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by the tomato psyllid Bactericera
cockerelli
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‘Candidatus Liberibacter solanacearum’ (Lso) is a pathogen of solanaceous crops. Two haplotypes

of Lso (LsoA and LsoB) are present in North America; both are transmitted by the tomato psyllid,
Bactericera cockerelli (Sulc), in a circulative and propagative manner and cause damaging plant
diseases (e.g. Zebra chip in potatoes). In this study, we investigated the acquisition and transmission
of LsoA or LsoB by the tomato psyllid. We quantified the titer of Lso haplotype A and B in adult psyllid
guts after several acquisition access periods (AAPs). We also performed sequential inoculation of
tomato plants by adult psyllids following a 7-day AAP and compared the transmission of each Lso
haplotype. The results indicated that LsoB population increased faster in the psyllid gut than LsoA.
Further, LsoB population plateaued after 12 days, while LsoA population increased slowly during
the 16 day-period evaluated. Additionally, LsoB had a shorter latent period and higher transmission
rate than LsoA following a 7 day-AAP: LsoB was first transmitted by the adult psyllids between 17
and 21 days following the beginning of the AAP, while LsoA was first transmitted between 21 and

25 days after the beginning of the AAP. Overall, our data suggest that the two Lso haplotypes have
distinct acquisition and transmission rates. The information provided in this study will improve our
understanding of the biology of Lso acquisition and transmission as well as its relationship with the
tomato psyllid at the gut interface.

‘Candidatus Liberibacter solanacearum’ (Lso) is a phloem-limited, Gram-negative and unculturable bacterium
associated with severe plant diseases. To date, several haplotypes of this pathogen have been identified! . Hap-
lotypes A and B infect solanaceous crops in North America and cause damaging diseases including zebra chip in
potato”®. These two haplotypes are transmitted by the tomato psyllid (also known as the potato psyllid), Bacteri-
cera cockerelli (Sulc) (Hemiptera: Triozidae). Currently, insecticides are used to control the psyllid populations
and therefore Lso-related diseases because no commercially acceptable genetic resistance has been identified in
the affected crops. However, the success of this strategy is limited and novel control approaches such as patho-
gen transmission disruption are urgently needed. The major limitations to develop these novel strategies are the
complexity of the pathogen-vector systems, the lack of fundamental knowledge of the vector biology, and the
fastidious nature of the pathogens.

Lso is transmitted by psyllids in a circulative and propagative manner®~'2. Therefore, the midgut is the first
psyllid organ that the bacterial pathogen colonizes and provides an essential link for understanding the biology
of Lso acquisition or transmission within the tomato psyllid. More importantly, the vector gut can be a barrier
for pathogen transmission'*~'%, and manipulating the interaction between the vector gut and the pathogen could
be a promising way to disrupt Lso transmission. However, little is known about the acquisition or transmission
of Lso at the gut interface.
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Figure 1. Quantification analysis of Lso copies in the gut of tomato psyllids following Lso acquisition. LsoA
(red) and LsoB (blue) titer in pools of 50 guts following a 0- to 16-day acquisition access period (AAP). Data
represent means + SD of three independent replicates. Different letters indicate statistical differences at P<0.05
using two-way ANOVA with Tukey’s post hoc test.

Some studies focused on Lso acquisition and transmission by the tomato psyllid. For example, the transmis-
sion efficiency of Lso and the inoculation access period (IAP) required for tomato psyllid nymphs and adults to
inoculate potato plants were assessed'®. It was found that nymphs were less efficient than adults at transmitting
Lso; in addition, exposure of a plant to 20 adult tomato psyllids for a period as short as 1 h resulted in zebra chip
symptom development in potatoes. It was also shown that a single tomato psyllid adult was capable of inoculat-
ing Lso to potato plants within a period as short as 6 h. Lso acquisition rate by adult psyllids following different
acquisition access periods (AAPs) on potato and tomato plants was also investigated'’. It was determined that the
increase of Lso titer in whole insects reached a plateau after an average of 15 days following 24- and 72-h AAPs
on potato or tomato. Later, the same research group found that Lso copy numbers in psyllids peaked 2 weeks
after the initial pathogen acquisition, and psyllids were capable of transmitting Lso to non-infected host plants
only after a 2-week incubation period even with a short AAP of 24 h'2.

However, the main limitation of the Lso acquisition and transmission studies is that they were carried out
using double infected (LsoA and LsoB) or LsoA-infected psyllids'”'®. Importantly, distinct acquisition or trans-
mission could exist between the Lso haplotypes A and B. Indeed, results from our previous studies indicate that
there are differences in pathogenicity between these two haplotypes in association with their host plants and
insect vector, in all cases LsoB was found to be more pathogenic!®-2!.

