
Acta Protozool. (2014) 53: 139–144 
http://www.eko.uj.edu.pl/ap

doi:10.4467/16890027AP.14.013.1594 ACTA
PROTOZOOLOGICA

Taste and Smell in Acanthamoeba Feeding
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Abstract. The ability to detect food in the environment is an essential function among all living organisms and must have arisen at the 
beginning of life. The anatomical, morphological and molecular features involved in taste and smell may differ among disparate groups, 
but the principle of chemoreception is conserved. Here we debate the sense of taste and smell in the feeding behaviour of the unicellular 
protist, Acanthamoeba. 

Key words: Acanthamoeba, chemoreception, protist, model organism.

Address for correspondence: Naveed Ahmed Khan, Department of 
Biological and Biomedical Sciences, Aga Khan University, Stadium 
Road, Karachi, Pakistan; Tel: 92-(0)21-3486-4540; Fax: 92-(0)21-
3493-4294; E-mail: Naveed5438@gmail.com

Review paper

ACANTHAMOEBA: A MODEL ORGANISM

Acanthamoeba was discovered as a culture contami-
nant of the fungus, Cryptococcus pararoseus in 1930 
by Castellani (Castellani 1930). In recent decades, 
Acanthamoeba has gained significant attention by the 
scientific community. It is used as a model organism to 
study the molecular basis of motility, ability to capture 
prey by phagocytosis, and host-pathogen interactions. 
It is also described as the Trojan horse of the microbial 
world, an organism involved in hyperparasitism (para-
site within a parasite), as well as a component of the 
ecosystem (reviewed in Khan 2009). Recently, it has 
been suggested to be a ‘genetic mixer’, i.e., an environ-
mental sanctuary for bacterial/viral pathogens facilitat-

ing genetic exchanges which affect their virulence, as 
well as cellular differentiation. Moreover, the discovery 
of Mimivirus (closer to prokaryotes than viruses) inside 
Acanthamoeba challenged scientific theories on evolu-
tion among virologists and evolutionists (Raoult et al. 
2004, Yamada 2011, Colson et al. 2012). The purpose 
of this article is to discuss the potential of Acanthamoe­
ba as a model organism of yet another physiologically 
important function: that is sensing food. This property 
is highlighted in the context of selective feeding behav-
iour of this important unicellular organism. 

SENSING TASTE AND SMELL

Taste and smell are important sensory mechanisms 
designed to sense food from a distance and finally ex-
amine it before allowing its entry into the body of the 
cell or an organism. Both invertebrate and vertebrate 
animals are able to taste and smell. For example, mam-
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mals use specialized gustatory cells on the tongue to 
taste and cells in the nasal cavity to detect volatile 
chemicals during smelling. The senses of taste (gusta-
tion) and smell (olfaction) are both chemical senses to 
respond to specific chemicals in the environment. Our 
perception is that a useful diet both smells and tastes 
good, while harmful substances smell and taste bad. 
As both taste and smell are chemical senses, they are 
detected by receptors (chemoreceptors) that provide 
chemical composition of substances. Given the vital 
nature of these senses for any living organism, it is like-
ly they are the first senses that develop in life (Wicher 
2012). Hence, the anatomical, morphological and mo-
lecular features involved in taste and smell may dif-
fer amongst disparate groups, but the principle of this 
fundamental sense, i.e., chemical sensory systems have 
most likely been preserved throughout the evolution of 
life on earth (Biswas et al. 2009, Gees et al. 2010, Nor-
dström et al. 2011). Moreover, the functional separa-
tion between these two systems is blurred in some cases 
and there are more subsystems serving chemosensory 
roles. From an evolutionary perspective, taste and smell 
were only separated in land animals. For sea creatures, 
there is only one chemical sense because all chemicals 
get dissolved in the same medium, i.e., water, and there 
is no need for two separate senses. For example, cat-
fish have chemoreceptors all along their body to detect 
taste. On the other hand, flies have receptors on their 
feet and detect food particles by landing on them. 

