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Summary
A class of bacterial nanomachines, known as contractile injection systems,
has been found to mediate cell-cell interactions in pathogenicity, competition
between bacterial species, cooperation within the same species and symbiotic
relationships with eukaryotic organisms. The complexity and size of these
systems renders their structural determination by conventional means difficult.
Electron cryo-tomography, however, has the power to solve the structure of such
large macromolecules embedded in their native cellular context.
One main limitation of electron cryo-tomography is its restriction to thin
samples, such as the edges of eukaryotic cells or small bacteria. Larger samples
require a thinning preparation step prior to imaging. Cryo-focused ion beam
milling was recently proposed as a sample thinning method with major
advantages over conventional cryo-sectioning approaches. Nevertheless, all
published protocols to date relied on customized equipment and failed to agree
on the optimal settings for each step.
This thesis reports the implementation of a new robust cryo-focused ion
beam milling workflow (chapters 2 and 3) that does not require custom-made
hardware and can routinely produce high quality samples for electron cryotomography. All technical details and operational parameters are shared to
facilitate its dissemination and proof-of-concept data is shown for various model
organisms.
A second goal of this thesis was to apply the developed methods to advance
our understanding of cell-cell interactions mediated by bacterial contractile
injection systems. By milling a eukaryotic host while infected with a bacterial
symbiont, it was possible to show the in situ structure of a novel contractile
injection system (chapter 4), as well as establish its role in mediating bacterial
escape from the phagosome. We then used subtomogram averaging to recover a
medium resolution reconstruction of the injection system in its extended and
contracted state, allowing for a detailed analysis of its novel structural
components.
A marine bacteria species and a tubeworm larva shared another previously
known cell-cell interaction of interest. Earlier work showed that these bacteria
produced arrays of contractile injection structures that served as a cue to induce
1

the metamorphosis of the larvae into their adult state. However, it was unclear
whether this mechanism depended on any effector or mechanical action. By
studying these metamorphosis associated contractile arrays by tomography
(chapter 5), it was possible to link a proteinaceous effector to the inducement of
metamorphosis in marine organisms for the first time. This study also showed
the packing of effector molecules into the lumen of the inner tube, opening the
possibility for engineering a delivery system in the future.
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Zusammenfassung
Eine

Klasse

bakterieller

Injektionssysteme,

wurde

als

Nanomaschinen,

bekannt

Vermittler

Zell-Zell-Interaktionen

von

als

kontraktile
in

Pathogenität, Wettbewerb zwischen bakteriellen Spezies, Kooperation innerhalb
derselben Spezies und symbiotischen Beziehungen mit eukaryotischen
Organismen, beschrieben. Die Komplexität und Größe dieser makromolekularen
Systeme erschwert die Bestimmung ihrer Struktur mit konventionellen
Methoden. Kryo-Elektronentomographie, hingegen, ermöglicht die Bestimmung
der Strukturen von solch großen Makromolekülen umhüllt von ihrer natürlichen,
zellulären Umgebung.
Eine Hauptlimitierung für Kryo-Tomographie ist die Beschränkung auf
dünne Proben, wie die Ränder von eukaryotischen Zellen oder kleine Bakterien.
Größere Proben benötigen zunächst einen Dünnungsschritt vor der Abbildung
durch Elektronenmikroskopie. Ein fokussierter Ionenstrahl unter KryoBedingungen wurde vor Kurzem als eine Methode zur Probendünnung
vorgeschlagen,

die

große

Vorteilen

gegenüber

konventionellen

Kryo-

Ultradünnschnittmethoden aufweist. Dennoch setzen alle zuvor publizierten
Protokolle spezialangefertigte Komponenten voraus und können sich nicht auf
optimale Einstellungen für jeden Schritt einigen.
Diese Arbeit berichtet die Implementierung eines neuen, robusten
Arbeitsablaufes für die Nutzung eines fokussierten Ionenstrahls unter KryoBedingungen

zur

Probendünnung

(Kapitel

2

und

3),

der

keine

spezialangefertigten Komponenten verwendet und regelmäßig qualitativ
hochwertige

Proben

für

Kryo-Elektronentomographie

produziert.

