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ABSTRACT Post-translational modifications of microtubules regulate
their stability and dynamics. Acetylation of a tubulin at lysine 40 (K40) by a-
acetyltransferase (a TAT) occurs on the luminal side of microtubules, stabi-
lizes their structure, and plays essential roles in various cellular processes
across eukaryotes. Apicomplexan parasites include the malaria-causing
Plasmodium species and Toxoplasma gondii, both of which possess un-
usually stable subpellicular microtubules, a set of cytoskeletal filaments
underlying the parasite’s inner membrane complex. Interestingly, while
Toxoplasma gondii and human-infecting Plasmodium species retain both
K40 and o TAT, rodent-infecting Plasmodium species have lost « TAT, and
K40 has been replaced by glutamine (Q40), a residue that can mimic
acetylated lysine. Here, we investigate the role of microtubule acetyla-
tion in apicomplexan parasites by generating and characterizing genetic
mutants in Plasmodium berghei and Toxoplasma gondii. In Plasmodium
berghei, introduction of a Q40K mutation in a1 tubulin did not affect
parasite development or infectivity, suggesting that the absence of K40
acetylation is not detrimental. In Toxoplasma gondii, we confirmed that
o TAT is responsible for microtubule acetylation but, contrary to previous
reports, its deletion had no impact on parasite growth in vitro. Together,
these results indicate that luminal K40 acetylation is not essential for
microtubule function in either species, pointing to functional redundancy
and highlighting the plasticity of cytoskeletal regulation in apicomplexan
parasites.
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Apicomplexan parasites are the causative agents of infectious
diseases such as malaria (Plasmodium spp.), toxoplasmosis
(Toxoplasma gondii), and diarrhoea (Cryptosporidium spp.),
which can severely affect both human health and livestock.
These single-celled eukaryotes exhibit highly divergent
biology, including unique cytoskeletal features like specialized
microtubule arrays [1]. In these parasites, microtubules vary in
stability depending on their function: spindle and hemi-spindle
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microtubules are dynamic, while the subpellicular microtubules
(SPMTs) in extracellular stages are highly stable [2]. Extracellular
stages, such as T. gondii tachyzoites and Plasmodium
sporozoites, are motile cells that cross tissue barriers or invade
host cells using an actin-myosin machinery [3-5]. In T. gondiii,
the tachyzoite stage contains 22 SPMTs that encase secretory
organelles and vesicles. These microtubules are nucleated at
the apical polar ring and underlie the inner membrane complex,
a unique double membrane structure beneath the parasite
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FIGURE 1 Schematic representation of microtubule acetylation.
Acetylation of lysine 40 (K40) occurs on « tubulin within the microtubule
lumen and is catalysed by the acetyltransferase a TAT using acetyl-CoA
(Ac-CoA) as a donor. # tubulin monomers can be bound to guanosine
triphosphate (5-GTP) or guanosine diphosphate (8-GDP). «: « tubulin
monomer.

plasma membrane [6-8]. In Plasmodium, the ookinete and
sporozoite stages rely on specialized microtubules for their
structure and motility. Ookinetes possess over 50 SPMTs, while
sporozoites have at least 11 straight SPMTs that stabilize their
slender shape and facilitate migration and invasion [9]. Unlike
tachyzoites and ookinetes, which move short distances in vivo,
sporozoites travel hundreds of microns through the skin to
locate and invade blood vessels [10-12].

Several studies have demonstrated that apicomplexan
SPMTs are remarkably stable, as evidenced by detergent
extraction experiments [13,14] and deletion of various
microtubule-associated proteins [15]. Notably, deletion of
spm1 (subpellicular microtubule protein 1) leads to a complete
loss of detergent-stable SPMTSs, yet results in only a moderate
fitness defect in T. gondii [16], suggesting that detergent
resistance does not necessarily reflect physiological stability
in vivo. While luminal proteins may contribute to this stability,
their deletion had minimal impact on the parasite viability,
suggesting additional factors contribute to microtubule stability
[14,17]. One such factor is alpha-tubulin acetyltransferase
(aTAT), an enzyme localized in the lumen of microtubules
where it acetylates lysine 40 (K40) of a1 tubulin (Figure 1). First
identified in Caenorhabditis elegans, a TAT plays critical roles in
cilia assembly and mechanosensation in other eukaryotes [18].
In T. gondii, conflicting reports exist regarding its function. While
deletion of a TAT was linked to defects in cell division, mutations
at K40, the residue it modifies, did not result in a phenotype,
leaving its role in parasite biology unclear [19].