Therefore, it is imperative to understand the biology and mode of acquisition and transmission of these two
haplotypes by their psyllid vector. In the present study, our primary goal was to investigate the acquisition and
transmission of Lso haplotype A and haplotype B by tomato psyllids. Toward this end, first, the accumulation of
LsoA and LsoB in the gut of adult psyllids over time was quantified by quantitative real-time PCR (qPCR) and
observed by immunolocalization. Second, we determined the transmission rate of each Lso haplotype and their
respective latent periods. Therefore, in this study we assessed whether differences in the acquisition, latent period
or transmission efficiency between the two Lso haplotypes existed. The data from this study will be the foundation
to investigate the molecular interactions that occur between the insect vector and the bacterial pathogen during
acquisition resulting in the development of novel strategies to disrupt Lso transmission.

Results and discussion

LsoA and LsoB quantification in the gut of adult psyllid. Previously, differences in the interaction
of LsoA and LsoB with the tomato psyllid were reported®. However, the acquisition and transmission of the
different haplotypes were not compared. The psyllid midgut is the first organ Lso encounter once ingested from
an infected plant. Therefore, colonization of this organ is essential for Lso transmission by the psyllid vector. We
first examined the acquisition of Lso haplotypes A and B by adult tomato psyllids at the gut interface.

A two-way ANOVA was run to examine the effect of Lso haplotype and AAP on the number of Lso copies in
the psyllid midguts. There was a significant effect of the haplotype (F(1, 53) =90.096, p <0.01) and of the AAP
(F(8, 53)=307.656 , p<0.01) on the number of Lso copies in the psyllid gut. The interaction of Lso haplotype
and AAP on the number of Lso copies was also significant (F(8, 53) =4.914, p <0.001). Quantification of each Lso
haplotype following different exposure times to infected plants revealed that both LsoA and LsoB populations
increased continuously in the tomato psyllid guts (Fig. 1). LsoB titer increased rapidly; there were an average
0f 99,205 copies after 6 days of AAP, and on average a maximum of 326,214 copies was reached after 14 days of
AAP. Post hoc analyses revealed there were significantly more LsoB copies after 8 days of AAP than after a 2- or
4-day AAP (P<0.05). In contrast, the increase in LsoA copy number was slower after day 2, reaching on average
a maximum of 135,328 copies after 16 days of AAP. After 12 days of AAP, there were significantly more LsoA
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Figure 2. Immuno-staining of LsoA and LsoB in the guts of tomato psyllids following continuous acquisition.
(A1,A2) and (B1,B2) 2 days acquisition; (A3,A4) and (B3,B4) 6 days acquisition; (A5,A6) and (B5,B6) 10 days
acquisition; (A7,A8) and (B7,B8) 14 days acquisition. The white dashed rectangle indicates the enlargement
region (A2,A4,A6,A8,B2,B4,B6,B8) of the filter chamber and midgut. White arrows indicate the Lso signals.

bacteria than after a 2- or 4-day AAP (P<0.05). In addition, between 4- and 10-day AAP, there were significantly
more LsoB copies than LsoA (P<0.05), while after 12-day AAP, there was no significant difference between them
(P>0.05). Therefore, it is likely that there is an approximately 8 day-lag for LsoA accumulation in the gut of the
tomato psyllid compared to LsoB.

Immunofluorescence of Lso further confirmed the progressive accumulation of the bacteria in the gut. In
accordance with the quantification analysis by QPCR, weak LsoA-derived signal was observed in the psyllid gut
within and after 10 days of AAP (Fig. 2A1-A6), while more LsoA-derived signal was observed after 14 days of
AAP (Fig. 2A7,A8). A greater amount of LsoB-derived signal was observed shortly after the beginning of the AAP,
although the signal was low until 6 days of AAP (Fig. 2B1-B4). However, the LsoB-derived signal was strong and
more widespread after 10 days and 14 days of AAP (Fig. 2B5-B8). Therefore, although both Lso haplotypes A and
B are transmitted by the same vector, differences in acquisition were identified in the gut of adult tomato psyllids.

Overall, the infection of the adult gut by LsoA or LsoB can be divided into two stages. LsoB titer in the gut
of psyllids increases rapidly and plateaus after 6 days, while LsoA accumulation is slower between days 2 and
12. Overall, these findings are consistent with the previous report'?, which determined that the copy numbers
of Lso (co-infections of LsoA and LsoB) in psyllids increased from week 0 to week 2 of the incubation period
before reaching a plateau. In addition, similar propagative accumulation patterns have been reported in other
plant-pathogen-insect systems; for instance, the Rice gall dwarf virus (RGDV) exhibits a progressive accumula-
tion in the gut of the rice leathopper Recilia dorsalis with a peak around 12 days following the initial infection?.

