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Abstract

:

Simple Summary


Psyllids (Hemiptera: Psylloidea) are vectors of ‘Candidatus Liberibacter solanacearum’ (Lso), a destructive bacterial plant pathogen affecting various crops. With the aim of preventing disease transmission, many studies have investigated the immune response that psyllids exhibit when acquiring Lso, in particular by adults. However, there are fewer data on acquisition and transmission by nymphs. In this study, we quantified the titer of two Lso haplotypes, LsoA and LsoB, in the gut of different instars of psyllid nymphs; assessed their transmission rates to tomato; and investigated the transmission of LsoD by carrot psyllid nymphs to celery. The results showed that LsoA reached higher titers in the gut of third-instar nymphs and was transmitted more efficiently by nymphs than LsoB. The transmission of LsoD increased as nymphs developed. Our findings provide fundamental knowledge of Lso transmission by nymphal stages for future consideration in management strategies.




Abstract


‘Candidatus Liberibacter solanacearum’ (Lso) is a plant pathogenic bacterium transmitted by psyllids that causes significant agricultural damage. Several Lso haplotypes have been reported. Among them, LsoA and LsoB are transmitted by the potato psyllid Bactericera cockerelli and infect solanaceous crops, and LsoD is transmitted by the carrot psyllid B. trigonica and infects apiaceous crops. Several studies evaluated the transmission of these haplotypes by adult psyllids. However, fewer data are available on the transmission of different Lso haplotypes by psyllid nymphs. In this study, we investigated the transmission of these three haplotypes by psyllid nymphs to expand our basic understanding of Lso transmission. Specifically, the objective was to determine if the haplotypes differed in their transmission rates by nymphs and if LsoA and LsoB accumulated at different rates in the guts of nymphs as it occurs in adults. First, we quantified LsoA and LsoB titers in the guts of third- and fifth-instar potato psyllid nymphs. We found similar LsoA titers in the two nymphal stages, while LsoB titer was lower in the gut of the third-instar nymphs compared to fifth-instar nymphs. Second, we assessed the transmission efficiency of LsoA and LsoB by third-instar nymphs to tomato plants, revealing that LsoA was transmitted earlier and with higher efficiency than LsoB. Finally, we examined the transmission of LsoD by carrot psyllid nymphs to celery plants and demonstrated an age-related difference in the transmission rate. These findings provide valuable insights into the transmission dynamics of different Lso haplotypes by nymphal vectors, shedding light on their epidemiology and interactions with their psyllid vectors.
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1. Introduction


‘Candidatus Liberibacter solanacearum’ (Lso) is a Gram-negative, phloem-limited, unculturable plant pathogenic bacterium from the Alphaproteobacteria class [1,2]. Lso is classified into genetic groups based on three approaches: the single nucleotide polymorphism (SNP) genotyping of the 16s rRNA, 16S/23S ISR, and 50S rplJ and rplL ribosomal protein genes [3]; multilocus sequence typing markers (MLST) [4]; and simple sequence repeat (SSR) [5]. These groups are known as haplotypes, and several haplotypes have been found infecting different crops [6,7,8,9,10]. In North America, at least two Lso haplotypes, A and B, infect solanaceous crops, causing zebra chip in potato [1,11]. Zebra chip is a devastating disease that can reduce crop production by up to 85% in seriously impacted fields [12]. These two haplotypes are vectored by the potato psyllid (also known as the tomato psyllid), Bactericera cockerelli (Šulc) (Hemiptera: Triozidae) [13]. Lso C, D, and E infect apiaceous crops, such as carrot and celery, in different parts of Europe, Northern Africa and Israel [6,7,14,15,16]. LsoD is found in the Mediterranean region, including Israel, and is transmitted by the carrot psyllid, Bactericera trigonica (Hodkinson).



Lso is transmitted by psyllids in a circulative and propagative manner [17,18]. Once Lso is ingested and reaches the gut lumen, it crosses the gut membrane and replicates in the gut epithelial cells before crossing into the hemocoel. Then, Lso infects other organs such as the salivary glands [13,19,20,21]. Because the psyllid gut is the first organ infected by Lso after ingestion, its colonization might be an essential component of Lso acquisition and transmission [22]. Moreover, the gut can be a barrier to pathogen transmission as it plays a crucial role in insect immunity [23,24,25,26]. Therefore, studying the Lso–psyllid interaction in the gut can provide fundamental knowledge to understand Lso transmission.



