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Toxoplasma gondii can grow and replicate using either glucose or glutamine as the major carbon source.
Here, we have studied the essentiality of glycolysis in the tachyzoite and bradyzoite stages of T. gondii,
using transgenic parasites that lack a functional hexokinase gene (Dhk) in RH (Type-1) and Prugniaud
(Type-II) strain parasites. Tachyzoite stage Dhk parasites exhibit a fitness defect similar to that reported
previously for the major glucose transporter mutant, and remain virulent in mice. However, although
Prugniaud strain Dhk tachyzoites were capable of transforming into bradyzoites in vitro, they were
severely compromised in their ability to make mature bradyzoite cysts in the brain tissue of mice.
Isotopic labelling studies reveal that glucose-deprived tacyzoites utilise glutamine to replenish glycolytic
and pentose phosphate pathway intermediates via gluconeogenesis. Interestingly, while glutamine-
deprived intracellular Dhk tachyzoites continued to replicate, extracellular parasites were unable to
efficiently invade host cells. Further, studies on mutant tachyzoites lacking a functional phospho-
enolpyruvate carboxykinase (Dpepck1) revealed that glutaminolysis is the sole source of gluconeogenic
flux in glucose-deprived parasites. In addition, glutaminolysis is essential for sustaining oxidative
phosphorylation in Dhk parasites, while wild type (wt) and Dpepck1 parasites can obtain ATP from either
glycolysis or oxidative phosphorylation. This study provides insights into the role of nutrient metabolism
during asexual propagation and development of T. gondii, and validates the versatile nature of central car-
bon and energy metabolism in this parasite.

� 2018 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Apicomplexan species are remarkably diverse in their cellular
metabolism, often harbouring a reduced set of pathways in com-
parison to their hosts or even related free-living protists (Woo
et al., 2015). As a consequence, these parasites resort to scavenging
a variety of essential nutrients and metabolites from the host
(Polonais and Soldati-Favre, 2010). Glucose is the preferred nutri-
ent for Toxoplasma gondii and its assimilation via glycolysis
supports optimal growth of the parasite. In addition, certain gly-
colytic enzymes are located in the apicoplast (Fleige et al., 2007),
a secondary endosymbiotic plastid organelle (McFadden et al.,
1996; Köhler et al., 1997), where they are involved in the inter-
conversion of triose-phosphate intermediates to provide precur-
sors for biosynthesis of fatty acids (acetyl-CoA) and isoprene units
(pyruvate and glyceraldehyde 3-phosphate) (Roos et al., 2002;
Seeber, 2003; Seeber and Soldati-Favre, 2010; Ralph et al., 2004).
Moreover, the pyruvate dehydrogenase enzyme, which converts
the glycolytic end product pyruvate to acetyl-CoA, is located only
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in the apicoplast and hence may have no role in mitochondrial
acetyl CoA production (Foth et al., 2005; Crawford et al., 2006).
Instead, the branched chain keto-acid dehydrogenase (BCKDH)
enzyme was shown to facilitate the synthesis of acetyl-CoA in
the mitochondrion of Toxoplasma and Plasmodium (Oppenheim
et al., 2014). It is also likely that pyruvate is converted to oxaloac-
etate by pyruvate carboxylase enzyme in the mitochondrion
(MacRae et al., 2012), although the expression of this enzyme in
tachyzoite stage parasites appears to be very low (Nitzsche et al.,
2017). The flux of carbon from glycolysis into the Krebs cycle has
been demonstrated previously in T. gondii by metabolic labelling
studies, in both extracellular and intracellular tachyzoite stage par-
asites (MacRae et al., 2012). Glycolysis is also the major source of
cellular ATP in T. gondii. Biochemical studies in T. gondii indicate
that bulk ATP production can be accounted for by glycolysis, rather
than by mitochondrial oxidative phosphorylation (Saliba and Kirk,
2001; Al-Anouti et al., 2004; Lin et al., 2011).

Despite the importance of glucose as a key nutrient, tachyzoite
stage mutant parasites lacking the major glucose transporter
(Tggt1) were viable (Blume et al., 2009). Glutamine was found to
be necessary for growth and motility of gt1 mutant parasites
(Dgt1), and metabolic labelling studies revealed an active gluco-
neogenic pathway via which carbon derived from glutaminolysis
was channelled to replenish glycolytic intermediates (Nitzsche
et al., 2016). The non-essentiality of glycolysis was further con-
firmed by the finding that the glycolytic enzyme aldolase is dis-
pensable in tachyzoite stage T. gondii (Shen and Sibley, 2014). In
the absence of robust glycolysis, as is the case in Dgt1 mutants,
glutamine is the key nutrient supporting the survival of the para-
site (MacRae et al., 2012; Nitzsche et al., 2016). Glutaminolysis
contributes carbon flux to the Krebs cycle, and helps replenish gly-
colytic intermediates via gluconeogenesis, thereby facilitating the
growth and replication of Dgt1 parasites. This finding was further
supported by the fact that phosphoenolpyruvate carboxykinase
(pepck1) enzyme, which catalyses the first step in glyconeogenesis
is essential for survival of T. gondii in the absence of glycolysis
(Nitzsche et al., 2017).

However, the role of glycolysis during asexual stage conversion
and tissue cyst formation in animal hosts is yet to be studied.
Bradyzoite stage parasites are characterised by the presence of
intracellular amylopectin granules, and the cyst wall they form
contains lectin binding polysaccharides (Dubey et al., 1998). It is
likely that these complex polysaccharides are derived primarily
from the carbon backbones of glycolytic intermediates. In T. gondii,
two isoforms of the enzyme lactate dehydrogenase, which facili-
tates glycolytic flux by regulating pyruvate and NAD+ levels, were
found to be essential for establishing chronic infection in mice
(Abdelbaset et al., 2017). In this study, we have investigated the
essentiality of the T. gondii glycolytic enzyme hexokinase (Tghk)
for the growth, replication and asexual differentiation of
tachyzoite stage parasites. Hexokinase knockout parasites (Dhk;
glycolytic mutant) exhibit a moderate fitness defect in vitro and
decreased virulence in mice. Although Dhk parasites were capable
of differentiating into bradyzoites in vitro, they were severely
compromised in mature tissue cyst formation in vivo. Isotope-
resolved metabolic labelling studies with U13C-glucose and
U13C-U15N-glutamine were performed to track the metabolic
changes in Dhk, and validate glutaminolysis as the major pathway
for carbon and energy acquisition in these parasites. The impor-
tance of gluconeogenesis for parasite survival in the absence of gly-
colysis was confirmed using pepck1 mutant parasites (Dpepck1)
deficient in gluconeogenesis. Further, our studies also confirm that,
T. gondii tachyzoites are capable of maintaining cellular ATP home-
ostasis by via either glycolysis or mitochondrial oxidative
phosphorylation.
2. Materials and methods

Detailed experimental procedures are supplied in Supplemen-
tary Data S1.
2.1. Molecular genetic methods

