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Summary

Bacterial type III secretion systems or injectisomes are
multiprotein complexes directly transporting bacterial
effector proteins into eukaryotic host cells. To inves-
tigate the distribution of injectisomes in the bacterium
and the influence of activation of the system on that
distribution, we combined in vivo fluorescent imaging
and high-resolution in situ visualization of Yersinia
enterocolitica injectisomes by cryo-electron tomogra-
phy. Fluorescence microscopy showed the injecti-
somes as regularly distributed spots around the
bacterial cell. Under secreting conditions (absence
of Ca2+), the intensity of single spots significantly
increased compared with non-secreting conditions
(presence of Ca2+), in line with an overall up-regulation
of expression levels of all components. Single injecti-
somes observed by cryo-electron tomography tended
to cluster at distances less than 100 nm, suggesting
that the observed fluorescent spots correspond to
evenly distributed clusters of injectisomes, rather than
single injectisomes. The up-regulation of injectisome
components led to an increase in the number of injec-

tisomes per cluster rather than the formation of new
clusters. We suggest that injectisome clustering may
allow more effective secretion into the host cells.

Introduction

The bacterial type III secretion apparatus, also called
injectisome, allows Gram-negative bacteria to export effec-
tor proteins directly from the bacterial cytosol to a eukary-
otic host cell (Cornelis and Wolf-Watz, 1997; Hueck, 1998;
Galan and Collmer, 1999; Cornelis and Van Gijsegem,
2000; Hayes et al., 2010; Buttner, 2012). The effectors
modulate the function of regulatory molecules in the
eukaryotic cell to the benefit of the bacterium and are often
essential for pathogenesis or symbiosis (Viprey et al.,
1998; Alfano and Collmer, 2004; Mota and Cornelis, 2005;
Grant et al., 2006; Coburn et al., 2007; Dean, 2011).

The injectisome is a complex nanomachine spanning
both bacterial membranes and extending from the cytosol
to the extracellular space. Its assembly involves some 25
different proteins (Cornelis, 2006; Galan and Wolf-Watz,
2006), most of them forming the structure and the others
acting as ancillary components driving the assembly
(Diepold and Wagner, 2014). The injectisome is evolution-
ary related to the bacterial flagellum, with which it shares
about 10 conserved proteins forming the basic type III
secretion export apparatus (Blocker et al., 2003; Macnab,
2004; Cornelis, 2006; Minamino and Namba, 2008;
Erhardt et al., 2010). In the bacterial membranes, the
injectisome resembles a barrel created by three multimeric
protein rings (YscCDJ in Yersinia). Five inner membrane
proteins (YscRSTUV) form an export apparatus, which is
located at the cytoplasmic face of the inner membrane ring
formed by YscDJ. The export apparatus is implicated in
substrate recognition and has been proposed to form the
actual gate for export across the bacterial membranes. On
the cytosolic side, five proteins are conserved and essen-
tial for type III secretion: anATPase, YscN, and its negative
regulator, YscL, a homolog of the flagellar C ring, YscQ,
which interacts with a less-studied component, YscK, and
YscO, which structurally resembles the FoF1 stalk (Pallen
et al., 2006). The injectisome extends to the extracellular
space with a hollow needle assembled through helical
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polymerization of a small protein (YscF) (Cordes et al.,
2003; Deane et al., 2006). The function of the needle is to
bridge the space between the bacterial outer membrane
and the host cell plasma membrane (Mota et al., 2005).
This space is determined by the extracellular domains of
membrane-anchored proteins such as the adhesin YadA
that forms a ∼ 30 nm thick coat around Yersinia enteroco-
litica (Hoiczyk et al., 2000) and the respective binding
partners on the host cell (Mota et al., 2005; Mikula et al.,
2012). The needle terminates with a pentameric tip struc-
ture (formed by LcrV in Yersinia) serving as a scaffold for
the formation of a pore in the host cell membrane (Mueller
et al., 2005; Veenendaal et al., 2007; Montagner et al.,
2011). Isolated subcomplexes of the injectisome, so-called
‘needle complexes’ containing the needle and the mem-
brane rings, were analyzed to almost molecular detail by a
combination of high-resolution methods (Schraidt and
Marlovits, 2011; Bergeron et al., 2013). Recently, cryo-
electron tomography (cryo-ET) revealed an intermediate
resolution structure of the injectisomes in situ (Kawamoto
et al., 2013; Kudryashev et al., 2013), which showed
remarkable structural variation between single machines
(Kudryashev et al., 2013).

