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ABSTRACT 30 

The Type VI secretion system (T6SS) is a bacterial nanoweapon that injects toxic 31 

effectors into prokaryotic and eukaryotic cells. It is widely found among gram-negative 32 

bacteria and provides a significant fitness advantage in interbacterial competition. 33 

Pseudomonas putida KT2440 possesses three T6SS clusters (K1-, K2- and K3-T6SS) 34 

that combat phytopathogens. This makes this strain a potent biocontrol agent that 35 

protects plants from pathogens and can be further enhanced by a better understanding of 36 

its T6SS regulation. Although the core components of T6SS are conserved, the elements 37 

controlling its regulation differ among bacterial species. T6SS activity is regulated by 38 

various factors acting at different levels, from transcription to post-translational 39 

modification, to ensure precise control of its activity. Here, we demonstrate the critical 40 

importance that the three Rsm proteins, RsmIEA, have in controlling the K1-T6SS 41 

structural components and related orphan elements at the post-transcriptional level in 42 

Pseudomonas putida. We identified multiple Rsm-binding sites responsible for directly 43 

repressing the translation of T6SS proteins (Hcp1 and Hcp5) and their associated 44 

effectors (Tke2 and Tke7). Derepression of K1-T6SS mRNA in the rsmIEA mutant led 45 

to enhanced translation and expression of the K1-T6SS components and effectors, and 46 

critically increased the number of cells in the population with assembled T6SS. This 47 

results in a greater capacity to secrete toxins and kill prey cells via the T6SS-dependent 48 

mechanism. Finally, we demonstrate the K1-T6SS ability to kill environmental 49 

pathogens, including Salmonella enterica and Erwinia amylovora. 50 
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INTRODUCTION 51 

In microbial communities, individuals of different species use strategies to eliminate 52 

each other, acting as competitors to control their ecological niches. The Type VI 53 

Secretion System (T6SS) is a protein nanomachine that functions as a poisoned 54 

harpoon, allowing bacteria to outcompete bystanders and foes. T6SS-producing bacteria 55 

inject toxic effector proteins into prey cells in a contact-dependent manner whilst 56 

simultaneously co-expressing cognate immunity proteins to neutralise the toxicity of 57 

sister cell effectors and prevent self-intoxication (Wohlfarth et al., 2025). This complex 58 

nanomachine consists of 13 structural core proteins that shape the three main 59 

complexes: the membrane complex, the baseplate and the tail (Allsopp and Bernal, 60 

2023). The tail is responsible for transporting and delivering toxic effectors and is 61 

formed by an internal tube, a spike that sits on top and a contractile sheath that 62 

surrounds this structure in the cytosol. The internal tube is made of stacked hexameric 63 

rings of Hcp proteins, while the arrow-shaped spike is formed by a trimer of VgrG 64 

proteins with a PAAR protein at its pinnacle. Upon sheath contraction, the Hcp-VgrG-65 

PAAR-effectors complex is propelled outside the producing bacteria and inside the 66 

neighbouring prey cells (Allsopp and Bernal, 2023; Wohlfarth et al., 2025). 67 

The T6SS is found in pathogenic, symbiotic, and commensal microorganisms. However, 68 

it is especially relevant in highly dense microbial communities, such as the gut and the 69 

rhizosphere, where positive and negative interactions are abundant. The T6SS is 70 

important in plant-microbe interactions (Bernal et al., 2018; Durán et al., 2021; 71 

Reyes�Pérez et al., 2025; Vázquez-Arias et al., 2025). In this work, we focus on 72 

Pseudomonas putida, a plant growth-promoting rhizobacterium (PGPR) well known for 73 

its biocontrol ability (Weller, 2007). In P. putida, the T6SS is instrumental in the 74 

elimination of severe plant pathogens, and it is important for crop plant colonisation, 75 
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shaping their microbiota (Bernal et al., 2017, 2021; Vázquez-Arias et al., 2025). P. 76 

putida KT2440 possesses three T6SSs known as K1-, K2- and K3-T6SS; five orphan 77 

gene clusters encoding Hcp (Hcp4, Hcp5 and Hcp6); two VgrG (VgrG4 and VgrG5) 78 

proteins and five associated effectors (Tke6, Tke7, Tke8, Tke9 and Tke10) (Bernal et 79 

al., 2017). 80 

The K1-T6SS cluster is constitutively active in laboratory conditions, and its expression 81 

increases in the stationary phase of growth. The system is indirectly regulated at the 82 

transcriptional level by different regulators, including RpoS, RpoN, FleQ and RetS  83 

(Bernal et al., 2023). This tight regulation is prevalent among bacteria that harbour 84 

T6SSs, allowing them to express and assemble this probably energetically expensive 85 

structure exclusively when required, avoiding retaliation (Hespanhol et al., 2023). T6SS 86 

expression has been reported to be stimulated in response to factors such as high cell 87 

density, iron depletion, acidic pH, and the presence of specific host molecules (Bernard 88 

et al., 2011; Sana et al., 2012; Wu et al., 2012; Storey et al., 2020). These signals are 89 

integrated through different global regulators and pathways at transcriptional, 90 

posttranscriptional and posttranslational levels (Hespanhol et al., 2023). 91 

However, there is a limited understanding of the posttranscriptional and 92 

posttranslational regulation of the K1-T6SS in P. putida. In contrast, in P. aeruginosa, 93 

the RsmA protein (repressor of secondary metabolism) is a key player in suppressing 94 

the translation of T6SS transcripts (Allsopp et al., 2017). P. aeruginosa RsmA is a 95 

member of the widespread RsmA/CsrA family of RNA-binding proteins. These 96 

proteins, upon binding to mRNA, can influence translation, mRNA stability, and 97 

transcript termination in both positive and negative manners (Vakulskas et al., 2015). 98 

Typically, members of this family bind to transcripts through their 5' untranslated 99 

regions or the first codons of the coding regions at specific sites known as 'Rsm binding 100 
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sites' (Vakulskas et al., 2015). RsmA/CsrA proteins have a strong preference for the 101 

consensus sequence 5'-RUACARGGAUGU-3' located in the loops of short RNA 102 

hairpins (Dubey et al., 2005; Duss et al., 2014). By binding specifically to this 103 

sequence, which closely matches the ideal 5'-AAGGAGGU-3' Shine-Dalgarno sequence 104 

(Shine and Dalgarno, 1974; Yusupova et al., 2001; Ma et al., 2002), Rsm proteins 105 

regulate the expression of numerous genes at the level of translation (Schubert et al., 106 

2007). The activity of Rsm proteins is negatively regulated by the GacS/GacA two-107 

component system (Vakulskas et al., 2015). This mechanism is activated under specific, 108 

yet mostly unknown, signals that promote the transcription of small noncoding RNA 109 

molecules, such as rsmX, rsmY, and rsmZ. These small RNAs are characterised by the 110 

presence of stem-loops with a GGA motif in their distal region, such as the Rsm binding 111 

sites, and thus, these motifs strongly bind Rsm proteins. Therefore, sRNAs sequester 112 

