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Abstract: The molecular classification of Acanthamoeba is currently based on the analysis of 185 rDNA
sequences, delimiting around twenty genotypes (T1-T23). In some cases, however, the resolution of
18S is limited, and other genetic markers could be useful for unravelling poorly resolved lineages. In
this study, the partial large subunit (LSU) of rDNA and ITS were used to re-examine the Acanthamoeba
palestinensis group (T2/T6 lineage), which consists of various poorly defined lineages, including
the T2 and T6 genotypes. New sequences overlapping 18S, ITS, and LSU were recovered. The
analysis placed previously identified partial ITS-LSU sequences as T2/T6 and further confirmed the
separation of the OX1 lineage from T2. In addition, analysis of the second internal transcribed spacer
(ITS-2) suggests that multiple species may be present within the T6 and OX1 lineages. The results
obtained from the T2/T6 lineage analysis confirm the utility of partial LSU and ITS for the study of
Acanthamoeba, suggesting their advantage for disentangling complex lineages.
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1. Introduction

Acanthamoeba spp. (Amoebozoa, Discosea, Centramoebida) are free-living amoebae,
widespread in any environment, and are of particular interest because they can behave as
opportunistic parasites for humans and animals. Amoebae can enter through open wounds
or the respiratory tract and spread to other tissues and organs and ultimately to the brain,
causing fatal sub-chronic granulomatous amoebic encephalitis (GAE). Ocular infection
mainly affects the cornea, with amoebic keratitis (AK) leading to loss of vision [1].

Acanthamoeba classification currently relies on the analysis of the complete nuclear
small subunit (SSU) ribosomal RNA (rDNA) gene, recognising more than twenty geno-
types/subtypes (T1-T23, T4A-T4H) [2-4]. The genotypes thus identified correspond in
part to the classical species, classified according to the characters of the double-walled cysts
in three morphological groups, MG1 to MG3 [5,6], as well as to possible new species that
remain to be described. The traditional morphological classification is less and less used
because it is considered unreliable. This is true at the species level and particularly for
those of MG2. In many cases, however, genotypes and morphological groups correspond.
There is convincing evidence that many strains have been wrongly assigned to different
species of Acanthamoeba, which requires the reconsideration of morphological characters in
light of genetic data [3,7]. Complete nuclear SSU rDNA (185 rDNA) allows for the outline
of a general phylogeny of Acanthamoeba. However, its resolving power is limited, and
disentangling finer relationships remains difficult, especially for lineages that, despite low
18S divergence, appear very diverse.

In a wide variety of organisms, improved results have been obtained using other
portions of the rDNA operon, such as the internal transcribed spacer (ITS) region, com-
posed of the 5.85 rDNA flanked by ITS-1 and ITS-2, or the large subunit (LSU) of rDNA,
particularly its domains I and II [8,9]. These portions have been previously analysed for
various Acanthamoeba genotypes, with promising preliminary results [10].
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One lineage that would be interesting to analyse in more detail is that of Acanthamoeba
palestinensis. This group consists of two closely related genotypes, T2 and T6 [2], which
originally included three MG3 strains: the type strains of A. palestinensis (Reich) [11] and
Acanthamoeba pustulosa (GE3a) [5] in T2, and “A. palestinensis” strain 2802 [12], originally
identified as Acanthamoeba lenticulata [5], in T6. However, it was subsequently shown that
various MG2 strains misassigned to other species also cluster with the T2/T6 clade in 185
trees, some of which emerge as intermediate lineages [13]. The A. palestinesis group, or
T2/Té lineage, in fact, includes a mixture of diverse species from different morphological
groups, often still wrongly labelled. The reference sequences of the intermediate lineages
are those of three strains MG2, Page-45 (ATCC 30872/CCAP 1501/3B) from a lake [11] and
OX-1 (CCAP 1501/3C) from an old distilled water bottle [14], both isolated in the USA and
originally assigned to Acanthamoeba polyphaga, and Acanthamoeba sp. KA/MSG27, from
ocean sediments near South Korea [15]. Other MG2 strains, such as the pathogenic 11DS,
causing keratitis and wrongly attributed to Acanthamoeba hatchetti [16] or the environmen-
tal CDC-149, instead belong to T6. The story of strain CDC-149 is a typical example of
misidentification. This amoeba was isolated as a host of Legionella in a hospital cooling
tower and microscopically identified as Comandonia operculata [17]. Subsequent molecular
analyses revealed an 185 rDNA of Acanthamoeba, also noting a close resemblance in fine
structure to Acanthamoeba strain Neff, a typical MG2 strain [18]. Instead of raising the issue
of possible misidentification, the early morphological diagnosis was assumed to be reliable,
leading some to synonymise Comandonia with Acanthamoeba and to the completely unjus-
tified proposal of Acanthamoeba operculata. In contrast, Comandonia should be considered
a junior synonym of Flamella (Amoebozoa, Variosea) given the nearly identical morphol-
ogy/structure of C. operculata as originally described by Pernin and Pussard [19] with
strains of this amoeba, including the WBT strain originally identified as C. operculata [20].

