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Abstract

:

Simple Summary


Numerous plant sap-feeding insects are vectors of plant-pathogenic bacteria that cause devastating crop diseases. Some of these bacteria had initially been insect endosymbionts that eventually evolved the capacity to survive in plants after being frequently transmitted to plants by their insect hosts during feeding. An example for this evolutionary transition is the bacterial symbiont ‘Candidatus Phlomobacter fragariae’ (hereafter Phlomobacter) of the planthopper Cixius wagneri. Upon transmission to strawberry plants by its insect vector, the bacterium accumulates in the plant phloem and causes Strawberry Marginal Chlorosis disease. Using quantitative PCR and transmission electron microscopy, we demonstrate an additional plant-to-plant transmission route: Phlomobacter can be transmitted from an infected plant to daughter plants through stolons, a specific type of stem from which daughter plants can develop. Our results show that Phlomobacter was abundant in stolons and was efficiently transmitted to daughter plants, which developed disease symptoms. Hence, Phlomobacter is not only able to survive in plants, but can even be transmitted to new plant generations, independently from its ancestral insect host.




Abstract


The genus Arsenophonus represents one of the most widespread clades of insect endosymbionts, including reproductive manipulators and bacteriocyte-associated primary endosymbionts. Two strains belonging to the Arsenophonus clade have been identified as insect-vectored plant pathogens of strawberry and sugar beet. The bacteria accumulate in the phloem of infected plants, ultimately causing leaf yellows and necrosis. These symbionts therefore represent excellent model systems to investigate the evolutionary transition from a purely insect-associated endosymbiont towards an insect-vectored phytopathogen. Using quantitative PCR and transmission electron microscopy, we demonstrate that ‘Candidatus Phlomobacter fragariae’, bacterial symbiont of the planthopper Cixius wagneri and the causative agent of Strawberry Marginal Chlorosis disease, can be transmitted from an infected strawberry plant to multiple daughter plants through stolons. Stolons are horizontally growing stems enabling the nutrient provisioning of daughter plants during their early growth phase. Our results show that Phlomobacter was abundant in the phloem sieve elements of stolons and was efficiently transmitted to daughter plants, which rapidly developed disease symptoms. From an evolutionary perspective, Phlomobacter is, therefore, not only able to survive within the plant after transmission by the insect vector, but can even be transmitted to new plant generations, independently from its ancestral insect host.
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1. Introduction


Many insect species maintain long-lasting associations with heritable bacterial endosymbionts. Some of these bacteria provide important services to their hosts (e.g., essential nutrients lacking from the host’s diet [1,2,3,4] or protection against pathogens [5,6,7]), whereas others interfere with host reproduction to promote their own vertical transmission [8,9]. Both beneficial and parasitic symbionts have important impacts on host ecology and evolution, enabling the exploitation of novel food sources [10] or influencing reproductive systems [11]. After millions of years of host–symbiont co-evolution, these bacteria are specifically adapted to living inside their host’s cells and often can no longer survive on their own [12,13]. In addition, numerous insect species are vectors of plant-pathogenic bacteria that cause devastating crop diseases and important economic losses [14,15,16]. The insect vectors are often phloem or xylem-feeding hemipterans (e.g., leafhoppers, planthoppers or psyllids), which acquire and transmit the bacteria while feeding on plants. Hence, these insect-vectored phytopathogens have evolved adaptations to very different host environments (insect and plant cells) and are able to switch frequently between these contrasting environments. However, it remains challenging to investigate the evolutionary transition from a purely insect-associated symbiont to an insect-vectored plant pathogen, due to the scarcity of symbiotic bacteria at the early stages of this transition.