Rsm proteins, preventing their action on mRNA targets (Kay et al., 2005).  113 

P. putida contains three members of the CsrA/RsmA family known as RsmI, RsmE and 114 

RsmA. RsmA and RsmE share 54% identical residues, while RsmI shows 43% identity 115 

with the other two proteins (Huertas-Rosales et al., 2016). Rsm proteins play a 116 

significant role in regulating biofilm formation by repressing the translation of 117 

components involved in the synthesis of different exopolysaccharides, such as Alg, Peb, 118 

Bcs, and Pea, as well as CfcR diguanylate cyclase. Bacterial attachment in P. putida is 119 

predominantly modulated by RsmE. Conversely, RsmI exerts a weaker effect that is 120 

contingent upon functional RsmA, indicating a coordinated regulatory interplay among 121 

these Rsm proteins. Their effect can be counteracted by three noncoding sRNAs, rsmX, 122 

rsmY and rsmZ, present in this strain (Huertas-Rosales et al., 2016, 2017).  Here we 123 

investigated the post-transcriptional regulation of P. putida T6SSs by the Rsm system 124 

and shed light on the complex regulatory process that allows bacteria to efficiently kill 125 
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their competitors. Understanding this activity will allow us to optimise the potent 126 

biocontrol apparatus of P. putida for future applications in agrotechnology to boost 127 

sustainable agriculture.  128 

MATERIAL AND METHODS 129 

 130 

Bacterial strains and growth conditions 131 

The bacterial strains used are listed in Table S1. Unless otherwise stated, all chemicals 132 

and reagents, including antibiotics, were purchased from Sigma-Aldrich. All strains 133 

were grown in Lysogeny broth (LB) (Lennox LB 5 g/L NaCl) and agar (1.5% w/v) 134 

(Sambrook et al., 1989) for routine growth with shaking at 180 RPM, as appropriate. E. 135 

coli and Salmonella strains were incubated at 37°C, phytopathogens at 28°C and P. 136 

putida strains at 30°C. Tryptone soya broth (TSB) and Pseudomonas Isolation Agar 137 

(PIA) were used for specific experiments. Antibiotics were used at (µg ml-1): rifampicin 138 

(Rif), 20 for P. putida; kanamycin (Km), 50 for P. putida and 25 for E. coli; ampicillin 139 

(Amp), 100 for E. coli; gentamycin (Gm), 25 for P. putida and 10 for E. coli; 140 

chloramphenicol (Cm), 10 for E. coli; nalidixic acid (Nal), 10 for E. coli; streptomycin 141 

(Sm), 400 for P. putida and 50 for E. coli. 142 

Construction of plasmids and bacterial strains 143 

The plasmids and primers used in this study are listed in Tables S2 and S3, respectively. 144 

DNA manipulations were performed using standard methods (Sambrook et al., 1989). 145 

Q5® High-Fidelity DNA polymerase (New England Biolabs) was used for PCR 146 

reactions according to the manufacturer’s instructions. Primers were synthesised by 147 

Macrogen, Inc. and restriction enzymes were purchased from New England Biolabs. All 148 

DNA constructs were sequenced and verified before use. Recombinant plasmids were 149 

transferred to E. coli strains by transformation and to Pseudomonas strains by 150 
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electroporation (Choi et al., 2006) or conjugation (Ramos-Gonzalez et al., 1991), as 151 

appropriate. 152 

Translational fusions to lacZ were designed for genes containing putative Rsm binding 153 

sites in the 5  ́ untranslated regions or the first codons of the coding regions, namely 154 

tagB1, tssE1, tssJ1, hcp1, hcp4 and hcp5. These fusions cover between 120-540 bps of 155 

the coding region (i.e. 40-180 codons) and ~ 500 bps upstream of the starting codon to 156 

include any possible intergenic promoter region or with the inclusion of the artificial 157 

promoter Ptac instead. The DNA containing the above-described regions was amplified 158 

from genomic DNA extracted from P. putida KT2440 using primers P1-P12 (Table S3). 159 

Promoters were cloned into the broad host range and low copy number vector 160 

pSEVA225T (Silva-Rocha et al., 2013; Martínez-García et al., 2023) at the XbaI or 161 

BamHI/HindIII sites to produce translational fusions to the lacZ gene. 162 

P. putida rsmIEA tssA1 was constructed by allelic exchange, as previously described 163 

(Vasseur et al., 2005), using P. putida rsmIEA (Huertas-Rosales et al., 2016) as the recipient 164 

strain. P. putida gacS and rsmIEA gacS were constructed using P. putida and P. putida 165 

rsmIEA as the recipient strains, respectively. Briefly, 500-bp DNA fragments upstream 166 

and downstream of the gene to be deleted (tssA1 or gacS) were amplified using P. 167 

putida KT2440 genomic DNA and primers P13-P16 (Table S3). A fragment containing 168 

both regions was obtained by overlapping PCR, cloned into pJET1.2/blunt (Thermo 169 

Scientific™), sequenced and subcloned into the XbaI/BamHI sites of pKNG101 to 170 

generate pKNG101-tssA1 (Bernal et al., 2017) and pKNG101-gacS. The suicide vector 171 

pKNG101 (Kaniga et al., 1991) does not replicate in Pseudomonas; it was maintained in 172 

E. coli CC118λpir and mobilised into Pseudomonas by triparental conjugation. The 173 

deletions were confirmed by PCR and DNA sequencing (Macrogen Inc.). 174 
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A similar approach was used to replace wildtype P. putida tke2 and tke7 genes with 175 

versions encoding the protein of interest C-terminally fused to a double V5 tag (Table 176 

S2). Primers P17-P20 (Table S3) were used to engineer the tke7 substitution, while the 177 

tke2-V5 construct is described in (Bernal et al., 2017). The same strategy was used to 178 

replace wildtype P. putida tssB1 with the gene encoding the protein of interest, C-179 

terminally fused to sfGFP, as described in (Bernal et al., 2021). All insertions and gene 180 

replacements were confirmed by PCR and DNA sequencing. 181 

Gene hcp5 was amplified from genomic DNA extracted from P. putida KT2440 hcp5-182 

StrepII using primers P21-P22 (Table S3) designed to fuse a StrepII tag sequence at the 183 

3´end. The hcp5 gene was cloned into the broad host range, medium copy number 184 

vector pSEVA234 (Table S2 (Martínez-García et al., 2023)) from the SEVA collection 185 

at the KpnI/XbaI sites to generate pSEVA234-hcp5::StrepII. Primers P23-P24 were used 186 

for screening and sequencing purposes. 187 

Gene hcp1 was amplified from genomic DNA extracted from P. putida KT2440 using 188 

the primers P25-P26 (Table S3). The hcp1 gene was cloned into the bacterial two-hybrid 189 

vector pKT25 (Table S2, (Karimova et al., 1998)) at the XbaI/BamHI sites to produce 190 

pKT25-hcp1 which expresses a T25 fragment C-terminal fused to Hcp1 (T25-Hcp1). 191 