In a previous study [10], using the complete rDNA operon recovered from the
A. palestinensis genome, still erroneously registered in GenBank as that of Acanthamoeba
healyi, it was possible to identify partial ITS-LSU sequences deposited in GenBank as most
likely belonging to one or the other lineage of the T2/T6 group. Their clear assignment
was, however, hampered by the lack of 18S. In the present study, additional sequences
were recovered that overlap 185, ITS and LSU, thus filling some gaps and allowing a more
complete re-examination of the T2/T6 lineage.

2. Materials and Methods

The complete rDNA operon of A. palestinensis strain Reich (CDFA01), as well as other
species, has already been obtained from genomes available on the NCBI/GenBank por-
tal [10]. It should be noted that in this portal, many genomes are still wrongly named
(last accessed on 24 September 2024), although their true strains/species have been iden-
tified [3]. The 18S sequences of T2/T6 strains were retrieved from GenBank based on
literature data as well as BLAST searches. The ITS-LSU part includes ten partial sequences
deposited in GenBank as uncultivated fungi but previously shown to be Acanthamoeba
T2/T6 [10]. Additional sequences were identified as putative members of T2/T6 for
their 18S match in long-read metadata from a soil metagenomic study. The sequences
obtained are partial rDNA operons, including the ITS region and the partial 185 and LSU
sequences (Ac_5737: SRA:ERR2355432.5737.1; Ac_7776: SRA:ERR2355433.7776.1; Ac_8539:
SRA:ERR2355433.8539.1; Ac_9385: SRA:ERR2355433.9385.1).

In order to reliably confirm the sequence identification and to draw a basic tree topol-
ogy, first, an analysis was performed on the 185 rDNA. The consistency of the relationships
was then analysed for the other parts of the rDNA operon. Sequences of T4 species were
used as outgroups. Multiple alignments were performed using MAFFT v. 7 (L-INS-I
option) [21] and manually refined using BIOEDIT 7.7 [22]. Molecular phylogenetic analyses
were performed as previously described [13,23]: Maximum Likelihood (ML) (GTR I'+1:4)
trees were constructed using TREEFINDER 2011 version [24], and the global topology was
checked with Neighbour-Joining (NJ]) (Kimura 2-P) and Maximum Parsimony (MP) using
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MEGA?7 [25], with 1000 bootstraps. BIOEDIT was used to obtain pairwise similarity values
for rDNA sequences. Mean values within and between groups were calculated manually.
Secondary structures of the ITS-2 were built using Mfold [26] at the UNAFold Web server
(http:/ /www.unafold.org).

3. Results
3.1. Sequence Identification by 18S rDNA Phylogeny

Most of the 185 sequences included in the analysis are nearly complete (>2200 bp).
However, several of them contain indels and / or modified sites, probably due to sequencing
errors. These are indeed incompatible with the 2D reconstructions of the regions concerned
because they result either in mismatches between the paired stems (e.g., strain EI5) or in
the loss or insertion of parts of one or more of their components (e.g., EFW strains). For
the sequences newly recovered from soil metadata, the 18S portion is about 1670 bp (75%
of the complete sequence), which includes most of the hypervariable regions allowing
their identification.

