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Manuel Irimia20, Daniel J Rigden21, David A Fitzpatrick22, Jacob Lorenzo-Morales23, Alex Bateman24,
Cheng-Hsun Chiu25, Petrus Tang26, Peter Hegemann8, Hillel Fromm14, Didier Raoult19, Gilbert Greub6,
Diego Miranda-Saavedra16, Nansheng Chen10, Piers Nash27, Michael L Ginger28, Matthias Horn3, Pauline Schaap7,
Lis Caler5 and Brendan J Loftus1*

Abstract

Background: The Amoebozoa constitute one of the primary divisions of eukaryotes, encompassing taxa of both
biomedical and evolutionary importance, yet its genomic diversity remains largely unsampled. Here we present an
analysis of a whole genome assembly of Acanthamoeba castellanii (Ac) the first representative from a solitary free-
living amoebozoan.
Results: Ac encodes 15,455 compact intron-rich genes, a significant number of which are predicted to have arisen
through inter-kingdom lateral gene transfer (LGT). A majority of the LGT candidates have undergone a substantial
degree of intronization and Ac appears to have incorporated them into established transcriptional programs. Ac
manifests a complex signaling and cell communication repertoire, including a complete tyrosine kinase signaling
toolkit and a comparable diversity of predicted extracellular receptors to that found in the facultatively multicellular
dictyostelids. An important environmental host of a diverse range of bacteria and viruses, Ac utilizes a diverse
repertoire of predicted pattern recognition receptors, many with predicted orthologous functions in the innate
immune systems of higher organisms.
Conclusions: Our analysis highlights the important role of LGT in the biology of Ac and in the diversification of
microbial eukaryotes. The early evolution of a key signaling facility implicated in the evolution of metazoan
multicellularity strongly argues for its emergence early in the Unikont lineage. Overall, the availability of an Ac
genome should aid in deciphering the biology of the Amoebozoa and facilitate functional genomic studies in this
important model organism and environmental host.

Background
Acanthamoeba castellanii (Ac) is one of the predominant
soil organisms in terms of population size and distribu-
tion, where it acts both as a predator and an environmen-
tal reservoir for a number of bacterial, fungal and viral

species [1]. Selective grazing by Ac in the rhizosphere
alters microbial community structure and is an important
contributor to the development of root architecture and
nutrient uptake by plants [2]. Ac can also be isolated
from almost any body of water and manifests in a wide
variety of man-made water systems, including potable
water sources, swimming pools, hot tubs, showers and
hospital air conditioning units [3,4]. Acanthamoebae are
frequently associated with a diverse range of bacterial
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symbionts [5,6]. A subset of the microbes that serve as
prey for Ac have evolved virulence stratagems to use Ac
as both a replicative niche and as a vector for dispersal
and are important human intracellular pathogens [7,8].
These pathogens utilize analogous strategies to infect and
persist within mammalian macrophages, illustrating the
role of environmental hosts such as Ac in the evolution
and maintenance of virulence [9,10]. Commonalities at
the level of host response between amoebae and macro-
phages to such pathogens have led to the use of both Dic-
tyostelium discoideum (Dd) and Ac as model systems to
study pathogenesis [11,12].

Published Amoebozoa genomes from both the obligate
parasite Entamoeba histolytica (Eh) and the facultatively
multicellular Dd have both highlighted unexpected com-
plexities at the level of cell motility and signaling
[13,14]. As the only solitary free-living representative,
the genome of Ac establishes a unique reference point
for comparisons for the interpretation of other amoe-
bozoan genomes. Experimentally, Ac has been a more
thoroughly studied organism than most other free living
amoebae, acting as a model organism for studies on the
cytoskeleton, cell movement, and aspects of gene regula-
tion, with a large body of literature supporting its mole-
cular interactions [15-18].

Results and discussion
Lateral gene transfer
Lateral gene transfer (LGT) is considered a key process
of genome evolution and several studies have indicated
that phagotrophs manifest an increased rate of LGT
compared to non-phagotrophic organisms [19]. As a
geographically dispersed bacteriovorous amoebae with a
penchant for harboring endosymbionts, Ac encounters a
rich and diverse supply of foreign DNA, providing
ample opportunity for LGT. Homology-based searches
of the proteome illustrate the potential for diverse con-
tributions to the genome (Figure 1).

We therefore undertook a phylogenomic analysis to
determine cases of predicted inter-domain LGT in the
Ac genome (Section 2 of Additional file 1). Our analysis
identified 450 genes, or 2.9% of the proteome, predicted
to have arisen through LGT (Figure 2; Section 2 of
Additional file 1). To determine the fate and ultimate
utility of the LGT candidates within the Ac genome, we
examined their expression levels across a number of
experimental conditions using RNA.seq (Table S1.6.1 in
Additional file 1). Our results show that most of the
LGT candidates are expressed in at least some of the
conditions tested (Additional file 2).
Genetic exchange is also thought to occur between phy-
logenetically disparate organisms that reside within the
same amoebal host cell [20,21]. Ac contains three copies
of a miniature transposable element (ISSoc2) of the

IS607 family of insertion sequences related to those pre-
sent in genomes of thermophilic cyanobacteria [22] and
several giant nucleocytoplasmic large DNA viruses
(NCLDVs). In the Mimivirus genome the IS elements
are found within islands of genes of bacterial origin,
some of which appear to have been contributed by a
cyanobacterial donor. This data underscores the com-
plex intermediary role that Ac, as host to both NCLDVs
and cyanobacteria [17] may play in facilitating genetic
transfer between sympatric species.