OPEN ACCESS | www.microbialcell.com

300

Microtubule acetylation in Plasmodium and Toxoplasma

In  Plasmodium berghei and other rodent-infecting
Plasmodium species, the lack of aTAT features a glutamine
(Q) residue at position 40 in both tubulin isoforms. In contrast,
human-infecting Plasmodium species, such as Plasmodium
falciparum, retain aTAT and feature a K40 residue in a1
tubulin, while a2 tubulin carries a Q40 substitution. Synteny
analysis suggests that a TAT was lost specifically in rodent-
infecting lineages during evolution potentially reflecting distinct
evolutionary pressures (Table 1). Since glutamine can mimic
acetylated lysine [20], this substitution may compensate for the
absence of a TAT.

In apicomplexan parasites, the two « tubulin isoforms also
differ in their expression patterns and biological roles. a1 tubulin
is expressed in asexual stages, whereas a2 tubulin is primarily
found in male gametocytes, where it contributes to axoneme
formation in P. falciparum [9, 22]. Despite both genes being es-
sential, their functional specializations likely influence how mi-
crotubule regulation is achieved across different stages of the
parasite life cycle.

We hypothesized that the Q40 residue in a 1 tubulin and the
absence of a TAT in P. berghei reflects functional adaptations in
microtubule regulation. To test this, we generated mutants in P.
bergheithat exchanged Q40 for K40 (Q40K) using CRISPR/Cas9
and classical mutagenesis. We then examined the phenotypic
consequences of this substitution in vivo. To further investigate
the role of a TAT and K40 acetylation, we also used conditional
knockouts and site-directed mutagenesis in T. gondii. Together,
these complementary approaches allowed us to test whether
microtubule acetylation is required for parasite development,
motility, or infectivity.

RESULTS

Presence of a TAT or Q40K mutation does not affect growth
nor infectivity in P. berghei
To probe if the replacement of K with Q at position 40 sta-
bilizes microtubules, the Q40K mutation was generated in a1
tubulin of P. berghei via standard homologous recombination or
CRISPR/Cas9-mediated mutagenesis (Figure 20; Supplemen-
tary Figure S1, S2). Structural analysis of the a1 tubulin Q40K
mutation was performed to evaluate its potential impact on pro-
tein conformation. In silico predictions suggest that substitut-
ing the glutamine residue at position 40 in wildtype (WT) a1
tubulin (Supplementary Figure S3A) with lysine in the Q40K
mutant (Supplementary Figure S3B) is unlikely to cause major
structural deviations in the tubulin dimer. Alignment of the WT
and Q40K protein structures and their predicted alignment error
(PAE) scores confirmed that the mutation would not disrupt the
overall dimer architecture (Supplementary Figure S3C).
Comparative analyses revealed that Q40K mutant parasites,
generated either by classical insertion of the point mutation
or using a Cas9-based strategy, progressed normally through
mosquito development and transmission stages, showing no
detectable differences compared to WT parasites (Figure 2).
To assess the effect of the Q40K mutation during mosquito
infection, oocyst development and midgut colonization rates
were measured in Anopheles stephensi. The infection rates of
mosquito midguts infected with WT, Q40K, and Cas9 control
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TABLE1

Microtubule acetylation in Plasmodium and Toxoplasma

Conservation of atubulin K40 and presence of « TAT across apicomplexan parasites. Alignment of a tubulin isoforms from Toxoplasma

gondiiand various Plasmodium species. Protein sequences of a 1 and a2 tubulin isoforms were retrieved from VEuPathDB [21] and aligned using BioEdlit.
Only 40 amino acids surrounding position 40 are shown, with the real positions marked on the top ruler, to highlight the relevant changes around lysine
40. The lysine or glutamine residue at position 40 is highlighted in magenta. The presence or absence of the « tubulin acetyltransferase (a TAT) gene in
each species is indicated. Species are grouped according to their host type.