Among the single-celled eukaryotes, Amoebae 
evolved early in life (Philippe et al. 2000). In this di-
verse group of organisms, Acanthamoeba [amoeba 
with spines (Greek acanth means spine) on its surface] 
is a free-living amoeba, commonly found in soil and 
freshwater environments, but it is also an opportunistic 
protist pathogen and is known to cause granulomatous 
amoebic encephalitis and keratitis. Although the single-
celled microorganisms are estimated to have emerged 
on the earth approximately 3–4 billion years ago, based 
on ribosomal RNA sequences, it is estimated that 
Acanthamoeba diverged from the main line of eukaryo-
tic descent, sometime between the divergence of yeast 
(~ 1.2 × 109 years ago) and the divergence of plants and 
animals (~  1 × 109 years ago) (Roger and Hug 2006, 
Khan 2009). Being a free-living amoeba, Acanthamoe­
ba feeds on soil bacteria on land, as well as freshwa-
ter bacteria (Preston et al. 2001), thus it can serve as 
a model organism to study chemosensory systems. As 
distinction between taste and smell is not necessary for 
aquatic metazoans, it is likely that this is also the case 

for aquatic protists such as amoebae. Regardless of 
however the environment, i.e., solid substratum such as 
agar or surface microlayer of natural ponds, feeding oc-
curs by phagocytosis, an apparent characteristic of most 
amoebae (Preston et al. 2001).

Like other microbes, Acanthamoeba exhibits chem-
osensory responses and possesses receptor(s) in its 
plasma membranes to detect chemo-attractants (Schus-
ter and Levandowsky 1996). For example, A.  castel­
lanii responds to a variety of bacterial products such 
as lipopolysaccharide, lipid A, and cyclic AMP, lipotei-
choic acid, N-acetyl glucosamine, and chemotactic pep-
tide formyl-methionyl-leucyl-phenylalanine by moving 
actively toward the attractant. Mannose or manno-
sylated bovine serum albumin yields non-significant 
responses. Treatment of A. castellanii with trypsin re-
duces the directional response of cells, suggesting the 
amoeba plasma membrane has receptors, sensitive to 
these chemo-attractants, which are different from the 
mannose-binding protein of Acanthamoeba. The man-
nose-binding protein is involved in binding bacteria to 
the plasma membrane of Acanthamoeba during phago-
cytosis (Schuster and Levandowsky 1996), as well as 
the amoeba binding to the host cells during infection 
(Alsam et al. 2003, Garate et al. 2004). 

PREFERENTIAL FEEDING BEHAVIOUR 
OF ACANTHAMOEBA IS NOT UNUSUAL 
AND COMMONLY OBSERVED IN OTHER 
SPECIES 

For many researchers, preferential feeding behav-
iour of Acanthamoeba is mystifying. While Acan­
thamoeba is known to not only feed on bacteria (Week-
ers et al. 1993), but yeast (Allen and Dawidowicz 
1990), archea (Iqbal et al. 2012) and other protists 
are also grazed upon (Khan 2009). In addition to food 
particles, Acanthamoeba avidly takes up non-nutritive 
particles such as polystyrene latex spherules of micro-
scopic size (Korn and Weisman 1967, Chambers and 
Thompson 1976, Yan et al. 2004), however it possesses 
the ability to discriminate internally between digestible 
and indigestible particles (Bowers 1983). 

