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10  Abstract

11  Xanthomonas perforans is a seed-borne hemi-biotrophic pathogen that successfully establishes
12 infection in the phyllosphere of tomato. While the majority of the studies investigating
13 mechanistic basis of pathogenesis have focused on successful apoplastic growth, factors
14  important during asymptomatic colonization in the early stages of disease development are not
15  well understood. In this study, we show that tssM gene of the type VI secretion system cluster
16  i3* (T6SS-i3*) plays a significant role during initial asymptomatic epiphytic colonization at
17  different stages during the life cycle of the pathogen. Mutation in a core gene, tssM of T6SS-i3*,
18 imparted higher aggressiveness to the pathogen, as indicated by higher overall disease severity,
19  higherin planta growth as well as shorter latent infection period compared to the wild-type upon
20  dip-inoculation of 4-5-week-old tomato plants. Contribution of tssM towards aggressiveness was
21 evident during vertical transmission from seed-to-seedling with wild-type showing reduced
22  disease severity as well as lower in planta populations on seedlings compared to the mutant.
23 Presence of functional TssM offered higher epiphytic fitness as well as higher dissemination

24  potential to the pathogen when tested in an experimental setup mimicking transplant house
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high-humidity conditions. We showed higher osmotolerance being one mechanism by which
TssM offers higher epiphytic fitness. Taken together, these data reveal that functional TssM plays
a larger role in offering ecological advantage to the pathogen. TssM prolongs the association of
hemi-biotrophic pathogen with the host, minimizing overall disease severity, yet facilitating

successful dissemination.

Key Words: T6SS, tssM, latent infection, epiphytic, Xanthomonas perforans

Introduction

Successful infection by bacterial plant pathogens is a result of a complex, multifaceted process
mediated by multiple pathogenicity determinants that function across different stages of the
infection, asymptomatic, pathogenic and dissemination phase. In case of foliar plant pathogens,
adaptation to the phyllosphere environment and successful niche occupancy is a crucial phase
during which pathogen successfully overcomes nutritional limitation, water limitation, host
defense, competition with the resident microflora and the environmental stress. This phase is
followed by pathogenic phase that involves successful apoplastic colonization, suppression of
host defense and extensive multiplication. Being equipped with the secretion systems that can
facilitate the translocation of bacterial effectors outside of the cell membrane into the
extracellular environment or directly into the host cell, allow phytopathogenic bacteria to
establish successful infection. To date, 10 different secretion systems (systems | - X) have been
identified in Gram-negative bacteria (Buttner and Bonas, 2010, Palmer et al. 2020; Meuskens et

al. 2019) . While these secretion systems have been largely characterized for their importance
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46  during pathogenic phase, their role during initial asymptomatic colonization is an unexplored
47  area. Recent studies with Pseudomonas syringae have revealed genetic determinants that allow
48  successful adaptation to epiphytic vs apoplastic lifestyle of the pathogen. These determinants
49  include genes involved in flagellar, swarming motility, chemosensing, chemotaxis,
50 osmotolerance, phenylalanine degradation being important for epiphytic colonization and can
51 explain the response of a foliar pathogen to conditions experienced as an epiphyte (Helmann et
52 al.2019).

53  Duringin planta screening of the mariner transposon mutant library of X. perforans strain 91-118
54 (also referred to as X. euvesicatoria pv. perforans (Barak et al. 2016)) by dip-inoculation of
55 tomato, we identified transposon mutant disrupting tssM gene of type VI secretion system
56  cluster i3* (T6SS-i3*) that displayed more aggressive symptoms as well as quicker symptom
57 development when compared to the disease progression by wild type strain. This observation
58 led us to hypothesize that tssM gene of T6SS-i3* cluster plays a role during the asymptomatic
59  phase. T6SS was initially described as nodulation impairment locus (imp) in Rhizobium
60 leguminosarum and later identified and characterized in Vibrio cholerae (Pukatzki et al. 2006) and
61  Pseudomonas aeruginosa (Mougous 2006). The genes encoding T6SS are distributed in
62  approximately 25% of the sequenced gram-negative bacteria, mainly in the phylum
63  Proteobacteria including pathogenic, beneficial and commensal bacteria (Boyer et al. 2009;
64 Durand et al. 2014). Among the bacterial species that have T6SS encoded in their genome, many
65 may contain 1-6 copies of complete T6SS clusters and many more copies of incomplete clusters
66  of individual genes (Boyer et al. 2009). In the genus Xanthomonas two types of T6 clusters have

67 been described as i3* and i3***, based on phylogenetic subclades within clade i3 based on tssC
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gene (Bayer-Santos et al. 2019). T6SS cluster assembles from 13 core components, where at least
11 are structural proteins and two structural/ effector proteins (Hcp and VgrG) (Bingle et al.
2008). A subset of these core genes have evolutionary similarities to T4SS components or to
bacteriophage and the whole system of T6SS shows structural and functional similarities to
contractile bacteriophage cell puncturing device (Boyer et al. 2009; Cascales and Cambillau
2012). This contact-dependent nanomachinery can directly deliver secreted effectors or toxins
into diverse neighboring cellular targets including both prokaryotic and eukaryotic organisms
(Alcoforado Diniz et al. 2015). Each of these core components are essential for function, and

inactivation of any of these 13 core components leads to significant defects in secretion.

IcmF family TssM is one of the conserved proteins involved in the assembly of inner membrane-
spanning complex of the T6SS, that forms a hollow space to allow inner tube and effectors to
travel through. In Agrobacterium tumefaciens, TssM has ATP binding and hydrolysis ability to
enable the secretion of known T6 effector hemolysin-coregulated protein (Hcp) (Zoued et al.
2014; Ma et al. 2012). The electron microscopy of this inner membrane complex composed of
Tss), TssL and the important connector protein, TssM, in E. coli revealed that trans-envelope
structure with double concentric ring like flexible structure containing 10 TssM and 10 TssJ
proteins bound to each other and with arches containing 10 TssL copies (Durand et al. 2015)
TssM, being a connector of inner membrane and outer membrane, can explain how the mutation
of the TssM (Type six secretion core gene M) inner membrane protein, aborts the secretion of
the effector protein Hcp (hemolysin-coregulated protein) (Chow and Mazmanian 2010; Mattinen
et al. 2008; Weber et al. 2013; Wang et al. 2021), hence indicating the importance of the

uninterrupted core genes for the secretion of the type 6 effectors.
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90 The role of T6SS appears to be varying depending on the bacterial species, host species and host
91 tissue also the distribution of the T6SS among the commensal as well as phytopathogenic
92  bacteria suggests that the role of T6SS is beyond virulence (Bernal et al. 2018). While known
93  primarily for mediating competition with prokaryotes or unicellular eukaryotes (Ma et al. 2014,
94  Bernal et al. 2018, Bayer-Santos et al. 2018), T6SS has been shown to be important in virulence
95  (Ge et al. 2008; Weber et al. 2013; Shalom et al. 2007), host colonization (Pezoa et al. 2014; de
96 Pace et al. 2011) and intracellular multiplication (Chow and Mazmanian 2010; Parsons and
97  Heffron 2005). In case of plant pathogenic bacteria, mutation of T6SS core gene has been
98  associated primarily with impaired virulence as seen with Agrobacterium tumefaciens (Wu et al.
99  2008), Pseudomonas syringae pv. actinidiae, Ralstonia solanacearum, Erwinia amylovora,
100  Xanthomonas oryzae pv. oryzae, Xanthomonas phaseoli pv manihotis, and Burkholderia glumae
101  BGR1 (Zhang et al. 2012; Tian et al. 2017; Wang et al. 2021; Choi et al. 2020; Montenegro

102  Benavides et al. 2021, Kim et al. 2020).

103  While above examples illustrate inactivation of core genes of T6SS resulting in decreased
104  virulence, our preliminary findings of increased aggressiveness associated with inactivation of
105  tssM of T6SS-i3 cluster were contrasting. In this study, we investigated the contribution of TssM
106  towards overall pathogenesis of bacterial leaf spot Xanthomonas. We examined crucial points of
107  the bacterial leaf spot Xanthomonas life cycle, seed-to-seedling, seedlings at the transplant
108 houses and leaf surfaces of mature plants, which are often control points for disease
109 management. However, these are also control points at which failure of current management
110  practices is noted, likely due to ability of pathogen to maintain asymptomatic colonization. Our

111  findings demonstrate that functional TssM contributes towards early events of asymptomatic
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112  colonization and adaptation in response to epiphytic stress. Delayed symptom development
113  allows hemi-biotrophic X. perforans to prolong its association with the host while minimizing

114  overall disease severity.

