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Abstract

Citrus greening disease is caused by the pathogen Candidatus Liberibacter asiaticus,
which is transmitted by the Asian citrus psyllid, Diaphorina citri. There is no curative
treatment or significant prevention mechanism for this detrimental disease that causes
continued economic losses from reduced citrus production. A high quality genome of D.
citri is being manually annotated to provide accurate gene models required to identify
novel control targets and increase understanding of this pest. Here, we annotated
genes involved in glycolysis, gluconeogenesis, and trehaloneogenesis in the D. citri
genome, as these are core metabolic pathways and suppression could reduce this pest.
Specifically, twenty-five genes were identified and annotated in the glycolysis and
gluconeogenesis pathways and seven genes for the trehaloneogenesis pathway.
Comparative analysis showed that the glycolysis genes in D. citri are highly conserved
compared to orthologs in other insect systems, but copy numbers vary in D. citri.

Expression levels of the annotated gene models were analyzed and several enzymes in
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the glycolysis pathway showed high expression in the thorax. This is consistent with the
primary use of glucose by flight muscles located in the thorax. A few of the genes
annotated in D. citri have been targeted for gene knockdown as a proof of concept, for
RNAI therapeutics. Thus, manual annotation of these core metabolic pathways provides
accurate genomic foundations for developing gene-targeting therapeutics to reduce D.
citri.

Research Area: Genetics and Genomics

Classifications: Animal Genetics, Bioinformatics

Data Description

Introduction

Huanglongbing, HLB, or citrus greening disease is the biggest global threat to the citrus
industry throughout the world [1]. The phloem-limited bacterial pathogen Candidatus
Liberibacter asiaticus (CLas) is the causative agent of HLB. Upon infection of a citrus
tree, HLB causes development of small, bitter fruits, loss of tree vigor, fruit drop, and
ultimately tree decline and death [1]; [2]; [3], [4]. This bacterium is transmitted by the
psyllid vector, D. citri, when feeding on citrus [5]; [6]. Pesticide application to eliminate
D. citri has not been successful and no cure for HLB exists [7]; [8]. To develop new
psyllid control strategies, The International Psyllid Genome Consortium was established
in 2009 [9] to provide the genome, transcriptome resources, and an Official Gene Set of
D. citri [10]; [11]. A recent, nearly complete genome with significantly improved gene
accuracy has been generated, providing a significant data set for the establishment of

gene-targeted strategies to suppress psyllid populations (opensource: Diaci_v3.0,
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www.citrusgreening.org) [USDA-NIFA grant 2015-70016-23028]. As part of this genome
project, we conducted manual annotation of genes in critical pathways to provide the
guality gene models required for designing molecular therapeutics such as RNA
interference (RNAI) [12]; [13]; [14]; [15]; [16]; [17]; [18]; [19]; [20], antisense
oligonucleotides (ASO) [21]; [15]; [19], and gene editing (CRISPR) [22]; [23]. Here, we
examined D. citri orthologs associated with the critical metabolic pathways glycolysis,

gluconeogenesis, and trehaloneogenesis.

Context

A community-driven annotation strategy was used to identify and characterize the
genes encoding enzymes involved in glycolysis, gluconeogenesis, and
trehaloneogenesis (Fig. 1). Glycolysis is a major metabolic pathway that plays a vital
role in core energy processing reactions, and as a source of metabolites for other
biochemical processes. For insects, there is a high utilization of glucose in flight muscle
located in the thorax [24]. As a result, the activities of glycolytic enzymes are increased
in insect flight muscle compared to vertebrate muscle tissue [25]. Gluconeogenesis is
essential in insects to maintain sugar homeostasis and serves as the initial step towards
the generation of glucose disaccharide, also known as trehalose. Trehalose is the main
circulating sugar in the insect hemolymph [26]; [27]; [28]. In trehaloneogenesis, glucose-
6-phosphate is converted into trehalose by trehalose 6 phosphate synthase (TPS).
Trehalase enzymes then degrade trehalose into two glucose molecules [29]. Genes
involved in psyllid glycolysis, gluconeogenesis, and trehaloneogenesis have been

targeted by several RNAI studies (Appendix Table 1) as a promising avenue for psyllid
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population suppression. In particular, one proof of concept experiment targeting
trehalase has led to the release of the first RNAI patent to control psyllid populations
[30]. RNAI, as a biopesticide, and strategies for delivery and applications to target insect

pests and viral pathogens have been thoroughly reviewed [31]; [32]; [33]; [34]; [35].
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Figure 1: Overview of Glycolysis, Gluconeogenesis, and Trehaloneogenesis

Pathway Image.
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The pathway image shows the enzymes that produce and utilize glucose and trehalose
in insects [36]. The glycolysis pathway consists of ten enzymes that convert glucose
into pyruvate as the final product. These are divided into the energy investment phase
(light green) and the energy production phase (dark green). The gluconeogenesis
pathway consists of eight enzymes (blue) with three being unique to the pathway that
bypasses the irreversible reactions in glycolysis to convert non-carbohydrate molecules
into glucose. The trehaloneogenesis pathway consists of three enzymes which are
Trehalose-6-phosphate synthase (TPS), Trehalose-6-phosphate phosphatase (TPP),
and Trehalase (TREH), as well as Trehalose transporters (TRET) and Glucose
transporters (GLUT 1). Image was adapted from a diagram in [37], and was created

with BioRender.com.

Methods

The D. citri genome was manually annotated through a collaborative community [11]
driven strategy with an undergraduate focus that allows specific students to focus on
main gene sets [38]. Orthologous protein sequences for the glycolysis,
gluconeogenesis, and trehaloneogenesis pathways were obtained from the National
Center for Biotechnology Information (NCBI) protein database [39] and were used to
BLAST the D. citri MCOT (Maker (RRID:SCR_005309), Cufflinks (RRID:SCR_014597),
Oases (RRID:SCR_011896), and Trinity (RRID:SCR_013048)) protein database to find
predicted protein models [36]. The MCOT predicted protein models were used for
searching the D. citri genomes (version 2.0 and 3.0) [38]. Regions of high sequence

identity were manually curated in Apollo version 2.1.0 (RRID:SCR_001936) using de
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novo transcriptome, MCOT gene predictions, RNA-seq, Iso-seq, and ortholog data to
support and evaluate gene structure (Appendix Table 2). The curated gene models
were compared to other orthologous sequences, such as hemipterans, available
through NCBI for accuracy. A more detailed description of the annotation workflow is
available (Fig. 2) [40].

Neighbor-joining phylogenetic tree of the annotated hexokinase gene models in D. citri
and orthologous sequences were created with MEGA version 7 (RRID:SCR_000667)
using the MUSCLE (RRID:SCR_011812) multiple sequence alignment with p-distance

for determining branch length and 1,000 bootstrap replicates [41].

Expression levels of the carbohydrate metabolism genes throughout different life stages
(egg, nymph, and adult) in CLas infected and uninfected D. citri insects were collected
from the Citrus Greening Expression Network (CGEN) [36] and visualized using Excel

(RRID:SCR_016137) and the pheatmap package in R. (RRID:SCR:_016418).
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Figure 2: Protocols.io protocol for psyllid genome curation [40].

Data Validation and Quality Control
The characterization of the carbohydrate metabolism pathways in D. citri is separated

into four sections: the energy investment phase of glycolysis, the energy production
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phase of glycolysis, gluconeogenesis, and trehaloneogenesis. The enzymes involved in
the breakdown and synthesis of glucose and trehalose were annotated in version 3.0 of
the D. citri genome [42]. The following genes in the energy investment phase:
hexokinase (HK), phosphoglucose isomerase (PGIl), phosphofructokinase (PFK),
Fructose-bisphosphate aldolase (aldolase), triosephosphate isomerase (TPI), and in the
energy production phase: glyceraldehyde phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGAM), enolase, and
pyruvate kinase (PYK) were annotated. The annotated genes for gluconeogenesis are
pyruvate carboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK), and fructose
1,6-bisphosphatase (FBPase). In trehaloneogenesis, trehalose transporter 1 (TRET-1)
and 2 (TRET-2), glucose transporter 1 (GLUT-1), and two gene models of both
trehalose-6-phosphate synthase (TPS) and trehalase (TREH) were annotated. Gene
expression data sets in CGEN were analyzed for potential differences, as expression
patterns can provide insight into potential RNAI target candidates for molecular
therapeutics (Appendix Table 1).