Such bacteria occur in the Arsenophonus clade of insect endosymbionts. The genus Arsenophonus (Gammaproteobacteria) represents one of the most widespread clades of insect endosymbionts, with at least 5% of insect species estimated to be infected [17]. Members of the clade establish highly diverse symbiotic interactions with their insect hosts, ranging from reproductive parasitism (male-killing) in Nasonia wasps [18,19,20,21] to bacteriocyte-associated obligate mutualists in blood-feeding louse and bat flies, which provide B vitamins lacking from the host’s diet [22,23,24,25,26]. The latter have highly reduced genomes, a hallmark of long-term host-symbiont co-evolution in obligate insect endosymbionts [12,13]. In addition, numerous plant sap-feeding hemipterans harbour Arsenophonus symbionts, in some cases even in the bacteriome [4,27,28,29,30,31], but the functional role of these associations remains unknown. Despite the fact that Arsenophonus are thus firmly established as insect endosymbionts, two different strains belonging to the clade, ‘Candidatus Phlomobacter fragariae’ (hereafter Phlomobacter) and ‘Ca. Arsenophonus phytopathogenicus’, have been identified as insect-vectored plant pathogens [32,33]. Specifically, Phlomobacter is the causative agent of Strawberry Marginal Chlorosis (SMC) in France [34,35,36] and Japan [37], whereas ‘Ca. A. phytopathogenicus’ causes the disease “basses richesses” (=low sugar content) of sugar beet in France [38,39] and SMC in Italy [40]. Both bacteria are vectored by planthoppers of the cixiidae family, Cixius wagneri in the case of Phlomobacter and Pentastiridius leporinus for ‘Ca. A. phytopathogenicus’ [34,41,42]. The bacteria accumulate in the phloem of infected plants, ultimately causing leaf yellows, necrosis and plant death [35,39]. Since both strains are closely related to other Arsenophonus endosymbionts of diverse insects [32,43], it is likely that these bacteria were initially insect endosymbionts which subsequently evolved a plant pathogenic lifestyle. Considering that both diseases first appeared about 40 years ago and to date have only been observed in restricted and disconnected localities (France, Italy and Japan), it can be assumed (a) that the switch from ancestral purely insect-associated endosymbionts to insect-vectored plant pathogens occurred very recently and (b) that it occurred independently multiple times within the Arsenophonus clade [32,44]. These symbionts therefore represent ideal model systems to investigate bacterial adaptations at the early stages of transition towards insect-vectored phytopathogens.



To date, very little is known about the interactions between these bacteria and their respective insect and plant hosts apart from the obvious disease symptoms. In particular, SMC remains a serious problem for strawberry producers in south-western France, as the disease incidence can be very high in fruit production fields [34] and diseased plants exhibit stunted growth, small leaves, deformed and low-quality fruits as well as root necrosis [35]. Herein, we report new observations regarding the interaction between Phlomobacter and strawberry plants following the infection of the plant by the insect vector. Specifically, we provide evidence that Phlomobacter can be propagated from an infected plant to daughter plants via stolons. Stolons, also referred to as runners, are particular types of stems which grow horizontally above the soil surface and develop new clonal plants from buds. The daughter plants are nourished by the parental plant through the stolons, until a suitable spot is found where the daughter plant can take root. Our results demonstrate that Phlomobacter is present in the phloem sieve elements of stolons and is efficiently transmitted to daughter plants, resulting in a new transmission route independent from its ancestral insect host.




2. Materials and Methods


2.1. Plant Material


A total of twenty strawberry plants (Fragaria × Ananassa, cultivar Cigaline) were collected in a strawberry production field in the Dordogne region (France) in October 2018. Only plants showing the characteristic symptoms of Marginal Chlorosis Disease, i.e., small, cup-shaped leaves with yellow chlorosis along the leaf margins ([35], Figure 1a), were uprooted, planted in individual pots and maintained in an environmental chamber at 22 °C, 55–60% relative humidity and a 14 h photoperiod. Almost a year later, in September 2019, two strawberry plants had developed stolons (runners) with daughter plants. The daughter plants (n = 5 from two parental plants) were planted in individual pots but remained connected to the parental plants through the stolons for 1–1.5 months.




2.2. DNA Extraction


DNA was extracted from six plants infected with Phlomobacter and collected in the field one year before, and three stolon-derived F1 daughter plants 1.5 months after planting. DNA was extracted from different parts of the plants, i.e., petioles and leaf midribs (n = 6 parental plants and 2 F1 plants), the remaining leaf tissue (n = 6 parental plants and 3 F1 plants), and stolons (n = 4, 2 from each parental plant). The effect size for the F1 plants was lower since some of these plants were still too small to obtain sufficient amounts of DNA, especially from petioles and leaf midribs. Total DNA was extracted from 0.5–0.9 g of plant biomass using the CTAB method: Plant material was ground in 4 mL CTAB buffer (2% CTAB (cetyltrimethylammonium bromide), 2% PVP K40, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl, 0.02% β-mercaptoethanol) and incubated at 65 °C for 1.5 h. An amount of 750 µL of the homogenate were treated with 30 µg of RNase A at 37 °C for 30 min. Subsequently, the DNA was extracted twice with one volume chloroform/isoamyl alcohol (24:1 v/v) and precipitated in one volume of isopropanol after overnight incubation at −20 °C. The DNA pellet was resuspended in 30 µL of sterile water and DNA quality was verified using a NanoDrop spectrophotometer.