115  Experimental procedure

116  Bacterial strains, media and growth conditions

117  Bacterial strains and plasmids used in this study are listed in Table 1. Xanthomonas perforans was
118  grown for 24h at 28°C on Nutrient agar (NA) (Difco) and E.coli was cultivated in Luria-Bertani (LB)
119  agar or broth at 37°C (Miller 1972). When required antibiotics were added into the media to
120  maintain selection for resistance markers at following working concentration: kanamycin (Km),
121 50ug/ml; nalidixic (Nal), 50 pg/ml; streptomycin (Strep), 50 pg/ml; rifampicin (Rif), 50 pg/ml,
122 spectinomycin (Spec) 100 ug/ml, tetracycline (Tet) 12.5 pug/ml. All the strains were stored in
123 sterile tap water at room temperature or in 30% glycerol at -80°C or both. Triparental matings

124  were performed on nutrient yeast extract glycerol agar (NYGA) (Turner et al. 1984).

125  Plant material and growth conditions

126 Tomato cultivar FL8000 was used in this study. Two-week-old seedlings were transplanted into
127  sterile 4” plastic pots (The HC Companies, OH, USA) with soil-less potting medium (Premier Tech
128  Horticulture, PA, USA). Plants were kept under 16h light per day at 28-30°C under greenhouse

129  conditions up to 4-5 weeks.

130 Construction of the in-frame deletion mutant AL65AtssM
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131  X. perforans AL65 strain, isolated from symptomatic pepper plants in Alabama in 2017, was
132 chosen to construct a null mutant since this strain was pathogenic on both tomato and pepper
133 (Newberry et al. 2019), in addition to this strain being recently isolated and comparatively
134  aggressive in relation to other X. perforans strains such as Xp91-118 (data not shown). A 900 bp
135  promoter fragment upstream of the tssM (locus tag E2P69_09425, GenBank TVS54510.1) ORF
136 (up)( tssMupF-TTGCAGGCGCGTTTGAAC, tssMupR-CTTGCGTAGCAACTGGATCG) and 852bp
137 fragment downstream of the tssM ORF (down) (tssMdownF- ATATCGAAGGCCAGCGCTA,
138  tssMdownR- AGATACATCTGGGCGGTGG) were PCR amplified using Phusion high-fidelity DNA
139  polymerase (Thermo Scientific) according to the manufacturer's instructions. Both of these
140  fragments were individually cloned into pCR™8/GW/TOPO® (Invitrogen) vector with attL1/ attL2
141  sites. Primer sets, M13F/SR (M13F- GTAAAACGACGGCCAG, SR-
142 CGTGCGCCGGCATGCCGTCATTCCCCAGGC) and SF/M13R (SF-
143  GCCTGGGGAATGACGGCATGCCGGCGCACG, M13R- CAGGAAACAGCTATGAC) were used to
144  amplify the upstream and downstream fragments in parallel with the short overlapping ends. Gel
145  purified PCR fragments from the previous parallel reactions were fused together through a single
146  overlap extension PCR reaction. PCR cycling parameters were designed according to the Phusion
147  DNA polymerase guidelines (User Guide: Phusion High-Fidelity DNA Polymerase). Resulting 1100
148  bp overlapping fragment, representing AtssM with flanking upstream and downstream regions
149  and the attlL1/attl2 sites was cloned into pCR™-Blunt [I-TOPO. Next, 1100 bp AtssM fragment in
150 pCR™-Blunt II-TOPO was recombined into the suicide vector pLVC18-Rfc (obtained from
151  Mudgett’s Lab) by a Gateway LR reaction (Invitrogen) (Atanassov et al. 2009). pLVC18-RfC (AtssM)

152  was moved into AL6E5 by triparental mating, using E. coli helper strain containing pRK2073
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plasmid. Single crossover events were selected by growth on NYGA media containing Rif and Tet
antibiotics. SacB counter-selectable marker was used to select for a second crossover event by
plating previously selected colonies on NYGA media containing 5% sucrose. Several subcultures
were conducted to identify the deletion mutants generated through homologous recombination.
Strains were selected for growth on NA containing Rif and for loss of growth on NA containing
Tet (12.5 ug/ml). A deletion mutant AL65AtssM was confirmed by PCR using gene specific primers
followed by sequence analysis as well as using whole genome sequencing followed by sequence
analysis. The genome sequence of the deletion mutant was compared with the wild-type AL65
genome sequence to confirm in-frame non-polar deletion mutation of tssM gene of T6SS-i3

cluster.

Construction of AL65AtssM complement

Genomic region containing tssM promoter (900 bp upstream of the ORF), the tssM ORF (4593
bp) and 852 bp downstream of the ORF was PCR amplified from XpAL65 using tssMupF and
tssMdownR primers. This DNA fragment (6345 bp) was cloned into pENTR/D-TOPO vector and
was recombined into the expression vector pDSK519 by a Gateway LR reaction (Invitrogen)
(Atanassov et al. 2009). The resulting construct pDSK519 (tssM) was introduced into the
AL65AtssM mutant by electroporation (1.8kV/4ms). Complement (AL65AtssM(tssM)) was

confirmed by PCR, DNA sequencing and whole-genome sequencing.

In planta population study — dip inoculation using individual strains and mixed inoculum

To determine the effect of tssM mutation on overall disease development by X. perforans

pathogenicity, 4-5-week-old tomato cv. FL800O0 plants were dip inoculated (30s) in a 600 ml cell
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174  suspensions containing ~1 X 10° cfu/ml of X. perforans AL655TP/ AL65AtssM"el/
175  AL65AtssM(tssM)k™ alone or AL655teP + AL65AtssM2! / AL65AtssMM@ + AL65AtssM(tssM)k™ mixed
176  in 1: 1 ratio for the mix inoculation study. Inoculum suspensions were amended with 0.0025%
177  (vol/vol) Silwet 77. Both individual and mixed inoculations were conducted simultaneously so the
178  overall disease severity levels can be compared in individual vs mixed inoculations. Plants dipped
179  in sterile 0.01M MgSO, amended with 0.0025% (vol/vol) Silwet 77 were used as mock
180 inoculations. The initial inocula were plated onto NA amended with antibiotics to confirm a 1:1
181  ratio of wild-type and mutant concentrations and complement and mutant concentrations.
182  Inoculated plants were placed inside closed boxes and kept in a growth chamber at 25°C with
183  12h light/dark cycle for 2 days after inoculation to facilitate high humidity. After the initial 48 h
184  plants were maintained at high humidity for 12 hours in the dark and at low humidity for 12 hours
185 in light. Middle leaflet samples were taken at every alternate day for 14 days and in planta
186  bacterial populations were determined. At each sampling point, ~ 3 cm? area of leaflet tissues
187  were taken from each plant using a sterile cork borer. Using sterile forceps leaf discs were placed
188  inside sterile microcentrifuge tubes containing 1 ml sterile 0.01M MgSO, buffer and macerated
189  using a sterile homogenizer. Ten-fold serial dilutions of the homogenized suspension were plated
190 on antibiotic amended plates using spiral plater (Neu-tec Group Inc, NY, USA) to estimate the
191  population size of AL65, AL65AtssM, and AL65AtssM(tssM) in individual inoculations and mixed
192  inoculations. Plates were kept at 28°C for 3 days before quantifying the colony counts. Bacterial
193  populations were determined as colony forming units (cfu) per cm? of leaf area. Bacterial spot

194  severity was recorded using the following scale and mean disease severity was calculated.
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Disease scale: 1 = symptomless, 2 = a few necrotic spots on a few leaflets, 3 = a few necrotic
spots on many leaflets, 4 = many spots with coalescence on few leaflets, 5 = many spots with
coalescence on many leaflets, 6= severe disease and leaf defoliation, and 7= plant dead (Abbasi
et al. 2002). This experiment was repeated three times and each treatment consisted of three

replicates and results of a single representative experiment is shown the results section.

Plots of logyg cfu/cm? against time were generated and used to calculate the area under the

growth progress curve (AUGPC) using the following formula.
AUGPC =%, _ [[(Yitn1 +Y:)/2) (Xiy1—X)]

Y; = bacterial population at the ith observation, X; = time in hours at the ith observation, and n =

the total number of observations (Dutta et al. 2014a, 2014b).
In planta population study - infiltration inoculation

Four-to-five-week-old Tomato cv. FL800O plants were inoculated with cell suspensions containing
~1 X 10° cfu/ml of X. perforans AL655P/ AL65AtssM/ AL65AtssM(tssM)k™ using a needleless
syringe. Plants infiltrated with sterile 0.01M MgSO, were used as mock inoculations. Inoculated
plants were kept in a growth chamber at 25°C with 12h light/dark cycle for 8 days after
inoculation. Middle leaflet samples were taken at every alternate day for 8 days and in planta
bacterial populations were determined as described in the previous section. This experiment was
repeated two times and each treatment consisted of three replicates and results of a single

representative experiment is shown the results section.