Orthologous sequences from related insects and information about conserved motifs or
domains were used to determine the final annotation. We used proteins from Drosophila
melanogaster (Dm) [43], Tribolium castaneum (Tc) [44], Apis mellifera (Am) [45],
Acyrthosiphon pisum (Ap) [46], Nilaparvata lugens (NI) [47]; [48], Halyomorpha halys

(Hh) [49].

Energy investment phase of glycolysis


https://doi.org/10.1101/2021.10.11.463922
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.11.463922; this version posted October 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

HK catalyzes the first step in glycolysis, utilizing ATP to phosphorylate glucose creating
glucose-6-phosphate. Most insects have multiple HK genes and three copies of HK are
present in the D. citri genome (Fig. 3, Table 3 and Appendix Table 2). In insect flight
muscles, HK activity is inhibited by its product, glucose-6-phosphate, to initiate flight
muscle activity [50]. Drosophila melanogaster has four duplicated HK genes, with Hex-A
being the most conserved and essential flight muscle HK isozyme among Drosophila
species [51], [52]. For D. citri, one of the copies of HK type 2-2 (Dcitr03919430.1.1)
showed moderate expression in the male and female thorax. In contrast, another copy
HK type 2-3 (Dcitr06g14200.1.1), was highly expressed in the adult gut and midgut

when compared to HK type 2-2 and its overall expression (Fig. 4)

PGl catalyzes the interconversion of glucose-6-phosphate and fructose-6-phosphate in
the second step of glycolysis. Consistent with the gene copy number of PGI for
orthologs in other insects, such as D. melanogaster, Apis mellifera, Acyrthosiphon
pisum, and Tribolium castaneum, a single copy of PGI (Dcitr00g06460.1.1) was found.

Expression for PGl is high in the male and female thorax (Fig. 4).
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Figure 3: Phylogenetic analysis of hexokinase (HK). Hexokinase amino acid
sequence of D. citri compared with sequences from other insects. MUSCLE multiple
sequence alignments of HK in D. citri and orthologs were performed on MEGA7 and
neighbor joining phylogenetic trees were constructed with p-distance for determining
evolutionary distance and 1000 bootstrapping replicates [41]. The accession numbers of

the orthologous sequences used in the phylogenetic analysis can be located in Table 1.
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Table 1: Accession Numbers.

Protein Drosophila Triboliu Apis Drosophila
melanogast m mellifer Acyrthosmh pseudoobsc Halyomorph | Nilaparvat
castaneu on pisum a halys alugens
er m a ura
Hex-A NP_001259 | XP_0082 [ XP_006 | XP_0032422 | XP_0013550 XP_022204
384.1 01714.1 557646. | 38.1 83.1 875.1
XP_9706 |1 XP_0019524
45.1 12.1
Hex- XP_0142822 | XP_022184
type 1 49.1 109.1
Hex- XP_0142827
type 2 21.1
Hex-C NP_524674. XP_0013601
1 04.2
Hex-t1 NP_788744. XP_0013591
1 46.2
Hex-t2 NP_733151. XP_0021376
2 41.2

The accession numbers for hexokinase orthologs were obtained from the NCBI

database.
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Figure 4. Comparison of RNA-Seq datasets of genes involved in glycolysis

The heatmap shows results from D. citri reared on various citrus varieties, both infected
and uninfected with CLas. Expression values were collected from CGEN [36]. Data in
the heatmap shows transcripts per million scaled by gene. RNA-seq data is available
from NCBI Bioproject’'s PRINA609978 and PRINA448935 and in addition to several
published data sets [9], [53] [54], [55], [56]. Expression data for HK type 2-1

(Dcitr03g04910.2.1) is not present in the heatmap.

PFK, which catalyzes the phosphorylation of fructose-6-phosphate using ATP to
generate fructose-1,6-bisphosphate and ADP, is the key regulatory enzyme controlling

glycolysis in insects, as it catalyzes a rate-determining reaction [57], [58]. One copy of
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PFK (Dcitr01g16570.1.1) was found and annotated in D. citri (Table 3). Aldolase
catalyzes the fourth step, the reversible aldol cleavage of fructose-1,6-bisphosphate to
form two trioses, glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate
(DHAP). Although most insects have a single copy of this gene, two well supported
copies were found in D. citri (Table 3 and 4). One of the aldolase annotated copies,
fructose-bisphosphate aldolase 1, (Dcitr04g02510.1.1) appears to have moderate
expression in the male abdomen and terminal abdomen and highest expression in the
adult whole body (Fig. 4). TPI catalyzes the fifth step, the reversible interconversion of
DHAP and GAP. TPI is also important to sustain DHAP to maintain insect flight muscle
activity [59]. D. citri contains a single copy of this gene (Dcitr10g08030.1.1), which is
consistent with other insects (Table 3). Expression of several of these genes in the
investment phase were shown to be high in the male and female thorax, especially in
PFK (Dcitr01g16570.1.1), fructose-bisphosphate aldolase 2 (Dcitr11g09140.1.1), and

TPI (Dcitr10g08030.1.1) (NCBI BioProject PRINA448935) (Fig. 4, Appendix Table 3).

Table 3: Gene Copy Number

Genes D. A. T. A. D.
citri pisum castaneum mellifera melanogast

er
Hexokinase (HK) 3 3 2 1 4
Phosphoglucose isomerase (PGI) 1 1 1 1 1
Glucose-6-phosphate 1-epimerase 1 1 1 1 1
ATP Dependent 6-Phosphofructokinase (PFK) 1 2 1 1 1
Fructose bisphosphate-aldolase (ALDA or ALDOA) 2 1 1 1 1
Triosephosphate isomerase (TPI) 1 1 1 1 1

12
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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 2 1 2 2 2
Phosphoglycerate kinase (PGK) 1 1 1 1 1
Phosphoglycerate mutase (PGAM) 2 1 2 1 2
Enolase 1 1 3 2 1
Pyruvate kinase (PYK) 2 1 4 6 6
Pyruvate carboxylase (PC) 1 1 1 1 1
Phosphoenolpyruvate carboxykinase (PEPCK) 2 1 1 1 1
Phosphoglucomutase 1 (PGM1) 1 1 1 1 1
Phosphoglucomutase 2 (PGM2) 1 1 1 0 2%
Aldose 1-epimerase (GALM) 2 3 2 3 1
Fructose 1,6-bisphosphatase (FBPase) 1 2 1 2 1
Glucose-6-phosphatase (G6P) 0 0 0 0 1
Trehalose-6-phosphate synthase (TPS) 2 1 2 1 1
Trehalose-6-phosphate phosphatase (TPP) 0 0 0 0 0
Trehalase 1 (TREH-1) 1 1 1 1 1
Trehalase 2 (TREH-2) 1 0 1 0 0
Trehalose transporter 1 (TRET-1) 1 1 1 1 1
Trehalose transporter 2 (TRET-2) 1 1 1 1 1
Glucose transporter (GLUT 1) 1 1 1 1 1

The number of genes identified in glycolysis, gluconeogenesis and trehaloneogenesis in
D. citri and related organisms. T indicates that there are possibly more PYK genes in D.
melanogaster and potentially six in A. mellifera. * indicates that there is
phosphoglucomutase 2a and 2b in D. melanogaster. Copy numbers for the orthologs

were obtained from NCBI [39], OrthoDB [60], and Flybase [61].

