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Figure S1: (a) Levels of key metabolites connected to AG. glucose, fructose and sorbitol are energy substrates and lactate and alanine
are end products of AG. Acetoacetate is an alternate carbon source that is metabolized at elevated levels under starvation conditions.
(b) Levels of amino acids in the Control, T5 and T60 samples. Asterisks indicate significant differences (P < 0.05).

Figure S2: Levels of oxidative stress markers (3-Nitrotyrosine) and antioxidants (taurine and glutathione) in the brain. Note that
taurine is also a neurotransmitter. Asterisks indicate significant differences (P < 0.05).

Figure S3: (Fig. 2 with all the metabolite labels): Unsupervised hierarchical clustering of metabolite levels. Clustergram shows
metabolite levels (represented as z-scores) across the 60 samples from Control, T5 and T60 for metabolites that were differentially
expressed (P < 0.1; t-test) between any two states (C, T5, T60).

Table S1: Genes upregulated (a) or downregulated (b) in Glycolysis, TCA cycle and Oxidative phosphorylation in the highest
aggression state comparisons (FDR < 0.1). Important rate-limiting enzymes in Glycolysis are highlighted in gray boxes. Transcripts
encoding protein constituents of four of the five enzyme complexes of the OXPhos pathway were significantly downregulated,
including NADH dehydrogenase (complex 1), succinate dehydrogenase (complex I1), cytochrome ¢ (complex 1) and ATP synthase
(complex V).

Table S2: Normalized honey bee brain metabolomics data, p-values and t-scores for all metabolites measured in this study.

Table S3: (a) The list of 25 metabolites differentially expressed between T60 and control (P < 0.05) and their direction of change in
T5 compared to control (21/25 have the same direction). (b) The corresponding list of 10 metabolites differentially expressed between
T5 and control (P < 0.1) and their direction of change in T60 (9/10 have the same direction). (c) The list of 19 metabolites
differentially expressed between T5 and T60 (P < 0.05) and their direction of change in T60 vs. Control (13/19 have the same
direction).
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Aerobic glycolysis involves increased glycolysis and decreased oxidative catabolism of glucose
even in the presence of an ample oxygen supply. Aerobic glycolysis, a common metabolic pattern
in cancer cells, was recently discovered in both the healthy and diseased human brain, but its
functional significance is not understood. This metabolic pattern in the brain is surprising because
it results in decreased efficiency of adenosine triphosphate (ATP) production in a tissue with high
energetic demands. We report that highly aggressive honey bees (Apis mellifera) show a brain
transcriptomic and metabolic state consistent with aerobic glycolysis, i.e. increased glycolysis in
combination with decreased oxidative phosphorylation. Furthermore, exposure to alarm
pheromone, which provokes aggression, causes a metabolic shift to aerobic glycolysis in the bee
brain. We hypothesize that this metabolic state, which is associated with altered neurotransmitter
levels, increased glycolytically derived ATP and a reduced cellular redox state, may lead to
increased neuronal excitability and oxidative stress in the brain. Our analysis provides evidence
for a robust, distinct and persistent brain metabolic response to aggression-inducing social cues.
This finding for the first time associates aerobic glycolysis with naturally occurring behavioral
plasticity, which has important implications for understanding both healthy and diseased brain
function.
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Aerobic glycolysis (AG) is characterized by elevated glycolysis relative to oxidative
phosphorylation despite adequate oxygen availability to completely metabolize glucose to
carbon dioxide and water (Vaishnavi et al. 2010). This metabolic shift leads to a relative
decrease in the efficiency of adenosine triphosphate (ATP) production as the cell becomes
more reliant on glycolysis-derived ATP (Pfeiffer et al. 2001). Aerobic glycolysis, also
known as the Warburg effect, is observed in cancer cells and is predicted to provide
precursors for cellular biomass production (Lunt & Vander Heiden 2011; Warburg 1956).
Another common site of AG is the healthy adult human brain; brain activity is characterized
not only by increased blood flow and glucose uptake in particular brain regions, but also by
a shift in metabolic flux toward AG (Fox et al. 1988; Madsen et al. 1995; Phelps & Barrio
2010). Previous studies estimate that 10-12% of glucose taken up by cells in the brain is
metabolized by AG (Boyle et al. 1994; Raichle et al. 1970). Given the high energetic
demands for neural function, it is surprising to see this less efficient metabolic state (Goyal
et al. 2014). Aerobic glycolysis varies regionally throughout the vertebrate brain, though the
causes of this variation are unknown (Vaishnavi et al. 2010). Furthermore, there is a
correlation between AG and beta amyloid plaque deposition (a symptom of Alzheimer’s
Disease), and aberrant AG has been linked to Huntington’s Disease (Powers et al. 2007;
Vlassenko et al. 2010). Thus AG is critical for brain health, but its function is unresolved
(Goyal et al. 2014). The study of brain AG would benefit from new experimental systems
that are amenable to manipulation.

