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ABSTRACT
The symbiotic relationship between rhizobia and legumes is critical for sustainable agriculture and has important economic 
and environmental implications. In this intricate process, rhizobial bacteria colonise plant roots and induce the formation of 
specialised plant organs, the nodules. Within these structures, rhizobia fix environmental nitrogen into ammonia, significantly 
reducing the demand for synthetic fertilisers. Multiple bacterial secretion systems (TXSS, Type X Secretion System) are involved 
in establishing this symbiosis, with T3SS being the most studied. While the Type 6 Secretion System (T6SS) is known as a “na-
noweapon” commonly used by diderm (formerly gram-negative) bacteria for inter-bacterial competition and potentially manip-
ulating eukaryotic cells, its precise role in legume symbiosis remains unclear. Sinorhizobium fredii USDA257, a fast-growing 
rhizobial strain capable of nodulating diverse legume plants, possesses a single T6SS cluster containing genes encoding struc-
tural components and potential effectors that could target plant cells and/or act as effector-immunity pairs. Our research reveals 
that this T6SS can be induced in nutrient-limited conditions and, more importantly, is essential for successful nodulation and 
competitive colonisation of Glycine max cv Pekin. Although the system did not demonstrate effectiveness in eliminating compet-
ing bacteria in vitro, its active presence within root nodules suggests a sophisticated role in symbiotic interactions that extends 
beyond traditional interbacterial competition.

1   |   Introduction

Rhizobia are α- and ß-Proteobacteria soil-borne microorgan-
isms frequently found on leguminous plant roots and rhizo-
sphere. This environment is highly appropriate for rhizobia 
development and, eventually, they form a symbiotic relation-
ship with the leguminous plant. The rhizosphere protects rhi-
zobia from desiccation, extreme temperatures and light stress. 
At the same time, legumes supply bacteria with nutrients 

exuded from the roots, including amino acids, organic acids, 
sugars, aromatic compounds and secondary metabolites 
(Walker et  al.  2003). Flavonoids are secondary metabolites 
exudate by legume plants that initiate the molecular dia-
logue between them and rhizobia. This dialogue culminates 
with the formation of new root organs called nodules, where 
the bacterial reduction of atmospheric nitrogen to the most 
needed form (ammonia) takes place (Oldroyd et  al.  2011). 
Therefore, when recognised by the appropriate rhizobia, 
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flavonoids induce the production of rhizobial signal mole-
cules, called nodulation factors (Nod factors). Nod factors 
can be specifically recognised by legume plants, initiating the 
nodulation process that culminates with nodule development, 
its occupation and the transformation of the rhizobium into a 
nitrogen-fixing cell, the bacteroid (Oldroyd  2013; Zipfel and 
Oldroyd 2017). Besides the molecular recognition mediated by 
flavonoids and Nod factors, the success of the nodulation pro-
cess also depends on secretion system effectors. Thus, in the 
last 15 years, effector proteins secreted through the rhizobial 
type III secretion system (T3SS) have been proven important, 
and in some cases essential, for the symbiotic performance of 
several rhizobial genera, such as Sinorhizhobium, Rhizobium, 
Bradyrhizobium and Mesorhizobium (Jiménez-Guerrero 
et  al.  2022, 2021; López-Baena et  al.  2016). Interestingly, a 
novel secretion system, the type VI secretion system (T6SS), 
has been described over the past two decades, and may play a 
complementary role to the effects observed by T3SS effectors. 
This machinery was first identified in Rhizobium leguminosa-
rum (Bladergroen et al. 2003), although the term T6SS was not 
established until 2006 when the T6SS of Vibrio cholerae and 
Pseudomonas aeruginosa were simultaneously characterised 
(Mougous et al. 2006; Pukatzki et al. 2006). The T6SS is pres-
ent in ca. 25% of diderm (formerly gram-negative) bacteria, 
mainly in the Pseudomonadota (formerly Proteobacteria) phy-
lum, where the α-, β- and γ-proteobacteria classes are included 
(Boyer et al. 2009). Generally, this system secretes effectors/
toxins into prokaryotic cells, playing a critical role in inter-
bacterial competition (Ho et  al.  2014). However, some T6SS 
effectors target eukaryotic cells and can manipulate the host 
during an infective process (Hachani et al. 2016).

The specific role of T6SS effectors in rhizobial symbiosis is un-
derstudied, although recent work suggests that these proteins 
could exert neutral, positive, or negative effects, depending on 
the symbiotic pair. Thus, it has been reported that the T6SS of 
Paraburkholderia phymatum and Azorhizobium caulinodans do 
not appear to be directly implicated in the symbiotic effectiveness 
between these rhizobia and the legumes Vigna unguiculata and 
Sesbania rostrata, respectively. However, both T6SSs are involved 
in symbiotic competitiveness against other rhizobial species for 
nodulation (De Campos et al. 2017; Lin et al. 2018). In contrast, in 
both Rhizobium etli Mim1 and Bradyrhizobium sp. LmicA16, the 
T6SS is required for efficient nodulation with Phaseolus vulgaris 
and Lupinus spp., respectively (Salinero-Lanzarote et  al.  2019; 
Tighilt et  al.  2022). In the case of R. etli Mim1, this system is 
expressed at high cell densities, in the presence of root exudates 
and within host-plant nodules (Salinero-Lanzarote et al. 2019). 
Interestingly, one of the T6SS effectors secreted by this system, 
Re78, is an antimicrobial toxin involved in interbacterial com-
petition and nodule occupancy (De Sousa et  al.  2023). On the 
contrary, Rhizobium leguminosarum RBL5787 is unable to form 
nitrogen-fixing nodules on peas (Pisum sativum) due to the pres-
ence of a functional T6SS (Bladergroen et al. 2003).

Structurally, the T6SS is a multiprotein complex composed of 
13 main constituents. The genes encoding these proteins are 
grouped into genetic clusters and named tss (type six secre-
tion) (Ho et al. 2014). In some cases, an additional set of genes, 
named tag genes (type six accessory genes), encodes accessory 

proteins with regulation and fine-tuning functions (Aschtgen 
et al. 2010; Bernal et al. 2021; Hsu et al. 2009; Lin et al. 2018; 
Santin et  al.  2018). The T6SS is structured into three main 
compartments: the membrane complex formed by TssJ, TssL 
and TssM, the baseplate and the tail, that is formed by an inner 
tube (Hcp), surrounded by a contractile sheath and ended in a 
needle-shaped tip (VrgG and PAAR). The T6SS effectors can 
be transported inside the tube, or connected to the tip, being 
released into the intracellular environment of the target cell 
upon sheath contraction. (Allsopp and Bernal  2023). Genes 
encoding effector/toxin proteins can be found within the T6SS 
cluster or are scattered throughout the genome. These genes 
are usually located downstream of those encoding VgrG, Hcp, 
and/or PAAR proteins. In some cases, T6SS effectors are en-
coded by the same gene that encodes Hcp, VrgG or PAAR 
proteins at the 3' end. Structural proteins with a C-terminal 
cytotoxic domain are commonly termed as “specialised” Hcp, 
VrgG or PAAR (Allsopp and Bernal 2023). Antibacterial T6SS 
effectors can target the cell envelope (peptidoglycan hydro-
lases, phospholipases and pore-forming effectors), or bacterial 
cytoplasm (nuclease and cofactor degrader effectors) (Allsopp 
and Bernal 2023; González-Magaña et al. 2022). Bacteria with 
a functional T6SS produce immunity proteins to protect from 
sister cell attacks and self-intoxication. T6SS effectors deliv-
ered into eukaryotic host cells are less widespread than anti-
microbial effectors, but the few identified to date are involved 
in different steps of host manipulation to promote bacterial 
infection (Hachani et al. 2016).

Sinorhizobium fredii USDA257, hereafter USDA257, is a 
fast-growing rhizobium that was isolated from wild soybean 
(Glycine soja), but is also able to form nitrogen-fixing nodules 
in a wide variety of legume species, such as G. max, S. rostrata, 
V. radiata, P. vulgaris, Cajanus cajan, Lotus japonicus and L. 
burtii (Pueppke and Broughton 1999). USDA257 is one of the 
most versatile rhizobia, along with other strains of the same 
species, S. fredii NGR234 and S. fredii HH103, and is, there-
fore, a model organism in many laboratories. Interestingly, 
among these strains, only USDA257 contains both the T3SS 
and T6SS machinery. The T3SS of USDA257 has been exten-
sively studied, playing a prominent role in symbiosis as well 
as in determining its nodulation host range (Staehelin and 
Krishnan  2015). In USDA257, legume recognition of T3SS 
effectors can exert positive (induction of nodulation) or neg-
ative (inhibition of nodulation) extreme effects, depending on 
the plant cultivar (Jiménez-Guerrero et  al.  2022). However, 
the ecological and physiological functions of the T6SS are 
completely unknown in USDA257 in particular and in the 
Sinorhizobium genera in general.

