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fifth-instar nymphs and adults of Asian citrus psyllid

Diaphorina citri

IBRAHIM EL-SHESHENY 2 IBRAHIM EL-HAWARY?2,
IBRAHIM MESBAH?and NABIL KILLINY!

'Entomology and Nematology Department, Citrus Research and Education Center, IFAS, University of Florida, Lake Alfred, Florida,

U.S.A. and *Department of Plant Protection, Faculty of Agriculture, Tanta University, Tanta, Egypt

Abstract. Asian citrus psyllid Diaphorina citri Kuwayama is extremely problematic
worldwide, particularly where Huanglongbing (HLB) disease, the most serious and dev-
astating of citrus diseases, is found. The threat is a result of its ability to transmit the
causal agent of HLB, Candidatus Liberibacter asiaticus (CLas) bacterium. Improve-
ments in proteomics, mass spectrometry, bioinformatics tools and gene ontology anno-
tation facilitate the mapping and large-scale identification and quantification of proteins.
To date, only a few comparative proteomic studies report the developmental proteomic
changes of hemimetabolous and plant—disease vector insects. Two-dimensional gel elec-
trophoresis analysis of D. citri total protein is able to detect qualitative and quantitative
developmental differences. Liquid chromatography-tandem mass spectrometry identi-
fies 89 protein spots. Most proteins are metabolism and bioenergetics-related. Nineteen
protein spots are found to be implicated in stress/defence/immunity; 7 in development
regulation; 9 in nervous system functions; 4 in the reproductive system; 23 in cytoskele-
ton and muscle organization; and 4 in movement, flight and other processes. Signifi-
cant increases in the level of proteins related to structural constitution of the skeleton,
stress/defence/immunity, reproduction system, muscles, locomotion and flight are found
in adults, consistent with the fact that D. citri is a hemimetabolous insect, whereas
proteins involved in developmental regulation are higher in the nymphal stage. The iden-
tification of these variably expressed proteins between the nymph and adult stages, linked
with the basis of their physiological roles, will lead to a better understanding of the fac-
tors influencing development in D. citri and the regulation of some crucial metabolic
pathways. It may also help to identify targets for genetic manipulation using RNA inter-
ference or other techniques to disrupt Asian citrus psyllid development, lifespan or its
ability to transmit CLas.
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Introduction

Asian citrus psyllid Diaphorina citri Kuwayama is a phloem
sap-sucking insect belonging to Sternorrhyncha, superfamily
Psylloidea and family Psyllidae (Bové, 2006). Nymphs and
adults suck phloem sap from the foliage causing leaf distortion
and curling. Furthermore, the psyllid produces huge amounts
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of honeydew, which cause the heavy development of sooty
mold on honeydew-covered leaves. Also, it injects toxins that
cause malformation of leaves and shoots during feeding on
the phloem sap. Asian citrus psyllid transmits Candidatus
Liberibacter asiaticus (CLas) bacterium, the putative causal
agent of citrus greening, which is also called Huanglongbing
(HLB) (Grafton-Cardwell et al., 2005; Bové, 2006).
Two-dimensional gel electrophoresis (2-DE) allows sep-
aration of complex protein mixtures, visualization of these
differences in the gel, and then the selection and identification
of the proteins via mass spectrometry (MS). The use of a
combination of these technologies provides information that
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helps to begin answering a wide range of interesting biological
questions (Ong & Pandey, 2001). Although numerous successes
of DNA-based approaches to monitor gene expression are
reported, in many studies mRNA 1is not a reliable indicator of
protein abundance in cells (Gygi et al., 1999).

Initially, differential proteomics was used to identify changes
in protein expression between the normal status compared with
a specified status such, as healthy and diseased; subsequently,
its use is now widely reported for identifying toxicity biomark-
ers and induced immunity, discovering resistance mechanisms
and providing new insights into complex mechanisms in
many organisms (Kennedy, 2002; Sharma et al., 2004; Shi &
Paskewitz, 2006; Nguyen et al., 2008). In several insect studies,
proteomics has emerged as a powerful method for gaining
insight into many physiological changes at the cellular level
(Nystrom, 2005; Seehuus et al., 2006; Zheng et al., 2011). The
technique is reported to have successfully been used with many
insects, particularly silkworm, mosquito, honeybee, fruit fly and
cotton bollworm (Li et al., 2014). Most studies focus on insect
immunity (Shi & Paskewitz, 2006), immunity-related proteins
(e.g. in Bombyx mori and Drosophila melanogaster; Vier-
straete et al., 2004; Zhang et al., 2014), and exposure to toxic
compounds such as cadmium, carbamates, bio-toxins (such
as cryl1Aa from Bacillus thuringiensis) and other pesticides
(Sharma et al., 2004; Cancino-Rodezno etal., 2012; Wu et al.,
2013). Also, the innate immunity of insect vectors of human
disease is receiving increased attention for blocking the trans-
mission of important diseases such as malaria (Christophides
etal.,2002). In the study of plant diseases, proteomic and bioin-
formatics sciences enable the exploration of several aspects of
interactions between vector insect—plant pathogen (Elzinga &
Jander, 2013).

