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Abstract

Chlamydia trachomatis is an obligate intracellular pathogen responsible for loss of eyesight through trachoma and for
millions of cases annually of sexually transmitted diseases. The bacteria develop within a membrane-bounded inclusion.
They lack enzymes for several biosynthetic pathways, including those to make some phospholipids, and exploit their host to
compensate. Three-dimensional fluorescence microscopy demonstrates that small organelles of the host, peroxisomes, are
translocated into the Chlamydia inclusion and are found adjacent to the bacteria. In cells deficient for peroxisome
biogenesis the bacteria are able to multiply and give rise to infectious progeny, demonstrating that peroxisomes are not
essential for bacterial development in vitro. Mass spectrometry-based lipidomics reveal the presence in C. trachomatis of
plasmalogens, ether phospholipids whose synthesis begins in peroxisomes and have never been described in aerobic
bacteria before. Some of the bacterial plasmalogens are novel structures containing bacteria-specific odd-chain fatty acids;
they are not made in uninfected cells nor in peroxisome-deficient cells. Their biosynthesis is thus accomplished by the
metabolic collaboration of peroxisomes and bacteria.
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Introduction

Chlamydia are Gram-negative bacteria, which infect a wide

range of hosts. They are obligate intracellular pathogens and

multiply within mucosal epithelial cells. Chlamydia trachomatis is the

aetiological agent of serious ocular and genital diseases having

profound impacts on human health worldwide [1,2]. Throughout

evolution, chlamydiae have undergone extensive genome reduc-

tion, leading to the loss of several biosynthetic pathways.

Regarding lipid synthesis, they possess the enzymes to synthesize

some glycerophospholipids de novo, such as phosphatidylethanol-

amine and phosphatidylserine, but lack adequate genes to make

others [3]. Elegant early studies demonstrated the transfer of

typical eukaryotic host lipids to the bacteria, including phospha-

tidylcholine, sphingomyelin and cholesterol [4,5,6,7]. Interesting-

ly, host glycerophospholipids are not merely incorporated by the

bacteria but some serve as precursors for bacteria-specific lipids:

the sn-2 position fatty acid of the host phospholipids is removed

and replaced with a Chlamydia-synthesized branched chain fatty

acid with an odd number of carbons [6]. As a result, some

bacterial phospholipids differ from those of the host cells, which

have straight-chain fatty acids with an even number of carbons.

Although it is clear that the bacteria acquire much of their lipid

content from the host, the origin of these lipids and the transport

pathways involved are not yet fully known [8]. The complete

developmental cycle of these intracellular bacteria takes place

within a membrane-bounded compartment, the inclusion [9].

Surprisingly, some of the host lipids reach the lumen of the

inclusion in the form of lipid droplets (LD) [10], which are made

up of a core of neutral lipids (triacylglycerol and sterol esters)

surrounded by a phospholipid monolayer and a coat of proteins

[11,12]. The LD do not accumulate in the inclusion, suggesting

that they are consumed [10], either for energy generation and/or

as a source of fatty acids for lipid biosynthesis. Observations in

mammalian cells [13] and in yeast [14,15] demonstrate that LD

are often found adjacent to peroxisomes with the membranes of

the two organelles closely apposed/associated, which is believed to

facilitate their metabolic collaboration. LD are thought to furnish

substrates to some peroxisomal enzymes. Peroxisomes are small

organelles present in virtually all eukaryotic cells [16]. They are

surrounded by a single membrane and harbor enzymes engaged in

an array of metabolic functions, including a- and b-oxidation of

fatty acids, biosynthesis of ether lipids such as plasmalogens,

metabolism of reactive oxygen species, synthesis of bile acids and
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metabolism of glyoxylate [17]. Since LD are imported into

inclusions and peroxisomes are often associated with LD, we

investigated whether peroxisomes might also be imported into

inclusions and exploited by the bacteria.

