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Summary

Bacterial cell walls are composed of the large cross-linked macromolecule peptidoglycan, which
maintains cell shape and is responsible for resisting osmotic stresses. This is a highly conserved
structure and the target of numerous antibiotics. Obligate intracellular bacteria are an unusual
group of organisms that have evolved to replicate exclusively within the cytoplasm or vacuole of a
eukaryotic cell. They tend to have reduced amounts of peptidoglycan, likely due to the fact that
their growth and division takes place within an osmotically protected environment, and also due to
a drive to reduce activation of the host immune response. Of the two major groups of obligate
intracellular bacteria, the cell wall has been much more extensively studied in the Chlamydiales
than the Rickettsiales. Here, we present the first detailed analysis of the cell envelope of an
important but neglected member of the Rickettsiales, Orientia tsutsugamushi. This bacterium was
previously reported to completely lack peptidoglycan, but here we present evidence supporting the
existence of a peptidoglycan-like structure in Orientia, as well as an outer membrane containing a
network of cross-linked proteins, which together confer cell envelope stability. We find striking
similarities to the unrelated Chlamydiales, suggesting convergent adaptation to an obligate
intracellular lifestyle.

Introduction

In order to maintain correct cell shape, and the capacity to withstand the high internal turgor
pressure, most bacteria synthesise a cell wall comprised largely of the macromolecule
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peptidoglycan. Peptidoglycan is composed of an alternating N-acetylglucosamine-N-
acetylmuramic acid polysaccharide backbone, cross-linked via short peptide side chains.
The sequence of the peptides, the degree of cross-linking, and the length of glycan chains
vary between species and also stages of growth (Vollmer et al., 2008). However, some form
of peptidoglycan is present in almost all known bacterial species with the notable exception
of the mycoplasmas. The essentiality and conservation of peptidoglycan has made this an
attractive antibiotic target (Schneider and Sahl, 2010), from the early discovery of penicillin
to the recent identification of teixobactin (Ling et al., 2015). Peptidoglycan elongation and
remodelling are highly complex processes, as they need to occur without compromising the
integrity of the cell wall. This is achieved through a coordinated process involving the
bacterial cytoskeleton and cell division machinery (Haeusser and Margolin, 2016). A
detailed knowledge of the structure and composition of peptidoglycan is thus a prerequisite
for understanding the molecular mechanisms of growth and division in bacterial cells.

The vast majority of bacteria grow and divide independently, living in a range of
environments including soil, water, and the gut or skin of a mammalian host. Some bacteria,
such as salmonella, shigella and listeria, have evolved the means to invade and replicate
within mammalian cells during the course of an infection (Pizarro-Cerda and Cossart, 2006).
A small group of bacteria, however, have evolved this ability to the extreme that they are no
longer able to grow and divide outside their host cells. This unusual and fascinating group of
organisms are predominantly comprised of two orders of Gram-negative bacteria: the
Chlamyadiales and the Rickettsiales. The Chlamydiales include human and animal
pathogens, as well as a number of environmental strains that are found in soil-dwelling
amoeba (Elwell et al., 2016). The Rickettsiales are a large and diverse group of vector-borne
bacteria, that include the promiscuous insect symbiont Wolbachia, a number of human and
animal pathogens in the Anaplasmataceae, and a group of typhus-causing pathogens in the
Rickettsiaceae. The Rickettsiaceace are also thought to include the closest relatives of the
precursor of modern mitochondria (Andersson et al., 1998). Although the Rickettsiales and
Chlamydiales are unrelated, they exhibit similarities in their obligate intracellular life cycles.
The bacterial cell wall has been extensively studied in the Chlamydiales and the long-
standing ‘chlamydial anomaly’ describes the paradox that these bacteria are sensitive to the
cell wall targeting drug penicillin, but that peptidoglycan could never be directly detected by
chemical analysis (Moulder, 1993; McCoy and Maurelli, 2006; Mohammadi and Breukink,
2014). This was recently resolved using sensitive mass spectrometry techniques (Packiam et
al., 2015) (Jacquier et al., 2015; Pilhofer et al., 2013) whilst a combination of novel labelling
methods and cryoelectron tomography techniques have shed light on the arrangement of the
cell wall of these organisms (Pilhofer et al., 2013; Liechti et al., 2014). In comparison, very
little is known about the cell wall biology of the Rickettsiales. Comparative analyses have
revealed the presence of peptidoglycan biosynthesis genes in many Rickettsiales (Gillespie
et al., 2012), and the presence of the peptidoglycan precursor lipid Il has been demonstrated
in Wolbachia (Henrichfreise et al., 2009; Vollmer et al., 2013). However, extensive
investigations into the composition and structure of peptidoglycan in these organisms have
not been performed.

