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Acanthamoeba infections are difficult to treat due to often late diagnosis and the lack of effective and specific
therapeutic agents. The most important reason for unsuccessful therapy seems to be the existence of a
double-wall cyst stage that is highly resistant to the available treatments, causing reinfections. The major
components of the Acanthamoeba cyst wall are acid-resistant proteins and cellulose. The latter has been
reported to be the major component of the inner cyst wall. It has been demonstrated previously that glycogen
is the main source of free glucose for the synthesis of cellulose in Acanthamoeba, partly as glycogen levels fall
during the encystment process. In other lower eukaryotes (e.g., Dictyostelium discoideum), glycogen phosphor-
ylase has been reported to be the main tool used for glycogen breakdown in order to maintain the free glucose
levels during the encystment process. Therefore, it was hypothesized that the regulation of the key processes
involved in the Acanthamoeba encystment may be similar to the previously reported regulation mechanisms in
other lower eukaryotes. The catalytic domain of the glycogen phosphorylase was silenced using RNA interfer-
ence methods, and the effect of this phenomenon was assessed by light and electron microscopy analyses,
calcofluor staining, expression zymogram assays, and Northern and Western blot analyses of both small
interfering RNA-treated and control cells. The present report establishes the role of glycogen phosphorylase
during the encystment process of Acanthamoeba. Moreover, the obtained results demonstrate that the enzyme
is required for cyst wall assembly, mainly for the formation of the cell wall inner layer.

Free-living amoebae of the genus Acanthamoeba represent
one of the most prevalent protists found in the environment.
They are also causative agents of rare but serious human dis-
eases: a fatal encephalitis termed granulomatous amoebic en-
cephalitis; disseminated, mostly cutaneous and nasopharyngeal
infections in immunocompromised patients; and a sight-threat-
ening ulceration of the cornea called amoebic keratitis, which
affects mostly immunocompetent contact lens wearers (15, 26,
42). Acanthamoeba infections are difficult to treat due to the often
late diagnosis and the lack of effective and specific therapeutic
agents. The most important reason for unsuccessful therapy ap-
pears to be the existence of a cyst stage that tends to resist the
available treatments, causing reinfections (19, 43, 52, 53).

The cyst is one of two distinct stages formed by acanthamoe-
bae during their life cycle and presents two wall layers, which
are usually readily recognizable by their morphologies, the
outer one termed the exocyst and the inner one termed the
endocyst (36). Under favorable environmental conditions, mo-
tile vegetative amoeboid trophozoites feeding on bacteria
crawl in the soil and on the ground and divide by fission. Under

unfavorable conditions such as starvation, desiccation, and
changes in temperature and pH, etc., the trophozoites stop
dividing and undergo differentiation to form nonmotile cysts.
The process of encystment leads to profound morphogenetic
and metabolic changes involving the de novo synthesis of a
highly resistant double-layered cyst wall, which serves as a
shelter under stressful external conditions (26, 53).

The major components of the Acanthamoeba cyst wall are
acid-resistant proteins (of unknown composition, except for
cyst-specific protein 21 [CSP21] [17]) and cellulose (4, 51).
Cellulose has been reported to be the major constituent of the
endocyst in acanthamoebae, constituting more than 30% of the
total components of this layer in Acanthamoeba castellanii (2,
51). On the other hand, the exocyst has been reported to be
composed mainly of proteins (17, 55).

Cellulose is the major polysaccharidic component of the cell
walls in vascular plants, algae, and many bacteria (11, 21, 34,
38, 39, 40, 41, 44) and consists of linear chains of glucose units
joined by �-1,4 linkages. Actively growing acanthamoebae
store glucose in the form of glycogen, and earlier biochemical
studies suggested that glycogen serves as a source of glucose
for the synthesis of cellulose during cyst wall formation (33, 46,
56). Moreover, it has been demonstrated previously that gly-
cogen is the most rapidly degraded macromolecule during the
initial phase of Acanthamoeba encystment (8, 56). However,
the mechanisms by which glycogen levels decrease during the
early hours of encystment are still unclear (55). In general,
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glycogen breakdown into units of glucose occurs due to hydro-
lytic cleavages by lysosomal hydrolases (amylases) and phos-
phorylitic cleavages by glycogen phosphorylase. Both routes
have been suggested as possible ways of glycogen breakdown
during the encystment of Acanthamoeba (55).

