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ABSTRACT

The effect of cytokinins on the metabolite secretome of Giardia intestinalis during
trophozoite growth, nutrient deprivation, and encystation

Vedanti Ghatwala

Giardia intestinalis is the causative agent of a diarrheal disease in mammals, but
the mechanisms of disease pathogenesis are unclear. While proteins secreted by Giardia
affect the host cells, the potential of hormone secretion has not been investigated to date.
Cytokinins (CKs) are classified as phytohormones, but little is known about their role
beyond plants. Mass spectrometry-based intracellular analysis revealed CKs typical of
tRNA degradation, and extracellular analysis showed CK-riboside scavenging by Giardia
with concurrent secretion of CK-free bases. Metabolomics profiling of culture supernatants
showed similar trends where nucleosides were up taken, and nucleobases were secreted.
The dynamics of amino acids, nucleosides and nucleobases were altered by CK-
supplementation during encystation, along with inhibition of encystation. In summary, this
is the first study to report CK synthesis and metabolism by Giardia along with the effects
of CKs on the metabolite secretome of Giardia, while establishing a link between CK and

nucleoside metabolism.

KEYWORDS: Giardia, cytokinins, beyond plants, nutrient deprivation, encystation,
exogenous supplementation, synthesis, mass spectrometry, scavenging, secretion,
metabolism, metabolites, secretome, tRNA degradation.
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CHAPTER 1

General Introduction

Giardia intestinalis is a protozoan parasite responsible for causing a food-water
borne diarrheal disease called giardiasis in mammals (Adam, 2001; Einarsson et al., 2016).
It is one of the most common diarrheal diseases worldwide with an estimated 280 million
cases annually (Martinez-Gordillo et al., 2014). Moreover, the high prevalence of giardiasis
in developing countries is a major cause of illness, stunted growth and even death in
children under 5 years of age (Adam, 2021). Giardiasis comes with a wide variety of
symptoms among infected individuals; however, the disease-causing factors (virulence
factors) that are involved in symptom development are not well known (Carranza & Lujan,
2010). Moreover, giardiasis can range from being asymptomatic to acute or manifest as
chronic symptoms of the disease with post infection issues like irritable bowel syndrome
(Singer et al., 2020). A widely used medication to treat giardiasis is metronidazole, which
is an antibiotic and antiprotozoal drug (Adam, 2021). Although metronidazole is mostly
effective, up to 10 — 20 % of cases have shown treatment failure (Tejman-Yarden et al.,
2011). Thus, it is crucial to fill the gap of knowledge about the virulence factors used by

Giardia to cause giardiasis, and to investigate potential new Giardia-specific drug targets.

Virulence factors are proteins or small molecules secreted by a pathogen that impact
the host cell (Kaur et al., 2001). Proteins and enzymes secreted by Giardia in the presence
and absence of mammalian intestinal epithelial cells have been previously identified
(Ma’ayeh et al., 2017), but the secretion of other small signaling molecules like hormones

have not been studied. Cytokinins (CKs) are one such group of small signaling molecules
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first identified for their diverse roles in plant growth and development (Powell & Heyl,
2023). Subsequently, phytopathogens like bacteria and fungi were found to synthesize CKs
to help establish infection within the host plant (Spallek et al., 2018). More recently, the
presence and roles of CKs discovered in non-phytopathogenic bacteria and protists
(Andrabi et al., 2018; Samanovic et al., 2018) prompted us to hypothesize that Giardia can
synthesize and metabolize CKs and interact with the host through scavenging and secretion

of these molecules.

Giardia intestinalis

Giardia is a unique, early branching eukaryote that lacks certain typical eukaryotic
organelles like mitochondria, peroxisomes and a stacked Golgi complex (Carranza &
Lujan, 2010; Morrison et al., 2007). Giardia exists in two different life forms — a dormant
and infectious cyst that can survive outside of a host; and a vegetative, tear drop shaped
trophozoite cell found only in the digestive tract of mammals (Figure 1.1) (Einarsson et
al., 2016; Lujan & Svird, 2011). In its trophozoite form, Giardia is flagellated, binucleated,
and contains a distinct ventral disc that facilitates the attachment of trophozoites to the
surface of intestinal epithelial cells (Rodriguez-Fuentes et al., 2006). In its cyst form, two
trophozoites are encased within a thick cyst wall that provides protection against hostile
external environments and enables its transmission into new hosts (Adam, 2021; Lujan et

al., 1997).

Giardia infection begins once a mammalian host ingests cysts through
contaminated food or water. Proteases and the low pH in the stomach cause each cyst to

break open and release two trophozoites (Boucher & Gillin, 1990; Schupp et al., 1988).



The proliferation of Giardia trophozoites in the intestinal tract, and their interaction and
exchange of a range of proteins and enzymes with the intestinal epithelial cells contributes
to disease symptom development (Dubourg et al., 2018; Kaur et al., 2001; Lee et al., 2012;
Ma’ayeh et al., 2017; Rodriguez-Fuentes et al., 2006; Shant et al., 2002). Due to its parasitic
lifestyle, Giardia is an auxotroph for many small molecules such as amino acids,
nucleosides and nucleobases are needed as raw material for DNA synthesis, and thus,
solely depends on scavenging these molecules (Adam, 2021; Morrison et al., 2007). During
infection, some trophozoites detach and swim further down in the intestinal tract where
exposure to a higher concentration of bile salts and alkaline pH lead to encystation — a
crucial process that involved encasing the parasite in a thick cyst wall to enhance long term
survival outside the host (Einarsson, Troell, et al., 2016; Frances D. Gillin et al., 1987,

Kane et al., 1991).

Encystation of Giardia from trophozoites can be induced in axenic laboratory
cultures and have been used for transcriptomics and proteomics analysis to study
biochemical changes required for the differentiation of the parasite (Balan et al., 2021;
Birkeland et al., 2010; Faghiri & Widmer, 2011; Faso et al., 2013; Rojas-L0pez et al.,
2021). However, the dynamics of extracellular metabolites including signaling molecules
like CKs have not been studied during encystation of Giardia. This lack of knowledge is
critical to address since encystation occurs inside infected hosts, the secreted small
molecules during this differentiation process may affect physiology and response of host

cells to the infection.



Cytokinins

Cytokinins (CKs) are a group of hormones initially referred to as phytohormones
because of their initial identification as important factors in plant growth and development
processes including cell division, senescence, organogenesis, and many others (Hluska et
al., 2021; Kamada-Nobusada & Sakakibara, 2009). The investigation of the presence and
role of CKs in species beyond plants began soon after their discovery in bacteria (Hughes
& Sperandio, 2008). Since then, the presence of CKs has been documented in all domains
of life except Archaea (Palberg et al., 2021); although recent research by our group suggest

that some Archaea species may be capable of CK synthesis (unpublished).

Structurally, CKs are adenine derivatives that possess an isoprenoid or an aromatic
side chain at the N® position (Figure 1.2) (Sakakibara, 2006). The biosynthesis pathway of
isoprenoid CKs is well documented in model organisms of different phyla (Anand et al.,
2022; Andrabi et al., 2018; Andreas et al., 2020; Aoki et al., 2019; Oslovsky et al., 2020;
Othman et al., 2016; Rahman, 2019; Samanovic & Heran, 2015; Sarkar et al., 2023) but
little is known about the origin of the aromatic CKs, like Benzyladenine (BA) and its
derivatives (Aoki et al., 2019; Naseem et al., 2020; Séaenz et al., 2003). Isoprenoid CKs
either arise from the isopentenyl transferase (IPT)-catalyzed N®-prenylation of adenine
mono-, di-, or tri-phosphate nucleotides (adenylate pathway) or the tRNA-IPT-catalyzed
Né-prenylation of the 37" adenine nucleotide on the tRNA molecule (tRNA pathway)
(Figure 1.2). The prenyl chain is donated by the isopentenyl pyrophosphate (IPP) or the
isomer dimethylallyl pyrophosphate (DMAPP) which is a major intermediate for
isoprenoid synthesis. The adenylate pathway is the primary CK source in plants whereas

the tRNA-pathway is more prevalent pathway in non-plant species. In both pathways, the
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prenylated nucleotide (NT) CKs are the precursor molecules that can be converted to their
riboside (RB) derivatives by removal of the phosphate group catalyzed by ribonucleotide
phosphohydrolases (Gibb et al., 2020) and subsequently, from the RB to the free base (FB)
derivative by the removal of ribose by adenosine nucleosidases (Figure 1.2; Kamada-
Nobusada & Sakakibara, 2009). The NTs can also be directly converted to FBs by a
phosphoribohydrolase called the Lonely Guy (LOG), which is conserved among different

classes of organisms including plant and animal pathogens (Naseem et al., 2020).

Research Objectives

To our knowledge, CKs in Giardia have never been reported nor studied. Since CKs
are thought to be present in all forms of life, our group hypothesized that Giardia produces
and metabolizes different forms of CKs either for its own growth and development or to
influence its host. Preliminary experiments on CKs in Giardia and its culture medium
(Hubert, 2020), demonstrated a need to optimize the detection of CKs in Giardia cultures.
After modifications of the sample collection and extraction process, accurate and replicable
detection of CKs within Giardia trophozoites and its complex culture medium was

accomplished (Vedanti, 2021).

The aim of this thesis was to investigate Giardia’s ability to produce and process

CKs by the following objectives:

1. Determine ability of Giardia trophozoites to produce or process CKs and respond
to various exogenously supplied benzyladenine (BA) type CK forms. BA-CKs were
used as a marker since the complex growth medium TY1-S-33 used for in-vitro
culturing of Giardia is already rich in natural isoprenoid CKs. Growth responses of

5



exogenously applied CKs were monitored as indicators of any beneficial or

detrimental effects on trophozoite proliferation.

Examine if CKs are growth promoting factors for Giardia trophozoites. To address
this, isopentenyl adenine (iP) type CKs was added to Giardia cultures in DMEM
(Dulbecco's Modified Eagle Medium), where Giardia can remain viable for up to
24 hours, but they cannot grow and divide. Giardia cultured in DMEM with and
without CK supplementation were compared for cellular motility and attachment
as well as growth rate. To examine more subtle effects, metabolomics analysis of
CK-rich growth medium (TY1-S-33) and CK-poor medium (DMEM) along with
spent media after incubation with trophozoites were performed to characterize the
metabolism pathways of Giardia that are based on exchange of small molecules

between trophozoites and media.

Finally, to fully understand the extent of CK involvement in Giardia’s life cycle,
CK profiling along with metabolomics analysis was performed during
differentiation of Giardia trophozoites into dormant cysts. Changes in metabolites
help gain hints regarding the metabolism of encysting trophozoites and relationship

to exogenously applied aromatic CKs.



FIGURES

Vegetative
trophozoites

Figure 1.1: Life cycle of Giardia intestinalis. Ingestion of dormant cysts initiates infection
followed by disease establishment by motile trophozoites. Under adverse conditions,
trophozoites differentiate back into dormant cysts and are excreted to continue the

infectious cycle in another host. Figure created using Biorender.com.
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responsible for interconversion of CK forms.



CHAPTER 2

Cytokinin synthesis and metabolism by Giardia intestinalis during growth and

nutrient deprivation

ABSTRACT

Giardia intestinalis is a protozoan parasite responsible for the diarrheal disease in
mammals called ‘beaver fever’, but the mechanisms of disease pathogenesis are unclear.
While proteins secreted by Giardia can affect the host cells, hormones produced or secreted
by Giardia are unknown. Cytokinins (CKs) are adenine-derived signaling molecules
classified as phytohormones. Recently, CKs were detected across multiple kingdoms due
to the high conservation of the tRNA degradation pathway for CK synthesis. Moreover,
Giardia's in-vivo and in-vitro environments are rich in CKs so it also possible that Giardia
could metabolize extracellular CKs. Therefore, a metabolomics approach was used to gain
biochemical insights into the role of CKs in Giardia. Liquid chromatography-high
resolution mass spectrometry methods were developed to detect CKs at picomolar levels
along with untargeted, abundant metabolites from a single sample. It was found that
Giardia trophozoites can synthesize CKs likely originating from tRNA degradation.
Moreover, they can convert extracellular CK ribosides into their presumed-active CK free
base forms, irrespective of growth or nutrient deprivation conditions. However, exogenous
CK supplementation of a minimal medium did not affect Giardia's growth, so it is unlikely
that CK have a growth-regulating role in this protist. Finally, similarities were identified
between the metabolism of CKs and other common small molecules which implied that

Giardia must possess mechanisms for CK scavenging and secretion.



INTRODUCTION

Giardia intestinalis virulence

Giardia intestinalis is a parasitic protist that infects mammals by causing a diarrheal
disease prevalent worldwide (Adam, 2021). Virulence factors responsible for disease
establishment by Giardia trophozoites are not well understood (Dubourg et al., 2018).
Unlike intracellular parasites such as those responsible for malaria and toxoplasmosis,
Giardia attaches to the surface of the host’s intestinal epithelium but does not enter the host
cells (Kaur et al., 2001). Since Giardia lacks de-novo synthesis of most essential
components needed for growth and differentiation, it relies on scavenging necessary
nutrients from the host intestinal lumen (Morrison et al., 2007). Giardia also secretes
molecules into the host environment, which could range from large proteins and enzymes
for metabolism of extracellular nutrients for easier up-take (Ma’ayeh et al., 2017), to small
molecules that are end products of cellular metabolism (Adam, 2021). Recent studies
proposed that various secretory proteins act as virulence factors for disease establishment
and host immune response modulation by Giardia (Dubourg et al., 2018; Kaur et al., 2001;
Pifa-Vazquez et al., 2012; Ringqvist et al., 2008), but little information exists on the
secretion of small molecules that could act as effectors or hormones for host-parasite
interaction (Hughes & Sperandio, 2008; Kendall & Sperandio, 2016; Sperandio et al.,

2003).

Giardia was proposed to be incapable of hormone production due to absence of
enzymes for cholesterol biosynthesis (Jarroll et al., 1981). Although a later study supported

the inability of Giardia to synthesize cholesterol, the initial steps of sterol synthesis by
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versatile intermediates called isoprenoids were identified (Lujan et al., 1995), and another
study detected the transcriptional activity of genes involved in isoprenoid synthesis
(Hernandez & Wasserman, 2006). Isoprenoids are indispensable for all organisms as they
are essential for growth and development, along with roles in in diverse cellular processes
such as: cholesterol and lipid synthesis for plasma membrane stability; protein
isoprenylation for protein stability; or tRNA prenylation for enhanced translation fidelity
(Hoshino & Gaucher, 2018; Lujan et al., 1995). For Giardia, cholesterol synthesis is still
questionable but limited lipid synthesis is possible (Yichoy, 2009) along with proven
protein isoprenylation (Lujan et al., 1995). Although tRNA prenylation was never reported
for Giardia, the genome possesses a transcriptionally active gene for tRNA-isopentenyl
transferase (tRNA-IPT; Giardia DB: GL50803_0017480), an enzyme that catalyzes the N°
prenylation of the 37" adenine nucleotide on the tRNA within the parasite (Rojas-Ldpez et
al., 2021). The presence of tRNA-IPT in Giardia strongly suggests that it can synthesize
CKs (Figure 2.1). In most organisms, the degradation of prenyl-tRNA leads to free N°-
prenyl adenine-based small hormone-like molecules called isoprenoid cytokinins (CKs)
(Dabravolski, 2020). When mammalian tissues were screened for CK presence, the small
intestine containing bile secretions was one of the three major CK-containing regions
(Seegobin et al., 2018). The CK profile of the in-vitro growth medium of Giardia (TYI-S-
33) had a CK profile resembling the CK profile of the mammalian small intestine, which
is also the in-vivo environment of Giardia (Aoki et al., 2021; Hubert, 2020; Vedanti, 2021).

This suggests that Giardia must have the ability to process extracellularly available CKs.
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Cytokinins beyond plants

The role of CKs in plant systems is extensively documented but information about
roles in organisms outside of the plant kingdom is limited. There is evidence of a highly
conserved gene encoding the enzyme tRNA-IPT that is involved in the first step of
production of CKs among a large variety of organisms; from microbes to humans (Nishii
et al., 2018). Thus, many recent studies have highlighted the presence and potential roles

of CKs in organisms of different kingdoms, for instance:

1) A soil dwelling, free-living protist with plant-like features Dictyostelium discoideum is
known to produce CKs mainly through the adenylate pathway. When an adenylate-IPT
knockout mutant was produced, subtle phenotypes were observed with circular, reduced
mitochondria resulting in an altered energy-related metabolome (Aoki, 2023). On the other
hand, parasitic protists T. gondii and P. berghei that infect mammal and rodents
respectively, produce CKs for cell cycle progression and plastid replication within their

plant-like apicoplast organelle (Andrabi et al., 2018).