Parasite genomic DNA and total RNA were isolated using
respective kits from Qiagen (Germany). Genomic DNA was ampli-
fied using either Herculase II Fusion (Stratagene, USA), GoTaq (Pro-
mega, USA) thermo stable DNA polymerases, or LA Taq polymerase
(Takara, Japan). The Tghk gene knockout construct contained
1082 kb and 1126 kb flanking sequences upstream and down-
stream of the gene loci (TGME49_265450; �5.3 Kb) interspaced
by the canonical T. gondii hxgprt selection cassette (Donald et al.,
1996). The DhxgprtDku80 parental strains of RH and Prugniaud T.
gondii were transfected with a PCR amplified Tghk gene knockout
cassette, followed by selection in the presence of mycophenolic
acid and cloning stable lines of mutant parasites using the limiting
dilution method. Tghk gene deletion was confirmed by PCR ampli-
fication of genomic DNA isolated from mutant parasites. The
sequences of primers used in this study are listed in Supplemen-
tary Table S1. The Dhk mutants were complemented using the
PSBLV72 cosmid (kindly provided from the laboratory of David Sib-
ley, Washington University, USA), which includes the entire wild
type (wt) hk gene loci in the middle of a �25 kb piece of T. gondii
chromosome IX. The constitutively expressing copy of PEPCK gene
(Tgpepck1; TgME49_289650) was ablated via genome editing using
the CRISPR/Cas9 system previously demonstrated in T. gondii (Shen
et al., 2014; Sidik et al., 2014). The CRISPR guide RNA was engi-
neered to target the Cas9 endonuclease to exon I of Tgpepck1.
The Cas9 endonuclease and the guide RNA were expressed from
a plasmid previously optimised for expression in T. gondii (Shen
et al., 2014). Along with this plasmid, a PCR fragment containing
the human dihydrofolate reductase (dhfr) gene cassette conferring
pyrimethamine resistance, flanked by 40 bp of homologous region
spanning the Cas9 cut site, was used to repair the Cas9 cut site
resulting in targeted disruption of Tgpepck1. A clonal line of the
DTgpepck1 parasite was isolated by limiting dilution method,
under pyrimethamine selection. Mutant DTgpepck1 parasites were
complemented with a plasmid constitutively expressing the
Tgpepck1-HA cDNA. Clonal lines of the complemented strain were
obtained by using glucose deprivation as negative selection against
Dpepck1 parasites.
2.2. Parasite strains and specific growth conditions

All experiments reported in this study were done with either
RH (Type I) or Prugniaud (Pru; Type II) strains of T. gondii. The par-
asite strains used in this study are listed below and the abbrevia-
tions used to denote them are indicated within parentheses:

RH wild type (RH wt)
RH DTghxgprtDTgku80 (RH Dku80) (Fox et al., 2009;
Rommereim et al., 2014)
RH DTghxgprtDTgku80DTghk+Tghxgprt (RH Dhk)
RH DTghxgprtDTgku80DTghk+Tghxgprt+Tghk (RH Dhk+Tghk)
Pru DTghxgprtDTgku80 (Pru Dku80) (Fox et al., 2011)
Pru DTghxgprtDTgku80DTghk+Tghxgprt (Pru Dhk)
RH DTgpepck1 (RH Dpepck1)
RH DTgpepck1+Tgpepck1-HA (RH Dpepck1+Tgpepck1-HA)

Human foreskin fibroblasts (HFF) were used as host cells for
parasite infection in all experiments and routine maintenance of
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tachyzoite stage parasites in the laboratory was done as previously
reported (Roos et al., 1994). MEM (Invitrogen, USA) containing
5.5 mM glucose and 4 mM glutamine, in addition to salts, vitamins
and essential amino acids, was used as complete medium for opti-
mal growth of parasites. Nutrient deprivation experiments were
carried out in culture medium with a similar composition but lack-
ing either glucose or glutamine. For this, DMEM (Invitrogen) con-
taining 4 mM glutamine and no glucose or MEM containing
5.5 mM glucose and no glutamine were used, respectively. These
two media included other components such as salts, vitamins,
and essential amino acids in similar proportions to those found in
the complete medium, and serum was not added to any of the
media used for growth assays. Two-week old confluent HFF mono-
layers were used for parasite growth assays, and both the host cells
and parasites were washed in respective starvation mediums
before setting up the infection. The viability of confluent HFFmono-
layers was not affected by the starvation conditions over the course
of assaying parasite growth rate (typically 2–3 days) as determined
by Almar Blue cell viability assays. When required, non-essential
amino acids (100� MEM-NEAA; Invitrogen, USA) were added to
the culture medium to a final 1� concentration. Sodium acetate,
sodium pyruvate, sodium succinate dibasic hexahydrate, sodium
propionate, glycerol, 2-deoxyglucose (2DG) and azaserine (all pur-
chased from Sigma, USA) were used in specific growth experiments
at concentrations given in the relevant sections.

2.3. Intracellular replication rate assays

Intracellular tachyzoites growing in complete medium were
freshly released and washed in the medium of choice before being
used to infect HFF monolayers in the presence of complete or min-
imal medium. Three to five hour p.i., the monolayers were washed
with appropriate media to remove extracellular parasites. Then,
parasite replication rates were determined from vacuole size as
previously reported. Briefly, the vacuole size (log2 of parasite num-
ber per vacuole) was estimated for at least 100 random vacuoles in
each replicate, at various times (typically with a gap of 6 or 12 h)
over a period of 2–3 days depending on the strain of the parasite.
The average vacuole size at each time point was used to determine
the replication rate and the doubling time indicated the time taken
for the parasite to divide once.

2.4. Plaque forming assays

To assess long-term growth of T. gondii tachyzoites under differ-
ing growth conditions, we carried out plaque forming assays.
Either 200 or 50 freshly lysed tachyzoites were inoculated into a
T25 culture flask or 6-well culture plates, respectively. The infected
monolayers were incubated undisturbed for 8–10 days for plaque
formation. To visualise the plaques, the infected monolayers where
fixed with 100% ice-cold methanol and stained with crystal violet
dye as previously reported (Ufermann et al., 2017). Plaque counts
from each flask/well were obtained by manual inspection.

2.5. Virulence and differentiation studies in mice

Animal experiments were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Dartmouth College,
Hanover, New Hampshire, USA (Animal Welfare Assurance Num-
ber #3259-01) and were performed under IACUC Protocol Number
00002108. Experiments were in accordance with the guidelines
published in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health following the U.S.A. Public
Health Service policy on Humane Care and Use of Laboratory Ani-
mals. Pru Dku80 and Pru Dhk tachyzoites were used to assess the
essentiality of glycolysis for virulence (acutely infected) and tissue
cyst formation (chronically infected) in C57BL/6 mice. Acute infec-
tion was initiated by injecting mice i.p. with either a low (2 � 105)
or high (2 � 106) dose of parasites. Virulence was assessed based
on percent survival of mice, with daily monitoring until 100% mor-
tality was reached in the control group of mice infected with Pru
Dku80 parasites. Chromic infection in mice was initiated by inject-
ing �200 tachyzoites i.p. and the cyst burden in animal brain was
assessed 3 and 5 weeks p.i. as previously reported (Ferguson and
Hutchison, 1987; Dubey, 1997; Bohne et al., 1998).