Energy production phase of Glycolysis
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GAPDH catalyzes the reversible conversion of GAP to 1,3-bisphosphoglycerate during
glycolysis. Two GAPDH genes were annotated in D. citri and the expression data for the
two paralogs show that GAPDH-like 1 (Dcitr10g11030.1.1) has higher expression in the
male terminal abdomen and whole body and GAPDH-like 2 (Dcitr01g03200.1.1) has
higher expression values overall with a considerable increase in male thorax, female
thorax and whole body (NCBI BioProject PRINA609978, NCBI BioProject
PRJINA448935) (Fig. 4, Appendix Table 4). PGK catalyzes the reversible conversion of
1,3-bisphosphoglycerate to 3-phosphoglycerate (3PG) while generating one molecule of
ATP in the seventh step of glycolysis. A single gene was annotated in D. citri, and other
insects also have single copies (Table 3). PGAM is an enzyme that converts 3-
phosphoglycerate to 2-phosphoglycerate. Members of the PGAM family share a
common PGAM domain, and function as either phosphotransferases or
phosphohydrolases [62]. Two copies of PGAM were annotated in the D. citri genome
(Table 3). PGAM 1 (Dcitr03g11640.1.1) has high expression evident in the midgut and

the other paralog, PGAM 2 (Dcitr03g17850.1.1) is highly expressed in the whole body

(Fig. 4).

Enolase catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate in the
ninth step of the glycolytic pathway and a single copy was annotated in the D. citri
genome (Table 3). RNAIi knockdown of the a-enolase in Nilaparvata lugens reduced egg
production, offspring, and hatching rate; however, mortality of adults was unaffected
[63]. Pairwise alignment between the N. lugens and D. citri sequences reveal the

characteristics of the enolase family: a hydrophobic domain (AAVPSGASTGI) in the N-
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terminal region at position 31-41, a seven amino acid substrate binding pocket (H159,
E211, K345, HRS373-375, and K396), a metal-binding site (S38, D246, E295, and
D320) and the enolase signature motif (LLLKVNQIGSVTES) [63].

PYK catalyzes the irreversible transfer of a phosphoryl group from
phosphoenolpyruvate to ADP; thus generating pyruvate and a second ATP molecule,
the end products of the glycolysis reaction. The copy number of PYK varies among
insects; A. mellifera and D. melanogaster both contain six, and A. gambiae has only one
(Table 3). In D. citri, two PYK genes were characterized and annotated (Appendix Table
2). One of the PYK genes (Dcitr07g06140.1.1) is highly expressed in male and female
thorax and the other PYK gene (Dcitr01g11190.1.1) has relatively low overall
expression with the highest expression in the male terminal abdomen (Fig. 4).
Expression analysis of the enzymes from this phase of glycolysis in thoracic tissue
shows that the highest expression is observed for GAPDH-like 2 and PYK-like 1 and the
lowest occurs for both GAPDH-like 1 and PYK-like 2 (Fig. 5). In addition, PGK
(Dcitr00g01740.1.1) and enolase (Dcitr02g07600.1.1) also have high expression in the
male and female thorax and PGAM2 (Dcitr03g17850.1.1) has high expression in whole
body besides the male and female thorax (NCBI BioProject PRINA609978, NCBI

BioProject PRINA448935) (Fig. 4, Appendix Table 4).
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Figure 5: PEN expression data for the enzymes involved during the energy
production phase in D. citri. (GAPDH-like 1: Dcitr10g11030.1.1; GAPDH-like 2:
Dcitr01g03200.1.1; PYK-like 1: Dcitr07g06140.1.1; PYK-like 2: Dcitr01g11190.1.1;
PGK: Dcitr00g01740.1.1; Enolase: Dcitr02g07600.1.1; PGAM: Dcitr03g17850.1.1,
Dcitr03g11640.1.1 respectively). Values are based on transcripts taken from the thorax
of healthy CLas- D. citri male and female adults that fed on C. reticulata. These
experiments had a single replicate. RNA-seq data is available from NCBI BioProject’s

PRJINA448935.
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Figure 6: Comparison of RNA-Seq datasets of genes involved in gluconeogenesis
The heatmap shows results from D. citri reared on various citrus varieties, both infected
and uninfected with CLas. Expression values were collected from Citrus Greening
expression network [36]. Data in the heatmap shows transcripts per million scaled by
gene. RNA-seq data is available from NCBI Bioprojects PRINA609978 and

PRJNA448935 and published data sets [53].

Enzymes of Gluconeogenesis

Gluconeogenesis is the metabolic process to re-generate glucose from non-
carbohydrate substrates and uses four specific enzymes. PC catalyzes the ATP-
dependent carboxylation of pyruvate to oxaloacetate. The curated PC model
(Dcitr08g01610.1.1) in D. citri shows highest overall expression in the male and female
thorax, male and female head, and male and female antenna (Fig. 6, Fig. 7, Appendix

Table 5). PEPCK controls the cataplerotic flux and converts oxaloacetate from the
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tricarboxylic acid cycle to form PEP. Two PEPCK genes were annotated and
characterized in the D. citri genome (Appendix Table 2). The first PEPCK copy
(Dcitr05g10240.1.1) has the highest expression in most tissues compared to all of the
gluconeogenesis genes as is evident in the male and female antenna, male and female
thorax, and the male and female head. The highest expression of the second copy of
PEPCK (Dcitr089g02760.1.1) is shown in the whole body. FBPase facilitates one of the
three bypass reactions occurring in gluconeogenesis where the hydrolysis of fructose-
1,6-bisphosphate produces fructose-6-phosphate. A single copy of this gene was
annotated in D. citri, which is comparable to other insects, although two copies are
present in the pea aphid, A. pisum, and honey bee, A. mellifera (Table 3). FBPase
(Dcitr11g08070.1.1) shows highest expression in the egg (Fig. 5). Glucose-6-
phosphatase (G6Pase or G6P), which is specific to gluconeogenesis, catalyzes the
conversion of glucose-6-phosphate to glucose [27]. However, this enzyme is not
present in most insect species, including D. citri. Though present in N. lugens, RNAI
studies showed that knockdown of G6Pase in N. lugens had no effect on the genes

involved in trehalose metabolism [64].
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Figure 7: PEN Expression data of the enzyme Pyruvate carboxylase
(Dcitr08g01610.1.1) in D. citri. Values are based on transcripts isolated from various
body parts of healthy CLas- D. citri adults that fed on C. reticulata. These experiments

had a single replicate. RNA-seq data is available from NCBI BioProjects PRINA448935.

Enzymes of Trehaloneogenesis

Trehalose is a nonreducing disaccharide that is present in many organisms, including
yeast, fungi, bacteria, plants and invertebrates and is in high concentration as the main
hemolymph sugar in insects [28], [65]. Trehalose is synthesized from glucose by
trehalose-6-phosphate (Tre-6-P), where the mobilization of trehalose to glucose is
considered critical for metabolic homeostasis in insect physiology [26]. Synthesis of
trehalose occurs in the fat body, when stimulated by neuropeptides from the brain [28].

These peptides decrease the concentration of fructose 2,6-bisphosphate which strongly
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activates the glycolytic enzyme PFK and inhibits the gluconeogenic enzyme fructose
1,6-bisphosphatase. Fructose 2,6-bisphosphatase is thus a key metabolic signal in
regulating trehalose synthesis in insects. After synthesis, trehalose is transported
through the hemolymph and enters cells through trehalose transporters, where it is

converted into glucose by trehalase.