2.3. Quantification of Phlomobacter Titer in Plant Tissues


Phlomobacter titers were quantified using qPCR on a LightCycler LC480 (Roche). All samples were tested in duplicates with the previously published primers SpoT-F, SpoT-R and the FAM-labelled TaqMan probe SpoT-FAM-LNA [45] targeting the spoT gene of Phlomobacter. 20 µL reactions contained 1× Probes Master reaction mix (Roche), 0.5 µM of each primer, 0.25 µM of the SpoT-FAM-LNA probe, 5.5 µL of sterile water and 2 µL of template DNA. qPCR cycles consisted of an initial activation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 59 °C for 30 s and 72 °C for 30 s. Phlomobacter copy number/µL DNA extract was determined based on a standard curve obtained from the serial dilution of a purified spoT PCR product quantified using the Qubit dsDNA Broad Range Assay Kit (Invitrogen). Phlomobacter titers were normalized across all samples as Phlomobacter copy number/g plant biomass. Differences in Phlomobacter titer between plant tissues in parental plants were tested using one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons, since the data was normally distributed. Differences in Phlomobacter titer between parental and daughter plants were tested using Welsh’s t-tests. All statistical analyses were performed in R (R Project 3.6.3).




2.4. Transmission Electron Microscopy (TEM)


One month after planting of the F1 plants, two stolons (one from each parental plant) were removed from the plants and cut into 2 mm pieces. The cuttings were fixed overnight at 4 °C in 1 mL of sodium cacodylate buffer (Merck, Darmstadt, Germany) (0.1 M, pH 7.4) containing 4% paraformaldehyde and 4% glutaraldehyde. Subsequently, the plant cuttings were washed twice in sodium cacodylate buffer for 10 min and post-fixed overnight in 1% osmium tetroxide. Samples were dehydrated through serial ethanol washes (25–100%) and progressively infiltrated with Spurr’s resin, which was polymerized at 60 °C for 24 h. Semithin sections were stained with 0.1% toluidine blue (Merck, Darmstadt, Germany) and observed with an Olympus BX50 light microscope (Olympus, Waltham, MA, USA). Ultrathin sections were contrasted with 2% uranyl acetate and lead citrate and observed with a Jeol 100SX transmission electron microscope.





3. Results


3.1. Stolon Transmission of Phlomobacter


Phlomobacter titers were quantified in various tissues (petioles and leaf midribs, leaf tissue, stolons) of strawberry plants infected with the pathogen in the field. All of the tested plants were positive for Phlomobacter (Figure 1b), in accordance with their disease symptoms. It can be assumed that at the time of testing, the parental plants had been infected with Phlomobacter for at least 1.5 years. This is estimated based on the following considerations: The insect vector C. wagneri has two transmission periods in strawberry fields per year, one in spring and one in autumn [34,41]. In addition, symptoms appear two to three months after infection of the plant and the tested plants had already shown symptoms at the time of collection in autumn 2018. Therefore, it is likely that the tested plants had been infected with Phlomobacter by young C. wagneri adults in the spring of 2018, i.e., 1.5 years prior to testing in autumn 2019. In these stably infected plants, Phlomobacter titers were higher in petioles and leaf midribs than in the surrounding leaf tissue (Tukey’s post-hoc test: p = 0.00063), in accordance with its location in the phloem sieve tubes (Figure 1b). Average Phlomobacter titers in stolons were not significantly different from those in petioles and midribs (Tukey’s post-hoc test: p = 0.31). Nonetheless, pathogen titers in the stolons of the two tested plants differed by two orders of magnitude (Plant 1: 123,583 ± 57,820.64 bacteria/gr plant biomass; Plant 2: 15,991,747 ± 331,107.5 bacteria/gr plant biomass (mean ± SE)), indicating that the pathogen can reach exceptionally high abundances in stolons.



