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PARTICIPATION OF TYPE VI SECRETION SYSTEM IN PLANT COLONIZATION 1 

OF PHOSPHATE SOLUBILIZING BACTERIA 2 

 3 

Abstract. 4 

In mutualistic endophytic bacteria, the type VI secretion system (T6SS) is related to important 5 

functions, such as interbacterial competition, stress response, quorum sensing, biofilm formation, 6 

and symbiosis. The presence of T6SS in beneficial endophytic bacterial population associated 7 

with different plants suggests that it plays an important role in its interaction with the eucaryotic 8 

partner. Within plant promoting bacteria, those with phosphate solubilizing activity constitute a 9 

group of great relevance to the rhizosphere as they provide phosphorus to plants. Among them, 10 

those with endophytic colonization capacity have survival advantages. The aim of this study was 11 

to determine whether the T6SS of a native peanut phosphate solubilizing bacterium is involved 12 

in its colonization in this legume. Initially, an in silico analysis looking for genes related to T6SS 13 

in the genome of the Enterobacter sp. J49 strain enabled us to identify almost all the tss genes, 14 

except for the tssE gene. A T6SS mutant of the Enterobacter sp. J49 strain was obtained by 15 

interrupting one of the essential tss genes. Then, the Enterobacter sp. J49-hcp strain was 16 

inoculated on peanut plants to analyze its colonization capacity. In addition, properties associated 17 

with endophytic colonization were analyzed, such as the formation of biofilms and the production 18 

of pectinase and cellulase enzymes. The results obtained indicated a significant decrease in the 19 

epiphytic and endophytic colonization of the mutant with respect to the wild strain. It is possible 20 

to conclude that T6SS, although not essential, may participate in bacterial colonization, either by 21 

accelerating the infection or by promoting other mechanisms involved in it.  22 

 23 

Keywords: T6SS, hcp gene, colonization, peanut, Enterobacter sp. 24 

 25 

1. Introduction  26 

 27 
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The type VI secretion system (T6SS) is a discovered mechanism in Gram-negative bacteria (Jani 28 

and Cotter 2010; Unni et al. 2022) by which cells in close proximity to one another can interact 29 

via contact-dependent protein transport from a donor cell to a recipient cell (Alvarez-Martinez 30 

and Christie 2009; Hood et al. 2010). Bacteria can use this secretion system to manipulate 31 

eukaryotic host cells and/or combat other bacteria that thrive in the same ecological niche (Ho et 32 

al. 2013; Gallegos-Monterrosa and Coulthurst 2021). The T6SS, which is frequently encoded by 33 

clusters of contiguous genes, is a complex structure composed of 13 conserved proteins and a 34 

variable complement of accessory elements (Russell et al. 2014). The genes that code for this 35 

secretion system are widely distributed in the genomes of Proteobacteria, in free-living and 36 

eukaryotic-associated species, including both pathogens and symbionts of animals and plants 37 

(Russell et al. 2014; Bernal et al. 2018). Mutagenesis studies in Edwardsiella tarda, Vibrio 38 

cholerae, Agrobacterium tumefaciens and Pseudomonas syringae pv. tomato have shown that 39 

each of the 13 conserved T6SS genes is required for their function (Zheng and Leung 2007; Zheng 40 

et al. 2011; Lin et al. 2013; Chien et al. 2020). Structurally, T6SS resembles a phage tail-shaped 41 

device made up of a rigid tube of hexameric hemolysin co-regulated protein (Hcp or TssD) rings 42 

that are wrapped in a contractile sheath. It is a complex structure in which several proteins are 43 

involved to form the envelope (TssB and TssC), arranged in a helical configuration, a tail that 44 

expands in the cytosol and starts from the baseplate structure (TssA, TssE, TssF, TssG, and TssK) 45 

and the integral membrane complex (TssL, TssM, and TssJ). The Hcp tube is crowned by a trimer 46 

of VgrG proteins and a tip called PAAR. The last central component of the T6SS is the ATPase 47 

ClpV, which is responsible for the disassembly of the contracted envelope, thus allowing the 48 

recycling of its components for subsequent secretion events (Bernal et al. 2018).  49 

Most organisms with T6SS are not pathogenic and are found in marine environments, the 50 

rhizosphere, and the soil, or are associated with higher organisms as symbionts or commensals 51 

(Bingle et al. 2008; Boyer et al. 2009). The fact that Pseudomonas syringae pathovars and 52 

Ralstonia solanacearum encode T6SS clusters initially suggested a major role for this secretion 53 

system in plant colonization and virulence (Sarris et al. 2010). Many bacteria of health importance 54 
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possess one or more T6SS; however, the pathogenic relevance of most of these systems is 55 

unknown (Silverman et al. 2012). Santos et al. (2020) studied several effectors genes of T6SS of 56 

Agrobacterium tumefaciens 1D1609 and found that they did not play a role in antibacterial 57 

activity probably because of T6SS low expression. Thus, although the T6SS of phytopathogenic 58 

bacteria was initially described as a virulence trait, it has recently been shown to be associated 59 

with other important functions, such as bacterial interactions and host colonization in a beneficial 60 

interaction (MacIntyre et al. 2010; Schwarz et al. 2010; Verster et al. 2017; Bernal et al. 2018; 61 

Unni et al. 2022). Indeed, the genes encoding this secretion system were originally reported in the 62 

Rhizobium leguminosarum (the imp genes) (Bladergroen et al. 2003), a nitrogen fixing beneficial 63 

symbiotic bacterium associated with legumes. Although still scarce when compared to studies of 64 

T6SS in animal pathogens, the analysis of this system is a topic of increasing interest in the 65 

phytobacteria field (Bernal et al. 2018). 66 

Type VI protein secretion systems (T6SSs) have been identified in many plant-beneficial bacteria 67 

(Bernal et al. 2018; Jiang et al. 2019). Plant growth promoting bacteria are a group of 68 

microorganism with interesting traits beasue of their beneficial effects on plant development and 69 

health (Bashan and Holguin 1998; Riaz et al. 2021). The promote plant growth by several 70 

mechanisms such as nitrogen fixation, solubilization of insoluble soil phosphates, producing 71 

phytohormones, and the prevention of diseases caused by phytopathogens (Bashan and De-72 