Primers P27-P28, which bind to the upstream and downstream pKT25 insertion sites, 192 

were used to screen colonies harbouring the hcp1 insert and for subsequent sequencing. 193 

Gene hcp5 was amplified using primers P29-P30 (Table S3). The hcp5 gene was cloned 194 

into the bacterial two-hybrid vector pUT18 (Table S2, (Karimova et al., 1998)) at the 195 

XbaI/BamHI sites to produce pUT18-hcp5 which expresses a T18 fragment N-terminal 196 

fused to Hcp5 (Hcp5-T18). Primers P31-P32 were used to screen colonies harbouring 197 

the hcp5 insert and for subsequent sequencing. 198 
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The genes tke7 and tke2 were amplified from genomic DNA extracted from P. putida 199 

KT2440 using primers P33-P34 and PP37-38, respectively (Table S3). For tke7, primers 200 

P35-P36 encoding the pelB signal sequence were used to introduce pelB at the 5  ́end of 201 

tke7 at the NheI restriction site. This sequence encodes a 22 N-terminal leader peptide 202 

MKYLLPTAAAGLLLLAAQPAMA (UniProt Q04085) originally from the pectate 203 

lyase B (PelB) of Erwinia carotovora CE (Lei et al., 1987). PelB directs the fused 204 

protein, Tke7, to the periplasm via the Sec system pathway, where a signal peptidase 205 

removes the signal peptide (Tsirigotaki et al., 2017). The tke7 and tke2 genes were 206 

cloned into the broad host range, medium copy number vector pS238D•M (Table S2 207 

(Calles et al., 2019)) from the SEVA collection at the NheI/BamHI sites, which excised 208 

the msf-GPF to produce pS238D•pelB-tke7 and pS238D•tke2. Primers P23-P24, which 209 

bind to the upstream and downstream pS238D•M insertion sites, were used to screen 210 

colonies harbouring the pelB-tke7 or tke2 insert and for subsequent sequencing. 211 

Identification of Rsm binding sites 212 

The P. putida KT2400 genome was obtained from the Pseudomonas Genome Database 213 

(NC_002947) (Winsor et al., 2016). To search for Rsm targets along the T6SS cluster 214 

sequences and the orphan genes (hcp4-6 and vgrG4-5), we used the tool 'find motifs' in 215 

Geneious 2023.2.1, based on the EMBOSS v6.5.7 tools fuzznuc and fuzzpro, and the 216 

three motifs 5'-nnncanggangn-3', 5'-nnnnnnggangn-3' and 5'-nnncanggann-3' that 217 

contain the GGA core and the most conserved bases of the consensus sequences 5′- 218 

RUACARGGAUGU-3′ (Dubey et al., 2005; Duss et al., 2014), and 5´-219 

A/UCANGGANGU/A-3` (Schubert et al., 2007). We searched the forward and reverse 220 

strands, allowing for zero mismatches. The 1308 hits were exported, and a Perl script 221 

(extract_annotations_with_CDS_direction.pl) was used to link the annotations from the 222 

KT2440 GenBank file with those from the hits table: perl 223 
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extract_annotations_with_CDS_direction.pl > annotations_with_CDS_direction.txt. 224 

Finally, the table was converted to a tab-delimited format using the Python script: 225 

python convert_table.py. We manually curated these hits, eliminating those in the 226 

opposite direction of encoding genes. The outcome of this analysis is presented in 227 

Dataset S1, which is organised into one tab for each T6SS cluster or orphan gene. 228 

The secondary RNA structure of the Rsm binding sites was predicted using Mfold 229 

(Zuker, 2003) with the default settings (Folding temperature is fixed to 37°C; ionic 230 

conditions: 1M NaCl, no divalent ions; linear RNA folding at 5%, window = 0, max 231 

folds = 50) and selecting the output structure with the lowest energy. The input sequence 232 

was 20-30 nucleotides long, including the Rsm-binding site sequence of 12 nucleotides 233 

and ~4-9 nucleotides upstream and downstream of this region. 234 

β-galactosidase assay 235 

Overnight cultures of the P. putida strains carrying the pSEVA225T plasmid and their 236 

derivatives were diluted to a final OD600 of 0.05 in fresh LB medium containing 237 

kanamycin; and the cultures were grown at 30°C and 180 RPM for 4 h. OD600 reached 238 

aproximately 0.7 after 4 h and 5.5 after 24 h, and at this point, aliquots were taken to 239 

measure β-galactosidase activity in permeabilised whole cells as described by (Miller, 240 

1972). At least five independent assays were performed for each case, and the standard 241 

errors of the mean were calculated for each. 242 

Secretion assay 243 

P. putida strains were grown in TSB for 8 h at 30°C with shaking at 180 RPM, and the 244 

extracellular fraction was obtained and analysed as previously described (Bernal et al., 245 

2021). Briefly, the cell suspensions were spun three times at 10,000 x g for 20 min, and 246 

the top fraction was collected each time. Bacterial pellets were normalised and added 247 

directly to 1x Laemmli buffer, while the culture supernatants were collected and 248 
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precipitated with trichloroacetic acid (TCA) overnight. The precipitants were then 249 

washed with acetone, resuspended in 1x Laemmli buffer, and boiled for 15 min. SDS-250 

PAGE analysis was performed using 4-20% Mini-PROTEAN® TGX Stain-FreeTM 251 

Precast Protein Gels (Bio-Rad), TGS/SDS running buffer (144 g/L of glycine, 30 g/L 252 

Tris and 1% SDS) and prestained protein ladder (bioBLU Prestained Protein Ladder, 253 

gTPbio). Proteins were transferred to a 0.2 µm PVDF membrane (Bio-Rad) using a 254 

Transfer Pack and a Trans-Blot Turbo transfer system (Bio-Rad) before blocking in 5% 255 

w/v skim milk/TBS-T and adding the primary and secondary antibodies. The following 256 

primary antibodies were used: rabbit anti-Hcp1 antibody (dilution 1:500 in 5 w/v % 257 

skim milk/TBS-T), mouse E. coli anti-RNA polymerase beta (BioLegend) (dilution 258 

1:5,000 in 5 w/v % skim milk/TBS-T), mouse anti-V5 (Cell Signaling Technology) 259 

(dilution 1:1,000 in 5 w/v % skim milk/TBS-T) or Strep-Tactin-HRP/AP conjugate (Iba 260 

Lifesciences) (dilution 1:3,000 in 3 w/v % BSA/TBS-T) at 4°C overnight or room 261 

temperature for 4 h. The following secondary antibodies were used: goat anti-rabbit 262 

IgG-HRP conjugate (Cell Signaling Technology) (dilution 1:5,000 in 5% w/v skimmed 263 

milk/TBS-T) and horse anti-mouse IgG-HRP conjugate (Cell Signaling Technology) 264 

(dilution 1:5,000 in 5% w/v skimmed milk/TBS-T). The membranes were washed three 265 

times for 5 min with TBS-T prior to development. HRP conjugates were visualised with 266 

Immobilon Forte Western HRP substrate (Merck) using an Odyssey® Fc imager (LI-267 

