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 2 

Summary 15 

Most bacterial plant pathogens inject effector proteins inside plant cells, using a 16 

type-III secretion system, to suppress plant immunity. However, whether and how 17 

effector proteins co-opt plant metabolism to produce nutrients that support extensive 18 

bacterial replication is not understood. In this work, we found that Ralstonia 19 

solanacearum, the causal agent of bacterial wilt disease, secretes an effector protein, 20 

named RipI, which interacts with plant glutamate decarboxylases (GADs). GADs 21 

catalyse the biosynthesis of GABA, an important signalling molecule in plants and 22 

animals, and are activated by calmodulin. RipI promotes the interaction of GADs with 23 

calmodulin, enhancing the production of GABA. Interestingly, R. solanacearum is able 24 

to replicate efficiently using GABA as a nutrient, and both RipI and plant GABA 25 

contribute to a successful infection. This reveals a pathogenic strategy to hijack plant 26 

metabolism for the biosynthesis of nutrients to support microbial growth during plant 27 

colonization. 28 
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Introduction 33 

Diseases caused by bacterial pathogens are a threat to food security. R. 34 

solanacearum is a soil-borne bacterial pathogen able to cause disease in more than 35 

250 plant species, including important crop plants, such as tomato, potato, pepper, 36 

and banana, causing serious losses to crop production worldwide (Elphinstone, 37 

2005). Upon penetration into roots, R. solanacearum colonizes xylem vessels in host 38 

plants and replicates massively, ultimately causing plant wilting and death (Genin, 39 

2010; Xue et al, 2020). Like other gram-negative bacterial pathogens, R. 40 

solanacearum requires a type-III secretion system to inject effector proteins inside 41 

host cells and cause disease. The activity of type-III effectors (T3Es) in the 42 

suppression of plant immunity has been well documented (Macho and Zipfel, 2015) 43 

(Toruño et al., 2016), although much less is known about the manipulation of the host 44 

microenvironment to support pathogenic lifestyle (Macho, 2016). The foliar bacterial 45 

pathogens Pseudomonas syringae and Xanthomonas gardneri use T3Es to increase 46 

the intercellular humidity in the leaf apoplast (Schwartz et al., 2017; Xin et al., 2016). 47 

Moreover, T3Es from Xanthomonas spp. induce the expression of host sugar 48 

transporters, likely causing an efflux of sugar to feed bacteria in the xylem or the 49 

apoplast (Chen et al., 2010; Cohn et al., 2014; Cox et al., 2017). Upon bacterial 50 

perception, defence responses include a restriction of nutrient transfer from the 51 

cytosol to the apoplast to limit bacterial multiplication (Chen et al., 2010; Wang et al., 52 

2012; Yamada et al., 2016), suggesting that the battle for nutrient biosynthesis and 53 

distribution is essential for the outcome of plant-bacteria interactions. Similarly, 54 

although the xylem sap is generally poor in organic carbon sources compared to the 55 

phloem or the leaf apoplast (Fatima and Senthil-Kumar, 2015; Rico and Preston, 56 

2008; Zuluaga et al., 2013), R. solanacearum is able to replicate very fast and reach 57 

high cell densities, implying the presence of additional virulence activities to subvert 58 

host nutrient metabolism or transport.  59 

 60 

R. solanacearum secretes more than 70 T3Es into plant cells (Peeters et al., 2013; 61 

Sabbagh et al., 2019). This number is significantly higher than the usual number of 62 



 4 

T3Es existing in other well-studied bacterial pathogens (15-40 in strains of P. syringae 63 

or Xanthomonas). The variety of T3Es utilized by R. solanacearum correlates with its 64 

broad ecological diversity, versatility, and ability to colonize different plant organs, 65 

such as roots, stems and leaves. Interestingly, several of these T3Es do not present 66 

homologs in other pathogens, which suggests that they have evolved exclusively in R. 67 

solanacearum (Peeters et al., 2013; Sabbagh et al., 2019). One of these exclusive 68 

T3Es, RipI, is conserved in most sequenced R. solanacearum strains (Peeters et al., 69 

2013), which suggests its importance for bacterial virulence, although its actual 70 

contribution to the infection has not yet been determined and characterized. In this 71 

work, we found that RipI has a significant contribution to the development of disaese 72 

in both Arabidopsis thaliana (hereafter, Arabidopsis) and tomato plants. We show that 73 

RipI interacts with plant glutamate decarboxylases to cause an elevation of GABA, 74 

and that R. solanacearum can use this aminoacid as a nutrient during the infection, 75 

revealing a pathogenic strategy to manipulate plant metabolism to support bacterial 76 

nutrition. 77 

  78 
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Results and Discussion 79 

 80 

RipI contributes to virulence in Ralstonia solanacearum 81 

RipI is conserved in most sequenced R. solanacearum strains (Peeters et al, 2013), 82 

especially in strains isolated from tomato (Sabbagh et al., 2019). Since T3E activities 83 

often contribute redundantly to the development of disease, it is generally difficult to 84 

determine their contribution to virulence. To determine the importance of RipI for the 85 

induction of disease by R. solanacearum, we generated a ΔripI knockout mutant 86 

strain using the reference GMI1000 strain as background (Figures S1A and S1B). The 87 

ΔripI mutant strain caused delayed and weaker disease symptoms compared to 88 

wild-type (WT) bacteria upon soil-drenching inoculation of Arabidopsis plants (Figures 89 

1A, 1B, S1C, and S1D). A slight symptom attenuation was observed upon 90 

soil-drenching inoculation of tomato plants (Figures S1E-H), a natural host of R. 91 

solanacearum. To perform a more accurate assessment of disease development in 92 

tomato, we injected tomato stems with WT or the ΔripI knockout mutant, and 93 

observed that the mutation of ripI caused a significant reduction in bacterial replication 94 

in the xylem (Figure 1C), indicating that RipI is contributes to the proliferation of R. 95 

solanacearum in the xylem of host plants. In all cases, the virulence attenuation of the 96 

ΔripI mutant was rescued by the additional expression of ripI in bacterial cells (Figures 97 

1A-C,and S1C-H). These results indicate that, among the R. solanacearum T3E 98 

repertoire, ripI plays a significant role in virulence. 99 

 100 

RipI interacts with calmodulins and glutamate decarboxylases 101 

To identify potential plant targets of RipI, we expressed RipI fused to a C-terminal 102 

GFP tag (RipI-GFP) in Nicotiana benthamiana using Agrobacterium tumefaciens. 103 

Then we immunoprecipitated RipI-GFP and analyzed interacting proteins using liquid 104 

chromatography followed by tandem mass-spectrometry (LC-MS/MS). Among 105 

RipI-associated proteins, we identified calmodulins (Figure S2A). We also identified 106 

calmodulins as interactors of RipI in a yeast-two-hybrid (Y2H) screen using a library of 107 

cDNA from tomato plants inoculated with R. solanacearum (Figure S2B). We 108 
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validated the interaction of RipI with endogenous plant calmodulins upon transient 109 

expression in N. benthamiana by pull-down using a calmodulin-binding resin (Figure 110 