Upon contact to a host cell, a cytosolic mechanism,
which prevents the premature export of effector proteins,
is released (Yother and Goguen, 1985; Forsberg and
Wolf-Watz, 1988; Ferracci et al., 2005) and the effectors
are translocated into the host cell (Rosqvist et al., 1994;
Sory and Cornelis, 1994). In Yersinia, this can be mimicked
by incubation of bacteria in calcium-depleted medium,
where the effectors are then secreted into the supernatant
(Michiels et al., 1990). Under these ‘secreting’ conditions,
the expression of injectisome subunits and the formation of
needles are increased (Allaoui et al., 1995; Stainier et al.,
1997; Mueller et al., 2005), most likely because of the
export of two negative regulators, YscM1 and YscM2
(Stainier et al., 1997). However, the effect of this up-
regulation on the formation of injectisomes has not as yet
been analyzed.

To address this question and to determine the distribu-
tion of injectisomes, their integration into the membrane
and the influence of external conditions, we combined
fluorescence microscopy, capable of detecting the overall
distribution of injectisomes in vivo in various functional
states, with cryo-ET, which allows direct visualization of
single injectisomes at nanometer scale in 3D. In this
study, we show that the distribution of injectisomes on the
surface of Y. enterocolitica is not random but that single
injectisomes cluster within distances of 100 nm. These
clusters are evenly distributed around the bacterial
surface. While the number of clusters only slightly
increases upon induction of secretion, the number of
injectisomes per cluster is increased under secreting con-
ditions by 73–79%.

Results

Expression of injectisome components and formation of
needles increase upon activation of the system

In order to quantify the up-regulation of synthesis of type III
secretion system (T3SS) components upon induction of
secretion by chelation of Ca2+ (Allaoui et al., 1995; Stainier
et al., 1997) and to analyze its impact on the localization of
injectisomes, we analyzed both the expression levels and
the distribution and intensity of fluorescent injectisome foci
under secreting and non-secreting conditions (presence of
5 mM Ethylenediaminetetraacetic acid (EDTA) or 5 mM
Ca2+ respectively). We quantified the expression of various
components covering different structural (Fig. 1A) and
functional parts of the injectisome by immunoblots of total
cellular protein (Fig. 1B): the needle subunit YscF and tip
LcrV, the ruler protein YscP, the inner membrane ring
components YscD and YscJ, and the cytosolic C-ring
component YscQ. In addition, we quantified the needles
formed by assaying YscF and LcrV from purified needles
(Mueller et al., 2005). All expression levels as well as the
amount of purified needle protein were up-regulated about
twofold (up-regulation range: 56–145%, Fig. 1B and C) 3 h
after induction of the T3SS under secreting vs. non-
secreting conditions (Fig. 1B and C). This ratio stayed
relatively constant over time (Fig. 1B and C).

Activation of the T3SS increases the intensity rather
than the number of injectisome foci

To test the effect on injectisome distribution in live bacteria,
we identified and analyzed the foci formed by EGFP-YscD,
YscV-mCherry and EGFP-YscQ. The fusion proteins
expressed from the native genetic background are stable
and functional (Diepold et al., 2010; Diepold et al., 2015)
and cover three different functional parts of the injecti-
some: the rings, the export apparatus and the cytosolic
components respectively. The number and intensities of
fluorescent foci in fluorescent Z-stacks were automatically
estimated using a simple routine based on geometry and
image statistics (Fig. 2A and Experimental Procedures).
We analyzed the functional labeled components under
secreting and non-secreting conditions (Fig. 2B). For all
tested components, the spots were 73 to 79% more
intense under secreting conditions, indicating a higher
number of subunits per spot (Fig. 2C). As previously sug-
gested for EGFP-YscQ (Diepold et al., 2010), the number
of spots changed less. The average number of detected
fluorescent spots per 1 μm of bacterial length was 3.8
under non-secreting and 4.9 under secreting conditions (a
statistically significant increase of 29%, P = 6e–5).