Results and Discussion

Peroxisomes are translocated into the inclusion during
infection

Two strategies were used to unambiguously determine the

position of peroxisomes with respect to the inclusion volume by 3-

dimensional fluorescence microscopy. First, the inclusion mem-

brane was labeled with an antibody against the inclusion protein

CT813 and optical sections of 0.7 mm were photographed through

the entire thickness of the cells. We observed peroxisomes

surrounding the inclusion and in many cases one or a few

peroxisomes appeared to be inside. This was confirmed in the Z-

projections of these fields: in the orthogonal slices, the peroxisomal

labeling was within the luminal space of the CT813-labeled

inclusion membrane (Figure 1A). Secondly, cells were transfected

with GFP prior to infection so that the lumen of the inclusion

appears as a black space in the green channel, as it is the only large

volume inaccessible to GFP. Again, peroxisomes were observed

inside the inclusion, often adjacent to anti-Hsp60 labeled bacteria

(Figure 1B). Peroxisomes were observed in about half of the

inclusion analyzed (n = 68). In this population, we scored on

average 2.1 peroxisomes per inclusion (S.D. = 3.0). In some

infected cells, many peroxisomes were found inside the inclusions

(Figure 1C and Movie S1). Often they were very close to, or

touching, a bacterium. The distances between peroxisomes and

bacteria were quantified (Figure 2), which confirmed that

peroxisomes are not randomly distributed in the inclusion but

are mostly adjacent to, or within a short distance of, bacteria.

The observation that peroxisomes are actually translocated into

the lumen of the inclusion is remarkable and confirms that the

inclusion is capable of ‘‘ingesting’’ whole organelles [10]. We tried

to image peroxisomes within inclusions by electron microscopy,

but failed to do so. Intra-inclusion peroxisomes were regularly

observed by immunofluorescence, but in most cells in low

abundance, making this event difficult to catch at the ultrastruc-

tural level. The mechanism of capture and translocation of

peroxisomes into the inclusion remains to be determined. They

might enter the inclusion in association with LD [15], but the

mechanism of LD import is also unknown. A 12-kDa chlamydial

protein secreted into the host cytoplasm that targets LD, Lda3,

might be implicated [18].

Lack of peroxisomes causes smaller inclusions
Defects in peroxisomal functions cause a variety of fatal

inherited neurological diseases [19,20]. Human fibroblasts lacking

peroxisomes (due to a defective PEX19 gene, which is essential to

assemble the peroxisome membrane [20]) and control human

fibroblasts were infected with C. trachomatis. Inclusions formed in

both cell types (Figure 3A), and there was no statistically significant

difference in the production of infectious bacteria in the fibroblasts

lacking peroxisomes compared to control fibroblasts (Figure 3B).

The inclusions formed 24 hrs post infection in PEX19-deficient

fibroblasts were 30 to 50% smaller compared to control

(Figure 3C). Since the fibroblasts had been isolated from two

different individuals, we cannot exclude the possibility that other

differences between these two cell lines might account for this

small growth defect measured in peroxisome-deficient cells.

Therefore, while these results cleary show that peroxisomes are

not essential for Chlamydia maturation in in vitro cell culture

Figure 1. Peroxisomes are translocated into the Chlamydia
inclusion during infection. A- HeLa cells were infected with C.
trachomatis L2 for 20 h. The inclusion membrane was labeled with an
anti-CT813 antibody (green), peroxisomes with an anti-ALDP antibody
(red) and bacterial and nuclear DNA with Hoechst (Blue). A single
ApoTome x-y section is shown in the central image. The z-x projection on
the top shows the peroxisome indicated by a white arrowhead in the x-y
image. Scale bar: 5 mm. B- HeLa cells were transfected with cytosolic GFP
(shown in blue) to illuminate the entire cell except for the Chlamydia
inclusion and were infected with C. trachomatis L2 for 20 h. Bacteria were
labeled with an anti-Hsp60 antibody (green) and peroxisomes with an
anti-ALDP (red). A single ApoTome x-y section is shown in the central
image. z-x and z-y projections on the top and on the right side,
respectively, are centered on the peroxisome indicated by a white
arrowhead. Scale bar: 5 mm. C- One optical section from the stack of
images shown in Movie S1. Cells were prepared as in Figure 1 B; the
colors are different: bacteria are in blue, peroxisomes in red, GFP in green.
doi:10.1371/journal.pone.0086196.g001

Chlamydia Co-Opt Peroxisomes and Have Plasmalogens
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conditions, additional data will be needed to understand the role of

peroxisomes in inclusion growth, in particular in tissues. Regard-

ing this last question, it is useful to remember that mammalian

cells are viable in culture without peroxisomes, but humans and

mice die shortly after birth in the absence of peroxisomes.

