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Abstract 

Background  Bacteria employ diverse molecular systems, such as the type VI secretion system (T6SS) to outcompete 
other microorganisms and adapt to ecological niches. The T6SS is a versatile nanomachine capable of delivering toxic 
effectors into neighboring cells, providing advantages in bacterial interactions. In recent years, T6SSs have been pro-
posed as promising tools for engineering selective antimicrobial platforms.

Results  In this study, we successfully engineered Pseudomonas putida KT2440 to heterologously express and release 
T6SS effectors. The expression of Tse1, an effector from Pseudomonas chlororaphis, induced sporulation in plant-
beneficial Bacillus strains via a T6SS-dependent mechanism, particularly when Tse1 was paired with a PAAR protein. 
Similarly, the engineered strain effectively inhibited Aeromonas hydrophila growth using the phospholipase toxin 
TplE from Pseudomonas aeruginosa. Furthermore, antifungal activity was achieved by coexpressing Tfe2, an effector 
from Serratia marcescens, with VgrGs, resulting in increased reactive oxygen species levels and cellular damage in Bot-
rytis cinerea. Importantly, the T6SS was also employed to deliver non-T6SS effectors such as chitosanase, demonstrat-
ing its versatility in degrading fungal cell walls.

Conclusions  Our findings demonstrate that the T6SS can be engineered to deliver both canonical and noncanonical 
effectors, providing a robust platform for targeted antibacterial and antifungal applications. The modularity of the sys-
tem enables precise pairing of effectors with structural components such as VgrG and PAAR proteins, optimizing 
delivery efficiency. These engineered systems provide new opportunities for the development of biocontrol strategies 
in agriculture, microbiome modulation, and potential therapeutic applications. Future advancements in bioinformat-
ics and protein engineering will further increase the specificity and functionality of T6SS-based delivery systems, offer-
ing innovative tools for managing microbial ecosystems and addressing global challenges in health and agriculture.
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Background
Bacteria in natural environments are constantly engaged 
in complex interactions, competing for resources, nutri-
ents, or space to ensure their survival and dominance 
within their ecological niches [1, 2]. These interactions 
extend beyond bacteria to higher organisms such as 
plants, fungi, and humans, forming part of the broader 
framework of interkingdom interactions. For these com-
petitive interactions, microorganisms have developed a 
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vast array of contact- and noncontact-dependent molec-
ular tools, such as secondary metabolites, antimicrobial 
agents, secretion systems, and toxic effector proteins, 
that provide them with advantages under certain envi-
ronmental conditions [3–5]. Among these tools, protein 
secretion systems are quite abundant in both Gram-
negative and Gram-positive bacteria and have evolved 
to specialize in the secretion of different effectors and 
target cells [6]. For example, type 3 (T3SS) and type 4 
(T4SS) secretion systems release unfolded effector pro-
teins into eukaryotic host cells [7, 8], whereas type IX 
(T9SS) secretion systems are found in only some species 
of the phylum Bacteroidetes and are involved in bacte-
rial movement (i.e., gliding movement of Flavobacterium 
by secreting adhesins in a T9SS dependent way) or used 
as a killing system to secrete virulence factors effec-
tors by pathogenic strains [9]. Type 6 secretion systems 
(T6SSs) have been identified and described as sophisti-
cated nanoweapons responsible for the delivery of effec-
tors directly into neighboring cells [10], thus becoming 
an efficient antibacterial and anti-eukaryotic system 
[11–13]. Initially characterized in Vibrio cholerae [12] 
and Pseudomonas aeruginosa [11], T6SSs are known to 
be present in more than 25% of Gram-negative bacteria, 
comprising 13 core components that assemble into a ver-
satile bacteriophage-like structure [14–17]. T6SSs have 
been reported to mobilize effectors against diverse tar-
gets, including Gram-negative and Gram-positive bacte-
ria, fungi and other eukaryotic cells such as macrophages, 
epithelial cells or erythrocytes, among others [13, 18–21].

Structurally, the T6SS resembles a spear-like apparatus, 
with a baseplate serving as the specific site for a contrac-
tile sheath with a tube of effector-loaded proteins. At the 
tip of the apparatus, a trimeric VgrG spike and a PAAR 
protein facilitate the delivery of toxic effectors into target 
cells acting as carriers, ensuring that the effector payload 
reaches its destination. Upon activation by an unknown 
signal, the sheath contracts, propelling the Hcp tube, 
the VgrG-PAAR spike, and the corresponding effectors 
into neighboring target cells or the extracellular space 
[21–24]. Effector proteins can either directly connect 
with parts of the T6SS structure or be guided by tube-
forming proteins, allowing for a diverse array of antibac-
terial and antieukaryotic activities [25–29]. The assembly 
of the T6SS relies on the coordinated interplay of VgrG, 
PAAR, and effector proteins, with specificity in effector 
delivery determined by VgrG proteins [30]. T6SS effector 
proteins can be classified into i) specialized (or evolved) 
effectors, which contain an N-terminal domain that is the 
structural component of the T6SS, such as VgrG, PAAR 
or Hcp, and a C-terminal effector domain; and ii) cargo 
effectors, which noncovalently interact with structural 
components of the T6SS, such as VgrG, PAAR or Hcp 

[31–33]. Importantly, the toxicity of the system is driven 
primarily by the effectors, since the damage caused by 
the puncture itself appears negligible [34, 35].

In recent years, engineered T6SSs have been proposed 
as versatile and selective antimicrobial tools, offering 
promising strategies to combat antibiotic resistance in 
microbial pathogens [36]. Few studies in this field have 
demonstrated the potential of engineered T6SSs to kill a 
variety of bacteria by delivering toxic effectors. For exam-
ple, Hersch and collaborators [37] employed Vibrio chol-
erae to deliver Cre recombinase via the T6SS, whereas 
research conducted by Jana and colleagues [36] high-
lighted the construction of a modular and inducible anti-
bacterial toxin delivery platform using a T6SS controlled 
by an externally induced switch in Vibrio natriegens with 
potential applications in marine research. Additionally, 
innovative strategies employing a constitutively active 
T6SS in Enterobacter cloacae have been explored for tar-
geted bacterial killing within mixed communities [38]. 
In this context, the exploration of T6SS-based strategies 
represents a promising avenue for combating pathogens 
in different fields.