Here we evaluate evidence that natural variation in aggressive behavior is associated with a
shift toward AG in the brain of the honey bee (Apis mellifera). A relationship between AG
and a distinct, experimentally inducible and evolutionarily conserved behavioral phenotype

Genes Brain Behav. Author manuscript; available in PMC 2016 March 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandrasekaran et al.

Page 3

like aggression in an insect model organism could provide a tractable system to study the
neural signaling and cognitive outcomes of AG in the brain.

Previous studies in the honey bee associated heightened aggression with a distinct brain
metabolic phenotype, specifically decreased expression and activity of genes and enzymes
involved in oxidative phosphorylation (OXPhos; Alaux et al. 2009). A combination of
pharmacological treatments in bees and genetic manipulations in fruit flies demonstrated a
causal relationship between brain OXPhos inhibition and increased aggression (Li-Byarlay
et al. 2014). In honey bees, topical treatments with insecticides that target OXPhos complex
I and V enzymes resulted in a 50% increase in aggression in a small group behavioral assay,
an effect that scales to substantial changes in aggressive response at the colony level.
Furthermore, in Drosophila melanogaster, a modest degree of RNAIi knockdown of a single
OXPhos NADH dehydrogenase mRNA in neurons, but not in glia, resulted in an increase in
male territorial aggression (Li-Byarlay et al. 2014). Taken together, these results provide
strong evidence of a causal relationship between decreased OXPhos levels and increased
aggression. Because whole-body metabolic rate increases for aggressively aroused bees
(Harrison & Hall 1993), a negative relationship between aggression and OXPhos activity in
the brain is surprising, and suggests that the brain has specific metabolic requirements when
individuals are in a state of heightened aggression.

Prior work shows a consistent relationship between OXPhos and aggression, but no study
has assessed the relationship between aggression and other pathways associated with energy
metabolism. In the current study we reanalyzed microarray data and took new metabolomics
measurements to evaluate the possibility that decreased OXPhos in the aggressive brain may
be more accurately described as a shift toward AG. Furthermore, we used metabolomics
data to hypothesize functional outcomes of a shift toward AG in the brain.

Materials and methods

Transcriptomics

Gene expression analysis—Statistical analyses to identify differentially expressed
genes were performed separately for each experiment as described in (Chandrasekaran et al.
2011). Briefly, effects were evaluated with an F-test statistic and the P-values were adjusted
for multiple hypothesis testing by using a FDR criterion. The resulting lists of differentially
expressed genes below a given cutoff (FDR < 0.1) were used for further enrichment
analysis. Through enrichment analysis, we measured over-representation of genes in
Glycolysis and OxPhos pathway among the genes that were up or downregulated. All
enrichment analyses were performed with the hypergeometric test (hygecdf function in
MATLAB). Given an overlap (L) between a pathway of interest and a list of upregulated or
downregulated genes, we calculated the enrichment P-value by summing over
hypergeometric probabilities for all values of overlap greater than L. Pathways annotations
for honey bee genes were obtained from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Kanehisa et al. 2008).
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Metabolomics

Results

Honey bee sample collection and preparation—Bees (n = 60; female workers) from
two different colonies were collected serially in the afternoon. Undisturbed middle-aged
bees were collected at the colony entrance (Control), and then isopentyl acetate (IPA), the
active compound in the honey bee alarm pheromone that induces aggressive behavior, was
presented at the colony entrance. Aroused bees were collected and flash-frozen (5 min post-
stimulus), or caged and flash-frozen (60 min post-stimulus; following Alaux et al. 2009).
Bee heads were lyophilized at —80°C and brains were dissected under 100% ethanol chilled
on dry ice. Aqueous metabolites were extracted in a solvent composed of methanol,
chloroform and water. Non-aqueous portions of the extraction were then analyzed for
protein content using the BCA assay.

