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Abstract

:

Higher plants suffer from mild heat stress when temperatures increase by 5 °C above optimum growth temperatures. This produces changes at the cellular and metabolic levels, allowing plants to adapt to heat conditions. This study investigated an increase of 5 °C above the optimum growth temperature (26 °C) of tomato plants in the tomato—Pseudomonas syringae pv. tomato pathosystem. A temperature increase above 26 °C affects plant development, the defensive pathways activated against Pseudomonas syringae pv. tomato strain DC3000 (PstDC3000), and the bacterial growth and virulence machinery. The results demonstrated that tomato plants were able to acclimate to mild heat stress, showing no symptoms of damage. Moreover, plants subjected to a 5 °C increase (T31 °C plants) showed higher basal levels of metabolites such as proline and putrescine, which probably act as compatible osmolytes. This demonstrates their importance as key components of thermotolerance. When grown under mild heat stress, plants were less susceptible to PstDC3000 and showed increased accumulation of abscisic acid, jasmonic acid-isoleucine, and spermine. In addition, the temperature increase negatively affected the infectivity of PstDC3000. Inhibition of the genes responsible for quorum sensing establishment and synthesis of flagellin and coronatine was observed in bacteria extracted from T31 °C plants. Analysis of the genes involved in the synthesis of the type III secretion system indicates the important role of this system in bacterial growth under these conditions. As the known resistance mechanisms involved in the defense against PstDC3000 were not activated, the changes in its virulence mechanisms under high temperatures may explain the lower infection observed in the T31 °C plants.
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1. Introduction


Increased temperatures resulting from climate change are a significant threat to agriculture and food security [1,2]. Current models predict an increase in the average global temperature of between 2 and 5 °C over the next hundred years. Extreme weather events (including heat waves) will have devastating consequences for crop productivity [3]. Temperatures of 5 °C above optimum growth temperature are considered stressful for higher plants, and plants respond by changes at cellular and metabolic levels [4,5]. Certain organs respond to moderate temperature stress by increasing growth rates and proportionally decreasing growth duration [6]. Specific changes in plant organs enhance their ability to survive exposure to high temperatures [7]. Moreover, the activation of heat stress transcription factors and downstream heat shock proteins are key factors in enhanced heat stress tolerance [8,9]. Temperature increases reduce the water content of plant tissues [10]. The synthesis of compounds such as soluble sugars, polyols, proline, and glycine betaine are increased during heat stress to enhance water absorption from the soil and maintain plant turgor [11,12]. In addition to acting as compatible osmolytes, these compounds actively participate in the response to temperature stress by increasing protein stability, stabilizing the structure of the membrane bilayer, acting as buffers of redox potential, and preventing oxidative damage [13,14,15]. The biochemical and physiological responses of plants to abiotic stress related to climate change, such as increased temperature, are well documented. However, little is known about how these environmental factors affect plant–pathogen interactions. A susceptible plant host, a virulent pathogen and the appropriate environmental conditions are required for a disease to occur. This is known as the “disease triangle” in plant pathology [16]. Although plants do not have an advanced immune system like animals, they employ sophisticated strategies to counteract colonization by microbial pathogens [17,18]. Hormonal responses are key components in plant immunity. Salicylic acid (SA) is part of the defense response against biotrophic pathogens. Jasmonic acid (JA) participates in defense responses against necrotrophs and insects [19,20,21]. In addition to traditional defensive responses, plant immunity to microbial pathogens is regulated by distinct pathways related to nitrogen compounds such as amino acids and polyamines (PAs), among others [22,23]. Environmental factors can alter defensive responses. These responses include pattern-triggered immunity, effector-triggered immunity, RNA interference, and defense hormone networks. Recent studies have reported on the impact of these responses on the progression of some diseases [24]. Similarly, environmental factors can alter the incidence of disease by directly affecting the virulence factors of pathogens. Deepening of knowledge on how specific environmental factors interfere at both plant and pathogen level would allow for the elaboration of solid strategies to develop crops capable of adapting and surviving increasingly unpredictable climatic conditions. Pseudomonas syringae pv. tomato DC3000 (PstDC3000) is a significant pathogen because it infects economically important crops such as tomatoes and bell peppers. It is also considered a suitable organism for studies of plant–pathogen interactions [25,26]. The life cycle of PstDC3000 consists of two stages, namely, an epiphytic stage on the leaf surface followed by an endophytic phase in the leaf apoplast, where it survives as a pathogen [27]. The bacterium uses flagellum-mediated motility, both as a means to explore leaf surfaces during the epiphytic phase, as well as to enter the leaf apoplast via natural openings, such as stomata or wounds, during the pathogenic phase. PstDC3000 also uses a cell density-dependent regulation system known as quorum sensing (QS), which plays a significant role in both stages of its life cycle. The psyI gene is responsible for the biosynthesis of N-acyl homoserine lactones, which function as QS signals [28]. In addition, PstDC3000 uses two important virulence mechanisms to cause disease, namely, phytotoxin coronatine (COR) and the type III secretion system (T3SS). COR is a toxin that promotes the opening of stomata for bacterial entry and contributes to bacterial growth in the apoplast and the induction of disease symptoms [27]. COR is synthesized from two precursor molecules—polyketide coronafacic acid (CFA) and coronamic acid (CMA; a cyclized isoleucine derivative). CFA and CMA are joined together by the coronafacate ligase (Cfl) enzyme. The T3SS is a complex structure encoded by the hypersensitive response and pathogenicity (hrp) conserved genes [29]. PstDC3000 uses T3SS to inject effector proteins directly into the host cell cytoplasm [30]. PstDC3000 can inject more than 30 effectors into plant cells [31]. Temperature is an important environmental factor that affects PstDC3000 infectivity. Although the optimal temperature for the growth of the bacterium in vitro is approximately 28 °C, there are studies that indicate that even at this temperature, virulence factors can be inhibited. However, most of these studies were carried out in vitro and did not consider that high temperatures may also affect the defensive system of the plant and the virulence of the bacteria. Contradictory results regarding the effect of high temperature on PstDC3000 virulence mechanisms in plants indicate that this aspect must be studied in greater detail [32]. Several recent studies have investigated how agronomic plants and phytopathogenic-associated organisms responded to sudden increases in temperature [24]. However, the way in which sudden temperature rise affects the overall pathosystem still requires further investigation.



