Text S1. Supplemental Methods, Results and Discussion
The Protochlamydia amoebophila developmental cycle. To identify key time points in the
developmental cycle of P. amoebophila in Acanthamoeba castellanii, we monitored the course
of infection using FISH, DAPI staining, and TEM. In addition, we quantified the production of
infectious EBs.
Early after infection (2 hpi) most intracellular bacteria were only detected with DAPI but
not with FISH probes, suggesting that the majority of P. amoebophila still resembled EBs, which
are not easily identified by FISH due to their rigid cell wall but are readily visible with the DNA
dye DAPI (Fig. 1A, 1). Some bacterial cells were stained by both FISH and DAPI, indicating that
they had already started to convert to RBs (which are more accessible for the oligonucleotide
probes used in FISH, 1). These observations are consistent with the cell morphologies detected
by TEM (Fig. 1C). P. amoebophila at this early stage were no longer infectious in an infection
assay (Fig. 1B), indicating that the majority of cells already initiated differentiation to RBs. P.
amoebophila in contrast to other chlamydiae generally reside in single-cell inclusions (2, 3), but
at 2 hpi inclusions containing multiple bacteria were found (Fig. 1C). Accumulation of
membrane structures was observed in some inclusions, which might represent remnants of
bacterial cells (Fig. 1C).
At 24 and 48 hpi all bacteria were detected with both FISH and DAPI, indicating that EBs
had converted to RBs. Cell division begins around 24 hpi as demonstrated by brighter FISH
signals and the detection of constricting cells (inset in Fig. 1A) whereas the number of
intracellular bacteria had not yet increased. Consistent with this, dividing cells were first
detected at 24 hpi by TEM (Fig. 1C). Small outer membrane vesicles in the inclusion lumen
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indicating transport activity (4–7) were also first seen at this stage (Fig. 1C). The enlarged FISH
signals, dividing cells in TEM and an increased number of bacteria per amoeba at 48 hpi suggest
that at this time point all RBs were dividing (Figs. 1A, C). Conversion from RBs back to EBs
started between 48 and 72 hpi with the remaining cells still dividing: bacteria only detected
with DAPI were first visible at 72 hpi (Fig. 1A), and first bacterial cells with more electron dense
nucleoids appeared at this time point (Fig. 1C), while cell division could still be seen (Fig. 1C).
The onset of secondary differentiation is also supported by a slightly increased proportion of
infectious intracellular particles at 72 hpi (Fig. 1B).
The number of EBs within amoebae further increases at 96 hpi, as shown by a greater
percentage of DAPI-only signals (Fig. 1A) and a peak in the proportion of infectious intracellular
particles (Fig. 1B). In addition, extracellular bacteria could be seen by TEM (Fig. 1C) pointing at a
first release of infectious EBs (Fig. 1B) and therefore completion of the cycle at 96 hpi. As RBs
were still present, this late time point represents an asynchronous stage in the developmental
cycle in which EBs predominate (8). The number of released bacteria further increased until 120
hpi, and a higher proportion of extracellular EBs was infectious at this time point (Fig. 1B). Lysis
of Acanthamoeba host cells was not observed indicating that P. amoebophila primarily exits the
host cells in a non-lytic manner (9).
In summary, P. amoebophila in its Acanthamoeba host exhibits the characteristic
chlamydial developmental cycle, including a rapid loss of infectivity after uptake (10, 11), a
highly synchronous stage during which RBs undergo several rounds of cell division, secondary
differentiation into EBs and release at the end. Completion of the cycle takes with 96h slightly
longer than what has been reported for chlamydiae infecting humans and animals, e.g. C.
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trachomatis (in L929 cells, 2-3 days; 12), C. pneumoniae (in HeLa cells, 3 days; 13) and Waddlia
chondrophila (in macrophages, 2-3 days; 14). It is, however, shorter than those of
Parachlamydia acanthamoeba (in Acanthamoeba polyphaga, 6 days; 15), Rhabdochlamydia
porcellionis (in insect cells, 7 days; 16) and Simkania negevensis (in Vero cells, 12-15 days; 17). A
characteristic feature of P. amoebophila infection is the presence of single-cell vacuoles (Fig.
1C), which imply that inclusions divide along with dividing RBs – a curious process that has not
been described for other chlamydiae, but has been observed for other intracellular bacteria
(18–20). Furthermore, P. amoebophila is less lytic than other chlamydiae; they co-exist with
their amoeba hosts and can be maintained in long-term co-culture.

Sequencing statistics. Between 73,000 and 74 million high quality sequence reads could be
mapped to the P. amoebophila genome (Table S1). The pronounced differences between time
points are mainly caused by differences in bacterial load, reflecting the technical challenge to
obtain a high transcriptome coverage of intracellular bacteria early in infection (21). Still, the
coverage achieved here is comparable to a recent C. trachomatis study (22), and sufficient as
the number of expressed genes detected was almost identical for all time points (1,476-1,518
genes corresponding to 71-73% of all predicted genes; Fig. S1). The expression values were
highly congruent between biological replicates as demonstrated by low Euclidean distances
between normalized gene expression values (RPKMs) and grouping in a hierarchical cluster
analysis (Fig. S1). This was less pronounced only for the early time point due to the lower
sequencing depth and a consequently less homogeneous distribution of reads across the three
replicates. The grouping by time point not only highlights reproducibility but also indicates
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distinct gene expression profiles, were 48 hpi, 96 hpi and the extracellular stage were more
similar to each other than the 2 hpi time point, suggesting major transcriptional changes during
early development (Fig. S1).

