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Free-living amoebae are protozoa found in soil and water. Among them, some are pathogenic and many have been described as
potential reservoirs of pathogenic bacteria. Their cell cycle is divided into at least two forms, the trophozoite and the cyst, and
the differentiation process is named encystment. As cysts are more resistant to disinfection treatments than trophozoites, many
studies focused on encystment, but until recently, little was known about cellular, biochemical, and molecular modifications
operating during this process. Important signals and signaling pathways at play during encystment, as well as cell responses at
the molecular level, have been described. This review summarizes our knowledge and focuses on new findings.

Free-living amoebae (FLA) are protozoa commonly found in
soil and water. Some of them are pathogenic (54) and can also

harbor pathogenic bacteria (61). Indeed, FLA feed on bacteria by
phagocytosis, but some bacteria can resist phagocytosis (23);
among them, some, such as Legionella pneumophila, are even able
to multiply within FLA (52). Thus, interaction between FLA and
L. pneumophila is a major concern for public health (3, 32). FLA
have developed a strategy in response to adverse conditions or
stresses: they differentiate from trophozoites, the vegetative form,
to cyst, the resting form. This differentiation is termed encystment
(for a review, see references 44 and 66). Encystment of FLA occurs
under various conditions, such as nutrient starvation and osmotic
stress, and as a response to bacterial toxins (12, 18, 22, 27, 46).
Cysts are particularly resistant to treatments and consequently
play a critical role in survival and spreading of FLA and potential
intracellular bacteria. Cysts and encystment of FLA have been
studied for many years, mainly at the morphological and bio-
chemical levels. More recently, cellular and molecular studies have
provided a better understanding of the mechanisms of encyst-
ment, but these new findings have never been reviewed. The aim
of this paper is to review these new findings.

CYST WALL MORPHOLOGY OF FLA

The differentiation of trophozoites into cysts induces huge mor-
phological changes (Fig. 1 and 2). Cysts are spherical and possess
an outer layer, the cyst wall. However, the morphology of cyst
walls depends on the genus and species and has been the basis for
identification of FLA.

The cysts of Acanthamoeba have a double-layered wall. The
ectocyst is the external layer, and the endocyst, which is formed
after the ectocyst, is the internal fibrillar layer. These layers are
composed of at least acid-insoluble proteins (45) and cellulose
(62), but the exact composition is not well known. The structure
of Acanthamoeba cysts has been well described by electron micros-
copy (5, 9). One to several holes named ostioles are present at the
surface of the cyst wall. It has been proposed that excystment
occurs through these ostioles after digestion of the opercula cov-
ering the ostioles (9).

Chávez-Munguía et al. suggest that cellulose is present in both
layers of the cyst wall (9), while previous studies proposed that

cellulose is present only in the endocyst (30, 66). Recently, it has
been shown that the ectocyst presented an irregular surface and
that vesicles were found within its wall. Using quick-freeze frac-
ture/deep etching with electron microscopy, it has been shown
that the endocyst is thinner and more fibrillar than the ectocyst
and resembles the cellulose structure in plant cell walls (29). En-
cystment has been demonstrated to correlate with development of
biocide resistance, with increasing content in alkali-insoluble res-
idues (cellulose) being associated with increasing resistance to
most chemical agents (63). Recent studies demonstrated consid-
erable variations in resistance to biocides of closely related Acan-
thamoeba isolates, suggesting that important variations exist be-
tween cyst wall compositions of these isolates (13).

Regarding Naegleria spp., there are reports with discrepant obser-
vations concerning the cyst wall structure, likely partly due to the fact
that different strains and species were used. Electron microscopy
studies reported that the cyst wall of N. gruberi consists of a double
layer, with the ectocyst being irregular and approximately 25 nm
thick and the endocyst appearing layered and 200 to 450 nm thick.
They both join at ostioles that are closed by opercula as described for
Acanthamoeba spp. (53). It has also been reported that the outer layer
present in the cysts of N. gruberi is absent in N. fowleri and N. jadini
(34). A recent analysis suggests that the Naegleria cyst wall is formed
only as a single thick fibrillar layer with detached irregular thin loops
that might have been confounded with a real ectocyst (8). The de-
tailed composition of Naegleria sp. cyst walls remains unknown, but
they are thought to contain chitin, since they are not stained with a
cellulose-specific marker (30) but can be stained with calcofluor
white M2R, indicating the presence of another kind of �-1-4-linked
polysaccharide (8). It should be underlined that chitin is found in
Entamoeba cysts (2).