Psyllids are hemipteran insects that go through three phases during their life cycle: egg, nymph, and adult. There are five nymphal instars, and all nymphal stages feed abundantly, except during molting [27,28]. The ability of insect vectors to acquire and transmit pathogens can vary depending on their life stage. For example, adult Asian citrus psyllids, Diaphorina citri, are efficient vectors of ‘Candidatus Liberibacter asiaticus’ (CLas) only if they acquired the pathogen as nymphs [29]. Potato psyllid adults can acquire and transmit Lso [21,30,31]. A previous study in our laboratory showed that the two Lso haplotypes, A and B, have distinct acquisition and transmission rates by adult potato psyllids: the LsoB population increased more rapidly in the psyllid gut than the LsoA population, and LsoB had a higher transmission rate than LsoA following a 7-day acquisition access period (AAP) [30]. There are fewer data are available on the acquisition and transmission of Lso by nymphs. It is known that nymphs can efficiently transmit Lso within a short inoculation period of 48 h as early as the third instar, although with lower efficiency than adults [32]. However, the previous studies only evaluated the ability of nymphs to transmit when they were co-infected with LsoA and LsoB. Likewise, no study has focused on the acquisition and transmission of LsoD by nymphs.



Evaluating the acquisition and transmission of different Lso haplotypes by different vector species and/or vector life stages can help us understand the molecular mechanisms involved in these processes, and identify key molecular players that can be targets to develop transmission-blocking strategies. The objective of this study was to investigate the transmission of LsoA, LsoB, and LsoD by psyllid nymphs. For this purpose, first, we quantified the titer of LsoA and LsoB by quantitative real-time PCR (qPCR) in the gut of third- and fifth-instar potato psyllid nymphs. Second, we determined and compared the transmission rate of Lso A and LsoB by potato psyllid nymphs to tomato. Third, we tested the transmission rate of LsoD by first- to fifth-instar carrot psyllid nymphs to celery. This research will pave the way to discover the molecular interactions that occur between nymphs and Lso, with the goal of developing novel techniques to disrupt Lso transmission at early stages.




2. Materials and Methods


2.1. Plants and Psyllid Colonies


All experiments involving LsoA and LsoB, potato psyllids and tomato plants were performed in the Department of Entomology at Texas A&M University in Texas, United States. Solanum lycopersicum L. ‘Moneymaker’ tomato seeds (Vicotry Seed Company., Irving, TX, USA) were planted in containers using Sun Gro Sunshine LP5 mix (Bellevue, WA, USA). The Miracle-Gro Water-Soluble Tomato Plant Food (18-18-21 NPK; Scotts Miracle-Gro Company, Marysville, OH, USA) was applied to the obtained plants twice weekly according to the label rate. Plants were kept throughout the experiments under a photoperiod of 16 h light and 8 h dark at room temperature (24 ± 2 °C).



Colonies of potato psyllids harboring LsoA or LsoB haplotypes were maintained on tomato plants in insect-proof cages (24 by 13.5 by 13.5 cm; BioQuip, Compton, CA, USA). All psyllid colonies were kept separate and maintained under a photoperiod of 16 h light and 8 h dark at room temperature (24 ± 2 °C). The presence of Lso and the haplotype in each colony were tested regularly by PCR using the LsoF/012 primers for Lso detection and the SSR1 primers for haplotype determination [5,33].



In Israel, carrot psyllids were collected from a carrot field in Saad, Israel, and were maintained for several generations in the laboratory located in the Department of Entomology, Volcani Institute. LsoD-infected (Lso+) and Lso-free (Lso-) celery (Petroselinum crispum) plants were maintained in separate cages under 14 h photoperiodic light, 25 ± 2 °C, and 60% humidity, and new infected plants were consciously prepared using insect-mediated transmission of the bacteria. Psyllids were periodically tested for Lso using PCR analyses (Primers: Omp_F/Omp_R) [34].