A total of five daughter plants developed from the stolons of these two plants, and their leaves immediately exhibited the characteristic symptoms of Marginal Chlorosis (Figure 1c). Accordingly, Phlomobacter titers measured in petioles/midribs and leaf tissue of 2–3 daughter plants 1.5 months after planting had already reached the same levels as in the parental plants (Petioles: Welsh’s t-test, t = −0.8963, df = 5.8354, p = 0.41; leaf tissue: t = 0.42005, df = 3.7245, p = 0.70) (Figure 1b). These observations indicate that the pathogen was efficiently transmitted from the parental plants to the daughter plants through the stolons.




3.2. Intracellular Localization of Phlomobacter in Stolons


The anatomy of an infected stolon is presented in Figure 2a,b; showing the location of the phloem layer between the cambium and the sclerenchyma. TEM observations revealed numerous bacteria in mature phloem sieve elements (Figure 2c–f). The bacteria had the typical cell wall of gram-negative bacteria and were 0.2–0.3 µm in diameter and up to 2 µm long, although it is possible that some bacteria were longer because few were observed longitudinally (Figure 2e). These features correspond to previous descriptions of Phlomobacter in the phloem cells of strawberry petioles and leaf midribs [35,37] as well as ‘Ca. A. phytopathogenicus’ in the phloem cells of sugar beet and in diverse tissues of its planthopper vector [39,42]. The bacteria were generally distributed in the lumen of the phloem sieve elements and were frequently observed surrounded by dispersed P-protein filaments (Figure 2c,d). The latter had the typical appearance of filaments resembling strings of beads (Figure 2d) [46,47]. P-proteins are phloem-specific proteins that can rapidly plug the sieve pores to prevent pressure loss in neighboring cells in case of injury of the phloem sieve element [48,49,50] or in response to pathogen infection [51,52,53,54,55,56]. Accordingly, we also observed P-protein aggregates and bacteria on both sides of the sieve pores (Figure 2f).





4. Discussion


Our results demonstrate a plant-to-plant transmission route for Phlomobacter: Following the initial infection of a strawberry plant by the insect vector C. wagneri, the pathogen can be transmitted from this plant to clonal daughter plants through stolons. Combining quantitative PCR and transmission electron microscopy, we show that Phlomobacter can be present in the phloem sieve elements of stolons, reaching titers at least as high (if not higher) as in the petioles of the parental plant. Furthermore, the pathogen was efficiently transmitted to daughter plants and rapidly reached similar titers as in the parental plant, accompanied by the characteristic disease symptoms of Marginal Chlorosis. To our knowledge, this is the first demonstration of stolon transmission for a bacterial pathogen, whereas two fungal pathogens of strawberry, Verticillium dahliae and Fusarium oxysporum f. sp. fragariae, are known to be efficiently transmitted through stolons across multiple generations of stolon-derived plants [57,58]. Interestingly, the fungus-infected daughter plants were consistently free of disease symptoms, contrary to what we observed here for Phlomobacter.



An important line of defense against phloem-limited bacterial pathogens is the blocking of sieve elements to prevent pathogen spread through the phloem [51,52,53,54]. This is achieved through rapid plugging of the sieve pores by phloem-specific proteins (P-proteins), followed by callose deposition for permanent obstruction [46,47,48,49,50,55]. For instance, plugged sieve pores due to increased callose deposition typically accompany ‘Ca. Liberibacter asiaticus’ infections in citrus leaves [51,52]. Callose deposition and a change in P-protein conformation from a condensed (i.e., forisomes) to a dispersed state were also observed in broadbean leaves infected with Flavescence dorée Phytoplasma [53]. However, this physical barrier against the pathogen also reduces phloem transport of photoassimilates. Hence, plants have to face a trade-off between blocking pathogen spread and impairing nutrient flow. We hypothesize that the efficient pathogen transmission through stolons may be due to the fact that the parental plant cannot block its sieve elements in the stolons to prevent the spread of the bacterium, as this would also impair the nutrient provisioning of the daughter plant. Our transmission electron microscopy observations of Phlomobacter within the stolon sieve elements revealed that the bacterium was frequently surrounded by filamentous P-proteins in the lumen of the phloem cells. In addition, P-proteins were observed accumulating on both sides of the sieve plates, which may suggest a partial blocking of the sieve pores. However, the P-protein aggregates could also be an artefact from sample preparation, since the cutting of the stolons inevitably produced a depression in the phloem, which may have caused a blocking of the sieve pores before the tissue could be fully penetrated by the fixative. Therefore, it remains to be determined whether the accumulation of P-protein around the sieve pores was indeed due to the presence of Phlomobacter. In any case, it is unlikely that the nutrient flow was severely inhibited since the pathogen was transmitted to stolon-derived daughter plants. Alternatively, the defense response may have been triggered too late to prevent pathogen spread. Hence, investigating the impact of Phlomobacter infection on P-protein gene expression, P-protein conformation and nutrient flow in different plant tissues (e.g., petioles and stolons) will be an important step towards a better understanding of this disease.



