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SUMMARY

Amoebae were isolated from contact lenses of a symptomatic lens wearer in Spain. Protozoa were characterized by studying
their morphology, biology, protease activity and the 18S rRNA gene sequence. Morphology of the organism was observed
by light microscopy, scanning electron microscopy and transmission electron microscopy. Its structure corresponded to
an amphizoic amoeba. The protozoa grew well at 37 °C and poorly at lower temperatures. In addition, it was capable
of lysing mammalian cells in vitro. A major 56 kDa proteolytic enzyme was observed in amoeba crude extracts by gelatin–
sodium dodecyl sulphate–polyacrylamide gel electrophoresis. Most proteolytic enzymes in protozoa extracts showed
significant activity over a wide range of pH (3–9) and temperature (8–45 °C) values. The assays on inhibition of protease
activity indicated strongly that enzymes detected in amoeba extracts corresponded to serine proteases and, to a lesser
extent, cysteine proteases. The use of proteinase inhibitors on a tissue culture model proved that the proteinase activity
is critical for developing focal lesions in HeLa cell monolayers. Finally, partial sequencing of the 18S ribosomal RNA gene
and phylogenetic analyses indicated that the isolate is closely related to Acanthamoeba griffini H37 from the UK
(T3 genotype).
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INTRODUCTION

Corneal ulcers are an important worldwide cause
of visual morbidity. Epidemiological studies point to
facultative parasites, microorganisms or both simul-
taneously as possible aetiological agents. Among
the emerging opportunistic pathogens infecting
the human eye, cases of Acanthamoeba causing
amoebic keratitis are being reported with increasing
frequency (Lorenzo-Morales et al. 2013), although
such prevalent rise may be due in part to the im-
provement in diagnostic methods, such as confocal
microscopy and molecular identification techniques
(Heredero-Bermejo et al. 2013). Acanthamoeba
pathogens are ubiquitous, and infection may arise
by multiple causes: ocular trauma, contaminated
eye lenses, contact with soil and contaminated
objects or fluids, including hot or cold tap water
(Khan, 2009). In Spain, a number of keratitis cases
caused by Acanthamoeba sp. have been found

(Lorenzo-Morales et al. 2011; Arnalich-Montiel
et al. 2012, 2014). As in other Mediterranean
countries, most amoebic isolates from humans be-
longed to T4 genotype, although occasionally other
Acanthamoeba genotypes have been diagnosed
(Spanakos et al. 2006; Ozkoc et al. 2008; Yera et al.
2008; Gatti et al. 2010; Risler et al. 2013; Arnalich-
Montiel et al. 2014). Data concerning molecular
epidemiology of Acanthamoeba species are relevant
since the type of isolate present in a keratitis patient
may influence the outcome of the chemotherapy
(Heredero-Bermejo et al. 2013; Lorenzo-Morales
et al. 2013). In addition, biochemical characterization
of proteases in amoebic isolates has proven to be
important to unravel the mechanisms underlying
adhesion/penetration and cell lysis in live host tissues
(Khan, 2009; Omaña-Molina et al. 2013). For all
these reasons, the present work was aimed at the
characterization of an Acanthamoeba isolate obtained
from a contact lens wearer in Spain. Results obtained
in this work include new and relevant data on
ultrastructure, proteases and biology of a pathogenic
Acanthamoeba griffini. Moreover, this is the first
time that a representative of the Acanthamoeba T3
genotype has been characterized in Spain.
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MATERIALS AND METHODS

Isolation and culture of amphizoic amoebae

A female contact lens wearer was examined at the
Eye Unit of the Hospital Clínico (Madrid, Spain).
Keratitis was diagnosed in only 1 eye and the corres-
ponding contact lens subjected to further examin-
ation. The sample was received by the Parasitology
Service of the Instituto Carlos III and finally sent to
the Parasitology Laboratory (Universidad de Alcalá)
for analysis. A sterile cotton swab was rubbed against
the inner surface of the patient’s contact lens and
the sample taken was used for culture tests on non-
nutrient agar plates coveredwith 100 μLof a 24-h-old
Escherichia coli culture (grown in Mueller-Hinton
medium, Scharlau, Barcelona, Spain). In order to
bypass axenization of amoebic cultures, bacteria were
killed by autoclaving prior to plating on the culture
medium. Culture plates were sealed and incubated
at 37 °C for 30 days and examined every 48 h for
amoebal growth. Positive cultures were diluted to
eliminate any coexisting organism and amoebae were
transferred to a fresh plate. The environmental isolate
Acanthamoeba castellaniiUAH-T17c3 (isolated from
a cooling tower in Madrid, Spain) was used to com-
pare the morphology and proteolytic enzyme activity
of the pathogenic and non-pathogenic isolates of
Acanthamoeba sp. The pathogenic amoebawas grown
in 25 cm2 tissue culture flasks using CERVA liquid
medium (Cerva, 1969), which contains 20 g L−1

