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Abstract

The unicellular eukaryote Trypanosoma bruceiundergoes extensive cellular and develop-
mental changes during its life cycle. These include regulation of mammalian stage surface
antigen variation and surface composition changes between life stages; switching between
glycolysis and oxidative phosphorylation; differential mMRNA editing; and changes in post-
transcriptional gene expression, protein trafficking, organellar function, and cell morphology.
These diverse events are coordinated and controlled throughout parasite development,
maintained in homeostasis at each life stage, and are essential for parasite survival in both
the host and insect vector. Described herein are the enzymes and metabolites of the phos-
phatidylinositol (PI) cellular regulatory network, its integration with other cellular regulatory
systems that collectively control and coordinate these numerous cellular processes, includ-
ing cell development and differentiation and the many associated complex processes in
multiple subcellular compartments. We conclude that this regulation is the product of the
organization of these enzymes within the cellular architecture, their activities, metabolite
fluxes, and responses to environmental changes via signal transduction and other pro-
cesses. We describe a paradigm for how these enzymes and metabolites could function to
control and coordinate multiple cellular functions. The significance of the Pl system’s regula-
tory functions in single-celled eukaryotes to metazoans and their potential as chemothera-
peutic targets are indicated.

Introduction

All cellular functions are governed by complex integrated regulatory systems that control and
coordinate numerous processes. The unicellular eukaryote Trypanosoma brucei undergoes
extensive developmental changes during its life cycle (Fig 1). T. brucei cells maintain cellular
homeostasis in each proliferative state and periodically differentiate unidirectionally via nondi-
viding developmental intermediates into the next proliferative stage. They proliferate as slen-
der bloodstream forms (BFs) in the animal host, change into nondividing stumpy BF
developmental intermediates, which differentiate into proliferative procyclic forms (PFs) in
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Fig 1. brucei life cycle indicating characteristic gene expression differences between the stages. Diagram of T. The slender BFs proliferate in the blood,
express VSGs, and metabolize glucose as the main energy source and develop into nondividing stumpy BFs that cease VSG expression and express PADI. The
stumpy forms develop into PFs that proliferate in the fly gut, express EPs and GPEETs, and primarily generate energy via oxphos. The PFs develop into EFs in
the salivary gland that express BARPs and subsequently develop into infective MFs that resume VSG expression. BARPs, brucei alanine-rich proteins; BFs,
bloodstream forms; EFs, epimastigote forms; EPs, procyclin rich in Glu-Pro repeats; GPEETS, procyclin rich in Glu-Pro-Glu-Glu-Thr repeats; MFs, metacyclic
forms; oxphos, oxidative phosphorylation; PAD1, proteins associated with differentiation 1; PFs, procyclic forms; VSGs, variant surface glycoproteins.

https://doi.org/10.1371/journal.pntd.0008689.9001

the midgut of the tsetse fly insect vector. The PFs develop, via less well-characterized stages,
into epimastigote forms (EFs) that colonize the fly salivary glands and produce animal infec-
tive metacyclic forms (MFs). The developmental processes that occur during the parasite life
cycle entail changes in surface composition, gene expression, metabolism, organelle composi-
tion and function, and cell morphology (Fig 1). These developmental changes result in differ-
entiated states that are adapted for survival in the host and vector rather than being reversible
physiological shifts in response to environmental changes. Multicellular eukaryotes, e.g.,
humans, have many differentiated cell types and thus have a more complex regulatory system
than single-celled organisms such as T. brucei [1]; nevertheless, the cellular regulatory systems
in both T. brucei and multicellular eukaryotes control cellular homeostasis in each differenti-
ated state. The regulation enables essential activities such as growth and division and responses
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to environmental changes at each life stage while also providing for developmental changes and
differentiation into other stages. Analysis of the developmental changes in T. brucei, which are
simpler than in multicellular eukaryotes, albeit still complex, provides an opportunity to develop
insights into cell-wide regulatory processes that may be evolutionarily conserved. The phospha-
tidylinositol (PI) and inositol phosphate (IP) enzymes and their small molecule substrates and
products (Fig 2A and 2B and Table 1) constitute a complex cellular regulatory network (called
the PI system hereafter for simplicity) that controls numerous cellular processes. It does so in
conjunction with the other cellular regulatory networks and regulates essential cellular pro-
cesses such as transcription, mRNA turnover, organelle biogenesis, energy metabolism, and cell
division and development. It also integrates these cellular processes with responses to environ-
mental changes (e.g., in the host and vector) and thus is part of a complex system of regulatory
networks. The PI system enzymes and metabolites are highly organized within the cell and are
not only catalysts, substrates, and products but also importantly are regulatory effectors. They
function in part by binding to proteins and changing their conformation, activity, and/or inter-
actions, thereby regulating cellular functions. The PI system enzyme homologs are conserved
between T. brucei and multicellular eukaryotes. Still, they are expanded in number and diversi-
fied in the latter (Fig 2C), where they perform regulatory functions as well as catalytic intercon-
versions that are specific to each differentiated cell type. The processes that occur within the
single T. brucei cell during its developmental transitions provide an attractive system to eluci-
date fundamental features of complex regulatory networks in eukaryotes and how they control
and coordinate many cellular processes in an integrated fashion.