In mammals, glycogen degradation is regulated posttransla-
tionally by the activation and inactivation of the glycogen phos-
phorylase which is continuously expressed in the cell (29). Two
different glycogen phosphorylases in lower eukaryotes, such as
the slime mold Dictyostelium discoideum, have been described
previously (3, 48, 49). In the vegetative stages, there is glycogen
phosphorylase I, which is functional until the moment when
Dictyostelium cells undergo differentiation into environmen-
tally resistant spores with cellulose-containing walls (58). At
this phase, another type of glycogen phosphorylase undetect-
able in the vegetative stage is expressed (16, 36, 48, 49). The
expression of this second type of glycogen phosphorylase is
regulated at the level of transcription.

Therefore, it was hypothesized that the regulation of the key
processes involved in the cell wall assembly in Acanthamoeba may
be similar to the previously described regulation in other lower
eukaryotes during cyst formation (3, 22, 54, 57). The present
report describes the role of glycogen phosphorylase during the
aforementioned encystment process in Acanthamoeba, as as-
sessed using RNA interference (RNAi) methods.

MATERIALS AND METHODS

Cultures of Acanthamoeba. Two Acanthamoeba strains from the American
Type Culture Collection, A. castellanii (Neff strain) ATCC 30010, genotype T4,
and A. astronyxis ATCC 30137, genotype T7 (5, 47), and two highly pathogenic
isolates of A. polyphaga, MN-7 and SWT-22, both belonging to genotype T4 (23),
were included in this study. The MN-7 strain is a clinical isolate from a human
mesenteric node (31), and SWT-22 is an environmental isolate obtained from sea-
water in Tenerife, Canary Islands, Spain (23, 24). All strains were axenically grown
without shaking in PYG 712 medium (American Type Culture Collection) at 25°C.

Encystation conditions. For the encystment studies, cells from the late expo-
nential phase of growth (a nearly confluent monolayer) were used. The spent
PYG medium was quantitatively poured off, and the attached trophozoites were
immediately overlaid with nonnutrient Neff’s encystment medium (NEM; 0.1 M
KCl–8 mM MgSO4 · 7H2O–0.4 mM CaCl2 · 2H2O–1 mM NaHCO3–20 mM
ammediol [2-amino-2-methyl-1,3-propanediol; Sigma], pH 8.8, at 25°C) (30),
with or without the addition of 1 mM glucose (the concentration of glucose
corresponded to that used in the PYG medium).

Glycogen phosphorylase PCR. A specific primer pair (AGP forward, 5�-AAG
CTGGAGGACCTCTACGA-3�, and AGP reverse, 5�-TGCTTCATCGACAGC
TGCGCGTA-3�) was designed using the Primer3 software program (35; http:
//fokker.wi.mit.edu/primer3/) and was based on a previously described sequence
from the glycogen phosphorylase gene of the A. castellanii Neff strain (EMBL
database accession no. EC109277).

PCR amplifications with the four Acanthamoeba strains included in this study
were carried out in a MyCycler thermal cycler (Bio-Rad, Hercules, CA) using
each primer at a concentration of 5 pmol/ml in a total volume of 30 �l containing
200 mM deoxynucleoside triphosphate, 10 ng of template DNA, and 0.4 U of Taq
DNA polymerase (Applied Biosystems, Branchburg, NJ). Conditions for all
PCRs were as follows: an initial denaturing phase of 95°C for 4 min and 35
repetitions of denaturation at 95°C for 30 s, annealing at 52°C for 30 s, and
extension at 72°C for 15 s. An additional extension phase at 72°C for 7 min was
included. Amplified products were electrophoretically resolved on 2% agarose
gels and stained with ethidium bromide (0.5 �g/ml) for visual analysis under UV
light. The obtained fragments were purified using a PCR purification kit (Qia-
gen, Hilden, Germany) and were sequenced using an ABI automatic sequencer
(Sistemas Genómicos, Valencia, Spain). The obtained sequences were aligned
using the Mega 3.0 software program (20).

Gene silencing technique. Small interfering RNAs (siRNAs) targeting the
catalytic domain of the glycogen phosphorylase of the A. castellanii Neff strain
were designed based on the previously described sequence mentioned above

(EMBL database accession no. EC109277) by using the BLOCK-iT RNAi de-
signer (Invitrogen Corp., Carlsbad, CA) and synthesized by Invitrogen Ltd.
(Carlsbad, CA). The siRNA duplex with the following sense and antisense
sequences was used: 5�-CCGGCUACCGCACCAACAA and UUGUUGGUG
CGGUAGCCGG-5�.

The soaking method, which was successfully applied to Acanthamoeba in a
previous study, was used for the delivery of the siRNAs (25). Briefly, siRNAs
were added directly to NEM to a final concentration of 20 �g/ml by using the
siPORT NeoFX transfection agent (Ambion, Madrid, Spain). Cultures were
grown for 96 h without shaking.

