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A B S T R A C T

Many bacterial and viral plant pathogens are transmitted by insect vectors, and pathogen-mediated alterations of
plant physiology often influence insect vector behavior and fitness. It remains largely unknown for most plant
pathogens whether, and how, they might directly alter the physiology of their insect vectors in ways that pro-
mote pathogen transmission. Here we examined whether the presence of “Candidatus Liberibacter solana-
cearum” (“Ca. L. solanacearum”), an obligate bacterial pathogen of plants and of its psyllid vector alters the
physiochemical environment within its insect vector, the potato psyllid (Bactericera cockerelli). Microelectrodes
were used to measure the local pH and oxygen tension within the abdomen of “Ca. L. solanacearum”-free psyllids
and those infected with “Ca. L. solanacearum”. The hemolymph of infected psyllids had higher pH at
9.09 ± 0.12, compared to “Ca. L. solanacearum”-free psyllids (8.32 ± 0.11) and a lower oxygen tension of
33.99% vs. 67.83%, respectively. The physicochemical conditions inside “Ca. L. solanacearum”-free and –in-
fected psyllids body differed significantly with the infected psyllids having a higher hemolymph pH and lower
oxygen tension than “Ca. L. solanacearum”-free psyllids. Notably, the bacterial titer increased under conditions
of higher pH and lower oxygen tension values. This suggests that the vector’s physiology is altered by the
presence of the pathogen, potentially, resulting in a more conducive environment for “Ca. L. solanacearum”
survival and subsequent transmission.

1. Introduction

Plant pathogens transmitted by insect vectors are a considerable
threat to global crop production. Losses due to diseases caused by insect
vector-transmitted pathogens amount to ˜10% decreased productivity
[1], with some losses in excess of 1 billion dollars annually [2]. Many
vector-borne plant pathogens are known to alter the physiology of the
host plant in ways that indirectly increase vector fitness [3,4]. Some
scenarios involve pathogen-mediated increased palatability to the in-
sect vector [4], or increased nutrient availability due to pathogen in-
fection of the plant host [5]. Pathogens can also indirectly benefit their
insect vector because they often have silencing suppressor proteins that
counter plant defenses [6–8]. Thus, many insect vector-plant pathogen
relationships are considered to be mutualistic, for example, the vector

population may increases more rapidly on infected, compared to non-
infected plants due to increased palatability of infected plants [3,9].

Plant pathogens might also promote their own spread by altering
the physiology of their arthropod vectors. In the case of the Asian citrus
psyllid (ACP), Diaphorina citri (L.) (Triozidae, Hemiptera), which is both
a vector and host of “Candidatus Liberibacter asiaticus” (“Ca. L. asia-
ticus”) (Class Alphaproteobacteria, Order Rhizobiales), “Ca. L. asia-
ticus”-infected psyllids have increased levels of adenosine triphosphate
(ATP) in hemolymp, which has been associated with enhancement of
the tricarboxylic acid (TCA) cycle (10). Infected psyllids with elevated
ATP levels also show increased expression of ATP synthase, the key
enzyme involved in ATP production, while at the same time exhibiting
decreased ATPase and GTPase activity are essential for utilizing ATP as
a substrate [10]. At the same time, the mitochondrial enzymes related

https://doi.org/10.1016/j.enzmictec.2019.109358
Received 18 April 2019; Received in revised form 3 June 2019; Accepted 7 June 2019

⁎ Corresponding author.
E-mail addresses: banafsheh.molki@wsu.edu (B. Molki), phuc.ha@wsu.edu (P.T. Ha), abigail.cohen@wsu.edu (A.L. Cohen), dcrowder@wsu.edu (D.W. Crowder),

gangd@wsu.edu (D.R. Gang), anders.omsland@wsu.edu (A. Omsland), jbrown@ag.arizona.edu (J.K. Brown), beyenal@wsu.edu (H. Beyenal).

