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Abstract

Free-living amoebae often harbor obligate intracellular bacterial symbionts. Amoebophilus (A.) asiaticus is a representative of a lineage
of amoeba symbionts in the phylum Bacteroidota. Here, we analyse the transcriptome of A. asiaticus strain 5a2 at four time points during
its infection cycle and replication within the Acanthamoeba host using RNA sequencing. Our results reveal a dynamic transcriptional
landscape throughout different A. asiaticus life cycle stages. Many intracellular bacteria and pathogens utilize eukaryotic-like proteins
(ELPs) for host cell interaction and the A. asiaticus 5a2 genome shows a particularly high abundance of ELPs. We show the expression
of all genes encoding ELPs and found many ELPs to be differentially expressed. At the replicative stage of A. asiaticus, ankyrin repeat
proteins and tetratricopeptide/Sell-like repeat proteins were upregulated. At the later time points, high expression levels of a type
6 secretion system that likely prepares for a new infection cycle after lysing its host, were found. This study reveals comprehensive
insights into the intracellular lifestyle of A. asiaticus and highlights candidate genes for host cell interaction. The results from this study
have implications for other intracellular bacteria such as other amoeba-associated bacteria and the arthropod symbionts Cardinium

forming the sister lineage of A. asiaticus.
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Introduction

Free-living amoebae are protozoa that are ubiquitous in water
and soil and are important predators in these environments by
feeding on other microorganisms, mainly bacteria, and digest-
ing their prey through phagocytosis (Samba-Louaka et al. 2019).
Thus, free-living amoebae play an important role in the micro-
bial ecology of these environments. Over the last few decades,
the interest in free-living amoebae has increased, based on the
discovery that several human pathogens can resist phagocyto-
sis and replicate in these protists, such as Legionella or Mycobac-
terium species (Greub and Raoult 2004). In addition, amoebae likely
play a role in the evolution of amoeba-associated microorgan-
isms, including several human pathogens. Several lines of evi-
dence exist suggesting that amoebae and other protozoa con-
tribute to the adaption of bacteria to new intracellular envi-
ronments in higher eukaryotic organisms such as insects and
mammals (Penz, Horn and Schmitz-Esser 2010; Toft and Ander-
sson 2010). Therefore, it has been proposed that amoebae can be
‘training grounds’ for intracellular pathogenic bacteria (Molmeret
et al. 2005).

Prior research has shown that, in addition to human pathogens,
free-living amoebae can harbor a variety of obligate intracellu-
lar bacterial symbionts, affiliating with several bacterial phyla
(Horn and Wagner 2004; Samba-Louaka et al. 2019; Brock et al.
2020; Haselkorn et al. 2021). Amoebophilus asiaticus is an obligate
intracellular amoeba symbiont that was first discovered in an
amoeba isolated from lake sediment samples (Horn et al. 2001;
Schmitz-Esser et al. 2008). It belongs to a lineage of endosymbionts
and coral-associated sequences within the phylum of Bacteroidota
named Amoebophilaceae, with the arthropod symbiont Cardinium
hertigii representing a sister lineage of A. asiaticus (Santos-Garcia
et al. 2014). In addition to the identification of different A. asiati-
cus strains as amoeba symbionts (Xuan et al. 2007; Schmitz-Esser
et al. 2008; Choi et al. 2009; Lagkouvardos, Shen and Horn 2014;
Haselkorn et al. 2021), A. asiaticus sequences have also been iden-
tified in soil metagenomes (Alteio et al. 2020), coral microbiomes
(Sunagawa, Woodley and Medina 2010; Apprill, Weber and San-
toro 2016; Huggett and Apprill 2019) and in a digital dermatitis
metagenome from cattle (Zinicola et al. 2015a,b). Amoebophilus asi-
aticus possesses a biphasic life cycle consisting of an extracellular
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coccoid infectious stage and an intracellular rod-shaped replicat-
ing stage (Penz, Horn and Schmitz-Esser 2010; Bock et al. 2017).
Outside the amoeba host, A. asiaticus cannot replicate under en-
vironmental conditions (Schmitz-Esser et al. 2010). After initial at-
tachment to the amoebal surface and subsequent phagocytosis,
A. asiaticus escapes from the phagosome and replicates until the
cytoplasm of amoeba trophozoites and cysts is nearly completely
filled with A. asiaticus. Finally, A. asiaticus lyses its host to start a
new infectious cycle (Horn et al. 2001; Schmitz-Esser et al. 2008;
Bock et al. 2017). These studies characterizing the A. asiaticus life
cycle were also the basis for selecting time points for RNA extrac-
tion in this experiment using fluorescence in situ hybridization
(FISH) experiments analyzing the A. asiaticus life cycle to identify
characteristic life cycle stages: extracellular and early intracellu-
lar (up to 12 hours post-infection (h p.i.)), intracellular replicative
stage (12 to 72 h p.i) and late and extracellular stage (144 h p.i. to
extracellular; Horn et al. 2001; Schmitz-Esser et al. 2008; Penz 2014;
Bock et al. 2017).

In its host, A. asiaticus is not surrounded by a host-derived
membrane, allowing for direct uptake of essential compounds
like amino acids or nucleotides from the host cell cytoplasm
(Schmitz-Esser et al. 2008; Penz, Horn and Schmitz-Esser 2010).
It is supposed that substrates from the Acanthamoeba host are
the main nutrient source for A. asiaticus. Compared with obli-
gate intracellular insect symbionts such as Buchnera, which are
characterized by extremely reduced genome sizes, A. asiaticus has
an only moderately reduced genome of 1.9 Mbp but its biosyn-
thetic capability is highly limited (Schmitz-Esser et al. 2010). For
example, a crucial enzyme of glycolysis, the phosphofructoki-
nase, as well as the tricarboxylic acid cycle and pathways for
the biosynthesis of nucleotides, cofactors and amino acids, are
missing (Schmitz-Esser et al. 2010). Instead, a variety of predicted
transporter genes (n = 82), including a putative ATP/ADP translo-
case, an S-adenosylmethionine (SAM) carrier (Alteio et al. 2020)
and oligopeptide/proton symporters are encoded in the A. asiati-
cus genome.

