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Abstract: Where it occurs the Asian citrus psyllid, Diaphorina citri, Kuwayama (Hemiptera: Psyllidae) is considered the 

primary vector of Huanglongbing, HLB, disease of citrus trees. The plant pathogenic bacterium associated with HLB 

causes economic losses to citrus industries worldwide. To better understand the general biology of D. citri, we undertook 

a sequencing project from adult psyllids. Few genes have been isolated from psyllids however several insect genomic 

datasets are available for comparisons. We compared the psyllid data to genomic datasets of nematode, C. elegans, fruit 

fly, D. melanogaster, honey bee, A. mellifera, mosquito, A. aegypti, and human, H. sapiens since these have completed 

more thorough levels of annotation. We describe the first data set of ESTs from D. citri, the Asian citrus psyllid. A total of 

5,906 cDNA clones were sequenced, resulting in 4,595 high-quality ESTs. Electronic removal of 1,487 sequences which 

matched to bacteria and viruses left an assembly of cDNAs resulting in a total of 636 psyllid sequences (544 contigs plus 

92 singlets). The sequences underwent BLAST analyses using (Swissprot-Tremble 03-2007) and NCBI, nr databases 

which returned 53% with ‘No significant match’ in either the non-redundant protein or nucleic acid databases, providing 

new information to the scientific community. The D. citri gene expression data set advances current research efforts in the 

identification of genes and physiological processes of psyllids. Knowledge of these genes and proteins are being used in 

the development of novel management strategies against psyllids, and other sap feeding insects within the Order: Hemip-

tera. 
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INTRODUCTION  

 The Asian citrus psyllid, Diaphorina citri, Kuwayama 
(Hemiptera: Psyllidae), is a major pest of citrus causing 
damage through feeding, but more importantly as the vector 
of the most serious disease of citrus, referred to as Huan-
glongbing, HLB [1]. Huanglongbing disease is associated 
with the plant pathogenic bacterium, Candidatus Liberibac-
ter asiaticus, [2, 3]. Diaphorina citri was first reported in 
Florida in 1998 and has since spread throughout Florida [4]. 
In 2005, HLB disease was reported to be in Florida [5]. The 
pathogen, a phloem-restricted alpha-proteobacterium [6] is 
associated with HLB which has been referred to by several 
names: in India as ‘Citrus Dieback’, more commonly re-
ferred to as ‘Citrus Greening’ a term used more broadly 
around the world, and ‘Huanglongbing’, HLB, or ‘Yellow 
Dragon Disease’ in China [1, 7]. The importance of D. citri 
as the vector of HLB prompted the need for a better under-
standing of psyllid biology. Since the genomic sequence of 
D. citri was not available, we produced expressed sequence 
tags (ESTs) from adult D. citri. Sequence tags offered an  
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invaluable resource for the identification of genes associated 
with the specific biology of psyllids [8-10]. Application of a 
transcriptome approach has also led to other important dis-
coveries such as insect pathogens, as in the discovery of the 
first virus in D. citri [11], the first viral pathogens of the red 
imported fire ant [12, 13] and viruses in the glassy-winged 
sharpshooter, Homalodisca coagulata virus 1, HoCV- 1 [14, 
15], the discovery and identification of genes linked to the 
development and reproduction of aphids [16, 17], and in 
discoveries made in the studies of the specialized cells that 
harbor aphid endosymbionts [18, 19]. Additionally, ESTs 
and their accompanying cDNAs provide the means to con-
struct arrays that can be used for transcript profiling on a 
genome-wide scale [20-23]. However, even without subse-
quent array analyses, a relatively large number of ESTs from 
a specific life stage provides clues toward the expression of 
specific genes important to the functions connected with that 
life stage [24-26]. Examination of transcriptome data sets, 
within statistical limitations, and in most cases, have shown 
that the abundance of a specific cDNA in the EST collection 
is a measure of gene expression [27] providing a “digital or 
electronic northern” that has been utilized to gauge relative 
gene expression in various tissues and can often direct the 
efforts of researchers towards genes of interest. Genetic in-
formation on hemipterans still lags behind that for other in-
sects, thus it was essential to build an expression library de-
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rived from adult D. citri so that analyses of metabolism on a 
genome-wide scale could begin.  