Control and coordination of cellular processes

The PI system in T. brucei controls multiple cellular processes that maintain the detailed char-
acteristics of each life cycle stage [2-7]. In the mammalian host, the BFs grow, divide, and pro-
liferate in an environment that has a relatively constant temperature and biochemical
composition except for clinical and immune responses. The proliferating slender BFs are
abundant in the blood but also are present in the skin and adipose tissue and invade the central
nervous system [8,9]. BFs generate energy by glycolysis, which occurs in specialized peroxi-
somes, the glycosomes [10,11]. They have an incomplete oxidative phosphorylation (oxphos)
system and maintain mitochondrial membrane potential by adenosine triphosphate (ATP)
hydrolysis [12]. Some oxphos components are encoded in mitochondrial DNA and undergo
RNA editing, a complex guide RNA directed process that recodes the mRNAs [13]. Differen-
tial mitochondrial mRNA editing between life cycle stages results in different compositions of
the oxphos system in these stages [14-18]. The metabolic changes, morphological, and numer-
ous gene expression differences between BFs and PFs indicate that the regulatory systems con-
trol many cellular processes. Prominent among these is the control of cell surface composition.
The BF surface is covered with a dense variant surface glycoprotein (VSG) coat, which is peri-
odically changed by VSG gene recombination or by switching transcription to a different VSG
[reviewed by [19]]. This results in antigenic variation and evasion of the host immune
response. The T. brucei genome encodes approximately 2,500 VSG genes, but only 1 is
expressed at a time and from telomeric expression sites (ESs). The ESs contain several co-tran-
scribed ES-associated genes (ESAGs), except those ESs that are expressed in MFs. Unusually,
ESs are transcribed by RNA polymerase I (RNAP I) and transcription initiates from a pro-
moter located 40 to 60 kb upstream of the VSG gene [reviewed by [19]], which is developmen-
tally regulated [4,20,21]. Thus, as detailed below, the surface composition and its variation,
mitochondrial, and cytoplasmic energy generating systems and the expression of multiple
genes are controlled by the PI system in concert with other cellular regulatory networks.
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Fig 2. Overview of the PI system in T. brucei. (A) Diagram showing numbering of inositol positions that can be phosphorylated, dephosphorylated, or
pyrophosphorylated. Positions 1, 4, and 5 are phosphorylated in IP3 (position 5 is shown in red) and is shown as an example. (B) Simplified diagram showing lipid
conjugated (in black) and soluble (in blue) metabolites and enzyme activities for the metabolite interconversions. See Table 1 for the list of the enzymes (and their
abbreviations) found in T. brucei. PLC cleavage releases IP3 from the lipid. Inositol can be synthesized from glucose-6-phosphate by INOS or transported as MIS, and
Pl is synthesized by PIS. (C) PI gene homologs in prokaryotes, protozoa, fungi, and metazoa. The numbers of homologous PI genes are indicated by the circle sizes in
each organism. The general roles of the enzymes in synthesis, SGL, P, or IP kinase (PIK or IPK) and IP or PI phosphatase (IP/PI Pase) are labeled and represented by
different colors. IP/PI Pase indicate enzymes that can dephosphorylate IPs and/or PIs. The organisms are Homo sapiens (H. sap), Arabidopsis thaliana (A. tha),
Drosophila melanogaster (D. mel), Saccharomyces cerevisiae (S. cer), T. brucei (T. bru), Plasmodium falciparum (P. fal), Giardia lamblia (G. lam), Mycobacterium
tuberculosis (M. tub), Escherichia coli (E. col), and Thermus thermophilus (T. the). CDS, CDP-diacylglycerol synthetase; DK, diacylglycerol kinase; IMPA, Inositol-
1-monophosphatase; IMPase, inositol (1,4) monophosphatase; INOS, inositol-3-phosphate synthase; INPP1, inositol polyphosphate-1-phosphatase; INPP4, inositol
polyphosphate-4-phosphatase; INPP5, inositol polyphosphate-5-phosphatase; IP, inositol phosphate; IPK, inositol polyphosphate kinase; IPMK, inositol
polyphosphate multikinase; IPPK, inositol-pentakisphosphate 2-kinase; IPTK, inositol trisphosphate 5/6 kinase; IP3, inositol trisphosphate; IP3R, inositol
1,4,5-triphosphate receptor; IP5Pase, inositol polyphosphate 5-phosphatase; IP6K, inositol hexakisphosphate kinase; MIOX, myo-inositol oxygenase; MIS, myo-
inositol-1-phosphate synthase; MIT, myo-inositol/proton symporter; MTM, phosphatidylinositol-3-phosphatase myotubularin; PI, phosphatidylinositol; PIK,
phosphatidylinositol kinases; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP5K, phosphatidylinositol 4-phosphate 5-kinase; PIP5Pase, phosphatidylinositol
5-phosphatase; PIS, phosphatidylinositol synthase; PI3K, phosphatidylinositol 3-kinase; PI4K, phosphatidylinositol 4-kinase; PLC, phospholipase C; SGL, signaling;
SY]J, phosphatidylinositol 5-phosphatase synaptojanin.

https://doi.org/10.1371/journal.pntd.0008689.9g002
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Table 1. PI system genes of T. brucei.