Previously, it was demonstrated that differences in Lso titer in inoculum plants do not result in differences
in Lso titer in psyllids''. Furthermore, we have previously investigated the distribution of LsoA and LsoB titers
in tomato plants'. The results presented here were obtained from three independent replicates, and all plants
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Figure 3. Sequential transmission test of LsoA and LsoB to tomato by psyllids after a 7-day AAP. (A) Adult
psyllids were given a 7-day AAP on LsoA or LsoB infected tomato plants. Then, groups of five adult psyllids
were transferred to 10 recipient non-infected tomato plants for a 10-day inoculation access period, and each
group was sequentially transferred to a new uninfected recipient plant every 4 days as shown in the schematic
representation. The days showed in the figure indicate the days post acquisition. Day 0 is the initial day Lso-free
psyllids were exposed to Lso-infected plants. After 4 weeks, the presence of Lso was tested in each plant (top-tier
leaves) by PCR. Psyllid and tomato plant diagrams were made by Dr. Ordom Huot. (B) Probability of infected
plants versus days with 95% confidence interval (CI) based on logistic regression model. The latent period for
LsoB in adult tomato psyllids is between 17 and 21 days, while for LsoA is between 21 and 25 days.

used had high Lso titers. Therefore, it is unlikely that differences in Lso titer in the infected plants significantly
affected the LsoA and LsoB accumulation in psyllids. However, the differences of LsoA and LsoB titer in the
gut of adult psyllids could be the result of differences of bacterial pathogenicity or the elicited psyllid immune
responses. Indeed, we have previously shown that LsoB is more pathogenic than LsoA'*~!. Similarly, the vector
immune response could be one factor explaining the different Lso accumulation. For instance, autophagy is
induced by RGDV in the gut of its vector, the rice leathopper R. dorsalis*>. Further investigation demonstrated
that autophagy activation improves the acquisition of RGDV, whereas inhibiting the autophagy pathway reduces
viral titers in the leathopper gut. Indeed, one potential explanation for the different acquisition of LsoA or LsoB
could be that distinct immune responses are elicited by each haplotype. These immune responses could affect
the replication rates of Lso in the tomato psyllid gut. If indeed, different responses are elicited by each haplotype,
it is possible that the response only affects Lso accumulation upon infection or in adult psyllids, because, adults
that acquired Lso as nymphs have similar LsoA or LsoB titers in their guts®.

Transmission of LsoA and LsoB. Because the colonization of the psyllid gut by LsoA and the increase of
its titer were slower than LsoB, we hypothesized that the circulation of LsoA within the vector could also take
longer than that of LsoB. Therefore, we performed sequential inoculation of tomato plants following a 7-day
AAP. All the recipient tomato plants were tested Lso-negative at day 17 post acquisition. LsoB was detectable
in plants as early as 21 days post acquisition with an average transmission rate to tomato plants of 43.3%. This
rate increased and remained around 90% after day 25 post acquisition. In contrast, LsoA could not be detected
until 25 days post acquisition, when an average of 20% of the plants tested positive for Lso infection. At 29 days
post acquisition, only 30% of plants were infected by LsoA (Fig. 3). The sequential transmissions were stopped
at day 29 because of psyllid mortality. As a control, on average 94.4% and 100% of the tested plants were infected
by insects from the LsoA- and LsoB-infected colonies, respectively. In addition, based on the logistic regression
model, there is significance of the effects of two factors (two Lso haplotypes and the days post acquisition) on
the probability that a plant would become infected (P<0.0001). However, no significance of the haplotype by
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days interaction was observed (P=0.8740), indicating that the difference in the probability of infection for LsoA
and LsoB remained relatively the same for the 3 days post acquisition (21, 25, and 29 days). Overall, haplotype
LsoB had significantly higher odds (probability of infection) across the 3 days post acquisition relative to LsoA
(Fig. 3). We also observed a lag between LsoA and LsoB transmission, which is consistent with the differences of
Lso accumulation in the gut obtained by quantification. Therefore, LsoB had a shorter latent period than LsoA.
Specifically, the latent period of LsoB was between 17 and 21 days, while LsoA took between 21 and 25 days to
be transmitted. The latent period for Lso transmission observed here is consistent with the previous study which
determined that a 2-week latent period was required for adult tomato psyllids to transmit Lso following a 24- or
72-h AAP™. While the authors did not test transmission of each Lso haplotype separately, they did not observe
significant differences of latent period between the two Lso haplotypes!?. The discrepancies between those results
and ours could result from the analysis of the transmission of each Lso haplotype separately. Indeed, it is possible
that competition or cooperation between the Lso haplotypes occurs within the insect or the host plant. Another
difference between the two studies was the use of tomato as source and recipient hosts in the present study,
while before potato was used for the acquisition and transmission analyses'. Additionally, there are four tomato
psyllid haplotypes in North America®**°, and the previous study used central haplotype psyllids'?, our study was
performed with western haplotype psyllids. Therefore, it is possible that genetic differences among the tomato
psyllid populations or even the endosymbionts associated with each population® result in different capacity for
Lso transmission. Indeed, it appears that the inoculation rates of the bacterial pathogen ‘Ca. L. asiaticus’ (CLas)
by adult Asian citrus psyllid populations in North America might be less efficient than those previously reported
for the vector’s Chinese populations®”2%.