MATERIALS AND METHODS  

Psyllid Rearing and Collection  

 Asian citrus psyllids, D. citri, were obtained from a col-
ony established from field caught adults, maintained by C.L. 
McKenzie at the USDA, ARS, U.S. Horticultural Research 
Laboratory, Ft. Pierce, FL. Insects were reared on Murraya 
paniculata (L.) ‘Orange-jasmine’ seedlings in screen cages 
contained in an insectary, and held at 25

o

C, 16 L: 8 D. Plants 
with new flush were cycled into cages on a weekly basis. 
High-density psyllid populations produced psyllids that were 
collected by aspiration; the adults collected were immedi-
ately submerged into liquid nitrogen prior to total RNA iso-
lation.  

cDNA Library Construction  

 Approximately 3,500 adult psyllids of mixed age and 
genders were used in the construction of an expression li-
brary. Whole psyllids were ground in liquid nitrogen and 
total RNA extracted using guanidinium salt-phenol-
chloroform procedure as previously described by Strommer 
et al. [28]. Poly(A) + RNA was purified using two rounds of 
selection on oligo dT magnetic beads according to the manu-
facturer’s instructions (Dynal, Oslo, Norway). cDNA was 
synthesized using Stratagene’s ZAP-cDNA Synthesis Kit 
(Stratagene, La Jolla, CA, USA). Mass excision of the am-
plified library was carried out using Ex-Assist helper phage 
(Stratagene, La Jolla, CA, USA) and bacterial clones con-
taining excised pBluescript SK(+) phagemids were recov-
ered by random colony selection.  

Sequencing of Clones  

 pBluescript SK(+) phagemids were isolated from cell 
cultures grown overnight in 96-deep well plates containing 
1.8 mL of LB, supplemented with 100 g/mL ampicillin. 
DNA was extracted using the Qiagen 9600 liquid handling 
robot and the QIAprep 96 Turbo miniprep kit according to 
the recommended protocol (QIAGEN Inc., Valencia, CA, 
USA). Sequencing reactions were performed using the ABI 
PRISM

®

 BigDye™ Primer Cycle Sequencing Kit (Applied 
Biosystems, Foster City, CA, USA). Reactions were pre-
pared in 96-well format using the Biomek2000™ liquid han-
dling robot (Beckman Coulter, Inc., USA). Sequencing reac-
tion products were precipitated with 70% isopropanol, resus-
pended in 15 L sterile water and loaded onto an ABI 3730 
DNA Analyzer (Applied Biosystems, Foster City, CA, 
USA).  

Computer Analysis  

 ESTs were generated from single-pass 5  end sequencing 
of the D. citri expression library. Base calling, quality trim-
ming, vector trimming and sequence fragment alignments 
were performed by SeqMan Pro (DNAstar, USA). Low-
quality bases (quality score <12) were trimmed from both 
ends of sequences. Assembly parameters were set using a 
minimum overlap of 30 bp, match spacing of 150bp mini-
mum sequence length and 90% identity. Putative sequence 
identity was determined based on BLAST similarity searches 
(BLASTX and BLASTn) using WND.BLAST Dowd, 
against Uniprot (Dec2007), and NCBI, nr database. We 

compared the psyllid data to genomic datasets of nematode, 
C. elegans, fruit fly, D. melanogaster, honey bee, A. mellif-
era, mosquito, A. aegypti, and human, H. sapien since these 
have a higher level of completed annotations. (http://www. 
ncbi.nlm.nih.gov/genomes/; http://www.vectorbase.org/index. 
php;). A set of the originally described ESTs (4,595 were 
used for the current analyses) from adult D. citri which is 
available at GenBank, dbEST, for further studies, Accession 
numbers: DN201110-DN470410. GenBank http://www.ncbi. 
nlm.nih.gov 

RESULTS  

Identification of ESTs  

 Of the 5, 906 ESTs from the D. citri expression library, 
4,595 ESTs were identified with lengths greater than 150 
nucleotides subsequent to quality and vector trimming with 
an average length of 553 bases. Because multiple ESTs can 
be derived from a single gene, sequences were assembled 
into contigs to estimate the number of genes giving rise to 
the ESTs. Electronic removal of 1,487 sequences which 
matched to bacteria and viruses left a total assembly of 636 
cDNAs from psyllid (544 contigs plus 92 singlets) (refer to 
Table 1 for the most abundant contigs). Thus this represents 
the maximal number of 'Psyllid unique' assembled se-
quences. Of that total, 299 of the contigs and singlets corre-
sponded with a putative match in GenBank, while 337 of the 
cDNAs had 'No Significant Homology' to any sequence cur-
rently listed in GenBank. 'No Significant Homology' denotes 
a 'no match' to GenBank's database when similarity or iden-
tity searches were performed using BLASTX, and BLASTN, 
with an E value <1