2.6. In vitro asexual differentiation of T. gondii and bradyzoite cyst
wall staining

In vitro stage conversion studies were done essentially as previ-
ously described using the CO2 starvation protocol (Knoll and
Boothroyd, 1998). Pru Dku80 and Pru Dhk tachyzoites were
allowed to infect 2 week-old confluent HFF monolayers grown on
glass coverslips in 6-well plates. Immediately after parasite inocu-
lation, the plates were placed in a 37 �C incubator maintaining CO2

at atmospheric levels (>0.04%) and at 3–5 h p.i., the infected mono-
layers were washed to remove extracellular parasites. The mono-
layers were then continuously maintained in low CO2 condition
for 1 week following which the infected monolayers were fixed
and stained to visualise bradyzoite cyst wall polysaccharides.
Formaldehyde (2%; Polysciences, USA) diluted in PBS was used to
fix the monolayer for 10 min followed by two washes in PBS and
permeablized using PBS containing Triton X-100 (Sigma). The
monolayers were then blocked for 30 min in PBS containing 5%
FBS and stained with 0.1 mg/ml of TRITC labelled Dolichos biflorus
lectin (Sigma) in blocking solution. Coverslips were mounted on
glass slides using Fluoromount-G (SouthernBiotech, USA) and
imaged using an Olympus IX70 invertedmicroscope equipped with
a mercury vapour lamp, appropriate barrier/emission filters (Delta-
Vision, USA), and a Photometrics CoolSNAP high resolution digital
CCD camera.

2.7. Metabolic labelling, metabolite extraction, and LC–MS profiling

DMEM minus glucose media supplemented with U13C-glucose
(5.5 mM) and MEM minus glutamine media supplemented with
U13C-U13N-glutamine (4 mM) were used as culture media for
metabolic labelling studies using RH wt, RH Dku80, RH Dhk, and
RH Dpepck1 parasites. Freshly isolated extracellular (host cell-
free) tachyzoite stage parasites were washed once in complete
medium and resuspended in either 13C labelled glucose or glu-
tamine (Cambridge Isotope Laboratories, Inc., USA) containing
medium at a density of 108 parasites per millilitre. Labelling was
allowed to proceed over a time period of 5, 10, 15, 30, 60 and
120 min in 1 ml of culture suspension. At each time point, metabo-
lites were extracted from replicate parasite samples using a mod-
ified version of a previously reported protocol (Olszewski et al.,
2009). Briefly, host cell-free parasites were collected by centrifuga-
tion at 1650g for 5 min at 4 �C, the supernatant was removed, and
the cell pellet immediately resuspended in 200 ml of ice cold 80%
acetonitrile (Chem-Impex; JT Bakers, USA) in water and incubated
on ice for 15 min with intermittent vortexing. The supernatant was
then collected after centrifuging at 16,200g for 5 min and the pellet
was further extracted twice with 100 ml of the same solvent using
ultrasound in a sonicating iced water bath for 15 min. All the
extracts were pooled (total 400 ml) and stored in �80 �C until fur-
ther processing for LC–MS analysis.

The acetonitrile:water extracts from parasites were dried under
nitrogen flow and resuspended in 200 ml of water:methanol (97:3)
containing 10 mM tributylamine and 15 mM acetic acid. This sol-
vent was also used as buffer A and methanol as buffer B for liquid
chromatography using a Synergy Hydro-RP column (Phenomenex,
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USA) with a bed volume of 100 mm � 2 mm and particle size of
2.5 m. For some samples, an alternate method was used, with an
Accucore C18 column (Thermo Fisher Scientific, USA) with a bed
volume of 150 mm � 2.1 mm and 2.6 m particle size. A solvent sys-
tem composed of water buffered with 0.1% formic acid (buffer A)
and acetonitrile (buffer B), was used on a 20 min gradient run with
a flow rate of 200 ml/min as follows: hold at 10% acetonitrile for
30 s and gradually ramp up to 15%, 20%, 50%, 60% and 90% acetoni-
trile by 3, 6, 10, 12, 13 min, hold at 90% acetonitrile until 15 min,
ramp down to 10% acetonitrile by 15.5 min and hold until
20 min. LC–MS analysis was done using a Exactive Orbitrap mass
spectrometer, coupled to an Accela U-HPLC (Thermo Fisher Scien-
tific) and HTC PAL autosampler (CTC Analytics AG, Switzerland).
The mass spectrometer was run in negative mode, scanning a
mass-charge ratio (m/z) range of 85–1000. All other parameters
used for LC–MS instrumentation in this study were similar to pub-
lished protocols (Lu et al., 2010; Melamud et al., 2010).

2.8. LC–MS data processing and analysis

The RAW file output from the mass spectrometer was converted
from the profile mode into centroid mode using the ReAdW or Pro-
teowizard programme (Chambers et al., 2012) and further anal-
ysed using the MAVEN (Clasquin et al., 2012) programme. Data
from replicate samples for each time point was aligned within
MAVEN and ion chromatograms were extracted for each com-
pound to within a 10 PPMwindow of the expectedm/z value. Peaks
were detected from these ion chromatograms and their quality
was ascertained using default settings available in MAVEN.
Metabolites were identified by matching the retention times as
well as the m/z values to >99% pure commercial standards for
which in-house calibration was done. Grouped peaks from repli-
cate samples for all time points were matched to the expected
retention time of standards, and the peaks with a quality score of
at least 0.5 were hand picked for metabolites of interest. In addi-
tion to the 12C/14N containing parent compounds, 13C/15N labelled
isotopomers for each metabolite were selected by accounting for
the expected shift inm/z values. Peak height was used as a measure
of metabolite abundance and in case of 13C labelled compounds,
we also accounted for the natural distribution of the isotope as cal-
culated by the Qual Browser included in the Xcalibur software
suite (Thermo Fisher Scientific) and corrected the final signal out-
put accordingly. The relative abundance of unlabelled and 13C
labelled isotopomers of each metabolite was calculated for all sam-
ples over the experimental time course. Signals obtained from
blank runs were used for noise correction and only peaks with a
signal intensity of at least 1000 counts (approximate instrument
limit for quantitation) were considered. Since we expected the sig-
nal levels of metabolites to change across the experimental time
points (especially for isotopically labelled forms), we considered
metabolites that had a signal count of 1000 or more in at least
one time point. The 13C labelled isotopomers of metabolites were
plotted only if they represented 10% or more of the total metabolite
pool in at least one time point. Although we could reliably detect
between 50 and 100 different metabolic intermediates from the
different samples (in addition to hundreds of other unknown mass
features), only a few key intermediates of glycolysis, pentose phos-
phate pathway and the Krebs cycle are presented, as these are rel-
evant to the studies performed here. The raw and processed data
from metabolomics studies has been deposited in the metabolo-
mics workbench repository under the study ID ST000817.

2.9. Measuring total cellular ATP content in T. gondii

ATP was measured in extracellular tachyzoite stage parasites
suspended in complete media or media lacking glucose or
glutamine. Freshly isolated tachyzoites from infected monolayers
were separated from host cell debris, collected by centrifugation
(1650g for 5 min at 25 �C) and washed once in the medium of
choice before being resuspended in the same medium at a density
of 2 � 106 parasites/ml. The suspension (105 parasites in 50 ml) was
added to individual wells in a white opaque 96-well plate pre-
seeded with 50 ml of appropriate culture medium. In experiments
using atovaquone, the pre-seeded medium contained 2, 20 or
200 nM of the drug or 1% DMSO only as control. To assess the effect
of nutrient deprivation on ATP synthesis, a time course experiment
was carried out in which parasites incubated in different media
were sampled for total cellular ATP content at 0.5, 1, 2, 3, 9 and
15 h. For assessment of the effect of atovaquone on ATP synthesis
in conjugation with nutrient starvation, ATP content was measured
in parasites at a fixed time point of 2 h after exposure to ato-
vaquone. ATP content in T. gondii was measured using the firefly
luciferase activity-based ATPlite assay kit (Perkin Elmer, USA).
The luciferase activity is directly proportional to the free ATP avail-
able from the parasite cell to drive the light emitting reaction. The
luminescence readouts where measured using the Analyst HT sys-
tem (LjL Biosystems, USA) and accompanying CriterionHost soft-
ware (Molecular Devices, USA).