Phylogenetic analysis shows five distinct lineages within T2/T6, generally well sup-
ported and differing from each other by approx. 4%, although their precise relationships
remain unclear (different results depending on the tree method and/or outgroup used).
Two of them correspond to the T2 and T6 genotypes, while the others could be putative new
genotypes, as previously suggested [13]. Three partial sequences from the soil metadata,
Ac_5737, Ac_7776 and Ac_8539, clearly belong to the OX1 lineage, while a fourth sequence,
Ac_9385, can be assigned to the T6 genotype (Figure 1).

The OX1-like sequences show >97.7% similarity with OX-1, while the T6-like se-
quence is 96.2% similar to strain 2802, and all differ by 4.2-5.3% from A. palestinensis
(94.7-95.8% similarity).

3.2. Partial LSU rDNA Analysis and Phylogeny

The LSU portion of the new OX1- and Té-like sequences is approximately 3000 bp
long and spans domains I to IV (up to stem 71) (numbering after Petrov et al. [27]). It was
therefore possible to confirm the presence of an AU-rich expansion segment between stems
55 and 54 on the 3’ side (domain III) ranging from 62 to 72 nt with an AU content of 61.1
to 68.2% (59 nt for A. palestinensis with 69.5% AU [10]). This AU-rich segment should be
the hidden break site, allowing the Acanthamoeba LSU rRNA to split into two fragments,
265« and 265 [10,28,29]. The availability of well-defined OX1- and T6-like LSU sequences
also allowed us to confirm and further identify three groups of partial ITS-LSU sequences
(shorter LSU portion, <1300 bp, corresponding to domains 1/1I), labelled A to C, previously
identified as related to A. palestinensis and assumed to be T6 and one of the intermediate
lineages [10]. Indeed, it is now possible to affirm that group A belongs to the OX1 lineage,
while groups B and C are both part of T6 (Figure 2).

Partial LSU similarity values between the three OX1-like sequences range from 97.2 to
99.4% and from 98.2 to 99.6% between them and group A. The T6-like sequence, Ac_9385,
has a higher similarity (98.2%) to the 01582 sequence (group C) than to group B (<95%),
which forms a distinct lineage. The values between OX1 and T6 types are 94.1-94.7% and
94.6-95.6% between these and A. palestinensis.

3.3. ITS Analysis and Phylogeny

It has been previously shown that in Acanthamoeba, ITS-1 and ITS-2 vary considerably
in length, mainly due to multiple short repeats [30], but generally, ITS sequences from
closely related lineages are of similar sizes [10]. For the T2/T6 lineage, a four-size dis-
tribution can be observed based on ITS-1/ITS-2 lengths, distinguishing, respectively, A.
palestinensis T2, the Acanthamoeba sp. OX1 group and two groups within Acanthamoeba sp.
T6. It is interesting to note that the 5.85 rDNA of the OX1 lineage is 162 nt, as in the other
Acanthamoeba species, while that of A. palestinensis is 160 nt, whereas it is 163 or 164 nt
depending on the T6 group. These differences are due to the loss of two nucleotides (T2)
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or the addition of one or two nucleotides (T6) in the loop of the GC-rich stem B8 (H9 in
the Petrov et al. [27] numbering) of the 5.8S5 secondary structure. In addition, T6 is also
characterised by a compensatory base change (C-G to U-A) in the B8 stem, not observed in

the other genotypes.
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Figure 1. Molecular phylogeny of Acanthamoeba T2/T6 group based on complete 185 rDNA. The
five groups are indicated and, when available, the cyst type, i.e., MG2 (polymorphic endocyst with
arms; ectocyst usually wrinkled) and MG3 (round endocyst; ectocyst usually smooth) [5,6]. Newly
recovered sequences are in bold. Members of T4 are used as outgroups. At nodes, bootstrap values
(1000 replicates) for ML/NJ/MP, with filled and open circles for values 100 or >95% with all methods.
*, node recovered but support <50%; -, node not recovered.
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Figure 2. Molecular phylogeny based on partial LSU rDNA. For the T2/T6 group, the sequences
analysed are those of T2, T6 and OX1. Newly recovered sequences are in bold. Sequences with
prefixes “A_" to “C_" refer to previously identified groups A to C [10]. Acanthamoeba T4 is used as an
outgroup. Bootstrap values at nodes as in Figure 1.