Given a choice, Acanthamoeba preferentially feeds 
on Gram negative bacteria (Weekers et al. 1993, Rosen-
berg et al. 2009), indicating the presence of external 
chemosensory discrimination, as well as internal dis-
crimination. Moreover, Acanthamoeba-bacteria are in-
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volved in complex interactions, the outcome of which 
is dependent on the virulence properties of Acanth­
amoeba, the virulence properties of bacteria and the 
environmental conditions (Greub and Raoult 2004, 
Khan 2006). For the scope of this article, here we fo-
cus on the role of Acanthamoeba as a bacterial predator 
only, while the role of amoeba as a vector/biological 
reservoir of bacterial pathogens has been covered else-
where and is not discussed (Greub and Raoult 2004; 
Khan 2006, 2009). In its role as a bacterial grazer, it 
is assumed that processes involved in bacterial uptake 
are mediated by Acanthamoeba, fulfilling amoebal nu-
tritional requirements, whereas bacteria play a rather 
passive role and fall prey to this microbial predator. It 
is puzzling that Acanthamoeba feeds preferentially on 
Gram negative bacteria but not on Gram positive bacte-
ria (Weekers et al. 1993, Rosenberg et al. 2009). Even 
among the Gram negative bacteria, Acanthamoeba ex-
hibits selectivity for certain species (e.g., Escherichia 
coli and Enterobacter aerogenes), however the basis of 
this selectivity is not known. It can be postulated that 
the taste and smell stimuli (pheromones/chemicals) of 
bacteria and/or presence of specific chemical sensory 
systems may explain Acanthamoeba’s ability to exhibit 
prey discernment during its feeding behavior. This is 
not a novel concept as preferential feeding behaviour 
is common in animals. For example, aversion of raw 
tomatoes by many of us has been attributed possibly to 
some of the 400 volatite compounds giving it a harsh 
smell for some, and/or presence of geranial, 2-methyl-
butanol, 3-methyl-1-butanol or furaneol contributing 
to its sweetness (Tieman et al. 2012). Similar studies 
on cilantro have indicated that in addition to smell and 
flavour, the genetic makeup of an individual play a role 
in the liking/disliking of cilantro and this is accredit-
ed to absence, presence or mutation of receptor genes 
(Mauer and El-Soheny 2012). For example, people 
disliking cilantro detect a soapy odor but have a mu-
tated or absent receptor gene which detects the pleasant 
smelling compound. About 25% of the population can-
not taste propylthiouracil, a chemical similar to bitter 
compounds found in coffee, cabbage, dark beers as they 
possess the wrong variant of its receptor, TAS2R38 on 
the tongue (Hayes et al. 2011, Drayna 2005). However, 
its never about a single gene but an array of chemicals 
or their combinations that are detected by chemical 
sensory systems that determines preferential feeding 
behaviour. 

Chemical sensory systems are functional complexes 
of receptors (chemoreceptors) and downstream sign-