Gene expression dynamics. Analyzing the number of significantly up- or downregulated genes
per time point provided a more detailed picture of the expression dynamics during the
developmental cycle (Fig. S3). The largest number of genes were significantly regulated (n =
493) – either induced (n = 250) or shut down (n = 243) – upon host entry at 2 hpi (Fig. S3). Thus,
the transition to the intracellular environment requires a high degree of adjustment. The
largest shutdown of genes occurred between early and mid-cycle, with 279 genes (or more
than one third of all DE genes) being downregulated at 48 hpi (Fig. S3). This major gene
expression switch was underscored by 153 genes that were significantly upregulated early and
subsequently downregulated at mid-cycle (Fig. S3, orange gene set). Genes encoding for
putatively secreted proteins were overrepresented in this gene set, suggesting that interaction
with the host is a hallmark of early development. Once the intracellular niche is established and
replication has started, host manipulation is strongly reduced. The smallest change in gene
expression occurred between 96 hpi and the extracellular stage, with 74 genes significantly
upregulated and only 16 genes downregulated after host cell exit (Fig. S3), demonstrating that
most of the late transcripts were also detected in extracellular EBs.
In conclusion, major regulatory shifts occurred during entry, establishment of the
intracellular niche and EB to RB differentiation. This is notably different for the Chlamydiaceae
where the largest group of DE genes was observed at mid-cycle (23). As the absolute number of
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mid-cycle genes is comparable between P. amoebophila, C. trachomatis (12) and C.
pneumoniae (13), Protochlamydia does not require fewer genes at the RB stage, but instead
employs a larger number of transcriptionally active genes early during infection. Compared to
these initial events, secondary differentiation of Protochlamydia from RB to EB, and host cell
exit is accompanied by fewer regulatory events.

Analyzing the distribution of conserved and species-specific genes across the observed
temporal gene expression classes. To investigate the evolutionary conservation of differentially
regulated genes, groups of orthologous chlamydial proteins determined previously using
OrthoMCL (24) were first used to classify Protochlamydia genes into strain-specific (P.
amoebophila UWE25), species-specific (P. amoebophila strains UWE25 and EI2), family-specific
(Protochlamydia, Parachlamydia, Neochlamydia species), or environmental chlamydiae-specific
genes (Protochlamydia, Parachlamydia, Neochlamydia species, Waddlia chondrophila, Simkania
negevensis), or genes found in all chlamydiae (for a detailed list see 24). Next, we analyzed the
distribution of these conserved and species-specific genes across the observed temporal gene
expression classes (Fig. S5).
Strikingly, the early gene set showed a high proportion of Protochlamydia-specific genes.
This was even more pronounced for a subset of these genes, which were highly expressed not
only at 2 hpi but also at the EB stage (termed early I in Fig. 2) and which comprise nearly 50%
species-specific genes. As genes shared by chlamydiae that are able to thrive in amoebae do
not substantially contribute to the early gene set, invasion of Acanthamoeba seems to be
particularly guided by species-specific genes. It has been suggested before that amoeba5

associated chlamydiae use different invasion strategies than Chlamydiaceae (24–26), but it is
surprising that genes expressed by Protochlamydia during host entry are not conserved among
amoeba-associated chlamydiae. This indicates that different strategies for the infection of
amoeba hosts exist among environmental chlamydiae.
Ninety-seven percent of the genes conserved among all chlamydiae were expressed during
the developmental cycle (Fig. S5). More than half of those were transcribed constitutively,
which is consistent with them encoding housekeeping functions (25). Also, all well conserved
chlamydial transcription factors identified in previous studies (27, 28) were expressed,
confirming their role as key genes controlling cellular transcription levels during chlamydial
development. Chlamydial core genes dominated the mid-cycle gene set, confirming their role in
RB metabolism and replication (Fig. S5, 25). Taken together, RB activity and proliferation are
well conserved between amoeba-associated chlamydia and the Chlamydiaceae. Our data thus
lend experimental support to genome-based hypotheses suggesting distinct roles for speciesspecific and chlamydial core genes (24–27, 29).

Sequence read trimming and cleaning workflow. In order to improve mapping and reduce the
amount of data, sequencing reads were subjected to a 6-step cleaning workflow based on
sequencing read statistics obtained using PRINSEQ-lite (30) and FastQC (31). Briefly, (i) the first
13 bases were removed due to a GC bias caused by using random hexamers during library
preparation (PRINSEQ-lite), (ii) the reads were trimmed using mothur (32) when the base calling
quality decreased below a phred score of 20 within a window of 10 bases, (iii) reads containing
more than two ambiguous bases (Ns) were removed (PRINSEQ-lite), (iv) poly-A/T tails were
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removed (PRINSEQ-lite), (v) any remaining adapter sequences were clipped using tools from
Biopieces (http://maasha.github.io/biopieces/), and finally (vi) sequence reads shorter than 25
bases were removed (PRINSEQ-lite).
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