In this study, we investigated the effect of an increase of 5 °C above the optimum growth temperature on the tomato–PstDC3000 pathosystem, analyzing growth and defensive pathways in the host, as well as how the growth and virulence machinery of the pathogen were affected.




2. Materials and Methods


2.1. Plant Material and Temperature Assay


Tomato seeds (Solanum lycopersicum Mill ‘Ailsa Craig’) were germinated in vermiculite in a growth chamber under the following environmental conditions: light/dark cycle of 16/8 h, temperature of 26/18 °C, light intensity of 200 µmol m−2 s−1, and a relative humidity of 60%. The seeds were irrigated twice a week with distilled water. After two weeks, the plants were separated into two groups and transferred to another culture chamber. The control plants (T26 °C) were kept at temperatures of 26 °C and 18 °C (day and night, respectively), and the plants in the test group (T31 °C) were grown for two weeks at temperatures of 31 °C and 23 °C (day and night, respectively). Seedlings of both groups were irrigated twice a week with Hoagland solution, applied at the same proportion.




2.2. Biomass and Chlorophyll Content


Four-week-old tomato plants (sample group T26 °C and T31 °C) were collected and dried in an oven for 2 d at 65 °C. Dried plant tissues were weighed, and the dry weight (DW) of 10 plants was obtained and expressed as biomass. The chlorophyll levels in the leaves of 4-week-old tomato plants were measured using a chlorophyll meter (SPAD; Minolta, Tokyo, Japan).




2.3. P. syringae Bioassay


P. syringae pv. tomato DC3000 plants were grown at 28 °C in the KB medium [33]. Rifampicin (Sigma-Aldrich) was added to the KB medium at 50 μg ml−1. Bacterial suspensions were measured in the spectrophotometer to prepare the inoculation solution consisting of 5 × 105 colony-forming units (cfu)/mL dissolved in sterile MgSO4 (10 mM) (Scharlab) containing 0.01% of the surfactant Silwet L-77 (Osi Specialties, Danbury, CT, USA). Four-week-old tomato plants were infected by dipping the third and fourth leaves into the bacterial suspension. The disease rate was measured 72 h post-inoculation (hpi) by determining the percentage of the leaf surface covered by dark brown spots. Samples were collected 48 hpi for molecular and hormonal analyses. For each treatment, at least three samples were collected for colony counting (cfu/g), and 20 samples were collected for measuring of the rate of the disease [25]. Each experiment was conducted in independent triplicates.




2.4. Chromatographic Analysis


For amino acid, polyamine, and hormone quantification, tomato leaves were collected at 48 hpi, frozen in liquid nitrogen, ground, and stored at −80 °C. For amino acid analysis, dry tissue (0.1 g) was homogenized with 800 µL of extraction solution. The extraction solution consisted of 400 µL of distilled water, 200 µL of chloroform, and 200 µL of methanol per sample. Internal standards (100 ng of Phe 13C915N and 100 ng of Thr 13C415N) were added prior to extraction [34]. Dry tissue (0.05 g) was homogenized in ultrapure water (2.5 mL) for hormonal analysis, and 100 ng mL−1 of a mixture of internal standards (d6-ABA, d4-SA and dihydrojasmonic acid) was added prior to extraction [34]. For polyamine quantification, dry tissue (0.025 g) was homogenized in 2% TCA, and a mixture of internal standards containing [13C4] putrescine and 1,7-diamineheptane was added to each sample [35]. Chromatographic specifications for amino acids, hormones, and PAs are described in each reference.




2.5. Gene Expression


Gene expression by qRT-PCR was performed on the RNA samples extracted from leaves using the Total Quick RNA Cells and Tissues kit (Omega Bio-tek, Norcross, GA, USA), according to the manufacturer’s instructions. The tomato leaf samples for RNA isolation were collected at 48 hpi. The RT reaction was performed with pure RNA, according to the manufacturer’s instructions for the Omniscript Reverse Transcriptase kit (QIAGEN, Hilden, Germany). The primers used for the qRT-PCR are listed in Table 1. EF1α gene expression level was used as an internal housekeeping control. At least three independent experiments were performed to confirm the results.



To extract bacterial RNA from infected plants, we employed the protocol described by Yu et al. [36] for extracting RNA from apoplastic PstDC3000 recovered from infected leaves. PstDC3000 grown on KB agar plates for 48 h at 26 °C or 31 °C was used for RNA isolation from bacteria cultured in vitro. Bacterial cell suspensions (1 × 105) were incubated with shaking in liquid KB medium at 26 °C or 31 °C, for 6 and 48 h before RNA extraction. RNA extraction was performed as described by Scalschi et al. [37]. Reverse transcription was performed as described by Scalschi et al. [34]. Quantitative polymerase chain reaction (PCR) was conducted using the StepOneTM Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). The primers used for the assays are listed in Table 2. The recA gene was used as the internal reference.




