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ABSTRACT 12 

 Interbacterial antagonism can significantly impact microbiome assembly and stability 13 

and can potentially be exploited to modulate microbes and microbial communities in diverse 14 

environments, ranging from natural habitats to industrial bioreactors. Here we highlight key 15 

mechanisms of interspecies antagonism that rely on direct cell-to-cell contact or diffusion of 16 

secreted biomolecules, and discuss recent advances to provide altered function and 17 

specificities for microbiome engineering. We further outline the use of ecological design 18 

principles based on antagonistic interactions for bottom-up assembly of synthetic microbial 19 

communities. Manipulating microbial communities through these negative interactions will be 20 

critical for understanding complex microbiome processes and properties and developing new 21 

applications of microbiome engineering.   22 
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Introduction 23 

Microbial communities are made up of diverse sets of microbes that participate in 24 

complex interspecies interactions and metabolic processes. Such interactions may include 25 

mutualistic cross-feeding, competitive exclusion, or antagonistic killing, which often determine 26 

the population dynamics, stability, and resilience of the community [1]. Recent studies to 27 

understand these key ecological principles have improved our understanding of microbial 28 

community assembly, dynamics, and functions [2,3]. On the other hand, much remains to be 29 

explored as new processes, mechanisms and biological machineries are being discovered [4]. 30 

On a practical level, targeted modulation of microbial community interaction has the potential 31 

to impact numerous emerging microbiome applications spanning medicine, agriculture, and 32 

bioproduction [5-7]. 33 

Bacterial antagonism is one of the most common phenomena observed in microbial 34 

communities. Antagonistic interactions enable bacteria to establish their spatial and nutrient 35 

niches by directly inhibiting growth of or killing their neighbors. The study of microbial 36 

antagonism has led to key breakthroughs in medicine—for instance, the development of 37 

antibiotics [8]. With the ever-growing abundance of (meta)genomic data, a diverse set of 38 

mechanisms for bacterial antagonism has been discovered [4]. Most major bacterial phyla 39 

possess the capacity to carry out such bacterial warfare, with some strains harboring multiple 40 

antagonistic systems that produce synergistic efficacy and lethality [9]. While one might posit 41 

that the evolutionary arms race for bacteria, weaponized with antagonistic machineries, would 42 

significantly destabilize microbial ecosystems, recent studies have shown that such 43 

competitive interactions actually strongly promote diversity and stability by promoting spatial 44 

structuring [2,10]. In fact, cooperative interactions, while efficient, are often destabilized upon 45 

external perturbations, in contrast to antagonistic interactions that lead to more robust 46 

populations [2]. As many antagonistic systems have only been recently described, their roles 47 

as mediators of microbial ecology and dynamics are underestimated thus far.  48 

Here, we outline key mechanisms for interbacterial antagonism and highlight recent 49 

studies that have utilized these systems to manipulate microbial communities. Specifically, we 50 

discuss several promising contact-dependent (cis) and diffusion-based (trans) antagonistic 51 

systems. Since there is extensive literature detailing various aspects of bacterial antagonism 52 

that cannot be comprehensively covered here, we refer the readers to several excellent 53 

reviews on the subject for further reading [1,3,4,11-13]. Instead, we focus here on aspects 54 

related to the use of such systems for directed microbiome modulation. We will examine recent 55 

examples of engineering efforts to apply and enhance these systems to optimize their 56 

performance and specificity in complex microbial consortia. Finally, we will consider how these 57 

antagonistic systems can be leveraged to assemble synthetic microbial communities and 58 
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control them to exhibit sophisticated and robust phenotypes for several biotechnological 59 

applications.  60 

 61 

Contact-dependent microbial antagonism 62 

Contact-dependent antagonism is based on the direct transfer of toxic protein effectors 63 

or protein-DNA complexes from a donor cell to a target cell. Target cells that lack immunity 64 

proteins to protect against the toxins are killed. These local antagonistic interactions are 65 

generally mediated by multicomponent protein secretion machineries, including Type IV, V, 66 

and VI secretion systems (T4SS, T5SS, and T6SS), while some involve direct exchange of 67 

outer membranes between cells (Figure 1a) [11,13]. Since contact-dependent antagonism 68 

only impacts nearest local neighbors, it predominantly serves to partition spatial niches and 69 

interspecies boundaries. We outline several examples of how engineering these cis-70 

antagonistic interactions is paving the way for in situ modulation of microbial communities. 71 

