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Symbiosis with microbes is a ubiquitous phenomenon with a
massive impact on all living organisms, shaping the world around
us today. Theoretical and experimental studies show that vertical
transmission of symbionts leads to the evolution of mutualistic
traits, whereas horizontal transmission facilitates the emergence
of parasitic features. However, these studies focused on pheno-
typic data, and we know little about underlying molecular changes
at the genomic level. Here, we combined an experimental evolu-
tion approach with infection assays, genome resequencing, and
global gene expression analysis to study the effect of transmission
mode on an obligate intracellular bacterial symbiont. We show
that a dramatic shift in the frequency of genetic variants, coupled
with major changes in gene expression, allow the symbiont to
alter its position in the parasitism–mutualism continuum depend-
ing on the mode of between-host transmission. We found that
increased parasitism in horizontally transmitted chlamydiae resid-
ing in amoebae was a result of processes occurring at the infec-
tious stage of the symbiont’s developmental cycle. Specifically,
genes involved in energy production required for extracellular sur-
vival and the type III secretion system—the symbiont’s primary
virulence mechanism—were significantly up-regulated. Our results
identify the genomic and transcriptional dynamics sufficient to
favor parasitic or mutualistic strategies.
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The relationship between the partners in microbial symbioses
have been described as existing along a parasitism–mutualism

continuum (1), and the dynamics of this continuum are dependent
upon numerous genotypic and environmental factors (2–6). The
transmission mode of viruses, bacteria, and eukaryotic parasites is
a key factor shaping the ecology and evolution of symbiotic as-
sociations (7–10). In the case of vertical transmission (VT), sym-
bionts are inherited from the host parent to offspring. By contrast,
in horizontal transmission (HT), symbiont transmission is not
linked to host reproduction, but instead symbionts infect new host
lineages. The mode of symbiont transmission among host gener-
ations has important evolutionary ramifications: while VT aligns
the evolutionary interest of host and symbionts, thus selecting for
benign or even mutualistic symbionts, HT does not penalize par-
asitic strategies, because symbionts are associated with a new host
individual every round (11–14). As a consequence, HT promotes
the evolution of virulence (15–17), broadly defined as the decrease
in host fitness as a result of infection, which can ultimately lead to
host mortality (18–21). Consistent with this notion, experimental
manipulation in the laboratory has demonstrated that propagating
symbionts via either HT or VT will select for parasitic or mutu-
alistic traits, respectively (19, 22–24). However, the molecular
adaptations causing the observed shifts in the parasitism–mutualism
continuum remain elusive.
Here, we take advantage of the bacterial symbiont Para-

chlamydia acanthamoebae and its protist host Acanthamoeba sp.

as a tractable model system. Chlamydiae, which represent the
most ancient known group of obligate intracellular bacteria, all
share a characteristic biphasic developmental cycle alternating
between two distinct morphological and physiological stages: the
elementary body (EB) survives (but cannot replicate) outside
eukaryotic host cells and infects new hosts, whereas the reticu-
late body (RB) replicates inside the host cell within a host-
derived vacuole (25–27). Chlamydiae are among the most suc-
cessful bacterial pathogens of humans. Their environmental
representatives (28), such as the one used here, are ubiquitous in
the environment and live primarily within unicellular protists like
amoeba. During host cell division this symbiont can be vertically
transmitted from parent to daughter cells (VT), but can also
readily infect naive hosts (HT). This mixed transmission mode
(29) represents an ideal starting point for experimentally ma-
nipulating the transmission of symbionts among host generations
(i.e., VT or HT), and in this way identify the molecular changes
that arise in response to the different selection regimes.

Results and Discussion
Design of Evolution Experiment. In our VT regime, fully infected
amoebae were allowed to replicate continuously and no naive
hosts were added throughout the experiment (Fig. 1). EBs, the
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infectious chlamydial stage essential for horizontal transmission,
were removed daily. This ensured that the extent of HT was
reduced to a minimum and that the chlamydiae were predomi-
nantly transferred vertically from parent to daughter cells. In the
HT regime EBs, which had been released from their amoeba
host cells, were collected weekly and used to freshly infect naive
amoebae. VT was minimized and HT was essential in this regime
as all infected amoeba cells were removed at the end of the
week, with only the infectious EBs being isolated and used for
fresh infections. Both regimes were initiated from the same an-
cestral Chlamydia and amoeba populations and maintained for a
duration of 14 mo, which corresponded to about 500 to 600
symbiont generations (SI Appendix, SI Text).