The genus Orientiais a divergent member of the order Rickettsiales, within the family
Rickettsiaceae (Tamura et al., 1991; Ohashi et al., 1995). It is the causative agent of the
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severe mite-borne human disease scrub typhus, which is endemic across large parts of Asia
(Phongmany et al., 2006; Mayfong Mayxay et al., 2013; Capeding et al., 2013; Cosson et al.,
2015; Dittrich et al., 2015) and which can be life threatening in the absence of effective
antibiotic treatment. It is thought to affect at least 1 million people per year (Watt and
Parola, 2003). Despite its high incidence and severity, it is less well studied than other
rickettsias such as R. prowazekii, R. conoriiand R. rickettsii. Orientia is able to infect a
range of cell types, including endothelial, fibroblast, monocyte/macrophage and dendritic
cells (Paris et al., 2012; Keller et al., 2014; Moron et al., 2001). Similar to the other
Rickettsiaceae, but in contrast to the Chlamydia and Anaplasmataceae that live within
remodelled vacuoles (Bastidas et al., 2013; Mouméne and Meyer, 2016), Orientia escapes
from the endo-lysosomal pathway shortly after infection and replicates freely in the host cell
cytoplasm (Chu et al., 2006).

Orientia has previously been reported to completely lack both peptidoglycan and LPS
(Amano et al., 1987). This conclusion was based on an insensitivity to penicillin (Wisseman
et al., 1982), an inability to detect peptidoglycan fragments by chemical analysis (Amano et
al., 1987), and an absence of electron-dense material in the periplasmic inter-membrane
space by electron microscopy (Silverman and Wisseman, 1978). However, whilst the
sequencing of the Orientia genome confirmed an absence of genes required for biosynthesis
of LPS, an almost complete complement of peptidoglycan biosynthesis genes were
identified (Cho et al., 2007; Min et al., 2008; Nakayama et al., 2008) (Fig. 1). Furthermore,
it has been shown that the intracellular host immune receptor Nod1, which recognises
fragments of peptidoglycan, is activated in response to infection by Orientia (Cho et al.,
2010c). Here, we provide evidence for a peptidoglycan-like structure in the cell envelope of
Orientia, and show that cell rigidity is additionally conferred by a highly cross-linked outer
membrane protein. This is the first detailed analysis of peptidoglycan in an obligate
intracellular bacterium outside the Chlamydiales, and will inform our understanding of
rickettsial cell biology as well as enable comparative studies across different bacterial
lineages engaging in obligate intracellular life styles.

Results and Discussion

The genome of Orientia tsutsugamushi contains a nearly complete set of genes required for
peptidoglycan biosynthesis (Fig. 1) (Cho et al., 2007; Min et al., 2008; Nakayama et al.,
2008). However, homologues of three important groups of enzymes are notably absent: (i)
amino acid racemases (ii) glycosyltransferases and (iii) some genes in the meso-
diaminopimelic acid (/meso-DAP) biosynthesis pathway. Intriguingly, these are the same
three pathways that are absent or incomplete in the chlamydial genomes (McCoy and
Maurelli, 2006). The peptide side-chains of peptidoglycan are characterised by the presence
of unusual amino acids, including D-isomer amino acids (usually D-Glu and D-Ala in
Gram-negative bacteria) and the diamino acid meso-diaminopimelic acid (/meso-DAP)
(Vollmer and Bertsche, 2008; Vollmer et al., 2008; Turner et al., 2014). D-amino acids are
not usually present in proteins, and are synthesised by the specific activity of amino acid
racemases. Although O. tsutsugamushi does not encode the major L-alanine racemase, Alr,
it does possess the gene ddl, which encodes a protein catalysing the ligation of the two D-
Ala residues found in peptidoglycan side-chains. One possible alternative pathway for
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generation of D-Ala is through the GlyA enzyme, which was demonstrated to be a plausible
candidate for D-Ala biosynthesis in C. pneumonia (De Benedetti et al., 2014; Shostak and
Schirch, 1988) and for which a homolog is present in the genome of Orientia (OTBS_0253).