As a control, a scrambled sequence absent from the A. castellanii genome was
used. The scrambled siRNA duplex sequence (5�-CAAGCUGACCCUGAA
GUUC and GUUCGACUGGGACUUCAAG-5� for the sense and the anti-
sense strands, respectively) was based on the gene encoding the green fluorescent
protein and was used, at the same concentration as the glycogen phosphorylase
siRNAs, to treat the A. castellanii Neff strain cultured in PYG medium. Controls
with the same strains treated with siRNA were also developed in PYG medium.

During the silencing procedure, living cells were monitored using a DMIL
inverted microscope (Leica, Wetzlar, Germany) and harvested at different time
points, 0, 6, 8, 12, 24, 48, 72, and 96 h after the induction of encystation, for
Northern blot analyses, Western blot analyses, zymogram assays, electron mi-
croscopy, and calcofluor staining.

Northern blot analyses. To determine the phase of the Acanthamoeba life
cycle at which glycogen phosphorylase is expressed, Northern analyses of actively
growing cells and cells stimulated by starvation in NEM to encyst were per-
formed. Briefly, Acanthamoeba strain poly(A) mRNAs were isolated using the
poly(A) Purist kit (Ambion Inc., Austin, TX). The electrophoretically separated
nucleic acids were transferred onto nylon membranes (Roche Diagnostics). A
glycogen phosphorylase cDNA from the A. castellanii Neff strain (ATCC 30010),
prepared as previously described (25), was used as a control probe.

Northern blot analyses were performed as previously described (37); briefly,
the hybridization was developed for 16 h at 68°C, and the materials were washed
twice in a mixture of 2% standard saline citrate (SSC; 0.15 M NaCl–0.015 M
sodium citrate, pH 7.0), 0.1% N-laurylsarcosine, and 0.1% (wt/vol) sodium do-
decyl sulfate (SDS) at room temperature for 15 min each time, twice in 0.1%
SSC–0.1% (wt/vol) SDS at 68°C, and once in 0.1% SSC–0.1% (wt/vol) Tween 20
at 68°C. The membranes were developed with antidigoxigenin antibody using the
digoxigenin-RNA labeling kit (Roche). Assay results were normalized by using
18S mRNA from Acanthamoeba as described previously (25).

Preparation of protein extracts. Acanthamoebae collected from cultures at
different time points during encystation (0, 6, 8, 12, 24, 48, and 72 h after the
induction of encystation) were harvested by centrifugation (5 min at 2,000 � g for
samples from 0, 6, 8, and 12 h and 10 min at 4,000 � g for samples from 24, 48,
and 72 h), and the obtained pellets were resuspended in 2 ml of phosphate-
buffered saline, pH 7.2, containing 0.5 mM phenylmethylsulfonyl fluoride
(Sigma). All suspensions underwent 10 rounds of freeze-thaw procedures (in a
liquid nitrogen bath at 37°C). Suspensions from 0, 6, 8, and 12 h were sonicated
(three times for 1 min each, with 30-s pauses) using an ultrasonic homogenizer
model 47105 (Cole Parmer Instrument Corporation). Cysts (in samples from 24,
48, and 72 h) were disrupted by homogenization with a mini Beadbeater (Biospec
Products, OK) using 0.5-mm glass beads until 90% of the cysts were destroyed,
as determined by examination under the inverted microscope (DMIL; Leica,
Wetzlar, Germany). The unbroken cells were removed by centrifugation at
20,000 � g for 20 min at 4°C. The supernatant was stored at �20°C until analysis.
The protein concentration was measured according to the method of Bradford by
using bovine serum albumin as the standard.

Zymogram assays of glycogen phosphorylase. The activity of glycogen phos-
phorylase in the direction of glycogen synthesis was determined using a method
of Steup (45). Proteins (18 �g per line) were electrophoretically separated on
nondenaturing polyacrylamide gel electrophoresis (PAGE) slab gels containing
0.1% (wt/vol) glycogen (type II, from oyster; Sigma), and zymograms of phos-
phorylase glucan-synthesizing activity were prepared as described previously
(45). Briefly, the gel with the separated proteins was equilibrated in 0.1 M
sodium citrate (pH 6.5)–14 mM 2-mercaptoethanol buffer for 30 min and then
incubated in 0.75% (wt/vol) glucose-1-phosphate in the same buffer at 37°C
overnight.

After being washed twice in bidistilled water, the gel was flooded with 0.13%
iodine–0.3% potassium iodine in bidistilled water and incubated until staining
was observed (approximately 10 min at room temperature). Glycogen phosphor-
ylase b from rabbit muscle (Sigma) was used as a control. The gels were photo-
graphed with a Kodak EDAS 290 digital documentation system.