-10
. The unknown 53% of the cDNAs is 

due to the large number of unknown proteins still to be char-
acterized in insects, especially in Hemiptera which are a 
more ancient lineage thus they may have a more diverse 
transcriptome (Fig. 1). To examine the uniqueness within 
this psyllid dataset a comparison to five other genomic 
datasets (Table 4); nematode, Caenorhabditis elegans, fruit 
fly, Drosophila melanogaster, honey bee, Apis mellifera, 
mosquito, Aedes aegypti, and human, Homo sapiens pro-
vided a distribution across established classes of putative 
functions based on homology to proteins that had been pre-
viously characterized in the NCBI database (Tables 1, 

 

 

 

 

 

 

 

 

 

Fig. (1). Proportion of unassembled sequences from the Asian Cit-

rus Psyllid EST dataset sorted using Gene Ontology. 53% of the 

cDNA’s had ‘No Significant Homology’ to any known protein or 

nucleotides in the GenBank non-redundant database, BLASTX 

analysis at E-value of -10. NCBI, http://www.ncbi.nlm.nih.gov/.  
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Table 1. Twenty Most Frequently Represented EST Sequences in Asian Citrus Psyllid 

Sequence ID Description
a
 Best Match

b
 E.C.# E value 

WHDc 0014  Cytochrome c oxidase subunit I Q69HD6 1.9.3.1 1.5035E-150 

WHDc 0030  ATP synthase F0 subunit 6 Q69HD3  2.70664E-32 

WHDc 0080  Cytochrome c oxidase subunit III Q69HD2 1.9.3.1 5.07862E-46 

WHDc 0021  Putative ferritin GF2 Q6PPI2  7.47398E-63 

WHDc 0035  Cytochrome b Q69HC6  2.7731E-119 

WHDc 0023  Cytochrome c oxidase subunit II Q69HD5 1.9.3.1 9.85564E-77 

WHDc 0065  myosin light chain Q7PUV3  8.0000E-48 

WHDc 0076  ATP synthase F0 subunit 6 Q69HD3  6.18037E-06 

WHDc 0086  NADH dehydrogenase subunit 4 Q69HC9 1.6.5.3 2.8032E-99 

WHDc 0592  NADH dehydrogenase subunit 2 Q69HC4 1.6.5.3 1.86387E-36 

WHDc 0125  Ejaculatory bulb specific prot. III precursor  Q9W1C9  7.48136E-32 

WHDc 0187  Translationally controlled tumor protein Q75VN3  1.85962E-80 

WHDc 0020  NADH dehydrogenase subunit 5 Q69HD0 1.6.5.3 2.06965E-80 

WHDc 1078  Ribosomal protein L32 Q6F449 3.6.5.3 2.37581E-49 

WHDc 0049  S3e ribosomal protein Q6EV05 3.6.5.3 2.6657E-100 

WHDc 0175  NADH dehydrogenase subunit 1 Q68RL0  7.91356E-87 

WHDc 0177  Thioredoxin-like protein Q9U515  2.38394E-19 

WHDc 0441  Ribosomal protein S27 Q962Q3 3.6.5.3 3.31106E-41 

WHDc 0472  40S ribosomal protein S9 Q9VT06  5.0000e-86 

WHDc 0502  Abnormal wing disc-like protein Q8MUR5 2.7.4.6 9.19534E-73 

aDescription derived from GenBank nr database BLASTX search. bEST match indicates the gi number of the most similar annotated cDNA in GenBank nr database, BLASTX analy-

sis matches had an E-value of -10. NCBI. 
 