The T5SS is one of the first identified mechanisms of interbacterial antagonism where 72 

bacterial growth is regulated by direct cell-to-cell contact, termed contact-dependent growth 73 

inhibition (CDI) [14]. T5SSs are found in the outer membrane of gram-negative bacteria and 74 

have relatively simple architectures, with some subtypes consisting of only one protein 75 

component [15]. T5SS proteins are composed of two distinct functional regions, typically a C-76 

terminal -barrel domain anchored in the outer membrane and an exposed N-terminal 77 

passenger domain that can be cleaved and released extracellularly. The functions of the 78 

passenger domain can be highly diverse, including adhesion to target cells or extracellular 79 

matrix components, autoaggregation for biofilm formation, and cell-to-cell CDI [15]. CDI by the 80 

Type Vb secretion system is based on two-partner secretion (TPS), with subunits CdiB and 81 

CdiA. CdiB is a translocator that exports the CdiA toxin effector to the cell surface. CdiA 82 

proteins range in size from 180 to 630 kDa, but all share the same general architecture [13]. 83 

Recent elucidation of the CdiA secretion and toxin delivery mechanism shows that CdiA is 84 

exported first into the periplasm through the Sec-dependent secretory pathway, then across 85 

the outer membrane through CdiB using an N-terminal TPS transport domain [16]. Upon 86 

recognition of its target by its protruding receptor binding domain, CdiA autoproteolytically 87 

cleaves its effector domain (CdiA-CT), which is delivered into the target cell. T5SS results in 88 

strong inhibition activity against target cells even when cell-cell interactions are transient under 89 

planktonic conditions, unlike other contact-dependent antagonistic systems that often require 90 

prolonged cell-cell adhesion.  91 

Rational engineering of CDI target specificity could be achieved by altering the 92 

receptor binding domains (RBD). Ruhe et al. identified a RBD in BamA-specific CdiA from E. 93 

coli by generating tagged CdiA fragments and performing a binding assay against purified 94 

BamA [17]. Interestingly, BamA-specific and OmpA-specific CdiA proteins shared only ~24% 95 
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sequence identity for their putative receptor binding regions and swapping the regions altered 96 

their specificity accordingly. Beyond modular target specificity, CDI could be loaded with 97 

diverse passenger proteins, given that T5SS autotransporter domains have been widely used 98 

as potent cell surface display platforms for heterologous proteins in a variety of 99 

biotechnological applications [18]. Willett et al. demonstrated this potential by showing that 100 

CdiA C-terminal toxin domains from different bacterial species are interchangeable and can 101 

be redirected through different translocation pathways when fused to N-terminal domains of 102 

heterologous CdiA proteins [19]. 103 

The T6SS is a prevalent cis-antagonistic system found in gram-negative bacteria, 104 

especially in Proteobacteria and Bacteroidetes, that injects target-specific toxin effectors into 105 

neighboring cells [11]. Some bacteria, such as Pseudomonas aeruginosa, contain multiple 106 

evolutionarily distinct T6SSs [9]. T6SSs can be potent against closely related bacteria as well 107 

as those in other genera and kingdoms, including their eukaryotic hosts or fungi that are also 108 

a part of the ecosystem [20,21]. Recent studies have revealed the role of T6SSs in not only 109 

shaping microbial community composition but also augmenting host’s resilience to pathogen 110 

colonization in the mammalian gut [22,23]. The canonical T6SS from E. coli consists of 13 111 

genes (tssA through tssM) encoding its core structural components, and one gene encoding 112 

the PAAR (proline-alanine-alanine-arginine repeat) domain-containing protein on its tip [11]. 113 