10
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214  Determination of epiphytic and total populations of X. perforans under high-humidity

215  transplant house-mimic conditions

216  Humidity chambers were constructed in the greenhouse to mimic conditions inside a seedling
217  transplant house that facilitates conditions conductive for BLS disease development. Each
218  humidity chamber frame was built with PVC pipes and covered with transparent polythene
219  sheets from all sides. Inside each chamber, high relative humidity was maintained by using a
220  sprinkler irrigation system providing overhead irrigation (set to water at 0800 and 1800h for 1
221  minute on each occasion each day). Six 128-cell trays with two-week-old seedlings were arranged
222 inside a single chamber. Plants were fertigated two weeks after sowing and every week after that
223 until the end of the trial. To investigate the role of TssM on epiphytic survival and dissemination,
224  two-week-old tomato cv FL8000 seedlings from the first row of the trays were inoculated with a
225  1:1 mixed inoculum of AL65%te? and AL65AtssM" or AL65AtssM"@ and AL65AtssM(tssM)<™ at 108
226 CFU/mI concentration. Inoculum suspensions were amended with 0.0025% (vol/vol) Silwet 77.
227  The leaflets were sampled at 9 sampling points for estimating epiphytic and total population of
228  wild-type, mutant and complement on day 7, 14 and 21 post-inoculation. For estimating
229  epiphytic population, leaves were placed in a ziplock bag, weighed, and then suspended in
230 phosphate-buffered saline solution (50mM) amended with 0.02% Tween 20 followed by
231  sonication for 10 minutes. The leaf washings were serially diluted and plated on antibiotic
232 amended media using spiral plater (Neu-tec Group Inc, NY, USA) and bacterial populations were
233  estimated as logyo cfu/g of leaf tissue. For estimating total population, sampled leaflets were
234  macerated and the homogenate was plated upon serial dilutions on antibiotic amended media.

235 At each sampling point, at each sampling time, the number of tomato seedling that showed BLS

11
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symptoms were recorded to calculate proportion infected/symptomless to correlate that to the
population of each strain found in different sampling points (Dutta et al. 2014a). Plots of logy
cfu/g against time were generated and used to calculate the area under the growth progress
curve (AUGPC) (Dutta et al. 2014a, 2014b). The experiment was repeated at least three times
with two replicates in each treatment and results of a single representative experiment is shown

the results section.

Seed-to-seedling disease transmission assay

To determine the influence of inactivation of TssM on seed-to-seedling disease transmission,
Tomato cv. FL8000 seeds were inoculated by immersion in individual cell suspensions containing
~1 X 10% cfu/ml of antibiotic-marked strains of X. perforans AL65%P, AL65AtssM" and
AL65AtssM(tssM)<™ for 2 hours. Seeds treated with double-distilled water were used as mock
inoculations. Inoculated seeds were then air-dried at room temperature for 24 hours as
described previously (Tian et al. 2015). Sterile plastic pots (The HC Companies, OH, USA) with soil-
less potting medium (Premier Tech Horticulture, PA, USA) were used to place 3 seeds from each
treatment and it served as a single biological replication. Twenty-one day old seedlings were
evaluated for BLS severity at the end of the trials based on disease index, as described previously
(Tian et al. 2015). The disease severity scale ranged from ‘0 — 5’; ‘0’- no symptoms: ‘1’ water-
soaked lesions on approximately 25% of the cotyledons: ‘2’- water-soaked lesions on
approximately 50% of the cotyledons: ‘3’, water-soaked lesions on approximately 75% of the
cotyledons: ‘4’, water-soaked lesions spread on 100% of the cotyledons: and ‘5’, total death of

the seedling. The disease index (DI) was calculated at the end of the trial based on the following

12
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257  formula, where A is the previously described disease scales and B is the number of plants with

258  water-soaked lesion percentages described in that disease scale per treatment.

259 DI = Z(AX B)XlOO/Z BX5

260  Bacterial populations on germinating tomato seedlings were determined by macerating leaves
261 of 21 days old seedlings followed by appropriate serial dilutions of each homogenate replicate
262  on NA plates amended with appropriate antibiotics using spiral plater (Neu-tec Group Inc, NY,
263  USA) and incubated for 2-3 days at 28°C. Colonies were counted and colony-forming units cfu per
264  gram of plant tissue were calculated. This experiment was repeated three times and each
265  treatment consisted of three replicates and results of a single representative experiment is

266  shown the results section.
267  Growth of the bacterial strains under in-vitro conditions

268 In-vitro growth assay was conducted to evaluate if there is any growth defect in the AL65AtssM
269  strain due to the mutation. AL655tP, AL65AtssM™ and AL65AtssM(tssM)<™ were grown for 24h
270  on NA media amended with respective antibiotics. Bacterial growth was suspended on XVYM2:
271  hrp-inducing minimal medium (Wengelnik et al. 1996) and grew for 24 hours. Bacterial growth
272  was collected by centrifugation and washed twice by XVM2 medium and subcultured twice in the
273  same minimal medium. When the cells reached the late-log phase (0.27-0.3 ODggo = 108 cfu/ml),
274  they were collected by the centrifugation at 5000 X g for 10 minutes. The cell pellets were
275 resuspended in the XVM2 to a final concentration of 108 cfu/ml. Aliquots were transferred to

276  microcentrifuge tubes and diluted to 5X10% cfu/ml with XYM2. Two hundred microliters of the

13
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suspensions were placed on 96 well plate at 28°C at 140rpm and ODggg Wwas measured every 12

hours.

Since our observations with previous experiments were showing a role of TssM in epiphytic
survival of Xanthomonas perforans, we wanted to further test if TssM has any other functions in
successful survival in the leaf surface. As water availability is one of the barriers faced by the leaf
pathogens, in-vitro osmotolerance assay was conducted. To conduct this assay, bacterial strains
grown in corresponding antibiotics amended media were suspended on XYM2 media and grew
for 24 hours. Bacterial cell pellets collected after the centrifugation were washed twice with
XVM2 medium and subcultured in the same minimal medium. This step was repeated one more
time. When the cells reached the late-log phase (0.27-0.3 ODgqo = 108 cfu/ml), they were collected
by the centrifugation at 5000 X g for 10 minutes and suspended in the medium lacking NaCl to a
final concentration of 108 cfu/ml. Aliquots were transferred to microcentrifuge tubes and diluted
to 5X10* cfu/ml with XVM2 with different NaCl concentrations (OM -1M). Two hundred
microliters of the suspensions were placed on 96 well plates at 28°C at 140rpm and ODgyo Was
measured every 12 hours. To further confirm the viable cell count during the bacterial growth at
different NaCl concentrations, experiments was repeated and at sampling points Oh, 30h and
60h, 10 ul of each bacterial suspension was taken and plated on NA media amended with
corresponding antibiotics for appropriate dilutions. In-vitro growth assay and In-vitro
osmotolerance assays were repeated three times and each treatment consisted of three

replicates and results of a single representative experiment are shown the results section.

Results

14
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298  Mutation in the Xanthomonas perforans T6SS-i3* core gene, tssM, results in increased

299  virulence

300 In this study, we constructed an in-frame deletion mutant of tssM (a null mutant, referred to as,
301  AL65AtssM, hereafter) and a complement by extrachromosomal expression of TssM under the
302 control of a native promoter (referred to as, AL65AtssM(tssM), hereafter). The resultant deletion
303 mutant was subjected to whole genome re-sequencing. Deletion of the open-reading frame of
304 tssM confirmed the non-polarity of the mutation. Virulence potential of these constructs was
305 evaluated by dip-inoculating susceptible FL8000 tomato leaves of 4-5-week-old plants with a
306  bacterial suspension adjusted to 10% CFU/ml consisting of wild-type (AL65), or a 1:1 ratio of
307 AL65AtssM or AL65AtssM(tssM), by monitoring growth of these strains and symptom
308 development in planta over two weeks. AL65AtssM mutant exhibited quicker disease symptom
309 development, as early as 3 dpi whereas AL65 and AL65AtssM(tssM) strains showed watersoaking
310 lesions by 4 dpi (Figure 1). This delayed symptom development with the AL65 and
311  AL65AtssM(tssM) strains also directly correlated with the lower titers starting at 4 dpi through
312 14 dpi. Population of the AL65AtssM started to increase rapidly after 2 dpi and maintained ~0.5
313  to 1 logyo higher population compared to the AL65 and AL65AtssM(tssM) strains throughout the
314  course of the experiment (Figure 2a). These observations on overall symptom development as
315 well as in planta growth with AL65AtssM were similar to that of our initial observations with the
316  transposon mutation in tssM gene identified in Xp91-118 background (data not shown),
317  confirming the similar phenotype of mutation in different strain background. Next, we compared
318  growth progress curves of these strains. AUGPC value for AL65AtssM was significantly higher than

319 those for AL65 and AL65AtssM(tssM) strains (p<0.05). There was no significant difference in

15
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AUGPC between wild-type and AL65AtssM(tssM) strains (Figure 2a) or in the bacterial growth at
any sampling day. AL65AtssM inoculated leaves had higher disease severity compared to leaves
inoculated with AL65 or AL65AtssM(tssM) strains (Figure 3a &c). Overall, AL65AtssM was more
aggressive on tomato compared to the wild-type and had a comparatively shorter latent period

compared to the wild-type.