Western blot analysis. Total protein extracts collected and prepared as de-
scribed above were electrophoretically separated on 10% SDS-PAGE gels and
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transferred onto nylon membranes using a Mini-Protean III system (Bio-Rad,
Hercules, CA). Membranes were incubated with an anti-human polyclonal gly-
cogen phosphorylase BB rabbit antibody (Spectral Diagnostic, Canada), and the
results were developed with an anti-rabbit immunoglobulin G antibody labeled
with alkaline phosphatase (Sigma, Tres Cantos, Madrid) by using the antidigoxi-
genin method as previously described (37).

Staining procedures. Aliquots collected at each time point were fixed and
stained for the presence of cellulose with 0.1% calcofluor fluorescent dye
(Sigma) in phosphate-buffered saline, pH 7.2, for 10 min (12). The slides were
examined with a Nikon Eclipse 90i fluorescent microscope, and digital images
were further processed using Adobe Photoshop. A total of approximately 500
cells per time point were observed.

Scanning electron microscopy. Amoeba aliquots were fixed in 2.5% glutaral-
dehyde in cacodylate buffer at 22°C for 12 h. The samples were then postfixed
with 1% (wt/vol) osmium tetroxide, and dehydration was carried out by using a
graded series of ethanol solutions. Fixed cells were sedimented onto electron

microscopy stubs previously covered with poly-L-lysine. The critical point was
reached by drying with liquid carbon dioxide. The dried samples were gold
coated, and the electron microscopy pictures were obtained with a LEO (Zeiss)
GEMINI-1530 scanning electron microscope.

Sensitivity and viability assays. To test the resistance of Acanthamoeba cysts,
a 5-min treatment with a nonionic detergent (SDS) was used as previously
described (12). SDS (0.5% [wt/vol] final concentration) was added to the 96-h
cultures in NEM. After exposure, 30-�l aliquots were inoculated onto nonnu-
trient agar plates covered with a heat-inactivated suspension of Enterobacter
aerogenes. The plates were incubated at 27°C for the next 7 days. The viability of
the cysts was monitored by their ability to excyst, i.e., to allow trophozoites to
emerge from the cysts and to multiply. The presence of the trophozoites was
detected microscopically using inverted microscopy.

Nucleotide sequence accession numbers. The sequences obtained in this study
were deposited in the GenBank database under the following accession numbers:
EU273887 to EU273889.

FIG. 1. Results from agarose gel electrophoresis showing PCR amplifications with the AGP primer pair. Lanes: 1, 100-bp DNA ladder; 2, A.
astronyxis; 3, SWT-22; 4, MN-7; 5, A. castellanii Neff; 6, empty; 7, negative control.

FIG. 2. Analyses of glycogen phosphorylase expression during encystation. (a and b) Northern blot analysis of glycogen phosphorylase
expression during encystation in siRNA-treated (b) and control (a) cultures of Acanthamoeba. Total RNA extracted at different time points during
encystation was electrophoresed at 80 V, blotted onto a nylon membrane, and probed with cDNA for glycogen phosphorylase. Top lanes, total
RNA hybridized with cDNA corresponding to the catalytic domain of Acanthamoeba glycogen phosphorylase. Bottom lanes, hybridization with 18S
mRNA as a control. Numbers indicate the hours after the induction of encystation. (c and d) Western blot analysis of glycogen phosphorylase
during encystation in siRNA-treated (d) and control (c) cultures of Acanthamoeba. Protein extracts from different time points during encystation
were incubated with polyclonal anti-human glycogen phosphorylase (BB) rabbit antibody, and results were developed with digoxigenin. Numbers
indicate the hours after the induction of encystation. (e) Analysis of glycogen phosphorylase activity during encystation of Acanthamoeba. Proteins
were isolated in time course experiments and separated by nondenaturing PAGE on a gel containing glycogen. Zymograms were developed by
iodine staining of polyglucan synthesized from glucose-1-phosphate. Numbers indicate the hours after the induction of encystation. Lane C,
positive control with glycogen phosphorylase b from rabbit muscle.
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RESULTS

Glycogen phosphorylase in Acanthamoeba. PCRs with the
AGP primer pair amplified a 516-bp fragment from each of
three of the four Acanthamoeba isolates used in this study, with
the exception being the A. astronyxis isolate (Fig. 1). After
sequencing of the amplified products and BLAST analysis, the
obtained sequences showed levels of homology to the available
A. castellanii Neff glycogen phosphorylase sequence of 98%
(MN-7 and SWT-22) and 99% (A. castellanii Neff strain ATCC
30010).