Another remarkable feature of A. asiaticus and other amoeba
symbionts are highly abundant genes encoding eukaryotic-
like proteins (ELPs) including ankyrin (ANK)-, leucine-rich- and
tetratricopeptide/Sell-like (TPR/SEL1)-repeats, and proteins har-
boring domains predicted for interaction with the host ubiqui-
tin system (Schmitz-Esser et al. 2010; Domman et al. 2014; Frank
2019; Mondino, Schmidt and Buchrieser 2020). These ELPs are
thus likely involved in the interaction between A. asiaticus and
its amoeba host (Schmitz-Esser et al. 2010). In general, intracel-
lular symbiotic bacteria are broadly enriched with proteins har-
boring ANK repeats (Jernigan and Bordenstein 2014). ANK repeats
of amoeba-associated bacteria, such as AnkB from Legionella pneu-
mophila, have been shown to be critical for host cell interaction
with humans and in amoebae (Lomma et al. 2010; Price et al. 2011).
ANK repeats are, therefore, considered to be part of a system en-
suring bacterial survival in eukaryotic host cells (Jernigan and
Bordenstein 2014). Similarly, leucine-rich- and TPR/SEL1-repeats
are involved in protein-protein interactions (Mittl and Schneider-
Brachert 2007; Bella et al. 2008) and mediate bacteria-host inter-
actions in different bacterial pathogens, including the amoeba-
associated L. pneumophila (Bandyopadhyay et al. 2012; Cerveny et
al. 2013).

The characterization of obligate intracellular endosymbionts
like A. asiaticus is dependent on molecular methods because cul-
tivation outside their host is currently not possible. In this study,
we describe the course of the infection and characterize the tran-
scriptome of A. asiaticus 5a2 at four key time points during its

biphasic life cycle. Sequencing entire transcriptomes (RNA-seq) of
host-associated bacteria has facilitated comprehensive insights
into the life cycle of A. asiaticus 5a2, and the identification of
factors and themes it has in common with the related insect
symbiont C. hertigii whose transcriptome has been sequenced re-
cently (Mann et al. 2017). Focusing on the role of predicted host-
interaction genes, we aimed at understanding strategies accom-
panying the transcriptional transitions during the A. asiaticus life
cycle to increase our knowledge on the adaptation of these bacte-
ria to their intracellular niche.

Methods

Cell culture and infection experiment

Acanthamoeba sp. 5a2 is naturally infected with A. asiaticus strain
5a2 (ATCC number PRA-228) and was isolated from a lake sed-
iment (Schmitz-Esser et al. 2008). Infected and uninfected Acan-
thamoeba sp. 5a2, were maintained as adherent cultures in cell cul-
ture flasks (25 cm?, Nalgene Nunc International, Rochester, NY).
Flasks contained 10 mL trypticase soy broth (30 g/L) with yeast ex-
tract (10 g/L) with a pH of 7.3. Cell cultures were incubated at 27°C.
They were passaged at confluency every 5-10 days (1:10 dilution).

For the infection experiment, symbiont-free Acanthamoeba 5a2
were harvested 3 days before infection and inoculated in one
500 cm? cell culture flask (Nalgene Nunc International) per time
point and replicate, and incubated at 27°C until infection. For this,
symbiont-free Acanthamoeba 5a2 were infected with extracellular
A. asiaticus 5a2 that were freshly released from Acanthamoeba sp.
5a2 cells. Of note, we observed that infection experiments were
only successful using naturally and freshly released A. asiaticus
cells, suggesting that only freshly released, extracellular A. asiati-
cus cells are capable of infectingnew amoeba host cells. Symbiont-
free amoebae were infected with a multiplicity of infection (MOI)
of 500. The high MOI was required to obtain sufficiently high cell
densities for the time points early after infection. Infected Acan-
thamoeba cultures were washed with trypticase soy broth to re-
move bacteria that were not taken up by its Acanthamoeba host. At
different time points post-infection, Acanthamoeba sp. 5a2 infected
with A. asiaticus were detached from the culture flask surface by
shaking and harvested by centrifugation at 7000 rpm (3 min, 27°C).
Acanthamoeba sp. 5a2 were then lysed in trypticase soy broth us-
ing a Dounce tissue grinder (Wheaton, Millville, NJ). The homoge-
nized cell suspension was passed through a 5 um pore-size cel-
lulose filter (Sartorius, Gottingen, Germany) to separate bacte-
rial cells from the Acanthamoeba host lysate. Amoebophilus asiati-
cus cells were stained with DAPI (4',6-diamidino-2-phenylindole)
on a 0.22 um polycarbonate membrane filter (EMD Millipore, Bil-
lerica, MA) and the number of A. asiaticus cells was monitored by
counting with an epifluorescence microscope (Axioplan 2 imag-
ing; Carl Zeiss, Oberkochen, Germany). Extracellular A. asiaticus
were obtained by centrifugation (8000 rpm, 5 min, 27°C) of freshly
released A. asiaticus stages which were harvested from well-grown
infected Acanthamoeba cultures. To remove Acanthamoeba host de-
bris, bacterial suspensions were passed through a 5 pm pore-size
cellulose filter (Sartorius). All harvested bacteria were immedi-
ately processed.