bactocasitone, 10% foetal bovine serum (FBS),
0·1 g L−1 streptomycin and 0·06 g L−1 penicillin.
The environmental isolate was cultured in PYG–

bactocasitone liquid medium (0·75%, w/v, proteose
peptone; 0·75%, w/v, yeast extract; 2% bactocasitone
and 1·5%, w/v, glucose) at 25 °C as described
previously by Khan and Paget (2002).

Morphological and ultrastructural studies

Amoebae were subjected to morphological character-
ization by photonic and confocal microscopy, as well
as scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Morphological
features were assessed by digital microphotographs
obtained with a Motic BA300 microscope using the
Motic Images Plus software version 2.0. All measure-
ments were repeated in 15 protozoa and are given
as means ± S.D. in micrometres (μm). Exponential
phase cultures were used in all trophozoite observa-
tions. Death phase cultures (3 weeks old) were
employed for recovery of amoebic cysts. For confocal
microscopy Acanthamoeba trophozoites were
stained with 4′,6-diamidino-2-phenylindole (DAPI)
and phalloidin–fluorescein isothiocyanate. In short,
amoebae aliquots were loaded onto a circular cover
glass and incubated at their optimal growth tempera-
ture. Immediately after adhesion of protozoa to the
slide surface, they were washed 5 times with

phosphate buffered saline (PBS). Protozoa were
fixed with 3·7% paraformaldehyde in PBS for
15min at room temperature. Permeabilization of pro-
tozoa on coverslips was achieved by subsequent
treatment with 0·1% Triton X-100 in PBS for
5min at room temperature. After 10 washings with
PBS, trophozoites were labelled with phalloidin
(Invitrogen) for 1 h at 37 °C. Once fluorochrome
labelling was completed, the amoebae were washed
again 10 times with PBS. Finally, coverslips were
mounted using ProLong gold antifade reagent
with DAPI (Invitrogen) and incubated at 4 °C
overnight. Images were obtained with a Leica TCS-
SP5 microscope.

For SEM studies, amoebae were fixed in
Milloning’s solution containing 2% glutaraldehyde,
washed in Milloning’s solution with 0·5% glucose
and dehydrated first through an ethanol series
and finally with anhydrous acetone. Samples were
critical-point dried using a Polaron CPD7501 criti-
cal-point drying system and sputter coated with
200 Å gold–palladium using a Polaron E5400. SEM
was performed at 5–15 kV on a Zeiss DSM 950 SEM.
TEM was carried out as follows: amoeba cultures
were washed in 0·1 M Milloning’s buffer prior to
fixation. Protozoa were fixed in 2% glutaraldehyde
solution buffered with 0·1 Milloning’s buffer at pH
7·2 for 2 h. To facilitate thin section preparation,
fixed protozoa were embedded in 2% agar (Dykstra,
1993). Agarized pellets were then fixed in 1% osmium
tetroxide, dehydrated in a graded acetone series and
embedded in Spurr’s resin. Ultramicrotome sections
were stained with 1% uranyl acetate followed by 2·5%
lead citrate and examined on a Zeiss M10 microscope
at 25–30 kV.

Identification and differentiation from other
amoeba species were mainly achieved on the basis
of: presence of lobopods or filopods, cyst size, num-
ber of opercula (also called ‘pores’ by some authors)
and temperature tolerance. The latter was evaluated
by growing the pathogenic amoeba at different
temperatures (25, 32 and 37 °C) in CERVA liquid
medium during 8 days, with cell counts at 48, 96
and 192 h. The inoculum was 6000 amoeba tro-
phozoites mL−1 of medium and 5mL were added
into each culture flask.