Northern blot analyses revealed that the expression of gly-
cogen phosphorylase mRNA was limited to the cells in the
early phase of encystment, between 8 and 24 h poststimulation,
while no expression was detected either in the dividing and
nondividing trophozoites, propagated in PYG and in NEM at
the beginning of starvation, respectively, or in the cells entering
the late phase of encystment (Fig. 2a). The levels of the ex-
pressed mRNAs decreased during encystation and became
undetectable after 24 h (Fig. 2a).

Glycogen phosphorylase was detected by Western blotting in
the aliquots taken at 12, 24, and 48 h after the induction of
encystment (Fig. 2c). Moreover, zymogram assays of glycogen
phosphorylase detected enzymatic activity (Fig. 2e) at 12 h
after the stimulation of encystation, and this activity persisted
up to 48 h, while no activity was detected 72 h poststimulation.

Silencing of the glycogen phosphorylase gene by siRNA
treatment. The data above suggested glycogen phosphorylase
to be significant for Acanthamoeba differentiation. In order to
examine this idea more directly, the encystation process was
initiated in the presence of the designed siRNAs in order to
knock down the glycogen phosphorylase gene.

Regarding possible cytotoxicity of siRNAs for acanthamoe-
bae, trophozoites (grown in the PYG medium) exposed to the
same concentration of the siRNA as the encysting cells in the
NEM did not show affected morphologies, and no mature cysts
(which would reflect a cellular stress response) were detected
after 96 h. Scrambled-siRNA-treated cultures did not show
affected morphologies and cyst formation either (data not
shown). Glucose added to NEM at the concentration corre-
sponding to that in PYG medium (1 mM) had no effect on
the differentiation of Acanthamoeba either in the absence or in
the presence of siRNA.

Northern blot analyses demonstrated high efficiency of the
designed siRNAs in the downregulation of the glycogen phos-
phorylase gene during the encystation assays. Moreover, trans-
fection with these siRNAs resulted in complete silencing of the
glycogen phosphorylase gene (Fig. 2b). As a result of the si-
lencing procedure, no glycogen phosphorylase was detected by
Western blot analysis (Fig. 2b).

To explore what effect the silencing had on the phenotypes
of the encysting cells, a comparative microscopic analysis of the
living acanthamoebae differentiating in the presence or in the
absence of siRNA (with glycogen phosphorylase knockdown or
expression, respectively) was performed. In living cultures,
both siRNA treated and untreated, three cell phenotypes were
seen: amoeboid trophozoites, rounded immature precysts, and
mature cysts (Fig. 3; also see Fig. 5). As shown in Fig. 3, there
were considerable differences in the proportions of the cellular
phenotypes between the populations of encysting cells with

and without the silencing of the glycogen phosphorylase gene.
In comparison to the normal course of the encystment process
demonstrated in Fig. 3b and Fig. 4a to d, the glycogen phos-
phorylase knockdown resulted in a dramatic decrease in the
number of mature cysts and an increase in the number of
immature precysts (Fig. 3a and 4e to h). In both treated and
untreated cultures, trophozoites predominated until 12 h post-
stimulation, which was the stage when the cells started to
round up (Fig. 4a and e). In the siRNA-treated cultures, ap-
proximately 38% of cells (n � 130) detached and became
rounded to form the precysts after approximately 24 h of en-
cystment (Fig. 3a). The number of precysts further increased,
so that after 72 h, 70% of the cells with the glycogen phos-
phorylase knockdown presented the precyst phenotype (Fig. 3a
and 4h). As shown in Fig. 3b and 4d, at the corresponding stage
of the normal encystment process, the precysts were absent
and the mature cysts constituted 83% of the population. Some
mature cysts were detected in siRNA-treated cultures (Fig. 3a
and 4h), but their levels did not exceed 4.5%.

Cellulose visualization by calcofluor staining of acanthamoe-

FIG. 3. Distribution of trophozoites, immature precysts, and ma-
ture cysts during the course of encystment in the presence (a) or
absence (b) of glycogen phosphorylase siRNA. The cell distribution
(percentages of different cell types at different time points after the
induction of encystation) was determined by counting cells viewed
under an inverse microscope. The minimum number of cells counted
per time point was 130; the maximum number of cells counted per time
point was 600. All experiments were repeated five times. Black col-
umns, trophozoites; gray columns, immature precysts; white columns,
mature cysts.