2A). Among the proteins that physically associate with RipI in plant cells, we identified 111 

the N. benthamiana ortholog of the Arabidopsis GLUTAMATE DECARBOXYLASE 4 112 

(AtGAD4) (Figure S2A). GADs are enzymes that catalyse the biosynthesis of 113 

gamma-aminobutyric acid (GABA) from glutamic acid (Figure S2C) and, in plants, 114 

their activity is stimulated by calmodulin binding (Baum et al., 1996) (Snedden et al., 115 

1996). GADs form a gene family with several members in Arabidopsis, N. 116 

benthamiana, and tomato (Figure S2D). When trying to perform targeted 117 

co-immunoprecipitation to validate the interaction between RipI and GADs transiently 118 

expressed in N. benthamiana, we noticed that RipI expression inhibited the 119 

simultaneous A. tumefaciens-mediated expression of other genes (Figure S3). 120 

Therefore, we expressed different GADs in N. benthamiana cells and subsequently 121 

expressed RipI using an estradiol (EST)-inducible promoter (Figure S4A). 122 

Co-immunoprecipitation confirmed that RipI interacts with several GADs from different 123 

plant species in planta, including AtGAD1, AtGAD2, AtGAD4, NbGAD4, and SlGAD2 124 

(Figure 2B). We observed a similar result by in vitro pull-down using RipI fused to a 125 

maltose-binding protein (MBP) tag produced and purified from Escherichia coli and 126 

AtGAD4 purified from N. benthamiana (Figure S4B). Additionally, we validated the 127 

direct interaction of RipI with GADs in planta by Fӧrster resonance energy transfer – 128 

fluorescence lifetime imaging (FRET-FLIM) (Figures 2C and S3C).   129 

 130 

RipI enhances GABA accumulation in plant cells through promoting calmodulin 131 

binding to GADs 132 

GABA is a four-carbon non-proteinogenic amino acid that was first isolated from plant 133 

extracts prior to its characterization as a major neurotransmitter in animals. GABA 134 

was first defined as a carbon-nitrogen metabolite in plants, although increasing 135 

evidence demonstrates that it also plays an important role as signalling molecule 136 

(Ramesh et al., 2017). Since RipI associates with plant GADs, we sought to 137 

determine whether RipI has an impact in GABA accumulation in the plant. Strikingly, 138 
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GABA levels increased 50-fold in N. benthamiana tissues 2 days upon transient 139 

expression of RipI (Figure 3A). This effect was not observed upon expression of INF1, 140 

a heterologous elicitor of immunity and cell death from the oomycete pathogen 141 

Phytophthora infestans (Kamoun et al., 1998) (Figure 3A). Similarly, Arabidopsis 142 

transgenic lines expressing an EST-inducible RipI showed enhanced accumulation of 143 

GABA (Figures S5A-B). Glutamic acid levels showed only a minor reduction in N. 144 

benthamiana tissues expressing RipI (Figure S5C), suggesting that metabolic 145 

rearrangements may compensate for the enhanced GAD-mediated GABA 146 

biosynthesis. Interestingly, GABA has been shown to inhibit the pathogenicity of A. 147 

tumefaciens (Chevrot et al., 2006), which may explain our difficulties to perform 148 

transient co-expression of RipI and other genes using A. tumefaciens (Figure S3). 149 

Moreover, GABA can act as a stress signal in plants (Shelp et al., 2012), and stable 150 

transgenic plants that over-accumulate GABA are not viable (Koike et al., 2013). It is 151 

noteworthy that sustained expression of RipI in N. benthamiana or tomato using A. 152 

tumefaciens led to the appearance of cell death 4-5 days after A. tumefaciens 153 

inoculation (Figures S5D-S5G). Moreover, transgenic Arabidopsis plants 154 

constitutively expressing RipI died soon after germination, and EST-inducible RipI 155 

expression strongly inhibited seedling growth (Figure S5H). Interestingly, the 156 

expression of RipI induces apoptosis in yeast cells (Deng et al., 2016), suggesting 157 

that this effector has a toxic effect in eukaryotic cells. Although these observations 158 

suggest that the enhanced GABA accumulation caused by RipI may underlie the 159 

development of cell death upon sustained RipI expression, sustained expression of 160 

AtGAD4 in N. benthamiana caused a strong increase in GABA accumulation (Figure 161 

3A) but no cell death (Figures S5I and S5J). Therefore, the cell death induced by RipI 162 

in eukaryotic cells seems to be caused by other activity (or activities) independent of, 163 

or in addition to, the enhancement of GABA accumulation, and remains to be 164 

determined. 165 

 166 

RipI associates with both GADs and calmodulin (Figure 2), and the activity of plant 167 

GADs is stimulated by calmodulin binding (Baum et al., 1996) (Snedden et al., 1996). 168 
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Interestingly, RipI enhanced the interaction between endogenous calmodulin and 169 

GADs in Arabidopsis cells (Figures 3B, 3C, and S5K), suggesting that the 170 

RipI-mediated increase in GABA accumulation in plant cells is caused by an 171 

enhancement of GAD activity by the stimulation of calmodulin binding. In support of 172 

this hypothesis, RipI did not enhance GABA accumulation in N. benthamiana tissues 173 

undergoing virus-induced gene silencing (VIGS) of NbCaM2 (CALMODULIN 2) 174 

(Figures 3D, S5L and S5M), indicating that RipI needs NbCAM2 to enhance GAD 175 

activity in N. benthamiana. 176 

 177 

GABA can be used as a nutrient by R. solanacearum 178 

GABA is abundant in the xylem of tomato plants and can be rapidly consumed by R. 179 

solanacearum (Zuluaga et al., 2013). Interestingly, the fungal pathogen Cladosporium 180 

fulvum enhances GABA production in infected plants and is able to use GABA as a 181 

nutritional source (Solomon and Oliver, 2002). Considering this, it was previously 182 

hypothesized that pathogens may alter plant metabolism to induce the accumulation 183 

of GABA and, potentially, other compounds to support bacterial nutrition (Zuluaga et 184 

al., 2013) (Solomon and Oliver, 2002) (Ward et al., 2010). GABA levels also increase 185 

upon plant inoculation with the pathogenic bacteria P. syringae pv. tomato (Pto) 186 

DC3000, but not upon inoculation with a non-pathogenic strain (Ward et al., 2010), 187 

and this metabolite has been shown to be a nutritional substrate for Pto DC3000 in 188 

vitro (Rico and Preston, 2008). However, alternative observations led to the 189 

hypothesis that Pto DC3000 degrades plant GABA to avoid toxic effects for bacterial 190 

cells (Park et al., 2010). In order to determine the effect of GABA on R. solanacearum 191 

in vitro, we first incubated R. solanacearum in minimal medium (MM) with or without 192 

the addition of GABA as sole nutrient. R. solanacearum did not replicate significantly 193 

in MM, but replicated to high levels in the presence of 5 mM GABA (Figures 4A and 194 

4B), consistent with the fast rate of GABA consumption observed for R. solanacearum 195 

(Zuluaga et al., 2013). Similar results were obtained when incubating R. 196 

solanacearum in 10% rich medium or xylem sap extracted from tomato plants 197 
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(Figures S6A-D). Altogether, these results confirm that GABA can be used by R. 198 

solanacearum as a nutrient.  199 

 200 

Plant GABA contributes to R. solanacearum infection 201 

In order to determine if R. solanacearum needs plant GABA for infection, we first used 202 