Fitness Assays Reveal a Shift toward Parasitism under HT Conditions.
To understand how symbiont and host fitness changed throughout
the experiment, infection experiments were carried out to quantify
growth parameters of both host and symbiont. Naive amoebae
that were infected with symbionts isolated at the end of the ex-
periment from the VT treatment displayed a net growth rate that
was statistically indistinguishable from the one of uninfected
amoebae (Fig. 2A). This observation indicated that vertically
transmitted symbionts had minimal negative effects on the host.
On the other hand, the net growth rate of naive amoebae freshly
infected with symbionts isolated at the end of the experiment from
the HT treatment was roughly half the net growth rate of both
uninfected amoebae and amoebae from the VT treatment
(Fig. 2A). The observed pronounced decrease in host fitness when

challenged with HT versus VT symbionts suggests a strong shift
toward parasitism in horizontally transmitted symbionts.
The fitness of chlamydial symbionts during these infection

experiments was quantified at two stages during the infection
process. At 6 h postinfection (hpi) EBs have successfully entered
the host cell, initiated differentiation to RBs, and started the
establishment of their intracellular niche. This time point thus
determines the ability of the symbionts to infect the amoeba host
at the start of the experiment. At 48 hpi, one chlamydial devel-
opmental cycle is complete, and the ability of the symbionts to
rapidly multiply and subsequently be released back into the
medium can be determined. Symbionts originating from the HT
treatment were highly infectious from the start of the fitness
assay: already 6 hpi, the symbiont numbers in amoebae infected
with HT chlamydiae were double that of the VT treatment
(Fig. 2B). These elevated symbiont numbers were maintained
until the completion of one developmental cycle (i.e., 48 hpi)
(Fig. 2C). Moreover, a significantly higher number of HT symbionts

VERTICAL TRANSMISSION (VT)
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HORIZONTAL
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Fig. 1. The Parachlamydia/Acanthamoeba model and the design of the
evolution experiment. Two separate selection regimes were established to
select for HT and VT, both originating from the same initial ancestral
amoeba–symbiont population. In VT (Top), amoebae that were fully infected
with the symbiont were maintained in liquid culture. Daily removal of the
liquid medium was carried out to remove released EBs, minimizing the po-
tential for HT. No new amoebae were added to the cultures, and the bac-
terial symbionts were passed on from parent cell to daughter cell. This was
performed for 14 mo, equivalent to 525 symbiont generations. In HT (Bot-
tom), EBs were allowed to accumulate over a week in the liquid medium,
after which they were isolated and used to infect naive host cells. Infected
amoebae were discarded at the end of the week. Fresh infections, by way of
HT, were required for the symbionts to be maintained in the population.
This was performed for 14 mo, equivalent to 560 symbiont generations.
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Fig. 2. Symbionts isolated from the HT regime are more virulent than
symbionts from the VT regime. (A) Amoeba populations (n = 8) that were
either fully infected with symbionts from the HT (red dots) or VT (blue dots)
treatment, or uninfected (black dots), were seeded at a concentration of 2 ×
104 cells per milliliter and incubated at 20 °C. The growth of the amoebae
after 7 d was quantified and used to calculate the net growth rate per day.
In the box plots, the interquartile range (IQR) between the first and the third
quartiles is indicated by the box, while vertical lines extend to a distance of
1.5 × IQR from the first or third quartile. The horizontal line within the box
represents the median. The rates were compared using a Kruskal–Wallis test
(χ2 [2] = 15.425, P < 0.0005) followed by Dunn’s multiple comparison post
hoc test. NS, not significant. All growth rates are provided in Dataset S1.
(B–D) Naive amoebae at a concentration of 105 cells per milliliter were in-
fected with symbionts isolated from the HT (red dots) or VT (blue dots)
treatment with an MOI of 5. The relative infectivity was determined by di-
viding the total symbiont number per milliliter (inside and outside host cells)
of the particular treatment (n = 5) by that of the ancestral symbiont after
6 hpi (B) and 48 hpi (C). Data represent mean ± SD of the mean. Numbers of
bacteria were compared using an unpaired two-tailed Student’s t test for B,
t(8) = 3.930, P < 0.005 and C, t(8) = 4.989, P < 0.005). All relative infectivity
values are provided in Dataset S1. (D) Total numbers of symbionts released
outside the host cells per amoeba for each treatment (n = 3) were compared
using an unpaired two-tailed Student’s t test, t(4) = 6.792, P < 0.005. Data
represent mean ± SD of the mean. All individual values for total numbers of
symbionts released are provided in Dataset S1.
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compared to VT symbionts was released per host cell at this time
point (Fig. 2D). These results demonstrate that chlamydiae isolated
from the HT regime infected their host more efficiently than the
ones isolated from the VT regime. This includes the initial uptake,
formation, and replication of RBs and release of infectious EBs
into the supernatant. The increased symbiont fitness reflects the
observed reduction in host fitness (Fig. 2A), together showing a
pronounced shift toward parasitism under HT conditions. An in-
crease in symbiont virulence and parasitism through HT meets
theoretical expectations (15–17). Although these predictions
have been previously demonstrated for viruses and eukaryotic
parasites, only very few studies exist so far that verified the link
between transmission mode and the level of virulence in bacteria
(30, 31).