In this study, we identified and characterised the USDA257 
T6SS, which exhibits structural proteins with novel charac-
teristics, implying an apparatus with a distinctive assembly 
and a definite set of T6SS effectors. We showed that USDA257 
T6SS is induced in nutrient-limited media during the station-
ary phase of growth and, more importantly, when this strain 
colonises legume root nodules. Plant assays demonstrated 
that USDA257 utilises this protein secretion system to im-
prove symbiotic effectiveness and competitiveness in G. max 
cv Pekin.
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2   |   Materials and Methods

2.1   |   Bacterial Strains and Growth Conditions

Bacterial strains used in this work are listed in Table  S1. 
Rhizobial strains used in this study were grown at 28°C on 
tryptone yeast (TY) medium (Beringer  1974), yeast extract 
mannitol (YM) medium (Vincent  1970) or minimal (MM) 
medium (Robertsen et al. 1981) with two different mannitol 
concentrations (3 or 10 g mL−1, YM3/MM3 or YM10/MM10, 
respectively). Agrobacterium tumefaciens and Pectobacterium 
carotovorum strains were cultured in lysogeny broth (LB) 
(Lennox LB 5 g L−1 NaCl) and agar (1.5% w/v) (Sambrook 
et al. 1989) at 28°C. Antibiotics were used at (μg mL−1): car-
benicillin (Cb), 100 for Escherichia coli, rifampicin (Rif), 50 
for S. fredii; tetracycline (Tc), 10 for S. fredii and E. coli; ka-
namycin (Km), 50 for S. fredii and 25 for E. coli; ampicillin 
(Ap) 100 for S. fredii and E. coli; gentamycin (Gm), 10 for A. 
tumefaciens, P. carotovorum, S. fredii and E. coli; spectomycin 
(Spc), 50 for S. fredii and E. coli; piperacillin (Pip), 15 for S. 
fredii and E. coli. Genistein, a Sinorhizobium fredii nod gene-
inducing flavonoid, was dissolved in ethanol at a concentra-
tion of 1 μg mL−1 to obtain a final concentration of 3.7 μM.

2.2   |   Construction of Plasmids and Bacterial 
Strains

Plasmids and primers used in this study are listed in Tables S2 
and S3. To construct USDA257 tssA mutant, an internal frag-
ment of this gene was amplified using primers P1 and P2, di-
gested with EcoRI and BamHI and cloned into the pK18mob 
suicide vector, which was previously digested with the same 
enzymes, obtaining plasmid pMUS1480. This construct was 
employed to generate the tssA mutant strain in USDA257 by 
inserting the pMUS1480 vector into the USDA257 chromo-
some via single recombination at the tssA locus. The mutant 
was confirmed by Southern blot, PCR and sequencing. For 
Southern blot hybridization, DNA was blotted onto Hybond-N 
nylon membranes (Amersham, UK), and the DIG-DNA label-
ing method from Roche (Switzerland) was used following the 
manufacturer's instructions. The Southern blot results con-
firmed that the band hybridising with the probe was approxi-
mately 3.7 kb larger in the mutant strain than in the wild-type 
strain, as expected after the insertion of the 3.7 kb pMUS1480 
vector (Figure S1).

To analyse the expression profile of the T6SS cluster, the pro-
moter region of USDA257 ppkA gene was amplified with prim-
ers P3 and P4 (Table S3) resulting in a 575 bps fragment that 
was digested with EcoRI and XbaI and cloned into the mcs of 
plasmid pMP220, upstream the lacZ gene, using the same en-
zymes and obtaining plasmid pMP220::PppkA. The USDA257 
wild-type strain was conjugated with plasmids pMP220::PppkA 
and pMP240 (de Maagd et al. 1988), which contain transcrip-
tional fusions of the ppkA promoter from USDA257 and the 
nodA promoter of R. leguminosarum, respectively, to the lacZ 
gene. The strain carrying the pMP240 plasmid served as a 
positive control, whereas USDA257, containing the empty 
plasmid pMP220 (Spaink et al. 1987), was used as a negative 
control.

To study the expression of USDA257 T6SS during the symbiotic 
process, we constructed a strain with a dual reporter system 
that expressed both constitutive GFP- and T6SS-responsive 
mRFP (pBBR4::Pkan::GFP-PppkA::mRFP). Construction of the 
dual-reporter vector was performed using a previously de-
veloped system (Samal and Chatterjee 2021). The Samal and 
Chatterjee system is based on the pBBR1MCS-4 plasmid, in 
which a constitutively expressed GFP gene (Pkan::GFP) was di-
vergently cloned into an mRFP gene preceded by the promoter 
region of the eng gene from Xanthomonas (Peng). To construct 
the T6SS responsive mRFP reporter, we first removed Peng 
from the original vector using EcoRI to produce a promoter-
less (Pw/o) mRFP gene in the control vector pBBR4::Pkan::GFP-
Pw/o::mRFP. Then, we cloned the promoter region of the 
USDA257 ppkA gene (PppkA), amplified using primers 
P5-P6 (Table  S3) at the EcoRI site to engineer the vector 
pBBR4::Pkan::GFP-PppkA::mRFP. The insertion was confirmed 
by PCR using primers P7-P8 and sequenced by Macrogen Inc. 
These vectors were transferred into the USDA257 strain to 
study the expression of T6SS in the nodules.

All plasmids described in this section were transferred from 
E. coli to Sinorhizobium strains by triparental conjugation 
(Simon  1984) using E. coli DH5α harbouring the plasmid 
pRK2013 as the helper strain (Figurski and Helinski  1979). 
Recombinant DNA techniques were performed according to the 
general protocols of (Sambrook et al. 1989).

For the production of the antibody against USDA257 Hcp pro-
tein, the hcp gene was cloned into an expression vector that 
allowed the production of a C-terminal 6xHis tagged protein. 
First, the hcp gene without the stop codon was amplified by 
PCR with primers P9 and P10 (Table S3) and cloned into the 
entry Gateway pDONR207 vector, which was replicated in 
E. coli DB3.1. The insertion was confirmed by PCR and se-
quenced using the primers P11 and P12. The fragment was 
then subcloned into the destination pET-DEST42 Gateway 
vector following the manufacturer's instructions (Invitrogen, 
USA). Then, the generated plasmid pET42-hcp was transferred 
to E. coli BL21 (DE3) by transformation (Sambrook et al. 1989) 
for protein expression.

2.3   |   Bioinformatical Analysis

Sequences of 160 TssB proteins from 153 strains, belonging 
to 12 genera were obtained and compiled using the BLASTp 
tool from the NCBI website (Table  S4; Boratyn et  al.  2013). 
Sequences were aligned using ClustalW software (Sievers 
et  al.  2011), and the phylogenetic tree was constructed 
using MEGA7 (Kumar et  al.  2016), applying the Maximum 
Likelihood algorithm and a JTT matrix model (bootstrap 
value = 500). The phylogenetic tree was customised using the 
iTOL website (Letunic and Bork 2016). Amino acid sequence 
searches were performed using SMART (Letunic et al. 2015) 
and Pfam (Finn et al. 2016). The Protein Homology/Analogy 
Recognition Engine (Phyre2) server was used to perform a 
template-based approach to predict protein structural ho-
mology (Kelley et al. 2015). An additional analysis to identify 
structural homologues was performed using the Foldseek 
algorithm (Van Kempen et  al.  2024), which is a structural 
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alignment tool based on a structural protein alphabet of ter-
tiary interactions that operates using predicted models from 
the Alphafold database (Abramson et al. 2024). The PSORTb 
server was used to predict the subcellular locations of the pro-
teins (Yu et al. 2010). Conserved domains to identify orphan 
effector genes were identified using the Batch CD-Search Tool 
from the NCBI website using the VgrG, Hcp, PAAR, MIX, FIX, 
RIX, and PIX queries. Linear comparisons of multiple genomic 
T6SS loci (vgrG regions) were performed using clinker and 
clustermap.js (Gilchrist and Chooi 2021).