Arabidopsis plants carrying mutations in AtGAD1 and AtGAD2 (gad1/2), which 203 

accumulate significantly less GABA than WT plants before and after inoculation with 204 

R. solanacearum (Mekonnen et al., 2016) (Figure S6E). Upon soil-drenching 205 

inoculation, R. solanacearum caused weaker and delayed disease symptoms in 206 

gad1/2 mutant plants (Figures 5A, 5B, S6F, and S6G), and plant colonization, 207 

measured as bacterial numbers in aerial tissues, was also compromised in gad1/2 208 

mutant plants (Figure S6H). It is noteworthy that gad1/2 mutant plants did not show 209 

enhanced resistance to Pto DC3000 (Figure 5C), suggesting that other bacterial 210 

pathogens may not rely on plant GABA to cause disease. To determine the 211 

requirement of GABA during the infection of a natural host, we performed 212 

RNAi-mediated silencing in tomato roots to reduce the expression of the most highly 213 

expressed tomato GAD gene, SlGAD2 (Figure S6I). Tomato plants harbouring roots 214 

with reduced GAD2 expression showed enhanced resistance to wilt symptoms upon 215 

soil-drenching inoculation with R. solanacearum (Figures 5D-F, S6J-L). Altogether, 216 

these results indicate that plant GABA contributes to R. solanacearum infection. 217 

Interestingly, the ΔripI mutant strain did not show additional virulence attenuation in 218 

gad1/2 plants (Figures 5G, 5H, S6M and S6N). This result suggests that the 219 

enhancement of GAD-mediated GABA production is the major virulence activity of 220 

RipI, although it is worth considering that minor additional reductions in virulence may 221 

not be detected due to the lack of sensitivity of this assay to detect small differences in 222 

weak disease symptoms. Since R. solanacearum consumes plant GABA and RipI 223 

induces GABA production, we reasoned that plants undergoing an infection by a ΔripI 224 

mutant (which can consume GABA but lacks the RipI activity to induce GABA 225 

production) would accumulate less GABA than plants undergoing an infection with R. 226 

solanacearum GMI1000. Indeed, plants inoculated with a ΔripI mutant showed a 227 
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slight (reproducible but not statistically significant) reduction in GABA contents 228 

compared to those inoculated with R. solanacearum GMI1000 (Figure S6O); 229 

however, the interpretation of this result may be hindered by the large variation in 230 

GABA measurements among inoculated plants, and the fact that the replication of the 231 

ΔripI mutant in plant tissues is strongly compromised (Figure 1C), and this could lead 232 

to a weaker GABA consumption in these plants. 233 

 234 

Numerous bacterial species produce proteins annotated as GADs, including 235 

Cupriavidus campinensis (sequence identifier: WP_144198345), which, as R. 236 

solanacearum, belongs to the Burkholderiaceae family. Strikingly, we did not find any 237 

genes among R. solanacearum genomes annotated as GADs or showing significant 238 

similarity to plant or bacterial GADs (see methods). The absence of endogenous GAD 239 

enzymes may be related to the necessity of R. solanacearum to utilize plant GABA for 240 

a fully successful infection (Figure 5). Many bacterial species also contain GABA 241 

transaminases, which mediate GABA catabolism; gabT genes, encoding GABA 242 

transaminases, are in fact required to utilize exogenous GABA in P. syringae (Park et 243 

al., 2010), which otherwise also lacks annotated GADs. The R. solanacearum 244 

genome contains a single gene encoding a GABA transaminase (gabT), which we 245 

mutated to study the importance of GABA utilization for R. solanacearum infection 246 

(Figures S1I and S1J). Unlike WT R. solanacearum, the ΔgabT knockout mutant was 247 

unable to grow in MM with GABA (Figure 6A), and showed a dramatic reduction in its 248 

ability to cause disease symptoms in Arabidopsis upon soil drenching inoculation 249 

(Figures 6B and 6C, S6P, and S6Q) and to grow in tomato upon stem injection 250 

(Figure 6D), suggesting that R. solanacearum requires the GabT transaminase to 251 

utilize GABA, and that this is essential to cause disease. The ΔgabT mutant strain did 252 

not show further virulence attenuation in gad1/2 mutant plants (Figures 6E, 6F, S6R, 253 

and S6S), suggesting that its virulence attenuation is indeed associated to its inability 254 

to process plant GABA. 255 

 256 

GADs as susceptibility factors during R. solanacearum infection 257 
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Our results indicate that plant GABA contributes to R. solanacearum infection, rather 258 

than being involved in plant defence against this pathogen. In keeping with this notion, 259 

GAD genes are up-regulated in different susceptible hosts in comparison with 260 

resistant plants upon R. solanacearum infection (Figure S7). How may R. 261 

solanacearum benefit from the conversion of one potential nutritional source 262 

(glutamate) into another (GABA)? It is possible that, by promoting the synthesis of 263 

GABA, R. solanacearum avoids competition with other plant metabolic pathways that 264 

use a versatile substrate such as glutamate. This is reminiscent of the strategy 265 

employed by A. tumefaciens, which subverts plant metabolism to promote the 266 

production of opines, an unusual exclusive nutrient that this pathogen is particularly 267 

equipped to use (Subramoni et al., 2014). Moreover, given the unclear effect of GABA 268 

on certain pathogens such as P. syringae (Ward et al., 2010) (Park et al., 2010) 269 

(Figure 5C), and its effect on inhibiting the virulence of others, such as A. tumefaciens 270 

(Chevrot et al., 2006) (Figure S3), we should consider the possibility that, in natural 271 

conditions, the RipI-mediated enhancement of GABA production may help R. 272 

solanacearum to gain nutrients while countering potential competing microorganisms. 273 

It is noteworthy that GABA accumulation is significantly different in different plant 274 

species: for example, while GABA is very abundant in most organs in tomato, including 275 

the xylem (Zuluaga et al., 2013; Ramesh et al., 2017), GABA levels are very low in 276 

Arabidopsis plants, although they have been reported to increase in response to 277 

infection (Tarkowski et al., 2020). Interestingly, we have found that RipI contributes to 278 

disease in both Arabidopsis and tomato (Figure 1), and GADs are required for full 279 

susceptibility against R. solanacearum in these plant species (Figure 5), suggesting 280 

that, even at different absolute concentrations, the relative abundance of GABA is 281 

important for R. solanacearum infection. 282 

 283 

Our findings reveal a pathogenic strategy to hijack plant metabolism for the 284 

biosynthesis of nutrients to support the dramatic microbial growth that takes place 285 

during plant colonization by R. solanacearum. Considering the contribution of RipI, 286 

GabT, and plant GABA to R. solanacearum infection, this process seems to play an 287 
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important role in the development of bacterial wilt disease. As a consequence, GADs 288 

emerge as plant susceptibility factors during R. solanacearum infection, paving the 289 

way for the development of strategies to generate resistance against bacterial 290 

diseases. 291 

  292 
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Figure legends 320 

 321 

Figure 1. RipI contributes to virulence in Ralstonia solanacearum. 322 

(A and B) Soil drenching inoculation assays in Arabidopsis using R. solanacearum 323 