Several factors could potentially account for the difference of LsoA or LsoB transmission rates by tomato
psyllids. First, the ability of Lso to infect the gut or to cross from the gut into the hemocoel can determine its
transmission efficiency. Indeed, as discussed above the insect immune system may prevent or delay the pathogen
circulation through the vector. For instance, an apoptotic immune response was observed in the gut of Asian
citrus psyllid adults from the CLas-infected colonies, but not in the nymphal gut?**°. It is probable that the
apoptotic response serves to limit the acquisition or transmission efficiency of CLas by the Asian citrus psyllid.
Indeed, CLas titer increased at a faster rate when the bacterium was acquired by nymphs compared to adults®'.
Consequently, future analyses should focus on the immune responses elicited by each Lso haplotype on the
psyllid vector. In addition, LsoB was found to be more pathogenic in association with their host plant and insect
vector'*2!. It is therefore possible that LsoB is able to better defend itself against the psyllid immune response,
or even manipulate those defenses to its advantage®?. As a consequence, LsoB could be acquired and transmitted
with higher efficiency than LsoA. Second, the salivary gland is another potential barrier for Lso transmission. It
was established previously that over 10,000 Lso genomes were required in the salivary glands for tomato psyllids
to effectively transmit the bacterium!?. Based on our results, we speculate that LsoB reaches that threshold earlier
than LsoA. This could be because LsoB is able cross the gut barrier faster than LsoA, or that LsoB required less
time to colonize the salivary glands and multiply, reaching the transmission threshold earlier.

This study revealed that LsoB can be efficiently acquired and transmitted by adult tomato psyllids, however,
transmission of LsoA by psyllids that acquire the pathogen during adulthood is less efficient. The epidemiologi-
cal implications if any, of this difference in transmission efficiency between the two Lso haplotypes need to be
investigated.

In summary, we suggest the existence of differences in the acquisition and transmission of the Lso haplotypes
A and B. LsoB titer increased more rapidly in the adult psyllid gut than LsoA. Furthermore, LsoB had a signifi-
cantly higher transmission efficiency by adult psyllids than LsoA and a shorter latent period between acquisition
and inoculation. The information in the present study could be of significance for disease epidemiology and to
develop strategies to disrupt pathogen transmission. Additional studies are needed to explore the accumulation
of the two Lso haplotypes in the salivary glands and determine the Lso transmission by other psyllid haplotypes.

Materials and methods

Insect colonies and tomato pIa nts. Lso-free, LsoA-, and LsoB-infected psyllid colonies (western haplo-
type) were maintained separately on tomato plants in insect cages (24 x 13.5x 13.5 cm, BioQuip, Compton, CA)
at room temperature 24 + 1 °C and photoperiod of 16:8 h (L:D)*.

To obtain Lso-infected tomato plants, tomato plants variety Moneymaker, were grown from seeds (Victory
seed company, Molalla, OR). Six-week-old tomato plants were infected as described previously** using three male
psyllids harboring LsoA or LsoB, respectively. After 1 week, all psyllids were removed from the tomato plants.
Three weeks after Lso inoculation, the plants (top-tier leaves) were tested for Lso infection using the LsoF/OI2
primers* and the Lso haplotype in the plants was confirmed using the Lso SSR-1 primers®.

Psyllid exposure to Lso and gut dissection. Young Lso-free adult psyllids (less than 7 days old, a mix
of males and females) were transferred to LsoA- or LsoB-infected tomato plants. To minimize the effect of dif-
ferences in Lso titer within infected plants'®, groups of over 60 adult psyllids were caged on leaves at the same
level of the tomato plants using organza bags. Every 2 days, 50 insects from a same group were collected in order
to obtain 2-, 4-, 6-, 8-, 10-, 12-, 14-, and 16-day Lso-exposed psyllids. The groups of 50 psyllids were randomly
caged on different plants. The experiments were stopped after 16 days of AAP because adult tomato psyllids live
on average 1 month and high mortality of psyllids started to be observed.