There are three enzymes involved in trehaloneogenesis: trehalose-6-phosphate
synthase (TPS), trehalose-6-phosphate phosphatase (TPP), and trehalase (TREH) (Fig.
1). TPS catalyzes the transfer of glucose from UDP-glucose to G6P forming trehalose
6-phosphate (T6P) and UDP [66]. A TPS (DcTPS) gene has been targeted in D. citri for
RNAI therapeutics and the results suggested that dsSRNA-mediated gene specific
silencing resulted in a strong reduction in expression of DCTPS and survival rate of
nymphs and an increase in malformation [67]. Two copies of TPS were annotated in the
v3 genome of D. citri. TPS 1 (Dcitr02g17550.1.1) had the highest expression found in
the CLas+ and CLas- adult midgut, respectively (Fig. 9, Appendix Table 6). In some
organisms, TPP dephosphorylates T6P to trehalose and inorganic phosphate [66].
However, many insects appear to lack this gene, including D. citri as it was not found in
the v3 genome. Most insects with multiple TPS genes encode proteins with TPS and
TPP domains [68], [69]. TPS in Drosophila appears to have the functions of both TPS
and TPP [70]. Trehalase (TREH) catalyzes stored trehalose by cleaving it to two
glucose molecules. There are two trehalase genes: TREH-1, which encodes a soluble
enzyme found in haemolymph, goblet cell cavity and egg homogenates, and TREH-2,

which encodes a membrane-bound enzyme found in flight muscle, ovary,
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spermatophore, midgut, brain and thoracic ganglia [66]. The two curated TREH genes
in D. citri show different expression in the psyllid. TREH-1A (Dcitr07g04030.1.1) shows
high expression in the gut and midgut and TREH-2 (Dcitr08909220.1.1) shows
moderate expression in the female thorax and male antennae (Fig. 8). TREH is the only
enzyme known for the irreversible splitting of trehalose in all insects [66] and D. citri and

T. castaneum are the only insects with the second copy, TREH-2 (Table 3).

The two main trehalose transporters are trehalose transporter 1 (TRET1) and trehalose
transporter 2 (TRET?2), which both transport trehalose to and from cells with TREH.
One gene copy for each of these trehalose transporters was annotated in D. citri
(Appendix Table 2) and expression analysis shows that TRET1 (Dcitr01g17710.1.1) is
highly expressed in the gut and TRET2 (Dcitr00g03240.1.1) is moderately expressed in

the male abdomen (Fig. 8).
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Figure 8: Comparison of RNA-Seq datasets of genes involved in
trehaloneogenesis

The heatmap shows results from D. citri reared on various citrus varieties, both infected
and uninfected with CLas. Expression values were collected from Citrus Greening
expression network [36]. Data in the heatmap shows transcripts per million scaled by
gene. RNA-seq data is available from NCBI Bioproject's PRINA609978 and
PRJNA448935 and published data sets [53]. Expression data for Trehalose-6-
phosphate synthase 2 (TPS 2), Trehalase 2 (TREH-2), Trehalose transporter 1 (TRET-
1) Isoform (TRET-1B), Trehalose transporter 2 (TRET-2) Isoform (TRET-2B), and

Trehalose transporter 2 (TRET-2) Isoform (TRET-2C) are not present in the heatmap.
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Figure 9: PEN Expression data of the enzyme Trehalose 6-phosphate synthase
(Dcitr02g17550.1.1) in D. citri. Values are based on transcripts expressed in various

body parts of healthy CLas- D. citri adults that fed on C. reticulata. These experiments
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had a single replicate. RNA-seq data is available from NCBI BioProject PRINA448935.

Conclusion

Manual curation of genes in the glycolysis, gluconeogenesis, and
trehaloneogenesis pathways was completed in the genome of D. citri. Twenty-five
genes were annotated in glycolysis and gluconeogenesis. The pathways are highly
conserved and copy numbers of the genes annotated were comparable to other insects.
Except for G6Pase, all enzymes involved in glycolysis and gluconeogenesis were
identified. An additional seven genes involved in trehaloneogenesis were also identified
and annotated. Manual annotation of these central metabolic pathways provides
accurate gene models which are required for development of molecular therapeutics to
target D. citri. RNAI studies targeting genes involved in trehalose metabolism produced
significant mortality in D. citri, [67], [71] demonstrating the functional application of the
genes identified. Expression analysis of the genes annotated in the carbohydrate
metabolism pathways identified differences related to life stage, sex and tissue. This
data advances the understanding of the basic biology of D. citri and will aid in the

development of RNAi-based applications.

Reuse potential

The manually curated gene models were annotated through a collaborative community
project [11] to further understand psyllid biology and with a goal to annotate gene
families related to immune response, metabolism and other major functions [72].

Continued examination of the glycolysis, gluconeogenesis, and trehaloneogenesis
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pathways across arthropods, and especially in insect vectors like D. citri, will provide
novel and species-specific gene targets to control psyllid populations (potentially

through the use of RNAI) and reduce the effects of pathogens such as CLas.

Data availability

The datasets supporting this article are available in the GigaScience GigaDB repository
[REF].

The gene models will be part of an updated official gene set (OGS) for D. citri that will
be submitted to NCBI. The OGS (v3) will also be publicly available for download,
BLAST analysis and expression profiling on Citrusgreening.org and the Citrus Greening
Expression Network [36]. The D. citri genome assembly (v3), OGS (v3) and
transcriptomes are accessible on the  Citrusgreening.org portal [73]. Accession
numbers for genes used in multiple alignments or phylogenetic trees are provided in

Table 1.
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ADP: adenosine diphosphate; Am: Apis mellifera; Ap: Acyrthosiphon pisum; ATP:
adenosine triphosphate; BLASTp: protein BLAST; CGEN: Citrus Greening Expression
Network; CLas: Candidatus Liberibacter asiaticus; Cmac: C. macrophylla; Cmed: C.
medica; Cret: C. reticulata; Csin: C. sinensis; Dc: Diaphorina citri; DHAP:

dihydroxyacetone phosphate; Dm: Drosophila melanogaster; FBPase: fructose-1,6-
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bisphosphatase; GAP: glyceraldehyde-3-phosphate; GAPDH: glyceraldehyde 3-
phosphate dehydrogenase; G6Pase/G6P: glucose-6-phosphatase; Hh: Halyomorpha
halys; HK: hexokinase; Iso-seq: Isoform sequencing; MCOT: Maker, Cufflinks, Oasis,
Trinity; NADH: nicotinamide adenine dinucleotide (reduced form); NAD+: nicotinamide
adenine dinucleotide (oxidized form); NCBI: National Center for Biotechnology
Information; NI: Nilaparvata lugens; PC: pyruvate carboxylase; PEPCK:
phosphoenolpyruvate carboxykinase; PFK: phosphofructokinase; PGAM:
phosphoglycerate mutase; PGI: phosphoglucose isomerase; PGK: phosphoglycerate
kinase; PYK: pyruvate kinase; RNAi: RNA interference; RNA-seq: RNA sequencing; Tc:
Tribolium castaneum; TPI: triosephosphate isomerase; TPM: transcripts per million;
TPP: trehalose-6-phosphate phosphatase; TPS: trehalose-6-phosphate synthase; TRE:

trehalose; TZP: triazophos; T6P: trehalose-6-phosphate.
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Appendix

Table 1: Carbohydrate Metabolism RNAi Gene Targets

List of annotated genes in glycolysis (HK, Aldolase, Enolase, PYK), gluconeogenesis

(PEPCK), and trehaloneogenesis (TPS and TREH), with their corresponding RNAI

studies and references. 1 indicates that additional genes were added, but not annotated

in D. citri, such as muscle protein 20 and sucrose hydrolase. * indicates that the chitin

synthase gene in the chitin synthesis pathway was also annotated in D. citri [74].