Alle

technischen Details und Operationsparameter wurden veröffentlicht, um die
Verbreitung der Methode zu ermöglichen, und erste Ergebnisse für eine Reihe
von Modellorganismen wurden gezeigt.
Ein zweites Ziel dieser Arbeit war es die entwickelten Methoden
anzuwenden, um unser Verständnis von Zell-Zell-Interaktionen, vermittelt durch
bakterielle, kontraktile Injektionssysteme, zu fördern. Durch die Dünnung eines
eukaryotischen Wirtes, infiziert mit einem bakteriellen Symbionten, war es
möglich, die In-Situ-Struktur eines neuartigen, kontraktilen Injektionssystems
(Kapitel 4) und dessen Rolle im Ausbruch des Bakteriums aus dem Phagosom zu
zeigen. Wir verwendeten anschließend „Subtomogram averaging“, um eine
Rekonstruktion mittlerer Auflösung des Injektionssystems in dessen längeren
3

und kontrahierten Zustand zu erhalten, was die detaillierte Analyse neuer
struktureller Komponenten ermöglichte.
Ein Meeresbakterium und ein Kalkröhrenwurm teilen eine weitere
interessante, zuvor bekannte Zell-Zell-Interaktion. Eine vorangegangene Arbeit
hat gezeigt, dass diese Bakterien Komplexe aus kontraktilen Injektionssystemen
produzieren, die als Signal zur Induktion der Metamorphose der Wurmlarven zu
ihrer

ausgewachsenen

Form

Metamorphose-assoziierten

dienen.

kontraktilen

Durch

die

Komplexe

Untersuchung
durch

dieser

Tomographie

(Kapitel 5), war es möglich zum ersten Mal einen Proteineffektor mit der
Induktion der Metamorphose eines Meeresorganismus zu verbinden. Diese
Studie gab zusätzlich Hinweise auf die Ladung des Effektors in das Lumen der
inneren Röhre, was das Design einer neuen Verabreichungsform in der Zukunft
ermöglichen könnte.
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1 Introduction
1.1 Bacterial cell biology
Bacteria are traditionally defined by a lack of internal membranes and
specialized

subcellular

compartments

(Woese

and

Fox,

1977).

This

characterization was inherited from the earlier Prokaryota description and
considered as the opposite of eukaryotic cells, where specialized processes occur
in internal membrane bound organelles. The differences in intracellular space
arrangement led to a simplified view of the compartmentalized eukaryotic cell
interior as organized, and of bacteria as mere casings holding together a
disordered cytoplasm of molecules and biological compounds (Figure 1.1).

Figure 1.1 - Textbook illustration of a eukaryotic and a bacterial cell. A eukaryotic animal cell is known
to have organelles subdividing its cytoplasm for specialized processes. By comparison, bacterial cells are
typically depicted as devoid of any intracellular organization, a view that is no longer considered accurate.
Reprinted with permission from Encyclopædia Britannica, Illustration, Encyclopædia Britannica Online,
Web, 24 May, 2018, <https://www.britannica.com/science/bacteria?oasmId=129671>
& <https://www.britannica.com/science/cell-biology?oasmId=112877>

This crude definition of bacteria is now seen as outdated (Alberts, 1998).
The continuous improvement of imaging techniques such as light and electron
microscopy allowed for a more detailed characterization of bacterial cellular
architecture. These efforts revealed interesting bacterial strategies to cope and
interact with complex environments, such as enclosing metabolic pathways that
benefit from being isolated from the cytoplasm in a selectively permeable
proteinaceous shell, akin to the eukaryotic organelles. Known as bacterial
microcompartments, these structures are found in several bacteria species,
including all known cyanobacteria, and provide a regulated environment inside
the cell where potentially toxic reactions can safely happen (Kerfeld et al., 2018).
Bacteria were also revealed to have cytoskeletal elements, another feature
5