To our knowledge, there is only one publication describing the
composition of Hartmannella cyst walls. It seems that the major
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components of the cyst wall are proteins with a glucose polymer
present in low quantity (64). Such as for Naegleria, the cysts of
Hartmannella spp. are not stained with a cellulose-specific
marker, suggesting that there is no cellulose in the walls (30). A
morphological study reported that the cyst wall of Hartmannella
vermiformis is composed of a 50-nm-thick endocyst and a 110- to
140-nm-thick ectocyst consisting of multilayered filamentous
material (58).

In Balamuthia spp., a third layer, named the mesocyst, has been
described (35).

SIGNALS AND SIGNALING PATHWAYS

The signals inducing encystment of FLA are various. Starvation is
a major signal for encystment in FLA (46, 50), and it also induces
encystment or differentiation in other amoebae, such as Entam-
oeba and Dictyostelium spp. Osmotic stress also clearly induces

FIG 1 Electron microscopy of Acanthamoeba sp. (A) Transmission electron microscopy of a trophozoite. (B) Scanning electron microscopy of a cyst. (C)
Transmission electron microscopy of a cyst. Ec, ectocyst; En, endocyst; M, mitochondria; N, nucleus; Op, operculum; Os, ostiole. Scale bars � 2 �m.

FIG 2 Electron microscopy of Hartmannella sp. (A) Transmission electron microscopy of a trophozoite. (B) Scanning electron microscopy of a cyst. (C)
Transmission electron microscopy of a cyst. Ec, ectocyst; En, endocyst; M, mitochondria; N, nucleus. Scale bars � 2 �m.
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encystment of Acanthamoeba, and this is true for osmotic stress
induced by various compounds like salts and glucose (6, 12, 18).

Also, the presence of intracellular bacteria could interfere with
encystment (14). Francisella tularensis type A strains cause the rapid
encystment of Acanthamoeba castellanii (21). Toxin-producing bac-
teria, such as Pseudomonas aeruginosa, can induce encystment in
Naegleria fowleri and Acanthamoeba castellanii (22, 27).

Encystment is efficiently induced by magnesium ions and tau-
rine in a nonnutrient medium (50). Magnesium and taurine in-
duce cyclic AMP (cAMP) synthesis, with cAMP itself being able to
induce encystment (49). cAMP induction could be due to activa-
tion of adenylate cyclase or inhibition of phosphodiesterase. An
inhibitor of phosphodiesterase caused induction of encystment
(49).

Encystment of Acanthamoeba is also induced by catechol-
amines (e.g., epinephrine and norepinephrine) and taurine (60,
65). The encystment induced by epinephrine is likely mediated by
a receptor that activates cAMP synthesis (43). Again, there is a
similar mechanism in Entamoeba, where a catecholamine-like
molecule is produced in response to interaction with galactose-
terminated ligands, like mucin. This catecholamine binds to an
adrenergic-like receptor and induces cAMP synthesis and encyst-
ment of this amoeba (11, 20).

Recently, Siddiqui et al. have shown that galactose enhances
Balamuthia encystment (57). These authors suggested that galac-
tose might mediate its response via a galactose binding protein
receptor, which has been previously described for Balamuthia
(36).

Also, Akins and Byers reported earlier that a factor, named
encystment-enhancing activity (EEA), secreted by Acanthamoeba
is able to stimulate encystment (1). The nature of this factor is not
described, but the authors suggest that it may be a modified nu-
cleotide, because its activity was sensitive to snake venom phos-
phodiesterase. However, this factor should be different from
cAMP, as cAMP phosphodiesterase was not active against EEA. It
is interesting that EEA was produced in high-density cultures;
thus, the authors speculated that this factor could act similarly to a
quorum-sensing signaling molecule. As well, Eichinger hypothe-
sized that catecholamines might be quorum-sensing molecules in
Entamoeba (20), and actually, catecholamines are agonists of au-
toinducer-3, a quorum-sensing molecule described in some bac-
teria (59). It suggests that catecholamines might be involved in
prokaryote-eukaryote communication. Our recent studies show
that higher cell density led to higher rates of encystment in Acan-
thamoeba, suggesting that this process could be controlled by quo-
rum sensing (E. Fouque, unpublished data).

Few signaling pathways have been proposed to be involved in
encystment. In Acanthamoeba, farnesyl protein transferase (FPT
III), an inhibitor of Ras farnesylation, reduced encystment (17).
Ras is a small GTPase that could activate the mitogen-activated
protein kinase (MAPK) pathway. However, other inhibitors of the
MAPK pathway (the p38 MAPK inhibitor SB203580 and the MEK
inhibitor PD98059) were tested, but they did not show any effects
on encystment. Together, these results suggest that the MAPK
pathway might be involved in encystment but that the compo-
nents of this pathway remain to be described. Also, the receptors
mediating this pathway remain to be characterized. As cAMP has
a direct impact on encystment, cAMP receptors are likely in-
volved, but Ras might also be coupled to the tyrosine kinase family
(RTK). In Balamuthia, tyrosine- and phosphatidylinositide 3-ki-

nase (PI3K)-mediated pathways are likely involved, since inhibi-
tors reduce encystment (57). Deciphering the signaling pathways
is of primary importance to understanding the mechanism of en-
cystment in FLA, and one should keep in mind that different path-
ways could be triggered by different signals.