GMI1000, a ripI mutant (ΔripI), and a RipI complementation strain (ΔripI/ripI). n=15 324 

plants per genotype. In (A) the results are represented as disease progression, 325 

showing the average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (B) 326 

Survival analysis of the data in (A); the disease scoring was transformed into binary 327 

data with the following criteria: a disease index lower than 2 was defined as ‘0’, while 328 

a disease index equal or higher than 2 was defined as ‘1’ for each specific time point. 329 

Statistical analysis was performed using a Log-rank (Mantel-Cox) test, and the 330 

corresponding p value is shown in the graph with the same colour as each curve. This 331 

experiment was repeated 3 times, and composite data representations are shown in 332 

Figure S1C and S1D. (C) Growth of R. solanacearum GMI1000 WT, ΔripI, and 333 

ΔripI/ripI in tomato stem. Five μL of bacterial suspension (106cfu mL-1) were injected 334 

into the stem of 4-week-old tomato plants and xylem sap was extracted from each 335 

infected plant for bacterial quantification at 2 or 3 dpi (mean ± SEM, n=6 plants per 336 

strain). Asterisks indicate significant differences with the GMI1000 strain (* p<0.05, *** 337 

p<0.001, t-test). This experiment was performed 3 times with similar results. 338 

 339 

Figure 2. RipI associates with plant calmodulins (CaMs) and glutamate 340 

decarboxylases (GADs). 341 

(A) RipI-GFP and GFP (as control) were transiently expressed in N. benthamiana 342 

using A. tumefaciens and CaM pull-down was performed using a CaM affinity resin. 343 

Immunoblots were analyzed with anti-GFP. (B) Co-immunoprecipitation assays to 344 

determine interactions between RipI and GADs from N. benthamiana, tomato, and 345 

Arabidopsis. A. tumefaciens containing constructs to express 35S:GADs-GFP and 346 

untagged XVE:RipI was inoculated in N. benthamiana leaves and RipI expression 347 

was induced by treatment with 100 μM estradiol 42 hours after infiltration of A. 348 

tumefaciens. Protein samples were taken 6 hours after estradiol treatment. 349 
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Immunoblots were analyzed with anti-GFP and anti-RipI antibodies. (C) Interaction 350 

between RipI-GFP and GADs-RFP determined by FRET-FLIM upon transient 351 

co-expression in N. benthamiana leaves. Free RFP was used as a negative control. 352 

The accumulation of the independent fluorescent proteins is shown in Figure S4C. 353 

Lines represent average values (n=6) and error bars represent standard error. 354 

Asterisks indicate significant differences with the RFP control (** p<0.01, *** p<0.001, 355 

t-test). In western blot assays, protein marker sizes are provided for reference. These 356 

experiments were performed 3 times with similar results.  357 

 358 

Figure 3. RipI enhances GABA accumulation in plant cells through promoting 359 

CaM binding to GADs. 360 

(A) GFP and RipI-GFP were transiently expressed in N. benthamiana using A. 361 

tumefaciens and GABA content was measured by LC-MS 2 days post-inoculation. 362 

The overexpression of AtGAD4 was used as positive control to enhance GABA 363 

accumulation, and INF1-GFP was used as control protein to induce 364 

immunity-associated cell death. (B) CaM affinity pull-down using 12-day-old 365 

Arabidopsis transgenic seedlings expressing XVE:RipI. RipI expression was induced 366 

with 100 μM estradiol 24 hours before collecting protein samples. Immunoblots were 367 

analyzed with anti-RipI and anti-GAD antibodies (see Figure S5). Protein marker 368 

sizes are provided for reference. CBB: Coomassie brilliant blue staining for loading 369 

control. (C) Quantification of CaM-binding GAD protein in (B), relative to Col-0, from 370 

three independent experiments. Lines represent average values (n=3) and error bars 371 

represent standard error. (D) GABA content in N. benthamiana plants expressing 372 

GFP and RipI-GFP upon VIGS using pTRV2:EV (empty vector control) and 373 

pTVR2:NbCaM2. VIGS efficiency and protein accumulation are shown in the Fig. S5L 374 

and S5M. In (A) and (D), bars represent average values (n=3) and error bars 375 

represent standard error. Asterisks indicate significant differences with the GFP 376 

control in (A) and with the pTRV2:EV in (D) (* p<0.05, *** p<0.001, t-test). These 377 

experiments were performed 3 times with similar results. 378 

 379 
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Figure 4. R. solanacearum can use GABA as a nutrient. 380 

(A) Growth of R. solanacearum GMI1000 in minimal medium (MM) with the addition of 381 

5 mM GABA (or water as mock control) as sole nutrient, measured by determining 382 

optical density at 600nm. Data points represent average values (n=3) and error bars 383 

represent standard error. Error bars are not visible if they are smaller than the data 384 

symbol. (B) Bacterial quantification from (A), 48 hours post-inoculation. Bars 385 

represent average values (n=3) and error bars represent standard error. Asterisks 386 

indicate significant differences with the mock control (*** p<0.001, t-test). These 387 

experiments were performed 3 times with similar results. 388 

 389 

Figure 5. Plant GABA contributes to R. solanacearum infection. 390 

(A and B) Soil drenching inoculation assays in Arabidopsis Col-0 or the gad1/2 391 

mutant using R. solanacearum GMI1000 (n=15 plants per genotype). In (A) the 392 

results are represented as disease progression, showing the average wilting 393 

symptoms in a scale from 0 to 4 (mean ± SEM). (B) Survival analysis of the data in 394 

(A); the disease scoring was transformed into binary data with the following criteria: a 395 

disease index lower than 2 was defined as ‘0’, while a disease index equal or higher 396 

than 2 was defined as ‘1’ for each specific time point. Statistical analysis was 397 

performed using a Log-rank (Mantel-Cox) test, and the corresponding p value is 398 

shown in the graph with the same colour as each curve. This experiment was 399 

repeated 3 times, and composite data representations are shown in Figure S6F and 400 

S6G. (C) Leaves of four-to-five-week-old Arabidopsis Col-0, gad1/2, siz1-2, and 401 

NahG plants were syringe-infiltrated with a bacterial inoculum containing 105 cfu mL-1 402 

Pto DC3000. Four inoculated leaf discs were taken as one sample 3 dpi (mean ± 403 

SEM, n=6 plants per genotype, * p<0.05, ** p<0.01, t-test). In this experiment, siz1-2 404 

mutant and NahG transgenic line were used as controls to demonstrate that the assay 405 

is able to detect enhanced resistance and susceptibility (respectively) to Pto DC3000. 406 

(D and E) Soil drenching inoculation assays in tomato plants with roots containing an 407 

empty vector (EV) or an RNAi construct to silence SlGAD2. In (D) the results are 408 

represented as disease progression, showing the average wilting symptoms in a 409 
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scale from 0 to 4 (mean ± SEM). (E) Survival analysis of the data in (D). This 410 

experiment was repeated 3 times, and composite data representations are shown in 411 

Figure S6K and S6L. (F) Wilting symptoms of infected plants in (D). Photos were 412 

taken 5 days post-inoculation. (G and H) Soil drenching inoculation assays in 413 