COR BioSciences) and the Li-COR® acquisition software. At least three independent 268 

experiments were conducted. 269 

Flow cytometry 270 

Flow cytometry was used to monitor the expression of the translational GFP fusions. 271 

Data acquisition was performed using a Cytomics FC500-MPL cytometer (Beckman 272 

Coulter) and analysed with FlowJo X version 10.0.7r software (Tree Star, Inc.). 273 
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Overnight LB-grown cultures of P. putida KT2440 expressing TssB1-sfGFP and the 274 

isogenic rsmIEA and gacS mutants were washed and diluted in PBS to a final 275 

concentration of 10-7 cells ml-1 for fluorescence measurement. A 2D histogram plotting 276 

side scatter (SSC) versus forward scatter (FSC) was used to distinguish bacterial cells 277 

from the background noise, with an FSC threshold value of 3. The bacterial cell 278 

population was gated in this histogram for subsequent measurements of GFP 279 

fluorescence intensity. Fluorescence values from 100,000 events were compared with 280 

those of a reporterless control strain to determine the fractions of ON and OFF cells. All 281 

experiments were performed in at least three independent replicates. 282 

Interbacterial competition assays 283 

In vitro competition assays were performed on LB Lennox (5 g/L NaCl) agar plates 284 

(1.5% w/v), as previously described (Civantos et al., 2024). Briefly, overnight bacterial 285 

cultures were washed and adjusted to an OD600 of 10 in sterile phosphate-buffered 286 

saline (PBS) and mixed at a 1:1 ratio (P. putida:prey). The mixtures were grown on LB 287 

agar plates at 30°C for 5 h (E. coli, Salmonella and Erwinia prey), collected using an 288 

inoculating loop, and resuspended in sterile PBS. The outcome of the competition was 289 

quantified by counting colony-forming units (CFUs) using antibiotic selection of the 290 

input (time = 0 h) and output (time = 5 h). All prey strains harboured the plasmid 291 

pRL662, which confers resistance to gentamicin, whereas P. putida KT2440 harboured 292 

the plasmid pSEVA234, which confers resistance to kanamycin. For competition assays, 293 

at least five biologically independent experiments were conducted. The competitive 294 

index values were calculated using the following formula: competitive index = (output 295 

attacker/output prey)/(input attacker/input prey). 296 
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Clustal Omega 297 

The six Hcp proteins identified in the genome of P. putida KT2440 (Hcp1: PP3089, 298 

Hcp2: PP4082, Hcp3: PP2615, Hcp4: PP0655, Hcp5: PP4886 and Hcp6: PP5238) were 299 

aligned using the Multiple Sequence Alignment (MSA) tool of Clustal Omega (EMBL-300 

EBI) (Madeira et al., 2024) with default settings. 301 

Statistical analyses 302 

Statistical analyses are based on t-tests in which two conditions are compared 303 

independently. P-values from raw data were calculated by two-tailed t-test and from 304 

ratio data to the control by one-sample t-test using GraphPad Prism 8 version 8.3.0 and 305 

are represented in the graphs by ns, non-significant; *P < 0.05; **P < 0.01; and ***P < 306 

0.001. 307 

308 
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RESULTS 309 

 310 

P. putida KT2440 T6SS transcripts present Rsm binding sites 311 

To study the RsmIEA-dependent regulation of the different components of P. putida 312 

T6SS, we first identified putative binding sites along the sequence of the three clusters 313 

and the orphan genes hcp4-6 and vgrG4-5 (Bernal et al., 2017). These sites were 314 

identified based on similarity to the Rsm binding site consensus sequences 5′- 315 

RUACARGGAUGU-3′ (Dubey et al., 2005; Duss et al., 2014), and 5´-316 

A/UCANGGANGU/A-3` (Schubert et al., 2007) with a special focus on the presence of 317 

the GGA core. We identified a large number of putative binding sites for RsmIEA along 318 

the sequence of the three clusters and the orphan hcp and vgrG genes, with some 319 

regions exhibiting particularly high density (Dataset S1 and Fig. 1A). Next, we cross-320 

referenced this information with the experimental data obtained in a genome-wide 321 

analysis of P. putida RNA targets post-transcriptionally regulated by Rsm proteins 322 

performed by RNA Antisense Purification followed by Sequencing (RAP-Seq, 323 

(Huertas-Rosales et al., 2021)). These data validated our previous predictions of Rsm 324 

binding sites, revealing that RsmI, RsmE and RsmA (hereafter referred to as RsmIEA) 325 

bind large regions of mRNA molecules encoding several T6SS elements of the K1-326 

T6SS and the orphan clusters hcp4 and hcp5. These regions included tagB1-tssB1-327 

tssC1-tssE1, clpV1-tssJ1-tssK1, hcp1-tssA1, tke2-tki2 and hcp4 and hcp5 mRNAs (Fig. 328 

1A and Dataset S1). 329 

Consistently, Rsm binding sites were located near the RBS either blocking or promoting 330 

translation, fitting with their known binding preference. From the previously identified 331 

potential Rsm binding sites, we selectively focused on those near the start codon of the 332 

abovementioned T6SS transcripts, including tagB1, tssE1 and tssJ1 (Table S4), for 333 

further investigation. Interestingly, the sequences of three hcp mRNA molecules (hcp1, 334 
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hcp4 and hcp5) revealed multiple putative Rsm binding sites and were identified as 335 

RsmIEA targets in the RAP-Seq analysis (Fig. 1A, Table S4 and Dataset S1; Huertas-336 

Rosales et al., 2021). These hcp RNA sequences were included in the subsequent 337 

assays. 338 

First, to evaluate the quality of the selected Rsm binding sites, we predicted the 339 

secondary structure of the RNA targets using Mfold software. The RNA binding affinity 340 

is highly dependent on the secondary structure, with optimal interactions occurring 341 

when GGA is either in the loop of the hairpin or within it (Dubey et al., 2005). Our 342 

prediction indicated that the selected T6SS mRNA targets could form short stem-loop 343 

structures with the GGA core contained within the hairpin loop (Fig. 1B and S1). In all 344 

cases, i.e. tagB1, tssE1 and tssJ1 (hcp1, hcp4 and hcp5), the GGA core overlapped with 345 

the Shine-Dalgarno sequence or the AUG start codon (Fig. 1B and S1). These data 346 

strongly support that Rsm proteins bind directly to these mRNA targets. 347 

 348 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted July 10, 2026. ; https://doi.org/10.64898/2026.07.10.737732doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.10.737732
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Rsm binding regions and sites identified in P. putida KT2440 T6SS 349 

transcripts. A) Green boxes depict Rsm protein binding regions in the K1-T6SS and 350 

orphan hcp4 and hcp5 as identified by (Huertas-Rosales et al., 2021). The vertical lines 351 

represent putative binding sites that fit the consensus sequence and are identified in the 352 

in silico study performed in this work, supporting likely direct binding to transcribed 353 

mRNAs from these regions. B) Secondary structure of the RNA targets (tagB1, tssE1 354 

and tssJ1) using Mfold software. The start codon is shown in red, the Rsm binding site 355 