Furthermore, with the increase of bioinformatics tools, gene
ontology annotations and information from different organisms’
datasets, many studies have turned away from investigating
the principles of insect development via classical genetics
analyses and have instead moved toward molecular biology
approaches (Carmena, 2009). This facilitates the mapping and
the large-scale identification and quantification of proteins, the
study of their post-translational modifications, the analysis of
protein—protein interactions (PPIs), as well as in vivo studies
of protein expression, aiming to identify functional protein
networks (Carmena, 2009). Metamorphosis, a process that
enables insects to develop from one stage to another, consists of
extensive morphological and physiological changes. The devel-
opmental proteomic changes associated with holometabolous
insects receive more attention than those of hemimetabolous
insects because of the additional larval and pupal stages. Devel-
opmental protein mapping of typical model insects such as the
fruit fly, silkworm and honeybee is also extensively reported
(Vierstraete et al., 2004; de Morais Guedes et al., 2005). Silk-
worm haemolymph proteins change markedly from the larval to
moth stages. The identified proteins are involved in the processes
of food digestion, nutrient storage and transport and metabolism
(Hou et al., 2010).

On the other hand, hemimetabolous insects, such as Asian
citrus psyllid, undergo incomplete metamorphosis, passing
through only three stages; eggs, nymphs and adults. The
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nymphal stages somewhat resemble the adult form mor-
phologically, although adults have fully developed wings,
muscles, skeletal structures and mature reproductive sys-
tems. During the nymphal stage, D. citri passes through five
instars. Proteomic study of the last instar (fifth instar) could
reveal proteomic changes associated with maturation into
the adult stage. Surprisingly, to date, there are few reported
comparative proteomic studies on the developmental pro-
teomic changes of hemimetabolous and plant—disease vector
insects. To understand the molecular mechanisms of devel-
opment in D. citri, 2-DE is used in combination with liquid
chromatography-tandem MS (LC-MS/MS) to analyze total
proteins of the fifth-instar nymph and adult stage.

It is hypothesized that proteins involved in structural constitu-
tion of skeleton, reproduction system and flight muscles would
show greater abundance in adults compared with nymphs. By
contrast, proteins involved in developmental regulation would
be more abundant in the nymphal stages.

Determining the differences in protein profiles between
D. citri nymphs and adults will help to identify the proteins
that are up- or down-regulated during structural development
and metamorphosis, to determine their physiological roles, and
possibly to identify targets for genetic manipulation using RNA
interference (RNAI) or other techniques that disrupt Asian citrus
psyllid development, lifespan or its ability to transmit CLas.

Materials and methods
Asian citrus psyllid culture

Asian citrus psyllid colonies were reared on small sweet
orange (Valencia) trees inside mesh cages in controlled environ-
ment growth rooms under an LD 16 : 8 h photocycle at 25 +2 °C
and 60% + 5% relative humidity. Citrus trees were obtained
from an insect-proof, temperature-controlled greenhouse
(LD 16:8h photocycle at 28 °C and 40% relative humidity).
Nymphs of D. citri were collected from the plants and placed
into in Petri dishes using a #4 camel hair brush. Nymphs were
then classified to stages based on the morphological features
(Grafton-Cardwell et al., 2005). The fifth-instar nymphs were
gathered in Eppendorf tubes and kept at —20 °C. For D. citri
adults, fifth-instar nymphs were collected and placed on a new
plant, then the emerged adults were collected (at the same age,
approximately 15 days old) using a manual insect aspirator and
stored at —20 °C.