Enzyme and Microbial Technology 129 (2019) 109358

Available online 15 June 2019
0141-0229/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410229
https://www.elsevier.com/locate/enzmictec
https://doi.org/10.1016/j.enzmictec.2019.109358
https://doi.org/10.1016/j.enzmictec.2019.109358
mailto:banafsheh.molki@wsu.edu
mailto:phuc.ha@wsu.edu
mailto:abigail.cohen@wsu.edu
mailto:dcrowder@wsu.edu
mailto:gangd@wsu.edu
mailto:anders.omsland@wsu.edu
mailto:jbrown@ag.arizona.edu
mailto:beyenal@wsu.edu
https://doi.org/10.1016/j.enzmictec.2019.109358
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enzmictec.2019.109358&domain=pdf


to TCA cycle is downregulated in gut tissue [11]. Since there is no
significant changes in the expression of the whole insect body, it is
hypothesized that the upregulation of the expression of the enzymes in
other organs is compensating the changes in the gut [11]. Moreover, the
infected psyllids exhibit accelerated feeding activity, during which time
they probe plants with greater frequency, a phenomenon has been
shown to result in increased frequency of “Ca. L. asiaticus” transmission
[10]. Moreover, the proteins involved in energy storage and utilization,
endocytosis, defense and immunity are expressed differently in ACP
infected with “Ca. L. asiaticus” [12]. However, it is expected that plant
pathogens may directly alter the physiology of their insect vector
through additional mechanisms.

Several species of psyllids are known to transmit bacterial patho-
gens in the genus, “Ca. Liberibacter” [13]. In the western United States,
zebra chip of potato [14–18] and vein-greening of tomato [19] are
economically-important diseases caused by “Ca. L. solanacearum”,
transmitted by the potato psyllid Bactericera cockerelli (Sulc.) in a cir-
culative, propagative manner [20,21]. In this type of transmission
pathway, the bacteria are ingested by the psyllid vector during phloem-
feeding and following intracellular invasion, they multiply in the gut.
The bacteria exit the gut through an exocytosis-like mechanism and
enters the hemolymph [21,22]. From here, bacterial cells are translo-
cated in hemolymph to the salivary glands, the site of transmission
specificity, where acquisition occurs. During psyllid feeding, the bac-
teria are transmitted to phloem cells in salivary secretions [23–26].

The abundance of “Ca. L. solanacearum” biofilms observed on the
external midgut surface of the psyllid host by scanning electron mi-
croscopy was an early step in beginning to understand the route by
which Ca. L. asiaticus” circulates in its vector, which is now known to
involve crossing the midgut epithelial cell barrier to access the hemo-
lymph [20]. Once in the hemolymph, specific nutritional and physio-
chemical conditions are expected to be required to achieve conditions
favorable to “Ca. L. solanacearum” survival while en route to the sali-
vary glands [20,26,27].

Studies have shown that “Ca. L. solanacearum” infection of the
psyllid affects host fitness (15–18). Based on gene expression profiling
of the different (immature and adult) life stages of “Ca. L. solana-
cearum” infected psyllid host, gene ontology identifiers suggest that
gene expression profiles are significantly altered, compared to “Ca. L.
solanacearum”-free psyllids. in particular, proteins with predicted roles
in adherence and invasion, multiplication, biofilm formation, immune
system modulation, and nutritional parasitism, among other physiolo-
gical effects [27]. These insights strongly indicate that “Ca. L. solana-
cearum” may directly influence psyllid physiology, however, most of
the specific mechanisms involved have not been elucidated, making our
understanding of this pathosystem somewhat limited.

The objectives of this study were to compare the pH and oxygen
tension, respectively, in the hemolymph of adult potato psyllids post-
“Ca. L. solanacearum” infection, compared to “Ca. L. solanacearum”-
free psyllids, to determine if infection by the bacterium directly affects
the physiology of the psyllid host. The pH and oxygen tension were
considered key parameters for assessment, because although infection
by “Ca. L. solanacearum” has been associated with metabolic and other
changes [27–30], its effects on these two key internal environmental
‘indicators’ occurring within infected psyllids have not been studied.
Moreover, changes in metabolic rate and energy metabolism in some
other insects has been shown to be accompanied with changes in
oxygen tension and pH in the insects [31]. Because the metabolism of
“Ca. L. solanacearum”-infected psyllids is altered within the body
[10,27], we reasoned that pH and oxygen levels may likewise be altered
inside the hemolymph, accessible by non-destructive penetration to the
psyllid abdomen. To accomplish this, the local oxygen tension and pH
were measured in psyllid hemolymph using microelectrodes with tip
diameters smaller than 20 μm to penetrate the abdomen, pass through
the hemolymph and gut, and finally into the hemolymph beyond,
where measurements were made. Also, the average oxygen tension and