One of the key points to address is the selection of the 
delivery bacterium. In this study, we engineered Pseu-
domonas strains as inducible platforms for the delivery 
of antifungal and antibacterial effectors, targeting both 
Gram-positive and Gram-negative bacteria and fungi. As 
a proof of concept, we used mainly Pseudomonas putida 
KT2440 as the delivery bacterium. This strain, which 
encodes three T6SSs in its genome [39], has demon-
strated great potential in metabolic engineering [40, 41] 
and meets the requirements to serve as an optimal deliv-
ery bacterium: i) KT2440 is a good colonizer of the rhizo-
sphere of many plants, a potential ecological niche for the 
application of this system; ii) it is metabolically diverse 
and easy to manipulate; and iii) multiple genetic tools, 
such as SEVA plasmids, have been specifically developed 
for this strain [42].

To test the system, we analyzed combinations of dif-
ferent genetic elements, such as promoters, VgrGs and 
effectors, all of which were combined in plasmids and 
heterologously expressed in the delivery bacterium. We 
selected VgrGs or PAARs from P. putida KT2440, Pseu-
domonas sp. 250 J, P. chlororaphis and Serratia marc-
escens and combined them with their specific effectors, 
just as they are linked in the bacterial strain of origin, 
or with other nonrelated effectors, followed by evalua-
tion of the functionality and specificity of the combina-
tions. This proof-of-concept engineered bacterial system 
demonstrated the feasibility of applying inducible and 
customizable antimicrobial properties in agriculture and 
other fields, introducing activities such as sporulation 
induction in Bacillus species by the Tse1 effector from 
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P. chlororaphis, the antibacterial activity of TplE from P. 
aeruginosa, the antifungal activities of the Tfe2 effector 
from S. marcescens, and the activity of non-T6SS-related 
proteins such as chitosanase from B. subtilis, thus offer-
ing promising strategies for advanced genetic program-
ming and the development of targeted antibacterial 
strategies.

Methods
Strains, media and culture conditions
A complete list of the bacterial strains used in this study 
is shown in Suppl. Table 1. The bacterial cells were rou-
tinely grown in liquid lysogeny broth (LB) medium at 28 
°C (for Pseudomonas strains, S. marcescens, A. hydrophila 
and Bacillus strains) or 37 °C (for Escherichia coli) with 
shaking on an orbital platform. B. cinerea was routinely 
grown on potato dextrose agar (PDA) or potato dextrose 
broth (PDB) at 28 °C. When necessary, antibiotics, 1 mM 
3-methylbenzoate (3-MB) and 1 mM isopropyl β-D-
thiogalactopyranoside (IPTG) were added to the media at 
appropriate final concentrations (gentamicin, 60 µg/ml; 
kanamycin, 50 µg/ml; rifampicin, 100 µg/ml).

General DNA manipulation techniques
DNA manipulation was performed using commercial 
kits: Plasmid DNA was prepared using the QIAprep Spin 
Miniprep Kit (Qiagen, Inc., Valencia, CA) following man-
ufacturing instructions. When needed, DNA was purified 
via the GFX™ PCR DNA and Gel Band Purification Kit. 

The oligonucleotides used in this work are indicated in 
Suppl. Table 2. Colony PCR was performed by transfer-
ring cells with a sterile toothpick directly from fresh agar 
plates into PCR tubes. The suitability of the constructs 
was confirmed via DNA sequencing.

Plasmid construction
Plasmids were constructed via Gibson assembly [43]. A 
list of the plasmids used in this manuscript is shown in 
Table 1. Briefly, vgrG, paar and effector genes were ampli-
fied by PCR separately or in combination, depending on 
the genomic context, and purified for subsequent steps. 
The pSEVA234 (named as p234) and pSEVA238 (named 
as p238) inducible expression plasmids (pBBR1 origin 
of replication) and pSEVA2213 (named as p2213) con-
stitutive expression plasmid (carrying pEM7 promoter 
and RK2 origin of replication) were digested with the 
restriction enzyme EcoRI or HindIII and mixed with the 
PCR-amplified fragments, and Gibson assembly was per-
formed for 1 h at 60 °C. The primers used for the ampli-
fication of the effectors vgrG and paar incorporated the 
RBS sequence into the Gibson constructs (5´-AAG​GAG​
TCT​AGA​CC- 3´). Five microliters of each of the Gibson 
reaction mixtures was transformed into E. coli CC118 
cells, and selection was performed on LB-Km plates, 
obtaining the plasmids p234/p2213 harboring vgrG/paar, 
effector genes or a combination of both. The constructs 
were separately transformed into P. putida KT2440 or 
Pseudomonas sp. 250 J by electroporation [44], followed 

Table 1  Plasmids used in this work

a GmR, KmR, RifR, and NalR, resistance to gentamycin, kanamycin, rifampicin, and nalidixic acid, respectively

Plasmid Descriptiona Source or reference

pRL662-gfp2 Broad host range vector derived from pBBR1MCS- 2 expressing a green fluorescence protein (gfp); GmR Erh-Min Lai collection

pSEVA234 (p234) Expression vector: oriV(pBBR1) lacI-Ptrc; inducible by IPTG; KmR SEVA collection

pSEVA238 (p238) Expression vector: oriV(pBBR1) XylS-Pm; inducible by 3-Methylbenzoate; KmR SEVA collection

p234-Tse1 pSEVA234 carrying tse1 gene from P. chlororaphis PCL1606; KmR This work
p234-PAAR​ pSEVA234 carrying PAAR​ gene from P. chlororaphis PCL1606; KmR This work
p234-PAAR-Tse1 pSEVA234 carrying paar-tse1 gene from P. chlororaphis PCL1606; KmR This work
p238-VgrGkt4 pSEVA238 carrying vgrG4 gene from P. putida KT2440; KmR This work
p238-VgrGkt4-TplE pSEVA238 carrying vgrG4 gene from P. putida KT2440 and PA1508-PA1510 from P. aeruginosa PAO1; KmR This work
p234-VgrG1 pSEVA234 carrying vgrGsma gene from S. marcescens; KmR This work
p234-VgrG2 pSEVA234 carrying vgrGsmb gene from S. marcescens; KmR This work
p234-Tfe2 pSEVA234 carrying tfe2 gene from S. marcescens; KmR This work
p234-VgrG1-Tfe2 pSEVA234 carrying vgrGsma and tfe2 genes from S. marcescens; KmR This work
p234-VgrG2-Tfe2 pSEVA234 carrying vgrGsmb and tfe2 genes from S. marcescens; KmR This work
pSEVA2213 (p2213) Expression vector: oriV(RK2) pEM7, KmR SEVA collection