Mixed infection does not provide a competitive advantage for the mutant over wild-type, but

rather leads to reduced disease severity

Since the mutation in the tssM gene resulted in higher in planta population along with increased
aggressiveness of the pathogen on tomato plants, we hypothesized that AL65AtssM will
outcompete the wild type or complement during mixed infection of tomato plants with 1:1 ratio
of either AL65 + AL65AtssM or AL65AtssM(tssM) + AL65AtssM. Mixed infection did not show
significant differences in the AUGPC values of each strain, although the mutant grew to a slightly
higher population in planta in few sampling points compared to wild-type and complement
(Figure 2b & c) without any statistically significant difference. The most notable observation with
mixed infection was lower disease severity in mixed infection compared to individual infections

(Figure 3b &c).

Mutation in tssM does not contribute to the virulence of the pathogen when directly infiltrated

into the apoplast

In the previous experiment we observed that mutation of tssM led to increased overall pathogen
aggressiveness when the dip inoculation method was used and the pathogen was given a chance
to establish epiphytic colonization, as it is seen under natural infection conditions. To test
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341  whether deletion of tssM also influenced disease development during endophytic colonization
342  of the pathogen, we performed an infiltration inoculation assay to artificially introduce AL65,
343  AL65AtssM and AL65AtssM(tssM) strains directly into the apoplast. Water-soaking of lesions was
344  observed by 3 dpi for all three treatments and the degree of severity was uniform among the
345  strains. No significant differences were observed among three treatments at any sampling
346  timepoint for bacterial titers (Figure 4a) as well as AUGPC (Figure 4b). No difference was observed
347 in symptom development throughout the course of the experiment between AL65 and

348  AL65AtssM (Figure 4c).

349  AL65AtssM displays lower epiphytic survival and reduced transmission compared to the wild-

350 type.

351 Tomato seedlings are usually mass-produced inside high humidity transplant houses prior to their
352  distribution to use in field transplanting. We tested contribution of functional TssM towards
353  asymptomatic epiphytic colonization on tomato in transplant house-mimic conditions by
354  enumerating the total (epiphytic and endophytic) population and epiphytic population weekly
355 for up to 28 days. Total and epiphytic population counts for AL65, AL65AtssM and
356  AL65AtssM(tssM) in each chamber at 7, 14 and 21 can be found in supplementary figures S1, S2
357 and S3 respectively). AUGPC values calculated based on weekly enumeration of epiphytic and
358  total populations of AL65, AL65AtssM(tssM) and AL65AtssM up to 28 days revealed similar trends
359  with higher values for AL65 and AL65AtssM(tssM) beyond sampling point 3 (Figure 5a &b).
360 Although total population at the point of inoculation (sampling point 1) and the sampling point 2

361  was more than 1 log higher for AL65AtssM compared to the AL65 strain, we observed higher total
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population of AL65 beyond 3" sampling points at 28 dpi (Figure S4c). Similar observations were
recorded with complement strain when AL65AtssM(tssM) and AL65AtssM were co-inoculated in
a second humidity chamber (Figure S4b). Tomato seedlings were observed for disease symptoms
at every 7, 14, 21 and 28 dpi and % of seedlings showing disease symptoms was calculated at
each sampling point to understand the symptom development in each of the sampling point in
relation to the bacterial population growth. Until 14 dpi BLS disease symptoms were only
observed in sampling point 1 or 1 and 2 in both of the chambers and the infected seedling
percentage was less than 30% in these two sampling points (Figure S5 a and b). There was
absence of obvious symptoms at day 7 and 14 beyond sampling point 2 despite the presence of
~103- 10* CFU/g epiphytic population on seedlings (Figure Slcd and S2cd). At 28dpi, more than
90% of the seedlings displayed disease symptoms in 1st and 2nd sampling points in both of the
chambers with a gradual reduction in the disease incidence with <20% infection beyond sampling
point 8 (1.7m) (Figure S5 a and b). Sampling point 9, the farthest sampling point from the
inoculated plants, had <10% infection throughout the course of this experiment, yet supported
significantly higher epiphytic (~0.5 log) populations for the wild type compared to the mutant at

all sampling time points, indicating greater transmission potential of the wild type than mutant.

AL65AtssM is highly aggressive on seedlings eliciting more severe symptoms with higher

population compared to the wild-type upon vertical transmission from seed to seedling.

With the observations of the previous experiments, we were intrigued to study the role of
functional TssM in other stages of the disease cycle of BLS caused by Xanthomonas perforans.

Since this is a seedborne pathogen, seed to seedling disease transmission of Xanthomonas
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383  perforans was evaluated after inoculation of tomato seeds with AL65AtssM, AL65 and
384  AL65AtssM(tssM). AL65AtssM strain showed significantly higher mean population growth of ~ 3
385 X 10° cfu/g compared to the AL65 strain and AL65AtssM(tssM) strain that showed mean
386  population of ~ 6 X 108cfu/g and ~1 X 108cfu/g, respectively, on 21-day-old tomato seedlings
387  (Figure 6a). AL65AtssM showed significantly higher mean BLS disease severity index of 60%,

388 compared to AL65 and AL65AtssM(tssM) showing 33.33% disease severity (Figure 6b).

389  X. perforans wild-type exhibited a higher osmotolerance compared to the AL65AtssM .

390 Previous experiments indicated that presence of functional TssM accounted for higher epiphytic
391  survival and higher transmission potential. Thus, we hypothesized that wild type carrying
392  functional TssM can effectively overcome environmental stresses encountered during epiphytic
393  colonization. Since osmotolerance is an important trait for epiphytic survival of the pathogen due
394 to low water availability, we evaluated the tolerance of AL65 and AL65AtssM to the osmotic
395  stress during growth in XVM2 with varying concentration of NaCl. AL65AtssM was able to grow
396 as well as the wild-type and the complement in XYM2 medium that mimics apoplastic
397 environment, indicating a lack of an inherent growth defect in the mutant (Figure 7a). But as
398  NaCl concentration was gradually increased to 0.1M and 0.2M, AL65 exhibited a higher growth
399  dynamic compared to the AL65AtssM (Figure 7b &c respectively). Growth pattern in other NaCl

400 concentrations did not show any difference among the tested strains (data not shown).

401 Discussion

402  Inthisstudy, we discovered the role of TssM of T6SS-i3* during three epidemiologically important
403  stages of the life cycle of the bacterial leaf spot pathogen, Xanthomonas, namely, during seed to
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seedling transmission, during survival on transplants and during pathogenesis of 4-5 week old
mature tomato plants. Our data suggest that functional TssM imparts epiphytic fitness to the
Xanthomonas pathogen, thus, allowing successful asymptomatic colonization of the pathogen.
Having equipped with the functional TssM also delays the onset of the disease symptoms and
lowers the pathogen titer in the susceptible tomato leaves when compared to the mutant, thus,

suggesting its possible contribution towards ecology of the pathogen.

TssM is a connector protein involved in the inner membrane-spanning complex of T6SS. Since
mutation of this core component aborts the secretion of T6SS effector proteins (Chow and
Mazmanian 2010; Mattinen et al. 2008; Weber et al. 2013; Wang et al. 2021), the phenotypes
associated with AL65AtssM observed in this study are a result of non-functional type VI secretion
system, T6SS-i3. However, we cannot rule out a broad versatile role of TssM independent of T6SS.
It is possible that pleiotropic effects observed in this study could be a result of a complex
regulatory network involving TssM and/or T6SS-i3. Presence of two T6SSs clusters in
Xanthomonas perforans, hence two tssM genes, raise a question about functional redundancy
and hence, possible trans-complementation in case of a deletion mutant of a core gene of single
T6SS cluster. The two tssM genes from cluster i3* and i3*** share only 65% identity at nucleotide
level and 45% at amino acid level. In many pathogens carrying multiple T6SS clusters, such
sequence divergence reflected different functional profiles and differential regulation (Navarro-
Garcia et al. 2019; Sha et al. 2013; Pezoa et al. 2014, Zhang et al. 2011), suggesting inability to
successfully complement the phenotype by other T6SS cluster genes. Lack of functionally
redundancy also meant that each T6SS cluster is specialized to perform a particular phenotype

such as virulence, or bacterial competition, or interaction with eukaryotic cells (Zhu et al. 2020).
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426  Given the presence of two T6SS clusters in the pathosystem studied here, further studies with
427  single and double mutants with tssM gene deletions in both clusters i3* and i3*** would be

428 needed to study phenotype profiles and differential regulation of these multiplied systems.

