy of dental caries. Infect Immun 2000, 68:543-549.

54. Borrero J, Chen Y, Dunny GM, Kaznessis YN: Modified lactic acid 
bacteria detect and inhibit multiresistant Enterococci. ACS 
Synth Biol 2015, 4:299-306.

55. Saeidi N, Wong CK, Lo TM, Nguyen HX, Ling H, Leong SSJ, et al.: 
Engineering microbes to sense and eradicate Pseudomonas 
aeruginosa, a human pathogen. Mol Syst Biol 2011, 7:521.

56. Tan L, Fu J, Feng F, Liu X, Cui Z, Li B, et al.: Engineered probiotics 
biofilm enhances osseointegration via immunoregulation and 
anti-infection. Sci Adv 2020, 6:eaba5723.

57. Blair HA: RBX2660 (REBYOTA®) in preventing recurrence of 
Clostridioides difficile infection: a profile of its use in the USA. 
Drugs Ther Perspect 2023, 39:331-338.

58. Feuerstadt P, LaPlante KL: Efficacy and practical 
implementation of fecal microbiota spores, Live-BRPK: a novel 
approach for preventing recurrent Clostridioides difficile 
infection. J Am Coll Gastroenterol ACG 2024, 119:S22.

59.
••

Vockley J, Sondheimer N, Puurunen M, Diaz GA, Ginevic I, Grange 
DK, et al.: Efficacy and safety of a synthetic biotic for treatment 
of phenylketonuria: a phase 2 clinical trial. Nat Metab 2023, 
5:1685-1690. 

Researchers successfully demonstrated the efficacy and safety of an 
engineered E. coli-producing phenylalanine ammonia lyase with en
hanced activity to treat patients with PKU in a Phase-2 clinical trial, 
proving the potential of engineered bacteria for treating metabolic dis
eases.

60. Veiga P, Suez J, Derrien M, Elinav E: Moving from probiotics to 
precision probiotics. Nat Microbiol 2020, 5:878-880.

61. Rottinghaus AG, Ferreiro A, Fishbein SRS, Dantas G, Moon TS: 
Genetically stable CRISPR-based kill switches for engineered 
microbes. Nat Commun 2022, 13:672.

8 Tissue, Cell & Pathway Engineering 

www.sciencedirect.com Current Opinion in Biotechnology 2024, 87:103113

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00265
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00265
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref37
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref37
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref37
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref38
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref38
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref38
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref38
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref39
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref39
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref39
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref40
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref40
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref40
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref41
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref41
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref41
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref41
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref42
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref42
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref42
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref42
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref43
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref43
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref43
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref43
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref44
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref44
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref44
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref44
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref45
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref45
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref45
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref46
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref46
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref46
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref46
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref46
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref47
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref47
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref47
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref48
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref48
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref48
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref49
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref49
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref49
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref50
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref50
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref50
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref50
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref51
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref51
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref51
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref52
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref52
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref52
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref52
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref53
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref53
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref53
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref53
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref54
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref54
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref54
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref55
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref55
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref55
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref56
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref56
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref56
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref57
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref57
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref57
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref58
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref58
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref58
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref58
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref59
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref59
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref59
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref59
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref60
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref60
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref61
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref61
http://refhub.elsevier.com/S0958-1669(24)00049-1/sbref61

	Engineering bacterial warriors: harnessing microbes to modulate animal physiology
	Introduction
	Programming animal physiology using Caenorhabditis elegans as a model animal
	Improving coral health through microbiome engineering
	Enhancing human health outcomes through disease diagnosis and therapeutics delivery

	Discussion
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




