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Abstract: Introduction: The distribution of typical bacterial redox enzymes such as pyruvate-ferredoxin
oxidoreductase (PFOR) in protozoa remains interestingly puzzling. Previous studies have demonstrated
diverse cellular localizations of PFOR in amitochondriate anaerobic protozoa such as Trichomonas vaginalis.
PFOR is of particular pharmacological importance because it catalyzes the reductive bio-activation of nitro-
based prodrugs to cytotoxic radical metabolites. Metronidazole was developed primarily as an antiprotozoal
agent against infections caused by T. vaginalis. However, its antimicrobial spectrum was subsequently
expanded to cover anaerobic bacterial infections. It has been shown that mutations in the genes encoding PFOR
result in inherent resistance of T. vaginalis and anaerobic bacteria to metronidazole. Aims: To analyze the
phylogenetic distribution of PFOR in selected protozoa and bacteria using proteins encoded by housekeeping
genes as controls. Using comparative bioinformatics to test the hypothesis that PFOR was most likely acquired
through horizontal gene transfer from bacteria, proteome-wide analysis and gene expression analysis to
identify other genes that were putatively acquired through horizontal gene transfer from bacteria to protozoa.
Methods: Sequence similarity queries were performed using the proteins of interest against the NCBI non-
redundant protein sequence database with BLASTP version 2.12.0+ from the NCBI website. Multiple sequence
alignments were performed with MEGA version X software using the Muscle algorithm. These were then
exported in Mega format to construct phylogenetic trees using the neighbor-joining algorithm and the Poisson
substitution model. Complete proteomes of representative protozoan and bacterial species were downloaded
in fasta format from the ensemblgenomes database. HMM profile libraries were used to screen the proteomes
with hmmscan of the HMMer package. Whole proteome BLAST searches were performed between protozoan
species of interest against closely related protozoa. The results were compared to the proteome BLAST against
the intestinal bacteria Desulfovibrio vulgaris. Gene enrichment analysis was performed between the
exclusively present proteins in the protozoa and D. vulgaris. Only results with p-values <0.05 were considered
for analysis. Results and conclusions: A plausible explanation for the restricted occurrence of PFOR in protozoa
is based on the hypothesis that bacteria serve as potential sources of genes that enhance optimal adaptation of
protozoa in hostile environments. The expanded cladograms of Entamoeba and Cryptosporidium with their
closely related genera substantiated this hypothesis. The exclusively expressed proteins obtained from E.
histolytica and the putative bacterial gene donor, D. vulgaris, showed an over-representation of eleven genes
involved in small molecule metabolism, generation of precursor metabolites, and carbohydrate metabolism. If
these results can be reproduced in other PFOR-possessing protozoa, it would provide a more validated
evidence to support the horizontal transfer of pfor from bacteria. Subsequent syntenic analyses of the
significantly enriched genes would be required to provide further information regarding the positional
relatedness of these genes at the chromosomal level. Since metronidazole is an established and well tolerated
drug for treating infections caused by PFOR-possessing pathogens, it can be considered as a potential drug
candidate for the treatment of infections caused by Cryptosporidium, Spironucleus and Blastocystis.
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1. Summary

The distribution of the typical bacterial redox enzyme pyruvate-ferredoxin oxidoreductase
(PFOR) in eukaryotes remains interestingly puzzling. Previous studies have demonstrated diverse
cellular localizations of PFOR in some amitochondriate anaerobic protozoa such as Trichomonas
vaginalis, Giardia duodenalis and Entamoeba histolytica (Dyall et al. 2004, Emelyanov et al. 2011).
Interestingly, free-living mitochondriate protist-like photosynthetic algae also express homologs of
PFOR. In Chlamydomonas reinhardtii, PFOR has been shown to localize in the chloroplastic stroma
whereas that of Euglena gracilis localizes in the mitochondrion (Dubini et al. 2009, Noth et al. 2013,
van Lis et al. 2013). However, PFOR is not expressed in photosynthetic plants.

PFOR is of particular pharmacological importance because it catalyzes the reductive bio-
activation of nitro-based prodrugs to cytotoxic radical metabolites (Wyllie et al. 2013). Some nitro-
based prodrugs may interfere with the primary function of PFOR, resulting in a drastic disruption of
protein synthesis, growth, and overall survival of anaerobic and microaerophilic parasites, especially
under unfavorable oxidative stress. This is the proposed mechanism of antimicrobial activity exerted
by nitazoxanide against PFOR-possessing pathogens such as Cryptosporidium parvum (Hoffman et
al. 2007, Scior et al. 2015, Shakya et al. 2018). The absence of PFOR in higher eukaryotes makes nitro-
based prodrugs highly specific against invading pathogens without significant cytotoxic damage to
host cells (Bendesky et al. 2002, Tweats et al. 2012). In bacteria, PFOR plays a similar role in the
activation of nitro-based prodrugs (Narikawa 1986, Celik et al. 2012, Martinez-Julvez et al. 2012).
Based on the functional similarity between the bacterial and protozoan forms of PFOR, an
antiprotozoal nitro-based prodrug that undergoes similar activation mechanism can be used as an
anti-infective agent in the treatment of some bacterial infections (Hof 1989, Freeman et al. 1997, Sisson
et al. 2002). For example, metronidazole was developed in the 1950s originally as an antiprotozoal
agent for the treatment of genito-urinary tract infections caused by the sexually transmitted
protozoan parasite T. vaginalis (Bendesky et al. 2002, Kusdian 2014). Its antimicrobial spectrum was
subsequently expanded as an antibacterial agent, as used routinely in the eradication therapy against
Helicobacter pylori-induced peptic ulcer disease (Martinez et al, 2001). Mutations resulting in a
substantial decrease or complete absence of PFOR culminate in inherent resistance of T. vaginalis and
H. pylori to metronidazole (Hrdy et al. 2005, Martinez-Jalvez et al. 2012, Bradic et al. 2017, Graves et
al. 2020).

Gene organization and genome sequencing techniques performed in previous studies suggest
that some protozoa possess genes for encoding metabolic enzymes that trace back to common
facultative anaerobic eubacterial ancestors (Hrdy et al. 1995, Rosenthal et al. 1997, Rotte et al. 2001,
Nixon et al. 2002, Hug et al. 2010, Miiller 2019). By applying comparative bioinformatic approaches,
this study aims to analyze the distribution of PFOR in eukaryotes, with special focus on pathogenic
protozoa. Furthermore, the study seeks to demonstrate that horizontal gene transfer (HGT) is the
most likely mechanism by which some protozoan species acquired these genes from bacteria.

2. Background

Based on the presence or absence of mitochondria, protozoa can be generally classified as either
mitochondriate or amitochondriate organisms. The oxygen-sensitive enzyme PFOR, which is
responsible for the anaerobic fermentative decarboxylation of pyruvate, has varying localizations in
amitochondriate protozoa (Chabriere et al. 1999, Charon et al. 1999). Based on the localization of
PFOR, amitochondriate protozoa are classified further into type 1 and type 2 protists (Hrdy et al.
1995, Muller 1998). In type 1 protists such as G. duodenalis, E. histolytica and C. parvum, PFOR is
localized in the cytosol (Embley et al. 2003, Ctrnacta et al. 2006). The PFOR in type 2 protists is
localized in the hydrogenosome, as observed in the trichomonads (Miiller 1993, Muller 1998, Kulda
1999). The hydrogenosome is a double-membrane-bounded organelle (Benchimol et al. 1996,
Benchimol 2009), which is postulated to have resulted either from an ancestral mitochondrial
transformation with subsequent gene loss or from endosymbiosis of an anaerobic bacterium (Roger
et al. 1996, Hrdy et al. 2004, Makiuchi et al. 2014, Lewis et al. 2020). The hydrogenosome is the
powerhouse for the fermentative decarboxylation of pyruvate to produce hydrogen, carbon dioxide,
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and ATP molecules in the absence of molecular oxygen (Lindmark et al. 1973, Hackstein et al. 1999,
Boxma et al. 2005). Unlike mitochondria, hydrogenosomes have no genetic material; they contain
proteins that are encoded by nuclear genes, which are post-translationally translocated into the
organelle (Johnson et al. 1993, Rada et al. 2011). Interestingly, the free-living, mitochondriate,
photosynthetic, protist-like algae C. reinhardetii is able to switch from aerobic to anaerobic metabolism
by upregulating the synthesis of PFOR, which localizes and functions in the chloroplastic stroma
(Noth et al. 2013, van Lis et al. 2013). However, the N-terminus of the PFOR of the facultative
anaerobic, photosynthetic protist E. gracilis localizes in the mitochondrion (Rotte et al. 2001, Ctrnacta
et al. 2006). Some prokaryotes possess orthologs of these enzymes that function in a similar manner
as observed in protozoa. Due to the bizarrely restricted occurrence, localization, and distribution of
these enzymes in protozoa, potential bacterial origins have been proposed in previous studies (Hrdy
etal. 1995, Horner et al. 1999, Rotte et al. 2001). One plausible mechanism to explain this phenomenon
is by HGT. This study seeks to test the hypothesis that some ancestors of protozoa initially acquired
these redox enzyme-encoding genes by multiple independent horizontal gene transfer events from
bacteria.

Table 1. Diversity of the presence and cellular location of PFOR in protists.

Protist Localization of PFOR Source
Entamoeba histolytica Cytosol (Rodriguez et al. 1998)
Giardia duodenalis Cytosol (Emelyanov et al. 2011)
Cryptosporidium parvum Cytosol (Ctrnacta et al. 2006)
Blastocystis hominis Hydrogenosome (Wawrzyniak et al. 2008)
Trichomonas vaginalis Hydrogenosome (Hrdy et al. 1995)
Tritrichomonas foetus Hydrogenosome (Docampo et al. 1987)
Euglena gracilis Mitochondrion (Rotte et al. 2001)
Chlamydomonas reinhardtii Chloroplast (van Lis et al. 2013)

Based on the cellular localization of PFOR E. histolytica, G. duodenalis and C. parvum are classified
as type-1 protists whereas T. vaginalis, T. foetus and B. hominis are classified as type 2 protists.