2) Within non-phytopathogenic bacteria, the presence, and roles of CKs have recently been
highlighted. An exclusive human-infecting bacterial pathogen M. tuberculosis seems to
have a conserved tRNA degradation pathway for CK production, even though it has no
close evolutionary relationship with plants (Samanovic & Heran, 2015). The initial
products of tRNA degradation are CK-NTs, which are known substrates of the LOG
enzyme found to be highly conserved through evolution. The LOG enzyme directly
converts CK-NTs to CK-FBs, resulting in abundant CK-FB degradation products called
aldehydes in M. tuberculosis (Zhu & Javid, 2015). Aldehyde abundance in the bacterium

provides protection against oxidative stress caused by the host cells (Samanovic et al.,
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2015). This function of LOG was characterized by a proteasome mutant which regulates
LOG levels and subsequent aldehyde levels, eventually affecting oxidative stress response
of the pathogen (Samanovic et al., 2015). Another human bacterial pathogen B. pertussis
is also known to contain a LOG-like protein with involvement in oxidative stress response,
which suggests that a similar mechanism to M. tuberculosis might be present in B. pertussis

(Moramarco et al., 2019).

3) Human cells (HeLa) seem to produce CKs with unknown mechanisms while
metabolizing extracellular CKs to their structural derivatives (Aoki et al., 2019)
Specifically, iPRP, iPR, iP, 2MeS-iPR, 2Me-SiP, 2MeS-ZR, 2MeS-Z are produced, and all
except iPRP are secreted. Moreover, an exogenously supplied aromatic CK — BAR was
scavenged from the extracellular medium throughout a time course experiment while the
respective FB form, BA, was secreted into the medium over time. In addition to HeLa cells,
many other mammalian tissues and fluids were also reported to produce CKs (Seegobin et
al., 2018). Beyond the discovery of CKs in non-plant organisms, there is limited
understanding about the effects of CKs on animal cells. Animal cells and tissues have a
biphasic response to exogenously supplied CKs, for instance, low doses of CKs (Kinetin;
<100 nM) provide protection against oxidative stress in many mammalian cells (Othman

et al., 2016), while high doses cause DNA damage and cytotoxicity (Voller et al., 2019).

Research objectives

Based on the above-mentioned lines of evidence it can be hypothesized that CKs

may possess a biological role in Giardia or its pathogenesis. With no previous reports about
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CKs within Giardia, the aim of this work was to confirm the CK biosynthetic ability of
Giardia trophozoites and propose a putative CK production pathway. Moreover, to fully
understand the involvement of CKs within Giardia’s biology and its interaction with the
host cells, we investigated its ability to scavenge, process and secrete any CKs supplied to
the in-vitro environment during trophozoite growth. In addition, this chapter explored the
growth promoting potential of CKs in Giardia by adding CKs to a CK- and nutrient-poor
culture medium. The latter was assessed by metabolomics analysis of the medium
incubated with or without Giardia to understand the metabolism of trophozoites along with
metabolite-level evidence about CK-induced metabolism by Giardia trophozoites in
nutrient rich and nutrient limiting conditions in two separate experiments referred herein

to as “growth condition” and “nutrient deprivation condition” respectively.
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MATERIALS AND METHODS

Cell culture conditions

Giardia intestinalis trophozoites from the WB C6 clone (Assemblage A, ATCC
50803) were used in all experiments. Routine cultures were grown in modified TY1-S-33
medium supplemented with 10% equine serum (Keister, 1983) along with 11.4 mM L-
cysteine and 0.57 mM L-ascorbic acid at 37°C within 16 mL screw-cap glass culture tubes.
Cell counts were taken at various time points during the culture using an automated cell
counter (ViCell XR cell viability analyzer, Beckman-Coulter) to construct growth curves.
To test the effect of CKs as growth regulators, Giardia trophozoites were incubated in
Dulbecco's Modified Eagle Medium (DMEM; 10564-011, Gibco) supplemented with 11.4
mM L-cysteine and 0.57 mM L-ascorbic acid for up to 21-h. DMEM is referred to as a
‘maintenance medium’ since trophozoites incubated in this medium stay motile, intact and
at the same cell density for up to 24 hours before cell viability is affected. Trophozoites
cultured in TY1-S-33 were washed and approximately 2.8 x 10° cells were inoculated in 7

mL screw-cap plastic culture tubes containing supplemented DMEM.

Cytokinin supplementation

For the trophozoite growth condition, the Giardia growth medium (TY1-S-33) was
supplemented separately with three synthetic cytokinins (CKs; 1 puM each) — N&-
benzyladenine (BA), Né-benzyladenine riboside (BAR) or Né-benzyladenine-9-riboside-5’
monophosphate (BARP) (OIChemIm Ltd.). The absence of endogenous BA, BAR and

BARP in the TYI-S-33 medium facilitates clear tracking of these CKs and their
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modifications over time. Moreover, since BA-type CKs are known to be active in a variety
of biological systems (Aoki et al., 2019; Dolezal et al., 2007; Ishii et al., 2003; Saenz et al.,
2003), they could also be tested as supplements for their effect on growth of Giardia
trophozoites. To prepare stock solutions, CKs were solubilized in a minimal volume of 1
M NaOH and diluted with HPLC-grade methanol (CH3OH) to obtain a stock solution (320
uM). Solutions were filter sterilized (Midi 0.2 um PVDF centrifugal filter, Canadian Life
Science) by centrifugation (3724 x g, 4°C, 4 minutes; Allegra X-14R, Beckman Coulter).
To obtain a working concentration of 1 uM, 50 pL of each CK solution was added to
respectively labeled 16 mL culture tubes containing trophozoites and to the medium never
incubated with trophozoites (referred to as “medium-blank” from now on), at the 0-h time
point. In the unsupplemented culture tubes 50 uL of methanol was added as the solvent

control.

For the nutrient deprivation condition, the Giardia trophozoites were cultured in
maintenance medium (DMEM) without CK supplementation and with supplementation
with one of the iP-types CKs (iP, iPR, iPRP; OlChemIm Ltd.) at I uM inal concentration.
The negligible level of iP-type CKs in DMEM facilitates the clear tracking of their
modifications over time. Moreover, the TY1-S-33 CK profile is dominated by iP-type CKs.
Therefore, supplementing the DMEM with iP-type CKs provide trophozoites with CKs
found commonly in the growth medium (TY1-S-33). The iP-type CK solutions for DMEM

supplementation were prepared similar to BA-type CKs.
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Sample collection

The TYI-S-33 growth medium of Giardia contains organic components like casein
peptone digest, yeast extract and equine serum that might contribute to background CKs
(Aoki et al.,, 2021). Therefore, to determine the CK content of TYI-S-33 and the
components that contribute to background CKs, 5 mL aliquots of TY1-S-33 with reducing
equine serum concentrations from the normal 10% to 5, 3.75, 2.5, 1.25 and 0% were
collected. In addition, 5 mL aliquots of TY1-S-33 with reducing peptone (casein peptone
digest:yeast extract = 13:7 w/w) concentrations from the normal 30 g/L to 20, 10 and 0 g/L.
Aliquots of these modified media were frozen in liquid nitrogen, lyophilized, and stored at

-80°C until further analysis.

To examine the extracellular CK changes during trophozoite growth along with the
fate of exogenously supplied BA-type CKs, three replicates of supernatants were collected
at various time points from each of the unsupplemented TY1-S-33, and BA-, BAR- and
BARP-supplemented cultures. All tubes were chilled on ice for 15 minutes to detach the
trophozoites, and centrifuged (2200 x g, 4°C, 15 minutes) for collection of 5 mL of
supernatant from each sample. Medium-blanks (medium never exposed to trophozoites)
were collected as negative controls for extracellular CK levels at the beginning and end of
the time course study. All samples were frozen in liquid nitrogen, lyophilized, and stored

at -80°C until further processing.

The above-mentioned experiment was repeated for 1 uM BAR supplementation of
TYI1-S-33 to measure intracellular CKs. Cell pellets were collected at the early stationary
phase of growth (1 x 10° cells/mL). Ten 16-mL culture tubes were pooled to produce a

single pellet sample (9.8 + 3.5 x 107 cells) for hormone extraction. The resulting pellets
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were washed three times in phosphate-buffered saline (PBS) to remove any residual culture
medium. After the final wash, triplicate cell counts were performed for each cell
resuspension before centrifuging again to remove residual PBS. The weights of semi-dry
pellets were recorded before storage at -80°C. The collection was repeated thrice to obtain

three cell pellet replicates from both unsupplemented and BAR-supplemented cultures.

To examine the extracellular CK changes during nutrient deprivation of
trophozoites along with the fate of replenished iP-type CKs, three replicates of supernatants
were collected at various time points from each of the unsupplemented TYI-S-33),
unsupplemented DMEM, and DMEM supplemented with a 1 M mix of iP, iPR and iPRP
were collected as previously mentioned with the following difference: 7 mL supernatant
was collected from cultures incubated in DMEM containing cultures whereas 5 mL was

collected for cultures incubated in TY1-S-33.

Cytokinin extraction and purification

A hormone extraction and purification protocol (Aoki et al., 2021) was used for CK
extraction from TYI-S-33 medium with varying composition, medium-blanks,
supernatants (unsupplemented and BA, BAR and BARP-supplemented TY1-S-33 cultures)
and cell pellet samples (unsupplemented and BAR-supplemented TY1-S-33 cultures). Cold
(-20°C) Bieleski #2 extraction solvent (ImL; CH3OH:H20:HCO2H = 15:4:1, v/v/v) was
added along with 10 ng of 2H-labeled CK internal standards. Samples were homogenized
by vortexing, and cell pellets were grinded using 2 mm ZrO; beads (Comeau Technique
Ltd.) and tissue homogenizer (MM300 Retsch; 5 min at 25 Hz). All samples were allowed

to further extract passively at -20°C overnight.
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The following day, extracts were removed by centrifugation (10 min, 11,180 x g;
Sorvall ST 16, Thermo Scientific) and residue was re-extracted using 1 mL of Bieleski #2
solvent for 30 minutes at -20°C. The combined 2 mL samples were dried overnight in a
speed vacuum concentrator (Savant SPD111V, Thermo Fisher Scientific). Dried residues
were reconstituted in 1 mL of 1 M HCO:H to ensure complete CK protonation and
centrifuged at 11,180 x g for 10 min. Isolation and purification of CK forms out of the
sample matrix was performed on mixed-mode, cation-exchange, solid phase extraction
(SPE) columns (MCX 6cc/500mg, Canadian Life Sciences) using a vacuum manifold. The
MCX columns were activated with 10 mL of analytical grade CH3OH and equilibrated
with 10 mL of 1 M HCOzH. Crude samples were allowed to pass through by gravity

followed by a wash step with 10 mL of 1 M HCO2H and 10 mL of CH3OH.

Cytokinins were eluted based on their charge and hydrophobicity. Cytokinin
nucleotides (NTs) were eluted first using 5 mL 0.35 M NH4OH, followed by elution of the
ribosides (RBs) along with freebases (FBs) using 5 mL 0.35 M NH4OH in 60% CH3OH.
MCX fractions were evaporated in a speed vacuum concentrator to dryness. The NTs were
further processed by redissolving dried residues in 1 mL of 0.1 M ethanolamine (pH 10.8)
and adding 3 units of alkaline phosphatase (calf intestine alkaline phosphatase; New
England Biolabs) to catalyze NT dephosphorylation into their respective RB forms. The
samples were incubated at 37°C overnight followed by drying in a speed vacuum
concentrator. The dried residues were reconstituted in 1.5 mL Milli-Q H20 and centrifuged
for 10 min at 11,180 x g. The resulting RBs were further purified on C18 columns (C18
6cc/500mg; Canadian Life Sciences). The C18 columns were activated using 3 mL CH3OH

and equilibrated with 6 mL Milli-Q H2O. Samples were allowed to pass through the column
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resin by gravity, followed by a wash with 3 mL Milli-Q H20. The purified RB derivatives
were eluted using 1.25 mL CHsOH:H>O (80:20 v/v) and dried in a speed vacuum
concentrator overnight. All residues were redissolved in 1.5 mL of initial mobile phase
conditions (H20:C2H3CN:CH3CO2H = 95:5:0.08, v/v/v). Sample vials were stored at -20°C

until mass spectrometry analysis.

Cytokinin profiles of the TYI-S-33 samples with varying composition, medium-
blanks, supernatants, and cell pellets were analyzed by the Ultimate3000 UHPLC system
(Thermo Scientific) coupled with the Orbitrap QExactive mass spectrometer (Thermo
Scientific) (Kisiala et al., 2019). Separation of CKs was achieved by using Kinetex C18
HPLC column (2.1 x 50 mm, 2.6 um; Phenomenex). This included: 28 CKs [cis-zeatin
(cZ), cis-zeatin riboside (cZR), cis-zeatin-9-glucoside (cZ9G), cis-zeatin nucleotide
(cZRP), cis-zeatin O-glucoside (cZOG), cis-zeatin riboside-O-glucoside (cZROG),
dihydrozeatin (DZ), dihydrozeatin nucleotide (DZRP), dihydrozeatin-O-glucoside
(DZOG), dihydrozeatin riboside (DZR), dihydrozeatin riboside-O-glucoside (DZROG),
dihydrozeatin-9-N-glucoside (DZ9G), isopentenyladenine (iP), isopentenyladenine
nucleotide (iPRP), isopentenyladenine-7-glucoside (iP7G), isopentenyladenine-9-
glucoside  (iP9G), isopentenyladenosine (iPR), 2-methylthio-isopentenyladenine
(2MeSiP), 2-methylthio-isopentenyladenosine (2MeSiPR), 2-methylthio-zeatin (2MeSZ),
2-methylthio-zeatin riboside (2MeSZR), trans-zeatin (tZ), trans-zeatin riboside (tZR),
trans-zeatin-7-glucoside (tZ7G), trans-zeatin-9-glucoside (tZ9G), trans-zeatin nucleotide
(tZRP), trans-zeatin O-glucoside (tZOG), and trans-zeatin riboside-O-glucoside (tZROG)].
A 25 pL sample aliquot was injected and all CKs were analysed in a single 8.2 min run

(Kisiala et al., 2019) with a gradient of mobile phase A (0.08% CH3CO2H in H20) and
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mobile phase B (0.08% CH3CO2H in C2H3OH) at a flow rate of 0.5 mL/min. The gradient
was initiated at 5% B for 0.5 min, linearly increasing to 45% B over 4.5 min with a
subsequent increase to 95% B over 0.1 min, a hold for 1 min, followed by an instantaneous
drop to initial conditions (5% B) and a hold for 2 minutes for column re-equilibration. All
CK analytes were detected in positive ionization mode using parallel reaction monitoring
(PRM) mode. The HESI-I1I capillary temperature and auxiliary gas heater temperature were
250°C and 450°C, respectively. Sheath, auxiliary and sweep gasses were operated at 30, 8
and O (arbitrary units), respectively, with a maximum spray current of 100 pA, spray
voltage of 3.9 kV and S-lens RF level of 60. Data were acquired at a resolution of 35,000
at m/z 200 and precursor ions were isolated at m/z 1.2 window width, with automatic gain

unsupplemented of 1 x 108 and maximum injection time of 128 ms.

Metabolite extraction and purification

Metabolomics was performed for the supernatants of the trophozoite nutrient
deprivation condition for the unsupplemented TYI-S-33, unsupplemented DMEM and iP-
type CK-supplemented DMEM. Metabolites from all lyophilized supernatants were
extracted using cold 50% acetonitrile (ACN) and purified by SPE using HLB (hydrophilic
lipophilic balance) cartridges as previously described with modifications (Simura et al.,
2018). HLB extracts were evaporated to dryness and reconstituted in 500 pL of 90% ACN,
300 pL of which was transferred to insert equipped MS glass vials. Prior to ultra high-
performance liquid chromatography-high resolution accurate mass-full scan mass
spectrometry (UHPLC-(HRAM)-FS-MS) analysis, 20 pL of a stable isotope labeled

canonical amino acid mix (0.25 uM; Cambridge Isotope Laboratories) was added to all
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samples. Additionally, pooled mixtures containing 10-15 pL of each sample type (TYI-S-
33, DMEM, DMEM+CK) were used to generate MS/MS for compound identification in
data-dependent MS2 (ddMS2) mode. Samples were resolved with a Kinetex C18 column
(2.1 x 50 mm, 2.6 um). A volume of 25 uL of each sample was injected into a Dionex
UltiMate 3000 HPLC (ThermoFisher) coupled to a QExactive Orbitrap mass spectrometer
(ThermoFisher). A flow rate of 0.2 mL/min was used with a mobile phase of 0.08% acetic
acid in water (A) and 0.08% acetic acid in acetonitrile (B). The following gradient was
used to elute the analytes: mobile phase B was held at 0% for 1.25 min to retain the
compounds on the column and avoid the metabolite elution in the void volume, before
increasing to 50% over 2.75 min and to 100% over the next 0.5 min. Solvent B was then
held at 100% for 2 min before returning to 0% over 0.5 min for 4 minutes of column re-
equilibration. The Orbitrap QExactive was operated with a heated electrospray ionization
(HESI) probe in positive and negative mode. Each sample was analyzed using a mass range
of m/z 70-900, and data were acquired at 70,000 resolution, automatic gain

unsupplemented (AGC) target of 1x108, and maximum injection time (IT) of 100 ms.

