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Introduction

Prokaryotes are everywhere. Any environment, as extreme as it may be, is replete
with bacteria - from deep-sea hydrothermal vents to the freezing expanses of
Antarctic soil. Even our bodies harbour more bacterial cells than human cells
(Sender et al. 2016)! As the American writer Stewart Brand aptly put it: “If you don't
like bacteria, you're on the wrong planet.” It should therefore come as no surprise
that bacteria have also exploited eukaryotic cells, and nature is plentiful with
examples of these host-associated bacteria. These microbes have major impacts on
the biology, ecology and evolution of their hosts, affecting processes and functions
including nutrition (Backhed et al. 2005) and development (Braendle et al. 2003), as
well as speciation (Hurst and Werren 2001) and immunity (Macdonald and
Monteleone 2005). Whereas pathogens tend to have major negative impacts on the
hosts that they interact with, intracellular bacteria may become persistent and such

sustained infections result in symbioses.

Obligate symbionts and their hosts often share a mutualistic interaction, and they
descend from ancient and specialised associations. As a result of the very intimate
relationship between host and endosymbiont, it is generally extremely difficult to
culture these microorganisms, making them difficult to study. Thus, our knowledge
about these elusive microbes lags behind. What we do know about genome
evolution of obligate intracellular bacteria is limited to very few groups of organisms.
Comparative genome analysis of the mutualistic pea aphid symbiont, Buchnera
aphidicola, has provided us with major insights into the process of genome size
reduction, genome dynamics of small genomes as well as adaptation to an obligate
mutualistic relationship with a eukaryotic host (Pérez-Brocal et al. 2006; Moran et al.
2009).

This thesis focuses on a fascinating group of bacteria, the phylum Chlamydiae,
which very likely represent the most ancient group of obligate intracellular bacteria.
Comparative and phylogenetic genome sequence analysis have suggested that the
last common ancestor of all extant members of this group already inhabited a
eukaryotic host cell several hundreds of millions of years ago. Members of the

chlamydiae possess small, reduced genomes and lack essential biosynthetic
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pathways, relying on numerous metabolites from their eukaryotic hosts (Omsland et
al. 2014). All Chlamydiae share a characteristic biphasic developmental cycle (fig. 1)
comprising two distinct morphological and physiological stages: the elementary body
(EB) survives the extracellular environment and infects new host cells, whereas the
reticulate body (RB) replicates inside a host-derived vacuole (Abdelrahman and
Belland 2005; Horn 2008). This developmental cycle is most certainly a unique

feature among obligate intracellular bacteria.
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FIG. 1. Chlamydial biphasic developmental cycle (Omsland et al. 2014). An extracellular
body (EB) is initially taken up by a host cell. This may then either form a single-cell inclusion
or else multiple EBs may reside in one inclusion. Here the EB differentiates into the fully
metabolic reticulate body (RB), which in turn replicates. Eventually, RBs convert back to EBs
and are released from the host cell. This may result in host cell lysis but when this does not

happen, the host and symbiont are able to co-evolve together.

The chlamydiae are especially relevant in today’s world as they are very successful
bacterial pathogens of humans. Chlamydia trachomatis, the first identified member of
the group, comprises more than fifteen serologically defined variants and causes
over 100 million infections worldwide every year (Wright et al. 2008; Roulis et al.
2013; Dal Conte et al. 2014). It is the main cause of preventable blindness in the
developing world and the largest cause of bacterial sexually transmitted infections in

the developed world. C. pneumoniae is a causative agent of pneumonia in humans
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but it also infects numerous mammals, reptiles, and amphibians (Horn 2008;
Taylor-Brown et al. 2015). In fact, other members of the chlamydiae can also infect a
large variety of animals, including fish, birds and mammals, causing numerous
clinically important diseases in economically significant livestock species (cattle,
goats, sheep, and pigs) (DeGraves et al. 2003; Polkinghorne et al. 2009; Schautteet
and Vanrompay 2011). However, in 1997 chlamydia-related organisms were
unexpectedly discovered within amoeba cells isolated from human nasal mucosa
(Amann et al. 1997), and nowadays numerous families of chlamydiae have been
described (fig. 2) and are collectively referred to as the environmental chlamydiae
(Horn 2008; Collingro et al. 2020).

These particular members of the chlamydiae are found ubiquitously in the
environment and the maijority of them are considered to be symbionts of free-living
amoebae, with a limited ability to multiply in nonprotozoan host cells (Maurin et al.
2002; Greub et al. 2003; Collingro et al. 2005; Casson et al. 2006; Kebbi-Beghdadi
et al. 2011; Sixt et al. 2012). Such protozoa have actually played a crucial role in the
evolution of intracellular bacterial pathogens, which has been referred to as the
‘protozoan gym’ hypothesis (Harb et al. 2000). Free-living amoebae that harbour
these symbionts are present in marine and freshwater habitats, and they are the
main predators of bacteria in soil. Through phagocytosis, nutrients are released and
taken up by plants, and it has been shown that this phenomenon, termed the soil
microbial loop, is critical in driving plant productivity. Despite this major importance of
protists in the soil community, very little is known on the effects that intracellular
symbionts, which are consistently detected in (25% to 100% of) Acanthamoeba

isolates, may incur on the activity of these protists.
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FIG. 2. The phylogenetic tree of the Chlamydiae (Omsland et al. 2014). The relationship
between the pathogenic chlamydiae, the Chlamydiaceae, with the other families of
environmental chlamydiae is shown. Representative species are depicted, with their genome
sizes relative to the 3.1 Mb genome of Parachlamydia acanthamoebae indicated as pie

charts.

Unlike well characterized obligate intracellular bacteria such as B. aphidicola and
Wolbachia spp., the Chlamydiae have only been poorly studied with respect to
genome evolution and dynamics. However, | believe that they provide an exciting
prospect toward a better understanding of major drivers in the evolution of
host-associated microbes due to their unique features and significance in our
society. Experimental evolution—the study of evolutionary processes in response to
imposed controlled conditions in real time—using microbes has become increasingly
popular over the last few decades as they are ideal subjects (Elena and Lenski 2003;
Buckling et al. 2009; Brockhurst et al. 2010; Dettman et al. 2012; Cvijovi¢ et al.
2018). Long-term experiments with microorganisms are brilliant as they can be used
as a low-complexity model system in order to test different evolutionary theories.
One of the finest examples to date of such an experiment is that initiated by Richard
Lenski in 1988 using 12 serially propagated Escherichia coli populations in minimal
medium (Lenski et al. 1991), which is still ongoing. Over 80 publications on this

long-term experiment alone have yielded invaluable insights into the evolutionary
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dynamics of adaptation (Barrick et al. 2009; Wiser et al. 2013; Good et al. 2017),
fitness trajectories (Lenski et al. 2015), the evolution of mutation rates (Sniegowski et
al. 1997; Arjan et al. 1999) and so many other fine details in the evolutionary
process. Apart from studying evolution, experimental evolution using microbes can
be applied to other fields as well such as cancer research (Nowell 1976; Sprouffske

et al. 2012) and antibiotic resistance (Stone et al. 2016; Yen and Papin 2017).

In the past, such studies were limited to cultivable, easily accessible and genetically
tractable microbes (Elena and Lenski 2003; Buckling et al. 2009), but the advent of
highly parallel sequencing methods now allows us to explore the more elusive
host-associated bacteria. We can finally shed some light on how such intricate
relationships have stood the test of time for so long, with one area to explore
involving the character of the symbioses. The relationship between the partners in
microbial symbioses has been described as existing along a parasitism-mutualism
continuum (Ewald 1987), whose dynamics depend on diverse genotypic and
environmental factors (Michalakis et al. 1992; Lipsitch et al. 1996; Yamamura 1996;
Hoeksema et al. 2010). Transmission mode is of particular relevance and is an
important factor shaping the ecology and evolution of numerous symbiotic
associations (Yamamura 1993; Moran et al. 2008; Bright and Bulgheresi 2010). In
vertical transmission, symbionts are inherited from the host parent to the offspring,
aligning the evolutionary interest of host and symbionts. This selects for benign,
mutualistic symbionts (Axelrod and Hamilton 1981; Bull and Rice 1991). By contrast,
horizontally transmitted symbionts infect new host lineages and this promotes the
evolution of virulence (Fine 1975; Ewald 1983; Bull 1994). Numerous experimental
studies have validated these arguments (Bull et al. 1991; Messenger et al. 1999;
Stewart et al. 2005; Sachs and Wilcox 2006) but, interestingly, we know close to
nothing about molecular adaptations leading to these shifts in the
parasitism-mutualism continuum. Another important aspect relating to the
chlamydiae is how these bacteria made the leap to higher eukaryotes. Temperature
adaptation is essential for many microbes, particularly pathogens that invade
warm-blooded animals. Such adaptations regularly involve the upregulation of
temperature-regulated genes. Often this needs global gene regulation involving a
two-component signal transduction system composed of a sensor-kinase and a

response regulator (Konkel and Tilly 2000).
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The central theme of this thesis involves the application of experimental evolution
approaches to unravel aspects of the chlamydia-amoeba symbiosis. | aim to
understand the genomic and molecular basis of the intracellular lifestyle of two
species of environmental chlamydiae (family Parachlamydiaceae) with their
Acanthamoeba host with respect to aspects of host interaction and adaptation, as
well as the character of the symbioses. The third chapter dives right into this latter
aspect, where we make use of Parachlamydia acanthamoebae to understand the
position of the symbiosis along the parasitism-mutualism continuum. We designed
two regimes by experimentally manipulating the transmission of symbionts among
host generations to predominantly select for either of the two transmission modes
(horizontal or vertical). The fourth chapter makes use of Protochlamydia
amoebophila, where we set up an evolution experiment for a number of years, at 20
°C and at an elevated, more stressful 30 °C. Here | really am interested in tracking
genomic evolutionary dynamics as well as observing any evolved phenotypes. The
fifth chapter goes one step deeper into this evolution experiment where we use
transcriptomics to explore how the symbiont adapts to sustained elevated
temperature for long periods of time and to identify those pathways that were most

affected by the high temperature.
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Abstract

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 phenotypic data, and we know
little about underlying molecular changes at the genomic level. Here, we combined
an experimental evolution approach with infection assays, genome re-sequencing,
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 depending
on the mode of between-host transmission. We found that increased parasitism in
horizontally transmitted chlamydiae residing in amoebae was a result of processes
occurring at the infectious stage of the symbiont’s developmental cycle. Specifically,
genes involved in energy production required for extracellular survival and the type
Il secretion system - the symbiont’'s primary virulence mechanism - were
significantly upregulated. Our results identify the genomic and transcriptional

dynamics sufficient to favor parasitic or mutualistic strategies.

Significance statement

Symbiotic relationships with microbes are ubiquitous among living beings and can be
parasitic, such as in bacterial pathogens, or mutualistic, as in beneficial
microbiomes. Among other factors, the outcome of microbe-host relationships is
determined by the mode of symbiont transmission from host to host. Here we
describe how bacterial symbionts increased in infectivity and virulence towards their
amoeba host when transmission to a new host was essential for survival. The
enhanced parasitism is a result of genomic changes and a pronounced switch of
gene expression altering the symbionts’ mechanisms for host interaction. Our study
provides both a molecular explanation as well as a blueprint for how changes in

gene expression are sufficient to confer enhanced parasitism in microbes.
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Introduction

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 associations (7—-10). In the
case of vertical transmission (VT), symbionts 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 generations 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 parasitic
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 fithess as a result of infection, which can ultimately
lead to host mortality (18-21). Consistent with this notion, experimental
manipulation in the lab has demonstrated that propagating symbionts via either HT
or VT will select for parasitic or mutualistic 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 Parachlamydiaacanthamoebae
and its protist host Acanthamoebasp.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
reticulate body (RB) replicates inside the host cell within a host-derived vacuole
(25-27). Chlamydiae are among the most successful 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
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transmission mode (29) represents an ideal starting point for experimentally
manipulating 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 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 predominantly 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 ancestral chlamydia and amoeba populations
and maintained for a duration of 14 months, which corresponded to about 500 to 600

symbiont generations (S/ Appendix, SI Text).
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VERTICAL TRANSMISSION (VT)

host replication

EBs removed

fresh infection

"l:eleased EBs

HORIZONTAL
TRANSMISSION
(HT)

naive host added
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
potential for HT. No new amoebae were added to the cultures, and the bacterial symbionts
were passed on from parent cell to daughter cell. This was performed for 14 months,
equivalent to 525 symbiont generations. In HT (bottom), 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 months, equivalent to 560 symbiont generations.

Fitness assays reveal a shift towards 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 experiment from the VT treatment displayed a net growth rate that was
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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 towards 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 hours post infection (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 developmental 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 fithess 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 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 fithess (Fig. 2A), together showing a pronounced shift
towards parasitism under HT conditions. An increase 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).

28


https://paperpile.com/c/vvqsZi/kVZkj+62YRA+G2ImN
https://paperpile.com/c/vvqsZi/mkMM+mNI3

P = 0.0015 B
NS P = 0.0044

P

w

P =0.0014

s :

HT Uninfected VT 6hr HT 6hr VT
Host Treatment

@

==

@

©
-
)

N

©
o
@

Net growth rate/day
o
=
N
.
®

Relative infectivity

o

Relative infectivity
=
N
Symbionts released/amoeba
S
o

_P=00011 P = 0.0025

I

@

iy

o))
(0)}
o

s E

48hr HT  48hr VT 48hr HT ~ 48hrvT
Treatment Treatment

o

(o)
[N)
o

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 x 10* cells per ml and incubated at 20 °C. The growth of the amoebae
after 7 days 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 x 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 (x* (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 10° cells per ml were infected with symbionts isolated from
the HT (red dots) or VT (blue dots) treatment with a multiplicity of infection (MOI) of 5. The
relative infectivity was determined by dividing the total symbiont number per ml (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 * standard deviation of the mean. Numbers of
bacteria were compared using an unpaired two-tailed Student’s t test (B: #8) = 3.930,
P<0.005; C: #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 ({(4) = 6.792,
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P <0.005). Data represent mean + standard deviation of the mean. All individual values for

total numbers of symbionts released are provided in Dataset S1.

Ancestral variants increased in frequency in the HT symbionts

Our phenotypic data suggests 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
adaptations. The symbiont genome consists of a single circular chromosome
(3,072,383 bp) with 2,618 genes (27). Pool sequencing of bacteria isolated from
either treatment at the end of the experiment after 14 months 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 treatment, with many of them at low frequencies and none
affecting 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
particularly 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 variants (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) increased 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 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
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better understand how these genes are related to the observed phenotypes, we
tested whether they are involved in specific cellular functions. Apart from considering
the identity of the affected genes, the variants were divided into numerous
sub-groups, 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 region). Surprisingly, no statistically significant enrichments with respect to
their predicted cellular functions were identified in any of these groups. Therefore,
although genome re-sequencing 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 phenotypes. We thus next asked whether insights into
gene expression dynamics could help understand the difference in parasitism
between HT and VT symbionts. Using bacteria isolated at the end of the experiment
from either selection regime, we performed lllumina-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 days post infection, representing the

new generation of symbionts ready to infect new host cells.
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Fig. 3. A majority of genetic variants strongly increased in frequency in the symbionts from
the HT regime, and were associated with differentially expressed genes. The circular plots

represent the symbiont genome. (A) In all four rings, red indicates HT and blue indicates VT.
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The outermost ring depicts a scatter plot for the entire symbiont genome with all the 1,436
ancestral genetic variants identified in the HT and VT symbiont populations. A large majority
of the HT variants reach very high frequencies above 80%. One symbol represents a single
variant. Lighter yellow sections represent conserved regions of the genome that possess a
high proportion of housekeeping genes and are less affected by variants (i.e. genes involved
in replication, translation, central carbon metabolism, energy production and conversion,
metabolism and transport). The second ring shows the location of the 33 novel variants (9 =
HT; 24 = VT) identified throughout the genome (circle = intergenic; triangle = genic; rectangle
= potential promoter region). The third ring depicts those genes from either treatment (354 =
HT; 248 = VT) that (i) harboured variants with a pronounced difference in frequency (+15%)
between the two treatments, and (ii) were differentially expressed in the respective
treatment. The innermost ring depicts those genes (112 = HT; 8 = VT) from the third ring that
were solely differentially expressed in one but not the other treatment. Genome visualization
was carried out with Circos (32). (B) Coxcomb chart summarizes the known functional
categories of the 112 unique genes differentially expressed in the HT symbiont population.
Axis indicates the percentage of genes affected per functional category. All individual values

are provided in Dataset S3.

A large contrast in temporal gene regulation

Global gene expression analysis showed a highly dynamic transcriptional landscape
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 specifically 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 developmental cycle
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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 symbionts
(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 frequencies 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 have been previously implicated in chlamydial survival and
virulence (33, 34). This included oxidative phosphorylation, sensing and signal

transduction, transport, as well as the type lll secretion system (T3SS) (Fig. 3B).

Pronounced differences observed at the single gene and pathway level

How were these and other pathways and functional categories 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 processes
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) (S/ Appendix,
Figs. S1-S3 and Dataset S9). In contrast, pronounced differences between HT and
VT chlamydiae at the single gene and pathway level were apparent at the onset of
infection (2 hpi) and even more so at the EB stage (Fig. 4D). This included a
significant upregulation 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 upregulated early in HT but not VT functions in fatty acid biosynthesis (Fig.
4D). As obligate intracellular bacteria, chlamydiae rely on subversion of diverse host

cell metabolites, yet de novo fatty acid and lipid biosynthesis is considered essential
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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
upregulation of genes involved in oxidative phosphorylation,
glycolysis/gluconeogenesis, the citric acid cycle, pyruvate/propanoate metabolism,
and the pentose phosphate pathway - all involved 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 important at the infectious stage (33, 34).
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Fig. 4. Genes involved in extracellular survival and virulence were upregulated in HT
symbionts. (A) Principal component (PC) analysis plot for RNA-Seq gene expression data at
three time points of symbionts from the HT or VT treatment that were collected from amoeba
host cells (2 hpi and 24 hpi) or from the medium (released EBs) (n = 3). (B) An overview of

the total number of differentially expressed (DE) genes for either treatment between two
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consecutive time points that marked crucial developmental events during infection (n = 3).
Genes were considered differentially expressed if their expression changed twofold with a
false-discovery rate (FDR) smaller or equal 0.05. (C) Scatter plot showing the correlation
between transcript abundance in the two treatments at each time point (n = 3). Each dot on
the scatter plot represents a single gene. Kendall’s tau coefficient at each time point is
shown on the plot. (D) Heat maps depict those metabolic pathways and T3SS loci with
marked differences between the HT and VT treatments with respect to log, fold changes
(logFC) of genes that were differentially expressed between released EBs and the 2 hpi
(false discovery rate of 0.05) (n = 3). A logFC below 1 (no differential expression) is shown in
white, significant upregulation in released EBs is shown in pink, and significant upregulation
at 2 hpi is shown in green. The stronger the color, the stronger the gene expression change

between the two time points. All logFC values are provided in Dataset S8.