average pH in potato psyllid hemolymph were determined, respec-
tively, in relation to “Ca. L. solanacearum” infection status and infec-
tion levels (genome equivalents).

2. Material and methods

2.1. Psyllid samples

Potato psyllids used for measurements were of the Northwestern
haplotype and reared on Bush Beefsteak tomatoes in greenhouse co-
lonies (24:17 °C light:dark temp; 16:8 h light:dark). The colony was
started with field-collected infected psyllids in Zillah, WA (46.42 °N,
120.31 °W). The psyllids were maintained in a colony for a 1.15 years.
Both colonies were initiated from naturally-occurring, “Ca. L. solana-
cearum”-free psyllids. To establish the infected colonies psyllids were
allowed to feed on Ca. L. solanacearum infected plants. The haplotype
of the colony was determined using the previously developed high-re-
solution melting analysis method [32]. The psyllids were found to
harbor “Ca. L. solanacearum” haplotype B. The newly emerged adult
psyllids (< 2 weeks old) were used.

2.2. Construction of pH microelectrodes

A pH microelectrode measures pH based on potential difference
measured across a liquid ion exchange (LIX) membrane located at the
tip of the microelectrode; a schematic is shown in Fig. 1a. The con-
struction method is explained in detail in a previous publication [33].
To generate a calibration curve, the microelectrode potential was
measured against a separate Ag/AgCl reference electrode using pH
buffers (4, 7 and 10). The pH microelectrodes had a tip diameter of less
than 20 μm, and the response time was less than 3 s. The construction
and calibration steps are explained in detail in prior publications [33].

2.3. Construction of oxygen microelectrodes

Oxygen microelectrodes (Fig. 1b) are needle-type amperometric
microelectrodes that detect oxygen concentrations in both liquid and
gas phases. The microelectrodes were constructed based on previous
published protocols [33]. The response time of the oxygen microelec-
trode was less than 3 s. The microelectrodes were calibrated using two
point-calibration: in sodium ascorbate solution (without oxygen) and in
the air (oxygen saturation). The construction and calibration steps are
explained in detail in our previous publications [33].

2.4. Measurement of oxygen and pH profiles

Sixteen infected and sixteen “Ca. L. solanacearum”-free insects were
used for pH measurements while 10 infected psyllids and 8 “Ca. L.
solanacearum”-free psyllids were used for oxygen profiling. The ana-
lyses were not gender biased and the psyllids were chosen randomly.
Measurements were done right after collecting the samples from co-
lonies. To make sure that there won’t be any cross contamination be-
tween infected and “Ca. L. solanacearum”-free psyllids, the measure-
ments first were done in “Ca. L. solanacearum”-free psyllids and then
infected psyllids. The time differences between measurements were no
more than 8 h. The sample size calculations verified that these numbers
were enough to obtain statistically meaningful data. To prevent psyllids
from escaping or moving during setup, psyllids were put on their backs
on agar plates and a droplet of hot agar (˜ 50 °C) was put on each of
their wings to hold them in place. For each measurement, a psyllid was
fixed on its back on 2.5% solid agar (Fig. 1). Each measurement lasted
for about 5min. The profiles were initiated when contact was made
with the air, and ended when the microelectrode penetrated the agar.
The location of the microelectrode insertion is shown with a rectangle
in Figs. 2 and 3 and the abdominal anatomy is shown in these figures.
For consistency of measurements taken among individual psyllids, the
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microelectrode was inserted into the second inter-segmental membrane
called conjunctiva. Because the filter chamber is attached to the wall of
the abdomen in this region, the microelectrode tip first must penetrate
into the hemolymph, and then through the midgut and hindgut, and out
through the hemolymph again before exiting from the psyllid body. To
account for expected potential error associated with the procedure, and
the inherent variation among psyllids, multiple measurements were
made that included sixteen “Ca. L. solanacearum”-free and -infected
psyllids each. More importantly, we have analyzed our data based on
hemolymph average pH and O2 and obviously once the microelectrode