We used a highly sensitive mass spectrometric method (GC/EIMS) to search for the
peptidoglycan-specific amino acid DAP in purified Orientiabiomass. This method is based
on GC/EIMS of amino acids after their transformation into volatile N-heptafluorobutyryl-
isobutylester derivatives (Schumann P, 2011), and has previously been used to detect low
amounts of peptidoglycan in planctomycetes (Jeske et al., 2015) and Veérrucomicrobia
(Spring S et al., 2016). Here, we were able to detect DAP in acid hydrolysates of O.
tsutsugamushi cells (Fig. 2). The identification was based on a gas chromatographic peak
matching that of the DAP standard derivative, with a retention time of 22.2 minutes and a set
of fragment ions at 380, 324, 306 and 278 m/z (Jeske et al., 2015). The predicted structures
corresponding to these fragment ions are shown in Fig. S1. The detection of DAP is highly
suggestive of a peptidoglycan-like structure in O. tsutsugamushi and suggests that an
alternative pathway may be used for synthesis of this amino acid. It is important to note,
however, that the DAP was detected from isolated bacterial biomass rather than a purified
sacculus, and that final proof for DAP-containing peptidoglycan in Orientia will require
isolation and chemical analysis of this structure.

In order to determine whether the peptidoglycan biosynthesis pathway is active in O.
tsutsugamushi we measured the gene expression levels of several peptidoglycan biosynthesis
genes throughout the 7-day bacterial infection cycle using gRT-PCR analysis (Fig. 3). We
found that genes murA, murD, murf, ddland pbp2were all expressed to a detectable level at
some or all time points, when normalised to the housekeeping gene mip.Z (Cho et al.,
2010a). The gene pbp2, and to a lesser extent murD and murF, showed increased expression
levels at early stages of the infection cycle in which bacteria are not yet actively dividing
(days 1-3) compared with later stages of the infection cycle (days 5 and 7) potentially
reflecting a higher requirement for peptidoglycan precursors during early stages of bacterial
cell growth and preparation for division.

Next, we tested whether O. tsutsugamushi was sensitive to drugs that target the cell wall, in
order to determine whether intact peptidoglycan was required for bacterial viability. O.
tsutsugamushi is known to be insensitive to penicillin (Wisseman et al., 1982), and this is
one of the reasons why it was previously reported to lack peptidoglycan. First, we measured
the growth of O. tsutsugamushi in the presence of penicillin and also chloramphenicol, the
latter of which is used clinically against this organism (Watt et al., 1996). We compared this
with bacterial growth in the presence of D-cycloserine and phosphomycin, that target the
cell wall biosynthesis proteins Alr/Ddl and MurA respectively (Fig. 4B and F, and Fig. S2
and S3). We found that chloramphenicol inhibited growth and penicillin did not, as
expected, but that both D-cycloserine and phosphomycin inhibited the growth of O.
tsutsugamushi to the same extent as chloramphenicol. Immunofluorescence microscopy
images showed that Orientia cells became large and round in the presence of phosphomycin,
and displayed reduced structural integrity in the presence of D-cycloserine (Fig. 4F and Fig.
S3). This experiment showed, for the first time, a requirement for peptidoglycan precursor
biosynthesis for the replication of O. tsutsugamushi. Next, we attempted to rescue the
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growth of O. tsutsugamushi treated with D-cycloserine by the addition of exogenous D-Ala.
We found that the addition of D-Ala could not completely restore growth, even when added
at 10x the molar ratio of D-cycloserine (Fig. 4C). This was in contrast to results from
equivalent experiments performed in Chlamydia (Moulder et al., 1963) and may reflect a
lack of uptake of D-Ala into O. tsutsugamushi cells or a complete inhibition of Ddl by D-
cycloserine.

The absence of Class A bifunctional PBPs as well as monofunctional glycosyltransferases
raises the question of whether Orientiahas the enzymatic ability to generate peptidoglycan
with polymerised glycan chains. In the case of Wolbachia, which also lacks these key
glycosyltransferase genes, it has been postulated that an unpolymerised lipid Il precursor
may play an essential role in localisation and coordination of the cell division machinery, but
that typical a classical peptidoglycan sacculus is absent (Henrichfreise et al., 2009; Vollmer
et al., 2013). Recent reports have shown that the SEDS family protein RodA is able to
perform previously undescribed glycosyltransferase activity in Bacillus subtilis, and they
predict that this may be a general activity of this protein family (Emami et al., 2017; Meeske
et al., 2016). Both Orientiaand Chlamydia possess homologs of SEDS proteins RodA and
FtsW, and it is possible that these could account for the missing glycosyltransferase activity
in these organisms. In order to test for the presence of a polymerised glycan chain in
peptidoglycan of Orientiawe measured the sensitivity to the enzymes lysozyme and
mutanolysin. These enzymes cleave the glycan backbone of peptidoglycan at the 3-1,4-
linkage between N-acetylmuramic acid (MurNAc) and N-acetyl-glucosamine (GIcNAc). We
found that both enzymes caused bacterial cell lysis and resulted in a reduction in bacterial
copy number after 7 days (Fig. 4D, Movie 1 and Fig. S2). These results suggest that the
peptidoglycan of O. tsutsugamushi may contain at least some degree of MurNAc-GIcNAc
disaccharide polymerisation. This could be achieved through the activity of FtsW/RodA
SEDS proteins or other unidentified glycosyltransferase genes.