2.2. Midgut Dissections and LsoA and LsoB Quantification in Guts


Potato psyllid guts were dissected in 1x PBS under the Leica EZ4W0037 stereomicroscope (Leica Microsystems, Wetzlar, Germany). For the experiments, third- and fifth-instar nymphs from the LsoA- and LsoB-infected colonies were collected and dissected separately. There were three biological replicates for each instar and haplotype, each one had 30 dissected midguts.



DNA was extracted from pools of thirty guts using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany). Each biological replicate was used as an individual template for qPCR analyses. Lso was quantified by qPCR using the LsoF and HLBR primers [33,35]. Psyllid 28s rDNA was amplified as an internal control [36]. The qPCR was carried out using the SYBR Green Supermix Kit with a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Each technical replicate contained 30 ng of DNA, 0.25 µL of each primer at 250 nM, and 1X SYBR master mix. The total volume per reaction was adjusted to 10 µL with nuclease-free water. The qPCR program was set to 95 °C (2 min), 95 °C (5 s per cycle), and 60 °C (30 s) for 40 cycles. There were two technical replicates for each reaction and a negative control in each run.



Lso in psyllid guts was standardized by calculating ∆ Ct = (Ct of Lso gene) − (Ct of psyllid 28S rDNA) from three biological replicates. A standard curve was prepared for the quantification of Lso in psyllid guts using a plasmid containing the Lso 16S rDNA target, as described by [37].




2.3. LsoA and LsoB Transmission Experiments


The sketch of the transmission assay is shown in (Figure 1). To determine the transmission efficiency of third-instar nymphs, a single third-instar nymph from the LsoA- or LsoB-infected colony was caged on a middle leaf of a tomato plant using a mesh bag. The nymph was allowed an initial inoculation access period (IAP) of 48 h. After the initial inoculation access period, the nymph was individually transferred using a standard paintbrush to a new tomato plant and allowed another 48 h IAP. The experiment was carried out until the psyllids became adults or died. There were at most 8 total transfers. For the LsoA transmission experiment, the experiment started with 16 nymphs, while the LsoB transmission experiment started with 15 nymphs. A set refers to the 15 plants or 16 plants per time point during the experiment. All plants were 4-5 weeks old when they were infested. Insect mortality and molting were recorded for each insect transfer. A group of nymphs was maintained in similar conditions for substitution in case nymphs died prematurely. The plants were maintained for at least four weeks after psyllids were removed and tested for infection as described below.




2.4. LsoD Transmission Experiments


Celery plants infected with LsoD were infested with Lso-free adult carrot psyllid females for a 26 h oviposition period inside a rearing box. The adult psyllids were then removed and the plants (source plants) with laid eggs were transferred to a new rearing box. Seven days after the oviposition, the eggs hatched. These age-synchronized first-instar nymphs were used for the transmission experiments. Every two days, a group of three or four nymphs was collected from the age-synchronized psyllid pool developing on the infected source plant and continuously acquiring the bacteria and transferred individually to a new uninfected celery plant (one insect per plant). Right after hatching, the first group of three nymphs was used for sequential transmissions. This setup created 8 groups of nymphs with the following ages: 0–1 days, 2–3, 4–5, 7–8, 9–10, 11–13, 14–15, and 16–17 days. A total of 30 individuals were used for the assays. The nymphs from each group were used in sequential transmission experiments by transferring them individually to a separate new plant every 2–3 days, as described for the potato psyllids (one insect per plant). The sequential transmission was continued until molting to adulthood. This allowed us to evaluate the transmission of individual nymphs starting at different ages. In total, there were 8 groups used. By the time the 8th group was collected, the psyllids were already 20 days old, and they were molting to adults. The plants were maintained for 2 weeks after psyllid removal and tested for infection as described below.




2.5. Lso Detection in Tomato and Celery Plants


To detect LsoA or LsoB, samples from the top-tier leaf were collected 4 weeks post-inoculation, and DNA was extracted, as previously described by [37]. The DNA was used to determine the presence of Lso with LsoF/012 primers, and each haplotype was verified using SSR1 primers [5,33]. The results were analyzed using gel electrophoresis.



To detect LsoD in celery plants, DNA was extracted from 100 mg leaf tissue by crushing them in liquid nitrogen and using the CTAB method [38]. The DNA was then purified using phenol-chloroform and was stored at −20 °C until further use. Real-time PCR analysis was carried out as described before by [34]. The CT values were normalized using primers for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene from celery [34].