Cryo-ET of Y. enterocolitica injectisomes

Because the overall stoichiometry of each injectisome is
unlikely to change between non-secreting and secreting
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conditions, the results presented above suggest that fluo-
rescent foci can correspond to more than one injectisome.
Fluorescent foci that are located within ∼ 300 nm away
from each other cannot be spatially resolved because of
the diffraction limit (Heilemann, 2010). Localization of
single injectisomes is only made possible by imaging at the
nanometer scale resolution. Therefore, we analyzed the
distribution of Y. enterocolitica injectisomes and their inte-
gration within the bacterial cell envelope in detail by cryo-
ET. We imaged secreting and non-secreting regularly sized

Y. enterocolitica cells and previously described secreting
minicells (Kudryashev et al., 2013), where the injecti-
somes are more readily visualized. Injectisomes of simi-
larly prepared minicells of Salmonella typhimurium were
shown to be functional (Carleton et al., 2013). Minicells
studied by cryo-ET exhibited mostly spherical shapes of
∼ 250–350 nm radius in the imaging plane, while the wild-
type (wt) Yersinia bacteria showed elongated shapes of a
few micrometers in length and 600–800 nm in width. The
vertical dimensions of these cells on vitrified cryo electron

Fig. 1. Cellular protein levels of various injectisome components and the amount of needles are similarly influenced by extracellular calcium
levels and develop likewise over time.
A. Scheme of the injectisome structural components with the proteins marked according to the general Sct nomenclature (Hueck, 1998) as
well as the specific protein names in Yersinia, Shigella and Salmonella SPI-1.
B. Immunoblot time course analysis of protein amounts in the total cell fraction and in purified needles, under non-secreting conditions
(BHI + 5 mM of Ca2+, left side) and secreting conditions (BHI + 5 mM of EDTA, right side) at the indicated time after induction of the T3SS by
temperature shift to 37°. Asterisks denote unspecific bands in the immunoblot.
C. Quantitative analysis of expression levels based on immunoblot intensities. The 180 min value in secreting conditions has been set as
100%. Numbers indicate the increase in protein levels under secreting conditions vs. non-secreting conditions 180 min after induction of the
T3SS. Asterisks denote the statistical significance of the protein levels under both conditions for each given time point (*P < 0.05; **P < 0.01 in
a one-tailed, paired sample Student’s t-test). Open circles, non-secreting conditions; filled circles, secreting conditions. Measurements from
three to five independent experiments.
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microscopic grids are slightly thinner, because of the cell
flattening from the layer of vitreous ice, resulting in vertical
diameters of ∼ 200–300 nm for some minicells and 500–
700 nm for wt bacteria (Fig. 3). Injectisomes could be
clearly localized to the lateral edges of the bacteria in
tomographic 3D reconstructions (Fig. 3A and B). In con-
trast to conventional EM preparations (Kubori et al., 1998;
2000), the outer membranes were smooth and continuous
around the injectisome basal bodies (Fig. 3A and B) and
did not invaginate, similar to the recent cryo-visualizations
of the injectisomes of other bacteria (Kawamoto et al.,
2013; Nans et al., 2014; Pilhofer et al., 2014). The inner
membrane of the bacteria in the vicinity of injectisomes

looks smooth in the examined Yersinia cells as well as in
Salmonella (Kawamoto et al., 2013), while some of the
inner membranes around cryo-preserved Chlamydia, Sim-
kania and Parachlamydia injectisomes were invaginating
(Nans et al., 2014; Pilhofer et al., 2014). The basal bodies
of most of the injectisomes were traversing the bacterial
peptidoglycan layer ∼ 5 nm below the outer membrane
(Fig. 3B). Some bacteria showed two periplasmic layers
instead of one. These two layers were equally spaced
between the cytoplasmic and outer membranes (Fig. 3C),
and evoked previous observations for other Gram-
negative bacterial species (Hoffmann et al., 2008; Murphy
et al., 2008). In these cases, the top periplasmic layer was