Function Abbreviation | Product name Gene ID Location Essentiality | References
Synthesis | MIT Myo-inositol/proton symporter Tb927.11.5350 | PM/Gg Yes (BF/ [99,100]
PF)
INOS Inositol-3-phosphate synthase Tb927.10.7110 | Cy" Yes (BF) [101]
CDS CDP-diacylglycerol synthetase Tb927.7.220 PM/ER/ Yes (BF) [2,90]
Gg*
DK Diacylglycerol kinase Tb927.8.5140 | - - -
PIS CDP-diacylglycerol inositol 3-phosphatidyltransferase Tb927.9.1610 | ER/Gg Yes (BF) [35]
SGL PLC Phosphoinositide-specific phospholipase C Tb927.11.5970 | PM/Fl No (BF) [2,36]
IP3R Inositol 1,4,5-trisphosphate receptor Tb927.8.2770 Ac Yes (BF) [37]
Kinases PIP5K 1 Phosphatidylinositol 4-phosphate 5-kinase Tb927.4.1620 | PM Yes (BF/ [2,7]
PF)
PIP5K 2 Phosphatidylinositol-4-phosphate 5-kinase Tb927.10.4770 | FI* No (BF) [34]
PIP5K 3 Phosphatidylinositol-4-phosphate 5-kinase Tb927.10.3890 | - - -
PIP5K 4 Phosphatidylinositol 4-phosphate 5-kinase, putative Tb927.7.6910 | - - -
PIP5K 5 Phosphatidylinositol 4-phosphate 5-kinase related Tb927.1.740 Mt/kDNA" | - -
PI3P5K Phosphatidylinositol 3-phosphate 5-kinase Tb927.11.1460 | En/Ls Yes (BF) [5]
PI3K 1 Phosphatidylinositol 3-kinase catalytic subunit Tb927.11.15330 | Cy/En" -
PI3K 2 Phosphatidylinositol 3-kinase Tb927.8.6210 Gg Yes (BF) [6]
PI4K 1 Phosphatidylinositol 4-kinase alpha Tb927.3.4020 | Cy/FP™ - -
PI4K 2 Phosphatidylinositol 4-kinase beta Tb927.4.1140 Gg Yes (PF) [93]
IPMK Inositol polyphosphate multikinase Tb927.9.12470 | - Yes (BF) [2,3,34]
IP5K Inositol pentakisphosphate kinase Tb927.4.1050 | Cy" - -
IP6K Inositol hexakisphosphate kinase Tb927.7.4400 | - - -
Phosphatases | PIP5Pase Phosphatidylinositol (4,5 or 3,4,5)-phosphate 5-phosphatase Tb927.11.6270 | Nu Yes (BF) [2,4]
IP1Pase Inositol polyphosphate 1-phosphatase Tb927.8.7170 | FI/FP* No (BF) [2-4]
IMPase 1 Inositol-1(or -4)-monophosphatase 1 Tb927.9.6350 - No (BF) [2-4,34]
IMPase 2 Inositol-1(or -4)-monophosphatase 2 Tb927.5.2690 Cy/FI" No (BF) [2-4,34]
IP5Pase 1 Inositol polyphosphate 5-phosphatase 1 Tb927.10.5510 | Cy™ No (BF) [3,34]
IP5Pase 2 Inositol polyphosphate 5-phosphatase 2 Tb927.9.5680 | Cy/En" No (BF) [34]
IP6Pase Inositol hexakisphosphate phosphatase Tb927.8.3410 | En™ - -
SYJ 1 Synaptojanin 1 (IP/PI 5-phosphatase) Tb927.9.10640 | Cy/En™ No (BF) [34]
SYJ 2 Synaptojanin 2 (IP/PI 5-phosphatase) Tb927.7.3490 Cy No (BF) [3,34]
SYJ 3 Synaptojanin 3 (IP/PI 5-phosphatase) Tb927.11.5490 | - Yes (BF) [3,5,34]
PIK related | TOR1 Phosphatidylinositol 3-kinase-related target or rapamycin (TOR) 1 protein | Tb927.10.8420 | Nu Yes (BF) [102]
TOR2 Phosphatidylinositol 3- or 4-kinase-related TOR 2 protein Tb927.4.420 Mt/ER Yes (BF) [102]
TOR3 Phosphatidylinositol 4-kinase-related TOR 3 protein Tb927.4.800 Cy Yes (BF/ [103]
PF)
TOR4 Phosphatidylinositol 3-kinase-related TOR 4 protein Tb927.1.1930 | Cy/En™ Yes (BF) [104]
TOR-like 1 | FAT domain/Rapamycin binding domain/Phosphatidylinositol 3- and Tb11.v5.0793 |- - -
4-kinase, putative
TOR-like 2 Phosphatidylinositol 3-kinase tor, putative Tb11.v5.0744 | - - -
ATM Phosphatidylinositol (3,4) kinase-related ataxia telangiectesia-mutated Tb927.2.2260 | Cy" - -
protein
ATR Phosphatidylinositol 3-related kinase ATM-related Tb927.11.14680 | Nu™ - -

The general functions of the enzymes are indicated (SGL = signaling), and some are also diagrammed in Fig 3. The subcellular locations in BF and/or PF cells where

known are ER, endoplasmic reticulum; Gg, Golgi; PM, plasma membrane; Fl, flagellum; Ac, acidocalcisome; Cy, cytoplasm; Nu, nucleus; FP, flagellar pocket, Mt,

mitochondrial; KkDNA, kinetoplast DNA; En, endocytic; Ls, lysosomes. Essentiality as determined by gene expression knockdown where known is also indicated.

*For this work, see Fig 1.

"Localization in PFs according to Tryptag (http://tryptag.org).

BF, bloodstream form; PF, procyclic form; PI, phosphatidylinositol; PIK, phosphatidylinositol kinase.

https://doi.org/10.1371/journal.pntd.0008689.t001
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Morphologically distinct nondividing stumpy BFs occur periodically in vivo and in vitro in
a strain-dependent fashion. Stumpy BFs development is initiated via quorum-sensing mecha-
nisms that involve oligopeptides binding to a surface G-protein coupled receptor family of
protein [22,23]. Unlike slender BFs, the stumpy BFs express carboxylate transporter proteins
associated with differentiation 1 (PAD1) and PAD2 [24,25], nicotinamide adenine dinucleo-
tide hydrogen (NADH) dehydrogenases (diaphorase) [25,26], edit mitochondrial mRNAs for
some components of the oxphos system, which is nevertheless incomplete in this stage
[15,27,28], and express other metabolic components [17,29]. They are thus primed to develop
into PFs that occurs upon transmission of BFs to the tsetse fly. PFs do not express VSGs but,
instead, express abundant procyclin proteins on their surface. The PFs are larger than BFs,
have an expanded mitochondrion with a complete oxphos system, metabolize glucose outside
the glycosomes, and have numerous gene expression and mRNA editing differences from BFs
[3,27,30] [reviewed by [31]]. For example, mitochondrial cytochrome b and cytochrome oxi-
dase subunit 2 mRNAs are edited and functional in PFs but are not edited in slender BFs
[15,16,18]. Reciprocally, only a small 5’ regions of NADH subunit 7 (ND7) mRNAs is edited
in PFs, but ND7 mRNAs are fully edited in BFs [14,32]. The vast differences between BFs and
PFs, along with the fact that PFs do not survive at 37°C, indicate that the transition from BFs
to PFs constitutes differentiation rather than a physiological shift. The PFs proliferate in the
tsetse fly midgut then, as has been described elsewhere [33], develop into other stages at vari-
ous locations in the fly and ultimately develop in the fly salivary glands into mammalian infec-
tive MFs (Fig 1). As summarized below, the PI system functions in the control of multiple
cellular processes in T. brucei that maintain the homeostatic, albeit responsive, state in each
life cycle stage as well as the development from one stage to another. Importantly, the PI sys-
tem is integrated within the network of other cellular regulatory processes, e.g., protein kinases
and phosphatases, which regulate multiple cellular processes in T. brucei as well as in other
eukaryotes.