previously attributed only to eukaryotic cells. Some of these proteins are
homologs of their eukaryotic counterparts and are involved in regulating the cell
shape, directing cellular division, separating DNA prior to cell division and
arranging the internal distribution of cytoplasmic structures (Cabeen and JacobsWagner, 2010; Fink et al., 2016; Pilhofer and Jensen, 2013). Further insights into
internal organization showed that bacteria are capable of localizing proteins and
molecular assemblies at specific cellular sites, sometimes in a dynamic state of
flux according to cellular needs. As examples, the proteins responsible for the
membrane associated ring during cell division are recruited to the center of the
cell to ensure a balanced distribution of the components from the mother to the
daughter cells, while the machinery associated with sporulation or cellular
motion, such as the chemoreceptor arrays and flagella macromolecular
complexes, are typically allocated to the cell poles (Briegel et al., 2014; Rudner
and Losick, 2010). This capability to establish cell polarity enables complex
behaviors such as asymmetric cell division. In sporulation, this allows for the
creation of the spore, a resilient structure designed to survive severe nutritional
stress (Errington, 2003; Tocheva et al., 2011), while in the Caulobacter crescentus
cell cycle it leads to the generation of two morphologically and functionally
distinct cells from a common progenitor (Skerker and Laub, 2004). Asymmetry
also plays a role in chemotaxis, where environmental cues are sensed by the
chemoreceptor arrays that in turn start a metabolic cascade that regulates the
action of the flagella. Bacteria can then react to the presence of a toxic compound
by moving away from it or to a nutrient source by approaching it (Briegel et al.,
2014; Hazelbauer et al., 2008).
The definition of bacterial cell has matured by incorporating these and other
equally notable bacterial cell biology studies. Nowadays, the domain Bacteria is
known to host an array of organisms that exhibit behaviors previously attributed
only to higher order systems, engage in complex interactions with neighboring
cells and influence the surrounding environment.
1.1.1 Bacterial interactions
In order to cope with complex ecosystems, bacteria have evolved several
methods to sense the surrounding environment and alter their behavior
according to chemical, thermal, mechanical, electric and magnetic cues.
Temperature can influence the expression of virulence factors in some
pathogenic bacteria, effectively controlling the interaction between the invading
pathogen and the host. Mammalian pathogens sense the raise in external
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temperature to 37°C, while plant and insect pathogens are tuned to look for
lower temperatures. The bacterial invasion relevant pathways are then
regulated by these temperature changes at the DNA, RNA and protein levels
(Lam et al., 2014). An unknown mechanism also seems to be involved in the
regulation of pathogenicity by external mechanical forces. Surface adhesion and
shear stress can lead to calcium concentration fluctuations inside the cell, which
in the end manifests as an increased production of virulence factors due to the
mechanical environment (Bruni et al., 2017). Recently, a potassium ion-signaling
pathway was identified as important for bacterial growth. While this type of
electric signal is more commonly associated with neuronal activity, bacteria are
employing it for long-range communication within bacterial communities
(Prindle et al., 2015). Magnetotaxis, or the ability to sense magnetic fields and
move along their lines, was identified in bacteria that carry magnetosomes,
chains of small crystals of magnetic iron compounds. By orienting themselves
along the lines of the earth magnetic field, bacteria can narrow down the search
for ideal conditions from a 3D exploration to a hunt along a vector (Yan et al.,
2012).
While all of these types of signals are important for how bacteria behave in
their natural niche, chemical-based interactions have been studied more
thoroughly than the above-mentioned cues. In these exchanges, bacteria produce
and release a number of compounds ranging from small molecules to large
proteinaceous complexes, in order to have an effect on other cells. This chemical
communication strategy is responsible for coordinating social behaviors such as
cooperation within a population of bacteria (Keller and Surette, 2006). Quorum
sensing, an advanced form of cooperation, is based on the production of
signaling molecules called autoinducers. Some bacteria constitutively express
these molecules, while also sensing for their concentration on the surrounding
media. When the number of bacteria increases, so does the concentration of
autoinducers, to a point where it crosses a threshold of activation for pathways
that benefit from being expressed in a large community of cells. Effectively,
bacteria can sense when their density is high enough to successfully start
complex processes such as bioluminescence, cell differentiation, production of
virulence factors or antibiotics, and biofilm formation (Figure 1.2A) (Rutherford
and Bassler, 2012). In another form of cooperation, cells can produce goods that
are beneficial for the larger community at the expense of the individual energy
budget. These public goods can be as varied as iron-scavenging compounds
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(siderophores), exopolysaccharides for biofilm formation, toxins for cell
protection or targeted attacks, or antibiotics (West et al., 2007).