Ancestral Variants Increased in Frequency in the HT Symbionts. Our
phenotypic data suggest that the increase in symbiont virulence is
a consequence of changes in the bacterial developmental cycle,
emphasizing the efficiency of uptake and the generation and
release of infectious bacteria into the environment. As a next
step, we set out to investigate the molecular basis of these ad-
aptations. The symbiont genome consists of a single circular
chromosome (3,072,383 bp) with 2,618 genes (27). Pool se-
quencing of bacteria isolated from either treatment at the end of
the experiment after 14 mo allowed us to identify genomic

changes that occurred in the symbiont populations during the
experiment (Fig. 3A). We identified 9 novel variants in the
horizontal treatment and 24 novel variants in the vertical treat-
ment, with many of them at low frequencies and none affect-
ing genes involved in critical cellular functions (Dataset S2).
Conversely, standing genetic variation in the initial ancestral
population—the founder Chlamydia and amoeba populations
from which both regimes were initiated—appeared to be par-
ticularly important for the observed evolutionary changes. From
a total of 1,436 ancestral variants, mainly single nucleotide
polymorphisms (SNPs), spread around the genome, 1,161 vari-
ants (80.8% of all variants; Dataset S2) pronouncedly increased
in frequency in the HT symbiont population as compared to the
VT population, with a large majority of these variants reaching
very high frequencies above 80% (Fig. 3A). On the other hand,
only 134 of these variants (9.3% of all variants; Dataset S2) in-
creased in frequency in the VT population relative to the HT
population. The strong shift in variant frequencies under HT
conditions revealed a major change in the symbiont population
concomitant with the observed phenotypic change in parasitism
during our experiment.
In order to investigate this shift in variant frequencies, we

focused on the set of genes that appeared most different between
the two experimental conditions. For this, we focused on genes
that included variants with a greater than 15% differential in
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frequency. These variants were distributed in a total of 446 genes
accounting for 17% of the protein coding sequences, without
apparent mutational hot spots. To better understand how these
genes are related to the observed phenotypes, we tested whether
they are involved in specific cellular functions. Apart from con-
sidering the identity of the affected genes, the variants were di-
vided into numerous subgroups, based on whether they increased
in frequency in the HT or the VT regime, as well as what type of

variant it was (synonymous, nonsynonymous, or promoter re-
gion). Surprisingly, no statistically significant enrichments with
respect to their predicted cellular functions were identified in
any of these groups. Therefore, although genome resequencing
of the symbionts revealed a major population shift and identified
hundreds of genetic variants that increased in frequency under
HT, the genome sequencing data alone does not provide any
clues about the molecular basis underlying the observed
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phenotypes. We thus next asked whether insights into gene ex-
pression dynamics could help understand the difference in par-
asitism between HT and VT symbionts. Using bacteria isolated
at the end of the experiment from either selection regime, we
performed Illumina-based RNA sequencing (RNA-Seq)
analysis on symbionts infecting naive amoebae isolated at
three time points that mark crucial developmental events
during infection: 2 hpi, representing the start of infection and
EB-to-RB transition; 24 hpi, as the peak of replication and RB
activity; and released EBs accumulated at 7 d postinfection,
representing the new generation of symbionts ready to infect
new host cells.

A Large Contrast in Temporal Gene Regulation. Global gene ex-
pression analysis showed a highly dynamic transcriptional land-
scape during infection, including pronounced temporal signatures
consistent with previous findings for chlamydial symbionts (33).
Strikingly, the gene expression profiles of VT and HT symbionts
were very different at all time points analyzed, indicating marked
changes in temporal gene regulation (Fig. 4A and Dataset S4). To
dissect these temporal differences, we next focused more specifi-
cally on which genes were differentially expressed between two
consecutive time points (Dataset S5). We observed the major
discrepancy between HT and VT symbionts when comparing the
number of differentially expressed genes between released EBs
and 2 hpi, reflecting early events during infection (Fig. 4B). In the
symbionts from the VT regime, only 137 genes were differentially
expressed between these two early time points, whereas 1,025
genes were differentially expressed in the symbionts from the HT
regime (Fig. 4B). We next investigated whether the identified
differentially expressed genes are associated with the set of genes
that were characterized by a major shift in variant frequency in our
previous analysis. In fact, from this set of 446 genes, 354 and 248
were differentially expressed at some point during the develop-
mental cycle of HT and VT symbionts, respectively (Fig. 3A and
Dataset S6). When we narrowed down our search in these two
groups to those genes that were solely differentially expressed in
one regime, we identified only 8 unique genes for the VT sym-
bionts (Dataset S7). By contrast, a total of 112 unique genes were
identified for the HT symbionts (Fig. 3A and Dataset S7). Given
that the latter genes exhibited significant changes in variant fre-
quencies and were solely differentially expressed in HT symbionts,
they are likely associated with the increase in virulence in the
symbiont population from the HT regime. This notion is further
supported by the fact that the function of these genes has been
previously implicated in chlamydial survival and virulence (33, 34).
This included oxidative phosphorylation, sensing and signal
transduction, transport, as well as the type III secretion system
(T3SS) (Fig. 3B).