2.6. Statistical Analysis


For the analysis of LsoA and LsoB genome copies in the gut of potato psyllid nymphs, a log 10-transformation was applied to the data. The log of Lso copies was taken to assure normality. The verification of homogeneity of variance was conducted using Levene’s Test, and the residuals were checked for normal distribution using the Shapiro–Wilk test. Data were analyzed using a two-way ANOVA, with Lso haplotype and nymphal stage as factors followed by Tukey’s post hoc test. For transmission analyses, a logistic regression model was fitted to examine the effects of two factors (two Lso haplotypes and the number of days post-acquisition) on the probability that a plant would become infected between 1 and 11 days, after which many of the psyllids became adults. The percentage of infected plants from the experiments at each time point was obtained using this model. The log-odds model is given by Log[p/(1 − p)] = b0 + b1 Haplotypes + b2 Days + b3Haplotypes∗Days + e, where p = the probability of a plant becoming infected after being exposed to the Lso haplotypes for a particular number of days, and p/(1 − p) is the odds of an exposed plant becoming infected [30]. The data were analyzed using JMP Version 16 (SAS Institute Inc., Cary, NC, USA), R (https://www.r-project.org/ accessed on 9 July 2023), and GraphPad Prism 9.5.1 Software (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. LsoA and LsoB Titer in the Gut of Potato Psyllid Nymphs


Lso was quantified in the gut of third- and fifth-instar nymphs from the LsoA- and LsoB-infected colonies. A two-way ANOVA was performed to compare the Lso titer in the gut of third- and fifth-instar nymphs from the LsoA- and LsoB-infected colonies. There was a significant effect of the haplotype (F(1) = 52.0171, p < 0.001) and the instar (F(1) = 38.4955, p < 0.001) on the number of Lso copies in the psyllid gut. The interaction between these terms was also statistically significant (F(1, 8) = 10.89, p < 0.05). Third-instar nymphs from the LsoB-infected colony had a lower Lso titer in their guts than fifth-instar nymphs and nymphs from the LsoA-infected colony. No differences were measured among the fifth-instar nymphs from the LsoB-infected colony and the third- and fifth-instar nymphs from the LsoA-infected colony (Figure 2).




3.2. LsoA and LsoB Transmission by Potato Psyllid Nymphs


The sequential inoculation of tomato plants with a third-instar nymph was performed to verify if nymphs transmitted Lso haplotypes with the same efficiency. Nymphs from the LsoA-infected colony were able to transmit LsoA during the initial inoculation period of 48 h in the experiment (Table 1). This resulted in 50% of the plants being infected in the first set of plants. Overall, the transmission rate of LsoA-harboring nymphs was between 50% and 63% at each transfer, and it increased in the adult stage to 75% (Table 1).



In the experiment with nymphs from the LsoB-infected colony, the first LsoB-infected plants were detected after the third transfer. The transmission rate by nymphs was between 0% and 20% for each set of plants, but it increased in the adult stage, reaching as high as 33% (Table 2).



Based on the logistic regression model, there was a significant effect of the Lso haplotype (p < 0.01) but not of the number of days after removal post-acquisition (p = 0.32975) on the probability that a plant would become infected. Similarly, no significant effect of the haplotype-by-day interaction was observed (p = 0.50039), suggesting that the difference in infection probability between LsoA and LsoB remained comparatively the same throughout the experiment. In general, compared to LsoB, LsoA exhibited significantly higher odds (probability of infection) for the observed period (Figure 3).




3.3. LsoD Transmission by Carrot Psyllid Nymphs


As shown in Table 3, there were eight groups of nymphs with ages of 0–22 days used to investigate the LsoD transmission rates in carrot psyllid nymphs. The longer the psyllids remained on the source plant, the sooner after transfer they transmitted Lso for groups 1 and 5, corresponding to nymphs aged from 0–1 to 10–11 days old. The only exception was nymphs in group 4, which first transmitted LsoD after 9 days, while those in group 3 first transmitted LsoD after 7 days. Insects in the last group, group 8, were 16–17 days old insects and were already molting to adulthood; they did not transmit LsoD probably because they did not feed.