aling molecules. Chemoreceptors are transmembrane 
proteins that transduce a chemical signal in the exter-
nal environment into an action potential and relay this 
information intracellularly. Following the binding of 
molecules to their external surface, chemoreceptors are 
activated, and transduce an external signal into an in-
tracellular signal. A sensory system to detect chemical 
senses is present in all living organisms, from simple 
prokaryotes to highly complex vertebrates. For ex-
ample, in Escherichia coli, chemoreceptors are trans-
membrane methyl-accepting chemotaxis proteins (Ha-
zelbauer et al. 2008) and they sense amino acids using 
glutamate receptors, while yeast chemoreceptors are 
G‑protein coupled receptors to detect sugar/pherom-
ones (Versele et al. 2001), and transient receptor poten-
tial channels for sensing aromatic compounds (Nilius 
and Owsianik 2011). Nematode chemoreceptors are 
receptor guanylyl cyclases, many G-protein coupled 
receptors, transient receptor potential channels, and 
receptors related to glutamate receptors (Croset et al. 
2010). In vertebrates, these include receptor tyrosine 
kinases, guanylyl cyclases, many G-protein coupled 
receptors, transient receptor potential channels, and re-
ceptors related to glutamate receptors (Petersen et al. 
2011, Fulle et al. 1995, Sun et al. 2009, Kaupp 2010). 
For multicellular organisms, chemoreceptors can be 
divided into two major types: (i) ionotropic receptors 
that are ion channels and are activated immediately 
by ligand binding, and (ii) metabotropic receptors that 
activate an intracellular signaling cascade leading to 
enzyme activation, second messenger production, ac-
tivation of ion channels etc. (Biswas et al. 2009, Gees 
et al. 2010, Nordström et al. 2011). Among ionotropic 
receptors, P2X receptors are activated by adenosine tri-
phosphate (ATP), leading to opening of a non-selective 
cation pore, membrane depolarization and calcium in-
flux (North 2002). ATP plays an important physiologi-
cal role as a transmitter molecule in processes including 
sensation of pain, taste, breathing and inflammation via 
activation of P2X receptors. The identification of P2X 
receptors in Distyostelium suggests its early lineage 
(Ludlow et al. 2008). In addition to possible presence 
of P2X receptors, Acanthamoeba are also known to 
exhibit ecto-ATPases (ATP degradating enzymes), i.e., 
glycoproteins present in their plasma membranes and 
their active sites face the external medium rather than 
the cytoplasm and hydrolyse extracellular ATP, regulat-
ing extracellular ATP-dependent processes and protec-
tion from cytotoxic effects of ATP (Sissons et al. 2004). 
Additionally, phagocytosis in A. castellanii is associ-
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ated with elevated levels of adenosine monophosphate 
(AMP) (Edwards and Doulah 1982), much of which is 
found extracellularly (Edwards and Lloyd 1977). 

The directional movement of organisms in response 
to external stimuli is well known (Grishanin and Bibik-
ov 1997, Armitage 1999, Taylor et al. 1999, Vickers 
2000, Schweinitzer and Josenhans 2010) and this has 
been described in the context of aerotaxis (stimula-
tion by oxygen), anemotaxis (wind), barotaxis (pres-
sure), chemotaxis (chemicals), galvanotaxis (electrical 
current), gravitaxis (gravity), hydrotaxis (moisture), 
magnetotaxis (magnetic field), osmotaxis (osmolarity), 
phototaxis (light), rheotaxis (fluid flow), thermotaxis 
(temperature changes), and thigmotaxis (physical con-
tact) to name a few. The complexity doesn’t end there. 
Even the same type of chemoreceptor exhibits variabil-
ity in receptor topology and the type of sensor domain. 
For example, bacterial methylaccepting chemotaxis 
proteins exhibit six major topologies and differ being 
membrane-bound or cytoplasmic and vary in the loca-
tion of ligand binding (Krell et al. 2011). The overall 
process of any form of taxis involves, the input signal 
(such as cGMP), the receptor (such as G-protein-cou-
pled receptors), and mode of activation, the presence 
of additional cytoplasmic signal transduction proteins 
or the motor mechanism (such as small GTPases and 
adelylyl cyclase activation, affecting distribution of 
myosin in the cell localizing the construction of the ac-
tin cytoskeleton), leading to a desired effect (e.g., ac-
tin polymerization and directed cell movement) for the 
organism. The absence of any single molecule in this 
pathway would result in ‘no taxis’. But how it affects 
the preferential feeding behaviour of Acanthamoeba, is 
not known. Acanthamoeba exhibits preferential feeding 
behaviour only in the presence of a variety of avail-
able foods. In the absence of any choice, it may attack 
any available bacteria, be that Gram negative E. coli 
(Alsam et al. 2006), Gram positive methicillin Staphy­
lococcus aureus (MRSA) (Huws et al. 2006), spore-
forming bacteria such as Bacillus anthracis (Dey et al. 
2012), and thermophilic Sulfolobus spp. (Iqbal et al. 
2013). However, cannibalism is prevented by the secre-
tion of proteins (Khan 2009). The question is, if there 
is a choice of food, what determines Acanthamoeba’s 
liking? Even if we focus on chemotaxis as a feature to 
locate food and ignore other types of taxis, the molecu-
lar and cellular mechanisms underlying odor and phe-
romone sensing in Acanthamoeba are not known. For 
instance, bacteria produce various types of pheromones 
(Lacey and Dutkiewicz 1994, Chanda 1996, Chang et 