2.6. Bacterial Acclimation Assays


PstDC3000 was grown on KB plates at 26 °C and 31 °C and sub-cultured nine times to check the ability to adapt to high temperatures. Both bacteria grown at 26 °C and 31 °C were sub-cultured every 3 days in solid KB medium. The growth rate in the liquid KB was recorded each week. The growth assay was performed in a total volume of 200 µL microtiter wells, using an initial bacterial concentration of 1 × 105 cfu/mL. The microtiter plates were incubated with shaking at 26 °C or 31 °C for 96 h. The optical density was determined at 0, 24, 48, 72, and 96 post-inoculation in a microplate reader (MB-580, Heales). Twenty independent replicates were measured at each time point.




2.7. Bacterial Mutants Growth Assay


We tested the effect of temperature on PstDC3000 and several mutants. The mutants used were those defective in COR synthesis (Δcma-cfa), in T3SS synthesis and assembly (ΔhrpL), in pillus formation (ΔhrpA), and in effector synthesis (ΔavrPto-ΔavrPtoB). The growth assay was performed as described in bacterial acclimation assays. The microtiter plates were incubated with shaking at 26 °C or 31 °C for 24 h, and the optical density was determined at 600 nm. Twelve independent replicates were performed for each strain and temperature.




2.8. Swimming Assays


P. syringae inoculum was obtained as described above and used to analyze the effect of temperature increases on the mobility of the bacteria in vitro. Five microliters of the bacterial suspension grown either at 28 °C or 31 °C were inoculated with a sterile pipette tip on KB agar plates containing 50% KB and 0.25% agar. The plates were incubated at 26 °C or 31 °C for 96 h. The diameter of the culture was measured at 24 h and 96 h after incubation started. Five plates were used for each temperature condition.




2.9. Statistical Analysis


Statistical analysis was performed using one-way analysis of variance in the Statgraphics Centurion XVI software of Windows (Statistical Graphics Corp., Rockville, MD, USA). The means were expressed with standard errors and compared using Fisher’s least significant difference test at the 95% confidence intervals. Ten plants were used for each condition in at least three biological replicates. For the in vitro studies of the bacteria, eight replicates were performed in each of the three biological replicates.





3. Results


3.1. Effect of Moderate Temperature Stress on the Growth of Tomato Plants


Control plants (T26 °C) were grown for four weeks at optimum temperatures of 26 °C and 18 °C for day and night conditions, respectively. Test plants (T31 °C) were grown for two weeks at these temperatures. Then, test plants were transferred to a different culture chamber and subjected to mild-temperature stress, with the temperature increased by 5 °C to 31 °C and 23 °C (day and night, respectively) for two weeks.



Phenotypically, the T31 °C plants did not display any symptoms of damage on the leaves (data not shown). However, changes in morphology were observed when compared with the T26 °C plants.



The influence of mild heat stress on plant growth was analyzed, and we observed that T31 °C plants displayed a statistically significant increase of 37.5% of total biomass compared with control plants. Moreover, the T31 °C plants developed a darker green color, and their chlorophyll content was 19.58% higher than that in T26 °C plants (Figure 1).




3.2. Changes in the Amino Acid Profile as a Result of Mild Heat Stress


The effect of a moderate temperature increase on the amino acid profile was studied. T31 °C plants showed no changes in major amino acid (asparagine and glutamine) content compared with control plants. However, these plants showed significant accumulation of some minor amino acids, such as proline, serine, and valine (Table 3). Specifically, T31 °C plants displayed an increase of 70% and 63% in proline and serine content, respectively.




3.3. Effect of Mild Heat Stress on a Tomato–PstDC3000 Pathosystem


We investigated the interaction between the virulent hemi-biotrophic bacteria PstDC3000 and tomato plants (T26 °C and T31 °C). The study simulated the natural conditions of a climate change scenario, wherein both the plant and the pathogen were subject to temperature stress. T26 °C plants were inoculated with PstDC3000, which was also grown at 26 °C, while T31 °C plants were inoculated with bacteria also grown at 31 °C. There was a statistically significant reduction in disease symptoms and in the size of the bacterial population 72 hpi in plants grown under mild temperature stress conditions (Figure 2).



We next investigated how a temperature increase reduced disease severity from PstDC3000. Firstly, we investigated the effect of moderate heat stress on the different defensive pathways of tomato plant against PstDC3000, and secondly, we studied the effect of this stress on the virulence of PstDC3000.




3.4. Changes in the Hormonal Response against PstDC3000 from Increased Temperatures


The hormonal profile and marker genes were analyzed simultaneously in T26 °C and T31 °C plants at 48 hpi. There were no significant changes in hormonal levels in plants adapted to moderate heat stress in the absence of PstDC3000. However, T31 °C plants displayed an increase in abscisic acid (ABA) content when compared with the control conditions after infection with PstDC3000 (Figure 3a). These plants also showed significant reduction in SA levels. This correlates with a strong reduction in PR1 expression when compared with T26 °C plants (Figure 3b,c). T26 °C plants displayed an increase in 12-oxo-phytodienoic acid (OPDA) and JA content in the oxylipin pathways after PstDC3000 infection (Figure 3d,e). No OPDA increase was observed in T31 °C-infected plants; however, these plants accumulated JA and JA-isoleucine (JA-Ile) at 48 hpi (Figure 3d,f).




3.5. Changes in PA Accumulation in Healthy and Infected Plants from Mild Heat Stress


The effect of moderate heat stress on the polyamines biosynthetic pathways in T26 °C and T31 °C plants was analyzed. We observed an induction of arginine decarboxylase (ADC) gene expression, which correlates with a significant accumulation of putrescine in T31 °C tomato leaves, in the absence of PstDC3000 infection (Figure 4a,c). T26 °C and T31 °C plants displayed an induction of ADC gene expression in response to PstDC3000 infection. Moreover, putrescine accumulation in leaves increased at 48 hpi in both conditions, and this accumulation was more pronounced in control plants (Figure 4a,c). We also observed an induction of the spermidine synthase gene in T26 °C- and T31 °C-infected plants at 48 hpi, as well as accumulation of spermidine, which was more concentrated in T31 °C plants (Figure 4b,d).