When the T6SS complex sheath-like structure enters a contracted state, the Hcp(TssD)-114 

VgrG(TssI)-PAAR puncturing complex is able to penetrate and translocate into the target cell 115 

to deliver the toxin effector (Figure 1b) [20,24]. T6SS toxin effectors have a wide range of 116 

antibacterial effects and can be grouped by their targets: cell wall (peptidoglycan amidases, 117 

peptidoglycan hydrolases), cell membrane (phospholipases, pore-forming effectors), and 118 

cytoplasm (nucleases, NADP+ hydrolases, FtsZ inhibitors). There are immunity proteins that 119 

can detoxify specific toxin effectors (i.e. effector/immunity pairs) and are generally encoded 120 

downstream of the effector loci [11] or sometimes in separate mobile arrays of immunity genes 121 

[25].  122 

The diversity and modular nature of T6SS systems and its effector/immunity proteins 123 

suggests the possibility for engineering. Loading other protein domains (e.g. from -lactamase) 124 

either directly to the puncturing complex or to other effectors that are associated with the 125 

complex has been demonstrated for T6SS-based protein delivery into eukaryotic host cells 126 

[26,27]. Wettstadt et al. also recently showed in P. aeruginosa that fusing the C-terminus of a 127 

canonical VgrG with other proteins enabled extracellular secretion of the fused protein by 128 

T6SS although direct injection into a target bacteria was not demonstrated [28]. While further 129 

work will be needed to assess carrying capacity and extend it towards diverse protein 130 

substrates, these examples clearly demonstrate the potential of T6SS as a generalizable 131 

platform for interbacterial protein delivery. To improve specificity of cell targeting in a mixed 132 
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population, Ting et al. sought to develop “programmed inhibitor cells” (PICs) expressing 133 

synthetic protein binders that can interact with bacterial surface antigens on target cells to 134 

enhance selective killing (Figure 1c) [29]. In this study, camelid-derived single domain 135 

antibodies (nanobodies) were displayed on the cell surface of T6SS-active Enterobacter 136 

cloacae to direct the antibacterial activity of the T6SS against E. coli cells either in synthetic 137 

or natural microbial communities, resulting in specific killing of the target cells at >90% 138 

efficiency. While such nanobody cell-surface binders have many desirable characteristics, 139 

such as small size, high stability, and strong antigen binding affinity, generation of potent 140 

nanobodies against specific novel bacterial strains remains challenging. We expect that 141 

‘reverse genomics’ [30] and continuous directed evolution [31] approaches will be useful to 142 

identify surface-exposed target antigens and expedite the discovery and affinity maturation of 143 

nanobodies against these antigens. Furthermore, metagenomic mining and characterization 144 

of natural binding proteins against diverse microbes, such as phage/prophage receptor 145 

binding domains [32,33], could expand the binding repertoire for programmable T6SS 146 

antagonism. 147 

 The T4SS is arguably the most versatile family of protein secretion systems with 148 

functionally diverse subtypes depending on both the class of molecules they export and their 149 

biological roles, including contact-dependent interbacterial antagonism [11]. T4SSs are found 150 

in both gram-negative and gram-positive bacteria as well as in archaea, and can mediate 151 

translocation of cargo molecules including monomeric as well as multi-subunit protein toxins 152 

and nucleoprotein complexes. The canonical T4SS systems are all encoded by 12 conserved 153 

genes, virB1 through virB11 and virD4. For conjugative DNA transfer to occur, DNA transfer 154 

and replication (Dtr) proteins bind to a cognate origin-of-transfer (oriT) sequence to form a 155 

DNA-protein complex, termed the relaxosome, and process the DNA into a single-stranded 156 

DNA substrate (T-strand) [34]. The T-strand further interacts with Type IV coupling protein 157 