Table 2. Biological Process 

Gene Ontology Term # Hits 

ATP biosynthesis 2 

ATP synthesis coupled proton transport 4 

Biological process unknown 3 

Carbohydrate metabolism 2 

cation transport 1 

cell adhesion 3 

cell cycle 1 

compound eye morphogenesis (sensu Endopterygota) 1 

Cytokinesis 3 

detection of virus 1 

Electron transport 9 

fatty acid alpha-oxidation 1 

fatty acid metabolism 1 
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(Table 2). Contd….. 

Gene Ontology Term # Hits 

Immune response 1 

intracellular protein transport 4 

larval or pupal development (sensu Insecta) 1 

Metabolism 5 

polysaccharide catabolism 1 

protein deneddylation 1 

protein import into nucleus, docking 1 

Proteolysis 1 

Regulation of progression through cell cycle 1 

ribonucleoside diphosphate catabolism 1 

Ribosomal large subunit assembly and maintenance 1 

rRNA modification 1 

Salivary gland cell autophagic cell death 1 

selenocysteine incorporation 1 

signal transduction 1 

tetrahydrobiopterin biosynthesis 1 

Transport 1 

Two-component signal transduction system (phosphorelay) 2 

Type I hypersensitivity 1 

Total 59 

Functional assignments of Psyllid EST unassembled sequences described are inferred from electronic evidence using top 5 BLASTX hits with an E-value of -10 generated from 
NCBI's nr database. Definition term associated with each sequence defined according to The Gene Ontology Consortium. 

 

Table 3. Molecular Function 

Gene Ontology Term
a 
(Parent) # Hits Gene Ontology Term

a 
(Child) # Hits 

2-dehydro-3-deoxygluconokinase activity 1   

3'-5'-exoribonuclease activity 2   

4-alpha-hydroxytetrahydrobiopterin activity 1   

5-aminolevulinate synthase activity 1   

6-pyruvoyltetrahydropterin synthase activity 1   

acid phosphatase activity 1   

Actin binding 1   

acyl-CoA dehydrogenase activity 1   

Acyltransferase activity 1   

adenine phosphoribosyltransferase activity 1   

adenosylhomocysteinase activity 1   

adenyl-nucleotide exchange factor activity 1   

alpha-amylase activity 1   
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(Table 3). Contd….. 

Gene Ontology Term
a 
(Parent) # Hits Gene Ontology Term

a 
(Child) # Hits 

amino acid-polyamine transporter activity 1   

aminoacyl-tRNA hydrolase activity 1   

apyrase activity 2   

aspartic-type endopeptidase activity 1   

ATP binding 7   

beta-galactosidase activity 1   

Binding 3   

calcium ion binding 9   

carboxypeptidase activity 1   

catalytic activity 26   

  carboxypeptidase A activity 1 

  Alpha-trehalose-phosphate synthase activity 1 

  amino acid metabolism 1 

  argininosuccinate lyase activity 1 

  Biotin carboxylase activity  1 

  cystathionine beta-synthase activity  1 

  Electron transporter activity 1 

  Epoxide hydrolase activity 1 

  Fatty acid biosynthesis 1 

  Glycolysis 1 

  GMP reductase activity 1 

  Lipid catabolism 1 

  Lipid metabolism 1 

  Metabolism 2 

  molecular function unknown 1 

  Phosphoribosylformylglycinamidine synthase 

activity 

1 

  pyruvate carboxylase activity 1 

  Serine esterase activity 1 

  ubiquitin activating enzyme activity 1 

chymotrypsin activity 6 UDP-glucose 4-epimerase activity 1 

copper ion binding 1 zinc ion binding 1 

copper, zinc superoxide dismutase activity 1   

cyclin-dependent protein kinase activity 1   

cysteine-type endopeptidase activity 5   

Cytochrome-c oxidase activity 8   

cytokine activity 1   

D-alanyl-D-alanine endopeptidase activity 1   
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(Table 3). Contd….. 