Our observations may be of practical relevance for strawberry producers, as commercial strawberry plants are produced in nurseries by vegetative propagation from stolons. Therefore, stolon transmission of Phlomobacter could result in the production of infected plants in nurseries, unless symptoms develop quickly enough for the infected plants to be eliminated. A previous study revealed that Phlomobacter infection was rare in French nursery fields, despite a high disease incidence in fruit producing fields [34]. However, this may have been partly due to a spatial segregation between nurseries and the fruit producing regions (north-western vs. south-western France, respectively) and the picture may be different in nurseries established in areas with important insect vector populations. Considering that the data presented here is based on a small number of parental plants with long-term Phlomobacter infections, field-scale studies of stolon transmissions are necessary to obtain quantitative data on stolon transmission rate and disease incidence in daughter plants.



Furthermore, the stolon transmission of Phlomobacter is of interest in the context of the evolutionary transition from an ancestral insect endosymbiont towards an insect-vectored plant pathogen. Theory predicts that an initially insect-associated symbiont, which gets frequently transmitted to plants by its herbivorous insect host, may eventually evolve the capacity to survive in plants [15]. If this turns out to be detrimental for the plant, the former insect endosymbiont has become an insect-vectored phytopathogen. One might argue that Phlomobacter has gone one step further: Once transmitted to a strawberry plant by the insect vector, the bacterium is not only able to survive within the new plant host but could theoretically be transmitted to new plant generations through stolons, completely independently from its insect vector. This suggests a broad metabolic repertoire compared to other insect endosymbionts. Comparing the metabolic pathways encoded in the genome of Phlomobacter to those of other insect endosymbionts from the Arsenophonus clade will shed light on the genetic basis mediating this successful adaptation to the plant phloem sap habitat.




5. Conclusions


Plant pathogenic bacteria from the Arsenophonus clade are excellent study systems to investigate the evolutionary transition from insect endosymbionts to insect-vectored phytopathogens. The stolon transmission documented in this paper reveals that Phlomobacter is not only able to survive in strawberry plants but could even be transmitted to new plant hosts independently from its ancestral insect host. Future research is needed to better understand the potential bacterial adaptations mediating the switch from insect to plant hosts.
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Figure 1. Stolon transmission of Phlomobacter. (a) Strawberry production field with both healthy and diseased plants, separated by the dashed line. The white box highlights plants showing the characteristic symptoms of Marginal Chlorosis diseases, i.e., small, cup-shaped leaves with yellow chlorosis along the leaf margins. (b) Quantification of Phlomobacter titers in different tissues of naturally infected parental plants (blue) and stolon-derived F1 daughter plants (red). Sample sizes are provided below each box plot. Different letters above the box plots indicate significant differences based on ANOVA followed by Tukey’s post-hoc test. (c) Leaves of stolon-derived daughter plants immediately developed disease symptoms. 
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Figure 2. TEM observation of Phlomobacter in phloem sieve elements of stolons. (a,b) Cross-sections of an infected stolon stained with toluidine blue, showing the tissular organization and particularly the location of the phloem layer between the cambium and the sclerenchyma (b). (c–f) TEM micrographs of phloem sieve elements revealed the presence of numerous bacteria, which were frequently surrounded by P-protein filaments. (d) Enlarged view of the framed area in (c). The inner and outer membranes of the typical cell wall of Gram-negative bacteria are clearly visible (arrowheads), as well as the bead-string structure of P-protein filaments (arrows). (e) When cut longitudinally, the bacteria appeared as long rods, the typical shape of Phlomobacter and other bacteria of the genus Arsenophonus. (f) Bacteria and P-protein aggregates on both sides of a sieve plate lined by callose deposition between two sieve elements. C = Cambium; Ca = Callose; Co = Collenchyma; CW = Plant cell wall; E = Epidermis; P = Parenchyma; Ph = Phloem; PP = P-proteins; Sc = Sclerenchyma; SP = sieve plate; Xy = Xylem. 
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