Many plasmalogens decrease in abundance during
infection

The ability of peroxisomes to metabolize fatty acids and to

participate in the synthesis of plasmalogens might be used by the

bacteria. To test this hypothesis, we compared the lipid content of

infected and uninfected human fibroblasts, and investigated the

consequences of the absence of peroxisomes on the pattern of

phospholipids. Phospholipids were extracted and separated in two

dimensions by hydrophilic interaction liquid chromatography

(HILIC), which separated the phosphatidylethanolamines from

phosphatidylcholines (Figure S1B), followed by high performance

reversed phase (RP) liquid chromatography (which separates by

hydrophobicity) coupled to mass spectrometry (LC-MS) (Figure

S1A). The data were combined in a matrix with the detected

mass/charge (m/z), retention times and peak areas. Some of the

extensive methods validation is shown in Figure S1. In addition to

the wide variety of normal human phospholipids, in infected cells

we identified phospholipids with fatty acids containing an odd

number of carbons, which are characteristic of bacteria [21],

including Chlamydia [6,22,23], and are absent from eukaryotic cells

(Figure S1C).

We paid particular attention to the plasmalogens because these

phospholipids, which are minor components of most human cell

membranes, but none-the-less essential to the normal development

and health of mammals [20,24,25,26,27], require peroxisomal

enzymes for the initial reactions of their biosynthesis [17,28]. In

cells in which peroxisome biogenesis is defective, such as the PEX-

19 mutant cells described above, the biogenesis of plasmalogens is

severely impaired. The plasmalogen variants of phosphatidyleth-

anolamine (and other phospholipids) contain a long chain alcohol

in place of a fatty acid and have a double bond between the first

two carbons of the alcohol (1-O-alkenyl-2-acyl-sn-glycero-3-

phosphoethanolamine; plasmenylethanolamine) (Figure 4A),

which gives them a molecular composition of CxH2x–2yNO7P

(where y is the number of double bonds, if any, in the fatty acid).

The vinyl ether bond that links the alcohol of plasmalogens to the

glycerophosphate backbone hydrolyzes readily under acidic

conditions, whereas other phospholipid species are stable [29].

Figure 2. Peroxisomes are close to bacteria. A- Quantitative image analysis. A green polygon representing the Region Of Interest (ROI) was
drawn over an optical section from the stack of images shown in Movie S1 (left image): bacteria are in blue, peroxisomes in red, GFP in green.
Peroxisomes and bacteria detected within the ROI are circled in the middle and right images, respectively. Scale bar: 2 mm. B- Quantification of the
distances between intra-inclusion peroxisomes and bacteria. The minimal distances between peroxisomes and bacteria within the ROI were
calculated (from three different cells with respectively 6, 13 and 14 peroxisomes each, n = 33 peroxisomes in total) and the distribution of these
distances is shown in the histogram. We calculated (see Methods) that a random distribution of bacteria and peroxisomes within the ROI would result
in an average distance of 1.35 mm (p = 0.05, dotted line). The observed distribution is strongly shifted to the left and supports the hypothesis of a
contact, or close proximity, between intra-inclusion peroxisomes and bacteria.
doi:10.1371/journal.pone.0086196.g002
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We detected known plasmalogens of normal human cells: their

masses fitted a CxH2x–2yNO7P composition, they were acid-labile

and they were greatly reduced in fibroblasts lacking peroxisomes

(PEX19-defective), confirming that they are plasmalogens

(Figure 4B). The most abundant plasmalogens in the samples,

presumably of host origin, decreased (Figure 4B). In contrast, and

in agreement with a previous report [6], we did not observe

important changes in the global abundance of host cell phospho-

lipids during infection.(Figure 4C).

Chlamydia unexpectedly contain plasmalogens, with
novel structures not found in the host cells

Three LC-MS signals in the data matrix had the characteristics

of plasmalogens and increased in abundance when C. trachomatis

infected normal cells. As expected, these are minor constituents:

they total less than 1% of all phospholipids. The two-dimensional

LC-MS identified them as plasmenylethanolamines with a total of

32, 33 or 34 carbons in their side chains. These structures were

confirmed at ultra high resolution (,100 parts/billion) by Ion

Cyclotron Resonance Fourier Transform Mass Spectrometry

(ICR-FT/MS) (Figure 5A). The same plasmalogens were found

in purified C. trachomatis (Figure 5B). These data demonstrate that

at least some of each of the plasmalogens that increases in infected

cells is in the bacteria themselves.