Bashan 2005). To exert their beneficial effect, these bacteria must be able to colonize plant 73 

rhizosphere and tissues efficiently, which implies that they must be competitive in the soil 74 

environment (Compant et al. 2010; Sengupta et al, 2017). Most of the T6SS genes described in 75 

plant associated bacteria are involved in competition (Allsopp et al. 2020), which may confer an 76 

advantage in microbial interaction because they can inhibit the growth of surrounding bacteria 77 

(Bernal et al. 2017). The T6SS has been shown to be involved in the interaction with eukaryotic 78 

host organisms for a variety of bacteria (Hachani et al. 2016). In Azoarcus sp. BH72, a nitrogen 79 

fixing endophyte bacterium, that has a functional T6SS, a regulatory protein of this secretory 80 

system enhanced plant colonization efficiency (Shidore et al. 2012). In a metagenomic study of 81 
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the endophytic population of rice, Sessitsch et al. (2012) observed a high number of genes 82 

encoding T6SS components.  83 

In this study, we examined the involvement of T6SS of the Enterobacter sp. J49 strain, a peanut 84 

endophytic bacterium, in its colonization in this legume. Peanut is a crop of great economic 85 

significance worldwide, with a production of over 50M tons in 2018 (Food and Agriculture 86 

Organization of the United Nations 2021). Argentina is one of the major producers of this legume 87 

in the world (Peanut Argentina Chamber 2018), and approximately 90% of its production is 88 

concentrated in the province of Cordoba (Cordoba Cereal Stock-MarketBag Institute 2018).  89 

Previous studies demonstrated that in this producing area, peanut rhizosphere harbors a high 90 

number of enterobacteria belonging to Serratia, Enterobacter, and Pantoea genera with plant 91 

growth promoting traits (Taurian et al. 2010; Anzuay et al. 2013). The Enterobacter sp J49 strain 92 

is an efficient phosphste solubilizer and a potential P-biofertilizer in microcosmos and field assays 93 

(Anzuay et al. 2021; Lucero et al. 2021). Considering that microorganisms possessing a T6SS 94 

appear to have a significant competitive advantage within a microbial community (Allsopp et al. 95 

2020) and thus might play an important role in the life style of endophytes, we hypothesized that 96 

the T6SS of Enterobacter sp. J49 would participate in its colonization in this legume. In addition, 97 

T6SS is a relatively less known TSS than other secretion systems; in particular, its importance in 98 

plant-associated Enterobacter remains almost unexplored.  99 

This manuscript explore the potential role of type VI secretion system (T6SS) in the colonization 100 

and related phenotype of a phosphate solubilizing bacterium. The objectives of this study were to 101 

identify the gene cluster of the T6SS of the phosphate solubilizing native peanut endophytic 102 

bacterium Enterobacter sp. J49 and to determine the role of this secretion system in the 103 

colonization ability of the strain and other properties associated with it. By in silico analysis, we 104 

identified a T6SS gene cluster and then generated a mutant by truncating hcp, a core T6SS gene, 105 

to disrupt T6SS function. We analyzed the role of this secretion system on plant colonization by 106 

inoculating the mutant strain on peanut plants in microcosmos assays, examined the biofilm 107 

formation, and measured the activity of plant cell wall degrading enzymes.  108 
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 109 

2. Materials and methods 110 

 111 

2.1. Bacterial strains, plasmids, media, and growth conditions 112 

All bacterial strains and plasmids used in this study are described in Table 1. Enterobacter sp. 113 

J49 strain was selected based on its ability to efficiently solubilize insoluble phosphate in vitro 114 

and promote the growth of peanut, maize, and soybean plants (Anzuay et al. 2017; Lucero et al. 115 

2021). Enterobacter sp. J49 and Enterobacter sp. J49-hcp were grown on Tryptone Yeast (TY; 116 

Tryptone 5 g.l-1; yeast extract 3 g.l-1; CaCl2.6H2O 1.3 g.l-1; Beringer 1974) media and maintained 117 

in 20% glycerol (v.v-1) at -80 °C. The Enterobacter sp. J49-hcp strain was supplemented with 118 

kanamycin (Km) at a concentration of 50 µg.ml-1. Escherichia coli strains were grown on Luria 119 

Bertani (LB; Tryptone 10 g.l-1, yeast extract 5 g.l-1, NaCl 5 g.l-1, Miller 1972). In the biofilm assay, 120 

the National Botanical Research Institute's phosphate growth medium was used (NBRIP; glucose 121 

10 g.l-1; Ca3(PO4)2 5 g.l-1; MgCl2.6H2O 5 g.l-1; MgSO4.7H2O 0.25 g.l-1; KCl 0.2 g.l-1; (NH4)2SO4 122 

0.1 g.l-1; for solid media 15 g.l-1 agarose; Mehta and Nautiyal 2001). The images were taken with 123 

a Syngene G: BOX image analyzer. 124 

  125 
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Table 1. Strains and plasmids used. 126 

 Description Reference 

Strains 
  

Enterobacter sp. J49 Wild type P-solubilizing isolate. Ampr Taurian et al. 2010 

Enterobacter sp. J49-hcp - T6SS disrupted mutant. hcp::pKNOCK-Kmr 

of Enterobacter sp. J49 

This study 

Escherichia coli DH5α F- φ80d lacZ ΔM15 Δ(lacZYA-argF)U169 

deoR recA1 endA1 hsdR17(rk- mk+) phoA 

supE44 λ- thi-1 gyrA96 relA1 

 

Stratagene 

E. coli DH5α-pGEM-T-hcp2 E. coli DH5α containing the plasmid pGEM-T-

hcp2 

This study 

Escherichia coli S17-1 E. coli 294 Thi RP4-2-Tc::Mu-Km::Tn7 

integrated into the chromosome 

 

Simon et al. 1983 

E. coli S17-1-pKNOCK-hcp2 E. coli S17-1 containing the plasmid 

pKNOCK-hcp2 

This study 

Plasmids 
  

pGEM-T Cloning vector, Ampr, lacZ PB-L® 

pGEM-T-hcp2 Cloning vector, Ampr, lacZ + 193 bp from the 

hcp gene of Enterobacter sp. J49 

 