RNA isolation and sequencing

RNA from amoebae infected with freshly prepared cell suspen-
sions of A. asiaticus 5a2 was isolated from one 500 cm? cell culture
flask per time point and replicated at the following time points:
12,72,144 h pi. and from freshly released extracellular A. asiaticus



(EC) after harvesting as described above. For each time point, three
replicate cultures were included. Thus, we performed RNA extrac-
tion from a total of 12 cell culture flasks. These time points were
selected based on FISH experiments analyzing the A. asiaticus life
cycle to identify characteristic life cycle stages, and also were con-
firmed in previous studies (Penz 2014; Bock et al. 2017); represen-
tative FISH images of the A. asiaticus life cycle are shown in (Figure
S1, Supporting Information). Cell pellets were immediately resus-
pended in 750 uL TRIzol (Invitrogen Life Technologies, Vienna,
Austria). Cells were disrupted by beat-beating for 30 s ata speed of
4.5 with lysing matrix A tubes and a BIO101/Savant FastPrep FP120
instrument (MP Biomedicals, Santa Ana, CA). RNA was extracted
according to the manufacturer’s recommendations (TRIzol, Invit-
rogen Life Technologies), and remaining DNA was removed using
the TURBO DNA-free Kit (Ambion, Vienna, Austria) with 10 pg nu-
cleic acids digested in two subsequent steps with 3 U of DNase
each. RNA was precipitated with ethanol and sodium acetate, dis-
solved in ddH,0 DEPC (Thermo Fisher Scientific, Waltham, MA)
and stored at —80°C. The absence of DNA contamination was ver-
ified with PCR via targeting the bacterial 16S rRNA gene (35 cy-
cles; Haider et al. 2008). Ribosomal RNA was removed with the Ri-
boZero Gold Magnetic kit as recommended by the manufacturer
(Illumina, San Diego, CA). Quality control of purified RNA was
performed using the Experion Automated Electrophoresis Station
(Bio-Rad Laboratories, Hercules, CA). RNA integrity numbers (RIN)
for all samples were higher than 8. All RNA isolations were per-
formed in three biological independent triplicates, with RNA being
isolated simultaneously from three infection experiments. RNA
fragmentation was performed at 70°C for 5 min (RNA fragmenta-
tion reagents, Thermo Fisher Scientific). The NEBNext Ultra Direc-
tional RNA Library Prep Kit (Illumina) and NEBNext Multiplex Oli-
gos (New England Biolabs, Ipswich, MA) were used for first-strand
cDNA synthesis for a strand-specific cDNA library preparation. Li-
braries were sequenced on an Illumina HiSeq 2000 machine, with
each library on an individual lane. Sequencing (50 bp read length,
single-end configuration) was done at the Vienna Biocenter Core
Facilities VBCF NGS Unit (www.vbcf.ac.at).

Read processing and gene expression analysis

Reads were removed using mothur (Schloss et al. 2009) when the
phred score decreased below 35 (window size = 10), when se-
quences were shorter than 30 bases or when reads contained
more than eight homopolymers or an ambiguous base. All ex-
act duplicate reads were removed to improve the strength of bi-
ological signals from high-throughput gene expression analyses
(Dozmorov et al. 2015). To map bacterial reads to the A. asiaticus
5a2 reference genome (NC_010830.1; Schmitz-Esser et al. 2010),
the BWA mapping tool (Li and Durbin 2009) was used with default
settings. Reads per predicted gene were counted via ReadXplorer
(Hilker et al. 2014) and analysed with the Bioconductor DeSeqE
package using the R software (R_Development_Core_Team 2008).
Differentially expressed genes were calculated using the negative
binomial (NB) distribution model K;j~NB(u;;, 021-}-) with read counts
Kj, mean u and variance o? (Anders and Huber 2010). After esti-
mating size factors, we tested for differential expression by com-
paring two consecutive time points (12 h p.i. versus 72 h p.i., 72 h
p.. versus 144 h p.., 144 h p.i. versus extracellular stage (EC) and
EC versus 12 h p.i.; Anders and Huber 2010). Transcription values
were listed as read counts per gene, with genes being considered
differentially expressed if P < 0.05 and a FDR < 10% (Benjamini
and Hochberg 1995).
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To determine temporal gene expression patterns, hierarchical
clustering of fold-changes (log, fold-change) between two con-
secutive time points was done with all differentially expressed
genes based on the hierarchical grouping Ward D method (Ward
1963) and visualized as heat maps using the R package dendex-
tend (Galili 2015) and gplots (Warnes et al. 2009). The analysis of
the Acanthamoeba host gene expression was not performed in this
study.

Data availability

The raw sequencing data were deposited at the NCBI Sequence
Read Archive under Bioproject number PRINA691613.

Results and discussion

General gene expression patterns

We performed RNA-Seq at an early (12 h), intermediate (72 h) and
late (144 h) infection stage, respectively, as well as with symbionts
released from amoeba host cells. Sequencing resulted in between
224 and 245 million reads per replicate (n = 12), from which 3.1-
8.9% of the reads (mean length = 48 bp) remained after quality
control and after removal of duplicate sequences (Table S1, Sup-
porting Information). The percentage of trimmed unique reads
mapped to the A. asiaticus genome (size: 1.9 Mbp) varied depend-
ing on the time point in the life cycle ranging from 0.8 to 5.8% at
early time points to 13.2 to 37.9% at late time points. The differ-
ence between time points can be explained by distinct bacterial
loads, reflecting the challenge to obtain high coverages of intracel-
lular bacteria at early infection time points (Westermann, Gorski
and Vogel 2012; Konig et al. 2017). Nevertheless, the percentage of
the reference covered by at least one sequence read (Single Best
Match Coverage) ranged from 64.5 to 99.6%. The mean theoreti-
cal redundancy of coverage was 6.3 x for 12 h p.i., 19.5 x for 72 h
p.i,75.5 x for 144 h p.i. and 64.9 x for the extracellular time point
(Table S1, Supporting Information). These data reveal that the A.
asiaticus gene transcription was adequately covered also during
the early time points of infection. The number of expressed genes
per time point was 99.9 to 100% of all predicted genes identified
(Table S2, Supporting Information), and expression values within
replicates were highly similar and reproducible (Fig. 1; Figure S2,
Supporting Information).

