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Abstract

Ralstonia solanacearum is an important soil-borne plant pathogen which causes bacterial wilt in a large number of crops.
Bacterial Type Six Secretion System (T6SS) is known to participate in pathogenesis, bacterial interaction and inter-bacterial
competition. Contribution of T6SS in the virulence of R. solanacearum on eggplant (Solanum melongena L) is studied.
In this study, five T6SS gene (ompA, vgrG3, hep, tssH and tssM) mutants have been developed by insertional mutagenesis
and the virulence of the mutants was evaluated on eggplant. In general, the T6SS mutants showed significant reduction of
wilt on eggplant. R. solanacearum mutant of ompA gene significantly reduced the wilt from day five through day eight in
petiole inoculation. In soil drench inoculation, R. solanacearum mutant of vgrG3 gene reduced the wilt on eggplant and was
significantly different throughout the experimental period. Other mutants, viz., tssH, tssM and hcp, also reduced the wilt
during the initial stages of disease development. This is the first report on the role of T6SS genes, ompA, vgrG3, hcp and
tssH on virulence of R. solanacearum.
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Abbreviations Introduction

T6SS  Type Six Secretion System

RSSC  Ralstonia solanacearum Species complex Ralstonia solanacearum is an important soil-borne phy-
EPS Extracellular Polysaccharide topathogen with wide host range and large geographical
T2SS  Type Two Secretion System distribution (Genin and Denny 2012). It has been ranked
T3SS  Type three Secretion system second in the list of top ten of the most studied bacterial

plant pathogens in molecular plant pathology (Mansfield
et al. 2012). It causes severe economical losses in agricul-
turally important crops due to its destructive nature, lethal-
ity and persistence (Wicker et al. 2004). Some of reported
losses include 88% of tomato in Uganda, 95% of tobacco
in South Carolina, 50-100% of potato in Kenya and 100%
on pepper in Ethiopia (Assefa et al. 2015; Elphinstone
2005). R. solanacearum strains show extensive diversity

Electronic supplementary material The online version of this globally due to which it has been referred as Ralstonia
article (https://doi.org/10.1007/s13205-020-02311-4) contains solanacearum species complex (RSSC) and is classified
supplementary material, which is available to authorized users. into four phylotypes (Fegan and Prior 2005). These phy-
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Trupti Asolkar and phylotype IV (Indonesia) (Genin and Denny 2012).
trupti_00@yahoo.com Safni et al. (2014) proposed taxonomic revision of the R.

solanacearum species complex. Accordingly, they pro-
posed three genospecies, viz. R. solanacearum (phylotype
II strains), R. pseudosolanacearum (phylotype I and III
strains) and R. syzygii (phylotype IV strains). Bacterial
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wilt management strategies, like soil amendments, soil
solarization, use of bio-fumigants, resistant plant varie-
ties and biocontrol agents, have shown limited success in
controlling the wilt (Ramesh et al. 2016). The virulence
of this pathogen is contributed by various virulence fac-
tors. These include exopolysaccharide (EPS), the type II
secretory system (T2SS)-dependent plant cell wall degrad-
ing enzymes, chemotaxis, swimming motility, twitching
motility and type III secretory system (T3SS) (Asolkar
and Ramesh 2018a, b).

