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The remodelling of organelle function is increasingly appreciated as a central driver of eukaryotic biodiversity and evolution.
Kinetoplastids including Trypanosoma and Leishmania have evolved specialized peroxisomes, called glycosomes. Glycosomes
uniquely contain a glycolytic pathway as well as other enzymes, which underpin the physiological flexibility of these major
human pathogens. The sister group of kinetoplastids are the diplonemids, which are among the most abundant eukaryotes in
marine plankton. Here we demonstrate the compartmentalization of gluconeogenesis, or glycolysis in reverse, in the
peroxisomes of the free-living marine diplonemid, Diplonema papillatum. Our results suggest that peroxisome modification
was already under way in the common ancestor of kinetoplastids and diplonemids, and raise the possibility that the central
importance of gluco- neogenesis to carbon metabolism in the heterotrophic free-living ancestor may have been an important
selective driver. Our data indicate that peroxi- some modification is not confined to the kinetoplastid lineage, but has also been
a factor in the success of their free-living euglenozoan relatives.

1. Introdudtion

Glycolysis (the Embden- Meyerhof- Parnas pathway) and gluconeogenesis are common to all domains of life and play
fundamental roles in essential cellular processes. Glycolysis consists of 10 enzymatic steps, and generates ATP, NADH and
intermediate metabolites for a variety of metabolic processes, while gluco- neogenesis produces glucose 6-phosphate (G6P) from
other carbon sources including lipids and amino acids [1]. Glycolysis takes place in the cytosol, but glycolytic enzymes have
also been associated with the plasma membrane of erythrocytes [2] and with mitochondria [3,4]. In addition, enzyme isoforms
with non-glycolytic roles are found to locate to other compartments [5].



Relocation of the first 7 of 10 glycolytic enzymes to
microbody-like organelles, called glycosomes, was first
demonstrated in the kinetoplastid parasite, Trypanosoma
brucei [6], and subsequently in other kinetoplastids [7]. So
far, the kinetoplastids, which comprise bodonids and trypa-
nosomatids, are the only organisms known to sequester a
successive glycolytic cascade into organelles. These enzymes
are targeted to glycosomes by a peroxisomal targeting signal
(PTS), implying that glycosomes originated as modified
peroxisomes. Glycosomes also contain enzymes of other
pathways including gluconeogenesis, the pentose phosphate
pathway, energy/redox metabolism and nucleotide synthesis
[7]. Glycosomes are thus a classic example of how complex
and physiologically important metabolic pathways can be
relocated during evolution.

The relocation of entire metabolic pathways in eukaryotes
is rarely observed, because isolation of the individual pathway
enzymes by transfer from one compartment to another can
abolish otherwise tightly coordinated enzymatic cascades. To
overcome these difficulties, a ‘minor-mistargeting’ mechanism
has been proposed to allow the dual location of pathways [8].
According to this hypothesis, the imperfect targeting of PTS-
tagged enzymes to peroxisomes would allow the retention of
functional glycolysis in the cytosol until the newly routed per-
oxisomal enzymes could reconstitute the pathway. This
hypothesis provides a plausible mechanism for how functional
retargeting could occur, but does not identify the physiological
conditions or selective pressures that might drive the initial
evolution of compartmentalization.

The phylum Euglenozoa currently contains the eugle-
noids, diplonemids and Kkinetoplastids, with diplonemids
the sister group of kinetoplastids and euglenoids the out-
group to both [9]. In euglenoids, glycolysis occurs in the
cytosol but some enzymes are also located to its secondary
plastid to participate in the Calvin cycle, as in plants and
green algae [10,11]. In the free-living marine diplonemid
Diplonema papillatum, we have previously reported that fruc-
tose-1,6-biphosphate aldolase (FBPA), the fourth enzyme of
glycolysis, has a type-2 PTS (PTS2) and is compartmentalized
[12], suggesting that the transition to glycosomes may have
already occurred in the common ancestor of diplonemids
and Kkinetoplastids.