This study 

p-KNOCK-Km Cloning vector, Kmr Alexeyev 1999 

p-KNOCK-hcp2 Cloning vector, Kmr + 193 bp from the hcp 

gene of Enterobacter sp. J49 

This study 

 127 

 128 

2.2. Bioinformatic analyses 129 

Specific T6SS genes were searched in the genome of Enterobacter sp. J49 by computer analysis. 130 

Available tss sequences were searched in the NCBI gene bank database, and a forced alignment 131 

was performed with the genome sequence of the peanut native (NZ_MWPY00000000; Ludueña 132 

et al. 2019) strain using the blastn and blastp (NCBI) tools.  133 

 134 

2.3. Site-directed mutagenesis to obtain the Enterobacter sp. J49 deficient in the synthesis of 135 

the Hcp protein (J49-hcp) 136 

To obtain an Hcp deficient strain, site-directed mutagenesis of the hcp gene of Enterobacter sp 137 

J49 was carried out. Initially, a fragment of 190 bp of the hcp gene was obtained by PCR by 138 
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employing the set of primers hcp2F/hcp2R (Table 2, Figure S1 - supplementary material). The 139 

amplification product obtained was purified using the QIAquick Gel Extraction Kit (QIAGEN) 140 

and sent to the Macrogen laboratories (Korea) for sequencing. The ligation of the 190 bp hcp gene 141 

fragment to the cloning vector pGEM-T was carried out using the pGEM-T Ligation Kit (PB-L, 142 

Productos Bio-Lógicos®) following the manufacturer's instructions. In this way, the pGEM-T-143 

hcp2 construct was obtained and used to transform E. coli DH5α chemically competent cells 144 

(Ausubel et al. 1995). The white colonies that showed growth in LB medium with ampicillin were 145 

selected to verify, by colony-PCR, that they contained the gene fragment of interest by using the 146 

hcp2F/R primers (Table 2). Subsequently, for the extraction of the recombinant plasmid 147 

containing the fragment of interest, the PURO|PLASMID KIT (PB-L, Productos Bio-Lógicos®) 148 

was used following the instructions recommended by the manufacturer. The obtained construct 149 

was digested with the restriction enzyme EcoRI (Promega) and the restriction product was run by 150 

horizontal electrophoresis on 0.8% agarose gel. The hcp2 gene band with sticky ends was excised 151 

and purified using the QIAquick Gel Extraction Kit (QIAGEN) and cloned into the pKNOCK-152 

Kmr plasmid previously dephosphorylated and cut with the same restriction enzyme EcoRI. The 153 

construct pKNOCK-hcp2 obtained was used to transform chemically competent cells of E. coli 154 

S17-1. The presence of pKNOCK-hcp was verified by colony-PCR using the hcp2F/R primers 155 

(Table 2). 156 

The site-directed mutation was performed by biparental conjugation of the plasmid pKNOCK-157 

hcp2 contained in the donor E. coli S17-1-pKNOCK-hcp2 strain to the Enterobacter sp. J49 strain 158 

(Ampr). As a consequence of the biparental mating, simple recombination occurred through the 159 

hcp2 fragment, and the entire plasmid was inserted into the bacterial chromosome, interrupting 160 

the gene of interest.  The selection of the transconjugant strains was carried out in LB medium 161 

supplemented with Amp and Km (100 µg.ml-1 and 50 µg.ml-1, respectively). 162 

The primer pairs hcpF/hcpR and pKNOCK-F/pKNOCK-R (Table 2) were used at the end of the 163 

experiment to determine the presence of the pKNOCK-hcp2 insert as well as its orientation in the 164 
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genome of Enterobacter sp. J49 strain. Four combinations of these primers were used: 165 

hcpF/pKNOCK-F; hcpF/pKNOCK-R; hcpR/pKNOCK-F; hcpR/pKNOCK-R. 166 

In addition, to verify that the mutant strain was isogenic with respect to the wild strain, 167 

fingerprinting was performed using the ERIC-PCR technique according to the methodology of de 168 

Bruijn (1992). The primer pairs hcpF/hcpR and hcp2F/hcp2R were designed from the complete 169 

sequence of the hcp gene obtained from the genome of the Enterobacter sp. J49 strain (Ludueña 170 

et al. 2019) using WedPrimer and AmplifX software. 171 

To determine whether the mutation affected growth kinetics, a growth curve was performed in 172 

LB medium containing Amp (100 µg.ml-1) or Amp (100 µg.ml-1) and Km (50 µg.ml-1) for the 173 

wild Enterobacter sp. J49 strain and for the J49-hcp transformants, respectively. To evaluate 174 

whether the mutation affected the solubilizing phosphate capacity of the Enterobacter sp. J49 175 

strain, a qualitative estimation was first carried out in Petri dishes with NBRIP medium. The 176 

formation of a translucent halo around the colonies indicated the ability to solubilize phosphate. 177 

In addition, quantification of solubilized phosphate was performed. For this purpose, 1 ml aliquot 178 

(OD660nm=0.3) of an overnight culture of each bacterium grown in LB medium was transferred 179 

to an Erlenmeyer containing 60 ml of NBRIP medium with the corresponding antibiotics. 180 

Cultures were incubated at 28 °C with agitation (200 rpm), and at 24 h a 1 ml aliquot was 181 

aseptically taken to quantify the P solubilized by the bacteria. The aliquot was centrifuged at 182 

10,000 rpm for 12 min for the bacteria and the insoluble P to settle. Soluble P was determined in 183 

the supernatant by the colorimetric technique of Fiske and Subbarow (1925) adapted to small 184 

volumes. 185 

  186 
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Table 2. Specific primers designed and used for the site-directed mutation of the Enterobacter 187 

sp. J49 strain. 188 

Pair of 

primers 
SEQUENCE 

Reference 

hcp2 
F 5´ TCCTGTTTACCAAGGAAATCG 3´ This study 

R 5´ TCCTTGATGTCGTGCATTT 3´  

Hcp 
F 5´ TGGCAATCCCAGTTTATCTG 3´ This study 

R 5´TTCGTTCCAGGAATCGGAAT 3´  

pKNOCK 
F 5´GGTTTAACGGTTGTGGACAA 3´ Alexeyev 1999 

R 5´ATGTAAGCCCACTGCAAGCTA 3´  

 189 

 190 

2.4. Bacterial plant colonization assays  191 

Endophytic and epiphytic colonization was analyzed by isolating bacterial cells from internal and 192 

external tissues of the leaves, stems, and roots of peanut plants inoculated with Enterobacter sp. 193 