Comparison of predicted LGT across amoeboid genomes
In order to compare the impact and scale of LGT across
Ac and other amoeba, we applied the same phyloge-
nomic approach used to identify LGT in the Ac genome
to published genomes of other amoeboid protists,
including Dd, Eh, Entamoeba dispar (Ed) and Naegleria
gruberi (Ng). Our findings predict that Ac and the exca-
vate Ng encode a notably higher number of laterally
acquired bacterial genes than either of the more closely
related parasitic Entamoeba or the social Dd amoebozo-
ans (Figure 2a). The taxonomic distribution of putative
LGT donors is broadly similar for both Entamoeba spe-
cies, but surprisingly also between Ac and Ng (Figure 2b,c;
Section 2 of Additional file 1). The genomes of both Eh
and Ed are predicted to have experienced a proportio-
nately higher influx from anaerobic and host-associated
microbes than their free-living counterparts Ac and Ng
(Figure 2c; Additional file 2), likely reflecting the composi-
tion of microbes within their habitats. Many of the LGT
candidates across all of the amoebae have predicted meta-
bolic functions, suggesting that LGT in amoebae is reflec-
tive of trophic strategy and driven by the selective pressure
of new ecological niches. Our data illustrating LGT as a
contributing factor in shaping the biology of a diversity of
amoeboid genomes provide further evidence supporting
an underappreciated role for LGT in the diversification of
microbial eukaryotes [23].

Introns
Intron-exon structures exhibit complex phylogenetic pat-
terns with orders-of-magnitude differences across eukar-
yotic lineages, which imply frequent transformations
during eukaryotic evolution [24]. Some researchers have
argued that intron gain is episodic with long periods of
stasis [25] punctuated by periods of rapid gain while
others argue for generally higher rates [26]. Strikingly, Ac
genes have an average of 6.2 introns per gene, among the
highest known in eukaryotes [27]. Genes predicted to have
arisen through LGT have slightly lower but broadly com-
parable intron densities, offering an opportunity to study
the evidence for proposed mechanisms underpinning
post-LGT intron gain [28]. An analysis of LGT introns,
however, did not provide support for any of the proposed
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mechanisms of intron gain (Section 2 of Additional file 1).
Thus, while the preponderance of introns in LGTs clearly
indicates substantial intron gain at some point, it appears
that, for Ac, these events have been very rare in recent
times, consistent with a punctate model of intron gain.

Cell signaling
As a unicellular sister grouping to the multicellular Dic-
tyostelids, Ac provides a unique point of comparison to
gain insight into the molecular underpinnings of multicel-
lular development in Amoebozoa. Cell-cell communication
is a hallmark of multicellularity and we looked at putative
receptors for extracellular signals and their downstream
targets. G-protein-coupled receptors (GPCRs) represent
one of the largest families of sensors for extracellular sti-
muli. Overall, Ac encodes 35 GPCRs (compared to 61 in
Dd), representing 4 out of the 6 major families of GPCRs
[29] while lacking metabotropic glutamate-like GPCRs or
fungal pheromone receptors. We identified three predicted
fungal-associated glucose-sensing Git3 GPCRs [30] and an
expansion in the number of frizzled/smoothened receptors
[31] (Figure S3.1.1 in Additional file 1). We identified seven
G-protein alpha subunits and a single putative target, phos-
pholipase C, for GPCR-mediated signaling. The number
and diversity of receptors in Ac raises the question of what
they are likely to be sensing. Nematodes employ many of
their GPCRs in detecting molecules secreted by their bac-
terial food sources [32], and given the diversity of Ac’s

feeding environments, many of the Ac GPCRs may fulfill a
similar role.

Environmental sensing
We identified 48 sensor histidine kinases (SHKs), of which
17 harbor transmembrane domains and may function as
receptors (Figure S3.2.1 in Additional file 1). Remarkably,
there are also 67 nucleotidyl cyclases consisting of an
extracellular receptor domain separated by a single trans-
membrane helix from an intracellular cyclase domain
flanked by two serine/threonine kinase domains. This
domain configuration is present in a number of the
amoeba-infecting giant viruses but thus far appears unique
for a cellular organism (Figure S3.3.1 in Additional file 1).
Ac is able to survive under microaerophilic conditions
such as those found in the deeper layers of underwater
sediments or within the rhizosphere. The genome encodes
a number of prolyl 4-hydroxylases that likely mediate oxy-
gen response; however, Ac also contains a number of
heme-nitric oxide/oxygen binding (H-NOX) proteins that,
unlike those in other eukaryotes, are not found in con-
junction with guanylyl cyclases [33]. The Ac H-NOX pro-
teins lack a critical tyrosine residue in the non-polar distal
heme pocket, making it likely that they are for nitric oxide
(NO) rather than oxygen signaling [34]. Both Dd and Ac
are responsive to light, although the photoreceptor that
mediates phototaxis in Dictyostelium has yet to be identi-
fied [35]. We identified two rhodopsins both with

Figure 1 Measures of the composition of the Ac genome based on sequence similarity. For each protein, the best BLASTP hit to the non-
redundant database, that is, the match with the lowest e-value, was recovered and the classification of the corresponding organism was
extracted according to NCBI taxonomy. The central bar represents the full complement of annotated Ac genes exhibiting a best BLASTP hit
respectively against the four kingdoms - Eukaryota (blue), Bacteria (red), Archaea (green) and viruses (purple) - with orphan genes depicted in
yellow. Results for Eukaryota are subdivided according to the major taxonomic phyla in varying shades of blue. Subdivisions of phyla within the
Bacteria (red shading), Archaea (green shading) and viruses (purple shading) are depicted in the expanded upper and lower sidebars. dsDNA,
double-stranded DNA.
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