Fig. 2. The intensity of injectisome foci is increased upon activation of the type III secretion system.
A. Image from single focal plane within a microscopy 3D stack with Yersinia enterocolitica expressing EGFP-YscQ from the native genetic
environment (top). Images from consecutive focal planes (top to bottom, d = 150 nm) with automatically detected foci marked with circles in
the slices corresponding to the middle of the fluorescent intensity (bottom). All the foci are detected in 3D. Scale bars: 1 μm.
B. Representative fluorescence microscopy images of strains expressing EGFP-YscD, YscV-mCherry and EGFP-YscQ from their native
genetic environment, under non-secreting conditions (top) and secreting conditions (bottom). Image width: 50 μm. Insets are three times
magnified.
C. Histograms representing the distribution of spot intensities of the bacterial constructs analyzed above. Per strain and condition, more than
2300 individual foci from more than 350 individual cells were analyzed. The Y axis represents the fraction of foci in an intensity bin (bin size:
8.3% of average intensity of spots under non-secreting conditions).
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traversed by the injectisome basal body at the level of
periplasmic domain of YscC multimer, while the second
layer was traversed close to the bacterial inner membrane
(Fig. 3C, inset).

Injectisome distribution on the surface of bacteria

By cryo-ET, we observed a tendency of injectisomes to
occur in pairs (Fig. 3B and C) and in larger groups
(Fig. 4A). Using coordinates of the injectisomes in tomo-
grams, we simulated fluorescent micrographs by reducing
the observable resolution to 300 nm. This resulted in
merging of the nearby injectisomes into foci that were well
distributed around the cell perimeter (Fig. 4B), similar to
the actual fluorescent images (Fig. 2A and B). Up to five
injectisomes were observed per one simulated focus
(i.e. third example from Fig. 4B). While in tomograms of
regular-sized bacteria under secreting conditions we
observed on average 6.2 injectisomes per tomogram
(n = 249), non-secreting bacteria had 3.3 injectisomes
(n = 14). Imaged secreting minicells showed on average
2.9 injectisomes (n = 141). The largest number of injecti-
somes that we observed was 28 per tomogram of one
regular-sized secreting cell. Statistical analysis of 1941
injectisome coordinates from 390 tomograms showed that
injectisomes had a tendency to cluster within distances
shorter than ∼100 nm to each other on the surface of the
bacteria in regular cells and in minicells (Fig. 4C). To test if
such a distribution pattern could arise by chance, we
modeled a random distribution of injectisomes on the
surface of hypothetical spherical cells, which are good
approximations for minicells. During the simulation, we
accounted for the imaging geometry of cryo-ET (see
Experimental procedures). The number of injectisomes per
cell was determined by analyzing the cryo-ET volumes
(above and Fig. 4). Injectisomes that were randomly dis-
tributed over the surface had a most probable value for a
distance of ∼ 400 nm (Fig. 4C, black), which was signifi-
cantly different from the situation observed for the data for
both WT and minicells of Yersinia (Fig. 4C, blue and red)

but similar to the values for non-secreting bacteria (Fig. 4C,
green graph). In the random distribution simulation, the
probability to find injectisomes within 100 nm to each other
was under 5%, whereas it was 21% for injectisomes
observed in minicells. On the other hand, a large fraction
of injectisome-to-injectisome distances tended to locate
‘as far as possible’ with an apparent secondary peak at
∼ 650 nm for minicells, which is similar to the minicell
diameter. This peak is missing for the regular-sized cells,
which are larger and less regular shaped. The presence of
this secondary peak may represent a tendency of injecti-
some clusters to localize farther away from each other and
more evenly spread across the membrane than to be
expected by chance.

Discussion

In this manuscript, we provide evidence that Y. enteroco-
litica injectisomes cluster within the bacterial membrane
and that the up-regulation of synthesis of injectisome
components upon activation of the system leads to an
increase in the number of injectisomes per cluster, rather
than in the number of clusters per bacterium.

The number of injectisomes observed by cryo-ET under-
estimates the real value by a factor of about two, because
of the missing wedge problem in electron tomography
(Lucic et al., 2005), which renders the injectisomes on the
top and bottom membranes of bacteria hard to visualize.
Regular-sized bacteria could not be fully imaged with
cryo-ET at the desired magnification. The field of view of
our tomograms is ∼ 1.5 × 1.5 μm2. Because of shifts
between the images during tomographic data collection,
some of the volume close to the edges of the tomogram is
not usable. Thus, our estimate of the effective length of an
imaged bacterium in a tomogram is 1 μm. This suggests
the presence of around two and a half injectisomes per
fluorescent spot (6.2 injectisomes per tomogram * 2
underestimation factor / 1 μm of bacterial length per tomo-
gram / 4.9 average foci per 1 μm of length = 2.5 injecti-
somes per spot) on average under secreting conditions,