The T. brucei Pl system

A total of 30 PI system genes were identified in T. brucei (and in the related Trypanosoma
cruzi and Leishmania parasites) by BLAST analysis of PI genes; conserved domains; and cata-
lytic amino acids from Archaea, prokaryotes, protozoans, yeast, worms, insects, plants, and
humans (summarized in Fig 2C) [2]. The annotations of genes encoding PI enzymes in the
kinetoplastid genome database (TritrypDB.org) were confirmed but also identified other
genes annotated as hypothetical proteins [34]. T. brucei thus encodes 13 kinases, 10 phospha-
tases, 1 phospholipase C (PLC), 1 D-myo-inositol 1,4,5-triphosphate (IP3) receptor (IP3R),
and it also encodes enzymes involved in the synthesis and recycling of PI metabolites, includ-
ing a myo-inositol transporter (Table 1). An additional 8 PI kinase-related enzymes have been
identified [e.g., target of rapamycin (TOR)-related enzymes], but it is unknown whether the
PI3 or PI4 kinase domain in these T. brucei enzymes is functional. Confirmation of the cata-
lytic specificities predicted by homology is incomplete. The predicted functions of some PI
enzymes have been confirmed by enzymological analysis, e.g., inositol polyphosphate multiki-
nase (IPMK), which phosphorylates IP3 and D-myo-inositol 1,3,4,5-tetrakisphosphate (IP4) at
inositol positions 3 and 6, respectively [3,34] and by a combination of gene knockdowns and
biochemical analysis such as mass spectrometry or metabolic labeling, e.g., CDP-diacylglycerol
inositol 3-phosphatidyltransferase [35] and phosphatidylinositol 4-phosphate 5-kinase
(PIP5K) [2,7]. A notable exception is phosphatidylinositol (4,5 or 3,4,5)-phosphate 5-phospha-
tase (PIP5Pase), which was annotated as an IP3 5-phosphatase. Enzymological analysis using
purified T. brucei protein combined with active site mutations that disrupt catalysis showed
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that this protein dephosphorylates the 5-phosphate position of phosphatidylinositol
4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5-triphosphate (PIP3) but not of IP3
[2,4].

The subcellular locations, abundances, and activities of the PI enzymes have been partially
determined (Table 1). The current data suggest organizational features consistent with their
function in a regulatory network. The PI system enzymes are located in various cellular com-
partments, e.g., plasma membrane and flagellum [2,36], flagellar pocket [7], Golgi [6], acido-
calcisomes [37], and nucleus [2,4]; and in some cases have more than one location [2,7]. This
implies that the substrate and product interconversions of the respective metabolites occur at
these subcellular locations. Moreover, transcriptomics and ribosomal profiling studies indicate
that the abundances of some enzymes differ between T. brucei life cycle stages [30]. The activi-
ties of the PI system enzymes are likely to be subject to various regulatory controls, such as
feedback regulation mediated by the substrates and products, or by processes such as protein
phosphorylation. This organization is also likely to be affected by the interactions of the PI pro-
teins with the other cellular components and by dynamic cellular processes.

How might such a regulatory network control homeostasis and development? A likely
answer resides in the known ability of PI metabolites to specifically bind to proteins and affect
protein functions and interactions with other proteins [3,4,38-44]. The binding of these
metabolites by cellular proteins affects protein catalytic activities and interactions or functions
within multiprotein complexes [4,43-46]. Importantly, the various PI metabolites have unique
combinations of phosphorylated and pyrophosphorylated positions on the inositol moiety due
to the PI enzyme catalytic activities (see Fig 2B). This provides for their specific molecular
interactions with target proteins. Such proteins thus contain binding sites that are specific for
certain PI metabolites, e.g., the Pleckstrin homology (PH) domains, with a distinct affinity of
interaction [38,47,48]. In addition, the phosphoinositides have a diacylglycerol and a lipid con-
stituent with hydrophobic properties that enable interaction with membranes or other hydro-
phobic domains, whereas the IP is soluble in aqueous environments. The extant knowledge
suggests that the PI system is conserved among unicellular and multicellular eukaryotes
[41,42,47,49-53]; it controls multiple processes in trypanosomes [2,3,6,7,34,37], and it has
related functions in other eukaryote pathogens [54-56].

Affinity purification and mass spectrometry analysis have identified hundreds of proteins
that bind to IP3, IP4, and PIP3 in T. brucei [3], and numerous proteins bind to PIs in mamma-
lian cells and cells of other organisms [39,57]. Many studies in various cell systems have shown
that the proteins that bind PIs have various functions including those involved in gene expres-
sion regulation [4,45,58]; signaling pathways [50,55,59,60]; cell metabolism [3,61]; vesicle traf-
ficking; and protein synthesis, folding, and degradation [3,5-7]. The location of the PI
enzymes and metabolites in different cellular compartments suggests that they function as a
cell-wide integrated system as opposed to a biochemical pathway that is restricted to metabolic
interconversions. While some functions of the PI system are conserved among trypanosomes,
yeast, and metazoans, such as the control of protein trafficking [5,6,46-48,62], others evolved
to be specific to trypanosomes such as the control of antigenic variation [2,4]. The differences
in PI regulatory functions reflect divergence in the regulatory systems among eukaryotes. Try-
panosomes notably diverged early in the eukaryote lineage and have specialized regulatory
processes, such as mitochondrial RNA editing. They also rely heavily on posttranscriptional
regulatory mechanisms to control gene expression, which reflects their lack of specific tran-
scription initiation factors, unusual polygenic transcription, and the almost exclusive use of
trans-splicing for mRNA processing [63]. This implies that studies of the PI system in T. brucei
may identify important and novel aspects of eukaryotic posttranscriptional regulation. The
amounts, locations, and interactions of the PI enzymes in trypanosomes are highly organized
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within this parasite’s architecture, and their activities are subject to various types of regulation
that affect and are likely influenced by the levels and fluxes of their substrates and products.
Such an arrangement thus provides a dynamic cellular regulatory network that embodies
numerous specific molecular interactions and functions.

A paradigm

A paradigm for the role of the PI system in the coordinated regulation of multiple cellular pro-
cesses in T. brucei and other eukaryotes is based on 3 types of results. (1) The PI system is
highly organized. The PI system is highly ordered within the cell with the locations and
amounts of PI enzymes determined by a combination of their primary sequences and the cel-
lular processes that control their translation, subcellular location, and turnover. We surmise
that the activities of the enzymes are controlled by other processes such as those that affect pro-
tein folding, modification (e.g., phosphorylation), local levels of their substrates and products,
and interactions with other cellular constituents such as proteins and membranes. This
dynamic system thus controls local subcellular fluxes of specific metabolites in a manner that
is responsive to internal and external conditions. (2) Proteins bind to specific PI metabolites.
Various proteins specifically bind PI metabolites, and some but not all PI interacting domains
have been characterized. The specificity of the interaction is due to the phosphorylation state
of the metabolite, access to the target, and the target’s competence to bind the metabolite,
which may be affected by additional molecular interactions. Additionally, metabolite flux and
abundance, as well as the affinity of the interaction, can affect the protein and PI interaction.
(3) PI metabolites regulate protein function. The consequence of protein and PI binding is
that the activity, binding to other molecules (e.g., other proteins), is affected, and this has
downstream effects, e.g., a cascade of molecular interactions. The binding of PIs to multiple
specific protein targets affects target functions and provides for coordination of the functional
consequences, e.g., coordination of diverse processes. The specific coordination would be
enhanced/modulated by the physical segregation of the enzymes and metabolite transporters.
Hence, this highly organized system can coordinately regulate multiple processes at the level of
functional activity analogous to the kinase/phosphatase regulation of protein activity and/or
interactions to which control the expression of numerous genes via transcription factors in
response to signal transduction.

