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Introduction

Glycolysis, as in other animals, is the major metabolic pathway that insects use to extract
energy from carbohydrates [1]. This process consists of ten reactions that convert one molecule
of glucose into two molecules of pyruvate within the cytosol, generating a net gain of two
molecules of ATP. Simple carbohydrates are acquired through the insect diet and processed
through glycolysis and the central carbohydrate metabolic steps. Comparative genomic analysis
of Apis mellifera, Drosophila melanogaster, and Anopheles gambiae has revealed the presence
of genes for metabolic pathways that support dietary habits dependent on sugar-rich substrates
([2]; [31; [4]; [5]). In addition to processing sugars for energy, glycolysis also serves as a central
pathway that serves as both a source of important precursors and destination for key
intermediates from many metabolic pathways.

Gluconeogenesis is the process through which glucose is synthesized from non-
carbohydrate substrates, and is closely associated with glycolysis. Eleven enzymatic reactions
occur during gluconeogenesis. Eight of the enzymes involved in the steps also catalyze the

reverse reactions in glycolysis and the three remaining enzymes are specific to gluconeogenesis.
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Gluconeogenesis generated carbohydrates are required as substrate for anaerobic glycolysis,
synthesis of chitin, glycoproteins, polyols and glycoside detoxication products [1].
Gluconeogenesis is essential in insects to maintain sugar homeostasis and serves as the initial
process towards the generation of glucose disaccharide trehalose, which is the main circulating
sugar in the insect hemolymph ([6]; [7]). Thus, insects use trehaloneogenesis to synthesize
trehalose from the last substrate of gluconeogenesis, glucose-6-phosphate. The process requires
three additional enzymatic steps [7].

Diaphorina citri (Asian citrus psyllid) is the vector for the citrus greening disease bacterial
pathogen Candidatus Liberibacter asiaticus. Citrus greening disease has been detrimental to the
citrus industry, causing a continued loss of crops and decreasing economic growth. A first step
towards development of treatments to prevent the spread of the disease requires a highly
curated set of important genes in D. citri that could then be used to design molecular
therapeutics. D. citri feeds on the phloem sap of citrus trees, a nutrient-rich food source
containing high concentrations of sugars and providing a source of carbon and energy [8].
Annotation and characterization of the central core pathways of glycolysis and gluconeogenesis
provides the genomic basis to understanding these processes in D. citri and their potential as
molecular targets for treatments such as RNA interference. A community driven annotation
strategy [9] was used to annotate the genome of D. citri. Through this process, the genes involved

in glycolysis and gluconeogenesis were manually curated and further characterized.
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Results and Discussion
Carbohydrate metabolism and annotation

The process of glycolysis oxidizing glucose to obtain ATP can be divided into two
fundamental stages. The first stage is the energy investment stage, followed by the second stage
of energy production. The ten enzymes of glycolysis, three enzymes specific to gluconeogenesis,
and associated enzymes in both pathways were manually annotated in version 3.0 of the D. citri
genome. The following discussion of the annotation and characterization of the carbohydrate
metabolism pathways in D. citri is separated into three distinct groups: the energy investment

stage of glycolysis, the energy production phase of glycolysis, and gluconeogenesis.

Energy investment stage of glycolysis

In this stage of glycolysis, a molecule of glucose is converted into two glyceraldehyde-3-
phosphate molecules; this process consumes a total of 2 ATP molecules [10]. In addition, there
are two key regulators of glycolysis: hexokinase and phosphofructokinase which are involved in
irreversible reactions that consume ATP to synthesize phosphorylated intermediates. The
following enzymes are involved in the energy investment stage of glycolysis and the genes were
manually curated using Apollo annotation editor on the 3.0 version of the genome of D. citri:
hexokinase, phosphoglucose isomerase, phosphofructokinase, aldolase, and triosephosphate

isomerase.
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Hexokinase

Hexokinase (HK) catalyzes the first step in glycolysis, utilizing ATP to phosphorylate
glucose creating glucose-6-phosphate [10]. Insect muscle HK activity is inhibited by its product,
glucose-6-phosphate, to initiate flight muscle activity [11]. While only one HK has been found in
D. citri, multiple copies are present in other insects. D. melanogaster has four duplicated HK
genes, with Hex-A being the most conserved and essential flight muscle HK isozyme among
Drosophila species [12]. HK is present in Tribolium castaneum as two Hexokinase A genes, Tc-
HexA1l and Tc-HexA2 [13]. Phylogenetic analysis of the single copy of HK in D. citri in Figure 1
shows that this enzyme is most similar to Hex-A orthologs of T. castaneum, A. mellifera,
Acyrthosiphon pisum, D. melanogaster, and Drosophila pseudoobscura.