Fig. 3. In situ visualization of the Yersinia
enterocolitica injectisomes.
A. A 20 nm thick section through a
cryo-electron tomogram of a regular-sized
Y. enterocolitica cell. Black arrows indicate
injectisomes. Scale bar: 300 nm.
B. Typical single and paired injectisomes. Box
size: 200 nm.
C. A 30 nm thick section through a tomogram
of a regular-sized Y. enterocolitica cell
showing two periplasmic layers (white
arrowheads). Scale bar: 100 nm; inset: paired
injectisomes traversing two periplasmic layers.
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while the observed maximum is five injectisomes per focus.
Because a fraction of needles might have been lost during
sample handling for EM preparation, this value represents
the lower boundary of our estimation.

There may be several mechanisms of regulation of
injectisome clustering. First, the assembly of new injecti-
somes may be restricted to defined places in the mem-
branes. The secretin YscC is the first protein to assemble
within the bacterial membranes (Diepold et al., 2010) and
penetrates the peptidoglycan layer. While in other T3SSs,
dedicated lytic transglycosylases encoded in the respec-
tive pathogenicity islands can locally degrade the peptido-
glycan to allow for insertion of the secretin (Koraimann,
2003). Yersinia does not have such an enzyme and inte-
gration of new injectisomes may therefore be restricted to
sites of peptidoglycan remodeling. Another option is that
the integration site of the secretin into the peptidoglycan
layer is determined by the localization of its pilotin protein
(YscW in Yersinia), a lipoprotein that is required for the
oligomerization and correct localization of YscC (Koster
et al., 1997; Burghout et al., 2004a,b). To our knowledge,
cellular distribution of YscW has not been investigated.
Finally, it is possible that injectisomes exert a physical force
onto the membranes that would favor closer localization of
the molecular complexes spanning them. We have previ-
ously shown that injectisomes in situ show a ∼ 40% elon-
gation compared with their isolated versions (Kudryashev
et al., 2013), indicating that in situ, the injectisomes may
exert a pulling force on the outer and inner membranes to
bring those membranes closer together. Injectisomes in
cluster formation would distribute the required force,
making the cluster arrangement energetically more favora-
ble. Such energy minimization lends to a simple physical
explanation for cluster formation, implying that injecti-
somes move after synthesis laterally into the vicinity of
other injectisomes, thereby forming clusters. Interestingly,
injectisomes in Chlamydia trachomatis cluster on one pole
of the cell, enabling multiple contacts to the host cell (Nans
et al., 2014). However, Y. enterocolitica has multiple clus-
ters of injectisomes potentially maximizing the chance of
injectisome contact to the host cell. The exact mechanism
of clustering may be a combination of the mentioned
biophysical and cell biological contributions.

Our results suggest that the up-regulation of synthesis
of injectisome subunits upon activation of the T3SS
occurs rather uniformly for all components. Importantly,
they also show that this up-regulation results in a higher
number of injectisomes per cluster (which is increased by
73–79%), while the increase in the number of cluster foci
is less pronounced (29% on average). This suggests that
new injectisomes are preferentially located close to the
existing ones. The 75% increase is in qualitative agree-
ment with the 88% increase of the number of injectisomes
per cell detected by cryo-ET (6.2 vs. 3.3 injectisomes per
cell). Injectisomes translocate effector proteins into host
cells. This translocation occurs surprisingly quickly after
contact to the host cell is established. In Salmonella, it has
been shown that effectors are translocated with a rate of