Figure 1.2 - Bacterial chemical communication. Bacteria secrete and respond to several chemical cues to
communicate between cells. (A) The concentration of quorum-sensing molecules in the surrounding
medium helps to coordinate efforts. (B) By secreting vesicles loaded with antibiotics as well as signaling
molecules, Pseudomonas aeruginosa cells can selectively benefit sister cells in detriment of other species. (C)
Quorum-sensing mechanisms are vulnerable to interference by counter-warfare quorum quenching
molecules. (D) Chemical signaling is used for interactions across kingdoms of life, with the system depicted
recognizing the host cell and inducing the bacterial pathways leading to its lysis. Reprinted from Cell,
Volume 125, Issue 2, Bassler and Losick, Bacterially Speaking, 237-246, Copyright (2006), with permission
from Elsevier.

Membrane vesicles play an important role in the transport and delivery of
various types of cargo (Figure 1.2B), effectively regulating microbial interactions
by trafficking signal molecules across the surrounding media (Toyofuku et al.,
2017). Some bacterial species tailor the producing, secreting and sensing
pathways to recognize close relatives, effectively providing an advantage to
those of kin and avoiding benefiting unrelated opportunistic species (Figure
1.2B).
Several bacterial species can also engage in complex relationships with
eukaryotic cells or organisms (Figure 1.2D). The co-evolution of the bacteria and
eukaryotes sharing these interactions reinforced the ability of each party to
sense for cues and signals from their partner (mutualistic relationship) or target
(pathogenic relationship) (Dudler and Eberl, 2006). In the case of nitrogen fixing
bacteria associated with leguminous plants, the host is known to be able to check
and control the symbiotic population to exclude non-fixing cheater cells (Kiers et
al., 2003). For pathogenic bacteria, molecular effectors are secreted in order to
adversely affect the host system. In Pseudomonas aeruginosa, the quorum
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sensing-related autoinducers themselves were found to have deleterious effects
on host cells, leading to cell death (Tateda et al., 2003).
Bacterial interactions that are mediated by chemical signals rely on the
release of the relevant cues (proteins, nucleic acids, autoinducers, toxins,
enzymes and glycoproteins) into the surrounding media, where they can act
upon or are taken up by their intended targets. This cargo discharge can be
mediated by membrane vesicles or by dedicated secretion systems (Ghosal,
2017).
1.1.2 Secretion systems
Bacterial secretion systems are specialized macromolecular machines that
translocate proteins from the cytoplasm to other compartments, such as the
periplasm, to the outside environment, or directly into target bacterial or
eukaryotic cells. The transportation of proteins can serve a variety of different
cellular functions, and secretion systems can be found in the majority of bacterial
species. The specificity for the proteins to be transferred and mode of action of
the different secretion systems varies between them, as well as their distribution
among the domain. Most bacteria express a common system capable of
transporting several proteins. However, other systems specialized in a limited
number of effectors can also be found, albeit more sparsely (Green and Mecsas,
2016). Effectors can be defined as small molecules or proteins that are secreted
by bacteria in order to have an outcome on an intended target. These include the
chemical cues that bacteria use to communicate and interact with their
environment.
The bacterial membranes and the peptidoglycan cell wall stand as the major
barriers that secretion systems have to overcome. Depending on the type of
system, the nanomachine has to transport the cargo across one to three different
membranes. Crossing three membranes is necessary in the case of gram-negative
specific systems designed to deliver the proteins into a different cell. The
cytoplasmic membrane is a common feature to all cells and the secretion
pathways that specialize in crossing this membrane are found in both grampositive and gram-negative bacteria. These are known as the general secretion
system (Sec) and the twin arginine translocation pathway (Tat) (Figure 1.3)
(Natale et al., 2008). These systems are composed of different proteins working
together, usually encompassing a targeting molecule, a molecular motor to
provide energy for the translocation and a membrane-spanning channel for the
transported proteins to pass through. The main functional difference between
9

Sec and Tat is that Sec specializes in carrying unfolded proteins, being able to
deliver them either to the periplasm or the cytoplasmic membrane itself (Green
and Mecsas, 2016), whereas the Tat system is dedicated to transporting
previously folded proteins (Robinson and Bolhuis, 2004).

Figure 1.3 - Gram-positive secretion systems. The Tat and Sec pathways are present in both grampositive and gram-negative cells. The complete structure and architecture of both the cholesteroldependent cytolysin complex (CDC) and the mycomembrane section of type VII are not known. The CDC
complex is expected to deliver effectors directly onto the target cytoplasm while the type VII is likely to
have specialized in overcoming the Mycobacteria extra layer.