Gene Ontology Term
a 
(Parent) # Hits Gene Ontology Term

a 
(Child) # Hits 

diphosphomevalonate decarboxylase activity 1   

DNA binding 11   

electron transporter activity 10   

enzyme inhibitor activity 6   

fructose-bisphosphate aldolase activity 1   

glucan 1,4-alpha-glucosidase activity 1   

glucose-6-phosphate 1-dehydrogenase activity 1   

glucose-6-phosphate isomerase activity 1   

Glutamate decarboxylase activity 1   

glutathione transferase activity 1   

GTP binding 2   

GTPase activity 5   

Guanylate cyclase activity 1   

glycotransferase activity 1   

Hydrolase activity,  5   

ion channel activity 1   

Isocitrate dehydrogenase (NADP+) activity 1   

kinase activity 1   

lactoylglutathione lyase activity 1   

Lysozyme activity 1   

Magnesium ion binding 4   

mannose-6-phosphate isomerase activity 1   

Microtubule motor activity 2   

molecular function unknown 8   

monooxygenase activity 3   

motor activity 7   

N-acetylmuramoyl-L-alanine amidase activity 1   

N-acetyltransferase activity 1   

NADH dehydrogenase activity 5   

nucleic acid binding 21   

  DNA binding 7 

  Helicase activity 3 

  Intracellular 1 

  Nucleus 3 

  RNA binding 3 

nucleoside diphosphate kinase activity 1 S-adenosylmethionine-dependent methyl-

transferase activity 

1 

nucleotide binding 8 structural constituent of ribosome 1 
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(Table 3). Contd….. 

Gene Ontology Term
a 
(Parent) # Hits Gene Ontology Term

a 
(Child) # Hits 

odorant binding 1   

ornithine-oxo-acid transaminase activity 1   

Oxidoreductase activity 1   

oxygen transporter activity 1   

Peptidase activity 1   

peptidyl-prolyl cis-trans isomerase activity 2   

peroxidase activity 2   

phosphoglycerate dehydrogenase activity 1   

phosphoglycerate kinase activity 1   

phospholipase A2 activity 2   

Phosphoprotein phosphatase activity 3   

polypeptide N-acetylgalactosaminyltransferase activity 1   

protein binding 5   

protein kinase activity 2   

protein phosphatase inhibitor activity 1   

protein phosphatase type 1 activity 1   

protein tyrosine phosphatase activity 1   

protein-L-isoaspartate O-methyltransferase activity 1   

Pyridoxal kinase activity 1   

receptor activity 2   

RNA binding 14   

RNA polymerase II transcription factor activity 1   

serine-type endopeptidase activity 4   

serine-type endopeptidase inhibitor activity 1   

signal transducer activity 1   

Structural constituent of cell wall 2   

Structural constituent of ribosome 21   

Structural molecule activity 7   

Succinate dehydrogenase activity 1 oxidoreductase activity 1 

sugar binding 1   

sugar porter activity 1   

Threonine endopeptidase activity 1   

transcription factor activity 1   

transferase activity 1   

translation elongation factor activity 9   

translation initiation factor activity 3   

translation release factor activity 1   

transporter activity 5   

tRNA binding 1   

tRNA ligase activity 4   

tubulin-tyrosine ligase activity 1   

Total 241   

aClassification is hierarchical: indented terms are children [c] of parent terms [p] listed above. Functional assignments of Psyllid EST sequences are inferred from electronic evidence 
using top 5 BLASTX hits with an E-value of -10 generated from NCBI's nr database. Definition terms according to The Gene Ontology Consortium. 
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Table 4. Comparison of the Assembled Psyllid ESTs to Five Genomes 

Species: C. elegans D. melanogaster H. sapiens A. mellifera A. aegypti 

E-Values      

 e-100 5 6 6 9 8 

 3.50% 4.00% 3.90% 5.50% 4.70% 

 e-50 41 48 43 54 52 

 29.10% 32.00% 28.10% 33.10% 30.80% 

 e-20 61 66 69 63 68 

 43.30% 44.00% 45.10% 38.60% 40.20% 

 e-10 34 30 35 37 41 

 24.10% 20.00% 22.90% 22.70% 24.30% 

TOTALS 141 150 153 163 169 

Counts and percentages of significant matches over four categories of E-values, comparing Psyllid sequences to Nematode, Fruit fly, Human, Honey bee, and Mosquito, respectively. 
Psyllid data compared to each species separately, BLASTX analysis. No significant differences between species at each E-value. 