2.4   |   β-Galactosidase Assays

Overnight cultures of S. fredii strains carrying the pMP220 plas-
mid and derived pMP220::PppkA and pMP240 were diluted to a 
final turbidity (A600) of 0.01 in fresh medium containing tetra-
cycline, and cultures were grown at 28°C and 180 rpm. At differ-
ent time points, aliquots were taken to measure β-galactosidase 
activity in permeabilized whole cells, as described by (Zaat 
et al. 1987). Units of β-galactosidase activity were calculated ac-
cording to the method described by Miller (1972). At least three 
independent assays were performed for each case, and the stan-
dard errors of the mean were calculated.

2.5   |   RNA Extraction and qRT-PCR Experiments

Total RNA was isolated using a High Pure RNA Isolation 
Kit (Roche, Switzerland), according to the manufacturer's 
instructions. Verification of the amount and quality of total 
RNA samples was carried out using a Nanodrop 1000 spec-
trophotometer (Thermo Scientific, USA) and a Qubit 2.0 
Fluorometer (Invitrogen, USA). Four independent total 
RNA extractions were performed for each condition. The 
(DNA-free) RNA was reverse transcribed into cDNA using 
the PrimeScript RT reagent Kit with gDNA Eraser (Takara, 
Japan). Quantitative PCR was performed using a LightCycler 
480 (Roche, Switzerland) with the following conditions: 95°C 
for 10 min; 95°C for 30 s; 50°C for 30 s; 72°C for 20 s; 40 cycles, 
followed by a melting curve profile from 60°C to 95°C to verify 
the specificity of the reaction. The USDA257 16S rRNA gene 
was used as an internal control to normalise gene expression. 
The fold-changes in four biological samples with three techni-
cal replicates for each condition were obtained using the ΔΔCt 
method (Pfaffl  2001). The selected genes and primers (P13–
P16) are listed in Table S3.

2.6   |   S. fredii Hcp Antibody Production

The E. coli BL21(DE3) strain carrying the plasmid pET42-hcp 
was inoculated in 5 mL of LB supplemented with ampicillin 
and incubated overnight at 37°C and 200 rpm. The culture 
was then transferred to 200 mL of fresh medium and incu-
bated under the same conditions. When OD600nm reached 0.6, 
protein expression was induced with 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). The cultures were then grown 
for 4 h at 37°C and 200 rpm. Cells were harvested by centrif-
ugation (5.000 g, 20 min, 4°C) and the pellet was resuspended 

in a buffer containing 50 mM Tris–HCl (pH 7.5), 250 mM 
NaCl, 10 mM imidazole, 1 mg/mL lysozyme and a Protease 
Inhibitor Cocktail used following the manufacturer's instruc-
tions (Sigma-Aldrich, USA). The suspension was incubated for 
30 min at RT and sonicated on ice five times for 30 s, with 30 s 
cooling intervals between sonication treatments. Cell debris 
was eliminated by centrifugation (10.000 g, 30 min, 4°C). The 
clarified lysate was filtered with a 0.45 nm filter and incubated 
in a column containing 2.5 mL of Ni-Sepharose resin (Protino 
Ni-NTA, Macherey-Nagel, Duren, Germany). This column was 
previously equilibrated with 10 volumes of NPI buffer (50 mM 
NaH2PO4, 300 mM NaCl, 10 mM imidazole), allowing the bind-
ing of His-tagged Hcp to Protino Ni-NTA agarose. The column 
was washed with 10 volumes of buffer NPI containing 100 mM 
imidazole, and His-tagged Hcp protein was eluted from the 
resin with 1 mL of buffer NPI containing 500 mM imidazole. 
Following the manufacturer's instructions, His-tagged Hcp pro-
tein was washed with PBS and concentrated using an Amicon 
Ultra Centrifugal Filter Unit (Millipore Sigma, Burlington, MA, 
USA). The expression and purification of His-tagged Hcp were 
verified by SDS-PAGE and confirmed by western blotting using 
a His-tag monoclonal antibody (Cell Signalling Technology, 
USA). Polyclonal antibody production was carried out by the 
“Centro de Experimentación Animal Óscar Pintado” from the 
University of Seville (Spain) following the procedure described 
by (Vidal et al. 1980) (1 rabbit; 4 protein injections –500, 125, 
125 and 125 μg– and 2 bleedings).

2.7   |   Purification and Analysis of Extracellular 
Proteins

Extracellular and intracellular proteins were recovered follow-
ing the protocol described by Hachani et al. (2011), with some 
modifications. Briefly, 20 mL of the different rhizobial cultures 
grown on an orbital shaker (200 rpm) at 28°C for 48 h with an ad-
justed A600 of 1 were centrifuged for 20 min at 10.000 g at 4°C. 
Bacterial pellets were normalised and resuspended in 200 μL 
of sample buffer (62.5 mM Tris–HCl [pH 6.8], 2% SDS [w/v], 
10% glycerol [v/v], 5% β-mercaptoethanol [w/v], and 0.001% 
bromophenol blue [w/v]). To eliminate any remaining cells in 
the supernatant, three additional sequential centrifugations 
(20 min, 10.000 g, 4°C) were performed. One volume of 1.8 mL 
from each culture supernatant was collected and precipitated 
with trichloroacetic (TCA) acid overnight at 4°C. The mixtures 
were centrifuged for 30 min at 16.000 g and 4°C. Dried pellets, 
previously washed with 90% acetone, were resuspended in the 
sample buffer. For immunostaining, proteins were separated 
on SDS 20%–4% (w/v) polyacrylamide gels (Bio-Rad, USA) 
and electroblotted onto Immun-Blot polyvinylidene difluoride 
membranes (Bio-Rad) using a Mini Trans-Blot electrophoretic 
transfer cell (Bio-Rad). Membranes were blocked with TBS 
containing 5% (w/v) milk powder and then incubated with the 
previously described antibody raised against USDA257 Hcp pro-
tein diluted 1:1000 in the same solution. An anti-rabbit HRP-
linked antibody (Cell Signalling Technology, USA) was used as 
a secondary antibody, developed using HRP Immobilon Forte 
(Merck, Germany) according to the manufacturer's instructions, 
and visualised using an ImageQuant LAS 500 imaging worksta-
tion instrument (GE Healthcare, USA).
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2.8   |   Interbacterial Competition Assays

In vitro competition assays between USDA257 and different rhi-
zobia and plant pathogens were performed as previously described 
(Civantos et al. 2024), with some modifications. Briefly, overnight 
bacterial cultures were washed and adjusted to an OD600 of 1.0 in 
sterile PBS, and mixed at a 1:1 ratio between USDA257 as the at-
tacker and A. tumefaciens, P. carotovorum and S. fredii HH103 as 
preys. 100 μL of the mixtures were plated on YM3 (for A. tume-
faciens and P. carotovorum) or MM3 media (for S. fredii HH103) 
and incubated at 30°C for 24 or 48 h, respectively. Subsequently, 
the competitions were collected using an inoculating loop and 
resuspended in 1 mL of sterile PBS. The outcome of the competi-
tion was quantified by counting the colony-forming units (CFUs) 
using antibiotic selection of the input (time = 0 h) and output 
(time = 24–48 h). A. tumefaciens and P. carotovorum prey strains 
harboured the plasmid pRL662, which confers resistance to gen-
tamicin and was used for antibiotic selection, whereas USDA257 
was naturally resistant to streptomycin. Three independent biolog-
ical experiments were performed.

2.9   |   Plant Tests

To evaluate symbiotic effectiveness in nodulation assays, wild-
type and mutant strains were grown in YM3 medium. Surface-
sterilised seeds of G. max cv Pekin were pre-germinated and 
placed in sterilised Leonard jars, containing Fårhaeus N-free 
solution (Vincent  1970). Germinated seeds were inoculated 
with 1 mL of bacterial culture at an OD600 of 0.6. Growth condi-
tions were 16 h at 26°C in the light and 8 h and 18°C in the dark, 
with 70% humidity. Nodulation parameters were evaluated 
after 6 weeks. The shoots were dried at 70°C for 48 h and then 
weighed. Nodulation experiments were performed three times, 
with five technical replicates for each treatment.