512 LORENZO-MORALES ET AL. EUKARYOT. CELL



bae resulted in the observation of three different patterns of
cellulose-containing structures on the cell surfaces: (i) irregu-
lar discontinuous patches (Fig. 5a); (ii) a single confluent cir-
cular layer (Fig. 5b); and (iii) two parallel confluent layers
partially separated from each other, the inner one thick and
smooth, the outer one thin and irregularly wrinkled (Fig. 5c).
Whereas the cellulose patches representing an early phase of
cyst wall development occurred in both siRNA-treated and
untreated cells approximately 12 h after the induction of en-
cystment, significant differences in late phases of the process
(between 48 and 72 h) were identified (Fig. 6). In the siRNA-
treated cultures, the majority of rounded cells representing the
precysts presented a single layer of calcofluor-positive material
on their surfaces (Fig. 6a and b), in contrast to double-layered
walls, which surrounded the mature cysts predominating in the
untreated cultures (Fig. 6c and d).

The addition of glucose to encysting cultures (both siRNA
treated and control) had no effect on the cell phenotypes or
proportions or the patterns of cellulose on the cell surfaces
(data not shown). Scanning electron microscopy data obtained
at the same stages further confirmed the observations de-
scribed above (Fig. 7).

Mature cysts (presenting both layers of the cyst wall after
72 h of encystment) were fully resistant to the treatment with
0.5% SDS, as demonstrated by their morphology (Fig. 8a) and
ability to excyst on agar plates within 24 h at 27°C (data not
shown), whereas single-walled precysts (observed mainly in the

FIG. 5. Phases of cyst wall formation as detected by calcofluor
staining. (a) The rounded trophozoite with cellulose patches on the
cell surface appears approximately 12 h after the induction of encys-
tation. (b) Immature precyst with a continuous cell wall containing
cellulose (approximately 24 h after the induction of encystation). A
single layer of the cell wall is indicated by arrows. (c) Two mature cysts
with both layers of the cell wall: a wrinkled exocyst (arrows) and an
endocyst (arrowheads) containing a larger amount of cellulose than
the exocyst.

FIG. 4. Morphology of the living acanthamoebae at different time points after the induction of encystation. (a to d) Control culture. (a) Twelve
hours after the induction of encystation, the trophozoites are detaching from the flask and starting to round up. (b) Twenty-four hours after the
induction of encystation, immature cysts with a single-layered cyst wall are present; the first mature cysts with both layers of the cyst wall are also
shown. (c and d) From 48 to 72 h after the induction of encystation, the number of mature cysts with both walls gradually increases, and at 72 h,
the population of acanthamoebae consists mainly of mature cysts. (e to h) siRNA-treated cultures. (e) Twelve hours after the induction of
encystation, trophozoites are starting to round up, similar to those in the control culture. (f) Twenty-four hours after the induction of encystation,
single-layered “pseudocysts” are observed as a main cell type. (g) No mature cysts are observed 48 h after the induction of encystation. The main
cell type present is the single-layered immature cyst. (h) Immature cysts represent approximately 70% of the cell population; the first mature cysts
are also observed. T, trophozoite; PC, immature precyst; C, mature cyst. Scale bar, 10 �m.
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siRNA-treated cultures after 72 h) did not survive the exposure
and underwent cell lysis (Fig. 8b and c). Furthermore, no
trophozoites were detected on agar plates until the stage 7 days
postinoculation, when the viability tests were finished.

In contrast to the other isolates included in this study, A.
astronyxis yielded no amplification products when PCR was
performed with the AGP primer pair (Fig. 1). When the course
of encystation of this particular strain was monitored, there
were nearly no differences found between siRNA-treated and
untreated cultures. By 96 h, the same percentages of mature
cysts presenting both layers of the cyst wall and exhibiting full
resistance to SDS treatment were observed in treated and
untreated populations (data not shown).

DISCUSSION

In this study, the possible role of glycogen phosphorylase
during the encystation process of Acanthamoeba spp. was sur-
veyed using RNAi methods in order to knock down glycogen
phosphorylase expression. When the expression of the glyco-
gen phosphorylase gene was silenced using siRNAs, the vast
majority of acanthamoebae were unable to form a resistant
double-layered cyst wall, as detected by cellulose staining and
electron microscopy. Moreover, siRNA-treated amoebae were
able to complete only the first part of the encystation process,
e.g., the synthesis of the outer layer of the cyst wall (exocyst),

FIG. 6. Cyst types characteristic of stages of Acanthamoeba encyst-
ment in the presence or absence of siRNA for glycogen phosphorylase.
(a and b) siRNA-treated culture after 24 h (a) or 48 h (b) of encyst-
ment. (c and d) Untreated control culture after 24 h (c) or 48 h (d) of
encystment. The single-layered immature precysts represented the
main cell type in the siRNA-treated cultures at both time points,
whereas in the untreated cultures, the mature cysts with both cyst wall
layers were already present after 24 h and prevailed after 48 h of
encystment. Scale bar, 10 �m.