3.6. Effect of Mild Heat Stress on the Virulence of Pseudomonas in Plants


We also studied the behavior of bacteria in T26 °C- and T31 °C-inoculated plants. Bacteria were extracted from these plants at 72 hpi, and the expression of the following genes was analyzed: the psyI gene responsible for the synthesis of the QS signal molecule; the fliC gene, which encodes flagellin, cfa, cmaB, and cfl, involved in the synthesis of COR; and the HrpL and HrpA genes, which are involved in the synthesis of the T3SS and in pillus formation, as well as the gene encoding the synthesis of the AvrPtoB effector. The results showed that the expression of the psyI gene was three times lower in the bacteria extracted from the plants subjected to 31 °C, which could hinder the arrival of these bacteria to QS (Figure 5a). In contrast, the results showed a clear inhibition of the expression of the gene involved in flagellin synthesis (fliC) at high temperatures (Figure 5b).



In addition, a clear decrease in the expression of all the genes involved in the synthesis of COR was observed, which could also explain the decrease in the infective capacity of the bacteria extracted from plants subjected to 31 °C (Figure 6a–c). However, it seems that the synthesis of the T3SS and pillus formation was not altered at high temperatures (Figure 6d,e), although a lower expression of the gene involved in the synthesis of the effector AvrPtoB was observed (Figure 6f).




3.7. Response of Pseudomonas to Mild Temperatures In Vitro


An in vitro study was undertaken to determine if temperature conditions also affected the bacteria. PstDC3000 had a significantly lower growth in King’s B (KB) medium at 31 °C, delaying entry into the exponential phase (Figure 7). The bacteria were not able to adapt to high temperatures, maintaining the difference in growth rate during nine generations.



We analyzed the expression of the genes in vitro to check whether high temperatures had the same effect in vitro. The expression of the psyI gene was lower in bacteria grown at 31 °C than at 26 °C. The difference was more pronounced at 48 h, and a similar behavior was observed for the fliC gene (Figure 8).



Furthermore, there was a repression of genes involved in the synthesis of COR at 31 °C, mainly at short time points, when compared to their expression at 26 °C (Figure 9a–c). These results indicate a possible negative role for the synthesis of this molecule in bacteria under these conditions. The expression of genes involved in the synthesis of the T3SS and avrPtoB effectors was also studied. An increase in the expression of HrpL was observed at 6 h in bacteria grown at 31 °C compared with bacteria grown at 26 °C (Figure 6d). However, the difference was not significant. There were significant differences in the expression of hrpA and avrPtoB genes (Figure 9e,f) at 6 h, and in both cases, the expression was lower at 31 °C. The expression of hrpA was 1.4 times lower in the bacteria grown at 31 °C for short periods. However, the reduction in the expression of these genes was not as strong as that of the COR synthesis genes.




3.8. Response of Pseudomonas Mutants in Virulence Mechanisms to High Temperatures In Vitro


We tested whether the synthesis of COR had a negative effect on the growth of PstDC3000 at 31 °C. Different mutants defective in COR synthesis ((Δcma-cfa), T3SS synthesis and assembly (ΔhrpL), pillus formation (ΔhrpA), and effector synthesis (ΔavrPto-ΔavrPtoB) were grown in liquid KB medium at 26 °C and 31 °C. No significant differences were observed in the growth of mutants compared to the wild type (WT) at optimal growth temperatures (Figure 10), while higher temperature led to decreased bacterial growth in all the tested strains. However, the mutant deficient in COR showed significantly higher growth at 31 °C than the WT and other mutants. Differences in growth were observed in the ΔhrpL mutant, which was significantly reduced when compared to the WT.




3.9. Mild Heat Stress Affected PstDC3000 Mobility In Vitro


On the basis of the results of flagellin synthesis, we tested whether PstDC3000 low mobility was due to the high temperatures. The swimming ability of the bacterium was tested at 26 °C and 31 °C. This ability was almost completely reduced at high temperatures (Figure 11). The plates from the tests at high temperatures were incubated at 26 °C to check whether this effect was reversible. The bacteria regained their swimming ability to the same levels as those maintained at 26 °C.





