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Bacteria have the ability to inhibit the growth of competitors by using contact-dependent killing devices, such

as the bacterial-killing type IV secretion system (T4SS). A recent publication in The ISME Journal by Wang et al. (ISME
J,2023. https://doi.org/10.1038/541396-023-01533-7) uncovered that T4SS could deliver a unique “non-toxic” effec-
tor protein, LtaE, into interspecies bacterial cells. The delivery of LtaE by the bacteria Lysobacter enzymogenes induces
the antifungal antibiotic 2,4-DAPG production by binding to the transcriptional repressor PhlF in another bacterial
species, Pseudomonas protegens. As a result, P protegens regains the capacity to protect plants from nearby fungal
infections. This finding uncovered a novel role of T4SS in mediating interactions of interkingdom cooperation to kill

microbial competitors in soil microbiomes.

The soil microbiome harbors both beneficial and patho-
genic species. Due to cohabitation, beneficial soil mem-
bers have great frequency to “meet” pathogens and
inhibit their growth to protect crop health via secreting
diverse bioactive metabolites and assembling contact-
dependent killing devices (Lugtenberg and Kamilova
2009; Green and Mecsas 2016). The bacterial-killing type
IV secretion system is such a powerful contact-depend-
ent killing device. This system is a subgroup of the wide-
spread T4SS that is commonly utilized by bacteria for
DNA delivery and protein translocation to eukaryotic
cells (Costa et al. 2021). It is known that plant and ani-
mal pathogenic bacteria, such as Xanthomonas citri and
Stenotrophomonas maltophilia, use the bacterial-kill-
ing T4SS to translocate lethal T4SS effector (T4E) pro-
teins into competitor cells to kill the cells (Souza et al.
2015; Wolfgang et al. 2019), thereby gaining competitive
advantages over other microbes during infections. Plant
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beneficial bacteria, such as Lysobacter enzymogenes, also
use this system to kill the pathogenic bacteria via inject-
ing toxic effectors (Shen et al. 2021). The discovery of the
bacterial-killing T4SS leads microbiologists to hypoth-
esize that this system may often deliver toxic effector
proteins into competitor cells (Fig. la). Interestingly,
Qian and colleagues previously reported that L. enzy-
mogenes could use the bacterial-killing T4SS to inject a
non-toxic T4E (also known as LqqE1) into the cytoplasm
of the antifungal bacteria Pseudomonas fluorescens for
quorum quenching, which blocks the competitor P fluo-
rescens to form biofilms, a community-like bacterial life-
style (Fig. 1b). The LqqE1-mediated beneficial interaction
allows L. enzymogenes to efficiently kill the free-living
competitors in soil (Liao et al. 2023).

In a recent issue of The ISME Journal (Wang et al.
2023), Qian and colleagues present another intriguing
story that refreshes the traditional roles of bacterial-
killing T4SS-delivered T4E. They found that L. enzy-
mogenes and P. protegens, two ubiquitous soil beneficial
bacteria, could establish a previously unknown coopera-
tive interaction (Fig. 1c). They showed that under cer-
tain soil nutrient conditions, P. protegens is blocked from
producing the antifungal metabolite 2,4-DAPG, result-
ing in a loss of plant protection against fungal pathogen
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Fig. 1 Diversified functions of T4SS effectors translocated by the bacterial-killing T4SS. a Donor species carrying the bacterial-killing T4SS kill
bacterial competitors by translocating lethal T4Es. b Quorum quenching by a non-toxic T4E, LqqET. L. enzymogenes delivers LqgE1 into P, fluorescens.
Upon delivery, LggE1 binds to the AHL synthase Pcol directly, disrupting its recognition with SAM, a crucial substrate for AHL synthesis, resulting

in quorum quenching. ¢ T4E-triggered bacterial cooperation. L. enzymogenes delivers another non-toxic T4E, LtaE into P, protegens. Once LtakE