J49-hcp and Enterobacter sp. J49 wild type strains in a microcosm assay. Seeds of Arachis 194 

hypogaea L. (var. Granoleico) were surface disinfected and pregerminated in Petri dishes 195 

containing moist cotton and Whatman N°1 filter paper and incubated at 28 °C in darkness. 196 

Pregerminated seeds were transferred to pots of 330 ml of volume, containing a sterile sand and 197 

vermiculite mix (2:1). The pots were supplemented with 0.2% Ca3(PO4)2 (Rivas et al. 2007) as 198 

the only source of phosphorus (P). Seven-day-old seedlings were inoculated individually with 3 199 

ml of each bacterial culture (~109 CFU.ml-1) in the root crown. Uninoculated plants were used as 200 

control treatments. Plants were grown in a microcosm with temperature conditions that ranged 201 

between 21 and 29 °C and a photoperiod with light cycles of 16 h day/8 h night. The plants were 202 

watered alternately with Hoagland solution without P (Hoagland and Arnon 1950) and water. 203 

Experiments were performed with six replicates for each treatment. Peanut plants were harvested 204 

at 12 days post-inoculation, and epiphytic and endophytic bacterial cells were isolated following 205 

the method described by Kuklinsky-Sobral et al. (2004).  The plants of each treatment were 206 

sampled at harvest and fresh tissue was used. In all cases, the aerial and root tissues were weighted 207 

separately.  208 
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For the isolation of epiphytic bacteria, the different plant tissues were individually placed in a 250 209 

ml Erlenmeyer flask containing 8 g of glass beads and 20 ml of physiological solution (NaCl 210 

0.9%). They were stirred at 150 rpm at 28 °C for 45 min. One ml suspension was transferred into 211 

a tube with 9 ml of physiological solution. Serial dilutions were made and 10 µl were seeded in 212 

triplicate in Petri dishes with LB medium supplemented with the corresponding antibiotics. Cell 213 

count was performed using the microdrop technique (Somasegaran and Hoben 1994) and the 214 

results were expressed as CFU.g-1 of plant tissue.  215 

For the isolation of endophytic bacteria, epiphytic bacteria were removed by surface disinfection 216 

with successive washes with 70% ethanol for 1 min, 3% sodium hypochlorite for 5 min, 70% 217 

ethanol for 30 s, and finally 4 washes in sterile distilled water. To control the disinfection process, 218 

aliquots of sterile distilled water used in the final wash were plated on Petri dishes with LB 219 

medium. After surface disinfection, the tissue was macerated with 10 ml of physiological solution 220 

and 1 ml was transferred to 50 ml conical tubes containing 9 ml of physiological solution. Serial 221 

dilutions were made and 10 µl in triplicate were seeded in plates containing LB medium to 222 

determine the number of endophytic bacteria expressed as CFU.g-1 of plant tissue.  223 

The effect of the inoculation of the Enterobacter sp. J49-hcp strain on the promotion of peanut 224 

plant growth with respect to the wild type strain was evaluated by measuring aerial and root 225 

length, aerial and root dry weight, and P content of the aerial part (Jackson 1973). 226 

 227 

2.5 Determination of properties associated with colonization 228 

2.5.1 Bacterial biofilm formation in different culture media 229 

A biofilm formation assay was performed following the methodology proposed by O’Toole and 230 

Kolter (1998). First, 200 μl of an overnight culture (O.D.620nm=0.01) of the wild type and J49-hcp 231 

mutant strains grown in TY or NBRIP medium were added to each well of 96-well polystyrene 232 

microplates. A total of 18 replicates per treatment were performed. The plates were incubated at 233 

36 °C for 24 h. Planktonic cells were then gently homogenized and bacterial growth was 234 

determined by measuring O.D. at 600 nm. Wells were washed with 200 μl of PBS (phosphate 235 
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buffered saline) and stained for 15 min with 200 μl of 0.1% crystal violet solution (CV) in 5% 236 

ethanol. Each well was then rinsed with water. The dye retained in the adhered cells was 237 

resuspended with 200 µl of ethanol:acetone (80:20) solution and incubated at room temperature 238 

for 30 min. The O.D. at 570 nm of the recovered CV was determined using an Epoch ™ 239 

Microplate spectrophotometer. The amount of biofilm produced, based on the number of bacteria 240 

contained in each well, was estimated by determining the Biofilm Index (BI) from the following 241 

formula:  242 

                                                      BI = O.D.570 / O.D.600 243 

 244 

2.5.2. Production of plant cell wall-degrading enzymes: pectinase and cellulase activity 245 

analysis 246 

For quantitative determination of extracellular constitutive pectinase activities, wild type and J49-247 

hcp strains were grown in TY culture medium at 28 °C in agitation (150 rpm). A sample was 248 

taken at 24 h and centrifuged at 10,000 rpm at 4 °C for 10 min in HITACHI CR 22G refrigerated 249 

centrifuge. Pectinase enzymes were analyzed by measuring polygalacturonase (PG) and pectin 250 

lyase (PL) activities. For the PG activity, the methodology described by Sunnotel and Nigam 251 

(2002) was followed, with some modifications. Briefly, 100 µl of 1% polygalacturonic acid 252 

solution (PGA) in 0.05M acetate buffer (pH 4.5) were added to 500 µl of bacterial supernatant. 253 

The mixture was incubated at 40 °C for 10 min and 400 µl of DNS solution (3,5-dinitrosalicylic 254 

acid 2%; NaOH 2.8%; Na-K tartrate 13.3%) was added, incubated at 100 °C for 15 min, and then 255 

brought to a final volume of 5 ml with milli-Q water. Absorbance was measured at 530 nm and a 256 

standard curve for galacturonic acid was performed in a concentration range of 5 to 100 µM. A 257 

unit of enzyme activity was defined as the amount of enzyme that catalyzes the formation of 1 258 

µmol of PGA per minute.  259 

PL activity was analyzed by following the methodology described by Sunnotel and Nigam (2002) 260 

with modifications. For this purpose, 5 ml of 1% pectin solution in 0.05M Tris-HCl buffer (pH 261 