Protein extraction and preparation

Insect samples were placed in 1.5-mL Eppendorf tubes. Each
tube consisted of 50 adult psyllids or 100 D. citri fifth-instar
nymphs. Each tube was considered as one biological replicate.
Five biological replicates were analyzed for both adult psyllids
and fifth-instar nymphs. The samples were homogenized using
plastic pestles and then 500 pL of lysis buffer (0.2% Hepes
and 10% sucrose; w/v) was added. Samples were homogenized
again with the buffer for 10 min then centrifuged at 8500g for
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10 min at 4 °C. The supernatant was transferred to another tube
and three volumes of cold 10% trichloroacetic acid in acetone
were added (stored at —20°C). Samples were kept at —20°C
at least for 2h then centrifuged at 14 500g for 20 min at 4 °C.
The protein pellet was washed using cold acetone (—20 °C) three
times (2 h each). The protein pellet was cleaned using a 2-DE
clean up kit in accordance with the manufacturer’s instructions
(Bio-Rad, Hercules, California). The cleaned protein samples
were stored in —80 °C.

Two-dimensional gel electrophoresis and staining

The total protein of D. citri adults and nymphs were separated
by 2-DE in accordance with the manufacturer’s instructions with
some modifications (Bio-Rad). Briefly, protein samples were
dissolved in rehydration solution [7 M urea, 2 M thiourea, 60 mm
dithiothreitol (DTT), 65mM Chaps, 2% TritonX-100, 0.2%
IPG buffer (ampholytes pH 5-8), 0.5 pL of 1% bromophenol
blue]. Protein concentration was measured with Smartspec 3000
spectrophotometer (Bio-Rad) in accordance with the Bradford
method (Bradford, 1976) using the Bio-Rad protein assay kit
(Bio-Rad). Each sample was adjusted to contain 500 pg of
proteins for colloidal Coomassie (G250) staining in 300 pL of
rehydration solution.

The solution was loaded onto a ReadyStrip 17-cm immobi-
lized pH gradient (IPG) strip (linear, pH 5-8) (Bio-Rad) and
was actively rehydrated for 14 h at 20 °C with 50 V. Isoelectric
focusing electrophoresis was performed using Bio-Rad Protean
II cell (Bio-Rad). The program used was: step 1: 100 V, slow, 1 h;
step 2: 200V, slow, 1 h; step 3: 300V, slow, 1 h; step 4: 500V,
slow, 3 h; step 5: 1000V, slow, 3 h; step 6: 5000, slow, 3 h; step
7: 10000V, linear, 4 h; step 8: 10000V, rapid, 80 000 Vh, step
9: 500V, rapid, hold. The current was limited to 50 pA strip~!.
After isoelectric focusing electrophoresis, the IPG strips were
equilibrated in equilibration buffer I [6 M urea, 20% glycerol,
2% sodium dodecylsulphate (SDS) and 0.375 mm Tris—HCI,
pH 8.8] containing 2% (w/v) DTT for 20 min. with gentle shak-
ing and then for another 20 min in equilibration buffer II (1%
DTT replaced with 2.5% iodoacetamide). The strip and marker
(15 pL of marker with 15 pL of agarose gel at 4 °C) was loaded
onto a 10% SDS-polyacrylamide gel (1.5mm gel thickness)
in the Protean II xi Cell (Bio-Rad). Gels were made the day
before and kept at 4 °C until use. Loaded gels were covered with
melted agarose then placed into the electrophoresis tank con-
taining 1 X running buffer (25 mm Tris, 192 mmMm glycine, 0.1%
SDS). Electrophoresis was conducted at constant current, and
the program was 5 mA gel™! for 50 min, then 30 mA gel~! until
the bromophenol blue dye front reached the edge of the gels.

Protein visualization and gel image analysis

Protein was visualized by colloidal Coomassie brilliant blue
staining, followed by silver staining (Candiano etal., 2004).
Gels were stored in 20% ethanol at 4 °C until the analysis.

The stained gel was scanned at a resolution of 600 dpi. Spot
detection, matching and quantitative intensity analysis were per-
formed using MELANIE, version 7.0 (Gene-Bio, Switzerland)

and quantification values for each detected spot were calculated
using: (i) optical density (OD), the highest calibrated pixel inten-
sity in the spot; (ii) Area, the spot’s area in mm?; (iii) Vol, the
spot’s volume (Vol = OD X Area), which represents integration
of OD over the spot’s area; and (iv) % Vol, the relative Vol (i.e.
the Vol divided by the total Vol for total spots in the image).
Differentially expressed protein spots were selected and sub-
jected to identification by LC-MS/MS.