In D. melanogaster, northern blot analysis of Hex-A confirmed that it is strongly expressed
in the thorax of male and female adult flies with no detectable transcripts in adult abdomens
[12]. In addition, this gene was found to be expressed in adult flight muscle [14]. However, this
differs in D. citri where the highest expression of HK was detected in abdomen (80.91 transcripts
per million (TPM) male abdomen and 56.05 TPM female abdomen) (Figure 2). Although moderate
expression of HK was observed in whole body (51.43 TPM). The two genes of T. castaneum, Tc-
HexA1 and Tc-HexA2, appear to be expressed during embryogenesis and in embryonic tissue [13].
The HK gene expression in D. citri was detected with lower expression in the egg with 11.28 TPM.
Studies using parental RNAi in T. castaneum adult female have shown that HK is essential for
embryonic development by affecting oogenesis, glucose content, and reducing egg lay which

indicates its effectiveness as a potential RNAi target in D. citri [13].
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The curated HK model has support from MCOT, de novo transcriptome, Iso-Seq, RNA-seq
and orthologous sequence evidence tracks (Table 1). Based on NCBI BLASTp results, it shares
reasonably high identity and query coverage with another Hemipteran, Bemisia tabaci (69.64%,
10%). Additionally, the annotated model contains the Hexokinase_1 and Hexokinase_2 domains

(pfam00349 and pfam03727, respectively).

Phosphoglucose isomerase

Phosphoglucose isomerase (PGl) catalyzes the interconversion of glucose-6-phosphate
and fructose-6-phosphate in the second step of glycolysis forming ATP [15]. Genetic variation in
PGl has been correlated with flight metabolism, dispersal rate and metapopulation dynamics in
the Glanville fritillary butterfly [16]; [17] In addition, PG/ has been highly studied and identified
as a key enzyme candidate in insect thermal tolerance to extreme temperatures [18].

A single copy of PGl was found in the D. citri genome version 3.0 and was supported by
de novo transcriptome, RNA-seq, and orthologous evidence tracks (Table 1). A single copy of the
gene was also found in other orthologs as shown in Table 2. Based on amino acid BLASTp results,
this gene contains the PGI superfamily domain and shares high amino acid identity and query
coverage with B. tabaci (78.10% and 97%, respectively). There is high expression for PG/ in the
antennae (172.17 TPM Adult female antennae and 166.47 TPM male antennae) compared to the

gut (157.17 Clas positive and 130.37 TPM Clas negative) (Figure 2).
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Phosphofructokinase

Phosphofructokinase (PFK), which catalyzes the phosphorylation of fructose-6-phosphate
using ATP to generate fructose-1,6-bisphosphate and ADP, is the most prominent regulatory
enzyme in the control of glycolysis [19]. This step is crucial as one of the major control points for
carbohydrate metabolism in insects as it catalyzes one of the pathway’s rate-determining
reactions [11]. One copy of PFK was found and three isoforms were annotated in D. citri,
compared to two copies found in A. pisum and only one copy found in D. melanogaster. However,
no implications have been reported from differences in copy number for this rate-limiting
enzyme in A. mellifera, D. melanogaster, and Anopheles gambiae [5].

PFK is moderately expressed in D. citri; there is low expression in the nymph whole body
(14.37 TPM) compared to the highest expression in the adult whole body (75.63 TPM) (Figure 2).
Moderate expression is detected in the adult gut (38.7 TPM Clas positive and 36.65 TPM Clas

negative).

Aldolase

Fructose 1,6-bisphosphate aldolase (aldolase) catalyzes the reversible aldol cleavage of
fructose-1,6-bisphosphate to form two trioses, glyceraldehyde-3-phosphate (GAP) and
dihydroxyacetone phosphate (DHAP) [20]. A UAS-Aldolase-RNAi construct was used for RNAI
knockdown of aldolase expression in D. melanogaster neurons and glia to observe normal
lifespan and age-dependent neuroprotection [21]. The knockdown experiments suggest that the

loss of aldolase in glia or neurons is sufficient to cause a reduction in lifespan and thus, aldolase
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is essential in glia for neuronal maintenance as a function of age. As indicated by the results,
aldolase may pose as a potential target for knockdown in D. citri.