Phylogenetic analysis based on 5.85 rDNA plus ITS-2 fully confirms the results ob-
tained with LSU, showing even better resolution and stronger statistical support for internal
nodes with high intragroup similarities (>95%). A. palestinensis forms a distinct lineage,
while the OX1 lineage appears to be composed of several subgroups (ITS-2 similarity of
about 80%), and two distinct groups can be recognised within T6 (Figure 3a). A similar
tree topology is also recovered using ITS-1 (Figure 3b). Internal relationships for OX1 are
slightly modified, but the closest sequences still show high similarity values (>97%). For T6,
similarity values are low, except for Ac_9385 and Ac_01582 (93.4%). Strain 11DS, for which
ITS-1 is also available (GenBank ID AF526427) [30], turns out to be the sister of group B
(mean similarity 68.7%), whose sequences show only about 86.5% similarity to each other
and <60% to the others.

3.4. ITS-2 Structure

The overall structure of the ITS-2 of A. palestinensis, the OX1 lineage, and both T6
groups is very similar but differs in primary sequence motifs, consistent with the level of
divergence observed in phylogenetic trees. All form three-helix structures, from I to III,
with helix IV always absent (Figure 4).
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Figure 3. ITS phylogeny. (a) Molecular phylogeny based on the 5.85 rDNA /ITS-2. (b) Molecular
phylogeny based on the ITS-1.
Helix II is recognisable by the typical C/U mismatch, producing a bulge near the
base of the stem. Helix III is particularly long, about 380-500 nt, and has an additional
small helix Illa at its base of about 20 nt. Within T6, however, group C differs in having a
relatively short helix III of only 140 nt and no helix IIla (Table 1).
Table 1. ITS-2 helix lengths of the A. palestinensis group T2/Té6.
. ITS2 Helix Length (nt)
GT Species Group I 1l llla 1 v
12 A. palestinensis Reich 46 38 23 500 -
OX1 Acanthamoeba sp. (A) 28 54 15-25 370-390 -
T6 Acanthamoeba sp. long (C) 3646 50 16-17 500-505 -
short (B) 37-54 36-41 - 140 -
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T2 A. palestinensis

T6 long Acanthamoeba sp. C_01582 T6 short Acanthamoeba sp. B_01925

Figure 4. ITS-2 secondary structure. Note that for the T6 short only, the structure is complete. For the
others, helix III was cut in the middle. Y bulge: pyrimidine-pyrimidine mismatch.

Inspection of the terminal portion of helix III, particularly the last 30 nt on the 5’ side,
reveals strong variation between lineages (Figure 5).
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Figure 5. Terminal 30 nucleotides on the 5’ side of helix III of ITS2 from A. palestinensis (T2) and
the other T2/T6 lineages analysed. The red box indicates compensatory base changes; the black
box indicates unilateral (hemi-compensatory) base changes. Note the great divergence between the
lineages and the difficulty in identifying homologous sites.

4. Discussion

The A. palestinensis group (clade T2/T6) has a wide geographic distribution but appears
to be relatively rare in the environment. This contrasts with the abundance of other
genotypes, more frequently found in clinical samples, especially T4. However, cases
of AK [16,31-35] and even GAE [36] identified as T2 or T6 have been reported. It has
previously been proposed to divide the T2 genotype into two groups, T2A and T2B,
because some pathogenic T2 isolates from AK cases in Iran were genetically distinct from
the non-pathogenic strain OX-1 CCAP 1501/3C [31]. This situation has become more
complex, with the analysis of other strains suggesting that additional groups, distinct from
both T2 and T6, can be delineated [13]. Interestingly, the few strains found in AK cases
and typed as T6 or T2 can indeed be assigned to either T6 or, more precisely, to the OX1
group. The T2 genotype appears non-pathogenic, with the exception of one case associated
with an ocular infection in a cat. It is also noteworthy that the only known case of GAE,
typed T2 [36], does not cluster directly with either group and could represent an additional
lineage (Figure 6).