Assay—Metabolomics measurements were done using a LC-QQQ-MS platform in the
MRM mode targeting 156 metabolites in 25 important metabolic pathways in both positive
MS and negative MS modes. Among the 156 measured metabolites we were able to detect
122 metabolites consistently across all the bees. The mean variance of metabolites was 7%
across samples. We used standards to validate the compound identities and to optimize the
platform.

Analysis—Metabolomics profiles for each sample were normalized to protein
concentration to account for variability in the input tissue levels. The data were then quantile
normalized using MATLAB quantilenorm function, and standardized to have zero mean and
unit variance. Data normality for statistical tests was assessed through quantile—quantile
plots and histograms using MATLAB. Differential metabolites were inferred using a two-
sample t-test with unequal variance.

Clustering—Unsupervised hierarchical clustering was performed using MATLAB. The
data were standardized along the rows to have zero mean and unit variance prior to
clustering to enable easier interpretation across metabolites. Pearson’s Correlation was used
to compute the distances between metabolomics profiles to build the clustergram. We chose
all metabolites that were differentially expressed between any of the conditions (P-value <
0.1). The numbers of metabolites in each case were 10 (T5 vs. control), 30 (T60 vs. control)
and 23 (T5 vs. T60). There were 40 total unique metabolites among these and they were
used as input data to build the clustergram.

To explore the brain metabolic correlates of aggression, we analyzed transcriptomic data
from 11 previously published microarray experiments (277 individual brain transcriptomes;
Table 1). Each of these experiments measured whole-brain transcriptomic differences
associated with genetic or socially induced variation in aggressive behavior
(Chandrasekaran et al. 2011), but not all were analyzed for metabolic patterns by Alaux et
al. (2009). In this expanded set of aggression studies, we found that OXPhos gene
expression was consistently significantly lower in high-aggression behavioral states (P <
1079 Table 1). Specifically, transcripts encoding protein constituents of four of the five
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enzyme complexes of the OXPhos pathway were significantly downregulated, including
NADH dehydrogenase (complex 1), succinate dehydrogenase (complex Il), cytochrome ¢
(complex 1V) and ATP synthase (complex V) (S. Table 1). This pattern was robust across
contexts of genetic, developmental and socially induced differences in aggression: highly
aggressive vs. more docile subspecies; older, more aggressive adult bees vs. younger adults;
and bees exposed to alarm pheromone, an aggression-inducing social cue, vs. unexposed
control.

In contrast, glycolysis gene expression, especially for key rate-limiting reactions, was higher
in the brains of more aggressive bees, and this pattern was significant for the highest
aggression state (P = 0.05; Table 1; S. Table 1). Thus, contrary to the implication of the
OXPhos data alone, aggressive bee brain metabolism is not globally decreased, but is shifted
toward AG, i.e. glucose metabolism by glycolysis in excess of OXPhos (Vaishnavi et al.
2010). The states of highest aggression (‘soldier’ bees) showed the strongest AG pattern,
with strong OXPhos downregulation and an increase in glycolysis. Moreover, no datasets
showed a decrease in glycolysis, suggesting glucose metabolism in excess of OxPhos was a
general pattern (Fig. 1). Overall we observed this pattern across aggressive states caused by
both genetic and social factors, implying that AG is a general feature of the aggressive brain.

To further support the link between aggression and AG, we performed a brain metabolomic
analysis on newly collected samples. To evaluate the time course of brain metabolic
changes, we collected 20 aggressive bees 5 min (T5) and 60 min (T60) after exposure to
alarm pheromone, and compared these groups to control bees unexposed to pheromone. We
selected the 5 min sampling point to capture rapid changes in metabolic flux that may occur
prior to transcriptional changes, which typically peak around 30 min (Cummings et al. 2008,
Ellis & Carney 2011). We selected the 60 min sampling time based on previous empirical
data, which gave ample evidence of a robust shift in OXPhos (manifesting both in terms of
mMRNA abundance and mitochondrial enzyme activity) at this time point (Alaux et al. 2009).