HGT, alternatively referred to as lateral gene transfer (LGT), is a term used in evolutionary
genetics to explain the transfer of genetic material or genomic fragments between genetically related
or unrelated organisms that do not share an inherent parent-to-offspring reproductive relationship
(Soucy et al. 2015, Daubin et al. 2016). HGT is likely to occur through naturally occurring processes
such as transformation or transfection, genetic conjugation and transduction: a detailed illustration
of the different mechanisms of HGT is shown in Figure 1. It may result in a substantial change in the
genetic composition of the recipient organism or may be subsequently lost, leading to no overall
significant genetic change. However, some HGT events may lead to the maintenance of pre-existing
functions in the recipient organism that had been lost over the course of time in an evolutionary
process termed as maintenance transfer (Husnik et al. 2018). The role of HGT in the acquisition of
virulence and multiple drug resistance genes within prokaryotes is well established (Juhas 2015,
Deng et al. 2019, Wyres et al. 2019). However, its involvement in the transfer of genetic material from
prokaryotes to eukaryotes or within eukaryotes remains controversial (Keeling et al. 2008, Lacroix et
al. 2016, Lacroix et al. 2018). Studies postulate that, HGT is an essential evolutionary mechanism by
which unicellular eukaryotes acquire functional genetic material from bacteria that reside in close
proximity such as the host gastrointestinal or genito-urinary tract (Ricard et al. 2006, Eme et al. 2017).
It is also proposed that, some protozoan parasites residing in the same host environment with
bacteria can receive foreign DNA fragments through phagocytic feeding on bacteria (Doolittle 1998).
The acquisition of exogenous genetic material facilitates the adaptation, pathogenicity, and survival
of protozoa in the face of strong selective pressures (Field et al. 2000, Hedges et al. 2001, Ricard et al.
2006, Keeling 2009, Schonknecht et al. 2013, Husnik et al. 2018, Sibbald, Eme et al. 2020, Van Etten et
al. 2020). These protozoa may have acquired genes encoding bacterial redox enzymes via HGT to
facilitate their survival in deteriorating environments (Nixon et al. 2002). Since protozoa have evolved


https://doi.org/10.20944/preprints202311.1649.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2023 doi:10.20944/preprints202311.1649.v1

to survive in oxidative and xenobiotic environments together with bacteria, these enzymes have
remained central to their overall survival and were not lost after HGT (Gomaa et al. 2021). The
proportion of bacteria-like genes proposed as potential candidates of HGT as apparent from whole
genome sequencing of protozoa is summarized in table 2. A previous study that utilized conservative
phylogenetic methods of the whole genome sequences of E. histolytica and T. vaginalis inferred 68 and
153 cases of HGT, respectively. Most of the transferred genes were found to encode enzymes involved
in intermediary metabolism in prokaryotes, and the study concluded that prokaryotes that reside in
close proximity to E. histolytica and T. vaginalis were potential gene donors (Alsmark, Sicheritz-Ponten
et al. 2009).

organism with
intact genetic material

Phagotrophic organism
internalizing its prey together
with favorable genetic material

released genetic
fragments from

other species Plasmid transfer

=D &2
|

E >O&F O & O & >

(i) Transformation (ii) Conjugation (iii) Transduction (iv) Phagocytic feeding

Phage
organism

Figure 1. Mechanisms of horizontal gene transfer.

During the process of transformation (i), free genetic fragments from other organisms that reside
in close proximity with the recipient organisms are horizontally transferred. The foreign genetic
material is incorporated into the genome of the recipient organisms. In conjugation (ii), the genetic
material in the form of plasmids is transferred from a specific donor organism after close contact is
established with the recipient organisms. The facilitator of a transduction process (iii) is a phage
organism that directly transfers its genetic material by infecting the recipient organism. In all cases,
the horizontally acquired genetic material is passed on vertically to the respective progeny. If the
acquired genetic material enhances adaptation and fitness in the corresponding species, it is
maintained over several generations in the lineage. In phagocytic feeding (IV), a phagotrophic
organism obtains foreign genetic material by engulfing other species that reside in close proximity.
The engulfed species are trapped in food vacuoles which then undergo digestion with subsequent
internalization of the favorable foreign genetic material.
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Figure 2. Illustration of horizontal gene transfer from prokaryotes to eukaryotes.

Prokaryotes dwelling in close proximity with some protists are potential sources of genes that
encode proteins involved in important metabolic and adaptive functions required for growth and
survival. In an innovation transfer, a protist that originally lacks such genes acquires them from a
bacterial donor. From the example illustrated above in (i), a metabolically less endowed protist
incorporates a bacterial gene responsible for expressing proteins involved in the detoxification of
toxins. This serves as an adaptive advantage for the survival of the protist in an otherwise toxin-
enriched environment that usually favors bacterial species. During the course of evolution, some vital
genes that are lost may result in an adaptive disadvantage to the protist. In a maintenance transfer,
as illustrated in (ii), a lost gene may be regained subsequently from bacterial sources to maintain the
adaptation of the protist.

By targeting the pathogen-specific redox function of PFOR, some nitro-based antimicrobial
prodrugs are bio-activated through electron transfer reactions intracellularly in invading pathogens.
Substances containing one or more nitro groups, such as the nitro-heterocyclic and nitro-aromatic
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compounds, are used as prodrugs against these pathogens because they undergo bio-activation to
form potent nitro radicals (Fleck et al. 2014). The anionic potential of the radical intermediates results
in intracellular trapping and subsequent accumulation of more active metabolites. As a result, these
metabolic radicals exert their cytotoxic effects selectively in invading pathogens with no significant
effect on the host cells (Chung et al. 2011, Nepali et al. 2019).

highly nitrosative
cytotoxic metabolites

targeted cell
death

Nitrobased Prod rug

" Redox 1
nacHv Enzyme Bioactivated
Prodrug s Drug M,

intracellular trapping
of active metabolites

Figure 3. Pathogen specific bio-activation of nitro-based prodrugs.

After a prodrug is taken up intracellular by a pathogen, pathogen-specific redox enzymes
catalyze electron transfer reactions that lead to the bio-activation of the prodrug. The activated drug
undergoes a series of transformation reactions to radical cytotoxic metabolites that remain trapped
intracellular and exert their cytotoxic effects. This leads to selective cell death by disrupting nucleic
acid and protein synthesis of the pathogen.

Table 2. Proportion of bacterial-like genes estimated from whole genome sequencing of some
protozoan parasites.

Total number of  Percentage of

Protozoan parasite genes bacterial-like genes Source
Plasmodium falciparum 5268 (212) 4.02% (Gardner et al. 2002, Huang et al. 2004)
Blastocystis hominis 6,020 (133) 2.21% (Denoeud et al. 2011)
Entamoeba histolytica 9,938 (96) 0.97% (Loftus et al. 2005)
Toxoplasma gondii 8,300 (72) 0.87% (Huang et al. 2004, Bontell et al. 2009)
Trypanosoma brucei 9,068 (47) 0.52% (Berriman et al. 2005)
Cryptosporidium parvum 5,519 (24) 0.43% (Huang et al. 2004)
Dictyostelium discoideum 13,522 (49) 0.36% (Andersson 2011)
Naegleria gruberi 15,727 (45) 0.29% (Fritz-Laylin et al. 2010)
Tetrahymena thermophilia 26,460 (74) 0.28% (Xiong et al. 2015)
Trichomonas vaginalis 59,681 (152) 0.25% (Carlton et al. 2007)

This table shows the varying proportion of bacterial-like genes in the whole genome sequencing
of some protozoan species proposed as potential candidates for HGT from bacteria. Of all the
protozoa of economic importance to humans that have been fully sequenced, P. falciparum seems to
be the parasite with the highest proportion of bacterial-genes. The numbers in parenthesis are the
absolute number of bacterial-like genes.

2.1. Pyruvate-ferredoxin oxidoreductase

The ability to metabolize pyruvate through the process of oxidative decarboxylation remains a
fundamental biochemical reaction in all living organisms (Inui et al. 1999). The pyruvate
dehydrogenase multi-enzyme complex (PDC), an enzyme present in the mitochondria of almost all
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aerobic organisms, catalyzes this reaction (Hucho 1975). However, in most anaerobic and
microaerophilic organisms, the enzyme PFOR, which is absent in higher eukaryotes, is responsible
for catalyzing this reaction (Chabriere et al. 1999, Charon et al. 1999). PFOR is an ancient, oxygen
sensitive, iron-sulfur protein that belongs to the 2-oxo acid ferredoxin oxidoreductase (OFOR)
superfamily. It is found in diverse cellular locations in some anaerobic organisms (Emelyanov et al.
2011). Archaea, most anaerobic bacteria, and some anaerobic eukaryotes possess this enzyme
(Blamey et al. 1993). The fermentative decarboxylation of pyruvate to acetyl-CoA and carbon dioxide
(CO2) by PFOR generates electrons that are transferred to either ferredoxin or flavodoxin (Marczak
et al. 1983, Moreno et al. 1985). Due to the reversibility of this reaction, whereby pyruvate will be
regenerated, PFOR is also called pyruvate synthase.