Analyses based on 185 (Figures 1 and 6) therefore indicate that T2/T6 is divided
into several lineages and show that most pathogenic strains belong to either T6 or OX1.
This is further confirmed by the analyses of partial LSU rDNA (Figure 2) as well as ITS-1
and ITS-2 (Figure 3). It is indeed clear that the OX1 group is not part of T2 but forms
a distinct lineage, and all data consistently indicate high variability within T6 and OXI.
Unfortunately, clearer relationships could not be established due to a lack of data from
other groups. Furthermore, for T2, a complete rDNA operon is available for A. palestinensis
but only the 18S for A. pustulosa. The latter has often been considered a synonym of A.
palestinensis due to isozymes, rDNA restriction profiles, and high 18S similarity [2,12,37].
However, A. pustulosa forms a distinct branch in phylogenetic trees (Figure 1), and it would
therefore be interesting from a taxonomic point of view to analyse its ITS-LSU.
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Figure 6. Molecular phylogeny based on partial 185 rDNA. The analysis includes partial 18S frag-
ments spanning the hypervariable region of the gene. Sequences from clinical samples are in bold.
Collapsed groups and bootstrap values at nodes are the same as in Figure 1.

ITS-2 is used as a barcode and guide to delimit species, usually on the basis of com-
pensatory base changes in homologous parts of the molecule that otherwise have identical
sequences. In many organisms, even a few changes are correlated with reproductive incom-
patibility [38—-40]. However, the analysed Acanthamoeba sequences differ between lineages
and exhibit a greater number of variable sites and indels in homologous parts, particularly
on the 5 side of the helix III end (Figure 5), which is expected to be highly conserved.
Such variation in ITS-2 could indicate the presence of multiple species, which would be
consistent with the 185 and LSU data indicating that each lineage corresponds to a distinct
species. In particular, the clear difference between the long and short ITS-2 in T6 strongly
supports their separation into two “species”.

The ITS-LSU portion undoubtedly provides useful data for the phylogenetic analysis of
Acanthamoeba with possible implications in taxonomy and diagnosis. It could be particularly
interesting for species-rich lineages, especially those with low 18S genetic distances, such
as the T4 subtypes. The analysis of additional sequences from other genotypes will allow
for a better appreciation, especially of ITS-2, to distinguish species.



Microorganisms 2024, 12, 2105 10 of 11

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Marciano-Cabral, F.; Cabral, G. Acanthamoeba spp. as agents of disease in humans. Clin. Microbiol. Rev. 2003, 16, 273-307.
[CrossRef] [PubMed]

2. Stothard, D.R; Schroeder-Diedrich, ].M.; Awwad, M.H.; Gast, R.].; Ledee, D.R.; Rodriguez-Zaragoza, S.; Dean, C.L.; Fuerst, PA;
Byers, T.]. The evolutionary history of the genus Acanthamoeba and the identification of eight new 185 rRNA gene sequence types.
J. Eukaryot. Microbiol. 1998, 45, 45-54. [CrossRef] [PubMed]

3. Corsaro, D. Update on Acanthamoeba phylogeny. Parasitol. Res. 2020, 119, 3327-3338. [CrossRef] [PubMed]

4. Corsaro, D.; Venditti, D. Molecular evidence for a new lineage within the Acanthamoeba T4 genotype. Parasitol. Res. 2023,
122,1445-1450. [CrossRef] [PubMed]

5. Pussard, M.; Pons, R. Morphologie de la paroi kystique et taxonomie du genre Acanthamoeba (Protozoa, Amoebida). Protistologica
1977, 13, 557-598.

6. Page, F.C. A New Key to Freshwater and Soil Gymnamoebae; Freshwater Biological Association: Ambleside, UK, 1988; pp. 92-97.