FIG. 7. Phases of cyst wall formation as detected by scanning electron microscopy. (a) The rounded trophozoite with cellulose patches
on the cell surface appears approximately 12 h after the induction of encystation. (b) Immature precyst with a continuous cell wall
(approximately 24 h after the induction of encystation). A single layer of the cell wall is indicated by arrows. (c) Three mature cysts. The
wrinkled exocyst is clearly recognizable. (d) RNAi-treated acanthamoebae were not able to form a mature cyst. Mag, magnification; 12.00
K X, �12,000.
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which was shown not to be resistant enough in order to provide
protection against detergent lysis. Furthermore, the obtained
results provide evidence of the interrelationship between gly-
cogen phosphorylase and the biosynthesis of cellulose in the
cyst wall. It is also important to mention that these results
further point to possible differences in the mechanisms that
provide glucose for the synthesis of polysaccharides in the
inner and outer cyst wall layers.

Beside the CSP21 gene (17), the glycogen phosphorylase
gene is the second gene that has been proven to be specifically
expressed during the differentiation of Acanthamoeba cells into
cysts. Indeed, there are more candidate genes, including the
cellulose synthase gene(s) recently announced in the A. castel-
lanii genome project (1). Analogous to the CSP21 gene, the
glycogen phosphorylase gene of the A. castellanii and A.
polyphaga strains (all belonging to genotype T4) included in
this study can be regarded as inducible in that it seems to be
active only during the encystment process of these strains.
Northern blot analysis showed that the expression of glycogen
phosphorylase mRNA was restricted to the period between 8
and 24 h after the induction of encystment. No expression was
detectable in actively growing and stationary trophozoites, as
well as in the mature cysts. In this respect, the glycogen phos-
phorylase gene expression pattern strongly resembles that of
the CSP21 gene (17). Although a mechanism that underlies the
activation of the glycogen phosphorylase gene during encyst-
ment remains to be elucidated, we can hypothesize that, similar
to the CSP21 gene (10), the glycogen phosphorylase gene may
be repressed in growing cells and induced by the removal of a
specific repressor early in encystment. It seems likely that cyst-
specific genes, including those of the cellulose biosynthetic
pathway, may be coordinately regulated by the same mecha-
nisms. Antirepression has recently been suggested as a major
mechanism regulating Acanthamoeba differentiation (10).

During Acanthamoeba encystment, genes coding for both
structural and functional proteins involved in the cyst wall
assembly are expressed. Whereas the function of the CSP21
gene is yet to be proven, the incapacity to synthesize a double-
layered cyst wall resulting from interference with glycogen
phosphorylase gene expression clearly demonstrates that the
glycogen phosphorylase enzyme is required for normal cyst
wall assembly, most likely for the formation of the cell wall
inner layer. Although any specific marker for a particular layer

of the cyst wall is not available so far, we believe that it is the
endocyst assembly that is affected as a consequence of the
glycogen phosphorylase silencing. This assumption is based on
a comparative analysis of the normal course of encystation and
encystation after siRNA treatment. It has already been dem-
onstrated by ultrastructural and autoradiography studies that
the outer layer of the cyst wall is formed first (8, 9, 46). Our
study has further confirmed this finding. Moreover, it has
shown that there are no differences in the early phase of en-
cystment between siRNA-treated and control cells. In both cell
populations, the calcofluor-stained material forms a fine single
layer uniformly covering the entire surface of a rounded cell.
This layer corresponds to the early exocyst, as previously de-
scribed (36). However, the completion of the exocyst, including
the typical separation from the plasma membrane, and partic-
ularly, the assembly of the endocyst are completely blocked by
glycogen phosphorylase RNAi. Thus, the posttranscriptional
silencing of the glycogen phosphorylase gene yields immature
precysts covered by the exocyst, with apparently no ability to
form the endocyst, which strongly indicates the involvement of
the glycogen phosphorylase in the assembly of this particular
layer. Participation in cellulose biosynthesis through the deg-
radation of glycogen into phosphorylated glucose is the most
likely function of this enzyme.

Furthermore, the obtained results are in accordance with
those in previous reports addressing biochemical changes dur-
ing the encystment process (33, 46, 56). Stewart and Weisman
(46) referred to the incorporation of 3H-labeled glucose into
glycogen during the growth phase and subsequently, after the
induction of encystation, showing that the radioactivity was
found in the cellulose fraction of the cells.