To detect differentially expressed genes based on gene expres-
sion patterns during the A. asiaticus life cycle, gene expression
patterns were determined for each time point. Differentially ex-
pressed genes were called between two consecutive time points
(12hpi.versus 72 hpi, 72 hpi. versus 144 h p.i.,, 144 h p.i. versus
EC and EC versus 12 h p.i). It should be noted that differentially
expressed genes could not be further validated using e.g. quan-
titative Reverse Transcriptase PCR (RT-PCR) because of the low
amount of total RNA, but (Bock et al. 2017) evaluated the abun-
dance of T6SS" arrays in Amoebophilus by electron cryotomogra-
phy and it was found to be highest in extracellular and early in-
tracellular infection stages, which is in accordance with the RNA-
Seq data presented here. Recent publications show high corre-
lations between RNA-Seq and quantitative RT-PCR (Consortium
2014; Everaert et al. 2017; Coenye 2021). Similar correlation re-
sults (regression P < 0.001; correlation coefficient r = 0.98) could
be achieved in a recent study from our group (Mann et al. 2017),
where we used the same RNAseq analysis tools for transcriptional
analysis of C. hertigii, which provides additional evidence for the
quantitative accuracy of the RNAseq data set.
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Figure 1. (A). Euclidean clustering of replicates (R) 1-3 for all time points based on the gene expression levels of A. asiaticus.Expression values are given
as transformed log, values of normalized counts per gene (white = low expression and blue = high expression). EC = extracellular stage and h p.i. =
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the contrast 144 h p.i. versus EC and (E). log, fold-changes for the contrast EC versus 12 h p.i. Differentially expressed (DE) genes are colored red.



Genes without statistically significant shifts were considered
constitutively expressed genes (n = 672). A total of four main
clusters representing different constitutive expression levels were
identified (Figure S3, Supporting Information). A total of 11 genes
form the cluster of the highest expressed constitutive genes
and comprised various housekeeping genes and five hypotheti-
cal genes, which included the most highly expressed constitutive
gene Aasi_0654, a predicted lipoprotein that is only found in A.
asiaticus (Table S3, Supporting Information). Other constitutively
highly expressed genes included two proteins with ANK repeats
(Aasi_0519 and Aasi_0225) and Aasi_1714, a putative surface pro-
tein showing similarity to adhesins from eukaryotic and bacterial
pathogens (Penz, Horn and Schmitz-Esser 2010). In general, ad-
hesin binding can be essential for initial attachment and is seen
as a key mechanism for host cell invasion (Nizet, Varki and Aebi
2015). It has emerged during the last decade that some adhesins
also directly affect host cell signaling to foster spreading and sur-
vival (Stones and Krachler 2015), and that for example, toxin se-
cretion after invasion can be dependent on adhesins, as it still
requires close physical contact to the host cell to enhance the
efficiency of secretion because of low toxin concentrations (Kim
et al. 2008; Ishijima et al. 2011). The constitutive expression dur-
ing the life cycle of A. asiaticus could be a first hint that stable
adhesin expression is crucial over the entire symbiont’s life cy-
cle and that adhesins have a dual function during and after col-
onization, contributing to a wide repertoire of effector activities
(Stones and Krachler 2016). A total of 884 genes were differen-
tially expressed and significantly up- or down-regulated at least
once during the A. asiaticus life cycle (Fig. 1; Table S4, Supporting
Information). The most highly expressed differentially expressed
genes included many housekeeping genes involved in transcrip-
tion and translation, such as RNA polymerase, elongation factors
and ribosomal proteins. In addition, several genes predicted to
be involved in host cell interaction were also among the most
highly expressed differentially expressed genes (Table S5, Sup-
porting Information). Overall, the log2 fold-changes across the
entire A. asiaticus life cycle transcriptome ranged from —3.97 to
+4.60 (Fig. 1). The log?2 fold-changes of differentially expressed
genes among the life cycle were clustered and three main clus-
ters of gene expression could be defined (Fig. 2). The maximum of
expression dynamics occurred early in development, peaking at
12 h pi. (n = 417 genes). Mid-cycle expressed genes were defined
with peaks at 72 and 144 h p.i. (n = 230) and late expressed genes
with peaks at the extracellular stage (n = 230). A total of seven
genes were excluded from clustering because at least one time
point contained zero reads for all replicates.

Early development of A. asiaticus within its
Acanthamoeba host (EC-12 h p.i.)

The pronounced expression dynamics after the initial attachment
and internalization phase (12 h p.i.) indicate the early establish-
ment in the amoeba host cell and a high demand for gene ex-
pression adjustment during the transition from the EC stage to
the intracellular environment. During this phase of the A. asiati-
cus life cycle, 274 genes were significantly upregulated. Among
those, 29 transporters were upregulated at 12 h p.. (Fig. 3), in-
cluding Aasi_0069, a putative ATP/ADP translocase, which enables
Amoebophilus to utilize the host’s ATP pool. Similar antiporters
are known from chlamydiae and rickettsiae (Schmitz-Esser et al.
2004; Audia and Winkler 2006; Major, Embley and Williams 2017).
The high expression of the ATP/ADP transporter, thus likely sup-
plements energy generation during this phase of internalization.