Since this was the first study evaluating the effects of CKs on the metabolite
secretome of Giardia trophozoites during starvation, a global metabolomics approach was
focused on a customized processing method that was used to query a list of over 100 exact
metabolite masses as either [M+H]* or [M-H] ions (Table S 2.1). Compound identification
was based on the levels of confidence. Level 1 is highest confidence according to
Schrimpe-Rutledge et al., (2016), obtained using comparison of retention times of
compounds to authentic and labeled internal standards (authentic standards were a mix of

unlabeled, high purity compounds for HPLC analysis including sugars, organic acids, and
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amino acids; additionally, labeled internal standards included the mix of labeled amino
acids as specified above). Level 2 is accurate precursor mass (10 ppm error) and
comparison of fragmentation to MS/MS database (METLIN, PubChem). Level 3 is
accurate precursor mass match to databases mentioned earlier. The relative normalized
levels of metabolites were calculated based on the median recoveries of the labeled amino

acid standards in each sample.

Data analysis

Cytokinin identification and quantification was done using Xcalibur software
(ThermoFisher v.3.0.63). Quantification of CKs was performed by isotope dilution
analysis based on the recovery of ?H-labeled internal standards. Cytokinin concentrations
for supernatant and medium-blank samples are expressed as pmol/mL, whereas for the cell
pellet samples, CK concentrations are indicated as pmol/10°8 cells. Statistical significance
of the data was assessed by one of the following: Multiple comparison t-test with FDR
correction and two-way ANOVA, followed by Tukey’s post hoc test (growth assays); one-
way ANOVA, followed by Duncan’s post hoc test (CK content in TYI-S-33 with varying
serum or peptone concentrations), one-way ANOVA, followed by Dunnett’s post hoc test
(CK content in supernatants); or t-test (CK content in medium-blanks, CK content in cell
pellets) using PRISM software (GraphPad Inc. v.9.5.1; p values < 0.05; n=3). All data

points represent a mean of triplicate values with error range shown by standard error.
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RESULTS

CK supplementation does not affect trophozoite growth

To test the effect of aromatic CK supplementation on Giardia growth, cell densities
of Giardia trophozoites cultured in unsupplemented TY1-S-33 were compared to BA-,
BAR- and BARP-supplemented (1 uM each) TY1-S-33 cultures. No significant differences
were observed between cell densities of the unsupplemented and each of BA-, BAR- and
BARP-supplemented cultures at any of the time points (0-, 10-, 30- and 50-h; Figure 2.2
A; P>0.05; Multiple comparison t-test with FDR correction). In all four culture types,

similar growth phases were observed with trophozoite doubling time of 10-11 hours.

To determine if adding iP-type CKs to a low CK and low nutrient medium has
beneficial or detrimental effect on cell growth, cell densities of trophozoites incubated in
unsupplemented TY1-S-33, unsupplemented DMEM and CK-supplemented DMEM (iP,
iPR, iPRP mixture; 1 pM) were compared. While trophozoites in the CK and nutrient rich
TYI1-S-33 medium showed increasing cell densities over time, the cell densities of
trophozoites in DMEM and DMEM + CK cultures remained constant across the incubation
period without any significant changes at any time points. These results suggest that CK-
supplementation of DMEM with iP-type CKs did not promote or inhibit growth of

trophozoites (Figure 2.2 B).
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TYI-S-33 is CK-rich while DMEM is CK-poor, and profiles are stable in medium-

blanks

Cytokinin levels of TY1-S-33 medium containing varying concentrations of either
equine serum (0, 1.25, 2.5, 3.75, 5, and 10 %) or peptone (0, 10, 20 and 30 g/L) were
analyzed to examine how the medium components contribute to the background CKs.
Although not significant, increasing levels of total CKs were observed in TY1-S-33 with
increasing concentrations of serum (Supp. figure 2.1 A). In contrast, TY1-S-33 containing
peptone at varying concentrations showed significant increases in total CKs with increasing
peptone concentrations (Supp. figure 2.1 B). Due to the relatively high abundance of CKs
present in TY-S-33, medium-blanks were analyzed at the 0-h and 50-h to ensure that the

CK levels in the medium-blanks remained consistent throughout incubation.

In the TY1-S-33 medium-blanks, a total of eight CKs were detected, including three
iP-type CKs: iP, iPR, and iPRP), four 2MeS-type CKs: 2MeSiP, 2MeSiPR, 2MeSZ and
2MeSZR, and one cZ-type CK: cZR (Supp. table 2.2). No significant differences were
observed in the levels of CKs detected in the medium-blanks between 0 h and 50 h (t-test,
p > 0.05). The CK profile of the medium-blank was dominated by iP-type CKs
(IPR~iPRP>iP), followed by cZR (< 2.5 pmol/mL) and trace levels of four 2MeS-type CKs

(< 0.2 pmol/mL) (Supp. table 2.2).

The BA-type CK-supplemented TYI-S-33 medium-blanks had a CK profile
comparable to the unsupplemented TYI-S-33 medium-blanks. Additionally, the three
aromatic CKs (BA, BAR and BARP) were detected in their respective supplemented media
in highest abundance, while their derivatives were detected at considerably lower levels in

BAR and BARP-supplemented samples (Supp. table 2.3). In the BAR-supplemented
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medium-blanks, low levels of BA were detected at the 0-h time point, which remained
constant over time (Supp. table 2.3). In the BARP-supplemented medium-blanks, trace
levels of both derivatives, BA, and BAR, were detected at the 0-h time point. Notably, at
the 50-h time point, the BAR concentration increased significantly while BA concentration
did not change (Supp. table 2.3). This, along with the significantly decreased BARP level
at the 50-h time point indicated that there was some non-biological degradation of BARP
into its riboside (BAR) derivative over time likely due to instability of NT form (Martinez-
Garcia et al., 2002). The level of BA also increased significantly over time in the BA-
supplemented medium-blanks. Although significant, the changes observed in the two
supplemented CKs (BA and BARP) at the 50-h time point were no more than 25% of their

respective original concentrations.

Compared to the TYI-S-33, unsupplemented DMEM contained negligible CKs,
even with 10% serum addition. This was apparent by the presence of only three iP-type
CKs (iP, iPR, iPRP) at relatively low concentrations (< 4 pmol/mL) (Supp. table 2.4). No
other CKs were detected in this medium. In the unsupplemented and the iP-type CK-
supplemented DMEM medium-blanks analyzed at 0- and 21-h, CK levels remained
constant over the incubation period. In the unsupplemented DMEM, the three iP-types CKs
(iP, iPR, iPRP) that were detected at low concentrations did not change over 21-h (Supp.
table 2.4; P> 0.05). The iP-type CKs (iP, iPR and iPRP) supplemented to the DMEM
medium-blanks were detected at the expected level (1 uM each) and remained constant

over time (Supp. table 2.4).
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CK-RBs are scavenged while CK-FBs are secreted by Giardia trophozoites during

growth

To profile extracellular CKs, supernatants were collected from unsupplemented
TYI1-S-33 incubated with Giardia trophozoites at 10-, 30- and 50-h. Analysis of culture
supernatants revealed that the presence of Giardia resulted in significant changes of most
CKs that are normally present in TY1-S-33. The most prominent extracellular CK changes
were the decrease of iPR, and the increase of its respective FB derivative, iP. The levels of
iPR decreased from over 50 pmol/mL to below 0.5 pmol/mL after 50 hours of incubation
with Giardia trophozoites. Inversely, iP levels increased from under 35 pmol/mL up to 100
pmol/mL during the same time course (Figure 2.3 A). In parallel, 2MeSiPR and 2MeSZR
decreased from over 0.05 and 0.1 pmol/mL, respectively, to undetectable levels at the end
of the time course, while the levels of their corresponding FBs, 2MeSiP and 2MeSZ,
increased from under 0.06 pmol/mL up to 0.16 pmol/mL for both CKs (data not shown).
A similar decreasing pattern was observed for cZR (2.48 + 0.15 pmol/mL to 0.79 + 0.06
pmol/mL); however, the FB derivative (cZ) was not detected. Levels of all CKs detected
in the supernatants were significantly different between the 0-h and the end of the time
course (One-way ANOVA, Dunnett’s post hoc test; p < 0.05, n=3) except for iPRP which
fluctuated insignificantly between 48 and 71 pmol/mL throughout the incubation period

(Supp. figure 2.2 A).

Analyses of BA-type CK-supplemented culture supernatants revealed that the
changes in isoprenoid CKs (iP-type, 2MeS-type and cZR) were similar to changes observed
in unsupplemented trophozoite cultures (data not shown). In the BAR-supplemented

culture, the most prominent change detected for the BA-type CKs was the decrease of BAR
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with a simultaneous increase in BA concentration throughout the 50-h incubation period
(Figure 2.3 B). The concentration of BAR detected at the 0-h time point and the
concentration of BA detected at the 50-h time point did not differ statistically indicating
that nearly 100% of BAR was converted to BA during the time course (t-test, p < 0.05,
n=3). This transition between derivatives (RB to FB) mirrors the iPR and iP change
observed in the unsupplemented culture. The BARP level in the BARP-supplemented
culture supernatants fluctuated insignificantly throughout the time course with no more
than 20% change at any time-point compared to the 0-h time point (Supp. figure 2.2 D).
Some degradation of BARP to BAR was observed in the supernatants of this culture
resulting in a significant increase of BAR at the 10-h and 30-h time points compared to the
0-h time point (Figure 2.3 C). At the 50-h time point, the BAR concentration dropped to a
negligible level (< 0.7 pmol/mL). Inversely, BA concentration gradually increased with
significant accumulation by 30 and 50 hours (Figure 2.3 C). Notably, at the 50-h time point,
the level of BA detected in the BARP-supplemented culture supernatants (Figure 2.3 C)
was not significantly different (t-test, p > 0.05, n=3) than the level of BAR detected in the
BARP-supplemented medium-blank (Supp. table 2.3). This suggests that degradation of
BARP to BAR must have been the same over time in the medium-blanks and supernatants;
however, in the supernatants, the presence of Giardia resulted in the decrease of BAR and
in turn, an increase of BA. This indicates a biological mechanism for the accumulation of

BA observed in the BAR- and BARP-supplemented culture supernatants.

The BA concentration in the supernatants of BA-supplemented culture increased
significantly by 15%, 34% and 17% at the 10-, 30- and 50-h time points, respectively,

compared to the 0-h time point (Supp. figure 2.2 C). Although significant, BA changes in
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the supernatants did not seem to be of biological origin because BA concentration also
increased by 21% in the medium-blanks at the 50-h time point (Supp. table 2.3) and no
other derivatives (BAR or BARP) were detected in the culture supernatants throughout the

time course.

Giardia synthesizes nucleotide and free base CKs

Since BAR was the only supplemented CK that changed markedly over time in the
presence of Giardia, cell pellets were collected from unsupplemented and BAR-
supplementated TY1-S-33 cultures to profile CKs produced by Giardia. The cell pellet
collection time corresponded to an early stationary growth phase of cultured trophozoites
(1 x 108 cells/mL). Two iP-type CKs (iP and iPRP) detected extracellularly, were also
detected within cell pellets from cultures with and without BAR-supplementation. It is
notable that, while no dynamic change was observed in extracellular iPRP over time (Supp.
figure 2.2 A), high concentration of iPRP was detected in cell pellets from both
unsupplemented (4.68 + 0.27 pmol/108 cells) and BAR-supplemented cultures (5.50 + 0.63
pmol/108 cells). The FB form, iP, was detected at low concentrations (0.33 + 0.04 pmol/10®
cells and 0.65 + 0.04 pmol/108® cells in the unsupplemented and BAR-supplemented
cultures, respectively) and iPR was not detected. The levels of iP-type CKs (iP and iPRP)
found intracellularly were not significantly different between the cell pellets collected from
unsupplemented and BAR-supplemented cultures (t-test, p < 0.05, n=3). Additionally, two
aromatic CKs - BA and BAR were detected in cell pellets from the BAR-supplemented
cultures at 13.99 + 4.92 pmol/108 cells and 6.67 + 2.41 pmol/108 cells, respectively (Supp.

figure 2.3).
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CK-RBs are scavenged while CK-FBs are secreted by Giardia during nutrient

deprivation

To profile extracellular CKs during trophozoite growth, supernatants were
collected from cultures grown in unsupplemented TY1-S-33 as the nutrient-rich condition,
while extracellular CK changes in nutrient deprivation condition were tested using
supernatants from unsupplemented DMEM and iP-type CK-supplemented DMEM
cultures. The CK dynamics observed during trophozoite growth were consistent with

earlier observations (Figure 2.4 A).

In unsupplemented DMEM culture supernatants, minimal iP-type CKs were
present as mentioned earlier for medium-blanks (Supp. table 2.4). Dynamics of iPR and iP
observed during Giardia growth in TY1-S-33, were not observed for the unsupplemented
DMEM culture. All changes in iP, iPR and iPRP were insignificant over the incubation

period (Figure 2.4 B).

In the iP-type CK-supplemented DMEM culture supernatants (iP, iPR, and iPRP;
1 uM each), revealed iPR and iP dynamics that resembled observations of the growth
condition. A gradual decrease in the RB form (iPR) from approximately 1000 pmol/mL at
the 0-h time point to negligible level by 21-h, with concurrent increase in the FB form (iP)
from approximately 1000 pmol/mL to approximately 2000 pmol/mL by the end of the time
course (Figure 2.4 C). While dramatic changes in the RB and FB forms were observed in
this culture, the nucleotide form (iPRP) remained relatively unchanged over time (Supp.
figure 2.2 B), and this was similar to observations in growth condition (Supp. figure 2.2 A,
D). Although trophozoite growth was not affected by the addition of CKs to DMEM

(Figure 2.2 B), it is apparent that Giardia trophozoites are metabolizing extracellularly
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available iPR and secreting iP when grown in a nutrient deprived condition. Moreover,
comparing the iPR and iP concentrations at 0- and 21-h, revealed that the CK-RB to FB
conversion efficiency of trophozoites is close to 100%, and this was comparable to iPR and
iP changes in TY-S-33 supernatants (Figure 2.3 A, Figure 2.4 A). This also suggests that
the extracellular CK-riboside to freebase metabolism performed by Giardia seems to be

dependent on the high extracellular CK concentrations.

Differential metabolite profile of unsupplemented media: TY1-S-33 vs DMEM

The metabolite profile of the TYI-S-33 compared to the DMEM has never been
reported before. Since TYI-S-33 is a nutrient rich environment while DMEM has limited
nutrients, it was expected that fewer metabolites be detected in DMEM compared to TY -
S-33. This is evident with greater abundance of metabolites in TY1-S-33 compared to
DMEM (Supp. figure 2.4). Interestingly, some metabolites such as vitamins (Supp. figure
2.4 D) were in higher relative abundance in DMEM compared to TY1-S-33. Out of the 130
metabolites that we screened for, a total of 63 metabolites were detected in the TYI-S-33,
and 37 metabolites in DMEM and DMEM supplemented with CKs. The number and
relative abundances of metabolites detected in the unsupplemented and CK-supplemented

DMEM did not differ (Supp. figure 2.5).

In the TY1-S-33 medium-blanks, levels of most metabolites were stable during the
21-h incubation period, while some metabolite levels changed (data not shown). We
noticed that guanine and guanosine, two components in yeast extract, changed considerably

during incubation even in the absence of cells, suggesting that these components are easily
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degraded (Jameson & Morris, 1989). Therefore, these and other unstable components in

the yeast extract are excluded from the analysis.