Pathogenic effects of amoeba trophozoites on
mammalian cells

Cytopathic effects caused by the pathogenic amoeba
were tested on an immortalized glial cell line
isolated from mouse retina (MUPH-1) or alterna-
tively (in protease studies) on human (HeLa) cells.
Mammalian cells were routinely cultured in 6-well
microplates with commercial Dulbecco’s modified
Eagle’s medium (DMEM) (SIGMA), supplemented
with 10% FBS (Lonza Ibérica, Barcelona, Spain) and
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1% antimicrobial mix (Lonza Ibérica) containing
100mgL−1 penicillin and 100mgL−1 strepto-
mycin. The cytopathic effect of amoebae was checked
visually (by photonic and SEM) and also by an
MTT assay where the tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (SIGMA) was added to the amoeba culture
after 6, 12, 18 or 24 h of incubation. Formazan pro-
duction was quantified in cultures by measuring
optical density at 570 nm 4 h after adding MTT
(Lagmay et al. 1999). In tests aimed at assessing the
cytopathic effects caused by amoebae, the standard
DMEM (supplemented with FBS) was removed
from wells and substituted by fresh DMEM without
FBS. After 2 h, amoebic trophozoites were added to
mammalian cell cultures. Protozoa were harvested
from the axenic cultures by centrifugation (1000 g
for 10min) and transferred onto a monolayer of
MUPH-1 cells at different amoeba:cell ratios ranging
from 1:200 to 1:5. In these assays, 1 well was used for
the control and 5 wells for testing the pathogenic
effect caused by different protozoa inocula (0·2 × 105,
105, 2·5 × 105, 5 × 105 or 10 × 105 trophozoites). At
the moment of inoculation with Acanthamoeba, each
culture well contained an estimate of 5 × 106 mam-
malian cells. These experiments were run in tripli-
cate. Amoebae were considered highly cytopathic
when the monolayer was lysed after 24 h.

Analyses of proteolytic activity in amoeba homogenates
and effect of proteinase inhibitors on co-cultures of
amoebae and mammalian cell monolayers

Proteases were studied for comparative purposes
in both the pathogenic amoeba strain and the en-
vironmental isolate A. castellanii T17c3. Analyses of
proteolytic activity were performed on gelatin–
sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis (SDS–PAGE) gels following the procedure
published by Alsam et al. (2005). Only amoeba crude
extracts were used in these assays. In brief, amoeba
cultures were centrifuged at 1000 g for 10min at
room temperature. Protozoan pellets were resus-
pended in PBS and disrupted in an ice bath using a
MICROSON sonicator (Giltron, Norwood MA,
USA). Ultrasounds were applied at 50W for 50 s,
in pulses of 10 s. Protein concentration was measured
by the standard Bradford method and adjusted to
1mgmL−1. Aliquots (50 μL) of the amoeba extract
were stored at −20 °C until use. About 1·5 μg of pro-
tein were loaded per well for electrophoretic runs.
The tolerance of proteases to temperature and pH
was tested under the following conditions: pH 3, 5,
7 and 9; temperatures of 8, 25, 37 and 45 °C. The
optimum pH value was determined at 37 °C, while
the optimum temperature was ascertained at pH 7.
Citrate buffer (0·1 M) was employed for proteinase
assays run at pH 3 and 5, Tris buffer (0·05 M) for

assays at pH 7 and 9. Protease inhibitor assays were
performed at 37 °C and pH 7. The following inhi-
bitors were tested: 0·05mM chymostatin, 50mM

ethylenediaminetetraacetic acid (EDTA), 0·05 mM

leupeptin, 5 mM phenylmethylsulfonyl fluoride
(PMSF) and 1·5 mM pepstatin A. Amoeba extract
aliquots were incubated for 30min in the presence of
inhibitors prior to electrophoresis.
In assays designed to check the effect of protease

inhibitors on the pathogenic amoeba isolate and
HeLa cell co-cultures, each culture well contained an
estimate of 5 × 106 HeLa cells and 3 × 105 amoebic
trophozoites. Both control and protease inhibitor-
treated amoebae were always included in the assays.
Only drugs capable of reducing protease activity
in vitro (in gelatin–SDS–PAGE analysis) were used
in these experiments. Thus, assays included only
PMSF (1mM) or chymostatin (0·05 mM). The test
started with the addition of the inhibitor to the
amoeba culturemedium (see above).After 1 h of incu-
bation with either PMSF or chymostatin, amoebae
were recovered by centrifugation, resuspended in
culture medium and used to inoculate the human
cell culture. The effect of inhibitors on the mam-
malian/amoeba model system was checked at 12, 24
and 48 h.
All protease-related experiments were repeated at

least twice.