passes the cuticle, it enters into the hemolymph. The setup and in-
struments used for microelectrode measurements are shown in Fig. 1.C.
The movement of the microelectrode is controlled using a mercury-step
stepper motor (PI M-230.10S). This stepper motor was connected to a
computer, and a custom-made software, Microprofiler©, developed by
our research group is used to determine the relative distance of the
microelectrode tip. Data were recorded in the computer using a data
logger (Measurement Computing© USB-1608FS).

The procedures used to measure pH profiles were the same as those
used for oxygen profile measurements, except that one drop (˜ 300 μL)

Fig. 1. (a, b) Schematics of pH and oxygen
microelectrodes [33]. The pH microelectrode
requires a reference electrode (not shown)
which can be located near the microelectrode.
(c) Measurement setup used to measure oxygen
and pH profiles in psyllids. (d) Potato psyllid on
agar plate before the measurement is started.
The wings of the psyllid were fixed using small
drops of molten agar. The psyllid lay on its
back, and the microelectrode was inserted
through its abdomen. The figures are not drawn
to scale.

Fig. 2. Representative pH profiles in the ab-
domen of individual “Ca. Liberibacter solana-
cearum”-free and infected potato psyllids. The
star sign indicates the region used to calculate
the average pH for individual psyllids. The pH
was higher in the infected, compared to, “Ca.
Liberibacter solanacearum”-free psyllids. Photo
credit: Walker, K., Scanlon, P. (2007) Tomato
or Potato Psyllid (TPP) (Bactericera cockerelli).
Available online: PaDIL - http://www.padil.
gov.au (modified version of the original photo).
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of PBS (pH=7.2) was applied to cover the surface of the psyllid’s body
and an external solid state reference electrode was placed inside this
drop and near the psyllid during pH profile measurements. The PBS
provided ionic conductivity so that the pH microelectrode was opera-
tional when the tip was outside of the psyllid. The profiles were in-
itiated just above the PBS buffer solution where there is no ionic ac-
tivity, the signal detected in air represents measurement noise until the
microelectrode enters PBS buffer where ionic conductivity occurs be-
tween the microelectrode and reference electrode. Therefore the
starting pH shown in Fig. 2 does not affect the measured hemolymph
pH. The measured potential difference between the reference electrode
and the pH microelectrode was converted to pH using a calibration
curve. For both pH and oxygen tension measurements, the microelec-
trodes were calibrated after every 2–3 measuerements.

2.5. DNA isolation and quantitative polymerase chain reaction

Crude psyllid extracts were prepared based on the heating method
described in previous literature [34] with several modifications. Briefly,
after washing each individual psyllid with washing buffer, it was put in
a mortar containing 300 μL extraction buffer (10mM Tris and 1mM
EDTA, pH 8.0) and squeezed completely using a pestle. The solution
containing crude psyllid extract was transferred to a Lysing Matrix E
tube (MP Biomedicals) and beat for 10min. The samples were cen-
trifuged and the aqueous portion was transferred to a 200 μL PCR tube.
These samples were heated at 80 °C for 7min, incubated at 95 °C for
3min, and centrifuged at 8000 g for 2min. The aqueous portion was
transferred to a new micro-centrifuge tube and used as DNA template.
The final volume of DNA templates were 200 μl. The purified DNA was
used as template in quantitative PCR. Quantitative PCR primers CLZC-F
(5´TCGGATTTAGGAGTGGGTAAGTGG) and CLZC-R (5´-ACCCTGAAC
CTCAATTTTACTGAC, as previously described [35], were used to
quantify “Ca. L. solanacearum” DNA. These primers target the gene for
the outer membrane protein (GenBank accession#FJ914617) of “Ca. L.
solanacearum” [35]. SYBR Green was used for signal detection. The
reaction mixture components and target concentrations were a qPCR

