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. Citrus greening disease known also as Huanglongbing (HLB) caused by the phloem-limited bacterium

‘Candidatus Liberibacter asiaticus’ (CLas) has resulted in tremendous losses and the death of millions

. of trees worldwide. CLas is transmitted by the Asian citrus psyllid Diaphorina citri. The closely-related
bacteria ‘Candidatus Liberibacter solanacearum’ (CLso), associated with vegetative disorders in

. carrots, is transmitted by the carrot psyllid Bactericera trigonica. A promising approach to prevent

. the transmission of these pathogens is to interfere with the vector-pathogen interactions, but our

. understanding of these processes is limited. It was recently reported that CLas induced changes in

© the nuclear architecture, and activated programmed cell death, in D. citri midgut cells. Here, we
used electron and fluorescent microscopy and show that CLas induces the formation of endoplasmic
reticulum (ER)-associated bodies. The bacterium recruits those ER structures into Liberibacter

: containing vacuoles (LCVs), in which bacterial cells seem to propagate. ER- associated LCV formation

. was unique to CLas, as we could not detect these bodies in B. trigonica infected with CLso. ER

. recruitment is hypothesized to generate a safe replicative body to escape cellularimmune responses in

. theinsect gut. Understanding the molecular interactions that undelay these responses will open new
opportunities for controlling CLas.

Candidatus Liberibacter bacterial species are phloem-limited, Gram-negative, unculturable bacteria vectored by
© psyllids'~. These bacterial species have been associated with serious diseases of citrus, tomatoes, potatoes and
other solanaceous crops. ‘Candidatus Liberibacter asiaticus’ (CLas)*° is implicated in causing the most serious
. disease of citrus, citrus greening disease, also referred to as Huanglongbing (HLB). This bacterium is vectored
. by the Asian Citrus Psyllid, Diaphorina citri Kuwayama®. Worldwide, D. citri and HLB have spread to most cit-
rus growing regions. In the US, this disease threatens the future of Florida’s citrus industry*, and the pathogen
- and vector are spreading to new areas. ‘Candidatus Liberibacter solanacearum’ (CLso), is another closely related
. bacterium causing diseases in solanaceous and umbelliferous crops. Zebra chip, caused by CLso is an emerg-
. ing disease which has caused significant economic losses, by reducing both yield and quality of potato crops®.
Haplotypes of CLso infecting solanaceous crops are transmitted by the potato/tomato psyllid Bactericera cock-
erelli in North America and New Zealand, whereas haplotypes infecting umbelliferous crops like carrots, fennel
- and celery’, are transmitted by Trioza apicalis in Northern Europe and Bactericera trigonica in the Mediterranean
. and Middle East. Current management options for the diseases caused by CLso and CLas are limited and heavily
rely on the application of chemical insecticides for controlling psyllid populations. However, those strategies
. are ineffective for the most part because of application problems, development of insecticide resistance among
. psyllid populations and the great threat to the environment and to beneficial organisms*. Developing efficient
© knowledge-based strategies to disrupt CLas and CLso transmission by their psyllid vectors represent an improved
strategy to control the disease without relying on chemical sprays.
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CLas and CLso are transmitted by psyllids in a persistent propagative manner. Several parameters for CLas
interaction with D. citri including acquisition, retention, latent period and transmission were determined?®. These
results indicated that D. citri which acquire CLas as adults are poor vectors of the pathogen compared with adults
that acquired the pathogen as nymphs, suggesting that bacterial multiplication during the nymphal stages is
essential for efficient transmission®!. CLas was detected in various D. citri organs, including the salivary glands,
hemolymph, filter chamber, midgut, fat and muscle tissues, and ovaries'!, suggesting propagation of the bacte-
rium within insect tissues'>!?. Parameters for CLso transmission by B. cockerelli were also investigated, but with
fewer details than CLas. A recent study has shown that CLso invades the digestive and salivary systems of nymphs
and adults of B. cockerelli, and that the bacterium employs endo/exocytosis-like mechanisms for circulation and
transmission within the insect*. Transmission rates of the CLas and CLso probably depend on the ability of the
bacteria to multiply within insect tissue and reach sufficient titers for transmission and on the ability to cross
barriers during the transmission pathway especially the gut-hemolymph and the hemolymph-salivary glands
barriers!?-™*. In addition, an important factor that determines the transmission efficiency of pathogens including
CLas and CLso by their vectors is the response that the bacterium would trigger in the psyllid when it is acquired
and retained, especially defense and immune responses. It was recently reported that CLas induced programmed
cell death (apoptosis) and some necrosis in the insect gut'®. Bacteria in general are known to induce many stress
responses and activate molecular pathways in their hosts upon infection'®. Some of these responses, like apop-
tosis, are immune responses targeted to destroy or limit the bacterial infections and spread in the insect. Several
upstream events that lead to apoptotic or necrotic responses start in the Endoplasmic reticulum (ER). ER has
several functions in the cell, most importantly the synthesis of transmembrane proteins, their correct folding
and secretion. Under stress conditions, unfolded proteins accumulate and lead to the unfolded protein response
(UPR), a cascade of events activated with the aim for restoring cell homeostasis'®!”. In the case that homeostasis
is not restored, subsequent signaling pathways that start in the ER are activated, leading to apoptosis'®. One of
the known stresses that induce UPR in the ER is the infection with viruses and bacteria, and it has been shown
that bacteria and viruses can interact with the ER and employ this organelle for their own replication. Legionella
pneumophila and Brucella spp. are the best examples of bacteria that were shown to occupy ribosome-studded
intracellular vacuoles, confirmed to be derived from the ER. By intercepting vacuoles trafficking between the ER
and the Golgi apparatus, these bacteria-containing vacuoles were shown to fuse with the ER-derived vacuoles to
form vacuoles that have features of secretory compartments'®. However, the roles played by the host ER during
plant pathogen transmission were not explored.