LC-MS/MS and database searches

LC-MS/MS analysis was carried out at the Interdisciplinary
Center for Biotechnology Research (University of Florida,
Gainesville, Florida) using an LTQ Orbitrap XL mass spec-
trometer (ThermoFisher Scientific, West Palm Beach, Florida).
Proteins spots of interest were excised from the gels (nymph
and adult) and analyzed by LC-MS/MS as described previ-
ously (Salganik etal., 2012; Chavarria etal., 2014). Briefly,
the samples were digested enzymatically with trypsin, and
the peptides were injected onto a capillary trap (LC Packings
PepMap), desalted for 5min with 0.1% (v/v) acetic acid at a
flow rate of 3 pL. min~! prior, then loaded onto an LC Packing®
C18 PepMap nanoflow high-performance liquid chromatogra-
phy column (ThermoFisher Scientific).

For the protein search algorithm, raw data were analyzed
with MAscoT, version 2.2.2 (Matrix Science, U.K.). SCAFFOLD,
version 3.0.9.1 (Proteome Software, Inc., Portland, Oregon) was
used to validate MS/MS-based peptide and protein identifica-
tions. Mascot was searched with a fragment ion mass tolerance
of 0.8 Da and a parent ion tolerance of 10 ppm. Mascot was
set to search the metazoan database from NCBI assuming the
digestion enzyme trypsin. lodoacetamide derivative of Cys was
indicated as a fixed modification, whereas deamidation of Asn
and Gln, oxidation of Met, and isopeptide linkage to Gly-Gly
were specified as variable modifications. For MS/MS-based
peptide and protein identifications, SCAFFOLD, version 3.6
(Proteome Software Inc.) was used for validation. The Peptide
Prophet algorithm was used to identify peptides using a 95%
probability (Keller ez al., 2002). Similarly, proteins were identi-
fied using Protein Prophet and accepted at a 95% probability if
two or more unique peptides were identified in accordance with
Nesvizhskii et al. (2003).

Results

Qualitative analysis of Asian citrus psyllid adults and nymphs
proteins

The 2-DE showed that the overall number of total protein
spots increased from the fifth-instar nymph to the adult stage.
Representative colloidal Coomassie brilliant blue stained 2-DE
gels of total proteins extracted from adult and fifth-instar nymphs
are shown in Figure 1.

Overall, comparative analysis of the 2-DE protein maps
revealed 344 +14 and 273 +18 protein spots with a 70%
match ratio average in adults and nymphs, respectively. The
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Fig. 1. Two-dimensional gel comparison of total proteins isolated from fifth-instar nymphs and adults of the Asian citrus psyllid Diaphorina citri.
Immobilized pH gradient strips of linear pH 5—8 were used for isoelectric focusing and the sodium dodecyl sulphate-polyacrylamide gel electrophoresis
was performed in 10% acrylamide. Protein molecular weight standards are shown on the left. Spots of statistically significant difference (P <0.05)
between nymph and adult stages were selected to be analyzed and identified using liquid chromatography-mass spectrometry.

expression levels of some proteins were dramatically changed
(Fig. 1).

Class analysis indicated that the intensity of 181 protein
spots was significantly different between adults and fifth-instar
nymphs. Ninety-three protein spots were up-regulated from
nymphs to adults from nymphs to adults and, among them, 49
spots increased by more than two-fold. Additionally, 88 protein
spots were down-regulated and, among them, 43 spots decreased
by more than two-fold. Furthermore, 165 and 112 protein spots
were found only in adults or in nymphs, respectively. Protein
spots with significant changes were selected for identification
using MS analysis.

Identification of differentially expressed proteins by MS

From a total of about 181 protein spots that were significantly
different between the life stages, 98 protein spots were excised
and numbered as shown in Figure 1. Partial images of some of
the areas containing selected proteins from the proteomic maps
are shown enlarged in Figure 2. Twenty-five of the identified
proteins were consistently up-regulated from the fifth-instar
nymph to the adult stage. These are the spots numbered 3, 5,
13, 15, 17, 23, 24, 26, 27, 28, 34, 36, 37, 40, 42, 45, 52, 54,
56, 59, 61, 64, 72, 74 and 80 (Fig. 1 and Table 1), whereas
23 protein spots showed up-regulation (by more than two-fold)
in adults compared with nymphs. In some instances, the same
protein was detected in several spots (Table 1). For example,
triose phosphate isomerase was identified from spots 1 and
44; glyceraldehyde 3-phosphate dehydrogenase was found in
spots 3, 19, 25, 74 and 91; arginine kinase was found in spots
3, 4 and 5. Phosphoglycerate kinase was found in spots 8

and 9; and phosphoglycerate mutase was found in spots 17,
18 and 38 (Table 1). From nymph to adult stage, 12 proteins
were down-regulated (by more than 0.5-fold) (Table 1). Fifteen
identified protein spots existed only in adults (spots 83-98).