master mix (Power SYBR Green PCR Master Mix, Applied Biosystems,
United States) with a final concentration of 1×, a forward primer with
a final concentration of 0.2 μM, a reverse primer with a final con-
centration of 0.2 μM, and 2 μl of DNA template per 20 μl of reaction
mixture. The qPCR parameters were: 50 °C for 2min, 94 °C for 10min,
40 cycles with 94 °C (denaturation) for 15 s and 60 °C (annealing, ex-
tension, and red fluorescence). The CL-ZC-F/CL-ZC-R amplicon (185
bp) was obtained by conventional PCR [35], cloned into plasmid Pgem
Teasy (Promega Corporation, United States), and used as the molecular
standard in qPCR. A 10-fold dilution series was prepared to create the
standard curve. Genomes (GE) /insect was calculated based on the
standard curve. The GE is for whole DNA that was extracted from the
insect.

2.6. Data analysis and statistics

For both the pH and oxygen measurements, one representative re-
dial measurement was provided for a “Ca. L. solanacearum”-free or
infected psyllid. The replicated measurements were very similar, ob-
viating the need to show all of the measurements. The average pH and
oxygen of the hemolymph in the psyllid were calculated, as indicated
with a star (*) and shown in Figs. 1 and 2. Two-sample t-tests were used
to evaluate the robustness of observed differences in pH or oxygen
tension between “Ca. L. solanacearum”-free and infected potato psy-
llids. The robustness of the relationship between pH and log (GE/insect)
and between oxygen tension and log (GE/insect) were tested using
linear regression analysis. Both statistical analyses used R v. 3.4.3 (38).

2.7. Location of the microelectrode tip within the ACP body

The location of the microelectrode was determined based on psyllid
anatomy and profiling reported here (Figs. 2 and 3). Sharp changes in
profiles show that the microelectrode is exposed to new conditions,
which in turn indicated that this was a ‘new’ environment. In summary,
the microelectrode entered the hemolymph, passed through the midgut
and hindgut, and again entered the hemolymph before exiting the

Fig. 3. Representative oxygen tension profiles
in abdomens of “Ca. Liberibacter solana-
cearum”-free and infected potato psyllids. An
oxygen tension of 100% corresponds to 21% O2

in air. The star sign indicates the region used to
calculate the average oxygen tension. Photo
credit for potato psyllid: Walker, K., Scanlon, P.
(2007). Tomato or Potato Psyllid (Bactericera
cockerelli)/ Available online: PaDIL - http://
www.padil.gov.au (modified version of the
original photo).
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psyllid body.
In this study, when the microelectrode penetrated into the midgut, a

cavity was formed on the wall of the gut, which could have caused
leakage of midgut lumen into the hemolymph. Due to the circulation of
midgut lumen in psyllid’s body, this might have increased the pH of
hemolymph. This likely explains the basis for the higher pH observed in
dorsal regions since the gut lumen has a higher pH. Therefore, the
ventral tissue was averaged instead of dorsal tissue (the average pH of
the hemolymph is calculated based on the pH of the region that is
shown with star in Fig. 2 to make sure that gut lumen has not changed
the pH of hemolymph).

3. Results

3.1. Radial pH and oxygen profiles in the psyllid abdomen

The pH and oxygen tension were quantified in “Ca. L. solana-
cearum”-free and -infected potato psyllids abdomen. The radial pH in
the abdomen of “Ca. L. solanacearum”-free and -infected potato psyllids
is shown in Fig. 2. The profiles represent measurements taken begin-
ning in the air and ending in the layer of agar where the psyllids were
immobilized. The average pH of the hemolymph and midgut-hindgut in
“Ca. L. solanacearum”-free psyllids was 8.55 ± 0.13 and 8.78 ± 0.32,
respectively. The radial oxygen profiles in the abdomen of selected “Ca.
L. solanacearum”-free and infected potato psyllids is shown in Fig. 3.
Similar to the approach used to determine the pH profiles, the micro-
electrode tip was passed through the hemolymph and also through the
alimentary canal. For the “Ca. L. solanacearum”-free potato psyllids,
the average oxygen tension was 67.83 ± 2.03% in the hemolymph,
and 92.69±2.67% inside the midgut.