Fig. 4. Non-random distribution of injectisomes on the surface of
Yersinia enterocolitica cells.
A. Volume-rendered representations of two round Y. enterocolitica
cells (left: incidental small wild-type cell; right: a minicell) with
cytoplasm in yellow, bacterial outer membrane in blue and
injectisomes in red. Clusters of the injectisomes are marked with
dashed black circles. The larger cell was shown previously
(Kudryashev et al., 2013).
B. Top: Sketch of injectisome distribution for five bacteria detected
from cryo-ET. Cell edge is marked by white ellipses; injectisomes
are marked with red circles. Bottom: Light microscopic image
simulated from the top panel by limiting the resolution to 300 nm.
Numbers represent the number of injectisomes identified by
cryo-ET (top) and number of foci in a slice of the simulated light
microscopy image (bottom). Box size: 2.5 μm.
C. Frequencies of encounter of the pair distances between the
injectisomes as measured from tomograms (green, blue and red
lines). Black line: From simulation assuming random distribution of
injectisomes with the same number of injectisome per cell.
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up to a thousand molecules per minute (Schlumberger
et al., 2005) and that the complete cytosolic pool of an
effector was translocated within a few minutes. Presum-
ably, such a fast translocation leads to a strong response,
thereby minimizing the risk of the bacteria being detected
and attacked by the immune system. The clustering of
injectisomes shown in our study provides a possible
mechanism to increase translocation rates. All injecti-
somes within a cluster are probably in contact with the
host cell simultaneously, translocating effectors in parallel.
On the other hand, the regularly spaced distribution of
injectisome foci across the cell maximizes the chance that
such a contact with the target cell can be established. If
these two factors – increasing the probability of cell
contact and translocation vs. increasing the translocation
rates – indeed govern injectisome clustering, different
bacterial species that employ the T3SS in different ways
should display various degrees of clustering, ranging from
low clustering in bacteria that do not require high translo-
cation rates to strong clustering in species that rely on fast
translocation of effectors. Studying the number and distri-
bution of injectisomes in different species might therefore
yield valuable insights into how different bacteria employ
the same tool, their type III secretion injectisome.

Experimental procedures

Bacterial strains

All used bacterial strains are described in Supporting Infor-
mation Table S1. Y. enterocolitica IML421asd (Kudryashev
et al., 2013) is a multi-effector knockout biosafety level 1
derivative of Y. enterocolitica E40 (Sory et al., 1995). Bacteria
were routinely grown at 25°C in brain heart infusion (BHI)
containing nalidixic acid (35 μg ml−1). To allow growth of asd
mutant strains, the medium was supplemented with meso-
diaminopimelic acid (mDAP) (50 μg ml−1).

Y. enterocolitica cultures for type III secretion and
microscopy analysis

Cultures were inoculated at an optical density (OD600) of
0.12–0.2 in BHI broth either supplemented with 5 mM of CaCl2
and filtered through a 0.45 μm filter tip (non-secreting condi-
tions) or 5 mM of EDTA (secreting conditions), containing
glycerol (4 mg ml−1 = 43.5 mM), MgCl2 (20 mM), nalidixic acid
(35 μg ml−1 = 0.138 mM) and mDAP (50 μg ml−1 = 0.263 mM).
After 90–120 min of growth at 25°C, induction of the yop
regulon was performed by shifting the culture to 37° (Cornelis
et al., 1987). Unless stated otherwise, cells were incubated at
37°C for 2 h (for cryo-ET) or 3 h (for all other analyses).

Quantification of protein expression levels

Immunoblots for the time course analysis were performed
as described in Diepold et al. (2011) using total cellular

protein of 0.3 ODu600nm of bacteria. Immunoblots were
imaged digitally on a G:Box XX6 (Syngene, Cambridge,
UK) and subsequently quantified using ImageJ (NIH, http://
imagej.nih.gov/ij/). The signal intensity of the region around
the respective protein size in each lane of the immunoblot
was normalized, using the background intensity of the
immunoblot and the value 180 min after induction of the
T3SS under secreting conditions as lower and upper
boundaries. The statistical significance of the differences
between proteins levels under secreting and non-secreting
conditions was determined using a paired one-tailed t-test.

Fluorescence microscopy

For fluorescence imaging, about 2 μl of bacterial culture was
placed on a microscope slide layered with a pad of 2%
agarose in Phosphate buffered saline (PBS). A Deltavision
Spectris optical sectioning microscope (Applied Precision,
Issaquah, WA, USA) equipped with a UPlanSApo 100×/1.40
oil objective (Olympus, Tokyo, Japan) and a coolSNAP HQ
CCD camera (Photometrics, Tucson, AZ, USA) was used to
take differential interference contrast (DIC) and fluorescence
photomicrographs.