Guts from the LsoA- or LsoB-exposed psyllids were dissected under the dissecting microscope®. DNA from
pools of 50 guts was purified following the protocol of blood/tissue DNA extraction kit (Qiagen, Hilden, Ger-
many); each pool was used as an individual template for qPCR analysis. Thus, each pool of 50 guts represented
one replicate, and there were three replicates for each combination of exposure time point and haplotype. Each
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replicate was obtained by using independent LsoA- or LsoB-infected plants as Lso inoculum. All the experiments
were conducted at 24+ 1 °C.

Quantification of Lso. The Lso 165 rDNA specific primers (LsoF: 5-CGAGCGCTTATTTTTAATAGG
AGC-3' and HLBR: 5'-GCGTTATCCCGTAGAAAAAGGTAG-3")*>*7 were used for Lso quantification in the
guts of adult psyllids, and the psyllid 28S rDNA primers (28S rDNAF: 5-AGTTTCGTGTCGGGTGGAC-3' and
28S rDNAR: 5-AACATCACGCCCGAAGAC-3')** were used as internal control. gPCR was performed using
SYBR Green Supermix Kit (Bioline, Taunton, MA) according to manufacturer’s instructions. Each reaction con-
tained 25 ng of DNA, 250 nM of each primer, and 1X of SYBR Green Master Mix; the volume was adjusted with
nuclease-free water to 10 uL. The qPCR program was 95 °C for 2 min followed by 40 cycles at 95 °C for 5 s and
60 °C for 30 s. The qPCR assays were performed using a QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems, Foster City, CA). Reactions for all samples were performed in triplicates with a negative control
in each run. In order to standardize the amount of Lso in psyllid guts, data are reported as delta Ct=(Ct of
Lso gene) — (Ct of psyllid 28S gene). The biological replicates were analyzed and the average delta Ct value was
used to quantify the levels of Lso. A standard curve was prepared for quantification of Lso in psyllid guts using
a plasmid containing the Lso 16S rDNA target. For the standard curve, 10-fold serial dilutions of the plasmid
were performed. The procedure for the standard curve preparation and the calculations of molecules (copies)
followed the methods described in*® and**. The Lso copy number in each sample was estimated by comparing
delta Ct values of each sample to the standard curve.

Immunolocalization of Lso in psyllid guts. Immunolocalization was used to visualize Lso in the Lso-
exposed psyllid gut tissues. The psyllid guts were dissected in 1X phosphate buffered saline (PBS) (Sigma- Aldrich,
St. Louis, MO) from adults at 4-day-infection intervals. Then, the guts were fixed in 4% paraformaldehyde for
30 min at room temperature. After fixation, the guts were incubated with Sudan Black B (Sigma-Aldrich) for
20 min to quench autofluorescence as described in*. Next, the guts were permeabilized by adding 0.1% Triton
X-100 (Calbiochem/EMD Chemicals, Gibbstown, NJ) for 30 min at room temperature, and washed three times
with PBS containing 0.05% Tween 20 (PBST) prior to a 1-h blocking incubation at room temperature with
blocking buffer (PBST with 1% [w/v] bovine serum albumin). Lso immunolocalization was performed using a
rabbit-derived polyclonal antibody (GenScript Corp, Piscataway, NJ) directed against Lso OMP-B (Ab-OMP-
B) which detects both Lso haplotypes®. The guts were incubated with the antibody (diluted 1:500) overnight
at 4 °C. The guts were then washed three times with PBST and incubated with an Alexa Fluor 594 goat anti-
rabbit IgG secondary antibody (diluted 1: 2000; Invitrogen, Carlsbad, CA) for 1 h at room temperature. The guts
were washed again three times with PBST, and mounted with one drop of Vectashield mounting medium with
4',6-diamidino-2-phenylindole (Vector Laboratories Inc., Burlingame, CA) on a microscope slide. The slide was
covered with a glass coverslip and sealed with nail polish. The guts were examined using Axioimager A1 micro-
scope (Carl Zeiss microimaging, Thornwood, NY, USA) and the images were collected and analyzed with the
Axiovision Release 4.8 software (Carl Zeiss).

Lso transmission assay. The sketch of transmission assay is shown in Fig. 3. Young Lso-free adult psyllids
(less than 7 days old, mix of males and females) were exposed to LsoA- or LsoB-infected plants for a 7-day AAP
as described above. Then, groups of five LsoA- or LsoB- exposed psyllids were transferred to ten 4-week-old
non-infected recipient tomato plants for a 10-day IAP. Then every 4 days, the same batch of LsoA- or LsoB-
exposed psyllids were continuously transferred to new set of ten non-infected recipient tomato plants. In total,
four rounds of transfer were conducted. As a positive control, we also transferred adult psyllids from the LsoA-
or LsoB-infected colonies, which acquire Lso as nymphs, to six 4-week-old non-infected recipient tomato plants.
Four weeks after the end of the IAP, the plants (top-tier leaves) were tested for Lso infection as described above.
The transmission assays were performed three times.