Genes Organism RNAIi outcome Reference
Hexokinase (HK) Tribolium HexAl role in Fraga A, Ribeiro L, Lobato M, et al.
Tc-HexAl castaneum | glucose metabolism Glycogen and glucose metabolism are
is essential during essential for early embryonic development
oogenesis and of the red flour beetle Tribolium castaneum.
embryogenesis PL0S One. 2013;8(6):65125. Published
2013 Jun 4.
doi:10.1371/journal.pone.0065125
Aldolase Drosophila Knockdown in Miller D, Hannon C and Ganetzky B. A
UAS-Aldolase- melanogaste | Drosophila heurons mutation in Drosophila Aldolase causes
r and glia resulted in | temperature-sensitive paralysis, shortened
RNAI reduced lifespan; lifespan, and neurodegeneration. J
essential in glia for Neurogenet. 2012 Sep; 26(3-4): 317-327.
neuronal 10.3109/01677063.2012.706346
maintenance
Enolase Nilaparvata Knockdown Wang WX, Li KL, Chen Y, Lai FX Fu Q.
lugens reduced egg 2015. Identification and Function Analysis
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production,
offspring and
hatching rate;
mortality of adults
was unaffected

of enolase Gene NIEnol from Nilaparvata
lugens (Stal) (Hemiptera:Delphacidae). J
Insect Sci. 15(1):66. 10.1093/jisesaliev046

Pyruvate kinase
(PYK)
NIPYK

Nilaparvata
lugens

RNAI treatment
including triazophos
and dsNIPYK led to

reduced ovarian

protein content,
ovarian and fat
body soluble sugar
contents, and
fecundity

Ge LQ, Huang B, Li X, Gu HT, Zheng S,
Zhou Z, Miao H, Wu JC. Silencing pyruvate
kinase (NIPYK) leads to reduced fecundity
in brown planthoppers, Nilaparvata lugens

(Stal) (Hemiptera: Delphacidae). Arch

Insect Biochem Physiol. 2017 Dec;96(4).

doi: 10.1002/arch.21429. Epub 2017 Nov 7.

Phosphoenolpyruv
ate carboxykinase
(PEPCK)

Drosophila
melanogaste
r

Knockdown of two
PEPCK mutant
isoforms led to

reduced circulating

glycerol levels and
reduced triglyceride
levels in pepckl
mutant flies

Bartok O, Teesalu M, Ashwall-Fluss R,
Pandey V, Hanan M, Rovenko BM,
Poukkula M, Havula E, Moussaieff A,
Vodala S et al. 2015. The transcription
factor Cabut coordinates energy
metabolism and the circadian clock in
response to sugar sensing. EMBO J.
34(11):1538-1553. doi:
10.15252/embj.201591385.

Trehalose-6- Diaphorina Knockdown of the Liu, X., Zou, Z., Zhang, C., Liu, X., Wang,
Phosphate citri Trehalose- 6- J., Xin, T., Xia, B. 2020. Knockdown of the
Synthase (TPS) Phosphate Trehalose- 6-Phosphate Synthase Gene
Synthase Gene Using RNA Interference Inhibits Synthesis
Using RNA of Trehalose and Increases Lethality Rate
Interference Inhibits in Asian Citrus Psyllid, Diaphorina citri
Synthesis of (Hemiptera: Psyllidae). Insects 11: 605;
Trehalose and doi:10.3390/insects11090605
Increases Lethality
Rate in Asian Citrus
Psyllid
Trehalose Feeding N. lugens | Chen J, Zhang D, Yao Q, Zhang J, Dong X,
phosphate Nilaparvata larvae with NITPS Tian H, Chen J, and Zhang W. 2010.
synthase (TPS) lugens dsRNA led to Feeding-based RNA interference of a
NITPS disrupted trehalose phosphate synthase gene in the
expression and brown planthopper, Nilaparvata lugens.
lethality Insect Mol. Biol. 19:777-862010
Trehalose-6- Nilaparvata Yang, M.M., Zhao, L.N., Shen, Q.D., Xie,
phosphate lugens G.Q., Wang, S.G. and Tang, B. (2017)
synthases Knockdown of two trehalose-6-phosphate

synthases severely affects chitin
metabolism gene expression in the brown
planthopper Nilaparvata lugens. Pest
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Management Sciences, 73, 206-216.

Diaphorina Silencing of the Lu, Z.J., Huang, Y.L., Yu, H.Z., Li, N.Y.,
chitin synthase* citri chitin synthase Xie, Y.X., Zhang, Q et al. (2019) Silencing
gene is lethal to the | of the chitin synthase gene is lethal to the
Asian citrus psyllid Asian citrus psyllid, Diaphorina citri.
International Journal of Molecular Sciences,
20:3734.
five trehalase Tribolium regulates the gene Tang, B., Wei, P., Zhao, L.N., Shi, Z.K,,
genes castaneum expression of the Shen, Q.D., Yang, M.M. et al. (2016)
chitin biosynthesis Knockdown of five trehalase genes using
pathway RNA interference regulates the gene
expression of the chitin biosynthesis
pathway in Tribolium castaneum. BMC
Genomics, 16, 67.
trehalase genes Nilaparvata | wing bud chitin Zhang, L., Qiu, L.Y., Yang, H.L., Wang,
(TRE) lugens metabolism and its | H.J., Zhou, M. and Wang, S.G. (2017)
development Study on the effect of wing bud chitin
metabolism and its developmental network
genes in the brown planthopper,
Nilaparvata lugens, by knockdown of TRE
gene. Frontiers in Physiology, 8, 750.
trehalase Nilaparvata regulating the chitin | Zhao, L.N., Yang, M.M., Shen, Q.D., Liu,
lugens metabolism X.J., Shi, Z.K. and Wang, S.G. (2016)
pathway Functional characterization of three

trehalase genes regulating the chitin
metabolism pathway in rice brown
planthopper using RNA interference.
Scientific Reports, 6, 27841
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Muscle protein 203 | Diaphorina increases mortality | Yu, X.D., Gowda, S. and Killiny, N. (2017)
citri to the Asian citrus Double-stranded RNA delivery through
psyllid, soaking mediates silencing of the muscle
protein 20 and increases mortality to the
Asian citrus psyllid, Diaphorina citri. Pest
Management Science, 73, 1846-1853

Santos-Ortega, Y. and Killiny, N. (2018)
Silencing of sucrose hydrolase causes

Sucrose Diaphorina [ Causes nymph nymph mortality and disturbs adult osmotic
hydrolaset citri mortality and homepstasis in Diaphorina citri (Hemiptera:
disturbs adult Liviidae). Insect Biochemistry and
osmotic Molecular Biology, 101: 131-143.

homepstasis

Table 2: Evidence Table

de novo
transcript | Iso - | RNA-
GENE Identifier MCOT S Seq Seq Ortholog
GLYCOLYSIS
Dcitr03g04910.2.
Hexokinase type 2-1 1 X X X X
Dcitr03g19430.1.
Hexokinase type 2-2 1 X X X X X
Dcitr06914200.1.
Hexokinase type 2-3 1 X X X
Dcitr00g06460.1.
Phosphoglucose isomerase 1 X X X X
Glucose-6-phosphate 1- Dcitr139g02890.1.
epimerase* 1 X X X X
ATP Dependent 6- Dcitr019g16570.1.
Phosphofructokinase RA 1 X X X X X
ATP Dependent 6- Dcitr01g16570.1.
Phosphofructokinase RB 2 X X X X X
ATP Dependent 6- Dcitr019g16570.1.
Phosphofructokinase RC 3 X X X X X
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Dcitr04g02510.1.
Fructose-bisphosphate aldolase 1 1 X X X X X
Dcitr119g09140.1.
Fructose-bisphosphate aldolase 2 1 X X X X
Dcitr10g08030.1.
Triosephosphate isomerase 1 X X X X X
Glyceraldehyde 3-phosphate Dcitr10g11030.1.
dehydrogenase-like 1 1 X X X X
Glyceraldehyde 3-phosphate Dcitr01g03200.1.
dehydrogenase-like 2 1 X X
Dcitr00g01740.1.
Phosphoglycerate kinase 1 X X X
Dcitr03g11640.1.
Phosphoglycerate mutase 1 1 X X X
Dcitr03g17850.1.
Phosphoglycerate mutase 2 1 X X X
Dcitr02g07600.1.
Enolase 1 X X X
Dcitr07g06140.1.
Pyruvate kinase-like 1 1 X X X X X
Dcitr01g11190.1.
Pyruvate kinase-like 2 1 X X X X
Dcitr05909820.1.
Phosphoglucomutase 1 1 X X X
Dcitr02g10730.1.
Phosphoglucomutase 2 1 X X X
GLUCONEOGENESIS Identifier | MCOT | de novo Iso- RNA- Ortholog
transcript |  Seq Seq
S
Pyruvate carboxylase Dcitr089016 X X X X X
10.1.1
Phosphoenolpyruvate carboxykinase 1 Dcitr059102 X X X X
40.1.1
Phosphoenolpyruvate carboxykinase 2 Dcitr08g027 X X X X
60.1.1
Aldose 1-epimerase 1* Dcitr04g098 X X X X
30.1.1
Aldose 1-epimerase 2* Dcitr06g044 X X
30.1.1
Fructose-1,6-bisphosphatase Dcitr11g080 X X X
70.1.1
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TREHALONEOGENESIS Identifier [ MCOT | de novo Iso- RNA- Ortholo
transcript Seq Seq g
S
Trehalose-6-phosphate synthase 1 (TPS | Dcitr02g175 X X X
1) 50.1.1
Trehalose-6-phosphate synthase 2 (TPS | Dcitr01g196 X X X X
2) 25.1.2
Trehalase 1A (TREH-1A) Isoform A Dcitr07g040 X X X X
30.1.1
Trehalase 1B (TREH-1B) Isoform B Dcitr07g071 X X X X
75.1.2
Trehalase 2 (TREH-2) Dcitr08g092 X X X
20.1.1
Trehalose transporter 1 (TRET-1) Dcitr01g177 X X X
Isoform (TRET-1A) 10.1.1
Trehalose transporter 1 (TRET-1) Dcitr01g177 X X X X
Isoform (TRET-1B) 15.1.2
Trehalose transporter 2 (TRET-2) Dcitr00g032 X X X X
Isoform (TRET-2A) 40.1.1
Trehalose transporter 2 (TRET-2) Dcitr09g023 X X X X
Isoform (TRET-2B) 00.1.2
Trehalose transporter 2 (TRET-2) Dcitr09g023 X X
Isoform (TRET-2C) 10.1.3
Glucose transporter (GLUT 1) Dcitr059139 X X X X X
50.1.1

