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Gluconeogenesis: An ancient biochemical pathway with a new twist
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ABSTRACT
Synthesis of sugars from simple carbon sources is critical for survival of animals under limited
nutrient availability. Thus, sugar-synthesizing enzymes should be present across the entire
metazoan spectrum. Here, we explore the evolution of glucose and trehalose synthesis using a
phylogenetic analysis of enzymes specific for the two pathways. Our analysis reveals that the
production of trehalose is the more ancestral biochemical process, found in single cell organisms
and primitive metazoans, but also in insects. The gluconeogenic-specific enzyme glucose-6-
phosphatase (G6Pase) first appears in Cnidaria, but is also present in Echinodermata, Mollusca and
Vertebrata. Intriguingly, some species of nematodes and arthropods possess the genes for both
pathways. Moreover, expression data from Drosophila suggests that G6Pase and, hence,
gluconeogenesis, initially had a neuronal function. We speculate that in insects—and possibly in
some vertebrates—gluconeogenesis may be used as a means of neuronal signaling.
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Sugar synthesis pathways

Claude Bernard, the great French physiologist, first
reported hepatic glucose production in dogs more
than 150 years ago. Ever since, the unique place of glu-
coneogenesis in blood glucose homeostasis has been
well documented in many other vertebrates. Bernard’s
observation reflects animals’ need for tightly con-
trolled glucose levels in the blood, induced by the
action of two counteracting hormones, glucagon and
insulin, secreted by a- and b¡ cells of the liver,
respectively. When glucose levels are low (i.e., under
scarce dietary carbohydrate availability), glucagon is
secreted. Glucagon first initiates glycogenolysis, the
breakdown of stored glycogen into glucose. When gly-
cogen is depleted, the activity of additional glucagon-
dependent enzymes increases to build glucose from
more basic carbon sources (lactic acid, amino acids).
Insulin is secreted when glucose levels are high, lead-
ing ultimately to increase production of glycogen (gly-
cogenesis) and fats (lipogenesis).

Gluconeogenesis involves up to eleven enzymatic
reactions (Fig. 1).1 Eight enzymes in this cascade func-
tion bi-directionally, also catalyzing the reverse reac-
tions in glycolysis, whereas three enzymes—

phosphoenolpyruvate carboxykinase (Pepck), fruc-
tose-1, 6-bisphosphatase (FBPase), and glucose-6-
phosphatase (G6Pase)—are specific to gluconeogene-
sis. In insects, where trehalose (a glucose disaccharide)
is the main sugar constituent of the circulatory system,
synthesis follows the same enzymatic pathway up to
the very last step, the production of glucose-6-phos-
phate (see below).2

In contrast to mammals, fish, and insects, little is
known about the main sugar constituents in the circu-
latory system of other animal lineages and their bio-
synthetic pathway(s). By performing a phylogenetic
analysis for gluconeogenic and trehaloneogenic
enzymes, we show that the basic trehalose synthesiz-
ing enzyme machinery is present not only in the most
ancient organisms, bacteria, but also in the phyla of
Nematoda and Arthropoda. In contrast, G6Pase, the
key enzyme for glucose production, first appears in
the phylum Cnidaria, the first animals with dedicated
sensory neurons (albeit not yet well-developed ner-
vous systems). A gene for G6Pase (G6P) is also present
in Echinodermata and most Chordata, including the
Vertebrata. Intriguingly, we observed that in a few
species, including the fruit fly Drosophila, genes for
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both pathways are present, but appear to serve differ-
ent roles: trehaloneogenesis is employed in fat cells for
systemic production of trehalose, the main hemo-
lymph sugar. Intriguingly, expression profiling sug-
gests that the production of glucose occurs mainly in
the brain, and we propose that this process is used for
neural signaling, rather than systemic glucose produc-
tion. Together, our analysis provides new insights into
the evolutionary history of these important biochemi-
cal processes.