3. Results

3.1. Glucose and glycolytic enzyme hexokinase are not essential for T.
gondii tachyzoites

In agreement with previous reports (Blume et al., 2009;
Nitzsche et al., 2016), we found that T. gondii tachyzoites were cap-
able of continuously propagating in the absence of glucose in cul-
ture medium. Glucose-deprived tachyzoite stage parasites exhibit
only a moderate fitness defect (doubling time �9 h) in comparison
with growth in the presence of 5.5 mM glucose (doubling time
�7 h) (Supplementary Fig. S1A). Glutamine (4 mM) alone as a car-
bon source was sufficient to support parasite growth in the
absence of glucose, and the addition of other carbon sources such
as pyruvate, acetate, succinate, glycerol and propionate (5 mM
each) did not help in restoring optimal growth of the parasite. Con-
tinuous culturing of tachyzoite stage parasites in the absence of
glucose did not result in progressive loss or gain of parasite fitness.
In fact, glucose-deprived parasites were capable of immediately
resuming optimal growth, without any lag, when again provided
with glucose (Supplementary Fig. S1B). These observations high-
light the ability of tachyzoite stage T. gondii to adapt their growth
in response to nutrient availability. We also noted that nutrient
stress imposed by continuous cultivation of T. gondii tachyzoites
in the absence of glucose did not lead to asexual stage conversion
or induction of bradyzoite-specific markers (data not shown).

Since T. gondii tachyzoites are capable of scavenging a variety of
metabolites from host cells, it is likely that when deprived of exter-
nal glucose, they can acquire host-derived glucose. This was
observed in the earlier work, where residual glycolytic activity is
detectable in Dgt1mutants parasites (Nitzsche et al., 2016). To fur-
ther validate the essentiality of glucose and its metabolism via gly-
colysis in T. gondii, we proceeded to knock out the single copy hk
gene (Tghk; TGME49_265450), which catalyses the first step in gly-
colysis. In the absence of hexokinase, the parasites cannot metabo-
lise glucose even if it is available. We generated Tghk gene
knockout parasites in both RH and Pru strains of T. gondii (from
the respective Dku80 parental strains) via homologous recombina-
tion mediated gene replacement, in which part of the Tghk gene
locus was replaced by the Tghxgprt selection cassette. The absence
of the Tghk gene was confirmed by genomic PCRs (in RH and
Pru strains; data not shown) and by DNA microarray analysis
(in RH only) using the Affymetrix Toxoarray (Bahl et al., 2010)
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(Supplementary Fig. S2A). Obtaining Dhk mutants in two different
strains of T. gondii further confirmed that glucose and glycolysis are
not essential for survival of tachyzoite stage parasites.

3.2. Pharmacological validation of dtghk parasites using 2DG as a
metabolic probe

Toxoplasma gondii encodes all enzymes necessary for reverse
synthesis of glycolytic intermediates via gluconeogenesis (Tox-
oDB.org) and this pathway is important for metabolic adaptation
during glucose deprivation (in RH wt) or when the parasites are
not capable of oxidising glucose (in RH Dhk). In fact, there was
no detectable difference in replication rate kinetics of RH Dhk par-
asites in the presence (doubling time �8.9 h) or absence (doubling
time �9.1 h) of glucose (Fig. 1A). For functional validation of hk
gene knockout, we used 2DG as a metabolic probe. 2DG is a struc-
tural analogue of glucose that can be transported into cells via the
glucose transporter and is converted by hk into 2-deoxyglucose-
6-phosphate (2DG-6P), an anti-metabolite which inhibits
glucose-6-phosphate dependent enzymes (Barban, 1962). The
EC50 for 2DG-mediated parasite killing was �500 mM. Treatment
with 5 mM 2DG completely inhibited RH wt parasite growth
resulting in their death, but only in the absence of glucose
(Fig. 1B, Supplementary Fig. S3A). Glucose (1 mM) was capable of
completely reversing the growth inhibitory effects of 2 mM 2DG
(Supplementary Fig. S3B). These results are consistent with the fact
that glucose is the preferred substrate over 2DG, for the hk
enzyme.

In contrast, the growth of RH Dhk parasites (doubling time
�9.1 h) was not affected by 5 mM 2DG, even in the absence of glu-
cose (Fig. 1A), thus functionally validating the hk knockout. How-
ever, RH Dhk parasites complemented with a functional hk gene
(RH Dhk+Tghk) were susceptible to growth inhibition by 5 mM
2DG in the absence of glucose (Supplementary Fig. S4A). It should
Fig. 1. Replication studies with Toxoplasma gondii RH Dhk and RH Dku80 parasites. Rep
presence and absence of glucose and 2-deoxyglucose. The grey dashed line in (A) indicate
in (B) indicates that parasites stop replicating and die when treated with 2-deoxyglucos
also be noted here that any 2DG-6P produced inside the host cell
(by host hk activity) is not inhibitory to parasite growth. This sup-
ports the notion that phosphorylated metabolites such as interme-
diates of glycolysis are not available from the host cells at sufficient
concentrations for uptake by the parasite.

3.3. In vivo virulence and differentiation studies with Dhk parasites

Since glucose is physiologically the most abundant nutrient in
the host, it is readily available for the parasite. In studies with
Dgt1 parasites, it was found that the in vivo virulence of the
mutant parasite is not compromised (Blume et al., 2009). In accor-
dance with this, we found that the parasite burden achieved fol-
lowing acute intra-peritoneal infection of mice with 200 RH Dhk
tachyzoites was comparable with that seen with RH wt parasites
(data not shown). However, since our interest was to study the
importance of glycolysis for asexual differentiation in vivo, further
experiments were conducted with Pru Dhk parasites. We first
monitored virulence following acute infection with either the par-
ental Pru or mutant Pru Dhk tachyzoites, each in two different
doses of 2 � 105 (low) and 2 � 106 (high) parasites. In the low dose
group (Fig. 2A), three out of four mice infected with parental Pru
parasites succumbed to infection before day 10, while the 4th
mouse died at day 40. However, none of the mice infected with
low dose of Pru Dhk parasites succumbed to infection until day
40. In the high dose group, all mice infected with either the wt or
Dhk parasites strains died before day 10 (Fig. 2A).