In this work, we used confocal and electron microscopy, and show that CLas exploits the ER in D. citri to
form vacuoles in the psyllid gut cells, and that these vacuoles develop and grow, possibly for CLas persistence and
replication along the transmission pathway. We could not detect similar responses with CLso in B. trigonica. We
suggest that ER is recruited by CLas in order to generate a safe replicative niche.

Materials and Methods

Insects, plants, CLas and CLso materials. D. citri populations used in this study were obtained from
Dr. Bill Dawson (University of Florida). The populations were maintained under controlled conditions on Citrus
macrophylla as described in'. Presence of CLas in the individual infected psyllids in the population was con-
firmed by qPCR using an ABI 7500 (Applied Biosystems) real-time PCR instrument, as described in ref."*.

CLso (haplotype D) free and infected B. trigonica populations used in this study were collected from carrot
fields in southern Israel during the summer of 2015. The insects were transferred to celery plants, a suitable host
for both B. trigonica and CLso that were maintained under controlled conditions inside insect-proof cages inside
environmentally controlled growing chambers with a twelve-hour photoperiod. The presence of CLso in the
infected insect populations, and the infection of plants, were verified by extracting total DNA from single B. trig-
onica insects or plant leaflets using 500 ul of CTAB buffer (2% cetyl trimethylammonium bromide, 1% polyvinyl
pyrrolidone, 100 mM Tris-HCI, 1.4 M NaCl, 20 mM EDTA). qPCR was performed using CLso -specific primers
(F- 5-CACCCAACAGCTAGCACTCA-3’, R- 5-TCAACCTTGGAACTGCCTTT-3) by amplifying 221 bp of the
16 s rDNA gene. Thermal cycling conditions of 95 °C for 20 seconds, 58 °C for 20 seconds, 72 °C for 25 seconds—for
40 cycles were used.

Transmission electron microscopy. D. citriand B. trigonica abdomens were cut from whole adults reared
on infected orange seedlings with CLas or infected celery with CLso, respectively, at their 1-week age under a
stereomicroscope. The dissected abdomens were fixed for 16 h in 1X PBS buffer containing 4% (v/v) paraform-
aldehyde and 0.1% (v/v) glutaraldehyde; dehydrated; and embedded? in Agar100 resin (Agar Scientific). 90 nm
ultrathin sections mounted on copper grids were stained with 2% (w/v) uranyl acetate and lead citrate?' and
examined using the FEI Morgagni 268, Transmission Electron Microscope (FEI, Hillsboro, Oregon).

Immunogold labelling.  Adult psyllids from HLB+ citrus plants were collected and anesthetized with ace-
tone. Wings, legs and tip of abdomen were removed before placing them in Karnovsky’s fixative overnight at 4 °C.
They were then dehydrated in ethanol, infiltrated with LR White resin over three days, then embedded and cured
in a 70°C oven. One micrometer sections were made with glass knives and stained with methylene blue/azure
A followed by basic fuchsin. These sections were examined for location of gut and examined using an Olympus
BX61 compound microscope (Cambridge Scientific Products, Watertown, MA) and photographed using an
OMAX CMOS 14 mp digital camera. For TEM, ultrathin sections of midgut were prepared with a diamond knife
on the same ultramicrotome, stained with 2% aqueous uranyl acetate, post-stained with Reynolds lead citrate,
viewed and photographed on a Morgagni 268 transmission electron microscope. To confirm the identity of the
bacteria, gold labeling was performed using a polyclonal antibody to an outer membrane peptide of Liberibacter
(anti ompA pab; Abnova). Grids were placed on blocking buffer consisting of phosphate buffer saline, 0.1% triton
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X and 1% bovine serum albumin (PBST-BSA) for 15 min, drained on filter paper then incubated for 1 hr on 1:250
polyclonal primary antibody:PBST-BSA and rinsed 3X on drops of PBST-BSA 5 min each drop. For secondary
antibody, grids were incubated 30 min on goat anti-rabbit 10 nm gold in PBST-BSA 1:10 drops, rinsed three times
with PBST-BSA drops, 5 min each, rinsed two times with distilled, filtered water drops, 5min each, then stained
with 2% uranyl acetate and post stained with Reynolds lead citrate?'.

Psyllid gut dissections and microscopy. Staining of psyllid midgut cells using a variety of cell biology
probes was performed to localize both CLas and CLso relative to other cell compartments, and to assess the
impact of both bacteria on adult D. citri midgut cells and other tissues. Guts were dissected from adults in 1x
phosphate buffered saline (1xPBS; pH 7.2) under a dissecting stereomicroscope by using depressed glass wells
and fine entomological needles. A sufficient number of midguts for each analysis (20 or more) were washed 2-3
times with 1x PBS for further processing.