Arabidopsis Col-0 or the gad1/2 mutant using R. solanacearum ΔripI (n=15 plants per 414 

genotype). In (G) the results are represented as disease progression, showing the 415 

average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (H) Survival analysis 416 

of the data in (G). This experiment was repeated 3 times, and composite data 417 

representations are shown in Figure S6M and S6N. 418 

 419 

Figure 6. The R. solanacearum GABA transaminase GabT contributes to the 420 

infection. 421 

(A) Growth of R. solanacearum GMI1000 and a ΔgabT mutant strain in minimal 422 

medium (MM) with the addition of 5 mM GABA (or water as mock control) as sole 423 

nutrient, measured by determining optical density at 600nm. Data points represent 424 

average values (n=3) and error bars represent standard error. Error bars are not 425 

visible if they are smaller than the data symbol. (B and C) Soil drenching inoculation 426 

assays in Arabidopsis using R. solanacearum GMI1000, and a ΔgabT mutant strain 427 

(n=15 plants per genotype). In (B) the results are represented as disease 428 

progression, showing the average wilting symptoms in a scale from 0 to 4 (mean ± 429 

SEM). (C) Survival analysis of the data in (B); the disease scoring was transformed 430 

into binary data with the following criteria: a disease index lower than 2 was defined 431 

as ‘0’, while a disease index equal or higher than 2 was defined as ‘1’ for each specific 432 

time point. Statistical analysis was performed using a Log-rank (Mantel-Cox) test, and 433 

the corresponding p value is shown in the graph with the same colour as each curve. 434 

This experiment was repeated 3 times, and composite data representations are 435 

shown in Figure S6P and S6Q. (D) Growth of R. solanacearum GMI1000 WT and 436 

ΔgabT in tomato stem. 5 μL of bacterial suspension (106 cfu mL-1) were injected into 437 

the stem of 4-week-old tomato plants and xylem sap was extracted from each infected 438 

plant for bacterial quantification at 2 or 3 dpi. Lines represent average values (n=6 439 
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plants per genotype) and error bars represent standard error. These experiments 440 

were performed 3 times with similar results. (E and F) Soil drenching inoculation 441 

assays in Arabidopsis Col-0 or the gad1/2 mutant using R. solanacearum ΔgabT 442 

(n=15 plants per genotype). In (E) the results are represented as disease progression, 443 

showing the average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (F) 444 

Survival analysis of the data in (E). This experiment was repeated 4 times, and 445 

composite data representations are shown in Figure S6R and S6S. In (A) and (D), 446 

asterisks indicate significant differences with the GMI1000 strain (* p<0.05, *** 447 

p<0.001, t-test). 448 

 449 

 450 

Figure S1. Characterization of R. solanacearum mutant and complementation 451 

strains.  452 

(A and B) Characterization of the ΔripI mutant and complementation strain. (A) 453 

Determination of the presence of ripI by PCR using a pair of PCR primers that amplify 454 

the full-length ripI gene or the substitute gentamycin (Gm) resistance cassette, 455 

including 500 bp flanking regions. The diagram shows the hybridization sites of the 456 

primers used, as well as the fragment sizes. (B) Bacterial growth in nutrient-rich 457 

medium was not significantly different among the different strains. GMI1000 WT, ΔripI, 458 

and the complementation strain (ΔripI/ripI) were inoculated into rich BG liquid medium 459 

with initial OD600=0.005 and the bacterial growth was monitored at the indicated time 460 

points measuring OD600 (mean ± SEM, n=3). (C and D) RipI contributes to R. 461 

solanacearum infection in Arabidopsis. Composite data from 3 independent biological 462 

repeats (a representative assay is shown in Figure 1A and 1B). All values were 463 

pooled together and represented as disease index (C) or percent survival (D). 464 

Disease index values represent mean ± SEM (n=45). (E and F) Soil-drenching 465 

inoculation assay in tomato was performed with GMI1000 WT, ΔripI mutant, and RipI 466 

complementation strains. n=12 plants per genotype. In (E) the results are represented 467 

as disease progression, showing the average wilting symptoms in a scale from 0 to 4 468 

(mean ± SEM). (F) Survival analysis of the data in (E). This experiment was repeated 469 
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3 times. (G and H) Composite data from 3 independent biological repeats of the 470 

assays shown in (E) and (F). All values were pooled together and represented as 471 

disease index (G) or percent survival (H). Disease index values represent mean ± 472 

SEM (n=36). For all the survival analyses, the disease scoring was transformed into 473 

binary data with the following criteria: a disease index lower than 2 was defined as ‘0’, 474 

while a disease index equal or higher than 2 was defined as ‘1’ for each specific time 475 

point. Statistical analysis was performed using a Log-rank (Mantel-Cox) test, and the 476 

corresponding p value is shown in the graph with the same colour as each curve. (I 477 

and J) Characterization of the ΔgabT mutant. In R. solanacearum, gabT is a single 478 

copy gene. (I) Determination of the presence of gentamycin (Gm) by PCR using a pair 479 

of PCR primers that amplify a gabT promoter fragment or the substitute gentamycin 480 

(Gm) resistance cassette. The diagram shows the hybridization sites of the primers 481 

used, as well as the fragment sizes.. (e) Bacterial growth in nutrient-rich medium was 482 

not significantly different among the different strains. GMI1000 WT and ΔgabT were 483 

inoculated into rich BG liquid medium with initial OD600=0.005 and the bacterial growth 484 

was monitored at the indicated time points measuring OD600 (mean ± SEM, n=3). 485 

 486 

Figure S2. Identification of RipI interactors. 487 

(A) RipI-GFP interactors identified by immunoprecipitation and LC-MS/MS. The same 488 

experiment was performed using free GFP as control. This experiment was performed 489 

twice. Only proteins present in both repeats and absent in the GFP control were 490 

considered. The table includes the identified proteins, the sequence of the detected 491 

peptides, and their respective Mascot ion scores. Only peptides with a Mascot ion 492 

score >30 were considered. (B) RipI interactors identified by Y2H screening using the 493 

ripI-encoding fragment (RipI 27-430aa) from GMI1000 as bait. The table includes the 494 

gene/protein identifier and the length of the identified fragments. (C) Simplified 495 

diagram of the involvement of GADs in GABA biosynthesis, including the chemical 496 

structures of the reaction substrate and product. (D) Phylogenetic analysis of GADs 497 

from Arabidopsis, N. benthamiana, and tomato, showing protein names and 498 

gene/protein identifiers. The protein sequences were obtained from TAIR and 499 
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Solgenomics. The phylogenetic tree was generated using the MEGA6 software using 500 

the maximum likelihood method. 501 

 502 

Figure S3. Transient expression of RipI inhibits the simultaneous expression of 503 

other genes using A. tumefaciens. 504 

(A) When trying to perform targeted co-immunoprecipitation to validate the interaction 505 

between RipI and GADs transiently expressed in N. benthamiana, we noticed that 506 