The PI regulatory system may be metastable, i.e., react in a substantially predetermined
fashion in response to certain conditions. For example, host conditions that arise in response
to parasite infection and/or proliferation (e.g., quorum sensing) may alter the PI regulatory
network resulting in the development of slender to stumpy BFs. The location of PI enzymes on
the plasma membrane, e.g., PIP5K and PLC, indicates that they may function in the sensing
and reacting to the relevant condition. The BF might have alternative fates: remaining in the
host and undergoing an antigenic switch if not eliminated by the immune response or devel-
oping into a PF if ingested by the tsetse fly. Both alternatives have clear selective value since
they enhance parasite survival. Also, such a system would enable stumpy BFs to be advanta-
geous but not obligate developmental intermediates. In any event, a metastable regulatory sys-
tem would keep the parasites poised to switch antigenic type or develop into the PF stage. This
regulatory system would also provide for control of the several developmental stages in the
insect and host.

Key processes regulated by the Pl system in T. brucei

The role of the PI system in controlling multiple cellular processes is evident from cellular
changes following the genetic perturbation of PI enzymes in T. brucei [2,3,5,6,37]. Among
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these processes are the regulation of VSG expression and switching, life stage development,
energy metabolism, protein traffic, and organelle maintenance and function.

Nuclear phosphoinositides and the control of VSG expression

In T. brucei, phosphoinositides play an essential role in the control of VSG gene allelic exclu-
sion and antigenic switching [2,4]. T. brucei expresses only one of the hundreds of VSG genes
at a time and periodically changes its expression by switching transcription between VSG ESs
or by VSG recombination mechanisms. Multiple molecules are implicated in this VSG regula-
tion and switching, including promoter-associated factors, chromatin regulatory proteins, and
telomeric factors (reviewed by [19]). Nuclear PI enzymes and metabolites play roles in the con-
trol of VSG expression in coordination with ES regulatory molecules [2,4]. The regulation
entails local control by PIP5Pase of nuclear levels of PIP3 and PIP3 binding by repressor acti-
vator protein 1 (RAP1) [4]. PIP5Pase and RAPI interact within a 0.9 MDa protein complex
and associate with telomeric ESs and are enriched in 70 bp and telomeric repeats [4]. The dere-
pression of silent VSG genes resulting from knockdown of either RAP1 or PIP5Pase under-
scores their functional association [2,21]. Moreover, PIP5Pase activity, i.e., dephosphorylation
of PIP3 5-position phosphate, is required for regulation as shown by the derepression of all
silent VSG genes upon mutation of PIP5Pase to loss of catalytic function [4]. Furthermore,
PIP3, but not other phosphoinositides, binds to RAP1, and mutations that catalytically inacti-
vate PIP5Pase also alter RAP1 association with ESs resulting in RAP1 dissociation from telo-
meric repeats [2,4]. The changes in RAP1 and PIP5Pase association with ES chromatin likely
affect chromatin organization and result in transcription of silent VSG genes. Hence, the PIP5-
Pase enzyme controls the silencing of all but 1 telomeric VSG ES, and the regulatory mecha-
nism involves PIP5Pase catalysis, which controls the RAP1 silencing function via PIP3 levels.
PIP3 association with RAP1 affects RAP1 interactions with chromatin and thus chromatin
organization and its accessibility to RNAP I transcription elongation. Therefore, the PIP3 lev-
els available to PIP5Pase, and locally to RAPI, appear to be a key element of the regulatory
mechanism. Other cellular regulatory processes may entail similar mechanisms of control by
PI enzymes and targets, namely, via control of subcellular metabolite fluxes that result from
substrate interconversions, binding, and transport.

The control of VSG ES transcription in T. brucei is also affected by PIP5K and PLC,
which are located at the plasma membrane [2]. Knockdown of PIP5K, which synthesizes
PIP2, and overexpression of PLC, which cleaves PIP2 into diacylglycerol and IP3, both result
in the loss of VSG allelic exclusion [2]. Furthermore, the temporary knockdown of PIP5K
results in the switching of VSGs by transcriptional and recombination mechanisms. How the
regulation of phosphoinositides at the plasma membrane affects nuclear ES regulatory
processes involved in VSG expression and switching remains unknown. However, this func-
tional association between the 2 plasma membrane enzymes and VSG ES transcription and
switching in the nucleus implies that transcriptional control of VSG ESs is linked to a signal
transduction system, which may also entail environmental sensing. Hence, the PI system acti-
vation might result in a signal transduction cascade that controls the nuclear machinery
involved in VSG transcription and recombination. The signal transduction might be like the
conserved IP3 signaling in eukaryotes since T. brucei expresses all components of the IP3 sig-
naling pathway [34,37] (Table 1). Still, it may also involve other regulatory proteins such as
kinases and phosphatases. The interactome of PIP5Pase and RAP1 identified many nuclear
kinases and phosphatases that could play a role in this process [4]. Hence, the PI system regu-
lates nuclear processes in a fashion that coordinates ES transcription with other cellular
functions.
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The PI metabolites function in the control of nuclear processes is not limited to trypano-
somes [2,4] but is also evident in yeast [40,64] and mammals [42,45]. The mechanisms by
which PIs control nuclear processes are still emerging. However, the existing data indicate that
they involve specific PI binding by proteins, which controls protein activity or interactions
with other proteins, DNA, or RNA [45,53,65]. The result is the regulation of various nuclear
processes including transcription factor activation [42,66], RNAP I transcription [43,51], RNA
polyadenylation [65], RNA transport [44,64], and chromatin modifications [45]. It remains
unknown whether PI metabolites are transported to the nucleus after synthesis in endoplasmic
reticulum (ER)/Golgi or whether they are synthesized in the nucleus [67]. Nevertheless, the
nuclear localization of PI enzymes indicates that PI levels are regulated in the nucleus of vari-
ous organisms [2,40,66,67]. The role of PIs in the regulation of nuclear processes in trypano-
somes, yeast, and mammalian cells indicates that PI regulatory functions in the nucleus
originated early in eukaryotic evolution and likely diversified to regulate specialized processes
in these organisms.