Incomplete inhibition of the synthesis of polysaccharide (cel-
lulose; stained by calcofluor white in the siRNA-treated cul-
tures) raises the possibility of the involvement of other meta-
bolic pathways providing glucose for the synthesis of the outer
wall. Our observations are in agreement with those in a previ-
ous study by Chávez-Munguı́a et al. (9), in which it was re-
ported that calcofluor-stained material, first observed on the
encysting cells, was present in both layers of the mature cyst
wall and, consequently, also in a single layer of the immature
precyst wall. However, the specific wall component which is
stained by calcofluor has not been resolved yet, although it
clearly binds to cell walls that are composed of chitin, cellulose,
and other �-1,4-linked carbohydrates (18). Calcofluor has been
used to detect other exopolysaccharides with different oligo-
saccharide repeat units in Rhizobium sp. (14). Therefore, the
stained material which is present in the outer layer of the cyst
wall may not correspond to cellulose. Moreover, according to
Potter and Weisman (33), who analyzed alkali-soluble and
-insoluble fractions of A. castellanii cyst wall homogenates, a
portion of �-1,4-glucan with close similarity to but distinct
from cellulose may be synthesized beside cellulose during the
encystment process of these amoebae.

Additionally, the assembly of the outer cyst wall layer in the
RNAi-treated cells suggests that glycogen phosphorylase may
not be involved in this process. The activity of glycogen phos-
phorylase was shown to be the highest after 24 h of encystation
but moderate 12 h before, at the stage when the calcofluor-
staining patches were already present on the surfaces of the
encysting cells. No enzyme activity was observed between 0 and

FIG. 8. Sensitivity to 0.5% SDS of 72-h-old cyst stages formed in
siRNA-treated and untreated cultures. (a) The mature cyst from the
control cultures shows no affected morphology after a 5-min exposure
to SDS. Scale bar, 10 �m. (b) The immature precyst from the siRNA-
treated culture is undergoing lysis after a 3-min treatment with SDS.
(c) The empty single-layered cyst wall shelter is a residuum of the
SDS-treated precyst.
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12 h of encystment, as was previously reported (55). This find-
ing may indicate that there may be another mechanism pro-
viding glucose for the synthesis of polysaccharides in the exo-
cyst. In earlier studies, lysosomal hydrolases were suggested as
an alternative to the phosphorylitic breakdown of the glycogen
storage (55, 56). A functional glyoxylate pathway in encysting
acanthamoebae may provide some levels of glucose via acetyl
coenzyme A from lipid sources also (27, 50). The involvement
of a glyoxylate pathway in the synthesis of cellulose should be
considered, even though Stewart and Weisman (46) excluded
this possibility; it was previously shown that the inhibition of
the isocitrate lyase, a key enzyme of the pathway, leads to
partial inhibition of the encystation process (27). However,
further studies are needed in order to clarify the contribution
of different metabolic pathways in the synthesis of polysaccha-
rides involved in the formation of a resistant mature cyst wall.

Precysts surrounded by the single-layered wall were not pro-
tected against stressful conditions, as was shown by SDS treat-
ment. As SDS denaturizes proteins, this result may further
confirm that those acanthamoebae in which the expression of
glycogen phosphorylase was disabled by siRNAs were able to
finish only the first part of the cyst wall formation—the assem-
bly of the exocyst that consists mainly of proteins (17).

Negative PCR results and a very weak response of the iso-
late of A. astronyxis to glycogen phosphorylase RNAi further
support the view that this species is genetically very distinct
from other Acanthamoeba species (5, 6, 47). Similar differences
were described previously when the CSP21 protein was ana-
lyzed by Western blotting (17), as well as in a study on surface
carbohydrates in acanthamoebae (7). The fact that the rest of
the strains included in the present study belonged to genotype
T4, a group that includes pathogenic Acanthamoeba strains,
may also be related to the observations reported in this study.
Nevertheless, further studies using the glycogen phosphorylase
siRNAs and including other strains from the A. astronyxis
group (genotype T7) should be carried out.

In conclusion, as the encystation process leads to higher-
level resistance of acanthamoebae to the available treatments
(52), understanding it is crucial for the future development of
specific therapeutic targets. The development of new agents
which could block the encystment may be a powerful tool in
order to decrease the resistance of these amoebae, as was
previously shown (28, 32). Moreover, in a recent study (13), the
cellulose biosynthesis pathway was proposed as a possible tar-
get for the treatment of Acanthamoeba infections.

Finally, the results obtained in this study highlight the in vivo
potential of RNAi technology as an attractive candidate to be
included as an active component of future amoebicidal agents
for the treatment of Acanthamoeba infections.
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