GGA core is boxed in pink while the putative Shine Dalgarno is boxed in grey. The 356 

putative Rsm binding site sequences is underlined and the bases that fit the consensus 357 

sequence are in bold. 358 

 359 

RsmIEA repress the translation of T6SS transcripts 360 

Since Rsm proteins, in most cases, interfere with ribosome binding and prevent 361 

translation of target transcripts, we expect to observe reduced translation of T6SS 362 

mRNA molecules targeted by Rsm proteins. To study the level of translation of these 363 

target genes, we generated ectopic translational fusions to the promoterless lacZ gene. 364 

This reporter gene encodes the β-galactosidase enzyme that converts a colourless 365 

substrate into a colourful substance, allowing it to measure the levels of translation 366 

colourimetrically (Miller, 1972). The constructs consist of either the native operon 367 

promoter or an introduced Ptac promoter fused to lacZ alongside the first portion of the 368 

encoding region of each target gene. 369 

Since the GacS/GacA two-component system regulates Rsm proteins, the translational 370 

fusions were introduced in wildtype, gacS and rsmIEA mutant strains. The level of 371 

translation of the selected T6SS transcripts showed a marked decrease in gacS and an 372 

increase in rsmIEA mutants (Fig. 2). LacZ activity of all these transcripts was severely 373 
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decreased in the gacS mutant, with levels similar to the empty plasmid control (Fig. 2; 374 

blue and grey columns, respectively). Robust increases were observed for tagB1, tssE1, 375 

hcp4 and hcp5 and a 40-fold increase for hcp1 and tssJ1 when comparing the wildtype 376 

to the rsmIEA background (Fig. 2; green and red columns, respectively). This data 377 

demonstrates that RsmIEA proteins repress the translation of the K1-T6SS gene cluster 378 

and the orphan hcp4 and hcp5 mRNAs and this repression is blocked by the sRNAs that 379 

are positively governed by the GacS/GacA cascade.  380 

 381 

Figure 2. Deletion of gacS represses, whilst deletion of rsmIEA enhances 382 

translation of T6SS transcripts. A) β-galactosidase activity, in exponential phase, of 383 

the P. putida wildtype and the gacS or rsmIEA mutant strains bearing the pSEVA225T 384 
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or the pSEVA225T-derivated plasmids containing the indicated translational fusions 385 

(PtagB1, PtssE1, PtssJ1, Phcp1, Phcp4, and Phcp5) to the lacZ gene. Strains were grown in LB, 386 

and the β-galactosidase activity was measured in the exponential phase of growth. Data 387 

are means ± SD from at least four replicates (n ≥4), each one including two technical 388 

replicates. P values were calculated by t-test analysis. 389 

 390 

RsmIEA represses the production and secretion of components of the K1-T6SS and 391 

the hcp5 orphan cluster 392 

Next, we aimed to analyse whether the GacS and RsmIEA-dependent changes in the 393 

translational level of the T6SS transcripts (Fig. 2) are also converted into an increase in 394 

T6SS protein production and secretion. 395 

Hcp proteins are a reliable marker to assess the functionality of T6SS since they 396 

assemble the internal tube that, upon contraction of the sheath, is ejected out of the cell 397 

when the system is active (Basler and Mekalanos, 2012). In P. putida, the detection of 398 

Hcp1 in the supernatant of wildtype cultures has been previously demonstrated (Bernal 399 

et al., 2017, 2021). This secretion is abolished in an isogenic tssA1 mutant unable to 400 

encode the essential T6SS component TssA1 (Bernal et al., 2017, 2021). To compare 401 

the levels of production and secretion of Hcp1 between the wildtype, the gacS and the 402 

rsmIEA mutant strains, we used a polyclonal antibody to detect Hcp1. Using conditions 403 

we know activate the K1-T6SS, we observed highly repressed expression of Hcp1 in the 404 

gacS mutant but expression in both the WT and Rsm mutants (Fig. 3A, left panel). We 405 

found that the Hcp1 protein is overrepresented in the secretome in the rsmIEA mutant 406 

(Fig. 3A, left panel).  407 
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To monitor the expression and secretion of an orphan Hcp, we selected Hcp5, as in 408 

KT2440, hcp4 is a truncated gene (Bernal et al., 2017), and engineered a plasmid 409 

harbouring hcp5 fused to the sequence encoding a twin StrepII tag. Although the 410 

expression of Hcp5 in the whole cell lysate in this condition is independent of the 411 

regulatory cascade (Fig. 3A, right panel), the secretion of Hcp5 likely requires an active 412 

K1-T6SS. These results confirmed the regulation of the K1-T6SS and their secreted 413 

components, such as the orphan Hcp5 protein, by GacS/GacA and Rsm systems. 414 

While the western blot analysis provided a bulk-level quantification of total Hcp1 and 415 

Hcp5 protein, it averages out individual cellular behaviours and cannot distinguish 416 

whether the observed differences occur uniformly across the population. To resolve this 417 

phenotypic heterogeneity and precisely quantify the proportion of cells actively 418 

assembling the T6SS at the single-cell level, we performed flow cytometry, leveraging a 419 

TssB1-superfolder GFP (sfGFP) fusion expressed at its native locus. By tracking single-420 

cell fluorescence to determine the proportion of TssB1-positive cells, we detected a 421 

heterogeneous population in the wildtype strain, with only ~50–60% of the cells 422 

presenting TssB1-GFP, indicating T6SS assembly under the tested conditions (green, 423 

Fig. 3B). Notably, the rsmIEA mutant (red, Fig. 3B, Top) showed an increased 424 

population of cells containing an active K1-T6SS (~80%) compared to the wildtype 425 

strain (green, Fig. 3B). In contrast, the gacS mutant showed no K1-T6SS activity (blue, 426 

Fig. 3B, Bottom), with a profile resembling the sfGFP-negative control (grey, Fig. 3B). 427 

Crucially, these single-cell insights reveal that the higher protein levels previously 428 

observed via western blot do not reflect an increased or faster secretion rate per 429 

individual cell. Instead, they demonstrate that these mutations alter population dynamics 430 

by recruiting a larger number of individual cells to actively assemble the system. These 431 

findings confirm that the post-transcriptional regulation of T6SS transcripts by the Gac 432 
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and Rsm proteins dictates the precise percentage of active cells within the bacterial 433 

population.  434 

Lastly, to determine if the increased number of K1-T6SS active cells would result in a 435 

higher capacity to kill, we investigated T6SS-dependent killing in this context. 436 

Consistent with the previous results, the rsmIEA mutant showed a significantly 437 

increased competitive index when cocultured with prey E. coli (CIWT = 1 versus CIrsmIEA 
438 

= 2.5; Fig. 3C). The increased killing ability of the rsmIEA mutant was, at least partially, 439 

K1-T6SS dependent, as the competitive index decreased in the isogenic rsmIEA tssA1 440 

mutant (CIrsmIEA tssA1 = 0.86; Fig. 3C). In contrast, the gacS mutant presented a 441 

competitive index lower than both, the wildtype and the rsmIEA mutant (CIgacS = 0.4; 442 