p2213-VgrG250 J pSEVA2213 carrying vgrG250 J gene from Pseudomonas sp. 250 J; KmR This work
p2213-VgrG2a-csn pSEVA2213 carrying vgrGkt gene from P. putida KT2440 and csn gene from B. subtilis NCIB3610; KmR This work
p2213-VgrG250 J-csn pSEVA2213 carrying vgrG250 J gene from Pseudomonas sp. 250 J and csn gene from B. subtilis NCIB3610; 

KmR
This work
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by selection on LB-Km plates, and the strains P. putida 
KT2440 and Pseudomonas sp. 250 J carrying the con-
structed plasmids were obtained. The integrity of the 
constructs described above, either in E. coli or P. putida, 
was checked via miniprep, restriction and agarose gel 
visualization. In addition, plasmid sequencing was per-
formed at STABvida for plasmid confirmation.

Bacterial competition and intoxication assays
Bacillus subtilis NCIB 3610, Bacillus velezensis FZB42, 
A. hydrophila DSM30187 and Pseudomonas strains 
were cultured on LB plates overnight at 28 °C, and the 
resulting colonies were subsequently cultured over-
night in 5 ml of LB at 28 °C on an orbital shaker before 
normalization to OD600 = 3.0 in 1 ml of sterile distilled 
water (Suppl. Figure  1). The attacker and prey strains 
were mixed at a 1:1 ratio, and 5 µL drops were spot-
ted onto LB plates, which were incubated at 28 °C for 4 
h (A. hidrophyla DSM30187 killing assays) or 24 h (B. 
subtilis NCIB 3610 and B. velezensis FZB42 sporulation 
assays). The resulting colonies were resuspended in 1 ml 
of sterile distilled water, serially diluted and plated on LB 
medium. Next, Bacillus cells were selected at 40 °C, and 
CFUs were enumerated after 24 h. Aeromonas cells were 
selected on the basis of rifampicin resistance, as the Aero-
monas strain used was previously treated with mutagens 
and had acquired rifampicin resistance.

For competition assays against fungi, B. cinerea was 
cultured from a germinated conidial suspension by 
incubation in PDB (Oxoid) inoculated with a spore sus-
pension at 28 °C for 24 h at 150 rpm. The Pseudomonas 
strains were cultured on LB plates overnight at 28 °C, and 
the resulting colonies were subsequently cultured over-
night in 5 ml of LB at 28 °C on an orbital shaker. Subse-
quently, 5–10 germinated hyphae (macrocolonies) were 
mixed with 40 µL of bacterial culture in 24-well plates 
containing PDB at 28 °C overnight at 150 rpm.

Sporulation assays
Spots of bacteria were resuspended in 1 ml of sterile 
distilled water. Then, serial dilutions were prepared and 
cultured in LB solid medium for determination of vegeta-
tive cell CFU counts. Afterward, the same serial dilutions 
were heated at 80 °C for 10 min to kill vegetative cells and 
immediately cultured again on LB solid medium. The 
plates were grown overnight at 28 °C, and the resulting 
colonies were counted to calculate the percentage of B. 
subtilis sporulation (%).

Protein–protein interaction in silico analyses
To predict the three-dimensional structure of the pro-
tein complex, we employed AlphaFoldSever. The 
amino acid sequences, in FASTA format, of the two 

proteins of interest were retrieved from protein data-
bases. Sequences were processed through AlphaFold 3.0 
using the ColabFold implementation, which enables the 
modeling of both individual protein structures and pro-
tein–protein complexes. Model confidence was assessed 
using the predicted aligned error (PAE) and confidence 
scores (pLDDT and interface pTM scores). To further 
investigate interaction specificity and identify key inter-
face residues, AlphaBridge, a computational tool for 
protein–protein docking refinement, was applied to the 
selected AlphaFold 3.0 models. The AlphaFold-predicted 
structures were used as input for AlphaBridge, which 
evaluates residue-residue interactions within the pre-
dicted binding interface and calculates the interaction 
energy landscape and identified residue pairs with high 
likelihood of forming stable contacts.

Measurement of reactive oxygen species (ROS) levels
The intracellular ROS levels were measured by staining 
with dihydrorhodamine 123 (DHR123; Sigma). Follow-
ing incubation, DHR123 was added to the cell suspen-
sion at a final concentration of 2 μg/ml, and the mixture 
was incubated for 5 min at room temperature. The cells 
were counterstained with the lipophilic dye FM4 - 64 
(Thermo Fisher) to stain the plasma membrane. Images 
were obtained using a Leica Stellaris 8 confocal micro-
scope with a 63 × NA 1.3 Plan APO oil-immersion objec-
tive, with excitation at 488 nm and emission detection 
between 510 and 580 nm (for DHR123 fluorescence 
emission) and between 670 and 850 nm (for FM4 - 64 flu-
orescence emission). Image processing and signal inten-
sity measurements were performed using FIJI/ImageJ 
software [45]. For each experiment, the laser settings, 
scan speed, HyD detector gain, and pinhole aperture 
were kept constant across all acquired images.