enters the cytoplasm of P protegens, it forms a protein complex with PhlF, a transcriptional repressor of 2,4-DAPG production. The binding of LtakE
relieves the repressor function of PhIF, which leads to an activation of antifungal 2,4-DAPG production, enabling P, protegens to regain the capacity

to protect plants from fungal pathogen infections

infections. However, P protegens adopts an adaptive
strategy by establishing an interspecies interaction with
L. enzymogenes through direct cell-to-cell contact. This
pivotal contact enables P. protegens to sense and acquire

a “non-toxic” T4E, named LtaE, that is translocated by
the bacterial-killing T4SS of L. enzymogenes. After enter-
ing the cytoplasm of P protegens, LtaE binds to PhlF, a
pathway-specific transcriptional repressor of 2,4-DAPG
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expression (Abbas et al. 2002). The formation of the LtaE-
PhIF complex disrupts the ability of PhIF to bind to the
promoter region of the phl operon, leading to the relief
of PhIF transcriptional repression and the expression of
2,4-DAPG operon. The production of 2,4-DAPG helps P
protegens regain the capacity to protect plants from fun-
gal pathogen infections. Therefore, their finding expands
the bacterial interspecies interactions from predation,
antagonism, and competition to cooperation, uncovering
a special pattern of bacterial-bacterial-fungal interactions
in the rhizosphere.

In addition to their canonic role in interbacterial com-
petitions, the role of bacterial secretion systems in cell-
to-cell communications has been reported recently. The
contact-dependent growth inhibition (CDI) system of
Burkholderia thailandensis can inject the BcpA toxin
into immune bacteria, resulting in the changes of their
gene expression. This discovery highlights the role of
CDI systems in regulating interbacterial signal transduc-
tion (Garcia et al. 2016). In addition, we reported a Yers-
inia pseudotuberculosis type VI secretion system (T6SS)
delivered bifunctional effector CccR that mediates inter-
bacterial competition by AMPylating the cell division
protein FtsZ in nonself cells and mediates cell-to-cell
communication by acting as a transcriptional regula-
tor in kin cells (Wang et al. 2022). Qian and colleagues
convincingly demonstrated the role of T4SS effectors in
cell-to-cell communication via modulating the activity
of a transcriptional repressor (Wang et al. 2023), or via
quenching of quorum sensing signals (Liao et al. 2023),
providing additional evidence for the role of bacterial
secretion systems in cell-to-cell communication. While
quorum sensing is considered the main chemical com-
munication process in bacteria, these findings provided
new perspectives for understanding bacterial commu-
nication. Given the diversity of bacterial secretion sys-
tems and their prevalence in bacterial genomes, future
research will uncover more effectors in mediating cell-to-
cell communication and bacterial cooperation.

The discovery of the bacterial-killing T4SS and the
T4E-triggered interspecies cooperation between soil-
beneficial bacteria provides a valuable clue for biologi-
cal and microbial applications. First, a common feature
shared by most bacterial biocontrol agents is that the
bacteria can produce and secrete antimicrobial metabo-
lites, while T4SS-mediated bacterial killing is independ-
ent of such a common feature. Therefore, T4SS-mediated
contact-dependent killing could be designed as a promis-
ing strategy for isolation and/or re-assessment of agricul-
tural bacteria that are ignored as biocontrol agents due to
their deficiency in producing antimicrobial metabolites.
The T4SS-mediated contact-dependent killing strategy
has been adopted as an efficient approach to design and
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engineer compatible biocontrol communities with mul-
tifunctional and/or synergistic biocontrol alliances (Wu
et al. 2021). Second, the generation of a LatE-based engi-
neered P. protegens is a promising strategy to resume its
function in producing the antifungal 2,4-DAPG under
certain soil nutrient conditions and hence enhance the P
protegens environmental adaptation and biocontrol effi-
cacy. Third, to design a synthetic microbiome (Syncom)
for biocontrol of crop diseases, T4Es may not be ignored
despite potential species compatibility because they pos-
sibly alter the biosynthesis of antimicrobial metabolites
and/or colonization-related biofilm formation in the bac-
terial partners.
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