al. 2010) and possibly hundreds of terpenes (Cane and 
Ikeda 2012), which are regulated by environmental 
and/or physiologically-relevant conditions. To this end, 
Acanthamoeba’s preferential feeding behaviour may be 
determined by: (i) types of pheromones/terpenes pro-
duced by certain bacterial species that are preferred by 
Acanthamoeba, (ii) absence of desired pheromones/
terpenes and/or intrinsic presence of deterrent phe-
romones/terpenes in disfavored bacteria, (iii) inducible 
expression of averted pheromones/terpenes in certain 
bacterial species as opposed to others. In addition, 
chemoreception of Acanthamoeba can be highly di-
verse and requires detailed understanding of the signal, 
receptor, intracellular signal transduction cascade and 
motor mechanisms leading to a functional response. 

Overall, the likely explanations of Acanthamoeba’s 
preferential feeding of Gram negative bacteria such 
as E. coli and E. aerogenes are as follows: (i) the di-
versity of odor/pheromones/terpenes of bacteria or 
by-product of bacterial metabolism may appeal/repel 
Acanthamoeba to certain bacterial species compared 
with other microbes, (ii) the presence and/or absence of 
specific functional chemoreceptors on the extracellular 
surface of Acanthamoeba to locate food, (iii) size and 
morphological characteristics of the prey, (iv) biochem-
ical properties of the bacterial surface elements such as 
capsule, lipopolysaccharide, outer membrane proteins, 
peptidoglycans (Alsam et al. 2006, Humann and Lenz 
2009), may stimulate amoebae taste buds, or depending 
on the structural and biochemical properties inhibit de-
tection and uptake, and (v) the presence and/or absence 
of lytic enzymes endogenous to Acanthamoeba (such as 
glycosidases, amidases, endopeptidases, exopeptidases, 
DNAses, RNAses, lipases) required to degrade a par-
ticular prey or its molecular structures may determine 
Acanthamoeba preferential feeding habits. Another im-
portant area of study is what attracts Acanthamoeba to 
human cells as food source and whether such senses 
determine its species specificity, tissue specificity, and 
cellular specificity and how such a sense is linked to 
the underlying molecular mechanisms to initiate degra-
dative processes resulting in host damage contributing 
to its pathogenicity. Whether certain amoebal species/
genotypes lack sensory system receptor genes or pos-
sess variants and its link to a particular host with an 
unwanted damage is a speculative but interesting topic 
for further research. Another important area of study 
is the ability of Acanthamoeba to avidly takes up non-
nutritive particles such as polystyrene latex spherules, 
albeit subjected to internal discrimination (Korn and 
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Weisman 1967, Chambers and Thompson 1976, Yan et 
al. 2004). Clearly, there is some peculiar bypass of the 
normal chemosensory mechanism for selective attach-
ment and uptake of particulates when objects such as 
polystyrene latex spherules are so avidly consumed and 
this should be explored in future studies. 

CONCLUSIONS 

In summary, certain bacterial chemo-attractants may 
prove to be the ‘smell of love’ to chemo-attract Acanth­
amoeba. This together with the presence of specific 
receptors (“sensory organs for taste and smell”) to de-
tect favourable prey and subsequent motor mechanisms 
may determine their preferential feeding behaviour 
of certain bacterial species. Being a relatively simple 
organism, Acanthamoeba offers a unique opportunity 
to understand the physiological roles of this critically 
important property. Future studies will determine pre-
cisely the molecular information of bacterial scent and 
amoebal chemoreceptors (G-protein-coupled recep-
tors), which will help us understand the biology of this 
fascinating organism occupying an important position 
in the evolution of eukaryotic organisms, and the find-
ings will help elucidate the biological benefits of this 
important function in vertebrates. 