Nuclei in the midgut were stained with 4’,6-diamidino-2-phenylindole (DAPI) solution at 0.1 mg/ml in 1x
PBS (pH 7.2). The guts were then transferred to slides, mounted whole in 1xPBS and viewed using a Leica SP8
laser-scanning confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA). Optical confocal sections
(100 pm thick) were acquired from a randomly selected subset of the gut specimens for better visualization of
the signal. Both CLas and CLso CLSM images following immunostaining (See below) were collected using the
same Leica SP8 laser-scanning confocal microscope. Samples were imaged using lasers with excitation wave-
lengths for their respective fluorescent reporting range: Green fluorescence was excited with a 488-nm argon
laser, and emission was detected at 500 to 530 nm. Red fluorescence was excited with a 561-nm diode-pumped
solid-state (DPSS) laser, and emission was detected at 590 to 630 nm. Blue fluorescent protein was excited
with near UV diode 405-nm laser, and emission was detected at 475-501 nm. Leica Application Suite - LAS X
(Leica Microsystems Inc., Buffalo Grove, IL, USA) was used to collect z-stacks composed of optical sections at a
1024 x 1024 resolution. Images were exported as TIFF files to produce photographs for publication using Adobe
Photoshop software.

Immunolocalization of CLas and CLso and ER staining. Immunolocalization and ER staining were
used to visualize CLas and CLso in CLas- and CLso exposed midguts, relative to the ER inside midgut cells.
Healthy and CLas- or CLso-exposed D. citri or B. trigonica midguts, respectively, were dissected on glass micro-
scope slides under a dissecting microscope in 1x PBS and fixed in 4% paraformaldehyde for 30 min at room tem-
perature. Midguts were permeabilized by adding 0.1% Triton X-100 for 30 min at room temperature. The midguts
were washed three times with PBST (1x PBS with 0.05% Tween 20), blocked for 1h at room temperature with
blocking buffer (PBST with 1% [w/v] bovine serum albumin), and incubated overnight at 4 °C with anti-CLas
outermembrane protein (OMP) polyclonal primary antibody raised in rabbit (Abnova, PAB15989), which also
detected CLso in B. trigonica midgut cells. Midguts were then washed three times with PBST, incubated with
goat anti-rabbit secondary antibody conjugated to Cy3 (Jackson Laboratories) for 1 h at room temperature, and
washed again three times with PBST. The midguts were fixed again with the fixation solution used above, washed
three times with PBST and incubated with 1 uM ER tracker (BODIPY FL glibenclamide, Molecular Probes,
Thermo Fisher Scientific) staining solution for 15 min. The midguts were then washed three times with PBST
and mounted in 1x PBS containing 0.1 mg/ml DAPI, covered with a coverslip, sealed with nail polish, and viewed
using confocal microscopy as described above.

Results

Nuclei ultrastructure following infection with CLso. In a recent study, it was shown that CLas induced
apoptosis in midgut cells of D. citri, leading to nuclear defragmentation'. In the current study, we used confocal
microscopy and TEM analysis to examine the nature of these nuclear phenotypes in guts of B. trigonica that were
reared on CLso infected (CLso+) or uninfected (CLso—) plants. We did not detect any cell death phenotype in
the B. trigonica that were infected with CLso (Fig. 1). In TEM sections, nuclei in both CLso infected and unin-
fected B. trigonica midguts looked intact, and the chromatin appeared condensed with less or no fragmentation
and dispersion (Fig. 1A,B). When stained with DAPI, gut nuclei appeared mostly normal with very little fragmen-
tation in both infected and uninfected guts (Fig. 1C,D). Nuclei from D. citri that fed on healthy plants also looked
normal in their shape and chromatin content, but some nuclei from infected D. citri were abnormal in their shape
and structure, and the chromatin looked fragmented and sometimes dispersed around the fragmented nuclei,
reminiscent of the phenotypes previously observed!? (Supplementary Fig. S1). Our results suggest that CLso does
not induce in the psyllid gut cells the same nuclear phenotypes that were previously observed with CLas.

CLas associates with and accumulates in ER-derived Liberibacter-containing vacuoles (LCVs).
It has been shown that CLas moves into the midgut, and that high amounts of the bacterium are translocated
from the midgut to the hemolymph during the transmission pathway. Thus, the TEM analysis was further
extended to visualize the bacterium in ultrathin sections prepared from D. citri abdomens of insects that were
continuously reared on CLas-infected plants. The results revealed a unique association between CLas and the
ER (Figs 2 and 3). In epithelial cells, intensive ER could easily be visualized. Figure 2A shows typical Rough ER
(RER) structure as normally seen in midgut epithelial cells. In CLas infected psyllids, we could detect the for-
mation of vesicles filled with light matter (LM), and surrounded by two layers of RER (Figs 2B-D and 3A,B). In
the center of these bodies, a dense matter (DM) was sometimes observed (Fig. 2C). Higher magnification images
showed that these LM in these bodies was filled with bacterial cells that had the typical structure of CLas. The
bacterial cells appeared elongated and rod-shaped or filamentous, as was previously described® (Figs 2C,D, 3 and
4). When the bacteria were cross-sectioned, they looked round (Figs 3B and 4). In order to verify the presence of
ClLas inside the bodies, we performed immunogold labelling experiments with ultrathin TEM sections and an