The annotated aldolase gene model in D. citri had supporting evidence from MCOT, de
novo transcriptome, Iso-Seq, RNA-seq, and orthologous sequence tracks (Table 1). A single copy
of this gene was found in D. citri, which is comparable to other organisms (Table 2). From
analyzing NCBI BLASTp results, the annotated model contains the glycolytic superfamily domain
and shares high amino acid identity and query coverage with T. castaneum (74.18%, 100%) and
B. tabaci (73.35%, 100%).

Aldolase transcripts analyzed in D. melanogaster were abundant at the earliest stages of
development, most likely as a result of storage in the oocyte from transcription during oogenesis
[20]. The transcripts, during the larval, pupal, and adult stages, rose, fell, and rose again in a
pattern that is evident in intermediary metabolism. However, in D. citri the expression in the egg
and nymph whole body were substantially low ranging from 1.6 to 5.78 TPM (Figure 2). Based on
the expression in the adult stage of D. citri, there is relatively high expression in male abdomen
(92.19 TPM) and whole body (118.36 TPM C. macrophylla ClLas negative, 115.59 TPM Citrus spp.
Clas negative, 40.04 TPM Citrus spp. ClLas positive). However, there is little to no expression in
female antennae (0 TPM), female abdomen (1.24 TPM), and in the gut (2.36 TPM, 5.62 TPM).
Overall, the expression in the adult stage of D. citri is higher in CLas negative compared to ClLas

positive.
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Triosephosphate isomerase

In the fifth step of glycolysis, triosephosphate isomerase (TPl) catalyzes the
interconversion of DHAP and GAP, which are produced as a result of the aldol cleavage of fructose
1,6-diphosphate by fructose 1,6-bisphosphate aldolase in the previous step [22]. Though the
function of this enzyme is essential in proceeding through the glycolytic steps, it is also essential
in dipteran insects as TPl interacts with the sn-glycerol-3-phosphate dehydrogenase-glycerol
phosphate oxidase shuttle to produce NAD* for flight muscle activity [23]. TPl in this cycle is used
to sustain DHAP to maintain flight muscle activity, contrasting with the function of converting
DHAP to GAP in the glycolytic cycle.

The annotated TPl model in the D. citri genome has support from MCOT, de novo
transcriptome, RNA-seq, and orthologous sequence evidence tracks (Table 1). A single copy of
the gene was found in D. citri and also in other orthologs (Table 2). NCBI BLASTp results show
that this model shares high identity and query coverage with other Hemipterans, such as N.
lugens (77.33%, 100%) and B. tabaci (81.78%, 100%).

In early embryos of D. melanogaster, TPl mRNA is abundant but declines in quantity in
the first six hours, and then increases in abundance mid-embryogenesis at twelve hours showing
a pattern due to the substantial amount of mRNA produced during oogenesis [22]. TPl mRNA
content during the larval and adult stages follows a similar pattern of transcript content with
several other glycolytic genes, such as aldolase and phosphoglycerate kinase (PGK). This varies in
comparison to TPl expression in D. citri where it is lower in the egg (45.07 TPM) and in the nymph
(31.26 TPM Citrus spp. ClLas negative and 142.19 TPM C. macrophylla Clas negative) (Figure 2).

However, there is also higher expression in the nymph (317.29 TPM Citrus spp. Clas positive
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whole body), and also in the adult (280.84 TPM Citrus spp. Clas positive and 309.13 TPM

negative). The overall result is relatively higher expression for TPl in the adult stage.

Energy production phase

In the energy production phase of glycolysis, two molecules of GAP are converted into
two pyruvate molecules. Two molecules of triose are formed for each molecule of glucose used,
a total of four molecules of ATP are synthesized from ADP for each molecule of hexose cleaved
[10]. Thus, a net of two molecules of ATP are produced as a result of the overall glycolytic process.
PYK, a key regulatory enzyme of glycolysis involved in an irreversible reaction, and PGK both
produce ATP from phosphorylated intermediates. The genes for the following enzymes take part
in the energy production phase of glycolysis and were annotated in the genome of D. citri:
glyceraldehyde phosphate dehydrogenase (GAPDH), PGK, phosphoglycerate mutase (PGAM),

enolase, and PYK.

