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The review covers the current knowledge on the presence of amino acid biosynthesis and uptake within the Apicomplexa

phylum, focusing on human-infecting pathogens: Toxoplasma gondii and Plasmodium falciparum. Given the complex

multi-host lifecycle of these pathogens, we hypothesize that amino acids are made, rather than acquired, depending on

the host niche. We summarize the stage-specificities of the biosynthesis enzymes, the role of amini acid transporters and

the relevance of amino acids for parasite pathogenesis in vivo.
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1. Introduction

Apicomplexan Parasites, such as Toxoplasma, Plasmodium, and Cryptosporidium spp., cause significant morbidity and

mortality in humans and in livestock. Together, they lead to over half a million deaths each year and enormous economic

burden . The extraordinary ability of these parasites to invade, adapt, and persist in diverse host niches is

multifactorial and depends on highly specialized pathogen-driven mechanisms which have evolved over a hundred million

years . Communication between a pathogen and its host therefore relies on a wide and dynamic array of molecular

interactions, including exchanges of key metabolites. Although significant progress has been made in understanding host–

pathogen interplay, a comprehensive and in-depth grasp of the metabolic capabilities of the various parasite

developmental stages has not been achieved. Successful parasite replication is accomplished with the acquisition of

essential nutrients from the host, which represents a vast repository of metabolites. However, the precise contributions of

parasite de novo biosynthesis pathways versus acquisition are yet to be delineated. Recent studies further indicate that

the nutritional availabilities and capabilities of the parasites vary between in vitro and in vivo conditions . Therefore, to

fully understand the underlying pathways, global, large-scale, and exhaustive experimental and computational

approaches are becoming indispensable.

Indeed, in the last few years, our understanding of apicomplexan metabolism has improved with the assembly and

curation of parasite genomes . This information has enabled the generation of genome-scale metabolic networks in

particular for T. gondii and Plasmodium spp. , which collectively encompass all known and experimentally

validated genes encoding for proteins and enzymes associated with metabolic reactions. The biochemical reactions,

localized to specific subcellular compartments, ultimately lead to the production of biomass, which constitutes the

objective function of the mathematical framework. The framework can then be used to perform in silico simulations and to

yield insights into gene and reaction essentialities, synthetic lethality, and in silico minimal media predictions. To challenge

and improve the predictive power of these models, the latest reconstructions for T. gondii (iTgo) and the malaria parasites

(P. falciparum and P. berghei (iPfa and iPbe, respectively)) were incorporated with valuable and recently obtained global

experimental data. These datasets included large-scale genome-wide information on the fitness of parasites upon gene

disruption , transcriptomics/RNAseq profiles of genes across lifecycle stages , and/or qualitative and

quantitative metabolomics data . Conceivably, incorporation of the different layers of –omics data (genomics,

transcriptomics, and metabolomics) into the metabolic networks led to improved consistency with experimental data .

More recently, an impressive dataset assigned subcellular locations to over 2500 proteins in T. gondii using the

hyperLOPIT (hyperplexed localization of organelle proteins by isotope tagging) method . For a genome-scale model

such as iTgo, precise cellular localization of enzymes enables accurate predictions on the feasibility of a reaction in a

given compartment. Therefore, in an iterative cycle, the integration of high-throughput –omics data into computational

frameworks will improve model-guided investigations for experimental studies, data which can be fed back into the

network for another round of predictions.

In silico analysis on the curated and harmonized iTgo model revealed that pathways for the de novo biosynthesis of

several amino acids was dispensable . This led us to hypothesize that, in the fast-replicating stage of the parasite

(hereafter referred to as tachyzoites), most of the amino acids were acquired from the host. Dedicated transport

mechanisms for some of the amino acids have been investigated  and uptake of proteins and subsequent proteolytic
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degradation within a specialized vacuolar organelle (VAC) has previously been described . However, transporters for

several other amino acids are still unidentified, opening numerous doors for future investigation. Interestingly, the

enzymes that do exist for de novo synthesis or interconversion of amino acids are transcriptionally upregulated in other

developmental stages of the parasites (slow-growing bradyzoites, merozoites, gametes, or oocysts) compared to

tachyzoites .

Genomic analysis further illustrates that, among the Apicomplexa, the cyst-forming coccidian subgroup along with

Chromeridae, which shares a proto-apicomplexan ancestor, have the greatest number of enzymes for the synthesis of

amino acids (Figure 1). As expected, in certain genera such as the Cryptosporidia and Piroplasmida, a large number of

genes have been lost. This is likely reflective of their intracellular lifestyle, as Cryptosporidia develop in an extra-

cytoplasmic compartment on the apical surface of intestinal epithelium cells and piroplasms proliferate freely within the

host cytosol, enabling direct access to nutrients from the gut microbiome and host cell, respectively .

Figure 1. Conservation of the 20 proteogenic amino acid pathways within the Apicomplexa phylum and in the human

host. On the left, identified or unidentified transporters for T. gondii and Plasmodium spp.