L I B B I

Gene ID Isoform éo 30 40 50 oTAT | Species Host type
TGME49 316400 o1 Tubulin|CWELFCLEHG IQPDGQMPSDKT | GG - - - - GDDAFNTFFSE[ |, T gondii | Warm-blooded
TGME49 231770  |q2 Tubulin|CWELFCLEHG | GSGGRR - VDQVNGGDF | SSDSSFNAFFAE| 'S - gonai animals
PBANKA 0417700 |q1 Tubulin|CWELFCLEHG |QPDGQMPPDQAGRA - - - -NDDAFNTFFSE P berahei Rodent
PBANKA 0522700 |2 Tubulin|CWELFCLEHG |QPDGQMPSDAVVAG - - - -GDDAENTFFSE| No - berghe odents
PY17X 0420500 a1 Tubulin[CWE LFCLEHG | QPDGQMPPD@AGRA - - - -NDDAFNTFFSE[" N Rodents
PY17X 0524100 a2 Tubulin|[CWELFCLEHG | QPDGQMPSDQVVAG - - - -GDDAFNTFFSE| _"© P. yoelii
PF3D7 0903700 a1 Tubulin[CWELFCLEHG | QPDGQMPSDKASRA - - - -NDDAFNTFFSE )

PF3D7 0422300  |a2 Tubulin|CWE L FCLEHG | QPDGOMPSDAQVVAG - - - - GDDAFNTF FSE| Yes |P falciparum| — Humans
PVP01 0702100 a1 Tubulin[CWELFCLEHG | QPDGQMPSDKAARA - - - -NDDAFNTFFSE ]

PVP01 0530800 a2 Tubulin|CWE L FCLEHG | QPDGQMPSDQVVAG - - - -GDDAFNTFFSE| _Yes P, vivax Humans
PocGHO1 07011100|a1 Tubulin|CWELFCLEHG | QPDGQMPSDKAARA - - - -NDDAFNTFFSE

PocGHO1 0503260002 Tubulin|CWE LFCLEHG | QPDGOMPSDAVVAG - - - - GDDAFNTFFSE| Yes P. ovale Humans
PKNH 0701400 a1 Tubulin[CWELFCLEHG | QPDGQMPSDKAARA - - - -NDDAFNTFFSE .| Non-Humans
PKNH 0514200 a2 Tubulin|[CWE L FCLEHG | QPDGOMPSDAVVAG - - - - GDDAFNTEESE| Yes | P. knowlesi primates

parasites were comparable and resulted in similar numbers of
oocysts between mutants and their respective parental lines
(Figure 20). Consistently, sporozoite quantification in midguts
and salivary glands revealed that the Q40K mutation did not dis-
rupt sporozoite production nor salivary gland invasion (Figure
20). While some variability in midgut sporozoite numbers was
observed between conditions, this reflects the natural variabil-
ity between mosquitos fed on different mice, which can differ
slightly in gametocyte density and infectivity. To control for this,
we included the ratio of salivary gland to midgut sporozoites,
with values above 20% generally indicating productive infec-
tions. No systematic differences were seen between the mutants
and their respective controls.

The motility of salivary gland sporozoites was further exam-
ined, categorizing movement into continuous, partial, or non-
productive gliding patterns. Sporozoites from Q40K mutants ex-
hibited a distribution of motility patterns indistinguishable from
control line parasites (Figure 20J). Additionally, the velocity of
continuously gliding sporozoites was measured, with no signif-
icant differences observed between groups with the exception
of the Cas9 generated Q40K, which glide slightly faster (Figure
20). Finally, the capacity of Q40K mutant sporozoites to establish
infection in mice was tested by both intravenous injection and
natural transmission through mosquito bites. The rates of blood-
stage parasitaemia were comparable between groups, indicat-
ing the mutation does not impair the parasite’s ability to infect
the host (Figure 200 0).

Overall, these data suggest that the acetylation state at po-
sition 40 of a1 tubulin in P. berghei is by itself not required for
conferring stability to microtubules.

aTAT is not important for Toxoplasma gondii

In T. gondii, « TAT is present, and its activity leads to acetyla-
tion of SPMTs (Supplementary Figure S4A). This acetylation is
modest in the conoid (Supplementary Figure S4B) but more pro-
nounced in developing daughter cells compared to mother cells
(Supplementary Figure S4C). Despite the conserved function
of a TAT, its presence—but not the acetylation it mediates—has
been reported as essential for parasite replication in T. gondii
[19]. To re-examine the essentiality of a TAT, we employed the
DiCre conditional system to excise the endogenous locus [24].
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Since cloning the endogenous Tgatat gene into our GeneSwap
vector [5] was unsuccessful, we instead inserted the cDNA of
Pfatat into a vector containing loxP sites flanking the gene of
interest, followed by a fluorescent reporter (YFP) (a TATLOXP;
Supplementary Figure S5A). Upon rapamycin induction, the atat
gene was excised, YFP expression was activated, and parasites
lost microtubule acetylation (Figure 30; Supplementary Figure
S5B).