Chitosan level quantification
Changes in the chitosan composition were deter-
mined via eosin Y labeling. The samples were subse-
quently resuspended in citrate–phosphate buffer (0.2 M 
NaH2PO4, 0.1 M K citrate; pH 6) at a final eosin Y con-
centration of 1 μg/ml. After 10 min of incubation at room 
temperature, the cells were washed two times with cit-
rate–phosphate buffer and placed on 1% agarose pads. 
Finally, the stained cells were imaged using an excitation 
wavelength of 488 nm, with emission detected between 
510 and 640 nm. Images were obtained via a Leica Stel-
laris 8 confocal microscope with a 63 × NA 1.3 Plan APO 
oil-immersion objective. Processing and signal intensity 
were performed via FIJI/ImageJ software [45]. For each 
experiment, the laser settings, scan speed, HyD detector 
gain, and pinhole aperture were kept constant across all 
acquired images.
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Transmission electron microscopy (TEM)
B. cinerea samples were fixed in a solution containing 
2.5% (v/v) glutaraldehyde and 4% (v/v) paraformalde-
hyde overnight at 4 °C. Following three washes in the 
fixation mixture, the samples were postfixed with a 1% 
osmium tetroxide solution for 90 min at room tempera-
ture, followed by two additional washes and stepwise 
dehydration with an ethanol gradient (30%, 50%, 70%, 
90%, and 100% twice). During the transition from 50 to 
70% ethanol, the samples were immersed in a 2% uranyl 
acetate solution in 50% ethanol at 4 °C overnight. After 
dehydration, the samples were gradually infiltrated with 
low-viscosity Spurr’s resin, with a resin-to-ethanol ratio 
of 1:1, for 4 h, followed by a ratio of 3:1 for another 4 h, 
and finally, with pure resin overnight. The sample blocks 
were then encapsulated in molds with pure resin and left 
to polymerize for 72 h at 70 °C. Once dried, the samples 
were examined via a JEOL JEM- 1400 transmission elec-
tron microscope at an accelerating voltage of 80 kV.

Statistical analysis
The results are expressed as the mean ± standard error 
of the mean (SEM). Statistical significance was assessed 
via ANOVA or Student’s t tests. All analyses were per-
formed via GraphPad Prism® version 9 or Microsoft 
Excel. P values < 0.05 were considered indicative of sta-
tistical significance. Asterisks indicate the level of statis-
tical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

Results
Engineered Pseudomonas strainsinduced Bacillus 
sporulationviaT6SSs
Fundamental insights gained in recent years have allowed 
the development of hypotheses regarding a T6SS geneti-
cally engineered for the delivery of effectors. We aimed 
to develop a proof of concept for the construction of a 
genetically engineered bacterial strain that could tran-
scriptionally regulate and control the proper release of 
cargo effectors in a T6SS-dependent manner as an alter-
native to classic biocontrol strategies. For this purpose, 
we i) studied the feasibility of controlling the expression 
of exogenous cargo effectors in a delivery bacterium and 
ii) analyzed the efficacy of the effectors after coexpressing 
them with different VgrG or PAAR proteins, leading to 
their release by functional T6SSs present in the delivery 
strains.

In a previous study, we revealed that Tse1 from P. chlo-
roraphis is a hydrolase effector that induces the sporu-
lation of B. subtilis [20]. Tse1 is genomically linked to a 
paar gene in P. chlororaphis. As a first stage in the design 
of a versatile delivery effector system, we demonstrated 

the heterologous expression of Tse1 in KT2440 and 
tested the functionality of the system by measuring 
sporulation induction in Bacillus strains that have ben-
eficial effects on plants. To control the expression of the 
constructs carrying Tse1 effector and/or PAAR protein, 
we employed the inducible p234 plasmid, which car-
ries a LacIq-Ptrc promoter inducible by IPTG (Suppl. 
Figure 2 A). The KT2440 WT strain and KT2440 strains 
carrying the p234, p234-PAAR, p234-Tse1 and p234-
PAAR-Tse1 plasmids were tested in competition experi-
ments against B. subtilis NCIB3610 or B. velezensis 
FZB42. With these assays, we intended, first, to evalu-
ate the activity of Tse1 expressed in a different genetic 
background and, second, the ability of the PAAR pro-
tein from P. chlororaphis to release the toxin correctly. 
A significant reduction in B. subtilis sporulation from 
11.7% (when grown alone) to 1.88% was detected when 
the bacterium was in competition with P. putida KT2440 
(Fig. 1A), and a reduction to 5.2% when KT2440 was car-
rying an empty p234 plasmid. This decrease was consist-
ent when P. putida carried both the empty p234 plasmid, 
p234-PAAR and p234-Tse1. However, during the com-
petition of B. subtilis with a KT2440 strain coexpress-
ing paar and tse1 (KT2440 p234-PAAR-Tse1), B. subtilis 
sporulation levels significantly increased to 20.2%, 1.72-
fold greater than the sporulation levels observed when B. 
subtilis was grown alone, 3.88-fold greater that the spor-
ulation when competing against KT2440 (p234) and ten-
fold greater than the sporulation observed in the case of 
competition against KT2440 WT (Fig. 1A). This induc-
tion of sporulation was also observed during the inter-
action of KT2440 (p234-PAAR-Tse1) with B. velezensis 
FZB42 (two-fold sporulation increase) (Fig.  1B). How-
ever, in this case, we did not observe a reduction in 
FZB42 sporulation levels in competition with KT2440 
WT or KT2440 (p234). To confirm that the sporula-
tion induction was T6SS dependent, p234-PAAR-Tse1 
plasmid was also transformed into a P. putida KT2440 
strain depleted of three T6SSs encoded in its genome 
(KT2440 Δ3T6SS). Results obtained for B. subtilis and B. 
velezensis after competing with KT2440 Δ3T6SS (p234-
PAAR-Tse1) showed sporulation levels similar to those 
provoked by KT2440 Δ3T6SS, KT2440 WT or KT2440 
WT (p234) (Fig. 1A and 1B).