REFERENCES

Allen P. G., Dawidowicz E. A. (1990) Phagocytosis in Acantham­
oeba: 1. A mannose receptor is responsible for the binding and 
phagocytosis of yeast. J. Cell Physiol. 145: 508–513

Alsam S., Jeong S. R., Sissons J., Dudley R., Kim K. S., Khan N. A.  
(2006) Escherichia coli interactions with Acanthamoeba: 
a  symbiosis with environmental and clinical implications. 
J. Med. Microbiol. 55: 689–694

Alsam S., Kim K. S., Stins M., Rivas A. O., Sissons J., Khan N. A. 
(2003) Acanthamoeba interactions with human brain microvas-
cular endothelial cells. Microb. Pathog. 35: 235–241

Armitage J. P. (1999) Bacterial tactic responses. Adv. Microb. 
Physiol. 41: 229–289

Biswas K. H., Shenoy A. R., Dutta A., Visweswariah S. S. (2009) 
The evolution of guanylyl cyclases as multidomain proteins: 
conserved features of kinase-cyclase domain fusions. J. Mol. 
Evol. 68: 587–602

Bowers B., Olsewskite E. (1983) Acanthamoeba castellanii dis-
criminates internally between digestible and indigestible par-
ticles. J. Cell Biol. 97: 317–322

Cane D. E., Ikeda H. (2012) Exploration and mining of the bacterial 
terpenome. Acc. Chem. Res. 45: 463–472

Castellani A. (1930) An amoeba found in culture of yeast: prelimi-
nary note. J. Trop. Med. Hyg. p. 160

Chambers J. A., Thompson J. E. (1976) Phagocytosis and pino-
cytosis in Acanthamoeba castellanii. J. Gen. Microbiol. 92: 
246–250

Chanda S. (1996) Implications of aerobiology in respiratory allergy. 
Ann. Agric. Environ. Med. 3: 157–164

Chang H. C., Kish L. B., King M. D., Kwan C. (2010) Binary 
fingerprints at fluctuation-enhanced sensing. Sensors 10: 361–
373

Colson P., de Lamballerie X., Fournous G., Raoult D. (2012) Re-
classification of giant viruses composing a fourth domain of life 
in the new order Megavirales. Intervirology 55: 321–332

Croset V., Rytz R., Cummins S. F., Budd A., Brawand D., Kaess-
mann H., Gibson T. J., Benton R. (2010) Ancient protostome 
origin of chemosensory ionotropic glutamate receptors and the 
evolution of insect taste and olfaction. PLoS Genet. 6: e1001064

Dey R., Hoffman P. S., Glomski I. J. (2012) Germination and am-
plification of anthrax spores by soil-dwelling amoebas. Appl. 
Environ. Microbiol. 78: 8075–8081

Drayna D. (2005) Human taste genetics. Ann. Rev. Genomics Hum. 
Genet. 6: 217–235

Edwards S. W., Doulah F. A. (1982) Elevation of AMP levels during 
phagocytosis in Acanthamoeba castellanii. J. Gen. Microbiol. 
128: 2919–2925

Edwards S. W., Lloyd D. (1977) Changes in oxygen uptake rates, 
enzyme activities, cytochrome amounts and adenine nucleotide 
pool levels during growth of Acanthamoeba castellanii in batch 
culture. J. Gen. Microbiol. 102: 135–144

Fülle H. J., Vassar R., Foster D. C., Yang R. B., Axel R., Garbers 
D. L. (1995) A receptor guanylyl cyclase expressed specifically 
in olfactory sensory neurons. Proc. Natl. Acad. Sci. U.S.A. 92: 
3571–3575

Garate M., Cao Z., Bateman E., Panjwani N. (2004) Cloning and 
characterization of a novel mannose-binding protein of Acanth­
amoeba. J. Biol. Chem. 279: 29849–29856 