Metabolite dynamics during trophozoite growth in the TY1-S-33 supernatants

To profile extracellular metabolites during trophozoite growth, supernatants were
collected from TY1-S-33 culture at 0-, 3-, 6-, 9-, and 21-h timepoints. Most metabolites in
this study were identified using their unfragmented compound mass which represents
compound identification level 3 except the amino acids which were identified using level

1 accuracy using labeled internal standards available for quantification (see methods).

Most metabolites detected in the supernatants showed changes over time suggesting
that Giardia depends heavily on the availability of a diversity of molecules in its
extracellular environment for its nutritional needs. Of the detected metabolites, molecules
of the amino acid and DNA related metabolite groups showed a meaningful trend. In the
first group, arginine decreased while citrulline and ornithine increased (Figure 2.5 A).
Moreover, serine decreased rapidly, and alanine increased, while valine, asparagine and

threonine remained relatively stable (Figure 2.5 B).

The second group that changed was comprised of the DNA related metabolites -
specifically nucleosides and nucleobases. All detected nucleosides (deoxy-methylthio
adenosine (dAMTA), adenosine, inosine, thymidine, and uridine) decreased gradually over
time while some corresponding nucleobases (adenine, hypoxanthine, uracil) increased
except guanine (Figure 2.6). Within the detected nucleosides, purines (AMTA, adenosine,
inosine) decreased to negligible levels by the end of the time course while the decrease of
the pyrimidines (thymidine, uridine) plateaued between 9 — 21h. Within nucleobases, the
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increase of adenine was almost linear over the 21-h incubation period while other
nucleobases increased more sporadically. The pyrimidine nucleoside, cytidine, was not
detected, but its base, cytosine, increased like the other nucleobases. On the other hand,
with the observed decrease of the pyrimidine nucleoside, thymidine, the increase of

nucleobase thymine was expected; however, thymine was not detected.
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DISCUSSION

This is the first study that aimed to characterize the CK synthesis and metabolism
ability of Giardia trophozoites. Moreover, using exogenous CKs, the experiments aimed to
monitor the exchange of CKs with the extracellular medium during cell proliferation in
nutrient rich and nutrient poor conditions. During nutrient deprivation, a metabolomics
investigation of the extracellular medium led us to obtain a correlation between CK

metabolism and other metabolites.

The growth medium, TY1-S-33, used to routinely culture Giardia trophozoites in-
vitro is rich in organic components from yeast extract and serum. The majority of CKs
within TYI-S-33 originated from the yeast extract and the profile of CKs detected in the
medium is consistent with previous reports of yeast extract CK profiling (Jameson &
Morris, 1989). These results are also consistent with the findings of a recent survey of
various inorganic and organic culture media used in laboratories for CK presence and their
origin (Aoki et al., 2021) where organic components like yeast extract and peptone were
considered to be the source of CKs. This study also confirmed some nutritional needs of
the trophozoites by the metabolomic comparison of the nutrient rich TY1-S-33 medium to
the nutrient poor DMEM, which is one of the common culture medium for mammalian
epithelial cells (Aoki et al., 2021). To study co-culture of Giardia with its host epithelial
cells, many attempts have been made to sustain a Giardia culture in DMEM with or without
host cells (Hubert, 2020; Ma’ayeh et al., 2017; Ringqvist et al., 2008; Rodriguez-Fuentes
et al., 2006). However, the consensus is that Giardia does not survive for long time periods
in DMEM when they are not co-incubated with mammalian cells (Fisher et al., 2013).

These observations are confirmed by this study that highlights the scarce nutrient profile
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of DMEM along with the absence of any purine and pyrimidine nucleosides needed for

DNA replication even with serum supplementation.

Intracellular CK analysis revealed the presence of two endogenous CKs in Giardia
trophozoites — iIPRP and iP. Giardia is a parasite that lacks de novo biosynthesis of most
metabolites needed for growth and cell division (Morrison et al., 2007). However, Giardia
seems to turn to de novo biosynthesis of certain structurally indispensable compounds like
isoprenoids through a highly conserved MVA pathway, when it experiences scarcity of
these molecules in the extracellular environment (Hernandez & Wasserman, 2006). The
transcriptionally regulated MVA pathway results in the production of isopentenyl
pyrophosphate (IPP) which is an important intermediate for isoprenoid biosynthesis used
for numerous downstream applications in Giardia including: plasma membrane synthesis
and stability (Romano et al., 2015); prenylation of proteins for growth (Lujan et al., 1995);
and tRNA modifications for correct base selection at the anticodon loop hence promoting
translation fidelity (Lamichhane et al., 2011). One of the tRNA modifications involves a
prenyl chain addition at the N position of the 37" adenosine nucleotide by the prenyl donor
IPP, catalyzed by tRNA-IPT enzyme, which is highly conserved among all organisms
(Nishii et al., 2018). This results in a tRNA bound CK, iPRP. The degradation of the tRNA
leads to availability of free unmodified nucleotides for re-use in nucleic acid assembly, and
free modified nucleotides including iPRP. This is likely the route for iPRP production
within Giardia since the genome contains a tRNA-IPT (Giardia DB: GL50803_17480)
enzyme, and ribonucleases that cleave RNA (Giardia DB: GL50803 3279, 9155, 34134,
9912) (Einarsson, Troell, et al., 2016). The tRNA-derived iPRP is likely converted directly

to the free base iP by the highly conserved Lonely Guy (LOG)-like phosphoribohydrolase
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enzyme. Although a LOG-like protein was not found in the Giardia genome based on
homology search against LOG enzymes of D. discoidium, M. tuberculosis, and A. thaliana,
it is likely that LOG-like activity is the result of one or more hypothetical proteins since
approximately 40% of the Giardia genome remains unannotated (Xu et al., 2020).
Moreover, Giardia possess an adenine phosphoribosyltransferase that catalyzes the
addition of phosphoribose to adenine. Although Giardia contains both 5’-nucleotidase
(Giardia DB: GL50803_0017205) for CK-NT to CK-RB conversion and purine nucleoside
phosphorylase (Giardia DB: GL50803_91348), the presence of iP instead of iPR detected
within the cell pellets indicates that there is a higher probability of LOG-like activity
present. Figure 2.7 summarizes the proposed CK synthesis pathway in Giardia considering
the current knowledge of the MVVA pathway genes experimentally identified (Hernandez
& Wasserman, 2006), or putatively present (Hoshino & Gaucher, 2018), along with
potential presence of the CK synthesis genes tRNA-IPT and LOG-like
phorphoribohydrolase which is supported by the CK forms detected intracellularly. The
downstream purpose of iPRP or iP production within the Giardia trophozoites remains
unknown. However, some possible roles can be speculated based on: (i) non-plant
organisms with plant-like features such as the free-living protist Dictyostelium discoidium
(Aoki et al., 2020) and the parasitic protist Toxoplasma gondii (Andrabi et al., 2018)
synthesize and utilize CKs for diverse cellular functions; (ii) organisms of various phyla
that interact with plants, specifically plant pathogens like insects, nematodes, bacteria,
fungi, or protists developed an ability to regulate their CK production to establish infection
by interfering with CK biosynthesis of the host plant (Anand et al., 2022; Andreas et al.,

2020; Rahman, 2019; Sarkar et al., 2023; Spallek et al., 2018); (iii) CK are produced by
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organisms that do not interact with plants including insects, nematodes, fungi, protists, and
bacteria. Of these species, some pathogens of mammals seem to have a conserved ability
for CK production along with potential crucial cellular functions such as nitric oxide (NO)
resistance in Mycobacterium tuberculosis, (Samanovic & Heran, 2015) or cell cycle
progression in Toxoplasma gondii (Andrabi et al., 2018). Therefore, it is highly probable
that the CKs produced by Giardia have a role in some aspect of cell biology or pathogenesis

that is yet undetermined.

Giardia is an extracellular parasite that depends on scavenging nutrients from the
host’s intestinal tract, and it secretes a variety of molecules that can adversely affect the
host intestinal epithelium. The set of molecules secreted by an organism is referred to as
the secretome, and the identification of these molecules is an important conceptual tool to
gain insights into the disease-causing mechanisms of pathogens including Giardia (Shant
et al., 2002). For this reason, most analyses in this study were focused on the extracellular
medium collected from cultures incubated with trophozoites. In routine growth condition
or during nutrient deprivation of trophozoites, all riboside CKs (BAR, iPR, cZR, MeSZR,
MeSiPR) present in varying concentrations in the medium, decreased, either when the cell
density increased (TYI-S-33) or remained constant (DMEM). Meanwhile, most
corresponding free base CK derivatives (BA, iP, MeSZ, MeSiP), except cZ, increased
approximately to a concentration similar to the initial CK-RB levels in the culture medium.
Moreover, detection of the exogenously supplied synthetic CKs - BAR and BA, within the
cell pellets suggests that ribosides are taken up and hydrolyzed to their free base form
within the cell followed by secretion of the freebase. This CK-RB uptake and secretion of

CK-FB can be correlated to previous reports on the common nucleoside salvage and
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metabolism by Giardia for its purine and pyrimidine needs for DNA and RNA synthesis
(Aldrittetal., 1985; Baum et al., 1989; Wang & Aldritt, 1983). Due to its parasitic lifestyle,
Giardia lacks de novo purine and pyrimidine synthesis and solely depends on salvage of
these molecules from the extracellular medium. Firstly, Giardia scavenges purine and
pyrimidine nucleosides (Baum et al., 1993; Davey et al., 1992), secondly, it hydrolyzes the
ribose group through nucleoside hydrolases (Aldritt et al., 1985; Baum et al., 1989; Wang
& Aldritt, 1983), and finally, it adds a phosphoribose to the free base using
phosphoribosyltransferase enzymes (Munagala & Wang, 2002; Sarver & Wang, 2002).
The excess nucleobases are discarded by the trophozoite through nucleobase transporters
(Ey et al., 1992). It is likely that Giardia trophozoites use a similar route (Figure 2.8) for
processing the extracellular CK ribosides and exporting the resultant CK free bases. Once
CK-RBs are imported into the cells through the nucleoside transporter and the ribose
cleaved, there must be an unknown recognition mechanism within Giardia that prevents
the phosphoribosylation and subsequent incorporation of the modified adenine bases (CKs)
into the genetic material (Figure 2.8). The cell may identify these modified adenines as
‘faulty bases’ which lead to their secretion. This hypothesis was supported by the
metabolomics analysis of the culture supernatants, for which all detected nucleosides
decreased in a pattern similar to CK-RBs while many nucleobases were secreted into the
culture medium like the CK-FBs. Specifically, the CK-RB and CK-FB changes resembled
the decreases of non-modified and modified adenine nucleosides (adenosine, dMTA) and
increase of the free base adenine respectively, suggesting similar metabolic processing due
to structural similarity. This possibility of the up-take of a structurally similar purine-based

molecule is also highlighted in Giardia where a membrane transporter was found to have
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broad nucleoside specificity to drive import of many common nucleosides by detection of
the 3° OH on the ribose moiety, irrespective of the base structure or modifications (Figure
2.9) (Davey et al., 1992). A similar mechanism for secretion of a wide range of nucleobases
was reported for Giardia that could lead to the export of CK-FBs (Ey et al., 1992). These
transporters are analogous to the sugar (SWEET) and nucleoside/nucleobase transporters
(PUP and ENTSs) present in plants and humans that are recently discovered to participate

in transport of CKs across the cell membrane (Hluska et al., 2021).

For the exogenously supplied CKs in the growth and nutrient deprivation condition,
the changes in extracellular concentrations of ribosides, BAR in the growing culture and
iPR in the nutrient deprived culture, and their respective free bases, BA and iP, were most
pronounced. However, their respective nucleotide derivatives BARP and iPRP did not
change within the culture supernatants over time. This result is supported by previous
reports of nucleotide impermeability through the plasma membrane because of their charge
(Pinheiro et al., 2008a). Instead, the common purine and pyrimidine nucleotides present in
the extracellular environment are catabolized by phosphatases like ATPases, ADPases and
ecto-5"-nucleotidase enzymes that are located on the exterior surface of the cell (Pinheiro
et al., 2008b; Russo-Abrahdo et al., 2011; Sansom et al., 2008) to produce nucleosides or
nucleobases for easy uptake by the cell. Since the potential substrate specificity of these
ecto-enzymes towards CKs is unknown, the results of this study suggest that BARP and
IPRP might not be suitable substrates, as no substantial change was observed in the
extracellular levels of both nucleotides during trophozoite growth or nutrient deprivation

conditions.
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Initial studies on Giardia metabolism used enzyme assays on crude protein lysates
(Adam, 2001). Some of these enzyme activities were later confirmed by transcriptomics
and proteomics reports (Birkeland et al., 2010; Faso et al., 2013), however, the end products
of the most basic metabolism pathways that depend on the exchange of molecules between
Giardia and the extracellular medium have only recently been confirmed by metabolomics
(Vermathen et al., 2018). Although scarce, most metabolomic profiling of Giardia has
focused on intracellular metabolites (Muller et al., 2020; Popruk et al., 2023). Therefore,
this study focused on the extracellular metabolites to confirm some basic pathways like the
arginine dihydrolase pathway for energy production (Adam, 2021). Within this time-course
based metabolomic MS analysis of free amino acids, the consumption of arginine along
with secretion of citrulline and ornithine were observed, indicating arginine dihydrolase
activity while other another amino acid alanine was exported to facilitate the import of
serine, threonine, and asparagine. These observations are in agreement with the previous
NMR-based report of extracellular amino acid changes of a proliferating trophozoite
culture (Vermathen et al., 2018). Moreover, the WB C6 isolate of Giardia used in our study
seems to prefer the exchange of serine for alanine since threonine and asparagine remained

relatively constant in the culture supernatants over time.
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Figure 2.1: Origin of the prenyl chain donor IPP/ DMAPP in Giardia intestinalis and
potential for tRNA prenylation and resultant cytokinin synthesis (Einarsson et al., 2016;
Hernandez & Wasserman, 2006)
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Figure 2.2:Growth of Giardia intestinalis trophozoites is not unaffected by CK
supplementation: (A) cell density in unsupplemented (control) and BA-, BAR- and BARP-
supplemented TYI-S-33 medium (1 uM each) measured at 0, 10, 30 and 50 hours (multiple
comparison t-test, FDR correction; p < 0.05) and (B) cell density in unsupplemented TYI-
S-33, unsupplemented DMEM and iP-type CK-supplemented DMEM (iP, iPR, iPRP; 1
uM) measured at 0, 3, 6, 9, and 21 hours (Two-way ANOVA, Tukey’s post hoc test; p <
0.05). NS beside the cell densities of DMEM and DMEM + CKs indicate no significant
change in the density of cells with CK-supplementation of DMEM compared to

unsupplemented DMEM. Error bars represent standard error (n=3).
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Figure 2.3: Concentration changes of iP-type CKs (iPR and iP) detected in the
unsupplemented TYI-S-33 culture supernatants. (A) Concentration changes of BA-type
CKs (BAR and BA) detected in the BAR-supplemented culture supernatants, (B)
concentration changes of BA-type CKs (BAR and BA) detected in BARP-supplemented
culture (C) over a 50-h incubation period. Asterisks show significantly different CK
concentrations at each time point (10-, 30-, and 50-h) compared to the respective CK

concentration at the beginning of the time-course (0-h) (One-way ANOVA, Dunnett’s post

hoc test; p < 0.05). Error bars represent standard error (n=3).
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Figure 2.4: Concentration changes of iP-type CKs (iPR and iP) detected in: (A)
unsupplemented TYI-S-33 culture supernatants (B) unsupplemented DMEM culture
supernatants of and (C) the iP-type CK-supplemented DMEM culture supernatants of over
a 21-h incubation period. Asterisks indicate significantly different CK concentrations at
each time point (3-, 6-, 9- and 21-h) compared to the respective CK concentration at the
beginning of the time-course (0-h) (One-way ANOVA, Dunnett’s post hoc test; p < 0.05).