Therefore, our results demonstrated that engineered 
KT2440 induce Bacillus sporulation via the activity of 
the T6SS. These results also confirm the need to combine 
Tse1 with a PAAR protein for the correct release of the 
effector mediated by a T6SS into the target cell and the 
induction of Bacillus sporulation by the Tse1 effector, 
since the sole expression of tse1 via the PAAR proteins 
from KT2440, encoded in its genome, failed to induce 
Bacillus sporulation.
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Aeromonas death is achieved by engineered Pseudomonas 
strains via T6SS‑dependent heterologous toxin expression
Once we demonstrated that the T6SS could be engi-
neered for heterologous delivery of a toxin against 
Bacillus, we tested the versality of the system against 
Gram-negative bacteria. Most T6SS-related toxins have 
been reported to be active against Gram-negative bacte-
ria [22]. We selected the well-studied toxin TplE from P. 
aeruginosa PAO1, which has been described as an anti-
bacterial toxin with phospholipase activity that targets 
the periplasmic region of bacteria, causing cell death 
[46]. The activity of TplE was tested in combination 
with a VgrG from KT2440. The gene PP3386 (named 
VgrGkt4), encoding a VgrG from P. putida KT2440, was 
combined with the genes PA1508-PA1510 from P. aer-
uginosa PAO1, encoding the lipase toxin TplE (PA1510), 
the antitoxin TplEi (PA1509) and the gene PA1508, 
which is a PAAR3 protein. For this construct (p238-
VgrGkt4-TplE), we used the p238 plasmid, which har-
bors the XylS-Pm promoter which is induced by 3-MB 
(Suppl. Figure 2B). With the aim of providing more con-
fidence to this VgrG-effector combination, we tested the 
use of in silico modelling tools to evaluate the probable 
link between VgrGkt4 trimers and TplE (Fig. 2). The use 
of Alphafold3 [47] in combination with Alphabridge [48] 

was employed to predict interacting residues between 
the proteins. The results revealed the expected three-
dimensional structure of VgrGkt4-TplE complexes 
(Fig. 2A), and the interaction between VgrGkt4 proteins 
(Fig. 2B). This interaction is produced mainly due to the 
binding between amino acids from TplE located in posi-
tions 23–33 and 38–45 and those located in the posi-
tions 773–783 and 821–828 of the subunit A of the VgrG 
trimer analyzed (Fig. 2C). Increasing cut-off for interface 
detection assessed the interaction specifically to amino 
acids Pro- 24, Val- 25 and Tyr- 26 of TplE with Ile- 826, 
Arg- 827 and Ile- 828.

The constructs were transformed into KT2440, 
and competition assays were performed against A. 
hydrophila DSM 30187, a bacterial strain belonging to 
the Aeromonas genera which are considered as ubiqui-
tous pathogenic microorganisms found in soils, plants 
and aquatic environments [49]. The survival rates of 
the prey strain revealed a reduction in the viability of 
A. hydrophila in competition with KT2440 (VgrGkt4-
TplE) in comparison with that of Aeromonas in compe-
tition with KT2440 WT or KT2440 carrying the empty 
p238 or p238-VgrGkt4 vector (Fig. 2D). To confirm that 
the antibacterial activity was T6SS dependent, plasmids 
carrying the TlpE effector were also transformed into 

Fig. 1  Engineering P. putida for sporulation induction of Bacillus strains. A Competition assays. Quantification of Bacillus subtilis NCIB 3610 
sporulation growing alone and in competition with the KT2440 WT or KT2440 Δ3 T6SS strains carrying different plasmids (p234, p234-PAAR, 
p234-Tse1, and p234-PAAR-Tse1) as attackers. B Competition assays. Quantification of Bacillus velezensis FZB42 sporulation growing alone 
and in competition with the KT2440 WT or KT2440 Δ3T6SS strains carrying different plasmids (p234, p234-PAAR, p234-Tse1, and p234-PAAR-Tse1) 
as attackers. For all the experiments, at least three biological replicates are shown, and the error bars represent the SDs. Statistical significance 
was assessed via one-way ANOVA. *p value < 0.1, ** p value < 0.01
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KT2440 Δ3 T6SS. The performance of Aeromonas was 
better when the T6SS was not functional, both in the 
presence and in the absence of TplE, thus demonstrat-
ing that TplE inhibitory activity was dependent on a 
functional T6SS (Fig. 2D).

Overall, we conclude that KT2440 can be effectively 
equipped with novel antibacterial effectors that target 
Gram-positive or Gram-negative bacteria and that VgrG 
proteins can be successfully paired with effectors from 
other microbial sources to increase antibacterial activity.

Fig. 2  In silico prediction and experimentally engineering of P. putida KT2440 to kill A. hydrophila via T6SS-dependent heterologous effector 
expression. A Three-dimensional view of the conformational structure of a VgrGkt4 trimer (depicted in blue, red and green) with a monomer 
of the TplE effector (depicted in purple). B Three-dimensional view of the VgrGkt4-TpleE complex highlighting the residues of TplE involved 
in the linking with VgrGkt4. Representation was obtained using Alphaphold3 to develop a 3D model and Alphabridge to highlight residues 
involved in the interaction between proteins. C Alphabridge diagram showing all the interactions between the proteins of the model. Each color 
represents interactions between different pairs of proteins. D Survival rate of A. hydrophila DSM 30187 (prey) in competition with KT2440 WT 
or KT2440 Δ3T6SS strains carrying different plasmids (p238, p238-VgrGkt4 and p238-VgrGkt4-TplE) as attackers. For all the experiments, at least three 
biological replicates are shown, and the error bars represent the SDs. Statistical significance was assessed via one-way ANOVA. **p value < 0.01, *** p 
value < 0.001, **** p value < 0.0001
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An engineered T6SS expressing Tfe2 exhibited antifungal 
activity against Botrytis cinerea
After successful engineering of the T6SS to target differ-
ent bacterial species, we proceeded to evaluate its poten-
tial in interkingdom competition against fungi. To test 
this hypothesis, we selected B. cinerea as the fungal prey 
because of its significance as an agricultural phytopatho-
gen [50, 51]. To date, only three T6SS effectors have been 
described as antifungal agents [18, 52], with Tfe1 and 
Tfe2 from S. marcescens being the first two T6SS antifun-
gal effectors reported. Specifically, Tfe2 has been shown 
to inhibit fungal growth by disrupting nutrient uptake 
and amino acid metabolism, leading to the induction of 
autophagy when it is expressed in Saccharomyces cer-
evisiae and Candida albicans. However, the authors did 
not identify any vgrG, paar or hcp genes upstream of this 
effector [17].