Functional classification of identified proteins

The identified proteins are known to participate in a variety of
biological processes (Table 1). Among the 98 identified 2-DE
spots, most were proteins assigned to metabolism and bioen-
ergetics processes (protein, lipid, carbohydrate and nucleotide
metabolism, oxidation-reduction process, glycolytic process and
proton transport). Forty-seven proteins are putatively involved in
lipid and carbohydrate metabolic processes (33 up-regulated),
12 in glycolytic processes (11 up-regulated), 22 in nucleotide
metabolic processes (16 up-regulated) and 14 in proton trans-
port (10 up-regulated). The functions of the other three proteins
are currently unknown.

Nineteen proteins were found to be implicated in
stress/defence/immunity (13 up-regulated), 7 in develop-
ment regulation (5 down-regulated), 9 in nervous system
functions (6 up-regulated), 4 in the reproductive system (3
existed only in adult Asian citrus psyllid and the fourth one was
up-regulated), 23 in cytoskeleton and muscle organization (20
up-regulated), and 4 in movement and flight (3 up-regulated)
and other processes (Figs 1 and 2). Functionally, most iden-
tified proteins are implicated in catalytic activity, binding,
ion transport, antioxidant activity, oxidoreductase activity,
cofactor or enzyme regulation, and as structural constituents
of the skeleton (Fig. 3). The subcellular components of most
identified proteins are cytoplasmic and cytoskeleton proteins
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Adult 5t instar nymph

Sthinstar nymph
13

Fig. 2. Comparison between selected regions of two-dimensional gel electrophoresis gels of total proteins isolated from fifth-instar nymphs and adults
of the Asian citrus psyllid Diaphorina citri. The original location of each selected area (A—L) is indicated on the total protein gel in Figure 1.

and 73% of them were up-regulated in adults but not nymphs
(Fig. 3).

Gene ontology annotation

Gene Ontology (GO) annotation analysis of the 98 pro-
teins (S=spot; hence S1 to S98) indicated that they are
involved in several molecular functions and biological pro-
cesses and belong to varied cellular components (Fig. 3).
Most identified proteins were implicated in nucleotide binding,

energy metabolism, glycolytic and protein processes, lipid and
carbohydrate metabolic processes. Proteins such as triose phos-
phate isomerase (S1, S44: more than 1.7-fold), glyceraldehyde
3-phosphate dehydrogenase (S3, S19, S25, S91: up to 2.2-fold),
arginine kinase (S5, S6, S7: up to 2.3-fold) and isocitrate dehy-
drogenase NAD-dependent (S7, S87: 7.5-fold) were increased
from nymph to adult stage. Most of these proteins were mito-
chondrial proteins (Table 1). Phosphoglycerate kinase (S8, S9)
was up-regulated by 16-fold in adults. ATP synthase subunits
were up-regulated in adults in most spots (S10, S29, S30, S31,
S35, S37, S45) and slightly down-regulated in adults in spot
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Asian citrus psyllid proteome
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Fig. 3. Gene ontology (GO) annotations of differentially expressed proteins in fifth-instar nymphs and adults of the Asian citrus psyllid Diaphorina
citri. All the differentially expressed proteins were first classified using the standard terminologies of the two major categories, molecular function (MF)
and biological process (BP), using the GO database (http://www.geneontology.org). Protein expression level represents the total volume percentage
(Vol%) for each category. The % Vol is the relative volume and represents the total volume of each category divided by the total volume for total spot
volume in the image. The spot volume represents the integration of optical density for the spot area. Optical density (OD) is the highest calibrated pixel

intensity in the spot. The spot area is calculated in mm?.