Sequencing of the 18S rRNA and phylogenetic analysis

Sequence analysis of the isolate’s small ribosomal
subunit gene was performed as follows: amoebae
were harvested from actively growing axenic cul-
tures by centrifugation at 1000 g for 10min. Whole-
cell DNA was isolated with the DNAeasy Blood and
tissue kit (Qiagen, Hilden, Germany). The 18S
rRNA gene was partially amplified using primers
CRN5 and 1137 as described by Schroeder et al.
(2001). Three internal primers (namely 373, 570C
and 892C, as published by the aforementioned
authors) were used for sequencing purposes. The
fragment amplified by primers CRN5 and 1137 is a
region of approximately 1500 bp at the 5′ end of
the 18S rRNA gene. Polymerase chain reaction
(PCR)-amplified products were visualized with
ethidium bromide after agarose gel electrophoresis.
Bands of interest were excised from gels and purified
with the Ultra Clean 15 DNA purification kit
(Mobio, Carlsbad, CA, USA). The amplified DNA
fragment was sequenced without cloning on an ABI
3130 automated sequencer (Applied Biosystems Inc.,
Foster City, CA, USA). Three fragments (obtained
in different PCR amplifications) were sequenced for
the sake of consistency. Sequence data were processed
with the BioEdit 5.0.9 sequence editor (Hall, 1999)
and then compared against GenBank® databases
using a BLASTN search. Clustal Omega (Sievers
and Higgins, 2014) was used for pairwise alignments
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and phylogenetic analyses were performed with
the MEGA 5.0 package software (Tamura et al.
2011).

RESULTS

Morphology and ultrastructure

Successful amoebae cultures were prepared from a
contact lens provided by the patient. Morphol-
ogically, amoeba trophozoites showed acanthopodia,
which suggested the presence of Acanthamoeba,
Vahlkampfia orHartmanella (Fig. 1A and C). Amoe-
bic trophozoites (identified later asAcanthamoeba sp.
MYP2004, as explained below) were irregular in
shape (Fig. 1A). It is important to mention that in
trophozoites isolated from the patient (Fig. 1C) the
number of acanthopodia observed by SEMwas larger
than in an environmental A. castellanii T17c3 isolate
of Spain (Fig. 1D). Likewise, cysts were recovered
and observed by photonic microscopy (Fig. 1B)
and SEM (Fig. 1E and F). The endocyst was usually
star-like, with 6–7 arms (Fig. 1B), unlike the exocyst
which showed an irregular spherical shape. When
observed by SEM, cysts showed 6 opercula (3–4 of
them in each hemisphere; Fig. 1E and F).

Sections of amoebic trophozoites observed under
TEM were irregularly ovoid to circular shape.
Amoebae emitted numerous fine protoplasmic pro-
jections of different lengths on their cell surface
(Fig. 2A and B). Large numbers of dark glycogen
grains were readily noticed in the cytoplasm
(Fig. 2D). There were also noticeable amounts of
usually circular-shaped vacuoles of diverse sizes.
Excretory vacuoles (Fig. 2B) showed a clear content,
whereas the digestive ones (Fig. 2A and D) presented
a darker content. Lamellar and residual bodies could
be observed in some amoeba sections (Fig. 2D and
F). The trophozoite cytoskeleton was minimal and
tubulin or actin filaments were not easy to observe. In
spite of this finding, confocal microscopy observa-
tions with phalloidine staining showed that actin
filaments were massively located close to the plasma
membrane and inside the acanthopodia (Fig. 2G).
Diverse cellular organelles could be observed in
amoeba trophozoites. The nucleus was enclosed in a
typical nuclear envelope where nuclear pores were
difficult to find (Fig. 2F). The single nucleolus
was clearly discernable (Fig. 2F). There was also evi-
dence of a quite elaboratedGolgi complex, composed
of clusters of flattened cisternae (Fig. 2E). In many
protozoa, portions of rough Endoplasmic reticulum
(ER) were visible, although not especially abundant.
Amoebae usually showed a large number of mito-
chondria dispersed in the cytoplasm (Fig. 2A–C).
Some of these observations were confirmed by
confocal microscopy and DAPI staining: abundant
mitochondria were found dispersed in the protozoan
endoplasmic region (Fig. 2H) and chromatin was also

evident in the nuclear region of amoebic trophozoites
(Fig. 2H).