VirD4 to be transferred through the T4SS channel. Protein effector substrates interact with 158 

VirD4 via a positively charged, C-terminal signal sequence that is hydrophilic and has a net 159 

positive charge with a consensus motif of R-X(7)-R-X-R-X-R-X-X(n) [11]. 160 

The T4SS’s broad target range and unique capability for DNA transfer have enabled 161 

its use for genetic manipulation of diverse microbes and microbial communities (Figure 1d). 162 

In a recent example, Brophy et al. demonstrated T4SS-based DNA transfer from an 163 

engineered donor B. subtilis strain, called XPORT, into diverse gram-positive bacteria isolated 164 

from human gut, skin, and soil samples using integrative and conjugative elements (ICE) [35]. 165 

Among 55 bacterial strains tested, 35 gram-positive bacterial strains spanning 26 species and 166 

9 genera yielded mini-ICE transconjugants using XPORT. A 10-kb nitrogen fixation gene 167 

cluster could be delivered by the mini-ICE system into four Bacillus species. Similarly, our lab 168 

developed a technique called “metagenomic alteration of gut microbiome by in situ conjugation” 169 
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(MAGIC), where mobile plasmids are delivered from a donor E. coli probiotic strain to resident 170 

microbes in the mammalian gut in situ through broad host range RK2/RP4-based T4SS 171 

conjugation system [36]. MAGIC could deliver genetic payloads (e.g. a green fluorescent 172 

protein or an antibiotic-resistance gene) into over 5% of the diverse murine gut microbiota 173 

spanning multiple major bacterial phyla. Beyond these general T4SS gene transfer 174 

applications, CRISPR-Cas systems can also serve as programmable effectors when delivered 175 

by T4SS to mediate directed antagonism (Figure 1e). CRISPR-Cas9, Cas13a, as well as 176 

recently characterized CRISPR-transposon systems, could be delivered as vectors encoding 177 

Cas genes and associated guide RNAs against specific genomic loci to mediate sequence-178 

specific killing or enrichment of target cells [37-40]. 179 

Bacterial cells can also interact with each other by direct outer membrane exchange 180 

(OME). OME was first identified and most extensively studied in Myxococcus xanthus [41]. 181 

Neighboring cells in the Myxobacterial population transiently fuse their outer membrane using 182 

TraA-TraB cell surface proteins. The outer membrane fusion allows diffusion of outer 183 

membrane lipids and proteins between cells, homogenizing the cell populations with 184 

heterogeneous outer membranes until they get separated again [42]. Interestingly, it was 185 

shown that this bacterial social behavior improves the overall fitness of mixed populations of 186 

healthy and damaged cells by complementation of cellular damage or mutational defects in 187 

the damaged subpopulation. Furthermore, this multicellular cooperation is precisely limited to 188 

their kin through polymorphic toxin, SitA, that is transferred during OME and requires a 189 

cognate immunity gene, SitI, for neutralization [13]. OME-based interbacterial interaction 190 

mechanisms are seemingly widespread given that other bacteria have also been found to 191 

exchange their membrane and associated contents between cells either directly [43] or even 192 

remotely through outer membrane vesicles (OMVs) or membrane-derived nanotubular 193 

structures [44]. The unique capabilities associated with direct modification of outer 194 

membranes of target cells and translocation of diverse substrates, including protein, DNA, and 195 

metabolites, suggest potential utility of OME mechanisms for modulating microbial 196 

communities in manners distinct from protein secretion systems. 197 

 198 

Diffusion-based microbial antagonism 199 

Fierce interbacterial competition has led to the evolution of long-range warfare systems 200 

in bacteria, such as soluble small molecules, peptides, proteins, and even viral particles that 201 

can diffuse into surrounding environments and mediate interactions between distant bacterial 202 

cells [12]. Diffusion-based antagonistic systems have long been used as antimicrobials in 203 

medical therapeutics and the food industry. Beyond traditional antibiotics, peptide- or protein-204 

based diffusible antagonistic systems are poised to become next-generation antimicrobials for 205 

microbiome modulation owing to their relatively simple production process, adjustable target 206 
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spectrum, widespread natural biodiversity, and vast combinatorial sequence space (Figure 207 

