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It was recently discovered that the protozoan parasite,
Toxoplasma gondii produces and uses the plant hormone, abscisic
acid (ABA), for communication. Following intracellular replica-
tion, ABA production influences the timing of parasite egress
from the host cell. This density-dependent signal may serve to
coordinate exit from the host cell in a synchronous manner by
triggering calcium-dependent activation of motility. In the absence
of ABA production, parasites undergo differentiation to the semi-
dormant, tissue cyst. The pathway for ABA production in 7. gondii
may be derived from a relict endosymbiont, acquired by ingestion
of a red algal cell. Although the parasite has lost the capacity for
photosynthesis, the plant-like nature of this signaling pathway
may be exploited to develop new drugs. In support of this idea, an
inhibitor of ABA biosynthesis protected mice against lethal infec-
tion with 7. gondii. Here, we compare the role of ABA in parasites
to its activities in plants, where it is know to control development
and stress responses.

Toxoplasma gondii: Ubiquitous Protozoan Parasite
with a Plant-like Endosymbiont

1. gondii is found in a wide range of warm-blood animals and
infects about one third of world’s human population.! While
normally benign, infections in immunocompromised patients can
result in severe disease.! This parasite has two main proliferative
stages that contribute to infection in humans.? Tachyzoites repli-
cate rapidly within a segregated vacuole, rupture out of the cell,
and re-invade new cells. In contrast, bradyzoites encyst and grow
slowly, mainly in long-lived cells of the central nervous system and
musculature. The encysted form can survive for a long time and
poses a risk due to reactivation following host immuno-suppression.
Once reactivated, parasites revert to the lytic phase characterized by
rapid growth, egress and invasion of new host cells, thus causing
considerable tissue damage.
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T gondii is a parasite in the phylum Apicomplexa, which includes
a large number of obligate intracellular parasites. The causative agent
of malaria, Plasmodium and a cause of serious gastrointestinal disease,
Cryptosporidium, also belong to the Apicomplexa. Most apicom-
plexans contain a special organelle called the apicoplast, which was
acquired by engulfment of an algal cell in a secondary endosymbiotic
event. The original endosymbiont likely had four membranes; two
of them derived from photosynthetic bacteria and two additional ones
from the algal cell and progenitor host cell plasma membranes.> This
configuration persists in 7. gondii (Fig. 1A), although some reports
indicate only three membranes surround the malaria apicoplast.’
Debate about the origin of this endosymbiont was recently resolved
by the discovery of a photosynthetic relative of the Apicomplexa
and their sister taxa the dino a new flagellates. Prototrophic branch
of the tree is represented by the marine alga called Chromera, which
contains an endosymbiont of red algal origin that retains key features
seen in Apicomplexa and dinoflagellates.® Since its engulfment, the
endosymbiont has undergone a variety of rearrangements in different
derived lineages to shuffle most of the genes to the nucleus. In the
process, many pathways have been modified or entirely lost, for
example the absence of photosynthesis among all apicomplexans.’

The presence of the apicoplast implies that 7. gondii and related
parasites have the potential to use plastid or algal-like pathways
derived from the endosymbiont. Previous studies have highlighted
the importance of various pathways for metabolism such a fatty
acid FAS II-like pathway, ferridoxin-ferrodoxin-NADP* reductase,
heme biosysnthesis and a DOXP isoprenoid biosynthesis pathway.’
These have been suggested as important targets for development of
new therapeutics, which is especially attractive given their bacterial
or plastid-like nature. However, acquisition of primitive signaling
pathways had not been considered previously. Thus, the discovery
of the ABA response pathway in 7. gondii is notable as it suggests
early branching alga may have contained metabolites that control
signaling between cells, and these pathways may have been inherited
in parasites.