4. Discussion


‘Candidatus Liberibacter solanacearum’ (Lso) is a devastating bacterial plant pathogen. Currently, several haplotypes associated with different host plants and insect vector species have been reported [8,39]. Several studies have focused on the molecular interactions between the bacterium and the vector [26,40,41,42,43]. However, relatively few studies have focused on the transmission, acquisition, or accumulation of the different Lso haplotypes by their vectors [19,21,30,44]. Even fewer studies have focused on the Lso transmission by nymphs.



The present study was performed to compare the accumulation of LsoA and LsoB in the potato psyllid nymph gut and the transmission efficiency of these haplotypes by nymphs. It also aimed to report for the first time the transmission efficiency of LsoD by carrot psyllid nymphs. Comparing the acquisition and transmission of bacterial pathogens from different pathosystems can help us understand the epidemiology of diseases. This fundamental knowledge could shed light on common and unique features of their interaction with their vector. For instance, in the case of CLas, the Asian citrus psyllids must acquire the pathogen during the nymphal stages for efficient transmission during the adult stage [45], while potato psyllid adults can efficiently transmit Lso even if they acquired the pathogen as adults [30]. The potato psyllid can transmit Lso during the nymphal stage, as early as the third instar [32], but the studies were performed with LsoA and LsoB double-infected or LsoA-harboring psyllids [46,47].



In a previous study, we compared the accumulation of LsoA and LsoB in the gut of adults. We found that LsoA and LsoB titers accumulated to similar levels in the gut of adults, but LsoB reached the plateau six days earlier than LsoA. Further, we found a lower transmission efficiency for LsoA [30]. However, in the present study, we found that the LsoA titer had already reached a plateau in the third-instar nymphs, while the LsoB titer was lower in third-instar nymphs but increased in fifth-instar nymphs to similar levels to that of LsoA (Figure 2). This means that the plateau was reached sooner by LsoA than LsoB. Based on these results, we hypothesized that nymphs could transmit LsoA earlier than LsoB if reaching the plateau titer in the gut was a requirement for transmission. Alternatively, the nymphs could transmit LsoA more efficiently if the titer in the gut correlated with transmission efficiency. We found that the LsoA-infected colony’s nymphs could transmit the pathogen as third-instar nymphs; half of these nymphs infected the first set of plants, but the first transmission of LsoB did not occur until the third set of plants. These results indicated there was a lag in the transmission of LsoB compared to LsoA, and that the low amount of LsoB titer in the gut of third-instar nymphs could be a factor in the transmission lag.



We also observed differences in the transmission efficiency by nymphs: overall, LsoA was transmitted to 50–63% of the plants in each set (Table 1), yet the maximum transmission by nymphs for LsoB was 20% (Table 2). Moreover, based on the logistic regression model, LsoA had significantly higher odds (probability of infection) across 11 days relative to LsoB (Figure 3). The probability of LsoA detection did not increase during the assay, and transmission by older nymphs was as efficient as by third-instar nymphs. There was also an observed difference in the developmental time between the nymphs from the LsoA- and LsoB-infected colonies. The transmission experiments of these haplotypes were not run in parallel, so it was impossible to compare the development time of the nymphs. It is noteworthy that since we do not fully understand how each haplotype influences the development of the psyllid, it might be possible that the specific interaction influences the development time. This needs to be explored in more detail.



There are several factors causing differences in the accumulation and transmission between LsoA and LsoB in the nymphal stages. These differences could be due to the various immune responses of potato psyllids upon LsoA or LsoB infection. For instance, we previously identified differences in the expression of immune genes in the gut of adult psyllids in response to LsoA and LsoB infection [26,40]. Thus, the differences among the different Lso pathosystems could also be expected [25,40,41,42,43]. Indeed, differences in psyllid response to different Liberibacter pathogens have been reported. For example, while apoptosis was identified in the gut of adult Asian citrus psyllids infected with CLas [48], no evidence of apoptosis was uncovered in response to LsoA or LsoB in the gut of adult potato psyllids [42]. Furthermore, silencing an apoptosis-inhibitor gene decreased the acquisition of Lso and the transmission efficiency [25]. Nevertheless, similarities among the pathosystems also exist. For instance, autophagy was identified in response to LsoA, LsoB, and LsoD in the gut of the adult psyllids [40,41].