429  One of the striking finding of this study was faster symptom development and increased disease
430  severity accompanied by increased in planta growth associated with AL65AtssM. This contrasts
431  with the typical virulence factors, mutations of which typically lead to reduced virulence or
432  reduced disease severity. Our observations suggest that TssM might function to limit
433  aggressiveness of the pathogen. Aggressiveness is measured by two traits, latent infection period
434  and disease severity. In plant pathogens the time between host infection and pathogen
435  sporulation/multiplication due to that infection is referred as the latent period, a crucial life
436 history trait (Lannou 2012; Pariaud et al. 2009). In addition to aggressiveness, we also observed
437  increased in planta growth with AL65AtssM. This is indicative of the role of TssM in determining
438  threshold in planta populations during infection. Similar observation of limit on intracellular
439  pathogen titers during colonization of mouse in presence of T6SS of intracellular animal pathogen
440  Helicobacter hepaticus was thought to suggest role of T6SS in promoting a symbiotic relationship
441  between H. hepaticus and mammals (Chow and Mazmanian 2010). Bacterial leaf spot pathogen,
442  Xanthomonas perforans, is a hemibiotrophic pathogen that maintains colonization within host to
443  promote its dissemination before inducing the host cell death. Such pathogenesis strategy might
444  explain lower pathogen titers associated with functional TssM. We wondered if this lower titer
445  might be due to higher cost associated with expressing TssM and hence T6SS. We ruled out a
446  growth defect due to presence or absence of TssM under in vitro conditions, i.e. in minimal XVM2

447  medium, under which T6SS-i3* expression is observed. However, we cannot rule out inherent
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differences in expression patterns observed under in vitro conditions and in planta conditions,
and thus, cannot completely rule out the explanation of higher cost associated with expressing
TssM in wild-type, leading to lower in planta titer when compared to tssM mutant. However,
experiments involving mixed infection of wild type and tssM mutant and wild-type did not show
effect on in planta population growth, yet lowered disease severity. This observation indicated
that expression of TssM by wild-type influenced overall pathogen aggressiveness in the mixed
infection, further confirming the contribution of TssM as a tolerance promoting factor by delaying

disease symptom development and lowering pathogen titer.

We also observed the influence of the inoculation method on the AL65AtssM mutant phenotype.
Infiltration i.e. artificial inoculation of the pathogen directly into the apoplast failed to show
difference in overall pathogen titers or disease severity ratings between AL65 and the
AL65AtssM. This observation coincided with the previous finding with mutants (deletion of tssF,
G and H genes) in T65S-i3* of Xeu where infiltration experiments in tomato/pepper concluded
no role of T6SS in the pathogen virulence (Abendroth et al. 2017). In our experiment, since we
used the dip-inoculation (mimicking natural infection) method we were able to identify the role
of TssM in limiting virulence of pathogen and this emphasizes the importance of testing different

methods of inoculation to test the contribution of genes/gene clusters towards pathogenesis.

Being a seed-borne pathogen, a critical control point considered in managing bacterial spot
disease is seed-to-seedling transmission of the pathogen (Dutta et al. 2014a). While seed
certification programs ensure supply of clean seeds to the growers, we continue to see bacterial

spot outbreaks in the transplant houses and fields mainly originating from contaminated seeds,
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469  especially with the seed lots with low contamination rates that might miss the seed testing
470  protocols. Seedling-grow out assays are commonly used in seed certification programs (Gitaitis
471  and Walcott 2007). Our findings of lower disease severity on seedlings infected with wild type
472  compared to the AL65AtssM are suggestive of the contribution of TssM towards successful
473  vertical transmission of pathogen from seed to seedling with little or no symptoms on seedlings.
474  These observations are not in agreement with the evaluation of seed to seedling transmission of
475  Acidovorax citrulli xjl12 on melon seeds, where significant reduction in the disease index of melon
476  seedlings inoculated with T6SS mutants AvasD, AimpJ, AimpK and AimpF was observed compared
477  to wild-type, but no significant difference was observed in disease index with impL mutant
478  (homologous to tssM) (Tian et al. 2015). These findings show a differential role of TssM in plant
479  pathogenic bacteria. This could be possibly due to differential colonization strategies adopted by
480 pathogens that require differential regulation and involvement of secretion systems during

481  pathogenesis.

482 A functional TssM allowed successful transmission of the pathogen from seed to seedling with
483  |lower disease severity with lower in planta population compared to the tssM mutant. Despite
484  low levels of disease severity and lower population levels on seedlings compared to the mutant,
485  wild type with functional TssM was highly fit under high humidity transplant house mimic
486  conditions. A functional TssM imparted higher epiphytic survival to the pathogen and allowed
487  dissemination into the longer distances of ~2m as early as 7 days post-inoculation, with
488  populations of ~10* CFU/g, despite <10% disease incidence. This asymptomatic spread of the

489  pathogen to longer distances might allow pathogen to escape artificial selection in the transplant
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houses, which are another epidemiologically important control point for managing bacterial spot
disease (Abrahamian et al. 2019, Dutta et al. 2014a; Potnis et al. 2015) ).

Given the importance of TssM associated phenotype at 3-4 days after dip-inoculation, we
speculate that TssM functions at the early stages of Xanthomonas infection to allow successful
adaptation of the pathogen to the phyllosphere during the asymptomatic phase. This is in line
with the observation of activation of T6SS core genes including tssM as early as 3 h after
inoculation of another hemi-biotrophic foliar pathogen Pseudomonas syringae pv. actinidiae on
kiwifruit (McAtee et al. 2018). TssM alters the kinetics of the symptom development during
bacterial spot pathogenesis. This may suggest involvement of TssM in direct or indirect regulation
of virulence factors, mainly type Il secretion system (T3SS) and associated effectors during early
asymptomatic colonization. Ceseti et al. (2019) showed temporal induction patterns of T6SS and
T3SS genes during pathogenesis of Xanthomonas citri pv. citri. They noted upregulation of the
T6SS genes during the epiphytic growth of pathogen on citrus, with low expression levels of T6SS
genes during apoplastic colonization. Type lll secretion system genes and effectors were highly
upregulated during colonization of the apoplastic space. A crosstalk between these two secretion
systems during disease progression has been noted in several plant, animal, and human
pathogens (Ceseti et al. 2019, Zhang et al. 2012, Wang et al. 2021, Moscoso et al. 2011, Records
and Gross, 2010, Leung et al. 2011), with a complex regulatory network. Future work will be
aimed at dissecting this regulatory network in hemibiotrophic pathogen during pathogenesis of

tomato to understand the role of TssM in the overall kinetics of disease development.

Our findings of higher epiphytic survival of wild type compared to TssM mutant suggest a

larger role of TssM towards ecology of this pathogen. Asymptomatic epiphytic survival of
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512  the pathogen has been a major concern due to direct influence on effectiveness of management
513  strategies. Such epiphytic populations have been a culprit in reducing efficacy of bactericides as
514  well as impacting durability of disease resistance (Pernezny and Collins 1997). Phyllosphere is a
515 challenging environment influenced by biotic and abiotic factors. For a pathogen to successfully
516  establish in this environment, it must overcome these biotic and abiotic stresses encountered on
517  aleaf surface (Lindow and Brandl, 2003). One such stress is low water availability. Accumulation
518  of solutes on the leaf surface can lead to osmotic stress and thus, osmotolerance is an important
519 trait in bacteria that facilitate successful survival on the leaf surface. Presence of TssM in
520 Xanthomonas offers osmotic stress adaptation facilitating epiphytic colonization and growth of
521  the pathogen. Difference in the osmoadaptation mechanisms have proven to be influencing the
522  relative fitness of individual species and strains. For example, P. syringae B728a strain that shows
523  superior osmotolerance has shown to be better adapted for epiphytic survival than P. syringae
524  DC3000 and 1448A strains. A global transcriptomic analysis of P. syringae B728a and P. syringae
525  DC3000 strains performed under higher osmotic stress identified upregulation of T3SS and T6SS
526  genes inthe P. syringae B728a (Freeman et al. 2013). Similar observations of upregulation of the
527  T6SS genes including tssM as a response to the salt-induced osmotic stress were recorded in
528  Acidovorax avenae subsp. avenae RS-1 (Cui et al. 2015). Apart from osmotolerance, pathogen
529  has to overcome competition with the resident microbiome in order to establish itself. Higher
530 epiphytic fitness of the wild type with functional TssM might also suggest possible role of TssM
531 in mediating interactions with the resident microflora via T6SS. T6SS was first characterized in
532  Pseudomonas aeruginosa and Vibrio cholerae for its role in contact-dependent interbacterial

533  competition, where tit-for-tat type of interactions were noted (Basler et al. 2013). Such
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counterattack mediated by T6SS and associated toxins against bacterial or eukaryotic
competitors were characterized in multiple animal, human and plant pathogenic bacteria (Russell
et al. 2011; Macintyre et al. 2010; Song et al. 2021; Trunk et al. 2018; Storey et al. 2020,
Bayer-Santos et al. 2018, Zhu et al. 2020). Further studies investigating whether TssM-mediated
manipulation of resident microbiota results in altered host susceptibility would help disentangle
the functional profile of TssM not just in the context of virulence but in the context of its
ecological significance.