Calcium, Motility and Signaling in T. gondii

1. gondii uses intracellular calcium as a signal to control protein
secretion and to activate motility, two events that are crucial to the
parasite’s intracellular existence.” Apicomplexan parasites undergo
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actin-based gliding on substrates and this form of
motility powers cell invasion.® Intracellular calcium
stores are required for activating increases in cyto-
solic calcium, which induces protein secretion and
facilitates cell invasion.? Intracellular calcium has
also been implicated in controlling egress of the para-
site from infected cells.!® Pharmocological evidence
suggests the presence of both ryanodine-responsive
and IP;-receptor-like channels, although the genes
encoding these activities have not been identified in
apicomplexan parasites.!! In searching the genome
for calcium regulation pathways, it became clear that
1. gondii lacks many animal-like pathways, yet has
affinities with plants.!? For example, 7 gondii lacks
conventional IP; channels but instead contains a gene

Tissue cyst

*MICs

*ABA +<Ca*

that is similar to the two-pore calcium channel found
in plants.!>13 Apicomplexans also contain a variety of
calcium-dependent protein kinases, which are highly
developed in plants but absent in animals.'4

The second messenger cyclic ADP  ribose
(cADPR) evokes changes in cytosolic calcium in
both plants'® and animals'® by stimulating calcium
release from intracellular stores. 7 gondii also uses
the second messenger cADPR to stimulate release of internal calcium
stores.!” The antagonist 8-Br-cADPR inhibits protein secretion and
motility in the parasite,!” indicating this pathway is important for
controlling cell invasion. Plants generate cADPR in response to the
phytohormone ABA,!® leading to elevated cytosolic calcium that
controls stomata closure in guard cells and induces gene expression. '8
ABA has also been linked to generation of cADPR and induction
of calcium signaling in other metazoans including hydra!® and
sponges.?? Recently, human granulocytes (myeloid cells) were found
to produce ABA, which triggers calcium increases by a cADPR-
dependent pathway.?! This prompted us to consider whether
apicomplexan parasites might also contain such an ABA-dependent,
cADPR pathway for controlling calcium release.

ABA Production and Signaling in T. gondii

Addition of exogenous ABA to extracellular 7. gondii parasites
strongly stimulated secretion of proteins from apical organelles

called micronemes,??

a process necessary for parasite motility and
cell invasion. Previous studies have shown that this pathway relies
on intracellular calcium and is mediated by increases in cADPR.!117
Addition of ABA also stimulated increases in cADPR and lead to a
calcium-dependent induction of protein secretion.?? This activity
was restricted to (£ ABA) and was not stimulated by B-carotene,
retinoic acid or (-) ABA.22

Further evidence that 7. gondii contains ABA was provided by
ELISA using an antibody specific to ABA and by mass spectrometric
(MS) analysis.?? Levels of ABA reached a peak just prior to natural
egress, when parasite-containing vacuoles reach their maximum
size. MS/MS analysis revealed the characteristic fragments for both
trans-ABA and cis-ABA in extracts of 7. gondii that were subjected
to HPLC purification and gas chromatography and tandem MS/
MS analysis.?? The levels of ABA in parasites ranged from 0.1-0.2
UM during initial infection to ~4 UM near the end of the infection
cycle, when the density of parasites within the host cell is highest.
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Figure 1. ABA production in T. gondii. (A) Cross-section through an intracellular T. gondii
showing organellar structures. Insert illustrates four surrounding membranes from enlarged
apicoplast. N, nucleus; A, apicoplast; AC, apical complex consisting of conoid and secretory
organelles; PV, parasitophorous vacuole. (B) Model of ABA production by the parasite with in
the PV. Accumulation of ABA (pink) leads to increases in intracellular calcium (blue) activating
egress and triggering secretion of micronemes (MICs shown in green). Fluridone blocks ABA
production, preventing egress and favoring differentiation of tissue cysts.

These levels are 10-40 times higher than that reported for human
granulocytes,”! supporting the idea that ABA is produced by the
parasite rather than concentrated from environmental sources.
Remarkably, when exogenous ABA was added to late stage vacuoles,
it induced premature egress, consistent with the idea that this signal
mediates exit of the parasite from the host cell. Similar to plants,
the production of ABA in 7. gondii was inhibited by treatment with
fluridone, which blocks ABA-biosynthesis at the step of phytoene
desaturase?4 (Fig. 2). Disruption of ABA production by fluridone
inhibited the egress of 7. gondii from the host cell. The fluridone
block was rescued by addition of exogenous ABA, supporting the
idea that this signal controls nature egress. Collectively, these studies
indicate that 7" gondii produces ABA, elevating the second messenger
cADPR, and increasing intracellular calcium to control motility and
cell egress (Fig. 1B).