According to previous studies, the innate function of PFOR is to protect anaerobic organisms
against oxidative stress by catalyzing the transfer of electrons that eventually reduce and inactivate
free oxygen radicals during unfavorable oxidative conditions (Raj, et al. 2014). In an alternative
pathway, the reduced ferredoxin derived from the decarboxylation of pyruvate can be re-oxidized
by ferredoxin: NAD oxidoreductase (FNOR). This involves the transfer of electrons from ferredoxin
to NAD(P) (Ctrnacta et al. 2006). The resulting NAD(P)H then transfers the electrons to oxygen
radicals by another reaction catalyzed by NAD(P)H oxidase to form water molecules (Mastronicola
et al. 2016). In this way, PFOR contributes its redox function together with other enzymes as an
antioxidant detoxification system.

Glucose

!

Glucose 6 - Phosphate

!

Fructose & - Phosphate

!

Glyceraldehyde 3 -Phosphate
NAD* NAD*
NADH XNADH
1, 3 Bisphosphoglycerate

i
i

Phosphoenolpyruvate

PFOR
Pyruvate ————+ AcetylCoA

lPDC

Acetyl - CoA

Oxaloacetate @ Citrate.

MITOCHONDRION

Figure 4. Metabolic fate of pyruvate in mitochondriate and some amitochondriate organisms.

During the fundamental metabolic pathway of glycolysis, glucose is converted to pyruvate
along a series of phosphorylation and dehydrogenation reactions. The fate of pyruvate is mainly
dependent on the presence of mitochondrion. In mitochondriate organisms, pyruvate is further
dehydrogenated to acetyl CoA by the pyruvate dehydrogenase enzyme complex (PDC). Acetyl CoA
enters the tricarboxylic acid cycle as the primary substrate for oxidative reactions that result in the
production of CO: and ATP molecules for intermediary metabolism. In some amitochondriate
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organisms, however, pyruvate undergoes fermentative decarboxylation to produce Acetyl CoA in a
reversible redox reaction catalyzed by the pyruvate-ferredoxin oxidoreductase (PFOR).

CoA  oxidized femmedoxin  pyruvate acetyl-Co A COo2 reduced ferredoxin
+ 0 0
. Fe=S = b oS
A LAY -i.l, | H3C | PFOR (LAY u H ‘
A _ | \
¢ + t : . o o
—Fe ' S—Fe

Figure 5. PFOR-mediated anaerobic metabolism of pyruvate.

Adapted and modified from: UniProtKB™ (www.uniprot.org/uniprot/P94692-D5IGG6)
In the fermentative decarboxylation of pyruvate, PFOR catalyzes the reduction of two molecules

of ferredoxin using Co-enzyme A as a co-factor to produce acetyl-CoA, carbon dioxide and hydrogen

ions. The reduced ferredoxin can be utilized as an electron donor for further redox reactions.
In the presence of nitro-based prodrugs, this same redox machinery is used as a drug target to
make pathogens vulnerable to nitro-radical-induced cytotoxic damage. In this instance, the resulting

reduced ferredoxin serves as an electron donor by transferring electrons to nitro-prodrugs. These
then become pharmacologically activated and subsequently transformed into nitroso and
hydroxylamine derivatives that cause cytotoxic damage (Horner et al. 1999, Ragsdale 2003).

acetyl-Co A

inactive prodrug reduced ferredoxin cytotoxic drug metabolite oxidized ferredoxin

.
a | | — e -l

Figure 6. PFOR-mediated re-oxidation of ferredoxin and bio-activation of nitro-based prodrugs.

In the presence of sufficient concentrations of the inactive prodrug, reduced ferredoxin donates
electrons to the prodrug instead of acetyl-Co A by the catalytic activity of PFOR. In this reverse
redox reaction, ferredoxin is re-oxidized and the prodrug is activated to its cytotoxic radical
intermediate.
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Figure 7. A summary of the PFOR-mediated fermentative decarboxylation of pyruvate and reductive

activation of nitro-based prodrugs.

This figure depicts the reversible redox reaction catalyzed by PFOR in the presence of very high
concentrations of the inactive prodrug. In the forward reaction, PFOR catalyzes the decarboxylation
of pyruvate to acetyl-Co A using oxidized ferredoxin as electron acceptor. The resulting reduced
ferredoxin then donates electrons to the inactive prodrug to reductively bio-activate it. This cycle
continues until the concentration of the radical intermediates of the prodrug reaches therapeutic
levels within the pathogen to disrupt nucleic acid and protein synthesis.

2.1.1. Activation of metronidazole by the PFOR of G. duodenalis and E. histolytica

OH
-0
N-I N ...I . CHa
D I'.| _."i_.-'
N
Metronidazole

Metronidazole is a synthetic nitro-imidazole derivative effective against most obligate anaerobic
bacteria and protozoan parasites such as G. duodenalis, E. histolytica, T. vaginalis (Upcroft et al. 2001,
Pal et al. 2009). It exerts its antimicrobial effect by interfering with nucleic acid synthesis resulting in
DNA damage in the target pathogens (Lamp et al. 1999). Electrons from the initial redox reaction
catalyzed by PFOR are transferred to ferredoxin, which has a sufficiently low redox potential to
reductively activate metronidazole to its toxic radical metabolites. Through a series of electron
transfer reactions, different radical intermediates are formed that act primarily as alkylating agents
that disrupt DNA synthesis and growth of invading pathogens (Dingsdag et al. 2018). The different
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radical metabolites of metronidazole have been illustrated in Figure 8 below. Strains of G. duodenalis
and E. histolytica with decreased or absent expression of pfor have been shown to exhibit increased
metronidazole resistance (Dan et al. 2000). However, some recent studies suggest the involvement of
alternative enzymes that also play central roles in the activation of, and resistance to, metronidazole
(Leitsch et al. 2011, Ansell et al. 2017, Miiller et al. 2019, Lopes-Oliveira et al. 2020). For example, T.
vaginalis has been shown in some studies to display a complete resistance to metronidazole only after
both PFOR and NAD-dependent malic enzyme are inactivated in the hydrogenosome (Rasoloson et
al. 2002, Hrdy, Cammack et al. 2005).

H OH 0OH
\ |
'I"t N CH, L N N 2e” II'J N~ CH
~ CH,———» - - s
o % & T o ~_ ; ~X. 7
\ N 2H*H0 © \\ E/ 2H HO \ | 4
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Figure 8. Radical metabolites from the reductive bio-activation of metronidazole. Adapted and
modified from: Dingsdag et al, 2018

The initial step in the bio-activation of metronidozole involves the transfer of one electron from
ferredoxin to metronidazole to form its radical anion. In the presence of molecular oxygen the radical
anion is re-oxidized to the parent compound in a futile cycle, hence, the overall bio-activation reaction
is stalled at this stage. In anaerobic conditions, the radical anion recieves a further electron to form
the 5-nitroso intermediate. In a subsequent reduction reaction involving the transfer of two electrons,
the 5-nitroso intermediate is converted to a 5-(N-hydroxy)-amino intermediate, which then
undergoes a spotaneous ring fision to produce hydroxethyl oxamic acid and acetamide. These fission
products are the proposed end products of the bioactivation process that contribute immensely to the
toxicity of metronidazole in invading pathogens.
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2.1.2. Interaction between nitazoxanide and the PFOR of C. parvum

0

Nitazoxanide- q

Nitazoxanide is a nitrothiazolyl-salicylamide derivative which exhibits broad-spectrum
antimicrobial activity against a variety of pathogens including anaerobic and microaerophilic
bacteria, protozoa, helminths, and viruses (Shakya et al. 2018, Bharti et al. 2021). Recent preclinical
studies have demonstrated potential antineoplastic activity of nitazoxanide that can be further
explored in the field of oncology (Pal et al. 2020, Abd El-Fadeal et al. 2021, Kiehl et al. 2021). The
antiviral activity of nitazoxanide against the SARS-CoV-2 infection is currently being explored
(Meneses et al. 2020, Lokhande et al. 2021, Rocco et al. 2021). Interestingly, nitazoxanide interacts
with PFOR in a completely different manner than metronidazole. Some in-vitro studies postulate an
interference of the redox function of PFOR by nitazoxanide (Hoffman et al. 2007, Scior et al. 2015). It
deactivates the oxidative decarboxylation of pyruvate along with the electron transfer machinery that
produces reduced ferredoxin in the presence of the coenzyme thiamine pyrophosphate (TPP)
(Hoffman et al. 2007). This is the generally accepted mechanism by which it inactivates the
metabolism, growth and survival of C. parvum (Gargala 2008). A similar mechanism of action is
postulated for the interaction between the PFOR of some anaerobic bacteria and nitazoxanide
(Warren et al. 2012, Kennedy et al. 2016).

4. Aim

To investigate the distribution and evolutionary relationships of genes encoding redox enzymes
involved in the activation of nitro-based prodrugs in protozoan and bacterial species.

5. Objectives

1. To analyze the phylogenetic distribution of redox enzymes of selected protozoan parasites
using proteins encoded by housekeeping genes as controls.

2. To use comparative bioinformatics approaches to test the hypothesis that these redox enzymes
were most likely acquired through horizontal gene transfer from bacterial origin.

3. To use proteome-wide analysis and gene expression analysis to identify other genes that were

putatively acquired through horizontal gene transfer.

6. Expected Outcomes

Since the control proteins are encoded by housekeeping genes, their distribution along the
taxonomic tree is expected to be in consonance with the phylogeny of eukaryotes depicted by Adl
SM (Adl et al. 2012) and the phylogenomics-based reconstruction of the protozoan species tree by
Ocafia KA (Ocana et al. 2011). A significant phylogenetic incongruence observed in the protein
sequences of the redox enzymes could suggest that pfor was acquired through HGT. Distinct
monophyletic relationships inferred from redox proteins between bacteria and protozoa would be
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highly suggestive of HGT events from bacteria. Through comparative analysis of the proteomes of
closely related protozoa that do not possess the redox enzymes and putative bacterial gene donors,
further information on other genes that putatively share similar pattern of horizontal acquisition with
pfor will be obtained. By applying gene enrichment analysis of proteins exclusively present in
protozoa and bacteria, the functional relationship of these genes to pfor will be ascertained.