65. Generally, ATP synthase subunits increased by more than
two-fold. Enolase (S11, S26, S84, S95) was found at higher
levels (3.3-fold in spot 11) in adults than nymphs. Phospho-
glyceromutase (S17, S18) increased by up to 17-fold in adults.
The enzyme 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase (EC: 2.1.2.3) (= AICARFT/IMP cyclohydro-
lase or bifunctional purine biosynthesis protein (gene purH),
(S22: up-regulated 1.6-fold in adults) is implicated in nucleotide
and metabolic processes and IMP cyclohydrolase activity. Glu-
tamate semialdehyde dehydrogenase (S28: 1.3-fold) is related
to the proline biosynthetic process, glutamate 5-kinase activity,
nucleotide binding and metabolic processes. Electron transfer
flavoprotein subunit o (S39: 2.5-fold) is related to DNA repair,
protein-chromophore linkage, DNA binding, deoxyribod-
ipyrimidine photolyase activity, nucleotide binding, enzymatic
activity and ion transport. Seven protein spots implicated in
somatic muscle development and differentiation, as structural
constituents of the skeleton, in tracheal system development,
and in movement and flight, were identified that had a signifi-
cant increase from nymph to adult stage. Mainly, these proteins
are suggested to be localized in the cytoplasm and cytoskeleton.
These proteins are predicted as myosin heavy chain muscle iso-
form 1 (S32: 1.7-fold in adults), tubulin (S34, S62, S92, S97),
actin and o-actin (S50, S58: 3.8- and 0.2-fold, respectively,
in adults), tropomyosin 1 isoform a (S90: expressed in adults
only), protein CBR-ACT-5 (S98) and serine carboxypeptidase
(S13: 1.4-fold).

Proteins implicated in stress/defence/immunity were found
in both stages. Most of these proteins were up-regulated
in adults compared with nymphs. These proteins included

triose phosphate isomerase (S1, S44: more than 1.7-fold),
ATPase (S12: 3.5-fold; S41: two-fold; S66: 0.7-fold; S76:
0.5-fold; S89: only in adults), glutathione S-transferase-like
protein (S14: 3.7-fold; S59: 0.99-fold; S67: 07-fold), heteroge-
neous nuclear ribonucleoprotein 87f (hrp36.1) (S16: 3.4-fold),
cyclophilin-type peptidylprolyl cis-trans isomerases (S23:
1.4-fold), thioredoxin peroxidase (S15, S79) and peroxire-
doxin (S43, S80), and Epsilon, an isoform of 14-3-3 protein
(regulatory protein) (S86: adults only). Also, several heat
chock protein spots such as putative heat shock cognate 70
protein (S42: 2.5-fold), heat shock protein 60, (S47, S56, S88:
more than five-fold) and chaperonin Cpn60 (S48: 1.7-fold)
were clearly up-regulated by 2.5-fold, more than five-fold and
1.7-fold in adults, respectively.

Proteins implicated in metamorphosis and development
included haemolymph juvenile hormone binding protein (S63:
0.3-fold in adults), predicted annexin-b9-like (S71: 0.7-fold
in adults) and nucleoside diphosphate kinase (S82: 0.7-fold in
adults). Some proteins possibly involved in reproductive system
functionality and mitotic division were also found. Heteroge-
neous nuclear ribonucleoprotein 87f (hrp36.1) (S16: 3.4-fold in
adults) is implicated in female gonad development, oogenesis
and mitotic nuclear division. Epsilon, an isoform of 14-3-3
protein, functions in protein binding, mitotic G2 DNA damage
checkpoint, germarium-derived oocyte fate determination and
the regulation of mitosis.

Other proteins implicated in neurogenesis increased in the
adult stage, such as heterogeneous nuclear ribonucleoprotein 87f
(hrp36.1) and tubulin (S34: 1.3-fold; S62: 0.6-fold; S92: only in
adults; S97: only in adults). Succinyl-CoA synthetase a subunit
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(S73), which is associated with nucleotide binding, enzymatic
activity and neurogenesis, was down-regulated 0.5-fold in the
adult stage. Two proteins implicated in adult life span were triose
phosphate isomerase (S1: two-fold; S44: 1.7-fold) and Epsilon,
an isoform of 14-3-3 protein.

Discussion

In the present study, 2-DE is combined with LC-MS/MS to iden-
tify proteins involved in the development of D. citri from the
fifth-instar nymph to the adult stage. It is found that the total
number of protein spots increases from the fifth-instar nymphs
to the adult psyllids. The majority of proteins found to be com-
mon to both life stages show differences in their expression.
Most proteins implicated in metabolic pathways, enzyme activ-
ities, binding and ion transport are present in both stages but
show higher levels of expression in the adult stage. Significant
increases are found in the levels of proteins related to structural
constitution of the skeleton, stress/defence/immunity, reproduc-
tion system, muscles, locomotion and flight. These results are
consistent with the fact that D. citri is a hemimetabolous insect;
it goes through incomplete metamorphosis in which the nymph
is morphologically similar to the adult and without a pupal stage.
The main differences between the nymphal and adult stages
are the development of wings, muscles, skeletal structures and
maturity of the reproductive system. On the other hand, pro-
teins that are involved in developmental regulation are found at
a higher level in the nymph stage. Identification of these differ-
entially expressed proteins advances our understanding of their
roles in insect metamorphosis and development.