Glyceraldehyde phosphate dehydrogenase

Glyceraldehyde phosphate dehydrogenase (GAPDH) catalyzes the conversion of GAP to
1,3-bisphosphoglycerate [24]. Two models of GAPDH were annotated in the D. citri genome. Two
copies of GAPDH were found in other orthologous species, except for A. pisum (Table 2).

Two copies of GAPDH, Gapdh-1 and Gapdh-2, were found in D. melanogaster and are
located on chromosomes 43E-F and 13F, respectively [25]. In this study, both genes are expressed
at higher levels in larval, late pupal and adult stages compared to embryonic, early, and midpupal

stages. The Gapdh-1 transcript is abundant in the thorax section compared to Gapdh-2 which is
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uniformly distributed in the head, thorax, and abdomen in D. melanogaster. In 18 hour embryos,
the transcript level of Gapdh-1 remained low and Gapdh-2 started to increase. In the adult stage,
the transcript level of Gapdh-1 decreased as adults aged and the level of Gapdh-2 remained
constant. This is similar to expression data obtained from D. citriin comparison to the two GAPDH
genes. In D. citri, the expression for Dcitr10g11030.1.1 ranges from no expression in antennae (0
TPM) to the highest expression seen in adult male abdomen (77.34 TPM) (Figure 2). The other
annotated GAPDH model, Dcitr01g03160.1.1 is highly expressed in D. citri ranging from 201.51
TPM in female antennae and up 1106.88 TPM in adult whole body.

BLASTp results from flybase.org indicate that the two curated GAPDH genes align closely
to the Gapdh-1 form of D. melanogaster as opposed to Gapdh-2. One of the annotated GAPDH
models in D. citri, DcitrG027290.1.1, shares high amino acid identity and query coverage with
other Hemipterans, such as B. tabaci (76.29%, 90%) and N. lugens (75.99%, 90%). The other
annotated GAPDH model, DcitrG085445.2.1, shares high amino acid identity and query coverage
with B. tabaci (90.36%, 100%) and N. lugens (88.86%, 100%). Both of the annotated models have
supporting evidence from the following tracks, MCOT, Iso-Seq, RNA-Seq, and orthologous

sequence.

Phosphoglycerate kinase

Phosphoglycerate kinase (PGK) catalyzes the conversion of 1,3-bisphosphoglycerate to 3-
phosphoglycerate and generates one molecule of ATP [26]. Two protein domains, the C-terminal
and N-terminal domains of PGK, may contain the ATP binding and phosphoglycerate binding

regions, respectively ([27]; [28]). A single PGK gene has been identified in D. melanogaster [26].
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A single model of the gene was annotated in D. citri, and the rest of the orthologs also have a
single copy (Table 2).

The expression of PGK mRNA in D. melanogaster is similar to TPI; it is abundant in early
embryos, declines in quantity through the first 6 hours, and in mid-embryogenesis, PGK mRNA
begins to increase in abundance [26]. This pattern indicates a substantial amount of mRNA is
produced during oogenesis, as it is stored in the oocyte and used to support translation during
early development. PGK mRNA content during larval and adult stages follows a similar pattern
for enzymes in related metabolic pathways, such as the glycolytic genes including TP/ [22],
Aldolase [20] and GAPDH [29].

The expression of PGK in D. citri is higher in the adult compared to the egg and nymph
(Figure 2). Expression in egg and nymph are 158.09 and 88.74 TPM, respectively. However, in
female and male antennae, there is high expression of the gene with 321.35 and 272.84 TPM,
respectively. This does not correlate with the expression data seen in D. melanogaster.

The PGK gene model in D. citri shares high amino acid identity and query coverage with
B. tabaci (83.33%, 99%), N. lugens (80.19%, 99%), C. lectularius (78.50%, 99%) and S. flava
(78.99%, 99%). The curated model in version 3.0 of the genome does not have any support from
other evidence tracks, such as de novo transcriptome, MCOT or Iso-Seq, but has support from

RNAseq data.