8.5) was added to 1 ml of supernatant, and the mixture was brought to a final volume of 10 ml 262 
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with distilled H2O and incubated at 40 °C for 2 h. Further, 0.6 ml of 9% ZnSO4 and 0.6 ml of 263 

0.5M NaOH were added to the mixture, which was subsequently centrifuged at 3,000 rpm for 10 264 

min. Then, 3 ml of 0.04 M thiobarbituric acid and 2.5 ml of 0.1N HCl and 0.5 ml of distilled H2O 265 

were added to 5 ml of the supernatant obtained. The mixture was placed in a bath at 100 °C for 266 

30 min, cooled at room temperature, and measured at 550 nm in a Spectrum SP-1102 267 

spectrophotometer. One unit of PL activity was defined as the amount of enzyme that caused a 268 

change in absorbance of 0.01 under this condition.  269 

Extracellular induced cellulase (CL) activity was measured following the methodology described 270 

by Ariffin et al. (2006) with modifications. Both strains were grown in CMC medium (KH2PO4 271 

1 g.l-1, K2HPO4 1.145 g.l-1, MgSO4.7H2O 0.4 g.l-1, (NH4)2SO4 5 g.l-1, CaCl2.2H2O 0.05 g.l-1, 272 

FeSO4.7H2O 1.25 µg.l-1, carboxymethyl cellulose 10 g.l-1, pH 7) at 28 °C with agitation. A 273 

sample was taken at 15 h and centrifuged as described above. Then, 1 ml of supernatant was added 274 

to 1 ml of 1% CMC solution in citrate buffer (sodium citrate/citric acid 0.05M, pH 4.8) and 275 

incubated at 40 °C for 30 min. Further, 1.5 ml of DNS solution (3,5-dinitrosalicylic acid 2%; 276 

NaOH 2.8%; Na-K tartrate 13.3%) was added and incubated at 100 °C for 15 min. After that time, 277 

absorbance was measured at 575 nm. A glucose standard curve was performed in a concentration 278 

range of 20 to 400 µM. One unit of cellulase activity was expressed as 1 µmol of glucose released 279 

per ml of enzyme per minute.  280 

 281 

2.6. Statistical analysis 282 

Data, previously controlled to comply with the assumptions of normality and homoscedasticity 283 

(Sokal and Rohlf 1984), were analyzed using the software INFOSTAT (Di Rienzo et al. 2018). 284 

Variables were analyzed by one-way analysis of variance (ANOVA) using the different bacterial 285 

strains (mutant and wild type) as factors. A comparison of means was conducted using the 286 

protected test of Fisher (i.e., LSD), with a significance level of 0.05.  287 

 288 
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 290 

3.1. Identification of the components of the type VI secretion system in the genome of 291 

Enterobacter sp. J49 292 

From the in silico analysis, it was possible to identify almost all the tss genes described in the 293 

literature in the genome of the strain under study, except for the tssE gene. Based on this 294 

identification, we performed the T6SS operon of Enterobacter sp. J49 (Table 3; Figure 1). The 295 

24 genes of the operon, 13 correspond to T6SS components, two are T6SS associated proteins, 296 

and the remaining nine are hypothetical proteins. The arrangement of the genes indicated that 297 

they are in tandem. The first two genes of the T6SS cluster were tssB and tssC, followed by tssK 298 

and tssL. The hcp gene was found in the sixth position followed by tssH and tssI. The other genes 299 

of the T6SS were found downstream of a group of hypothetical proteins.  300 

  301 
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Table 3: Genes of the type VI secretion system (T6SS) identified in the genome of the 302 

Enterobacter sp. J49 strain. 303 

Order 

in the 

operon 

Gene (bp) Product (aa) Characterization according to NCBI/genDB 

➔ 1 tssB (501) TssB (166) type VI secretion system contractile sheath small subunit 

[Enterobacter] TssB 
 

➔ 2 tssC (1542) TssC (515) type VI secretion system contractile sheath large subunit 

[Enterobacter] TssC 
➔ 3 tssK (1350) TssK (449) type VI secretion system baseplate subunit TssK 

➔ 4 tssL (690) TssL (229) type IV/VI secretion system protein TssL (DotU) 

 5 ompA (1680) OmpA (559) OmpA family protein [Enterobacter] 

➔ 6 hcp/tssD 

(492) 

Hcp/TssD 

(163) 

Type VI secretion system tube protein Hcp 

➔ 7 tssH (2673) TssH (890) Type VI secretion system ATPase TssH 

➔ 8 tssI (2358) TssI (785) Type VI secretion system tip protein VgrG [Enterobacter] TssI 

 9 hp (2700) Hp (899) Hypothetical protein 

 10 hp (861) Hp (286) Hypothetical protein 

 11 hp (516) Hp (171) Hypothetical protein 

 12 hp (492) Hp (163) Hypothetical protein 

 13 hp (168) Hp (55) Hypothetical protein 

 14 hp (477) Hp (158) Hypothetical protein 

➔ 15 pdp* (264) PaarP (87) PAAR domain-containing protein 

 16 hp (1209) Hp (402) Hypothetical protein 

➔ 17 tssM (3372) TssM (1123) Type VI secretion protein VasK(TssM) 

 18 hp (138) Hp (45) Hypothetical protein 

 19 hp (108) Hp (35) Hypothetical protein 

➔ 20 tssA (1608) TssA (535) Type VI secretion system protein TssA 

➔ 21 tssF (1770) TssF (589) Type VI secretion system baseplate subunit TssF 

➔ 22 tssG (1083) TssG (360) Type VI secretion system baseplate subunit TssG 

➔ 23 tssJ (525) TssI (174) Type VI secretion system lipoprotein TssJ [Enterobacter] 

 24 rhs (423) Rhs (139) secretion protein Rhs, partial [Enterobacter sp. J49] 

* name assigned in this work. 304 

➔  indicates genes essential for T6SS function. 305 

 306 
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 307 

Figure 1: Operon of the type VI secretion system in the Enterobacter sp. J49 strain designed 308 

based on the bibliographic search and comparison with sequences available in NCBI gene bank. 309 

The operon starts at **. The size of the arrows is proportional to the length of the genes (bp). 310 

 311 

3.2. Comparative analysis of hcp gene sequence of the Enterobacter sp. J49 strain relative to 312 

other strains belonging to this genus 313 

Sequence analysis of the hcp gene (Accession No. OUC39004.1) indicated that it is 492 bp long. 314 