2-Biological Process, 3- Molecular Functions). Psyllid EST’s 
in relation to their putative protein homologues (BLASTX) 
had the greatest overall similarity to the mosquito, A. aegypti 
(homology matches better than E-value  e-10). Individual 
pairwise comparisons to the five genome databases resulted 
in similar distribution patterns of homology matches at each 
of four categories of E-values (ranges were from  e-10 to  
e-20 to  e-50 to  e-100). There were no significant differ-
ences within each E-value analysis. Chi Square significance 
probability levels at 0.05, df= 4; 1  E-100, 1.588. 1  E-50, 
2.630, 1  E-20, 0.691, 1  E-10, 1.842 (Table 4). The high 
rate of non significantly matched sequences which estimates 
potential unique sequences within the D. citri cDNA library 
is most likely to be an overestimation due to several factors, 
such as computer alignment parameters, as well as low qual-
ity internal sequences [29]. Moreover, assembled sequences 
may have lacked an open reading frame because they were 
too short causing cDNAs to consist mostly or entirely of a 
noncoding region (e.g., 3  untranslated region [16, 30, 31]. 
Annotation will be improved by obtaining more, and longer 
assembled sequences resulting in a higher proportion of se-
quences that contain a protein coding region. Longer assem-
bled sequences result in an increase of significant matches as 
shown to be true for cDNA’s from plants [30].  

Genes of Interest 

 The psyllid genome size was estimated using Feulgen 
densitometry to be 0.35 pg, SD = 0.0291 (Hunter and Ardila-
Garcia unpublished results) using five individuals, as in Har-
die et al. [32](2002). The distribution of EST sequences 
sorted by enzyme class shows that Hydrolases make up the 
majority of enzymes identified (64%) with the Oxidoreduc-
tase class second (14%) (Table 5). Within the Hydrolase 
class identified transcripts occurred across 10 subclasses 
(Table 6). Also of interest was the identification of several 
specific enzymes. Aspartic protease (EC 3.4.23) (Psyllid 
sequence, partial 1100 bp, DN468794, DN467920), similar 
to vertebrate Cathepsin D. The percent similarities of amino 
acid sequence of the aspartic protease from D. citri to other 
organisms, averaged 57% similarity, E-value, e

-84
 (BLASTX 

analyses top three - 57% - Mosquito, Aedes aegypti, 
AAA29350; 57% - Bee, Apis mellifera, XM392857; 58% - 
Japanese flying squid, Todarodes pacificus, BAD15111, 
AB106552.1). Also identified were cDNA’s with similarities 
to Glutathione S-transferase (BLASTX analysis, partial 672 
bp, average E-value, e

-46
) (DN466244, DN466232), and to 

cytochrome P450 monooxygenase, with similarity to the 
Cyp4 gene family, (TBLASTX analysis, partial 687 bp, av-
erage E-value, e

-21
) (DN466541, DN466559, DN466560, 

DN468646, DN469747).  

DISCUSSION 

 While the Asian Citrus Psyllid, Diaphorina citri, is an 
economically important pest of citrus, overall very little has 
been published concerning psyllid genomics. While the re-
sults reported here provide an important dataset, albeit a 
small dataset covering ~4% of the total potential transcripts 
in psyllids, these data provide the impetus for further func-
tional genomics approaches to be undertaken to advance the 
understanding of psyllid biology. Currently two more cDNA 
libraries are being sequenced one from psyllid midguts and 
another from adult male testes (Hunter in progress). These 
results have received attention from the Florida and Califor-
nia Citrus Industries, to consider funding a full metagenomic 
study of the Asian citrus psyllid to identify all associated 
microbes to address questions surrounding the severe Huan-
glongbing disease of citrus which threatens citrus production 
worldwide (Hunter, http://www.ars.usda.gov/pandp/people 
/people.htm?personid=11768; http://www.doacs.state.fl.us/ 
pi/hlb_conference/Proceedings.pdf). Even within the Hemip-
tera, only recently are efforts completing full genome pro-
jects. In 2005, two Hemiptera genome projects were started 
which targeted: 1) the Pea aphid, Acyrthosiphon pisum, Fam-
ily Aphididae, which is was released early 2009 
http://www.aphidests.org/; http://www.aphidbase.com/ 
aphidbase/ and 2) the insect vector of Chagas Disease, 
Rhodnius prolixus, Family Reduviidae, http://www.  
vectorbase.org/index.php. Completion of these genomes will 
greatly aid efforts working on hemipteran pests. One of the 
major advantages of EST projects is that they provide imme-

whunter
Cross-Out
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Table 5. Enzymatic Classification of Asian Citrus Psyllid Sequences 