Gram negative bacteria secrete virulence proteins outside
the cell to promote its survival, replication and colonization
with the help of various secretion systems. These include
Type I secretion systems (T1SS), Type II secretion systems
(T2SS), Type III secretions systems (T3SS), Type IV secre-
tion systems (T4SS), Type V secretion system (T5SS) and
Type VI secretion systems (T6SS) (Green and Mecsas 2016).
The T1SS, T2SS and T5SS secrete proteins across the bac-
terial envelop to the extracellular milieu. The T3SS, T4SS
and T6SS deliver proteins directly across host membranes
(Green and Mecsas 2016). The T2SS contributes in the
virulence of R. solanacearum by secreting Plant Cell Wall
Degrading Enzymes (PCWDE) and other extracellular pro-
teins (Genin and Denny 2012). The PCWDE hydrolyse the
complex carbohydrates present in the cell wall components
and helps the bacterium to obtain nutrients and energy in
addition to facilitating its entry and spread in the host plant
(Liu et. al. 2005; Huang and Allen 2000). The T3SS enables
R. solanacearum to translocate pathogenicity proteins called
as ‘type III effectors (T3E)’ into the cytosol of eukaryotic
host cells. The type IV pili (Tfp) help in exhibiting twitching
motility and thus participate in the virulence of R. solan-
acearum (Liu et al. 2001). Twitching motility helps R. sola-
nacearum to adhere to host surface and also plays an impor-
tant role in natural transformation (Kang et al. 2002). The
T6SS is one of the secretion systems in bacteria (Pukatzki
et al. 2006), which plays role in the virulence of pathogenic
bacteria. The T6 secretion gene cluster is widely present
in the genome of many Gram-negative bacteria, especially
proteobacteria (Boyer et al. 2009; Cascales and Cambillau
2012) and is involved in pathogenesis, bacterial interactions
and competition. The T6SS interacts with both prokaryotic
and eukaryotic cells (Silverman et al. 2012). T6SS has been
identified in R. solanacearum which contributes to the viru-
lence (Zhang et al. 2012). The T6SS secretes anti-bacterial
proteins into the target cells and thus kills the neighbouring,
non-immune bacterial cells by cell-to-cell contact (Cascales
and Cambillau 2012). Like the T3SS, the T6SS is also
involved in translocation of substrates into the recipient cells
through contact-dependent manner (Silverman et al. 2012;
Cornelis 2006). In eukaryotes, it secretes toxin molecules
which interfere with the eukaryotic cytoskeleton and thus
plays a role in pathogenesis (Cascales and Cambillau 2012).
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The T6SS is formed by assembly of two distinct sub-
structures: an inverted bacteriophage-like injection appa-
ratus and a membrane complex. The membrane complex
interacts with the inverted bacteriophage-like structure and
anchors it into the cell envelope. The secretion apparatus is
made up of 13 core components which are supplemented
with additional proteins (Cascales and Cambillau 2012). The
core components are named from TssA to TssM, and many
of them share homology with bacteriophage proteins (Badr
et al. 2016).

In R. solanacearum, the T6SS genes, tssM and tssB, have
already been proved to be involved in virulence as muta-
tion in these genes has led to the decrease in virulence on
tomato plants in comparison to the wild-type strain (Zhang
et al. 2012, 2014). However, the other genes of T6SS have
not been studied for their role in pathogenesis or virulence.
In this study, the role of other T6SS genes, including outer
membrane protein A (ompA) in the virulence of R. solan-
acearum, has been studied on eggplant (Solanum melongena
L).

Materials and methods
Bacterial strains and Plasmids

R. solanacearum strain Rs-09—161 maintained at the cul-
ture collection of Plant Pathology laboratory, ICAR-CCARI,
was used in this study to develop the mutants (Asolkar and
Ramesh 2018a). The strain was isolated from wilted egg-
plant and is highly pathogenic (Asolkar and Ramesh 2018b).
Briefly, R. solanacearum was isolated aseptically from the
wilted plant by collecting the xylem ooze from the stem or
root portions and streaked onto TZC medium (0.1% casein,
1% peptone, 0. 5% glucose and 1.7% agar agar amended
with 0.005% v/v 2,3,5-triphenyl tetrazolium chloride). Plates
were incubated at 28 +2 °C for 48 to 72 h. Pink, fluidal
colonies were purified onto TZC medium and the pure cul-
ture was maintained as glycerol stock. The bacterial strains,
vectors and mutants were maintained as 30% glycerol stock
at -80 °C. R. solanacearum was routinely grown on BG
medium (1% peptone, 0.1% casamino acids, 0.1% yeast
extract and 0.5% glucose) at 28 °C. E. coli was grown at
37 °C on Luria and Bertani medium. Ampicillin was used
in the concentration 50 ug/mL while growing E. coli and R.
solanacearum mutants. The details about the plasmid used
in this study and the clones developed are listed in Table 1.