2. Material and methods
(2) Organims

Diplonema papillatum (strain ATCC 50162) and the kinetoplastid
Trypanosoma cruzi (Tulahuen stock) were grown axenically in
ATCC 1532 and 1029 media, respectively. ATCC 1532 medium
contains 0.1% (w/v) tryptone and 1% horse serum, correspond-
ing to 10 mM amino acid ingredients and 40 - 60 mM glucose,
respectively. ATCC 1029 LIT medium is a rich medium that
contains 6 mM glucose and 0.9% (w/v) liver infusion broth/
0.5% tryptone, equivalent to greater than 100 mM amino acid
ingredients. All experiments were carried out using the standard
medium unless otherwise stated.

(b) Draft genome sequenang of Diplonama papillatum
Diplonema  papillatum genomic DNA was extracted using
standard protocols, purified on agarose gel to remove mitochon-
drial DNA and used for genome sequencing. The D. papillatum
genomic DNA was sequenced using a HiSeq 2000 apparatus

(Ilumina K.K., Tokyo, Japan) by Takara Bio Inc., Shiga, Japan
and Eurofins Genomics K.K., Tokyo, Japan. Total reads were
21.5Gb and the estimated genome size was 176.5 Mb. The
D. papillatum open reading frames for genes of interest were
identified using TBLASTN. We predicted PTS1 by the Prosite
pattern PS00342 for the C-terminal tripeptides, [-(STAGCN)-
(RKH)-(LIVMAFY)], and the PTS 1 Predictor (http://mendel.
imp.ac.at/pts1/) [13]; we required a positive identification
from both methods to diagnose the presence of a bona fide
PTS. The presence of a PTS2 was manually inspected based on
the N-terminal non-americ consensus sequence, (RK)-(LIV)-X5-
(QH)-(LA) [14]. The T. brucei glycosomal proteins obtained by
detailed proteomic analysis were used as references [15].

(©) Prylogenetics

We used the D. papillatum sequences as queries in BLASTP
searches against the other euglenozoan genomes and a broad
selection of outgroups. The Euglena gracilis PFK sequence was
obtained from http://euglenadb.org/. Sequences were aligned
with Meta-Coffee [16]. Poorly aligning regions were masked
using the ‘automated1’ option in trimAl [17]. Phylogenies were
built using the LG [18], C20 and C60 [19] in PHyLoBavEes. The
trees inferred under the three methods were very similar, with
no differences impacting on our inferences of the relationships
among the euglenozoans, and the consensus trees in figure 1;
electronic supplementary material, figures S1 - S5 and S8 - S10
were inferred using the C60 model.

(d) Indiredt immunofluorescene analysis

Antisera to glycolytic enzymes were obtained as described in
electronic supplementary material, supplementary materials
and methods. Indirect immunofluorescence analysis (IFA) was
performed as described [12]. Briefly, cells were fixed with 2%
paraformaldehyde, probed with rabbit antisera to each glyco-
lytic enzyme and mouse antisera to D. papillatum FBPA as a
peroxisomal marker and then treated with anti-rabbit Alexa
Fluor 568- and anti-mouse Alexa Fluor 488-conjugates (Life
Technologies), respectively, followed by counterstaining of the
nucleus with Hoechst 33342 dye. Fluorescence was observed
using fluorescence microscopy (Axio Imager M2, Carl Zeiss
Co., Tokyo, Japan). The reactions with the combination of the
rabbit antisera and the 488-conjugate, without the anti-FBPA
combination, showed the same patterns as observed in the co-
localization experiments.

(€) Guaose ad amino add consumption

Diplonema papillatum cells of the mid-log phase were cultured
in ATCC 1532 medium supplemented with 6 mM p-glucose,
while T. cruzi cells were cultured in LIT medium. The glucose con-
centration of the culture supernatant was measured using a
Glucose-Oxidase assay kit (Sigma-Aldrich). Amino acid consump-
tion by cells was evaluated by the increase of NH 4P in the culture
supernatant using the Ammonia assay kit (Sigma-Aldrich).