Pronounced Differences Observed at the Single Gene and Pathway
Levels. How were these and other pathways and functional cat-
egories represented in the distinct temporal expression patterns
of HT and VT symbionts? To address this, we analyzed gene
expression levels and gene regulation of selected pathways in
detail. We consistently observed that gene expression levels were
broadly similar for both HT and VT symbionts during replication
(i.e., at 24 hpi; Fig. 4C and Dataset S4). The most highly
expressed genes at this time point are involved in cellular pro-
cesses such as cell division and peptidoglycan synthesis, DNA
replication and translation, and metabolic activity (lipid and
amino acid transport and metabolism), together representing
hallmarks of the chlamydial replicative stage (26, 35) (SI Ap-
pendix, Figs. S1–S3 and Dataset S9). In contrast, pronounced
differences between HT and VT chlamydiae at the single gene
and pathway levels were apparent at the onset of infection (2

hpi) and even more so at the EB stage (Fig. 4D). This included a
significant up-regulation of structural components, effectors, and
chaperones of the T3SS early in infection in HT symbionts, while
this system was not differentially expressed at this time point in
VT symbionts (Fig. 4D). The T3SS was already present in the last
common ancestor of all extant chlamydiae and is a primary and
evolutionarily well-conserved chlamydial virulence factor (36,
37). Another set of genes up-regulated early in HT but not VT
functions in fatty acid biosynthesis (Fig. 4D). As obligate intra-
cellular bacteria, chlamydiae rely on subversion of diverse host
cell metabolites, yet de novo fatty acid and lipid biosynthesis is
considered essential for replication (38). The largest difference
in gene expression between HT and VT symbionts was observed
in the released EBs, the extracellular stage required for survival
and infection of new host cells. HT symbionts showed pronounced
up-regulation of genes involved in oxidative phosphorylation,
glycolysis/gluconeogenesis, the citric acid cycle, pyruvate/prop-
anoate metabolism, and the pentose phosphate pathway—all in-
volved in the utilization of carbon substrates and energy
conservation. This pattern was not detectable in EBs from the VT
regime (Fig. 4D). However, it resembles the gene expression
profile of EBs in closely related chlamydial symbionts for which
glucose metabolism and respiration has been shown to be im-
portant at the infectious stage (33, 34).

Conclusions
Our gene expression analysis supports a scenario in which HT
symbionts that invade the host as EBs were better adapted to
both survival in the extracellular environment and infection of
their amoeba host than VT symbionts. The more virulent HT
phenotype as observed in the symbiont fitness assays (Fig. 2) can
be explained by a more pronounced expression of genes and
pathways known to be important for EB maturation and extra-
cellular persistence. Outside the host cell, access to nutrients,
such as glucose and respiration, is crucial to maintain infectivity
(34, 39, 40), and it is exactly the genes involved in these processes
that are affected by both strong variant shifts and pronounced
differential expression (Figs. 3 and 4). When encountering a
new host cell, secretion of effector proteins is a crucial initial
step of infection and required for host cell manipulation to
establish the intracellular niche (41). The main mechanism to
achieve this, the chlamydial T3SS, is more strongly up-
regulated in HT symbionts at 2 hpi, providing a likely reason
for the significantly higher infectivity in these compared to VT
symbionts (Fig. 2B).
VT symbionts greatly resembled the founder ancestral pop-

ulation, with respect to both phenotype and genotype. When
shown relative to each other at 6 hpi and at 48 hpi, the infectivity
of the VT symbionts did not differ greatly from the infectivity of
the ancestral population (Fig. 2 B and C). Furthermore, the vast
majority of ancestral variant frequencies did not change much in
the VT population, with novel mutations largely remaining at
low frequencies (Fig. 3A and Dataset S2). Conversely to the HT
symbionts, those genes and pathways known to be essential for
extracellular survival and infection were not strongly up-
regulated in the VT symbionts, and this likely determined their
lower infectivity. The attenuated character of the VT pop-
ulation makes the symbionts better suited for long-term co-
existence with their amoeba hosts, and this regime more
closely resembles the transmission mode of these bacteria
under standard laboratory conditions, where the symbionts do
not encounter naive hosts.
In nature one expects a mixed transmission mode for these