Competition experiments for nodulation (competitiveness) on G. 
max cv Pekin were performed using the parental and the T6SS 
mutant strains of USDA257. These bacteria were grown to 109 
cells mL−1, and four to five Leonard jar assemblies containing 
two plant seedlings were inoculated with 1 mL of a mixture of 
bacterial competitors at ratios of 1:1, 1:10 and 10:1. Plants were 
grown for 6 weeks in a plant growth chamber under the growth 
conditions described above. To identify bacteria occupying the 
nodules, 100 G. max cv Pekin nodules from each treatment were 
surface sterilised by immersing them in 5% [w/v] sodium hypo-
chlorite for 5 min, followed by five washing steps in sterilised 
distilled water. The effectiveness of the surface-sterilising treat-
ment was checked by inoculating TY plates with 20-μl aliquots 
from the last washing step. Individual surface sterilised nodules 
were crushed in 30 μL of sterilised distilled water, and 20 μL 
aliquots were used to inoculate TY plates. Nodule occupancy 
was determined by assessing the ratio of differential antibiotic 
resistance of isolates (only rifampicin for the wild-type strain 
and rifampicin and kanamycin for the T6SS mutant). At least 10 
colonies from each isolate were analysed to check the possibility 
of nodules containing both inoculants.

For nodule occupancy visualisation by fluorescence microscopy, 
30-day-old L. burttii nodules formed in plants inoculated with 

USDA257 harbouring the dual fluorescent reporter, were em-
bedded in 6% agarose in water and sliced in thick layer sections 
(50 μm) using a Leica VT 1000S vibratome (Wetzlar, Germany). 
Sections of nodules were stained with 0.04% calcofluor and ob-
served by using a Leica Stellaris 8 SPE Confocal Microscope 
(Leica Microsystems) (Jena, Germany) fluorescence microscope 
as previously described (Kawaharada et al. 2017). The image's 
contrast and intensity were adjusted using ImageJ software 
(Schindelin et al. 2015).

2.10   |   Statistical Analysis

The statistical tests performed in this work are indicated in the 
figure legends and were done using Prism 8 (GraphPad, La Jolla, 
CA, USA).

3   |   Results

3.1   |   Genome-Wide Screening for T6SSs in 
N2-Fixing Bacteria

A phylogenetic analysis determines the presence of a T6SS 
cluster in at least 160 N2-fixing bacterial species from 13 dif-
ferent genera all belonging to the Phylum Pseudomonadota, 
including the main genera containing root-nodule-forming 
bacteria (Table  S4). The selected species belong to the order 
Hyphomicrobiales (better known as Rhizobiales) from the 
α-Proteobacteria class and the order Bulkholderiales from 
the β-Proteobacteria class. We have included well-described 
Agrobacterium and Pseudomonas T6SSs to identify and locate 
the previously described T6SS phylogenetic groups (Bernal 
et al.  2018). The tree displayed in Figure 1 contains 160 TssB 
proteins, showing the phylogenetic distribution of selected 
rhizobia T6SSs. Our analysis shows that rhizobial T6SSs are 
distributed among the five main clades previously described 
(Boyer et al. 2009). Most of them, 140 (87.5%) belong to groups 
3 (54, 33.75%) and 5 (86, 53.75%) (Figure 1). Group 3 contains 
a great variety of species from the Ensifer (=Sinorhizobium), 
Rhizobium, Bradyrhizobium and Mesorhizobium genera among 
others, as well as the first-discovered P. aeruginosa H1-T6SS 
(Mougous et al. 2006). Importantly for this work, The T6SS of 
USDA257 belongs to phylogenetic Group 3. Group 5 contains 
mostly Rhizobium and Azorhizobium species and includes 
the well-studied A. tumefaciens T6SS (Ma et  al.  2014; Wu 
et al.  2008). Although phylogenetically-distance to the above-
mentioned genera Cupriavidus and Parabulkholderia species 
can be found in both groups. Minority Groups 2 and 4 prin-
cipally contain Paraburkholderia species (2, 1.25% each) and 
Group 1 (14, 9.75%) contains predominantly species of the 
Methylobacterium genus (Figure 1).

The number of T6SS clusters in a strain could range from 1 to 5. 
In some bacteria groups, namely Pseudomonas, they commonly 
contain 2 or 3 but in a broader group such as phytobacteria, only 
an estimated 7% of strains contain more than one cluster (Bernal 
et al. 2018, 2017). This number is even smaller among rhizobial 
T6SSs where most strains contain only a single T6SS cluster 
(Table S4; Figure 1).
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3.2   |   The Reference Rhizobial Strain S. fredii 
USDA257 Possesses a Complete T6SS Cluster

Inspection of the USDA257 genome revealed 26 T6SS-related 
ORFs located in a chromosomal cluster (Figure 2A; Table S5). 
Thirteen genes encode the structural proteins required for a 
functional T6SS, including the membrane complex (TssJLM), 
the base plate (TssKEFG), the tail (TssBC and Hcp) and the 
ATPase that recycles the system (ClpV). We further identified 
genes encoding a previously described regulatory phosphory-
lation cascade (Mougous et  al.  2006), including the threonine 
kinase/phosphatase pair (PpkA-PppA), the phosphorylation 
substrate (Fha) and TagF, a posttranslational repressor that reg-
ulates T6SS via Fha interaction (Lin et al. 2018).

TssJ, TssL and TssM are the core components of the T6SS 
membrane complex that docks the system to the cell envelope 
(Allsopp and Bernal  2023). According to in silico predictions, 
the USDA257 TssL (DotU and OmpA domains) and TssM (three 
IcmF domains) are anchored to the inner membrane through 
one and three transmembrane helices, respectively, and form 
a channel through the cell envelope by interaction with each 
other and the outer membrane lipoprotein TssJ (SciN domain) 
(Figure 2B). In an in-depth analysis of USDA257 T6SS compo-
nents, we identified, in addition to the three core components 
of the membrane complex, two associated accessory proteins 
named TagM and TagN (Figure 2B). TagM, a 821 amino acids 
protein, shares a certain degree of homology with both TssL and 
TssM (Figure 2B; Table S5; Figure S2). This protein contains a 

FIGURE 1    |    Phylogenetic tree of T6SSs of nitrogen-fixing bacteria. Maximum likelihood tree with 500 bootstrap replicates was built with Mega 
7 software for the core component protein TssB. T6SS cluster nomenclature shows the main phylogenetic clusters (Boyer et al. 2009). Branches with 
black circles indicate a confidence level higher than 0.75. Five phylogenetic groups are highlighted: Group 1 (green), Group 2 (red), Group 3 (yellow), 
Group 4 (blue) and Group 5 (purple). The bacterium of the genus Bacteroides represents the tree root. The position of S. fredii USDA257 T6SSs is 
marked with a grey arrow.
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cytosolic DotU domain in the N-terminal part, a single trans-
membrane domain and two structural IcmF domains. Its trans-
membrane domain and the absence of a specific signal peptide 
indicate this protein might be anchored to the inner membrane 
(Figure 2B). TagN, a 248 amino acids protein, contains a signal 

peptide in the N-terminal end and an OmpA peptidoglycan 
(PG)-binding domain in the C-terminal part of the protein sim-
ilarly to TssL (Figure 2B; Table S5; Figure S2). Lastly, we have 
identified a gene encoding an additional accessory protein we 
have named tagY (Figure  2A). TagY presents homology with 

FIGURE 2    |    The T6SS of S. fredii USDA257. (A) Organisation of the T6SS cluster of USDA257. Genes that encode the components of the membrane 
complex (tssJLM) and accessory proteins (tagMLY) are represented in beige. Genes coding for components of the base plate (tssEFGK) are shown 
in purple and the tssA gene in grey. Genes tssB and tssC encoding the contractile sheath are displayed in light green. The hcp gene, that encodes the 
protein forming the inner tube is represented in dark blue. Genes that encode regulatory proteins (tagF, fha, ppkA and pppA) are shown in light blue. 
The clpV gene which codes for the ClpV ATPase is displayed in red. Genes coding for possible effectors of the system (tsre1, tsre2 and tsrx) are shown 
in light brown. Genes that encode possible adapters (tsar1 and tsar2) are represented in dark green. Lately, the vgrG and OB-fold genes and the paar 
domain are displayed in dark brown. (B) Schematic representation of TssJ, TssM, TssL, TagM and TagN protein domains. Colour used to display the 
different domains are in brackets as follows: DotU cytosolic domain (dark green), transmembrane domain (light blue), IcmF structural domain (dark 
blue), OmpA peptidoglycan-binding domain (red) and signal peptide (light green). OM: Outer membrane, IM: Inner membrane, PG: Peptidoglycan 
layer. (C) Sequence similarities and structural alignments as predicted by AlphaFold including RMSD values and TM-scores of Tse7-Tsre1 and Tsi7-
TsrX pairs. P. aeruginosa PAO1 proteins are displayed in blue and S. fredii USDA257 proteins in yellow.
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an M15 peptidase, a D-alanyl D-alanine carboxypeptidase 
that is involved in bacterial cell wall biosynthesis (Lessard and 
Walsh 1999).