(f) Metabolic labelling

Cells in the mid-log phase of growth were starved in artificial
seawater (ATCC 1405 HESNW medium) for 2 h and then incu-
bated with 6 mM *3C¢ p-glucose or 6 mM '3Cs L-glutamine
(Sigma-Aldrich) in artificial seawater for 0, 4 and 8 h or with
30 mM !3C¢ p-glucose in ATCC 1532 medium for 72 h without
starvation. The detailed experimental procedures for extrac-
tion of metabolites and analysis by CE-Q-TOFMS and LC-MS
were described in the electronic supplementary material,
supplementary materials and methods.
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Table 1. Creracteristics of glycolytic ergymes of Dilonama prpilatum. nd., not deteded.

PTS
D.
papillatum
1. HK P12 PTR2 yes (0.85) 09
1. GLK PTS1 PTS1 yes (0.96)
2. PGI PTS1 PTS1 yes (0.93) 391
3. PFK PISt/nd PTS1 no (0.99) nd
3. FBPase (gluconeogenic) PTS1 PTSt no (1.00) 47
4. FBPA P12 P2 yes (1.00)¢ 142
5. TIM PTS1 nd unresoved 1232
6. GAPDH nd. PTS1/ no (0.90) 485
n.d.
7. PGK PTS1 PTS1/ yes (0.81) 103.7
n.d.
8. PGAM nd. nd no (1.00) 2100
9. ENO nd. nd yes (0.99) 37
10. PK nd. nd yes (0.98) 15.1

Monophyly of D, prpitlatim and kinetioplastids with posterior probabiity in' parenthesis besad on the relevant protein phylogeny (fieure 1; eledtronic

Supplementary materil, figures).

ol min?' mg?' protein of the D, prpillaium cell edract (see also dedronic supplementary material),
The activities of HK (highaffinity type) and QLK (ow-affinity type) are indistingisheble.

dmcn_zl:

3. Resuits
(@) ldentification of paraxdeome targeting signals in the
gycoytic ergymes of Diplonama paoillaum
To investigate glycolytic compartmentalization in diplone-
mids, we sequenced the genome of D. papillatum and
identified all of the genes for glycolysis (table 1). We ident-
ified putative PTS for two types of hexose kinase, namely a
high-affinity type hexokinase (HK) and a low-affinity type
glucokinase (GLK), and for phosphoglucose isomerase
(PGI) and phosphoglycerate kinase (PGK), similar to kineto-
plastid homologues. We identified two homologues of
phosphofructokinase (PFK), PFK1 and PFK2, in the genome
assembly. PFK1 possesses a predicted PTS1 but is probably
a pseudogene or a bacterial contaminant (see below). We
also found a PTS for triose-phosphate isomerase (TIM), in
spite of the absence of an apparent PTS in the kinetoplastid
TIM. By contrast, putative PTS were absent from the
predicted coding sequences of PFK2, phosphoglycerate
mutase (PGAM, 2,3-bisphosphoglycerate-independent type),
enolase (ENO), pyruvate kinase (PK) and two isoforms of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Phylogenetic analysis demonstrated that most of these
enzymes (HK, GLK, PGI, PGK, ENO and PK) were present
in the common ancestor of D. papillatum and kinetoplastids
(electronic supplementary material, figures S1-S3). The phy-
logeny for TIM was weakly supported and hence cannot
reject the hypothesis of a single common origin for TIM (elec-
tronic supplementary material, figure S1d ). By contrast, three
glycolytic enzymes—PFK1 and PFK2, the two isoforms of
GAPDH, and PGAM—appear to have separate evolutionary
origins for D. papillatum and the kinetoplastids (figure 1;
electronic supplementary material, figure Sle and S4).

The protein phylogeny for PFK revealed that E. gracilis
and kinetoplastids are monophyletic with high posterior sup-
port (PP ¥4 0.99), suggesting their shared evolutionary origin
(clade A, figure 1). By contrast, D. papillatum PFK2 clusters
with a PFK homologue from the haptophyte Emiliania huxleyi
(PP ¥ 1)and is nested within a different eukaryotic clade
(clade B, PP ¥ 0.99), suggesting replacement of the ancestral
euglenozoan PFK by lateral gene transfer. Diplonema papilla-
tum PFK1 detected in our genome assembly is probably a
pseudogene or a bacterial contaminant: it does not group
with other eukaryotic PFKs in the tree; the putative pfkl
gene lacks a splice acceptor site at its 5%-untranslated region,
which is essential for trans-splicing in euglenozoans; and
we were unable to detect any PFK activity in the D. papillatum
lysate (table 1). In summary, our data suggest that PTS-driven
relocation of most, but not all, glycolytic enzymes had
already occurred in the common ancestor of diplonemids
and kinetoplastids.