2a) [45]. 208 

Bacteriocins represent a broad and large family of ribosome-synthesized bacterial 209 

toxins with bactericidal or bacteriostatic effects, found in all major phyla including archaea [12]. 210 

Bacteriocins can antagonize target cells at the cell envelope (e.g. pore formation and inhibition 211 

of cell wall synthesis) or in the cytoplasm (e.g. inhibition of DNA gyrase and RNA polymerase) 212 

[45] and are generally classified into either small peptide and larger protein groups. Peptide 213 

bacteriocins either undergo extensive post-translational modifications (class I or lantibiotics 214 

from gram-positive bacteria and class I microcins from gram-negative bacteria) or are 215 

unmodified (class II from gram-positive bacteria and class II microcins from gram-negative 216 

bacteria) [12]. Nisin, produced by Lactococcus lactis, is a representative pore-forming class I 217 

peptide bacteriocin that effectively inhibits wide range of bacteria. Nisin-like class I 218 

bacteriocins range from 21 to 38 amino acids in size and are generated from gene clusters 219 

that encode the prepeptide (nisA), modification of amino acids (nisB, nisC), cleavage of leader 220 

peptide (nisP), secretion (nisT), immunity (nisI, nisFEG), and gene regulation (nisR, nisK) [46]. 221 

Unmodified class II bacteriocins, ranging from 30 to 60 amino acids, have relatively simple 222 

biosynthesis due to limited post-translational modifications and constitute the largest group of 223 

bacteriocins. Class II bacteriocins act on a variety of essential cellular machineries, such as 224 

sugar transporters and ribosomal subunits [45]. Colicin, produced by E. coli, is a 225 

representative group of protein bacteriocins [13]. Colicins are typically encoded on plasmids 226 

as a gene cluster that produces the colicin toxin, a cognate immunity protein, and a lysis 227 

protein for release of the toxin. Colicins are divided into many different subtypes, but generally 228 

composed of three functional domains, an N-terminal domain for translocation through the 229 

membrane of the target bacteria, a central receptor binding domain for recognition of specific 230 

surface receptors on target bacteria, and a C-terminal domain responsible for the toxic 231 

activities such as pore formation or nucleic acid degradation [13].  232 

Currently, the throughput to characterize and engineer natural and synthetic 233 

bacteriocins is limited because individual bacteriocins need to be assayed in individual wells. 234 

Droplet-based miniaturization and parallelization of assay reactions offers a greatly improved 235 

and less expensive approach to characterize a large number of bacteriocins simultaneously 236 

[47]. Alternatively, the cells themselves could act as such microassay reactors. Tucker et al. 237 

devised a technique called “surface localized antimicrobial display” (SLAY) where individual 238 

antimicrobial peptides are anchored on the surface of bacterial cells, only affecting the viability 239 

of the expressing cells [48]. SLAY allowed up to 800,000 peptides to be assayed in a single 240 

tube using multiplexed sequencing readouts. The method identified thousands of fully 241 

synthetic peptide sequences with antimicrobial activities. Interestingly, in contrast to natural 242 

antimicrobial peptides that are dominated by cationic and amphipathic residues, the synthetic 243 
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peptides covered a wider sequence space with potentially different inhibitory mechanisms. 244 