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 fithess assays (Fig. 2) can be
explained by a more pronounced expression of genes and pathways known to be
important for EB maturation and extracellular 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 upregulated 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 population, 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. 2B and C). Furthermore, the vast majority of ancestral

variant frequencies did not change much in the VT population, with novel mutations
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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 upregulated in the VT symbionts, and this
likely determined their lower infectivityy The attenuated character of the VT
population makes the symbionts better suited for long-term coexistence 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 factor likely playing an important role in the environment is host cell density.
Where host individuals are common and encountering new hosts is not limiting, HT
would increase because selection 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 fithess costs due to the infection) is ultimately a
compromise between within-host replication and host mortality. In fact, the trade-off
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 towards parasitism occurred within a

short time frame and was mainly driven by a change in standing genetic variation,
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i.e. selection for several hundred SNPs that occurred in the original symbiont
population. The parasitic phenotype was characterized by an extensive adjustment
of gene expression, mainly affecting functions important 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
Parachlamydia acanthamoebae UV-7 was used in the two different regimes. This
population had been maintained at 20 °C in TSY medium [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 ug/ml) to exclude contamination.

In the VT regime, amoebae that were fully infected with the symbiont were
maintained in 25 cm? cell culture flasks (Nalge Nunc International, Rochester, NY,
USA) with 10 ml TSY medium at 20 °C. The medium was replaced daily, ensuring
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 months, equivalent to 525 symbiont generations. Amoeba-chlamydia samples
from the end of the VT experiment were stored with dimethylsulfoxide as a
cryoprotectant in liquid nitrogen. 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 pre-determined
during the initial infection cycles) and 2 ml of filtered supernatant (containing
released EBs) from the previous week’s population were mixed together in 25 cm?
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
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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 months, equivalent to 560 symbiont generations.
EBs from the end of the HT experiment were stored in SPG buffer (75 g/l sucrose,
0.52 g/l KH,PO,, 1.53 g/l NaHPO,-7H,0, 1.53 g/l Na,HPO,-2H,0, 0.75 g/l glutamic

acid; pH 7.2) at -80 °C. These EBs were later used in the fithess 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 Inc., Waltham, MA, USA) at a concentration of 2 x
10* cells per ml and incubated at the HT/VT regime temperature of 20 °C. The
growth of the amoebae after 7 days was quantified by counting the number of host
cells in a Neubauer chamber (VWR International, Radnor, PA, USA). The initial and
final cell numbers were used to calculate the net growth rate per day: In(N, - N)/t; N,

is the final cell concentration, N, is the initial cell concentration, and tis 7 days (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 filtered through 1.2 ym syringe
filters (Sartorius, Gottingen, Germany) to remove residual host cells. Bacteria were
collected by centrifugation (10,000 rpm, 10 min, 4 °C), resuspended in precooled
SPG buffer, homogenized using a 21-gauge injection needle (B. Braun, Melsungen,
Germany), and stored at -80 °C in SPG buffer. For quantification of purified EBs, 10
ul cell suspensions in 10 ml Page’s amoeba saline (PAS) (0.12 g/l NaCl, 0.004 g/|
MgSO,-7H,0O, 0.004 g/I CaCl,-2H,0, 0.142 g/l Na,HPO4, 0.136 g/l KH,PO4) were
filtered onto a polycarbonate membrane with a pore size of 0.2 um (EMD Millipore,
Billerica, MA, USA); cells were stained with 0.1 ug/ml DAPI and counted using an
epifluorescence microscope (Axioplan 2 imaging; Carl Zeiss, Oberkochen,

Germany).

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
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the required amount of wells (1 ml/well) in a 24-well plate at a concentration of 10°
amoebae/ml. The plate was then incubated at 20 °C for 1 hour 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 infectivity 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
re-adding fresh 1 ml 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 ml of the

particular treatment (HT/VT) by that of the ancestral symbiont.

Quantitative PCR (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-GKAGGTRGCCGCYGCTTCTTTAC-3') (both modified from (47)) targeting the
Chlamydiales 16S rRNA gene. This gPCR standard consisted of a linear DNA
molecule containing the target sequence of the primer pair that was used in the
gPCR assays flanked by 90 and 76 base pair regions on each end to allow the
gPCR polymerase to attach. Briefly, the standard was produced by amplifying the
target sequence 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 QlAquick PCR Purification Kit from Qiagen.

DNA from the amoeba-chlamydia cultures was isolated using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany). All gPCR assays were performed in 16 pl,
with iQ SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA),
0.25 pM concentrations of each primer (both modified from (47)), molecular biology

grade water (Merck KGaA, Darmstadt, Germany), and 2 yl of DNA sample using a
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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 analyzed 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 (R? >
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 regime were thawed in a water bath at 35 °C for 2
min and then pipetted into 25 cm? culture flasks with 10 ml TSY to allow sufficient
growth. After one week, these cultures were then upscaled into 175 cm? flasks
(Nalge Nunc International, Rochester, NY, USA) 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 experiment 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/).  lllumina
Genome Analyser and HiSeg2000 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 lllumina 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 removed any bases with lower quality than 20 starting from the
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3’ end by removing 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 number 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,
http://broadinstitute.github.io/picard/).

Variant prediction.

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

frequency distribution.

Zojer and colleagues separately evaluated numerous variant detection tools for
SNPs, insertion 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 400x total

coverage, with a minimum of 8 reads per variant, with high sensitivity (53).

RNA-Seq infection experiments.

EBs were freshly purified from amoeba cultures grown in 500 cm? culture flasks
(Nalge Nunc International, Rochester, NY, USA), in which EBs had been allowed to

accumulate in the medium for 1 week. These EBs originated from the end of the
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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 days 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 days post infection.
Precultivated amoebae were harvested, transferred to 50 ml Greiner tubes (Greiner
Bio-One GmbH, Frickenhausen, Germany), and purified Parachlamydia EBs were
added, followed by repeated centrifugation (centrifuged at 130 x 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 hr before the infection was
synchronised 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 hr.
Released Parachlamydia EBs were harvested from the medium supernatant after
one week of incubation from amoeba-endosymbiont cultures that were grown at the
same conditions, and were 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 enrichment, since the half-life of total mMRNA from E. coli was
demonstrated to be in this range (54). Infected amoebae were harvested and
collected (7,600 X g, 2 min, 20 °C), after which the pellets were resuspended in a
sucrose buffer (35 mMTris-HCI, 250 mM sucrose, 25 mMKCI, 10 mM MgCl,)
supplemented with 50 pg/ml rifampicin (Sigma-Aldrich Handels GmbH, Vienna,
Austria) 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 um filter, the flowthrough fractions containing the bacteria were
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collected by centrifugation (10,600 X g, 2 min, room temperature), and the pellets
were immediately resuspended in TRIzol reagent (Thermo Fisher Scientific).
Extracellular Parachlamydia EBs were pelleted (20,800 X 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, Santa Ana, CA,
USA). Subsequent 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
(lumina, San Diego, CA, USA). For strand-specific cDNA library preparation, the
NEBNext Ultra directional RNA library prep kit for lllumina, in combination with the
NEBNext multiplex oligonucleotides (New England Biolabs, Ipswich, MA, USA), was
used starting at first-strand cDNA synthesis. All libraries were sequenced using an
lllumina HiSeq2500 system at the VBCF NGS Unit with 50 bp read length.

RNA-Seq read processing.

Sequencing reads were trimmed and cleaned before mapping (Dataset S10), based
on sequencing read statistics obtained using Trimmomatic (v0.32) (50) and FastQC
(v0.10.0) (58). Briefly, (i) the first 11 bases were removed, (ii) any remaining adapter
sequences were clipped, and (iii) sequence reads shorter than 25 bases were
removed, all done using Trimmomatic. To map bacterial reads to the Parachlamydia
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).
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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 or equal 0.05. Log, fold changes (logFC) of
differentially expressed genes and mean centered gene expression values (log,
transcripts per kilobase million [TPM]) were used for visualization as heat maps

using the R package gplots (v3.0.1.1) (63).

To improve the available Parachlamydia 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 Ill 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
fithness assays were performed on three to eight replicates, consisting of three
technical replicates each for qPCR data. Comparisons for two groups were
calculated by unpaired two-tailed Student’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
sub-populations 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
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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 Ill secreted proteins were significantly
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 was deposited in the National Center for Biotechnology
Information (NCBI) database under bioproject accession number PRJNA574613.
RNA-Seq data can be accessed from the Gene Expression Omnibus (GEO)

database through accession number GSE138099.
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S| Text
Calculating the number of symbiont generations in each regime.

In order to put the observed evolutionary changes into context, it was important to
calculate the total number of symbiont generations over the course of the experiment
as best as possible. This would allow us to compare the number of generations
between HT and VT regimes, since a large difference between the two values may

improve our understanding of any observed changes.

In the VT treatment, TSY medium was replaced daily and this removed any released
EBs present in the medium. Although these EBs were removed from the flask, thus
preventing their ability to infect host cells, they still contributed to the total number of
symbiont generations. We quantified the amount of EBs present in the medium per
day over the course of three successive days with qPCR. We also quantified the
amount of symbionts present in a fully infected continuous culture with freshly
replaced medium with qPCR. In this way we were able to calculate the number of
generations arising from released EBs per day. Apart from this, we measured the
growth rate of amoeba infected with symbionts from this VT treatment. Since
bacteria are transmitted vertically from parent to daughter cell, the doubling of
amoeba cells would be equivalent to doubling of bacteria. We then added the
number of generations arising from the released EBs to the number of generations
arising from host cell division to calculate the total number of symbiont generations
for the VT regime, which equated to 525 generations for the entire duration of the

evolution experiment.

In the HT treatment, symbionts isolated from the medium were added weekly to
naive amoebae. By quantifying the number of symbionts added at the start of the
week and the number of symbionts in the medium at the end of the week, both with
gPCR, we were able to calculate the number of symbiont generations arising from
released EBs throughout the week. We also measured the growth rate of amoeba
infected with symbionts from this HT treatment. By adding the two values together
we were able to calculate the total number of symbiont generations for the HT
regime, which equated to 560 generations for the entire duration of the evolution

experiment.
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Thus, we can say that the observed evolutionary changes in the HT and VT regimes
have not simply been brought about as a result of a large difference between the

total numbers of symbiont generations.
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Fig. S1. Heat maps of pathways involved in central carbon metabolism and energy

generation.

Heat maps of RNA-Seq data from mean centered gene expression (TPM) of symbiont genes
(listed in Dataset S4) in HT and VT regimes at all three time points during infection. All
known loci involved or putatively involved in the pathways shown are depicted. Gene names
or locus tags (without the prefix PUV_) are indicated. Highly expressed genes are shown in
pink, whereas low gene expression is shown in green. The stronger the color, the stronger

the gene expression value.
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Fig. S2. Heat maps of metabolic pathways strongly upregulated at the peak of RB
activity (i.e. at 24 hpi).

Heat maps of RNA-Seq data from mean centered gene expression (TPM) of symbiont genes
(listed in Dataset S4) in HT and VT regimes at all three time points during infection. All
known loci involved or putatively involved in the pathways shown are depicted. Gene names
or locus tags (without the prefix PUV_) are indicated. Highly expressed genes are shown in
pink, whereas low gene expression is shown in green. The stronger the color, the stronger

the gene expression value.
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Fig. S3. Heat maps of pathways involved in infection, sensing and signal transduction

pathways.

Heat maps of RNA-Seq data from mean centered gene expression (TPM) of symbiont genes
(listed in Dataset S4) in HT and VT regimes at all three time points during infection. All
known loci involved or putatively involved in the pathways shown are depicted. Gene names
or locus tags (without the prefix PUV_) are indicated. Highly expressed genes are shown in
pink, whereas low gene expression is shown in green. The stronger the color, the stronger

the gene expression value.
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Chapter IV

Genome dynamics and temperature adaptation
during experimental evolution of obligate

intracellular bacteria
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Abstract

Evolution experiments with free-living microbes have radically improved our
understanding of genome evolution and how microorganisms adapt to different
environments. Yet there is a paucity of such research focusing on strictly
host-associated bacteria, even though they are so widespread in nature. Here, we
used the Acanthamoeba symbiont Protochlamydia amoebophila, a distant relative of
the human pathogen Chlamydia trachomatis and representative of a large group of
ubiquitous protist-associated environmental chlamydiae, as a model to study how
obligate intracellular symbionts made the pivotal evolutionary leap from protists to
multicellular eukaryotes with respect to adaptation to elevated temperature. We
established replicate populations under two temperatures (20 °C, 30 °C) and two
dilutions (0.1%, 10%) for 420 to 510 generations (38 months). We then used a
combination of infectivity assays and pooled whole-genome re-sequencing to identify
any evolved phenotypes and the molecular basis of adaptation in these bacteria.
Despite an overall reduction in infectivity of the symbionts that evolved at 30 °C,
symbionts were better adapted to infect at the temperature they were maintained in,
be it ambient or elevated. We identified evidence for positive selection at the
genomic level for both temperatures, owing to the increase in the proportion of
nonsynonymous mutations relative to synonymous mutations. This was most
pronounced at the elevated temperature, where numerous variants persisted
throughout multiple time points and reached high frequencies. In addition, small
indels (< 4 nt) were overrepresented at 30 °C. Between the two temperature regimes
the genes affected by mutations strongly differed with respect to their functional
roles. Our results suggest that temperature adaptation was facilitated through

attenuation of symbiont infectivity as a trade-off to reduce host cell burden.

Introduction

Nature is replete with bacteria that reside within eukaryotic cells. Examples of
intracellular bacteria are present throughout the tree of life, and they are found in
virtually all eukaryotes, from protists to fungi, plants and animals. Of special mention
are the Candidate Phyla Radiation (Brown et al. 2015), diverse groups of bacteria,
which are largely defined based on metagenome assembled genomes but are

predicted to be host-dependent due to their restricted metabolic capabilities (Gong et
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al. 2014; Castelle and Banfield 2018). Intracellular bacteria reside directly in the
cytoplasm of the host or else in host-derived vacuoles (Ray et al. 2009), although
exceptions do exist (reviewed in (Schulz and Horn 2015). Host-associated microbes
shape the biology, ecology and evolution of their hosts in profound ways, affecting
processes and functions including development (Braendle et al. 2003) and nutrition
(Backhed et al. 2005), as well as immunity (Macdonald and Monteleone 2005) and
speciation (Hurst and Werren 2001).

The intracellular lifestyle of bacteria is ancient (Moran et al. 2008; Subtil et al.
2014). The interplay of microbes with predatory protists provided a training ground
for the emergence of mechanisms to manipulate eukaryotic hosts, to survive
phagocytosis, and to eventually exploit eukaryotic cells as an ecological niche
(Molmeret et al. 2005). The documented ability of many bacterial pathogens of
humans to thrive in amoebae and the conservation of mechanisms for interference
with phagocytosis in protists and macrophages are evidence of these primordial
bacteria-host relationships (Strassmann and Shu 2017). Still, the transition from
protists to multicellular eukaryotic hosts is a pivotal evolutionary step, which remains
largely unexplored.

One group of bacteria that has made this transition early on during evolution
and is now associated with a broad range of eukaryotic hosts is the phylum
Chlamydiae (Collingro et al. 2020). The chlamydiae are well-known for being
successful bacterial pathogens of humans, with two members in particular.
Chlamydia pneumoniae is responsible for as many as 10% of community-acquired
pneumonia cases (Grayston et al. 1993; Burillo and Bouza 2010) and has been
associated with chronic diseases such as asthma, atherosclerosis as well as
Alzheimer’s disease (Balin et al. 1998; Campbell and Kuo 2004; Shima et al. 2010).
C. trachomatis comprises more than 15 serologically defined variants and causes
over 100 million infections worldwide every year (Wright et al. 2008; Roulis et al.
2013; Dal Conte et al. 2014). Apart from humans, chlamydiae also infect a large
variety of animals, including fish, birds and mammals, causing numerous clinically
important diseases in economically significant livestock species such as cattle,
goats, sheep, and pigs (DeGraves et al. 2003; Polkinghorne et al. 2009; Schautteet
and Vanrompay 2011). But not all chlamydiae are so sinister in nature. The so-called
environmental chlamydiae (Horn 2008; Collingro et al. 2020) are found ubiquitously

in the environment and the majority of them are considered to be symbionts of
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free-living amoebae or other protists, with a limited ability to multiply in
non-protozoan hosts (Maurin et al. 2002; Greub et al. 2003; Collingro, Poppert, et al.
2005; Casson et al. 2006; Kebbi-Beghdadi et al. 2011; Sixt et al. 2012).

Chlamydiae most likely represent one of the most ancient groups of strictly
intracellular bacteria. Comparative and phylogenetic genome sequence analysis
suggested that the last common ancestor of all extant chlamydiae already resided
within a eukaryotic host, very likely an ancient protist, several hundreds of millions of
years ago (Horn et al. 2004; Subtil et al. 2014; Taylor-Brown et al. 2015;
Taylor-Brown et al. 2020). They all share a characteristic biphasic developmental
cycle comprising two distinct morphological and physiological stages: the elementary
body (EB) survives the extracellular environment and infects new host cells, whereas
the reticulate body (RB) replicates inside a host-derived vacuole (Abdelrahman and
Belland 2005; Horn 2008). Chlamydiae possess small, reduced genomes and lack
essential biosynthetic pathways and therefore rely on numerous metabolites from
their eukaryotic hosts (Omsland et al. 2014). Chlamydiae also interact with diverse
host cellular pathways and organisms (Elwell et al. 2016; Fischer and Rudel 2018).
Owing to the intimate relationships with their host cells, like many strictly intracellular
microbes, chlamydiae have so far eluded cultivation in host-free media and are thus
challenging to study. Here we used a combination of evolution experiments with
phenotype assays and genome re-sequencing to investigate host adaptation of
chlamydiae.