Data analysis. The data were analyzed using R (https://www.r-project.org/) and SAS (Ver. 9.4). For the
analysis of Lso genome copies in the gut of psyllid, the raw data typically have a Poisson distribution. Thus, first
a log10-transformation was applied to the data and then analyzed using a two-way ANOVA with Tukey’s post
hoc test. Homogeneity of variance was verified with the Levene’s Test, and the residuals’ normal distribution
was verified using the Shapiro-Wilk normality test. The percentage of infected plants from the three replicated
experiments of each time point were determined using a logistic regression model, which was fit to evaluate the
effects of two factors (two Lso haplotypes and the days post acquisition) on the probability that a plant would
become infected. The log-odds model is given by:

Log[p/(1 — p)] = b0 + bl Haplotypes + b2 Days + b3 Haplotypes x Days + e,

where p = probability plant becomes infected after being exposed to the Lso haplotypes a given number of days
after the potato psyllid was exposed to the Lso haplotypes and p/(1 —p) is the odds of an exposed plant becom-
ing infected.

Received: 14 November 2019; Accepted: 13 July 2020
Published online: 19 August 2020

SCIENTIFIC REPORTS |

(2020) 10:14000 | https://doi.org/10.1038/s41598-020-70795-4


https://www.r-project.org/

www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Glynn, J. M. et al. Multilocus sequence typing of ‘Candidatus Liberibacter solanacearum’ isolates from North America and New
Zealand. J. Plant Pathol. 94, 223-228 (2012).

Haapalainen, M. Biology and epidemics of Candidatus Liberibacter species, psyllid-transmitted plant-pathogenic bacteria. Ann.
Appl. Biol. 165, 172-198. https://doi.org/10.1111/aab.12149 (2014).

. Lin, H. et al. Genetic diversity of ‘Candidatus Liberibacter solanacearum’ strains in the United States and Mexico revealed by

simple sequence repeat markers. Eur. J. Plant Pathol. 132, 297-308. https://doi.org/10.1007/s10658-011-9874-3 (2012).

. Nelson, W. R. et al. A new haplotype of “Candidatus Liberibacter solanacearum” identified in the Mediterranean region. Eur. J.

Plant Pathol. 135, 633-639. https://doi.org/10.1007/s10658-012-0121-3 (2013).

. Swisher Grimm, K. D. & Garczynski, S. F. Identification of a new haplotype of ‘Candidatus Liberibacter solanacearum’ in Solanum

tuberosum. Plant Dis. 103, 468-474. https://doi.org/10.1094/PDIS-06-18-0937-RE (2019).

. Mauck, K. E., Sun, P,, Meduri, V. & Hansen, A. K. New Ca Liberibacter psyllaurous haplotype resurrected from a 49-year-old

specimen of Solanum umbelliferum: a native host of the psyllid vector. Sci. Rep. 9, 1-13 (2019).

. Liefting, L. W. et al. A new ‘Candidatus Liberibacter’ species associated with diseases of solanaceous crops. Plant Dis. 93, 208-214.

https://doi.org/10.1094/PDIS-93-3-0208 (2009).

. Tamborindeguy, C., Huot, O. B., Ibanez, E. & Levy, J. The influence of bacteria on multitrophic interactions among plants, psyllids,

and pathogen. Insect Sci. 24, 961-974. https://doi.org/10.1111/1744-7917.12474 (2017).

. Cicero, J. M., Fisher, T. W,, Qureshi, J. A., Stansly, P. A. & Brown, J. K. Colonization and intrusive invasion of potato psyllid by

‘Candidatus Liberibacter solanacearum. Phytopathology 107, 36-49 (2017).

Cooper, W. R,, Sengoda, V. G. & Munyaneza, J. E. Localization of ‘Candidatus Liberibacter solanacearum’ (Rhizobiales: Rhizobi-
aceae) in Bactericera cockerelli (Hemiptera: Triozidae). Ann. Entomol. Soc. Am. 107, 204-210 (2014).

Sengoda, V. G., Buchman, J. L., Henne, D. C., Pappu, H. R. & Munyaneza, ]. E. “Candidatus Liberibacter solanacearum” titer over
time in Bactericera cockerelli (Hemiptera: Triozidae) after acquisition from infected potato and tomato plants. J. Econ. Entomol.
106, 1964-1972 (2013).

Sengoda, V. G., Cooper, W. R., Swisher, K. D., Henne, D. C. & Munyaneza, J. E. Latent period and transmission of “Candidatus
Liberibacter solanacearum” by the potato psyllid Bactericera cockerelli (Hemiptera: Triozidae). PLoS ONE 9, €93475 (2014).
Burrows, M. et al. Genetic regulation of polerovirus and luteovirus transmission in the aphid Schizaphis graminum. Phytopathology
96, 828-837 (2006).