We also investigated the presence of a PTS in the non-gly-
colytic enzymes of D. papillatum. Among 18 PTS-harbouring
enzymes specific to kinetoplastid glycosomes, only three of
these enzymes were also predicted to have PTS in D. papilla-
tum, which participate in gluconeogenesis and energy
metabolism (table 1; electronic supplementary material, table
S1). These include the gluconeogenic fructose-1,6-biphospha-
tase (FBPase) that catalyses the reverse reaction to PFK, ATP-
producing glycerol kinase (GK) and pyruvate phosphate
dikinase (PPDK). None of the enzymes identified for the
Diplonema pentose phosphate pathway (PPP), pyrimidine bio-
synthesis or purine salvage were predicted to locate to
peroxisomes. Notably, despite of the presence of PTS1, the
protein phylogeny of FBPase revealed different evolutionary
origins between D. papillatum and kinetoplastids, implying



independent LGT events and convergent PTS-driven reloca-
tion of FBPase in D. papillatum and Kinetoplastids (table 1;
electronic supplementary material, figure S5). Our data
suggest that metabolic compartmentalization originated in
association with glycolysis, gluconeogenesis and energy
metabolism in the common ancestor of D. papillatum and
kinetoplastids.

(b) Localization of peraxisomal targeting signal-
harbouring dyaolytic emymes in the paraxisomes
of Diplanama papillaium

To investigate the expression and confirm the cellular

location of the D. papillatum glycolytic enzymes, we raised

antisera to 11 glycolytic enzymes including GLK. Western
blot analysis of the D. papillatum extracts showed the expected
band for all enzymes tested, with the exception of the two
homologues of PFK and HK (electronic supplementary
material, figure S6a). The absence of the signals for both

PFK1 and PFK2 suggests that neither of the two PFK homol-

ogues is expressed or functional in the culture condition of

D. papillatum, consistent with the lack of PFK activity. To con-

firm the absence of HK, we measured hexose kinase activity

in D. papillatum cell extracts and found that the K, value for
glucose of the native enzyme harbouring hexose kinase
activity was 0.33 mM, whereas the K, values of the recombi-
nant HK and GLK were 0.064 and 0.66 mM, respectively.

These results suggest that the native hexose kinase activity

is probably attributable to GLK in D. papillatum under the

experimental conditions.

The IFA was performed to investigate the cellular location
of the glycolytic enzymes expressed in D. papillatum. Our
previous study showed that our mouse antiserum to
D. papillatum FBPA detected a single band on Western blots
of the membrane-rich fraction (10500¢ sediment) from the
D. papillatum extract and also demonstrated the punctate pat-
tern in the cell by IFA [12]. Immuno-electron microscopy
using the same antiserum also detected labelling of FBPA
inside single-membrane compartments with the characteristic
morphology of peroxisomes (electronic supplementary
material, figure S6b). Therefore, we used FBPA as a peroxiso-
mal marker. The signals for GLK, PGI, TIM and PGK co-
localized with that of FBPA, indicating their shared perox-
isomal location (figure 2). The signal for the anti-GAPDH1
antibody gave a patchy distribution in the cytosol but did
not co-localize with FBPA, consistent with the absence of a
PTS. PTS-lacking PGAM, ENO and PK were also exclusively
detected in the cytosol of D. papillatum, similar to their kine-
toplastid PTS-lacking homologues.