We measured a targeted set of 156 metabolites for each brain. Though the strongest
differences in metabolite concentrations occurred comparing the T60 bees to control, 21 of
the 25 metabolites showing significant differences between T60 and Control showed the
same direction of change comparing T5 to Control and T60 to T5 (S. Table 2 and 3). This
suggests that the brain metabolic response to an aggression-inducing cue is initiated within 5
min, increases in severity, and is maintained for at least 60 min (Fig. 2a,b).

Indicators of AG in cancer include increased concentrations of lactate, glucose and alanine
(Agathocleous et al. 2012; Lunt & Vander Heiden 2011; VVander Heiden et al. 2009). We
observed a significant increase in two major glycolytic precursors, glucose and fructose, in
the aggressive brain (P < 0.01; t(37.6) = 2.78). Moreover, alanine, an end product of
glycolysis, was significantly higher in aggressive brains (P < 0.01; t(33.7) = 2.68; Fig. 2c).
The direct precursor to alanine, pyruvate, does not accumulate in neurons and glia of bees
(Wegener 1988). Therefore alanine levels depend on de novo pyruvate production from
glycolysis, and thus alanine is an accepted indicator of glycolytic flux in insects (Ragland et
al. 2010). High levels of alanine suggest that increased glycolytic flux occurs without a
concordant increase in tri carboxylic acid (TCA) cycle and OXPhos activity (Lunt & Vander

Genes Brain Behav. Author manuscript; available in PMC 2016 March 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandrasekaran et al.

Page 6

Heiden 2011), consistent with AG. Lactate is another common indicator of AG, and in our
analyses, lactate increased only slightly. This finding however is consistent with previous
studies showing very little lactate production at rest or following increased activity in the
brain and flight muscles of honey bees and other invertebrates (Tsacopoulos et al. 1994;
Wegener 1988). Finally, we observed a slight, non-significant increase in 4 of 6 other
measured glycolytic intermediates — glucose-6-phosphate, fructose-6-phosphate,
glyceraldehyde-3-phosphate and dihydroxyacetone Phosphate, as well as a slight increase in
pyruvate (Fig. 3; Table S2 and Fig. S1, Supporting Information). These data, coupled with
the transcriptomic analysis, suggest that increased aggression is associated with increased
glycolysis and decreased OXPhos, i.e. a shift to AG in the brain.

The metabolomics results identified additional molecular features that distinguish the
aggressive brain and may be connected to AG. We detected significant decreases in the
predominantly inhibitory neurotransmitters GABA and taurine (P < 0.05; t(34) = -4.8; Fig.
2c), and increases in glutamate and glycine (P < 0.05; t(33.6) = 3.2; Fig. 2c), two excitatory
neurotransmitters. Alpha-ketoglutarate, a TCA cycle intermediate and glutamate precursor,
also significantly decreased (Fig. 3). Furthermore, we detected evidence of oxidative stress
in the aggressive brain, i.e. a significant increase in the marker nitrotyrosine (P < 0.01; t(34)
= 3.56) and decreases in the antioxidants taurine and glutathione (Macone et al. 2011) (P <
0.09; t(23.8) = -1.74; Fig. S2).

Discussion

Our data suggest a shift toward brain AG in high aggression states. Other features of the
aggressive brain include changes in neurotransmitter levels and indicators of oxidative
stress. Here we discuss possible functions of AG in the aggressive brain that are consistent
with our transcriptomic and metabolomics data.

Our data support the previously described negative relationship between aggression and
brain OXPhos activity (Alaux et al. 2009; Li-Byarlay et al. 2014). We found that this
relationship was most robust in the highest aggression comparisons, but the general pattern
was consistent across all eleven contexts for aggression in our study. Based on OXPhos data
alone, a previous study hypothesized that energy metabolism may globally decrease in
association with heightened aggression (Alaux et al. 2009). However, our analyses suggest
that energy metabolism in the aggressive brain is not decreased overall, but rather shifted
toward AG, with increased glycolysis in addition to decreased OXPhos activity. Glycolysis
gene expression was increased in the most aggressive states, and never decreased in concert
with OXPhos.