Error bars represent standard error (n=3).
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Figure 2.5: Extracellular dynamics of: (A) Arginine dihydrolase-related amino acids
(arginine, citrulline, ornithine) and (B) other free amino acids (reported earlier to be
metabolized by Giardia; Adam, 2001b) detected in the unsupplemented TYI-S-33 culture

supernatants over a 21-h incubation period. Error bars represent standard error (n=3).
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Figure 2.6: Dynamics of (A) nucleosides and (B) nucleobases detected in the
unsupplemented TYI-S-33 culture supernatants over a 21-h incubation period. Respective

nucleoside-nucleobase pairs are color-coded. Error bars represent standard error (n=3).
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Figure 2.7: Proposed CK synthesis pathway in Giardia based on reports of transcribed
genes, active enzyme activity, or protein search in the Giardia genome. Legend: solid line
green boxes - experimentally confirmed gene expression, orange boxes - mevalonate
(MVA) pathway for isoprenoid synthesis and blue boxes - detected cytokinins. Dotted line
box represents putative enzyme based on observed CKs (Adam, 2001; Davey et al., 1992;
Gibb et al., 2020; Hernandez & Wasserman, 2006; Lujan et al., 1996; Romano et al.,

2015).
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Figure 2.8: Proposed CK metabolism by Giardia trophozoites. Legend: dark blue - broad
specificity nucleoside transporter, light blue - broad specificity nucleobase transporter,
red circles - the structural feature recognized for further processing. RBs (CK and others)
are uptaken based on the recognition of the 3’OH of the ribose moiety and catabolized into
CK-FBs and ribose by an adenosine hydrolase. The CK-FBs are prevented from
phosphoribosylation by phosphoriboslytransferase due to the recognition of N°®
modification by an unknown mechanism. In consequence, FBs (CK and others) are
discarded by Giardia using a broad specificity nucleobase transporter (Baum et al., 1993;
Campagnaro & de Koning, 2020; Davey et al., 1992; Ey et al., 1992) (created through

modification of Servier.com figures
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SUPPLEMENTARY INFORMATION

Supplementary table 2.1: Metabolites profiled in metabolomics samples. Bolded amino acids indicate the contents of the labeled
canonical internal standard mix used for data normalization.

[ Amine Acids and Derivatives |

Organic Acids [

Sugars and sugar ph

Vitamins and co-enzymes

DNA related metabolites
Alanine (Ala) Sarcosine (Sar Adenine (Ade)
Arginine (Arg) Cytosine
Asparagine (Asn) Guanine (Gnin)
Aspartate (Asp) Hypoxanthine
Cysteine Thymine
Glutamine (Gln) Uracil
Glutamic acid (Glu)/ O-acetvlserine Adenosine (Asin)
Glycine (Gly) Cytidine
Histidine (His) Guanosine (Gsin)
Isoleucine (Tle) Inosine (Isin)
Leucine (Leu) Thymidine
Lysine (Lys) Uridine (Uri)/Pseudouridine (Psi)

Methionine (Met) Adenosine monophosphate (AMP)

Phenylalanine (Phe)
Proline (Pro}
Serine (Ser)
Threonine (Thr) Homoserine (Hse
Tryptophan (Trp)
Tyrosine (Tvr)

Adenosine diphosphate (ADP)
Adenosine triphosphate (ATP)
Cytidine monophosphate (CMP)
Cytidine diphosphate (CDP)
Cytidine triphosphate (CTE)
Guanosine monophosphate (GMP)

Valine (Val)Betaine (BE Guanosine diphosphate (GDF)
Acetyl-l-cysteme Guanosine triphosphate (GTP)
L-alanyl-ghitamine

Inosine monophosphate (IMP)
Thymidine 5-monophosphate (TMP)
Uridine monophosphate (UMP)
Uridine diphosphate (UDP)
Uridine triphosphate (UTP)
Cyclic adenosine monophosphate

Aminoadipate (AAD)
Argininosuccinate (ASA)
Citruline (Citu)
Cysthationine (CYS)

Cystine (cAMP)
. . ; Cyclic guanosine monophosphate
Dihydroxyisovalerate (DIHV) (cGMP)

Glutamylcysteine (Glu-Cys) 5-deoxvadenosine

5'-Deoxy-3'-Methylthioadenosine
(dMTA)
Deoxyadenosine monophosphate
(dAMP)
5-Methyluridine (m35U)

Guanidinoacetate (GAA)

(+/-)-3methyl-2-oxovalerate (K-IVal)

Ketoisovalerate (KIV)
Kymurenine (KYN)

cis-Aconitate (cis-Aco)

Adenosine diphosphate ghicose (ADPG)
Citrate (Cit)/Isocitrate (Iso)

Adenosine diphosphate ribose (ADPR)

Fumerate (Fum) Glyceraldehyde 3-phosphate (GAP)
Gluconate (GA) Erythritol
Glycerate Fructose 1.6-bisphosphate (FBP)
Glycolate Glucose (Glu)' Gal’ Fru/ Man
Glyoxylate Glucose-6-phosphate (G6P)/G1P/ F6P/ M6P
Hydroxyghitarate (2-HG) Mannitol (Man-Ol)
Ketoglutarate (AKG) Phosphoenelpyruvic acid (PEP)
Lactate (Lac) 2-Phosphoglycerate (2PGA)
Malate (Mal) 2-phosphoglycolate (2-PG)
Onalate 6-Phosphogluiconate (6PGA)
Pyruvate (Pyr) Raffinose
Shikimate Ribese (RIB)
Succinate (Suc) Ribese-5-phosphate (RSE)
Tartatic acid Ribotol
Uric acid

Ribulose 1.5-biphosphate (RuBP)
Sedoheptulose-7-phosphate (S7P)
Stachyose
Sucrose/Trehalose (TRE)/ Galactinol
Uridine diphosphate glucose (UDPG)
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Other |
3-aminoisobutanoate
3-hydroxybutanoic acid
2-aminophenol
3-hydroxybenzaldehyde
Salicylamide
Indole-3-acetate

B1 Thiamine
B2 Riboflavin
B3 Nicotinic acid (niacin)
BS5 Putothenic acid
B6 Pyridoxine
B7 Biotin
B9 Folic acid
Choline (CHOL)

Nicotinamide monenucleotide (NMN)
Nicotinamide adenine dimicleotide. oxidised (NAD+)
Nicotinamide adenine dinucleotide. reduced (NADH)
Nicotinamide adenine dinucleotide phosphate. oxidized

10-hvdroxydecanoate
LI-2-6-diaminoheptanedioate
Omega-hydroxydedecanoic acid
2-acetamido-2-deoxy-beta-d-ghicosylamine

Docosahexaenoic acid

(NADP+) Glycocholate
Nicotinamide adenine dinucleotide phosphate, antine
reduced(NADPH)

Glycerol phosphate
GABA
Indole-3-carboxyaldehyde
3-indoleacetaldehyde
Phosphoric acid
Acetyl-CoA
Quinic zcid
Mevalonate (MVA)
(£)-Mevalonic acid 5-phosphate (MVAP)
Ispoentely pyrophosphate (IPP)
Mevalonic acid 3-pyrophosphate (MVAPP)
Geranyl phyrophosphate (GPP)
Farnesyl pyrophosphate (FBP)

Geranylgeranyl pyrophosphate (GGPP)
4.6-dihydroxyquinoline
S-methylmethionine
Ghrtathione, reduced (GSH)
S-adenosylhomocysteine (SAH)

S-adenosylmethionine (SAM)
Glutathione, oxidized (GSSG)



Supplementary table 2.2: Levels of CKs detected in TYI-S-33 medium-blanks (medium
incubated without trophozoites). No significant differences were observed in the levels of
CKs detected in the medium-blanks between 0-h and 50-h time points (t-test, p < 0.05, n=3
+ SE).

TY1-S-33 medium-blank level
Cytokinin [pmol/mL]
Oh 50 h

iP 28.58 +1.18 28.86 £ 1.59
iPR 53.86 + 4.05 63.62 £ 2.57
iIPRP 65.62 £ 9.94 48.66 + 1.40
cZR 248 £0.15 1.70+£0.19
MeSZ 0.05+0.01 0.03+0.00
MeSZR 0.13+0.01 0.04 +0.02
MeSiP 0.04 +0.01 0.02 +£0.00
MeSiPR 0.07 +0.00 0.06 +0.00
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Supplementary table 2.3: Levels of aromatic CKs detected in BA-type CK supplemented
TYI1-S-33 medium-blanks. Asterisks indicate significant differences between each of the
CKs detected at 0-h and 50-h (t-test, p < 0.05, n=3 + SE); n.d. = not detected.

Supplementation . Medium-blank level [pmol/mL]
(1 uM) Aromatic CKs oh So-h
BA 409.87 + 0.19 |495.55 + 27.74*
BA BAR n.d. n.d.
BARP n.d. n.d.
BA 4.23 +0.23 5.92+1.06
BAR BAR 562.75 + 25.15| 568.50 + 50.83
BARP n.d. n.d.
BA 0.88 £ 0.07 1.14 +0.08
BARP BAR 0.82+0.10 | 29.25+2.01*
BARP 500.35+21.99|373.01 + 21.73*
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Supplementary table 2.4: Levels of CKs detected in unsupplemented and in iP-type CK
supplemented DMEM medium-blanks. No significant differences were observed in the
levels of CKs detected in the medium-blanks between 0-h and 21-h (t-test, p < 0.05, n=3 +
SE).

Unsupplemented iIP-type CK-supplemented
o DMEM medium-blank DMEM medium-blank
Cytokinin
level [pmol/mL] level [pmol/mL]
Oh 21h Oh 21h
iP 0.30£0.08 0.09 £ 0.00 1064.34 +62.31 | 993.38 + 25.83
iPR 0.27 £ 0.07 0.09 £ 0.00 905.03 £13.73 949.10 £ 22.56
iPRP 3.42+£0.40 0.69+0.11 1547.92 £ 19.63 | 1494.32 + 45.28
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Supplementary figure 2.1: Total Cytokinin levels [pmol/mL] in TYI-S-33 containing
decreasing concentrations of equine serum (A) or peptone-yeast extract mix (B). Different
letters (a, b, c, d) represent significant differences between groups (One-way ANOVA,

Duncan’s post hoc test, p < 0.05). Error bars represent standard error (n=4).

54



120 - —— iPRP :800 1 ——BA
3 £
£ 901 £ 600 1 *
: = ] :
B =
K] )
£ 60 \}/_/—”‘}_/_i Z 40
g =
S 30 4 £ 200
El o
=]
o
0 T T T T T 0 r r r T T
0 10 20 30 40 S0 0 10 20 30 40 50
Time (hour) Time (hour)
B D
800 -
2400 - —— iPRP ——BARP
g 2100 - g
600 -
2 1800 4 =
=] g
21500, s . =
£ 1200 g4
£ 900 £
= =
S 600 - g 200
o} =)
S 300 4 o
0 0 . T T T T
0 3 o ° 21 0 10 20 30 40 50
Time (hour) Time (hour)

Supplementary figure 2.2: Dynamics of iPRP detected in (A) TYI-S-33 culture
supernatants (B) CK-supplemented DMEM culture supernatants. (C) BA dynamics
in the BA-supplemented TYI-S-33 supernatants and BARP dynamics in the BARP-
supplemented TYI-S-33 supernatants over time. CK levels at each time point were
compared to the Oh time point (One-way ANOVA, Dunnett’s post hoc test, p < 0.05).
Error bars represent standard error (n=3).
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Supplementary figure 2.3: Endogenous CKs (iPRP and iP) detected in the cell pellets of
unsupplemented and BAR-supplemented TYI-S-33 cultures collected at the early stationary
growth phase (1 x 106 cells/mL). No significant differences were found in iPRP and iP
levels between the pellets from unsupplemented and BAR-supplemented cultures (t-test, p-

value<0.05). Error bars represent standard error (n=3).
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Supplementary figure 2.4: Metabolite profile of the DMEM (=) and TYI-S-33 (=) media.
A = amino acids and derivatives, B = DNA related metabolites, C = organic acids, D =

vitamins, and E = sugars. Error bars represent standard error (n=3)
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E DMEM = DMEM + iP-type CKs
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Supplementary figure 2.5: The iP-type CK supplementation of DMEM did not interfere
with detection of any metabolites. Error bars represent standard error (n=3).

58



CHAPTER 3

Cytokinin and metabolic profiling during encystation of Giardia intestinalis

ABSTRACT

Giardia intestinalis is a protozoan parasite responsible for a diarrheal disease in
mammals, but the mechanisms of disease pathogenesis are unclear. While proteins
secreted by Giardia can affect the host cells, the presence or secretion of hormones by
Giardia is understudied. Recently, the plant growth regulating cytokinins (CKs) were
discovered in protists; however, their roles beyond plants are not well known. To
investigate the involvement of CKs in the life cycle of Giardia, an exogenous CK was
added to trophozoites induced to undergo encystation. To identify the impacts of
exogenous CKs on the uptake or secretion of CKs and other metabolites during
encystation, culture supernatants were analyzed by liquid chromatography-high resolution
mass spectrometry. Results suggest that CK-supplementation inhibits encystation and
impacts the metabolism of amino acids (e.g., dynamics of arginine decrease and increase
of citrulline and ornithine) and nucleoside salvage (e.qg., rate of adenosine decrease and the
increase of adenine) in the culture medium across encystation stages. The up-take of CK
ribosides, their catabolism into CK free bases (CK-FBs) followed by secretion of CK-FBs
by encysting trophozoites, was not affected by CK-supplementation although encystation
may be slightly inhibited. Overall, this is the first study to establish a link between
extracellular CKs and the nucleoside salvage mechanisms of Giardia. This novel layer of

cellular metabolism coincides with previous transcriptome and proteome observations.
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INTRODUCTION

Giardia intestinalis encystation

Giardia intestinalis is a protozoan parasite responsible for causing one of the most
common diarrheal diseases in mammals called giardiasis or “beaver fever”. Annually, more
than 280 million cases in humans and numerous livestock infections have made Giardia a
global burden (Singer et al., 2020). Giardiasis ranges from asymptomatic cases to severe
malabsorption and the reason for these differences are unclear (Adam, 2021). Giardia is an
extracellular parasite, and it secretes virulence factors to affect host cells and for disease
establishment (Ma’ayeh et al., 2017). Previous studies on the Giardia secretome have been
restricted to proteins secreted by Giardia (Dubourg et al., 2018; Kaur et al., 2001; Lee et
al., 2012; Rodriguez-Fuentes et al., 2006; Shant et al., 2002), but secretion of non-protein
molecules including small signaling compounds like hormones, has not been investigated.
Cytokinins (CKs) are a group of small molecules that act as signaling molecules in plants
and plant-pathogen interactions (Spallek et al., 2018). Phytopathogens like bacteria and
fungi synthesize CKs to establish infection within the host plant by hindering plant growth,
development, and differentiation (Sarkar et al., 2023; Seng et al., 2023). Recently, the
presence and roles of CKs were discovered in non-phytopathogenic bacteria and protists
(Andrabi et al., 2018; Aoki, 2023; Samanovic et al., 2018), which leads us to hypothesize
that Giardia can produce and utilize CKs. Chapter 2 of this thesis presented results that
support this hypothesis by showing Giardia trophozoites synthesize CKs as well as take-
up and metabolize endogenous and exogenous CKs during growth and nutrient deprivation
conditions. This chapter extends our study by examining CK changes during the process

of encystation, which is a crucial differentiation process of the parasite for its infectivity
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and survival outside its host. Several transcriptome and proteome-based studies have been
performed on Giardia encystation (Balan et al., 2021; Birkeland et al., 2010; Einarsson et
al., 2016; Faghiri & Widmer, 2011; Faso et al., 2013; Morf et al., 2010; Rojas-Lopez et al.,
2021). However, one can only infer that the terminal products or metabolites of proteome
activity are also affected, as there are no prior studies investigating any metabolites change
during the encystation, except for oxygen consumption patterns (Paget et al., 1998). By
uncovering the changes in metabolites during encystation, we can obtain a more complete
picture of Giardia’s metabolism and the changes in its extracellular environment during
this process. This chapter addresses the knowledge gap regarding CK and other small
metabolite exchange between Giardia and its in-vitro culture medium using an emerging
approach for the study of small metabolites called metabolomics.

Giardia has a biphasic life cycle — a dormant cyst that initiates infection by entering
hosts through contaminated food and water, and a vegetative trophozoite that causes
disease symptoms by proliferating inside the intestinal tract of infected mammals (Faghiri
& Widmer, 2011). Ingested cysts are triggered to excyst into two motile trophozoites by
the acidic pH of the stomach and pancreatic proteases (Boucher & Gillin, 1990). When
motile trophozoites swim down the gastrointestinal tract, some proliferate, and some
undergo differentiation into a cyst — a process referred to as encystation (Adam, 2021).
Factors that induce encystation include an increase in pH, an increase in bile, and changes
in lipid composition of the upper intestinal tract of mammals (Barash et al., 2017; Pham et
al., 2017). This differentiation process is characterized by the formation of a protective cyst
wall made of proteins and carbohydrates which allow the parasite to withstand

environmental stressors outside the host and continue its infectious cycle (Ebneter et al.,
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2016). Therefore, characterizing the encystation process can help discern potential drug

targets that can interrupt the life cycle of Giardia and reduce its global incidence.