7. Corsaro, D.; Mrva, M.; Colson, P.; Walochnik, J. Validation and redescription of Acanthamoeba terricola Pussard, 1964 (Amoebozoa:
Acanthamoebidae). Eur. J. Protistol. 2024, 94, 126091. [CrossRef]

8. Sonnenberg, R.; Nolte, A W.; Tautz, D. An evaluation of LSU rDNA D1-D2 sequences for their use in species identification. Front.
Zool. 2007, 4, 6. [CrossRef]

9.  Heeger, F,; Wurzbacher, C.; Bourne, E.C.; Mazzoni, C.J.; Monaghan, M.T. Combining the 5.85 and ITS2 to improve classification of
fungi. Methods Ecol. Evol. 2019, 10, 1702-1711. [CrossRef]

10. Corsaro, D. Exploring LSU and ITS rDNA sequences for Acanthamoeba identification and phylogeny. Microorganisms 2022,
10, 1776. [CrossRef]

11. Page, F.C. Re-definition of the genus Acanthamoeba with description of three species. J. Protozool. 1967, 14, 709-724. [CrossRef]

12.  De Jonckheere, ]J.F. Isoenzyme and total protein analysis by agarose isoelectric focusing, and taxonomy of the genus Acanthamoeba.
J. Protozool. 1983, 30, 701-706. [CrossRef]

13. Corsaro, D.; Venditti, D. Phylogenetic evidence for a new genotype of Acanthamoeba (Amoebozoa, Acanthamoebida). Parasitol.
Res. 2010, 107, 233-238. [CrossRef] [PubMed]

14. Sawyer, TK. The influence of seawater media on growth and encystment of Acanthamoeba polyphaga. Proc. Helminthol. Soc. Wash.
1970, 37, 182-188.

15. Liu, H,; Ha, Y.-R.; Lee, S.-T; Hong, Y.-C.; Kong, H.-H.; Chung, D.-I. Genetic diversity of Acanthamoeba isolated from ocean
sediments. Korean ]. Parasitol. 2006, 44, 117-125. [CrossRef] [PubMed]

16. Walochnik, J.; Haller-Schober, E.; Kolli, H.; Picher, O.; Obwaller, A.; Aspock, H. Discrimination between clinically relevant
and nonrelevant Acanthamoeba strains isolated from contact lens-wearing keratitis patients in Austria. J. Clin. Microbiol. 2000,
38, 3932-3936. [CrossRef]

17.  Breiman, R.F; Fields, B.S.; Sanden, G.N.; Volmer, L.; Meier, A.; Spika, ].S. Association of shower use with Legionnaires” disease.
Possible role of amoebae. JAMA 1990, 263, 2924-2926. [CrossRef]

18.  Amaral-Zettler, L.A.; Anderson, O.R.; Nerad, T.A.; Sogin, M.L. The phylogenetic position of Comandonia operculata and its
implications for the taxonomy of the genus Acanthamoeba. In Proceedings of the IXth International Meeting on the Biology and
Pathogenicity of Free-Living Amoebae Proceedings, Paris, France, 8-14 July 2001; Billot-Bonef, S., Cabanes, P.A., Marciano-Cabral,
F.,, Pernin, P, Pringuez, E., Eds.; John Libbey Eurotext: Paris, France, 2001; pp. 235-242.

19. Pernin, P; Pussard, M. Etude en microscopie photonique et électronique d"une amibe voisine du genre Acanthamoeba: Comandonia
operculata n. gen., n. sp. (Amoebida, Acanthamoebidae). Protistologica 1979, 15, 87-102.

20. Kudryavtsev, A.; Wylezich, C.; Schlegel, M.; Walochnik, J.; Michel, R. Ultrastructure, SSU rRNA gene sequences and phylogenetic
relationships of Flamella Schaeffer, 1926 (Amoebozoa), with description of three new species. Protist 2009, 160, 21-40. [CrossRef]

21. Katoh, K,; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef]

22. Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic
369 Acids Symp. Ser. 1999, 41, 95-98.