The plasmalogens from the purified bacteria were fragmented

by sustained off resonance irradiation (SORI) to determine the

exact masses of the fatty acid substituents. The compound with 32

carbons in the combined side chains contained a 16-carbon fatty

acid, implying by difference a 16-carbon plasmenyl group

(Figure 5D). Fragmentation of the sample with 33 carbons in the

combined side chains (Figure 5C) revealed a mix of 3 molecules,

with fatty acids of 15 or 17 carbons, which are the odd-chain fatty

acids synthesized by C. trachomatis [6,22,23], as well as one with a

16-carbon fatty acid (Figure 5C&D). Therefore, not only do

Chlamydia contain host-derived plasmalogens, but also they modify

them to produce Chlamydia-specific species. The sample with 34

Figure 3. Peroxisomes are not essential for C. trachomatis infection and development. A- Control or PEX19-deficient fibroblasts were
infected with C. trachomatis L2 for 24 h. Infected cells were fixed and labeled with an antibody against bacterial lipopolysaccharide (LPS) coupled to
FITC (green) and DNA was stained with Hoechst (blue). Scale bar: 20 mm. B- The number of infection-forming units (IFU) was determined by titrating
cell lysates at 48 hrs post infection on fresh HeLa cell monolayers. The average of three experiments is shown, error bars indicate standard deviation.
C- Areas of inclusions. Results for two experiments are shown (Number of inclusions measured: experiment 1: control n = 111, PEX19-deficient n = 111;
experiment 2: control n = 65, PEX19-deficient n = 76).
doi:10.1371/journal.pone.0086196.g003
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carbons in the side chains contained 2 isomers with 16- or 18-

carbon fatty acids, making a total of 6 plasmalogens in the C.

trachomatis. From the determination of the fatty acid side chains, we

could calculate the lengths of the alcohol side chains (Figure 5D).

Most of them are the usual host-type fatty alcohols with an even

number of carbons, but a small amount of a 17-carbon alcohol was

also found; this likely has a bacterial origin too. Because the odd-

chain fatty acids of C. trachomatis are reported to be all branched

[6,22,23], presumably the odd-chain fatty acids that we find in the

plasmalogens are branched, but this detail was not verified

experimentally.

Figure 4. Many plasmalogens decrease upon infection. A- Structure of plasmalogens. Phosphatidylethanolamine (left) and the plasmalogen
version of phosphatidylethanolamine (right) are depicted. The plasmalogen variant contains a long chain alcohol in place of a fatty acid and has a
double bond between the first two carbons of the alcohol (1-O-alkenyl-2-acyl-sn-glycero-3-phosphoethanolamine; plasmenylethanolamine). B-
Example of plasmalogens abundant in the non-infected control fibroblasts. Putative plasmalogens were identified based on their predicted formula
as CxH2x–2yNO7P (where y = the number of double bonds in the fatty acid) after ICR-FT/MS analysis (mass error ,100 parts/billion, MassTRIX [46]), and
on their sensitivity to acid hydrolysis. Lipid species fulfilling these criteria were either missing or severely reduced in peroxisome-deficient cells
(‘‘PEX19’’) compared to control fibroblasts (CTL), confirming that they are plasmalogens. Note that, globally, plasmalogen content decreased during
infection, most notably at the later time point. Identification of plasmalogens was performed on samples from a single experiment. C- Abundance of
control phospholipids. Phospholipids that gave the highest signal intensity in the ICR-FT/MS (corresponding to C42H82NO8P) were arbitrarily chosen
as control. D- Total phospholipids detected with ICR-FT/MS. The intensities of all annotated phospholipids (mass error ,1 ppm) were summed and
normalized to the total sum of intensities in the sample. The data in C and D are representative of two independent experiments.
doi:10.1371/journal.pone.0086196.g004
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Plasmalogens in Chlamydia: how and what for?
Intriguingly, this is the first example of an aerobic bacterium

containing plasmalogens. Although plasmalogens are commonly

found in strictly anaerobic bacteria and in animal species, they

were believed to be entirely absent from aerobic bacteria and

facultative aerobic bacteria, as well as from most fungi and plants

[30]. Several related questions arise from this discovery: where and

how are bacterial plasmalogens synthesized and what are they for?

Our data give partial answers.