All these features point to an Acanthamoeba sp.
isolate as the pathogenic organism causing infection
in the contact lens wearer.

Biological features and cytopathogenicity

The isolate Acanthamoeba sp. MYP2004 grew
poorly in PYG–bactocasitone and therefore the
CERVA medium was used in all biological studies
related to this strain. In contrast, the environmental
isolate A. castellanii T17c3 grew better in PYG–

bactocasitone (Heredero-Bermejo et al. 2012).
Temperature tolerance tests indicated that

optimal growth of the pathogenic Acanthamoeba sp.
MYP2004 isolate was achieved at 37 °C (Fig. 3).
On the other hand, amoeba trophozoites produced
noticeable cytopathic effects against monolayers of
MUPH-1cells (Fig. 1G andH) at these temperatures.
The lytic effect was also studied by the MTT assay.
The decrease in optical density caused by cell lysis
was dependent on the amoebic load introduced in
mammalian cell cultures (Fig. 4A). Both microscopy
and spectrophotometric monitoring showed that lysis
of mammalian cells was partial at 12 h and complete
at 24 h when MUPH-1 cell cultures were inoculated
with amoeba trophozoites in a ratio of 1:10 or greater.
When MUPH-1 cells were incubated with different
amounts of amoebae in the presence of MTT, a
strong linear relationship between the number of
protozoa and the O.D. was found (Fig. 4B, r = 0·96
at 18 h), which indicates that there is a clear dose–
response effect. All these data confirm the presence of
a highly pathogenic amoeba in the patient with
keratitis.

Analysis of intracellular amoebic proteases and the
effect of protease inhibitors on a tissue+amoeba
culture model system

Electrophoretic analysis showed that proteases were
abundant and highly active in extracts of the patho-
genic Acanthamoeba sp. MYP2004 isolate. At least 7
different enzymes of molecular weights ranging from
22 to 56 kDa (namely 22, 26, 28, 35, 42, 48 and
56 kDa) were consistently detected in gels (Fig. 5A
and B). The 56 kDa protease was highly active. In
general, most proteases worked well in a wide range
of temperature (25–45 °C) and pH (3–9) values,
although 3 of the enzymes (22, 26 and 28 kDa)
showed less activity at pH 3 (Fig. 5A and B). All
proteases showed lower activity at 8 °C, except for the
56 kDa enzyme (Fig. 5B). When protease inhibitors
were tested on amoeba extracts, the protease band at
35 kDa disappeared from the zymograms. Low mol-
ecular weight proteases (22, 26 and 28 kDa) were
chymostatin-sensitive in inhibition assays, indicating
that they belong to the cysteine proteinase family
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Fig. 1. (A) Acanthamoeba sp. (isolate MYP2004) trophozoite as observed by light microscopy; (B) Acanthamoeba sp.
MYP2004 cyst as seen by photonic microscopy. Note the double-walled structure with a star-like endocyst;
(C) Acanthamoeba sp. MYP2004 trophozoites as observed by SEM. Note the presence of abundant acanthopodia
with evident adherence to the substrate; (D) A. castellanii T17c3 trophozoites as observed by SEM. The presence of
acanthopodia is less frequent in this environmental isolate than in the pathogenic Acanthamoeba sp. MYP2004;
(E) Acanthamoeba sp. MYP2004 trophozoite and cyst as observed by SEM; (F) Acanthamoeba sp. MYP2004 cysts as seen
by SEM. The exocyst is roughly spherical, with its surface notably wrinkled. Usually, 3 opercula (pores) may be readily
observed in the visible cyst hemisphere; (G) immortalized glial mouse retina cells as seen by photonic microscopy after
18 h of incubation at 37 °C with Acanthamoeba sp. MYP2004 trophozoites (initial inoculum of 105 amoebae); (H) SEM
image of an amoebic trophozoite (after the same incubation period as in (G). Note how the protozoan acanthopodia
adhere to mammalian cells, with evidence of membrane disruption of the target cell at the contact site.
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Fig. 2. Ultrastructure of Acanthamoeba sp. MYP2004 as observed by TEM, and detection of some intracellular
components in trophozoites by confocal microscopy. (A) Thin section of an Acanthamoeba sp. MYP2004 trophozoite
observed by TEM showing an oval-shaped cellular body section, some acanthopodia on the cell surface, a large
excretory vacuole, some digestive vacuoles (arrows) and numerous mitochondria; (B) Acanthamoeba sp. MYP2004
trophozoite showing several vacuoles with an either clear or electrodense content. Numerous mitochondria are also
evident; (C) TEM details of an Acanthamoeba sp. MYP2004 trophozoite containing abundant mitochondria with
tubular cristae; (D) amoeba trophozoite thin section as observed by TEM. The cytoplasm is a granular matrix
containing dark granules (possibly glycogen). Lamellar bodies may be also observed in the central vacuole (arrow);
(E) Golgi apparatus in an Acanthamoeba sp. MYP2004 trophozoite. Cisternae are stacked upon each other in up to
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(Fig. 5C). In addition, all proteolytic enzymes were
PMSF-sensitive which proves that they are serine
proteinases (Fig. 5C).
The environmental isolate A. castellanii T17c3