In plants, ABA also controls development by acting to increase
dormancy in seeds and to prevent premature germination of
embryos.?> Transcript levels of ABA biosynthetic genes (see below)
in plants are also upregulated during osmotic, cold and salt stress.?
Thus, ABA has been recognized as a stress hormone, able to increase
plant tolerance to stressful conditions. A role in the stress response
does not appear to be directly analogous in parasites. Instead repres-
sion of ABA synthesis by fluridone induced the differentiation to
bradyzoites in vitro.?> Dormancy in 7. gondii is normally a stress-
induced pathway that can be triggered by nutrient limitation.?¢
Thus, differentiation to bradyzoites in the absence of ABA may
simply reflect a default pathway for parasites remaining within a host
cell that contains diminishing resources and which lacks a signal for
egress. It is also possible that reduction in ABA synthesis may make
parasites more susceptible to stressful conditions in the environment,
thus triggering a differentiation process that would otherwise be
blocked under high levels of ABA.

Fluridone was also effective in preventing lethal toxoplasmosis
in the murine model, consistent with its ability to block ABA
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red (thodophyta), brown (heterokontophyta) and
several cyanobacteria, with intracellular concen-
trations ranging from 1-40 pUM.?’ Radiolabeling
studies indicate that ABA production by the green
alga Dunaliella salina is enhanced by hypersalinity

Figure 2. Biosynthetic pathways for ABA production in higher plants and fungi. This is an
abbreviated scheme showing only the major steps in the pathways. For further details con-
sult.24.25.28 DOXP, deoxy-D-xylulose-5-phosphate; FPS, farnesyl diposphate synthase; GGPS,
geranylgeranyl diphosphate synthase; PSY, phytoene synthase; PDS, phytoene desaturase;
ZEP, zeaxanthin epoxidase; NSY, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxy-

genase; ABA, abscisic acid.

production, delay egress and thus prevent spread of infection.??
Previous studies demonstrate the related compound norflorizone is
also effective at inhibiting malaria in vitro,?” although the biological
role of ABA has not been studied in this system. Because fluridone is
an effective herbicide that is relatively non-toxic to mammals, it may
provide a good lead for the development of anti-parasitic compounds
to combat infection.

Pathways for ABA Production in Plants, Fungi and Algae

The synthesis of ABA in higher plants occurs by an indirect
pathway that is initiated by cleavage of carotenoids in the plastid
and subsequent modification of the resulting xanthoxin products in
the cytosol?# (summarized in Fig. 2). The pathway is known from a
variety of metabolic studies as well as mutants that are disrupted in
specific steps of synthesis, largely from studies in Arabidopsis, maize
and tomato.?* In plastids, the B-carotene hydroxylated product
zeaxanthin is converted to violaxanthin by a zeaxanthin epoxidase
(ZEP), also known as ABAI in Arabidopsis. Mutants in this step are
defective in production of ABA, demonstrating that ABA is derived
from C,, carotenoids. The first committed step in the pathway to
ABA is catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED),
which cleaves the C,; substrate 9-cis-epoxycarotenoid to yield the
C,5 intermediate xanthoxin. NCED is related to dioxygenases in
mammalian cells that generate vitamin A (retinol) from B-carotene
obtained in the diet. NCED activity is impaired in the viviparous
14 (vp14) mutant of maize, leading to premature seed germination.
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stress.>? Cyanobacteria have also been reported to
produce ABA under stress conditions.?! Furthermore,
ABA influences stress responses and morphogenesis
in the green alga Haematococcus pluvialis®® and
induces differentiation and spore formation in the
brown alga Laminaria japonica.>!