7. Methodology

7.1. Source of protein sequences

Protein sequences for the PFOR of the selected protozoan parasites with their respective gene
and accession numbers were retrieved from the UniProt™ protein database.
(https://www.uniprot.org/uniprot/). Three control proteins of each parasite: glyceraldehayde-3-
phosphate dehydrogenase (GAPDH) (EC 1.2.1.12), tubulin alpha chain (TUBa), and DNA-directed
RNA polymerase II subunit beta I (RPB1) (EC 2.7.7.6) were retrieved using the same procedure. These
proteins were selected because they are encoded by housekeeping genes and are well conserved in
protozoa.

Table 3. Gene and accession numbers of the redox enzymes.

G. duodenalis PFOR (24982 AAA74894.1 Metronidazole
E. histolytica PFOR NITJX2 ENY63830.1 Metronidazole
C. paroum PFOR A1DRF1 ABK91849.1 Nitazoxanide

Table showing the gene and accession numbers of the redox enzymes with the corresponding
pro-drug substrates of selected protozoan parasites that were obtained from the UniProt™ Protein
Database

Table 4. Gene and accession numbers of the control proteins.

. P53429 A8BPCO Q8MUU2
G. duodenalis — GAPDH  \  p1ein11 10 EDO78046.1 RPB1 AAM77743.1
_ C4LVR9 P31017 Q6IUR3
E-histolytica  GAPDH 37100 1 TUB AAA57315.1 RPB1 AAT40981.1
Q7YYQ9 QIUAC3 A0A7G2H]78
C. paroum GAPDH & 1771641 TUB AAD20239.1 RPB1 CAD98371.1

Table showing the gene and accession numbers of the control proteins of selected protozoan
parasites that were obtained from the UniProt™ protein database.

7.2. Sequence alignment

Sequence similarity queries were performed using the proteins of interest against the NCBI non-
redundant protein sequence database with the basic local alignment search tool program (BLASTP
version 2.12.0+) from the National Center for Biotechnology Information (NCBI) website
(https://blast.ncbi.nlm.nih.gov/Blast) (Altschul et al. 1997). Initially, the queries were performed using
the control proteins of each parasite. The same procedure was performed for the corresponding redox
enzymes using a “BLAST pyramid” approach with the following algorithm parameters. Expected

doi:10.20944/preprints202311.1649.v1
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threshold: 1e® , Word size: 6, Matrix: BLOSUM62, Gap Costs: Existence 11, Extension 1 and
Compositional adjustments: Conditional compositional score matrix adjustments (Altschul et al.
2005).

7.3. Inclusion-Exclusion approach of BLAST search

The total number of distinct species that possess the control proteins and the corresponding
redox enzymes were derived from the taxonomy reports of the BLAST search results. In the BLAST
pyramid approach, the first BLAST search was performed by excluding the protein sequence of the
protozoan species of interest whilst including the sequences of all other species belonging to its genus.
In the next query, the genus was excluded whilst including the next available taxonomic level. This
was followed by subsequent inclusion-exclusion queries in increasing order along the taxonomic
hierarchy until the eukaryotic domain. In a final step, all eukaryotes were excluded whilst including
all prokaryotes. The proportion of organisms in each taxon that had hits for the redox enzymes was
represented as percentage deviation. Since the total number of distinct species in each taxon was not
available in the NCBI database, the percentage deviation was determined by comparing the total
number of species that had hits for the redox enzymes to the total number of organisms that had hits
for GAPDH.

Table 5. [llustration of BLAST search pyramid approach.

Eukaryota Procaryotae
Alveolata Eukaryota
Apicomplexa Alveolata
Conoidasida Apicomplexa
Eucoccidiorida Conoidasida
Cryptosporidiidae Eucoccidiorida
Cryptosporidium Cryptosporidiidae
Cryptosporidium Cryptosporidium
parvum
EXCLUDE INCLUDE

This table illustrates how the BLAST searches are run using C. parvum protein sequences as
query. In the first step, a BLAST search is done with hits excluding the species C. parvum while
including all other species of the genus Cryptosporidium. In the next step, all species of the genus
Cryptosporidium are excluded whilst including organisms of the next taxonomical hierarchy. This is
done sequentially until all eukaryotic organisms are excluded to filter hits for prokaryotes only.

7.4. Phylogenetic analyses

Protein sequences of the PFOR and control proteins of representative species from
corresponding eukaryotic taxa and bacterial species were manually selected after sequence similarity
searches using the same parameters as for BLASTP. The sequences were downloaded from the NCBI
website in fasta format. The fasta files were transferred to Notepad++ to simplify the names of the
protein sequences using regular expressions. Multiple sequence alignments were performed with the
Molecular Evolutionary Genetics Analysis (MEGA) version X software using the Muscle algorithm
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with default parameters (Kumar et al. 2018). The evolutionary distances were computed using the
Poisson correction method. This was followed by trimming the ends of the alignments. The protein
sequence alignments were then exported in Mega format to construct the phylogenetic trees using
the neighbor-joining algorithm (Saitou et al. 1987) and the Poisson substitution model. The bootstrap
approach of confidence limits on phylogenies was implemented with 1,000 replications for both
algorithms (Felsenstein 1985).

7.5. Screening selected proteomes against HMM profile libraries

All the steps were executed with self-made Perl scripts on a linux computer. The multiple
sequence alignment of each of the five proteins in fasta format from MEGA were converted into a
position-dependent scoring matrix using the command hmmbuild of the HMMer package (Eddy 2009,
Eddy 2011). The resulting profiles were concatenated and converted to a HMM profile libraries using
the command hmmpress. Complete proteomes of representative organisms from each eukaryotic
taxon and from selected bacterial organisms were downloaded in fasta format from the
ensemblgenomes database (ftp://ftp.ensemblgenomes.org/pub/). The HMM profile libraries were
used to screen the downloaded proteomes with hmmscan of the HMMer package. The number of hits
per profile against a given proteome was derived using a cutoff E-value of < 1e. The highest scores
obtained were used to construct a heat map on an Excel sheet to illustrate the distribution of the redox
enzymes amongst the protozoan and bacterial species.

7.6. Distribution of redox enzymes and control proteins in cladograms and density maps

Eukaryotic species with whole proteome sequences were grouped by their respective
phylogenetic clades and the presence or absence of PFOR and the control proteins was analyzed by
normalizing the scores obtained from the screening of the HMM profile libraries. The clades of the
protozoa of interest were further expanded by including all available species in their respective genus
and other closely related species with whole proteomes in the ensemblgenomes database. In an
alternative analysis, all scores from the HMM screening were transferred to R studio to generate
density plots. In the density plots, the relative distribution of the redox enzymes and control proteins
in each eukaryotic taxon was represented.

7.7. Identification of other genes that were putatively acquired through HGT

Whole proteome BLAST searches using the proteomes of the protozoan species of interest as the
query were performed against the proteomes of closely related protozoan species as identified based
on the cladograms. The results were compared to the proteome BLAST against Desulfovibrio vulgaris.
This bacterium was selected as a putative gene donor because (i) it had the highest similarity score
for PFOR from the whole proteome screening and (ii) it resides in the gastrointestinal tract of
mammals as well as insects (Hong et al. 2021, Peydaei et al. 2021). All proteins that had high similarity
scores in D. vulgaris but not to the closely related protozoan control species were selected for gene
enrichment analysis.

7.8. Gene enrichment analysis

The gene IDs of the proteins that were exclusively present in the selected protozoan species and
D. vulgaris were transferred to the Gene Ontology (GO) website (http://geneontology.org/) for gene
enrichment analysis. The analyses were performed using the PANTHER Overrepresentation Test
(released on 13-10-2022) and the GO database DOI: 10.5281/zenod0.6799722 (PANTHER version 17.0,
released on 01-07-2022). The PANTHER Pathway for biological process was used for the annotation
data set and Fisher's exact test with false discovery rate (FDR) correction was selected for the
statistical analysis. Only results showing statistically significant FDR values and p-values < 0.05 with
corresponding fold enrichment were evaluated.
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8. Results

8.1. BLAST Pyramid

The three selected control proteins are encoded by housekeeping genes in eukaryotic organisms.
As expected, the BLAST search using the corresponding proteins from each of the five protozoan
species as the query showed positive hits with a steady increase in the total number of distinct
organisms in each level along the taxonomic hierarchy from species to domain. The total number of
hits in the eukaryotic domain compared to the prokaryotic domain showed a further increase for
GAPDH but not for TUBa and RPB1. Since the total number of prokaryotic organisms is larger than
that of eukaryotic organisms, it can be concluded that GAPDH is more conserved in both domains
and represents a better control protein compared to TUBa and RPB1. This was to be expected, as
bacteria do not possess microtubules and have different types of nucleic acid polymerases. Therefore,
GAPDH was used for further comparative analysis against PFOR.

Total number of BLAST search hits along the
taxonomic hierarchy using Cryptosporidium parvum
control proteins as query

Procaryotac [
Eukaryots | ——

Alveolata }

Apicomplexa
Conoidasida

Eimeriorina

Cryptosporidium

1000 2000 3000 4000 5000 6000

mRPB1 mGAPDH mTUBa

Figure 9. The distribution of control proteins along the taxonomic hierarchy using query proteins of
C. parvum shows that GAPDH is relatively more conserved in both eukaryotes and prokaryotes. .