While 20-mer random peptides against E. coli were tested in the study, we expect that SLAY 245 

and similar approaches could be applied to natural bacteriocins and their variants with cell 246 

envelope-associated mechanisms against diverse bacterial species (Figure 2b). Furthermore, 247 

host genetic determinants of bacteriocin sensitivity could also be systematically investigated 248 

using barcoded transposon-insertion mutant libraries [49]. To improve bacteriocin production, 249 

which is often very challenging due to their cellular toxicity, Liu et al. demonstrated a rapid 250 

cell-free framework for reconstructing and screening multi-gene biosynthetic pathways for 251 

nisin and its analogs [50]. Such cell-free approaches that decouple cell viability from 252 

production provide an alternative and powerful route to synthesize and screen toxins at scale 253 

that are otherwise difficult to generate. 254 

Long-range interbacterial interactions can also be mediated by prophages integrated 255 

in bacterial genomes that are conditionally activated. The wide prevalence of temperate 256 

bacteriophages and prophages in nature suggests that lysogenic phages might increase host 257 

competitiveness in the ecosystem, despite a fitness burden of prophage carriage [51]. For 258 

example, in the two-species microbial community of slow-growing Curvibacter sp. and fast-259 

growing Duganella sp. that colonize Hydra vulgaris, an inducible prophage in the Curvibacter 260 

sp. that can lytically infect Duganella sp. plays a key role in coexistence of the two bacterial 261 

species by switching its life cycle between lysogenic and lytic pathways (Figure 2c) [52]. In 262 

addition, recent studies have shown that dietary compounds, such as sugars, and microbiota-263 

derived short-chain fatty acids can often induce prophages from various bacterial species in 264 

a species-selective manner [53,54]. Given that phage genomes can now be extensively 265 

engineered with synthetic lytic-lysogenic regulatory circuits [55], modified host ranges (Figure 266 

2d) [56,57], or diverse genetic payloads for any desired functions [38,58], new prophage 267 

activation mechanisms could be used as a system for phage-mediated microbial interactions 268 

by leveraging lysogenic bacteria as a stable and programmable vehicle for natural or 269 

engineered phages to modulate microbial communities. 270 

 271 

Antagonistic modulation of synthetic microbial communities 272 

Bottom-up approaches have gained recent attention for assembling synthetic 273 

communities with defined microbes and their interactions [59]. Beyond their utility as a minimal 274 

model system to study the organization and dynamics of complex natural microbiomes, 275 

synthetic communities with unique qualities, such as specific divisions of labor or spatial 276 

organization, can be useful in a variety of biotechnological applications. Furthermore, synthetic 277 

complex communities could be used to replace dysbiotic microbiota in certain applications, 278 

such as during pathogen infections in the gut, for safer and more predictable therapeutic 279 

outcomes [60]. In practice, however, the utility of such synthetic microbial communities 280 
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depends heavily upon the robustness, scalability, and programmability of the underlying 281 

interbacterial interactions among the members, which require extensive characterization and 282 

engineering.  283 

Interbacterial antagonistic mechanisms have recently been adopted to address 284 

challenges in assembling and modulating robust synthetic microbial communities. In a recent 285 

example, Kong et al. demonstrated that synthetic communities of L. lactis could be 286 

programmed with all possible modes of pairwise microbial interactions (i.e., commensalism, 287 

amensalism, neutralism, cooperation, competition, and predation) by reconfiguring 288 

biosynthetic pathways for bacteriocins [61]. Both signaling and antimicrobial features of nisin 289 

were extensively utilized to design and construct these pathways. To create a cooperative 290 

two-strain community, the multi-gene nisin biosynthetic pathway was divided into two steps: 291 

(i) synthesis and secretion of precursor, and (ii) post-translational modification. Each strain in 292 

the community was assigned with a single synthetic step so that they could produce active 293 

nisin and survive in tetracycline-supplemented media by nisin-inducible tetracycline resistance 294 

only when they cooperate. Quantitative models derived from the two-strain synthetic 295 

communities was used to design and build more complex ecosystems with three and four 296 

members. In another work, Liao et al. showed that cyclical ‘rock-paper-scissor’ ecology among 297 

three bacterial strains can extend the lifetime of genetic integrity and community-wide function 298 

of the system [62]. Each strain of the community was designed to produce both a toxin (colicins) 299 