To test the activity of this cargo effector in our genetic 
system, we selected two orphan vgrG from S. marces-
cens (called vgrG1 and vgrG2) that were not genomically 
close to tfe2. We developed a series of inducible plasmids: 
control plasmids expressing only the VgrG proteins or 
the Tfe2 effector (p234-VgrG1, p234-VgrG2, and p234-
tfe2) and those with a combination of each vgrG with 
tfe2 (p234-VgrG1-tfe2 and p234-VgrG2-tfe2). With these 
combinations, we aimed to test the possible antifungal 
activity of the selected VgrGs and the necessity of coex-
pressing VgrG with Tfe2 for antifungal activity. Once all 
the constructs were generated, they were transformed 
into P. putida KT2440, and competition experiments 
against B. cinerea were performed in PDB supplemented 
with IPTG for induction of expression.

We first analyzed the interaction between P. putida 
KT2440 WT and B. cinerea and observed that KT2440 
did not have a detrimental effect on B. cinerea growth, 
highlighted by the absence of reactive oxygen spe-
cies (ROS) and of changes in the cellular structure of B. 
cinerea after 24 h of competition (Fig.  3A and B). We 
next performed competition assays between B. cinerea 
and KT2440 carrying the expression systems described 
above. Our results confirmed that, in our bacterial sys-
tem, Tfe2 requires coexpression of a VgrG to have 
antifungal effects. In fact, neither the VgrGs nor Tfe2 
exhibited antifungal properties when expressed alone, 
showing no inhibition of B. cinerea growth or induction 
of ROS production in B. cinerea after 24 h of competi-
tion (Fig. 3A and B). However, the coexpression of Tfe2 
with any of the two VgrGs used in this system resulted 
in a significant increase in ROS production, represented 
by an increase in the number of cells positively respond-
ing to the dihydrorhodamine 123 signal (Fig. 3A and B). 
This increase in ROS production was consistent with 
the increase in cell death (Fig.  3A and Suppl. Figure  3), 

as noted by the localization of the FM4 - 64 dye, which 
is used to stain cell membranes, in the cytoplasm of 
dead cells. KT2440 Δ3 T6SS strains carrying expression 
plasmids were also assayed in competition experiments 
against B. cinerea (Suppl. Figure 4 A and B). Results con-
firmed the T6SS-dependency of the damage observed by 
Tfe2 as no cell death nor ROS induction was detected by 
confocal laser scanning microscopy (CLSM). To confirm 
the damage inflicted, TEM analyses of B. cinerea cells 
in competition with KT2440 coexpressing VgrG1 and 
Tfe2 revealed cellular damage, vacuolization, degraded 
organelles and aggregates of dense material, all of which 
indicated cell stress and death (Fig. 3C). Therefore, these 
findings demonstrated that the heterologous expression 
of VgrG and Tfe2 in KT2440 provides this strain with 
antifungal capacity, at least against B. cinerea. In addi-
tion, we demonstrated the possibility of combining Tfe2 
with different VgrGs to secrete the effector via the T6SS 
and the need for the coexpression of both elements to 
achieve the antifungal effects of Tfe2.

Secretion of non‑T6SS‑dependent effectors via T6SSs
We have shown that the functional combination of dif-
ferent VgrGs with T6SS effectors provides KT2440 with 
antibacterial and antifungal properties. We next investi-
gated the feasibility of combining T6SSs with other pro-
teins not directly related to the T6SS. Specifically, and 
for continued research on interkingdom interactions 
between bacteria and fungi, we selected a chitosanase 
from B. subtilis and studied its activity against B. cinerea. 
Chitosanase acts by catalyzing the hydrolysis of β− 
1,4-glycosidic bonds in chitosan, a major component of 
the fungal cell wall, converting it into chitooligosaccha-
rides [53]. To assess the possibility of the secretion of chi-
tosanase via the T6SS in the KT2440 delivery strain and 
to provide this strain with antifungal capacity, we con-
structed constitutive expression plasmids (using p2213 
as backbone plasmid) in which two different VgrGs were 
combined with the chitosanase (Csn) from B. subtilis: 
VgrG250 J from Pseudomonas sp. 250 J and VgrG2a from 
P. aeruginosa PAO1 (plasmids p2213-VgrG250 J-csn and 
p2213-VgrG2a-csn). The selection of these two VgrGs 
was based on their distinct phylogenetic and functional 
characteristics, which allowed us to explore the versatil-
ity and specificity of T6SS-mediated effector secretion. 
While VgrG2a, is associated with the H2-T6SS, a system 
that is phylogenetically distinct from the three T6SSs 
present in P. putida KT2440; VgrG250 J was selected 
because this strain encodes a T6SS that belongs to the 
same family as one of the T6SSs in P. putida KT2440. 
These plasmids were transformed into the KT2440 WT 
strain, and competition assays were performed against B. 
cinerea (Fig. 4). To assess the effects of the constructs on 
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the degradation of chitosan, we quantified staining with 
eosin Y, a dye that specifically stains chitosan on fun-
gal cell walls [54]. We initially determined that KT2440 
WT did not have a detrimental effect on chitosan deg-
radation alone, thus permitting the correct evaluation 
of the potential effects of our constructs. A comparison 
of B. cinerea with KT2440 coexpressing VgrG2a and 
Csn revealed no degradation of chitosan. However, a 
reduction in the eosin Y signal and, therefore, degrada-
tion of chitosan was observed when B. cinerea was in 
competition against KT2440 coexpressing VgrG250 J 

and Csn (Fig. 4A and B). These results confirm that chi-
tosanase from B. subtilis affects B. cinerea chitosan and 
that this effect does not occur with any combination of 
chitosanase and VgrG proteins, occurring only with 
specific combinations, such as VgrG250 J and chitosan-
ase. In addition, to eliminate any antifungal activity of 
VgrG250 J, and more specifically affect the chitosan from 
B. cinerea, we expressed VgrG250 J alone in KT2440 WT, 
and the results revealed no reduction in eosin Y levels, 
thus confirming that VgrG250 J did not present chitosan-
ase activity (Fig. 4A and B).