showed consistent protease activity at molecular
weights of 24, 30, 32, 45, 49 and 59 kDa (Fig. 5A
andB). Interestingly,A. castellaniiT17c3 proteinases
seemed to be less active than those of Acanthamoeba
sp. MYP2004, since equivalent amounts of protein
were loaded on the gels. The 59 kDa proteinase
was the most active in A. castellanii T17c3 (Fig. 5A
and B). Several weak protease bands at 40, 62 and

64 kDa were only active at pH 3 (Fig. 5A), all the rest
of proteases showing significant activity at pH 5–9
and temperatures between 25 and 37 °C (Fig. 5A
and B). The 24 and 30 kDa bands were not observed
when proteinase inhibitors were tested (Fig. 5C).
All proteolytic enzymes in A. castellanii T17c3 were
PMSF-sensitive (Fig. 5C). In addition, the 32 kDa
protease was as well chymostatin-sensitive (Fig. 5C)
and also less active at pH 3 (Fig. 5A).
When Acanthamoeba sp. MYP2004 trophozoites

were incubated in the presence of chymostatin, sub-
sequent inoculation of HeLa cell monolayer cultures

3–7 layers; (F) details of the nucleus (Ø 4·8 μM) and the single nucleolus (Ø 2·5 μM) of Acanthamoeba sp. MYP2004;
(G) confocal microscopy image of a phalloidin-stained Acanthamoeba sp. MYP2004 trophozoite. Actin seems to be
primarily linked to acanthopodia, close to the cell surface; (H) confocal microscopy image of a DAPI-stained
Acanthamoeba sp. MYP2004 trophozoite. All mitochondria dispersed in the amoeba cytoplasm and the nucleus
(bottom right side) show a strong fluorescent signal.

Fig. 3. Growth rates obtained for the pathogenic Acanthamoeba sp. MYP2004 isolate grown for 0, 48, 96 and 192 h at
different temperatures (37, 32 and 25 °C).

Fig. 4. Acanthamoeba-induced lysis of cultured MUPH-1 mouse retina cells. (A) MTT degradation at different times of
incubation. Amoeba trophozoites (Acanthamoeba sp. MYP2004) were added at 5 different rates and MTT levels
monitored in triplicate at 6, 12, 18 and 24 h of incubation. A value of O.D. = 1 was assigned to the cell density in the
control well. Lysis of mouse retina cell monolayers occurred at 24 h or earlier for the 2 larger inocula; (B) (inset)
regression analysis of O.D. vs initial amoeba counts at 18 h of incubation. There is a clear dose–response effect, as judged
by the high correlation coefficient (r= 0·96).
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with treated amoebae caused no focal lesions
throughout the complete period of observation (12–
48 h) (data not shown). In contrast, when amoebae
were treated with PMSF, focal lesions appeared at
12 h, the same as in the controls.

Sequencing of the 18S rRNA gene and phylogenetic
analyses

The partial 18S rRNA gene sequence obtained in the
pathogenic Acanthamoeba sp. MYP2004 isolate from

Spain showed more than 99% sequence identity to
A. griffini from the UK (GenBank® accession num-
ber S81337) when running a BLAST search. Phylo-
genetic analyses showed that the Spanish protozoa
grouped with other A. griffini and Acanthamoeba
pearcei isolates from the UK and the USA (Fig. 6).
The T3 genotype node showed relatively high boot-
strap values suggesting real biological significance.
Therefore, taking into account both morphological
and genetic data the amoebic isolate from Spain was
identified inGenBank® asA. griffini, registered under
accession number KF010846 (isolate MYP2004).