Experimental evolution has been of utmost importance to the field of
evolutionary biology, from testing evolutionary theories to studying trade-offs and
constraints to environmental adaptation (Kawecki et al. 2012). Experimental
evolution refers to the study of evolutionary processes in response to imposed
controlled conditions in real time. Over the last decades, this approach has become
particularly popular using microbes due to a multitude of benefits that make them
ideal subjects (Elena and Lenski 2003; Hegreness and Kishony 2007; Buckling et al.
2009; Brockhurst et al. 2010; Wichman and Brown 2010; Dettman et al. 2012,
Rainey et al. 2017; Cvijovi¢ et al. 2018; Van den Bergh et al. 2018). This includes
short generation times, large population sizes achieved in very small volumes, as
well as comparatively easy propagation of replicate populations. Among the plethora
of evolution experiments, one of the most famous is the long-term evolution

experiment (LTEE) initiated by Richard Lenski in 1988 using 12 serially propagated
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Escherichia coli populations in minimal medium (Lenski et al. 1991), that is still
running to this day. Over eighty studies on this long-term experiment alone have
yielded invaluable insights into evolutionary dynamics, fitness trajectories and other
details of evolutionary processes (Barrick et al. 2009; Wiser et al. 2013; Lenski et al.
2015; Maddamsetti et al. 2015; Tenaillon et al. 2016; Good et al. 2017). Yet, despite
the usefulness of this approach and the multitude of studies on free-living microbes,
strictly intracellular bacteria have rarely been investigated using evolution
experiments due to the challenges inherent to host-dependent systems. The
chlamydiae therefore provide us with a distinct opportunity to gain an initial
understanding of the evolutionary dynamics in obligate intracellular bacteria (Joseph
et al. 2012; Borges et al. 2013; Herrera et al. 2020). In addition to this, evolution
experiments should be able to shed light on the process of temperature adaptation in
these bacteria, which was a crucial step in the transition from protist symbionts to
chlamydial pathogens of humans and animals.

Here, we have established replicate populations of the environmental
chlamydia Protochlamydia amoebophila thriving in Acanthamoeba hosts under two
temperatures (20 °C, 30 °C) and two dilutions (0.1%, 10%) for 420 to 510
generations (38 months). Infectivity assays were set up to identify any evolved
phenotypes among the long-term symbiont cultures, and we performed pooled whole
genome re-sequencing at selected time points coupled with variant detection. We
observed a temperature-dependent decreased infectivity of symbionts in the evolved
populations and, by tracking genome dynamics, evidence for positive selection.
Overall, we provide data with respect to the phenotypic response and the molecular

basis of adaptation to the elevated temperature.

Materials and Methods

Evolution experiment

The evolution experiment was founded when ancestral A. castellanii Neff was freshly
infected with P. amoebophila UWE25 (Collingro, Toenshoff, et al. 2005). After a
continuous culture was established, the experiment was set up in 24-well plates
(Thermo Fisher Scientific Inc., Waltham, MA, USA) under two temperatures (20 °C
and 30 °C) and two dilutions (0.1% and 10%). Each treatment had 12 replicates with
1 ml TSY (30 g/l trypticase soy broth, Oxoid, 10 g/l yeast extract; pH 7.3) in each

well. Populations were propagated for 38 months by weekly 10-fold dilutions in 1 ml
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TSY in the 10% dilution treatment (allowing for ~3.35 generations per week) and
monthly 1,000-fold dilutions in 1 ml TSY in the 0.1% dilution treatment (allowing for
~11 generations per month). Samples were taken every 2—3 months and stored with
DMSO as a cryoprotectant in liquid nitrogen, where they were available for genome

and phenotype analyses later on.

Calculation of generation times

Unlike in free-living bacteria where the generation times can easily be established,
this is not as straightforward for obligate intracellular bacteria since they are confined
within their host. We needed to account for two aspects to estimate bacterial
generation times — (i) vertical transmission in the host; and (ii) horizontal
transmission through release of EBs from the host and infection of a new host. The
total number of bacterial generations then equals the sum of the generations in both
transmission modes.

To determine this, we first calculated amoeba host generation numbers. In the
10% dilution treatment, where we performed weekly transfers, the number of
generations of amoebae per week was calculated by counting aliquots of amoebae
in a Neubauer chamber from a particular well in the 24-well plate at the start and at
the end of the week. The number of generations was then calculated using the
formula n =log (N) —log (N,) / 0.301, where n is the number of generations, N, is the
initial number of amoebae and N is the final number of amoebae after a week. The
same was done for the 0.1% dilution treatment, but the counts were carried out after
a month as in this case the transfers were monthly.

Temperature had no significant effect on the amoeba generation times at
either dilution, most likely due to the finite number of amoebae a well can contain.
The mean number of generations per week in the 10% dilution treatment was
calculated to be 3.2 and the mean number of generations per month in the 0.1%
dilution treatment was 10. These values equate to the vertical transmission of the
bacteria. Owing to the fact that the amoebae are fully infected in a continuous
culture, when the host cell divides, the bacteria inside will roughly divide between the
two daughter cells, with each bacterium needing to divide once so as to reach the
maximum bacterial number possible in a fully infected amoeba. Thus, amoeba
generation number is equal to bacteria generation number if one considers solely

vertical transmission.
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So as to assess the extent of horizontal transmission of the bacteria, it was
also required to measure the amount of extracellular EBs in the host medium after
one week (for 10% dilution) and after one month (for 0.1% dilution). Briefly, this was
done as follows. Culture supernatant was filtered through 1.2 um syringe filters
(Sartorius, Goéttingen, Germany) to remove residual host cells. Purified bacterial EBs
were then collected by centrifugation (10,000 rpm, 10 min, 4 °C), resuspended in
precooled SPG buffer (75 g/l sucrose, 0.52 g/l KH,PO,, 1.53 g/l NaHPO,-7H,0, 1.53
g/l Na,HPO,-2H,0, 0.75 g/l glutamic acid; pH 7.2), homogenized using a 21-gauge
injection needle (B. Braun, Melsungen, Germany), and stored at -80 °C in SPG
buffer. For quantification of purified EBs, 10 ul cell suspensions in 10 ml Page’s
amoeba saline (PAS) (0.12 g/l NaCl, 0.004 g/l MgSO,-7H,0, 0.004 g/l CaCl,-2H,0,
0.142 g/ Na2HPO4, 0.136 g/l KH,PO,) were filtered onto a polycarbonate membrane
with a pore size of 0.2 um (EMD Millipore, Billerica, MA, USA); cells were stained
with 0.1 ug/ml 4’,6’-diamidino-2-phenylindole (DAPI) and counted using an
epifluorescence microscope (Axioplan 2 imaging; Carl Zeiss, Oberkochen,
Germany). The mean number of extracellular EBs released per amoeba per week in
the 10% dilution treatment was 16 and the mean number released per month in the
0.1% dilution treatment was 106.

Fluorescence in situ hybridization (FISH) using a Cy3-labeled probe
(E25-454, sequence GGA TGT TAG CCA GCT CAT; Thermo Fisher Scientific,
Waltham, MA, USA) was then performed as described elsewhere (Poppert et al.
2002; Wagner et al. 2003; Sixt et al. 2013) so as to count, on average, how many
bacterial particles were present in a fully infected amoebae, which was ~109. Using
the number of EBs isolated from both dilution treatments, this equated to an extra
0.15 generations per week in the 10% dilution treatment (16 divided by 109) and 1
generation more per month in the 0.1% dilution treatment (106 divided by 109).
These results imply that the main mode of bacterial transmission in our experimental
setup is vertical and not horizontal, with the final humbers being: 3.35 generations
per weekly transfer in the 10% dilution treatment and 11 generations per monthly

transfer in the 0.1% dilution treatment.

Infectivity assays
Protochlamydia EBs were freshly purified from Acanthamoeba cultures grown in 175

cm? culture flasks, in which EBs had been allowed to accumulate in TSY for 1 week.
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Purification of EBs was conducted as described above. 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 10° amoebae/ml. The plate
was then incubated at 20 °C for 1 hour to allow the amoebae 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
30, as this was predetermined to be the best MOI to observe differences in infectivity
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 from the medium. This was done by gently removing 1 ml TSY per well
by pipetting, and then re-adding fresh 1 ml TSY. Wells were then sampled at 6 hours
post infection (hpi) and 96 hpi, marking the initial uptake of EBs and the completion
of one developmental cycle, respectively. One of the wells with amoebae was treated
the same way as the rest but left uninfected, and this served as a negative control to
ensure that there was no infection prior to incubation.

FISH using a Cy3-labeled probe (E25-454, sequence GGA TGT TAG CCA
GCT CAT; Thermo Fisher Scientific, Waltham, MA, USA) was then performed as
described elsewhere (Poppert et al. 2002; Wagner et al. 2003; Sixt et al. 2013) on
the sampled time points, and cells were also stained with DAPI for 3 min. Using an
epifluorescence microscope, the number of infectious particles in 50 amoebae from
each sample were counted and placed into one of three categories: uninfected,
slightly infected (1-30 particles) and highly infected (> 30 particles), and this allowed
for the infectivity of that particular sample from the assay to be established.

Curing amoeba cultures from infection was performed in 25 cm? culture flasks
by adding the antibiotic Rifampicin (Sigma-Aldrich Handels GmbH, Vienna, Austria).
Initially 6 ul of 100 mg/ml Rifampicin solution in DMSO was added. For monitoring
the antibiotic effect, the infection was observed by performing FISH weekly.
According to the intensity of the remaining infection, another dose of Rifampicin
solution was added to the culture and, if necessary, the dose was increased up to 12
ul of the 100 mg/ml Rifampicin solution. The amoeba culture was considered cured

when no symbionts could be observed by FISH using the symbiont specific probe.
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DNA extraction and sequencing

Frozen amoeba-chlamydia cultures were thawed in a water bath at 35 °C for 2 min
and then pipetted into 25 cm? culture flasks (Nalge Nunc International, Rochester,
NY, USA) with 10 ml TSY to allow sufficient growth. After one week, these cultures
were then upscaled into 175 cm? flasks (Biologix Group Ltd, Shandong, China) for
another week so as to increase the quantity of EBs that could be isolated. EB
purification from the supernatant was done as described above. Isolation of genomic
DNA was then carried out on these isolated EBs using a cetyl trimethylammonium
bromide-based extraction method (Schmitz-Esser et al. 2010). 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/).  lllumina Genome Analyser and
HiSeg2000 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 lllumina reads was done by Prinseq-lite
(v0.19.5) (Schmieder and Edwards 2011) and Trimmomatic (v0.32) (Bolger et al.
2014) and briefly applied as follows. First, a sliding window of size 10 removed any
bases with lower quality than 20 starting from the 3’ side by removing 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. amoebophila UWE25 (Horn et al. 2004) (NCBI RefSeq
accession number NC _005861.2) using the Burrows-Wheeler Aligner (BWA)
(v0.7.5a) (Li and Durbin 2009) 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) (Li et al. 2009) and Picard Tools (v1.92,
http://broadinstitute.github.io/picard/).

Variant prediction
We used the VarCap pipeline (https://github.com/ma2o/VarCap) (Zojer et al. 2017) to

detect single-nucleotide and structural differences at high resolution and accuracy
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based on lllumina reads mapped to the founder ancestral genome sequence of P.
amoebophila. VarCap is able to detect all relevant prokaryote genome variant types
simultaneously with high accuracy. VarCap automatically performs quality filtering,
mapping, variant calling and post-filtering of the predicted variants. The output is a
Variant Call Format (VCF) file with a detailed description of the variants and their
relative frequencies as well as two PDF files, which give a graphical overview of
variant coverage and their frequency distribution.

Owing to the different variant calling abilities of the separate tools at low
frequencies, various tools were combined so as to increase the sensitivity of the
VarCap pipeline (Varscan2, LoFreq-Star, Pindel, Breakdancer, Delly, Cortex_var).
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 were able to be detected at a minimum read abundance
of 2% at 400x total coverage with a minimum of 8 reads per variant, with high
sensitivity. Repetitive regions that were larger than the insert site were flagged in
order to mark any variants that appeared within these regions for further inspection.
This was done so as to avoid false positives (FP) due to reads mapped to repetitive
regions. Apart from this, to resolve FP that resulted from the incomplete detection of
the true variant type, larger variants were prioritised over smaller ones. Thus, smaller
variants were assigned to larger ones when they described a component of the
entire variation, such as a large indel at the excision site of translocation.

The variant calling workflow was tested and evaluated using different
reference bacterial and archaeal genomes, including P. amoebophila (Zojer et al.
2017). Low abundance (2%) variants were detected, with three being confirmed by
PCR and Sanger sequencing. VarCap is therefore an ideal pipeline for our purpose
and was selected not only due to its thorough evaluation but especially because it

already had demonstrated its suitability at detecting variants in our setup.

Estimation of mutation rate

Mutation accumulation (MA) experiments in microbes are designed in such a way as
to allow mutations to arise in a neutral manner with minimal section by repeatedly
imposing tight population bottlenecks of one or a few cells for many generations
(Halligan and Keightley 2009). The spontaneous mutation rate can then be estimated

by simply counting the number of genetic changes that would have occurred in the
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evolved genome after the given amount of generations. Although we were not able
to streak for single colonies on agar medium to accomplish the tight bottleneck, we
consider the treatment of 0.1% dilution at 20 °C to be somewhat of an MA
experiment. The ambient temperature of the experiment imposed minimal selection
on the host-symbiont system, whereas the 1,000-fold dilution reduced the effective
population size drastically every month. This allowed around 11 generations of
growth between every dilution, which is even fewer generations per passage than
MA experiments carried out on Salmonella typhimurium (25 generations) and E. coli
(28 generations) (Lind and Andersson 2008; Lee et al. 2012).

We estimated the mutation rate in two ways, one likely resulting in an
overestimated value and thus an upper bound and the other resulting in a much
more conservative value. In both cases we considered the three replicates from the
0.1% dilution at 20 °C treatment that were sequenced over multiple time points
including the final one at 420 generations. In the first estimation we added up all
identified mutations (SNPs and small indels < 4 nt) per replicate across all the
sequenced time points. We then calculated the mutation rate by taking the average
number of mutations per replicate and dividing by (i) genome size and total number
of generations for the per nucleotide rate and; (ii) total number of generations for the
per genome rate. This method clearly resulted in an exaggerated mutation rate since
these mutations were identified in a population of individuals and not in single
clones. Conversely, the calculations for the second estimate only considered those
mutations present in the final time point and whose frequency was at least 50% in
the population, implying that they were present in the major clones of that specific

population.

Statistics

Statistical analysis was performed using R (v3.6.1) (R Development Core Team
2011). The statistical parameters and significance are reported in the figure legends.
Data were considered to be statistically significant when P <0.05. Comparisons for
two groups were calculated by a two-sided Wilcoxon—Mann—Whitney test and
comparisons for more than two groups were calculated by a Kruskal-Wallis test
followed by Dunn’s multiple comparison post-hoc test. Comparisons for paired

samples were calculated by a paired sample t-test or a Wilcoxon signed-rank test.
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The presence of a trend across multiple time points was tested using a
Mann-Kendall test.

To determine the specificity of genomic evolution, we followed the calculations
carried out by Deatherage and colleagues, only including those mutations that solely
impacted one single gene, termed ‘qualifying’ mutations (Deatherage et al. 2017).
These included nonsynonymous SNPs as well as small insertions and deletions (< 4
nt). Intergenic mutations upstream and within 250 bp of the gene start were also
considered to be potential promoters affecting the nearest flanking gene (Pilalis et al.
2011). Dice’s Coefficient of Similarity, S, was computed for each pair of evolved
replicates, where S = 2 |[X N Y]/ (|X] + |Y]). Here, |X] and |Y] are the sets of genes
that have qualifying mutations in two replicates, and |X N Y] is the set that possesses
mutations in both replicates. The range of this coefficient is from 0, when the two
replicates do not share any qualifying mutated genes, to 1, when both replicates

have qualifying mutations in exactly the same gene set.

Data availability

All raw sequencing data was deposited in the National Center for Biotechnology

Information (NCBI) database under bioproject accession number PRINA631516.

Results

The evolution experiment
We designed the experiment in such a way so as to be able to look at various
aspects of adaptive processes of the Protochlamydia symbiont in its Acanthamoeba
host. We made use of two temperatures (20 °C and 30 °C) and two dilutions (0.1%
and 10%) (fig. 1). Starting with an ancestral amoeba culture infected with the strictly
intracellular symbionts, four treatments were set up through the different
combinations available. The 20 °C treatments served to represent adaptation under
natural conditions, whereas the 30 °C served to represent adaptation to elevated
temperature. Selection could occur at both dilutions but we chose two very different
dilutions in order to vary the importance of genetic drift. In fact, in the 0.1% dilution
treatment the impact of genetic drift and the role of chance should be significantly
increased relative to the 10% dilution treatment.

The evolution experiment consisted of regular transfers of infected amoeba

host cells to fresh media and ran for a total of 38 months, equivalent to 420 (0.1%
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dilution) or 510 (10% dilution) bacterial generations (see Materials and Methods
section for more information). Phenotype assays and pool sequencing of numerous
replicates was performed at different time points throughout the experiment (fig. 1).
The ancestral P. amoebophila founder strain was used as a reference to identify all
variants that arose throughout the experiment (supplementary table S1,
Supplementary Material online). 104 samples were sequenced in total across six
time points. We sequenced fairly regularly every 5-7 months as we predicted that
this allowed sufficient time for a few mutations to arise and be selected for in the
different treatments. We sequenced a larger number of replicates from the 30 °C
treatments (n = 62) as we were particularly interested in adaptation to this elevated
temperature. At both temperatures we analysed more replicates from the 10%
dilution treatment as the impact of genetic drift was much less pronounced in these
treatments, and we were keen to identify as many variants as possible that were
potentially beneficial and therefore increased in frequency in the population. This

greater sequencing effort would allow us to identify any cases of parallelism among

replicates.
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FIG. 1. Overview of experimental setup and sequenced samples in the evolution
experiment. Pooled whole genome re-sequencing of symbiont populations was performed
on numerous replicates (n = 104) from all four treatments. Sequenced Protochlamydia
amoebophila populations are shown in boxes. Grey circles represent populations that died
out during the experiment. The relevant numbers of generations for the 0.1% dilution

treatments are shown in brackets.

74



Temperature-dependent attenuation of infectivity

The fitness of strictly intracellular bacteria is largely determined by their ability to
establish and maintain infections in their host cell population. We thus performed
infection assays to determine whether the infectivity of the evolved symbionts was
different from that of the ancestral founder population. This was carried out by
infecting naive (symbiont-free) ancestral amoebae with EBs isolated from a specific
treatment at a particular time point and measuring the mean percent of highly
infected amoebae 96 hours post infection (hpi), equivalent to the duration of one full
developmental cycle of the symbiont (Konig et al. 2017). The infection assays were
performed at both ambient (20 °C) and elevated (30 °C) temperatures.

Overall we observed that the infectivity remained fairly constant throughout
the evolution experiment at either assay temperature for the symbionts isolated from
the 20 °C treatment replicates, but the infectivity was higher in assays performed at
the ambient temperature from which the symbionts were isolated originally
(supplementary fig. S1A and B, Supplementary Material online). Symbionts from the
30 °C treatment replicates displayed a lower infectivity at either assay temperature
than those symbionts from the 20 °C replicates (supplementary fig. S1,
Supplementary Material online). As the experiment progressed, the infectivity of the
symbionts from the 30 °C replicates significantly decreased further, especially when
the assays were performed at ambient temperature (supplementary fig. S1C and D,
Supplementary Material online). This implies that as the experiment progressed, the
symbionts evolved at the elevated temperature developed an attenuated infectivity.