In order to understand why O. tsutsugamushiis insensitive to penicillin, we measured
bacterial growth in the presence of alternative B-lactam antibiotics, imipenem and
meropenem, which also target penicillin binding proteins (PBPs) but which have improved
bacterial permeability properties (Yang et al., 1995), as well as the B-lactam antibiotic
mecillinam that specifically targets PBP2. These were also ineffective against O.
tsutsugamushi (Fig. 4E). We then tested growth in the presence of penicillin together with a
R-lactamase inhibitor, tazobactam, but this was unable to modulate the activity of penicillin
(Fig. 4E). One possible explanation is that both PBPs in Orientia, PBP2 and PBP3, are
intrinsically resistant to 3-lactam antibiotics. In order to test this hypothesis we performed an
extensive protein alignment of PBPs 2 and 3 from a diverse set of bacterial species. We
analysed known active site amino acid residues (Sauvage et al., 2014) and found that one,
K310 (£. coli PBP3 numbering), was strictly conserved across all PBP2/3s tested, but
mutated to histidine (PBP3) and glutamine (PBP2) in Orientia (Fig. S4). This mutation could
potentially confer the observed R-lactam insensitivity, but this has not been experimentally
tested.

A number of recent studies have developed fluorescent D-amino acid derivatives that can be
incorporated into bacterial peptidoglycan and directly visualised by fluorescence microscopy
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(Kuru et al., 2012; Liechti et al., 2014; Kuru et al., 2015; Siegrist et al., 2013; Shieh et al.,
2014; Siegrist et al., 2015). We used one of these, the “‘clickable’ alkyne modified D-ala-D-
ala dipeptide EDA-DA (ethynyl-D-alanyl-D-alanine) to visualise peptidoglycan in O.
tsutsugamushi cells (Liechti et al., 2014). We found that this labelled the entire bacterial
surface, suggesting the existence of a large structure that extends throughout the periplasm
of O. tsutsugamushi (Fig. 5A and more examples in Fig. S5). This labelling was abolished in
the presence of the cell wall-targeting drugs D-cycloserine and phosphomycin, suggesting
that this probe is being incorporated specifically into a peptidoglycan-related structure. We
observed a similar pattern of labelling using an alternative peptidoglycan probe, 7-
hydroxycoumarin-3-carboxylic acid (HCC)-amino-D-alanine (HADA) (Fig. 5B). To our
surprise, we found that the L-isomer of this probe, HCC-amino-L-alanine (HALA),
produced similar labelling to that observed with HADA (Fig. 5B) although this labelling was
weaker and was not observed every time. In order to study this further we also labelled the
model Gram-negative bacteria £. coli with both probes and found that while HADA labelled
all cells, as expected, a subpopulation of cells were also clearly labelled with the HALA
probe (Fig. 5B). This was not shown in previous reports and may reflect differences in
bacterial strains or exact experimental conditions. This result is unlikely to be due to
contamination of the HALA probe with D-amino acids, as this would presumably lead to all
cells being weakly labelled, rather than a small number being strongly labelled as observed.
The exact mechanism of HADA incorporation into peptidoglycan has not been determined,
and may vary between different bacterial species and growth stages. Possible routes may
involve substitution into existing peptidoglycan by L,D-transpeptidase activity (we could
identify no L,D-transpeptidase homolog in O. tsutsugamushi), or uptake into the cytoplasm
and incorporation into peptidoglycan precursors by Ddl and MurF (Cava et al., 2011). Our
observation of HALA labelling in both E. coliand O. tsutsugamushi may indicate a pathway
involving entry into the cytoplasm and racemisation prior to incorporation into
peptidoglycan precursors. Alternatively, it is possible that periplasmic peptidoglycan cross-
linking or remodelling enzymes mediate the incorporation of D-amino acid probes, and that
these are not strictly isomer-specific, especially at the high concentrations of fluorescent
amino acids used in these studies (1 mM). In the case of both EDA-DA and HADA we
found that the labelling was not positive every time, and was sensitive to parameters such as
host cell confluence, multiplicity of infection, and time after initial infection. This suggests
that the peptidoglycan biosynthesis machinery may be regulated in response to unknown
signals, and this warrants further investigation.