RipI expression inhibited the simultaneous A. tumefaciens-mediated expression of 507 

other genes. The gene encoding the beta-glucuronidase (GUS) was used as 508 

heterologous gene to analyse transient expression in N. benthamiana using A. 509 

tumefaciens. GUS-FLAG was co-expressed with GFP (control), RipI-GFP, and 510 

AtGAD4-GFP (as control protein that enhances GABA accumulation). Western blot 511 

using anti-FLAG antibodies shows that co-expression with AtGAD4 compromises the 512 

accumulation of GUS-FLAG 1 day post-inoculation (dpi), while the accumulation can 513 

be detected to levels similar to the control sample 2 dpi. On the contrary, 514 

co-expression with RipI abolished GUS-FLAG accumulation in both time points 515 

(marked by red asterisks). Similar results were obtained when co-expressing other 516 

genes with RipI in more than three independent experiments. (B) RipI expression 517 

does not affect the expression of endogenous genes. Given the results shown in (A), 518 

to determine if RipI has an effect on genes expressed from the 35S promoter, 519 

RipI-FLAG (or GUS-FLAG as control) was expressed in N. benthamiana 16C plants, 520 

which constitutively express 35S:GFP (Ruiz, et al., 1998). At the time point tested (2 521 

dpi), and using the same conditions as in (A), RipI did not cause a reduction in the 522 

accumulation of GFP, indicating that RipI does not affect constitutive expression 523 

driven by the 35S promoter. (C) RipI inhibits A. tumefaciens-mediated gene 524 

expression. RNA was extracted from the samples in (A) and qPCR was performed to 525 

determine the expression of the GUS gene. The NbEF1a gene was used to normalize 526 

gene expression values. CBB: Coomassie brilliant blue staining for loading control. 527 

 528 

Figure S4. RipI interacts with plant GADs.  529 
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(A) Expression of RipI from an estradiol-inducible promoter. GFP and RipI were 530 

expressed under the control of an estradiol-inducible promoter (pXVE) in N. 531 

benthamiana leaves using A. tumefaciens. 100 μM estradiol was infiltrated into leaf 532 

tissues 42 hours after infiltration with A. tumefaciens, and samples were taken 0, 2, 4, 533 

and 6 hours after estradiol infiltration. Proteins were extracted and analyzed by 534 

western blot using anti-RipI and anti-GFP antibodies. CBB: Coomassie brilliant blue 535 

staining for loading control. (B) RipI-MBP associates in vitro with AtGAD4-GFP 536 

purified from plant cells. GFP and AtGAD4-GFP were expressed in N. benthamiana 537 

leaves using A. tumefaciens. Proteins were purified by GFP immunoprecipitation and 538 

incubated with RipI fused to a maltose-binding protein tag (MBP; or MBP-MBP, as 539 

control) produced and purified from E. coli. After subsequent washes, GFP bound 540 

proteins were analyzed by western blot using anti-GFP and anti-MBP antibodies. CBB: 541 

Coomassie brilliant blue. (C) Accumulation of the fluorescent proteins in the 542 

FRET-FLIM assays shown in the Figure 2C, observed using confocal microscopy. All 543 

the images were recorded using the same microscope settings. 544 

 545 

Figure S5. RipI enhances GABA accumulation. 546 

(A) RipI accumulation was analyzed by western blot using an anti-RipI antibody. 547 

Arabidopsis Col-0 and two independent transgenic lines expressing RipI from an 548 

estradiol-inducible promoter were germinated and grown for 8 days on 1/2 MS plates 549 

with or without 10 μM estradiol. (B) GABA accumulation was measured in 8 day-old 550 

Col-0 WT and RipI#1 seedlings by LC-MS. Three seedlings were used for each 551 

measurement (mean ± SEM, n=3, *** p<0.001, t-test). (C) GFP, RipI-GFP, or 552 

AtGAD4-GFP were transiently expressed in N. benthamiana using A. tumefaciens 553 

and glutamate content was measured by LC-MS 2 days post-inoculation (mean ± 554 

SEM, n=3, ** p<0.01, t-test). (D and E) Transient expression of RipI-GFP in N. 555 

benthamiana (D) or tomato (E) leaves using A. tumefaciens leads to the development 556 

of tissue necrosis (dpi, days post-inoculation). (F and G) Ion leakage measured in leaf 557 

discs taken from N. benthamiana (F) or tomato (G) tissues expressing RipI-GFP or 558 

GFP (as control), representative of cell death, at the indicated time points. Values 559 
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indicate mean ± SEM (n=3 biological replicates, *** p<0.001, **** p<0.0001, t-test). (H) 560 

Phenotypic analysis of Col-0 WT and RipI-expressing seedlings in (A). (I and J) 561 

Transient expression of AtGAD4-GFP in N. benthamiana leaves using A. tumefaciens 562 

does not lead to the development of tissue necrosis (I) (dpi, days post-inoculation) or 563 

ion leakage (J). Values indicate mean ± SEM (n=3 biological replicates, **** p<0.0001, 564 

t-test). (K) Characterization of the custom anti-GAD antibody. Total proteins were 565 

extracted from 10-day-old Col-0, gad1, gad2, and gad1/2 double mutant seedlings 566 

growing on 1/2 MS plates, and subjected to western blot analysis using the custom 567 

anti-GAD antibody. The two bands observed in Col-0 samples represent endogenous 568 

GAD proteins. The result observed in the gad1/2 double mutant indicates that these 569 

bands correspond mostly to GAD1 (approximately 57 kDa) and GAD2 (approximately 570 

56 kDa). Results in single mutant samples indicate that the higher band indeed 571 

corresponds to GAD1, while the lower band includes GAD2 and likely other GAD 572 

proteins. (L and M) Gene silencing of NbCaM2 by VIGS in N. benthamiana, 573 

corresponding to the experiment shown in Figure 3D. (L) Gene silencing efficiency 574 

was verified by qRT-PCR in plants expressing the pTRV2:EV and pTVR2:NbCaM2 575 

VIGS constructs. RNA was extracted from samples in Figure 3D and qRT-PCR was 576 

performed to determine the expression of the NbCAM2 gene. The NbEF1a gene was 577 

used to normalize gene expression values (n=3, mean ± SEM). (M) Protein 578 

accumulation of GFP (as control) and RipI-GFP in plants expressing the pTRV2:EV 579 

and pTVR2:NbCaM2 VIGS constructs. Total proteins from the leaf samples were 580 

extracted using protein extraction buffer and subjected to SDS-PAGE. Immunoblots 581 

were analyzed with anti-GFP antibody. CBB: Coomassie brilliant blue staining for 582 

loading control. 583 

 584 

Figure S6. Ralstonia can use GABA as a nutrient during infection.  585 

(A-D) GABA promotes R. solanacearum replication in diluted rich medium and tomato 586 

xylem sap. (A) Growth of R. solanacearum GMI1000 in diluted rich medium. R. 587 

solanacearum was inoculated in 10% complete BG liquid medium with or without 5 588 

mM GABA, with initial OD600=0.005, and bacterial proliferation was monitored at the 589 
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indicated time points measuring OD600 (mean ± SEM, n=3, *** p<0.001, t-test). (B) 590 

Bacterial quantification 24 hpi in the samples used in (a) (mean ± SEM, n=3, *** 591 

p<0.01, t-test). (C) Growth of R. solanacearum GMI1000 in diluted tomato xylem sap 592 

(50% tomato xylem sap). R. solanacearum was inoculated in 50% tomato xylem sap 593 

with or without 5 mM GABA, with initial OD600=0.005 and bacterial proliferation was 594 

monitored at the indicated time points measuring OD600 (mean ± SEM, n=3, *** 595 

p<0.001, t-test). (D) Bacterial quantification 48 hpi in the samples used in (C) (mean ± 596 