3.2. Effect of “Ca. L. solanacearum” infection on average pH of psyllid
hemolymph

The average hemolymph pH in the infected and “Ca. L. solana-
cearum”-free psyllids is shown in Fig. 4a. The average hemolymph pH
in “Ca. L. solanacearum”-free psyllids (8.32 ± 0.11) was significantly
lower than the value observed for infected psyllids of 9.09 ± 0.12
(two-sample t-test, t32=4.68, P < 0.0001) (Fig. 4a). In turn, infected
psyllids with higher hemolymph pH also had higher loads of “Ca. L.
solanacearum” as measured by the number of genome equivalents (GE)
per insect (GE/insect) by qPCR (slope=1.87, SE=0.24; linear re-
gression: t16=7.78, P < 0.0001) (Fig. 4b).

3.3. Effect of “Ca. L. solanacearum” infection on average oxygen tension of
psyllid hemolymph

The average hemolymph oxygen tension in “Ca. L. solanacearum”-
free and infected psyllids is shown in Fig. 5a. The average hemolymph
oxygen tension of “Ca. L. solanacearum”-free psyllids was
67.83%±2.03% (5.29 ± 0.16mg.l−1), which was significantly
higher than for infected psyllids, 33.99%±1.35% (2.65 ± 0.105mg.l-
1) (two-sample t-test, t18 = -14.37, P < 0.0001) (Fig. 5a). In contrast

to the results for hemolymph pH, no linear relationship was observed
(slope = -0.11, SE=0.049; linear regression: t10 = -2.13, P= 0.065)
between infection level and oxygen tension (Fig. 5b).

3.4. Midgut average pH and oxygen tension

The measurements taken for infected and “Ca. L. solanacearum”-
free potato psyllid midguts, indicated that the pH of the midgut of “Ca.
L. solanacearum”-free potato psyllids (mean= 8.55, SE= 0.13) was
significantly lower than for infected potato psyllids (mean=9.32,
SE= 0.16; two-sample t-test, t32=3.78, P < 0.001) (Fig. 6a). How-
ever, there were no significant differences in oxygen tension for “Ca. L.
solanacearum”-free (mean=92.69%, SE=2.67) and “Ca. L. solana-
cearum”–infected psyllids (mean= 91.43% SE=1.92; two-sample t-
test: t18 = 0.390, P= 0.702) (Fig. 6b).

4. Discussion

4.1. Radial pH and oxygen profiles in the psyllid abdomen

The pH of the potato psyllid abdomen was found to be basic, with a
higher pH inside than outside of the midgut. The basic condition inside
psyllid midgut is similar to another phloem-feeder, the pea aphid
Acyrthosiphon pisum. The pH inside pea aphid midgut has been reported
to range between 5.5 and 8.0 in different regions with most regions
between 7.5 and 8.5 [36], which is similar to that observed here for the
potato psyllid. Also, psyllids are expected to ingest phenolic compounds
at times [37] that can have damaging effects to the gut, including the
precipitation of digestive proteins, which could negatively affect their
ability to obtain adequate nutrits [26,38]. The requirement to maintain
midgut alkalinity could possibly have evolved as an adaptation to
ameliorate damaging effects of phenolic or other toxic compounds [26].
Also, based on the oxygen tension profiles, aerobic conditions occur
within the potato psyllid abdomen. A uniform and symmetrical oxygen
tension in hemolymph was anticipated because the hemolymph circu-
lates throughout the entire body of the psyllid [39].