Gluconeogenic and trehaloneogenic enzymes

Gluconeogenesis has been studied mostly in mam-
mals, some fish, and a few other vertebrates, where
it is the critical anabolic regulatory pathway for
glucose homeostasis under restrictive dietary carbo-
hydrate availability.3 Gluconeogenesis is initiated

after glucacon secretion, for example, in response
to dietary carbohydrate restriction, and is largely
restricted to the liver and, to a lower extent, to kid-
neys and intestine.4,5 In addition to mammals and
fish, insects represent the only other major animal
class where sugar homeostasis has been studied in
some detail. The main circulatory sugar of insects
is trehalose, albeit in some species, the hemolymph
also contains lower amounts of glucose and fruc-
tose.6 Similar to mammals, insects adjust trehalose
levels in the fat body (the insect liver) through hor-
monal secretion of insulin-like peptides (ILPs) and
adipokinetic hormone (AKH, a glucagon ortholog)
from neuroendocrine cells in the brain.7 Trehalo-
neogenesis follows the same enzymatic cascade as
gluconeogenesis, up until the last common sub-
strate, glucose 6-phosphate (Fig. 1A). Instead of
dephosphorylation, glucose 6-phosphate is con-
verted via two tightly linked enzymatic steps
involving trehalose-6-phosphate synthase (Tps) and
trehalose-6-phosphatase (T6Pase) into trehalose.
Trehalose is then distributed via the hemolymph to
cells in need of energy, where it is converted into
glucose by trehalase (Treh). Thus, animals with tre-
halose as their main energy carrier in their hemo-
lymph are expected to have genes for these
respective enzymes (Tps, T6Pase and Treh).

Interestingly, trehalose is a major cellular constitu-
ent in organisms other than insects, including bacte-
ria, yeast and some metazoan phyla.8 While trehalose
synthesis has been well studied in a few bacterial
model systems, no systematic phylogenetic analysis of
its biosynthetic pathway has been performed. We
therefore investigated the evolutionary orgin of
enzymes necessary for both trehaloneogenesis and
gluconeogenesis (Fig. 1A).

Identification of genes encoding sugar synthesizing
enzymes

When amino acid sequences of Pepck and Fbp
enzymes which are common to both sugar synthetic
pathways from S. cerevisiae and D. melanogaster were
queried against DNA and protein databases of 125 dif-
ferent species of metazoa, fungi, archaea, bacteria, and
plants (Fig. 1B; Supplemental Table 1), we found
orthologous enzymes in at least some species from all
phyla, in addition to those known from previous stud-
ies (Archaea and Bacteria). This indicates that sugar

Figure 1. Evolution of gluconeogenesis and trehaloneogenesis
(A) Sugar biosynthetic pathways: only the steps of the pathway
involving enzymes specific for gluconeogenesis and trehaloneo-
genesis are shown. Gluconeogenic substrates are shown in red.
(B) Presence (C) or absence of key enzymes for gluconeogenesis
and trehaloneogenesis across different phyla/animal groups.
Boxed area highlights phyla/subphyla in which some species con-
tain both the trehalo- and gluco-neogenic enzymes. Ch indicates
subphyla belonging to the phyla of Chordata.
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biosynthesis is an enzymatic pathway important for
species across most if not all animal phyla.

BLAST searches using human and Drosophila
G6Pase protein sequences revealed that the phylo-
genetic spectrum of organisms possessing an
orthologous gene was confined to higher animals
(all Chordata with the exception of the single rep-
resentative of Tunicata), many, but not all, arthro-
pods and mollusks, and, intriguingly, hydra and
jellyfish, representatives of the phylum Cnidaria. In
contrast, BLAST searches using protein sequences
of Tps and T6Pase from S. cerevisiae and D. mela-
nogaster identified a roughly, but not entirely, com-
plementary phyla representation, compared to
G6Pase harboring species. Genes encoding Tps and
T6Pase were found in the most ancient domains
(Bacteria, Archaea) and kingdoms (Planta and
Fungi), and they were also present in some non-
chordate phyla (Nematoda, and Arthropoda). How-
ever, they were absent in the more primitive Pori-
fera and Placozoa, as well as the more advanced
Mollusca, Echinodermata and Chordata, with the
exception of the single representative of lancelets
(subphylum Cephalochordata). Thus, the appear-
ance of enzymes necessary for trehaloneogenesis
(Tps, T6Pase, and Treh) preceded that of enzymes
necessary for gluconeogenesis (G6Pase). The fact
that the entire set of trehaloneogenic genes
appeared in single cell organisms, long before
metazoan with complex circulatory systems
evolved, indicates that trehalose served processes
other than maintaining sugar/energy homeostasis.