The EDA-DA and HADA labelling patterns in O. tsutsugamushi are suggestive of an
extended sacculus-like structure encasing the bacterial cell, although definitive evidence for
this will require isolation of this material and subsequent mass spectrometry and microscopy
analysis. Our attempts at biochemical isolation of the peptidoglycan-like structure of
Orientia were unsuccessful, and this may reflect low levels of this material as well as
unknown regulation of its biosynthesis at different stages of the infection and replication
cycle. Our HADA/EDA-DA labelling pattern is in contrast to that observed in pathogenic
chlamydiae, in which peptidoglycan labelling localises only to the division septum (Liechti
et al., 2016). We never observed septum labelling of Orientia in the experiments reported
here. It is worth noting that O. tsutsugamushi possesses both MreB and FtsZ, unlike the
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Chlamydiales and Planctomycetes that have lost the bacterial cell division cytoskeletal
filament FtsZ and have evolved a non-canonical cell division mechanism thought to be
driven by the interplay between the bacterial actin homolog MreB and a septal
peptidoglycan ring (Liechti et al., 2016; Liechti et al., 2014).

A major role of peptidoglycan is in protecting bacterial cells from osmotic stresses. One
hypothesis to explain the lack or reduction of peptidoglycan in obligate intracellular bacteria
is that they predominantly occupy an osmotically protected cellular environment and
therefore have a reduced need for this structure. We performed fluorescence microscopy on
O. tsutsugamushi bacteria that had been isolated from host cells and resuspended in sucrose-
phosphate-glutamate buffer (SPG), PBS or water, and found that bacteria did not lyse in the
presence of PBS or pure water, indicating the presence of a mechanical stress-bearing
structure such as would be provided by a peptidoglycan sacculus (Fig. 6A). We performed
quantitative image analysis using both a supervised machine learning approach and a
principal component analysis approach (PCA), and this showed that bacteria resuspended in
SPG were more ‘smooth’ than those resuspended in water or PBS (Fig. 6B and Fig. S7).
This morphology may reflect a disruption in the cell envelope structure, which would be
consistent with our previous report that the viability of isolated O. tsutsugamushi was higher
when stored in SPG compared with PBS or water (Giengkam et al., 2015).

The most abundant protein in the outer membrane of O. tsutsugamushi is an integral
membrane protein called the 56kDa type-specific antigen (TSA56). This highly
immunostimulatory protein has no known homolog in any other species, and contains
regions of high diversity between Orientia strains. This variability has enabled the use of this
gene to classify Orientiastrains, and corresponds closely to serotype classification of
different strains. In spite of the high sequence variability, we observed that this protein has
three conserved cysteine residues (C33, C190 and C416 in strain UT76) and therefore
wondered whether this highly abundant protein might form a cross-linked network across
the surface of the outer membrane, similar to that formed by the major outer-membrane
proteins (MOMP) of the Chlamydiales (Bavoil et al., 1984; Hatch et al., 1986) and in place
of LPS which usually covers the surface of other Gram negative bacteria. The TSA56
protein has previously been shown to form higher order intermolecular aggregates in the
absence of reducing agent, using western blot analysis, (Urakami et al., 1986) and we were
able to reproduce this result using the karp-like UT76 strain of O. tsutsugamushi used in the
current report (Fig. 6C). We used fluorescence microscopy to monitor the effect of exposing
purified bacteria to the reducing agent DTT and found that this had little additional structural
effect when cells were resuspended in SPG or PBS buffer (Fig. 6A and B). However, when
isolated bacteria were incubated with water, the addition of DTT resulted in more patchy
membrane labelling and a higher background, which may indicate greater bacterial fragility
(Fig. 6A). Quantitative image analysis confirmed a greater difference in cell morphology
upon DTT treatment in the presence of water compared with PBS or SPG (Fig. 6B and Fig.
S7). Control experiments showed that £. co/i did not undergo morphological changes under
the same conditions (Fig. S6). This result supports the hypothesis that a highly cross-linked
outer membrane confers some degree of osmotic protection to bacterial cells.
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We then tested the importance of this cross-linked surface for bacterial infectivity and found
that bacteria exposed to DTT had a dramatically reduced ability to invade host cells
compared with untreated bacteria (Fig. 6D and E). The TSA56 protein is known to be
required for bacterial entry into host cells through interaction with extracellular fibronectin,
and it is possible that the addition of DTT resulted in the depletion of higher-order structures
of TSA56 required for efficient interaction with fibronectin (Lee et al., 2008; Cho et al.,
2010b; Lee et al., 2008; Cho et al., 2010b). Taken together, these results support the
hypothesis that the O. tsutsugamushi outer membrane is stabilised by a cross-linked network
of proteins including the TSA56 protein and potentially other partners, and that this structure
is important for bacterial cell integrity and infectivity.