EC # Class Subclass # sequences 

1.1 Oxidoreductase acting on the CH-OH group of donors 7 

1.11 Oxidoreductase Peroxidases 2 

1.14 Oxidoreductase Oxygen 4 

1.3 Oxidoreductase Acting on the CH-CH Group of Donors 3 

1.6 Oxidoreductase Acting on NADH or NADPH 11 

1.7 Oxidoreductase Acting on other Nitrogenous Compounds as Donors 1 

1.9 Oxidoreductase Acting on a Heme Group of Donors 8 

2.1 Transferase Transferring One-Carbon Groups 2 

2.3 Transferase Acyltransferases 1 

2.4 Transferase Glycosyltransferases 4 

2.5 Transferase Transferring alkyl or aryl groups, other than methyl groups 1 

2.6 Transferase Transferring nitrogenous groups 1 

2.7 Transferase Transferring phosphorus-containing groups 19 

3.1 Hydrolases Acting on ester bonds 11 

3.2 Hydrolases Glycosidases 11 

3.3 Hydrolases Acting on ether bonds 2 

3.4 Hydrolases Acting on peptide bonds (Peptidases) 13 

3.5 Hydrolases Acting on Carbon-Nitrogen Bonds, other than Peptide Bonds 1 

3.6 Hydrolases Acting on Acid Anhydrides 127 

4.1 Lyases Carbon-Carbon Lyases 4 

4.2 Lyases Carbon-Oxygen Lyases 4 

4.3 Lyases Carbon-Nitrogen Lyases 1 

4.4 Lyases Carbon-Sulfur Lyases 1 

4.6 Lyases Phosphorus-Oxygen Lyases 1 

5.1 Isomerases Racemases and Epimerases 1 

5.2 Isomerases cis-trans-Isomerases 2 

5.3 Isomerases Intramolecular Oxidoreductases 4 

6.1 Ligases Forming Carbon-Oxygen Bonds 4 

6.3 Ligases Forming Carbon-Nitrogen Bonds 6 

6.4 Ligases Forming Carbon-Carbon Bonds 1 

Total 258 

Unassembled EST’s by hierarchical classification. Functional assignments of Psyllid sequences described are inferred from electronic evidence using top 5 BLASTX hits with an E-

value of -10 generated from NCBI's nr database. Definition according to The International Union of Biochemistry and Molecular Biology’s Enzyme classification system. 

diate information on psyllid biology and provide sequences 
for further functional genomics [16, 17, 33]. While the num-
ber of functional genes is not correlated to genome size [34] 
http://genomesize.com/results/) the psyllid genome was es-
timated to be (~0.35 pg) about a third the size of the whitefly 
Bemisia argentifolii (~1.1 pg [33], three and a half times 
smaller than the glassy-winged sharpshooter (~1.24 pg, 

Hunter unpublished results) and slightly smaller than the pea 
aphid genome at 464 Mb (http://www.hgsc.bcm.tmc.edu/ 
projects/aphid/). Comparison of the psyllid dataset to five 
genomes, nematode, fruit fly, human, honey bee, and mos-
quito, demonstrated that EST annotation results in similar 
distributions across other organisms, most likely due to the 
nature of these datasets each identifying common genes early 
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in their production and each relying on strong comparisons 
among ‘finished’ genomes. Thus they are dependent upon a 
common annotation knowledge approach. As the annotations 
increase within these and other genome databases so will the 
ability to better compare and annotate new sequences 
through in silico analyses. Furthermore, the high incidence 
of ‘no significant’ and ‘unknown protein’ matches in EST 
datasets also demonstrates the need for further efforts on 
insects and arthropods to produce and to characterize more 
sequences from emerging EST and genome projects. As 
more genes, transcripts, and proteins are characterized the 
ability for rapid and accurate in silico annotations increases. 
While these advances are the cornerstone of the ability to 
compare sequences and functions through in silico analyses, 
the benefits from this and similar studies are the increased 
genomic data from psyllids which elucidates the genetic ba-
sis of psyllid biology. Continued work will rapidly advance 
the use and application of this information into the develop-
ment of novel management strategies against these agricul-
tural pests to reduce the spread of HLB disease in citrus 
trees. 