THE CYTOSKELETON

As encystment is associated with morphological changes, it is ob-
vious that cytoskeletal rearrangements might occur. An early pub-
lication described the control of actin synthesis during encystment
(25). Transcription of actin genes was slightly repressed during
early stage of encystment, but protein synthesis was highly re-
duced, suggesting a translational regulation. A recent study de-
scribed that actin is partially degraded during the early stage of
encystment (28).

An inhibitor of actin polymerization, cytochalasin D, and an
inhibitor of Rho kinase, Y27632, repressed encystment of Acan-
thamoeba. Rho kinase is a small GTPase involved in regulation of
actin polymerization (17). These results confirmed that cytoskel-
eton rearrangement is crucial for encystment. Lately, similar re-
sults have been obtained for Balamuthia (57), suggesting that ac-
tin control is likely important for encystment of various FLA.

At the protein level, the gelation factor was induced in cysts (4).
This factor belongs to the filamin family and is involved in actin
cross-linking to maintain cell shape. Conversely, actophorin, a
protein from the ADP/cofilin family involved in the actin dy-
namic, is repressed in cysts (4). These results both suggest that
actin turnover is reduced. Recently, three genes encoding proteins
of the ADP/cofilin family of Entamoeba invadens have been stud-
ied. One of them was repressed during encystment, while the two
others were induced during excystment (33).

PROTEASES

Different proteases are likely involved in encystment and/or ex-
cystment of Acanthamoeba. One of them, a subtilisin-like serine
protease, is clearly associated to encystment. The mRNA corre-
sponding to this protein is induced during encystment (39, 40).
The protein is also specifically detected in cysts, as shown by two-
dimensional (2D) gel electrophoresis (4, 47). In addition, small
interfering RNA (siRNA) experiments targeting the catalytic do-
main of serine proteases, as well as chemical inhibitors of serine
proteases, efficiently reduced encystment in Acanthamoeba (16,
41). Altogether, these various works demonstrate that serine pro-
teases, at least the subtilisin-like serine protease, are crucial for the
differentiation into cysts. During differentiation, there is a need
for protein turnover, which is completed via lysosomes or ubiq-
uitin-proteasome systems. It is proposed that these proteases may
mediate autophagic functions, as the protein associates with au-
tophagosomes during encystment (16, 41). Reinforcing this hy-
pothesis, a recent study showed that an autophagy protein was
also involved in encystment. Indeed, this protein was induced in
cysts, and repression of its synthesis by siRNA decreased encyst-
ment (42). Also, the presence of autolysosomes during encyst-
ment was visualized by electron microscopy (5).

Recently, another family of proteases, the cysteine proteases,
was also reported to be involved in encystment. A study carefully
followed by 2D gel electrophoresis the expression of proteins dur-
ing encystment (28). The authors concluded that most of the
changes occurred during the early stage of encystment. They also
showed that specific inhibitors of cysteine proteases partially re-
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duce encystment. Cysteine proteases are also induced at the RNA
level during encystment (38). In Entamoeba, a cysteine protease,
induced during encystment, did not colocalize with autophago-
somes, suggesting that it is not involved in autophagy (19).

THE CYST-SPECIFIC PROTEIN CSP21

The first described molecular change in FLA during encystment
is the expression of CSP21 (cyst-specific protein of 21 kDa). This
protein has been identified by SDS-PAGE analysis. CSP21 is hy-
drophilic and produced during early stages of encystment (24).
Despite the fact that the precise cellular localization is not known,
immunodetection results suggest that this protein is associated
with cyst walls (24). Studies at the mRNA level have confirmed its
early expression during the encystment process (10) and that this
expression is specific for cysts (39). However, the role of this pro-
tein is not established yet.

CELL WALL SYNTHESIS

Pioneering works have demonstrated that during encystment,
Acanthamoeba induces the incorporation of glucose into cellulose
(50, 51) and that �-glucan synthetase activity is induced (48). The
digestion of cyst walls could be achieved by proteases, cellulase,
and chitinase. These enzymes are secreted by Acanthamoeba dur-
ing excystment (26). Galactose and glucose were present in high
levels in the cyst walls (17). During encystment, isocitrate dehy-
drogenase and isocitrate lyase were regulated, suggesting that lip-
ids were degraded and that acetyl coenzyme A (acetyl-CoA) might
be used for cellulose synthesis (37).