3.3   |   The S. fredii USDA257 T6SS Cluster Harbours 
Genes Encoding Putative Effectors

Frequently, genes encoding T6SS effectors are genetically linked 
to vgrG and hcp genes, which can be found within a T6SS cluster 
or, in different numbers, scattered through the genome. For in-
stance, P. aeruginosa PAO1 genome contains 10 vgrG and 5 hcp 
genes (Hachani et al. 2016). The in silico study of the USDA257 
genome has revealed single copies of vrgG and hcp genes in the 
T6SS cluster (Figure 2A). The hcp gene is found surrounded by 
the structural genes tssC and tssE and there is no evidence of 
genes encoding putative effectors in the hcp proximity. On the 
other hand, vrgG is located at the end of the cluster and genet-
ically linked to putative T6SS effectors and adaptors, display-
ing a similar genetic architecture to P. aeruginosa PAO1 and P. 
fluorescens F113 vrgG1b clusters (Durán et al. 2021; Pissaridou 
et al. 2018). These Pseudomonas vgrG clusters encoded a VrgG, 
an oligonucleotide-binding (OB)-fold, a DUF2169 adaptor, a 
thiolase-like protein, a PAAR protein with a C-terminal cyto-
toxic domain, an immunity protein and a heat repeat-containing 
protein. The set of genes of PAO1 and F113 only differ in the 
sequence of the toxic domain and the cognate immunity pair (P. 
aeruginosa Tse7-Tsi7 and P. fluorescens Tfe6-Tfi6), a common 
characteristic of these genetic islands, previously described by 
Pissaridou et al.  (2018). In USDA257, genes downstream vrgG 
are inverted relative to the P. aeruginosa and P. fluorescens clus-
ters, but aside from this inversion, the genetic organisation of the 
region is conserved. In this way, USDA257 contains the genes 
encoding VrgG, the OB-fold protein, the DU2169 adaptor that we 
have named Tsar (tsar, type six adaptor rhizobium), followed by 
the thiolase-like protein, an evolved PAAR protein named Tsre1 
(tsre, type six rhizobial effector) with a C-terminal domain of un-
known function and, lastly, a protein of unknown function that 
we have named Tsrx (Figure 2A). According to Phyre2, which 
predicts structures by comparison with crystalized proteins that 
serve as structural templates (Kelley et  al.  2015), Tsrx shows 
structural homology with a glycoside hydrolase enzyme GH74 
with a xyloglucan binding domain from Caldicellulosiruptor lac-
toaceticus 6A (69% alignment, 99.3% confidence). In addition, 
the predicted model of USDA257 Tsrx protein was collected 
from the Alphafold database and queried using the FoldSeek 
tool, which predicts the structural homology based on the ter-
tiary interactions of proteins in a sequence-independent manner 
(Van Kempen et al. 2024). Using this approach, Tsrx presented 
high structural homology with the immunity protein Tsi7 from 
P. aeruginosa PAO1 (from amino acid 2 to 340; E-value of 3.77e-
14, Figure 2C, right panel). Foldseek also identified structural 
homology between Tsrx and the glycoside hydrolase enzyme 
previously identified using Phyre2 (from amino acid 11 to 338) 
but with a much lower E-value than the homology with Tsi7 
(E-value 1.10e-1 vs. 3.77e-14). The C-terminal domain of the 
evolved PAAR protein Tsre1 does not display any structural ho-
mology using Phyre2. Still, it is predicted to be structurally ho-
mologous to the DNase toxin Tse7 of P. aeruginosa PAO1 using 
AlphaFold and Foldseek tools (amino acids 3 to 321, E-Value 
5.25e-24, Figure 2C, left panel).

Moreover, we identified another Tsar adaptor (DUF2169 adap-
tor) and one potential orphan effector that consists of an evolved 
PAAR protein (Tsre2) whose genes were located separately from 
the main T6SS cluster (Figure  2A, left). This orphan PAAR 
protein lacked sequence similarity to the Tsre1 effector in its N-
terminal and C-terminal domains, and Phyre2 analysis revealed 
no structural homology with any known proteins. This putative 
effector protein is conserved across some Sinorhizobium species, 
including S. americanum and S. sojae, but it is absent or signifi-
cantly divergent in other bacteria. Using FoldSeek, we identi-
fied a PAAR-like DUF4150 domain-containing protein from 
Methylobacterium sp. yr596 with limited structural homology. 
Specifically, structural similarity was observed only in the N-
terminal PAAR region (amino acids 38–168), with a statistically 
significant E-value of 1.11e-16. Interestingly, no genes encoding 
a putative immunity protein were found within this genetic or-
phan T6SS cluster.

To obtain a broader perspective of the functioning and distribu-
tion among rhizobia of the elements that vary in the vgrG cluster, 
that is, tsre1 and tsrx genes, we performed a comparison of the 
USDA257 vgrG cluster across 18 representative rhizobial strains. 
Synteny mapping of clusters, sorted by their vgrG similarity, is 
displayed in Figure 3A, revealing sequence conservation across 
the entire genetic cluster. The genes encoding the VgrG and 
the OB-fold proteins exhibited high sequence conservation, 
whereas those encoding Tsre1 and Tsrx displayed the greatest 
variability. Curiously, the 3´ end of the DUF2169 adaptor gene 
and the 5' end of the gene encoding the thiolase-like protein 
showed reduced conservation, potentially suggesting effector/
toxin specificity (Figure 3A). A neighbour-joining phylogeny of 
the Tsre1-like and Tsrx-like proteins from these rhizobial strains 
grouped USDA257 with Sinorhizobium americanum strains 
CCGM7 and CFNEI 73 in both cases, whereas most Tsre1 and 
Tsrx Rhizobium phaseoli versions are distributed in two sepa-
rated branches, one grouping proteins from strains R620, R650, 
R611, N771, N671, N261, R723 and Brasil 5, and the other one 
clustering proteins from strains N841, R630, N831, N931 and 
R744 (Figure 3B,C). Alignment of the different Tsre1 versions 
revealed a high degree of similarity in the N-terminal (PAAR-
like) domain, whereas the C-terminal domain showed notable 
divergence across all versions (Figure S3). As expected, the Tsrx 
versions exhibited a lower degree of similarity throughout the 
whole protein sequence (Figure S4). Intriguingly, despite their 
low sequence identity, structural homology predictions using 
both Phyre2 and Foldseek tools suggest that Tsre1-like and Tsrx-
like proteins exhibit significant structural similarity across dif-
ferent protein variants (Table S6).

3.4   |   The T6SS of S. fredii USDA257 Is Functional 
and Induced in Minimal Medium at Stationary 
Phase of Growth

To determine the conditions under which the T6SS of S. fredii 
USDA257 is expressed, we constructed transcriptional fusion 
of the promoter region of the T6SS structural operon (ppkA) 
to the promoterless lacZ. We measured the expression level 
of USDA257 T6SS structural operon by ß-galactosidase as-
says (See Material and Methods for more details). We tested 
USDA257 cultures 30 h post-inoculation in selected rich, 
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standard and minimal media for growing rhizobia, that is, 
TY, YM, and MM respectively (Figure 4A). YM is a standard 
medium containing moderate amounts of yeast extract, which 
provides essential organic nitrogen and micronutrients. In 
contrast, MM is a minimal medium that exclusively contains 
glutamate as the nitrogen source. Both YM and MM media 
can be prepared using different concentrations of mannitol as 
the carbon source. T6SS gene expression was highest in the 
minimal medium MM3 (3 g L−1 of mannitol) and lowest in the 
rich medium TY. Compared to the strain carrying the empty 
plasmid, gene expression was approximately 3-fold and 1.8-
fold in these media, respectively (Figure 4A). To confirm these 
findings, we followed a complementary approach, measuring 

the transcriptional activation of the USDA257 ppkA gene by 
quantitative PCR 48 h post-inoculation. qRT-PCR experiments 
revealed a similar transcriptional activation pattern for the 
USDA257 ppkA gene. The highest transcriptional levels were 
observed in the MM3 medium, demonstrating approximately 
8-fold higher expression compared to cultures grown in the 
TY medium. (Figure 4B). To further investigate T6SS regula-
tion, we performed ß-galactosidase assays at different stages 
of the USDA257 growth curve, inoculating the bacterium in 
the MM3 medium as the inducing condition. Interestingly, 
the PppkA::lacZ fusion in the wild-type strain indicated a grad-
ual upregulation of T6SS expression over time, with a plateau 
in β-galactosidase activity observed at approximately 54 h 