The functional implications of a shift toward AG in the aggressive brain are unknown. Our
data support one possibility, which is that AG alters concentrations of metabolites that serve
as precursors for neurotransmitter synthesis; we detected significant decreases in the
predominantly inhibitory neurotransmitters GABA and taurine (El Hassani et al. 2008; Jia et
al. 2008; Papandreou et al. 2006), and significant increases in the predominantly excitatory
neurotransmitters glutamate and glycine (Lopez-Cocuera et al. 2001; Signorotti et al. 2014).
Moreover, alpha-ketoglutarate, a TCA cycle intermediate and glutamate precursor, also
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significantly decreased, suggesting this metabolite may be diverted away from the TCA
cycle and OXPhos toward glutamate production, altering neurotransmitter levels in the
aggressive brain. Decreased inhibitory neurotransmission, and specifically decreased
GABA:glutamate ratios, have been implicated in aggression (Wnuk et al. 2013), and our
findings provide a possible mechanism to explain how the decreased ratio occurs.

Our data suggest that AG may also be linked to an oxidative stress response, as we detected
evidence of oxidative stress in the aggressive brain. This does not conflict with the previous
hypothesis, as AG could enable the concurrent production of antioxidants and
neurotransmitters, and a combination of different cellular demands may drive AG in the bee
brain. Oxidative stress could indicate that the aggressive brain is oxygen deprived (i.e.
hypoxic), which is known to induce glycolysis (Lunt & Vander Heiden 2011) and thus could
drive our observed metabolic patterns. However, the prolonged time-scale of the aggression-
induced metabolic state, persisting for at least 60 min, suggests oxygen deprivation is
probably not the primary driver. Similarly, AG could provide a short burst of ATP (Pfeiffer
et al. 2001) for enhanced synaptic activity during the relatively brief defensive event, but
this does not explain the persistence of AG beyond the initial defensive response. Finally,
the long time-scale of the metabolic response differentiates it from the immediate behavioral
response to alarm pheromone, which may activate a constrained set of target neurons
mediating the immediate aggressive response.

Previous studies suggest other possible functions of AG in the brain, which could also be
important in the aggressive context. AG could lead to NADH accumulation (Lunt & Vander
Heiden 2011), reducing cellular redox state and increasing neural excitability by reducing
voltage-gated membrane potassium channel conductance (Wang et al. 2012; Yang et al.
2014). Increased excitability, e.g. in glutamatergic circuits, could enhance aggressive
behavior as these circuits are known to potentiate response to stressors (Herman et al. 2004).
Aerobic glycolysis could also facilitate increased synaptic activity; membrane-associated
glycolytic enzymes provide ATP for ion channels and glutamate transporters (Sattler &
Tymianski 2001). Finally, although cell proliferation is not a relevant goal in the bee brain
because there is no known adult neurogenesis (Fahrbach et al. 1995), AG might support
synapse formation and growth, which, similar to cancer, have strong biosynthetic demands
(Goyal et al. 2014). Our data cannot rule out these hypotheses, which may not be mutually
exclusive. Testing these different hypotheses, which involves detailed electrophysiological,
behavioral and metabolomics analysis, is beyond the scope of the present study.
Furthermore, our analyses are at the whole-brain level, and do not account for the possibility
that the metabolic response we have observed is limited to particular brain regions or
circuits.

The metabolic shift in the aggressive brain is itself likely mediated by neurotransmitter
signaling. Similar to the predicted role of lactate in memory and neural plasticity, ala-nine
may serve as a signaling molecule in the bee brain (Barros 2013; Tsacopoulos et al. 1994;
Yang et al. 2014) or as a long-range paracrine signal of metabolic state (Bergersen &
Gjedde 2012). Brain metabolic changes may be induced by octopamine, the insect ‘fight or
flight” neurohormone that is commonly associated with changes in aggression and mediates
shifts in muscle energy metabolism. Our results could provide a neural mechanism to link
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known relationships between octopamine signaling and experience-dependent modulation of
aggressive behaviors (Stevenson et al. 2005). Finally, transcription factors likely coordinate
the neurogenomic changes we observe. The transcription factor dorsal, the insect ortholog
of NF-Kappa B, was implicated in the general control of socially regulated behaviors,
including foraging and aggression, in honeybees (Chandrasekaran et al. 2011). dorsal has
been shown to regulate the balance between glycolysis and mitochondrial respiration in
mammalian cells (Mauro et al. 2011). Thus tuning the metabolic state of the brain could be a
general mechanism used to modulate socially responsive behaviors.