Selberherretal. | 5

The Amoebophilus-related insect symbiont C. hertigii also harbors
a putative ATP/ADP transporter, which was found to be moder-
ately expressed under natural conditions in its wasp host (Mann
et al. 2017). The amoeba symbiont Protochlamydia amoebophila also
shows high expression of a homologous ATP/ADP transporter dur-
ing intracellular replication (Konig et al. 2017). Similarly, the func-
tionally characterized A. asiaticus SAM carrier (Aasi_1859; Hafer-
kamp et al. 2013) was highly upregulated during the early devel-
opment. The expression of the SAM transporter, thus compen-
sates for the inability of A. asiaticus to synthesize SAM, an es-
sential cofactor for methylations. The Cardinium SAM transporter
homolog was also expressed under natural conditions (Mann et
al. 2017), suggesting that both the ATP/ADP and the SAM trans-
porters are important for acquiring host-derived key metabolites
in this lineage of symbionts. The upregulated transporters also in-
cluded a putative oligopeptide/proton symporter (GItP, Aasi_1194),
the OppACF oligopeptide/amino acid transporters and the DcuAB-
like C4-dicarboxylate transporter (Aasi_0247). These transporters,
thus likely provide the amino acids and oligopeptides that A. asi-
aticus needs for growth to compensate for the absence of complete
de novo amino acid biosynthesis pathways in its genome, a fea-
ture found in many amoeba symbionts and also in the arthropod
symbiont Cardinium (Konig et al. 2017; Mann et al. 2017; Wang and
Wu 2017). The early upregulation of these transporters could also
be related to an influx of energy (ATP), in order to facilitate early
metabolic activity in preparation for cell division. The putative A.
asiaticus biotin transporter bioY (Aasi_1496) was constitutively ex-
pressed.

Other highly upregulated genes include Aasi_1844, a conserved
membrane protein with unknown function found in many Bac-
teroidota, Aasi 0583, a predicted outer membrane protein and a
putative cell surface protein (Aasi_0548) with a biased amino acid
composition (increased serine and threonine content; Penz, Horn
and Schmitz-Esser 2010). In addition, two predicted lipoproteins
(Aasi_0008 and Aasi_0281) were significantly upregulated dur-
ing this stage; Aasi_0008 was the highest overall expressed gene
throughout the A. asiaticus life cycle, and Aasi_0281 was among
the 20 most highly expressed genes except for the 144 h p.i. time
point (Fig. 4; Tables S2 and S5, Supporting Information). Aasi_0583
was among the seven most highly expressed genes. The upreg-
ulation of these membrane and surface proteins suggests a re-
organization of the A. asiaticus outer membrane and/or cell sur-
face to aid in adaptation to the intracellular environment in the
host cytoplasm. Several ELPs were upregulated during this time,
including the two ANK repeat proteins Aasi_1610 and Aasi_0240,
six TPR/SEL1 repeat proteins, one gene harboring an F-Box domain
and Aasi_1805 and one of the two predicted ubiquitin-specific pro-
teases found in the A. asiaticus genome. The significant upregula-
tion of ELPs suggests that these proteins are important for manip-
ulating host cellular pathways to establish the intracellular niche
of A. asiaticus.

In total, 199 genes were significantly downregulated during
the early development of A. asiaticus. Recently, a novel subtype
of type 6 secretion systems (T6SS") consisting of 18 structural
genes was functionally characterized in A. asiaticus (Bock et al.
2017); three of these T6SSY genes were significantly downregu-
lated. Aasi_1414 and Aasi_1417, which show similarity to insecti-
cidal toxins (Tc toxin complex) from Photorhabdus (Schmitz-Esser
et al. 2010), were downregulated as well (see below for more de-
tails on these proteins). Amoebophilus asiaticus contains 19 puta-
tive sodium/solute symporters, and 10 of these transporter genes
were downregulated at this life cycle stage. The function of these
putative transporters is currently unknown; functionally charac-
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Figure 2. Temporal gene expression patterns during the A. asiaticus life cycle. Hierarchical clustering of fold-changes between two consecutive time
points was done with all differentially expressed genes (n = 884) based on the Ward D method. Clustering identified three main temporal classes (early,
mid and late genes) based on the dendrogram’s branching hierarchy. Relevant examples are listed for each cluster. EC = extracellular stage and h p.i. =

hours post-infection.

terized sodium/solute symporters are known to be involved in the
uptake of various nutrients (Jung 2002). This lets us conclude that
A. asiaticus clearly prioritize transcription of genes important for
the transition from the EC stage to the intracellular environment
at this time point, and that the acquisition of certain nutrients is
more important at later time points.

Replicative and host cell lysing-stage of A.
asiaticus

12-72 h p.i

This phase of the A. asiaticus life cycle is characterized by phago-
some escape and differentiation from coccoid cells to rods, and in-
creasing replication inside the Acanthamoeba host cell cytoplasm
(Bock et al. 2017). A total number of 307 genes were differen-
tially expressed between the 12 and 72 h p.. time points. This
included 102 and 205 genes being up- or down-regulated, respec-
tively. Among the upregulated genes were nine ANK repeat pro-
teins, two F-box domain proteins and 16 TPR-SEL1 repeat proteins.
Aasi_0227, a predicted phospholipase D was also significantly up-
regulated (Fig. 4); Aasi_0227 is highly similar to the Rickettsia phos-
pholipase D, which has been shown to be important for vacuole
escape (Whitworth et al. 2005). This indicates that this phospho-
lipase is—possibly in concert with the T6SS"—involved in the es-
cape from the vacuole, as A. asiaticus is located directly in the
host cell cytosol and not surrounded by host-derived membranes
(Horn et al. 2001; Schmitz-Esser et al. 2008, 2010).

Among the downregulated genes from this life cycle stage were
15 of the T6SS™ genes, four ANK repeat proteins and 10 TPR/SEL1
repeat proteins. The putative cell surface protein Aasi_0548 was
downregulated similar to the ATP/ADP translocase Aasi_0069, as
was Aasi_1805, the putative ubiquitin-specific protease. Interest-

ingly, most of these genes were upregulated at 12 h p.i,, thus pro-
viding additional evidence for their role during early infection of
amoebae.