Fig. 3C). This aligns with the inability of the gacS mutant to synthesise the small RNAs 443 

to sequester RsmIEA that would unleash the K1-T6SS activity.  444 

Thus, the absence of RsmIEA proteins promotes the translation of K1-T6SS transcripts 445 

(Fig. 2), leading to the overproduction and secretion of specific K1-T6SS and orphan 446 

Hcp5 (Fig. 3A). This increases the percentage of the population assembling an active 447 

T6SS apparatus (Fig. 3B), ultimately enhancing the capacity to kill prey cells (Fig. 3C).  448 
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449 
Fig. 3. RsmIEA represses the production and secretion of components of the K1-450 

T6SS and the hcp5 orphan cluster. A) The gacS and the rsmIEA mutants of P. putida show 451 

markedly reduced and robust secretion of Hcp1 and Hcp5, respectively. Hcp1 and Hcp5-StrepII 452 

expression and presence in the culture supernatant were assessed for wildtype P. putida and the 453 

isogenic gacS and rsmIEA mutants. Hcp5-StrepII was expressed from plasmid pSEVA234 454 

(Table S2). Positions of molecular weight markers are shown on the left, and the β-subunit of 455 

the E. coli RNA polymerase (β-RNA pol.) was used as a loading and bacterial lysis control. A 456 

representative blot from three independent experiments is presented. B) Representative flow 457 

cytometry profiles of P. putida wildtype and gacS and rsmIEA mutant strains demonstrate 458 

repressed or enhanced expression of TssB1-sfGFP from the native tssB1 locus. C) Competition 459 
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assays between P. putida strains and E. coli show a decreased competitive index for the gacS 460 

mutant compared to the wildtype P. putida strain. On the contrary, an increased competitive 461 

index is shown for the rsmIEA mutant compared to the wildtype P. putida strain. Graph shows 462 

means ±SD, significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001 or **** = 463 

p < 0.0001. Statistical analysis was performed using unpaired T-tests corrected for multiple 464 

testing using the Holm-Sidak method. For E. coli competitions, n = 5 (all significant). 465 

 466 

Hcp5 is an additional component of the K1-T6SS 467 

KT2440 possesses six Hcp proteins (Hcp1-6), three of them encoded within the K1-, 468 

K2- and K3-T6SS clusters and three orphan Hcp proteins (Hcp4, Hcp5 and Hcp6) 469 

encoded elsewhere in the genome. These orphan Hcp proteins are closely related to 470 

Hcp1, with an approximately 50% identity between Hcp1 and the orphan Hcp4, Hcp5 471 

and Hcp6 (Fig. 4A). This homology suggests that the K1-T6SS secretes the orphan Hcp 472 

proteins. In contrast, Hcp2 and Hcp3, with a protein identity between them of 99.4% 473 

and ~20% identity with Hcp1 and the orphans, clustered in a different phylogenetic 474 

group and are expected to be K2- and K3-T6SS-dependent, respectively (Fig. 4 A and 475 

B).  476 

In other systems, such as P. aeruginosa T6SSs, orphan VgrG islands  are co-regulated 477 

with the cluster to which they are associated (Allsopp et al., 2017).  Here we show that 478 

hcp4 and hcp5 are co-regulated with the K1-T6SS by RsmIEA proteins (Figs. 1, 2 and 479 

3). Thus, the homology and the co-regulation data support the idea that  Hcp4 and Hcp5, 480 

are secreted through the K1-T6SS. To test our hypothesis, we introduced pSEVA234-481 

hcp5::StrepII in both the wildtype and the tssA1 mutant backgrounds. In the wildtype 482 

strain, we readily detected Hcp5 in the culture supernatant, but its secretion was 483 
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abolished in the isogenic tssA1 mutant (Fig. 4C), confirming that the secretion of Hcp5, 484 

like Hcp1, depends on the K1-T6SS. 485 

We observed that in the hcp1 mutant, Hcp5-StrepII is expressed, but the secretion of the 486 

orphan Hcp5 protein was abolished (Fig. 4C). To explore this idea further, we assessed 487 

if Hcp1 and Hcp5 could interact via a bacterial two-hybrid assay. We demonstrate 488 

pronounced blue X-gal metabolism, similar to our Zip-Zip positive control, 489 

demonstrating that Hcp1 and Hcp5 (Fig. 4D). These two pieces of data demonstrate that 490 

Hcp1 is the critical component for the assembly of the K1-T6SS inner tube and is 491 

required for a functional K1-T6SS. It also shows that Hcp1 and Hcp5 can directly 492 

interact, which suggests that the Hcp1-K1 tube can incorporate accessory Hcp proteins 493 

like Hcp5 that cannot be secreted in the absence of the main tube component, Hcp1 494 

(Fig. 4C). 495 

The incorporation of different Hcp proteins could serve as accessory proteins that 496 

facilitate the secretion of additional Hcp-associated effectors, thereby increasing the 497 

diversity of T6SS “bullets” deployed by the system. 498 
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 499 

Figure 4. Functionality of the orphan Hcp5 protein. A) Multiple Sequence 500 

Alignment (MSA) of P. putida Hcp protein sequences using Clustal Omega and 501 

displayed by Jalview coloured by percentage of identity. The percent identity matrix 502 

generated by Clustal 2.1 is included in the bottom part of the figure. B) Phylogenetic 503 

tree of P. putida Hcp proteins. Maximum likelihood tree was built with Mega 7 504 

software. C) Hcp5 expression and presence in the culture supernatant were assessed for 505 

wildtype P. putida and the isogenic tssA1 and hcp1 mutants. The hcp1 mutant was used 506 

as a control for tube formation. A representative blot from three independent 507 

experiments is presented. D) P. putida Hcp5 interacts with Hcp1 by the N- and the C-508 
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terminal domains, as assessed by bacterial two-hybrid assay. Three independent 509 

experiments were performed, with identical results. 510 

 511 

Tke2 and Tke7 are regulated by Rsm and GacA/S cascade. 512 

As early studies demonstrated, T6SS toxins are co-regulated alongside the clusters with 513 

which they are associated (Allsopp et al., 2017, 2022). In P. putida, toxins related to the 514 

RsmIEA-regulated K1-T6SS and hcp5 orphan clusters, Tke2 and Tke7, respectively, 515 

seem to follow this pattern. The transcripts of tke2 and tke7 are partially bound to 516 

RsmIEA proteins (Fig. 1A), and putative Rsm binding sites are identified through their 517 

sequences (Fig. 1A). To compare the levels of production/secretion of these effectors 518 

between the wildtype, the rsmIEA and gacS mutant strains, we introduced a V5 tag at 519 

the C-terminus of the native copy of Tke2 and Tke7 in these backgrounds. Western blot 520 

analysis detected expression of both Tke2 and Tke7, which is slightly more abundant in 521 

the exponential phase of growth in the rsmIEA mutant and highly repressed in the gacS 522 

mutant compared to the wildtype strain (Fig. 5).  523 

Given that the K1-T6SS is predominantly induced during the stationary phase of 524 

growth, we next sought to evaluate the processing and secretion dynamics of these 525 

effectors in this phase. Tke2 is an Rhs effector that can be detected in whole cells as 526 

both the full-length protein and the C-terminal domain (~16 kDa) (Fig. 5 and Fig. S2). 527 