8.2. Percentage deviation of PFOR from GAPDH

At the genus level of Giardia, Entamoeba and Cryptosporidium, there was no deviation observed
in the total number of hits for PFOR compared to GAPDH in the NBCI database. From these findings,
it can be extrapolated that all species in the genus Giardia, Entamoeba and Cryptosporidium possess
PFOR. Above the genus level, the total number of organisms that had hits for PFOR compared to
GAPDH was reduced.


https://doi.org/10.20944/preprints202311.1649.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2023 doi:10.20944/preprints202311.1649.v1

Deviation of the distribution of PFOR from GAPDH along
the taxonomic hierarchy of Giardia duodenalis

Giardia Hexamitidae Metamonada Eukaryota Procaryotae

=@—PFOR ==@==GAPDH

Figure 10. Graph showing no significant deviation in the total number of hits for PFOR compared to
GAPDH at the genus level of Giardia. Above the genus level to the eukaryotic domain, there was a
gradual increase in the percentage deviation. Approximately 50% of all prokaryotes that express
GAPDH showed no hits for PFOR.

Percentage deviation of the distribution of PFOR from
GAPDH along the taxonomic hierarchy of Entamoeba
histolytica

Entamoeba Amoebozoa Eukaryota Procaryotae

—@—PFOR ==@=GAPDH
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Figure 11. This graph shows an equal expression of GAPDH and PFOR in all the species of the genus
Entamoeba. There is an approximately 72% deviation at the level of Amoebozoa, 50% in the
eukaryotic domain and 64% in the prokaryotic domain. .

Percentage deviation of the distribution of PFOR from
GAPDH along the taxonomic hierarchy of
Cryptosporidium parvum

«=@==PFOR ==@==GAPDH

Figure 12. This graph also shows equal expression of GAPDH and PFOR in all the species of the genus
Cryptosporidium. In the taxa above the genus level, relatively fewer organisms had positive hits for
PFOR compared to GAPDH.

8.3. Phylogenetic trees

The multiple alignments of 43 GAPDH and 33 PFOR protein sequences of representative
eukaryotic and prokaryotic species were used to generate the corresponding phylogenies as shown
in fig. 16-18. The percentages of replicate phylogenies in which the species were clustered in the
bootstrap test of 1000 replicates are shown next to the branches. The trees are drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used for the inference. The
evolutionary distances were computed using the Poisson correction method and are in the units of
the number of amino acid substitutions per site.


https://doi.org/10.20944/preprints202311.1649.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2023

doi:10.20944/preprints202311.1649.v1

18

o @ Angomonas deane
A ——
e @ L=eishmania majos

- @ Trypanocsoma thellen
v @ Trypanosoma brucsl

@ TrypanopiasmE Domel
=
L @ Trypanosoma crss
@ racgieria gruben

| Glasdia lambda vanani P15

rdla muns
s
\—“"‘—E Glargia intestinalls vanant 50551
o
=

Fiarda Intestinalis
=a £ ™, Phytopnihom cactorum
.o [Ij‘.r"\ Phyiophinors infestans

™, Phytophihora parasiica

e

ra @ rFasmodiem fEicipasum
= —|
@ Toxopiasma gonm

w1

I— i cnptospondum rsis
@ cCrypiospondium melRaghss
1ac
\T[{ @ cnptosponmum Romines
o | @

CRypbOSpOTENUm PEanvurm

s 4l Homo sapiencs
4l Trchaurs trichasra
| . Ak Drosophia mesanogastar
b #scars suam

A

= Ak 'Wuchereria tancrom

i A tLoaica
=

4k Onchocerca volvueius

we — A ~spergnus paasibcus
L A Aspergums oryzas

L} non W Entamoeta Invadens warant 1R
il W Entamoeba Invadens
100 W Emamoeba dspar
108 W Entamoeba histoiytica

P 3 — - SR

P Prunus cerassera

= A P mirabiss
-
_|— Ak Tersnla entemcoinica

A, ¥iEeoDstelin presmonize

ClFobacter freurdl

Eschencnia ool

al

Ak SEmonsia enterica
F N

b

Shigelia sonnet

Figure 13. The phylogeny of the selected eukaryotic and prokaryotic species based on the protein
sequences of GAPDH shows a pattern of relatedness that is in consonance with the expected
phylogeny of eukaryotes. The topology was inferred using the Neighbor-Joining method. The optimal

unrooted tree with the sum of branch length = 4.58236819 is shown from a total of 659 positions in the
final dataset.
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Figure 14. The phylogeny based on the protein sequences of PFOR was inferred using the maximum
likelihood method. The unrooted tree with the highest log likelihood (-48017.90) is shown from a total
of 1331 positions in the final dataset. The PFOR of Entamoeba invadens shows a monophyletic
relationship with Giardia and that of Euglena gracilis is monophyletic with Cryptosporidium. This
phylogenetic incongruence is however not entirely conclusive of a bacterial origin of pfor, since no
protozoa is monophyletic with the selected bacterial species.
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8.4. Heat maps, density plots and cladograms

All scores from the proteome screening against the HMM profile libraries were normalized to 1
as the highest score obtained for each HMM, and a minimum cut-off significance value of 0.25 was
used to represent a positive hit. As expected, there was a positive hit for the control proteins in almost
all the selected eukaryotic species, which indicates a high degree of sensitivity of the screening
program. All selected prokaryotic species recorded positive hits for GAPDH but, as expected, had
relatively low hits for RPB1 and virtually no hit for TUBa. In the density plots, it was observed that
GAPDH was relatively very well conserved in all eukaryotic taxa as well as the prokaryotic domain.
Even though TUBa and RPB1 were well distributed in the eukaryotic taxa, there was a poor
representation in the prokaryotic domain. The results from the proteome analysis approach
correlated considerably well with the results from the BLAST pyramid approach. As expected, all
animal, plant and fungal species showed no positive hits for PFOR. These results represent very good
negative controls and hence, a high degree of specificity of the screening program.

All selected species in the stramenopile group had no hits for PFOR with the exception of B.
hominis. All species in the alveolate group had no hits for PFOR except C. parvum that showed a
significant hit. The only two rhizarian species with available proteome sequences in the ensembl
genomes database had no hit for PFOR. All the selected protozoa in the phylum Metamonada
recorded hits for PFOR. All species in the euglenozoa group had no hit for PFOR. Although Entamoeba
and Dictyostelium are closely related amoebozoans, the two species in the genus Entamoeba showed
positive hits for PFOR whilst the species in the genus Dictyostelium had no significant hit. All the
species in the genus Cryptosporidium recorded significant hits for PFOR, but the closely related species
in the genus Eimeria and Cyclospora cayetanensis had no significant hits. A similar pattern was depicted
in all the species of the genus Entamoeba versus those of Dictyostelium, Cavenderia, Tiegemostilium, and
Planoprotostelium. For the metamonada group, there was unfortunately no further species for the
expanded cladogram. About 41% of the selected bacterial species showed significant hits for PFOR.

Table 6. Heat map of normalized scores from the whole proteome analysis of the selected protozoan

spec1es.
1 |Organism Taxon PFOR GAPDH TUBa RPB1
2 |Blastocystis hominis Straminopiles, Heterokonta, Blastocystae 2 059
3 |Hyalaperonospora arabidopsidis Stramenopiles, Oomyccta, Peronosporales, Peronosporaceae X ( 0.53
4 |Phytophthora infestans Stramenopiles, Oomycota, Peronosporales, Peronosporaceas i 0
5 |Phytophthora parasitica Stramenopiles, Oomycota, Peronosporales, Peronosporaceas
6 _|Pythium aphanidermatum Stramenaopiles, Oomycota, Peronosporales, Peronosporaceae, Pythiaceae
7 |Pythium ultimum Domycota, Peronosporales, Peronosporaceae, Pythiaceae
8 |Achlya hypogyna Oomycota, Saprolegniales. Saprolegniaceae
9 [Thraustotheca clavata Stramenopiles, Oomycota, Saprolegniales, Saprolegniaceas
10 {Saprolegnia parasitica Stramenopiles. Oomycota. Saprolegniales. Saprolegniaceas
11 |Albugo laibachii Stramenopiles, Oomycota, Albuginales
12 |Ectocarpus siliculosus Straminopiles, Ochrophyta, Phaeophyceae
13 |Theileria parva Alveolates, Apicomplexa, Aconoidasida. Piroplasmida
14 |Babesia bovis Alveolates, Apicomplexa, Aconoidasida, Piroplasmida
16 |Plasmaodium falciparum Alveolates, Apicomplexa, Aconoidasida, Haemospororida
16 |Eimeria maxima Alveolates, Apicomplexa, Conoidasida, Eucoccidierida, Eimeriorina. Eimeriidae
17 |Eimeria tenella Alveolates, Apicomplexa, Conoidasida, Eucoccidionda, Eimeriorina, Eimenidae
18 |Cyclospora cayetanensis Alveolates. Apicomplexa. Conoidasida. Eucoccidionida, Eimeriorina, Eimenidas
19 |Cryptosporidium parum Alveolates, Apicomplexa, Conoidasida, Eucoccidiorida, Eimeriorina, Cryptosporidiidas
20 |Toxaplasma gondii Alveolates, Apicomplexa, Conoidasida. Eucoccidiorida, Sarcocystidae
21 |Cystoisospara suis Alveolates, Apicomplexa, Conoidasida. Eucoccidiorida, Sarcocystidae
22 |Hammondia hammondi Alveolates, Apicomplexa, Conoidasida. Eucoccidiorida, Sarcocystidae
23 |Tetrahymena thermophila Alveolates, Ciliophora, Oligohymenophorea, Hymenostomatida
24 |Ichthyophthirius multifiliis Alveolates, Ciliophora, Oligohymenopherea, Hymenestomatida
25 |Paramecium tetraurelia Alveolates, Ciliophora, Oligeshymenaphorea, Peniculida
26 |Stylonychia lemnae Alveolates. Ciliophora, Spirotrichea
27 |Stentor coeruleus Alveolates, Ciliophora, Heterotrichea
28 |Plasmodiophora brassicae Rhizaria
29 |Reticulomyxa filosa Rhizaria
30 | Trypanosoma cruzi Euglenozoa. Kinetoplastids. Trypanosomatida
31 |Trypanosoma brucei Euglenozoa, Kinetoplastids. Trypanosomatida
32 |Leishmania major Euglenozoa. Kinetoplastids, Trypanosomatida
33 [Leishmania donovani Euglenozoa. Kinetoplastids. Trypanosomatida
34 |Angomonas deansi Euglenozoa. Kinetoplastids. Trypanosomatida
35 |Strigomonas culicis Euglenozoa, Kinetoplastids. Trypanosomatida
36 |Phytomonas serpens Euglenozoa, Kinetoplastids. Trypanosomatida
37 |Leptomanas pyrrhocoris Euglenozoa. Kinetoplastids. Trypanosomatida
38 [MNaegleria gruberi Euglenozoa, Heterolobosea
39 |Entamoeba invadens Amoebozoa, Entamoebidae
40 |Entamaoeba histolytica Amoebozoa, Entamoebidae
41 |Dictyostelium purpureum Amoebozoa, Dictyostelia
42 |Dictyostelium discoideum Amoebozoa, Dictyostelia
43
44.
45