72-144 h p.i

During the later stage of intracellular replication of A. asiaticus,
the amoebae become completely filled with A. asiaticus around
120-144 h p.i. and A. asiaticus ultimately lyses its host cells (Bock
et al. 2017). A total number of 506 genes were differentially ex-
pressed between these two time points, including 267 upregu-
lated and 239 downregulated genes. Among the upregulated genes
were 16 ANK repeat proteins, six F-/U-Box domain proteins, four
LRR repeat proteins and 26 TPR-SEL1 repeat proteins. Addition-
ally, Aasi_0130, another predicted phospholipase D, showing high
similarity to the Rickettsia phospholipase D and to Aasi_0227, was
upregulated (Fig. 4). The upregulation of a different putative phos-
pholipase D suggests that the two phospholipase D genes in the
A. asiaticus genome fulfill distinct functions during its life cycle.
Aasi_1414 and Aasi_1417, which show similarity to the Tc toxin
complex family, were significantly upregulated. Aasi_1414 and
Aasi_1417 showed the highest expression levels at the 144 h pi
and EC time points where they were among the top 25 and top 10
of the most highly expressed genes, respectively (Fig. 4; Tables S2
and S5, Supporting Information). Tc toxins are virulence factors
of many bacteria, including insect and human pathogens. These
proteins perforate the host membrane and translocate effectors
into the host cell cytosol (Roderer and Raunser 2019). As Aasi_1414
and Aasi_1417 show homology to the three characteristic Tc toxin
subunits TcA, TcB and TcC, it is tempting to speculate that the A.
asiaticus Tc toxin homologs function in a similar way to deliver
effector proteins into the Acanthamoeba host cell cytosol or possi-
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Figure 3. Hierarchical clustering of transporter gene expression (n = 84 genes). Genes that show an early expression pattern (Fig. 2) are marked with

red dots. The locus_tags of the highest expressed transporters are listed.

bly also to the nucleus. Interestingly, the highly conserved region
in TcC is also conserved in Aasi_1414, including the catalytic as-
partate residues of the TcC autoprotease domain (Meusch et al.
2014; Roderer et al. 2019; data not shown). The A. asiaticus Tc-like
proteins have no homologs in other amoeba symbionts or in the
insect symbiont C. hertigii. Thus, they represent a specific adap-
tation of A. asiaticus to its particular lifestyle and amoeba host.
The specific function of Aasi_1414 and Aasi_1417 will need to be
investigated in future studies.

In contrast to the early time points, 15 of the T6SS" genes were
significantly upregulated at this time point, suggesting the for-
mation of the T6SSY during this life cycle stage. This is consis-
tent with a significant upregulation of the T6SS" sheath protein
(Aasi_1074) gene demonstrated previously (Bock et al. 2017). We
previously identified a gene cluster (Aasi_0899-Aasi_0902) encod-
ing a putative lasso peptide in the A. asiaticus genome (Schmitz-
Esser et al. 2010), which was upregulated here. Lasso peptides
are ribosomally synthesized peptides that can have various bio-
logical functions, including antimicrobial and anti-host cell ac-
tivities (Hegemann et al. 2015). Interestingly, homologs with high
similarity (50-61% amino acid identity) to the A. asiaticus lasso
peptide gene cluster are also present in the genomes of the al-
phaproteobacterial amoeba symbionts Paracaedibacter symbiosus
and Odyssella thessalonicensis, both of which are also found directly
in the host cell cytosol (Horn et al. 1999; Birtles et al. 2000). Thus,

the lasso peptide gene cluster of amoeba symbionts may have an
important yet unknown function in host cell interaction. A total
of 10 of the 19 putative sodium/solute symporter genes were up-
regulated at this life cycle stage. A total of five of the putative
sodium/solute symporters were among a cluster of the 11 high-
est expressed transporters (Fig. 3). Although the substrate speci-
ficities of these putative sodium/solute symporters are currently
unknown, the presence of a high number of these putative trans-
porters and their expression patterns suggest that these trans-
porters fulfill an important function in acquisition of nutrients
such as proline, galactose, glucose, pantothenate or nucleosides
by A. asiaticus at the later time points. Also, C. hertigii harbors 12
putative sodium/solute symporters, which were also found to be
expressed under natural conditions (Mann et al. 2017).

Among the significantly downregulated genes were several
ELPs, including three ANK repeat proteins and two F-Box and TPR-
SEL1 repeat proteins. Similar to the 12-72 h p.i. life cycle stage, the
putative cell surface protein Aasi_0548 was also downregulated,
as was the ATP/ADP translocase Aasi_0069.

Late and extracellular stage of A. asiaticus (144 h
p.i—EC)

This stage of the A. asiaticus life cycle is characterized by host cell
lysis and release of A. asiaticus and the highest presence of T6SS"



8 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 1
( ) 8000 1 -+ Aasi_0556
=~ Aasi_0557
=== Aasi_0563
-~ Aasi_1072
2 6000 ~=— Aasi_1073
e - Aasi_1074
S o~ Aasi_1075
g - Aasi_1076
< 4000 1 - Aasi_1077
.g -=— Aasi_1078
g ~=— Aasi_1079
] === Aasi_1080
Z 2000 1 o~ Aasi_1081
~=~ Aasi_1082
Aasi_1803
-+ Aasi_1806
04
EC 12h 72h 144h
Time point
4500 1
4000
ATP/ADP translocase
£
3 3500 1 - Aasi_0069
v
el
©
L
- 3000 1
[
N
©
€
S 2500 4
=z
2000
EC 12h 72h 144 h
Time point
8000 1
60004 \
i)
=y
>
3 ~ Aasi_1414
'g -~ Aasi_1417
[
5 4000 1
[
N
®
€
£
o
z
2000 4
EC 12h 72h 144h

Time point

(B)

(D)

(F)