Phosphoglycerate mutase
Phosphoglycerate mutase (PGAM) is an evolutionarily conserved enzyme that converts 3-

phosphoglycerate to 2-phosphoglycerate and is a founding member of the PGAM protein family
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[30]. Members of the PGAM family share a common domain, known as the PGAM domain, and
function as phosphotransferases and/or phosphohydrolases. A single copy of PGAM was
annotated in D. citri. Similarly, one copy was also found in A. mellifera and A. pisum, while two
copies were found in D. melanogaster and T. castaneum (Table 2). The glycolytic enzyme
phosphoglyceromutase (PGLYM) is found in D. melanogaster as two copies, PGLYM87 and
PGLYM?78 [31]. The BLASTp result obtained from flybase.org indicates that PGAM in D. citri aligns
closely to the PGLYM78 gene in D. melanogaster.

The expression of PGAM in D. citri is higher in the adult stage compared to the egg and
nymph (Figure 2). The range in the adult stage has the lowest expression in male abdomen (83.44
TPM) and the highest in the gut (163.19 TPM). When the amino acid sequence of the annotated
model was BLAST searched on NCBI, a gap was present in the HP_PGM _like domain. The model
shared high identity and query coverage with N. lugens (81.50%, 100%), A. pisum (79.92%, 100%)

and B. tabaci (82.68%, 100%).

Enolase

Enolase functions in the glycolytic pathway by catalyzing the conversion of 2-
phosphoglycerate to phosphoenolpyruvate [32]. An a-enolase has been implicated as an RNAI
target in N. lugens. Knockdown of the a-enolase reduced egg production, offspring, and hatching
rate; however, mortality of adults was unaffected [32]. In addition, the a-enolase expression in
N. lugens was higher in female adult than in male. The high level of expression was detected in
hemolymph, fat body, gut, ovaries, salivary glands, wings, and eggs, with trace mRNA levels

detected in testis. According to the study, a comparison of the a-enolase protein sequences with
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other insect enolase genes showed a high degree of conservation. In a pairwise alignment
between the N. lugens and D. citri sequences, both contain the hydrophobic domain in the N-
terminal (AAVPSGASTGI) at position 31-41, seven amino acids for substrate binding pocket (H*>°,
B2, K34, HRS373375 and K3%8), metal-binding site (S3%, D246, E2°>, and D3%9) of the enolase family
and the enolase signature (LLLKVNQIGSVTES).

The expression of enolase is relatively high in D. citri. Among the highest expression is
seen in the adult stage whole body (C. macrophylla ClLas negative 483.02 TPM and Citrus spp.
Clas negative 728.52 TPM, respectively) (Figure 2). The lowest expression is identified in egg with
151.26 TPM. In the adult gut, enolase appears to be highly upregulated in C. medica Clas positive
(413.9 TPM) compared to C. medica ClLas negative (255.67 TPM). Additionally, expression is
higher in the female adult than the male; analogous to enolase expression in N. lugens. This
similar expression data is seen in female abdomen (251.48 TPM) compared to the male abdomen
with (217.63 TPM) and also in female antennae (335.68 TPM) and male antennae (314.65 TPM).

The annotated enolase gene in D. citri shares high amino acid identity and query coverage
with B. tabaci (87.53%, 100%) and N. lugens (85.25%, 100%). In addition, enolase gene copy
numbers vary among insects (Table 2). A single enolase gene was identified in D. citri and in N.
lugens, but three were found in T. castaneum and two in A. pisum. The annotated model has

supporting evidence from the tracks Iso-Seq, RNA-seq, and orthologous sequence.

Pyruvate kinase
Pyruvate kinase (PYK) catalyzes the transfer of a phosphoryl group from

phosphoenolpyruvate to ADP, generating pyruvate and the second ATP in the tenth reaction of
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glycolysis [33]. PYK has a large difference in copy number between species, such as A. mellifera
with two copy numbers, D. melanogaster with six, and A. gambiae with one [5]. There are at least
six genes that encode PYK in A. mellifera, and their activity increases after emergence thus
operating in honeybee foraging ([34], [35]). There may be potentially more in D. melanogaster,
suggesting the enzyme has diversified as it encounters a range of carbohydrates [36].
Furthermore, the activities of PYK on energy metabolism are inferred to be essential in insect
embryonic muscle development in D. melanogaster and early embryogenesis in the beetle,
Rhynchophorus palmarum [37], [35].