In conclusion, we present evidence for contribution of T65SS-i3* core gene tssM during some of
the crucial stages of the life cycle of the foliar hemi-biotrophic pathogen, seed-to-seedling
transmission, transplants and during asymptomatic colonization on mature 4-to-5-week-old
plants. Interestingly, in all these stages, TssM influences a crucial life history trait of latent
infection period. TssM dictates threshold in planta population, and thus, is determinant of
aggressiveness of the hemi-biotrophic foliar pathogen, Xanthomonas. We hypothesize that by
delaying the symptom development, TssM plays a role in prolonging association of the pathogen
with the host, thereby not only offering advantage in sustaining niche for the pathogen but also
ensuring successful dissemination. Given the fact that impact on latent infection period
influences the overall disease outcome, further studies focused on understanding the regulation
of pathogenesis by TssM during otherwise overlooked early asymptomatic colonization period

are crucial.
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742

743

744  Figure legends

745  Figure 1: Influence of mutation of tssM on disease symptom development. Figure shows disease
746  symptoms by AL65, AL65AtssM or AL65AtssM(tssM) individual strains on the leaves of 4-5 week
747  old tomato plants at 4 days after dip-inoculation. Water-soaked necrotic lesions were visible on

748 leaves of the plants inoculated with the AL65AtssM as early as 3 days post-inoculation.

749

750  Figure 2: Effect of TssM on pathogenicity of Xanthomonas perforans AL65 using Dip inoculation
751  assay. (a) Bacterial population growth upon individual strain inoculation (b) area under the
752  growth progress curve calculated for each strain growth in individual inoculation (c) bacterial
753  population growth in mixed inoculation AL65 + AL65AtssM , (d) area under the growth progress
754  curve calculated for each strain growth in mixed inoculation AL65 + AL65AtssM (e) bacterial
755  population growth mixed inoculation AL65AtssM(tssM) + AL65AtssM, (f) area under the growth
756  progress curve calculated for each strain growth in mixed inoculation AL65AtssM(tssM) +
757  AL65AtssM . 4-5-week-old Tomato (cv. FL800O0) plants inoculated with ~1x 108 cfu/ml of AL65,
758  AL65AtssM or AL65AtssM(tssM) individual strains or mixed inocula of AL65AtssM(tssM) +
759  AL65AtssM, and AL65AtssM(tssM) + AL65Atss were evaluated for bacterial population growth,

760  every alternate day for 14 dpi on semi-selective media. Logio cfu/cm? values were used to
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calculate AUGPC values for each corresponding treatment. Lines represent the standard error of
the mean. A one-way ANOVA was applied for the statistical analysis of AUGPC and treatments
with different letters are significantly different according to Tukey’s test of least significant
difference (P<0.05). A one-way ANOVA was applied for the statistical analysis of bacterial
population log, values and treatments with * marks are significantly different according to

Tukey’s test of least significant difference (P<0.05).

Figure 3: Effect of TssM on symptom development of Xanthomonas perforans AL65-Dip
inoculation assay. Disease severity index in individual inoculation (a) and in mixed inoculations
(b) on tomato leaves assessed every alternate day upto 14 days post-inoculation. (c) Symptom
development with AL65, AL65AtssM or AL65AtssM(tssM) was recorded at 14 days after
inoculation in case of individual strain inoculation and in mixed inoculations. 4-5-week-old
Tomato (cv. FL8000) plants inoculated with ~1x 10° cfu/ml of AL65, AL65AtssM or
AL65AtssM(tssM) strains were evaluated for disease development, every alternate day for 14
dpi. A one-way ANOVA was applied for the statistical analysis of disease index values on each

sampling day separately.

Figure 4: Effect of TssM on pathogenicity of Xanthomonas perforans AL65 - Infiltration method
(a) bacterial population growth on each sampling date (b) area under the growth progress curve
calculated for each strain (C) tomato leaves 8 days after inoculation with each strains . Four-to-
five-week-old Tomato cv. FL80OO plants were inoculated with cell suspensions containing ~1 X
105 cfu/ml of X. perforans AL655t®P/ AL65AtssM"2!/ AL65AtssM(tssM)<™ using a needleless syringe

and were evaluated for bacterial population growth, every alternate day for 8 dpi on semi-
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782  selective media. logiy cfu/cm? values were used to calculate AUGPC values for each
783  corresponding treatment. A one-way ANOVA was applied for the statistical analysis of bacterial
784  population log,o values and disease severity values on each sampling day separately and
785  treatments with * marks are significantly different according to Tukey’s test of least significant
786  difference (P<0.05). A one-way ANOVA was applied for the statistical analysis of AUGPC and
787  treatments with different letters are significantly different according to Tukey’s test of least

788  significant difference (P<0.05).

789  Figure 5: Impact of mutation of tssM on pathogen epiphytic colonization and dissemination
790  under transplant-house mimic conditions. (a, b) Arrangement of the trays inside the humidity
791  chambers and X. perforans survival under high-humidity conditions. First row of the two-week-
792  old tomato seedlings in the 128 cell trays were inoculated with 1:1 ratio of either (a)AL65*? and
793  AL65AtssM or (b)AL65AtssMM and AL65AtssM(tssM)k™ and total and epiphytic populations
794  were measured at each sampling point (51-S9) at 7, 14, 21 and 28 dpi and used to calculate the
795  AUGPC. (c, d) AUGPC using total population counts. Bars represent AUGPC values for total
796  population of AL655t"eP and AL65AtssMM when mixed inoculated in the first row S1 in chamber 1
797  (c), and AUGPC values for total population of AL65AtssM"2 and AL65AtssM(tssM) k™ when mixed
798 inoculated in the first row S1 in chamber 2 (d). Figures e and f show AUGPC values calculated for
799  epiphytic populations of WT, AL65AtssM" and AL65AtssM(tssM) k™ in chamber 1 and chamber
800 2. Vertical lines represent the standard error of the mean and General Linear Mixed models
801 (GLMM) were applied to AUGPC values of each chamber for total and epiphytic populations
802  separately using gradient as a variable. Different letters are significantly different according to

803  the Tukey’s test of least significant difference (P<0.05).
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Figure 6: Effect of TssM on seed-to-seedling disease transmission of Xanthomonas perforans
AL65 (A) bacterial population growth and (B) disease index in tomato (cv. FL8000) seedlings.
Seeds were inoculated with ~1x 10 cfu/ml of AL65, AL65AtssM or AL65AtssM(tssM) strains and
seedlings were evaluated 21 days after planting. Bars with standard deviation represent the
means of two independent experiments. A one-way ANOVA was applied for the statistical
analysis and treatments with different letters are significantly different according to the Tukey’s

test of least significant difference (P<0.05).

Figure 7: Role of TssM in osmotolerance. AL65, AL65 AtssM and AL65 AtssM(tssM) strains were
grown in XYM2 media amended with different concentrations of NaCl, 0.02M, 0.1M and 0.2M.
Optical density at 600nm was measured over time upto 60h after inoculation. Figures a, cand e
show growth curve based on OD600 values in XYM2 medium amended with NaCl concentrations
of 0.02M, 0.1M and 0.2M, respectively. In vitro bacterial population counts were taken at 0, 30
and 60h post-inoculation. Figures b, d, and f show in vitro population growth based on colony
counts over time in X\VM2 medium amended with NaCl concentrations of 0.02M, 0.1M and 0.2M,
respectively. Vertical lines represent the standard error of the mean and General Linear Mixed
models (GLMM) was performed for log cfu/ml values for each Nacl concentration separately
using time as a variable. Different letters are significantly different according to the Tukey’s test

of least significant difference (P<0.05).

Figure S1: X. perforans survival under high-humidity conditions at 7days post inoculation. Total
and epiphytic X. perforans population growth 7 days after inoculation of first row of the two-

week- old tomato seedlings in the 128 cell trays with 1:1 ratio of either (a)AL65%®" and
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825  AL65AtssMM or (b)AL65AtssM" and AL65AtssM(tssM)<™ and total and epiphytic populations
826  were measured at each sampling point (51-S9) (a) Bars represent the total population (cfu/g)
827  values of chamber 1 where AL65%®? and AL65AtssMM@ were mixed inoculated and (d) bars
828 represent the total population (cfu/g) values of chamber 2 where AL65AtssM™! and
829  AL65AtssM(tssM) k™ were mixed inoculated. (e) Line graph represent the epiphytic population
830  (cfu/g) values of chamber 1 where AL655®? and AL65AtssMMwere mixed inoculated. (f) line
831  graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM" and
832  AL65AtssM(tssM) k™ were mixed inoculated. Vertical lines represent the standard error of the
833 mean and General Linear Mixed models (GLMM) was performed for AUGPC values of each
834  chamber for total and epiphytic populations separately using gradient as a variable. Different
835 letters are significantly different according to the Tukey’s test of least significant difference

836  (P<0.05).