46
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Table 7. Heat map of normalized scores from the whole proteome analysis the selected animal, plant
and bacterial species.
1 |Organism Taxon PFOR GAPDH TUBa RPB1
2 |Strongyloides ratti Animalia, Nematoda-Chromadorea, Strongylidae
3 |Caenaorhabditis elegans Animalia, Nematoda-Chromadorea, Rhabditidae
4 |Loaloa Animalia, Nematoda-Chromadorea, Onchocercidae
5 |Brugia malayi Animalia, Nematoda-Chromadorea, Onchocercidae
6 |Onchocerca valvulus Animalia, Nematoda-Chromadorea, Onchocercidae
7 _|Schistosoma mansoni Animalia, Platyhelminthes
8 |Drosophila melanogaster Animalia, Arthropoda
9 |Anopheles gambiae Animalia, Arthropoda
10 | Sperisorium reilianum Fungi, Basidiomycota
11 |Saccharomyces cerevisiae Fungi, Ascomycota-Saccharomycetes
12 |Candida albicans Fungi, Ascomycota-Saccharomycetes
13 |Paracoccidioides brasiliensis  Fungi, Ascomycota-Euratiomycetes, Onygenales
14 |Aspergillus oryzae Fungi, Ascomycota-Eurotiomycetes, Eurotiales
15 |Aspergillus fumigatus Fungi, Ascomycota-Eurotiomycetes, Eurotiales
16 |Asparagus officinalis Plants, Monocots-Asparagales
17 |Ananas comosus Plants, Monocots-Commelinids
18 |Oryza sativa Plants, Monocots-Commelinids
19 |Pistacia vera Plants, Eudicots
20 |Cannabis sativa Plants, Eudicots
21 |Chlamydomonas reinhardtii Achaeplastida, Chlorophyta
22 |Ostreococcus lucimarinus Achaeplastida, Chlorophyta
23 |Chlorella pyrenoidosa Achaeplastida, Chlorophyta
24 |Chondrus crispus Achaeplastida, Rhodophyta
25 |Galdieria sulphuraria Achaeplastida, Rhodophyta
26 |Klebsiella pneumoniae Prokaryotae
27 |Desulfovibrio bacterium Prokaryotae
28 |Acidobacteria bacterium Prokaryotae
29 |Staphylococcus aureus Prokaryotae
30 | Synergistales bacterium Prokaryotae
31 |Clostridium perfringens Prokaryotae
32 |Bdellovibrio bacteriovorus Prokaryotae
33 |Proteobacteria bacterium Prokaryotae
34 |Bacteroides thetaiotaomicron  Prokaryotae
35 |Planctomycetales bacterium  Prokaryotae . )
36 |Helicobacter pylori Prokaryotae 0.11 058 002 023
37 |Escherichia coli Prokaryotae 0.00 024
38 |Campylobacter jejuni Prokaryotae 0.01 024
39 |Verrucomicrobiaceae bacterium Prokaryotae 0.01 0.00 024
40 |Alphaproteobacteria bacterium Prokaryotae 0.01 0.00 024
41 |Deltaprotecbacteria bacterium  Prokaryotae 012 0.00 025
42 |Legionella jamestowniensis Prokaryotae 0.03 065 000 024
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Figure 15. Density plots showing the distribution of control proteins compared to that of NTR and
PFOR in the major eukaryotic taxa and the prokaryotic domain. .

Cladogram of selected straminopile, alveolate and rhizaria species (SAR) showing the
distribution of PFOR and control proteins
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Figure 16. In the SAR clade, it can be observed that, B. hominis is the only straminopile that has
positive hit for PFOR. Furthermore, only Cryptosporidium shows a positive hit for PFOR in the
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alveolate clade. It is important to note that even the closely related Eimeria and Cyclospora have no hits
for PFOR.

Cladogram of selected protozoan species of the phyla Discoba, Amoebozoa and Metamonada
showing the distribution of NTR, PFOR and control proteins
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Figure 17. This cladogram shows exclusively no expression of PFOR in all the selected protozoa in
the discoba clade. For the phylum Amoebozoa, PFOR is positive in the genus Entamoeba but not
Dictyostelium, despite their close relatedness. All available organisms with proteomes in the
metamonad clade show positive hits for PFOR.

Cladogram of selected opithokont species showing the distribution of NTR, PFOR and control
proteins
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Figure 18. As expected, animals and fungi do not express PFOR, hence there was no significant hit
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recorded in all species. The controls proteins, however, are positive for all selected species.

Cladogram of selected plant and archaeplastida species showing the distribution of NTR, PFOR
and control proteins
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Figure 19. All plant species had no hits for PFOR. For the selected archaeplastida species,
Chlamydomonas and Chlorella show hits for PFOR.
Expanded cladogram of the genera Cryptosporidium and Entamoeba
PFOR

Cryptosporidium parvum +

Cryptosporidium andersoni +
Cryptosporidiidae

Cryptosporidium ubiguitum

Cryptosporidium meleagridis +

.+

Cryptosporidium muris +

— — IR O
— TR ©
- I ©

Eimeriidae Eimeria praecox @
- Eimeria acervulina 6

Cyclospora cayetanensis @
PFOR
— T —
PG e Entamoeba histolytica +
:
. Entamoeba nuttali +
Cavenderia fasciculata @
Dictyostelia
Dictyostelium discoideum @
R -0 cium purpureum— o
Tieghemostelium lacteum 9
Mycetozoa
Planoprotostelium fungivorum @

Figure 20. An expanded coverage of all organisms with available whole proteome sequences from
the ensemblgenomes database shows a differential expression of PFOR in the genus Cryptosporidium
against the closely related genera Eimeria and Cyclospora, and the genus Entamoeba against the closely
related genera Dictyostelium, Cavenderia, Tiegemostilium and Planoprotostelium.

8.5. Proteome BLAST and gene enrichment analysis

8.5.1. Results for E. histolytica

The predicted proteome of E. histolytica from the ensembl genomes database had 7,455 proteins.
The BLAST search showed that 44.4% of these proteins had no hits in the proteomes of D. discoideum
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and D. vulgaris. 11.9% had hits in both D. discoideum and D. vulgaris. 42.7% of the proteins in E.
histolytica showed hits in the proteome of D. discoideum whilst only 1% had hits in D. vulgaris. Out of
this 1%, PFOR had the highest score of 1,329. The scores of all proteins were increased by one and the
logarithmic values were plotted with Entamoeba versus Desulfovibrio on the vertical axis and
Entamoeba versus Dictyostelium on the horizontal axis as shown in Figure 27.

Entamoeba histolytica

H

1'\’ ; 2 5
Dictyostelium discoideum . Desulfovibrio bacteria

Figure 21. Illustration of the total number of proteins in Entamoeba that have significant hits in
Dictyostelium and Desulfovibrio. Seventy-four proteins occur exclusively in Entamoeba and
Desulfovibrio. These proteins are potential candidates of horizontal gene transfer.

Entamoeba histolytica proteome BLAST: Dictyostelium discoideum against Desulfovibrio vulgaris

& "
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Figure 22. Every spot represents one protein of E. histolytica. Proteins with hits in only D. vulgaris are
located on the vertical axis and those with hits in only D. discoideum are on the horizontal axis. E.
histolytica proteins with no hits in either organism are located at the origin whilst those with hits in
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both D. discoideum and D. vulgaris are located in the middle of the graph. PFOR is marked with an
arrow. Log is to base 10.

8.5.2. Results for C. parvum

Of the 3,805 predicted proteins in the proteome of C. parvum, the BLAST search showed that
44.4% had no hits in the proteomes of E. fenella and D. vulgaris. 13% of the proteins had hits in E.
tenella and D. vulgaris. 41.7% of the proteins in C. parvum showed hits in the proteome of E. tenella
whilst 0.9% had hits in D. vulgaris. Out of this 0.9%, PFOR had the highest score of 1,202. The scores
of all proteins were increased by one and the logarithmic values were plotted with Entamoeba versus
Desulfovibrio on the vertical axis and Entamoeba versus Dictyostelium on the horizontal axis as shown
in Figure 29.