DISCUSSION

Over the last 40 years it has become apparent that
some amphizoic amoeba, such as Acanthamoeba,
Vahlkampfia or Hartmannella can be associated
with keratitis (Walochnik et al. 2000). Diverse
Acanthamoeba species have been reported to cause
keratitis, including representatives of genotypes T4,
T6 and T11 and to a lesser extent of genotypes T1,
T3, T7, T10 and T14 (Maubon et al. 2012).
Nevertheless, the pathogenic isolate characterized in
the present study has been identified as A. griffini, a
member of the T3 genotype. The Spanish A. griffini
MYP2004 showed the typical features of pathogenic
Acanthamoeba isolates: optimal growth when cul-
tured at 37 °C, large number of filopods, high level of
proteolytic activity and the ability to cause lysis of
cultured mammalian cells (Khan, 2009).

Amoebic isolates can easily be recognized as be-
longing to the genus Acanthamoeba for their poly-
gonal cysts. However, accurate species determination
by morphology is still problematic. In our case, both
trophozoite and cyst morphologies were similar to
those previously described for A. griffini in the UK
by Ledee et al. (1996). Nevertheless, it is important
to underline that these authors only observed the
amoeba under photonic microscopy. In general, the
ultrastructure of A. griffini trophozoites and cysts is
similar to that of other Acanthamoeba sp. (González-
Robles et al. 2013). The cystic stage morphology as a
paramount issue in protozoa taxonomy has been
pointed out previously (Janovy et al. 2007). However,
caution must be exercised in considering only mor-
phological criteria for species determination, andmay
be confusing due to the pleomorphism of the cul-
tured protozoa (Ledee et al. 1996). In agreement with
previous studies, genetic analysis has been decisive
in the identification of amphizoic amoeba isolates
(Stothard et al. 1998). It is worth mentioning that
members of the Acanthamoeba genus are polymor-
phic in their 18S rRNA sequences, which somewhat
complicates the task of molecular identification.
Unfortunately, most ribosomal sequences obtained
in clinical isolates of Acanthamoeba are short often
leading only to identification at genotypic clade level.
In this sense, reading sufficient sequence information

Fig. 5. Comparative analysis of the effect of pH (A),
temperature (B) and inhibitors (C) on the proteolytic
activity in crude extracts of the pathogenic Acanthamoeba
sp. MYP2004 and A. castellanii T17c3 on protease
zymograms in 7·5% gelatin–polyacrylamide gels.
Approximate molecular weights of protease bands are
indicated on the left. (A) pH 3, 5, 7 and 9 (37 °C), lanes
1–4 (Acanthamoeba sp. MYP2004) and lanes 5–8 (A.
castellanii T17c3), respectively; (B) 8, 25, 37 and 45 °C
(pH 7), lanes 1–4 (Acanthamoeba sp. MYP2004) and
lanes 5–8 (A. castellanii T17c3), respectively; (C)
inhibitors: EDTA, leupeptin, chymostatin, PMSF and
pepstatin A, lanes 1–5 (Acanthamoeba sp. MYP2004) and
lanes 6–10 (A. castellanii T17c3), respectively.
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is advisable, which ought to include the 5′ end of
the small ribosomal subunit gene. This region is ideal
for DNA barcoding in many organisms (Criado-
Fornelio, 2012). Such an approach, along with the
use of phylogenetic procedures, yields more accurate
identifications, as demonstrated for the Spanish
A. griffini isolate reported in this paper. A search in
the GenBank® Nucleotide database for sequences of
pathogenic Acanthamoeba in Spain led to just 2 iso-
lates, 1 member of the T4 genotype (Acanthamoeba
sp., reported by Arnalich-Montiel et al. 2012) and
another of the T11 genotype (Acanthamoeba poly-
phaga, reported by Lorenzo-Morales et al. 2011).
Similar findings have been published in Italy, where
only Acanthamoeba T4 representatives were found as
keratitis-causing organisms in 10 patients (Gatti et al.
2010). Reports on pathogenic T3 isolates in Europe
are scarce; they have been found in the UK (Ledee
et al. 1996) andCentral France (Risler et al. 2013) and
recently in Spain (Arnalich-Montiel et al. 2014).
Some other studies in France failed to detect this
genotype (T3) in humans (Yera et al. 2008; Maubon
et al. 2012). The same is true for Greece (Spanakos
et al. 2006), Turkey (Ozkoc et al. 2008) and Austria
(Walochnik et al. 2000).
Acanthamoeba griffini MYP2004 proteases showed