FIGURE 3    |    In silico analysis of rhizobial vrgG clusters and putative effectors. (A) Genome sequence alignment of the vgrG regions demonstrated 
the divergence of tsre1-like and tsrx-like genes in 18 rhizobial strains using clinker & clustermap.js (Gilchrist and Chooi 2021). Clusters are sorted 
by homology degree with respect to the vgrG gene from S. fredii USDA257 (Blastn E value). Numbers indicate the homology degree (identity) among 
genes. (B and C) Neighbour-joining tree of rhizobia T6SS putative effectors with 500 bootstrap replicates. Branches with black circles indicate a con-
fidence level higher than 0.75. Analyses of the PAAR effector (Tsre-like) (B) and the Tsrx-like proteins (C) by sequence similarity were performed by 
CLUSTALW in the MEGA7 software. In bold, representative Tsre1-like and Tsrx-like proteins of each branch (USDA257-group: Orange; N841-group: 
Green; R620-group: Blue).
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post-inoculation. This peak represented a nearly 7-fold in-
crease compared to the empty plasmid control (Figure 4C).

Finally, to gain insight into the potential role of the USDA257 T6SS 
in the early steps of the symbiotic process, β-galactosidase assays 
were performed in the presence of genistein, a nod-gene-inducing 
flavonoid of several S. fredii strains, including USDA257 (López-
Baena et al. 2008; Pérez-Montaño, Jiménez-Guerrero, et al. 2014) 
(Figure  S5). Activation of the ppkA promoter was measured in 

MM3 medium at the stationary phase of growth, both in the 
presence and absence of genistein. As a control for nod-gene 
induction, a wild-type strain carrying the pMP240 plasmid was 
used. This plasmid harbours the conserved nodA promoter from 
Rhizobium leguminosarum bv. viciae fused to the lacZ reporter 
gene. Induction values for strains carrying the ppkA promotor 
fused to lacZ were comparable across all conditions (Figure S5), 
indicating that the T6SS operon expression is not regulated by the 
presence of the flavonoid genistein in the tested conditions.

FIGURE 4    |    Activation pattern and functionality of the S. fredii USDA257 T6SS. (A) Fold-change values of the β-galactosidase activity of USDA257 
carrying a pMP220 plasmid containing the ppkA promoter region fused to the lacZ gene with respect to those values obtained by the strain carrying 
the empty pMP220 plasmid. The tested conditions included TY (green), YM10 (striped red), YM3 (red), MM10 (striped blue) and MM3 (blue) media 
evaluated 30 h post-inoculation. Expression data are presented as the mean (± standard deviation). Groups labelled with the same letter are not sig-
nificantly different at α = 5% (One-Way ANOVA with multiple comparisons, p < 0.05). (B) Quantitative RT-PCR analysis of the expression of the ppkA 
gene of USDA257 grown in TY (green), YM10 (striped red), YM3 (red), MM10 (striped blue) and MM3 (blue) media 48 h post-inoculation. Expression 
data are presented as the mean (± standard deviation) for three biological replicates. Groups labelled with the same letter are not significantly differ-
ent at the level of α = 5% (One-Way ANOVA with multiple comparisons, p < 0.05). (C) Fold-change values of the β-galactosidase activity of USDA257 
carrying the pMP220 plasmid containing the ppkA promoter region fused to the lacZ gene with respect to those values obtained by the strain carry-
ing the empty pMP220 plasmid. The tested condition included MM3 medium at different hours post-inoculation. Groups labelled with the same letter 
are not significantly different at the level of α = 5% (One-Way ANOVA with multiple comparisons, p < 0.05). (D) Production and secretion of Hcp in 
the USDA257 wild-type strain grown for 48 h in rich, standard and minimal media: TY, YM10, and MM10, respectively. YM3 and MM3 represent 
derivatives of their corresponding media with reduced carbon source content. (E) Production and secretion of Hcp in the USDA257 wild-type and the 
tssA mutant strains grown in MM3. For both panels, the Hcp protein was detected by Western blot analysis using a specific Hcp antibody. Detection 
of the β-subunit of the RNA polymerase using a specific antibody was used as lysis control. “Whole cells” expression represents the intracellular 
protein fraction, whereas “Secretion” displays the extracellular protein fraction. The position of the molecular size marker (in kDa) is indicated.



11 of 17

The extracellular secretion of the Hcp protein into a culture 
medium is a hallmark for assessing the functionality of the 
T6SS system. Therefore, we produced a specific polyclonal 
antibody against USDA257 Hcp (see Section  2 for more de-
tails) to test T6SS activity in different culture media after 48 h 
of growth (Figure  4D). The results of these secretion assays 
were consistent with the transcriptomic data (Figure 4A–C). 
Specifically, we observed low levels of Hcp secretion in the 
TY medium, while significantly higher levels were detected in 
both minimal media.

To demonstrate that Hcp secretion was T6SS-dependent, we ob-
tained a USDA257 tssA mutant strain to disable the system, since 
TssA is an essential component for T6SS activity. As expected, 
we detected Hcp in the supernatant of the wild-type strain 
grown in MM3 but not in the isogenic tssA mutant, while it was 
present in the cytosol of both strains (Figure  4E). Altogether, 
these results established that USDA257 T6SS is a functional se-
cretion machinery, that is induced in minimal media at the sta-
tionary phase of growth.

3.5   |   The T6SS of S. fredii USDA257 Is Required 
for Successful Nodulation and Competitiveness 
With G. max cv Pekin

Most bacterial T6SSs are involved in interbacterial compe-
tition. For this reason, we performed killing assays using 
the wild-type and a tssA mutant (T6SS-defective) strains of 
USDA257 as predators and other bacterial species (A. tume-
faciens, P. carotovorum and S. fredii HH103) as preys. The 
bacteria were mixed 1:1 (predator: prey) and co-cultured on 
USDA257 T6SS-inducing medium for 24 and 48 h. Spots con-
taining the competing bacteria were collected and the bacte-
rial CFUs were determined on selective plates. As shown in 
Table S7, the viability of the different tested prey cells was not 
diminished after coincubation with the USDA257 wild-type 
strain. These results indicate that USDA257 was not able to 
compete in a T6SS-dependent manner against other potential 
rhizospheric competitors as the phytopathogens A. tumefa-
ciens and P. carotovorum or the symbiont S. fredii HH103 in 
the tested conditions (Table  S7). In addition to the fact that 
no differences were observed between the viability of the 
prey cells when competing with USDA257 wild-type or the 
mutant strains, both wild-type and the tssA mutant displayed 
a reduced number of CFU after competition, indicating that 
USDA257 competes less effectively for resources than the prey 
cells used in these competition assays (Table S7).

To gain insight into the role and functioning of the USDA257 
T6SS in vivo, the symbiotic abilities of the wild-type or its deri-
vate tssA mutant strains with G. max cv Pekin, considered its 
natural host, were inspected (Figure 5). Interestingly, the num-
ber of nodules in examined plants inoculated by the tssA mutant 
was statistically lower than those obtained in plants infected by 
the wild-type strain (Figure 5A). Similar but not statistically sig-
nificant trends were observed for both nodule fresh mass and 
plant-top dry mass parameters (Figure 5B,C).

The role of the T6SS in rhizobial competitiveness for nodule 
occupancy in Glycine max cv Pekin was investigated through 

co-inoculation experiments between USDA257 and its tssA 
mutant at three different inoculation ratios: 1:1, 1:10, and 10:1. 
Six weeks post-inoculation, nodule occupancy was quantified, 
revealing significant competitive advantages for the wild-type 
strain. At the 1:1 ratio, the wild-type strain occupied 64% of nod-
ules, substantially higher than the expected 50% if both strains 
had equal competitive capabilities. Similarly, at the 10:1 ratio, 
the wild-type strain colonised 17% of nodules, compared to the 
anticipated 10% (Figure  5D). These findings demonstrate that 
the T6SS of USDA257 is important for optimal symbiotic perfor-
mance and competitive nodulation in soybean cv Pekin.