Eimeria tenella

Desulfovibrio bacteria

Figure 23. Illustration of the total number of proteins in Cryptosporidium that have significant hits
in Eimeria and Desulfovibrio. Thirty-five proteins occur exclusively in Cryptosporidium and
Desulfovibrio. These proteins are potential candidates of horizontal gene transfer.
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Cryptosporidium parvum Proteome BLAST: Eimeria tenella against Desulfovibrio vulgaris
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Figure 24. Every spot represents one protein of C. parvum. Proteins with hits in only D. vulgaris are
located on the vertical axis and those with hits in only E. tenella are on the horizontal axis. C. parvum
proteins with no hits in either organism are located at the origin whilst those with hits in both E. tenella
and D. vulgaris are located in the middle of the graph. PFOR is marked with an arrow. Log is to base
10.

8.5.3. Gene enrichment analysis

Due to the unavailability of a reference genome for C. parvum at the GO website
(http://geneontology.org/), the gene enrichment analysis was limited to E. histolytica. The gene IDs of
proteins that had significantly high similarity based on the proteome BLAST scores for E. histolytica
against D. vulgaris were analyzed.

Biological process was used as annotation data category to analyze the gene list of 40 query
proteins against the reference genome of E. histolytica with 7,959 genes. Nine of the 40 query genes
were unmapped, hence the remaining 31 genes were used for the gene enrichment analysis. 19 genes
from the reference list and 3 genes from the query list mapped to the pyruvate metabolic pathway.
Based on the reference list, 0.239% of genes were expected to map to the pyruvate metabolic pathway.
Since the query list contained 31 genes, the number of genes expected to map to this pathway was
0.074.

The Fold-Enrichment of the genes observed in the query list to the expected outcome was 40.54,
which indicates that the pyruvate metabolic pathway is overrepresented in the query list. The raw p-
value for the statistical analysis as determined by Fisher’s exact test and the False Discovery Rate as
calculated by the Benjamini-Hochberg procedure were 7.7505and 3.35%2respectively. These findings
suggest that the number of genes from the query list that were mapped to the pyruvate metabolic
pathway did not occur by chance, as determined by comparison to the reference genome of E.
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histolytica. This small p-value also indicates that the result is non-random and potentially interesting,
and worth looking at in closer detail.

The other genes that were also significantly enriched were mapped to the carbohydrate
metabolic process and pathways involved in the generation of precursor metabolites and energy. The
list of all the genes that were significantly enriched is shown in table 8.

Table 8. Results of the gene enrichment analysis from the gene ontology website.

Reference list upload_1
Unigquely Mapped IDS: 7959 out of 7959 31 out of 31
Unmapped 1Ds: Q 8
Multiple mapping information: 0 0
Displaying only results for FOR P < 0.05
Entamoeba histolytica (REF) upload_1
GO biological process complete # # expected Fold Enrichment +/- raw P value FDR
pyruvate metabolic process 19 =) o7 40 54 + 7 75E-05 3.35E-02
bmonocarboxylic acid metabolic process 57 4 22 18.02 + 8.29E-05 3.07E-02
Lcarboxylic acid metabolic process 116 5 45 11.07 + 9.09E-05 294E-02
Loxoacid metabaolic process 121 7. 47 14.85 + 4 39E-07 1.14E-03
worganic acid metabolic process 122 7 .48 1473 + 4.63E-07 5.99E-04
ssmall molecule metabolic process 2585 F 99 7.05 + B.03E-05 261E-02
generation of precursor metabolites and energy, 43 4 AT 2388 + 2894E-05 254E-02
carbohydrate metabolic process 100 5 39 1284 + 4 61E-05 2 99E-02
Mapped IDs of enriched genes Expressed proteins
XP_657019 Pyruvate: ferredoxin oxidoreductase
XP_651627 Type A flavoprotein
XP_657332 Pyruvate phosphate dikinase
XP_651155 Alkyl sulfatase
XP_653620 Phosphotransferase
XP_654182 Phosphoglycerate mutase
XP_656980 Branched-chain amino acid aminotransferase
XP_655990 acetate kinase
XP_656909 Polysaccharide deacetylase
XP_651609 Ribose 5-phosphate isomerase
XP_656356 Carbohydrate degrading enzyme

The table above shows only results for the statistically significant gene enrichment data with p
and FDR values < 0.05. The second and third columns contain the number of genes in the reference
list and the query list that map to the corresponding metabolic processes. The fourth column contains
the expected number of genes that map to the corresponding metabolic processes based on the
reference list. The GO biological processes with the highest enrichment of 40.54 was obtained from
genes that mapped to the pyruvate metabolic pathway. A plus sign indicates over-representation and
a negative sign indicates under-representation. The table below shows the list of all genes that were
significantly enriched.
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Figure 25. Ancestor chart for the pathways related to the pyruvate metabolic process, GO: 0006090.
Source: (http://geneontology.org/).

Table 9. List of all GO terms that are direct descendants of the pyruvate metabolic process.
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Child Term Relationship

to

GO:0006090
G0:0042867 e pyruvate catabolic process is_a
G0:0046327 e glycerol biosynthetic process from pyruvate Is_a
G0:0009444 e pyruvate oxidation Is_a
G0:0042866 e pyruvate biosynthetic process is_a
G0:0006096 e glycolytic process Is_a
GO:0061718 e glucose catabolic process to pyruvate Is_a
G0:0006086 @ acetyl-CoA biosynthetic process from pyruvate is_a
G0:0019272 e L-alanine biosynthetic process from pyruvate Is_a
G0:0019244 e lactate biosynthetic process from pyruvate is_a
G0:0019450 e L-cysteine catabolic process to pyruvate is_a
G0:0019617 e protocatechuate catabolic process, meta-cleavage is_a

50:0019288 ® .

isopentenyl diphosphate biosynthetic process, methylerythritol 4-phosphate pathway

Source: (http://geneontology.org/).

9. Discussion

Although all the three selected control proteins are encoded by housekeeping genes in
eukaryotic organisms, the outcome of the protein BLAST searches demonstrated that GAPDH is
clearly more conserved in both eukaryotes and prokaryotes. Since the total number of distinct
organisms in each taxon was unavailable in the NCBI database, it was justifiable to use the total
number of distinct organisms that possessed GAPDH as the reference for the comparative analysis
in the BLAST pyramid approach. The outcome of the whole proteome analysis showed a significant
correlation with that of the BLAST pyramid analysis, since — as expected — all selected prokaryotic
species showed positive hits for GAPDH but insignificant hits for TUBa and RPB1. The positive hits
for the control proteins in all the selected eukaryotic species obtained from the proteome screening
against the HMM profile libraries indicated a high degree of sensitivity of the proteome screening
approach. On the other hand, the insignificant hits for PFOR observed in all animal, plant and fungal
species indicated a high degree of specificity. The whole proteome analysis served as an independent
and a more robust approach that validated the results obtained from the BLAST pyramid analysis.
The results from the whole proteome screening of the selected species against the HMM profile
libraries that were translated onto the density plots illustrated further the relative distribution of the
control proteins and redox enzymes in the various eukaryotic taxa and the prokaryotic domain.

The significant percentage deviation of the distribution of PFOR from that of GAPDH along the
taxonomic tree of the selected protozoan species confirmed the relatively limited occurrence of the
redox enzymes in eukaryotes. The observed restricted pattern of the BLAST pyramid results further
confirmed that the distribution of these enzymes is highly restricted to few organisms in the
eukaryotic domain, which is potentially interesting and worth looking at in closer detail. Due to the
absence of deviation observed in the total number of hits for PFOR compared to GAPDH in the
genera Giardia, Entamoeba and Cryptosporidium, it can be inferred that all species in these genera
possess PFOR. The expanded cladograms of Entamoeba and Cryptosporidium that were derived from
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the whole proteome analysis confirmed the findings from the BLAST pyramid analysis, since all the
selected species in these genera with available whole proteome sequences from the ensemblgenomes
database had significant hits for PFOR. Taking a broader view of all the selected protozoan species
in the alveolate clade, only C. parvum showed a significant hit for PFOR. This is an interesting
observation in support of a possible horizontal acquisition of pfor because the expanded cladogram
of the genus Cryptosporidium showed that the closely related species in the genera Eimeria and
Cyclospora had no significant hits for PFOR. A similar pattern observed in the expanded cladogram
of all the available species of the genus Entamoeba and those of the closely related genera
Dictyostelium, Cavenderia, Tiegemostilium and Planoprotostelium further substantiated the hypothesis
that pfor had most likely been horizontally acquired. However, due to the limited availability of
additional species with whole proteome sequences in the metamonad clade, it was not possible to
generate an expanded cladogram for the genus Giardia and its closely related genera to support the
horizontal transfer hypothesis of pfor in G. duodenalis. Consequently, all further analyses to support
the hypothesis were limited to C. parvum and E. histolytica.

The phylogenic tree generated from the protein sequences of PFOR using the maximum
likelihood method showed some degree of incongruence with the expected phylogeny of eukaryotes
since the PFOR of Entamoeba invadens was monophyletic with Giardia species, and that of Euglena
gracilis was monophyletic with Cryptosporidium species. This phylogenetic disturbance indicates
multiple sources of the acquisition of pfor in protozoa; however, the various bacterial and protozoan
species were clustered separately in distinct clades. This pattern is not convincing as strong evidence
suggestive of multiple HGT events from bacteria, since none of the protozoan species was
monophyletic with the bacterial species.