However, while both forms are present intracellularly, the C-terminal domain is the 528 

predominant form found in the secreted fraction. Crucially, this secretion is entirely 529 

absent in a structural tssA1 mutant (Fig. S2), confirming T6SS-dependent secretion. 530 

Tke7 is likewise detected in whole cells (Fig. 5 and S2), but it was not detected in the 531 

secreted fraction under the tested conditions.   532 
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In summary, the absence of RsmIEA proteins promotes the translation of K1-T6SS-533 

dependent effector transcripts (Fig. 2), leading to enhanced production of Tke2 and 534 

Tke7 effectors and secretion of specific K1-T6SS and hcp5 orphan cluster components, 535 

including Hcp5 and Tke2 (Fig. 3A and 5). 536 

 537 

Fig. 5. Tke2 and Tke7 are regulated by Rsm and GacS/A cascade, but only 538 

secretion of Tke2 was observed. Production and secretion of Tke2 and Tke7 effectors 539 

were assessed for wild-type P. putida and the isogenic tssA1 mutant. A representative 540 

blot from three independent experiments is presented. 541 

RsmIEA regulates the biocontrol capability of this strain by repressing Tke2 and Tke7 542 

effectors 543 

Since P. putida is a biocontrol agent and the T6SS is instrumental in the killing capacity 544 

of this strain, we decided to test whether the two RsmIEA-regulated effectors, Tke2 and 545 

Tke7 (Fig. 1A), are part of the P. putida arsenal to kill plant pathogens or other 546 

pathogens of importance in agriculture. To investigate the toxicity of Tke2 and Tke7, we 547 

selected a recalcitrant plant pathogen, Erwinia amylovora, the causal agent of a 548 

devastating necrotic disease (fire blight) affecting apples, pears, and other rosaceous 549 
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plants and a human pathogen, Salmonella enterica, that produces salmonellosis 550 

(diarrhoea, nausea, vomiting, abdominal pain) if consumed (Malnoy et al., 2012; Galán, 551 

2021). We heterologously expressed the effectors from pS238•DM and performed 552 

growth curves. Since Tke7 is predicted to be a pore-forming toxin, we added a PelB 553 

sequence to send the effector to the periplasm as described before for Tke5 (Velázquez, 554 

Arce-Rodríguez, et al., 2026). Upon induction with 3-mBz, the viability of the 555 

pathogens was severely decreased when both toxins were expressed in comparison with 556 

the non-induced controls and the vector expressing msfGFP (Fig. 6A, 6B and S3). 557 

Notably, Tke2 exhibits a stronger effect on Salmonella while Tke7 is more effective 558 

against Erwinia, suggesting a certain degree of target specificity (Fig. 6A, 6B and S3). 559 

Collectively, these experiments demonstrate the potent antibacterial activity of the Tke2 560 

and Tke7 toxins against environmentally found pathogens. This inhibitory potential 561 

indicates that Tke2 and Tke7 contribute to the biocontrol capabilities of Pseudomonas 562 

putida in agricultural settings, offering promising tools to target pathogens that threaten 563 

the food industry. 564 

Since the effectors regulated by these proteins present antimicrobial activity against E. 565 

amylovora and Salmonella, we decided to test the ability of the gacS and rsmIEA 566 

mutants to eliminate these pathogens. Importantly, we observed that the rsmIEA mutant 567 

showed an enhanced capacity to kill E. amylovora (CIWT = 0.75 versus CIrsmIEA = 2; Fig. 568 

6C) and Salmonella (CIWT= 0.9 versus CIrsmIEA = 1.8; Fig. 6D). In contrast, the gacS 569 

mutant, unable to sequester RsmIEA proteins so has a repressed K1-T6SS, presented a 570 

lower competitive index that the wildtype strain in both cases, against E. amylovora 571 

(CIWT = 0.75 versus CIgacS = 0.45; Fig. 6C) and Salmonella (CIWT = 1 versus CIgacS = 0.1; 572 

Fig. 6C). These data demonstrated the capacity of P. putida to kill pathogens of interest 573 

for agriculture and human health via the T6SS. 574 
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We conclude that the K1-T6SS and its associated effector proteins represent a powerful 575 

biocontrol mechanism, with significant potential for agricultural applications. 576 

Understanding the regulatory networks governing its expression and characterising its 577 

secreted antimicrobial arsenal will enhance its effectiveness as a targeted biocontrol tool 578 

in crop protection strategies. 579 

 580 

Fig. 6. Toxicity of Tke2 and Tke7 for different recalcitrant pathogens. The growth 581 

of A) the plant pathogen Erwinia amilovora cells harbouring the pS238D•pelB-tke7 582 

containing the T6SS effector of P. putida Tke7 N-terminal fused to a PelB signal 583 

peptide and B) the human pathogen Salmonella enterica subsp. enterica serovar 584 

Senftenberg cells harbouring the pS238D•tke2 containing the T6SS effector of P. putida 585 
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Tke2 were determined by measuring the OD at 600 nm. After 2 h, 3-mBz was added to 586 

the LB medium to induce the expression of the tke2 and pelB-tke7 gene. C) and D) 587 

Competition assays between P. putida strains, Salmonella, and Erwinia show an 588 

increased competitive index for the rsmIEA mutant and a decreased competitive index 589 

for the gacS mutant compared to the wildtype P. putida strain. A positive log10 C.I. 590 

indicates the attacker successfully outcompeted the prey, while a value of zero signifies 591 

equal bacterial fitness. Data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P 592 

< 0.0001. Statistical analysis was performed using unpaired t tests corrected for multiple 593 

testing using the Holm–Sidak method. For Salmonella comparisons, n = 5, for Erwinia 594 

comparisons, n = 5. 595 

 596 

DISCUSSION 597 

 598 

The T6SS is widely recognised as a bacterial nanoweapon that delivers toxic effectors 599 

into neighbouring cells to gain a competitive advantage in polymicrobial environments 600 

(Allsopp and Bernal, 2023; Vázquez-Arias et al., 2025). The well-established biocontrol 601 

agent P. putida KT2440 deploys its T6SS to eradicate a broad spectrum of resilient 602 

phytopathogens, including Xanthomonas campestris and Agrobacterium tumefaciens, 603 

thereby protecting plants from infection (Bernal et al., 2017, 2021; Vázquez-Arias et 604 

al., 2025; Velázquez, Arce-Rodríguez, et al., 2026). This highlights the immense 605 

potential of P. putida T6SSs in biotechnological applications for sustainable agriculture. 606 