Conclusion

In this study we have analysed the structure of the cell envelope of the obligate intracellular
human pathogen O. tsutsugamushi. \We present evidence for a peptidoglycan-like molecule
as well as disulphide cross-linked outer membrane proteins, and demonstrate that these
components are required for bacterial growth, cell integrity and host cell invasion. Important
outstanding questions include the identity of the hypothesised glycosyl transferase, amino
acid racemase and meso-DAP biosynthesis enzymes and the exact chemical compaosition and
structure of the O. tsutsugamushi peptidoglycan-like network. This first study paves the way
for a detailed analysis of the molecular mechanisms of growth and division in this important
human pathogen and model intracellular organism. We also show that both the D-isomer and
L-isomer of the fluorescent alanine amino acid probe are able to label at least some O.
tsutsugamushi and E. coli cells, and this raises further questions about the mechanism of
incorporation of these probes. The reduced level of peptidoglycan found in this organism,
the absence of key peptidoglycan biosynthesis enzymes, and the presence of a cross-linked
protein network embedded in the outer membrane of these bacteria are all highly
reminiscent of the unrelated Chlamyadiales and suggest convergent adaptation to an obligate
intracellular life style.

Materials and Methods

Bacterial strains, cell lines and growth conditions

All experiments were performed using the mouse fibroblast cell line L929 (ATCC CCL-1)
which was a kind gift from Dr. Blacksell at the Mahidol Oxford Tropical Medicine Research
Unit, Bangkok, Thailand. The Thai Karp-like clinical isolate Orientia tsutsugamushi strain
UT76 (Giengkam et al., 2015), and £. coli strain NEB 5 alpha (New England Biolabs, USA,
catalog number C29871) was used throughout. Cell culture was performed using DMEM
media with 10 % FBS at 37 °C (uninfected cells) or 35 °C (infected cells) and 5% CO,. For
routine propagation bacteria were grown in 25 or 75 cm? culture flasks as described
previously (Giengkam et al., 2015). All experiments were performed using bacteria
harvested from the intracellular fraction of infected cells, 7 days after infection.
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Mass spectrometry analysis

Mass spectrometry analysis was performed on biomass extracted from between 15 and 45
ml infected cells, which had been infected at an MOI of 10:1 to 1000:1. Bacteria were grown
in L929 cells for 7 days, then purified using mechanical lysis of host cells and filtering with
a 2 um filter (Giengkam et al., 2015). The sample was pelleted and washed in 600ul of
300mM ice-cold sucrose two times. The supernatant was removed, and the pellet was
autoclaved prior to extraction. The pellet was hydrolysed using 4M HCI at 100 °C for 16
hours, then amino acids were transformed into volatile A-heptafluorobutyryl-isobutylester
derivatives using Protocol 10 of Schumann, 2011 (Schumann P, 2011). The samples were
analysed by GC/MS (320 Singlequad, Varian) and diaminopimelic acid was identified as a
gas chromatographic peak with a retention time of 22.2 minutes and a set of fragment ions at
380, 324, 306 and 278 m/z(Jeske et al., 2015).

Bacterial quantification by qPCR

Bacterial quantification was performed as described previously (Giengkam et al., 2015).
Briefly, the supernatant and/or cellular fraction of infected L929 cells were isolated and
DNA extraction was performed using the alkaline lysis method. Quantitative PCR was
performed using a primer/probe set (Table S1) within the TSA47 gene (OTT_1319) and the
bacterial genome copy number was calculated using a standard curve.

RNA extraction and gene expression analysis by gRT-PCR

At each time point, infected cells were placed on ice and rapidly resuspended in RNAProtect
Bacteria Reagent (Qiagen, catalog number 76506), then stored at =80 °C until use. Total
RNA extraction was performed using the Qiagen RNeasy Plus kit (Qiagen, catalog number
74136) according to manufacturer’s instructions. Purified RNA (10 pg) was treated with
DNasel (Thermo Fisher Scientific, catalog number AM2238) at 37 °C for 30-60 minutes,
then DNasel-treated RNA was converted to cDNA using the iScript reverse transcription
supermix (Biorad, catalog number 170-8841) with random primers. Complete removal of
genomic DNA was verified using a reverse transcriptase-free control reaction, where the
absence of any PCR product demonstrated the absence of contaminating genomic DNA in
the RNA sample. The cDNA was stored at —20°C until use. cDNA was used as a template
for gPCR using gene-specific primers for mipzZ, murA, murD, murF, ddf, and pbp2 (Table
S1). qPCR was performed using SYBR green gPCR mix (Biotools, Houston, USA, catalog
number 10.609) and the expression levels were normalised relative to the housekeeping gene
mipZ.