Fig. 3  Interkingdom competitions mediated by T6SS effectors. A CLSM of B. cinerea hyphae after competition with the P. putida KT2440 WT strain 
or strains carrying plasmids (p234-VgrG1, p234-VgrG2, p234-Tfe2, p234-VgrG1-Tfe2, and p234-VgrG2-Tfe2) as attackers. The samples were treated 
with FM4 - 64 and DHR123 to stain the fungal membrane and reactive oxygen species, respectively. Scale = 10 µm. B Box-and-whisker plot showing 
the mean ROS pixel intensity (a.u.) of B. cinerea (prey) growing alone and in competition with the KT2440 WT strain and strains carrying plasmids 
(p234-VgrG1, p234-VgrG2, p234-Tfe2, p234-VgrG1-Tfe2, and p234-VgrG2-Tfe2) as attackers. In all the experiments, at least three biological replicates 
are shown, and the error bars represent the SDs. Statistical significance was assessed via one-way ANOVA. **** p value < 0.0001. C TEM analysis of B. 
cinerea (prey) growing alone and in competition with the KT2440 WT strain and strains carrying plasmids (p234-Tfe2 and p234-VgrG1-Tfe2). Scale 
= 1 µm
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To eliminate the possibility of chitosanase being 
released in a T6SS-independent manner from the 
cells, we performed competition assays using KT2440 
Δ3T6SS, lacking the three T6SSs encoded in the WT 
genome, as the delivery bacterium (Suppl. Figure  5 A 
and B). Eosin Y staining of chitosan from B. cinerea 
after competition with these strains revealed no detri-
mental effect on chitosan degradation, thus confirming 
that the observed chitosanase activity was dependent 
on the presence of a functional T6SS.

Ultimately, we aimed to explore the potential of 
using an alternative bacterial background for the T6SS-
dependent release of effectors and proteins of interest. 
To validate our system in other microbial delivery sys-
tems, we used Pseudomonas sp. 250 J, a strain with ben-
eficial effects on plants [55], with two T6SSs encoded in 
its genome and up to 15 T6SS-dependent effectors. The 
results obtained in competition assays between B. cinerea 
and Pseudomonas sp. 250 J (WT and carrying plasmids 
expressing VgrGs and Csn) showed the same behavior 

Fig. 4  Interkingdom competitions mediated by non-T6SS-dependent effectors. A CLSM of B. cinerea hyphae treated with eosin Y to stain chitosan 
after 24 h of competition with the P. putida KT2440 WT and Pseudomonas 250 J WT strains and strains carrying plasmids (p2213, p2213-VgrG2a-csn 
and p2213-VgrG250 J-csn). The reduction in the eosin Y signal during competition with KT2440 and 250 J carrying p2213-VgrG250 J-csn indicates 
chitosan degradation. Scale = 10 µm. B Box-and-whisker plot showing the relative signal intensity of eosin Y for B. cinerea (prey) growing alone 
and in competition with the KT2440 WT or 250 J WT strain and strains carrying plasmids (p2213-VgrG2a-csn and p2213-VgrG250 J-csn) as attackers. 
C Representative TEM images of B. cinerea under different conditions: control, competing with KT2440 wildtype, KT2440 (p2213-VgrG250 J-csn), 250 
J wildtype, and 250 J (p2213-VgrG250 J-csn). The images show disruption of the beta-glucan layer when B. cinerea interacts with strains expressing 
chitosanase. Scale bars are included in the images. At least 5 hyphae (N = 5) were analyzed in all the cases, and the error bars represent the SDs. 
Statistical significance was assessed via one-way ANOVA. **** p value < 0.0001
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as that observed with KT2440 (Fig. 4A and B), thus con-
firming the specificity between chitosanase and VgrG250 
J and the activity of this combination in different genetic 
backgrounds.

To further support these observations, we performed 
TEM assays to directly visualize the structural dam-
age induced in B. cinerea during bacterial-fungal com-
petition. As shown in Fig. 4C and Suppl. Figure 5 C, the 
secretion of chitosanase via a functional T6SS led to 
severe fungal cell wall disruption, particularly affecting 
the β-glucan layer and overall wall integrity. This struc-
tural damage was notably pronounced when B. cinerea 
was in competition with KT2440 or 250 J strains express-
ing the VgrG250 J-csn construct, in comparison to inter-
actions with WT strains. These findings complement 
the quantitative data obtained from Eosin Y staining, 
reinforcing the notion that T6SS-mediated chitosanase 
secretion enhances antifungal activity against B. cinerea.

Discussion
Bacteria employ a wide arsenal of molecular systems 
and metabolites to compete for nutrients and space and 
to interact positively or negatively with other microbes 
and higher organisms. One such system described in 
Gram-negative bacteria is the T6SS, which, under certain 
conditions, provides a competitive advantage over the 
other members of the ecological niche inhabited by these 
microbes [56, 57].

This work presents a strategy to apply basic knowl-
edge developed about T6SSs to complement classic 
approaches to combat microbes via the use of geneti-
cally engineered T6SSs. In addition, this approach opens 
up the possibility of selecting different bacterial delivery 
strains depending on the environmental context or spe-
cific needs of the crop. By integrating the engineered 
T6SS system into beneficial bacterial strains, we can tai-
lor biocontrol strategies to particular ecological niches, 
thus optimizing the performance of strains in agricul-
tural environments. To do so, in this work we selected the 
well-known soil bacterium P. putida KT2440 as the deliv-
ery bacterial system because of its genetic and ecological 
versatility. Furthermore, Pseudomonas sp. 250 J has also 
been proven to be a promising delivery strain since this 
strain also shows biocontrol and plant growth-promoting 
(PGP) properties [55]. To provide additional antibacterial 
and antifungal properties to delivery bacteria, inducible 
and constitutive expression plasmids carrying different 
T6SS-dependent effectors have been used (Figs. 1, 2 and 
3). Our results confirm the inhibitory effects initially 
described for these toxins against other microbes, such as 
Tfe2 against S. cerevisiae or TplE against E. coli [18, 46]. 
Moreover, our findings demonstrate that the engineered 
T6SS system can also target fungal cells, as evidenced by 

the cellular damage observed in B. cinerea when compet-
ing with KT2440 expressing Tfe2 (Fig. 3C). These results 
highlight the versatility of the T6SS as a tool for microbial 
interference, extending its potential applications beyond 
bacterial competition to fungal biocontrol strategies.