SCIENTIFICREPORTS | 7: 16945 | DOI:10.1038/541598-017-16095-w 3



www.nature.com/scientificreports/

100 pm 100 um

Figure 1. Normal structure of the nuclei in guts from CLso-uninfected (A,C) and CLso-infected (B,D) B.
trigonica adults, as seen in TEM (A,B) and CLSM after nuclei staining with DAPI (C,D).

antibody against the outer membrane protein A (OmpA) protein of Liberibacter, which was previously shown
to specifically label CLas'*?2%. Gold particles strongly associated with the bacteria inside the bodies, with some
low level of unspecific binding, confirming the presence of CLas inside the ER-associated bodies (Fig. 4). These
bodies were termed Liberibacter containing vacuoles (LCVs). Importantly, we could detect the LCVs in different
developmental stages, with different sizes and different levels of CLas accumulation. While some LCV's appeared
small and with a few bacterial cells (Fig. 2B), other LCV's were much bigger, and filled with bacteria (Fig. 2D). Our
results strongly suggest that in D. citri, CLas replicated inside ER-associated LCVs.

To further confirm these results, we used the ER tracker fluorescent marker that stains the ER cellular com-
partments. In CLas- guts, ER was found throughout the cells and appeared normal (Fig. 5A). In higher magnifica-
tion images, we could detect the common polygonal structure of the ER (Fig. 5C). In CLas+ guts, the ER showed
a dramatic re-organization in the periphery of the cells, and in higher magnification images it was much harder
to detect the polygonal structures, indicating that the ER rearranges to form intracellular bodies (Fig. 5B and D),
and suggesting that the presence of CLas induced a re-formation of the ER. To confirm CLas association with the
ER, we performed immunolocalization experiments using the antibody against the OmpA protein of Liberibacter
together with ER staining. The results showed that CLas localizes inside vesicular structures that are formed from,
or surrounded by, the ER membranes (Fig. 6A,B). Defragmentation of the nuclei was also sometimes observed in
these cells (Fig. 6A,B). To test whether those phenotypes could also be observed in another psyllid-liberibacter
system, we used the OmpA antibody and ER-tracker to detect CLso in midguts dissected from B. trigonica psyl-
lids that were continuously reared on CLso-infected celery plants. Interestingly, CLso was not specifically asso-
ciated with the ER, which appeared normal. CLso uniformly localized throughout the cell cytoplasm and did
not associate with specific ER-associated intracellular structures (Fig. 6C). Our fluorescent microscopy results
confirmed that in the D. citri guts, but not in B. trigonica guts, CLas is localized in vacuoles surrounded by ER
membranes that we termed LCVs (Figs 5 and 6).

SCIENTIFICREPORTS|7: 16945 | DOI:10.1038/s41598-017-16095-w 4



www.nature.com/scientificreports/

Figure 2. TEM of CLas and ER dynamics in D. citri infected gut cells. (A) Dense RER in healthy midgut
epithelia cell. (B) Rearrangement of rough ER (RER) membranes around the light matter (LM) inside a midgut
cell. (C) Liberibacter containing vacuoles (LCVs) showing the LM and the dark matter (DM) inside them. LCVs
are located close to midgut basal lamina. Two adjacent LCV's are shown in the inset. LCV borders are indicated
with arrows. (D) Zoom-in on one LCV showing mature CLas bacteria (B) in the LM, surrounded by the double

membranous ER (arrows).

Figure 3. TEM images of LCVs in D. citri gut cells. (A) Structure of LCV with the light matter (LM) and the
double-membrane layer of the ER (RER, arrows) that surrounds this body. (B) LCV showing the high density of
bacteria inside the vacuole (B) and the dense double membrane layer of the ER (arrows in the inset).
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Figure 4. Immunogold labelling of CLas inside an LCV;, using specific antibody against CLas outer membrane
protein, OmpA. (A) Immunogold labelling of CLas inside vacuole, adjacent to the ER (white asterisk), and
surrounded by ER membrane (white arrows). (B) An enlargement of the area marked by the dashed line in (A),
showing gold labelling of CLas cells inside the LCV.

Figure 5. Rearrangement of the ER following infection with CLas. CLSM images of D. citri guts stained with ER
tracker (green) from CLas-uninfected (A) and infected (B) D. citri adults. (C,D) show a higher magnification of
a portion from the gut shown in (A,B) respectively. DAPI staining of the nuclei is shown in blue.
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Figure 6. Formation of LCVs in CLas and CLso infected gut cells. CLSM images of D. citri guts stained with ER
Tracker (green) together with CLas immunolocalization using a specific antibody against the outermembrane
protein A (OmpA) of Liberibacter (red). Nuclei were stained with DAPI (blue). (A) CLas infected D. citri gut
showing formation of ER intracellular bodies and immunolocalization of CLas inside ER bodies. (B) CLas
immunolocalization inside ER associated LCVs and nuclei defregmantation. (C) ER staining in guts from CLso-
infected B. trigonica adults show specific immulolocalization of CLso but no association with the ER or LCV
formation.