837  Figure S2: X. perforans survival under high-humidity conditions at 14 days post inoculation.
838  Total and epiphytic X. perforans population growth 14 days after inoculation of first row of the
839  two-week- old tomato seedlings in the 128 cell trays with 1:1 ratio of either (a)AL65%"®P and
840  AL65AtssMM or (b)AL65AtssMM and AL65AtssM(tssM)<™ and total and epiphytic populations
841  were measured at each sampling point (51-S9) (a) Bars represent the total population (cfu/g)
842  values of chamber 1 where AL65%"® and AL65AtssM" were mixed inoculated and (d) bars
843  represent the total population (cfu/g) values of chamber 2 where AL65AtssM"@ and
844  AL65AtssM(tssM) k™ were mixed inoculated. (e) Line graph represent the epiphytic population
845  (cfu/g) values of chamber 1 where AL655®? and AL65AtssMMwere mixed inoculated. (f) line

846  graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM"3 and
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AL65AtssM(tssM) k™ were mixed inoculated. Vertical lines represent the standard error of the
mean and General Linear Mixed models (GLMM) was performed for AUGPC values of each
chamber for total and epiphytic populations separately using gradient as a variable. Different
letters are significantly different according to the Tukey’s test of least significant difference

(P<0.05).

Figure S3: X. perforans survival under high-humidity conditions at 21 days post inoculation.
Total and epiphytic X. perforans population growth 21 days after inoculation of first row of the
two-week- old tomato seedlings in the 128 cell trays with 1:1 ratio of either (a)AL655"¢ and
AL65AtssM! or (b)AL65AtssM! and AL65AtssM(tssM)k™ and total and epiphytic populations
were measured at each sampling point (S1-S9) (a) Bars represent the total population (cfu/g)
values of chamber 1 where AL655®? and AL65AtssM"2 were mixed inoculated and (d) bars
represent the total population (cfu/g) values of chamber 2 where AL65AtssM"@ and
AL65AtssM(tssM) k™ were mixed inoculated. (e) Line graph represent the epiphytic population
(cfu/g) values of chamber 1 where AL65%®? and AL65AtssM™were mixed inoculated. (f) line
graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM"! and
AL65AtssM(tssM) k™ were mixed inoculated. Vertical lines represent the standard error of the
mean and General Linear Mixed models (GLMM) was performed for AUGPC values of each
chamber for total and epiphytic populations separately using gradient as a variable. Different
letters are significantly different according to the Tukey’s test of least significant difference

(P<0.05).
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867  Figure S4: X. perforans survival under high-humidity conditions at 28 days post inoculation.
868  Total and epiphytic X. perforans population growth 28 days after inoculation of first row of the
869  two-week- old tomato seedlings in the 128 cell trays with 1:1 ratio of either (a)AL65%"®P and
870  AL65AtssMM or (b)AL65AtssMM and AL65AtssM(tssM)<™ and total and epiphytic populations
871  were measured at each sampling point (51-S9) (a) Bars represent the total population (cfu/g)
872  values of chamber 1 where AL65%®? and AL65AtssMM@ were mixed inoculated and (d) bars
873 represent the total population (cfu/g) values of chamber 2 where AL65AtssM™' and
874  AL65AtssM(tssM) k™ were mixed inoculated. (e) Line graph represent the epiphytic population
875  (cfu/g) values of chamber 1 where AL65%"®? and AL65AtssMMwere mixed inoculated. (f) line
876  graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM" and
877  AL65AtssM(tssM) k™ were mixed inoculated. Vertical lines represent the standard error of the
878 mean and General Linear Mixed models (GLMM) was performed for AUGPC values of each
879  chamber for total and epiphytic populations separately using gradient as a variable. Different
880 letters are significantly different according to the Tukey’s test of least significant difference

881  (P<0.05).

882  Figure S5: X. perforans disease symptom development under high-humidity conditions.
883  Percentage of plants that showed disease symptoms (a) inside chamber 1 where AL65%? and
884  AL65AtssM™' were mixed inoculated (b) inside chamber 2 where AL65AtssM™! and
885  AL65AtssM(tssM)<™ were mixed inoculated. Surface plots were created to show the development

886  of disease severity percentages of each sampling point during the course of the experiment.

887

888

37



889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

Page 38 of 40

38

Page 38 of 53

Prabha Liyanapathiranage
Phytopathology



Page 39 of 53

Prabha Liyanapathiranage
Page 39 of 40 Phytopathology

912  Table 1. Bacterial strains and plasmids used in this study.

Strain or plasmid Relevant characteristics References
or source

Xanthomonas perforans strains

WT/ AL65 XpAL65, Rif", Strep” Laboratory
collection
(Newberry et

al. 2019)
AL65AtssM Strain XpAL65, in-frame deletion in tssM, Nal" This study
AL65AtssM(tssM) Strain XpAL65, AtssM mutant complemented This study
with pDSK519(tssM), Km®
Escherichia coli
One Shot™ TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) Invitrogen
$80/acZAM15AlacX74recAlaraD139A(ara-
leu) 7697 galU galK rpsL (Str") endA1 nupG A-
DH5a F- 80dlacZAM15 A(lacZYA-argF)U169 endAl Life
deoR recAl hsdR17(rK- mK+) phoA supE44 Technologies,
A-thi-l gyrA96 relAl Carlsbad, CA
Plasmids
pCR™8/GW/TOPO® Topo cloning vector, Spec’ Invitrogen
pCR™-Blunt II-TOPO® Blunt DNA Cloning Vector, Km’ Invitrogen
pLVC18-RfC Tet", Gateway destination suicide vector Roden et al.
2004
pLVC18-RfC (AtssM) pLVC18 derivative containing fusion of Thisstudy
genomic regions upstream and downstream
of tssM, Tet"
pRK 2073 Helper plasmid
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pDSK519 Km' (Keen et al.
1988)
pDSK519 (tssM) pDSK19 with genomic region containing This study

coding region of tssM along with upstream
and downstream flanking region of tssM; Km’

913  RIiff, Strep” Km" Nal" Nal", Str" Spec'’, Tet" : " indicates antibiotic resistance respectively
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LA LEAR

AL6S ALB5AtssM ALB5AtssM(tssM) Control

Figure 1. Influence of mutation of tssM on disease symptom development. Figure shows disease symptoms
by AL65, AL65AtssM or AL65AtssM (tssM) on the leaves of 4-5 week old tomato plants at 4 days post-
inoculation. Water-soaked necrotic lesions were visible on leaves of plants inoculated with AL65AtssM as
early as day 3 post-inoculation.
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Figure 2: Effect of TssM on pathogenicity of Xanthomonas perforans AL65 using Dip inoculation assay. (a)
Bacterial population growth upon individual strain inoculation (b) area under the growth progress curve
calculated for each strain growth in individual inoculation (c) bacterial population growth in mixed
inoculation AL65 + AL65AtssM , (d) area under the growth progress curve calculated for each strain growth
in mixed inoculation AL65 + AL65AtssM (e) bacterial population growth mixed inoculation AL65AtssM(tssM)
+ AL65AtssM, (f) area under the growth progress curve calculated for each strain growth in mixed
inoculation AL65AtssM(tssM) + AL65AtssM. 4-5-week-old Tomato (cv. FL8000) plants inoculated with ~1x
108 cfu/ml of AL65, AL65AtssM or AL65AtssM(tssM) individual strains or mixed inocula of AL65+AL65AtssM,
and AL65AtssM+ AL65AtssM(tssM) were evaluated for bacterial population growth, every alternate day for
14 dpi on semi-selective media. Log1g cfu/cm? values were used to calculate AUGPC values for each
corresponding treatment. Lines represent the standard error of the mean. A one-way ANOVA was applied for
the statistical analysis of AUGPC and treatments with different letters are significantly different according to
Tukey'’s test of least significant difference (P<0.05). A one-way ANOVA was applied for the statistical
analysis of bacterial population log10 values and treatments with * marks are significantly different
according to Tukey'’s test of least significant difference (P<0.05).
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Figure 3: Effect of TssM on symptom development of Xanthomonas perforans AL65-Dip inoculation assay.
Disease severity index in individual inoculation (a) and in mixed inoculations (b) on tomato leaves assessed
every alternate day upto 14 days post-inoculation. (c) Symptom development with AL65, AL65AtssM or
AL65AtssM(tssM) was recorded at 14 days after inoculation in case of individual strain inoculation and in
mixed inoculations. 4-5-week-old Tomato (cv. FL8000) plants inoculated with ~1x 10 cfu/ml of AL65,
AL65AtssM or AL65AtssM(tssM) strains were evaluated for disease development, every alternate day for 14
dpi. A one-way ANOVA was applied for the statistical analysis of disease index values on each sampling day
separately.
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Figure 4: Effect of TssM on pathogenicity of Xanthomonas perforans AL65 - Infiltration method (a) bacterial
population growth on each sampling date (b) area under the growth progress curve calculated for each
strain (C) tomato leaves 8 days after infiltration with each strains . Four-to-five-week-old Tomato cv.