List of annotated D. citri models along with their evidence tracks. Each manually
annotated gene in glycolysis, gluconeogenesis, and trehaloneogenesis associated with
a D. citri identifier shows supporting evidence used in the curation of the gene model
[42]. Evidence tracks are as follows: RNA-Seq, long-read Iso-Seq, MCOT, de novo
assembled transcripts and orthologous proteins. A gene marked with an “x” within the
table indicates that the gene model is supported by the evidence track. A gene followed

with an “*” indicates that it is involved in both glycolysis and gluconeogenesis.
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Table 3: Heat map values in Transcripts per million (TPM); glycolysis energy investment phase

Hexoki |Hexoki ATP Dependent
nase |nase |Phosphogl |Glucose-6- |6- Fructose- Fructose-  |Triosephos|Phospho |Phospho
type 2- type 2- jucose phosphate 1- |Phosphofructokilbisphosphat [bisphosphat [phate glucomut |glucomut
Gene Name 2 3 isomerase |epimerase  |nase e aldolase 1 |e aldolase 2 |isomerase |ase 1 ase 2
Dcitr03 |Dcitr06 DcitrO5g |Dcitr02g
01943 |g1420 |Dcitr00g06 |Dcitr13g0289 |Dcitr01g16570. |Dcitr04g025 |Dcitr11g091 (Dcitr10g08|09820.1. |10730.1.
Dcitri ID 0.1.1 0.1.1 |460.1.1 |0.1.1 11 10.1.1 40.1.1 030.1.1 1 1
Egg C. mac ClLas-
Whole body 25.15 97.85 (171.89 57.81 49.51 2.04 0 108.16 97.13 14.23
Nymph C. med
CLas+ Low inf
Whole body 59.72 |217.92(121.32 31.17 104.71 9.81 37.41 176.97 241.75 |18.09
Nymph C. sin
CLas+ High inf
Whole body 59.13 |221.91 (121.14 27.34 100.34 11.34 0 193.88 268.3 19.07
Nymph C. sin
ClLas- Whole body |47.64 |188.31|119.91 25.73 94.65 4.68 0 156.66 178.92 |19.17
Nymph C.
macrophylla CLas-
Whole body 158.14|127.16 |101.02 34.15 87.25 6.24 130.71 76.46 130.6 19.08
Nymph Citrus
ClLas- Whole body |176.73|200.69 |65.57 10.78 49 1.09 168.55 52.78 125.67 |11.6
Nymph Citrus
ClLas+ Whole body 24.23 |217.32|165.09 14.21 38.68 7.33 0 176.33 314.64 |11.81
Adult C. med ClLas- 1060.8
Gut 135.7 2 198.23 110.24 69.2 7.49 0 142.44 382.16 |17.57

39

"9sSUdI| [eUONRUIBIU| O'Y AG-DDR lapun a|qe|iene
apeuw sl | ‘Aunadiad ui uudaid ayy Aejdsip 01 asuadl| B AIxHoIq pajuelh sey oym ‘Ispunyloyine ayi si (mainal 19ad Aq paijiniad Jou sem Yyaiym)
Juudaud siys Joy Japjoy 1ybuAdod 8yl "TZ0Z ‘v'T 1890100 Palsod UOISIaA SIYl 12Z26£91 TT'0T T202/TOTT 0T/Bi0 10p//:sdny :lop Jundaid Aixyoiq


https://doi.org/10.1101/2021.10.11.463922
http://creativecommons.org/licenses/by/4.0/

Adult C. med

ClLas+ Gut 129.79 (723.37 |226.85 102.83 65.23 3.14 33.19 163.82 363.07 |21.65
Adult C. med

CLas+ High inf

Whole body 112.65 (253.43 (174.06 25.64 199.15 88.02 0 227.01 212.84 |35.33
Adult C. med

CLas+ Low inf

Whole body 75.09 |283.4 |127.99 31.58 100.45 105.86 34.66 158.69 185.24 |43.71
Adult C. med ClLas-

Whole body 109.36 (248.57 [168.6 29.92 189.3 71.83 0 233.78 173.95 |[32.65
Adult C. mac CLas-

Whole body 68.99 [335.31|220.29 41.38 121.54 175.37 389.34 143.76 240.32 |35.39
Adult Citrus CLas-

Whole body 144.65 (470 114.94 29.63 65.96 163.77 320.52 129.96 213.64 |21.88
Adult Citrus CLas+

Whole body 112.61 (369.54 (204.14 22.34 70.46 56.74 0 164.13 162.25 [31.27
Adult Citrus CLas-

midgut 126.12 (816.14 |345.75 43.78 106.6 3.88 480.25 178.47 370.54 |9.04
Adult Citrus CLas+ 1214.1

midgut 68.92 |3 293.63 41.99 78.21 8.6 322.57 200.09 309.96 |11.07
Adult C. ret CLas-

Female abdomen |117.53|270.82|328.46 4.18 67.72 0.91 639.1 174.79 184.51 [49.43
Adult C. ret CLas-

Female antennae |31.32 |268.93|341.64 7.02 44.09 3.19 502.23 269.09 110.49 |[15.66
Adult C. ret CLas-

Female head 54.9 |396.04 |398.25 16.84 68.99 0 838.36 293.04 123.87 [12.75
Adult C. ret CLas-

Female leg 52.67 [124.32|379.99 9.34 60.59 0 742.14 454.38 138.65 [14.02
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Adult C. ret CLas-
Female terminal
abdomen

26.34

163.63

297.31

2.43

31.68

1.02

248.39

335.32

112.84

11.2

Adult C. ret CLas-
Female thorax

176.24

170.66

783.82

9.36

634.34

0.67

1853.95

610.79

228.8

6.34

Adult C. ret CLas-
Male abdomen

127.94

314.79

269.51

17.09

66.31

110.94

644.54

167.03

144.26

37.53

Adult C. ret CLas-
Male antennae

49.54

221.2

323.43

15.46

52.72

19.77

459.43

221.47

107.6

22.6

Adult C. ret CLas-
Male head

57.63

436.71

383.61

17.88

88.31

1.89

1021.53

290.42

146.25

13.7

Adult C. ret CLas-
Male leg

123.53

216.12

402.16

13.23

102.63

41.16

1200.77

449.2

133.17

12.53

Adult C. ret CLas-
Male terminal
abdomen

56.55

178.64

212.71

10.84

41.28

45.26

257.23

146.16

83.44

12.96

Adult C. ret CLas-
Male thorax

164.62

214.79

772.34

12.94

594.73

8.14

1853.38

559.97

247.77

13.9

Adult C. ret CLas-
Female antennae

[#]