23. Corsaro, D.; Walochnik, J.; Kohsler, M.; Rott, M.B. Acanthamoeba misidentification and multiple labels: Redefining genotypes T16,
T19 and T20, and proposal for Acanthamoeba micheli sp. nov. (genotype T19). Parasitol. Res. 2015, 114, 2481-2490. [CrossRef]

24. Jobb, G.; von Haeseler, A.; Strimmer, K. TREEFINDER: A powerful graphical analysis environment for molecular phylogenetics.
BMC Ewvol. Biol. 2004, 4, 18. [CrossRef] [PubMed]

25. Kumar, S,; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Mol. Biol.

Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]


https://doi.org/10.1128/CMR.16.2.273-307.2003
https://www.ncbi.nlm.nih.gov/pubmed/12692099
https://doi.org/10.1111/j.1550-7408.1998.tb05068.x
https://www.ncbi.nlm.nih.gov/pubmed/9495032
https://doi.org/10.1007/s00436-020-06843-9
https://www.ncbi.nlm.nih.gov/pubmed/32789533
https://doi.org/10.1007/s00436-023-07844-0
https://www.ncbi.nlm.nih.gov/pubmed/37046026
https://doi.org/10.1016/j.ejop.2024.126091
https://doi.org/10.1186/1742-9994-4-6
https://doi.org/10.1111/2041-210X.13266
https://doi.org/10.3390/microorganisms10091776
https://doi.org/10.1111/j.1550-7408.1967.tb02066.x
https://doi.org/10.1111/j.1550-7408.1983.tb05346.x
https://doi.org/10.1007/s00436-010-1870-6
https://www.ncbi.nlm.nih.gov/pubmed/20411277
https://doi.org/10.3347/kjp.2006.44.2.117
https://www.ncbi.nlm.nih.gov/pubmed/16809959
https://doi.org/10.1128/JCM.38.11.3932-3936.2000
https://doi.org/10.1001/jama.1990.03440210074036
https://doi.org/10.1016/j.protis.2008.09.004
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1007/s00436-015-4445-8
https://doi.org/10.1186/1471-2148-4-18
https://www.ncbi.nlm.nih.gov/pubmed/15222900
https://doi.org/10.1093/molbev/msw054
https://www.ncbi.nlm.nih.gov/pubmed/27004904

Microorganisms 2024, 12, 2105 11 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003, 31, 3406-3415.
[CrossRef]

Petrov, A.S.; Bernier, C.R.; Hershkovits, E.; Xue, Y.; Waterbury, C.C.; Hsiao, C.; Stepanov, V.G.; Gaucher, E.A.; Grover, M.A;
Harvey, S.C.; et al. Secondary structure and domain architecture of the 23S and 55 rRNAs. Nucleic Acids Res. 2013, 41, 7522-7535.
[CrossRef] [PubMed]

Stevens, A.R.; Pachler, P.F. Discontinuity of 26 s IRNA in Acanthamoeba castellani. ]. Mol. Biol. 1972, 66, 225-237. [CrossRef]
D’Alessio, ] M.; Harris, G.H.; Perna, PJ.; Paule, M.R. Ribosomal ribonucleic acid repeat unit of Acanthamoeba castellanii: Cloning
and restriction endonuclease map. Biochemistry 1981, 20, 3822-3827. [CrossRef]

Kohsler, M.; Leitner, B.; Blaschitz, M.; Michel, R.; Aspock, H.; Walochnik, J. ITS1 sequence variabilities correlate with 185 rDNA
sequence types in the genus Acanthamoeba (Protozoa: Amoebozoa). Parasitol. Res. 2006, 98, 86-93. [CrossRef]

Maghsood, A.H.; Sissons, J.; Rezaian, M.; Nolder, D.; Warhurst, D.; Khan, N.A. Acanthamoeba genotype T4 from the UK and Iran
and isolation of the T2 genotype from clinical isolates. |. Med. Microbiol. 2005, 54, 755-759. [CrossRef]

Yera, H.; Zamtfir, O.; Bourcier, T.; Ancelle, T.; Batellier, L.; Dupouy-Camet, J.; Chaumeil, C. Comparison of PCR, microscopic
examination and culture for the early diagnosis and characterization of Acanthamoeba isolates from ocular infections. Eur. J. Clin.
Microbiol. Infect. Dis. 2007, 26, 221-224. [CrossRef]