The bacterial pathogenicity could also affect its transmission. Indeed, we also reported differences in pathogenicity between LsoA and LsoB in potato psyllids; LsoB is more pathogenic than LsoA in potato psyllids [49]. Considering these different pathogenic characteristics, LsoA and LsoB might manipulate their vector differently, suggesting the possibility that the psyllid’s immune response to each haplotype might act differently. It is interesting that in the current experiments, only one nymph from the LsoA-infected colony died before reaching adulthood (two others were lost), while none of the nymphs from the LsoB-infected colony died because we have previously shown that Lso infection causes nymphal mortality, in particular LsoB [49]. It is also worth noting that no mortality was recorded among the carrot psyllid nymphs used in the LsoD transmission experiment.



Based on the obtained results, we speculate that LsoA is mainly transmitted by adults that acquired the pathogen as nymphs, while LsoB is transmitted by adults that acquired the pathogen as adults or nymphs. We cannot exclude the fact that allowing for LsoB acquisition by fourth- and fifth-instar nymphs could increase the transmission efficiency of this pathogen by older nymphs.



The experimental set-up to examine the transmission of LsoD allowed us to assess if the transmission was affected by the age of the nymph and/or the acquisition access period. The transmission rate of LsoD by nymphs increased during development. A higher percentage of transmission was observed when nymphs were allowed a longer LsoD acquisition access period (Table 3). Although we did not quantify the LsoD titer in the different nymphal stages, we speculate that the higher transmission rate could be a result of an increased amount of LsoD titer as the nymphs mature and acquire more Lso and/or the pathogen replicates in the nymphs.



Based on our results, LsoD could be transmitted by nymphs older than third instars (LsoD was not detected in the first set of plants for groups 4 or 5, which correspond to the third-instar nymphs), which is later than LsoA but earlier than LsoB. Further, the LsoD transmission rate was similar to or higher than that of LsoA. The differences in the transmission results of LsoA and LsoB compared to LsoD could also be the result of transovarial transmission as reported in [50] because LsoA- and LsoB-infected nymphs were collected directly from the infected colonies, whereas LsoD-infected nymphs were not. Based on our results, both potato and carrot psyllid nymphs can efficiently acquire and transmit LsoA and LsoD, whereas a longer acquisition access period might be needed for nymphs to efficiently transmit LsoB. Therefore, nymphs could contribute to the spread of the LsoA and LsoD to surrounding plants in fields. These differences in acquisition and transmission of LsoA and LsoB by nymphs combined with our earlier results studying the acquisition and transmission by adults [30] might explain some of the differences in the prevalence of the haplotypes observed in fields [51,52]. Future studies need to evaluate the accumulation of LsoD titer during the nymphal stages to determine if it increases throughout the nymphal development similar to LsoB, or if a plateau titer is reached at younger stages similar to LsoA. This information, coupled with gene expression analyses, can help us identify the different responses of psyllids to Liberibacter pathogens, and possibly identify pathways that could lead to reduced acquisition and transmission by nymphs and/or adults.




5. Conclusions


In this study, we compared the accumulation of LsoA and LsoB in third- and fifth-instar nymphs and the transmission efficiency of third-instar potato psyllid nymphs. We also reported for the first time the transmission efficiency of LsoD by carrot psyllid nymphal stages. The findings of our study indicate a higher accumulation and transmission efficiency of LsoA in third-instar potato psyllid nymphs than LsoB. In the case of LsoD, the transmission efficiency increased as the carrot psyllid nymphs matured and with longer acquisition access periods. These results contribute fundamental knowledge to understand and expand our current view of Lso transmission by psyllids, the vector capacity of nymphs and their role in the disease epidemiology. Future studies should compare the induction of different cellular and immune responses in response to the different haplotypes to identify specific responses that can delay the acquisition of the pathogen, its replication in the vector and its transmission to new plants.
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Figure 1. Sequential transmission test of third-instars potato psyllids harboring LsoA and LsoB. One nymph was transferred sequentially to a new non-infected tomato plant for a 2-day inoculation access period (IAP). Day 1 is the initial day. The experiment started with 16 nymphs from the LsoA-infected colony and 15 nymphs from the LsoB-infected colony being transferred to a different recipient non-infected tomato plant. After 4 weeks, the presence of Lso was tested in each plant (top-tier leaves) by PCR. 
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Figure 2. Bar graph representing the titer of LsoA and LsoB in the gut of third- and fifth-instar nymphs (n = 3). All values are represented as mean ± SD. The letters indicate statistically significant differences (p < 0.05). A-3 = third-instar of LsoA infected nymphs; B-3 = third-instar of LsoB infected nymphs; A-5 = fifth-instar of LsoA infected nymphs; B-5 = fifth-instar of LsoB infected nymphs. 
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Figure 3. Sequential transmission test of third instars harboring LsoA or LsoB. Probability of plants being infected versus days post-acquisition with a 95% confidence interval (CI) based on the logistic regression model. 
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Table 1. LsoA transmission by potato psyllid nymphs.
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LsoA