Drug sensitivity assays
Bacteria were grown in L929 cells in 24 well plates in the presence of different drugs, and
the bacterial genomic copy number after 7 days was determined by gPCR. All drugs were
added directly to the wells shortly before adding isolated bacteria, with the exception of
lysozyme (which cannot enter mammalian cells). In the case of lysozyme, purified bacteria
were resuspended in SPG buffer +/- lysozyme and incubated at 37 °C for 15 mins before
being added to L929 cells for infection. For microscopy analysis, bacteria were grown in
microscopy chamber slides in the presence of drug (phosphomycin, D-cycloserine) or
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bacteria were incubated in TE buffer (10mM Tris + 1mM EDTA) + 5 mg/ml lysozyme
before being dried onto a regular glass slide (lysozyme only). Concentrations of enzymes,
drugs and chemicals used were as follows: chloramphenicol (cam) 100 pg/ml; penicillin G
(pen) 150 pg/ml; D-cycloserine (dcs) 250 pg/ml; phosphomycin (pho) 40 pg/ml; D-alanine
(D-ala) 250 pg/ml (1:1), 1,000 pg/ml (1:4), 2,500 pug/ml (1:10); EDTA 1 mM, lysozyme (lys)
5 mg/ml; mutanolysin (mut) 80 pg/ml; imipenem (imi) 10 pg/ml; meropenem (mer) 10
pg/ml; mecillinam (mec) 2 mg/ml; tazobactam (taz) 100 pg/ml.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software using a parametric,
unpaired t test. P values are illustrated as follows: ns (P > 0.05); ™ (P < 0.05); ™ (P <
0.01); ™ (P < 0.001).

Immunofluorescence microscopy

Bacteria were grown in host cells directly in glass chamber slides (Ibidi, USA) or dried onto
a regular glass slide, then fixed with 4 % paraformaldehyde. Cells were permeabilised with
0.5 % triton X at 4 °C for 5 minutes, and then labelled using primary (Table S2) and
fluorescently conjugated secondary antibodies. For labelling with the probes HADA and
HALA, bacteria were grown in host cells on glass chamber slides, and the probe was added
directly to the growth media to a final concentration of 1 mM (a dilution of 1/200). The cells
were incubated at 35 °C with 5% CO», for 3 hours, then washed with PBS and fixed as
above. For labelling with EDA-DA, the probe was added to growing bacteria (3 days post
infection) at 1 mM concentration and incubated for 24 hours at 35 °C with 5% CO,. When
labelling was performed in the presence of drugs these were added at the same time as EDA-
DA and incubated for 24 hours at 35 °C with 5% CO,. Cells were fixed and permeabilised
as above, and the probe was reacted with azide-derived Alexa fluor 488 using the Click-iT
cell reaction buffer kit from Invitrogen (catalog number C10269) following the
manufacturers instructions.

Quantitative image analysis and classification

We applied quantitative imaging techniques to extract morphometric parameters for the
individual O.tsutsugamushi using Cell Profiler (Broad Institute). The extracted 155 features
(shown in Table S3) describe size, shape, intensity, granularity, texture and radial
distribution of each bacterial cell.

To perform phenotypic classification, we used the Cell Profiler Analyst (Broad Institute) to
apply Random Forest classification algorithm to classify O.tsutsugamushiinto 3 main
phenotypes, 1) ‘rough’ phenotype from cells in water with DTT, 2) ‘Intermediate’ phenotype
from cells in PBS and 3) ‘Smooth’ phenotype from cells in SPG. These training image sets
were taken separately from the images to be used for final prediction. The classification
algorithm identified 18 features (Table S4) that can best distinguish training images from the
three buffer conditions with 85% accuracy (Figure S7). We then applied these classification
rules to determine the morphological phenotypes for the rest of the images (Figure 6B).
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Principal component analysis was performed on MATLAB (Mathworks, USA, 2015b),
using the 18 morphometric parameters previously identified from the Random Forest
algorithm. The first three principal components explain over 95% of the observed variance,
representing excellent performance for PCA model (Table S6 and S7). To compare
phenotypic differences in different buffer solutions, we performed a pair-wise comparison of
PCA loadings using three-dimensional Kolmogorov-Smirnov Test, with the significance
level of 0.05.