4.2. The “Ca. L. solanacearum” infection alters average pH of psyllid
hemolymph

The average hemolymph pH in “Ca. L. solanacearum”-free psyllids
was significantly lower than infected psyllids. It remains unknown how
“Ca. L. solanacearum” infection causes the pH to change in the psyllid
host. Moreover, because metabolic changes may reflect consequences
related to rearing of the psyllids on infected instead of pathogen-free
plants, it is not possible to conclude that pH changes may stem purely
from “Ca. L. solanacearum” infection. However, certain changes have
been reported to be accompanied by altered gene expression and en-
zyme activity in “Ca. L. solanacearum”-infected psyllids [27,29], sug-
gesting that at least some of these physiological responses to infection
may stem from bacterial manipulation of psyllid host metabolism that
favor the pathogen. The downregulation of the V-ATPase-V1A is one of
the metabolic changes in infected psyllid’s body that is accompanied by

Fig. 4. (a) Effects of infection on average he-
molymph pH of psyllids and (b) pH versus log
(GE/insect) in infected psyllids. A significant
linear relationship was observed between pH
and GE/insect in infected psyllids (slope=
1.873, SE=0.46, R2=0.812; linear regres-
sion: t16=7.782, P < 0.0001). The error bars
are standard error.
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gene expression and enzyme activity changes, and could be one of the
reasons that pH is changing in infected psyllids. V-ATPase-V1A is an
ATP-dependent proton pump and is localized in a variety of cellular
membranes including the outer membrane of mitochondria and the
plasma membrane. V-ATPase-V1A pumps are needed to regulate the
acidity of the environment in intracellular and extracellular environ-
ments [40–42]. In a previous study [10], the ATPase activity level in
“Ca. L. asiaticus”-free psyllids was found to be 93 ± 32 μU/insect
while it was 67 ± 23 μU/insect in “Ca. L. asiaticus”-infected psyllids.
This extent of change in ATPase activity could change the pH by 4.9
units. The “Ca. L. solanacearum” genome organization and structure are
similar to that of “Ca. L. asiaticus” in that both encode an ATP trans-
locase that is involved in energetics [43]. Further, these bacterial pa-
thogens interact similarly with their insect vector during circulative
invasion [27,29]. In this study, the pH was increased by as much as
0.77 units in “Ca. L. solanacearum”-infected, compared to “Ca. L. so-
lanacearum”-free psyllids. Consequently, we hypothesized that changes
in ATPase activity could feasibly be responsible for the observed pH
changes. Similarly, the putative relationship between ATPase activity
and pH could at least in part explain the positive correlation between
pH and “Ca. L. solanacearum” infection level (Fig. 7a).

4.3. The “Ca. L. solanacearum” infection alters average oxygen tension of
psyllid hemolymph

The average oxygen tension of hemolymph in infected potato psy-
llids was significantly lower than “Ca. L. solanacearum”- free psyllids.
Two potential mechanisms can be proposed to explain this reduction in
oxygen tension within the psyllid body, due either to direct or indirect
responses to infection by “Ca. L. solanacearum” (Fig. 7b). First, he-
molymph oxygen tension may decrease because of an enhancement of
the TCA cycle. Exploitation of the TCA cycle in ACP infected with “Ca.
L. asiaticus” has been reported to be accompanied by increased re-
spiration [30]. In the infected ACP, the rate of respiration was increased
by 42%, which could have feasibly been related to TCA cycle en-
hancement [30]. Thus, similar affects may be expected to occur in
potato psyllids infected with “Ca. L. solanacearum”. Consequently, in-
fected potato psyllids would be predicted to have a lower oxygen ten-
sion in their hemolymph (compared to “Ca. L. solanacearum”-free in-
dividuals), and thereby result in an increase in respiration rate. Second,
oxygen consumption by “Ca. L. solanacearum” may be responsible for

reduced oxygen tension. For example, Japanese beetles infected with
Bacillus popilliae showed a 15% decrease in oxygen level, compared to
that of the healthy beetles [44]. As in Japanese beetles, oxygen tension
reduction i.e. increased respiration, in the infected potato psyllids may
have resulted from increased oxygen consumption by “Ca. L. solana-
cearum”. These proposed mechanisms are illustrated in Fig. 7b.