Gees M., Colsoul B., Nilius B. (2010) The role of transient receptor 
potential cation channels in Ca2+ signaling. Cold Spring Harb. 
Perspect. Biol. 2: a003962

Greub G., Raoult D. (2004) Microorganisms resistant to free-living 
amoebae. Clin. Microbiol. Rev. 17: 413–433

Grishanin R. N., Bibikov S. I. (1997) Mechanisms of oxygen taxis 
in bacteria. Biosci. Rep. 17: 77–83

Hayes J. E., Wallace M. R., Knopik V. S., Herbstman D. M., Bar-
toshuk L. M., Duffy V. B. (2011) Allelic variation in TAS2R bit-
ter receptor genes associates with variation in sensations from 
and ingestive behaviors toward common bitter beverages in 
adults. Chemical Senses 36: 311–319

Hazelbauer G. L., Falke J. J., Parkinson J. S. (2008) Bacterial che-
moreceptors: high-performance signaling in networked arrays. 
Trends Biochem. Sci. 33: 9–19

Humann J., Lenz L. L. (2009) Bacterial peptidoglycan degrading 
enzymes and their impact on host muropeptide detection. J. In­
nate. Immun. 1: 88–97

Huws S. A., Smith A. W., Enright M. C., Wood P. J., Brown M. R. 
(2006) Amoebae promote persistence of epidemic strains of 
MRSA. Environ. Microbiol. 8: 1130–1133

Iqbal J., Siddiqui R., Khan N. A. (2013) Acanthamoeba can propa-
gate on thermophilic Sulfolobus spp. Parasitol. Res. 112: 879–
881

Kaupp U. B. (2010) Olfactory signalling in vertebrates and insects: 
differences and commonalities. Nat. Rev. Neurosci. 11: 188–200

Khan N. A. (2009) Acanthamoeba: Biology and Pathogenesis. Cais-
ter Academic Press. ISBN 978-1-904455-43-1

Khan N. A. (2006) Acanthamoeba: biology and increasing impor-
tance in human health. FEMS Microbiol. Rev. 30: 564–595



N. A. Khan et al.144

Korn E. D., Weisman R. A. (1967) Phagocytosis of latex beads by 
Acanthamoeba. II. Electron microscopic study of the initial 
events. J. Cell Biol. 34: 219–227

Krell T., Lacal J., Muñoz-Martínez F., Reyes-Darias J. A., Cadirci 
B. H., García-Fontana C., Ramos J. L. (2011) Diversity at its 
best: bacterial taxis. Environ. Microbiol. 13: 1115–1124

Lacey J., Dutkiewicz J. (1994) Bioaerosols and occupational lung 
disease. J. Aerosol. Sci. 25: 1371–1404

Ludlow M. J., Traynor D., Fisher P. R., Ennion S. J. (2008) Puri-
nergic-mediated Ca2+ influx in Dictyostelium discoideum. Cell 
Calcium 44: 567–579

Mauer L., El-Soheny A. (2012) Prevalence of cilantro (Coriandrum 
sativum) disliking among different ethnocultural groups. Fla­
vour 1: 8

Nilius B., Owsianik G. (2011) The transient receptor potential fam-
ily of ion channels. Genome Biol. 12: 218

Nordström K. J., Almen M. S., Edstam M. M., Fredriksson R., 
Schioth H. B. (2011) Independent HHsearch, Needleman-
Wunsch-based and motif analyses reveals the overall hierarchy 
for most of the G protein-coupled receptor families. Mol. Biol. 
Evol. 28: 2471–2480

North R. A. (2002) Molecular physiology of P2X receptors. Physiol.  
Rev. 82: 1013–1067 

Petersen C. I., Jheon A. H., Mostowfi P., Charles C., Ching S., Thi-
rumangalathu S., Barlow L. A., Klein O. D. (2011) FGF signal-
ing regulates the number of posterior taste papillae by control-
ling progenitor field size. PLoS Genet. 7: e1002098