Ohnishi, J., Kitamura, T., Terami, F. & Honda, K.-I. A selective barrier in the midgut epithelial cell membrane of the nonvector
whitefly Trialeurodes vaporariorum to Tomato yellow leaf curl virus uptake. J. Gen. Plant Pathol. 75, 131-139 (2009).
Tamborindeguy, C. et al. Genomic and proteomic analysis of Schizaphis graminum reveals cyclophilin proteins are involved in the
transmission of cereal yellow dwarf virus. PLoS ONE 8, 71620 (2013).

Buchman, J. L., Sengoda, V. G. & Munyaneza, J. E. Vector transmission efficiency of Liberibacter by Bactericera cockerelli (Hemip-
tera: Triozidae) in zebra chip potato disease: effects of psyllid life stage and inoculation access period. J. Econ. Entomol. 104,
1486-1495. https://doi.org/10.1603/Ec11123 (2011).

Sandanayaka, W., Moreno, A., Tooman, L., Page-Weir, N. & Fereres, A. Stylet penetration activities linked to the acquisition and
inoculation of Candidatus Liberibacter solanacearum by its vector tomato potato psyllid. Enfomol. Exp. Appl. 151, 170-181 (2014).
Sandanayaka, W., Tooman, L. & Hewett, R. The impact of post acquisition period on detection of Candidatus Liberibacter solan-
acearum in tomato potato psyllid. N. Z. Plant Prot. 66, 365-373 (2013).

Mendoza Herrera, A. et al. Infection by ’Candidatus Liberibacter solanacearum’ haplotypes A and B in Solanum lycopersicum
‘Moneymaker’. Plant Dis. 102, 2009-2015. https://doi.org/10.1094/PDIS-12-17-1982-RE (2018).

Yao, J. et al. Interactions ‘Candidatus Liberibacter solanacearum’—Bactericera cockerelli: haplotype effect on vector fitness and
gene expression analyses. Front. Cell. Infect. Microbiol. 6, 62 (2016).

Harrison, K. et al. Differences in zebra chip severity between ‘Candidatus Liberibacter solanacearum’ haplotypes in Texas. Am. J.
Potato Res. 96, 86-93 (2019).

Chen, Y. et al. Autophagy pathway induced by a plant virus facilitates viral spread and transmission by its insect vector. PLoS
Pathog. 13, 1006727 (2017).

Tang, X.-T. & Tamborindeguy, C. No evidence of apoptotic response of the potato psyllid, Bactericera cockerelli, to “Candidatus
Liberibacter solanacearum" at the gut interface. Infect. Immun. 88, €00242-00219 (2019).

Swisher, K. D., Munyaneza, J. E. & Crosslin, J. M. High resolution melting analysis of the cytochrome oxidase I gene identifies
three haplotypes of the potato psyllid in the United States. Environ. Entomol. 41, 1019-1028 (2012).

Swisher, K. D., Henne, D. C. & Crosslin, J. M. Identification of a fourth haplotype of Bactericera cockerelli (Hemiptera: Triozidae)
in the United States. J. Insect Sci. 14, 1-7 (2014).

Cilia, M. et al. Genetics coupled to quantitative intact proteomics links heritable aphid and endosymbiont protein expression to
circulative polerovirus transmission. J. Virol. 85, 2148. https://doi.org/10.1128/JV1.01504-10 (2011).

Xu, C,, Xia, Y., Li, K. & Ke, C. In International Organization of Citrus Virologists Conference Proceedings (1957-2010).
Pelz-Stelinski, K. S., Brlansky, R. H., Ebert, T. A. & Rogers, M. E. Transmission parameters for Candidatus Liberibacter asiaticus
by Asian citrus psyllid (Hemiptera: Psyllidae). J. Econ. Entomol. 103, 1531-1541. https://doi.org/10.1603/EC10123 (2010).
Ghanim, M., Fattah-Hosseini, S., Levy, A. & Cilia, M. Morphological abnormalities and cell death in the Asian citrus psyllid (Dia-
phorina citri) midgut associated with Candidatus Liberibacter asiaticus. Sci. Rep. UK https://doi.org/10.1038/srep33418 (2016).
Mann, M. et al. Diaphorina citri nymphs are resistant to morphological changes induced by “Candidatus Liberibacter asiaticus”
in midgut epithelial cells. Infect. Immun. https://doi.org/10.1128/IA1.00889-17 (2018).

Ammar, E.-D., Ramos, J. E., Hall, D. G., Dawson, W. O. & Shatters, R. G. Jr. Acquisition, replication and inoculation of Candidatus
Liberibacter asiaticus following various acquisition periods on huanglongbing-infected citrus by nymphs and adults of the Asian
citrus psyllid. PLoS ONE 11, e0159594 (2016).