During the adult stage, the insects use more energy for
metabolic processes that are required for movement, flight and
reproduction. The majority of the 98 identified proteins in the
present study are implicated variously in nucleotide binding,
energy metabolism, glycolysis and lipid and carbohydrate
metabolism. These proteins include phosphoglyceromu-
tase, phosphoglycerate kinase, triose phosphate isomerase,
glyceraldehyde 3-phosphate dehydrogenase and isocitrate
dehydrogenase NAD-dependent. In Drosophila melanogaster,
the transcripts of most of the glycolytic pathway genes ini-
tially increase, then decrease and increase again during the
larval, pupal and adult stages, respectively (Roselli-Rehfuss
etal., 1992). Four isoforms of the glycolytic enzyme enolase are
higher in adult D. citri compared with nymphs. Additionally, two
isoforms are detected only in adults. By contrast to the results
with D. citri, the expression of enolase is highest in the fourth
instar of the blister beetle Epicauta chinensis (Li et al., 2014).

ATP synthase subunits are more abundant in adult D. citri than
in nymphs. Arginine kinase, which converts arginine-ATP into
phosphoarginine-ADP (Cheung, 1973), plays arole in providing
high amounts of ATP to flight muscles (Schneider ez al., 1989).
In the present study, arginine kinase is up-regulated in adults,
probably in keeping with the continual demand for ATP energy
for use in flight and reproductive activities by adults compared
with nymphs.

Many cytoskeletal protein spots are identified in the present
study. These proteins include myosin heavy chain muscle

isoform 1 protein, tubulin, actin, a-actin, tropomyosin 1 isoform
a, protein CBR-ACT-5 and serine carboxypeptidase. The struc-
ture of D. citri nymphal stage exoskeleton is softer than the adult
exoskeleton. Nymphs are soft bodied with many flexible mem-
branes between sclerites and around articulation cavities (White
& Hodkinson, 1985). A significant increase in these proteins is
found in adults, in agreement with the fact that these proteins are
involved in cytoskeleton organization.

Proteins such as triose phosphate isomerase, glyceraldehyde,
glycerol 3-phosphate dehydrogenase, and phosphoglyceromu-
tase, which are significantly increased in adults, are implicated in
adult muscle development and locomotory processes and flight
activities. Serine carboxypeptidase is implicated in long-term
memory. In the present study, tropomyosin 1 isoform a (S90)
is detected in adults only. Tropomyosin also binds protein and
actin filaments, and regulates muscle contraction, lamellipodium
assembly and pole plasm assembly (Cooper, 2002). Generally,
an increase in skeletal proteins is found from the fifth-instar
stage to adult stage, in agreement with having greater skeletal
structures and muscles in the adult stage.

Some proteins that relate to stress, defence and immunity are
found in both stages of D. citri. Most of these proteins, especially
those related to heat, starvation and mechanical stimulation,
are up-regulated in adults. Proteins involved in amino acid and
carbohydrate metabolism are increased in the adult stage and
are described as immune-responsive in haemolymph and cell
line studies. Vierstraete et al. (2004) and de Morais Guedes et al.
(2005) discuss the responses of cellular proteins to changes
in metabolism as a result of oxidative stress. The threat for
aerobic organisms, especially in adult stages, is the production of
reactive oxygen species resulting in oxidative damage. Because
of a higher demand for oxygen during the adult life stage,
increases in reactive oxygen species and oxidative damage
are assumed (Seehuus et al., 2006). Subsequently, adult insects
generally invest in proteins related to reactive oxygen protection
to minimize this damage. The upregulation of glutathione
S-transferase-like protein in adult Asian citrus psyllid reflects
its role in detoxification and oxidative stress response. It is also
up-regulated in cases of infection in other insects and may have
a protective role in immunity (Vierstraete et al., 2004; de Morais
Guedes et al., 2005). Two forms of glutathione S-transferase-like
protein are also identified as being up-regulated in the mosquito
Anopheles gambiae in haemolymph after bacterial infection and
after wounding (Paskewitz & Shi, 2005).