Development of clones in E. coli vector
The T6SS genes, viz., tssH, hcp, vgrG3, tssM and ompA,

were selected in this study. These genes form the core com-
ponents and accessory proteins associated with the outer
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Table 1 List of plasmids and strains used in this study

Isolates Relevant genotypes
E.coli IM107
Ec-TssM tssM::pTZ57R/T
Ec-TssH tssH::pTZ57R/T
Ec-Hcp hep::pTZ57R/T
Ec-VgrG3 vgrG3::pTZ57R/T
Ec-OmpA ompA::pTZ57R/T
R. solanacearum
Rs-09-161 WT
Rs-TssM™ tssM::pTZ57R/T mutant
Rs-TssH™ tssH::pTZ57R/T mutant
Rs-Hep™ hep::pTZ57R/T mutant
Rs-VgrG3~ vgrG3::pTZ57R/T mutant
Rs-OmpA~ ompA::pTZ57R/T mutant
Plasmids
pTZS57R/T Fermentas TA cloning vector
TssMpTZ57R/T tssM gene fragment cloned in the TA vector
TssHpTZ57R/T tssH gene fragment cloned in the TA vector
HeppTZS7TR/T hcp gene fragment cloned in the TA vector
VgrG3pTZ57R/T vgrG3 gene fragment cloned in the TA vector
OmpApTZ57R/T ompA gene fragment cloned in the TA vector

membrane of the type six secretion apparatus. Primers were
designed for the amplification of internal fragments of the
genes using Oligo primer analysis software, version 6.4. The
sequences of the primers, the expected size of band, reac-
tion mixture and standardized PCR conditions are shown in
Table 2. Mastercycler Pro (Eppendorf, GmBH) was used
for product amplification and the purified fragments were
cloned in the vector pTZ57R/T as per the manufacturer’s
protocol (TA cloning kit-Thermo Fisher Scientific USA).
The positive colonies were confirmed for the presence of
insert by colony PCR using the same conditions as ampli-
fication of the internal fragment, followed by confirmation
of the clones by restriction digestion (Asolkar and Ramesh
2018b).

Development of R. solanacearum mutants

The electro competent cells were prepared as mentioned in
Asolkar and Ramesh (2018b). Briefly, overnight grown cul-
ture of R. solanacearum isolate Rs-09-161 was inoculated
into BG medium to an initial ODg,,, of 0.15 and grown at
28 °C at 160 rpm. Actively growing cells were harvested
at 0.5 ODgyo,m and electro-competent cells were prepared
under ice cold conditions as follows: A series of centrifuga-
tions were carried out at 8000 rpm for 10 min to reconstitute
the active cells in equal volume of cold MilliQ water, half
volume of MilliQ water, one-fourth volume of 10% glyc-
erol and finally in 1/100th volume of 10% glycerol solution,

respectively. Electroporation was performed out using
MicroPulser (Biorad) at 2KV using 2 ug of plasmid and
plated on BG medium with ampicillin. The T6SS mutants
were confirmed with specifically designed diagnostic primer
located 1000 bp upstream of the forward primer of the target
gene and M 13 primers for each target gene depending upon
the orientation of the insertion. The sequences of the diag-
nostic primers and standardized PCR conditions are shown
in Table 3. The confirmed mutants were maintained as 30%
glycerol stock at — 80 °C.

Virulence assay of R. solanacearum mutants
on eggplant

Virulence of the R. solanacearum mutants was assayed on
eggplant by soil drench and petiole inoculation method as
described by Asolkar and Ramesh (2018b). Highly suscep-
tible eggplant cultivar, Agassaim, was used in this study.
Seedlings were raised and maintained in the greenhouse at
30 °C during the day with 60% relative humidity, 16 h of
light and 8 h of dark period. Thirty-day-old seedlings grown
in the potting mixture containing red soil: FYM: sand (2:1:1)
were used for inoculation studies. Wild-type strain Rs-09-
161 was used as a positive control and Rs-HrcV™ (Asolkar
and Ramesh 2018b) was used as a non-pathogenic control
in each of the experiment. In soil drench 103 CFUmL™! of
inoculum was used, while in petiole inoculation, 2000 cells
were introduced on the third leaf petiole from the shoot apex
by making a cut 2 cm away from the stem. The seedlings
were observed for wilt symptoms for up to 15 days post-
inoculation. Three experiments were carried out in petiole
inoculation method and two experiments were carried out in
soil drench method. The percent wilt incidence data obtained
were analysed statistically by WASP software (https://ccari
.res.in/wasp2.0/index.php).