RNAi treatments silencing an N. lugens PYK (NIPYK) was conducted by combining
triazophos (TZP), an organophosphate insecticide, and dsNIPYK which led to reduced mRNAs
encoding PYK, ovarian protein content, ovarian and fat body soluble sugar contents, and
fecundity [35]. Thus, it is hypothesized that PYK acts directly in egg development and insect
fecundity which may pose PYK as a potential RNAi target in D. citri. However, TZP treatments led
to the upregulation of NIPYK transcripts, resulting in increased carbon flow through the citric acid
cycle and increased energy. Therefore, exposure to different insecticides can lead to increased
NIPYK activity and increased energy generation [35].

The two annotated D. citri gene models of PYK were located on chromosome 1 and 7, and
NCBI BLASTp results indicate that both of the models contain the PYK superfamily domain
(cd00288). The model on chromosome 7, Dcitr07g06140.1.1, shares high amino acid identity and
query coverage with S. flava (70.45%, 93%) and A. pisum (69.70%, 96%). Dcitr07g06140.1.1 has
supporting evidence from all of the evidence tracks in Table 1. The model on chromosome 1,

Dcitr01g11190.1.1, shares reasonably high amino acid identity and query coverage with C.
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lectularius (35.03%, 99%) and H. halys (35.37%, 97%). Dcitr01g11190.1.1 has support from all of

the evidence tracks, except for orthologous sequence (Table 1).

Enzymes of gluconeogenesis

The enzymes of gluconeogenesis are characterized by eight enzymes, that also catalyze
the reverse reactions in glycolysis, and three enzymes that catalyze the bypass reactions [7]. The
eight genes found in both pathways were annotated in the D. citri genome: PGI, Aldolase, GAPDH,
TPI, PGK, PGAM and enolase. The three enzymes specific to gluconeogenesis are
phosphoenolpyruvate carboxykinase (PEPCK), fructose-1, 6-bisphosphatase (FBPase), and
glucose-6-phosphatase (G6Pase). However, G6Pase was the only enzyme not annotated since it

was not found within the D. citri genome.

Pyruvate carboxylase

Pyruvate carboxylase (PC) catalyzes the ATP-dependent carboxylation of pyruvate to
oxaloacetate [38]; [39]. This enzyme was found in homogenates of bumblebee flight muscle,
where the activity was inhibited by ADP and activated by acetyl-coA, and was the first
demonstration of PC in muscle [38]. However, the enzyme was restricted to insect flight muscle
and was not detected in leg muscles. Enzyme activity of PC is found in the flight muscle of A.
mellifera and another Hemipteran, Lethocerus cordofanus [38]. However, the activity was below
the limit of detectability of assays in the foreleg of L. cordofanus, supporting the activity of PC in

flight muscle. In addition, PC may have another role in insect flight muscle for supplying
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oxaloacetate to support the large increase in activity of the tricarboxylic acid cycle when an insect
takes flight [38].

The curated PC model in D. citri has support from all of the evidence tracks in Table 1. BLASTp
results show high identity and query coverage in alignment of the PC model with Hemipterans
such as, S. flava (82.96%, 100%) and A. pisum (82.79%, 100%). PC is moderately expressed in
adult female antennae (262.79 TPM), followed by expression in adult male antennae (214.27
TPM) and adult whole body (208.94 TPM) (Figure 2). The gene has lower expression in the gut,
abdomen, and whole body. Furthermore, one copy of PC was found in the D. citri genome as seen

in other insects (Table 2).

Phosphoenolpyruvate carboxykinase

Phosphoenolpyruvate carboxykinase (PEPCK) controls the cataplerotic flux and converts
oxaloacetate from the TCA cycle to form PEP [40]. PEPCK is essential in maintaining glucose
homeostasis and plays a key role in stress and starvation response [41]. PEPCK is present in D.
melanogaster as two genes, pepckl (CG17725) and pepck2 (CG10924), which is homologous to
the two isoforms in mammals, PEPCK-C and PEPCK-M ([42]; [40]).