The source of horizontally transferred genes in protozoa is based on the proximity hypothesis,
which explains that bacterial species dwelling in the same host environment as protozoa serve as
potential gene donors. Table 10 summarizes how the relationship between the lifecycle of the selected
protozoa and the expression of PFOR supports the proximity hypothesis. Even though B. hominis
belongs to the stramenopile taxon, B. hominis exclusively expresses PFOR. The most plausible
explanation for this observation is that, B. hominis is a strict anaerobe that requires PFOR for optimal
adaptation to the host gastrointestinal tract, whereas the other species in the stramenopile taxon are
free-living protists. None of the selected protozoa in the alveolate taxon, apart from species belonging
to the genera Cryptosporidium and Eimeria, dwells predominantly in their host's gastrointestinal tract.
Based on their lifecycles, species in the genera Cryptosporidium and Eimeria are expected to possess
PFOR since they are closely related apicomplexan parasites that inhabit a similar host environment.
However, the presence of PFOR was restricted to Cryptosporidium. A plausible hypothesis to explain
the absence of PFOR in Eimeria could be a gene loss event that occurred after the extant protozoa from
the common ancestral lineage to Eimeria and Cryptosporidium had acquired pfor. Since Eimeria species
strive in the host gastrointestinal tract without the possession of PFOR, they evolved to express
alternative enzymes for intermediary metabolism, growth and survival. Taking a detailed look at the
taxon amoebozoa, Entamoeba species are closely related to Dictyostelium. However, Entamoeba species
are anaerobic parasites that dwell predominantly in the host gastrointestinal tract, whereas
Dictyostelium species are free-living organisms. Based on the proximity hypothesis, E. histolytica is
expected to possess PFOR but not D. discoideum. Entamoeba species probably diverged from
Dictyostelium species before horizontally acquiring pfor. These findings are in consonance with
multiple independent horizontal transfer events of pfor in Cryptosporidium and Entamoeba.

Species in the genera Giardia, Trichomonas and Tritrichomonas are flagellated anaerobic protozoa
of the taxon metamonada. They inhabit and invade the gastrointestinal or genitourinary system of
their hosts; hence, they are expected to possess PFOR, as was seen in the results. Unfortunately, due
to the unavailability of whole proteome sequences of other closely related protozoa in this taxon, it
was not possible to perform further analyses to explore the hypothesis of horizontal acquisition of
pfor in these genera. The two species with available whole proteome sequences in the taxon rhizaria
are free-living protists; therefore, they are not expected to have PFOR, as was observed in the results.
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Table 10. List of protozoa showing how their lifecycle supports the horizontal acquisition of PFOR

from bacteria based on the proximity hypothesis.

34

Protist

Life cycle

FFOR

Blastocystis

Gastro-intestinal tract, facultative, strict anaerobe, direct vertebrate parasites .

Phytophthora Free living fungal-like protists, plant parasites

Pythiurm Free living fungal-like protists, predominantly plant parasites

Achlya Free living fungal-like protists, plant parasites

Thraustotheca Free living fungal-like protists, plant parasites

Theileria Erythrocytes, insect-borne cattle parasite

Babesia Erythrocytes, insect-borne vertebrate parasites

Plasmodium Erythrocytes, insect-borne vertebrate parasites

Eimeria Gastro-intestinal tract, direct vertebrate parasites -:

Cryptosporidium Gastro-intestinal tract, direct vertebrate parasites —

Toxoplasma Diverse cells, obligate intracellular veriebrate parasites

Tetranymena Free living

Paramecium Free living

Plasmodiophora Free living

Reticulomyxa Free living

Trypanosoma Blood stream, insect-borne vertebrate parasites

Leishmania Macrophages, dendritic cells, insect-borne vertebrate parasites

Naegleria free-living amoeboflagellate, aerobic and anaerobic

Entamoeba Gastrointestinal tract, anaerobe, direct vertebrate parasites —
I Dictyostelium Free living

Giardia Gastrointestinal tract, anaerobe, direct vertebrate parasites —

Tritrichomonas Genito-urinary tract, anaerobe, direct vertebrate parasites —

Trichomonas Genito-urinary tract, anaerobe, direct vertebrate parasites —

-) Straminopiles =) Alveolates -) Rhizaria
- Excavates &=  Amoebozoa Metamonads

From this table it can be postulated that except Eimeria, all other organisms that reside in close
proximity with bacteria in the gastro-intestinal or genitourinary tract express PFOR. A gene loss event
may explain why Eimeria does not express PFOR. Even though Blastocystis is grouped with the other
straminopiles that do not express PFOR, it possesses PFOR. This is probably because it dwells in the
gastrointestinal tract whiles the others are free living.

In view of the proximity hypothesis that supports the horizontal transfer of genes from bacteria,
the bacterium with the highest normalized similarity score of 1.0 for PFOR, D. vulgaris, qualifies as
the most suitable putative gene donor or representative of an extant bacterial lineage of gene donors.
D. vulgaris is a gram-negative, anaerobic, non-spore forming, curved rod-shaped, sulfate-reducing
bacterium capable of producing hydrogen sulfide in the host gastrointestinal tract and as such dwells
in close proximity with some invading protozoan parasites. The comparative whole proteome BLAST
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analysis of E. histolytica and C. parvum against their corresponding closely related control species, D.
discoideum and E. tenella, and the bacterium D. vulgaris demonstrated significantly high hits for some
proteins that are exclusively present in D. vulgaris but absent in the closely related protozoan species.
Owing to unavailability of a reference genome for C. parvum in the database of the GO website
(http://geneontology.org/) for gene enrichment analysis, only the exclusively occurring genes in E.
histolytica and D. vulgaris were analyzed further.

Out of the forty selected genes in E. histolytica and D. vulgaris, eleven genes demonstrated
relatively high enrichment with significant p-values as determined by Fisher’s exact test and False
Discovery Rates as calculated by the Benjamini-Hochberg procedure. The outcome of the gene
enrichment analysis shows that these genes encode proteins that function in biological processes
related to small molecule metabolism, generation of precursor metabolites, and carbohydrate
metabolism. The pyruvate metabolic process is a biological process related to the small molecule
metabolic pathway, under which three out of the forty exclusively expressed proteins are functionally
categorized. The findings suggest that the eleven genes that were significantly enriched did not occur
by chance as compared to the reference genome of E. histolytica. Furthermore, the small p-values
indicate that the outcome of the gene enrichment analysis was non-random and worth looking at in
further detail.

The significantly enriched genes can be analyzed further using syntenic approaches to give
substantial information on how they are structurally related according to their relative position at the
chromosomal level. If it can be established that these genes are located close to each other at the
chromosomal level, this would provide a relatively stronger evidence in support of the hypothesis
that they were most likely horizontally transferred together with pfor as a genetic fragment from
bacteria. Moreover, if these findings can be reproduced in the other PFOR-containing protozoan
species, this will provide more evidence in support of multiple independent horizontal gene transfer
events.

10. Conclusion

The pathogen specific redox enzyme, PFOR, plays significant roles in the energy metabolism
and growth of pathogens that dwell predominantly in oxygen-deprived niches. From the BLAST
pyramid analysis as well as the whole proteome analysis, it can be inferred that the expression of
PFOR is limited to few protozoan species in the eukaryotic domain whereas a relatively large
proportion of prokaryotes possess PFOR. Protozoa belonging to the genera Cryptosporidium, Giardia,
Entamoeba and Blastocystis are anaerobic parasites that reside predominantly in close proximity with
bacterial species in the host gastrointestinal tract (Higuera, Villamizar et al. 2020). Whereas, those
belonging to the genera Trichomonas and Tritrichomonas are sexually transmitted extracellular
anaerobic parasites that also dwell in close proximity with bacteria in the host genito-urinary tract
(Benchimol, de Andrade Rosa et al. 2008, Chapwanya, Usman et al. 2016).

A plausible explanation for the restricted occurrence of PFOR in the above-mentioned protozoa
is based on the hypothesis that bacterial species serve as potential sources for the acquisition of genes
that enhance the optimal adaptation of these protozoa in hostile host environments. The expanded
cladograms of Entamoeba and Cryptosporidium with their closely related genera substantiated this
hypothesis. Although the phylogeny based on the protein sequences of PFOR demonstrated some
degree of phylogenetic incongruence, the PFOR of none of the protozoa was monophyletic with that
of the bacteria. The observed monophyletic relationship of the PFOR of E. invadens with Giardia
species, and that of E. gracilis with Cryptosporidium species, is suggestive that these two distinct
groups of protozoa may have acquired pfor independently from common ancestral lineages.
Regardless of the low bootstrap values, these findings support multiple independent horizontal
transfer events. The exclusively expressed proteins obtained from E. histolytica and the putative
bacterial gene donor, D. vulgaris, showed an over-representation of eleven genes involved in small
molecule metabolism, generation of precursor metabolites, and carbohydrate metabolism. If these
results obtained from E. histolytica and D. vulgaris can be reproduced in other PFOR-possessing
protozoan species, it would provide a more validated evidence to support the horizontal transfer of
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pfor from bacteria. Subsequent syntenic analyses of the significantly enriched genes would be
required to provide further information regarding the positional relatedness of these genes at the
chromosomal level.

11. Final remarks

e  Since metronidazole is an established, well tolerated drug for treating infections caused by
PFOR-possessing pathogens, it can be considered as a potential drug candidate for the treatment
of infections caused by Cryptosporidium, Spironucleus and Blastocystis.

e In this project, there was a considerable selection bias from using non-redundant protein
sequences as the sole database for the BLAST searches and a relatively skewed coverage of
pathogenic protozoa against free-living protozoa. Moreover, unavailability of the total number
of distinct organisms in each taxon and possible bacterial contamination with PFOR protein
sequences from the gastrointestinal tract were challenging factors.

e  The unavailability of whole proteome sequences of other closely related species in the phylum
Metamonada in the ensemblgenomes database posed a significant limitation in performing
further analyses for the distribution of PFOR.

e  The unavailability of reference genome for C. parvum in the Gene Ontology database was a major
limiting factor in performing comparative studies with the results of the gene enrichment

analysis from the exclusively present proteins in E. histolytica and D. vulgaris.
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