Results
Development of clones in E. coli

The internal region of selected T6SS genes of R. solan-
acearum was amplified (Supplementary Fig. 1), the frag-
ments were cloned in the vector pTZ57R/T and the positive
clones were identified by blue and white selection. The pres-
ence of internal gene fragment in the colonies was confirmed
by colony PCR of Ec-TssM, Ec-TssH, Ec-Hcp, Ec-VgrG3
and Ec-OmpA which amplified specific bands at 672, 694,
421, 719 and 566 bp, respectively (Supplementary Fig. 2).
Restriction digestion of tssMpTZ57R/T, tssHpTZ57R/T,
hcppTZ57R/T, vgrG3pTZ57R/T and ompApTZ57R/T
further confirmed the insert in pTZ57R/T (Supplemen-
tary Fig. 3). The restriction profile of the recombined
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plasmids TssMpTZ57R/T, TssHpTZ57R/T, HcppTZ57TR/T,
VgrG3pTZ57R/T and OmpApTZS57R/T were calculated
using NEBcutter V2.0 and the sizes of different fragments
is given in Supplementary Table 1.

Development of R. solanacearum mutant

The recombined plasmids from Ec-TssM, Ec-TssH, Ec-Hcp,
Ec-VgrG3 and Ec-OmpA were used as the vectors for devel-
oping mutants in R. solanacearum by insertional mutagen-
esis. The diagnostic primer designed approximately 1000 bp
upstream of the gene located in the genome pairs with either
of the M 13 primers (based on the orientation of the inserted
plasmid) amplified the fragment that indicated the disrup-
tion of the gene at the desired site. Rs-TssM™ was confirmed
by the presence of 1101 bp band with M13 forward primer,
Rs-TssH™ by 1203 bp with M 13 reverse primer, Rs-Hcp™ by
1014 bp with M13 forward primer and Rs-OmpA™ by 980 bp
with M13 forward primer, respectively (Supplementary
Fig. 4).

Virulence assay of R. solanacearum mutants
on eggplant

The virulence of R. solanacearum T6SS mutants: Rs-TssM™,
Rs-TssH™, Rs-Hep™, Rs-OmpA™ and Rs-VgrG3~ was
assayed on eggplant seedlings by petiole and soil drench
inoculation. The T3SS mutant Rs-HrcV- was used as a non-
pathogenic control.

In petiole inoculation, wilting of seedlings was
observed on fourth day of inoculation (DAI) in wild-
type and the T6SS mutants. Wild-type strain Rs-09-161
exhibited aggressive wilting of the susceptible eggplant

seedlings. On day five, more than 50% of the seedlings
were wilted, while, on day six, more than 94% wilt was
observed. Wild type caused 100% wilt on tenth DAI. In
case of T6SS mutants, less than 37% of wilt was observed
on fifth DAI and displayed statistically different grouping
pattern. This trend continued on day six where the wilt
incidence in mutant inoculated plants was in the range
of 56-77% except in Rs-TssH™. On days seven and eight,
although the mutants displayed reduced wilt compared to
wild type, statistically significant difference was observed
only in case of Rs-OmpA~. Among the T6SS mutants,
less wilt was observed in Rs-OmpA~™ (92.7%) and Rs-
TssM™ (94.5%) after 9 days of inoculation (Table 4, Sup-
plementary Fig. 5).

In soil drench inoculation, wilting of the seedlings was
initiated on fifth DAI. The wild-type strain Rs-09-161
caused more than 50% wilt on seventh DAI and more than
90% wilt was observed on tenth DAI. In comparison to
the wild type, there was significant reduction in the wilt
causing ability of the T6SS mutants. The lowest wilt was
observed with Rs-VgrG3™ and was significantly different
throughout the experiment. At the end of the experiment,
wild type caused 97% wilt, while Rs-VgrG3~ showed
maximum of 74.2% wilt. Significant reduction in wilt was
also observed in case of Rs-TssH™ from day seven through
day twelve and in Rs-TssM™ from day nine through day
twelve. At the end of the experiment, wilt incidence rates
observed in Rs-TssM™ and Rs-TssH™ were 82.8 and 88.5%,
respectively. In case of Rs-Hcp™ and Rs-OmpA™, the wilt-
ing was much lesser than the wild type although it was
not significantly different after day nine (Table 5, Sup-
plementary Fig. 6).