The alignment analysis with hcp sequences available in the NCBI Genbank indicated that the hcp 315 

sequence of  Enterobacter sp. J49 showed  100% identity with that of Enterobacter cloacae P101 316 

(Table 4) and 99% with the sequence of this gene of three E. ludwigii strains and another E. 317 

cloacae strain. The forced alignment of this gene with that of Enterobacter ludwidgii  EN-119 318 

(CP017279.1) and E. cloacae EcWSU1 (CP00286.1) showed 85.1% identity with the former 319 

(Table 4) while no identity was found with the sequence of  the hcp gene of EcWSU1.   320 

  321 Jo
urn

al 
Pre-

pro
of



16 
 

 

Table 4: Percentage identity of the Enterobacter sp. J49 hcp gene sequence against the available 322 

sequences of the same gene in the NCBI gene bank and the sequences corresponding to the 323 

phylogenetically closest strains. 324 

Strains 
Access 

number 

Identity 

(%) 
Coverage (%) 

Enterobacter cloacae P101 * CP006580.1 100 100 

Enterobacter ludwigii JP9 CP040527.1 99.19 100 

Enterobacter ludwigii JP6 CP040526.1 99.19 100 

Enterobacter cloacae complex 

sp. FDA-CDC-AR_0164 
CP028950.1 99 100 

Enterobacter cloacae UW5 CP011798.1 99 100 

Enterobacter ludwigii EN-119 * CP017279.1 85.16 100 

* strains with a higher phylogenetic relationship with Enterobacter sp. J49 according to Ludueña 325 

et al. (2019). 326 

 327 

3.3. Endophytic and epiphytic colonization of the Enterobacter sp. J49-hcp strain in peanut 328 

plants (Arachis hypogaea L.) 329 

Through ERIC-PCR, the selected mutant was found to be isogenic with respect to the wild type 330 

strain (Figure S2 - supplementary material). In addition, the mutation did not modify the 331 

phosphate solubilizing capacity of the strain under study. This result was observed both 332 

qualitatively (Figure 2) and quantitatively by means of the soluble P value in the supernatant of 333 

the J49 and J49-hcp strains (379.42±10.73 and 391.15±10.13 ppm of P, respectively), which did 334 

not present significant differences. 335 

The results indicated that the mutation of the hcp gene produced a significant decrease in the 336 

aerial and root epiphytic colonization of Enterobacter sp. J49 (Table 5). The J49-hcp strain also 337 

showed significantly less endophytic colonization than the wild type strain in aerial tissue. 338 

 339 
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 340 

Figure 2: Phosphate solubilization halo by Enterobacter sp. J49 (J49) and Enterobacter sp. J49-341 

hcp (J49-hcp) in NBRIP medium. 342 

 343 

Table 5: Count of CFU.g-1 of plant tissue in the endophytic and epiphytic colonization assay of 344 

Enterobacter sp. J49 and Enterobacter sp. J49-hcp strains. 345 

Strains 
Endophytes (CFU.g-1) Epiphytes (CFU.g-1) 

Root part Aerial part Root part Aerial part 

Enterobacter sp. J49 1.04.104 ± 4.40.103 4.99.103 ±  5.05.102 * 4.39.106 ± 8.73.105 * 8.43.104 ± 2.48.104 * 

Enterobacter sp. J49-hcp 1.26.103 ± 4.18.102 1.79.103 ± 4.21.102 8.61.105 ± 2.50.105 6.63.103 ± 1.61.103 

Data represent mean ± S.E. (n=6). * indicates significant differences between strains for the same 346 

tissue (p<0.05). 347 

 348 

In the plant inoculation assays with the Enterobacter sp. J49-hcp strain, peanut seedlings 349 

exhibited significantly lower aerial length (AL) than plants inoculated with the Enterobacter sp. 350 

J49 strain and the uninoculated control treatment (Figure 3A). The aerial dry weight (ADW) of 351 

plants inoculated with J49-hcp was lower than that of the other treatment, although not 352 

significantly different (Figure 3B). Regarding the parameters measured in the root, no differences 353 

were observed between the plants inoculated with the J49-hcp strain and the wild type strain. As 354 

to the P content of the aerial part, although lower values were observed in the plants inoculated 355 
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with the J49-hcp mutant than in the wild type strain, the values were not statistically significant 356 

(Figure 3C).  357 

  358 
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 359 

Figure 3: Aerial length (AL) and root length (RL) (A); aerial dry weight (ADW) and root dry 360 

weight (RDW) (B); P content in the aerial part expressed as mg P.plant-1 (C) of peanut plants. 361 

Treatments: Enterobacter sp. J49: plants inoculated with the Enterobacter sp. J49 strain; 362 

Enterobacter sp. J49-hcp: plants inoculated with the Enterobacter sp. J49-hcp strain; control: 363 

uninoculated plants. Data represent mean ± S.E. (n=6). Different letters indicates significant 364 

differences between treatments for each parameter evaluated (p<0.05). 365 
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 366 

3.4. Properties associated with bacterial plant colonization  367 

The mutation in the hcp gene in Enterobacter sp. J49 led to a significant decrease in biofilm 368 

formation with respect to the wild type (Figure 4). This reduction was observed in both media 369 

used, with the lowest BI value occurring in NBRIP medium. 370 

 371 

 372 

Figure 4: Biofilm Index (BI) in TY and NBRIP media. Data represent mean ± S.E. (n=18). * 373 

indicate significant differences (p<0.05) between strains in each culture medium. 374 

 375 

To evaluate the possible role of T6SS on the production of pectinase and cellulase enzymes, these 376 

activities were measured in the J49-hcp strain. Sampling times were determined based on previous 377 

results, by searching for the maximum activity (Lucero et al. 2021). The results obtained showed 378 

a significant decrease in the constitutive production of PG when the hcp gene was mutated in 379 