For fluorophore visualization, either the GFP/hsGFP filter
set (Ex 475/28 nm, Em 522/44 nm) or the mCherry/hsCherry
filter set (Ex 575/25 nm, Em 634/63 nm) was used. DIC
frames were taken with 0.05 s and fluorescence frames with
1.0 s exposure time. Per image, a Z-stack containing 15
frames per wavelength with a spacing of 150 nm was
acquired. The stacks were deconvolved using softWoRx 5.5
with standard settings (Applied Precision). A representative
DIC frame and the corresponding fluorescence frame
were selected and further processed with the ImageJ soft-
ware. Downstream analysis was performed on the non-
deconvolved raw data.

Automated fluorescent spots counting

Spot counting was performed in Matlab, supported by the
electron tomography-related Dynamo toolbox (Castano-Diez
et al., 2012) (http://dynamo-em.org/). The idea behind spot
detection is separating the high-intensity spots from the
cytosolic background using image statistics. First, for every
bacterium in the Z-stacks stacks, two tips of the cell were
manually selected (in the fluorescent channel). Fluorescence
intensities for single bacteria were extracted from Z-stacks,
the voxel values outside of the bacterium were masked out
and the brightest voxels were found. The vicinity of the
brightest spot was further erased with a Gaussian smoothed
blur after which the next brightest voxel was found in the
loop. The procedure was stopped when the intensity of the
brightest spot was below average+5*standard_deviation of
the voxels for the entire stack. For each spot, we extracted
the average value in the sphere of three-pixel (304 nm)
radius around the brightest voxel. A Matlab script can be
found in Supporting Information Appendix S1. Per strain and
condition, more than 2300 spots from more than 350 indi-
vidual cells were analyzed. The intensity of each individual
spot was corrected for the extracellular background, and
intensities under secreting and non-secreting conditions
were compared.
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Sample preparation for cryo-ET

Bacterial cultures were gently spun at 300 g for 5 min and
bacteria were washed with PBS to a final volume of 20 μl to
which 1 μl of 10 nm beads gold was added as markers for
further 3D reconstruction. Three microliters of solution was
deposited on Quantifoil grids (Quantifoil Micro Tools GmbH,
Jena, Germany) with 3.5 μm holes separated by 1 μm carbon
film (3.5/1) and were plunge frozen into liquid ethane cooled
down to liquid nitrogen temperature with FEI Vitrobot MK4.

Cryo-ET

For imaging of regular-sized Y. enterocolitica cells, we used
focal pair tomography (Kudryashev et al., 2012): two tomo-
grams were acquired for each imaged bacteria first with
underfocus of 2 μm (‘low defocus’) followed by 15 μm (‘high
defocus’), using the FEI batch tomography tool on an FEI
Titan Krios equipped with a Tridem Gatan Image Filter (GIF)
and US1000 post-GIF Charge Coupled Device (CCD). The
total dose used for each tomogram was kept below 10 k
electrons nm−2, aiming at an angular coverage of 120° in 41
steps of 3°. Yersinia minicells were imaged with the nominal
underfocus of 6 μm with 2-degree angular step and the
electron dose kept under 15 k electrons nm−2. The pixel size
was 0.74 nm. Tilt series were aligned using gold marker
fiducials using Etomo (Kremer et al., 1996) and recon-
structed by weighted back projection using Dynamo scripts
(Castano-Diez et al., 2012). Tomograms with poor alignment
parameters were discarded; a total of 249 tomograms of
regular-sized cells and 141 tomograms of minicells in
secreting state and 14 tomograms from non-secreting bac-
teria were used. In the mentioned datasets, we detected
1510, 410 and 46 injectisomes correspondingly. Volume-
rendered visualizations were produced semi-automatically
with Amira (http://www.amira.com).

Distance distribution simulation

For the graph for Fig. 4C, we simulated distances between
randomly distributed injectisomes on the surface of a hypo-
thetical bacteria. The idea is placing injectisomes on a surface
of spheres in a random position; the number of placed injecti-
somes per sphere is taken from the real observed data. The
radii of the spheres were 350 nm, resembling the radius at the
tip of a bacterium. Simulating two angles with radial angle
ranging from 0° to 360°, and azimuthal angles ranging from
−60° to 60°. Limiting azimuthal angles was performed to
simulate the lower detection probability at the top and bottom
of minicells due to the missing wedge problem. Azimuthal
angles were limited to the range of −60° to 60° to simulate the
lower detection probability at the top and bottom of minicells
because of the missing wedge problem. Regular Euclidean
distances between the injectisomes were measured from
these generated positions. The simulation was performed
1000 times and the average values are presented.
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