	
Days Post-Transfer




	
Sample

	
1

	
3

	
5

	
7

	
9

	
11

	
13

	
15






	
1

	
+

	
+

	
−

	
−

	
−YA

	
+YA

	
+

	
−




	
2

	
−

	
+

	
−

	
+

	
+

	
+YA

	
+YA

	
+




	
3

	
+

	
+

	
+

	
−

	
+YA

	
+YA

	
+

	
−




	
4

	
+

	
+

	
+

	
+

	
+YA

	
+YA

	
+

	
+




	
5

	
−

	
+

	
+

	
+

	
−

	
+YA

	
+YA

	
+




	
6

	
+

	
−

	
+

	
−

	
−

	
+YA

	
+YA

	
+




	
7

	
−

	
−

	
+ (L/R)

	
+

	
+

	
−YA

	
+YA

	
+




	
8

	
−

	
+

	
−

	
+

	
−

	
−YA

	
−

	
+




	
9

	
+

	
+

	
−

	
+ (D/R)

	
+YA

	
+YA

	
+

	
−




	
10

	
−

	
−

	
−

	
+

	
−

	
−

	
+

	
+YA




	
11

	
−

	
+

	
+

	
−

	
+

	
+

	
+

	
−YA




	
12

	
−

	
−

	
−

	
+

	
+

	
+YA

	
+YA

	
+




	
13

	
−

	
+

	
+

	
−

	
+

	
−

	
+YA

	
+YA




	
14

	
+

	
+

	
+

	
+

	
+

	
−

	
−YA

	
+YA




	
15

	
+

	
−

	
−

	
+

	
+

	
+

	
+YA

	
+YA




	
16

	
+ (L/R)

	
−

	
+

	
−

	
−

	
+

	
−YA

	
+YA




	
Total %

	
50%

	
63%

	
56%

	
63%

	
63%

	
69%

	
81%

	
75%








Third-instar nymphs from the LsoA-infected colony were given sequential 48 h inoculation periods before being transferred to a new plant. The nymphs were followed into adulthood over a 15-day period. There was a total of 8 sets of plants with 16 plants each. The following symbols represent Lso-infected plants (+), uninfected plants (−), molting into young adults (YA), nymphs lost and replaced (L/R), nymphs dead and replaced (D/R). The last line shows the percentage of infected plants per set. Yellow color represents nymphs, green color represents young adults (light-colored teneral adults), and orange color represents mature adults (dark adults).













 





Table 2. LsoB transmission by potato psyllid nymphs.
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LsoB

	
Days Post-Transfer




	
Sample

	
1

	
3

	
5

	
7

	
9

	
11

	
13

	
15






	
1
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−

	
−

	
−

	
+

	
−

	
−YA

	
−YA




	
2

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA

	
−YA




	
3

	
−

	
−

	
−

	
−

	
−

	
−

	
+YA

	
+YA




	
4

	
−

	
−

	
+

	
−

	
−

	
+

	
−

	
+YA




	
5

	
−

	
−

	
+

	
+

	
−

	
−

	
−YA

	
−YA




	
6

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA




	
7

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA

	
−YA




	
8

	
−

	
−

	
+

	
−

	
−

	
−

	
−

	
−YA (L)




	
9

	
−

	
−

	
−

	
−

	
−

	
+

	
−YA

	
−YA




	
10

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA

	
−YA




	
11

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA

	
−YA




	
12

	
−

	
−

	
−

	
−

	
−

	
−

	
−YA

	
−YA




	
13

	
−

	
−

	
−

	
−

	
−