environmental chlamydiae, where both HT and VT co-occur
simultaneously. Numerous factors interact together, some of
which favor one transmission mode over the other. One such
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factor likely playing an important role in the environment is host
cell density. Where host individuals are common and encoun-
tering new hosts is not limiting, HT would increase because se-
lection on host fitness is relaxed. Furthermore, an increase in
HT results in higher symbiont diversity within hosts leading to
within-host competition which, in turn, promotes more virulence
(20, 42). However, at low host cell density, VT is more likely to
dominate because host fitness is particularly crucial for symbiont
survival, selecting for attenuated phenotypes. We argue that in
our system, virulence (i.e., host fitness costs due to the infection)
is ultimately a compromise between within-host replication and
host mortality. In fact, the tradeoff hypothesis, discussed and
challenged for the past three decades, proposes that transmission
will have a strong effect on virulence evolution (43, 44). In the
model system investigated here, the symbionts are required to
strike an optimal balance between being more benign (VT
population) and more parasitic (HT population), and this will
vary depending on the complex web of interactions in the
surrounding environment.
In conclusion, we have shown that conditions favoring HT led

to increased parasitism and higher infectivity in a bacterial
symbiont related to major pathogens of humans. While predicted
by theory (11, 15–17), experimental evidence for bacteria is
sparse (30, 31, 45). Here, the observed shift toward parasitism
occurred within a short time frame and was mainly driven by a
change in standing genetic variation, i.e., selection for several
hundred SNPs that occurred in the original symbiont population.
The parasitic phenotype was characterized by an extensive ad-
justment of gene expression, mainly affecting functions impor-
tant at the infectious stage of the symbiont and required for host
cell manipulation. The experimental and molecular evidence
presented in this study contributes to a better understanding of
how conditions affecting transmission mode can lead to the
emergence of bacterial parasitism.

Materials and Methods
Evolution Experiments. The same ancestral population of Acanthamoeba sp.
UWC1 containing P. acanthamoebae UV-7 was used in the two different
regimes. This population had been maintained at 20 °C in TSY me-
dium (30 g/L trypticase soy broth, oxoid, 10 g/L yeast extract; pH 7.3).
Cultures were regularly screened by fluorescence in situ hybridization and
4′,6′-diamidino-2-phenylindole (DAPI) staining (0.1 μg/mL) to exclude
contamination.

In the VT regime, amoebae that were fully infected with the symbiont
were maintained in 25 cm2 cell culture flasks (Nalge Nunc International)
with 10 mL TSY medium at 20 °C. The medium was replaced daily, en-
suring that as much liquid as possible, containing released EBs and cell
debris, was removed. New amoebae were never added to the cultures,
and the bacterial symbionts were passed on from parent cell to daughter
cell. This was performed for 14 mo, equivalent to 525 symbiont gener-
ations. Amoeba–Chlamydia samples from the end of the VT experiment
were stored with dimethyl sulfoxide as a cryoprotectant in liquid nitro-
gen. These samples were later used to isolate symbionts for the fitness
assays.

At the start of every week in the HT regime, 3 mL TSY medium, 2 mL of a
suspension of naive amoeba cells (the appropriate number of amoebae was
predetermined during the initial infection cycles), and 2 mL of filtered su-
pernatant (containing released EBs) from the previous week’s population
were mixed together in 25 cm2 cell culture flasks. The mixture was allowed
to stand for 30 min at room temperature, followed by centrifugation (1,000
rpm, 15 min, 23 °C) so as to synchronize the infection. The medium was then
exchanged by pipetting, after which the cultures were allowed to grow for a
week at 20 °C. Amoebae were completely infected by the end of the week,
with many EBs being released in the medium. Infected amoebae were then
discarded and the filtered supernatant was used to infect naive host cells.-
This was performed for 14 mo, equivalent to 560 symbiont generations. EBs
from the end of the HT experiment were stored in SPG buffer (75 g/L su-
crose, 0.52 g/L KH2PO4, 1.53 g/L NaHPO4·7H2O, 1.53 g/L Na2HPO4·2H2O,
0.75 g/L glutamic acid; pH 7.2) at −80 °C. These EBs were later used in the
fitness assays.

Fitness Assays. To measure the effect that the HT and VT symbionts had on
growth rate of host cells, amoeba populations that were either fully infected
with symbionts isolated from the HT or VT treatment, or uninfected, were
seeded in 1 mL TSY medium in 24-well plates (Thermo Fisher Scientific) at a
concentration of 2 × 104 cells per milliliter and incubated at the HT/VT re-
gime temperature of 20 °C. The growth of the amoebae after 7 d was
quantified by counting the number of host cells in a Neubauer chamber
(VWR International). The initial and final cell numbers were used to calculate
the net growth rate per day: ln(Nt − N0)/t; Nt is the final cell concentration,
N0 is the initial cell concentration, and t is 7 d (46).