(©) Referae of amino adds & cabon soue in
Dporema papilldum

The failure to detect PFK activity in D. papillatum suggests
that the glycolytic enzymes together with FBPase play a
replenishing role for gluconeogenesis in this organism. Nota-
bly, D. papillatum can grow with a trace level of glucose. The
modified ATCC 1532 medium supplemented with 1% dia-
lysed fetal bovine serum (Thermo Fisher Scientific Inc.),
which corresponds to less than 2.7 mM glucose, can also sup-
port the normal growth of D. papillatum (data not shown).
However, the growth of D. papillatum even in the absence

DiC Target

FBPA Merge

..

Figure 2. Cellar localization of gyaolytic enzymes in Diplonarma pgpillatum
wsing immunofiuorescence: micosaopy. Cells ware labelled with: polydonal
antkera to GK, PG, TM, GAFDH, RGK, FGAW, BNO o PK (Target, red)
and with antksera to D, popillatum FBPA as a peroxsomel mater (FBPA,
gean), and the readtions ware visLalized using Alea Fluor 568- and 488
conjueates, respectively. Images of the same cells ware merged together with
the labels of Hoadst 33342 (le) to visalize the nudews (Merge). DIC,
differential interference contrast imege; Merge, marged imece. Sadle b,
10mm

of glucose does not necessarily indicate the loss of glucose
uptake and glycolytic activity. Therefore, we investigated
firstly the relative preference of carbon sources in D. papilla-
tum. Consistent with our hypothesis, D. papillatum does not
significantly consume glucose (6 mM), but preferentially
uses amino acids (figure 3a, left). This is demonstrated by
the significant production of ammonium in the presence of
glucose during early exponential growth. By contrast, epi-
mastigotes (an insect form) of the parasitic kinetoplastid
T. cruzi prefer glucose to amino acids, as previously repor-
ted [20]. In experiments with T. cruzi (figure 3a, right), the
levels of glucose decreased significantly at day 3 to 6 along
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with exponential growth and became undetectable (less than
10 mM) at day 7, while the levels of ammonium remained
constantly by day 5 and then increased significantly. Because
amino acids are the major nutritional components in the diet
of phagocytic heterotrophs like D. papillatum, this preference
probably reflects nutritional adaptation.

To investigate the metabolic fate of amino acids, we per-
formed tracer experiments using 6mM !3C-uniformly
labelled (*3Cs, p5 carbons) i-glutamine, and D. papillatum
cells which had been starved in artificial seawater for
2 h prior to labelling. We detected specific enrichment with
p5 carbon in the a-ketoglutarate fraction, indicating that
glutamine is readily catabolized and incorporated into
metabolites of the TCA cycle of D. papillatum (figure 3b; elec-
tronic supplementary material, figure S7a). The presence of
p5 and p6 carbons in the citrate fraction also indicated an
active TCA cycle and the recycling of labelled oxaloacetate.
The time-dependent increase of '3C-labelling with p1 to p6
carbons for hexose phosphates provided evidence of active
gluconeogenesis. In addition, the extensive metabolic
dilution of 3C-isotopologues in the hexose 6-phosphate

fractions indicated the presence of an internal carbon
source. Quantitative metabolomics demonstrated that D.
papillatum contains higher amounts of free amino acids
when compared with T. cruzi, suggesting that they may
serve as a carbon reservoir (electronic supplementary
material, table S2). We conclude that amino acids are the pre-
ferred carbon/energy source for D. papillatum and that they
are catabolized via the TCA cycle and can subsequently be
anabolized via gluconeogenesis.

(€) Thepentose phogohate pethway complemants
PRK-defidency in the gyaolytic process

Metabolic labelling using 6 mM !3C4-p-glucose as a sole
external carbon source showed enrichment with p1 to p5
carbons in the hexose phosphate fractions, indicating the
occurrence of glucose catabolism in D. papillatum at a very
low rate (figure 3c; electronic supplementary material,
figure S7b). Importantly, sedoheptulose 7-phosphate (S7P),
an intermediate metabolite of PPP, was significantly labelled
with p1 to p6 carbons (figure 3c). Glucose uptake by
D. papillatum was further investigated by cells incubated for
72 h in normal medium containing 30 mM !3C4-glucose.
Under these conditions, the levels of p6 carbon were signifi-
cantly lower than that of p3 carbon in the hexose phosphate