4. Discussion


The present study investigated the effect of environmental temperature increases on the plant–pathogen system. Tomato plants were tested to determine if they could acclimate to mild temperature stress, such as those predicted in climate change scenarios. Tomato plants cultivar Ailsa Graig were selected since it is a model tomato plant susceptible to Pst and also on the basis of a previous screening of different tomato varieties response to heat shock, where it gave an intermediate response compared to other varieties (unpublished data). The mechanism for changes in the development of disease from PstDC3000 in tomato plants resulting from moderate heat stress was determined by analyzing the defense mechanisms of the plant and the virulence mechanisms of the pathogen. Many recent studies have investigated biochemical and molecular plant strategies to survive a marked increase in external temperature. However, in the present study, we focused on plant response to a mild increase in the ambient temperature. Previous works showed that a mild increase in ambient temperature is not lethal for Arabidopsis plants, but it does cause significant changes in plant architecture and in the transition between the different developmental stages of its development. The morphological plasticity of plant adaptation to mild temperature increases is crop-dependent, as each crop responds with specific adaptations to achieve thermotolerance [6]. No symptoms of damage were observed during the two weeks in which the tomato plants were kept at 31 °C. However, several changes such as an increase in biomass and in chlorophyll content were observed in these plants. In addition to changes in anatomy, plants have developed changes in their metabolic profile to cope with external conditions that are less suitable. Several of these strategies are intricately linked to amino acid metabolism [38,39]. Plants accumulate amino acids and other low-molecular-weight organic molecules called compatible osmolytes, which maintain cell turgor and are free-radical scavengers, or chemical chaperones [40,41,42,43]. This study demonstrated that mild-temperature stress conditions significantly increased the levels of several amino acids such as proline, serine, and valine. Proline is a multifunctional amino acid in plants, and its role in abiotic stress resistance has been extensively studied [44]. Alamri et al. [45] demonstrated that proline accumulation mediated by NO-derived signaling pathways increased the resistance of bean plants to heat stress. PAs are also known to be involved in acclimatization to different stresses [46]. In particular, putrescine has been shown to play an important role in resistance to salinity [47] and to cold and dehydration stress [48], but little is known about its role in thermotolerance. T31 °C tomato plants accumulated putrescine, which probably acts as a compatible osmolyte to overcome mild stress. Our results support the findings of Serrano et al. [49], who demonstrated that different metabolites, including putrescine, accumulate in higher amounts in thermoprimed Arabidopsis plants after heat stress exposure, thereby increasing their survival. These results showed that tomato plants grown under moderate heat stress exhibit an increase in metabolites that are likely used as thermotolerant metabolites. This will allow plants to adapt and survive the warmer environments predicted in climate change scenarios. We also evaluated the influence of an increase of 5 °C on the tomato–PstDC3000 pathosystem. The results show that tomato plants grown under mild-temperature stress conditions showed statistically significant reductions in disease symptoms and in the size of the bacterial population. We used two different approaches in the same pathosystem to investigate how moderate temperature stress affects disease in the tomato–PstDC3000 interaction. We investigated different mechanisms in tomato plants to defend against PstDC3000 infection. We also investigated the effect of high temperatures on the virulence factors in the bacteria. Analysis of the metabolic profile of the tomato–PstDC3000 interaction in T26 °C sheds light on the signaling networks that act in this pathosystem under climate change scenarios. T26 °C tomato plants infected with PstDC3000 displayed a slight increase in ABA content, and a strong induction of SA-related responses, as demonstrated by the higher induction of PR1 marker gene, as well as OPDA accumulation. T31 °C plants infected with PstDC3000 showed a decrease in PR1 expression and in SA and OPDA accumulation when compared with T26 °C-infected plants. We also observed a statistically significant accumulation of ABA and JA-Ile in T31 °C plants after PstDC3000 inoculation.



It is known that plants activate SA-related responses against biotrophic and hemibiotrophic pathogens such as PstDC3000, as well as JA-mediated responses in the regulation of resistance to diseases produced by necrotrophic pathogens [50]. Pst DC3000 synthesizes COR, a structural homolog of JA-Ile, and shares the CORONATINE INSENSITIVE1 (COI1)–JASMONATE ZIM domain (JAZ) as a coreceptor complex. Different studies have shown that in the presence of JA-Ile or COR, ubiquitin ligase complex E3 (SCFCOI1), ubiquitin JAZs for degradation in the proteasome, release transcription factors such as MYC2. This activates the signaling networks mediated by JA [51]. One of the strategies of Pst DC3000 is based on the synthesis of COR, whose ability to suppress the host defense is partially associated with antagonism of SA signaling through COI1 activation [31,52]. However, other studies have shown that jasmonates synergize with SA defenses [38,53]. Scalschi et al. [54] found a synergic induction of the SA and JA pathways, on the basis of OPDA accumulation in tomato plants infected with PstDC3000. These authors studied the behavior of SiOPR3 transgenic plants (plants whose Opr3 gene has been silenced, disrupting the JA synthesis pathway at the OPDA level) on PstDC3000 infection at normal temperatures. They demonstrated that the reduction in the severity of bacterial disease was accompanied by an enhancement of OPDA levels, as well as reduced levels of JA and JA-Ile [55]. This proves the importance of this oxylipin in the response of tomato plants to Pseudomonas and confirmed our results, as we observed a synergic activation of the SA and JA pathways with an increase in PR1 expression and OPDA accumulation in T26 °C plants. Activation of the JA pathway was also observed in T31 °C plants. However, this was not translated into an accumulation of OPDA, which is key in resistance against PstDC3000, but rather resulted in an accumulation of JA-Ile, which blocked the accumulation of SA and therefore SA-related defensive responses. However, this does not translate into further infection by bacteria.



ABA has been considered a negative regulator of disease resistance because it interferes with biotic stress signaling regulated by SA, JA, and ethylene [56]. Arabidopsis ABA-insensitive mutants abi2-1 and abi1-1 were more resistant to PstDC3000, whereas the ABA hypersensitive mutant (era1) was more susceptible [57,58]. In this study, we found a lower incidence of the disease produced by PstDC3000 at warm temperatures, accompanied by an altered tomato hormonal response based on the accumulation of ABA and JA-Ile. PstDC3000 inoculation induced the polyamine pathway in plants grown under both temperature conditions. However, T26 °C plants accumulated putrescine, whereas T31 °C plants displayed spermine accumulation 48 hpi. Fernández–Crespo et al. [59] demonstrated that putrescine treatment induces resistance to PstDC3000 in tomato plants, revealing the importance of putrescine in the resistance to biotic stress. Similarly, the elevation of endogenous spermine levels by transgenic overexpression of S-adenosylmethionine decarboxylase or spermine synthase induced resistance against P. syringae or Hyaloperonospora arabidopsidis in Arabidopsis plants [60]. The higher accumulation of spermine in T31 °C-infected plants could help them cope with disease caused by PstDC3000 in warmer conditions. This study shows that tomato plants grown under mild heat stress conditions were able to detect the presence of the bacteria, but their defensive response differed from that observed in the control. In addition, the profile of both hormonal and PA accumulation did not correlate with a lower incidence of the disease severity observed in warmer conditions, as the mechanisms related to resistant phenotypes such as SA-mediated responses and OPDA or putrescine accumulation were not activated. Moreover, Huot et al. [61] studied the Arabidopsis–Pseudomonas triangular interaction, observing that elevated temperatures caused an increase in ABA content and a decrease in SA concentration. Consequently, these plants became more susceptible to the bacterial infection. In our study, we found similar hormonal responses in tomato plants infected with PstDC3000 and grown at increased temperatures. However, these changes were accompanied by a reduction in disease severity.