To quantify the virulence of the bacteria, naive amoebae were infected
with symbionts purified from the HT or VT treatment at the end of the
experiment, which was conducted as follows. Culture supernatant was fil-
tered through 1.2-μm syringe filters (Sartorius) to remove residual host cells.
Bacteria were collected by centrifugation (10,000 rpm, 10 min, 4 °C), resus-
pended in precooled SPG buffer, homogenized using a 21-gauge injection
needle (B. Braun), and stored at −80 °C in SPG buffer. For quantification of
purified EBs, 10-μL cell suspensions in 10 mL Page’s amoeba saline (PAS)
(0.12 g/L NaCl, 0.004 g/L MgSO4·7H2O, 0.004 g/L CaCl2·2H2O, 0.142 g/L
Na2HPO4, 0.136 g/L KH2PO4) were filtered onto a polycarbonate membrane
with a pore size of 0.2 μm (EMD Millipore); cells were stained with 0.1 μg/mL
DAPI and counted using an epifluorescence microscope (Axioplan 2 imaging;
Carl Zeiss).

Symbiont-free amoebae were harvested right before infection and an
aliquot was counted in a Neubauer chamber. The amoeba cell suspension in
TSY was seeded in the required amount of wells (1 mL/well) in a 24-well
plate at a concentration of 105 amoebae/mL. The plate was then incubated
at 20 °C for 1 h to allow the host cells to attach prior to infection. EBs for the
samples to be tested were thawed at 37 °C in a water bath and added in
triplicate to wells in the 24-well plate at a multiplicity of infection (MOI) of 5,
as this was predetermined to be the best MOI to observe differences in in-
fectivity between samples. The well plates were then incubated for 15 min at
room temperature, followed by centrifugation (1,000 rpm, 15 min, 23 °C) so
as to synchronize the infection. The medium was then changed so as to
remove any residual EBs. This was done by removing 1 mL TSY per well by
pipetting, and then readding 1 mL of fresh TSY. Wells were then sampled at
6 hpi and 48 hpi, with the latter time point being divided into supernatant
fraction and amoeba fraction. Quantification of symbionts was then carried
out by qPCR (see below). The relative infectivity was determined by dividing
the total symbiont number per milliliter of the particular treatment (HT/VT)
by that of the ancestral symbiont.

qPCR.We produced a standard for the absolute quantification of members of
the Chlamydiales by qPCR assay with the primer pair panCh16F2_mod (5′-
CCGCCAACAYTGGGACT-3′)/panCh16R2_mod (5′-GKAGGTRGCCGCYGCTTCTT-
TAC-3′) (both modified from ref. 47) targeting the Chlamydiales 16S rRNA
gene. This qPCR standard consisted of a linear DNA molecule containing
the target sequence of the primer pair that was used in the qPCR assays
flanked by 90- and 76-bp regions on each end to allow the qPCR polymerase
to attach. Briefly, the standard was produced by amplifying the target se-
quence by PCR, cloning into the pCR4TOPO vector using the TOPO-TA Cloning
Kit for Sequencing by Thermo Fisher Scientific, transforming the resulting
plasmids into One Shot TOP10 chemically competent Escherichia coli cells, and
finally purifying and pooling using the QIAquick PCR Purification Kit from
Qiagen.

DNA from the amoeba–Chlamydia cultures was isolated using the
DNeasy Blood & Tissue Kit (Qiagen). All qPCR assays were performed in
16 μL, with iQ SYBR Green Supermix (Bio-Rad Laboratories), 0.25 μM
concentrations of each primer (both modified from ref. 47), molecular
biology grade water (Merck KGaA), and 2 μL of DNA sample using a
CFX96 Touch Real-Time PCR Detection System from Bio-Rad. The cycling
conditions were 3 min at 95 °C, followed by 40 cycles of 15 s at 95 °C,
30 s at 60 °C, and 30 s at 72 °C. The results of the qPCR runs were an-
alyzed using the CFX Manager 3.1 from Bio-Rad. The melt curves were
checked for any abnormalities. The absolute number of 16S-rRNA
genes in the samples was determined by running a serial dilution of
the standard sequences of known concentration in every qPCR run and
comparing the amplification of the samples to the linear regression
(R2 > 0.99 in all cases) produced by the standards. All samples were run
in triplicate and molecular biology grade water was used as a negative
PCR control.

DNA Extraction and Sequencing. Frozen amoeba–Chlamydia cultures from the
founder population as well as from the end of the experiment of the VT
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regime were thawed in a water bath at 35 °C for 2 min and then pipetted
into 25-cm2 culture flasks with 10 mL TSY to allow sufficient growth. After 1
wk, these cultures were then upscaled into 175-cm2 flasks (Nalge Nunc In-
ternational) for another week so as to increase the quantity of EBs that
could be isolated. Frozen EBs from the HT regime at the end of the exper-
iment were used to infect naive amoeba cells and upscaled in the same
way as the VT regime. EB purification from the supernatant was done as
described previously for both regimes. Isolation of genomic DNA was then
carried out on these isolated EBs using a cetyl trimethylammonium bromide-
based extraction method (48). Library preparation and pool sequencing
of symbiont populations were performed at the Vienna BioCenter Core
Facilities (VBCF) next-generation sequencing (NGS) unit (https://www.
viennabiocenter.org/facilities/). Illumina Genome Analyzer and HiSeq2000
instruments were used to generate paired-end reads of ∼125 bases
according to standard procedures, achieving the desirable coverage of
300- to 600-fold.