Discussion

It was recently shown that CLas presence in midgut cells caused an apoptotic response that leads to defragmen-
tation of cellular components, especially the nuclei'®. This response is probably an antimicrobial one, and it was
speculated that CLas might have evolved to exploit this immune response in order to exit the midgut cells on its
transmission pathway. Even in the presence of this immune response, CLas was still shown to propagate inside
the psyllid'? and this is especially significant when the bacteria is acquired at the nymphal stage!?. This raises an
important question that still needs to be answered: how is CLas able to propagate and avoid the gut cells immune
response? In order to answer this question we took a microscopic approach and prepared ultrathin sections from
abdomens of D. citri that acquired CLas, and then analyzed the gut cellular morphology under the TEM. We
show here that in the adult midgut cells, CLas resides, and most likely replicates, inside membranous LCVs, and
that these LCV's are actively recruiting the cellular ER endomembrane. We could only detect these bodies in the
midgut cells, where they localized next to the basal lamina, ideally placed adjacent to their presumed exit sites
to the hemolymph. The ER associated membrane bodies contain ribosomes, as was determined by the electron
microscopy, and the ER that engulfs the bacterial vacuole has a double membrane structure. The double mem-
brane nature of these bodies, and the presence of the ribosomes, suggest that they are generated from the rough
ER, and that the bacteria does not enter the ER lumen, but rather recruits the ER which is wrapped around the
bacteria vacuole.

Formation of ER-derived intracellular bodies, in order to form an independent isolated cellular niche that is
not exposed to the host cellular immune machinery, is widespread phenomena that viruses use, and almost all
viruses modify the host cellular membranes in order to form a viroplasm or virus replication body?. In plants,
many viruses target specifically the ER membrane in order to replicate and move**?°, and similar effects were seen
in insects that transmit viruses?”. With bacteria, forming a replicative niche with the ER is less common, which
is surprising because the ER can also provide bacteria with a safe and rich environment that is devoid of bacte-
ricidal, such as antimicrobial peptides or hydrolytic enzymes'®. Nevertheless, there are few examples of bacteria
that interact with the ER in order to subvert and escape the immune response of the host?®. Two well-studied
examples of such bacteria-host interactions are Legionella pneumophila and Brucella spp, the causal agents of the
legionnaire’s disease and brucellosis, respectively. Legionella seizes early secretory vesicles that traffic between the
ER and Golgi, which fuse with the Legionella containing vacuoles (LeCVs), and enable LeCV's to fuse with the ER
membrane, and form a replication organelle that expands together with bacteria proliferation?-*2. On the other
hand, Brucella containing vacuoles (BCVs) first mature along the endocytic pathway, and later interact with ER
exit sites, leading to biogenesis of ER-derived vacuoles through progressive exchange of endocytic membranes for
ER-derived membranes®***. As in LeCVs, the BCV support bacteria replication, which lead to a dramatic reor-
ganization of the ER into replicative BCVs as bacteria proliferation continues. Our results shown here show that
the LCVs we detected are also variable in size as previously observed for LeCVs. Presumably, the dark matter and
the change in the matrix color of the LCVs as it appears in our images may hint on changes in the composition
of this matrix which possibly provide the bacteria with the necessary environment for replication at early stages
of the invasion. Later, the dark matter seems to disappear and the vacuole becomes filled with bacterial cells in
preparation for exiting the cells (Figs 2 and 3).

Although Legionella and Brucella use two distinct mechanisms for the formation and development of their
ER-associated replicative vacuoles, one element is identical for these bacteria- both pathogens express a type IV
secretion system and use it to secrete effectors to the host cells, and this secretion system is required for the forma-
tion of the ER-associated vacuole'>*>*. CLas does not contain the type IV secretion system, but we speculate that
it uses another system, such as the type I secretion system to secrete proteins into the host gut in order to form
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ER-containing vacuoles. CLas genome does not contain homologues for most of the known secreted effectors of
Legionella and Brucella, such as DrrA, RalF and BspA-D, but does contain homologous for the LepB and VceC
effectors, which were shown to be required for ER-associated vacuole formation in these pathogens. The identity
of CLas effectors that are secreted in the gut cells of D. citri is still unknown.

We did not detect the LCVs in B. trigonica adults that were reared on CLso-infected plants. This could result
from a low bacteria titer in these insects, which made the detection difficult. Interestingly however, CLso did
not seem to induce similar apoptotic response as well (Fig. 1)°. This supports the assumption that LCV forma-
tion is indeed a bacteria survival mechanism, in which CLas transforms the phagosome into a non-bactericidal
vacuole by interacting with the ER, and therefore LCV formation may protect CLas from the activation of apop-
tosis. We cannot however rule out the possibility that the role of ER-containing LCVs is to provide the bacteria
with a nutrient-rich environment, rather than escaping the immune response. It is still unknown how exactly
CLas enters and exits the gut cells to cross the gut barrier, but it was shown that one of the strongest differen-
tially expressed pathways in infected D. citri is the endocytosis pathway®’. An interesting possibility is that CLas
employs endocytosis in order to enter the gut cells, and may take advantage of the apoptotic response in order to
generate breaks in the cell membrane through which the bacteria can exit. Alternatively, it may use a similar path-
way as was shown for CLso, where the bacteria was found in intact, stacked, vesicle-like structures on the outer
basal laminar surface, suggesting that it uses exocytosis to arrive at the external midgut basal laminar surfaces'.
Overall, our results suggest that the cellular processes and interaction that take place between CLas and D. citri
in nymphs, CLas and D. citri in adults and CLso and B. trigonica may differ, and that a different strategy may be
employed by both the insect and the bacteria in each type of interaction.