In the view of these results, we focused on the effect of mild temperature stress on the pathosystem, presenting a plausible hypothesis that moderate heat stress conditions directly affect the virulence machinery of the bacteria, triggering changes in the metabolic response profile observed between T26° and T31° infected tomato plants.



The potential negative impact on bacterial pathogenesis and growth resulting from a moderate increase in temperature was investigated by studying the behavior of P. syringae in plants under the two temperature conditions. The bacterial population was smaller in plants subjected to high temperatures. Pseudomonas conducts an epiphytic life cycle on the leaf surface [62] until, either through stomata or through wounds, it enters the mesophyll, where the endophytic life phase takes place. During this phase, the bacterium manages, through different virulence mechanisms, to manipulate and access the nutrients of the plant cell. The flagellum is the cellular component that helps bacteria move to better environments for survival. However, synthesis of the flagellum requires considerable energy expenditure [63]. This has been studied in bacteria under high temperatures stress both in vitro and in plants [61,64]. These studies demonstrated a clear inhibition of the expression of genes involved in the synthesis of flagellin. Our results support these studies, as repression of the fliC gene was observed in bacteria extracted from T31 °C plants. Analysis of the expression of genes involved in COR synthesis showed an inhibition in the bacteria extracted from T31 °C plants. It has previously been demonstrated that COR synthesis is affected by temperature, as in some pathovars, this toxin was preferentially produced in plants under low temperature conditions [65]. Despite this, the infective capacity of the bacteria was not completely reduced, as the infection ratio of 50% was most likely mediated by the maintenance of the T3SS. Surprisingly, HrpL expression was not affected by a temperature increase. Pathogenic bacteria use a variety of virulence factors that work in a “multifunctional, cooperative, and redundant” manner [66]. Recent studies indicate that the functions of the multifunctional COR toxin overlap with the T3SS function in PstDC3000. This helps the bacteria maintain their virulence when a virulence strategy fails because of a mutation or incompatibility with a given host [67]. In vitro assays were thus performed to determine if the bacteria could acclimatize to high temperatures if subjected to temperatures of 31 °C for longer periods. No phenotypic changes or increases in the growth rate were observed in the colonies grown under these conditions, and growth rates were lower than in the cultures incubated at 26 °C. These results indicate that even when the bacteria were subjected to high temperatures for longer periods, they could not acclimatize at temperatures above those optimal for their growth. The genes involved in the pathogenesis and growth of the bacteria were analyzed under in vitro conditions to determine the effect of high temperatures on PstDC3000. The results confirmed those obtained for the bacteria extracted from T31 °C plants, where inhibition of the fliC gene was observed in bacteria. The results of the swimming analysis confirmed that high temperatures affected the ability of PstDC3000 to move. Furthermore, as observed in plants, significant inhibition of genes related to the synthesis of COR was observed, while the genes related to T3SS were not affected. We thus speculate that virulence factors could interfere with the ability of bacteria to acclimatize to high temperature conditions. To test this hypothesis, we assessed the growth of several mutants defective in different virulence factors at high temperatures. Our results show that T3SS appears to be involved in the growth of the bacteria at high temperatures, as the ΔhrpL mutant growth was lower than that of the other mutants. These results support those described by other studies, which demonstrate that the flagellate and secretion systems are counter-regulated by temperature [68]. These studies, as well as most of the studies on T3SS, highlight the fact that it is mainly involved in bacterial virulence, which is achieved through effector delivery. The involvement of this system in cell-to-cell contact with eukaryotic hosts was also investigated, as the role of this system in the establishment of symbiotic reactions in nitrogen-fixing bacteria has been demonstrated by Marie et al. [69]. Moreover, this system seems to also play an important role in interactions between the plant cell and saprobic rhizosphere bacteria that establish beneficial relationships with root cells, such as growth-promoting bacteria [70]. Our results indicate that T3SS has a role in overcoming abiotic stresses, even in the absence of eukaryotic cells, as demonstrated by the results obtained in vitro. The role of this secretion system in the growth of bacteria has also been observed previously in vitro, where bacteria were grown in the presence of the resistance inducer hexanoic acid at a concentration that was deleterious for the bacteria [37]. However, considering the results obtained for the expression of the genes responsible for COR synthesis and the behavior of the mutants defective in its synthesis, we can conclude that COR absence facilitates the growth of the bacteria at high temperatures. It is clear that T3SS is necessary for the growth of bacteria at high temperatures, whereas the synthesis or presence of COR is detrimental to the ability of the bacteria to survive in unfavorable environments.