Encystation stages

Numerous studies have highlighted distinct stages of encystation based on changes
in RNA (Rojas-Lépez et al., 2021) and protein abundance (Faso et al., 2013). During the
early stage, encystation stimuli lead to initiation of components for the cyst wall. The cyst
wall is composed of cyst wall protein 1 (Mowatt et al., 1995), cyst wall protein 2 (Lujan et
al., 1995), and cyst wall protein 3 (Sun et al., 2003) arranged in conjunction with the
carbohydrate B-1-3-galactosamine [GalNac] homopolymer (Gerwig et al., 2002). Initially,
cyst wall protein 1 (CWP1) is synthesized in the endoplasmic reticulum and secreted in
small vesicles called the encystation specific vesicles (ESVs), which are then transported
towards the cell periphery (Faso et al., 2013). Since ESVs are membrane bound, genes and
proteins related to lipid metabolism are also upregulated to encase the cyst wall material
(Morf et al., 2010; Rojas-Lopez et al., 2021). Moreover, during early encystation, genes
related to cytoskeleton assembly are downregulated to promote rounding of the cell and
initiate the transition to an oval shaped cyst (Kim et al., 2022).

The mid-late stage of encystation is when changes to the regulation of many
metabolic pathways are detected, specifically, upregulation of energy metabolism and
downregulation of amino acid and nucleoside salvage and catabolism pathways (Rojas-
Lopez et al., 2021). Moreover, the cyst wall formation progresses by the sequential

arrangement of the cyst wall proteins followed by wall maturation through polymerization
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using the GalNac polymer (Gerwig et al., 2002; Lujan et al., 1995; Mowatt et al., 1995;
Sun et al., 2003).

During late encystation, DNA replication and recombination occurs in Giardia
trophozoites by upregulation of meiosis-related genes and proteins (Balan et al., 2021;
Rojas-Lopez et al., 2021). When cyst maturation is complete, the transcriptome and
proteome are drastically different than trophozoite form; although not metabolically
inactive, the cyst has very little energy requirements, so all metabolic pathways are severely
downregulated and protein synthesis is minimal (Rojas-Lépez et al., 2021). However, it is
important to note that more than 50% of the up or downregulation of genes are observed
only in water resistant cysts compared to trophozoites. Metabolism remains active at even
late encystation since the transformation of trophozoite to cyst requires maintaining or

enhancing function of most cellular metabolic pathways (Morf et al., 2010).

Research objectives

From all existing knowledge of the encystation process, metabolic changes
occurring during mid to late encystation are underreported (Balan et al., 2021; Paget et al.,
2013). Speculations are made based on transcriptomics and proteomics but have only
recently been confirmed by a global metabolism by-product screening of intracellular
metabolites (Mller et al., 2020; Paget et al., 1998; Popruk et al., 2023; Vermathen et al.,
2018). However, Giardia is a parasite that lacks de novo synthesis of many crucial
molecules of basic cellular metabolism and depends on exchange of molecules with its
extracellular medium for its nutritional needs along with establishment of disease and

communication with the host (Dubourg et al., 2018). Therefore, studying the metabolites
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of the spent medium during encystation can further confirm the findings of the
transcriptomics and proteomics studies and obtain new insights into the post translational
changes in cell metabolism. Along with examining the common small molecules involved
in the basic metabolic processes of the parasite that are dependent on the exchange of
metabolites with the host intestinal lumen, this work also aims to study the fate of CKs
which are small molecules with a potential signaling role. Apart from their signaling role,
CKs are well known inducers of cell differentiation in plants (Powell & Heyl, 2023). More
recently, a similar dormancy promoting-role of CKs was discovered in a free-living protist
Dictyostelium discoideum (Aoki, 2023). In addition, the knockdown of a CK synthesis gene
in Dictyostelum by CRISPR/Cas9, resulted in subtle subcellular and metabolic pathway
changes which were apparent through a global metabolomics approach (Aoki, 2023).
Therefore, one aim of the work in this chapter is to examine the effect of adding an
exogenous CK to Giardia cells induced to encyst and determine if this will have effects on
its growth and ability to encyst. Furthermore, metabolite profiling of spent medium from
these cultures will be performed, which is an indicator of the uptake and secretion of these
molecules by Giardia during encystation. These results will give us a better picture of
metabolic needs of this parasite and understand the potential role of CKs during its life

cycle.
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MATERIALS AND METHODS

Cell culture conditions

Giardia intestinalis trophozoites from the WB C6 clonal line (Assemblage A,
ATCC 50803) were used in all experiments. Giardia encystation was achieved by
implementing the Uppsala protocol (Einarsson et al., 2016). Briefly, trophozoites were
grown to confluence in modified TYDK medium containing a bovine bile concentration of
0.1 g/L and a pH of 6.8, within 16 mL screw-cap glass culture tubes at 37°C. The medium
and unattached trophozoites were decanted and the tubes were refilled with ‘encystation
medium’ which is TYKD medium with a 12.5-fold higher bile concentration (1.25 g/L)
and an elevated pH of 7.8. Post-induction of encystation timepoints (0-, 7-, 14-, 21-, and
28-h) were selected to coincide with previous transcriptomics and proteomics data (Balan
et al., 2021; Rojas-L06pez et al., 2021). Cell counts were taken at each timepoint using an
automated cell counter (ViCell XR cell viability analyzer, Beckman-Coulter) to determine

cell density.

Cytokinin supplementation

The Giardia growth medium (TYDK) was supplemented with a synthetic cytokinin
(Ne-benzyladenine riboside (BAR) at 1 uM (OlChemIm Ltd.). The absence of endogenous
BAR in the TYDK medium facilitates clear tracking of its modifications over time.
Moreover, since BA-type CKs are known to be active in a variety of biological systems
(Ishii et al., 2003; Dolezal et al., 2007; Aoki et al., 2019), they could also be tested for their

effect on the differentiation of Giardia trophozoites. In addition, as evident in Chapter 1,
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BAR or other CK-ribosides are readily utilized by trophozoites and converted to their
respective freebase derivative, we can expect BAR to be processed similarly by encysting
trophozoites. To prepare hormone stock solutions, CKs were solubilized in a minimal
volume of 1 M NaOH and diluted with HPLC-grade methanol (CH.OH) to obtain a stock
solution (320 uM). Solutions were filter sterilized (Midi 0.2 um PVDF centrifugal filter,
Canadian Life Science) by centrifugation (3724 x g, 4°C, 4 minutes; Allegra X-14R,
Beckman Coulter). To obtain a working concentration of 1 uM, 50 uL of each CK solution
were added to respectively labeled 16 mL culture tubes containing trophozoites and to the
cell-free medium (medium-blank) at the O-h time point. Control culture tubes were

supplemented with 50 uLL of methanol.

Immunofluorescence Assay (IFA)

The successful induction of encystation was assessed by tracking the appearance
and localization of a cyst wall protein in Giardia cells by immunofluorescence microscopy
assays (IFA). Briefly, trophozoites were harvested from control and BAR-supplemented
cultures at 0-, 7-, 14-, 21-, and 28-h post induction of encystation (PIE) and attached to
0.1% polyethylenimine coated coverslips followed by methanol fixation, cellular
permeabilization, and blocking. The coverslips were then hybridized with a monoclonal
clonal antibody against cyst wall protein 1 (CWP1) conjugated to CY3 fluorophore
(Waterborne Inc) diluted 1:60 and incubated for 1 h at 37°C. The coverslips were affixed
onto glass slides with a mounting medium containing 4’,6-diamidino-2-phenylindole

(DAPI) (Vector Laboratories catalog no. H-1200)
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Slides were visualized on an upright fluorescence microscopy (Leica microsystems;
DM6000 B) as described in (Horlock-Roberts et al., 2017). All images were viewed at
either 40x or 100x magnification under oil immersion. Images were analysed using Leica

Application Systems suite X (LAS-X).

Western blot

The induction of encystation was also assessed by determining the level of CWP1
in cells harvested at 0-, 7-, 14-, 21-, and 28-h PIE, by using western blotting.
Approximately 2.5 x 107 cells were resuspended in 195 L of RIPA lysis buffer (150 mM
NaCl, 75 mM NaOH, 80 mM glycine, 1% IGEPAL CA-630 [Sigma-Aldrich], 0.1% SDS,
1x protease inhibitor cocktail [BioShop Canada Inc.], 10 mM DTT, 1 pug/mL leupeptin;
10.6 pH) and incubated at 4°C for 15 minutes on a rotisserie. The samples were then
centrifuged at 4°C for 15 min at 10,000xg and the supernatants were analyzed on a 14%
polyacrylamide gel. The proteins on the gel were then transferred to a nitrocellulose
membrane at a constant 25 V for 25 min, at RT (BioRad Trans-Blot Turbo Transfer
System). The blot was stained with Ponceau (BioShop Canada Inc.) to determine the
relative amount of protein loaded into each lane. The blot was then hybridized with a
monoclonal clonal antibody against cyst wall protein 1 (CWP1) conjugated to Alexa647
(Waterborne Inc.) at 1:1000 dilution and incubated at 4°C overnight. The direct
immunostaining of CWP1 on the blot was visualized under the red LED epifluorescent in
a gel imager (Biorad ChemiDoc MP). The fold change in CWP1 over the time course was
determined as follows. The intensity of the CWP1 band and the Ponceau staining in each

lane of the blot was captured in the gel imager (Biorad Chemidoc MP) and analyzed by the
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BioRad ImageLab software. The densitometry value of each CWP1 band was normalized
by dividing it by the value for the Ponceau staining that represents the relative total protein
in each lane. This normalized value for CWPL1 at each time point was then divided by the
normalized CWP1 value for the 0-h PIE sample that is used as the calibrator to determine

the relative CWP1 expression value.

Supernatant collection

Based on chapter 1, it is expected that the peptone, yeast extract, bile and serum
can contribute to background CKs and numerous other metabolites in the TYDK
encystation medium. To examine the dynamics of extracellular CKs during encystation,
three replicates of supernatants were collected at each time point from control and BAR-
supplemented cultures. Culture tubes were chilled on ice for 15 minutes to help detach the
trophozoites, and then centrifuged (2200 x g, 4°C, 15 minutes) so that 5 mL of cell-free
supernatant could be collected from each sample for immediate freezing in liquid nitrogen.
Additionally, medium-blanks (medium never exposed to trophozoites) were collected as
negative controls for extracellular CK and metabolite levels at the beginning and end of
the time course for the control culture and at all time points for the BAR-supplemented

culture. All samples were frozen, lyophilized and stored at -80°C until further processing.

Cytokinin and metabolite extraction and purification

A highly efficient cytokinins and metabolite extraction from control and BAR-
supplemented medium-blanks and culture supernatants was achieved from a single sample

by slight modifications to previously published hormone and metabolite extraction
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protocols (Sarkar et al., 2023). Briefly, after passive extraction of analytes (CKs and
metabolites), along with 10 ng of :H-labeled CK internal standards (Kisiala et al., 2019)
from homogenized samples using ice-cold 50% acetonitrile, a mixture of the HLB cartridge
flow-through and 30% acetonitrile extract was collected (Simura et al., 2018). The resulting
extract was divided into two equal parts for separated downstream processing of CKs and
metabolites. The metabolite fraction was reconstituted in 90% acetonitrile and transferred
to insert-equipped glass MS vials, while the CK fraction was reconstituted in 1M HCO.H
to ensure complete CK protonation. CKs were isolated and further purified out of the
sample matrix through mixed-mode, cation-exchange, solid phase extraction (SPE)
cartridges (MCX 6¢c/500mg, Canadian Life Sciences) using a vacuum manifold followed
by derivatization of NTs into RBs and further purification on C18 cartridges (C18
6cc/500mg; Canadian Life Sciences). Resultant CK residues were redissolved in 0.5 mL
of initial mobile phase conditions (H.O:C.H.CN:CH.CO.H = 95:5:0.08, v/v/v). Sample vials
were stored at -20-C until mass spectrometry analysis.

Cytokinin profiles of the encystation medium-blanks, control and BAR-
supplemented culture supernatants were analyzed by the Ultimate3000 UHPLC system
(Thermo Scientific) coupled with the Orbitrap QExactive mass spectrometer (Thermo
Scientific) (Kisiala, et al., 2019). A 25 pL aliquot was injected onto the reversed phase Cis
column (Kinetex, 2.6 um particle size, 2.1 x 50 mm, Phenomenex). A gradient of mobile
phase A (0.08% CH.CO.H in H.O) and mobile phase B (0.08% CH3CO.H in C.H.OH) was
used to separate and elute CKs at a flow rate of 0.5 mL/min. The gradient was initiated at
5% B for 0.5 min, linearly increasing to 45% B over 4.5 min with a subsequent increase to
95% B over 0.1 min, a hold for 1 min, followed by an instantaneous drop to initial

conditions (5% B) and a hold for 2 minutes for column re-equilibration. Total run time was
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8.2 minutes. All CK analytes were detected and quantified in positive ionization mode
using parallel reaction monitoring (PRM) mode. The HESI-II capillary temperature and
auxiliary gas heater temperature were 250°C and 450°C, respectively. Sheath, auxiliary and
sweep gasses were operated at 30, 8 and O (arbitrary units), respectively, with a maximum
spray current of 100 pA, spray voltage of 3.9 kV and S-lens RF level of 60. Data were
acquired at a resolution of 35,000 at m/z 200 and precursor ions were isolated at m/z 1.2
window width, with automatic gain control of 1 x 10 and maximum injection time of 128
ms.

Metabolite profiles of the encystation medium blanks, control and BAR-
supplemented culture supernatants were analyzed. Prior to ultra high-performance liquid
chromatography-high resolution accurate mass-full scan mass spectrometry (UHPLC-
(HRAM)-FS-MS) analysis, a mixture of stable isotope labeled canonical amino acids (0.25
uM; Cambridge Isotope Laboratories) was added to all samples for normalization.
Moreover, 10-15 pL all control samples (medium-blanks and culture supernatants) were
mixed together to make a pooled sample while same volume of all BAR-supplemented
samples (medium-blanks and culture supernatants) were mixed to create another pooled
sample mixture to perform data dependent acquisition experiments. Metabolites were
resolved with a Kinetex C18 column (2.1 x 50 mm, 2.6 um). Total 25 pL of each sample
was injected into a Dionex UltiMate 3000 HPLC (ThermoFisher) coupled to a QExactive
Orbitrap mass spectrometer (ThermoFisher). A flow rate of 0.2 mL/min was used with a
mobile phase of 0.08% acetic acid in water (A) and 0.08% acetic acid in acetonitrile (B).
The following gradient was used to elute the analytes: mobile phase B was held at 0% for
1.25 min to retain the compounds on the column and avoid the metabolite elution in the

void volume before increasing to 50% over 2.75 min and to 100% over the next 0.5 min.
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Solvent B was then held at 100% for 2 min before returning to 0% over 0.5 min for 4
minutes of column re-equilibration. Orbitrap QExactive was operated with a heated
electrospray ionization (HESI) probe in positive and negative mode (Kisiala et al., 2019).
Each sample was analyzed using a mass range of m/z 70—900, and data were acquired at
70,000 resolution, automatic gain control (AGC) target of 1x106, and maximum injection

time (IT) of 100 ms.

Data analysis

Cytokinin identification and quantification was done using Xcalibur software
(ThermoFisher v.3.0.63). Quantification of CKs was performed by isotope dilution
analysis based on the recovery of :H-labeled internal standards (Kisiala et al., 2019).
Cytokinin concentrations for supernatant and medium-blank samples are expressed as
pmol/mL. All data points represent an average of three replicate samples and error bars
show standard error.