Enterobacter sp. J49 strain (Figure 5). Regarding the constitutive production of PL and the 380 

induced activity of CL, no differences were observed between Enterobacter sp. J49-hcp and wild 381 

type strains (Figure 5). 382 

 383 
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 384 

Figure 5: Enzymatic polygalacturonase activity (PG), pectin lyase activity (PL), and cellulase 385 

activity (CL) of Enterobacter sp. J49 and Enterobacter sp. J49-hcp strains at different times of 386 

growth. Data represent mean ± S.E. (n= 4). * indicate significant differences (p<0.05) between 387 

strains in a culture medium. 388 

 389 

4. Discussion 390 

 391 

There are different types of secretion systems in Gram-negative bacteria that transfer molecules 392 

both to the extracellular medium and to the interior of adjacent prokaryotic or eukaryotic cells. 393 

They are numbered from I to IX and vary according to the nature of the secretion system and the 394 

transport mechanism of the released compound (Journet and Cascales 2016). Thus, for example, 395 

type III and IV secretion systems are essential for the release of effector proteins by pathogenic 396 

bacteria towards the plant (Green and Mecsas 2016). On the other hand, the type VI secretion 397 

system (T6SS) is commonly found in commensal and pathogenic endophytic bacteria and in 398 

beneficial bacteria associated with plants (Reinhold-Hurek and Hurek 2011; Bernal et al. 2018). 399 

This system is used by many bacteria to engage in social behavior with other microbial 400 

communities, which can positively affect the health of their host (Wu et al. 2020). The presence 401 
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of T6SS provides several advantages to model systems associated with agriculture, since most of 402 

the T6SS described in plant-associated bacteria are involved in interbacterial competition 403 

(Allsopp et al. 2020). This suggests that it is involved in the establishment and protection of 404 

beneficial plant-associated communities (Coulthurst 2019). 405 

T6SS is widespread in Gram-negative bacteria, and bioinformatic studies have described it as a 406 

highly conserved secretion system (Bernal et al. 2018). It has been estimated that approximately 407 

25% of Gram-negative bacteria contain at least one T6SS, most commonly within the α, β, and γ 408 

proteobacteria (Pallen et al. 2002; Das and Chaudhuri 2003; Schlieker et al. 2005; Bingle et al. 409 

2008; Boyer et al. 2009; Trunk et al. 2019). Bacterial species, and indeed individual strains within 410 

a species, can have anywhere from none to six different T6SSs, with the complement of secreted 411 

effector proteins being even more variable (Coulthurst 2019). This secretion system represents a 412 

contractile nanomachine that can translocate effector proteins directly to neighboring cells. It is a 413 

versatile bacterial structure that can deliver effector molecules to different classes of cells, playing 414 

key roles in interbacterial competition and bacterial interactions with eukaryotic cells (Coulthurst 415 

2019). An in silico analysis of T6SS gene clusters, showed that a minimum set of 13 genes, termed 416 

core components, is required to assemble a functional T6SS (Zoued et al. 2014). To identify the 417 

genes involved in the biosynthesis of the structure of the type VI secretion system, its effectors, 418 

and associated proteins, a computer search of all its genetic components was performed. We found 419 

that the Enterobacter sp. J49 strain has all the essential genes for this secretion system, which 420 

allows us to infer that it may be functional in this bacterium. In relation to the specific analysis of 421 

the hcp gene in the Enterobacter sp. J49 strain, the highest percentage of identity was that of the 422 

same gene corresponding to Enterobacter cloacae P101, one of the three bacteria with which 423 

Enterobacter sp. J49 has the greatest phylogenetic relationship (Ludueña et al. 2019). The forced 424 

alignment of the sequence of hcp gene of the J49 strain with the other phylogenetically close 425 

strains showed a low percentage or no identity. This result is probably due to the fact that the  426 

genes involved in this secretion system were acquired by horizontal gene transfer, which is a 427 

widely described mechanism in bacteria (Davison 1999; Arber 2000). This phenomenom of gene 428 
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transfer between bacteria has been described for other important features, i.e. luxI/luxR genes 429 

involved in bacterial communication mediated by AHL-type molecules (Wei et al. 2006) and 430 

nitrogen fixation nif genes (Bohlius et al. 2010). 431 

Different authors have found that the endophytic population associated with different plants has 432 

a high number of genes related to T6SS, and thus this system has been proposed to play an 433 

important role in plant-microorganism interactions (Pukatzki et al. 2009; Sessitsch et al. 2012). 434 

In this study, we focused on the role of this secretion system on the colonization ability of a peanut 435 

native efficient phosphate solubilizing bacterium, Enterobacter sp. J49.  For this purpose, we 436 

developed a mutant truncated in hcp considering that it is a core gene of T6SS. The Hcp protein 437 

is the hallmark of a functional T6SS. Hcp was first identified as a major T6SS-associated protein 438 

in Vibrio cholerae (Pukatzki et al. 2006). This protein is the structural component of the 439 

hexameric ring of the transport channel between the inner and outer membranes of the bacterium 440 

(Shrivastava and Mande 2008; Leiman et al. 2009). It is considered a secreted protein with several 441 

roles in different bacteria (Williams et al. 1996; Dudley et al. 2006; Hood et al. 2010) including 442 

bacterial interaction with host cells (Williams et al. 1996; Pukatzki et al. 2006; Suarez et al. 2008; 443 

Wu et al. 2008). This is why the gene that encodes this protein was selected to carry out the 444 

mutation and interfere with the correct functioning of T6SS. To evaluate whether T6SS 445 

participates in the colonization of the phosphate solubilizing Enterobacter sp. J49 strain on 446 

peanut, plant inoculation assays were carried out with a mutant strain obtained by a site-directed 447 

mutagenesis of the hcp gene. The significantly reduced colonization by Enterobacter sp J49-hcp 448 

suggests that T6SS is involved in this property although it is not essential. It was interesting to 449 

observe that both epiphytic and endophytic colonization decreased significantly in the mutant 450 

strain. This suggests that T6SS is required, although not exclusively, to infect the inner plant 451 

tissues where less bacterial competition is present. Therefore, it is possible to propose that in 452 

addition to the bacterial competition advantage that T6SS confers to rhizospheric bacteria, it may 453 

also participate in the infection strategy of the bacteria.  This finding could be confirmed by future 454 

studies of other tss mutants. 455 
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The T6SS allows bacteria to establish themselves in natural habitats, and the impact of the plant 456 

environment on this process is notable (Chakraborty et al. 2011; Ma et al. 2014; Shyntum et al. 457 