Non-classical role of trehaloneogenesis

In both bacteria and yeast, trehalose is a constitu-
ent of the cytoplasm, and, as such, it not only
serves as a nutrient, but also as an important sub-
strate to counter stress. In E. coli and S. cerevisiae,
low temperature or humidity induces production of
trehalose, which protects proteins and other cellular
components from damage incurred by freezing and
dehydration, respectively.9,10,11 Thus, the initial role
of trehalose biosynthesis was likely to increase tre-
halose concentration for counteracting external
stresses.

Trehalose can ameliorate these and other stresses
[such as the presence of reactive oxygen species
(ROS) and osmotic shock] also in arthropods, as

well as some plants. Interestingly, in some of these
organisms, it was shown that certain stress signals
lead to upregulation of enzymes necessary for tre-
haloneogenesis.8 In addition, trehalose and trehalo-
neogenic intermediates (such as trehalose 6-
phosphate) have been postulated to function as sig-
naling molecules during development in both
plants and worms.12 For example, in A. thaliana,
mutations in TPS1 lead to embryonic lethality.13 In
contrast, Tps1 mutant C. elegans have no discern-
able phenotype, whereas T6Pase mutant worms die
in the early larval stage.14 These observations sug-
gest that trehalose 6-phosphate may function as a
signaling molecule, whereby lack of it in Arabidop-
sis or inappropriate accumulation in the worm lar-
vae interferes with proper development. Thus, as
evolution proceeded to generate more complex life
forms, the trehaloneogenic pathway acquired addi-
tional roles in modulating/controlling stress-
response pathways in animals, as well as in regulat-
ing early development.

Trehaloneogenesis: The main pathway for sugar
homeostasis in insect

In more complex animals, such as vertebrates and
insects, the main and primary function of gluco-
neogenesis and trehaloneogenesis is to maintain
sugar homeostasis when dietary carbohydrates are
limited. Surprisingly, some insects, including fruit
flies and mosquitos, possess the genes for both
pathways (Fig. 1B, Table S1). To further investigate
the potential functional relevance for this duplicity,
we took advantage of expression data available for
Drosophila melanogaster (http://flybase.org) and the
mosquito A. gambiae (http://mozatlas.gen.cam.ac.uk/
mozatlas/). In the fly, the trehaloneogenic-specific
enzymes encoded by tps1 (Drosophila tps1 gene enco-
des a fusion protein of Tps and T6Pase) and enzymes
shared by both pathways (Pepck and Fbp) are abun-
dantly expressed in the fat body, while expression of
G6P is found exclusively in the brain (Fig. 2A), a pro-
file that is also supported by expression data from
mosquitoes (data not shown). Moreover, both Pepck
and Fbp are not only expressed in the fat body, but
also found in the brain, at levels similar to those of
G6P. While these data are consistent with the dogma
that trehaloneogenesis, and not gluconeogenesis, is
the mechanism for maintaining sugar homeostasis in
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these insects,7 they also suggest that glucose can be
produced in the insect brain through the gluconeo-
genic pathway.

Novel non-systemic roles for gluconeogenesis

The oldest phylum in which a functional G6P gene
is present is Cnidaria, the first animals with diverse
types of organized cell populations, including

sensory neurons (Fig. 1B). This notion, and the
observation that G6P is expressed in an apparent
brain-specific fashion in flies and mosquitoes raises
the intriguing possibility that gluconeogenesis may
have evolved initially as a neuron-specific process.
To evaluate the expression profile of gluconeogenic
genes in the fly at the cellular level, we examined
their expression using the bipartite GAL4/UAS
expression system. Indeed, examination of reporter
activity in G6P-GAL4/UAS-GFP flies revealed that
G6P is expressed in only about 20 neurons in the
brain. Moreover, a gene reporter for another gluco-
neogenic enzyme (fbp-GAL4) showed an overlap-
ping, albeit not identical, pattern of expression
(data not shown), suggesting that the cells co-
expressing the two genes are gluconeogenesis-com-
petent. Most remarkably, four G6P-GAL4 and Fbp-
GAL4 expressing neurons also express neuropeptide
F (NPF; Fig. 2B), the insect ortholog of mammalian
neuropeptide Y (NPY). Given this small number of
cells, it seems unlikely that their purpose is the
production of glucose for systemic dissemination;
rather, we speculate that gluconeogenesis is used as
a cell-intrinsic, internal signaling mechanism, possi-
bly to regulate NPF signaling, in these neurons.