We performed the most comprehensive analysis with symbionts from all four
treatments obtained after 31 months (340 generations for 0.1% dilution treatments
and 415 generations for 10% dilution treatments). This shows that at ambient
temperature the infectivity of symbionts evolved at 20 °C did not significantly change
at either dilution when compared to ancestral EBs (fig. 2A). Confirming our previous
analysis, this is not the case with EBs evolved at the higher temperature, where a
pronounced and significant decrease in infectivity was measured at both dilutions
(fig. 2A). When performing the infectivity assays at 30 °C, the infectivity of the
symbionts was significantly lower than at 20 °C for the ancestor and the populations
that evolved at 20 °C (fig. 2B). Although the infectivity of symbionts from the 30 °C
treatment was the lowest at this temperature, it was still significantly higher than the

infectivity of those same symbionts when the assays were performed at 20 °C (P =
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0.020; fig. 2B). This suggests that the chlamydiae maintained for a long period at the

elevated temperature did in fact adapt to these environmental conditions.
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FIG. 2. Infectivity of ancestral and evolved symbionts. Naive amoebae (n = 9 ancestor
and 10% dilution, n = 5 0.1% dilution) at a concentration of 10° cells per ml were infected
with P. amoebophila symbionts isolated from the ancestor and evolved populations after 340
generations (0.1% dilution) or 415 generations (10% dilution) with a multiplicity of infection
(MOI) of 30. The percent of highly infected amoebae was assessed at 96 hpi using
fluorescence in situ hybridization. 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 x IQR from the first or third quartile. The horizontal line within the box represents the
median. (A) Infectivity assays performed at 20 °C. The infectivity among the different
treatments was compared using a Kruskal-Wallis test (x*=25.494, p <0.0005) followed by
Dunn’s multiple comparison post-hoc test. (B) Comparison of infectivity assays performed at
20 °C and 30 °C for the ancestor and both 10% dilution treatments. The infectivity between

paired samples at different temperatures was compared using a Wilcoxon signed-rank test.

Since these experiments were carried out using ancestral amoeba host cells
that were maintained in the laboratory environment at 20 °C, we wanted to account
for this potential bias relating to the host used. To this end, we also carried out a
subset of the infectivity assays using uninfected amoebae that had evolved at 30 °C
for the duration of the experiment in order to investigate the host effect on infectivity.
There was no observed difference in infectivity for any of the symbionts when
performing the infectivity assays using amoebae adapted to the elevated

temperature (supplementary fig. S2, Supplementary Material online). We also cured
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the amoebae from two replicates in the 30 °C treatment from their chlamydial
symbionts using rifampicin. These symbiont-free amoebae were then re-infected, at
both 20 °C and 30 °C, with co-evolved EBs that had been isolated prior to the curing
procedure. Once again, there was no change in infectivity for these 30 °C evolved
EBs when re-infecting their co-evolved hosts, demonstrating that the reduction in
infectivity was not due to the introduction to a novel host, but was a function of the
symbionts themselves (supplementary fig. S3, Supplementary Material online).
Finally, in order to assess the stability of this loss of infectivity, we took populations
from three replicates in the 30 °C treatment and maintained them at 20 °C for eight
weeks. After performing infectivity assays, it was evident that there was no
significant increase in infectivity of these EBs at the lower temperature as compared
to their infectivity after isolation from the 30 °C treatment (data not shown). This

implied that the loss of infectivity in the 30 °C populations was a stable phenotype.

Dynamics of genome evolution

Next we performed pooled whole genome re-sequencing of in total 104 symbiont
populations from diverse time points and replicates (fig. 1). We identified all the
variants that arose throughout the evolution experiment in all the replicates across all
treatments, and this amounted to 380 mutations (supplementary table S1,
Supplementary Material online). The majority of the variants were single nucleotide
polymorphisms (SNPs, 83.4%) as opposed to small insertions/deletions (indels < 4
nt, 16.6%), and from these SNPs, a much larger proportion was identified as being in
the protein-coding region (83.0%) compared to the intergenic region (17.0%).
Roughly three quarters of the SNPs in the protein-coding region were
nonsynonymous mutations (74.9%), with a quarter of the SNPs (25.1%) being
synonymous and not causing any alteration in the encoded amino acid.
Distinguishing between synonymous and nonsynonymous mutations is of great
significance because selection has different impacts on these two types of mutations
(Yang and Nielsen 1998). Whereas synonymous mutations are generally silent and
have no detectable effect (but see Agashe et al. 2016 and Lebeuf-Taylor et al. 2019),
nonsynonymous mutations are typically harmful, are selected against, and will be
eliminated by purifying selection (Jia et al. 2003). In those rare cases when
nonsynonymous mutations confer a selective advantage, they are favoured and

maintained by positive selection. Our results would therefore suggest that many of
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the SNPs that arose were beneficial and were selected to increase in frequency in
the population.

Six replicates from the 10% dilution treatment, three from each temperature,
were sequenced at every time point from 190 generations onwards (fig. 1).These are
referred to here as ‘core replicates’ and allow for more comprehensive analyses of
evolutionary changes during the experiment. In total we identified 121 SNPs and 19
small indels (< 4 nt) across all six core replicates. No apparent mutational hotspots
were observed across the 2.41 MB genome of P. amoebophila (fig. 3). Fewer
mutations (n = 36) were identified in the core replicates at ambient temperature and
the majority of these were SNPs, with only one indel present (fig. 3A). The core
replicates at the elevated temperature had more than double the number of SNPs (n
= 86) at ambient temperature, with 18 indels also being identified (fig. 3B). Overall,
synonymous and intergenic mutations each amount to around 20% of all SNPs, with
the majority (60%) of the SNPs being nonsynonymous. A majority of the variants
identified in the 20 °C replicates were low frequency, and after 510 generations only
eight had a frequency above 15%, with three of those above 60% (fig. 3A). On the
other hand, the variants identified in the 30 °C replicates reached higher frequencies.
After 510 generations 23 of these SNPs had a frequency above 15%, with ten of
those above 60% (fig. 3B).

100% 100%
A 50% B 5 50%
0% s T e ey
I 510 \ WA sz0
;415 . e o\ \\\“\ 415
. | 350 7 N \\ I 350
y 255 e \\ ” Wil 2ss
N SO 0 L
i 20°C core =) i 7 30°Ccore  — )
replicates .~ = 7 __ replicates Y
e b = :-.-: .
\‘-
N\ A
~ 7/ ’
/ A OT \
I N /

Fsynonymous
SNP mnonsynonymous Inde
intergenic

- deletion
= insertion

FIG. 3. Emergence of mutations across the symbiont genome during 510 generations.

Variants in the P. amoebophila genome during long-term evolution in the core replicates at
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(A) ambient and (B) elevated temperature are shown as circular plots. The five grey rings,
from inner to outer, show mutations present in genomes sampled at 190, 255, 350, 415 and
510 generations. SNP mutations are separated according to whether they are
nonsynonymous (red), synonymous (blue) or intergenic (yellow). Indels are separated
according to whether they are deletions (purple) or insertions (orange). The frequencies of
the mutations present at 510 generations are also shown in the outermost green ring.
Genome visualization was carried out with Circos (Krzywinski et al. 2009). Molecular details

for all mutations are shown in supplementary table S1, Supplementary Material online.

We estimated the spontaneous mutation rate of the P. amoebophila symbiont
using two methods, which resulted in an upper bound value and a much more
conservative value (see Materials and Methods section for more information; table
1). We chose to do this since we studied populations of individuals in our system and
not single clones; therefore, these two estimates should provide the range in which
the actual spontaneous mutation rate lies. We made use of the three replicates that
evolved at 20 °C with a monthly 1,000-fold dilution as this treatment resembles a
mutation accumulation (MA) experiment in which all mutations should accumulate at
the rates at which they happen, regardless of fitness effects, with the exception of
lethal and highly deleterious mutations (Barrick and Lenski 2013). This resulted in an
estimated spontaneous mutation rate between 1.11 x 10® and 9.76 x 10" mutations

per nucleotide per generation (table 1).

Table 1. Estimated spontaneous mutation rates of Protochlamydia amoebophila.

Mutation rate Mutation rate

No.of No.of No.of Mutations . Std dev Std dev
Method SNPs  indels* licat i per nucleotide o, bergenome 2
s indels* replicates er line ¥ x 10 . x 10
P P x10%ts x10%t X107
Upper bound 33 1 3 11.33 1.106 8.417 2.698 2.053
Conservative 3 0 3 1.00 0.098 0 0.238 0

*Insertion or deletion of < 4 nt.

tGenome = 2,438,912 nt.
¥Generations per replicate = 420 gen.

We noted that one of the 10% dilution replicates at 30 °C (replicate 4,
supplementary table S1, Supplementary Material online) evolved a moderately
elevated mutation phenotype at some point between 190 and 255 generations. At its
first sequenced time point (190 generations) only two mutations in total had been

identified. However, the number of mutations (SNPs and small indels < 4 nt)

79


https://paperpile.com/c/ULETFC/j9tp
https://paperpile.com/c/ULETFC/wqc4

identified in this replicate increased around 4-fold at the next sequenced time point
and remained elevated when compared to the other replicates of the same treatment
throughout the remainder of the experiment (table 2). Five variants were identified in
this replicate that arose by 255 generations and subsequently remained in the
population throughout the course of the evolution experiment (table 2). The
observed elevated number of mutations in this symbiont population was most likely
the result of a nonsynonymous SNP located in the ung gene that codes for the
enzyme uracil-DNA glycosylase. This enzyme catalyzes the first step in a repair
pathway for uracil-containing DNA in E. coli and in many other organisms (Lindahl
1979), and E. coli ung mutants have previously been shown to display elevated

mutation rates (Duncan and Weiss 1982).

Table 2. Evolution of an elevated mutation phenotype. The persistent variants and the

elevated number of mutations in replicate 4 of the 10% dilution 30 °C treatment are shown.

Variant Variant Gene RefSeq 255gen 350gen 415gen 510 gen
type effect name description (%) (%) (%) (%)
SNP nonsynonymous  NA hypothetical protein 13.7 28.7 39.0 34.9
SNP nonsynonymous  rpsA  30S ribosomal protein S1  27.0 74.8 59.4 66.1
SNP nonsynonymous rumA  RNA methyltransferase 19.0 24.7 38.7 37.5
SNP nonsynonymous  ung uracil-DNA glycosylase 6.4 23.0 42.0 37.4
INS frameshift NA hypothetical protein 3.3 20.3 25.2 30.6

Mean of other replicates 5.6 6.5 10.5 9.3

Number of mutations
Replicate 4 24 19 24 35
Fold-increase 4.3 29 2.3 3.8

Evidence for positive selection

By identifying all the mutations that arose during the evolution experiment, we were
able to compare the mean number of accumulated synonymous and
nonsynonymous substitutions in the symbiont populations for each treatment (fig. 4).
An overrepresentation of nonsynonymous substitutions indicates that the main
driving force for mutations was positive selection as those variants would have
provided an adaptive advantage causing an increase in their frequency in the
population (Barrick et al. 2009). The lower temperature should not have been
stressful for either host or symbiont as 20 °C represents standard laboratory

conditions used for culture maintenance. Yet, we observed that there was a
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statistically significant increase in the number of nonsynonymous substitutions
relative to the synonymous ones in the 10% dilution treatment at the final time point
(P = 0.0098, fig. 4A). This suggests that a certain level of adaptation to the lab
conditions continued to occur, irrespective of the ambient temperature they were
maintained in. In the higher dilution at the ambient temperature we observed fewer
mutations accumulate, with a very similar proportion of synonymous and

nonsynonymous substitutions (fig. 4B).

A B
12[29RsY" PRGEL
10 P= 0.0098 10
) P
g 8 8 NS
- _NS
S NS T 6 NS
JE NS
4 ’ 4 NS
E NS L NS [ NS
2l o ? 2 * e
* *
0 ? asee -i' s e oo 0 % i‘ 'l' ; I
190 255 350 415 510 155 210 340 420
Generation Generation
c t17 0.00 17 D
=NONsyn NS F=10.0014 | enONsyn
1225y T NS . P=0.0003 12/ 3syn
10 . 10|
Ln -
g 8 . 8| P= 0.0163
26 6 NS .
© _NS
-+ NS ® NS ®
3 _NS
4 & o 4 NS .
Z L ] 3 L ] L] :
2 l : - 2 I ; .
3 - [
Jdt ]zt 1 Jt - FTTL
190 255 350 @ 415 510 155 210 340 420
Generation Generation

FIG. 4. Accumulation of nonsynonymous substitutions. The number of nonsynonymous
and synonymous substitutions throughout the experiment are shown for the (A) 10% dilution
at 20 °C treatment; (B) 0.1% dilution at 20 °C treatment; (C) 10% dilution at 30 °C treatment;
and (D) 0.1% dilution at 30 °C treatment. Data represent mean + standard deviation of the
mean. Symbols denote numbers for individual replicates. The two arrows in (C) represent
two outliers. Synonymous and nonsynonymous mutations per time point were compared

using a paired sample t-test (significance indicated above pairs).

The elevated temperature was expected to create a more challenging
environment for the chlamydial symbionts as both host and bacteria are used to
thriving at ambient temperatures in their natural environment, well below 30 °C. In

fact, we saw the largest accumulation of mutations in the 10% dilution treatment at
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30 °C (fig. 4C). The last two time points revealed a significant increase in the number
of nonsynonymous substitutions relative to the synonymous ones (P = 0.0014 at 415
gen; P = 0.0003 at 510 gen). These nonsynonymous substitutions were likely
beneficial, allowing them to increase in frequency in the symbiont populations.
Furthermore, we also observed a similar but less pronounced increase at the last
time point in the 0.1% dilution treatment (P = 0.0163) (fig. 4D), despite the impact of
genetic drift predicted to be stronger due to the bottleneck effect of the high dilution
during passaging.

Apart from comparing SNPs across the different treatments, we wanted to
estimate the proportion of putatively beneficial changes for small indels (< 4 nt). We
did this by comparing the number of small indels that arose in the 0.1% dilution
treatment at 20 °C, which resembles a mutation accumulation experiment, with the
other three treatments (table 3). We observed that small indels were very rare in all
treatments apart from the 10% dilution at 30 °C treatment (table 3). The replicates
from this latter treatment accumulated the highest number of small indels, on
average, at each one of the four time points. In particular, we identified a mean
greater than two small indels per replicate for each of the last two sequenced time
points (table 3). Small indels were therefore overrepresented in the 10% dilution at
30 °C treatment relative to the MA experiment, implying that many of these
mutations were adaptive during the experiment and selected to increase in

frequency in the population.

Table 3. Small indels identified across all treatments. The relevant number of
generations for the 0.1% dilution treatments are shown in brackets.

Generations

190 (155) 255 (210) 415 (340) 510 (420)
Treatment
Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev
0.1% dilution 20 °C 0 0 0 0 0.33 0.58 0 0
10% dilution 20 °C 0 0 0 0 0 0 0.17 0.41
0.1% dilution 30 °C  0.25 0.50 0.17 0.41 0.11 0.33 0.25 0.50
10% dilution30°C  0.50 0.58 1.17 0.98 3.80 2.39 2.25 1.82
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We next analysed the trajectories of mutations over sequential time points in
the core replicates (fig. 5). Assuming that mostly beneficial mutations are selected
for in all but the mutation accumulation experiment, this analysis should shed light on
the mode and strength of selection in the different treatments and the fitness effects
of the mutations observed (fig. 5). At first glance it is evident that the 30 °C replicates
accumulated more mutations throughout the experiment compared to the ambient
temperature. More importantly, we can identify those mutations that persisted over
multiple time points, which would indicate that they likely provide a benefit as they
were being maintained in the population. In fact, by the final time point, the amount
of mutations identified at 30 °C that had already been present earlier in the
experiment (n = 26) were more than double the amount at 20 °C (n = 10). Nine
mutations were already present in the 30 °C treatment replicates from 255
generations, whereas none of the mutations in the 20 °C treatment replicates
persisted for this long. At 20 °C, mutations tended to arise at one time point and
were subsequently replaced by mutations at the next time point, therefore not really
providing any long-term benefit. Finally, overall, mutations reached higher
frequencies at the elevated temperature with a median frequency of 20% at the final
sequenced time point, as opposed to 6% at the ambient temperature. In fact, at 510
generations only three mutations reached frequencies higher than 60% at 20 °C,
whereas we identified ten such mutations at 30 °C. This provides further evidence for
positive selection particularly at the elevated temperature and suggests the presence

of a number of beneficial mutations in the respective evolved symbiont populations.
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FIG. 5. Mutational trajectories of symbiont populations at ambient and elevated
temperature. Trajectories of novel mutations throughout the experiment in the core
replicates at 20 °C (top) and 30 °C (bottom) are shown. Following all the novel mutations
that arose in the core replicates, we observe that at 30 °C (i) more mutations are present; (ii)

mutations are more likely to persist over multiple time points; and (iii) mutations tend to

reach higher frequencies.

Since the novel mutations that persisted are generally expected to provide an
adaptive advantage, we took a closer quantitative look at the differences in the
number of persistent mutations in the core replicates - here defined as mutations
(SNPs and small indels < 4 nt) identified in subsequent time points at a frequency of
at least 5% (fig. 6). Few persistent mutations were observed at both temperatures for
the first 190 generations. However, as the experiment progressed, those mutations
increased in number. This was particularly prevalent at 30 °C, where by the last time
point the mean number of persistent mutations was nearly four times greater than
the mean number at 20 °C (8.67 vs. 2.33). This confirmed our previous observation
(fig. 5) that mutations at the elevated temperature were more likely to persist over

multiple time points. In fact, there was a statistically significant increasing trend of
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persistent mutations over time at 30 °C (P < 0.05, Mann-Kendall test) that was not

seen at 20 °C (fig. 6).
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FIG. 6. Temperature-dependent differences in number of persistent and likely adaptive
mutations. The number of persistent mutations (SNPs and small indels with a frequency >
5%) throughout the experiment for core replicates at (A) 20 °C; and (B) 30 °C is shown.
Whereas the number of persistent mutations in the replicates at 20 °C remained low at all
the time points, persistent mutations steadily increased at each time point in the replicates at
30 °C (P < 0.05, Mann-Kendall test).

Convergence and divergence among replicate populations

Our experimental set-up also allowed us to study the specificity of genomic
evolution i.e. the extent of parallel evolution during temperature adaptation of the
symbiont populations. To this end, we compared mutations identified at the final
sequenced time point between replicates within the same treatment (temperature
and dilution) and across the different treatments. We only included those mutations
that solely impacted one single gene, termed ‘qualifying’ mutations (Deatherage et
al. 2017) (see Materials and Methods section for more information). A total of 113
qualifying mutations was identified to fit our criteria for the analysis. Dice’s Coefficient
of Similarity, S, was then computed for each pair of evolved replicate populations.