SEM, n=3, *** p<0.001, t-test). (E) GABA accumulation was measured in Arabidopsis 597 

Col-0 or the gad1/2 mutant. Arabidopsis plants were inoculated by soil-drenching 598 

using R. solanacearum GMI1000 (water was used as mock control), and GABA was 599 

measured in the aerial part 3 days post-inoculation (mean ± SEM, n=3, * p<0.05, 600 

t-test). (F and G) gad1/2 mutant plants display enhanced resistance to R. 601 

solanacearum GMI1000. Composite data from 3 independent biological repeats (a 602 

representative assay is shown in Figure 5A and 5B). All values were pooled together 603 

and represented as disease index (F) or percent survival (G). Disease index values 604 

represent mean ± SEM (n=45). (H) gad1/2 mutant plants display enhanced resistance 605 

to R. solanacearum GMI1000. Arabidopsis plants were inoculated by soil-drenching 606 

using R. solanacearum GMI1000, and bacterial numbers were determined in the 607 

aerial part 3 days post-inoculation. Three independent biological repeats were 608 

performed (n=6 plants per replicate). Values from all the replicates are represented in 609 

this graph; values with the same colour correspond to the same repeat. Horizontal 610 

bars represent average values from all the repeats. “Zero” values represent samples 611 

where CFU were not detected upon a 1:100 dilution. (I and J) RNAi-mediated 612 

silencing of SlGAD2. (I) Expression profile of GAD genes in tomato. The GAD gene 613 

family contains five members in tomato (Figure S2D). Expression data was retrieved 614 

from the tomato eFP Browser 615 

(http://bar.utoronto.ca/efp2/Tomato/Tomato_eFPBrowser2.html). Among SlGAD 616 

genes, SlGAD2 shows the highest expression in both root and shoot, and was chosen 617 

as target for our tomato root RNAi approach. (J) RT-PCR analysis to determine the 618 

expression of SlGAD2 in shoot or root tissue of tomato plants with roots transformed 619 

http://bar.utoronto.ca/efp2/Tomato/Tomato_eFPBrowser2.html
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with an empty vector (EV) or an RNAi construct to silence SlGAD2 (SlGAD2 RNAi). 620 

The tested tissues correspond to the experiment shown in Figure 5. The expression of 621 

SlEF1a is shown as loading reference. (K and L) Tomato plants with reduced 622 

expression of SlGAD2 display enhanced resistance to R. solanacearum GMI1000. 623 

Composite data from 3 independent biological repeats (a representative assay is 624 

shown in Figure 5D and 5E). All values were pooled together and represented as 625 

disease index (K) or percent survival (L). Disease index values represent mean ± 626 

SEM (n=27). (M and N) gad1/2 mutant plants inoculated with R. solanacearum ΔripI. 627 

Composite data from 3 independent biological repeats (a representative assay is 628 

shown in Figure 5G and 5H). All values were pooled together and represented as 629 

disease index (M) or percent survival (N). Disease index values represent mean ± 630 

SEM (n=45). (O) GABA accumulation was measured in Arabidopsis Col-0 plants 631 

inoculated by soil-drenching using R. solanacearum GMI1000 or a ΔripI mutant (water 632 

was used as mock control). GABA was measured in the aerial part 3 days 633 

post-inoculation (mean ± SEM, n=3, * p<0.05, t-test). Three independent biological 634 

repeats were performed (n=3 plants per strain per replicate). Values from all the 635 

replicates are represented in this graph; values with the same colour correspond to 636 

the same repeat. Horizontal bars represent the average values from all the repeats 637 

(p-values are shown in the graph, t-test). (P and R) GabT contributes to R. 638 

solanacearum infection in Arabidopsis. Composite data from 3 independent biological 639 

repeats (a representative assay is shown in Figure 6B and 6C). All values were 640 

pooled together and represented as disease index (P) or percent survival (Q). 641 

Disease index values represent mean ± SEM (n=45). (S and T) gad1/2 mutant plants 642 

inoculated with R. solanacearum ΔgabT. Composite data from 4 independent 643 

biological repeats (a representative assay is shown in Figure 6E and 6F). All values 644 

were pooled together and represented as disease index (R) or percent survival (S). 645 

Disease index values represent mean ± SEM (n=60). For all the survival analyses, the 646 

disease scoring was transformed into binary data with the following criteria: a disease 647 

index lower than 2 was defined as ‘0’, while a disease index equal or higher than 2 648 

was defined as ‘1’ for each specific time point. Statistical analysis was performed 649 
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using a Log-rank (Mantel-Cox) test, and the corresponding p value is shown in the 650 

graph with the same colour as each curve. 651 

 652 

Figure S7. Summary of expression changes in plant GAD genes during 653 

Ralstonia infection from published transcriptomics data. 654 

Expression data of plant GAD genes was retrieved from the indicated publications 655 

and summarized in this table. In all the reported cases (Hu et al., 2008) (Chen et al., 656 

2014) (Zuluaga et al., 2015) (Wang et al., 2019), the expression of GAD genes is 657 

up-regulated in compatible interactions (pathogenic strain infecting a susceptible plant) 658 

when compared to their expression in incompatible interactions (bacteria inoculated in 659 

a resistant plant), suggesting a positive correlation between the success of the 660 