Since this was the first study evaluating the extracellular metabolite profile of
Giardia trophozoites during encystation, we used a global metabolomics approach with a
customized processing method containing the following groups of analytes: free amino
acids and derivatives, DNA metabolism related, organic acids, vitamins (Chapter 2: Supp.
table 2.1). However, only the free amino acids and DNA metabolism related compounds
were analysed in this experiment since previous results (Chapter 2: Figure 2.5 and 2.6)
showed that these two groups of metabolites have the most relevant changes. Metabolite
identification was based on accurate mass (10 ppm mass error) and comparison of retention

times to labeled internal standards (canonical amino acids). Free amino acids were
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identified by comparison of retention times to internal standards while DNA related
metabolites were identified using accurate precursor mass (unfragmented compound
mass/charge) matched to databases (PubChem, MET) (Schrimpe-Rutledge et al., 2016).
For compound quantification, relative concentration of metabolites found in the samples
were calculated by normalizing the peak area of each metabolite in each sample to the
median recovery of the labeled amino acids in that sample. Therefore, the relative change

in content of a metabolite can only be compared to itself over time.
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RESULTS

Encystation induction verification

To verify successful induction of encystation in-vitro, trophozoites collected from
control and BAR-supplemented cultures were subjected to immunofluorescence assay
(IFA) to visualize cell shape, nuclei number per cell, and the appearance and localization
of the Cyst Wall Protein 1 (CWP1) at various time points post induction of encystation
(Figure 3.1). At0 h PIE, trophozoites are tear drop in shape with visible flagella, have two
nuclei per cell, and do not show CWP1 staining. At 7-h PIE, cells showing diffuse CWP1
staining in the cytosol start to appear. At 14-h PIE, cells showing punctate staining of
CWP1 appear and these cells are rounder in shape. By 21-h PIE, CWP1 is found in a
structure enclosing the cell surface. By 28-h, cells appeared refractile (DIC mode) and
contained a complete cyst wall. Some cells encased in a partial or complete cyst wall at 21-
and 28-h PIE showed more than 2 nuclei as shown in 21-h PIE DAPI column, indicating

cell division during or after cyst wall formation.

Western blot analysis of CWP1 expression in the control and BAR-supplemented
cultures showed that it increased over time PIE (Figure 3.2). For the control culture, the
relative CWPL1 protein expression increased from 2.9-fold at 7-h, to 8.6 fold at 14-h, 10.5
fold at 21-h and 9.7 fold at 28-h PIE, whereas for the BAR-supplemented culture, the
increase in relative CWP1 expression was only 1.6 fold higher at 7-h, 6.9 fold at 14-h, 6.8

fold at 21-h and 5.9 fold at 28-h PIE (Figure 3.2 B).
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Cytokinin profile of encystation medium-blanks

Due to the relatively high abundance of CKs known to occur in unaltered TYDK,
medium-blanks were analyzed at the 0- and 28-h time points for the control culture,
whereas for the BAR-supplemented culture, medium-blanks were analyzed at all time
points to ensure that the CK profile in the medium never exposed to cells, remain relatively

constant throughout incubation.

A total of six CKs were detected in the medium-blanks, including three iP-type
CKs: iP, iPR iPRP, three 2MeS-type CKs: 2MeSiP, 2MeSiPR, and 2MeSZR. No
differences were observed in the levels of iP-type and 2MeS-type CKs detected in the
control medium-blanks between O h and 28-h (data not shown) or in the BAR-
supplemented medium-blanks at any time points (Figure S 3.1). The CK profile of the
medium-blanks were dominated by iP-type CKs (iPRP ~ iPR >iP), followed by the three
2MeS-types CKs (< 2 pmol/mL) (Figure S 3.1 A, B). Additionally, BAR was detected in
the BAR-supplemented medium-blanks and the concentration of BAR was significantly
lower at 7 h compared to 0 h but no other derivatives (BA or BARP) were detected, and

the level remained stable thereafter (Figure S 3.1 C).

Extracellular CK profile during encystation

To profile extracellular CKs, supernatants were collected from the spent medium
from the control and BAR-supplemented encysting cultures at 0-, 7-, 14-, 21-, and 28-h.
Analysis of culture supernatants revealed that the presence of Giardia resulted in significant

changes of most background CKs present in the encystation medium over time. Moreover,
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changes of most CKs throughout the time course did not differ significantly between the
control and BAR-supplemented culture supernatants with the exception of iP at the 21 h
time point and MeSiP at the 14 h time point (Figure 3.3). The most prominent extracellular
CK changes were decrease of iPR, and an increase of its respective freebase derivative, iP
(Figure 3.3 A). The levels of iPR decreased from over 150 pmol/mL to a negligible level
(< 0.5 pmol/mL) after 21 hours post induction. Inversely, iP levels increased from under
10 pmol/mL up to 190 pmol/mL during the same time course (Figure 3.3 A). In parallel,
MeSiPR decreased from over 0.1 pmol/mL to undetectable levels at the end of the time
course, while the levels of its corresponding freebases, MeSiP increased from under 0.2
pmol/mL up to 0.6 pmol/mL (Figure 3.3 B). A similar decreasing pattern was observed for
MeSZR, however, the freebase derivative (MeSZ) was not detected (Figure 3.3 C). Levels
of all CKs detected in the supernatants were significantly different between the 0-h and the
end of the time course except for iPRP which fluctuated insignificantly throughout the
induction period in both control and BAR-supplemented culture supernatants (Figure S

3.2).

In the BAR-supplemented culture supernatants, the most prominent change
detected was the decrease of BAR with a simultaneous increase in BA concentration
throughout the 28-h incubation period (Figure 3.4). The BA increase was not as sharp as
the increase of other free bases (iP and MeSiP). The concentration of BA detected at the
28-h time point was approximately half of the BAR concentration at 0-h indicating that

much of the BA was likely retained within the encysting cells.
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Extracellular metabolite profiles during encystation

To profile extracellular metabolites exchanged by Giardia trophozoites during
encystation, supernatants were collected from control and BAR-supplemented cultures at
0-, 7-, 14-, 21-, and 28-h timepoints. Analysis was focused on two metabolite groups found
to change prominently during trophozoite growth in Chapter 1: the free amino acids and
DNA related metabolites, specifically nucleosides and nucleobases. The amino acids were
identified using level 1 accuracy by comparison to labeled internal standards available for
quantification while the DNA related metabolites were identified using their unfragmented

compound mass which represents compound identification level 3 (see methods).

The DNA related metabolites and free amino acids detected in the supernatants
showed changes over time. Of the twenty total amino acids detected, meaningful trends
were observed in the three amino acids involved in the energy metabolism involving the
arginine dihydrolase pathway (arginine, citrulline and ornithine) and two other amino acids
involved in metabolic pathways (serine and alanine). Arginine rapidly decreased to an
undetectable level by 14-h PIE while the levels of citrulline and ornithine increased and
plateaued at 14-h PIE in both control and BAR-supplemented culture supernatants (Figure
3.5 A, C). Similarly, serine decreases, and alanine increases in the supernatants of both

control and BAR-supplemented cultures, but the changes are gradual (Figure 3.5 B, D).

Within the DNA related metabolite group, nine nucleosides and six nucleobases
were detected. Most detected nucleosides (adenosine and deoxy-methylthio adenosine

[dMTA], thymidine, uridine, and inosine) decreased gradually over time while some
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corresponding nucleobases (adenine, thymine, uracil and hypoxanthine) increased over

time in the control and BAR-supplemented culture supernatants (Figure 3.6).

Within the detected nucleosides, purines (AMTA, adenosine, and inosine) were
gradually depleted from the medium to negligible relative contents by 21-h PIE after which
no change was observed, while the pyrimidine nucleosides (thymidine, uridine) decreased
sharply until 7-h PIE after which no further decrease was observed (Figure 3.6 A, C).
Moreover, all nucleosides decrease more gradually in the BAR-supplemented culture
compared to the control culture (Figure 3.6 A, C). On the other hand, the continued increase
of all nucleobases stopped at 14-h PIE in both the control and BAR-supplemented cultures;
however, the increases were sharper and higher in the control culture compared to the

BAR-supplemented culture up to the 14 h time point (Figure 3.6 B, D).
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DISCUSSION

This is the first study to characterize the CK and metabolite exchange between
Giardia and its medium during the formative process of encystation. The observations of
endogenous CK changes during encystation were documented followed by an assessment

of the impacts of externally supplied CK (BAR) on the encystation process.

The verification of successful induction of encystation in-vitro in unsupplemented
(control) and BAR supplemented Giardia cultures was monitored by IFA through the
appearance and localization of Cyst Wall protein 1 (CWP1), which is a widely used marker
of the encystation process (Figure 3.1). The protein level of CWP1 in the cultures were

also determined by western blot analysis (Figure 3.2).

Giardia trophozoites must undergo development into cysts to survive outside of the
host and to establish new infections. This transition is called encystation, and the cellular
changes associated with this process have been well established (Ebneter et al., 2016;
Einarsson, Troell, et al., 2016; Frances D. Gillin et al., 1987; Kim et al., 2022; Lujan et al.,
1995; Mowatt et al., 1995; Thomas et al., 2021). Soon after the trophozoites receive
encystation stimuli in-vitro through an increase in the bile concentration and higher pH,
the trophozoites start the synthesis of cyst wall components including cyst wall proteins
(CWP-1, 2 and 3) and the carbohydrate polymer ‘giardin’ (Ebneter et al., 2016). After
synthesis of CWP1 in the ER, it is packaged in encystation specific vesicles (ESVs), which
are gradually trafficked to the cell periphery. At the late stages of encystation, the cyst wall
proteins are released from the ESVs to form the protective wall that surrounds the cell.

IFA of the BAR-supplemented and control Giardia cultures showed the expected
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appearance of CWP1 after the induction of encystation, its initial localization in ESVs at 7
and 12 h PIE, and then its final localization in the cyst wall at 21 h and 28 h PIE (Figure
3.1). Anincrease in the level of CWPL1 protein in control and BAR-supplemented cultures

was also observed by western blot analysis as encystation progressed (Figure 3.2).

The trophozoite is a tear-drop shaped, motile cell with 4 pairs of flagella and two
nuclei which transforms into a circular or oval shaped refractile cyst during encystation
(Gillin,” et al., 1989). In the early stages of encystation, the cytoskeleton is disassembled
(Morf et al., 2010) which leads to a rounded cell shape during mid encystation. This was
also seen in this study at 14-h PIE in the DIC image. Finally, a refractile oval shaped cyst
(DIC) with a complete cyst wall (CWP1) was observed in late encystation at 28-h PIE
(Figure 3.1), consistent with previous reports (Schupp et al., 1988; Thomas et al.,
2021). The two nuclei of the trophozoite enclosed in each cyst divide and then undergo
DNA replication without cell division to produce a cyst containing four nuclei each
containing 4N of DNA each, which results in a 16N cyst (Bernander et al., 2001). Cysts
with >2 nuclei/cell were also observed in 21-h and 28-h PIE in this study (Figure 3.1),

furthering confirming that the induction of encystation was successful.

Strikingly, the BAR-supplemented culture exhibited only half of the fold-increase
of CWP1 compared to control culture throughout encystation suggesting that BAR may
have an inhibitory effect on encystation (Figure 3.2). The application of BAR at the same
concentration in trophozoite cultures did not induce any difference in growth or
morphology (Chapter 2, Figure 2.2). The effects of BA-derivatives on plant growth and
differentiation are widely studied (Dolezal et al., 2007); however, beyond plants, the most
widely known role of BA type CKs is the anticancer and antioxidative properties in human
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models (Jabtonska-Trypu¢ et al., 2016). The anticancer property is proposed to be through
the inhibition of various protein kinases that regulate the cell cycle and hinder cell
proliferation (Dolezal et al., 2007). On the other hand, BAR and BA were found to induce
differentiation of human skin fibroblasts and leukemia cell lines again by inhibiting growth
(Ishiietal., 2003). In contrast, the BAR supplementation in my experiment seems to inhibit
Giardia differentiation into cysts by approximately 50%. How the addition of BAR could
inhibit Giardia differentiation but have no effect on the growth of vegetative trophozoites
is unknown. However, since this observed reduction of encystation in the BAR spiked
culture is based only on a single biological replicate, it is not possible to draw definitive

conclusions at this time.

Giardia is an parasite that depends on the exchange of many small molecules for its
nutritional needs and for initiating and maintaining infection within a host since it lacks de
novo synthesis pathways of most essential small molecules (Adam, 2021). The proteins
and enzymes in the secretome of Giardia have been characterized to gain insights into its
pathogenic mechanisms (Dubourg et al., 2018; Ma’ayeh et al., 2017). However, other small
secretory molecules that could serve as a communication signal between Giardia and the
host have not been reported. This work is the first to discover the presence of a class of
phytohormones called cytokinins (CKs) in Giardia along with capacity of Giardia
trophozoites to scavenge and secrete CKs during trophozoite growth and nutrient
deprivation (Chapter 2). Thus, the aim of this experiment was to identify the nature of
exchange of CKs between the medium and Giardia during the crucial transition from
trophozoite to its infectious cyst stage. To accomplish this, extracellular medium, also

referred to as spent medium, was collected from cultures incubated with encysting
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trophozoites. Since the encystation medium already has CKs, an exogenous CK, BAR, was

supplemented into the medium to facilitate its clear tracking.

During encystation, a CK profile similar to that of vegetative trophozoites was
observed. All riboside CKs (BAR, iPR, MeSZR, and MeSiPR) were present in varying
concentrations in the medium initially, but they decreased to undetectable levels by the end
of the time course (Figure 3.3). However, the decreases of CKs during encystation were
more rapid compared to vegetative trophozoite growth and the changes halted by 14- or
21-h PIE in both control and BAR-supplemented encysting cultures. Meanwhile, most
corresponding free base CK derivatives (BA, iP, and MeSiP), except MeSZ, increased
approximately to a concentration similar to the initial CK-RB levels in the culture medium.
This suggest that these CK-RB levels detected at the start of the experiment are converted
completely to their free base forms by the end of the 21-h incubation period. Similarly, the
level of BAR (another CK-RB) decreased to negligible levels by 21-h PIE. However, the
corresponding free base form, BA, only increased only up to half of the initial BAR added
to the medium (Figure 3.4), which suggested that some of the catabolized BA may retained

by the encysting trophozoites.

While CK-RBs levels decreased and are presumed to be up taken by Giardia from
the extracellular medium, the nucleotide derivative iPRP did not change within the culture
supernatants over time. This observation is consistent with a previous report that indicated
that the charge of the nucleotides from their phosphate groups makes them unable to cross
the plasma membrane (Pinheiro et al., 2008). Instead, the common purine and pyrimidine
nucleotides are catabolized by phosphatases like ATPases, ADPases and ecto-5 -
nucleotidase enzymes that are present on the external surface of the cell membrane to
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produce nucleosides or nucleobases for uptake by the cell (Pinheiro et al., 2008; Russo-
Abrahdo et al., 2011). Since the potential substrate specificity of these ecto-enzymes
towards CKs is unknown, the results of this study suggest that iPRPs are not suitable
substrates for these enzymes, as no substantial change was observed in the extracellular
levels during encystation. The extracellular CK profile during encystation closely
resembles the extracellular CK changes during vegetative trophozoite growth and during
nutrient deprivation (Chapter 2). This is consistent with the global transcriptomic and
proteomic data showing great similarities between cellular metabolism in uninduced and
trophozoites induced to encyst, up until the cyst maturation stage (Einarsson, Troell, et al.,
2016; Morfetal., 2010; Rojas-Lopez et al., 2021). Most of the downregulation of metabolic
pathways associated with encystation does not occur until the late stages of encystation or
until complete cyst maturation (Morf et al., 2010), which would correspond to the 21-h and

28-h timepoints in our study.

The encystation process in Giardia has been widely studied at the transcript and
protein level but not in detail at the metabolite level. To address this lack of knowledge,
this study examined the exchange of small molecules involved in various metabolic
processes between encysting trophozoites and their in-vitro culture medium by
metabolomics analysis of the supernatants obtained from the control and BAR-
supplemented cultures. Based on the results from Chapter 2, the focus was on free amino
acids, nucleosides and nucleobases. Due to its parasitic lifestyle, Giardia depends solely on
salvage of amino acids involved in energy metabolism such as the arginine dihydrolase
pathway or alanine synthesis pathway (Morrison et al., 2007). During the entire encystation

process, there is a requirement of high energy metabolism for successful transition of
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trophozoites to cysts (Einarsson et al., 2016). For example, large amounts of cyst wall
materials need to be synthesized and exported to the cell surface. Thus, it is expected that
the arginine dihydrolase activity for energy production would continue during encystation,
potentially at a higher rate than a non-encysting trophozoite culture. This is consistent with
the rapid up-take of arginine and secretion of by-products citrulline and ornithine into the
encystation medium with no notable difference between the control and BAR-
supplemented supernatants (Figure 3.5). The exchange of these amino acids was completed
within 14-h PIE during encystation while it took 21-h for proliferating trophozoites to
utilize all available arginine from the culture medium (Chapter 2 Figure 2.5). This result
supports the high energy production needed from early to mid encystation (Rojas-Lépez et
al., 2021). However, the export of alanine along with the import of serine remained gradual
throughout encystation suggesting that alanine import is not as crucial as arginine import

for the differentiation of Giardia.