In animal cells, the first steps in the biosynthesis of plasmalogens

are carried out by two enzymes found exclusively in peroxisomes:

the dihydroxyacetone phosphate acyltransferase and the alkyl-

dihydroxyacetone phosphate synthase. A third peroxisomal

enzyme reduces the dihydroxyacetone to glycerol, producing a

biosynthetic intermediate consisting of a long chain alcohol

attached to glycerol phosphate, i.e. alkyl-glycerol-3-phosphate

[17,24,28]. C. trachomatis can synthesize a normal phosphatidyl-

ethanolamine but its reduced genome does not encode the key

enzymes of plasmalogen synthesis [3] (and the unknown open

reading frames of Chlamydia are not predicted to do so). Fibroblasts

without peroxisomes (PEX19-defective) do not begin to make

plasmalogens upon infection (Figure 4B). Therefore, Chlamydia

contain plasmalogens thanks to their exploitation of, and

collaboration with, peroxisomes.

This process could occur by two non-exclusive scenarios. First,

plasmalogens synthesized in the host cell cytoplasm may be

imported first into the inclusion and subsequently into Chlamydia.

Such a two-step mechanism operates for at least part of

sphingomyelin and cholesterol transport, with the inclusion

intercepting both vesicular [4,7] and non-vesicular [31,32]

trafficking pathways. They could then be modified by Chlamydia,

replacing the fatty acid at the sn-2 position with a 15- or 17-carbon

bacterial fatty acid. Alternatively, the presence of peroxisomes

within the inclusion suggests a more direct and novel collaboration

between peroxisomes and Chlamydia. The intra-inclusion peroxi-

somes could produce the intermediate alkyl-glycerol-3-phosphate

described above, which could be transferred to the bacterium to

complete the plasmalogen synthesis with the bacterium’s own

enzymes of phospholipid synthesis. The fact that peroxisomes and

bacteria are often adjacent (Figure 2) could facilitate such a

transfer via membrane contact sites, as has been shown for lipid

transfer between other membranes [33] including between

bacterial and eukaryotic membranes [34].

Moreover, our data suggest a further intra-inclusion collabora-

tion. One of the plasmalogens found in Chlamydia contains a 17-

carbon long chain alcohol that could not be synthesized by the

host cells. A 17-carbon fatty acid (linked to Coenzyme A)

synthesized by Chlamydia could be reduced to the alcohol by the

fatty acyl-CoA reductase that is conveniently located on the outer

surface of an adjacent peroxisome [17,25] and then incorporated

Figure 5. C. trachomatis contain bacteria-specific plasmalogens. A- Plasmalogens that increase in infected cells. Extracted ion chromatograms
of plasmalogens of control and peroxisome-deficient (‘‘PEX19’’) fibroblasts, analyzed with RP LC-MS. The peaks of plasmalogens that increased upon
24 and 48 h of infection in control cells are shown. Notation, e.g. for PE(P-32:0): PE(P = plasmalogen version of phosphatidylethanolamine; 32:0 = 32
carbons in the combined side chains and 0 double bonds in the fatty acid. B- Plasmalogens in C. trachomatis. Phospholipids extracted from bacteria
purified on a density gradient were analyzed as in B, with or without prior acid hydrolysis. The peaks with the same masses as in Panel B are shown. C-
High resolution analysis and fragmentation of the plasmalogens of Panel C by SORI ICR/FT-MS2. The fragmentation pattern of PE(P-33:0) is shown as
an example. D- Plasmalogen structures of C. trachomatis. Detected fatty acids and inferred structures for the Chlamydia-derived plasmalogens. S/N:
signal to noise ratio.
doi:10.1371/journal.pone.0086196.g005
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into the biosynthetic intermediate. Thus peroxisomes and

Chlamydia together could synthesize plasmalogens with either host

or bacterial style fatty acids and/or alcohols. The lipid droplets

within the inclusion are a ready source of the host fatty acids found

in C. trachomatis phospholipids [10].

If some plasmalogens are imported from the host cell via the

inclusion membrane, as has been reported for certain other host

lipids, plasmalogens might remain in the inclusion membrane.

The proportions of the several plasmalogens that increase upon

infection are different in infected cells and purified bacteria (for

instance PE(P-34:0) gives a stronger signal than PE(P-32:0) in

infected cells but the reverse is observed in purified bacteria - see

Figure 5A&B). This suggests that PE(P-34:0) is located in

membrane(s) other than the bacterial membrane. It could well

be the inclusion membrane, but testing this possibility was beyond

the scope of the present study.