The loss of microtubule acetylation occurred within 24
hours of induction and progressively affected nearly 100% of
the parasite population over time (Figure 30). Despite this, the
induced parasites continued to grow at rates comparable to
non-induced parasites (Figure 3011 [).

To further test whether a TAT-deficient parasites had any
fitness disadvantage, we performed a competition assay by mix-
ing equal proportions of WT and a TAT knockout (@ TATKO) par-
asites. The population ratios remained stable over a 3-week pe-
riod, with no significant shift detected in either population when
measured every two days, indicating that a TATKO parasites do
not suffer a growth disadvantage in vitro (Figure 30).

In fact, we successfully cloned atat knockout (@ TATKO) par-
asites, which could be maintained indefinitely in culture without
changes in growth rate, morphology, or the ability to acetylate
their microtubules (Figure 30).

These findings contradict the earlier report by Varberg et
al. (2016) [19], which suggested that disrupting the atat gene
impaired parasite replication. Given that Cas9-mediated double-
strand breaks are known to cause abnormal parasite morphol-
ogy [25], we investigated whether these abnormalities might
explain the earlier results. Using a conditional split-Cas9 system
to disrupt the atat gene, we observed abnormal morphology
(Figure 40). These abnormal parasites could appear in up to
16% of vacuoles in the induced RHsCas9-atat parasites but
were absent in induced a TATLOXP parasites upon rapamycin
induction (Figure 40). Furthermore, we successfully isolated
RHsCas9-atatkO clones with confirmed indels in the atat
locus (Supplementary Figure S6A). These clones exhibited
no additional morphological abnormalities and were stable in
culture (Supplementary Figure S6B).
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FIGURE 2 Characterization of P. berghei Q40K mutants. (A) Schematic representation of the strategy followed to create the Q40K mutant via
CRISPR/Cas9. Together with the point mutations of the Q40 codon (bold and small letter), shielding mutations (indicated in small letters) were inserted
via the repair template to avoid continues cleavage by Cas9. (B) Oocyst infection rate and colonization of Anopheles stephensi mosquito midguts infected
by P. berghei WT (WT), ¢ 194, Cas9 and Cas9 a 194K parasites. Each dot represents one infected midgut, number of analysed midguts indicated below;
black lines indicate median. Infection rates are indicated above. One-way ANOVA with Dunn’s test. (C) Midgut (MG) and salivary gland (SG) sporozoite
counts. Ratios of salivary gland/midgut sporozoites are depicted at the top. Corresponding counts from one infection are indicated by the same symbol
fillings. (D) Analysis of gliding motility patterns of salivary gland sporozoites. Motility was categorized into continuous, partial and non-productive motility.
The number of sporozoites analysed for each condition is specified at the bottom of each stacked bar. Fisher's exact test with Bonferroni Holm correction.
(E) Velocity of continuously moving salivary gland sporozoites, number of analysed salivary gland sporozoites indicated below. Black lines indicate the
median with interquartile ranges. One-way ANOVA with Dunn'’s test. (F-G) Parasitaemia of infected mice with (F) sporozoites injected intravenously or (G)
transmitted by mosquito bites. Numbers (£/n) indicate blood-stage positive mice vs total mice. (B-G) Pooled data of two independent cage feeds (WT,
n=2 a1k n=2 Cas9 n = 2) orone cage feed (Cas9 a 1%, n = 1). Note that WT data panels B-G were performed in parallel to our experiments and
were previously published in [17, 23]. Data from the different mutants were compared to its respective parental strain for statistical purposes.

In summary, these results demonstrate that a TAT is respon- Modification of residues at the position 40 in T. gondii do
sible for microtubule acetylation in T. gondii. However, the ab- not affect parasite behaviour in asexual stages
sence of a TAT does not affect parasite growth during asexual Acetylation of K40 in « tubulin has been associated with
stages. increased microtubule stability and protection against
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