Table 4 Bacterial wilt incidence in eggplant (cv., Agassaim) inoculated with R. solanacearum wild-type strain Rs-09-161 and its T6SS mutants

by petiole inoculation

Strains DAI/Mean wilt %
4 5 6 7 8 9 10 11 12 13 14 15 16

Rs-09-161 109  545* 945 982%  982*  982% 100.0° 100.0* 100.0* 100.0*® 100.0° 100.0°  100.0*
Rs-TssM™ 55 23.6™  69.1°  90.9° 927 945 945" 945% 945" 945" 945 945 945"
Rs-TssH™ 55 364> 836 927*°  982% 100.0* 100.0* 100.0° 100.0° 100.0° 100.0° 100.0*  100.0%
Rs-Hep~ 109 236> 727°  927°  945® 982%  982% 982  982*  982°  982%  982*  982°
Rs-OmpA™~ 1.8 127 564°  764° 873 927*  92.7F  927%  927°  92.7°  927* 927*  92.7R
Rs-VgrG3~ 9.1  218™ 764° 945* 100.0° 100.0* 100.0* 100.0® 100.0° 100.0° 100.0° 100.0*  100.0%
Rs-hreV™ 0 0.0 0.0¢ 0.0° 0.0° 0.0° 0.0° 0.0° 0.0 0.0° 0.0 0.0° 0.0°
LSD® (P<0.05) NS 1696 157 11.2 10.15 7.6 73 73 73 73 73 7.3 7.3
LSD (P<0.01) NS 2255 209 15 13.5 10.15 9.7 9.7 9.7 9.7 9.7 9.7 9.7

Wilt % is a mean of three experiments conducted separately in RBD with four replications in experiment 1, and 2 and 3 replications in experi-
ment 3, respectively. Each replication had five plants. The plants were observed for 16 DPI

DAI days after inoculation

In a column, values followed by the same letter are not significantly different at 5% level determined by LSD (P <0.05). NS non-significant
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Table 5 Bacterial wilt incidence in eggplant (cv., Agassaim) inoculated with R. solanacearum wild-type strain Rs-09-161 and its T6SS mutants

by soil drench inoculation

Strains DAI/Mean wilt %
4 5 6 7 8 9 10 11 12 13 14 15 16

Rs-09-161 0 57 37.1% 57.1°  65.7°  85.7*°  91.4° 91.4* 9420 942  97.1*  97.1*  97.1°
Rs-TssM™ 0 28 1424 40.0° 485%™  542°  60.0°  60.0° 685"  77.1™  80.0° 82.8°  g2.8"
Rs-TssH™ 0 57 17.1% 342> 428> 428>  57.1%  57.1° 657 77.1%®  82.8® 857 885
Rs-Hep~ 0 114 314®  428% 514%™  542° 714%™ 714%™  828®  857°  91.4*  914®  9]14®
Rs-OmpA™~ 0 57 25.7%¢ 3420 457 542° 657 714%™ 77.1%¢  80.0°  85.7° 857  85.7%
Rs-VerG3~ 0 0 17.1% 228> 342°  40.0° 42.8° 457°  57.1° 571> 62.8°  742°  742°
Rs-hreV™ 0 0 0¢ 0.0° 0.0° 0.0° 0.04 0.0° 0.04 0.0° 0.0° 0.0° 0.0°
LSD® (P<0.05) 0 NS 1465 2211 222 2421 2599 2645 2549 2467 2098 1797 17.97
LSD (P<0.01) 0 NS 19.65  29.65 2976 3246 3485 3546 3418 3307 2812 2409  24.09

Wilt % is a mean of two experiments conducted separately in RBD with three and four replications in experiment 1 and experiment 2, respec-
tively. Each replication had five plants. The plants were observed for 16 DPI for wilt incidence

DAI days after inoculation

In a column, values followed by the same letter are not significantly different at 5% level determined by LSD (P <0.05). NS non-significant