In summary, in this study we were able to detect CLas inside the gut of D. citri, and identified a new level of
interaction between the two organisms. Our study highlights the close association between CLas and D. citri,
and supports the view of CLas as an insect pathogen®. The formation of ER-associated LCVs in the psyllid
strongly suggests that CLas secretes effector proteins while inside the psyllid gut, that can manipulate the cellular
responses for its own needs. Identifying the cellular targets that are manipulated in order to invade the gut cells
and to generate the LCV's can provide novel targets for RNAi treatments® to inhibit or even abolish CLas estab-
lishment inside the insect, and prevent the transmission.

References

1. Bendix, C. & Lewis, J. D. The enemy within: phloem-limited pathogens. Mol. Plant Pathol., https://doi.org/10.1111/mpp.12526
(2017).

2. Perilla-Henao, L. M. & Casteel, C. L. Vector-Borne Bacterial Plant Pathogens: Interactions with Hemipteran Insects and Plants.
Front. Plant Sci. 7, https://doi.org/10.3389/fpls.2016.01163 (2016).

3. Wang, N. & Trivedi, P. Citrus Huanglongbing: A Newly Relevant Disease Presents Unprecedented Challenges. Phytopathology 103,
652-665, https://doi.org/10.1094/PHYTO-12-12-0331-RVW (2013).

4. Hall, D. G,, Richardson, M. L., Ammar, E.-D. & Halbert, S. E. Asian citrus psyllid, Diaphorina citri, vector of citrus huanglongbing
disease. Entomol. Exp. Appl. 146, 207-223, https://doi.org/10.1111/eea.12025 (2012).

5. Bove, J. M. Huanglongbing: A destructive, newly-emerging, century-old disease of citrus. J. Plant Pathol. 88, 7-37 (2006).

6. Secor, G. A. et al. Association of ‘Candidatus Liberibacter solanacearum’ with Zebra Chip Disease of Potato Established by Graft and
Psyllid Transmission, Electron Microscopy, and PCR. Plant Dis. 93, 574-583, https://doi.org/10.1094/pdis-93-6-0574 (2009).

7. Munyaneza, J. E. et al. First Report of “Candidatus Liberibacter solanacearum” Associated with Psyllid-Affected Carrots in Europe.
Plant Dis. 94, 639-639, https://doi.org/10.1094/pdis-94-5-0639a (2010).

8. 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).

9. Capoor, S. P, Rao, D. G. & Viswanath, S. M. Greening disease of citrus in the Deccan Trap Country and its relationship with the
vector, Diaphorina citri Kuwayama. Proceedings of the Sixth Conference of the International Organization of Citrus Virologists. 43-49
(1974).

10. Inoue, H. et al. Enhanced proliferation and efficient transmission of Candidatus Liberibacter asiaticus by adult Diaphorina citri after
acquisition feeding in the nymphal stage. Ann. Appl. Biol. 155, 29-36 (2009).

11. Ammar, E.-D., Shatters, R. G. Jr. & Hall, D. G. Localization of Candidatus Liberibacter asiaticus, Associated with Citrus
Huanglongbing Disease, in its Psyllid Vector using Fluorescence in situ Hybridization. J. Phytopathol. 159, 726-734, https://doi.
org/10.1111/j.1439-0434.2011.01836.x (2011).

12. 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, 0159594, https://doi.org/10.1371/journal.pone.0159594 (2016).

13. Ghanim, M., Fattah-Hosseini, S., Levy, A. & Cilia, M. Morphological abnormalities and cell death in the Asian citrus psyllid
(Diaphorina citri) midgut associated with Candidatus Liberibacter asiaticus. Sci. Rep. 6, 33418, https://doi.org/10.1038/srep33418
(2016).

14. Cicero, ]. 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, https://doi.org/10.1094/PHYTO-03-16-0149-R (2016).

15. Celli, J. & Tsolis, R. M. Bacteria, the endoplasmic reticulum and the unfolded protein response: friends or foes? Nat. Rev. Micro. 13,
71-82, https://doi.org/10.1038/nrmicro3393 (2015).

16. Hetz, C., Chevet, E. & Oakes, S. A. Proteostasis control by the unfolded protein response. Nat. Cell Biol. 17, 829-838, https://doi.
org/10.1038/ncb3184 (2015).

17. Ron, D. & Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat. Rev. Mol. Cell Biol. 8, 519-529
(2007).

18. Pizarro-Cerda, J. et al. Brucella abortus Transits through the Autophagic Pathway and Replicates in the Endoplasmic Reticulum of
Nonprofessional Phagocytes. Infect. Immun. 66, 5711-5724 (1998).