Across all replicates from the four treatments, the grand mean similarity, S, is
0.02. There were no mutated genes in common at all in the 0.01% dilution
treatments at neither temperature. This is not unexpected as the tight bottleneck
would have eliminated much variation and the mutated genes observed would have
mainly been present due to chance survival. The mean within-treatment similarity,

S,, for the 10% dilution treatments is 0.06 and 0.05 at 20 °C and 30 °C, respectively.
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The mean between-treatment similarity, S,, between these two treatments is 0.02.
Replicates from the same treatment were therefore more similar to each other with
respect to their mutations than replicates from a different treatment, indicating an
adaptation to their particular experimental conditions. This confirmed our previous
observations regarding positive selection described above. 17 genes were affected
by at least two qualifying mutations across the different treatments (supplementary
table S2, Supplementary Material online). Seven genes carried mutations at both
temperatures, whereas ten genes were affected by mutations exclusively at 30 °C.
No genes were solely affected by qualifying mutations across multiple replicates at
the lower temperature.

We next asked, which gene functions were affected by mutations in our
experiment and thus putatively associated with temperature adaptation. We
therefore separated all the mutations identified in the final sequenced time point
across both temperatures into functional groups based on the eggNOG database
(Huerta-Cepas et al. 2019) (fig. 7 and supplementary table S3, Supplementary
Material online). Genes without a functional prediction (i. e. no match in eggNOG or
assignment to categories R and S) were not taken into account. We also only
considered replicates from the 10% dilution treatment as we were interested in any
mutations resulting in adaptive processes, and wanted to omit mutations present as
a result of stochastic events. This analysis showed that the affected functional
categories differed considerably between the two temperature regimes. Mutations at
20 °C affected eight functional categories, which is half as many as those affected by
mutations at 30 °C (n = 16). The only functional category with a greater mean
number of mutations per replicate at ambient temperature was carbohydrate
transport and metabolism (fig. 7A). On the other hand, there were 14 functional
categories with a higher mean number of mutations per replicate at the elevated
temperature. In particular, mutations were identified in eight functional categories
related to metabolism at 30 °C as opposed to only two at 20 °C (fig. 7A). Apart from
this, the mean number of mutations in three other functional categories were
elevated at 30 °C when compared to 20 °C: (i) J - translation, ribosomal structure,
and biogenesis; (ii) O - posttranslational modification, protein turnover, and

chaperones; and (iii) V - Defense mechanisms (fig. 7).
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FIG. 7. Cellular functions affected by mutations. The number of mutations assigned to
cellular functions including (A) metabolism; (B) information storage and processing; and (C)
cellular processes and signaling after 510 generations in the 10% dilution populations at 20
°C (blue bars) and elevated temperature (red bars) is shown. The affected functional

categories differed considerably between the two temperature regimes. Mutations affected
eight functional categories at 20 °C and 16 functional categories at 30 °C (supplementary

table S3, Supplementary Material online).

Discussion

Our evolution experiment using an obligate intracellular symbiont of unicellular
eukaryotes was designed to provide insights into basic features of molecular
evolution and temperature adaptation in host-dependent microbes. Replicate
Protochlamydia amoebophila populations were evolved for up to 510 generations in
their Acanthamoeba hosts under four different combinations of temperature and
dilution during passaging. We compared genomic adaptation across the different

treatments and also determined whether any phenotype changes occurred
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throughout the experiment, in particular to identify how the bacterial symbionts
adapted to survive at the higher temperature of 30 °C. This condition should be
considered quite a stressful environment for the symbiont and the host since they

naturally dwell at lower temperatures.

Attenuated infectivity maintains fitness of microbe-host association at
elevated temperature

We measured infectivity of the symbionts as a proxy for bacterial fithess and
observed that the infectivity remained fairly constant throughout the evolution
experiment for the symbionts from the ambient temperature treatment (fig. 2A and
supplementary fig. S1A and B, Supplementary Material online). In contrast,
symbionts from the elevated temperature treatment displayed an increasingly lower
infectivity as the evolution experiment progressed (fig. 2A and supplementary fig.
S1C and D, Supplementary Material online). Importantly, near the end of the
observation period the infectivity of the 30 °C evolved symbionts was significantly
higher when the assays were performed at the elevated temperature rather than at
20 °C (P = 0.020; fig. 2B). Therefore, although the symbionts isolated from the 30
°C treatment developed an attenuated infectivity at either assay temperature as the
experiment progressed, these chlamydiae did in fact adapt to the elevated

temperature.

Overall temperature adaptation of the symbionts was facilitated through
attenuated infectivity. One potential scenario for this is that this phenotype evolved
as a trade-off to reduce host cell burden. In fact, we did notice that a proportion of
Acanthamoeba cells in the cultures maintained at the higher temperature were not
as highly infected as amoeba maintained at 20 °C (data not shown). It is thus
conceivable that at the elevated temperature there is a lower maximum bacterial
load of the Acanthamoeba host cells. Therefore, the reduction in infectivity of the 30
°C evolved symbionts would have been a trade-off to reduce host cell stress and
compensate for the lower maximum bacterial load per amoeba at the elevated
temperature. Ultimately, this would have been beneficial as it would have stabilized
the fitness of the whole system. Similar findings have been shown in other
endosymbiotic bacteria infecting drosophilid flies, relating to the male-killing

phenotype. This trait is characterized by the production of all, or nearly all, female
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broods related to low egg hatch rates, and is caused by Wolbachia in Drosophila
bifasciata females. Parents exposed to elevated temperature resulted in a decrease
in bacterial density in eggs as well as a decline in penetrance of the trait, which
suggested that a threshold density of Wolbachia within embryos is required to result
in the male-killing phenotype (Hurst et al. 2000). Another investigation on the effect
of high temperature through successive host generations on native and nonnative
Drosophila host species also revealed a reduction in the male-killing phenotype and
infection with the symbiont Spiroplasma (Anbutsu et al. 2008). Bacterial infection
density was significantly suppressed by the elevated temperature in the nonnative

Drosophila host, but had minimal effect in the native host.

Increased genetic diversity due to structured populations of host-dependent
microbes

Pooled whole genome re-sequencing served to study evolutionary processes during
our experiment at the molecular level. The majority of mutations identified across all
treatments were SNPs (84.3%) as opposed to small indels < 4 nt (15.7%), and
81.9% of the SNPs were located in protein-coding regions. When we took a closer
look at the six core replicates, far fewer mutations were identified in the 20 °C
evolved populations (n = 36) than in the 30 °C evolved populations (n = 104), which
suggests a higher level of genomic adaptation at the elevated temperature (fig. 3).
No clear mutational hotspots were identified across the symbiont genome in either
treatment (fig. 3). Overall, mutations in the core replicates increased as the evolution
experiment progressed, with a greater number of mutations being identified later in
the evolution experiment (see supplementary table S1, Supplementary Material
online). This may seem unexpected at first glance as a high initial number of
mutations and a subsequent decline in substitution rates has been reported in other
microbial experimental evolution studies (Conrad et al. 2009; Lee and Palsson
2010). However, this observation might be a consequence of the obligate
intracellular lifestyle and the developmental cycle of the symbionts.

First, bacterial and host cell cycles are tightly linked. The symbionts are
predominantly transmitted vertically during host cell replication and are thus
dependent on binary fission of their amoeba host cells (see Materials and Methods
section for more information). As the host cell cycle is slow, the 38 months our

evolution experiment was carried out only equated to 510 generations. To put this
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into perspective, an evolution experiment with E. coli over 60 days comprised around
1,100 generations (Fong et al. 2005). Our evolution experiment is therefore very
much in its infancy where selection is still strong and saturation with new mutations
may not have occurred yet.

Second, the strictly host-dependent nature and the primary mode of vertical
transmission of our symbionts gives rise to a structured environment. The bacterial
populations are divided in many subpopulations—within single amoebae—whose
fate is each also dependent on individual host fitness. This could result in the
maintenance of increased genetic diversity. In fact, the fixation time required for a
mutation increases in structured populations and this, in turn, will increase the
chance that another beneficial mutation will appear and compete with the first one
(Gordo and Campos 2006). This pronounced competition via clonal interference
(Gerrish and Lenski 1998) leads to a higher number of segregating mutations in the
population, i.e. higher genetic diversity. An increased variation in structured
populations has previously been observed in experiments carried out on free-living
bacteria such as Ralstonia sp., Pseudomonas fluorescens, or E. coli when
comparing populations evolved in structured and homogeneous habitats (Korona et
al. 1994; Rainey and Travisano 1998; Habets et al. 2006). In our structured
host-microbe system, a mutation that arises during RB replication must compete with
other RBs inside the host and eventually needs to be released as an EB. The EB
carrying the mutation must then compete against other EBs to enter a new host, and
finally outcompete the chlamydiae already residing within that new host. This creates
multiple levels of selection, and an adaptive advantage at one stage may face a
trade-off by being at a disadvantage elsewhere. Furthermore, the different
subpopulations will each fix beneficial mutations conferring small benefits since they
do not have access to the rare beneficial mutations of large effect like in larger,
well-mixed populations (Orr 1998; Burch and Chao 1999; Miralles et al. 1999). As a
consequence, the symbiont populations would have few mutations that actually
become fixed, with low frequency mutations co-existing simultaneously being more
common (fig. 5).

Although most of the analysis in Lenski's LTEE was carried out after
sequencing clones, they also identified mutational variants in mixed bacterial
population samples (Barrick and Lenski 2009). We can roughly compare the number

of SNPs identified at the final sequenced time point (510 gen) of our 10% dilution
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symbiont populations with their first sequenced time point (2,000 gen). They
identified seven substitutions in total, whereas our populations at 20 °C and 30 °C
had an average of 5.3 and 9.1 substitutions per replicate, respectively. If we were to
extrapolate the number of substitutions to 2,000 generations, it would appear that the
symbiont populations at 20 °C and 30 °C have a 3-fold and 5-fold increase in the
number of mutations relative to the LTEE, respectively. This elevated number of
mutations in our symbiont populations may very well be a result of the increased
structure of our host-dependent system relative to the environmentally homogeneous
habitat provided in the LTEE (Barrick and Lenski 2009), where mutations can

outcompete each other more easily.

Bottleneck effect and spontaneous mutation rate
Natural symbiont populations experience frequent bottlenecks during transmission
and during shifts in environmental conditions. To assess the impact of a strong
population bottleneck on temperature adaptation we included the 0.1% dilution
treatment in our evolution experiment. A sudden reduction in population size causes
random genetic drift to have a much greater role in determining gene frequency
changes through stochastic effects (Nei et al. 1975). Despite there being an identical
1,000-fold dilution at ambient and elevated temperatures, we did observe differences
in genome dynamics between the two treatments with respect to the ratio of
nonsynonymous mutations to synonymous mutations, which was almost three times
higher at the elevated compared to the ambient temperature (fig. 4B and D). This
suggests that at 30 °C mutations were likely adaptive and selection may have still
played an important role even under the bottleneck condition used in our experiment.
The 0.1% dilution treatment at ambient temperature also served as a mutation
accumulation experiment, and we used this minimal selection condition to estimate
the spontaneous mutation rate of our bacteria employing two methods (see Materials
and Methods section for more information; table 1). The typical rate of spontaneous
mutations obtained from such experiments with bacteria is of the order of 10 to 10°
per nucleotide per generation (Lind and Andersson 2008; Lee et al. 2012; Sung et al.
2012). The rate calculated by Drake for microbes is 3-4 x 102 per genome per
generation (Drake 1991; Drake 2009). With 1.1 x 10® mutations per nucleotide per
generation and 2.7 x 102 per genome per generation our upper bound estimate

represents an overestimate of the actual mutation rate (table 1), at least one order of
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magnitude greater than previous estimates on bacteria. This was expected since we
included every single mutation identified throughout the experiment in our
calculations. Our more conservative estimate, however, falls within the range
determined for other bacteria (table 1). For this estimate we only considered
mutations at 420 generations whose frequency in the population was at least 50%
and, thus, present in the major clone of that specific population. The more
conservative value lies on the lower end of the previously calculated mutation rates
and, in fact, the substitution rate of beneficial mutations is expected to be lower in a
structured environment relative to a homogeneous population, where purging via
selective sweeps should be a relatively rapid process (Gordo and Campos 2006)
Overall, our estimate of the substitution rate for the chlamydial symbiont P
amoebophila is consistent with values inferred from long-term laboratory propagation
of C. trachomatis (Borges et al. 2013) or calculated using a phylogenetic approach

for C. trachomatis and other bacteria (Hadfield et al. 2017).

Positive selection and adaptive evolution at elevated temperature
Several lines of evidence indicate positive selection at 30 °C. This includes a
significantly higher amount of nonsynonymous mutations relative to synonymous
mutations at the last two sequenced time points (fig. 4C). Apart from these point
mutations, small indels (< 4 nt) were overrepresented in the 10% dilution at 30 °C
treatment replicates relative to the mutation accumulation experiment, implying that
many of these mutations were adaptive during the experiment (table 3).
Furthermore, by following the trajectories of the novel variants that arose over time in
the core replicates (fig. 5), we observed that numerous variants at 30 °C persisted
throughout the experiment until the final time point (n = 26). The mean number of
persistent variants above 5% at 30 °C is also nearly four times greater than at 20 °C
by the last sequenced time point, and we identified a statistically significant
increasing trend of persistent variants over time only at 30 °C (fig. 6, P < 0.05,
Mann-Kendall test). Such mutations were likely adaptive and benéeficial, to different
degrees, and allowed the symbionts to improve their fithess and to fine-tune the host
interaction at the elevated temperature.

To study whether there are any mutational hotspots in particular genes or
pathways, we first focused on qualifying mutations (Deatherage et al. 2017) in the

experiment to calculate Dice’s Coefficient of Similarity. This allowed us to compare
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the similarity of mutations within the same treatment and across different ones,
which should provide a good indication as to whether mutations in certain genes or
gene pathways are more predominant in one treatment over another. A previous
study examined genomic evolution in 30 E. coli populations adapting to five different
temperature regimes for 2,000 generations (Deatherage et al. 2017). They found that
within the same thermal treatment clones shared nearly 17% of their mutated genes,
whereas clones under different temperature regimes shared less than 5% of their
mutated genes. In our study, we observed a similarity of 5-6% across all replicates at
each temperature (10% dilution treatments), and a similarity between the
temperature regimes of 2%. Replicates from the same treatment thus shared more
mutations amongst each other than replicates from a different treatment, indicating
adaptation to the particular experimental conditions. This confirms temperature as an
effective selection pressure and further supports that many of the mutations
identified are adaptive. The overall lower mutation specificity in our experiment
compared to the E. coli experiments is consistent with the observed increased
genetic diversity due to the structured symbiont populations. In addition, the longer
time frame in the previous study may have led to a more pronounced parallelism. In
fact, similar calculations were also carried out using the E. coli populations from the
LTEE (Lenski 2017). After 500 generations the populations shared 15% of affected
genes but this rose to 33% at 2,000 and 5,000 generations, which demonstrates that
parallelism increased after the first 500 generations.

In total 17 genes were affected by at least two qualifying mutations across the
different treatments, and of these, ten genes were restricted to mutations in the 10%
dilution treatment at 30 °C (supplementary table S2, Supplementary Material online).
Three of these genes encode hypothetical proteins, and three others are predicted to
be involved in translation, ribosomal structure and repair. The most prominent of
these ten genes was PC_RS06415 (pc1333) because mutations in this gene were
identified in five different replicates. PC_RS06415 is similar to known ABC
transporter ATP-binding proteins and classified in eggNOG in the category defense
mechanisms. While its exact function remains unknown, homologs are interestingly
found in related chlamydial organisms and other intracellular bacteria, such as
Legionella species. Additional genes in this subset include two genes, pts/ and ptsH,
predicted to be involved in the phosphotransferase system PTS, which is incomplete

in P. amoebophila and likely serves regulatory functions. Two predicted kinases,
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phoR and pknD, are also affected by qualifying mutations in multiple replicates. The
Pho regulon is linked to attenuated virulence and alteration of virulence traits in E.
coli (Crépin et al. 2011) and to host adaptation in Mycobacterium tuberculosis
(Chiner-Oms et al. 2019). PknD is well conserved among chlamydiae; its inhibition
leads to smaller inclusions and less infective progeny in C. pneumoniae (Johnson et
al. 2009). Together, qualifying mutations occurred in a number of genes involved in
sensing, regulation, and host interaction, suggesting they are involved in the
adaptive processes observed.

When we took a broader look at which cellular functions were affected by
mutations, genes classified in the categories defense mechanisms and
post-translational modification were most pronounced at the elevated temperature
(fig. 7 and supplementary table S3, Supplementary Material online). In addition,
numerous mutations were identified in eight functional categories related to
metabolism, and in the categories translation, ribosomal structure, and biogenesis -
including several RNA methyltransferases - as well as replication, recombination and
repair. Altogether, the large number of diverse genes and cellular functions affected
suggests that adaptation to the elevated temperature was manifold and comprised
changes in regulatory pathways, host interaction including metabolite exchange as
well as stress response and DNA repair. Yet, although we had observed an overall
attenuated infectivity phenotype in the populations evolved at 30 °C (fig. 2 and
supplementary fig. S1, Supplementary Material online), we could not identify any
mutations in specific genes that are present in a majority of these populations and
that could easily explain the reduced infectivity. This might be due to the complex
developmental cycle of the symbionts, where changes at various steps of the
infection process - during uptake, during establishment of the intracellular niche,
during replication, or during secondary differentiation - may fine-tune host interaction

and result in a similar outcome, a less infectious phenotype.

Conclusions

Adaptation to elevated temperature is a critical step in the evolution of environmental
microbes to pathogens of humans. Here, we investigated how obligate intracellular
symbionts of amoebae responded to increased temperature in an evolution
experiment spanning 420 to 510 bacterial generations. We found that an increase of

incubation temperature from environmental conditions to 30 °C selected for
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phenotypes with reduced infectivity in replicate symbiont populations, likely caused
by the necessity to balance host-interaction in this challenging environment. This
phenotype coincided with numerous mutations in genes involved in diverse cellular
functions. Furthermore, the increase in the proportion of nonsynonymous mutations
relative to synonymous mutations as well as the overrepresentation of small indels
(< 4 nt) indicate that positive selection played a strong role at this elevated
temperature.