In addition, the engineered system we developed and 
tested demonstrates the possibility of releasing non-
T6SS-related effectors such as chitosanase, a protein 
involved in the degradation of chitosan, in a T6SS-
dependent manner (Fig.  4). The release of T6SS- and 
non-T6SS-related proteins by this system opens a wide 
array of possibilities for applications, not only in agri-
culture, such as via inhibition of B. cinerea growth, but 
also in other scientific fields, as it could be possible to 
release specific proteins directly into the cytoplasm of 
target cells, thus facilitating their entry and increasing 
their efficacy. In addition, this system provides a series 
of advantages over other platforms, such as the direct 
delivery of effectors and proteins into the cytoplasm or 
its broad spectrum of target cells ranging from eukary-
otic to prokaryotic cells. However, potential limitations 
of using noncanonical T6SS effectors include size con-
straints affecting their secretion, intrinsic toxicity to 
the delivery bacterium, and stability issues in complex 
environments. Additionally, precise pairing with T6SS 
structural components may require further optimization. 
Future advancements in protein engineering and bioin-
formatics will be critical for addressing these challenges 
and enhancing the versatility of T6SS-based systems.

This work also highlights the relevance of the specific-
ity and modularity of T6SSs. For the efficient release of 
effectors in a T6SS-dependent manner, cargo effectors 
are usually covalently or noncovalently linked to VgrG, 
PAAR or Hcp proteins [58]. The use of different VgrGs 
led us to compare the functionality of VgrGs within a 
phylogenetically related T6SS framework, providing 
insights into whether effector secretion efficiency is influ-
enced by VgrG-T6SS specificity. The correct pairing of 
VgrG and PAAR proteins with their respective effectors 
was critical for achieving effective antimicrobial activity. 
Our results demonstrated that not all the combinations 
were functional, such as the combination of VgrG2a from 
P. aeruginosa with chitosanase, which showed no activ-
ity. However, other combinations have been successful, 
such as the one between the nonrelated VgrGkt4 from P. 
putida KT2440 with TplE from P. aeruginosa. This high-
lights the importance of understanding the intricate rela-
tionships between the structural components of the T6SS 
and the effector.

In future applications, careful design of these pair-
ings, or the use of modified evolved VgrGs, could allow 
expansion of the use of T6SS to target specific pathogens 
in diverse environmental or clinical settings. The use of 
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inducible promoters with different levels of strength will 
help to modulate the effector expression level and opti-
mize the performance of the genetic system. In addition, 
as demonstrated in Fig. 2, the use of artificial intelligence 
(AI) and bioinformatic tools designed to study protein‒
protein interactions, such as Alphaphold3, will be helpful 
for the determination of possible effector–VgrG/PAAR/
Hcp interactions to develop more successful combina-
tions, which will lead to increased efficiencies. However, 
while this approach has successfully highlight tip protein 
(VgrG/PAAR) and effector interactions in many cases, no 
conclusive results have been shown in other cases as was 
the case of VgrG250 J with chitosanase and even with 
interactions already described in bibliography, therefore, 
although interesting and useful, it must be used cau-
tiously to avoid misunderstandings.

Owing to its versatility, the T6SS can be engineered not 
only to eliminate pathogens but also to promote the pro-
liferation of organisms or to modulate complex popula-
tions. For example, its application in soils or plant leaves 
could be interesting for the modification of plant micro-
biomes by targeting harmful bacteria or fungi or favor-
ing the growth of a specific bacterium by enhancing its 
resistance to biotic and abiotic stressors [59]. To achieve 
this level of precision, T6SS platforms must be equipped 
with tailored sets of effectors. Our work demonstrates the 
potential of engineered T6SS systems to deliver not only 
traditional T6SS effectors but also noncanonical T6SSs, 
broadening the range of molecules that can be deployed.

The application of this promising genetic tool in com-
bination with omic approaches will lead to the discovery 
of multiple T6SS effectors for the ‘à la carte’ customiza-
tion of biocontrol strains for application against patho-
gens and for the study of defense mechanisms against 
these kinds of effectors. This offers a novel approach in 
which the T6SS functions as a versatile delivery system, 
increasing the efficacy of these effectors against specific 
microbial targets with minimal changes in the environ-
ment and other microbial populations. This provides 
opportunity for innovative applications, ranging from 
personalized medical treatments to the enhancement of 
soil health in agriculture, all of which are based on the 
precise manipulation of microbial ecosystems.

Conclusions
This study successfully demonstrates the feasibility of 
engineering P. putida KT2440 as a delivery system for 
T6SS-dependent effectors, highlighting its potential as a 
biocontrol agent against bacterial and fungal phytopath-
ogens. We demonstrate the successful secretion of both 
canonical T6SS effectors and non-T6SS-related pro-
teins, significantly expanding the functional repertoire of 
this secretion system. Specifically, we provide P. putida 

KT2440 with novel antibacterial effectors against Gram-
positive and Gram-negative bacteria, leading to bacte-
rial cell death and ROS induction and cellular damages 
on fungi. Finally, we demonstrate that non-T6SS-related 
proteins, such as chitosanase, can be T6SS-dependently 
secreted for chitosan degradation.

In summary, these findings emphasize the adaptability 
of the T6SS for diverse biotechnological applications. The 
engineered T6SS demonstrates great promise for com-
bating microbial pathogens, manipulating microbial eco-
systems, and enabling precision microbial engineering in 
sustainable agriculture, environmental management, and 
therapeutic development.
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in competition with the P. putida KT2440 (Δ3T6SS) strain and strains car-
rying plasmids (p2213-VgrG2a-csn and p2213-VgrG250J-csn) as attackers. 
C) Representative TEM images of B. cinerea under different conditions: 
control, competing with KT2440 wildtype, KT2440 (p2213-VgrG250J-csn), 
250J wildtype, and 250J (p2213-VgrG250J-csn). The images show severe 
cellular damage when B. cinerea interacts with strains expressing chitosan-
ase. Scale bars are included in the images. At least 8 hyphae (N = 8) were 
analyzed in all the cases, and the error bars represent the SDs. Statistical 
significance was assessed via one-way ANOVA.
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