2. Amino Acid Metabolism in Apicomplexan Parasites

Amino acids are vital to survival, not only to make up proteins but also as key molecules for the proper functioning of

metabolic pathways. Recent technologies have enabled us to understand the importance of the biosynthesis versus

acquisition routes of amino acids in human-infecting pathogens. A combination of experimental and computational

approaches, such as genome-wide metabolic models, curated and harmonized with CRISPR-Cas9 screening,

transcriptomics, and metabolomics data, have been instrumental in deepening our understanding of the underlying

mechanisms. Using our genome-scale metabolic model for the fast-replicating stage of T. gondii, iTgo, we analyzed the

pathways for the biosynthesis of amino acids. A comparison of our model predictions with experimental CRISPR-Cas9

screening data revealed that enzymes to produce amino acids in the tachyzoite stage were dispensable, leading us to

hypothesize the utilization of these enzymes in a different developmental stage . This observation was indeed supported

by the increased transcript levels of the biosynthesis pathways in the bradyzoite, merozoite, gamete, and oocyst stages of

T. gondii .

Thorough investigations of each of the 20 amino acids disclosed the existence of two (partial) biosynthesis pathways for

threonine and lysine within the parasite, but they were found missing in the human host. This highlights potential

opportunities for drug discovery and development, specifically targeting the parasite’s metabolism. Moreover, by

comparing the genomes of species within the Apicomplexa phylum, the non-cyst forming branch (Eimeria and Cyclospora
spp.) lacks the enzymes for threonine and lysine biosynthesis (Figure 1). It likely indicates the need for de novo synthesis

of these amino acids during encystation and calls for future work to identify the missing enzymes and their importance

during latency or a different developmental stage. Fascinatingly and unique to a few apicomplexans, Cardiosporidium
cionae appears to have maintained a bacterial endosymbiont that contains the pathway for de novo lysine biosynthesis

. It provides only two key metabolites: lysine and lipoic acid, a mechanism that cleverly reduces host dependency and

potential virulence, making the extracellular life of C. cionae possible .
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Although capable of synthesizing quite a few amino acids (alanine, aspartate, asparagine, glutamine, glutamate, glycine,

cysteine, and proline), apicomplexan parasites, at least in their fast-replicating stages, primarily rely on uptake from the

host. Especially during the intraerythrocytic stage, the amino acids requirement of the malaria parasites is largely met via

host-derived hemoglobin degradation within a digestive vacuole (DV) . Several aminopeptidases are known to be

harbored within the DV, where breakdown proteins generate short peptides and amino acids, which can be transported

out of the DV . Given such a major reliance on the host for amino acids, identifying the transporter proteins and

other amino acid acquisition mechanisms will prove to be of significant interest for drug targeting. According to Parker et
al., the transmembrane transporters identified in T. gondii share the classical domains but are largely unspecific

(transporting more than one amino acid) . The study included 16 transporter-like proteins; however, experimental data

suggested that only a few displayed a fitness-conferring phenotype . The dispensable transporters therefore represent

potential candidates for which the parasite has biosynthesis capabilities or redundant transport mechanisms. Performing

high-throughput functional screens to identify synthetic lethality between the known enzymes and/or transporters could

hence yield valuable information.

Most apicomplexans possess two endosymbionts: a unique relic of a plastid organelle called the apicoplast, that resulted

from an ancient secondary endosymbiosis event and a single tubular mitochondrion. Both of these organelles harbor

several essential metabolic pathways and utilize amino acids for their proper functioning. In order to fulfill the translational

requirements of these organelles, the parasite must maintain a supply of charged tRNAs. Aminoacyl-tRNA synthetases

(aaRSs) play an essential role in this process by charging the tRNAs with their cognate amino acids. Interestingly, in T.
gondii, the apicoplast translation relies on its own set of tRNAs and imported amino acids and aaRSs, while the

mitochondrion exclusively depends on the cytosolic components . Given the essentiality of the aaRSs for ribosomal

protein synthesis, several of them have been suggested and characterised as promising antiparasitic targets .

Inhibiting the transport of the amino acids and charged tRNAs to the endosymbiotic compartments could further present

novel drug targets for intervention.

As highlighted, it is well known that amino acids are essential for protein production, but more recently, some light has

been shed on the interactions between amino acid metabolism and modulation of the host’s immune response. In vivo
studies in mice showed that supplementation of a cocktail of amino acids (arginine, lysine, and valine (RKV)) during the

liver stage of Plasmodium parasites abolished proliferation, as the amino acids played a crucial role in boosting the innate

immune response. RKV activated MyD88, a crucial adaptor molecule involved in Toll-like receptor (TLR)-mediated signal

transduction, essential for the function of myeloid cells and subsequent parasite elimination . In parallel studies on

cerebral malaria, the most severe symptom of malaria, where parasites destroy the blood–brain barrier, arginine

supplementation was shown to increase cerebral blood flow, thereby partially reversing the several damages caused by

cerebral ischemia . These observations warrant further exploration of metabolite-based strategies against the

apicomplexans and focus on the interface between amino acid metabolism and eradication of parasite burden.

Lastly, little knowledge has been gained on the status of amino acids in the chronic, slow-growing and dormant stages of

both T. gondii and Plasmodium hypnozoites. Therefore, future work must focus on constructing in silico stage-specific

metabolic networks and on generating experimental data to shed light on these enigmatic stages. Targeting either the

biosynthesis capabilities or acquisition pathways or both would enable better intervention strategies that could put an end

not only to parasite proliferation but also to persistence and transmission of these disease-causing pathogens.
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