5. Conclusions


Infections were less severe than under control conditions, demonstrating that a 5 °C increase in temperature leads to changes in the tomato–PstDC3000 pathosystem. Tomato plants acclimated to mild heat stress and did not show any signs of damage. An increase in total biomass and chlorophyll content were observed. Moreover, tomato plants showed higher basal levels of metabolites such as proline and putrescine, which most likely act as compatible osmolytes, demonstrating their importance as key components of thermotolerance. When infected with PstDC3000, plants grown under warmer conditions increased ABA, JA-Ile, and spermine accumulation. An increase in temperature negatively affected the infective capacity of PstDC3000. The inhibition of the genes responsible for the establishment of the QS and the synthesis of flagellin and COR were observed in bacteria extracted from T31 °C plants. The analysis of the genes involved in the synthesis of T3SS points to the important role of HrpL in bacterial growth under these conditions. Changes in the virulence mechanisms of PstDC3000 under high-temperature conditions may explain the lower infection rates observed in T31 °C plants, as the resistance mechanisms involved in the defense against this bacterium, such as SA, putrescine, or OPDA accumulation, were not observed in these plants. However, the presence of other metabolites or mechanisms involved in reducing the severity of the disease in such scenarios cannot be discounted. Our results shed light on the mechanisms underlying the effect of high temperatures on the tomato–PstDC3000 pathosystem. A complete understanding of how environmental factors can affect disease development is a challenge for researchers. It is critical to develop crops resistant to biotic stresses that can also cope with the unfavorable conditions related to climate change.
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Figure 1. Effect of mild heat stress on growth and chlorophyll content. Four-week-old tomato plants were grown over four weeks at optimum temperatures of 26 °C and 18 °C under day and night conditions, respectively. Control plants (T26 °C) and test plants (T31 °C) were grown for two weeks at 26 °C and 18 °C (day and night, respectively) and the test plants were then transferred to another culture chamber to apply the mild-temperature stress by increasing the temperature by 5 °C. (A) Biomass production and (B) chlorophyll content were evaluated. Data show the average of three independent experiments with a pool of 10 plants per experiment ± SE. Asterisks indicate statistically significant differences (p < 0.05). 
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Figure 2. The effect of mild temperature stress on a tomato–PstDC3000 pathosystem. Four-week-old tomato plants grown at T26 °C and T31 °C were inoculated with PstDC3000. This was performed by dipping the leaves in a bacterial suspension at 5 × 105 c.f.u. mL−1. Diseased leaves were determined 72 hpi using the visual damage score shown in the photograph (A). Infection levels were measured as a percentage of the infected leaf surface in relation to the total number of analyzed leaves (B) and by recounting of bacterial populations by plating in agar–KB medium 72 hpi (C). The photograph shows a representative picture of disease symptoms under different temperature scenarios (D). Data show the average of three independent experiments, with a pool of 10 plants per experiment ± SE. An asterisk indicates statistically significant differences (p < 0.05; LSD test). 
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Figure 3. The effect of moderate heat stress on hormonal tomato responses against PstDC3000 infection. Tomato plants were grown and inoculated as described in Figure 2. Leaves were collected at 48 hpi, and ABA (a), SA (b), OPDA (d), JA (e), and JA-Ile (f) levels were determined using UPLC–MS. The relative levels of PR1 (c) were analyzed and normalized to the EF1α gene expression level measured in the same sample. Data show the average of three independent experiments in a pool of 20 plants per experiment ± SE. Letters indicate statistically significant differences (p < 0.05; LSD test). 
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Figure 4. Impact of moderate temperature stress on PA biosynthesis in tomato plants. The expression levels of genes (a) arginine decarboxylase (ADC) and (b) spermidine synthase (SPDS) were analyzed. Moreover, putrescine (PUT) (c) and spermine (SPM) (d) levels were determined in freeze-dried material using UPLC–MS. Data show the average of three independent experiments of a pool of 10 plants per experiment ± SE. Letters indicate statistically significant differences (p < 0.05; LSD test). 
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Figure 5. The expression of genes involved in QS establishment and in flagellin synthesis of PstDC3000 were affected by high temperatures in plants. The relative expression of psyI (a) and fliC (b) was determined by qRT-PCR in PstDC3000 extracted from plants grown at 26 °C or 31 °C. The relative expression levels of psyI and fliC were normalized to those of recA. The results represent the means ± SE from three different experiments. An asterisk indicates statistically significant differences (p < 0.05). 
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Figure 6. The effect of high temperatures on PstDC3000 virulence genes in plants. The relative expression level of COR synthesis-related genes ((a) cfa1, (b) cmaB, and (c) cfl), of alternative sigma factor for the expressions of the T3SS related genes and the gene encoding the major structural unit of type III secretion system-associated pilus ((d) HrpL and (e) hrpA, respectively) and the gene responsible for effector synthesis ((f) avrPtoB) were determined at 72 hpi in bacteria extracted from plants grown at 26 °C and 31 °C. The recA gene was used as an endogenous reference gene. The results represent the means ± SE from three different experiments. An asterisk indicates statistically significant differences (p < 0.05). 
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Figure 7. High temperatures affect PstDC3000 growth in vitro. Bacterial growth was performed as described in bacterial acclimation assays. The results are presented as growth curves. The optical density at 600 nm was measured at 0, 24, 48, and 96 h. The results are shown as means ± SE. 
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Figure 8. High temperatures reduce the expression of genes involved in QS establishment and in flagellin synthesis. The relative expression of psyI (a) and fliC (b) was determined by qRT-PCR in bacteria extracted from plants grown at 26 °C or 31 °C. The relative expression levels of psyI and fliC were normalized to those of recA. The results are shown as means ± SE from three different experiments. An asterisk indicates statistically significant differences (p < 0.05). 
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Figure 9. The effect of high temperatures on PstDC3000 virulence genes in vitro. The relative expressions of (a) cfa1, (b) cmaB, (c) cfl, (d) HrpL, (e) HrpA, and (f) avrPtoB were determined. The internal reference gene was the recA gene. The results represent the means ± SE of three different experiments. An asterisk indicates statistically significant differences (p < 0.05). 
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Figure 10. The effect of high temperatures on the growth of different PstDC3000 mutants in vitro. PstDC3000 mutants defective in COR synthesis (Δcma-cfa), in T3SS synthesis and assembly (ΔhrpL), in pillus formation (ΔhrpA), and in effector synthesis (ΔavrPto-ΔavrPtoB) were grown in liquid KB medium at 26 °C and 31 °C. The optical density at 600 nm was measured 24 hpi. The results represent the mean of three independent experiments with 8 replicates per mutant in each experiment. An asterisk indicates statistically significant differences (p < 0.05). 
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Figure 11. The effect of high temperatures on PstDC3000 motility in vitro. Swimming assays were performed as described above. (a) Bacteria culture in semi-solid medium after 96 h of incubation at 26 °C or 31 °C after. (b) Measurement of the diameter of the swimming area. The results represent the average of three independent experiments ± SE, and 5 plates per temperature were measured in each experiment. An asterisk indicates statistically significant differences (p < 0.05, LSD test). 
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Table 1. Primers used for plant gene expression analyses.
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	Function
	Gene
	Primer