Two gene models of PEPCK were annotated and characterized within the 3.0 version of
the D. citri genome. Based on an NCBI BLASTp alignment, the first annotated model,
Dcitr08g02760.1.1, shares reasonably high identity and query coverage with another
Hemipteran, B. tabaci (65.17%, 94%). The other annotated model, Dcitr05g10240.1.1, also shares
reasonably high identity and query coverage with B. tabaci (70.10%, 97%). Both of the models

contain the PEPCK-HprK superfamily domain. A pairwise alignment between the two models
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shows that the identity is 69.05% and query coverage is 96%. The low identity indicates that the

two models have no significant similarity and are not duplicates of each other.

Fructose 1,6-bisphosphatase

Fructose 1,6-bisphosphatase, (FBPase), facilitates one of the three bypass reactions
occurring in gluconeogenesis [38]. This enzyme in bumble-bee flight muscle differs from the
enzyme from other tissues that it is not inhibited by AMP [43]. It was demonstrated that this
enzyme in flight muscles of bumble-bees have unusually high maximum catalytic activity, and has
been discussed in relation to heat production [43]. However, FBPase activity is not present in
some insect flight muscles, including Lepidoptera and Hymenoptera [38].

The annotated FBPase shares high identity and query coverage with B. tabaci (66.86%
and 98%) and S. flava (66.57% and 97%). FBPase expression in D. citri is relatively low (C. medica
Clas positive, 1.82 TPM; and negative adult gut, 3.25 TPM) (Figure 2). However, an increase in
expression is observed in C. macrophylla ClLas negative egg with 93.9 TPM. A single copy of the
gene was annotated in the version 3.0 D. citri genome comparable to one copy found in D.
melanogaster and T. castaneum (Table 2). However, two copies are present in A. mellifera and

A. pisum.

Glucose-6-phosphatase
Glucose-6-phosphatase (G6Pase) which is specific to gluconeogenesis, catalyzes the last
step of the pathway where glucose-6-phosphate is converted to glucose [7]. However, this

enzyme was not present within the D. citri genome version 3.0 and was the only enzyme not
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annotated in the gluconeogenesis pathway. Glucose-6-phosphatase appears to be completely
missing in the assembly of the A. mellifera genome [5]. BLAST searches using human and
Drosophila glucose-6-phosphatase protein sequences showed that this gene was confined to
higher animals and many, but not all, arthropods and mollusks [7]. In insects, trehalose is the
main sugar constituent of the circulatory system. Glucose 6-phosphate is converted by trehalose-
6-phosphate synthase and trehalose-6-phosphatase into trehalose. Trehalose then moves to cells

through the hemolymph, where it is converted into glucose by trehalase.

Evidence Table

de novo

transcript RNA-
Gene Identifier MCOT |s Iso-Seq | Seq Ortholog
Glycolysis
Hexokinase Dcitr03g19430.1.1 | x X X X X
Phosphoglucose isomerase | Dcitr00g06460.1.1 X X X
Glucose-6-phosphate 1-
epimerase Dcitr13g02890.1.1 | x X X X
ATP Dependent 6- Dcitr01g16570.1.1
Phosphofructokinase Dcitr01g16570.1.2
isoform 2 Dcitr01g16570.1.3 | x X X X X
Fructose-bisphosphate
aldolase Dcitr04g02510.1.1 | x X X X X
Triosephosphate
isomerase Dcitr10g08030.1.1 | x X X X

18


https://paperpile.com/c/Xwsfp3/z0LB
https://paperpile.com/c/Xwsfp3/ViDT

Glyceraldehyde 3-
phosphate dehydrogenase

Dcitr10g11030.1.1
Dcitr01g03160.1.1

Phosphoglycerate kinase

Dcitr00g01740.1.1

Phosphoglycerate mutase

Dcitr03g17850.1.1

Enolase

Dcitr02g07600.1.1

Pyruvate kinase-like 1

Dcitr07g06140.1.1

Pyruvate kinase-like 2

Dcitr01g11190.1.1

Phosphoglucomutase

Dcitr02g10730.1.1

Phosphoglucomutase

Dcitr05g09820.1.1

Gluconeogenesis

Pyruvate carboxylase

Dcitr08g01610.1.1

Phosphoenolpyruvate
carboxykinase-like 1

Dcitr08g02760.1.1

Phosphoenolpyruvate
carboxykinase-like 2

Dcitr05g10240.1.1

Aldose 1-epimerase

Dcitr04g09830.1.1

Aldose 1-epimerase

Dcitr02g14030.1.1

Glucose-6-phosphate 1-
epimerase

Dcitr13g02890.1.1

Fructose-1,6-
bisphosphatase

Dcitr11g08070.1.1
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Table 1: List of annotated D. citri models along with their evidence tracks. Each manually
annotated gene in glycolysis and gluconeogenesis associated with a D. citri identifier shows
supporting evidence used in the curation of the gene model. 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 indicate that the gene model is supported by the evidence

track.