Another question raised by our results, what do Chlamydia use

plasmalogens for, remains for future research. Plasmalogen

functions include acting as antioxidants, modulating membrane

dynamics, and serving as reservoirs of signaling molecules

[24,25,27,28,30,35]. The vinyl-ether bond of plasmalogens is

readily susceptible to oxidants and can serve as a scavenger

protecting other lipids from reactive oxygen species. It is possible

that plasmalogens in Chlamydia’s membrane protect it against host-

generated reactive oxygen [36]. In several cell types and tissues,

plasmalogens serve as sources of arachidonic acid (liberated by a

plasmalogen-specific phospholipase A2) that can be metabolized

into other signaling molecules. Chlamydia-induced lipid metabolism

is reported to contribute to prostaglandin E2 and interleukin-8

production during infection, but whether this involves plasmalo-

gens was not investigated [37]. Our results show that plasmalogens

are not essential to Chlamydia development. This is consistent with

previous evidence that Chlamydia can adapt to reduced availability

of other lipids they normally use. For example, phosphatidylcho-

line normally constitutes ,30% of total lipids in infectious

Chlamydia, but interfering with host phosphatidylcholine so as to

decrease its content in bacteria by 40% had virtually no impact on

the number of infectious progeny [5]. Similar observations were

made concerning sphingomyelin.

Other role(s) for peroxisome import into the inclusion
Plasmalogen acquisition is one benefit that bacteria get from

hijacking peroxisomes into the inclusion. The ability of peroxi-

somes to perform b-oxidation of long chain fatty acids, at least to

some extent [17,38], might also be exploited by the bacteria,

allowing them to utilize LD as a source of energy. This attractive

possibility remains to be investigated experimentally. Another

potential benefit is that host catalase, highly abundant in

peroxisomes, might contribute to protecting Chlamydia against

reactive oxygen produced during infection [36]. The C. trachomatis

genome does not code for catalase, while environmental

chlamydiae do; therefore hijacking peroxisomes might represent

a way to compensate for catalase loss.

Several features, starting with their biphasic developmental

cycle [9], make Chlamydia unique within prokaryotes. In this paper

we report another remarkable novelty for this Gram-negative

organism: the import of host peroxisomes into the inclusion and

the use of this host organelle to shape their own lipid content and

to produce bacteria-specific plasmalogens. Several plasmalogen

species were identified within the complex mixture of host and

bacterial phospholipids that increase in abundance during

infection, in contrast to the bulk of plasmalogens, which decrease.

The same plasmalogens that increase in infected cells were also

found in the purified C. trachomatis, providing the first example of

an aerobic bacterium containing plasmalogens. A great deal of

research during the past 25 years has documented how diverse

inherited diseases are caused by defects in peroxisomal enzymes

[20] or by defective assembly of the organelle [19]. Diverse

observations suggest a role for peroxisomes in viral infection [39].

The present results demonstrate that peroxisomes are imported

into the lumen of the inclusion during Chlamydia infection and

contribute to the synthesis of novel plasmalogens for this

bacterium. This is the first case, to our knowledge, of a bacterium

exploiting peroxisomes.

Materials and Methods

Cells, bacteria and antibodies
Human fibroblasts (gift of Dr. Ron Wanders, University of

Amsterdam, described in [40]) and HeLa 229 cells (American

Type Culture Collection) were grown in Dubelcco’s modified

Eagle’s medium with GlutaMax (Invitrogen) supplemented with

10% fetal calf serum (Biowest) (complete medium). C. trachomatis

LGV serovar L2 strain 434 was prepared as previously described

[41]. Prior to lipid analysis bacteria were purified by density

gradient centrifugation [42]. Antibody against Hsp60 was from

from Pierce (#MA3-023), Hoechst 33342 was from Molecular

Probes. Antibodies were kindly provided by Dr. G. Zhong (San

Antonio, mouse anti-CT813), Pr. P. Aubourg and Dr. N. Cartier

(Paris, rabbit anti-ALDP) respectively). Secondary antibodies were

conjugated to Alexa488 or Alexa546 (Molecular Probes), to Cy3

or Cy5 (Amersham Biosciences).