While there is clear evidence for the production
of ABA and physiological responses to this hormone in algae, the
biosynthetic pathway is less well studied than in higher plants.
Moreover, higher plants often contain gene families that encode ABA
biosynthetic enzymes.?* This gene redundancy may partly contribute
to the ‘leaky’ phenotypes of certain ABA-deficient murants (i.c.,
vpl4 in maize) that are only partially impaired in ABA production.?*
Additionally although most plants contain only single ABA2 and
ABA3 genes, residual levels of ABA in mutants of these genes may
reflect alternative shunt pathways that are not fully defined. Hence,
the lack of close similarity between ABA biosynthetic genes in higher
plants and algae may reflect gene divergence since the common
origin of plastids.??

Apicomplexans lack the mevalonate pathway but instead have a
conserved DOXP-MEP pathway for synthesis of isoprenoids, that
is thought to be derived from the plastid.>* However, searching
the 7. gondii genome database (http://toxodb.org) does not provide
strong support for a conserved carotenoid or ABA biosynthetic
pathway. For example, 7. gondii appears to lack clear orthologues for
several steps in carotenoid biosynthesis including phytoene synthase
(PSY) and NCED, at least based on searches using genes from higher
plants. Weak orthologues for phytoene desaturase (PDS) and zeta
carotene desaturase (ZDS) are found, and this is consistent with the
inhibition of ABA production following treatment with fluridone.??
1. gondii contains multiple candidate genes for biosynthesis of ABA
(i.e., ABAI, ABA2 and ABA3). However, these genes have low
homologies with higher plant genes, and do not allow unambiguous
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assignments of the enzymes in this pathway. This may reflect a
divergence of the pathways in parasite and/or similarity to algal like
pathways, rather than those found in higher plants. Future analysis
of this pathway in algae and parasites should provide further insight
into the biosynthesis pathway and the role of this hormone outside

of higher plants.
Outlook

Many apicomplexans retain an endosymbiont derived from
ingestion of a red algal cell, giving rise to the possibility that plastid-
like pathways have been retained in these parasites. Although
apicomplexans have lost the means for photosynthesis, they appear
to retain a primitive pathway for production of plant hormones
such as ABA. Our studies reveal that 7. gondii produces ABA, which
likely originates from the DOXP isoprenoid pathway via carote-
noid intermediates. However, apicomplexans appear to lack highly
conserved enzymes found in this pathway in higher plants. Whether
they contain a primitive or divergent pathway, or one that resembles
the direct pathway found in fungi is presently unclear. In this regard,
Chromera, an ancestrally related photosynthetic alveolate.® may shed
light on the pathways for carotenoid biosynthesis and downstream
metabolites that existed in the ancestral algal cell that gave rise to
the apicoplast.

In higher plants, the indirect pathway for ABA production
begins in the plastid and is completed in the cytosol.?* However, it
is not known where ABA is synthesized, stored and accumulated in
parasite-infected cells. Figure 1 shows ABA released into the vacuole;
however, it is also possible it accumulates within the parasite or in the
host cell. Since ABA is a weak acid (pKa 4.7) it tends to concentrate
in compartments with neutral or basic pH and does not readily pass
membranes. Accumulation in separate compartments may trigger
different responses depending on the localization of specific mecha-
nisms for detection.

Finally, it is not known how ABA is sensed in parasites, In this
regard, the conservation of several recently described plant receptors
for ABA in apicomplexan parasites is intriguing. The RNA-binding
protein FCA is an ABA receptor that controls translational repres-
sion and flowering responses in plants.>> The second of these is a
G-protein-coupled receptor that functions as a plasma membrane
receptor to control ABA responses in Arabidopsis.>® Both of these
receptors have putative orthologues with high BLAST hits in apicom-
plexan parasites (http:://ApiDB.org). Downstream of such receptors,
it is also not known if ABA induces transcriptional changes in para-
sites, similar to those described in plants, where this is a predominant
mode of action.?42> Thus, while our initial studies implicate ABA in
calcium-triggered egress, it is likely this metabolite has many other
influences on parasite biology that are yet to be discovered.
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