FL800O0 plants were infiltrated with cell suspensions containing ~1 X 103 cfu/ml of X. perforans AL65StreP,
AL65AtssM™! and, AL65AtssM(tssM) KM using a needleless syringe and were evaluated for bacterial

population growth, every alternate day for 8 dpi on semi-selective media. log1g cfu/cm? values were used to
calculate AUGPC values for each corresponding treatment. A one-way ANOVA was applied for the statistical
analysis of bacterial population log10 values and disease severity values on each sampling day separately
and treatments with * marks are significantly different according to Tukey’s test of least significant
difference (P<0.05). A one-way ANOVA was applied for the statistical analysis of AUGPC and treatments
with different letters are significantly different according to Tukey’s test of least significant difference
(P<0.05).
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Figure 5: Impact of mutation of tssM on pathogen epiphytic colonization and dissemination under transplant-
house mimic conditions. (a, b) Arrangement of the trays inside the humidity chambers and X. perforans
survival under high-humidity conditions. First row of the two-week- old tomato seedlings in the 128 cell

trays were inoculated with 1:1 ratio of either (a)AL655teP and AL65AtssMNal or (b)AL65AtssMNal and
AL65AtssM(tssM)X™M and total and epiphytic populations were measured at each sampling point (51-S9) at 7,
14, 21 and 28 dpi and used to calculate the AUGPC. (c, d) AUGPC using total population counts. Bars
represent AUGPC values for total population of AL655%eP and AL65AtssMNal when mixed inoculated in the
first row S1 in chamber 1 (c), and AUGPC values for total population of AL65AtssMNal and
AL65AtssM(tssM)KM when mixed inoculated in the first row S1 in chamber 2 (d). Figures e and f show

AUGPC values calculated for epiphytic populations of WT, AL65AtssMNal and AL65AtssM(tssM)XM in chamber
1 and chamber 2. Vertical lines represent the standard error of the mean and General Linear Mixed models
(GLMM) were applied to AUGPC values of each chamber for total and epiphytic populations separately using
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gradient as a variable. Different letters are significantly different according to the Tukey’s test of least
significant difference (P<0.05).
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Figure 6: Effect of TssM on seed-to-seedling disease transmission of Xanthomonas perforans AL65 (A)
bacterial population growth and (B) disease index in tomato (cv. FL8000) seedlings. Seeds were inoculated
with ~1x 10° cfu/ml of AL65, AL65AtssM or AL65AtssM(tssM) strains and seedlings were evaluated 21 days

after planting. Bars with standard deviation represent the means of two independent experiments. A one-
way ANOVA was applied for the statistical analysis and treatments with different letters are significantly
different according to the Tukey’s test of least significant difference (P<0.05).
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Figure 7: Role of TssM in osmotolerance. AL65, AL65AtssM and AL65AtssM(tssM) strains were grown in
XVM2 media amended with different concentrations of NaCl, 0.02M, 0.1M and 0.2M. Optical density at
600nm was measured over time upto 60h after inoculation. Figures a, c and e show growth curve based on
ODgoo values in XYM2 medium amended with NaCl concentrations of 0.02M, 0.1M and 0.2M, respectively.
In vitro bacterial population counts were taken at 0, 30 and 60h post-inoculation. Figures b, d, and f show
in vitro population growth based on colony counts over time in XYM2 medium amended with NaCl
concentrations of 0.02M, 0.1M and 0.2M, respectively. Vertical lines represent the standard error of the
mean and General Linear Mixed models (GLMM) was performed for log cfu/ml values for each NaCl
concentration separately using time as a variable. Different letters are significantly different according to
the Tukey'’s test of least significant difference (P<0.05).
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Figure S1: X. perforans survival under high-humidity conditions at 7 days post inoculation. Total and
epiphytic X. perforans population growth 7 days after inoculation of first row of the two-week- old tomato

seedlings in the 128 cell trays with 1:1 ratio of either (a)AL655t"®P and AL65AtssM™@! or (b)AL65Atssmnal
and AL65At’ssM(tssM)km and total and epiphytic populations were measured at each sampling point (S1-S9)
(a) Bars represent the total population (cfu/g) values of chamber 1 where AL655tT¢P and AL65Atssmnl
were mixed inoculated and (d) bars represent the total population (cfu/g) values of chamber 2 where
AL65AtssM™! and AL65AtssM(tssM)KM were mixed inoculated. (e) Line graph represent the epiphytic
population (cfu/g) values of chamber 1 where AL655t®P and AL65AtssM™@! were mixed inoculated. (f) line
graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM"@! and
AL65At‘ssM(tssM)km were mixed inoculated. Vertical lines represent the standard error of the mean and
General Linear Mixed models (GLMM) was performed for AUGPC values of each chamber for total and

epiphytic populations separately using gradient as a variable. Different letters are significantly different
according to the Tukey’s test of least significant difference (P<0.05).
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Figure S2: X. perforans survival under high-humidity conditions at 14 days post inoculation. Total and
epiphytic X. perforans population growth 14 days after inoculation of first row of the two-week- old tomato

seedlings in the 128 cell trays with 1:1 ratio of either (a)AL655t"®P and AL65AtssM™! or (b)AL65Atssmnal
and AL65AtssM(tssM)KM and total and epiphytic populations were measured at each sampling point (S1-S9)
(a) Bars represent the total population (cfu/g) values of chamber 1 where AL655t®P and AL65Atssmnl
were mixed inoculated and (d) bars represent the total population (cfu/g) values of chamber 2 where
AL65AtssM™! and AL65L\1.“ssM(l“ssM)km were mixed inoculated. (e) Line graph represent the epiphytic
population (cfu/g) values of chamber 1 where AL655tr€P and AL65AtssM™! were mixed inoculated. (f) line
graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM™! and

AL65AtssM(tssM) M were mixed inoculated. Vertical lines represent the standard error of the mean and
General Linear Mixed models (GLMM) was performed for AUGPC values of each chamber for total and
epiphytic populations separately using gradient as a variable. Different letters are significantly different
according to the Tukey's test of least significant difference (P<0.05).
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Figure S3: X. perforans survival under high-humidity conditions at 21 days post inoculation. Total and
epiphytic X. perforans population growth 21 days after inoculation of first row of the two-week- old tomato
seedlings in the 128 cell trays with 1:1 ratio of either (a)AL655t"®P and AL65AtssM"@ or (b)AL65AtssMNal
and AL65At‘ssM(t’ssM)km and total and epiphytic populations were measured at each sampling point (S1-S9)
(a) Bars represent the total population (cfu/g) values of chamber 1 where AL655€P and AL65Atssmnal
were mixed inoculated and (d) bars represent the total population (cfu/g) values of chamber 2 where
AL65AtssM™! and AL65AtssM(tssM)KM were mixed inoculated. (e) Line graph represent the epiphytic
population (cfu/g) values of chamber 1 where AL655t®P and AL65AtssM™@! were mixed inoculated. (f) line
graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM™! and
AL65At‘ssM(tssM)km were mixed inoculated. Vertical lines represent the standard error of the mean and
General Linear Mixed models (GLMM) was performed for AUGPC values of each chamber for total and

epiphytic populations separately using gradient as a variable. Different letters are significantly different
according to the Tukey’s test of least significant difference (P<0.05).
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Figure S4: X. perforans survival under high-humidity conditions at 28 days post inoculation. Total and
epiphytic X. perforans population growth 28 days after inoculation of first row of the two-week- old tomato

seedlings in the 128 cell trays with 1:1 ratio of either (a)AL655t®P and AL65AtssM"@ or (b)AL65AtssMNal
and AL65AtssM(tssM)X™ and total and epiphytic populations were measured at each sampling point (S1-S9)
(a) Bars represent the total population (cfu/g) values of chamber 1 where AL655t"¢P and AL65AtssmM@l
were mixed inoculated and (d) bars represent the total population (cfu/g) values of chamber 2 where
AL65AtssM™! and AL65AI.‘ssM(l“ssM)km were mixed inoculated. (e) Line graph represent the epiphytic
population (cfu/g) values of chamber 1 where AL655t€P and AL65AtssM™! were mixed inoculated. (f) line
graph represent the epiphytic population (cfu/g) values of chamber 2 where AL65AtssM™@! and

AL65AtssM(tssM) KM were mixed inoculated. Vertical lines represent the standard error of the mean and
General Linear Mixed models (GLMM) was performed for AUGPC values of each chamber for total and
epiphytic populations separately using gradient as a variable. Different letters are significantly different
according to the Tukey's test of least significant difference (P<0.05).
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Figure S5: X. perforans disease symptom development under high-humidity conditions. Percentage of plants
that showed disease symptoms (a) inside chamber 1 where AL655eP and AL65AtssM™@! were mixed
inoculated (b) inside chamber 2 where AL65AtssM™! and AL65AtssM(tssM)km were mixed inoculated.

Surface plots were created to show the development of disease severity percentages of each sampling point
during the course of the experiment
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