higher enzymatic activity than those of A. castellanii
T17c3 under different pH and temperature con-
ditions. A similar profile has also been observed in

other pathogenic Acanthamoeba isolates (Khan,
2009). The comparison of findings on proteases
detected in differentAcanthamoeba sp. is complicated
by the low accuracy in determining the proteins’
molecular weight in polyacrylamide gels (Serrano-
Luna et al. 2006). On the other hand, it is worth
mentioning that when proteinase inhibitors were
tested in the present work, some enzymes could not
be detected on zymograms. The explanation for this
may rely on the fact that amoeba crude extracts
were incubated with inhibitors for 30min prior to
electrophoresis. Hence, some proteinases released
by sonication from subcellular compartments might
have degraded other cleavage-sensitive proteases
present in the samples during incubation.
Most studies on Acanthamoeba proteolytic en-

zymes indicate that serine proteases are very common
among members of this genus (Omaña-Molina et al.
2013), although cysteine (Leitsch et al. 2010) and
metalloproteases (Alsam et al. 2005) have been
reported as well. In the present study both serine
and cysteine proteases have been found for the first
time inA. griffiniMYP2004. It is interesting tounder-
line that 3 low molecular weight proteases were
inhibited by both PMSF and chymostatin. Such
dual-natured proteases have been reported in other
Acanthamoeba species, such as A. castellanii (Na
et al. 2001). Cysteine proteinases are mainly lyso-
somal enzymes, employed for intracellular digestion

Fig. 6. Phylogenetic relationship of Paramoeba sp. (as outgroup) and diverse Acanthamoeba species based on the DNA
sequence variation of the 18S rRNA gene (MEGA 5 program). GenBank® accession numbers are indicated after each
name. The tree was inferred by using the maximum parsimony model. Numbers at nodes indicate boostrap support
with 100 replications for 4 different phylogenetic analysis methods: parsimony, maximum composite likelihood with
neighbour joining (with Kimura 2-parameter model or Tamura 3-parameter model) and finally UPGMA with Tamura
3-parameter model. The new A. griffini sequence (isolate MYP2004, GenBank® accession number KF010846) is
indicated by an arrow.
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(Sajid and McKerrow, 2002). Since lysis of HeLa
cells caused byA. griffiniMYP2004 was not observed
in the presence of chymostatin, the hypothesis that
this inhibitor merely arrested lysosomal activity
inside the amoeba cannot be disregarded. If the cel-
lular machinery for digestion is stopped, amoebae
would be paralyzed and liberation of other proteases
and phagocytosis of mammalian cells impaired.
A previous report by Serrano-Luna et al. (2006)
showed that a pathogenic A. castellanii isolate con-
tained 2 proteases of 30 and 34 kDa, which might be
the same proteases reported inA. castellaniiT17c3 in
the present work. Nevertheless, the aforementioned
authors did not test chymostatin as protease inhibitor
and therefore it was concluded that only serine pro-
teinases were present in this species. On the other
hand, it is difficult to find an explanation for the fact
that, unlike chymostatin, PMSF did not inhibit cell
lysis in co-cultures of amoebae and HeLa cells. Other
authors (Serrano-Luna et al. 2006) reported opposite
results, since they failed to observe focal lesions in co-
cultures where either A. polyphaga or A. castellanii
had been previously treated with PMSF. Further
research into the roles played by proteases in cellular
pathogenicity of A. griffini is needed. One promising
area is siRNA which has been shown to cause a
reduction in both serine protease activity and
amoebic cytotoxicity in other Acanthamoeba species
(Lorenzo-Morales et al. 2005, 2010).

The treatment of Acanthamoeba keratitis is long,
troublesome and its outcome highly variable depend-
ing on the protozoa species or isolate infecting the
patient’s eye (Lorenzo-Morales et al. 2013). There-
fore, a better understanding of the molecular epi-
demiology ofAcanthamoeba sp. should be considered
a priority (Khan, 2009), as it may well provide clues
for effective chemotherapy protocols in different
geographic areas.
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