(&  glucose (b) glucose () glucose (d)  glucose
1 [ ~L” [
s v R (——~——— ___ A (———— (- # r--l“"\
glucose-P ! PPP glucose-P _Ibrpfﬂ glucose-P irppp glucose-P —p | P_P”
Ay - AV i Ay 7
[FBP|4yPFR Y FEPlyy PRI | ¥ _ v FBP|4y [CK] Y
Ay 1Py AV | Pyr { PFK| 4y [PPDK] {Pyr
AV e Ay CK || p=== 4y [ADK] =05
PEP Lﬁgﬂ Px H\PF’DK IPuri Px 4| PEPCR LU0
- |
PEP PEI!
Px ( ? * ) ’(‘_t:
Mt | ami ; i i
. — Mt /€ amino acids Mt /&~ amino acids
amino acids L= ) L ) L
/ diplonemids
- - (D. papillatum)
LECA — kinetoplastids

euglenoids

Figure 4. A proposed metabolic moddl and peradome remodelling in Eugenazoa. (g) Peradomes (Px) and mitochondria (Mt) have been presarnt in the last
euaryotic common ancestor (LECA), with cytosolic location of glyaolyss (bl armows), guconeogeness (red armows), pentose phospetee petfway (PPP), pyrimidine
biosynthesis (Pyr) and purine savage (Pur). PRAK and FBPase (FBP) are aritical allosteric emmymess in glyaolysis and gluconeogenests, respectively. (b) After the
dvergence of the lineage leading to Euglenoics, the paradomes of the ammon anaestor of diplonemics and kinetoplastics ware reamodelled through the seques-
tration of a subset of dyaolytic emymes, possibly FBPase and athers (baxed in yellow). In these remodelled compartmerts, both glyaolysis and gluconeogenesis
were fundional. (¢) The ancestral diplonemids or Diplonarma lost: glyaolysis accomparied by the loss of PRK activity as supgestied in our analyss. (d) The ancestral
kinetoplastid further sequestiered into paroxisomes a part of erymes for PPP, Pyr, Purand athers such as FERCK and NADHHumaratee redudase boed in blLe).

fractions (electronic supplementary material, figure S7c¢).
These data suggest that G6P is catabolized via the PPP to pro-
duce triose phosphates and their subsequent catabolites,
which can then be recycled to form hexose phosphate
species. Quantitative determination of the glycolytic metab-
olites also showed a relative accumulation of hexose
phosphates in D. papillatum compared with T. cruzi, regard-
less of the nutritional conditions (electronic supplementary
material, table S2), suggesting the predominance of anabo-
lism towards the production of hexose phosphates. Taken
together, these data demonstrate that glycolysis does not
significantly contribute to central carbon metabolism in

D. papillatum and that gluconeogenesis from amino acids is
the dominant process.

(f ) Retargeting of nonglycolytic pethway eymes to
peraxsomes aaured in the common ancesstor of
kinetoplastids

To investigate the evolution of kinetoplastid glycosomes after

the split from the diplonemid lineage, we inferred additional

phylogenies for PTS-harbouring enzymes specific to kineto-
plastids. Both the phylogeny of adenylate kinase—which
catalyses the reversible interconversion of 2 ADP into ATP
plus AMP—and of inosine 5-monophosphate dehydrogen-
ase—a purine salvage enzyme—revealed that the glycosomal
forms of these enzymes have been acquired laterally from bac-
teria in Kkinetoplastids (electronic supplementary material,
figures S8 and S9). Thus, kinetoplastids encode two copies of
these genes: an ancestral copy shared with D. papillatum, and
a glycosomal copy obtained by LGT. The phylogeny of a PPP

enzyme, transketolase, showed monophyly of D. papillatum
and kinetoplastids within the eukaryotic clade, indicating
that the ancestral forms of this enzyme were retargeted to the
glycosomes in the lineage leading to kinetoplastids (electronic
supplementary material, figure S10). The phylogeny of other
PTS-targeted enzymes was ambiguous, largely due to a lack
of resolution commonly encountered in single-gene trees. We
conclude that the transfer to the glycosomes of non-glycolytic
enzymes, including those for pyrimidine biosynthesis [21],
occurred on the branch leading to the kinetoplastids after
their split from the diplonemid lineage (figure 4).