19. Lee, J. A. et al. Asymptomatic spread of huanglongbing and implications for disease control. Proc. Natl. Acad. Sci. USA 112,
7605-7610, https://doi.org/10.1073/pnas. 1508253112 (2015).

20. van Lent, J. W. M. et al. Localization of the 34 kDa polyhedron envelope protein inSpodoptera frugiperda cells infected
withAutographa california nuclear polyhedrosis virus. Arch. Virol. 111, 103-114, https://doi.org/10.1007/bf01310508 (1990).

21. Reynolds, E. S. The use of lead citrate at high ph as an electron-opaque stain in electron microscopy. J. Cell Biol. 17, 208-212, https://
doi.org/10.1083/jcb.17.1.208 (1963).

SCIENTIFICREPORTS |7: 16945 | DOI:10.1038/541598-017-16095-w 8


http://dx.doi.org/10.1111/mpp.12526
http://dx.doi.org/10.3389/fpls.2016.01163
http://dx.doi.org/10.1094/PHYTO-12-12-0331-RVW
http://dx.doi.org/10.1111/eea.12025
http://dx.doi.org/10.1094/pdis-93-6-0574
http://dx.doi.org/10.1094/pdis-94-5-0639a
http://dx.doi.org/10.1603/ec10123
http://dx.doi.org/10.1111/j.1439-0434.2011.01836.x
http://dx.doi.org/10.1111/j.1439-0434.2011.01836.x
http://dx.doi.org/10.1371/journal.pone.0159594
http://dx.doi.org/10.1038/srep33418
http://dx.doi.org/10.1094/PHYTO-03-16-0149-R
http://dx.doi.org/10.1038/nrmicro3393
http://dx.doi.org/10.1038/ncb3184
http://dx.doi.org/10.1038/ncb3184
http://dx.doi.org/10.1073/pnas.1508253112
http://dx.doi.org/10.1007/bf01310508
http://dx.doi.org/10.1083/jcb.17.1.208
http://dx.doi.org/10.1083/jcb.17.1.208

www.nature.com/scientificreports/

22. Ding, F, Paul, C,, Brlansky, R. & Hartung, J. S. Immune Tissue Print and Immune Capture-PCR for Diagnosis and Detection of
Candidatus Liberibacter Asiaticus. Sci. Rep. 7, 46467, https://doi.org/10.1038/srep46467 http://dharmasastra.live.cf.private.springer.
com/articles/srep46467#supplementary-information (2017).

23. Ding, E, Duan, Y., Paul, C,, Brlansky, R. H. & Hartung, J. S. Localization and Distribution of ‘Candidatus Liberibacter asiaticus’ in
Citrus and Periwinkle by Direct Tissue Blot Immuno Assay with an Anti-OmpA Polyclonal Antibody. PLOS One 10, e0123939,
https://doi.org/10.1371/journal.pone.0123939 (2015).

24. Miller, S. & Krijnse-Locker, J. Modification of intracellular membrane structures for virus replication. Nature Rev Microbiol 6,
363-374, https://doi.org/10.1038/nrmicro1890 (2008).

25. Levy, A., Zheng, J. Y. & Lazarowitz, S. G. Synaptotagmin SYTA Forms ER-Plasma Membrane Junctions that Are Recruited to
Plasmodesmata for Plant Virus Movement. Curr. Biol. 25, 2018-2025, https://doi.org/10.1016/j.cub.2015.06.015 (2015).

26. Verchot, J. The ER quality control and ER associated degradation machineries are vital for viral pathogenesis. Front. Plant Sci. 5,
doi:610.3389/fpls.2014.00066 (2014).

27. Romero-Brey, I. & Bartenschlager, R. Endoplasmic Reticulum: The Favorite Intracellular Niche for Viral Replication and Assembly.
Viruses 8, 160, https://doi.org/10.3390/v8060160 (2016).

28. Roy, C. R,, Salcedo, S. P. & Gorvel, J.-P. E. Pathogen-endoplasmic-reticulum interactions: in through the out door. Nat. Rev.
Immunol. 6,136-147 (2006).

29. Tilney, L. G., Harb, O. S., Connelly, P. S., Robinson, C. G. & Roy, C. R. How the parasitic bacterium Legionella pneumophila modifies
its phagosome and transforms it into rough ER: implications for conversion of plasma membrane to the ER membrane. J. Cell Sci.
114, 4637-4650 (2001).

30. Robinson, C. G. & Roy, C. R. Attachment and fusion of endoplasmic reticulum with vacuoles containing Legionella pneumophila.
Cellular Microbiol. 8,793-805, https://doi.org/10.1111/j.1462-5822.2005.00666.x (2006).

31. Asare, R. & Abu Kwaik, Y. Early trafficking and intracellular replication of Legionella longbeachaea within an ER-derived late
endosome-like phagosome. Cellular Microbiol. 9, 1571-1587, https://doi.org/10.1111/j.1462-5822.2007.00894.x (2007).

32. Kagan, J. C. & Roy, C. R. Legionella phagosomes intercept vesicular traffic from endoplasmic reticulum exit sites. Nat. Cell Biol. 4,
945-954 (2002. http://www.nature.com/ncb/journal/v4/n12/suppinfo/ncb883_S1.html (2000).