In contrast to the outcome of acute infection, during chronic
infection mice infected with 200 Pru Dhk parasites showed a dras-
tically reduced cyst burden (by �97%) (Fig. 2B) when compared
with mice infected with parental wt parasites. In order to deter-
mine whether the inability of Pru Dhk parasites to form productive
tissue cysts in vivo was due to defective cyst wall formation, we
checked to see if these parasites are capable of in vitro
lication kinetics of RH Dhk (A) and RH Dku80 (B) tachyzoite stage parasites in the
s the replication rate of parental strain in optimal growth conditions. The dashed line
e concomitant with glucose deprivation. hk, hexokinase.
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Fig. 2. Acute virulence in mice and asexual differentiation of Pru Dku80 and Pru Dhk strains of Toxoxplasma gondii: (A) Survival curves for mice following i.p. injection with
either 2 � 105 or 2 � 106 tachyzoites of T. gondii RH Dku80 or RH Dhk parasites, respectively. (B) Estimation of cyst burden in mouse brain following establishment of chronic
infection with Pru Dku80 and Pru Dhk parasites. *P = 0.0001. (C) Dolichos biflorus lectin staining was done to visualise the presence of cyst wall polysaccharide during in vitro
asexual differentiation of Pru Dku80 and Pru Dhk parasites. The vacuole formed by the Pru Dhk parasite is smaller owing to the decreased fitness of the mutant parasite.
Staining was done after 1 week of growth under optimal conditions required for inducing bradyzoite differentiation in vitro. hk, hexokinase.
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differentiation and cyst wall formation. Pruwt and PruDhk infected
host cellsweremaintained under lowCO2 conditions for 1 week and
then stained for cyst wall formation using Dolichos biflorus lectin
(Boothroyd et al., 1997). We observed that the Pru Dhk parasites
were equally competent as Pruwt parasites in initiating bradyzoite
differentiation and forming the cystwall in vitro (Fig. 2C). Therefore,
it appears that glutaminemetabolism can support cyst wall biogen-
esis and other metabolic requirements associated with early brady-
zoite differentiation. However, deficient mature tissue cyst
formation in vivo might indicate that glucose metabolism is essen-
tial for this process. In addition, glycolysis is probably essential for
dissemination of tachyzoites to favourable tissue locations for pro-
ductive tissue cyst formation and persistence in the host.

3.4. Metabolic impact of deficient glucose metabolism

To study the metabolic changes in Dhk parasites, we carried out
metabolic labelling studies with extracellular tachyzoites.
Following isotopic labelling, total metabolites were extracted from
parasites and profiled by LC–MS. The kinetics of 13C assimilation
from U13C-glucose and U13C-U15N-glutamine was tracked over a
period of 2 h. Our primary focus was to analyse metabolic interme-
diates from glycolysis, the pentose phosphate pathway and the
Krebs cycle as these pathways are directly impacted by glucose
or glutamine availability and are the key pathways via which bulk
assimilation of carbon likely occurs in T. gondii (MacRae et al.,
2012; Oppenheim et al., 2014).

When RH wt parasites were fed U13C-glucose (in the presence
of unlabelled glutamine), robust labelling was observed for inter-
mediates of glycolysis and the pentose phosphate pathway,
together with minimal labelling in Krebs cycle intermediates
(Fig. 3A). We noticed that +213C-acetyl-CoA derived from glucose
was incorporated into citrate, as previously reported (Oppenheim
et al., 2014). On the other hand, when parasites were fed with
U13C-U15N-glutamine (in the presence of unlabelled glucose),
labelling was restricted to intermediates of the Krebs cycle only



Fig. 3. Metabolite profiling in Toxoxplasma gondii RH wt and RH Dhk parasites. U13C-glucose and U13C-U15N-glutamine were used as metabolic tracers to track the flux of 13C
carbon derived from these nutrients. (A) Pie charts indicate the fraction of 13C labelled isotopomers in the total metabolite pool for key intermediates from pentose phosphate
pathway, glycolysis and Krebs cycle after 120 min of labelling. For labelling kinetics for these metabolites, see Supplementary Figs. S5, S6. The colour key indicates the
different isotopomers. (B) Kinetic profile of 13C-isotopomer formation for acety-CoA, citrate, 2-oxoglutarate and malate following labelling of RH Dhk parasites labelled with
U13C-U15N-glutamine. The colour scheme is same as in (A). (C) Summary of the 13C flux in intermediates of glycolysis, pentose phosphate pathway and Krebs cycle in RH wt
and RHDhk parasites. Arrow colours indicate: red, labelling seen with glucose (in RHwt only); purple, labelling seen with glucose (in RHwt only) and glutamine (in RHwt and
RHDhk); solid blue, labelling seen with glutamine (in RHwt and RHDhk); dotted blue, labelling seen with glutamine (in RhDhk only). Data shown is from three replicates. hk,
hexokinase; wt, wild type.
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and no labelling was detected in any intermediates of glycolysis or
the pentose phosphate pathway. This confirms that gluconeogene-
sis is inactive when glycolysis is active, as observed previously
(Oppenheim et al., 2014). Notably, acetyl-CoA remained unlabelled
and there was no evidence for acetyl-CoA derived labelling of
citrate. It is evident from these labelling patterns that glucose
and glutamine have distinct metabolic fates in wild type T. gondii
tachyzoites (Fig. 3A). In contrast to wt parasites, U13C-glucose
derived labelling was completely absent in Dhk parasites (Supple-
mentary Fig. S5), further confirming the inability of these parasites
to metabolise glucose.

However, RH Dhk parasites readily incorporated 13C- derived
from U13C-U15N-glutamine into intermediates of the Krebs cycle.
Importantly, unlike in wt, 13C label was not restricted to the Krebs
cycle, and significant levels of 13C incorporation was also observed
in intermediates of glycolysis and the pentose phosphate pathway
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(Fig. 3A). Thus, in Dhk parasites gluconeogenesis is required for
maintenance of glycolytic and pentose phosphate pathway
intermediates.

3.5. Insights into the central carbon metabolism of T. gondii

The kinetics of 13C-labelling for intermediates of glycolysis and
Krebs cycle revealed the dynamics of carbon flux between these
pathways. U13C-pyruvate derived from glycolysis is converted in
the mitochondrion to +213C-acetyl-CoA, by BCKDH (Oppenheim
et al., 2014), and +313C-oxaloacetate, by pyruvate carboxylase
enzyme (MacRae et al., 2012). Although we do not detect oxaloac-
etate in our LC–MS method, we can infer its labelling pattern from
the +313C- isotopomers detected for aspartate (formed by transam-
ination of oxaloacetate), citrate and malate (Supplementary
Fig. S5). We detected +213C and +513C isotopomers for citrate, indi-
cating that +213C-acetyl-CoA was combining with both unlabelled
and +313C-oxaloacetate to form citrate. Interestingly, we did not
see any exchange of 13C- between citrate and 2-oxoglutarate, and
much of citrate remained unlabelled by glucose.

The labelling patterns observed with U13C-glucose were well
complemented by U13C-U15N-glutamine labelling patterns. First,
U13C-U15N-glutamine is deaminated to U13C-+115N-glutamate,
which is then transaminated to form U13C-2-oxoglutarate. Follow-
ing this, +413C- isotopomers of succinate, fumarate, malate,
oxaloacetate and citrate are formed. Unlabelled and +413C-
oxaloactetate participate in the transamination of glutamate to
aspartate, resulting in the formation of +115N- and U13C-+115N-
aspartate (Supplementary Fig. S5). The lack of glutamine-derived
13C-labelling in glycolytic intermediates and acetyl-CoA indicates
that steady state glycolytic flux prevents gluconeogenesis. Here
again, as in case of U13C-glucose labelling, we did not observe
any flux of 13C- from citrate to 2-oxoglutarate. If +413C-citrate were
to be converted to 2-oxoglutarate, since one of the carbon atoms
derived from oxaloacetate is lost as CO2, +313C-2-oxoglutarate
should be formed. However, only U13C-2-oxoglutarate obtained
from transamination of glutamate was detected, suggesting that
citrate may not cycle back into the Krebs cycle. Possibly citrate
might act as a carbon sink in the mitochondrion, which can be
shuttled out into the cytosol and be split into acety-CoA and
oxaloacetate by the cytosolic ATP-citrate lyase enzyme
(Oppenheim et al., 2014; Tymoshenko et al., 2015; Nitzsche
et al., 2016). Cytosolic oxaloacetate can be recycled to the mito-
chondrion via the citrate-malate shuttle, where oxaloacetate is first
converted into malate, by cytosolic malate dehydrogenase (ToxoDB
gene ID TGME49_318430), which is then imported into the mito-
chondrion via the 2-oxoglutarate/malate translocase (ToxoDB gene
ID TGME49_274060).