Levy, J. G. et al. Lso-HPEL, an effector of ’Candidatus Liberibacter solanacearum’ can repress plant immune response. Phytopathol-
ogy https://doi.org/10.1094/phyto-07-19-0252-r (2019).

Nachappa, P, Shapiro, A. A. & Tamborindeguy, C. Effect of ‘Candidatus Liberibacter solanacearum’ on fitness of its insect vector,
Bactericera cockerelli (Hemiptera: Triozidae), on tomato. Phytopathology 102, 41-46 (2012).

Nachappa, P, Levy, J., Pierson, E. & Tamborindeguy, C. Correlation between “Candidatus Liberibacter solanacearum” infection
levels and fecundity in its psyllid vector. J. Invertebr. Pathol. 115, 55-61. https://doi.org/10.1016/j.jip.2013.10.008 (2014).

Li, W. et al. Multiplex real-time PCR for detection, identification and quantification of ‘Candidatus Liberibacter solanacearum’ in
potato plants with zebra chip. J. Microbiol. Methods 78, 59-65 (2009).

Ibanez, E, Hancock, J. & Tamborindeguy, C. Identification and expression analysis of aquaporins in the potato psyllid, Bactericera
cockerelli. PLoS ONE 9, e111745 (2014).

Li, W,, Hartung, J. S. & Levy, L. Quantitative real-time PCR for detection and identification of Candidatus Liberibacter species
associated with citrus huanglongbing. J. Microbiol. Methods 66, 104-115 (2006).

Levy, J., Ravindran, A., Gross, D., Tamborindeguy, C. & Pierson, E. Translocation of ‘Candidatus Liberibacter solanacearum, the
zebra chip pathogen, in potato and tomato. Phytopathology 101, 1285-1291 (2011).

SCIENTIFIC REPORTS |

(2020) 10:14000 | https://doi.org/10.1038/s41598-020-70795-4


https://doi.org/10.1111/aab.12149
https://doi.org/10.1007/s10658-011-9874-3
https://doi.org/10.1007/s10658-012-0121-3
https://doi.org/10.1094/PDIS-06-18-0937-RE
https://doi.org/10.1094/PDIS-93-3-0208
https://doi.org/10.1111/1744-7917.12474
https://doi.org/10.1603/Ec11123
https://doi.org/10.1094/PDIS-12-17-1982-RE
https://doi.org/10.1128/JVI.01504-10
https://doi.org/10.1603/EC10123
https://doi.org/10.1038/srep33418
https://doi.org/10.1128/IAI.00889-17
https://doi.org/10.1094/phyto-07-19-0252-r
https://doi.org/10.1016/j.jip.2013.10.008

www.nature.com/scientificreports/

39. Tang, X.-T., Ibanez, F. & Tamborindeguy, C. Quenching autofluorescence in the alimentary canal tissues of Bactericera cockerelli
(Hemiptera: Triozidae) for immunofluorescence labeling. Insect Sci. https://doi.org/10.1111/1744-7917.12660 (2019).

Acknowledgements

We would like to thank Dr. Julien Levy for comments. We would like to thank Dr. Maria Azucena Mendoza
Herrera for her help maintaining insect colonies and plants. We thank Dr. Ordom Huot for sharing the design
of the tomato plants and psyllids for Fig. 3. This work was supported by Texas A&M University and Texas A&M
AgrilLife Research (Controlling Exotic and Invasive Insect-Transmitted Pathogens) and Hatch project TEXO-
1-9381 Accession Number 1015773. Xiaotian Tang received the Herb Dean *40 Endowed Scholarship from the
Department of Entomology at Texas A&M University. The authors thank the Agriculture Women Excited to
Share Opinions, Mentoring and Experiences (AWESOME) faculty group of the College of Agriculture and Life
Sciences at Texas A&M University for assistance with editing the manuscript.

Author contributions
X.T. and C.T. designed the experiments, X.T. performed the experiments, X.T., M.L., and C.T. analyzed and
interpreted the data, X.T. and C.T. wrote and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14000 | https://doi.org/10.1038/s41598-020-70795-4


https://doi.org/10.1111/1744-7917.12660
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Acquisition and transmission of two ‘Candidatus Liberibacter solanacearum’ haplotypes by the tomato psyllid Bactericera cockerelli
	Anchor 2
	Anchor 3
	Results and discussion
	LsoA and LsoB quantification in the gut of adult psyllid. 
	Transmission of LsoA and LsoB. 

	Materials and methods
	Insect colonies and tomato plants. 
	Psyllid exposure to Lso and gut dissection. 
	Quantification of Lso. 
	Immunolocalization of Lso in psyllid guts. 
	Lso transmission assay. 
	Data analysis. 

	References
	Acknowledgements