There is a striking paucity of long-term evolution experiments with strictly
intracellular bacteria, perhaps because of several challenges inherent to these
systems. This includes experimental limitations, such as the difficulty to establish
clonal cultures and the challenges to interpret pool sequencing data, as well as the
lack of routine genetic methods for many strictly intracellular bacteria and their protist
hosts. In addition, biological features of intracellular microbial symbioses need to be
considered, for instance, the coupling of symbiont and host generation times in
vertically transmitted symbionts, structured populations as a result of subpopulations
being restricted to the intracellular compartment, different levels of selection during
the infection process, and the effects of co-evolution with the host. Yet, evolution
experiments bear a great potential for improving our knowledge on the evolution of
strictly intracellular microbes and microbe-host interaction. As such, the present
study uncovered basic features of molecular evolution and temperature adaptation of
chlamydial symbionts in their protected intracellular niche, contributing to a better
understanding of how these bacteria may have transitioned from symbionts in
microbial eukaryotes in the environment to well-adapted and highly successful

pathogens of humans.
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Table S2: Summary of all genes affected by at least two qualifying mutations across all
treatments at the final time point.

NCBllocus Gene No.of  Which . mwn_,”_om

tag name reps treatment? RefSeq function functional
category

PC_RS06415 5 30 ABC transporter ATP-binding protein Vv

PC RS02320  ptsl 4 20/30 phosphoenolpyruvate-protein phosphotransferase (PTS enzyme 1) G

PC_RS02570 4 30 hypothetical protein

PC_RS05215 dnaA2 3 20/30 chromosome replication initiator DnaA L

PC RS09030 phoR 3 20/30 two-component sensor histidine kinase phoR T

PC RS05210 yidC 3 20/30 inner membrane protein translocase component YidC U

PC RS05050 wvacB 2 20/30 ribonuclease R K

PC_RS02650 2 20/30  hypothetical protein R

PC_RS02315 ptsH1 2 20*/30  HPr, histidine-containing phosphocarrier protein of the PTS G

PC RS04155 2 30 hypothetical protein S

PC RS05410 2 30 HlyC/CorC family transporter P

PC RS07875 pknD 2 30 serine/threonine protein kinase T

PC_RS02040 rpsC 2 30 30S ribosomal protein 53 J

PC_RS04415 kefC 2 30 glutathione-regulated potassium-efflux system protein

PC RS01330 radA 2 30 DNA repair protein RadA L

PC RS01205 2 30 RNA methyltransferase J

PC_RS07790 2 30 hypothetical protein

*All mutations here were identified in the 10% dilution treatments at either temperature, except for one mutation in
PC_RS02315 identified in the 0.1% dilution treatment at 20 °C.
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Table $3: Summary of all genes with known functional categories affected by
mutations identified in the final sequenced time point across both temperatures
in the 10% dilution treatment.

egeNOG
NI:!lt.I:cu: ::ﬂr: tr::t:::t? RefSeq function functional
category
PC_R501145 dnaQil 20 DNA polymerase Il subunit epsilon L
PC_R502805 NA 20 hypothetical protein P
PC_R503460 prpC 20 sering/threonine phosphatase T
PC_R503510 MA 20 hypothetical protein (8]
PC_R505930 miaA 20 tRNA (adenosine(37)-N6)-dimethylallyltransferase J
PC_R507680  rpml 20 505 ribosomal protein L36 J
PC_R500115 ahpC 30 thioredoxin peroxidase (8]
PC_RS500150 pgroEll 30 molecular chaperone o
PC_R500480 MA 30 putative inorganic phosphate transporter P
PC_R501025 rpsL 30 305 ribosomal protein 512 J
PC_R501205 NA 30 putative RNA methyltransferase J
PC_R501210 recl 30 single-stranded-DNA-specific exonuclease L
PC_R501330 radA 30 DNA repair protein RadA (8]
PC_R501660 rimMN1 30 505 rRNA methyltransferase J
PC_R502040  rpsC 30 305 ribosomal protein 53 J
PC_R502275  dnal 30 maolecular chaperone (8]
PC_R502310  hprK 30 HPr kinase/phosphorylase T
PC_R502315 ptsH1 30 phosphocarrier protein HPr G
PC_R502380 MA 30 hypothetical protein L
PC_R502640 bepE 30 multidrug efflux RND transporter permease subunit F
PC_R502735 nuoN 30 NADH-quinone oxidoreductase subunit N C
PC_R502845 imfa 30 translation initiation factor IF-1 J
PC_R502900 rpoC 30 DNA-directed RMA polymerase subunit beta’ K
PC_R502975  xseA 30 exodeoxyribonuclease Vil large subunit L
PC_R502980 dagAl 30 amino acid transporter E
PC_R503015 ypwA 30 carboxypeptidase M32 E
PC_R503035 MA 30 hypothetical protein v
PC_R503085 rpsO 30 305 ribosomal protein 515 J
PC_R503530 MA 30 hypothetical protein Q
PC_R503665  rpsA 30 305 ribosomal protein 51 J
PC_RS03670  lysC 30 aspartate kinase E
PC_R504345  hitpX 30 peptidase Q
PC_R504415  kefC2 30 glutathione-regulated potassium-efflux system protein P
PC_RS05080 NA 30 hypothetical protein P
PC_R505320 asd 30 aspartate-semialdehyde dehydrogenase E
PC_R505410 MA 30 hypothetical protein P
PC_RS05575  folB 30 dGTP pyrophosphohydrolase/dihydroneopterin aldolase F
PC_RS05975  ginA 0 glutamine synthetase E
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eggMNOG

NCBllccus  Gane Which RefSeq function functional
tag name treatment?
category

PC_RS06050 M 30 eukaryotic stearoyl-CoA 9-desaturase I

PC_RS06290 pcnB2 30 polynucleotide adenylyltransferase 1
PC_RS06300 dpm1l 30 glycosyltransferase M
PC_RS06415 MNA 30 ABC transporter ATP-binding protein v
PC_RS0G6485 RNR1 30 ribonucleoside-diphosphate reductase subunit alpha F
PC_RS06590 MNA 30 helicase L
PC_RSOGBES M 30 hypothetical pratain L
PC_R506880 tralC 30 type-1V secretion system protein U
PC_RS07B00  cydA 30 cytochrome ubiguinol oxidase subunit | C
PC_RS07875  pknD 30 serine/threonine protein kinase T
PC_RS07950 menC 30 o-succinylbenzoate synthase H
PC_RS07975 atpD1 30 ATP synthase subunit beta C
PC_RS08170  recF 30 DMNA replication and repair protein L
PC_RS08310 M 30 Ygg5 family pyridoxal phosphate enzyme F
PC_RS08400 M 30 hypothetical pratain Q
PC_RS08435  glgB 30 glycogen-branching enzyme G
PC_R508925 M 30 MF5 transporter G
PC_RS09395 A 30 hypothetical protein u
PC_RS09505 M 30 SAM-dependent methyltransferase a
PC_RS09585 rumA 30 RNA methyltransferase ]

PC_RS09655  ung 30 RNA methyltransferase L
PC_RS09735  plsC 30 1-aeyl-sn-glyceral-3-phosphate acyltransferase I

PC_RS02320 ptsl 2030  phosphoenolpyruvate-protein phosphotransferase G
PC_RS05050  rnrl 20/30  ribonuclease R K
PC_RS05210  yidC 2030  membrane protein insertase ]
PC_RS05215 dnaA2 2030  Chromosomal replication initiator protein L
PC_RSDB765 M 2030  hypothetical protein T
PC_RS09030 phoR 20/30  histidine kinase T
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FIG. S1. Time series analysis of symbionts isolated from the 10% dilution populations
at both temperatures. Naive ancestral amoebae (n = 4 for all generations except at 415
generations, n = 9) at a concentration of 10° cells per ml were infected with symbionts
isolated from evolved populations (10% dilution) at different time points in the evolution
experiment with a multiplicity of infection (MOI) of 30, at an assay temperature of 20 °C (blue
dots) and at 30 °C (red dots). The percent of highly infected amoebae was assessed at 96
hpi using fluorescence in situ hybridization. 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 x IQR from the first or third quartile. The horizontal line within the box
represents the median. (A and B) Infectivity assays performed using EBs isolated from the
20 °C treatment. The infectivity across the generations was compared using a Kruskal-Wallis
test. (C and D) Infectivity assays performed using EBs isolated from the 30 °C treatment.
The infectivity across the generations was compared using a Kruskal-Wallis test (C
x?=18.632, p<0.005; D x*=15.721, p<0.005) followed by Dunn’s multiple comparison

post-hoc test.
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FIG. S2. Infectivity of symbionts did not change when infecting hosts maintained at
ambient (20 °C) or elevated (30 °C) temperature. Amoebae maintained at 20 °C or at 30
°C (n = 5 for each) at a concentration of 10° cells per ml were infected with symbionts
isolated from evolved populations (10% dilution) after 415 generations with an MOI of 30, at
an assay temperature of 20 °C (blue dots) and at 30 °C (red dots). The percent of highly
infected amoebae was assessed at 96 hpi using fluorescence in situ hybridization. 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 x IQR from the first or third quartile. The
horizontal line within the box represents the median. (A) Infectivity assays performed using
EBs isolated from the 20 °C treatment. The infectivity between the two hosts at the same
temperature was compared using a two-sided Wilcoxon—Mann—-Whitney test. (B) Infectivity
assays performed using EBs isolated from the 30 °C treatment. The infectivity between the
two hosts at the same temperature was compared using a two-sided

Wilcoxon—Mann—-Whitney test.
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FIG. S3. Infectivity of symbionts did not change when re-infecting their co-evolved
hosts. Naive ancestral amoebae, cured amoebae from the same population and cured
amoebae from a different population (n = 4 for each) at a concentration of 10° cells per ml
were infected with symbionts isolated from two 30 °C evolved populations (10% dilution
replicates 5 and 6) after 510 generations with an MOI of 30, at an assay temperature of 20
°C (blue dots) and at 30 °C (red dots). The percent of highly infected amoebae was
assessed at 96 hpi using fluorescence in situ hybridization. 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 x IQR from the first or third quartile. The horizontal line
within the box represents the median. (A) Infectivity assays performed using EBs isolated
from replicate 5. The infectivity among the host groups was compared using a Kruskal-Wallis
test for each temperature. (B) Infectivity assays performed using EBs isolated from replicate

6. The infectivity among the host groups was compared using a Kruskal-Wallis test for each
temperature.
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Chapter V

Survival at an elevated temperature strongly
reduces gene expression dynamics in a chlamydial

symbiont
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Abstract

Bacteria must constantly adapt to any fluctuations in their surrounding environment
to survive and thrive. One important adaptation, especially for those microbes that
invade warm-blooded animals, is temperature. This can oscillate dramatically
between the environment and the host. Bacteria often increase the expression of
temperature-regulated genes to adapt to these changes. We have performed a set of
RNA sequencing experiments on selected amoeba-symbiont populations at an
elevated temperature (30 °C). One of these populations, which exhibited a reduced
infectivity, was isolated from an evolution experiment that was itself maintained at
that same temperature. These symbionts live ubiquitously in free-living amoebae and
share a common ancestor with major human pathogens. We wanted to obtain initial
insights into how these bacteria alter their gene expression dynamics in response to
an increase in temperature. We observed shallow expression dynamics as a result of
incubation at an elevated temperature, but even lower expression levels when
symbionts had been maintained at an elevated temperature for a long period of time.
A number of pathways crucial for effective infection and development were not
upregulated, in particular those involved in virulence as well as carbon and energy

metabolism.

Introduction

Understanding how bacteria adapt to stressful situations and overcome challenges is
crucial in today’s world, both due to current environmental issues such as climate
change, but also due to the never ending arms race between our immune system
and pathogens. Temperature adaptation is of particular interest because it is such a
crucial step for bacteria to make the leap from environmental reservoirs to
vertebrates, and eventually become major human pathogens. Such adaptations tend
to consist of increases in the expression of temperature-regulated genes. Frequently
this requires global gene regulation involving a two-component signal transduction
system made up of a sensor-kinase and a response regulator (Konkel and Tilly
2000). An advantage of this is that it allows unlinked genes to be simultaneously
expressed. Global networks for bacterial gene regulation are not only specific to
temperature adaptation. They also govern processes such as spore formation

(Fawcett et al. 2000) as well as cell cycle developmental changes (Laub et al. 2000).
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Previous work carried out by our lab (Herrera, Schuster, Zojer, et al. 2020)
sought to gain insight into how obligate intracellular microorganisms adapt to
elevated temperature by setting up an evolution experiment. More specifically, we
established replicate Protochlamydia amoebophila populations thriving in their
Acanthamoeba hosts under two temperature regimes (20 °C, 30 °C) for 420 to 510
generations (38 months). Protochlamydia is just one example of the so-called
environmental chlamydiae (Horn 2008) that thrive in the environment, with the
majority of them considered to be symbionts of free-living amoebae (Maurin et al.
2002; Collingro, Poppert, et al. 2005; Sixt et al. 2012). These share a common
ancestor with major bacterial pathogens of humans, and this is particularly intriguing
since temperature adaptation was a critical step in the transition from protist-dwellers
to infecting human cells. We were able to track the evolutionary dynamics of this
chlamydia symbiont within its protected intracellular niche. By carrying out pool
sequencing, coupled with variant detection, we have observed various genomic
adaptations. Briefly, we identified evidence for positive selection for both
temperatures, but this was more pronounced at the elevated temperature. Symbionts
from 30 °C populations had an increase in the proportion of nonsynonymous
mutations relative to synonymous mutations, and an overrepresentation of small
indels. Genes that were affected by mutations strongly differed with respect to their
cellular functions between the two temperature treatments. By comparing infectivity
of ancestral and evolved populations, those at 30 °C exhibited attenuated infectivity,
possibly as a trade-off to reduce host cell burden.

Although we observed these interesting genomic and phenotypic adaptations,
we were not satisfied and wanted to improve our understanding of the molecular
changes that allowed the symbionts to adapt to the elevated temperature. We
decided that, in order to add another piece to this puzzle, it would be useful to
observe gene expression dynamics of these evolved populations. One way for the
symbionts to survive the increased temperature could be to modify levels of gene
transcription in particular pathways. We therefore performed two RNA sequencing
(RNA-Seq) experiments on symbionts infecting naive amoebae at the elevated
temperature of 30 °C, isolating RNA at selected critical time points that mark crucial
developmental events during infection: 2 hours post infection (hpi) representing the
start of infection and elementary body (EB) to reticulate body (RB) transition; 48 hpi

as the peak of replication and RB activity; and released EBs accumulated at 7 days
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post infection, representing the new generation of symbionts ready to infect new host
cells. We performed the RNA-Seq experiments on two populations of chlamydiae.
One of these populations was the ancestral chlamydia population that was the
founder of the evolution experiment. This had been accustomed to growth at 20 °C,
and an RNA-Seq experiment had already been carried out on it (Konig et al. 2017).
The second chlamydia population had to be chosen from the replicates that were
adapted to 30 °C during the evolution experiment for 510 generations. The replicate
chosen was that one in particular that possessed mutations in genes that were
thought to potentially be important for temperature adaptation, which is discussed in
greater detail later.

These RNA-Seq experiments thus allowed us to explore two questions: (a)
What effect does the incubation temperature have on gene expression dynamics?;
and (b) Has prolonged evolution at 30 °C brought about adaptation on a
transcriptional level? We attempted to answer these two questions by making two
comparisons. First, by comparing the RNA-Seq data obtained by Kénig et al. in 2017
on the ancestral symbionts at 20 °C to the data obtained by us at 30 °C using the
same symbionts, we were able to identify whether simply carrying out the experiment
at an elevated temperature altered gene expression dynamics. Second, by
comparing the two RNA-Seq data sets obtained by us, we improved our
understanding of the effect that prolonged cultivation at an elevated temperature had
on gene expression patterns. We show that elevated temperature strongly reduced
gene expression dynamics, in particular with respect to long-term survival. This is
especially true at the early stage of infection for essential pathways involved in

virulence and energy metabolism.

Results and Discussion

Overall differential gene expression levels

In order to obtain a preliminary picture, we first looked at the numbers of differentially
expressed (DE) genes (supplementary table S1, Supplementary Material online)
between two consecutive time points for our three separate data sets (Fig. 1). When
carrying out the experiment at the lower temperature, the number of DE genes for
each two-way comparison was very similar, with a mean of 440 genes. This would
imply that many genes and pathways are important at specific time points throughout

the developmental cycle, and are therefore differentially expressed. However, we did

117


https://paperpile.com/c/IGbCF4/wehA

not see the same picture when the experiment was carried out at the higher
experiment temperature. In particular, there was very low (20 genes for ancestral
symbionts) to no (for evolved symbionts) differential gene expression between 48 hpi
and released EBs (Fig. 1). When we look at the other two comparisons (i. e. 2 hpi
and 48 hpi; released EBs and 2 hpi) and compare them to the experiment at 20 °C,
there are around 60% the number of DE genes for the ancestor and only 15% the
number of DE genes for the evolved population. These lower values already provide
an early indication that gene expression dynamics are actually strongly reduced both
as a result of incubation temperature as well as due to prolonged cultivation at an

elevated temperature.

DE genes initial DE genes
Anc Anc Evo infection Anc Anc Evo
20°C 30°C 300°C 20°C 30°C 30°C
473 270 69 428 287 55
extracellular replication
survival (EBs) (RBs)

419 20 0

Anc Anc Evo
200C 300C 30°C
DE genes

FIG. 1. An overview of the total number of differentially expressed (DE) genes for the three
experiments between two consecutive time points that marked crucial developmental events
during infection. Genes were considered differentially expressed if their expression changed

twofold with a false-discovery rate (FDR) smaller or equal 0.05.

We also compared the gene expression profiles of the ancestor and evolved
symbionts at the elevated temperature (Fig. 2 and supplementary table S2,
Supplementary Material online). We observed pronounced temporal signatures for
the evolved symbionts as has been previously reported by Koénig et al. (2017) and in
another chlamydial symbiont (Herrera, Schuster, Wentrup, et al. 2020), whereas for
the ancestral symbionts there was a very similar transcriptional signature between

the later two time points. The most striking difference in gene regulation between the
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two chlamydial symbionts is evident at 2 hpi. This time point is also highly separated
from the other two time points for both the ancestral and the evolved symbionts. One
could argue that at 2 hpi, gene expression may still be mostly dependent on the EBs
that were introduced into the experiment. So the ancestral symbionts maintained at
20 °C presented a particular gene expression pattern, whereas the evolved
symbionts maintained at 30 °C presented a different pattern. However, at 48 hpi and
in the released EBs, the experiment temperature would definitely have a much
stronger effect, and in fact the other two time points present a more similar signature,
especially for the released EBs. In order to obtain a clearer idea of what may be
occurring at the functional level, we next looked more closely at specific pathways

crucial for chlamydial development.
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FIG. 2. Principal component (PC) analysis plot for RNA-Seq gene expression data at three
time points of symbionts from the ancestor and evolved populations at 30 °C that were
collected from amoeba host cells (2 hpi and 48 hpi) or from the medium (released EBs) (n =

3, except for evolved 48 hpi where n = 2).