Philippe H., Germot A., Moreira D. (2000) The new phylogeny of 
eukaryotes. Curr. Opin. Genet. Dev. 10: 596–601

Preston T. M., Richards H., Wotton R. S. (2001) Locomotion and 
feeding of Acanthamoeba at the water-air interface of ponds. 
FEMS Microbiol. Lett. 194: 143–147

Raoult D., Audic S., Robert C., Abergel C., Renesto P., Ogata H., 
La Scola B., Suzan M., Claverie J. M. (2004) The 1.2-megabase 
genome sequence of Mimivirus. Science 306: 1344–1350 

Roger A. J., Hug L. A. (2006) The origin and diversification of eu-
karyotes: problems with molecular phylogenetics and molecu-
lar clock estimation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 
361: 1039–1054

Rosenberg K., Bertaux J., Krome K., Hartmann A., Scheu S., 
Bonkowski M. (2009) Soil amoebae rapidly change bacte-
rial community composition in the rhizosphere of Arabidopsis 
thaliana. ISME J. 3: 675–684

Schuster F. L., Levandowsky M. (1996) Chemosensory responses 
of Acanthamoeba castellanii: visual analysis of random move-
ment and responses to chemical signals. J. Eukaryot. Microbiol. 
43: 150–158

Schweinitzer T., Josenhans C. (2010) Bacterial energy taxis: a glob-
al strategy? Arch. Microbiol. 192: 507–520

Sissons J., Alsam S., Jayasekera S., Khan N. A. (2004) Ecto-ATP
ases of clinical and non-clinical isolates of Acanthamoeba. Mi­
crob. Pathog. 37: 231–239

Sun L., Wang H., Hu J., Han J., Matsunami H., Luo M. (2009) Gua-
nylyl cyclase-D in the olfactory CO2 neurons is activated by 
bicarbonate. Proc. Natl. Acad. Sci. U.S.A. 106: 2041–2046

Taylor B. L., Zhulin I. B., Johnson M. S. (1999) Aerotaxis and other 
energy-sensing behavior in bacteria. Ann. Rev. Microbiol. 53: 
103–128

Tieman D., Bliss P., McIntyre L. M., Blandon-Ubeda A., Bies D., 
Odabasi A. Z., Rodríguez G. R., van der Knaap E., Taylor 
M. G., Goulet C., Mageroy M. H., Snyder D. J., Colquhoun T., 
Moskowitz H., Clark D. G., Sims C., Bartoshuk L., Klee H. J. 
(2012) The chemical interactions underlying tomato flavor pref-
erences. Current Biol. 22: 1035–1039

Versele M., Lemaire K., Thevelein J. M. (2001) Sex and sugar in 
yeast: two distinct GPCR systems. EMBO Rep. 2: 574–579

Vickers N. J. (2000) Mechanisms of animal navigation in odor 
plumes. Biol. Bull. 198: 203–212

Weekers P. H., Bodelier P. L., Wijen J. P., Vogels G. D. (1993) Ef-
fects of grazing by the free-living soil amoebae Acanthamoeba 
castellanii, Acanthamoeba polyphaga, and Hartmannella ver­
miformis on various bacteria. Appl. Environ. Microbiol. 59: 
2317–2319

Wicher D. (2012) Functional and evolutionary aspects of chemore-
ceptors. Front Cell Neurosci. 6: 48 

Yamada T. (2011) Giant viruses in the environment: their origins 
and evolution. Curr. Opin. Virol. 1: 58–62

Yan L., Cerny R. L., Cirillo J. D. (2004) Evidence that hsp90 is in-
volved in the altered interactions of Acanthamoeba castellanii 
variants with bacteria. Eukary. Cell 3: 567–578.

Received on 21st June, 2013; revised on 9th September, 2013; ac-
cepted on 14th September, 2013