4, Dsassion

Recent advances in our sampling of microbial eukaryotic diver-
sity have begun to shed light on the unique biological features of
diplonemids, not only as a relative of important human patho-
gens but also as a major protistan group in ocean plankton
[22,23]. The ecological success of diplonemids as marine plank-
ton [23] suggests that independence from glucose accompanied
by peroxisome remodelling is a viable strategy for heterotrophic
life. Our draft genome sequencing of Diplonema provides an
important source of genomic data for this group.

The phylogeny of PFK revealed that kinetoplastid and
E. gracilis PFKs share the same evolutionary origin. Therefore,
it is likely that, as well as euglenoids, a common ancestor of
diplonemids and kinetoplastids used PFK to perform glycoly-
sis. Whether this ancestral PFK had already relocated to
peroxisomes in their common ancestor is, as yet, unclear. By
contrast, D. papillatum PFK2 shares the same origin with a
PFK homologue of the haptophyte Emiliania huxleyi, which is



the most prominent marine cosmopolitan phytoplankton and
often causes coccolithophore blooms [24]. It is possible that
marine heterotrophs like Diplonema feed on haptophytes,
which may have been an evolutionary source of LGT; alterna-
tively, both E. huxleyi and D. papillatum may have obtained
these PFK genes by LGT from other members of clade B.

Our data demonstrate that the remodelling of peroxisome
function already occurred in the common ancestor of diplo-
nemids and kinetoplastids, and involved the retargeting of
at least a subset of glycolytic enzymes and GK and PPDK.
It is unclear whether FBPase also relocated to peroxisomes
in their common ancestor, because both FBPases have differ-
ent origins. Retargeting to peroxisomes of ATP-producing
GK and PPDK may be related to the requirement of ATP
hydrolysis in the first seven enzymatic steps of glycolysis,
in terms of the maintenance of ATP homeostasis inside the
peroxisomes. That is, the maintenance of the ATP levels by
the action of GK, acting in the reverse direction, and PPDK
in the peroxisomes might have played an important role in
maintaining the efficiency of glycolysis and gluconeogenesis
in these organisms.

As with enzymatic composition of the ancestral glyco-
somes, the primary metabolic status in the common ancestor
of diplonemids and kinetoplastids is still unclear. Our metabo-
lome data indicate that D. papillatum lacks a fully functional
glycolytic pathway. By contrast, our phylogenetic analyses
suggest that the ancestor of diplonemids and kinetoplastids
likely retained glycolysis. A possible explanation is that the glu-
coneogenic state of Diplonema may not be an ancestral, but is
instead a derived feature, which was accompanied by nutri-
tional adaptations to heterotrophic life followed by the loss of
expression and activity of PFK.

From a metabolic viewpoint, it seems rational that ances-
tral glycosomes harboured the first seven enzymes of
glycolysis and the corresponding enzymes of gluconeogen-
esis for completion of a contiguous enzymatic cascade
(figure 4). Diplonema papillatum may represent an interesting
case whereby nutritional adaptations leading to glucose-

Refarenas

independent metabolism have evolved, resulting in peroxi- n

somes housing gluconeogenesis (gluconeosomes). At the
same time, preservation of glycolytic activity in kinetoplas-
tids might have potentiated adaptation to a different mode
of life: parasitism. Parasitism has developed repeatedly
among kinetoplastids, and this adaptability is made possible
by the compartmentalization into glycosomes of metabolic
processes that have to undergo drastic and rapid changes
during some transitions in the complex life cycles [25]. Hence,
the sequestering of core metabolic pathways into peroxisomes,
begun in the common ancestor of diplonemids and kinetoplas-
tids, may have laid the foundations for the success of a major
clade of medically and economically important parasites.
Indeed, high levels of glucose (in the millimolar range) are pre-
sent in the blood and body fluids of vertebrates, which can be
readily used by haemoflagellates as carbon source.
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