2018; Bellieny-Rabelo et al. 2019). Kapitein and Mogk, (2014) suggested thet this impact require 458 

a deeper analysis of T6SS in the natural environment and of how its activities can be modulated 459 

by host factors. Mutants of the T6SS of Paraburkholderia phymatum were less competitive than 460 

the wild type strain in plant assays (de Campos et al. 2017). These authors suggest that T6SS is 461 

one of the factors responsible for the success of the infection because it directly inhibited its 462 

competitors (P. phymatum, P. diazotrophica, P. mimosarum, P. sabiae) in in vitro assays. 463 

Likewise, in the Pectobacterium carotovorum subsp. brasiliense strain PBR1692 – Pcb1692, by 464 

means of T6SS, it inhibited the members of the Enterobacteriaceae when is was inoculated in 465 

potato tubers (Shyntum et al. 2019). Although peanut plants inoculated with the wild type 466 

Enterobacter sp. J49 strain showed an increase in growth parameters and P content, compared to 467 

control plants, this was not statistically significant in most cases. This is probably because this 468 

effect is seen in later stages of plant development (Lucero et al. 2021). However, it should be 469 

noted that at the time when the test was performed, it was possible to observe significantly lower 470 

colonization by the J49-hcp mutant in most cases, which could translate into a significant decrease 471 

in the aerial length of the peanut. Thus, the decrease observed in the growth parameters analyzed 472 

in the plants inoculated with the J49-hcp strain suggests that it is a consequence of a lower number 473 

of bacteria colonizing peanut roots. In agreement with these results, Mosquito et al. (2020) 474 

observed that the deletion of T6SS from Kosakonia spp endophytes significantly decreased plant 475 

root rhizosphere and endosphere colonization. 476 

Effectors released by T6SS in plant-associated bacteria have been shown to perform various 477 

functions such as interbacterial competition, stress response, enzyme production, quorum sensing, 478 

biofilm formation, and symbiosis (Whitney et al. 2013; Ryu 2015; Hachani et al. 2016; Cianfanelli 479 

et al. 2016; Bernal et al. 2018). Zhang et al. (2014) observed a decrease in biofilm formation and 480 

colonization capacity in a TssB minus mutant of Ralstonia solanacearum. Similaly, the 481 

participation of T6SS in biofilm formation has been described in other bacteria (Enos-Berlage et 482 
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al. 2005; Aschtgen et al. 2008). To evaluate the production of biofilm of the Enterobacter sp. J49 483 

strain, the TY and NBRIP culture media were used. The culture media was selected based on 484 

those in which the strain showed the highest values of biofilm production at 48 h of growth 485 

(Lucero et al. 2020). In this regard, the results obtained in the present work demonstrate that the 486 

Enterobacter sp. J49-hcp strain produced significantly lower biofilm than the wild type strain. In 487 

addition, considering that biofilm production is an important colonization trait, it is possible to 488 

speculate that the reduced epiphytic and endophytic colonization observed in the J49-hcp strain 489 

could have resulted from the reduced biofilm formation. It should be considered that the T6SS 490 

could modulate bacterial competence when the bacteria colonize and gain entrance in the plant 491 

tissues. 492 

Plant cell walls are formed by the innermost secondary wall composed mainly of cellulose and 493 

hemicellulose fibers, and the outermost primary wall is formed by the same fibers combined with 494 

pectic substances. The primary walls of two contiguous cells are joined by the middle lamella, 495 

which is made up mainly of pectic substances (Carpita and Gibeaut 1993; Jarvis and MacCann 496 

2000). Given that the interior of plants represents a unique habitat, bacterial endophytes are likely 497 

to have differential functions with respect to those rhizospheric and epiphytic bacteria (Okunishi 498 

et al. 2005; Compant et al. 2010). Among them, the production of hydrolytic enzymes can be a 499 

useful tool in endophytic colonization (Verma et al. 2018). Some studies found that endophytes 500 

can actively penetrate plant cells by the production and release of cellulolytic and pectinolytic 501 

enzymes (Hallmann et al. 1997; Khan et al. 2017; Gupta et al. 2019). T6SS from different bacteria 502 

has been shown to secrete two broad families of bacterial cell wall-degrading enzymes, amidases 503 

and glycoside hydrolases (Russell et al. 2012). For this reason, the release of enzymes that degrade 504 

the plant cell wall may be expected to also be associated with this secretion system. From the 505 

results obtained in this study, we observed that, of the three enzymatic groups studied, only PG 506 

was negatively affected when the hcp gene was mutated. In this sense, Pagel and Heitefuss (1990) 507 

observed that PG activity is probably the main determinant in initial tissue infection by the 508 

pathogen (Erwinia carotovora subsp. atroseptica) in potatoes with respect to cellulolytic, 509 
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proteolytic, xylanolytic, and pectin lyase enzymes, whose activities were not detected until several 510 

hours after the infection. In line with this, it would be plausible to attribute the lower endophytic 511 

colonization observed in peanut plants by Enterobacter sp. J49-hcp among other factors to lower 512 

production of PG enzymes, which are important in the first moments of plant wall degradation. 513 

This study shows the relevance of this secretion system in Enterobacter sp. J49 in the colonization 514 

of its host plant. Future research will continue in this direction, and to this end, studies will be 515 

designed to describe hypothetical effector proteins involved, including their structural prediction, 516 

by relating them to the biological role of T6SS in plant colonization. In addition, the evidence 517 

found in this study shows the importance of the hcp gene in the colonization of peanut plants, and 518 

therefore, it would be interesting to infer the incidence of plant root exudates or the presence of 519 

other microorganisms on hcp gene expression. For this purpose, real-time quantitative PCR 520 

experiments are proposed, because this would be a convenient way to analyze the relative changes 521 

in gene expression. Although more work is required to elucidate the functions and mechanisms 522 

of the T6SS, these analyses should help us to better understand the mechanistic and biological 523 

functions of T6SS, in terms of its involvement in the plant colonization process and interbacterial 524 

competition. 525 

 526 

5. Conclusions 527 

 528 

The results obtained in the present work allow us to infer that the T6SS of Enterobacter sp. J49 529 

may participate in the endophytic colonization of peanut. This secretion system may favor 530 

colonization by either accelerating or making the infection more efficient, or by promoting other 531 

mechanisms involved in it, such as the formation of biofilm and the activity of polygalacturonase 532 

enzymes.  533 
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