Risler, A.; Coupat-Goutaland, B.; Pélandakis, M. Genotyping and phylogenetic analysis of Acanthamoeba isolates associated with
keratitis. Parasitol. Res. 2013, 112, 3807-3816. [CrossRef] [PubMed]

Jercic, M.I; Aguayo, C.; Saldarriaga-Cérdoba, M.; Muifio, L.; Chenet, S.M.; Lagos, J.; Osuna, A.; Ferndndez, J. Genotypic diversity
of Acanthamoeba strains isolated from Chilean patients with Acanthamoeba keratitis. Parasit. Vectors 2019, 12, 58. [CrossRef]
[PubMed]

Holmgaard, D.B.; Barnadas, C.; Mirbarati, S.H.; O’Brien Andersen, L.; Nielsen, H.V.; Stensvold, C.R. Detection and Identification
of Acanthamoeba and other nonviral causes of infectious keratitis in corneal scrapings by Real-Time PCR and Next-Generation
Sequencing-Based 16S-18S gene analysis. J. Clin. Microbiol. 2021, 59, €02224-20. [CrossRef] [PubMed]

Walochnik, J.; Aichelburg, A.; Assadian, O.; Steuer, A.; Visvesvara, G.; Vetter, N.; Aspock, H. Granulomatous amoebic encephalitis
caused by Acanthamoeba amoebae of genotype T2 in a human immunodeficiency virus-negative patient. J. Clin. Microbiol. 2008,
46, 338-340. [CrossRef] [PubMed]

Kim, Y.H.; Ock, M.-S.; Yun, H.-C.; Hwang, M.Y,; Yu, H.-S.; Kong, H.-H.; Chung, D.-I. Close relatedness of Acanthamoeba pustulosa
with Acanthamoeba palestinensis based on isoenzyme profiles and rDNA PCR-RFLP patterns. Korean J. Parasitol. 1996, 34, 259-266.
[CrossRef]

Miiller, T.; Philippi, N.; Dandekar, T.; Schultz, J.; Wolf, M. Distinguishing species. RNA 2007, 13, 1469-1472. [CrossRef]
Coleman, A.W. Pan-eukaryote ITS-2 homologies revealed by RNA secondary structure. Nucleic Acids Res. 2007, 35, 3322-3329.
[CrossRef]

Coleman, A.W. Is there a molecular key to the level of “biological species” in eukaryotes? A DNA guide. Mol. Phylogenet. Evol.
2009, 50, 197-203. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkg595
https://doi.org/10.1093/nar/gkt513
https://www.ncbi.nlm.nih.gov/pubmed/23771137
https://doi.org/10.1016/0022-2836(72)90475-5
https://doi.org/10.1021/bi00516a024
https://doi.org/10.1007/s00436-005-0022-x
https://doi.org/10.1099/jmm.0.45970-0
https://doi.org/10.1007/s10096-007-0268-6
https://doi.org/10.1007/s00436-013-3572-3
https://www.ncbi.nlm.nih.gov/pubmed/23959385
https://doi.org/10.1186/s13071-019-3302-5
https://www.ncbi.nlm.nih.gov/pubmed/30683157
https://doi.org/10.1128/JCM.02224-20
https://www.ncbi.nlm.nih.gov/pubmed/33239372
https://doi.org/10.1128/JCM.01177-07
https://www.ncbi.nlm.nih.gov/pubmed/18003807
https://doi.org/10.3347/kjp.1996.34.4.259
https://doi.org/10.1261/rna.617107
https://doi.org/10.1093/nar/gkm233
https://doi.org/10.1016/j.ympev.2008.10.008

	Introduction 
	Materials and Methods 
	Results 
	Sequence Identification by 18S rDNA Phylogeny 
	Partial LSU rDNA Analysis and Phylogeny 
	ITS Analysis and Phylogeny 
	ITS-2 Structure 

	Discussion 
	References