Normalized read counts

Normalized read counts

Normalized read counts

1500
Lasso peptide cluster
1000
-#— Aasi_0899
Aasi_0900
- Aasi_0901
== Aasi_0902
500 4
0
EC 12h 72h 144h
Time point
100 4
Predicted
phospholipases
80 1
== Aasi_0130
-~ Aasi_0227
60 1
40 4
20 1
EC 12h 72h 144 h
Time point
20000
Putative lipoproteins
15000 and membrane proteins
10000 -+ Aasi_0008
=+— Aasi_0281
==~ Aasi_0583
5000
0

EC 12h 72h 144 h

Time point

Figure 4. Expression levels of selected gene sets along the life cycle of A. asiaticus. Normalized read counts are shown, the error bars display the
standard deviation. (A) Genes belonging to the type 6 secretion system (T6SS"), (B) genes belonging to the putative Lasso peptide cluster, (C) shows
gene expression dynamics of the ATP/ADP translocase, (D) shows predicted phospholipases, (E) shows Aasi_1414 and Aasi_1417, which have similarity
to Tc-like toxins and (F) shows expression dynamics of the putative lipoproteins Aasi_0008 and Aasi_0281 and the predicted outer membrane protein

Aasi_0583.



system structures (Bock et al. 2017). A total number of 481 genes
were differentially expressed between these two time points with
250 upregulated and 231 downregulated genes. Among the upreg-
ulated genes were seven ANK repeat proteins, six F-/U-Box do-
main proteins, two leucine-rich repeat (LRR) proteins and 10 TPR-
SEL1 repeat proteins. Similar to the 72-144 h p.i. life cycle stage,
15 of the T6SS™ system genes were also upregulated. In fact, the
T6SS™ genes showed the highest expression values during this
phase of the A. asiaticus life cycle (Fig. 4; Tables S2 and S5, Support-
ing Information). Recently, a significant upregulation of the T6SSY
sheath protein gene (Aasi_1074) was demonstrated using quanti-
tative RT-PCR for A. asiaticus during its EC life cycle phase (Bock et
al. 2017). This is in accordance with our RNA-seq dataset, where
Aasi_1074 was significantly upregulated during the EC stage (3-
fold change compared to 144 h p.i.).

Cardinium hertigii, the sister lineage of A. asiaticus, also harbors
a T6SSY; recently, we showed that the T6SSiv is also highly ex-
pressed in Cardinium (Mann et al. 2017). However, no temporal tran-
scriptome data are currently available for Cardinium. Although
substrates of the T6SSY are currently unknown, the expression
pattern of the T6SS" suggests that it is crucial for host cell inter-
action either at the late and extracellular stages or also for phago-
some exit of the A. asiaticus life cycle. Related secretion systems
such as the metamorphosis-associated contractile (MAC) arrays
of the symbiont Pseudoalteromonas luteoviolaceais or the Serratia an-
tifeeding prophage (AFP) use a similar contractile sheath-rigid
tube mechanism to puncture the eukaryotic cell envelope, and
are responsible for the induction of metamorphosis of the tube-
worm Hydroides elegans (Shikuma et al. 2014; Ericson et al. 2019) or
deliver toxins into insect larvae (Hurst, Glare and Jackson 2004).
Interestingly, T6SS"™ homologs have also been found in Bacteroidota
members in the human microbiota (Rojas et al. 2020), providing
further evidence for the widespread presence of these contrac-
tile secretion systems. Future experiments will be needed to iden-
tify the substrates of the A. asiaticus T6SS". It should be noted
that A. asiaticus is the only amoeba symbiont currently known to
harbor a T6SSY; in contrast, other symbionts of free-living amoe-
bae, such as Chlamydia-related amoeba symbionts, encode a type
3 secretion system to deliver effectors into their eukaryotic host
cells (Mueller, Plano and Fields 2014; Collingro, Kostlbacher and
Horn 2020). The seven ANK repeat proteins, six of the TPR/SEL1
repeat proteins and two of the LRR proteins which were upreg-
ulated here were also upregulated from 72 to 144 h p.i.. In to-
tal, two of the putative sodium/solute symporters which were
upregulated from 72 to 144 h p.i. were also upregulated here.
Similar to the previous phase of the life cycle, the Tc toxin ho-
mologs Aasi_1414 and Aasi_1417, as well as Aasi_0899, the puta-
tive toxin from the putative lasso peptide cluster, were upregu-
lated during this phase. These consistent upregulation patterns
of the aforementioned genes suggest that these genes are either
important throughout the late and EC life cycle stages of A. asiati-
cus; alternatively, these genes could also be required during the
initial infection stages in a way that A. asiaticus is ‘armed’ for
infection.

The phospholipase D Aasi_0227 was significantly downregu-
lated during this life cycle period, providing further evidence for
the life-cycle-specific expression of the two different A. asiaticus
phospholipases. Among ELPs, six ANK repeat proteins, three F/U-
box domain proteins and seven TPR/SEL1 repeat proteins were
downregulated. The downregulation of these genes suggests that
they might be important to maintain the intracellular niche, e.g.
by interacting with host pathways during A. asiaticus intracellular
replication.
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Expression of transposase genes

One remarkable feature of the A. asiaticus 5a2 genome is the pres-
ence of very high numbers of transposase genes. The A. asiaticus
5a2 genome encodes 354 transposase genes representing 23% of
all coding sequences (Schmitz-Esser et al. 2010, 2011). These trans-
posases were previously classified into 15 IS elements found in
varying copy numbers in the A. asiaticus genome (Schmitz-Esser
et al. 2011). In total, 352 of these transposase genes present in A.
asiaticus were transcribed at least at one time point of the A. asi-
aticus life cycle, with 74 transposases identified as differentially
expressed genes. Overall, the expression level of the transposase
genes was low to medium. The expression of many transposases
has been observed in other recent studies in endosymbionts. They
have been suggested to play a role in transposable element ex-
pansion and to be important for the evolution of these bacteria
(Kleiner et al. 2013; Sanders et al. 2013). We also observed high lev-
els of transposase gene expression in C. hertigii, where we found
more than half of the transposases to be expressed (Mann et al.
2017). However, we showed previously that despite transcriptional
activity, the IS elements in A. asiaticus 5a2 were transpositionally
inactive (Schmitz-Esser et al. 2011). Thus, the relevance of trans-
posase gene expression in A. asiaticus remains to be elucidated.
It is known that the insertion of IS elements upstream of a gene
can activate gene expression of the downstream gene (Siguier,
Gourbeyre and Chandler 2014). Therefore, the observed transpo-
sitional inactivity of the A. asiaticus IS elements might partially
be explained by IS elements influencing neighboring gene expres-
sion.