Immunofluorescence
Cells were fixed in 4% paraformaldehyde in 120 mM sucrose

and phosphate buffered saline (PBS) for 20 min at room

temperature and washed in PBS. Aldehydes were quenched with

50 mM NH4Cl for 5 min. The cells were washed in PBS and

permeabilized with 0.05% saponin (Sigma) and 1 mg/ml of

bovine serum albumin in PBS. Coverslips were mounted in

Mowiol containing 0.5 mg/ml Hoechst 33342. Infected cells were

fixed for 10 min (to avoid loss of CT813 signal at longer times).

Optical sections (of 0.7 mm thickness) were acquired with an

ApoTome microscope (Zeiss) equipped with a 63x objective and a

Roper Scientific Coolsnap HQ camera; images were processed

using AxioVision.

Quantitative image analysis
Peroxisomes inside bacterial inclusions were observed with an

epifluorescence microscope and optical slices were reconstructed by

deconvolution. Image analysis was performed on one optical slice of

the reconstructed stack. Peroxisomes and bacteria were identified

using the Icy software ([43], http://icy.bioimageanalysis.org) by

applying the spot extractor. Briefly, this method reconstructs the

image from the thresholded wavelet bands such that the spots are

denoised and enhanced. Three cells with a high number of

peroxisomes per inclusion were chosen for the quantification. We

then computed the distance between each peroxisome and each

bacterium within the hand-drawn Region Of Interest (ROI), and

extracted the minimal value. To determine whether the observed

minimal distances were significantly shorter than what could be

expected by chance, we built a null hypothesis model, in which the

distribution of the distances between two independently randomly

drawn spots in the cell is estimated by a kernel method [44]. We

computed the distances of randomly drawn point-pairs for the

number of peroxisomes and bacteria detected in each ROI. 36106

random distances were drawn, from which we could calculate that,

for the 3 images analyzed, the average distance between a
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peroxisomes and the nearest bacterium would be 1.35 mm

(676 nm, S.E., p-value = 0.05) if these structures were randomly

distributed.

Lipid extraction and analysis
Lipid standards were purchased from Sigma Aldrich (St. Louis,

USA) except for the plasmalogen standard, which was purchased

from Avanti Polar Lipids, Inc. (Alabama, USA). Methanol,

acetonitrile and water were used in LC-MS grade quality

(CHROMASOLVH, FlukaH Analytical, Sigma-Aldrich). LC-MS

grade n-propanol and ammonium formate were bought from

BioSolve (Valkenswaard, Netherlands).

Fibroblasts (,106 for each sample, samples were normalized to

identical cell numbers) were sonicated in 1 ml methanol for 15 s,

centrifuged at 16,0006g for 15 min at 4uC, and the supernatant

collected. A second methanol extraction was performed and the

two supernatants were pooled. Lipids were similarly extracted

from bacteria purified by density gradient centrifugation as

described [42]. HILIC and RP LC-MS were performed on the

crude lipid extracts with an ACQUITY UPLCH (Waters, Milford,

USA) connected to an UHR QqToF mass spectrometer (maX-

isTM, Bruker, Bremen, Germany). Molecules of interest were

further analyzed at ultra-high resolution (,300,000 at m/z 300)

and fragmented in negative electrospray ionization mode to

identify the fatty acid side chains with an Ion Cyclotron

Resonance Fourier Transform Mass Spectrometer (ICR-FT/

MS, solariXTM, Bruker Daltonics GmbH, Bremen, Germany)

[45]. See Figure S1 and Movie S1 for further details and controls.

Supporting Information

Figure S1 Lipid analysis: workflow and methods vali-
dation.
(DOC)

Movie S1 HeLa cells were transfected with GFP (green)
to illuminate the entire cell except for the Chlamydia
inclusion and were infected with C. trachomatis L2 for
20 h. Bacteria were labeled with anti-Hsp60 antibody (blue) and

peroxisomes with anti-ALDP (red). A z-dimension series of images

was acquired every 0.2 mm with Metamorph software and a 3D

deconvolution microscope (DM-RXA2, Leica) equipped with a

100x Plan Apo NA 1.4 oil objective and a cooled charge-coupled

device (CCD) camera (Roper CoolSnap HQ2). Z-dimension

positioning was accomplished with a piezoelectric motor (LVDT,

Physik Instrument). The images were then deconvoluted. Adjacent

optical slices are displayed as adjacent frames in the movie.

(MOV)
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