When Dhk parasites were fed U13C-U15N-glutamine, the iso-
topomer profile of Krebs cycle intermediates resembled a combi-
nation of the profile obtained for glucose or glutamine labelling
in wt parasites (Fig. 3B, Supplementary Fig. S5). However, unlike
in wt, we observed the formation of +313C-glycerate-3-phosphate
and U13C-6-phospho gluconate, suggesting that gluconeogenesis
is functional in Dhk parasites. In addition to forming glycerate-3-
phosphate (gluconeogenesis), phosphoenolpyruvate (PEP) also
facilitates the production of pyruvate, which is then converted to
acetyl-CoA and oxaloacetate in the mitochondrion. This is sup-
ported by the formation of +213C-acetyl-CoA and +313C- iso-
topomers for malate, succinate and aspartate in Dhk parasites, in
the presence of U13C-U15N-glutamine. Inwt parasites, a similar iso-
topomer profile for these metabolites is seen only in the presence
of U13C-glucose. Moreover, the formation of +413C-, +513C- and
U13C- isotopomers of citrate suggests that +313C- and +413C- iso-
topomers of oxaloacetate and +213C-acetyl-CoA contribute to
citrate formation (Supplementary Fig. S5). As in wt parasites, in
Dhk parasites also there was no evidence for the cyclic operation
of Krebs cycle, as shown by the completed absence of +313C- iso-
topomer for 2-oxoglutarate. A summary of the metabolic circuitry
in bothwt andDhk parasites, based on the observed 13C- isotopmer
profiles is shown in Fig. 3C and elaborated in Supplementary
Fig. S6.

3.6. Importance of glutamine in Dhk parasites

Replication, differentiation, and metabolic profiling studies
withwt andDhk parasites revealed that glutamine is a key nutrient
for the parasite. We therefore tested glutamine essentiality in wt
and Dhk parasites. When wt tachyzoites were deprived of external
glutamine (in the presence of glucose), they showed a slight, but
consistent, fitness defect (doubling time �8.8 h) (Fig. 4A). The fact
that we see a fitness defect in the absence of glutamine, even when
glucose is available, suggests a distinct metabolic role for glu-
tamine. This fitness defect was reversed by the addition of a cock-
tail of non-essential amino acids containing aspartate, alanine and
glutamate, but lacking glutamine. Surprisingly, Dhk parasites
remained viable in the absence of glutamine, and exhibited a fit-
ness defect (over that already imposed by lack of glycolysis; dou-
bling time �12.6 h), which was reversed by the addition of a
cocktail of non-essential amino acids (Fig. 4B). Dhk parasites prob-
ably survive in the absence of external glutamine by scavenging
glutamine from the host cells. We tested this possibility by using
the glutamine analogue azaserine, which is an inhibitor of glu-
tamine synthetase (Lea and Miflin, 1975; Rowell et al., 1977). In
the absence of exogenous glutamine, 10 mM azaserine completely
inhibited wt parasite growth and resulted in their death; NEAAs
did not rescue parasites from azaserine mediated death (Supple-
mentary Fig. S7), suggesting that glutamine is essential for parasite
survival.

While performing glutamine deprivation experiments with Dhk
parasites, we noticed a dramatic reduction in the number of para-
site vacuoles per microscopic field. We investigated this observa-
tion further by performing plaque assays, and found that the
plaquing efficiency of Dhk tachyzoites was reduced by >95% in
the absence of glutamine, suggesting a dramatic reduction in inva-
sion efficiency in comparison with wt parasites (Fig. 4C). However,
unlike intracellular growth, the invasion defect of extracellularDhk
parasites was not reversed by non-essential amino acids. It is likely
that ATP synthesis is compromised in extracellularDhk parasites in
the absence of glutamine, as was previously reported in case of wt
and Dgt1 parasites (MacRae et al., 2012; Nitzsche et al., 2016).

3.7. Conditional essentiality of PEPCK in T. gondii

It is apparent from our metabolic labelling studies that the
PEPCK enzyme is critical for gluconeogenesis, and is likely essential
for parasite growth in the absence of glycolysis. The role of PEPCK
and its essentiality in Dgt1 parasites was previously reported
(Nitzsche et al., 2017). To further validate these findings and study
ATP biogenesis in parasites deficient in gluconeogenesis, we gener-
ated mutant parasites lacking a functional PEPCK enzyme. Two iso-
forms of PEPCK are encoded by T. gondii, TgME49_289650
(Tgpepck1) and TgME49_289930 (Tgpepck2), of which only the for-
mer is expressed and likely functional in tachyzoites (Toxodb.org).
Using the CRISPR/Cas9 mediated genome editing approach, we
obtained Tgpepck1 gene knockout (DTgpepck1) parasites in the
RH strain of T. gondii (Fig. 5A). The mutant genotype was confirmed
by genomic PCRs, and lack of Tgpepck1 mRNA expression was con-
firmed by cDNA PCRs (Fig. 5B).

Replication assays with Dpepck1 parasites revealed a marginal
fitness defect under optimal growth conditions (doubling time
�9.5 h). While glutamine was not essential for RH Dpepck1
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Fig. 4. Replication kinetics and plaque formation assays following glutamine deprivation. Replication assays for Toxoxplasma gondii tachyzoite stage RHwt (A) and RHDhk (B)
parasites in the presence and absence of glutamine and non-essential amino acids (NEAA). The grey dashed line in (B) indicates the growth of RH Dku80 parental strain under
optimal conditions. (C) Plaque formation assays were carried out to determine the ability of the parasites to invade and replicate within host cells in the absence of glutamine.
The number of plaques formed was normalised to control cultures of respective parasites growing in complete media. hk, hexokinase; wt, wild type.
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parasite growth (doubling time �9.4 h), glucose deprivation was
found to be lethal for these parasites (Fig. 5C). We performed pla-
que assays to demonstrate that the Dpepck1 parasites were actu-
ally dead and not merely growth arrested when deprived of
glucose. For this, the Dpepck1 parasites were first grown in the
absence of glucose for 24, 48 or 72 h, before again adding glucose
to the culture and allowing the parasites to form plaques. We
found that Dpepck1 parasites can survive glucose deprivation for
up to 48 h, albeit with decreased plaque-forming efficiency. How-
ever, after 72 h of glucose deprivation, no plaque formation was
observed, suggesting that the parasites cannot survive glucose
deprivation beyond 48 h (Supplementary Fig. S8). Moreover, acet-
ate supplementation did not reverse the replication defect
observed with Dpepck1 parasites in the absence of glucose (Sup-
plementary Fig. S9). Metabolic labelling studies on Dpepck1 para-
sites using U13C-U15N-glutamine revealed the absence of