The potential role of ELPs in host cell interaction

The importance of ELPs for host cell interaction has been demon-
strated for a number of bacteria, including bacterial symbionts
and human pathogens (Gomez-Valero et al. 2011; Frank 2019;
Mondino, Schmidt and Buchrieser 2020). The occurrence of genes
harboring eukaryotic domains in bacterial genomes has been
termed molecular mimicry (Frank 2019; Mondino, Schmidt and
Buchrieser 2020). In this way, bacterial pathogens and intracellu-
lar symbionts utilize ELPs to imitate certain host proteins to ma-
nipulate host pathways. Genes harboring eukaryotic domains in-
clude LRRs, which are involved in protein-protein interactions like
cell adhesion or invasion to host cells (Bierne et al. 2007; Bella et al.
2008). Another group of ELPs that has been shown to be important
for host cell interaction are TPR/SEL1 repeat proteins (Cerveny et
al. 2013). TPR/SEL1 repeat proteins from bacterial sponge sym-
bionts have been shown to mediate amoeba interactions when
expressed in Escherichia coli (Reynolds and Thomas 2016). Expres-
sion of TPR/SEL1 repeat proteins has also been observed in sponge
symbionts using metatranscriptome sequencing (Diez-Vives et al.
2017). Similarly, proteins containing ANK repeats can mediate
protein-protein interactions, thereby influencing eukaryotic tran-
scription, cell signaling, bacterial invasion and many more and
they can be found in many bacterial pathogens and intracellular
symbionts, including Legionella (Li, Mahajan and Tsai 2006; Voth
2011; Mondino, Schmidt and Buchrieser 2020). ANK repeat pro-
teins from different sponge symbionts have been shown to mod-
ulate the host response against bacteria (Jahn et al. 2019) and are
involved in the internalization of bacteria in amoebae (Nguyen,
Liu and Thomas 2014; Reynolds and Thomas 2016). Ubiquitination
and deubiquitination of proteins regulate many eukaryotic cellu-
lar processes. A number of bacterial proteins have been shown to
interact with the ubiquitination system of eukaryotic cells (Zhou
and Zhu 2015; Ashida and Sasakawa 2017; Kubori, Kitao and Na-
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gai 2019). This includes proteins harboring F-box and U-box do-
mains, ubiquitin ligases and putative ubiquitin-specific proteases.
We have previously shown that A. asiaticus encodes an unusually
high number of genes (n = 129) harboring eukaryotic domains, in-
cluding LRR proteins, TPR/SEL1 repeat proteins, ANK repeat pro-
teins and 26 proteins predicted to interact with the host ubiquitin
system (Schmitz-Esser et al. 2010). Here, we reveal the expression
of all of these genes during at least one time point of the A. asiati-
cus life cycle. This generally high expression level and the differ-
ential expression of many of these genes with eukaryotic domains
suggest that these genes are important for A. asiaticus interaction
with its amoebal host. Additionally, the specific up- and down-
regulation of genes harboring eukaryotic domains throughout the
different stages of the A. asiaticus life cycle (Figures S4, S5 and
S6, Supporting Information) suggest that these genes harboring
eukaryotic domains have different and highly specific functions
throughout the A. asiaticus life cycle, despite sharing the repeats.
Also, in the insect symbiont C. hertigii living in its natural host
environment, we observed high expression levels of genes harbor-
ing eukaryotic domains, including ANK, TPR-SEL1-repeats and F-
and U-Box domains (Mann et al. 2017). The chlamydial amoeba
symbiont P. amoebophila also shows high expression levels of genes
harboring eukaryotic domains, particularly at early time points in
the life cycle, and among them are a great number of genes har-
boring TPR-SEL1-repeats and genes that are potentially involved
in the modification of host ubiquitination (Konig et al. 2017). Ex-
pansion of ubiquitination-related gene families has also been ob-
served in protozoa-associated members of the Parachlamydiaceae
family within the Chlamydiae phylum (Domman et al. 2014). In line
with this, also in bacterial sponge symbionts, high expression lev-
els and differential expression of ELPs were observed (Diez-Vives
et al. 2017). Alternatively, the high number of different ELPs in A.
asiaticus may also represent an adaptation to different hosts, such
as various protists.

Although several genes harboring eukaryotic domains have
been functionally characterized, e.g. in L. pneumophila, which also
has an intra-amoebal life cycle stage (Mondino, Schmidt and
Buchrieser 2020), the function of the many A. asiaticus genes with
eukaryotic domains remains uncharacterized until now. Future
experimental studies will be needed to verify the function of these
proteins in A. asiaticus host cell interaction.

Our transcriptome sequencing data reveals comprehensive in-
sights into the lifestyle of these elusive bacteria and shows mas-
sive expression of ELPs and a novel, widespread variant of T6SS
and reveals possibly important candidate genes for host cell in-
teraction. The results from this study shed new light on the host
cell interaction mechanism in the lineage of Amoebophilaceae har-
boring arthropod and amoeba symbionts. They will also be useful
to elucidate general and specific host cell interaction mechanisms
of amoeba-associated bacteria belonging to other bacterial phyla.

Supplementary data
Supplementary data are available at FEMSEC online.
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