In addition to Giardia’s inability to synthesis of some amino acids, Giardia also lost
capability for de novo synthesis of nucleotides for DNA replication. As a result, Giardia
developed a simple salvage pathway to obtain all its raw nucleobases in the form of
nucleosides from the host intestinal lumen (Adam, 2021; Morrison et al., 2007). Once
nucleosides are imported through broad specificity transporters that recognize the sugar
moiety, catabolism of the ribose occurs to obtain a free base (Aldritt et al., 1985; Baum et
al., 1993; Wang & Aldritt, 1983). Subsequently, a phosphoribose molecule is added to the
free base to create a nucleotide while the excess free bases are discarded to maintain a
constant concentration gradient (Ey et al., 1992; Munagala & Wang, 2002; Sarver & Wang,

2002). During encystation, nucleoside salvage continues until mid-to-late encystation in
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preparation for DNA replication to occur in late encystation that results in an 16N cyst
(Einarsson, Troell, et al., 2016; Rojas-Lopez et al., 2021). This is consistent with my
observations whereby uptake of all nucleosides continued or was completed by 21-h PIE
and halted thereafter (Figure 3.6). While the uptake of nucleosides was irregular in the
encysting control culture, the pattern of decrease of nucleosides in the BAR-supplemented
culture is likely due to the reduced encystation efficiency in the BAR-supplemented
culture. In conjunction with the decrease of nucleosides, the respective free bases continued
to be secreted into the culture medium until 21-h PIE which was also consistent with the
idea that nucleoside salvage continues until 21-h PIE (Einarsson, Troell, et al., 2016;

Sulemana et al., 2014).

Overall, comparing the nucleoside profiles with CK-RBs and the nucleobase
profiles with CK-FBs during encystation, it is evident that CK uptake and secretion likely
occurs through transporters and enzymes of the nucleoside salvage pathways due to
structural similarity. The transport of CKs through common purine transporters is well
recognized in planta (Hluska et al., 2021). In non-plant organisms, the notion of CK
signaling or role in cell biology is often undermined due to absence of CK-specific
receptors or transporters (Hughes & Sperandio, 2008; Sperandio et al., 2003). However,
the structural similarity of CKs to adenosine and ATP - one of the most evolutionarily
conserved signaling molecules (Verkhratsky & Burnstock, 2014), along with the multi-
faceted nature of purine transporters (Hluska et al., 2021) provide a rationale

for interkingdom communication.
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FIGURES

DIC DAPI CWP-1 Overlay
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Figure 3.1: Immunofluorescence assay of encysting cells from the control cultures at 0,

28 h

7-,14-, 21-, and 28-hour post induction. The first column shows differential interference
contrast image of encysting trophozoites, second column shows nuclei stained with DAPI,
the third column shows CWP1 localization, and the fourth column shows overlay of the
DAPI and CWP1 staining. No morphological differences (DIC) or differences in
localization of CWP1 were observed in encysting cells obtained from control compared
to BAR-supplemented cultures at any time point. At each timepoint, slides were prepared
in triplicate and the images shown are cells randomly selected from either of the

replicate slides at each time point.
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Figure 3.2: CWPL1 protein expression normalized to total protein obtained from cells of the control and BAR-supplemented cultures at
0, 7-, 14-, 21-, and 28-hour post induction. (A) Western blot with CWP1 antibody is shown with the corresponding Ponceau stain of
the membrane below. (B) The expression of CWP1 normalized to total protein and relative to 0 h PIE. Each data point is from one

cell pellet.
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Figure 3.3: Dynamics of extracellular CKs (iP-type: iPR and iP, A), (2MeS-type:
MeSiPR and MeSiP, B; MeSZR, C) detected in the control (dotted lines) and BAR-
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supplemented (solid lines) culture supernatants over a 28-h encystation induction period.
Asterisks show significantly different CK concentration between the control culture
compared to the BAR-supplemented culture at a particular time point (Two-way ANOVA,

test; Dunnett’s post hoc test, p < 0.05). Error bars represent standard error (n=3).
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Figure 3.4: Dynamics of BA-type CKs (BAR and BA) detected in the BAR-supplemented
culture over a 28-h encystation induction period. Asterisks show significantly different
CK concentrations at each time point (7-, 14-, 21-, and 28-h) compared to the respective
CK concentration at the beginning of the time-course (0-h) (One-way ANOVA, Dunnett’s
post hoc test; p < 0.05). Error bars represent standard error (n=3).
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Figure 3.5: Dynamics of free amino acids involved in the arginine dihydrolase pathway (A, C) and other pathways (B, D) detected in
the control culture (A, B) and BAR-supplemented culture supernatants (C, D) over a 28-h encystation induction period. Data points

for each compound are a mean of 3 replicates with the error bars showing standard error.
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Figure 3.6: Dynamics of nucleosides (A, C) and nucleobases (B, D) detected in the control culture (A, B) and BAR-supplemented
culture supernatants (C, D) over a 28-h encystation induction period. Respective nucleoside-nucleobase pairs are color coded. Data

points for each compound are a mean of 3 replicates with the error bars showing standard error.
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Supplementary figure 3.1: CKs detected in the BAR-supplemented medium-blanks. No
significant differences were observed in the levels of iP-type CKs (iPRP, iPR, iP) (A), and
2-MeS-type CKs (MeSZR, MeSiPR, MeSiP) (B) at any time point (7, 14, 21, and 28 h)
compared to 0 hour (one-way ANOVA; p>0.05, n=3). BAR level was only significantly
lower at 7 h compared to 0 h (one-way ANOVA, Duncan’s post hoc test; p<0.05, n=3).
Error bars show standard error.
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Supplementary figure 3.2: Dynamics of iPRP detected in the control and BAR-
supplemented culture supernatants over a 28-h encystation induction period. No
significant differences were observed over time or between control and supplemented

cultures (Two-way ANOVA; p > 0.05). Error bars represent standard error (n=3).
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CHAPTER 4

General discussion, conclusions, and future directions

CKs in Giardia and metabolism during growth and nutrient deprivation

This is the first report of CK production and the uptake and secretion of
extracellular CKs by the protozoan parasite Giardia intestinalis. Specifically, | observed
the synthesis of iPRP and iP likely originating from the tRNA degradation pathway
(Chapter 2, Figure 2.7), and the uptake of CK-RBs followed by secretion of CK-FBs
(Chapter 2, Figure 2.3 and 2.4) during growth and nutrient deprivation conditions.
However, Giardia is unable to take up and/or process extracellular CK nucleotides. Since
the growth medium of Giardia TYI-S-33 is already relatively CK rich, exogenous CKs
(BA, BAR, BARP) normally absent in the medium were used to track the metabolism of
extracellular CKs by trophozoites without background interference. Of these applied CKs,
only BAR was scavenged. It was then catabolized to BA and secreted. Meanwhile, the
exogenous BA and BARP remained unaltered. Of the three aromatic CK derivatives, none

affected trophozoite growth. This was also true for the iP-type CKs added to DMEM.

This thesis also examines the metabolites involved in some metabolic pathways of
Giardia. Many pathways in Giardia involve the exchange of molecules with the intestinal
milieu, such as energy production through arginine uptake and nucleotide synthesis
through modification of scavenged nucleosides (Adam, 2001). This is the first HPLC-based
metabolomics report of trophozoites cultured in nutrient-rich medium (TYI-S-33)
compared to those cultured in the unsupplemented and CK-supplemented nutrient-deprived

maintenance medium (DMEM). Overall, a customized processing method of 130
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metabolites was created that included many common metabolites involved in various
indispensable metabolic processes, and 62 of these were identified in the extracellular
extracts of growing trophozoite cultures; while 37 compounds were detected in the
supernatants obtained from the nutrient deprived culture. In the TYI-S-33 supernatants,
metabolites typical of the arginine dihydrolase activity and nucleoside salvage were

detected.

Finally, this thesis shows that CK up-take and secretion likely follows the
nucleoside salvage route by highlighting that the transformation patterns of common
nucleosides and nucleobases were similar to CK-RBs and CK-FBs respectively (Chapter
2, Figure 2.9). This suggests that the purine exchange machinery is used by Giardia for
metabolizing CKs. This idea is further supported by the presence of common purine and
sugar transporters in plants and humans that perform multiple functions by transporting

CKs due to their structural similarities to other purines (Hluska et al., 2021).

Encystation CK and metabolite profile

This is also the first mass spectrometry-based report of the uptake and secretion of
extracellular CKs and metabolites by the protozoan parasite Giardia intestinalis during the
crucial encystation process under the influence of an exogenous CK - BAR. This was
achieved by analyzing culture supernatants. Since the encystation medium is already rich
in CKs, BAR-supplementation into the culture medium enabled: (1) an analysis of macro-
effects of exogenous CKs on encystation through cell morphology and measurement of
protein expression levels of the molecular marker CWP1, (2). an analysis of less visible

yet impactful effects of exogenous CKs on the extracellular metabolome of the encystation
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process. The BAR-supplementation seemed to reduce the encystation efficiency by almost
half compared to the control culture; however, more biological replicates would be required
to support this observation. BAR-supplementation did not seem to affect the exchange of
isoprenoid CKs during encystation; CK-RBs were completely depleted from the culture
medium and balanced by the secretion of respective CK-FBs. Interestingly, the BAR-CK
added to the medium was depleted from the medium by 21-hours, while the secretion of its
FB form BA was impaired. Encysting cells are unable to take up and/or process
extracellular CK nucleotides during encystation, which is an observation similar to that
seen under growth and nutrient deprivation conditions. On the other hand, notable effects
of BAR-supplementation were observed on exchange of extracellular metabolites: the
control culture showed more asynchronous nucleoside uptake and nucleobase secretion
while the BAR-supplemented culture supernatants had trends similar to growth conditions,
likely due to impaired encystation. The metabolism of arginine and alanine were also like
growth conditions with no notable differences caused by BAR-supplementation. In
addition, this study validates many of the metabolism changes proposed to occur during
encystation by previous transcriptomics and proteomics reports (Balan et al., 2021; Rojas-
Ldpez et al., 2021) by adding a higher-level layer of metabolomics through analysis of the
products of cellular metabolism. Finally, the results of this study establish a potential link
between the CK exchange during encystation and the nucleoside salvage activities due to

structural similarities between CKs and the common nucleosides and nucleobases.
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Potential roles of CKs within Giardia

Based on the recent literature that reported roles for CKs in non-phytopathogens, acommon
theme appears in conjunction with stress response factors. For instance, in the case of M.
tuberculosis the bacterium uses CK accumulation for protection against oxidative stress
imparted by the host cells (Samanovic & Heran, 2015). Giardia trophozoites may also
reduce the riboside concentrations from the intestinal milieu due to toxicity of CK-RBs to
mammalian cells so the host cells are protected, and the infection can progress to maximum
possible capacity (Naseem et al., 2020; Voller et al., 2019). The possibility that CKs are a
source of ribose for the trophozoites could be tested using ribose labeled CKs and
monitoring the fate of ribose using immunofluorescence assays. In Chapter 2 of this study,
free ribose in the culture medium remained relatively constant while all other molecules
containing a ribose ring were consumed from the culture medium. Therefore, an alternate
explanation for CK up-take could be the ease of ribose up-take when attachment to an
aromatic ring due to abundance of nucleoside transporters in Giardia, compared to the up-

take of free ribose.

Future directions

This work is the first to propose CK biosynthesis capability by Giardia trophozoites
based on the detected iPRP and iP CKs, typical of tRNA degradation pathway. The
presence of a putative tRNA-IPT is reported in some transcriptomics studies earlier but this
the activity of this enzyme has not been further characterized (Einarsson, Troell, et al.,
2016). Since tRNA-IPT in other organisms is involved in the synthesis of tRNA-bound and

free CKs, it is proposed that CKs detected in Giardia originate from tRNA-IPT activity.
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The potential absence of adenylate-IPT in Giardia based on homology search with the
protein sequence from D. discoidium (protist), and A. thaliana (planta) as queries, suggest
CKs originate in Giardia exclusively through tRNA-IPT. However, the function of tRNA-
IPT is also required for modifying tRNA for efficient translation (Dabravolski, 2020;
Lamichhane et al., 2011; Nishii et al., 2018), so a knockdown or knockout of tRNA-IPT in
Giardia to study the impact of the loss of CKs would likely lead to non-viable Giardia. For

this reason, below are a few other ways to study the potential roles of CKs in Giardia.

In the pathway proposed for CK-biosynthesis in Giardia based on the presence of
nucleotide and free base CKs, along with the absence of riboside CKs inside cells, the
presence of a LOG-like phosphoribohydrolase is suggested. Recently characterized LOG-
like enzymes in organisms beyond plants such as M. tuberculosis and B. pertussis
(bacteria), and the protist D. discoidium describe the phosphoribohydrolase activity of
LOG with CK-NTs and substrates and CK-FBs as products (Aoki, 2023; Moramarco et al.,
2019; Zhu & Javid, 2015). Within Giardia, the activity of an adenine phosphoribohydrolase
enzyme has been proposed and it is used for the conversion of free adenine base to adenine
nucleotides (Sarver & Wang, 2002). In the same study, it is proposed that reverse reaction
of this enzyme with the nucleotide as substrate might be possible. If the adenine
phosphoribohydrolase has LOG-like activity within Giardia, the enzyme would utilize

IPRP as a substrate to produce iP as a product.

The results of this study suggest the involvement of CKs in the biology and
metabolism of this unique parasite by identifying links between the dynamics of CKs and
metabolites during encystation. Literature on encystation suggests that Giardia
trophozoites induced to encyst by cholesterol starvation, were found to increase
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transcription of genes involved in the early steps of the cholesterol synthesis pathway
(Hernandez & Wasserman, 2006). This upregulation leads to increased production of the
isopentenyl chain donor Isopentenyl pyrophosphate (IPP) or the isomer dimethylallyl
pyrophosphate (DMAPP) (Hernandez & Wasserman, 2006). Although DMAPP has proven
roles in lipid synthesis and protein isoprenylation within Giardia (Lujan, et al., 1995;
Yichoy et al., 2011), tRNA-prenylation via the putative tRNA-IPT enzyme is not reported
before. For protein isoprenylation and lipid synthesis in Giardia, various downstream
modifications are made to IPP/ DMAPP. For instance, in both pathways, IPP is transformed
to farnesyl PP which is either converted to geranylgeranyl PP for attachment to proteins
(Hoshino & Gaucher, 2018; Lujan et al., 1995) or to squalene to generate lipids (Yichoy et
al., 2011). On the other hand, the current work is the first to report the downstream products
of tRNA-prenylation. Since the breakdown of prenyl-tRNA likely leads to the synthesis of
CKs in Giardia, it is crucial to study this process further to understand the role of generated
CKs. If the synthesis of IPP or DMAPP is upregulated during encystation (Hernandez &
Wasserman, 2006), the metabolites involved in either protein isoprenylation, lipid
synthesis or tRNA-prenylation, would be upregulated. Most of these metabolites can be
detected using the methods used in this work (Chapter 2, Supp. table 2.1). Thus,
performing a metabolomics screening of proliferating or encysting trophozoites can further
support the observation and idea that Giardia is capable of CK synthesis despite its

genetically minimalist genome.

On the other hand, to understand the CK up-take and secretion mechanisms of
Giardia, radiolabeled cytokinins of iP- or BA-type could be used, as in other mammalian

studies (Ishii et al., 2003). When radiolabeled BA was added to a human myeloid leukemia
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HL-60 cell culture, it was found to be up taken, converted into a nucleotide form, but rather
than incorporation into genetic material, they were converted back into a riboside or free
base for secretion into the culture medium (Ishii et al., 2003). A similar study for the
proliferating or encysting Giardia trophozoites could help decipher the unknown
mechanism by which CK-FBs are recognized as modified bases and are exported out of
the cell rather than being incorporated into DNA or RNA. To further support this, testing
the specificities of common nucleoside and nucleobase transporters against CK-RBs and
CK-FBs along with affinities of CKs to the enzymes involved in the nucleoside salvage
pathway could strengthen the link between the salvage of common purines and CKs (Baum
et al., 1989, 1993; Campagnaro & de Koning, 2020; Munagala & Wang, 2002; Sarver &

Wang, 2002; Wang & Aldritt, 1983).

Overall, this study highlights a novel phytohormone-based connection between
Giardia and its host with the opportunity for scientists to manipulate the interkingdom
molecules to gain a deeper understanding of the parasite, the host or the interaction between

the two.
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