Cysts of Acanthamoeba are more resistant against treatments
than trophozoites, likely because of their specific wall. As the walls
are partly made of cellulose, it has been speculated that inhibition

of cellulose synthesis might induce sensitivity. One study has
tested a cellulose synthesis inhibitor (2,6-dichlorobenzonitrile)
and showed that this inhibitor blocks encystment and favors sub-
sequent treatment (15). The authors logically claimed that the
cellulose pathway is a novel target to improve Acanthamoeba
treatment.

Another recent study has also targeted cellulose metabolism by
inhibiting the glycogen phosphorylase (31). This enzyme is usu-
ally involved in glycogen hydrolysis to glucose, which may then
serve in cellulose synthesis. The expression of glycogen phosphor-
ylase was inhibited by siRNA methods, leading to a defect in en-
cystment. The treated cells were able to synthesize only their ecto-
cyst layer and not their endocyst layer. Northern blot analysis
showed that the expression of glycogen phosphorylase occurred
between 8 and 24 h after the induction of encystment.

Also, the expression of two enzymes involved in the glycolytic
pathway (enolase and fructose bisphosphate aldolase) was modu-
lated during encystment in different genera. Enolase is expressed
during cyst formation in Naegleria fowleri (7) and in Acantham-
oeba (4). It is likely that these enzymes might be related to cellulose
synthesis (4). The induction of enolase in cysts confirmed a pre-
vious study conducted at the mRNA level in Acanthamoeba (39).
Finally, enolase is also involved in differentiation of Entamoeba
histolytica and was localized at the cyst wall, suggesting a role dif-
ferent from the one in the glycolytic pathway (55, 56).

CONCLUSION

Cysts of FLA are much more resistant to treatment than tropho-
zoites and can survive for a long time in harsh conditions. They are
particularly important for persistence and spreading of FLA, lead-
ing to potential health problems. Therefore, it is important to

FIG 3 Signals, signaling pathways, and responses involved in the encystment of Acanthamoeba.
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study cyst formation in order to find new treatments to inhibit this
process. In this paper, we reviewed major biochemical, molecular,
and cellular modifications at work during encystment of FLA, but
most of the studies have been dealing with Acanthamoeba as sum-
marized in Fig. 3. However, the information is scarce, and we need
to focus on several interesting points. First, the signals inducing
encystment of FLA are globally well known (starvation and os-
motic stress, etc.) even if some of them likely remain to be discov-
ered. For example, we need to clarify if catecholamine is a global
signal in every genus of FLA and if catecholamine could be pro-
duced by FLA, as it is the case for Entamoeba invadens. Second,
there is still a huge lack of information regarding the signaling
pathways involved in encystment. Little is known about the recep-
tors inducing encystment, and although Ras, MAPK, and PI3K
pathways were recently linked to encystment, there is no clear link
between signals, these pathways, and the cellular response. For
example, it is unclear which pathway is induced by cAMP, and no
pathway has been completely described. Also, we still do not know
if these signals use the same or different pathways to induce en-
cystment. If there are independent pathways, we would need to
block all of them to inhibit encystment. Third, we speculate that
quorum-sensing molecules might be involved in encystment, as
suggested by several hints. However, it remains to be confirmed
and tested in various FLA. If this is true, inhibition of encystment
by disturbing the quorum-sensing communication could be en-
visioned. Fourth, focusing on cellular response, actin, proteases,
and cell wall synthesis are clearly regulated, but we can speculate
that other molecules yet to be found are likely involved. Fifth, a
growing interest deals with the role of intracellular bacteria that
could interfere with the encystment process. Sixth, it is essential to
study excystment, as this process has been studied less than en-
cystment. Seventh, as most of the studies have been conducted on
Acanthamoeba, there is a need to study more thoroughly other
main genera of FLA, such as Naegleria, Balamuthia, and Hartman-
nella, because not all these genera are phylogenetically related.

With the aim of responding to these questions, modern tools
should be used or developed. Future research should be focused
on genomic and transcriptomic studies on the main genera to
decipher in detail mechanisms of encystment. In particular, there
is an urgent need of genome sequences in all major FLA genera,
and most of all, we are convinced that transcriptomic studies, via
RNA-Seq, should be the priority to get a whole picture of gene
regulation during encystment. In order to manipulate gene ex-
pression, siRNA has been recently used, but there is a need to
develop other tools for mutagenesis and stable transfection.

Eventually, these efforts should help to improve disinfection
efficacy and limit health problems due to FLA themselves and/or
intracellular pathogenic bacteria.
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