Fig. 5. Toxoxplasma gondii phosphoenolpyruvate carboxykinase (Tgpepck1) gene knockout studies. (A) Schema depicts the strategy used for knocking out Tgpepck1 gene using
the CRISPR/Cas9 system; the CRISPR guide RNA was designed to target exon-1 of the gene. (B) Confirmation of Tgpepck1 gene knockout by (Ba) genomic DNA and (Bb) cDNA
PCRs. (Ba) A 502 bp PCR product is amplified from genomic DNA of RH Dpepck1 parasites only, using the primer pairs pkoF and pkoR shown in (A). M, 100 bp DNA marker
ladder. (Bb) In cDNA PCRs, exon-specific primers were used to amplify two different PCR products, 1835 bp fragment (lane 1) and 1079 bp fragment (lane 2). M, 1 kb DNA
marker ladder. (C) Replication assay for RH Dpepck1 tachyzoites in the presence and absence of glucose or glutamine. The black dashed line indicates that RH Dpepck1
parasites are killed by glucose deprivation. The grey dashed line indicates the growth of RH wt parasites in complete media. (D) 13C labelling pattern derived from U13C-U15N-
glutamine in the absence of glucose for intermediates of Kreb’s cycle (2-oxoglutarate and malate) and pentose phosphate pathway (6-P-gluconate) from RH wt and RH
Dpepck1 parasites. Lack of +613C labelling for 6-P-gluconate demonstrates the absence of gluconeogenesis in RH Dpepck1 parasites. 13C labelling data shown is from three
replicates. wt, wild type; Hsdhfr, human dihydrofolate reductase.

964 A. Shukla et al. / International Journal for Parasitology 48 (2018) 955–968
gluconeogenic flux of 13C- from Krebs cycle to glycolytic and pen-
tose phosphate pathway intermediates (Fig. 5D). These findings are
in agreement with that previously reported using conditional
expression of Tgpepck1 in Dgt1 parasites (Nitzsche et al., 2017).

While performing complementation studies with Dpepck1 par-
asites, we tested the possibility of using glucose deprivation as
selection for transgenic parasites expressing Tgpepck1. Dpepck1
tachyzoites, transfected with a T. gondii expression plasmid encod-
ing the Tgpepck1 cDNA with an in-frame haemagglutinin (HA) tag
at the 30 end (Tgpepck1-HA), were allowed to replicate in minus
glucose medium. The surviving parasites were found to be 100%
positive for TgPEPCK-HA expression, and the localization was
cytosolic as confirmed by immunostaining with anti-HA antibodies
(Supplementary Fig. S10A). Tgpepck1 has a mitochondria localiza-
tion signal (as predicted by TargetP 1.1), and upon addition of a
HA tag in the 30 end of the gene in the genomic locus and expres-
sion from the native promoter confirmed that PEPCK1-HA localised
to the mitochondria (Nitzsche et al., 2017). In our study, it appears
that the overexpression of the Tgpepck1-HA cDNA from a plasmid
using the b-tubulin promoter has resulted in mis-localization to
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the cytosol. Nevertheless, the cytosol localised PEPCK1-HA
protein functionally complemented the mutant phenotype.
Replication assays carried out on complemented parasites
(RH Dpepck1+Tgpepck1-HA) had comparable growth to wt parasites
in the absence of glucose (Supplementary Fig. S10B).

3.8. Glutaminolysis facilitates mitochondrial oxidative
phosphorylation

The F-type ATP synthase in apicomplexan mitochondrion is
highly divergent (Gardner et al., 2002; Mather et al., 2007;
Brayton et al., 2007; Reid et al., 2012) and many of its subunits
are not readily detected by sequence comparison with yeast and
mammalian counterparts. However, evidence is now available for
the existence of a functional F-type ATP synthase in T. gondii mito-
chondrion (Lin et al., 2011). We reasoned that in the absence of
glycolytic ATP, RH Dhk parasites should be wholly dependent on
Fig. 6. ATP synthesis assays on tachyzoite stage Toxoplasma gondii. Luciferase expressing
loss of ATP with time can be seen in Rh wt (A) and RH Dhk (B) parasites incubated in com
glutaminolysis for ATP synthesis, when deprived of glutamine, they exhibit a dramatic
synthesis in RH wt and RH Dhk parasites, following 2 h of drug treatment. Here again, the
samples were used in all assays. NEAA, mixture of non-essential amino acids; wt, wild t
mitochondrial ATP. This assumption is supported by our observa-
tion that extracellular Dhk parasites deprived of glutamine are
unable to invade host cells efficiently. In order to validate this,
we tracked ATP synthesis in extracellular tachyzoites incubated
in the presence and absence of glucose for 15 h (Fig. 6A). In wt par-
asites, ATP levels decreased to �50% in 6 h, coinciding with the
half-life of extracellular parasite viability (Konrad et al., 2011).
Importantly, the kinetics of ATP loss in wt was similar in complete,
minus glucose and minus glutamine medium, suggesting that
either glucose or glutamine alone as a nutrient can sustain optimal
cellular ATP levels. In Dhk parasites, presence/absence of glucose
had no effect on ATP homeostasis and the kinetics of ATP loss
was similar to that of wt. However, when Dhk parasites were
deprived of glutamine, ATP levels declined dramatically; �50% loss
was seen in less than 2 h, and by �6 h there was complete loss of
ATP (Fig. 6B). Non-essential amino acids could not rescue the ATP
synthesis deficiency in Dhk parasites.
, extracellular parasites were used to measure total cellular ATP content. Progressive
plete and nutrient-deficient media. Since RH Dhk parasites are always dependent on
loss of cellular ATP, with a half-life of �1–2 h. (C, D) Effect of atovaquone on ATP
parasites were incubated in complete and nutrient-deficient media. Three replicate
ype, hk, hexokinase.
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We validated these findings using atovaquone, which inhibits
oxidative phosphorylation (McFadden et al., 2000). Atovaquone
targets the CYTb protein of the mitochondrial electron transport
chain (mtETC) complex III and this collapses the H+ gradient across
the mitochondrial inner membrane, resulting in disrupted ATP
synthesis. Only in the absence of glucose or glycolysis, the para-
sites will derive ATP primarily from glutaminolysis driven mito-
chondrial oxidative phosphorylation, which will be susceptible to
inhibition by atovaquone. As expected, we found that ATP synthe-
sis in wt parasites, in the presence of glucose, was not inhibited by
atovaquone. However, in the absence of glucose, glutamine-
dependent ATP synthesis was completely inhibited by 200 nM
atovaquone in wt parasites (Fig. 6C). This finding indicates that T.
gondii tachyzoites are fully dependent on oxidative phosphoryla-
tion for ATP synthesis in the absence of glycolysis. In agreement
with this finding, ATP synthesis in Dhk parasites was sensitive to
atovaquone even in the presence of glucose (Fig. 6D), and comple-
mented Dhk+Tghk parasite resembled wild type parasites in their
response to atovaquone treatment (Supplementary Fig. S4B). ATP
synthesis in Dpepck1 parasites, under the different test conditions
was similar to that observed with wt parasites (Supplementary
Fig. S11).
4. Discussion

As an obligate intracellular parasite, T. gondii is dependent on
host-derived glucose and glutamine for survival. Glucose metabo-
lism is well studied in tachyzoite stage T. gondii, where a robust
glycolytic flux is the major source of carbon and energy (ATP) for
the parasite (Saliba and Kirk, 2001; Al-Anouti et al., 2004;
MacRae et al., 2012). Although glucose is needed for optimal
growth of T. gondii, it is not an essential nutrient. This was origi-
nally shown in studies using mutant parasites deficient in the
major glucose transporter (Dgt1), where glutaminolysis was found
to support growth of tachyzoite stage parasites (Blume et al.,
2009). Moreover, genetic mutants of the glycolytic enzyme fruc-
tose 1,6 bisphosphate aldolase were viable, but only in the absence
of glucose (Shen and Sibley, 2014). To further validate the essen-
tiality of glycolysis in T. gondii, and to determine its role for asexual
development of the parasite, we generated mutant parasites defi-
cient in glycolysis by knocking out the gene coding for hexokinase
(Dhk), which catalysis the first step in glycolysis.