33. Celli, J. & Gorvel, J.-P. Organelle robbery: Brucella interactions with the endoplasmic reticulum. Curr. Opin. Microbiol. 7, 93-97,
https://doi.org/10.1016/j.mib.2003.11.001 (2004).

34. Starr, T, Ng, T. W,, Wehrly, T. D., Knodler, L. A. & Celli, J. Brucella Intracellular Replication Requires Trafficking Through the Late
Endosomal/Lysosomal Compartment. Traffic 9, 678-694, https://doi.org/10.1111/j.1600-0854.2008.00718 x (2008).

35. Celli, J. et al. Brucella Evades Macrophage Killing via VirB-dependent Sustained Interactions with the Endoplasmic Reticulum. J.
Exp. Med. 198, 545-556, https://doi.org/10.1084/jem.20030088 (2003).

36. Myeni, S. et al. Brucella Modulates Secretory Trafficking via Multiple Type IV Secretion Effector Proteins. PLOS Pathog. 9, 1003556,
https://doi.org/10.1371/journal.ppat.1003556 (2013).

37. Vyas, M. et al. Asian Citrus Psyllid Expression Profiles Suggest Candidatus Liberibacter Asiaticus-Mediated Alteration of Adult
Nutrition and Metabolism, and of Nymphal Development and Immunity. Plos One 10, https://doi.org/10.1371/journal.
pone.0130328 (2015).

38. Pelz-Stelinski, K. S. & Killiny, N. Better Together: Association With ‘Candidatus Liberibacter Asiaticus’ Increases the Reproductive
Fitness of Its Insect Vector, Diaphorina citri (Hemiptera: Liviidae). Ann. Entomol. Soc. Am. 109, 371-376, https://doi.org/10.1093/
aesa/saw007 (2016).

39. Hajeri, S., Killiny, N., EI-Mohtar, C., Dawson, W. O. & Gowda, S. Citrus tristeza virus-based RNAi in citrus plants induces gene
silencing in Diaphorina citri, a phloem-sap sucking insect vector of citrus greening disease (Huanglongbing). J. Biotechnol. 176,
42-49, https://doi.org/10.1016/j.jbiotec.2014.02.010 (2014).

Acknowledgements

We wish to thank Dr. Bill Dawson and Cecile ] Robertson from the University of Florida for providing CLas-
infected and uninfected plants and insects to carry out this work. The research was supported by the early career
seed grant (No. 00127818) from University of Florida to A.L.

Author Contributions
AL. and M.G. designed the experiments. A.L., D.A,, S.G., S.K., G.L. and M.G. performed the experiments. A.L.
and M.G. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16095-w.

Competing Interests: The authors declare that they have no competing interests.

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 16945 | DOI:10.1038/541598-017-16095-w 9


http://dx.doi.org/10.1038/srep46467
http://dharmasastra.live.cf.private.springer.com/articles/srep46467#supplementary-information
http://dharmasastra.live.cf.private.springer.com/articles/srep46467#supplementary-information
http://dx.doi.org/10.1371/journal.pone.0123939
http://dx.doi.org/10.1038/nrmicro1890
http://dx.doi.org/10.1016/j.cub.2015.06.015
http://dx.doi.org/10.3390/v8060160
http://dx.doi.org/10.1111/j.1462-5822.2005.00666.x
http://dx.doi.org/10.1111/j.1462-5822.2007.00894.x
http://www.nature.com/ncb/journal/v4/n12/suppinfo/ncb883_S1.html
http://dx.doi.org/10.1016/j.mib.2003.11.001
http://dx.doi.org/10.1111/j.1600-0854.2008.00718.x
http://dx.doi.org/10.1084/jem.20030088
http://dx.doi.org/10.1371/journal.ppat.1003556
http://dx.doi.org/10.1371/journal.pone.0130328
http://dx.doi.org/10.1371/journal.pone.0130328
http://dx.doi.org/10.1093/aesa/saw007
http://dx.doi.org/10.1093/aesa/saw007
http://dx.doi.org/10.1016/j.jbiotec.2014.02.010
http://dx.doi.org/10.1038/s41598-017-16095-w
http://creativecommons.org/licenses/by/4.0/

	‘Candidatus Liberibacter asiaticus’ Accumulates inside Endoplasmic Reticulum Associated Vacuoles in the Gut Cells of Diapho ...
	Materials and Methods

	Insects, plants, CLas and CLso materials. 
	Transmission electron microscopy. 
	Immunogold labelling. 
	Psyllid gut dissections and microscopy. 
	Immunolocalization of CLas and CLso and ER staining. 

	Results

	Nuclei ultrastructure following infection with CLso. 
	CLas associates with and accumulates in ER-derived Liberibacter-containing vacuoles (LCVs). 

	Discussion

	Acknowledgements

	﻿Figure 1 Normal structure of the nuclei in guts from CLso-uninfected (A,C) and CLso-infected (B,D) B.
	﻿Figure 2 TEM of CLas and ER dynamics in D.
	﻿Figure 3 TEM images of LCVs in D.
	Figure 4 Immunogold labelling of CLas inside an LCV, using specific antibody against CLas outer membrane protein, OmpA.
	Figure 5 Rearrangement of the ER following infection with CLas.
	Figure 6 Formation of LCVs in CLas and CLso infected gut cells.