infection process and the expression of GAD genes. 661 

 662 

  663 
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Figure 1

C

Figure 1. RipI contributes to virulence in Ralstonia solanacearum.
(A and B) Soil drenching inoculation assays in Arabidopsis using R. solanacearum GMI1000, a ripI mutant
(ΔripI), and a RipI complementation strain (ΔripI/ripI). n=15 plants per genotype. In (A) the results are represented
as disease progression, showing the average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (B) Survival
analysis of the data in (A); the disease scoring was transformed into binary data with the following criteria: a
disease index lower than 2 was defined as ‘0’, while a disease index equal or higher than 2 was defined as ‘1’ for
each specific time point. Statistical analysis was performed using a Log-rank (Mantel-Cox) test, and the
corresponding p value is shown in the graph with the same colour as each curve. This experiment was repeated
3 times, and composite data representations are shown in Figure S1C and S1D. (C) Growth of R. solanacearum
GMI1000 WT, ΔripI, and ΔripI/ripI in tomato stem. Five μL of bacterial suspension (106cfu mL-1) were injected into
the stem of 4-week-old tomato plants and xylem sap was extracted from each infected plant for bacterial
quantification at 2 or 3 dpi (mean ± SEM, n=6 plants per strain). Asterisks indicate significant differences with the
GMI1000 strain (* p<0.05, *** p<0.001, t-test). This experiment was performed 3 times with similar results.
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Figure 2. RipI associates with plant calmodulins
(CaMs) and glutamate decarboxylases (GADs).
(A) RipI-GFP and GFP (as control) were transiently
expressed in N. benthamiana using A. tumefaciens
and CaM pull-down was performed using a CaM
affinity resin. Immunoblots were analyzed with anti-
GFP. (B) Co-immunoprecipitation assays to
determine interactions between RipI and GADs
from N. benthamiana, tomato, and Arabidopsis. A.
tumefaciens containing constructs to express
35S:GADs-GFP and untagged XVE:RipI was
inoculated in N. benthamiana leaves and RipI
expression was induced by treatment with 100 μM
estradiol 42 hours after infiltration of A. tumefaciens.
Protein samples were taken 6 hours after estradiol
treatment. Immunoblots were analyzed with anti-
GFP and anti-RipI antibodies. (C) Interaction
between RipI-GFP and GADs-RFP determined by
FRET-FLIM upon transient co-expression in N.
benthamiana leaves. Free RFP was used as a
negative control. The accumulation of the
independent fluorescent proteins is shown in Figure
S4C. Lines represent average values (n=6) and
error bars represent standard error. Asterisks
indicate significant differences with the RFP control
(** p<0.01, *** p<0.001, t-test). In western blot
assays, protein marker sizes are provided for
reference. These experiments were performed 3
times with similar results.
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Figure 3
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Figure 3. RipI enhances GABA accumulation in plant cells through promoting CaM binding to
GADs.
(A) GFP and RipI-GFP were transiently expressed in N. benthamiana using A. tumefaciens and GABA
content was measured by LC-MS 2 days post-inoculation. The overexpression of AtGAD4 was used as
positive control to enhance GABA accumulation, and INF1-GFP was used as control protein to induce
immunity-associated cell death. (B) CaM affinity pull-down using 12-day-old Arabidopsis transgenic
seedlings expressing XVE:RipI. RipI expression was induced with 100 μM estradiol 24 hours before
collecting protein samples. Immunoblots were analyzed with anti-RipI and anti-GAD antibodies (see Figure
S5). Protein marker sizes are provided for reference. CBB: Coomassie brilliant blue staining for loading
control. (C) Quantification of CaM-binding GAD protein in (B), relative to Col-0, from three independent
experiments. Lines represent average values (n=3) and error bars represent standard error. (D) GABA
content in N. benthamiana plants expressing GFP and RipI-GFP upon VIGS using pTRV2:EV (empty vector
control) and pTVR2:NbCaM2. VIGS efficiency and protein accumulation are shown in the Fig. S5L and
S5M. In (A) and (D), bars represent average values (n=3) and error bars represent standard error. Asterisks
indicate significant differences with the GFP control in (A) and with the pTRV2:EV in (D) (* p<0.05, ***
p<0.001, t-test). These experiments were performed 3 times with similar results.
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Figure 4
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Figure 4. R. solanacearum can use GABA as a nutrient.
(A) Growth of R. solanacearum GMI1000 in minimal medium (MM) with the addition of 5 mM GABA
(or water as mock control) as sole nutrient, measured by determining optical density at 600nm. Data
points represent average values (n=3) and error bars represent standard error. Error bars are not
visible if they are smaller than the data symbol. (B) Bacterial quantification from (A), 48 hours post-
inoculation. Bars represent average values (n=3) and error bars represent standard error. Asterisks
indicate significant differences with the mock control (*** p<0.001, t-test). These experiments were
performed 3 times with similar results.
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Figure 5
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Figure 5. Plant GABA contributes to R. solanacearum infection.
(A and B) Soil drenching inoculation assays in Arabidopsis Col-0 or the gad1/2 mutant using R.
solanacearum GMI1000 (n=15 plants per genotype). In (A) the results are represented as disease
progression, showing the average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (B) Survival
analysis of the data in (A); the disease scoring was transformed into binary data with the following criteria: a
disease index lower than 2 was defined as ‘0’, while a disease index equal or higher than 2 was defined as ‘1’
for each specific time point. Statistical analysis was performed using a Log-rank (Mantel-Cox) test, and the
corresponding p value is shown in the graph with the same colour as each curve. This experiment was
repeated 3 times, and composite data representations are shown in Figure S6F and S6G. (C) Leaves of four-
to-five-week-old Arabidopsis Col-0, gad1/2, siz1-2, and NahG plants were syringe-infiltrated with a bacterial
inoculum containing 105 cfu mL-1 Pto DC3000. Four inoculated leaf discs were taken as one sample 3 dpi
(mean ± SEM, n=6 plants per genotype, * p<0.05, ** p<0.01, t-test). In this experiment, siz1-2 mutant and
NahG transgenic line were used as controls to demonstrate that the assay is able to detect enhanced
resistance and susceptibility (respectively) to Pto DC3000. (D and E) Soil drenching inoculation assays in
tomato plants with roots containing an empty vector (EV) or an RNAi construct to silence SlGAD2. In (D) the
results are represented as disease progression, showing the average wilting symptoms in a scale from 0 to 4
(mean ± SEM). (E) Survival analysis of the data in (D). This experiment was repeated 3 times, and
composite data representations are shown in Figure S6K and S6L. (F) Wilting symptoms of infected plants in
(D). Photos were taken 5 days post-inoculation. (G and H) Soil drenching inoculation assays in Arabidopsis
Col-0 or the gad1/2 mutant using R. solanacearum ΔripI (n=15 plants per genotype). In (G) the results are
represented as disease progression, showing the average wilting symptoms in a scale from 0 to 4 (mean ±
SEM). (H) Survival analysis of the data in (G). This experiment was repeated 3 times, and composite data
representations are shown in Figure S6M and S6N.
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Figure 6

Figure 6. The R. solanacearum GABA transaminase GabT contributes to the infection.
(A) Growth of R. solanacearum GMI1000 and a ΔgabT mutant strain in minimal medium (MM) with
the addition of 5 mM GABA (or water as mock control) as sole nutrient, measured by determining
optical density at 600nm. Data points represent average values (n=3) and error bars represent
standard error. Error bars are not visible if they are smaller than the data symbol. (B and C) Soil
drenching inoculation assays in Arabidopsis using R. solanacearum GMI1000, and a ΔgabT mutant
strain (n=15 plants per genotype). In (B) the results are represented as disease progression,
showing the average wilting symptoms in a scale from 0 to 4 (mean ± SEM). (C) Survival analysis of
the data in (B); the disease scoring was transformed into binary data with the following criteria: a
disease index lower than 2 was defined as ‘0’, while a disease index equal or higher than 2 was
defined as ‘1’ for each specific time point. Statistical analysis was performed using a Log-rank
(Mantel-Cox) test, and the corresponding p value is shown in the graph with the same colour as each
curve. This experiment was repeated 3 times, and composite data representations are shown in
Figure S6P and S6Q. (D) Growth of R. solanacearum GMI1000 WT and ΔgabT in tomato stem. 5 μL
of bacterial suspension (106 cfu mL-1) were injected into the stem of 4-week-old tomato plants and
xylem sap was extracted from each infected plant for bacterial quantification at 2 or 3 dpi. Lines
represent average values (n=6 plants per genotype) and error bars represent standard error. These
experiments were performed 3 times with similar results. (E and F) Soil drenching inoculation assays
in Arabidopsis Col-0 or the gad1/2 mutant using R. solanacearum ΔgabT (n=15 plants per genotype).
In (E) the results are represented as disease progression, showing the average wilting symptoms in
a scale from 0 to 4 (mean ± SEM). (F) Survival analysis of the data in (E). This experiment was
repeated 4 times, and composite data representations are shown in Figure S6R and S6S. In (A) and
(D), asterisks indicate significant differences with the GMI1000 strain (* p<0.05, *** p<0.001, t-test).
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