The influence of T6SS on symbiotic success points out that this 
protein secretion system is functional within the host plant. 
To investigate this, we employed in  vivo confocal microscopy 
to monitor the USDA T6SS expression and localization of rhi-
zobial cells during the later stages of symbiosis. Using a dual-
bioreporter system with constitutive GFP and T6SS-responsive 
mRFP, we tracked USDA257 cells throughout the infection of 
Lotus burttii nodules. While the GFP signal provided a consistent 
marker for all bacterial cells, the mRFP fluorescence revealed 
a critical insight, the T6SS was actively expressed in all rhizo-
bia colonising the symbiotic cells (Figure 5E). This observation 
demonstrates that the T6SS of USDA257 is fully operational 
during the invasion and establishment of nodule tissue, high-
lighting its potential significance in the symbiotic interaction.

4   |   Discussion

Applying symbiotic rhizobia offers a cost-effective and envi-
ronmentally sustainable alternative nitrogen source for plants, 
potentially reducing dependence on synthetic nitrogen fer-
tilisers (Martinelli et al. 2020; Pérez-Montaño, Alías-Villegas, 
et  al.  2014). The efficiency of symbiosis depends on various 
factors, including the soil, the environment, and the symbiotic 
pair. From the rhizobial perspective, several molecules are 
important in this intimate interaction, including Nod factors, 
extracellular polysaccharides, and protein secretion systems 
(López-Baena et  al.  2016). Plant-interacting microbes pre-
dominantly use the T3SS to deliver protein effectors directly 
into host cells, facilitating infection (Feng and Zhou  2012; 
Jiménez-Guerrero et al. 2015). In response, plants have devel-
oped a sophisticated defence mechanism involving resistance 
proteins that recognise these effectors, triggering an im-
mune response known as effector-triggered immunity, which 
can effectively halt bacterial invasion (Duxbury et  al.  2016; 
Mansfield 2009; Mudgett 2005). Thus, rhizobial T3SS effectors 
can exert neutral, positive or negative effects on symbiosis de-
pending on the specific repertoire of plant resistance proteins 
(Jiménez-Guerrero et  al.  2022; Nelson and Sadowsky  2015). 
An additional secretion system that delivers effectors inside 
eukaryotic cells is the T6SS, discovered in 2006 (Mougous 
et  al.  2006; Pukatzki et  al.  2006), but research exploring its 
role in rhizobial symbiosis remains limited. Our study focuses 
on the unique T6SS cluster of Sinorhizobium fredii USDA257, 
which belongs to phylogenetic Group 3 (Figure 1), one of the 
most prevalent phylogenetic groups within the Rhizobiales 
order, alongside Group 5. While the T6SS of A. tumefaciens 
from phylogenetic Group 5 has been extensively characterised 
and found primarily involved in interbacterial competition 
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(Ma et al. 2014), investigations into Rhizobiales Group 3 T6SS 
clusters are notably sparse. In fact, prior to this research, only 
a single T6SS cluster from Rhizobiales Group 3 had been ex-
amined, revealing its involvement in nodulation efficiency 
(Hug et al. 2021).

Our in-depth in silico analysis indicates that the genome of 
USDA257 contains the 13 genes coding for all core structural 
proteins required for a functional T6SS (Figure  2A). The set 
included a specialised TssL with a canonical N-terminal DotU 
domain and an additional C-terminal OmpA domain that it is 
expected to bind peptidoglycan (Figure 2B) and that have been 
previously identified in P. aeruginosa and A. tumefaciens among 
others (Aschtgen et al. 2010). Besides the canonical T6SS mem-
brane complex proteins (TssJLM), USDA257 encodes two ac-
cessory proteins, TagM (DotU and IcmF domains) and TagN 

(OmpA domain) that combine domain proteins from TssL and 
TssM, and are expected to be part of the membrane complex and 
assist with the anchoring of USDA257 T6SS to the peptidoglycan 
(Figure 2B). A similar protein to USDA257 TagN have been pre-
viously described in Burkholderia pseudomallei and Ralstonia 
solanacearum and equally consist of a ~ 250 amino acids protein 
with an N-terminal signal peptide and a C-terminal OmpA do-
main (Aschtgen et al. 2010). Moreover, USDA257 T6SS presents 
TagY with homology to an M15 peptidase and a predicted signal 
peptide that suggests that this protein could be anchored to the 
outer membrane with the C-terminal end facing the periplasm. 
The M15 peptidase is a D-alanyl D-alanine carboxypeptidase 
involved in bacterial cell wall biosynthesis and reorganisation 
(Hung et al. 2013; Lessard and Walsh 1999). Thus, TagY might 
be important for enabling the insertion of the T6SS machin-
ery across the peptidoglycan layer. Similarly, in Acinetobacter 

FIGURE 5    |    Plant responses to inoculation with S. fredii USDA257 strains. (A–C) G. max cv Pekin responses to inoculation with different S. fredii 
USDA257 strains (WT: Light blue, tssA: Dark blue). Plants were evaluated 6 weeks after inoculation. NI: Non-inoculated plants (grey). Data indicat-
ed with the same letter are not significantly different at the level of α = 5% (One-Way ANOVA with multiple comparisons, p < 0.05). (D) Competition 
for nodulation assays of different S. fredii USDA257 strains. Percentages of nodule occupancy were evaluated by co-inoculation at different ratios of 
both strains at 30 days post-inoculation (dpi) (WT: Light green, tssA: Dark green). (E) Confocal microscopy of L. burttii nodules 30 dpi with S. fredii 
USDA257 carrying a dual fluorescent reporter vector with or without the ppkA promoter region upstream of the mRFP gene.
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baumannii, the peptidoglycan hydrolase TagX, encoded within 
the T6SS cluster, is responsible for remodelling the peptidogly-
can to facilitate membrane complex assembly and thus it is es-
sential for T6SS biogenesis in this bacterium (Weber et al. 2016). 
The presence of these four proteins (TssL, TssM, TagM and 
TagN) with characteristic domains of the T6SS membrane com-
plex (DotU, IcmF and OmpA) and the putative peptidoglycan 
modifier TagY reflects a special way to anchor the system to the 
membrane that might confer novel features to this machinery 
that remain to be unveiled.

T6SSs are tightly controlled by different regulatory proteins 
(Bernal et  al.  2023; Hespanhol et  al.  2023; Lin et  al.  2018). A 
well-studied example is the kinase-phosphatase PpkA-PppA 
couple from P. aeruginosa, which mediates the system formation 
through a phosphorylation cascade that ends with the structural 
components assembly. In the USDA257 cluster, we identified 
not only genes encoding the PpkA-PppA regulatory proteins 
but also those encoding Fha and TagF proteins, which interact 
with the system to regulate its activity at the post-transcriptional 
level and are in many cases related to the Ppka-PppA cascade as 
seen in P. aeruginosa and A. tumefaciens (Lin et al. 2018). The 
presence of all these proteins in USDA257 suggests that this sys-
tem may exhibit a regulation mechanism similar to that of these 
strains.