Discussion

In R. solanacearum, genes coding for the virulence fac-
tors, like chemotaxis, flagella-driven swimming motility,
pili-associated twitching motility, the extracellular poly-
saccharide (EPS), the Type Two Secretory System (T2SS)-
dependent cell wall degrading enzymes and the Type III
Secretory system (T3SS), have been studied (Genin and
Denny 2012). The mutants of T2SS, chemotaxis, swimming
motility and twitching motility displayed reduced virulence
and mutants of EPS and T3SS are non-pathogenic (Saile
et al. 1997, Tans-Kersten et al. 2004, Meng et al. 2011, Brito
et al. 2002). T6SS has been reported in R. solanacearum
(Zhang et al. 2012), which is known to be involved in inter-
bacterial interaction, bio-film formation and eukaryotic cell
interaction (Lossi et al. 2013). Two genes of the T6SS, the
tssB and tssM, have been studied and reported to contrib-
ute towards the virulence of R. solanacearum in tomato
(Zhang et al., 2012, 2014). Since there is a lack of informa-
tion regarding the T6SS of R. solanacearum and the role
played by its core and the accessory genes in virulence, this
study was taken up. R. solanacearum wild-type Rs-09-161
which is highly virulent on solanaceous vegetables, includ-
ing eggplant, (Asolkar and Ramesh 2018b) and its genome
sequence is available (Ramesh et. al. 2014). Mutants of five
genes of T6SS of Rs-09-161, viz., tssM, tssH, hcp, ompA
and vgrG3, were developed by insertional mutagenesis.
They form the core components and accessory components
of the T6SS. Insertion mutagenesis is a simple, efficient
method that has been routinely used for the development
of mutants for a number of genes in R. solanacearum, like
hrpB, hrcV, (Asolkar and Ramesh 2018b) phcA, phcB and
hrpG (Lin et al. 2008). The vector pTZ57R/T lacks the oriC

for R. solanacearum and hence cannot replicate in R. solan-
acearum Rs-09-161. When the recombined vector contain-
ing an internal fragment is transferred into the R. solan-
acearum cell, due to the sequence similarity shared by the
cloned insert fragment and the target gene, the plasmid inte-
grates itself into the target gene by homologous recombina-
tion. This leads to its disruption by insertional mutagenesis.

One of the common and the best methods to assess the
role of any gene in the virulence of R. solanacearum is to
assess the disease causing potential of the mutant compared
to wild type in terms of percent wilt and delay in causing the
wilt (Liu et al. 2005; Huang and Allen 2000). Researchers
used different methods of inoculation to assess the virulence
of R. solanacearum (Liu et al. 2005; Lin et al. 2008; Tans-
Kersten et al. 2004).

In petiole inoculation study, reduced wilt incidence by
the mutants was observed till sixth day after inoculation
and thereafter no significant difference except in case of Rs-
OmpA-™ (till day eight). OmpA forms an accessory gene of
the T6SS, which forms a translocation pore for translocation
of type six effectors (Pautsch and Schulz 1998). It is found
associated only in virulent organisms along with sciE and
sciT genes and is present in all species of E. coli, Yersinia,
Pseudomonas, Acinetobacter, Burkholderia, Xanthomonas,
Ralstonia, Hahella and Mesorhizobium (Pautsch and Schulz
1998; Shrivastava and Mande 2008). OmpA protein was also
reported to be involved in the pathogenesis of Acinetobacter
baumannii by invasion of epithelial cells and death of den-
dritic cells (Choi et al. 2008; Lee et al. 2010).

Any delay in causing wilt in the plants can also be con-
sidered as an important criterion in assessing the role of a
particular gene (Liu et al. 2001) as petiole inoculation allows
the bacterium to directly enter and colonize the internal
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tissues without facing any host defence barrier. Unless
knockout of a gene makes the bacterium avirulent as in the
case of hrcV mutant (Asolkar and Ramesh 2018b) in this
study or makes the bacterium close to avirulent as in the case
of sdpD gene reported by Liu et al. (2005), it would not be
possible to see a complete lack of virulence function. This
might be the reason why a difference in wilt incidence was
not observed between the T6SS mutants and the wild type
in the later stages of infection in petiole inoculation method
(Table 4). Petiole inoculation has been used in virulence
assay of phcA, phcB, hrpG, fliC and flhDC gene mutants
(Tans-Kersten et al. 2004; Lin et al. 2008).