Copy Number Table

A. T. A. D. D. citri
pisum castaneum mellifera | melanogaster

Hexokinase (HK) 3 2 1 4 1

Phosphoglucose 1 1 1 1 1
isomerase (PGl)

Glucose-6-phosphate  1-|1 1 1 1 1
epimerase

6-Phosphofructokinase 2 1 1 1 1*
(PFK)

Fructose bisphosphate- | 1 1 1 1 1

aldolase (ALDA or ALDOA)

Triosephosphate 1 1 1 1 1
isomerase (TPI)

Glyceraldehyde-3- 1 2 2 2 2
phosphate dehydrogenase
(GAPDH)
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(G6P)

Phosphoglycerate mutase 1 2
(PGAM)

Phosphoglycerate kinase 1 1
(PGK)

Enolase 2 1
Pyruvate kinase (PYK) 6" 6"
Pyruvate carboxylase (PC) 1 1
Phosphoenolpyruvate 1 1
carboxykinase (PEPCK)

Phosphoglucomutase 2 1
(PGM)

Aldose 1-epimerase 3 1
(GALM)

Fructose 1,6- 2 1
bisphosphatase (FBPase)

Glucose-6-phosphatase 0 1

Table 2: The number of genes are identified in glycolysis and gluconeogenesis in D. citri and

related organisms. T indicates that there are possibly more PYK genes in D. melanogaster and

potentially six in A. mellifera [35]. * indicates that three PFK isoforms were annotated in D. citri.
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60

HK Atype 2 isoform X2 A. mellifera
74 HK D. citri
99 HK Aisoform C D. melanogaster

100 HK A D. pseudoobscura pseudoobscura

HK Atype 2 isoform X1 A. pisum

—HK C D. melanogaster
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ex-t2 D. melanogaster
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| Hex-t1 D. melanogaster
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—
0050
Figure 1: Phylogenetic analysis of Hexokinase. Hexokinase of D. citri groups closely with the HK A

gene of the Drosophila species, T. castaneum, A. mellifera and A. pisum. MUSCLE multiple
sequence alignments of HK in D. citri and orthologs were performed on MEGA7 with p-distance
for determining evolutionary placement and 1000 bootstrapping replicates to measure the

precision of branch placement [44].

Accession Number Table

Gene Drosophila Tribolium . . Acyrthosiphon Drosophila
Apis mellifera )

melanogaster castaneum pisum pseudoobscura
Hex-A NP_001259384. | XP_008201714. | XP_006557646. | XP_003242238.1 | XP_001355083.1

1 1 1

XP_970645.1

Hex-C NP_524674.1 XP_001360104.1
Hex-t1 NP_788744.1 XP_001359146.2
Hex-t2 NP_733151.2 XP_002137641.1
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Table 3: The accession numbers for the Hexokinase genes in each ortholog were obtained from

the NCBI database.

Expression Data Analysis

Hexokinase perrGioor
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Figure 2: Expression data cube in D. citri. Expression of glycolysis and gluconeogenesis genes are
shown across three life stages: egg, nymph, and adult. The expression is measured in transcripts
per million (TPM) and are measured in different body parts of D. citri, such as the gut, abdomen,
antennae, and whole body. This is observed in different citrus plant species present with Clas
(CLas +) or without ClLas (CLas -). Each row in the expression cube corresponds to a gene in either

glycolysis or gluconeogenesis (not in order to the corresponding pathway).
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Figure 3: Glycolysis and gluconeogenesis pathway. The glycolysis pathway consists of ten
enzymes, indicated in green, that convert glucose into pyruvate as a final product. The
gluconeogenesis pathway consists of eight enzymes, indicated in blue, where three are unique
to the pathway that bypass the irreversible reactions in glycolysis to convert non-carbohydrate

molecules into glucose.
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