Aberrant brain metabolic flux is associated with neurological, behavioral and mood
disorders. Aerobic glycolysis occurs in regions of beta-amyloid deposition in Alzheimer’s
cases (Vlassenko et al. 2010), an AG-like brain metabolic state has been observed in
Schizophrenia (Prabakaran et al. 2004), and Huntington’s Disease has been associated with
deficits in AG (Powers et al. 2007). Decreased GABA levels are also associated with
impulsivity, an aggression-related behavioral disorder (Boy et al. 2011). Thus the
connection between honey bee aggression and AG provides an interesting context to address
the neural and cognitive consequences of human brain AG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential expression of glycolysis and OXPhos genesin the aggressive brain
Each category, described in Table 1, compares genetic and socially induced differences in

aggression; all comparisons involve a more aggressive vs. a less aggressive state. AHB,
Africanized honey bee (hybrids of Apis mellifera ligustica and scutellata); EHB, European
honey bee (primarily Apis mellifera ligustica); lig, Apis mellifera ligustica; mel, Apis
mellifera mellifera. ‘Colony’ label indicates effects of colony genotype on gene expression,

independent of individual genotype (cross-fostering design). P-values based on

hypergeometric test of enrichment are shown (Materials and methods). The P-value for mel
v. lig. (15-day-old) was floored to 10710 for visual clarity.
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Figure 2. Metabolomics data
(a) Scatter plot of z-scores and P-values of all measured metabolites. Scatter plot shows

differentially expressed metabolites and outliers between Control individuals and individuals
5 or 60 min after the start of the aggressive response. Outliers and differentially expressed
metabolites (P-value < 0.05) mentioned in the text are highlighted. Metabolites above the
red line (P-value < 0.1) are plotted in the clustergram in (b). Abbreviations: Alpha-
ketoglutarate —aKG, Gamma-Amino Butryic Acid — GABA. (b) Unsupervised hierarchical
clustering of metabolite levels in the aggressive brain. Clustergram shows differentially
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expressed (P < 0.1; t-test) metabolite levels (standardized to z-scores with zero mean and
unit variance to enable comparison across metabolites) across the 60 samples from Control
individuals and individuals 5 or 60 min after the start of the aggressive response. The
horizontal line separates upregulated from downregulated metabolites at 60 min. (c) Levels
of key metabolites connected to AG. Glucose and fructose are energy substrates, and lactate
and alanine are end products of AG. The bottom row shows levels of excitatory and
inhibitory neurotransmitters connected to AG. Asterisks indicate significant differences (P <
0.05). Refer to Figure S3 and Table S2 for full list of metabolite labels and P-values.
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Figure 3. Relative levels of central metabolism metabolites and genesin the aggressive brain
Metabolites are listed in circles and genes are in rectangles. Metabolites in white were not

measured. Dark green and dark red colors represent changes in metabolites and mRNA that
were statistically significant (a decrease or increase, respectively) according to gene
expression and metabolite data from honey bees treated with alarm pheromone vs. control.
Light green and light red colors represent a non-significant decrease or increase,
respectively. Protein complexes in the oxidative phosphorylation pathway, which are
composed of variable numbers of protein subunits, are drawn as cartoons that represent the
physical shapes of the complexes. Complexes are colored green to represent the general
down regulation of the transcripts that encode protein constituents. Circles with black and
dotted borders were compounds that were indistinguishable from one another in the
metabolomics analysis. GLC, glucose; PYR, pyruvate; OAA, oxaloacetate; CIT, citrate;
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AKG, alpha-ketoglutarate; SUC, succinate; FUM, fumarate; MAL, malate; SCA, succinyl-
CoA; GLU, glutamate; GLN, glutamine; LAC, lactate; ALA, alanine; G6P, glucose 6
phosphate; F6P, fructose 6 phosphate; FBP, fructose 1,6 bis phosphate; GADP,
glyceraldehyde 3 phosphate; DHAP, dihydroxyacetone phosphate; 1,3BPG, 1,3
bisphosphoglycerate; 3PG, 3 phosphoglycerate; 2PG, 2 phosphoglycerate; PEP,
phosphoenolpyruvate.
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