The activity of T6SSs is controlled at multiple levels, including transcriptional, post-607 

transcriptional, and post-translational mechanisms, ensuring their precise deployment 608 

when needed (Hespanhol et al., 2023). While the transcriptional regulation of the P. 609 

putida K1-T6SS has revealed constitutive basal expression that is further induced in the 610 

stationary phase and influenced by global regulators such as RpoN, RpoS, FleQ, RetS, 611 
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and the GacS/GacA two-component system (Bernal et al., 2023), the post-612 

transcriptional and post-translational control in this strain has remained poorly 613 

understood. 614 

This study demonstrates that the RsmIEA proteins in P. putida serve as key post-615 

transcriptional regulators of the K1-T6SS and associated orphan elements (Fig. 7). This 616 

regulatory function is achieved by RsmIEA binding to specific sites near the ribosomal 617 

binding sites (RBS) of T6SS transcripts, including those encoding Hcp1 and Hcp5, 618 

thereby repressing their translation (Fig. 1 and 7). This mechanism is analogous to the 619 

well-characterised RsmA/CsrA family of RNA-binding proteins in Pseudomonas 620 

aeruginosa, which also suppresses T6SS mRNA translation (Allsopp et al., 2017). The 621 

integration of RsmIEA-mediated post-transcriptional control with the established 622 

transcriptional regulatory networks (such as the GacS/GacA cascade) highlights the 623 

layered complexity that enables P. putida to fine-tune T6SS expression, assembly, and 624 

secretion. This intricate regulation is crucial for a likely energetically costly system, 625 

ensuring its optimal deployment in competitive environmental niches like the 626 

rhizosphere. 627 

The major limitation of our study is that the rsmIEA triple mutant was used, meaning 628 

the individual contributions of specific Rsm proteins were not assessed. This was a 629 

deliberate strategic choice, given that autoregulation and cross-regulation are well-630 

documented within these systems. Additionally, ectopic expression from a plasmid 631 

encoding a single rsm gene could result in non-physiological expression levels. 632 

Nevertheless, our use of both gacS and rsm mutants clearly demonstrates the 633 

involvement of this pathway in regulating these T6SS genes. Indeed, Figure 1 shows 634 

that specific Rsm proteins exhibit binding preferences for distinct mRNAs, suggesting 635 

more nuanced levels of control. 636 
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A notable finding is the co-regulation of orphan T6SS components, particularly the hcp5 637 

cluster and its associated effector Tke7, by the GacS/A and RsmIEA systems (Fig. 2 and 638 

3). P. putida KT2440 has a diverse T6SS arsenal, including three T6SS clusters (K1-, 639 

K2-, K3-T6SS) and five orphan gene clusters encoding Hcp and VgrG proteins with 640 

their respective effectors (Bernal et al., 2017). These orphan genes, likely acquired via 641 

horizontal gene transfer, significantly enhance the versatility of the T6SS, enabling the 642 

delivery of a broad array of effectors. Here, we identified Hcp1 as the essential 643 

component for the K1-T6SS inner tube assembly (Fig. 4 and 7). Our study indicates that 644 

the orphan Hcp5 can be incorporated into the Hcp1-K1 tube, potentially facilitating the 645 

secretion of additional effectors, such as Tke7. Recently, mixed tubes formed by hetero-646 

hexamers with variable stoichiometry of minor and major Hcp complexes have been 647 

described in Bacteroidales (San-Miguel et al., 2026). The authors hypothesise that 648 

minor subunits act as recognition particles for effectors like Bte1 to mediate secretion. 649 

This is analogous to what we believe is happening, where Hcp5 likely directs Tke7 to 650 

the Hcp1-Hcp5 lumen tube. This modular structure allows the T6SS to deliver a diverse 651 

payload of effector proteins, broadening its efficacy across different target organisms. 652 

The identification of Tke7 as a novel K1-T6SS effector (Fig. 6) further expands the 653 

known weaponry of P. putida. Tke7, which is predicted to be a pore-forming effector 654 

dependent on Hcp5 for its secretion, adds to the growing list of diverse effectors found 655 

in P. putida, which also includes the Rhs-type nuclease Tke2 and the pore-forming 656 

colicin Tke5 (Bernal et al., 2017; Velázquez, Arce-Rodríguez, et al., 2026; Velázquez, 657 

Zabala-Zearreta, et al., 2026). Tke5, for instance, has been shown to effectively kill a 658 

wide range of phytopathogens, including P. syringae and Ralstonia solanacearum, by 659 

disrupting bacterial membranes through selective ion transport (Velázquez, Arce-660 

Rodríguez, et al., 2026). The discovery of such novel toxins with distinct mechanisms 661 
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of action is critical, as they present promising therapeutic options against multidrug-662 

resistant bacteria and phytopathogens. The existence of trans-kingdom effectors, 663 

capable of targeting bacteria, fungi, and eukaryotic cells, further broadens the potential 664 

application of these toxins. 665 

In conclusion, this research provides crucial insights into the post-transcriptional 666 

regulation of the P. putida T6SS by RsmIEA proteins (Fig. 7) and enriches our 667 

understanding of its effector repertoire with the identification of Tke7. Optimising T6SS 668 

activity through a detailed comprehension of its multi-layered regulation directly 669 

enhances the potential of P. putida as an effective biocontrol agent. By leveraging this 670 

knowledge, it may be possible to engineer "designer microbes" with precisely controlled 671 

T6SSs, leading to more targeted and potent strategies for combating plant diseases and 672 

shaping the rhizosphere microbiota for greener agriculture. Future research should 673 

continue to explore the intricate regulatory cues, the full diversity of T6SS effectors and 674 

the mechanisms of action to fully harness these remarkable bacterial nanomachines for 675 

sustainable agricultural solutions and beyond. 676 
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 677 

Fig. 7. Model of the Gac/Rsm-mediated regulation of the K1-T6SS and the orphan 678 

hcp5 in P. putida. The figure illustrates the regulatory switch determining the transition 679 

between an attacker and a non-attacking cell. In the attacker cell state, depicted on the 680 

left panel, an environmental signal triggers the autophosphorylation of the sensor kinase 681 

GacS, which transfers its phosphate group to the response regulator GacA. Activated 682 

GacA-P drives the transcription of the regulatory small RNAs RsmX, RsmY, and RsmZ, 683 

which subsequently sequester the translational repressors RsmIEA. This sequestration, 684 

or similarly, a rsmIEA mutant, leaves the ribosome-binding sites of the K1-T6SS and 685 

orphan hcp5 mRNAs accessible, allowing ribosomes to bind, initiate translation, and 686 

produce the T6SS components like TagB. As a result, the active T6SS apparatus is 687 

assembled, enabling the cell to fire and kill competing pathogens using effectors like 688 
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Tke2. Conversely, in the non-attacking cell state shown on the right panel, the absence 689 

of the signal or the inhibitory action of RetS on GacS, or a gacS mutant strain, leaves 690 

GacA unphosphorylated, halting the transcription of the small RNAs. The free RsmIEA 691 

proteins are then able to bind directly to the specific ribosome-binding sites on the 692 

polycistronic transcripts, causing steric hindrance that blocks ribosome access and 693 

prevents translation. Consequently, the T6SS nanoweapon cannot be assembled, 694 

allowing the bacterium to conserve metabolic energy. 695 

696 
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