Sequence Read Processing and Mapping. The quality filtering and trimming of
the sequenced reads was done by Prinseq-lite (v0.19.5) (49) and Trimmomatic
(v0.32) (50) and applied as follows. First, a sliding window with size 10 re-
moved any bases with lower quality than 20 starting from the 3′ end by re-
moving the read part containing the low-quality bases. Any reads shorter than
40 nucleotides were also removed. We discarded any low-quality read that
had an average Phred score below 30. Only read pairs were kept. These reads
were mapped against the reference genome sequence of P. acanthamoebae
(27) (NCBI RefSeq accession no. NC_015702.1) using the Burrows–Wheeler
aligner (BWA) (v0.7.5a) (51) with standard settings and stored as bam files. For
conversions from sam to bam files and from bam to fastq files (as Cortex_var
input), we used SAMtools (v0.1.18) (52) and Picard Tools (v1.92, broadinstitute.
github.io/picard/).

Variant Prediction. We used our VarCap pipeline (https://github.com/
ma2o/VarCap) (53) to detect single nucleotide and structural differences
at high resolution and accuracy based on Illumina reads mapped to the
reference P. acanthamoebae genome sequence. VarCap automatically
performs quality filtering, mapping, variant calling, and postfiltering of
the predicted variants. The output is a Variant Call Format (VCF) file
with a detailed description of the variants as well as two PDF files, which
give a graphical overview of variant coverage and their frequency
distribution.

Zojer et al. (53) separately evaluated numerous variant detection tools for
SNPs, insertions, and deletions, as well as structural variants. Owing to the
different variant calling abilities of the separate tools at low frequencies,
several tools were combined so as to increase the sensitivity of the VarCap
pipeline. Furthermore, a variant call had to be supported by at least two
different tools so as to gain precision and robustness. Combining all these
selected software tools, all variants except inversions could be detected at a
minimum read abundance of 2% at 400× total coverage, with a minimum of
eight reads per variant, with high sensitivity.

RNA-Seq Infection Experiments. EBs were freshly purified from amoeba cul-
tures grown in 500-cm2 culture flasks (Nalge Nunc International), in which
EBs had been allowed to accumulate in the medium for 1 wk. These EBs
originated from the end of the experiment of both the HT and VT regimes.
Purification of EBs and subsequent quantification of purified EBs was carried
out as described previously. Symbiont-free amoebae were harvested 3 d
before infection and seeded at low cell density, followed by incubation at
20 °C until infection. To optimize infection efficiency, particularly at early
time points, we used an MOI of 185 for 2 hpi, an MOI of 100 for 24 hpi, and
an MOI of 25 for released EBs accumulated at 7 d postinfection. Pre-
cultivated amoebae were harvested, transferred to 50-mL Greiner tubes
(Greiner Bio-One GmbH), and purified Parachlamydia EBs were added, fol-
lowed by repeated centrifugation (centrifuged at 130 × g twice for 5 min
each time and then once for 10 min at 20 °C) with vortexing between the
centrifugation steps. Infected amoebae were then transferred back to the
culture flasks and incubated in TSY medium at 20 °C for 2 h before the in-
fection was synchronized by gently washing the attached amoebae three
times with PAS. TSY medium was added to the cultures; some culture flasks
were sampled at the 2 hpi time point, whereas the remaining culture flasks
were incubated at 20 °C for 24 h. Released Parachlamydia EBs were harvested
from the medium supernatant after 1 wk of incubation from amoeba–
endosymbiont cultures that were grown at the same conditions and purified

as described previously. All infection experiments were performed in biological
triplicates.

RNA Extraction and Sequencing. In order to increase the coverage of the
Parachlamydia transcriptome, a protocol for enrichment of bacteria prior to
RNA extraction was employed (33). Each sample was processed in less than
7 min so as to minimize possible changes of the transcriptomes during en-
richment, since the half-life of total mRNA from E. coli was demonstrated to
be in this range (54). Infected amoebae were harvested and collected
(7,600 × g, 2 min, 20 °C), after which the pellets were resuspended in a su-
crose buffer (35 mM Tris-HCl, 250 mM sucrose, 25 mM KCl, 10 mM MgCl2)
supplemented with 50 μg/mL rifampicin (Sigma-Aldrich Handels GmbH) in
order to inhibit active transcription during the enrichment procedure (55,
56). Amoebae were then disrupted by vortexing in the presence of glass
beads (diameter of 0.75 to 1 mm; Carl Roth) for 1 min. The suspensions
were subsequently filtered through a 5-μm filter, the flowthrough frac-
tions containing the bacteria were collected by centrifugation (10,600 × g,
2 min, room temperature), and the pellets were immediately resuspended
in TRIzol reagent (Thermo Fisher Scientific). Extracellular Parachlamydia
EBs were pelleted (20,800 × g, 2 min, room temperature); these pellets
were then resuspended in sucrose buffer and treated like the enriched
bacteria.