Genes encoding effector proteins are often found within the T6SS 
cluster, specifically in the vgrG gene neighbourhood (Durand 
et al. 2014). In USDA257, the tsre1 gene encodes an evolved pro-
tein with an N-terminal PAAR domain. The C-terminal domain 
of Tsre1 shows structural homology with a glycoside hydrolase 
enzyme which presents a xyloglucan binding domain able to hy-
drolyze the plant cell wall (Arnal et al. 2019), but also, and with 
higher confidence with the DNase toxin Tse7 from P. aeruginosa 
PAO1 (Figure 2C) (Pissaridou et al. 2018). The gene downstream 
tsre, tsrx, encodes Tsrx which possesses structural similarity to 
the antitoxin protein Tsi7 (Figure  2C), supporting the poten-
tial role of Tsre-Tsrx as a toxin-antitoxin pair. Intriguingly, a 
comparative analysis of these proteins across several rhizobial 
strains indicates that, despite the absence of sequence similarity 
among Tsre1-like or Tsrx-like proteins (Figure 3C), they consis-
tently exhibit structural homology to Tse7 and Tsi7, respectively 
(Table S6). This suggests that, regardless of the specific function 
of these proteins, it is likely to be conserved among rhizobia. 
Moreover, the possibility emerges that Tsre1 and TsrX might 
function as moonlighting proteins, that is, multifunctional 
molecules capable of performing diverse biological functions 
depending on cellular localization, molecular interactions, or 
environmental fluctuations (Jeffery  1999). Supporting this hy-
pothesis, a recent study demonstrated the multitasking potential 
of thioredoxin 1 (TrxA), a protein that functions not only as a thi-
oredoxin but also as a chaperone of the toxin TreX, translocated 
through the Xenorhabdus bovienii T6SS. Comparisons with sim-
ilar toxins suggest that the chaperone role of TrxA evolved from 
an ancestral redox function (Dumont et al. 2024). Moreover, it 
has been recently proposed that moonlighting proteins may be 
particularly important when the symbiotic interaction becomes 
more intimate, that is, during the development of the symbio-
some (Ma et  al.  2024). Importantly, this developmental stage 
coincides precisely with the peak activity of USDA257 T6SS, as 
demonstrated by the fluorescence microscopy data in Figure 5E.

Overall, the exhaustive in silico analysis performed in this work 
suggests a functional T6SS of S. fredii USDA257, which might 
be involved in the interaction with host plant cells and/or with 
bacteria present in the plant rhizosphere. S. fredii USDA257 is a 
rhizobial species with an exceptionally broad host range, nodu-
lating over 100 genera of legumes (Pueppke and Broughton 1999). 
One of the molecular keys to broad the host range in the 
Sinorhizobium genera is the T3SS (Jiménez-Guerrero et al. 2022; 
Krysciak et al. 2015). However, is the USDA257 T6SS also fully 
functional and involved in the direct or indirect optimization of 
the nodulation process? According to our results, the USDA257 
T6SS is expressed at the late stages of the symbiotic process 
(within nodules) (Figure 5E) and in nutrient-limited conditions 
at the stationary phase of growth (Figure 4), but not in the pres-
ence of nod-gene-inducing flavonoids (Figure S5). This regula-
tion differs from that described for the rhizobial T3SS, which is 
assembled during the early stages of symbiosis and co-regulated 
with Nod factor production (López-Baena et al. 2008). The find-
ings described for R. etli T6SS are largely similar to those for 
USDA257 T6SS. This protein secretion system is fully functional 
in yeast mannitol medium in stationary phase and bean nod-
ules (Salinero-Lanzarote et al. 2019). Likewise, in other systems 
like Pseudomonas putida K1-T6SS and E. coli, T6SS is induced 
during the stationary phase of growth and activated in regu-
latory mutants (retS, rpoS, rpoN and fleQ) (Bernal et al., 2023, 
Hespanhol et al. 2023). Induction of rhizobial T6SSs in minimal 
media has also been reported (Salinero-Lanzarote et al. 2019). 
In pathogenic bacteria such as Vibrio cholerae, host-derived 
molecules like bile salts, chitin and mucilage trigger T6SS acti-
vation by inhibiting specific repressors (Bachmann et al. 2015; 
Borgeaud et al.  2015). No T6SS regulatory mutants have been 
identified in rhizobia strains, presenting an interesting avenue 
for future research. As described in other bacteria, the expres-
sion at high population densities suggests that the transcrip-
tional activation of rhizobial T6SS genes may be influenced 
by bacterial quorum sensing (QS) (Hespanhol et  al.  2023). QS 
is a cell-density-dependent bacterial communication system 
that synchronises gene expression and behaviour (Winzer and 
Williams 2001). This system is known to regulate T6SS gene ex-
pression in several microorganisms that interact with eukary-
otic hosts, such as Vibrio spp. (Zheng et  al.  2010), Aeromonas 
hydrophila (Khajanchi et  al.  2009), Chromobacterium viola-
ceum (Alves et  al.  2022), Enterobacter cloacae (Sabag-Daigle 
et al. 2015) and P. aeruginosa (Lesic et al. 2009).

A successful symbiotic relationship can be evaluated by two 
key factors, symbiotic effectiveness (measured by shoot dry 
mass, and the number and fresh mass of nodules) and symbiotic 
competitiveness (percentage of nodule occupancy). Symbiotic 
effectiveness describes how efficiently a strain forms nodules 
with its host plant, while symbiotic competitiveness refers to the 
strain's ability to outcompete other bacteria during co-infection 
(Bromfield and Jones 1979). The involvement of the USDA257 
T6SS in the symbiotic process has been confirmed in nodulation 
and competitiveness for nodule occupancy assays (Figure 5A–D). 
The absence of this protein secretion system reduces the forma-
tion of nodules and their relative nodule colonisation in soy-
beans. Thus, this protein secretion system may modulate the 
plant defence responses, either through effector proteins target-
ing the host cells or via the plant recognition of structural pro-
teins. Positive effects of T6SS on symbiosis have been recently 
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reported in the systems R. etli-bean and Bradyrhizobium-
Lupinus. R. etli Mim1 mutants defected in T6SS structural genes 
produced plants with lower biomass and smaller nodules com-
pared to the wild-type strain (Salinero-Lanzarote et  al.  2019). 
Similarly, a Bradyrhizobium spp. LmicA16 mutant lacking the 
T6SS nanostructure induced fewer nodules, resulting in smaller 
plants than those inoculated with the wild-type strain, and 
was less competitive for nodule occupancy when co-inoculated 
with the parental strain (Salinero-Lanzarote et al. 2019; Tighilt 
et al. 2022). Conversely, the first study related to T6SS and per-
formed on rhizobia reported a negative effect of T6SS in symbi-
osis. Here, the insertion of a transposon in the tssK gene of R. 
leguminosarum RBL5787 enabled the bacterium to establish a 
successful symbiosis relationship with pea that was otherwise 
blocked (Bladergroen et al. 2003). Studies on P. phymatum and 
A. caulinodans revealed that the T6SSs of these strains are not 
directly involved in symbiotic effectiveness with their host le-
gumes V. unguiculata and S. rostrata, respectively. Thus, nodule 
phenotype, size and nitrogen-fixation ability showed no differ-
ences between T6SS mutants and wildtype strains when infected 
individually (De Campos et al. 2017; Lin et al. 2018). However, 
in both cases, the T6SS enhanced the symbiotic competitiveness 
of P. phymatum and A. caulinodans during coinfection with a 
T6SS-deficient strain.

Interbacterial competition activity in vitro has been demonstrated 
for P. phymatum and A. tumefaciens (De Campos et al. 2017; Ma 
et al. 2014), but it was not found for A. caulinodans (Lin et al. 2018). 
Similarly, competition assays with USDA257 against various rhi-
zobacteria under in vitro T6SS-inducing conditions indicate that 
this protein secretion system does not confer killing ability to 
USDA257 (Table S7), at least in the tested conditions. However, 
this result partially contradicts the in silico analysis of the Tsre1 ef-
fector, which suggests that this protein shares structural homology 
with a DNase-type toxin (Figure 2C). It cannot be excluded that 
the capacity to eliminate competing rhizobia may develop during 
the later phases of symbiosis, such as during in vivo root coloni-
sation and infection, where this system is fully active (Figure 5). 
This might explain the absence of detectable toxic effects medi-
ated by Tsre1 under in vitro laboratory conditions. Similarly, A. 
tumefaciens deploys DNase effectors as weapons for interbacterial 
competition in planta but not in vitro, where is lethally counterat-
tacked by P. aeruginosa (Ma et al. 2014). Additional investigation is 
required to confirm this hypothesis in S. fredii USDA257.

5   |   Conclusions

The ecological success of rhizobia is based on their great capac-
ity to adapt, not only to environmental changes as free-living soil 
bacteria, but also to the challenges they face during root coloni-
sation, invasion through the infection tube, and their establish-
ment as mature nitrogen-fixing bacteroids in nodule cells. So far, 
studies have primarily focused on the characterisation of nodu-
lation factors, surface polysaccharides, and the T3SS. However, 
our results point to a new level of specificity mediated by T6SS 
effectors, which optimise the symbiotic efficiency by enhanc-
ing rhizobial competitiveness during nodulation. Despite the 
proposed functions for some putative USDA257 T6SS effectors, 
future research is needed to elucidate their mechanisms and un-
derstand their specific roles in the rhizosphere and symbiosis.
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