IP kinases and phosphatases role in T. brucei life stage
development

Numerous regulatory processes control the various cell-wide changes that occur between T.
brucei developmental stages [3,15,17,68-70]. Importantly, however, these processes must be
functionally integrated within the cells overall regulatory systems. These include processes that
regulate energy generating systems [3,15], cell surface composition [2,71,72], and cell division
[22,73,74]. The PI system functions in the regulation of BF to PF development [3]. Knockdown
or mutation that inactivates IPMK, the enzyme that phosphorylates inositol positions 3 and 6
of IP3 and generates IP4 and D-myo-inositol 1,3,4,5,6-pentakisphosphate (IP5) [3,34], results
in the development of dividing slender to nondividing stumpy BFs and then PFs. This transi-
tion is accompanied by decreased VSG expression and transient PAD1 expression, which is
followed by procyclin expression, a switch from glycolysis to oxphos, and morphological
changes (Fig 1) [3]. On the other hand, knockdown of inositol polyphosphate 5-phosphatase
(IP5Pase) is not lethal but results in morphological changes that resemble stumpies and in a
decrease in pyruvate release without effects on ATP production [3]. This is unlike knockdown
of IPMK, or its mutation to catalytic inactivity, which results in BF development to PFs that
have a functional, i.e., inhibitor sensitive, oxphos system [3]. These enzymes, both of which are
cytoplasmic, may function at a developmental juncture. The IP5Pase knockdown may tilt the
regulatory network toward cell division-arrested stumpy BFs that are responsive to the mam-
malian environment. Responsiveness to the mammalian environment is also implied by the
cell surface location of PIP5K and PLC [2]. Notably, PLC produces IP3, which is the IPMK
substrate. The IPMK knockdown may tilt the regulatory network toward cells that are respon-
sive to the PF growth environment and mitochondrial development including generation of a
fully functional oxphos system that requires regulation of RNA editing (discussed below).
Such responsiveness is also implied by citrate-cis aconitate (CCA) enhancement of BF to PF
development in a dose-dependent manner after IPMK knockdown [3]. Hence, the PI system
regulation of development is integrated within the cells systems that sense and transduce envi-
ronmental conditions, which includes adenosine monophosphate (AMP) and cyclic AMP
(cAMP) signaling [22,68,75], CCA [3,25], and its response to cell density [22,23].

The PI system must function in coordination with other cellular signaling and regulatory
processes involved in the control of T. brucei development. cAMP and AMP are involved in
the regulation of T. brucei development from slender to stumpy BFs. They function by activa-
tion of AMP-activated kinase (AMPK), which stimulates the development of slender to
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stumpy BFs [22,68]. Moreover, AMP and cAMP or their analogs inhibit the target of rapamy-
cin 4 (TOR4) complex, which negatively regulates the development of slender to stumpy BFs
[75]. On the other hand, regulation of stumpy BFs to PFs involves protein tyrosine phospha-
tase 1 (PTP1) and the glycosomal Ser/Thr phosphatase PTP1-interacting protein of 39 kDa
(PIP39), both of which are involved in the differentiation of BFs to PFs via CCA stimuli
[76,77]. These proteins are part of the regulatory network involved in the control of T. brucei
development, and they might function in concert with IP5Pase and IPMK to control cellular
responses to environmental changes, e.g., changes associated with the transition from host to
vector and/or changes that are inherent to the cell developmental program.

IPMK control of metabolic switch between developmental stages

The PI system controls processes that occur in a coordinated fashion during cell development
[3,78]. Such regulatory processes are evident in the life stage developmental changes in T. bru-
cei, which entail shifting between different primary means of energy generation as they alter-
nate between glycolysis in BFs in the mammalian host and amino acids consumption and
oxphos in PFs in the insect vector (discussed in Introduction) [3,31,79]. The precise mecha-
nisms that control the glycosomal and cytoplasmic composition of glycolytic enzymes and the
differential editing are unknown, but they certainly are affected by processes that involve regu-
lation by the PI system [3]. For example, mutations that inactivate T. brucei IPMK catalysis
result in cells that switch cellular energy metabolism from glycolysis to oxphos in BFs. Impor-
tantly, these changes occur in BFs and precede their development into insect stage PFs [3].
IPMK knockdown or catalytic inactivation results in an approximately 4-fold increase in intra-
cellular ATP levels [3]. These changes correlate with an increase in the expression of respira-
tory chain genes, including those encoding proteins of complex II, III, and IV, which are
expressed in PFs but not in BFs. Moreover, the increased ATP levels are sensitive to inhibitors
of oxphos proteins that are typically expressed in PFs but not in BFs. Notably, the production
of a functional oxphos system in BFs requires differential editing of mitochondrial mRNAs.
Hence, significant changes in the expression of genes from both the nuclear and mitochondrial
genomes occur upon perturbation of IPMK, and consequently, functional changes in the
energy generation system [3]. A potential mechanism for IP regulation of metabolic changes
could involve IPs binding to RNA-binding proteins (RBPs), and hence affect mRNA stability
or translational control. Our data indicate that perturbation of the IP regulatory network
affects stage-specific gene expression and changes in expression of several RBPs, including
RBP6, RBP7, and RBP10 [3]. These RBPs control the expression of hundreds of genes includ-
ing those involved in energy generation systems such as glycolysis and oxphos, the coordina-
tion of surface protein expression (e.g., procyclins), and morphological changes
[3,69,70,80,81]. An alternative mechanism involves the direct interaction of IPs with metabolic
and signaling proteins to control protein function and thus regulate cell metabolism. In T. bru-
cei, IP3 and IP4 bind to over 100 proteins from BFs [3]. Proteins bound by IP3 are generally
associated with cell signaling and motility, while proteins bound by IP4 are associated with cell
metabolism and protein synthesis and degradation, which implies that soluble IPs have multi-
ple cellular regulatory roles in T. brucei [3]. The potential mechanisms are not mutually exclu-
sive, and T. brucei could employ various strategies to regulate energy metabolism and other
developmental processes. Other soluble IPs such as D-myo-inositol 1,2,3,4,5,6-hexakispho-
sphate (IP6), D-myo-inositol 5-diphospho 1,2,3,4,6-pentakisphosphate (IP7), and D-myo-Ino-
sitol 1,5-bis(diphosphate) 2,3,4,6-tetrakisphosphate (IP8), which are produced in yeast [82],
also have regulatory functions, although they are not yet completely studied in trypanosomes
[83].