Oxidative stress reduces the lifespan of most organisms if
not protected by adequate defence mechanisms (Finkel &
Holbrook, 2000; Nystrom, 2005; Seehuus etal., 2006). It is
assumed that the nymphal stages must also have an oxidative
stress protection system. The current proteomic data suggest
that other proteins such as peroxiredoxin-like protein (PRX)
and thioredoxin peroxidase (TPX) might contribute to the reac-
tive oxygen species tolerance during the nymph stage. These
proteins belong to the peroxiredoxin anti-oxidative group of
enzymes and are implicated in antioxidant activity and DNA
repair, and may protect mammalian muscle from oxidative dam-
age (Powers et al., 1999). In the present study, PRX and TPX are
relatively equally expressed in both stages. The main functions
of PRX and TPX are detoxification, resistance against oxidative
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stress and immune reactions (Collins et al., 2010). Thioredoxin
peroxidase was identified first in the silkworm, B. mori and has
a protective role against oxidative stress caused by temperature
changes and viral infection (Lee ez al., 2005). It is up-regulated
in aphids after parasitism treatments (Nguyen ez al., 2008), in
larvae of Plutella xylostella treated with fipronil (Xie etal.,
2011) and in D. melanogaster haemolymph subsequent to
fungal or bacterial challenge (Vierstraete eral., 2004) or after
feeding on bacterial lysates (de Morais Guedes et al., 2005).

Similarly, protein spots identified as heat shock protein in the
present study are clearly up-regulated in adults over the nymphal
stage. Similarly, the heat shock protein, Hsc70 is down-regulated
in the fourth and fifth larval instars of E. chinensis compared
with adults (Li etal., 2014). Heat shock proteins are partic-
ularly important for the transformation and thermotolerance
of Strongyloides venezuelensis (Tsuji etal., 1996). In D. citri,
adults are able to tolerate a wider temperature range than nymphs
and heat shock proteins are implicated in thermotolerance of the
psyllid (Hall et al., 2011).

Some proteins that have a role in insect development are found
both in the nymph and adult stages of D. citri. Nucleoside
diphosphate kinase (NDPK) protein (S82) is higher in the
fifth-instar nymph stage than the adult stage (by 0.7-fold in
adults). These results are consistent with a previous study
from this laboratory showing that expression of abnormal wing
disc gene, awd, which encodes for NDPK activity, increases
gradually during the nymphal stages until it reaches a maximum
level during the fifth-instar nymph, then decreases in the adult
stage (El-Shesheny eral., 2013). The awd gene is implicated
in wing disc development in insects (Timmons & Shearn,
2000; Jiang et al., 2010). Silencing awd using RNAi during the
fifth-instar nymph stage of D. citri causes wing malformation
in emerging adults (El-Shesheny et al., 2013). The product of
awd in Antheraea pernyi is also shown to contribute to insect
temperature tolerance (Jiang et al., 2010).

Annexin-b9-like (Anx B9) maintains cell polarity and the
regulation of multivesicular body size, is involved in endosome
transport, and is an actin and spectrin binding protein (Grewal
etal., 2000; Futter & White, 2007; Grewal & Enrich, 2009).
Furthermore, it is implicated in development and wing disc
dorsal-ventral pattern formation in B. mori (Shi et al., 2013) and
is steroid-induced during metamorphosis (Tanaka et al., 2008).
In the present study, Anx B9 and awd (abnormal wing disc)
proteins have higher levels in the fifth-instar nymph stage than in
adult stage (by 0.7-fold). A previous study from this laboratory
reports similar results for ACP-awd expression (El-Shesheny
etal.,2013).

The Asian citrus psyllid reproductive system matures during
the adult stage. Some proteins are found to be directly impli-
cated in reproductive system function and mitotic divisions.
Heterogeneous nuclear ribonucleoprotein 87f (Hrp36.1) (S16:
3.4-fold) is implicated in female gonad development, oogene-
sis and mitotic nuclear division. Epsilon, an isoform of 14-3-3
protein (S86), is found only in the adult stage. Tropomyosin,
which is expressed in the adult stage, is implicated in oogenesis.
Neurogenesis-related proteins are increased in the adult stage,
such as Hrp36.1 and tubulin, whereas succinyl-CoA synthetase
o subunit (S73) is decreased by 0.5-fold. S73 is involved in

Asian citrus psyllid proteome 183

nucleotide binding, enzymatic activity and neurogenesis. The
triose phosphate isomerase protein, which is involved in neu-
rological processes and determination of the adult lifespan
(Voelker et al., 1979), is increased by 1.7-fold in the adult stage.

Utilization of a proteomics approach to determine
stage-related proteins during the developmental of D. citri
will help determine the molecular mechanisms of development.
The identified variable proteins such as Awd and AnxB9 may
provide useful targets for RNAi with respect to arresting the
metamorphosis of juvenile Asian citrus psyllid and possibly
interrupting transmission of CLas phytopathogen.
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