Targets of Interest within the D. citri cDNA Database 

 While this study has focused on adult psyllids which dis-
perse and spread HLB, there were other transcripts identified 
which provide important guidance for future research on 
psyllid biology. These include proteins that are critical for 
function and development of psyllid brain, nerve and synap-
tic transmission, muscle formation, reproduction of sperm 
and eggs, and the development of insecticide resistance (re-
fer to Tables 2, 3). The Aspartic protease transcript identified 
is similar to vertebrate Cathepsin D, the function of which is 
thought to mediate the processing of yolk proteins in the 
oocyte. Aspartic proteases are reported to have important 

functions in the production of viable eggs [35, 36], and may 
prove useful in expanding our understanding of egg devel-
opment in psyllids. Additionally the identification of 
transcriptional members within specific metabolic pathways 
broadens our knowledge of how D. citri evolved to feed spe-
cifically on citrus and its’ near relatives. The ability of D. 
citri to detoxify citrus allelochemicals, along with the poten-
tial for the rapid development of insecticide resistance is of 
interest in the development of new management practices. 
Several enzymes identified are known to function in the 
metabolic breakdown of toxins. Different organisms use a 
variety of reactions to metabolize an amazing variety of or-
ganic molecules [37-40]. These reactions usually render 
toxic compounds more hydrophilic, thus generally less toxic 
and more easily excreted from the body [41]. The ability of 
insects to detoxify phytotoxins in plants probably evolved as 
many insects broadened their host range and encountered 
these defensive chemistries. However, insects continue to 
demonstrate their ability to metabolize xenobiotics, ‘chemi-
cal substances that are foreign to the biological system’ (def: 
http://medical.webends.com/kw/Xenobiotics). Examples of 
this are studies of P450-based insecticide resistance which 
have been shown to occur in most insect pests [38, 42, 43]. 
Examples of these transcripts reported from other insects 
which were also identified in D. citri include: Glutathione S-
transferase, and several cytochrome P450 monooxygenases 
which include a transcript from the Cyp4 gene family. [44-
49]. Genes within the Cyp4 family play a role in the devel-
opment of insecticide resistance in Lepidoptera, Helicoverpa 
armigera [46], Coleoptera, Diabrotica virgifera [48], and 
Diptera, Anopheles gambiae [47, 50] and may similarly be 
examined for their role in the development of insecticide 
resistance in psyllids.  

Table 6. Classification of E.C. Subclass 3.6 Hydrolases, Psyllid Unassembled EST’s by Hierarchical Classification 

Subclass Function # Sequences 

3.6.1 In Phosphorus-Containing Anhydrides  

3.6.1.1 In Phosphorus-Containing Anhydrides, inorganic diphosphatase 1 

3.6.1.15 In Phosphorus-Containing Anhydrides, nucleoside-triphosphatase 5 

3.6.1.5 In Phosphorus-Containing Anhydrides, apyrase 2 

 Acting on acid anhydrides  

3.6.3.12 Acting on acid anhydrides; catalysing transmembrane movement of substances, K+-transporting ATPase 1 

3.6.3.14 Acting on acid anhydrides; catalysing transmembrane movement of substances, H+-transporting two-

sector ATPase 

7 

3.6.3.6 Acting on acid anhydrides; catalysing transmembrane movement of substances, H+-exporting ATPase 1 

 Acting on GTP  

3.6.5.1 Acting on GTP; involved in cellular and subcellular movement, heterotrimeric G-protein GTPase 5 

3.6.5.3 Acting on GTP; involved in cellular and subcellular movement, protein-synthesizing GTPase 104 

3.6.5.4 Acting on GTP; involved in cellular and subcellular movement, signal-recognition-particle GTPase 1 

Total 127 

Functional assignments of Psyllid sequences described are inferred from electronic evidence of top 5 BLASTX hits with an E-value of -10 generated from NCBI's nr database.  
Definitions according to The International Union of Biochemistry and Molecular Biology’s Enzyme classification system. 
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CONCLUSIONS  

 We provide the first functional genomics project for psyl-
lids (Hemiptera: Psyllidae). The set of sequences developed 
in this study makes available a cDNA sequence dataset for 
an important disease vector, the Asian citrus psyllid, D. citri, 
which is rapidly spreading Huanglongbing disease across the 
USA. The availability of these sequences opens the door for 
further investigations into important questions regarding D. 
citri biology, development, insecticide resistance, and dis-
ease interactions.  
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