Cells were mechanically disrupted by bead beating for 30 s at 4.5 m/s using
lysing matrix A tubes and a FastPrep-24 instrument (MP Biomedicals). Sub-
sequent RNA extraction was performed according to the TRIzol guidelines.
Residual DNA was then digested using the Turbo DNA-Free Kit (Thermo
Fisher Scientific) as recommended by the manufacturer. DNase-treated RNA
was precipitated with sodium acetate and ethanol and dissolved in nuclease-
free water (Thermo Fisher Scientific), whereas DNA contamination was
controlled for via PCR targeting a short region of the bacterial 16S rRNA
gene (SigF2/R2 primers) (57) using 35 PCR cycles. rRNA was subsequently
removed using the Ribo-Zero magnetic kit for gram-positive bacteria
according to the manufacturer’s instructions (Illumina). For strand-specific
cDNA library preparation, the NEBNext Ultra directional RNA library prep kit
for Illumina, in combination with the NEBNext multiplex oligonucleotides
(New England Biolabs), was used starting at first-strand cDNA synthesis. All
libraries were sequenced using an Illumina HiSeq2500 system at the VBCF
NGS unit with 50-bp read length.

RNA-Seq Read Processing. Sequencing reads were trimmed and cleaned be-
fore mapping (Dataset S10), based on sequencing read statistics obtained
using Trimmomatic (v0.32) (50) and FastQC (v0.10.0) (58). Briefly, 1) the first
11 bases were removed; 2) any remaining adapter sequences were clipped;
and 3) sequence reads shorter than 25 bases were removed, all done using
Trimmomatic. To map bacterial reads to the P. acanthamoebae reference
genome (27) BWA (v0.7.5a) (51) was used. Only unambiguously mapped
reads were kept using SAMtools (v0.1.18) (52). Strand-specific reads per
predicted gene were counted via HTSeq (v0.11.1) (59).

Gene Expression Analyses. Differentially expressed genes were determined
between two consecutive time points (2 hpi to 24 hpi, 24 hpi to EBs, EBs to 2
hpi) using the R software environment (v3.6.1) and the Bioconductor package
DESeq2 (v1.22.1) (60–62). Genes were considered differentially expressed if
their expression changed twofold with a false-discovery rate (FDR) smaller
than or equal to 0.05. Log2 fold changes (logFC) of differentially expressed
genes and mean centered gene expression values (log2 transcripts per kilo-
base million [TPM]) were used for visualization as heat maps using the R
package gplots (v3.0.1.1) (63).

To improve the available P. acanthamoebae genome annotation, for each
gene we collected Pfam domains (bit score ≥25) (64), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway maps (65), Gene Ontology (GO) terms
using Blast2GO (66), clusters of orthologous groups of proteins (COGs) and
their functional categories using MaGe (67), and type III secretion effector
predictions using Effective (68). The Bioconductor software package GOsEq.
(69) was used to test for statistical enrichment of functional categories
among different gene sets.

Statistics. Statistical analysis was performed using R (v3.6.1) (60). Details on
sample sizes, in addition to the statistical tests conducted, are shown in the
corresponding figure legends; the statistical parameters and significance are
reported in the figure legends. Data were considered to be statistically
significant when P ≤ 0.05. The fitness assays were performed on three to
eight replicates, consisting of three technical replicates each for qPCR data.
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Comparisons for two groups were calculated by unpaired two-tailed Stu-
dent’s t tests and the comparison for more than two groups was calculated
by a Kruskal–Wallis test followed by Dunn’s multiple comparison post
hoc test.

Three infection experiments (representing three time points) using
different symbiont subpopulations were performed, and three samples for
each time point and treatment (VT and HT) were used for RNA sequencing.
We performed a number of statistical tests on the RNA-Seq data obtained
in triplicate: a negative binomial model followed by a Wald test in DESeq2
(62) was used to identify differentially expressed genes between two
consecutive time points for each treatment; a probability weighting
function followed by a Wallenius approximation in GOsEq. (69) was used
to test for statistical enrichment of functional categories (FDR ≤ 0.05) among
different gene sets for each treatment; two-tailed Fisher’s exact tests were
conducted to test whether predicted type III secreted proteins were signifi-
cantly enriched in any given gene set for each treatment; and Kendall rank

correlation was used to test the correlation between transcript abundance in
the two treatments.

Data Availability. All raw sequencing data were deposited in the Na-
tional Center for Biotechnology Information (NCBI) database under bio-
project accession no. PRJNA574613. RNA-Seq data can be accessed
from the Gene Expression Omnibus (GEO) database through accession no.
GSE138099.
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