178.95

426.84

316.22

28.42

141.51

699.25

245.8

185.45

22.26

Adult C. ret CLas-
Female terminal
abdomen [#]

121.72

474.78

245.24

10.41

67.37

1.65

367.9

219.89

152.34

27.72

Adult C. ret CLas-
Male antennae [#]

151.61

406.33

301.78

44.06

154.72

12.67

780.47

241.75

171.32

25.82

Adult C. ret CLas-
Male terminal
abdomen [#]

189.97

251

158.74

22.41

73.91

131.44

441.93

139.27

113.39

18.07
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Comparison of RNA-Seq datasets of genes involved in the energy investment phase of glycolysis. Heatmap shows
results from D. citri reared on various citrus varieties, both infected and uninfected with CLas. Expression values were
collected from Citrus Greening expression network [36]. Data in the heatmap shows transcripts per million scaled by row.

RNA-seq data is available from NCBI Bioproject's PRINA609978 and PRINA448935 and published data sets [53].

Table 4: Heat map values in Transcripts per million (TPM); glycolysis energy production phase

Glyceraldehyde 3- Glyceraldehyde 3- Phosphogl [Phosphogl [Phosphogl Pyruvate |Pyruvate

phosphate phosphate ycerate ycerate ycerate Enolas |kinase- |kinase-
Gene Name dehydrogenase-like 1 |dehydrogenase-like 2 |kinase mutase 1 |mutase 2 |e like 1 like 2

Dcitr02
Dcitr00g01 [Dcitr03g11 [Dcitr03g17 |g07600 |Dcitr07g0|Dcitr01gl

Dcitri ID Dcitr10g11030.1.1 Dcitr01g03200.1.1 740.1.1 640.1.1 850.1.1 1.1 6140.1.1 |1190.1.1
Egg C. mac ClLas-
Whole body 0.59 182.74 120.15 27.68 48.76 157.41 |275.06 |0.11
Nymph C. med
CLas+ Low inf Whole
body 11.8 1281.17 119.41 21.05 211.62 396.15 [677.59 |3.15
Nymph C. sin CLas+
High inf Whole body (12.09 1199.18 117.22 15.68 207.93 346.1 |663.43 |3.59
Nymph C. sin CLas-
Whole body 7.97 565.4 126.37 21.73 155.93 412.17 1601.46 |2.09
Nymph C.
macrophylla CLas- |6.19 955.29 71.65 13.57 81.84 395.72 (706.05 |2.28
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Whole body

Nymph Citrus CLas-

Whole body 0.24 555.48 61.87 8.95 36.78 394.19 |306.25 |[0.5
Nymph Citrus CLas+

Whole body 12.34 207.28 157.88 4.67 93.34 383.17 |247.07 |4.31
Adult C. med ClLas-

Gut 3.04 633.03 141.87 77.89 131.03 223.07 |1126.6 |1.39
Adult C. med CLas+

Gut 0.88 389.71 173.66 69.12 141.87 336.91 |{1018.83 |0.56
Adult C. med CLas+

High inf Whole body [43.76 1564.75 154.15 32.65 237.17 550.47 |1123.72 (19.42
Adult C. med CLas+

Low inf Whole body [52.74 1008.06 111.12 16.79 166.46 441.1 1699.31 |20.54
Adult C. med ClLas-

Whole body 33.18 2150.93 139.84 29.07 349.47 588.11 [1225.39 |13.05
Adult C. mac CLas-

Whole body 73.76 536.23 134.28 19.04 105.47 504.39 |691.87 |[29.37
Adult Citrus CLas-

Whole body 99.93 718.64 142.36 26.28 142.7 770.88 [1264.01 |36.66
Adult Citrus CLas+

Whole body 63.11 636.58 174.11 11.06 111.02 295.73 |550.94 |[25.12
Adult Citrus CLas-

midgut 2.72 652.67 204.2 140.66 112.2 200.34 |1230.3 |1.88
Adult Citrus CLas+

midgut 15.36 529.27 202.19 80.52 112.27 222.02 |948.04 (3.6
Adult C. ret CLas-

Female abdomen 0.97 598.04 173.24 10.07 92.03 285.51 |405.45 |1.03
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Adult C. ret CLas-

Female antennae 5.69 528.62 188.31 1.72 124.44 261.31 |212.55 |0.86
Adult C. ret CLas-

Female head 0 605.38 250.95 5.34 132.82 290.28 |282.56 |0.18
Adult C. ret CLas-

Female leg 0 510.04 225.49 8.24 156.33 264.93 [207.95 |0.18
Adult C. ret CLas-

Female terminal

abdomen 2.54 251.14 234.36 1.6 166.49 142.35 [125.6 0.71
Adult C. ret CLas- 1060.6

Female thorax 0.95 2197.87 600.77 57.09 362.69 6 2027.77 10.44
Adult C. ret CLas-

Male abdomen 98.38 524.78 140.98 23.59 90.65 207.4 1|368.01 |26.66
Adult C. ret CLas-

Male antennae 4477 487.63 149.7 10.21 113.27 253.49 |237.84 |5.95
Adult C. ret CLas-

Male head 0.35 688.3 240.81 5.2 131.1 319.34 |343.32 |0.34
Adult C. ret CLas-

Male leg 27.5 814.67 254.57 20.46 182.69 383.3 |425.54 [10.09
Adult C. ret CLas-

Male terminal

abdomen 59.56 300.01 121.77 6.45 79.42 128.97 [130.17 |16.15
Adult C. ret CLas-

Male thorax 5.91 2280.77 534.62 67.48 357.02 949.95 [1993.44 (1.94
Adult C. ret CLas-

Female antennae [#] |0 690.48 231.99 12.94 127.8 342.94 |484.68 |0.54
Adult C. ret CLas-

Female terminal 4.21 572.98 212.06 11.09 101.21 252.78 |378.03 |0.55
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abdomen [#]

Adult C. ret CLas-

Male antennae [#] 15.6 580.98 196.65 13.25 126.54 308.74 |467.92 |5.44
Adult C. ret CLas-

Male terminal

abdomen [#] 132.64 486.15 130.26 15.15 81.52 210.65 |229.51 [43.72

Comparison of RNA-Seq datasets of genes involved in the energy production phase of glycolysis. Heatmap shows

results from D. citri reared on various citrus varieties, both infected and uninfected with CLas. Expression values were

collected from Citrus Greening expression network [36]. Data in the heatmap shows transcripts per million scaled by row.

RNA-seq data is available from NCBI Bioproject’s PRINA609978 and PRINA448935 and published data sets [53].