Western blot analysis

Infected or uninfected L929 cells were mechanically lysed in a Bullet Blender (Next
Advance, USA), at power 8 for 1 min and pelleted, washed with PBS 1-2 times, and
resuspended in a small volume of PBS. The protein concentration was measured by
nanodrop analysis and the sample volume was adjusted to ensure equivalent loading.
Samples were mixed with SDS-PAGE buffer with or without 20% -mercaptoethanol and
samples were then loaded on 12% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-rad,
USA, catalog number 4561043). Western blots were probed using a monoclonal antibody
against the 56 kDa type-specific antigen (Rat, Table S2), and then probed with a secondary
antibody conjugated with alkaline phosphatase (Promega, USA, catalog number S3831) and
developed using an alkaline phosphatase detection kit (Promega, USA, catalog number
S3841)

Quantification of bacterial entry into host cells

Bacteria were isolated and resuspended in growth media with or without 1 mM DTT.
Samples were incubated for 20 minutes at room temperature, washed by pelleting two times,
and resuspended in fresh media before being added to L929 cells grown in glass chamber
slides. Cells were fixed 24 hours after infection and the number of bacteria inside host cells
counted manually for 100 cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3. Expression of genesin the peptidoglycan biosynthesis pathway

hours after infection

Bacterial genome copy number or relative gene expression of O. fsutsugamushi grown in
mouse fibroblast L929 cells over 7 days. Relative expression level was determined by gRT-
PCR and normalised to the housekeeping gene mipZ. Graph shows each individual data

point, as well as the mean and standard deviation.
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Figure 4. O. tsutsugamushi treated with cell wall-targeting drugs
A. Table showing the molecular target of drugs and enzymes used in this study. B-E.

Bacterial copy number per well of a 24-well plate after 7 days growth in the presence of
different drugs. Three replicate wells were used in each experiment. Graph shows each
individual data point, as well as the mean and standard deviation. Statistical significance was
determined using an unpaired t test analysis. P values are illustrated as follows: ns (P >

(P =0.001). F. Immunofluorescence microscopy of
intracellular O. tsutsugamushi cells treated with 40 ug/ml phosphomycin or 250 pug/ml D-
cycloserine for 24 hours. Bacteria are labelled in green (using anti-TSA56 antibody); host
cytoplasm in red (Evans blue) and nuclei in blue (DAPI). Scale bar = 10 um (large images)
or 1 um (insets).
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A O. tsutsugamushi 0. tsutsugamushi + phosphomycin O. tsutsugamushi + D-cycloserine

B O. tsutsugamushi O. tsutsugamushi E. coli E. coli

Figure5. O. tsutsugamushi labelled with peptidoglycan-reactive probes
A. Fluorescence microscopy of O. tsutsugamushilabelled with EDA-DA probe reacted with

an azide modified Alex Fluor 488 via click chemistry (green), antibody against the bacterial
surface protein TSA56 (red) and the DNA stain DAPI (blue). Bacteria were grown in the
presence or absence of drugs for 24 hours. Drug concentrations were as follows: 40 pg/ml
phosphomycin; 250 ug/ml D-cycloserine. B. Fluorescence microscopy of O. tsutsugamushi
and £. coliin the presence of the fluorescent D-alanine derivative HADA (blue), the
fluorescent L-alanine derivative HALA (blue), antibody against the bacterial surface protein
TSA56 (red, O. tsutsugamushi) or the bacterial cytoplasm (Evans blue, red, £. coli). Scale
bar =10 um.
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Figure 6. Structural rigidity of O. tsutsugamushi cells
A. Immunofluorescence microscopy showing purified O. tsutsugamushi resuspended in

sucrose-phosphate glutamate buffer (SPG), PBS or water, with and without 1 mM DTT.
Bacteria are labelled using an antibody against the TSA56 protein. Scale bar = 10 pm. B.
Quantitative analysis of images of O. tsutsugamushitreated as described in A. Graph shows
morphological differences of O.tsutsugamushi in different solutions as described in A, using
Random Forest classification using 18 features. Training dataset includes more than 40 cells
for each condition. Bar graph shows fractions of bacteria that exhibit ‘Smooth’,
‘Intermediate’ and ‘Rough’ morphology. See also Fig. S8 for example images from each
morphological class. Graph shows mean and SD. C. Western blot of O. tsutsugamushi or
uninfected L929 host cells in the presence or absence of R-mercaptoethanol (BME), using a
monoclonal antibody against the TSA56 protein. D. Immunofluorescence microscopy
images of L929 cells infected with O. tsutsugamushi that had been mock-treated (left) or
pre-treated with 1 mM DTT then washed prior to infection (right). Cells were fixed 24 hours
after infection. Bacteria are shown in green (anti-TSA56 antibody), host actin in red
(phalloidin) and nuclei in blue (DAPI). Scale bar = 10 um. E. Average number of bacteria
inside host cells after mock treatment or pre-treatment with DTT. 100 host cells were
randomly selected, imaged, and manually counted. The mean and standard deviation is
shown, with statistical significance determined using an unpaired t test analysis. P values are
illustrated as follows: ns (P > 0.05); ™ (P < 0.05); ™ (P < 0.01); ™" (P < 0.001).
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