Overall, the increased activity of ATPases in infected psyllids could
be expected to result in an increase in pH inside the psyllid body. At the
same time, the reduction in oxygen tension in the hemolymph could be
due to increased oxygen consumption either by the “Ca. L. solana-
cearum” bacteria, or by pathogen-enhancement of the TCA cycle in the
potato psyllid host, leading to increased respiration rate and decreased
effective O2 concentration within the body (Fig. 7).

4.4. Midgut average pH and oxygen tension

Studies have shown that the alterations occur in the plant metabo-
lome upon the infection with “Ca. L. solanacearum” [45–47]. Although
these changes could feasibly have an effect on the pH of the psyllid
midgut after they have ingested phloem sap from infected trees, pre-
sently, it is only possible to hypothesize the occurrence of such a sce-
nario. Also, it has been shown that the intermediate enzymes in the TCA
cycle in gut tissue is down regulated in ACP infected with “Ca. L.
asiaticus” [11]. It is not clear if these changes can effectively alter the
oxygen tension inside the gut similar to hemolymph since multiple
factors including insect diet, and endosymbiont metabolic activities
could possibly alter the oxygen tension inside gut.

5. Conclusions

The rationale for this study and others focused on potato psyllids
and “Ca. L. solanacearum” is the need to devise strategies for managing
zebra chip disease of potato, and vein-greening of tomato. Currently,
there are several major needs: (1) development of an effective method
to detect “Ca. L. solanacearum” infection, and (2) in vitro cultivation of
“Ca. L. solanacearum” to develop effective countermeasures to combat
pathogen spread. Because “Ca. L. solanacearum” multiplies inside he-
molymph [20], the pH and oxygen tension in the hemolymph of in-
fected insects are expected to be the favored physiochemical conditions
for “Ca. L. solanacearum” growth. It is not clear whether these condi-
tions are generated by the psyllid after “Ca. L. solanacearum” infection

Fig. 5. (a) Levels of hemolymph oxygen ten-
sion in “Ca. Liberibacter solanacearum”-free
versus infected psyllids. The hemolymph
oxygen tension was significantly higher in “Ca.
L. solanacearum”-free than in infected psyllids.
(b) Oxygen tension versus log (GE/insect) in the
infected psyllids. There was no linear relation-
ship between oxygen tension and infection
level (Slope = 0.105, SE=0.049; linear re-
gression: t8 = -2.133, P= 0.065). An oxygen
tension of 100% corresponds to 21% O2 in air.
The error bars indicates the standard error.

Fig. 6. Effects of “Ca. Liberibacter solanacearum” infection on pH (a) and oxygen tension (b) in potato psyllid midgut. There is significant differences for pH
(t8=3.78, P < 0.001) but not oxygen tension (t8=0.39, P=0.70) of “Ca. Liberibacter. solanacearum”-free and infected potato psyllids.
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or by “Ca. L. solanacearum” itself. However, with the results from this
study we now have new knowledge about some of the conditions that
“Ca. L. solanacearum” requires to survive, multiply, and circulate in
hemolymph of the psyllid host (and vector), potentially also providing
important clues with application to in vitro cultivation of the bacterium.

In these experiments, oxygen tension and pH levels were well-cor-
related with “Ca. L. solanacearum” infection status and infection level
based on qPCR, respectively. Thus, measured pH and oxygen tension in
hemolymph may be a reliable indicator of whether a psyllid is infected
with “Ca. L. solanacearum”. In addition, the results have revealed a
significant linear relationship between pH and infection level as
genome equivalents per insect. In infected psyllids, a higher infection
level was correlated with higher hemolymph average pH, as is indicated
in Eq. (1).

Log (GE/insect)= 1.87 pH – 10.78 (1)

In this equation, GE is the genome equivalents of “Ca. L. solana-
cearum” (infection level) per insect and pH is the average hemolymph
pH. The significant correlation between these variables indicates that it
is possible to predict the GE from the average hemolymph pH of pa-
thogen-infected psyllids (slope=1.87, SE (Standard error)= 0.46,
R2= 0.812; linear regression: t16=7.782, P < 0.0001).
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