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008689  October 29, 2020 11/21


https://doi.org/10.1371/journal.pntd.0008689

PLOS NEGLECTED TROPICAL DISEASES Phosphometabolite regulatory system in T. brucei

Control of the switch between glycolysis and oxphos by the PI system appears to be con-
served in eukaryotes, albeit differentially adapted by evolution between organisms [3,61]. The
knockdown of IPMK in yeast also results in a switch from oxphos to glycolysis [61]. In addi-
tion, the Warburg effect in mammalian cancer cells, in which the cells employ oxidative glycol-
ysis, resembles the consequence of IPMK perturbation [61]. The molecular mechanisms
underlying these regulatory processes in trypanosomes, yeast, and mammals are unknown.
The involvement of control of transcription occurs in yeast because the activity of the GCR1
glycolytic transcription complex is affected by the knockdown of IPMK and IP6K [40,58,61].
In addition, the yeast chromatin-remodeling SWItch/Sucrose Non-Fermentable (SWI/SNF)
complex is regulated by IP4 [61]. Also, IP5 and IP6 inhibit nucleosome mobilization by the
chromatin remodeling complexes nucleosome remodeling factor, ISWI (Imitation Switch)
chromatin-remodeling complex adenosine triphosphatase (ATPase) ISW2, and chromatin-
remodeling ATPase INO80 complexes [40]. These results imply that changes in IP metabolite
levels and perhaps fluxes affect gene transcription in these cells. However, trypanosomes do
not control transcription initiation and generally control gene expression posttranscription-
ally, e.g., RNA turnover or translational control [84,85]. In T. brucei, RBPs may act at the RNA
level by controlling mRNA stability, degradation, or translation and result in a similar pheno-
typic outcome as control of transcription initiation in yeast. However, the IP regulation may
also act posttranscriptionally even in organisms that employ control of transcription initiation
[44,52,64]. Hence, IPs appear to have conserved roles in the switch between glycolysis and
oxphos, but different or additional regulatory mechanisms seem to be employed in different
organisms.

Pl kinases: Regulation of organelle biogenesis and trafficking

Phosphoinositides play a key role in organelle biogenesis and vesicle trafficking in eukaryotes,
including endosome to lysosome and endosome to Golgi trafficking [86-88]. In T. brucei, reg-
ulation of protein trafficking is essential for surface expression and turnover of proteins such
as VSGs and procyclins [89]. In T. brucei, the phosphatidylinositol synthase (PIS) and CDP-
diacylglycerol synthetase (CDS) enzymes are located in the ER and Golgi [35,90] (Table 1 and
Fig 3) where they synthesize PIs that are distributed to other cellular compartments, e.g.,
plasma membrane and organelles. Subsequently, PIs are phosphorylated by PI kinases generat-
ing a variety of PI phosphates (PIPs) that are distributed to other cellular compartments by
mechanisms that are yet poorly understood [91]. In BFs, PIP, PIP2, and PIP3 metabolites are
on the plasma membrane and elsewhere [2], e.g., in endosomal compartments with PIP2 [i.e.,
PI(4,5)P2] at the flagellar pocket [7] and PI(3,5)P2 in lysosomes [5]. The knockdown of a phos-
phatidylinositol 3-kinase (PI3K) homolog of yeast vacuolar protein sorting 34p (vps34p) in
BFs impairs receptor-mediated endocytosis of transferrin and concanavalin A to lysosomes
and the export of VSGs to the cell surface [6]. Interestingly, the high rate of VSG endocytosis
from the surface to lysosomes is implicated in the removal and degradation of surface-bound
immunocomplexes (e.g., antibodies and complement factors), which aids parasite immune
evasion [92]. The PI3K knockdown parasites also fail to segregate the Golgi during mitosis
despite correct replication and segregation of kinetoplasts and basal bodies [6]. Furthermore,
the knockdown of the phosphatidylinositol 4-kinase beta (PI4Kp) in BFs results in Golgi
abnormalities and the mislocalization of lysosomal and flagellar pocket proteins [93]. It also
results in the accumulation of intracellular vesicles, which suggests defects in vesicle trafficking
[93]. In BFs, the knockdown of PIP5K results in decreased levels of plasma membrane PIP2
and affects the parasite shape, i.e., cells become round [2] and impairs endocytosis [7]. On the
other hand, the knockdown of phosphatidylinositol 3-phosphate 5-kinase (PI3P5K) in BFs,
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A PIP5K2

Fig 3. Subcellular immunofluorescence localization of PI enzymes in T. brucei slender BF. V5-tagged PIP5K2 (A), CDS (B), or IP1Pase (C)
were expressed from rDNA locus upon induction with tetracycline and stained green with anti-V5 fluorescein-conjugated monoclonal antibodies.
Mitochondria are stained red with mitoTracker, DNA is stained blue with DAPI, and DIC indicates differential interference contrast. Arrows
indicate PI enzyme staining in black and white in expanded regions. The cells were permeabilized with 0.2% NP40 except as indicated as NP. BF,
bloodstream form; CDS, CDP-diacylglycerol synthetase; DAPI, 4’,6-diamidino-2-phenylindole; DIC, differential interference contrast; ER,
endoplasmic reticulum; Gg, Golgi; IP1Pase, inositol polyphosphate 1-phosphatase; NP, non-permeabilized; PI, phosphatidylinositol; PIP5K2,
phosphatidylinositol 4-phosphate 5-kinase 2; PM, plasma membrane.

https://doi.org/10.1371/journal.pntd.0008689.9003

the ortholog of yeast lysosomal Fab1, decreases the levels of PI(3,5)P2 metabolites and results
in defects in the late endosomal degradation pathway [5]. Hence, the PI system plays a role in
the regulation of vesicle trafficking, organelle biogenesis, and recycling of surface proteins.
Although these regulatory functions are somewhat conserved with other eukaryotes, their role
in the correct delivery of VSG proteins to the surface and the high rate of VSG surface
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recycling are intertwined with antigenic variation and the removal of surface-bound immuno-
complexes, which helps the parasite to evade the host immune response. Hence, the PI system
has roles in vesicle trafficking and organelle biogenesis and likely evolved specialized regula-
tory features in T. brucei that contribute to host immune evasion.