	Pathogenesis-related protein 1
	PR1
	F 5′-CCGTGCAATTGTGGGTGTC-3′

R 5′-GAGTTGCGCCAGACTACTTGAGT-3′



	Arginine decarboxylase
	ADC
	F 5′-GGGCTTGGAATCGACTATGA-3′

R 5′-CCCGGTTTCAAAAATCAGAA-3′



	Spermidine synthase
	SPDS
	F 5′-GGTGACGGAGTTGCATTTTT-3′

R 5′-GCGGCAATTAGCAACAATTT-3′



	Elongation factor 1-alpha
	EF1α
	F 5′-GACAGGCGTTCAGGTAAGGA-3′

F 5′-GGGTATTCAGCAAAGGTCTC-3
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Table 2. Primers used for bacterial gene expression analyses.
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	Function
	Gene
	Primer





	Coronatine synthesis
	cfa1
	F 5′-AAAACCATCGTCGACATTCTG-3′

R 5′-GTTGGCGTTGAGGTCGATA-3′



	
	cmaB
	F 5′-AATTCGACACCCGACAAGAC-3′

R 5′-ACTAGGGGCTTCAGGTCCAT-3′



	
	cfl
	F 5′-ACAGCTGAAGCAGCACTTGA-3′

R 5′-CGAGGATCTCTCGGTAGTCG-3′



	Type III secretion system, type III secretion system-associated pilus, and effector synthesis
	hrpL
	F 5′-TCTCCAGTGCGTGTTTCTTG-3′

R 5′-AGCTTTCCTGATACGGCTGA-3′



	
	hrpA
	F 5′-CCTCCAAACTCACCAACCTT-3′

R 5′-CGGACTCTTTACTGGCCTTG-3′



	
	avrPtoB
	F 5′-ACCCTATCGCGTCACAATTC-3′

R 5′-CATGAACGCCAGGTCCTTAT-3′



	Quorum sensing establishment
	psyI
	F 5′-GGCTTGAATGGAATGTTCGT-3′

R 5′-CAGGTGTTGATCAGCCGTAA-3′



	Flagellin synthesis
	fliC
	F 5′-ATCTGAACGGCAAGAACCTG-3′

R 5′-TGCGCTCAAAGTCAGAGAGA-3′



	Internal reference
	recA
	F 5′-CGGCAAGGGTATCTACCTCA-3′

R 5′-CTTTGCAGATTTCCGGGTTA-3′
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Table 3. Effect of moderate heat stress on amino acid content in tomato plants. Data show the average of three independent experiments of a pool of 10 plants per experiment ± SE. Asterisk indicates statistically significant differences (p < 0.05; LSD test).
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26 °C (ng/g FW)

	
31 °C (ng/g FW)

	






	
Major amino acids

	

	
ASN

	
7278.02 ± 1711.20

	
7251.85 ± 3026.76

	




	
GLU

	
26,255.48 ± 5657.45

	
30,944.55 ± 4721.04

	




	
Minor amino acids

	
From shikimate

	
TRP

	
659.30 ± 2.07

	
691.99 ± 24.77

	




	
Metil-TRP

	
750.31 ± 18.34

	
738.04 ± 23.40

	




	
PHE

	
1429.29 ± 12.45

	
1487.42 ± 56.38

	




	
TYR

	
555.24 ± 112.50

	
484.78 ± 59.78

	




	
Branched chain

	
VAL

	
498.15 ± 69.06

	
777.08 ± 67.92

	
*




	
From aspartate

	
THR

	
2265.65 ± 84.96

	
2894.86 ± 772.17

	




	
MET

	
240.70 ± 48.96

	
198.70 ± 18.22

	




	
LYS

	
37,144.92 ± 2827.00

	
41,975.57 ± 1613.30

	




	
Pip

	
173,912.30 ± 20,894.94

	
231,928.91 ± 19,346.29

	




	
From glutamate

	
HIS

	
929.24 ± 28.03

	
937.74 ± 59.81

	




	
PRO

	
15,879.56 ± 3711.11

	
52,493.88 ± 6191.67

	
*




	

	
SER

	
13,013.59 ± 1553.86

	
35,274.43 ± 6943.60

	
*




	
ALA

	
20,360.30 ± 4401.66

	
23,096 ± 5773.60

	




	
GLY

	
54,403.19 ± 3750.53

	
56,181.24 ± 3048.50
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