In soil drench inoculation assays, clear cut difference
in the wilt incidence was observed between wild type
and the mutants. Significantly reduced wilt incidence was
observed till 12 DAI in the mutants compared to wild type.
Soil drench inoculation is considered as the natural way of
infection by R. solanacearum as the inoculated pathogen to
undergo all the colonization process, to overcome the host
resistance and competing microflora. Hence, the difference
of wilt incidence between wild type and its T6SS mutants
was clearly visible. Generally this method of inoculation is
preferred to study the role of virulence genes in R. solan-
acearum (Liu et al. 2005; Lin et al. 2008). Rs-TssM™ and
Rs-OmpA™ showed a delay of two days to cause 50% wilt,
while Rs-TssH™ showed a delay of three days to cause 50%
wilt. Maximum delay of 5 days was observed in case of Rs-
VgrG3™. On day nine, more than 85% wilt was observed in
wild type. In case of mutants, the wilt was in the range of
40-55%.

In drench inoculation, the wilt causing ability of Rs-
VgrG3~ was greatly reduced and significantly different
throughout the experimental period. The vgrG (valine-gly-
cine repeat protein G) is a trimeric protein which helps in
assembly of the TssBC sheath and stacking of Hcp hexamers
and resembles gp27/gp5 which forms the tail spike in T4
(Pukatzki et al. 2009). The reduction in wilt observed by the
Rs-VgrG3™ mutant could be associated with interruption or
knocking out of the virulence function VgrG3 protein. The
vgrG mutant strain of Acinetobacter baumannii has been
reported to cause reduced eukaryotic cell adherence and
impaired lethality in mice (Wang et al. 2018).

Rs-TssH™ and Rs-TssM™ in drench inoculation showed
a delay of four days to cause 75% wilt as compared to
wild-type Rs-09-161. Wilt caused by these two mutants
was considerably lesser than the wild type throughout
the experiment and was significantly different from day
nine through day twelve. This is the period when R. sola-
nacearum cells spread throughout the plant in systemic
manner and impair the transport of water. The gene tssH
belongs to the AAA* super family of ATPases and a sub-
family ClpV and plays an important role in assembly
mechanism of the T6SS (Cascales and Cambillau 2012).
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It has been reported that TssH plays a role in release of
type six effectors by contraction of the tail sheath (Gal-
lique et al. 2017) and mutation of ¢ssH gene could have
reduced virulence in R. solanacearum.

The importance of tssM gene in biofilm formation and
virulence on tomato has been reported by Zhang et al.
(2012). These results are in agreement with them as Rs-
TssM™ has exhibited reduction in wilt in drench as well as
petiole (day five and six) assay. Colonization and prolifera-
tion studies on tomato with zssM deletion mutant in R. sola-
nacearum have displayed significantly reduced bacterial cell
numbers in the root and stem tissue (Zhang et al. 2012).

Reduction in wilt was also observed in mutants Rs-
Hcp™ and Rs-OmpA™; however, it was not at par with Rs-
TssM™, Rs-TssH™ and Rs-VgrG3~. Reduction in wilt was
observed from day seven through day thirteen in case of
Rs-Hep™ and Rs-OmpA™. Rs-Hep™ and Rs-OmpA™ caused
a delay of 2 days to cause 75% wilt in drench inoculated
plants as compared to wild-type Rs-09-161. Hep (haemoly-
sin co-regulated protein) is secreted as substrate along with
vgrG by T6SS (Pukatzki et al. 2009). The attenuation in wilt
displayed by Rs-Hcp™ mutant could be probably attributed
to one of the roles played by Hcp proteins. In case of petiole
inoculation, Rs-OmpA™ depicted significant reduction in
wilt; however, this was not observed in drench inoculation.
Since petiole inoculation gives a direct entry in the vascular
tissue, ompA gene probably plays an important role in sys-
temic invasion of the R. solanacearum in the vascular tissue
by translocation of type six effectors and not involved in the
primary stages of plant infection.

In this study, the role of five genes of the T6SS of R.
solanacearum in the virulence has been investigated by
developing mutants and testing the mutants on eggplant. All
the mutants delayed the wilt incidence on eggplant, when
inoculated by drench method. However, the T6SS mutants
except Rs-OmpA™ did not indicate any delay in wilting in
the petiole inoculation. Earlier reported work on T6SS in R.
solanacearum is limited to the gene tssM and tssB. To best
of the authors knowledge, this is the first report proving the
role of tssH, hcp, ompA and vgrG3 in the virulence of R.
solanacearum.
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