Table 5: Heat map values in Transcripts per million (TPM); Gluconeogenesis

Phosphoenolp [Phosphoenolp
yruvate yruvate
Pyruvate carboxykinase |carboxykinase |Aldose 1- Aldose 1- Fructose-1,6-
Gene Name carboxylase 1 2 epimerase 1 epimerase 2  |bisphosphatase
Dcitr08g01610. |Dcitr059g10240.Dcitr08g02760. |Dcitr04g09830. (Dcitr06g04430. |Dcitr11g08070.1.
Dcitri ID 11 11 11 1.1 11 1
Egg C. mac CLas- Whole
body 144.93 221.31 47.96 20.23 7.67 113.26
Nymph C. med CLas+ Low
inf Whole body 79.91 101.91 306.67 21.94 39.81 44.02
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Nymph C. sin CLas+ High

inf Whole body 96.3 125.86 240.3 24.7 35.52 44.51
Nymph C. sin CLas- Whole

body 87.05 98.92 383.51 20.29 20.74 50.06
Nymph C. macrophylla

CLas- Whole body 116.16 21.02 339.41 16.12 21.96 14.5
Nymph Citrus CLas- Whole

body 92.52 71.12 269.45 20.42 2.87 29.17
Nymph Citrus CLas+ Whole

body 78.49 20.64 492.1 32.65 3.89 6.13
Adult C. med ClLas- Gut 80.51 57.03 11.38 68.49 2.55 1.69
Adult C. med CLas+ Gut 78.76 40.46 16.65 85.93 4.77 2.97
Adult C. med CLas+ High inf

Whole body 183.84 659.9 296.96 34.19 10.18 66.67
Adult C. med CLas+ Low inf

Whole body 161.08 161.41 318.92 30.92 16.24 67.56
Adult C. med CLas- Whole

body 161.54 263.13 322.04 29.55 17.18 31.32
Adult C. mac CLas- Whole

body 266.52 327.57 297.26 35.88 14.47 85.57
Adult Citrus CLas- Whole

body 349.71 134.56 574.32 41.83 2.42 57.79
Adult Citrus CLas+ Whole

body 235.21 279.83 226.97 44.54 13.74 29.7
Adult Citrus CLas- midgut  85.59 96.92 31.96 55.12 8.92 1.87
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Adult Citrus CLas+ midgut |64.57 181.37 30.8 58.9 8.25 5.93
Adult C. ret CLas- Female

abdomen 317.7 587.15 341.26 38.76 16.23 36.79
Adult C. ret CLas- Female

antennae 226.26 1211.21 22.2 10.45 8.31 14.35
Adult C. ret CLas- Female

head 298.32 2236.36 1.63 12.67 6.71 19.49
Adult C. ret CLas- Female

leg 198.12 1020.26 31.11 18.75 6.06 19.5
Adult C. ret CLas- Female

terminal abdomen 158.35 461.64 21.03 16.33 29.08 9.3
Adult C. ret CLas- Female

thorax 442.95 2219.87 2.39 8.96 2.5 22.6
Adult C. ret CLas- Male

abdomen 228.67 707.08 178.74 26.38 26.63 15.01
Adult C. ret CLas- Male

antennae 177.52 1137.73 27.31 7.7 10.69 15.69
Adult C. ret CLas- Male

head 290.56 2154.94 0.71 10.6 6.24 18.69
Adult C. ret CLas- Male leg |207.16 1560.47 20.49 16.42 2.53 19.39
Adult C. ret CLas- Male

terminal abdomen 105.46 464.59 3.83 18.17 39.16 11.48
Adult C. ret CLas- Male

thorax 412.38 1749.69 1.95 13.12 1.3 21.33
Adult C. ret CLas- Female

antennae [#] 440.48 3262.92 61.4 20.92 8 67.78
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Adult C. ret CLas- Female

terminal abdomen [#] 277.06 1317 380.03 36.08 40.76 38.22
Adult C. ret CLas- Male

antennae [#] 351.01 2753.66 3.69 14.39 5.27 43.66
Adult C. ret CLas- Male

terminal abdomen [#] 161.67 1163.15 72.59 21.28 59.17 26.02

Comparison of RNA-Seq datasets of genes involved in gluconeogenesis. Heatmap shows results from D. citri reared on

various citrus varieties, both infected and uninfected with CLas. Expression values were collected from Citrus Greening

expression network [36]. Data in the heatmap shows transcripts per million scaled by row. RNA-seq data is available from

NCBI Bioproject's PRINA609978 and PRINA448935 and published data sets [53].

Table 6: Heat map values in Transcripts per million (TPM); Trehaloneogenesis

Trehalose-6- Trehalase 1A Trehalase |Trehalose transporter 1 |Trehalose transporter 2 |Glucose
phosphate synthase |(TREH-1A) 2 (TREH- [(TRET-1) Isoform (TRET- |(TRET-2) Isoform (TRET- [transporter
Gene Name 1(TPS 1) Isoform A 2) 1A) 2A) (GLUT 1)
Dcitr07g04030.1. |Dcitr08g09 Dcitr05g13950
Dcitri ID Dcitr029g17550.1.1 |1 220.1.1 |Dcitr01g17710.1.1 Dcitr00g03240.1.1 1.1
Egg C. mac CLas-
Whole body 26.15 9.71 11.28 26.72 3.83 41.58
Nymph C. med CLas+
Low inf Whole body 38.11 6.84 22.35 86.73 8.01 27.03
Nymph C. sin CLas+ |22.73 6.3 30.1 141.06 16.04 23.11
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High inf Whole body

Nymph C. sin CLas-

Whole body 13.79 5.15 20.03 64.45 3.02 27.56
Nymph C. macrophylla

CLas- Whole body 23.76 7.57 44.98 173.44 11.95 29.79
Nymph Citrus CLas-

Whole body 46.52 0.71 17.21 186.32 7.76 23.91
Nymph Citrus CLas+

Whole body 23.03 1.94 12.82 110.14 17.34 10.14
Adult C. med CLas- Gut|{150.06 86.45 4.5 1119.48 0.37 15.89
Adult C. med CLas+

Gut 119.85 34.17 4.37 1188.92 0.36 27.06
Adult C. med CLas+

High inf Whole body 64.44 15.27 34.14 152.09 13.2 30.87
Adult C. med CLas+

Low inf Whole body 50.32 20.36 32.9 147.25 9.5 29.03
Adult C. med ClLas-

Whole body 48.37 8.61 29.59 181.68 8.5 19.67
Adult C. mac CLas-

Whole body 8.54 21.23 29.65 121.36 16.82 26.31
Adult Citrus CLas-

Whole body 125.13 12.55 36.65 256.62 21.31 23.38
Adult Citrus CLas+

Whole body 52.09 12.83 18.27 144.39 21.35 21.99
Adult Citrus CLas-

midgut 376.6 43.85 5.89 270.16 1.1 28
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Adult Citrus CLas+

midgut 44412 66.12 4.34 77.36 0.76 21.19
Adult C. ret CLas-

Female abdomen 113.01 14.52 32.16 264.69 72.63 22.83
Adult C. ret CLas-

Female antennae 34.25 1.63 33.31 31.37 45,72 16.67
Adult C. ret CLas-

Female head 39.4 1.2 38.89 30.75 77.48 16.92
Adult C. ret CLas-

Female leg 25.8 2.11 30.58 30.4 33.63 9.5
Adult C. ret CLas-

Female terminal

abdomen 12.03 2.26 21.75 18.55 23.16 6.77
Adult C. ret CLas-

Female thorax 70.13 5.65 52.41 52.3 63.82 21.66
Adult C. ret CLas- Male

abdomen 145 16.45 30.95 236.71 97.75 20.8
Adult C. ret CLas- Male

antennae 46.73 2.62 38.15 67.03 40.57 19.4
Adult C. ret CLas- Male

head 41.65 0.74 33.59 32.14 65.72 20.93
Adult C. ret CLas- Male

leg 59 4.63 37.99 65.81 50.06 22.12
Adult C. ret CLas- Male

terminal abdomen 31.18 1.69 17.77 65.32 12.56 12.67
Adult C. ret CLas- Male

thorax 69.26 6.39 46.63 57.57 65.55 19.87
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Adult C. ret CLas-
Female antennae [#]

121.22

10.8

40.97

136.41

33.71

36.25

Adult C. ret CLas-
Female terminal
abdomen [#]

187.13

30.86

19.02

294.01

14.35

15.35

Adult C. ret CLas- Male
antennae [#]

90.25

6.06

52.27

145.34

49.07

42.13

Adult C. ret CLas- Male
terminal abdomen [#]

134.98

13.99

26.84

363.12

24.28

22.94

Comparison of RNA-Seq datasets of genes involved in trehaloneogenesis. Heatmap shows results from D. citri reared on

various citrus varieties, both infected and uninfected with CLas. Expression values were collected from Citrus Greening

expression network [36]. Data in the heatmap shows transcripts per million scaled by row. RNA-seq data is available from

NCBI Bioproject's PRINA609978 and PRINA448935 and published data sets [53].
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