Chlamydial type lll secretion system

The type Il secretion system (T3SS) is a major virulence factor that is evolutionarily
well conserved and was already present in the last common ancestor of all known
chlamydiae (Betts-Hampikian and Fields 2010; Subtil et al. 2014). Kdnig et al. (2017)
observed that most genes involved in T3SS were expressed later in the infection

during maturation of EBs as well as early during infection. These genes include
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structural components, chaperones as well as effectors. In the ancestor at 30 °C we
observe a very similar DE gene pattern early in the infection cycle, with many T3SS
genes upregulated at 2 hpi. However, there is a stark contrast in the DE genes for
the released EBs, with the signature upregulation of T3SS genes being
predominantly absent. For the evolved chlamydiae, the gene expression dynamics
differ not only for the late expressed genes of the T3SS but also, to a certain extent,
at 2 hpi. This is most evident for locus 5 (Fig. 3), the largest locus of the T3SS.
Practically all the genes crucial for the T3SS (structural components, chaperones
and effectors) were not upregulated at 2 hpi for the evolved symbionts, and this
suggests that the initial infection is not being carried out as effectively as in the

ancestral strain.

logFC
448 hpil =~ 42 hpi
-10 2 4 6

Anc Evo

RS06635
RS06640
RS06645
RS06650
lerH3/scc2
copB
lerH4
RS06670
RS06675
RS06680
sced/sycH
sctD

sctE

sctG
RS06705
sctF
RS10000
sctN
sctO
RS06730
sctQ
pkn5

type III secretion system locus 5

FIG. 3. Heat map depicts the T3SS locus 5 with marked differences between the ancestor
and evolved populations at 30 °C with respect to log, fold changes (logFC) of genes that
were differentially expressed between 2 hpi and 48 hpi (false discovery rate of 0.05). A
logFC below 1 (no differential expression) is shown in white and significant upregulation at 2
hpi is shown in pink. The stronger the pink color, the stronger the gene expression change
between the two time points. Genes in locus 5 encode chaperones, effectors and structural

components of the T3SS.
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Carbon and energy metabolism

Chlamydiae are able to synthesize ATP through oxidative phosphorylation. Konig et
al. (2017) observed that genes involved in carbon and energy metabolism are mainly
induced late during EB maturation - this included respiratory chain genes as well as
genes involved in glycolysis, the tricarboxylic acid cycle (TCA) and the pentose
phosphate pathway. These genes are also upregulated, to a lesser extent, at 2 hpi
since this initial infection phase is also predominantly composed of EBs. It is clear
that from the start of the infection, the EBs in the 30 °C experiments are not
functioning in the way that has previously been reported, and this is most apparent
when looking at these genes involved in carbon and energy metabolism. In both
RNA-Seq datasets, there is no upregulation of these genes at 2 hpi (supplementary
table S2, Supplementary Material online). Even more striking is the fact that
practically the same situation was observed late during development. None of these
genes were upregulated late for the evolved symbionts, whereas only a handful did
so for the ancestor, mainly a few respiratory chain genes. EBs, the extracellular
stage, are required for survival and infection of new host cells. The reduced
expression of these previously mentioned genes, all involved in the utilization of
carbon substrates and energy conservation, implies that the EBs are not primed for
extracellular survival or new host infection, which are crucial stages for these

bacterial symbionts.

Mid-cycle activity

Apart from being able to synthesize ATP via oxidative phosphorylation, chlamydiae
are known to be energy parasites, importing host-derived ATP in exchange for ADP
via nucleotide transport proteins (Tjaden et al. 1999; Haferkamp et al. 2006). In fact,
this is the most important source of energy mid-cycle during intense RB replication.
The ATP/ADP translocase (ntt1) is constitutively expressed at a very high level, with
its transcriptional profile peaking at mid-cycle, for all three experiments at both
temperatures. This demonstrates how crucial the import of host-derived ATP is for
chlamydial development. A similar pattern has also been shown for Chlamydia
pneumoniae and C. trachomatis (Belland et al. 2003; Maurer et al. 2007). Cellular
processes such as translation and metabolic activity were observed to be at their
most prominent at mid-cycle during the peak of RB activity when performing the

RNA-Seq experiment at the lower temperature (Konig et al. 2017). In fact, there was
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a significant functional enrichment among DE genes in categories involved in
translation, as well as amino acid and lipid transport and metabolism, at this time
point. Furthermore, numerous genes responsible for cell division and peptidoglycan
synthesis were upregulated at 48 hpi. The RNA-Seq experiments that we carried out
at the elevated temperature did not follow this same metabolic pattern. No functional
categories involved in translation and metabolic processes were significantly
enriched, which is in stark contrast to the findings from the 20 °C experiment.
Nevertheless, there was an upregulation of genes involved in amino acid transport
and metabolism for the ancestral symbionts at 48 hpi, and to a lesser extent also for
the evolved symbionts (Fig. 4A and supplementary table S2, Supplementary Material
online). A similar pattern was observed for genes essential for cell division and
peptidoglycan synthesis (Fig. 4B and supplementary table S2, Supplementary
Material online). Overall, these results imply that there is an attenuation of RB
activity, with the increased temperature appearing to diminish chlamydial

development.
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FIG. 4. Heat maps of RNA-Seq data from mean centered gene expression (TPM) of
symbiont genes in the ancestor and evolved populations at 30 °C at all three time points
during infection. All known loci involved or putatively involved in (A) amino acid transport and
metabolism, and (B) cell division and peptidoglycan synthesis are depicted. Highly
expressed genes are shown in pink, whereas low gene expression is shown in green. The

stronger the color, the stronger the gene expression value.

Mutations identified in the evolved population

The particular population of evolved symbionts used for the RNA-Seq experiment at
the elevated temperature was chosen due to the mutations that had accumulated in
this population throughout the duration of the evolution experiment (supplementary
table S3, Supplementary Material online). The variants that had seemed most

interesting and that could have had an adaptive role to survive at the elevated

123



temperature were those that were located in genes that functioned as kinases. A
kinase is an enzyme that catalyzes the transfer of phosphate groups from
high-energy, phosphate-donating molecules, such as ATP, to specific substrates in a
process known as phosphorylation. The histidine kinase phoR is associated with a
reduction in virulence and modification of virulence traits in E. coli (Crépin et al.
2011) and to host adaptation in Mycobacterium tuberculosis (Chiner-Oms et al.
2019). The serine/threonine-protein kinase pknD is well conserved among
chlamydiae; its inhibition results in smaller inclusions as well as less infective
progeny in C. pneumoniae (Johnson et al. 2009). Since they were both present as
nonsynonymous variants in the respective genes, they could have had an adaptive
effect to allow the symbionts to improve their chances of survival at the higher
temperature. However, when we identified all the DE genes in our experiment, we
did not see these kinases in either of the comparisons. This implies that if the
variants were having an effect, it does not appear to be related to the gene
expression dynamics of these particular genes. In spite of this, phoR may be
involved in the regulation of numerous other genes. If this is the case, even though
phoR was not differentially expressed, minor differences in its expression levels may
have led to pronounced changes in the expression of other genes that it regulates.
From all the identified genes that acquired mutations throughout the experiment of
this particular replicate, only two of them were observed as being differentially
expressed in the experiment: the 23S rRNA gene (RS04995) and the potential MFS
transporter (RS08925) were both upregulated at 2 hpi.

Although we cannot explain the observed differences in gene expression by
the variants alone, this does not mean that they did not have any impact at all. An
important factor to keep in mind when discussing regulation of gene expression in
prokaryotes is the presence of regulatory proteins. These DNA-binding proteins
recognize specific motifs present in promoter regions and can either repress or
activate transcription via interactions with RNA polymerase. These transcription
factors may be specific to one gene or to a number of genes. In our study, symbionts
evolved at 30 °C may have experienced an increase in repressor proteins, silencing
groups of genes that ultimately resulted in these shallower expression dynamics.
Most regulatory genes in Protochlamydia are, in fact, yet to be identified. Apart from

this, a number of repressors have a fine-tuning system termed attenuation. This
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makes use of the structure of mRNA to terminate both transcription and translation

based on the concentration of an operon's end-product enzymes.

Infectivity assays

We have already carried out numerous infectivity assays on the ancestral symbionts
as well as the symbionts isolated from the evolution experiment at 20 °C and at 30
°C (Herrera, Schuster, Zojer, et al. 2020). Here we show those infectivity assays that
are pertinent to the three RNA-Seq experiments discussed in this manuscript, i.e. the
assays performed on the ancestral symbionts and on the symbionts isolated from the
population evolved for 510 generations at 30 °C that was used for the RNA-Seq
experiment (Fig. 5). The percent of amoebae highly infected with ancestral
symbionts at 96 hpi (i.e. after the development cycle of the symbiont is complete)
was very high at the lower temperature of 20 °C, with a median of 80%. When the
experiment was carried out at the higher temperature of 30 °C, the percentage of
highly infected amoebae was significantly lower, with a median of 50%. However,
each of these values was significantly higher than the respective values of the
evolved symbionts, both with medians lower than 15% highly infected amoebae at
96 hpi.
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FIG. 5. Summary of infectivity assays at 20 °C and 30 °C. Naive amoebae (n = 9 for
ancestor, n = 5 for evolved population) at a concentration of 10° cells per ml were infected

with symbionts isolated from the ancestor and the 30 °C evolved population used for the
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RNA-Seq experiment with a multiplicity of infection (MOI) of 30. Infectivity assays were
carried out at 20 °C (blue dots) and at 30 °C (red dots). The percent of highly infected
amoebae was assessed at 96 hpi using fluorescence in situ hybridization. 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 x IQR from the first or third quartile. The
horizontal line within the box represents the median. The infectivity between the two
treatments at the same temperature was compared wusing a two-sided
Wilcoxon—-Mann—-Whitney test. The infectivity between the same treatment at different

temperatures was compared using a Wilcoxon signed-rank test.

We attempted to link these differences in infectivity to the different gene
expression dynamics obtained from the RNA-Seq experiments. At 20 °C the
ancestral symbionts were the most infectious, and this correlated very well with the
transcriptomic data. EBs, the infectious particles that have to enter the host cell,
need to be properly primed for an infection, and this was observed for the ancestral
symbionts at 20 °C (Konig et al. 2017). Genes involved in the T3SS and genes
important in carbon and energy metabolism were heavily upregulated in the EBs,
allowing for the initial infection to be successful. Apart from this, genes essential for
RB replication were highly upregulated at mid-cycle, continuing the infection process
as required. As a result of this, a very high level of infection was observed by the end
of the chlamydial developmental cycle at 96 hpi.

The ancestral symbionts at 30 °C had a lower infectivity (Fig. 5), and this
suggests that the gene expression dynamics may differ to the ones observed when
the experiment was carried out at the lower temperature. At 2 hpi there was a very
similar DE pattern with respect to most T3SS virulence genes, suggesting that the
initial infection is not too different from what we would expect. But, apart from this,
we have described how different sets of genes crucial for numerous pathways that
were upregulated at 20 °C were not upregulated at all, or to a lesser extent, at 30 °C.
These include genes important for carbon and energy metabolism, as well as genes
important for translation and metabolic activity; and these differences were observed
from 2 hpi all the way to the end of the developmental cycle (released EBs). The
evolved symbionts have a much lower infectivity than the ancestral ones, whether
the infectivity assay was carried out at 20 °C or 30 °C. In fact, the evolved symbionts
displayed even lower expression levels with much fewer genes being differentially

expressed, and not even the T3SS genes were upregulated as expected at 2 hpi. So
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right from the very start of the experiment, the chlamydiae were not primed for
infection. This attenuation in infectivity levels continued throughout the
developmental cycle, and thus, given this RNA-Seq data, the very low percent of

infected amoebae at 96 hpi is not unexpected.

Conclusions

We initially set out to answer two broad questions. The first one asked whether
simply carrying out the RNA-Seq experiment at an elevated temperature would affect
gene expression dynamics. We answered this by comparing the previously obtained
data on ancestral symbionts at 20 °C (Konig et al. 2017) to the data we obtained
using ancestral symbionts at 30 °C. Although we did identify similarities in certain
pathways, particularly in the upregulation of T3SS genes at 2 hpi, it does appear that
there are different transcriptional dynamics. This is especially true later on in the
developmental cycle, when the symbionts would have experienced the elevated
temperature for a prolonged period of time. The elevated incubation temperature
caused an attenuation in transcription levels, resulting in shallower than usual
expression dynamics.

The second question sought to understand whether evolution at 30 °C
brought about adaptation on a transcriptional level. To answer this we compared our
two data sets obtained from the RNA-Seq experiments performed at 30 °C, on the
ancestral and the evolved symbionts. We identified altered expression dynamics
again, with the symbionts originating from the evolution experiment at 30 °C
displaying even shallower expression dynamics. This was already evident 2 hpi and
continued throughout the duration of the RNA-Seq experiment. Survival at this higher
temperature may have required the symbionts to lower their expression levels, which
in turn may have resulted in the reduction in infectivity as observed in our infectivity
assays.

It would be interesting to assess whether the symbionts would regain their
original expression levels if they were placed at the lower temperature once more
and, if so, how long this would take to happen. In nature, one would expect periodic
oscillations in temperature of even greater extremities. Winters can reach sub-zero
temperatures, whereas summers can reach 40 °C. However, these symbionts may

also survive as cysts to withstand such extreme conditions.
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Materials and Methods

Evolution experiment

The evolution experiment was founded when ancestral A. castellanii Neff was freshly
infected with P. amoebophila UWE25 (Collingro, Toenshoff, et al. 2005). After a
continuous culture was established, the experiment was set up in 24-well plates
(Thermo Fisher Scientific Inc., Waltham, MA, USA) under two temperatures (20 °C
and 30 °C) and two bottleneck (BN) conditions (10% and 0.1%). Each treatment had
12 replicates with 1 ml TSY (30 g/l trypticase soy broth, Oxoid, 10 g/l yeast extract;
pH 7.3) in each well. Populations were propagated by weekly 10-fold dilutions in 1 ml
TSY in the 10% BN condition (allowing for ~3.35 generations per week), whereas
monthly 1000-fold dilutions in 1 ml TSY were carried out in the 0.1% BN condition
(allowing for ~11 generations per month). Whole-population samples were taken
every 2-3 months and stored with DMSO as a cryoprotectant in liquid nitrogen,

where they were available for any genome and phenotype analyses later on.

Infectivity assays

Protochlamydia EBs were freshly purified from Acanthamoeba cultures grown in 175
cm? culture flasks, in which EBs had been allowed to accumulate in TSY for 1 week.
Purification of EBs was conducted as described previously. 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 10° amoebae/ml. The plate
was then incubated at 20 °C for 1 hour to allow the amoebae 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
30, as this was predetermined to be the best MOI to observe differences in infectivity
between samples. The well-plates were then incubated for 15 min at room
temperature, followed by centrifugation (1,000 rpm, 15 min, 20 °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
re-adding fresh 1 ml TSY. Wells were then sampled at 6 hours post infection (hpi)
and 96 hpi, marking the initial uptake of EBs and the completion of one

developmental cycle, respectively. One of the wells with amoebae was treated the
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same way as the rest but left uninfected, and this served as a negative control to
ensure that there was no infection prior to incubation.

FISH using a Cy3-labeled probe (E25-454, sequence GGA TGT TAG CCA
GCT CAT; Thermo Fisher Scientific, Waltham, MA, USA) was then performed as
described elsewhere (Poppert et al. 2002; Wagner et al. 2003; Sixt et al. 2013) on
the sampled time points, and cells were also stained with DAPI for 3 min. Using an
epifluorescence microscope, the number of infectious particles in 50 amoebae from
each sample were counted and divided into 3 categories: uninfected, slightly infected
(1-30 particles) and highly infected (>30 particles), and this allowed for the infectivity

of that particular sample from the assay to be established.

DNA extraction and sequencing

Frozen amoeba-chlamydia cultures were thawed in a water bath at 35 °C for 2 min
and then pipetted into 25 cm? culture flasks (Nalge Nunc International, Rochester,
NY, USA) with 10 ml TSY to allow sufficient growth. After one week, these cultures
were then upscaled into 175 cm? flasks (Biologix Group Ltd, Shandong, China) for
another week so as to increase the quantity of EBs that could be isolated. EB
purification from the supernatant was done as described previously. Isolation of
genomic DNA was then carried out on these isolated EBs using a cetyl
trimethylammonium bromide-based extraction method as in (Schmitz-Esser et al.
2010). Clones were not sequenced per replicate but instead pool sequencing of
symbiont populations was performed. Library preparation and pool sequencing were
performed at the Vienna BioCenter Core Facilities (VBCF) Next-Generation
Sequencing (NGS) Unit (https://www.viennabiocenter.org/facilities/). lllumina
Genome Analyser and HiSeg2000 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 lllumina reads was done by Prinseq-lite
(v0.19.5) (Schmieder and Edwards 2011) and Trimmomatic (v0.32) (Bolger et al.
2014) and briefly applied as follows. First, a sliding window with size 10 removed any
bases with lower quality than 20 starting from the 3’ side by removing the read part

containing the low-quality bases. Any reads shorter than 40 nucleotides were also
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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. amoebophila UWE25 (Horn et al. 2004) (NCBI RefSeq
accession number NC _005861.2) using the Burrows-Wheeler Aligner (BWA)
(v0.7.5a) (Li and Durbin 2009) 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) (Li et al. 2009) and Picard Tools (v1.92,
http://broadinstitute.github.io/picard/).

Variant prediction

We used the VarCap pipeline (https://github.com/ma2o/VarCap) (Zojer et al. 2017) to
detect single nucleotide and structural differences at high resolution and accuracy
based on lllumina reads mapped to the reference P. amoebophila genome
sequence. VarCap automatically performs quality filtering, mapping, variant calling
and post-filtering of the predicted variants. The output is a Variant Call Format (VCF)
file with a detailed description of the variants and their relative frequencies as well as
two PDF files, which give a graphical overview of variant coverage and their

frequency distribution.

Zojer and colleagues separately evaluated numerous variant detection tools
for SNPs, insertion 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 400x
total coverage, with a minimum of 8 reads per variant, with high sensitivity (Zojer et
al. 2017).

RNA-Seq infection experiments

EBs were freshly purified from amoeba cultures grown in 500 cm? culture flasks
(Nalge Nunc International, Rochester, NY, USA), in which EBs had been allowed to

accumulate in the medium for 1 week. These EBs were isolated from the ancestor
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and from symbionts that had evolved for 510 generations at 30 °C . Purification of
EBs and subsequent quantification of purified EBs was carried out as described
previously. Symbiont-free amoebae were harvested 3 days before infection and
seeded at low cell density, followed by incubation at 30 °C until infection. To optimize
infection efficiency, particularly at early time points, we used an MOI of 145 for 2 hpi,
an MOI of 80 for 48 hpi and an MOI of 30 for released EBs accumulated at 7 days
post infection. Precultivated amoebae were harvested, transferred to 50 ml Greiner
tubes (Greiner Bio-One GmbH, Frickenhausen, Germany), and purified
Protochlamydia EBs were added, followed by repeated centrifugation (centrifuged at
130 x g twice for 5 min each time and then once for 10 min at 30 °C) with vortexing
between the centrifugation steps. Infected amoebae were then transferred back to
the culture flasks and incubated in TSY medium at 30 °C for 2 hr before the infection
was synchronised 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 30 °C for 48
hr. Released Protochlamydia EBs were harvested from the medium supernatant
after one week of incubation from amoeba-endosymbiont cultures that were grown at
the same conditions, and were purified as described previously. All infection

experiments were performed in biological triplicates.