NPY has received broad attention due to its abil-
ity to modulate the activity of many organ systems,
including the control of food intake regulated in
part by the hypothalamus.15 Numerous studies in
rodents led to the identification of hypothalamic
NPY expressing neurons (as well as cells expressing
other neurohormones) whose activity is modulated
by changes in external glucose concentrations.16

Glucose mediated signaling by at least some of these
neurons is thought to regulate pancreatic/hepatic
insulin/glucagon secretion, as well as modulate the
activity of thalamus neurons involved in reward
seeking behavior.17 Moreover, key gluconeogenic
genes were expressed in the brain of many mam-
mals,18-21 but their relationship to NPF-/glucose-
responsive neurons remains to be examined. In con-
clusion, our phylogenetic analysis, in combination
with numerous experimental studies on the role of
trehalose in bacteria, yeast, C. elegans, and plants,
strongly argues for multifaceted roles of gluco- and
trehalo-neogenesis. The Drosophila model system is
well suited for investigating the postulated novel
role of gluconeogenesis in the brain and might stim-
ulate exploration of related studies in mammals.

Figure 2. Expression of gluconeogenic and trehaloneogenic
genes in D. melanogaster (A) Expression profile obtained from
Flybase (http://flybase.org). Note that Drosophila Tps1 gene enco-
des a fusion protein of Tps and T6Pase.5 (B) G6P-GAL4 expression
in the Drosophila brain. UAS-mCD8GFP was used to visualize
GAL4 expression (green), while NPF (Red) was detected using an
anti-NPF antibdoy.
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Methods

Bioinfomatics: Presence of a gene was determined by
BLASTP or TBLASTN using sequences from H. sapiens,
D. melanogaster, and S. cerevisiae as queries. Genes with
the total score �80 were defined as orthologues. Repre-
sentative species for each category, out of more than 100
analyzed, were: Escherichia coli, Anabaena cylindrical,
Rhodopirellula sp., Synechococcus sp and Terriglobus saa-
nensis (Bacteria),Agaricus bisporus, Botrytis cinerea,Mill-
erozyma farinose, Saccharomyces cerevisiae and
Torulaspora delbrueckii (Fungi), Arabidopsis thaliana,
Chlamydomonas reinhardtii, Oryza sativa, Physcomi-
trella patens and Zea mays (Plants), Amphimedon
queenslandica (Sponges), Trichoplax adhaerens (Placo-
zoa), Hydra vulgaris and Nematostella vectensis (Cnida-
ria), Aplysia californica and Octopus bimaculoides
(Mollusca), Ancylostoma ceylanicum, Caenorhabditis ele-
gans, Heterodera glycines, Loa loa and Trichinella spiralis
(Nematodes), Aedes aegypti, Apis mellifera, Bombyx
mori, Drosophila melanogaster and Tribolium castaneum
(Insects), Strongylocentrotus purpuratus (Sea urchin),
Ciona intestinalis (Vase tunicate), Branchiostoma floridae
(Lancelet), Danio rerio, Gallus gallus, Homo sapiens and
Xenopus tropicalis (Vertebrate).

Immunostaining: Immunostaining experiments were
performed as previously described.14 Anti-NPF and anti-
GFP were obtained from RayBiotech, Inc. and Novus
Biologicals USA, respectively. Anti-rabbit Alexa Fluor
488 and anti-chicken Alexa Fluor 555 from Molecular
Probes were used as secondary antibodies.

Molecular Biology/Transgenesis: A fragment con-
taining 676 nt sequence upstream of the G6P ATG ini-
tiation codon was PCR amplified form genomic DNA
and cloned into the pCaSpeR4 transformation vector
to generate the G6P-GAL4 construct. Embryo injec-
tions were carried out by BestGene (San Diego). UAS-
mCD8GFP and G6P-GAL4 were combined in the
same flies to visualize G6P-GAL4 expression.
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