Phenotypic studies withwt andDhk parasites revealed that glu-
cose is required for optimal growth and robust replication of tachy-
zoite stage parasites, and glutamine and other carbon sources such
as acetate, succinate, pyruvate, glycerol and propionate cannot
compensate for the fitness defect (Supplementary Fig. S1). This is
intriguing since the fitness defect in glucose transporter (Dgt1)
mutants was overcome by acetate supplementation. Scavenged
acetate was primarily incorporated into lipid biomass, suggesting
that the fitness defect in Dgt1 parasites was primarily due to lipid
biomass deficiency (Nitzsche et al., 2016). In Dgt1 parasites, resid-
ual glycolytic activity is detectable, suggesting low levels of glu-
cose entry into these cells. In contrast, we found that acetate
supplementation was unable to overcome the fitness defect of
Dhk parasites, likely due to that fact that these parasites are com-
pletely deficient in glucose oxidation via glycolysis, as seen in our
metabolic labelling studies. This was further confirmed by plaque
forming assays on Dhk mutants, with and without acetate supple-
mentation (Supplementary Fig. S9B).

During asexual development, tachyzoite stage parasites convert
to bradyzoites, which are responsible for the formation of tissue
cysts in chronic infections (Dubey et al., 1998). Bradyzoites are
slow growing forms and probably are less metabolically active
than tachyzoites (Lunghi et al., 2015). Until now the role of
glycolysis for bradyzoite formation was not studied. Here, we show
that virulence associated with acute infection and mature tissue
cyst formation during chronic infection is compromised in Type
II Pru Dhk parasites (Fig. 2). These results suggest that for effective
in vivo pathogenesis in a mammalian host, T. gondii requires gly-
colysis. Diminished tissue cyst formation in vivo, however, was
not due to defective cyst wall polysaccharide synthesis, since Pru
Dhk parasites were capable of differentiating into bradyzoites
in vitro, and exhibited apparently normal cyst wall staining with
Dolichos biflorus lectin. As shown for tachyzoite stage parasites,
glutamine alone as a nutrient appears to be sufficient for in vitro
bradyzoite formation by T. gondii. Therefore the inability of these
parasites to form mature bradyzoite tissue cysts in vivo might be
due to insufficient availability of glutamine. This is supported by
our observation that host cell invasion and plaquing efficiency
were greatly diminished in Dhk parasites in the absence of glu-
tamine (Fig. 4B, C).

The metabolic changes in Dhk parasites were tracked using 13C
labelling studies. In contrast to wt parasites, in Dhk parasites there
was a complete absence of glucose-derived 13C labelling in inter-
mediates of glycolysis, pentose phosphate pathway and Kreb’s
cycle. U13C-U15N-glutamine derived labelling patterns revealed
that Dhk parasites generate glycolytic and pentose phosphate
pathway intermediates via gluconeogenesis (Fig. 3, Supplementary
Fig. S5). Only in Dhk parasites did we observe the formation of glu-
tamine derived +313C- isotopomers for aspartate, malate and suc-
cinate, in addition to the +413C- isotopomers. This indicates that
+313C-PEP, formed via the PEPCK reaction, is sequentially con-
verted into +313C-pyruvate and +313C-oxaloacetate, which then
equilibrates with aspartate, malate and succinate pools. Moreover,
the formation of glutamine derived U13C- and +513C- isotopomers
of citrate, in addition to the +413C- isotopomer, indicates the
BCKDH mediated formation +213C-acetyl-CoA as previously
reported (Oppenheim et al., 2014). Taken together, our results from
metabolic labelling studies with Dhk parasites are in agreement
with that previously reported for the glucose transporter mutants
(Nitzsche et al., 2016), and validates the importance of glutaminol-
ysis and gluconeogenesis for survival of T. gondii in the absence of
glycolysis.

Surprisingly, despite its importance, glutamine deprivation was
not lethal for intracellular survival of Dhk parasites, although their
fitness was greatly reduced (Fig. 4A). It is likely that glutamine-
deprived intracellularDhk parasites scavenge glutamine/glutamate
from within host cells. Also, Dpepck1 parasites, which are deficient
in gluconeogenesis, failed to grow and replicate within host cells in
the absence of glucose, suggesting that glutaminolysis-derived glu-
coneogenesis is the only mechanism by which T. gondii tachyzoites
can assimilate carbon in the absence of glycolysis. To find out
whether Tgpepck1 is essential for asexual differentiation of tachy-
zoites to bradyzoites, we attempted to disrupt the Tgpepck1 gene
from the Pru strain (Type II) of T. gondii, but failed to obtain the
mutants despite repeated attempts using either gene replacement
or CRISPR/Cas9-mediated gene editing using two different guide
RNAs. While the essentiality of the PEPCK enzyme in Pru strain T.
gondii needs to be explored further, we found no difference whatso-
ever betweenwt RH andwt Pru strains inmetabolic labelling exper-
iments with glucose and glutamine. Interestingly, fructose-1,6
bisphosphatase (Tgfbp2), which catalyses the second reaction in
gluconeogenesis, is essential for T. gondii, even in glucose replete
conditions (Blume et al., 2015) and appears to mediate a futile cycle
which regulates fructose-1,6 bisphosphate levels and carbon sup-
ply for synthesis of N-glycans, GPI anchor and amylopectin.

In contrast to intracellular Dhk parasites, when extracellular
Dhk parasites are deprived of glutamine, they are greatly impaired
in their ability to invade host cells and lose viability as observed in
plaque forming assays (Fig. 4C). This is likely due to loss of ATP
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synthesis, as confirmed by our experiments with atovaquone,
which inhibits oxidative phosphorylation (McFadden et al., 2000).
Toxoplasma gondii tachyzoites are capable of obtaining all of their
ATP from either glycolysis or oxidative phosphorylation, and prior
biochemical evidence suggests active mitochondrial oxidative
phosphorylation in tachyzoites (Vercesi et al., 1998). In wt and
Dpepck1 parasites, atovaquone had no effect on ATP synthesis in
the presence of glucose, in agreement with previous findings
(Pomel et al., 2008). However, since oxidative phosphorylation is
the only source of ATP for Dhk parasites, atovaquone completely
abolished ATP synthesis in this parasite, even in the presence of
glucose (Fig. 6). Overall, our findings suggest that T. gondii tachy-
zoite harbour a highly dynamic and essential mitochondrial oxida-
tive metabolism, which can support parasite growth and
differentiation in varying nutrient conditions. Further exploring
the role of glycolysis and glutaminolysis in carbon and energy
metabolism in the latent bradyzoite stages will help to reveal the
metabolic requirements for tissue cyst formation and host persis-
tence of this promiscuous parasite.
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