Evolutionary significance and functional diversity of the Pl system
in eukaryotes

The PI enzymes are conserved among eukaryotes but expanded in metazoans, where they
likely play similar regulatory roles but are adapted to the various differentiated cell types (Fig
2C). The diversity of the PI system regulatory functions might reflect differences in the expres-
sion of genes encoding PI enzymes, differences in enzyme activities, or posttranslational regu-
lation of enzyme function. In addition, the set of genes encoding enzymes of the PI system in
each organism’s genome may contribute to its diversity of functions. Analysis of genes encod-
ing PI enzymes in the genome of multiple organisms such as archaea, bacteria, protozoa, yeast,
and metazoans such as plants, worms, and humans shows dramatic differences in the overall
number of genes between these organisms and the class of enzymes that each organism
genome encodes (Fig 2C). For example, archaea and bacteria such as Escherichia coli and
Mpycobacteria tuberculosis contain a small subset of genes encoding enzymes involved in the
synthesis of inositol and phosphoinositides. Moreover, they lack most enzymes involved in the
phosphorylation or dephosphorylation of inositol, as well as genes encoding proteins involved
in IP3 signaling such as PLC and IP3R. The presence of genes involved in PI synthesis in pro-
karyotes and archaea might be related to the expression of surface glycoconjugates that contain
inositol [94,95]. Since archaea and bacteria apparently lack most of the conserved PI kinases
and phosphatases, it is likely that the regulatory functions that PI metabolites have in eukary-
otes are absent in prokaryotes and archaea. In contrast, protozoan eukaryotes such as Giardia
Lamblia, T. brucei, or Plasmodium falciparum have a substantial set of PI enzymes. This large
set of enzymes correlates with numerous regulatory functions that involve the PI system in
protozoa, e.g., regulation of VSG gene expression and life stage development in T. brucei [2,3],
T. cruzi differentiation and host cell interaction [54], and development in Plasmodium sp.
[55]. Interestingly, no IP3Rs have been identified in Apicomplexan parasites, possibly due to
their having divergent IP3Rs [59], although there is evidence for IP3 signaling in Plasmodium
[55,56]. A cyclic guanosine monophosphate (cGMP)-dependent protein kinase G controls IP3
intracellular production through regulation of lipid kinases and function in malaria parasite
motility and development [55]. The IP3 function in the control of Ca”" levels seems also con-
served between protozoa and metazoans [50], although in T. brucei, the IP3R localizes in acid-
ocalcisomes rather than in the ER, as it occurs in metazoans. In addition to IP3, other soluble
IPs may also have a conserved regulatory functions in protozoans and metazoans [3,61]. The
early evolutionary divergence of trypanosomes from other eukaryotes suggests that roles for
PIs in the regulation of cells’ metabolic balance, homeostasis, environmental sensing, and
development might have originated early in evolution. Metazoans, including humans, contain
many genes for PI enzymes with regulatory and signaling functions, including those encoding
PLC, PI kinases, and phosphatases [50,52,60,65,78,96]. The expansion in the number of PI
enzyme paralogs from unicellular protozoa to metazoans reflects the more complex regulatory
systems in multicellular organisms. This implies additional processes that are regulated by the
PI system, such as those that control cell-specific PI enzyme subcellular compartmentalization,
differential gene expression, splicing, regulation of posttranslational modifications, and feed-
back controls [97]. This expanded gene number and additional levels of regulation also reflect
tissue-specific gene expression, multiple cell types, and the complex development that these
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organisms undergo. Hence, differences in the number of PI system genes among various
organisms suggest that the PI system evolved to accommodate the complexity of regulatory
functions in eukaryotes and may echo the diversity of functional roles in which PI enzymes are
involved.

Concluding remarks

All cells function as integrated units that maintain homeostasis while responding to environ-
mental changes and periodically undergoing numerous coordinated changes during develop-
ment and differentiation. The processes that control homeostasis and differentiation function
individually within each cell in populations of unicellular organisms, albeit these cells may
interact with, as well as respond to, their environment. The multicellular metazoan organisms,
including humans, are much more complex but nevertheless function as a unit and employ
the PI system within their regulatory processes. Their greater complexity includes the added
dimensions of specific interactions of variously differentiated cells, as amply illustrated by the
immune system, and their organization into tissues and organs. This greater complexity in
metazoans is reflected in the expansion of the PI system. Nevertheless, many of the regulatory
principles are likely to be conserved between T. brucei and metazoans, including humans.

The PI system in T. brucei, and likely in many other organisms, has also evolved to regulate
specialized processes. This is evinced by the role of the PI system in the regulation of VSG
expression and switching in T. brucei, and it is conceivable that part of this signaling and regu-
latory mechanism is conserved among other eukaryotes, especially those that uses antigenic
variation for host immune evasion. The PI system has also evolved to function integrated
within the specific biology and developmental features of each organism. The role of IPMK in
energy generating systems is illustrative: it regulates energy metabolism in many eukaryotes,
but while in yeast and mammals it involves transcription control of metabolic genes, in T. bru-
cei, it seems to involve posttranscriptional regulatory processes. The presence of PI system
kinases and phosphatases allows for a regulatory system that is tunable and responsive to mul-
tiple cellular conditions, as it seems to occur with the regulation of T. brucei life stage develop-
ment. The ability of these metabolites to functionally associate with proteins, RNAs, and lipids,
and hence be distributed to many subcellular compartments, may be a critical characteristic
that give them such a widespread regulatory function in eukaryotes.

The PI regulatory system provides attractive drug targets in pathogens [34,98], especially
where they differ from homologs in the host, and the functions in the host are less vital than in
the pathogen. Besides, inhibition of key PI enzymes in the pathogens may disrupt essential
processes or those that allow the pathogen to escape host defenses, e.g., antigenic variation
[2,4]. Findings in T. brucei may provide insights for drug development, including in other
eukaryotes.
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