that can kill one of the other strains and the corresponding immunity proteins to protect 300 

themselves. Serial introduction of a strain that can displace a previously existing strain 301 

population prolonged the desired function of the microbial community by removing potential 302 

mutants with nonfunctional genetic circuits and effectively resetting the gene pool. While these 303 

examples clearly demonstrate the utility of interbacterial antagonism in building robust and 304 

functional synthetic microbial communities, further work will be needed to assemble 305 

communities at much larger scales for different applications. We expect high-throughput 306 

methods that can rapidly resolve microbial interaction mechanisms will accelerate the 307 

discovery and characterization of novel antagonistic mechanisms [63,64]. 308 

 309 

Outlook and conclusions 310 

Engineered bacteria with programmable antagonistic capabilities to target and 311 

manipulate any specific bacteria at the strain level in complex microbial communities will be 312 

an enabling platform for microbiome engineering. Engineered interbacterial antagonistic 313 

systems could be used for: (i) killing or growth inhibition, (ii) engraftment or growth activation, 314 

(iii) replacement, (iv) spatial structuring, and (v) genetic engineering of bacteria in their native 315 

environments. We expect that building upon the previous approaches using protein binders, 316 

modular domain swapping or mutagenesis, and programmable sequence-specific nucleases 317 
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will be key to modulating target specificity of both contact-dependent and diffusion-based 318 

antagonistic mechanisms [17,29,33,37-39,57]. Selecting a suitable antagonistic system for 319 

specific applications will be needed as spatial scale of interference is a critical parameter that 320 

determines organization of microbial ecosystems [65]. For example, interaction scales of 321 

contact-dependent antagonistic systems are highly limited compared to those of diffusion-322 

based antagonistic systems due to their requirement for direct cell-to-cell contact. However, 323 

the cis-antagonistic systems generally exhibit stronger interference within their confined 324 

spatial niches as they are less prone to dilution effects that often reduce the efficacy of trans-325 

antagonistic systems. It is also important to consider interbacterial interactions when 326 

engineering microbiomes. Recently, Hsu et al. showed phages with narrow target spectrum 327 

can significantly impact even species that are not directly targeted [66]. Better understanding 328 

of the functional mechanisms and ecological roles of antagonistic systems in shaping 329 

microbial communities will be needed for further development of programmable cellular and 330 

molecular microbiome engineering tools while considering such collateral damages that can 331 

be induced from manipulating target bacteria in complex microbial communities. Recent 332 

advances in high-throughput DNA synthesis and sequencing technologies as well as 333 

massively parallel assays will facilitate the systematic exploration of the vast biodiversity of 334 

the antagonistic systems and will provide a foundation for a variety of new powerful tools to 335 

modulate diverse natural and synthetic microbial communities. 336 
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 564 
 565 

Figure 1. Representative contact-dependent interbacterial antagonistic systems and 566 

their applications. (a) Schematic diagram of the systems and their key features. (b) Modular 567 

effector delivery mechanisms of T6SS. (c) Target specificity of T6SS can be modified by 568 

introducing binding protein specific to target bacteria. (d) T4SS-based conjugative gene 569 

transfer has been applied to engineering of diverse microbes in their native environments. (e) 570 

CRISPR-based systems can be delivered as genetic payloads for sequence-specific 571 

manipulation of microbial communities. 572 

  573 
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 574 
 575 

Figure 2. Representative diffusion-based interbacterial antagonistic systems and their 576 

applications. (a) Schematic diagram of the systems and their key features. (b) SLAY method 577 

could be applied to high-throughput characterization of natural and synthetic bacteriocins 578 

against diverse bacteria. (c) Coexistence of slow-growing Curvibacter sp. and fast-growing 579 

Duganella sp. are mediated by an inducible prophage in Curvibacter sp. that can lytically infect 580 

Duganella sp.; (d) Phage host-range can be modulated by diversification of tail fiber proteins. 581 