RNA extraction and sequencing

In order to increase the coverage of the Protochlamydia transcriptome, a protocol for
enrichment of bacteria prior to RNA extraction was employed (Konig et al. 2017).
Each sample was processed in less than 7 min so as to minimize possible changes
of the transcriptomes during enrichment, since the half-life of total mMRNA from E. coli
was demonstrated to be in this range (Selinger et al. 2003). Infected amoebae were
harvested and collected (7,600 X g, 2 min, 30 °C), after which the pellets were
resuspended in a sucrose buffer (35 mM Tris-HCI, 250 mM sucrose, 25 mM KCI, 10
mM MgCl,) supplemented with 50 pg/ml rifampicin (Sigma-Aldrich Handels GmbH,
Vienna, Austria) in order to inhibit active transcription during the enrichment
procedure (Sarov and Becker 1971; Dreses-Werringloer et al. 2001). 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
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um filter, the flowthrough fractions containing the bacteria were collected by
centrifugation (10,600 X g, 2 min, room temperature), and the pellets were
immediately resuspended in TRIzol reagent (Thermo Fisher Scientific). Extracellular
Protochlamydia EBs were pelleted (20,800 X 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, Santa Ana,
CA, USA). Subsequent 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; Haider et
al. 2008) using 35 PCR cycles. rRNA was subsequently removed using the
Ribo-Zero magnetic kit for Gram-positive bacteria according to the manufacturer’s
instructions (lllumina, San Diego, CA, USA). 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,
Ipswich, MA, USA), was used starting at first-strand cDNA synthesis. All libraries
were sequenced using an lllumina HiSeq2500 system at the VBCF NGS Unit with 50
bp read length.

RNA-Seq read processing

Sequencing reads were trimmed and cleaned before mapping, based on sequencing
read statistics obtained using Trimmomatic (v0.32) (Bolger et al. 2014) and FastQC
(v0.10.0) (Andrews 2010). Briefly, (i) the first 11 bases were removed, (ii) any
remaining adapter sequences were clipped, and (iii) sequence reads shorter than 25
bases were removed, all done using Trimmomatic. To map bacterial reads to the
Protochlamydia amoebophila reference genome (Horn et al. 2004) BWA (v0.7.5a) (Li
and Durbin 2009) was used. Only unambiguously mapped reads were kept using
SAMtools (v0.1.18) (Li et al. 2009). Strand-specific reads per predicted gene were
counted via HTSeq (v0.11.1) (Anders et al. 2015).

132


https://paperpile.com/c/IGbCF4/4YGhS
https://paperpile.com/c/IGbCF4/4YGhS
https://paperpile.com/c/IGbCF4/oHbSn
https://paperpile.com/c/IGbCF4/udCxW
https://paperpile.com/c/IGbCF4/WYRYg
https://paperpile.com/c/IGbCF4/656hs
https://paperpile.com/c/IGbCF4/656hs
https://paperpile.com/c/IGbCF4/8e5wP
https://paperpile.com/c/IGbCF4/Rm7of

Gene expression analyses

Differentially expressed genes were determined between two consecutive time
points (2 hpi to 48 hpi, 48 hpi to EBs, EBs to 2 hpi) using the R software environment
(v3.6.1) and the Bioconductor package DESeq2 (v1.22.1) (Gentleman et al. 2004; R
Development Core Team. 2011; Love et al. 2014). Genes were considered
differentially expressed if their expression changed twofold with a false-discovery
rate (FDR) smaller or equal 0.05. Log, fold changes (logFC) of differentially
expressed genes and mean centered gene expression values (log, transcripts per
kilobase million [TPM]) were used for visualization as heat maps using the Rpackage
gplots (v3.0.1.1) (Warnes et al. 2005).

To extend and improve the available Protochlamydia genome annotation by
Horn et al. 2004 for each gene, we collected Pfam domains (Bateman et al. 2002),
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and gene ontology
(GO) term level 5 assignments using DAVID (Huang et al. 2009), COG (clusters of
orthologous groups of proteins) cluster and class assignments using MaGe (Vallenet
2006), and type lll secretion effector predictions using Effective (Jehl et al. 2011).
The Bioconductor software package GOseq (Young et al. 2010) was used to test for
statistical enrichment of functional categories (FDR < 0.05) among different gene
sets. To test whether predicted type Ill secreted proteins were significantly enriched
in any given gene set, two-tailed Fisher’s exact tests were conducted, and values

below 0.05 were considered statistically significant.

Statistics

Statistical analysis was performed using R (v3.6.1) (R Development Core Team.
2011). 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. Comparisons for two groups were calculated
by a two-sided Wilcoxon—Mann—Whitney test. Comparisons for paired samples were

calculated by a Wilcoxon signed-rank test.
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Supplementary Table 3: Summary of all novel variants identified in replicate 5 at 30 °C in the evolution

experiment.
mﬁq:nﬂ:qm_ Variant effect NCBI locus tag Gene Freq (%) RefSeq function
variant type name
SNP nonsynonymous PC_RS02320 ptsl 22.3 phosphoenolpyruvate-protein phosphotransferase (PTS enzyme |)
SNP nonsynonymous PC_RS03870 35.8 hypothetical protein
SNP nonsynonymous PC_RS07875 pknD 55.4 hypothetical protein
SNP nonsynonymous PC RS01680 15.6  hypothetical protein
SNP synonymous PC _RS04675 3.0 hypothetical protein
SNP nonsynonymous PC_RS04675 2.8 hypothetical protein
SNP nonsynonymous PC_RS08925 20.6 MFS transporter
SNP nonsynonymous PC_RS09030 phoR 23.7 two-component sensor histidine kinase phoR
INS frameshift PC RS05410 91.2 HIlyC/CorC family transporter
DEL frameshift PC_RS00480 22.3 inorganic phosphate transporter
DEL frameshift PC_RS06415 27.1 ABCtransporter ATP-binding protein
INS frameshift PC_RS06415 22.3 ABCtransporter ATP-binding protein
INS frameshift PC RS04995 93.7 23Sribosomal RNA
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Conclusion

Although Chlamydiae have long been considered to be highly successful bacterial
pathogens of humans and animals, the relatively recent discovery of the
environmental chlamydiae in free-living amoebae (Amann et al. 1997; Fritsche et al.
2000; Horn et al. 2000) found ubiquitously in nature has radically changed our
perception of this remarkable group of bacteria. This subsequently led to nhumerous
open questions relating to the evolution of these bacteria, their intracellular lifestyle
and the different ways they can adapt to their eukaryotic hosts. The principal goal of
my work here was to provide novel insights into the evolutionary dynamics of these
symbionts in their amoeba hosts, making use of long-term evolution experiments that
are generally limited to free-living microbes. | combined this approach with infection
assays, genome re-sequencing, and global gene expression analysis to explore the
different routes that adaptation can take. | sought to understand how different
members of the environmental chlamydiae can adapt and overcome challenges
presented to them in their environment, namely imposed transmission mode and

elevated temperature.

The study presented in the third chapter of this thesis explores the fact that
Chlamydiae can be vertically transmitted from parent to daughter cells during host
cell division, but can also readily infect naive hosts. We made use of this mixed
transmission mode (Ebert 2013) that is inherent to our bacteria to experimentally
manipulate symbiont transmission among host generations. Similar to previous
experimental studies (Bull et al. 1991; Stewart et al. 2005; Sachs and Wilcox 2006),
we also demonstrated that horizontally transmitted symbionts are more parasitic
whereas vertically transmitted symbionts are more mutualistic. Pool sequencing of
bacteria then allowed us to assess any genomic changes that had occurred. We
discovered that mutations arising during the experiment were relatively few and most
remained at low frequencies. On the other hand, we observed a strong shift in
ancestral variant frequencies under conditions of horizontal transmission. This
resulted in a major change in the symbiont population concomitant with the increase
in parasitism during the experiment. We also performed RNA sequencing analysis
on symbionts from the two different transmission mode regimes, and we

demonstrated that the gene expression profiles differed at all time points analyzed
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between the two regimes, indicating marked changes in temporal gene regulation.
An exciting revelation was that the increased parasitism was a result of processes
occurring at the infectious stage of the symbiont’'s developmental cycle. Our
multilevel analysis provides the first comprehensive picture of how a bacterial

symbiont can shift its relationship with its host between parasitic and mutualistic.

The molecular data presented in this study is hopefully only the beginning of a new
wave of studies on this topic. It would be intriguing to understand how other
symbioses adapt on the molecular level when their mode of transmission is altered.
Would adaptations be more similar among different bacteria but vary when
compared to viruses? Or would the type of host be a more important contributing
factor? Although we showed that a shift in ancestral variants was linked to the
increased parasitism, other systems may be more dependent on beneficial mutations
that arise during the experiment. We revealed that genes involved in energy
production, required for extracellular survival, and the symbiont’s primary virulence
mechanism were significantly upregulated for horizontally transmitted bacteria. This
is directly linked to the unique developmental cycle of the Chlamydiae. Thus,
exploring the gene expression dynamics of other symbionts may reveal whether
there are common features among different systems, or whether each system has a
unique way of modifying their gene expression profiles. Ultimately, these studies
together will paint a clearer picture of how parasites can emerge from the plethora of

known symbiotic interactions when their transmission mode is altered.

Our evolution experiment spanning more than three years sought to take a closer
look at genome evolution of these intracellular bacteria in a way that is normally
restricted to free-living microbes. | go into great depth about this study in the fourth
chapter of the thesis, where we analyzed the evolved phenotypes and genome
dynamics over the course of the experiment. By making use of different dilution and
temperature conditions, we could elucidate that adaptation varied between
treatments, in particular when comparing ambient to elevated temperature. Although
replicates from both temperatures adapted to their growth environment, there was
stronger evidence for positive selection at 30 °C, which had been expected to be a
more challenging temperature for both host and symbiont. We observed a significant

increase in the number of nonsynonymous substitutions relative to synonymous
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ones, as well as an overrepresentation of small indels in the symbionts isolated from
the 10% dilution at 30 °C treatment. Apart from this, mutations in this treatment were
more likely to persist over multiple time points and increase to high frequencies.
Taken together, these results suggest that numerous mutations at the elevated
temperature were beneficial and allowed the symbiont to adapt to this stressful
environment. This genomic adaptation was coupled with attenuation of symbiont

infectivity potentially as a trade-off to minimise host cell burden.

Although the findings from our study provide initial insights into how these unique
bacteria can adapt to their surrounding environment, so much more can still be
explored. By sequencing more replicates and extending the timeline of this evolution
experiment we would be able to assess how genetic parallelism changes over time
and whether novel phenotypes occur. The experiment could also be gradually shifted
to even higher temperatures and this could provide more answers relating to how
these host-dependent symbionts made the leap from protists to become major
pathogens of humans. With techniques such as fluorescence-activated cell sorting
we could even be able to analyze the symbiont population in one single amoeba cell

and therefore understand the dynamics of adaptation in this structured environment.

The study here was focused on only one chlamydial species and so this work opens
the door to various follow-up questions on other members of the environmental
chlamydiae. Do they share common adaptive routes? And if they differ, would this
depend more strongly on the host they infect or perhaps on the environment they are
found in? The virulence of the species could also play a crucial role in evolutionary
dynamics since some environmental chlamydiae are not so benign and can even
cause disease in humans (Friedman et al. 2003; Collingro et al. 2005; Baud et al.
2008). Apart from related environmental chlamydiae, such long-term experiments
should definitely be extended to other host-dependent systems where similar
questions can be asked about how such microorganisms adapt on different levels.
Only by increasing the amount of research carried out on diverse species can we
truly make broad statements about how different forms of life adapt and overcome

challenges in their surrounding environment.
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The fifth chapter of this thesis is an extension of the evolution experiment by adding
RNA sequencing data to the already acquired phenotypic and genomic data. The
aim of this study was to understand how transcriptional dynamics were affected by
prolonged growth at 30 °C. By comparing the data we obtained at 30 °C to previous
work carried out in our lab at 20 °C (Konig et al. 2017), it was evident that the
elevated temperature resulted in altered expression dynamics. More specifically,
gene expression dynamics were strongly reduced both due to elevated incubation
temperature and especially as a result of long-term cultivation at an elevated
temperature. Far fewer genes were differentially expressed in the 30 °C evolved
symbionts throughout the experiment, and this was observed already at the earliest
time point. Pathways that are essential for proper infection and development were
not upregulated, most importantly those involved in virulence and carbon and energy
metabolism. These transcriptional dynamics suggest that the symbionts maintained
at 30 °C were not primed for infection, and could have resulted in the observed
attenuation in infectivity. The work presented in this chapter thus adds an extra level

to our understanding of the way these bacteria can adapt to their environment.

In summary, this thesis has provided an initial glimpse at some of the adaptive
processes occurring in a host-dependent symbiont. Such symbiotic relationships with
microbes are ubiquitous in nature and present in practically all eukaryotes, shaping
the world around us. Understanding how these intracellular bacteria overcome novel
challenging conditions is important in today’s world, both due to current
environmental issues such as climate change, but also due to the neverending arms
race between our immune system and pathogens. By studying a diversity of these
systems we may elucidate common patterns of how symbionts are able to transition
from benign mutualists to lethal pathogens. This is also true for the environmental
chlamydiae due to the ability of some members to cause disease in animals and
humans. Another aspect that tends to be overlooked is the importance of protists in
soil fertility and nutrient recycling. These protists also feed on soil bacteria and
release nutrients in the process. However, environmental chlamydiae are able to
evade digestion and co-exist with their protist hosts, even providing protection from
pathogens that can infect humans (Konig et al. 2019). More research invested into
how these bacteria survive and adapt to their environment may therefore not only be

of basic research interest but also of great significance to public health.
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Abstract

The Chlamydiae are an ancient group of obligate intracellular bacteria that reside
within eukaryotic cells and display a unique biphasic developmental cycle. They are
of global significance because of their success as major human pathogens as well
as causing numerous diseases in a variety of animals. But over the past few
decades we have discovered an enormous diversity of Chlamydiae that are
associated with an impressive range of eukaryotic hosts. The majority of these
so-called environmental chlamydiae are considered to be symbionts of unicellular
eukaryotes—free-living amoebae or other protists—that are found ubiquitously in the
environment. The main aim of my research was to improve our understanding of the
evolution of these unique host-dependent bacteria living in amoebae. | combined
experimental evolution approaches, infectivity assays, genome re-sequencing, and
global gene expression analysis to achieve this goal. The first study involved the
experimental manipulation of the transmission of symbionts among host generations
to favour horizontal or vertical transmission using Parachlamydia acanthamoebae.
We revealed that increased parasitism in the horizontally transmitted symbionts was
driven by a dramatic shift in the frequency of standing genetic variants coupled with
an extensive modification of gene expression. In particular, we observed an
upregulation of genes affecting functions crucial at the infectious stage of the
symbiont and required for extracellular survival. We then used Protochlamydia
amoebophila for the rest of our work as a model to gain initial insight into the process
of temperature adaptation in these symbionts, a crucial first step in the evolution of
the major chlamydial pathogens. We showed evidence for positive selection at the
elevated temperature and observed an attenuation in symbiont infectivity, very likely
so as to reduce host cell burden. In addition, shallow expression dynamics
throughout the infection cycle may have contributed to this reduced infectivity. Taken
together, our work has provided some fascinating insights into the evolution and
adaptation of these remarkable chlamydial symbionts in their protected intracellular

niche.
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Zusammenfassung

Chlamydien sind eine evolutionsgeschichtlich sehr urspringliche Gruppe obligat
intrazellularer Bakterien, die in eukaryotischen Zellen leben und einen einzigartigen
biphasischen Entwicklungszyklus aufweisen. Weltweit sind sie bedeutende
Krankheitserreger des Menschen und Ausloser zahlreicher Erkrankungen bei einer
Vielzahl von Tieren. In den letzten Jahrzehnten wurden eine enorme Diversitat an
Chlamydien entdeckt, die mit einer beeindruckenden Vielfalt eukaryotischer Wirte
assoziiert sind. Viele dieser so genannten Umweltchlamydien leben als Symbionten
einzelliger Eukaryonten, wie Amoben oder andere Protisten, die in der Umwelt
allgegenwartig sind. Das Hauptziel meiner Forschung war es, die Evolution dieser
einzigartigen wirtsabhangigen Bakterien besser zu verstehen. Hierzu habe ich
verschiedene Evolutionsexperimente mit Infektivitatsassays,
Genom-Resequenzierung und globaler Genexpressionsanalyse kombiniert. Im
Rahmen der ersten Studie untersuchte ich den Einfluss der Ubertragungswege der
Symbionten zwischen den Wirtsgenerationen. Im Evolutionsexperiment wurden
Bedingungen geschaffen, um die horizontale oder vertikale Ubertragung fir
Parachlamydia acanthamoebae zu begunstigen. Wir konnten zeigen, dass erhdhter
Parasitismus bei den horizontal tGbertragenen Symbionten durch eine dramatische
Verschiebung der Populationszusammensetzung in Verbindung mit einer
umfassenden Veranderung der Genexpression hervorgerufen wird. Insbesondere
beobachteten wir eine Hochregulation von Genen, die Funktionen beeinflussen, die
im infektiosen Stadium des Symbionten entscheidend und fur das extrazellulare
Uberleben notwendig sind. Fir den Rest unserer Arbeit verwendeten wir
Protochlamydia amoebophila als Modell, um einen ersten Einblick in den Prozess
der Temperaturanpassung in diesen Symbionten zu gewinnen, ein entscheidender
Schritt in der Evolution der wichtigsten Chlamydien, die Tiere infizieren. Wir konnten
positive Selektion bei erhohter Temperatur nachweisen und beobachteten eine
Abschwachung  der Infektiositdt ~der Symbionten im  Verlauf des
Evolutionsexperiments, was sehr wahrscheinlich die Belastung der Wirtszellen
verringert. Daruber hinaus konnte eine verminderte Expressionsdynamik wahrend
des gesamten Infektionszyklus zu dieser verringerten Infektiositat beigetragen

haben. Zusammengenommen hat unsere Arbeit faszinierende Einblicke in die
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Evolution und Anpassung dieser bemerkenswerten chlamydialen Symbionten in ihrer

geschutzten intrazellularen Nische geliefert.
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