Gram-positive and gram-negative cells have different approaches to protein
secretion due to the difference in the number of membranes and in the structure
of the cell wall. One of the systems specific for gram-positive cells are the sortase
enzymes, a family of compounds that can act alone or in association with other
enzymes to anchor proteins translocated by the Sec system to the thick cell wall.
Since gram-positive bacteria have only one membrane and a comparatively thick
cell wall, these enzymes help shape the outermost layer of the bacterial cell,
decorating it with proteins and macromolecular structures important for host
infection, such as pili (Hendrickx et al., 2011). Proteins can also reach the
surrounding environment by diffusion through the cell wall after secretion by
Sec or Tat. Certain species express an outer lipid layer called mycomembrane, an
extra barrier to secretion that is bypassed by the Type VII secretion system
(T7SS). This complex of several proteins is thought to form a channel through
the cell membrane with another potential channel at the mycomembrane level
(Figure 1.3) (Houben et al., 2014). Another system is presumed to inject the
respective proteins directly into the target cell. The cholesterol-dependent
cytolysin complex (CDC) makes use of the Sec pathway to transport pore forming
proteins and the cargo through the cell membrane. When in close proximity to a
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eukaryotic cell, the pore forming proteins insert themselves on the target
membrane, allowing the cargo to invade the host (Figure 1.3) (Madden et al.,
2001).
Gram-negative cells are host to a larger number of specialized secretion
systems numbered from Type I secretion system (T1SS) to Type IX (T9SS)
(Figure 1.4). The double membrane conformation of this type of cells requires
specific adaptations for protein translocation, with proteins being exported from
the cell in either one or two-step mechanisms. T1SSs are a tripartite assembly
consisting of an outer membrane pore, an inner membrane and periplasm
channel and an ABC transporter like domain that is responsible for target
recognition and generation of energy for the transport of unfolded proteins
(Thomas et al., 2014). T1SS translocation happens in one step and is associated
with the export of virulence factors in several pathogenic strains. In contrast, the
type II secretion system (T2SS) is responsible for moving folded periplasmic
proteins after previous secretion from the cytoplasm by the Sec or Tat system.
T2SSs are composed of a single channel in the outer membrane that connects to
an inner membrane complex, a cytoplasmic energy generating ATPase and a
pseudopilus structure thought to be responsible for pushing the cargo through
the channel (Korotkov et al., 2012). The type III secretion system (T3SS) is
evolutionary related to the flagellar apparatus. It is composed of an extracellular
needle, a basal body spanning the periplasm and both membranes, an inner
membrane associated export assembly and a cytoplasmic sorting platform.
Effector proteins are translocated unfolded through the hollow needle, being
delivered directly onto other cells by a pore formed by the needle tip proteins, or
into the extracellular space. The effectors delivered by the T3SS are important
for some symbiotic relationships and for pathogenicity (Galán and Waksman,
2018). Whereas the T3SS is related to flagella, the type IV secretion system
(T4SS) shares a commonality with the bacterial DNA conjugation structures. As
such, T4SSs are used for DNA delivery and uptake along with effector protein
translocation. Structurally, it is composed of an outer membrane associated core
complex, an inner membrane complex and an extracellular pilus responsible for
attachment to the host cell. T4SSs are thought to be able to export DNA and
effectors directly into the targeted cells (Galán and Waksman, 2018). While all
previous gram-negative secretion systems spanned both membranes, type V
secretion systems are localized to the outer membrane, relying on the Sec and
Tat system for periplasmic delivery. Another peculiarity is the presence of
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autotransporter domains, enabling the effector proteins to secrete themselves by
forming the outer membrane channel (van Ulsen et al., 2014).

Figure 1.4 - Gram-negative secretion systems. Protein secretion in gram-negative bacteria occurs in
either one or two-step procedures. Types II, V and IX require previous inner membrane translocation by
either Sec or Tat systems, whereas Types III, IV and VI evolved to directly deliver their payload into the host
cellular interior, bypassing 3 different membranes.

Another secretion system was identified when molecular biology and
biochemistry studies recognized a virulence associated gene cluster in a quarter
of all gram-negative bacteria. This new structure was named type VI secretion
system (T6SS) and was found to translocate effectors directly into target
eukaryotic or bacterial cells in a contact-dependent process. Its mode of action
was discovered to be unique in all secretion systems and will be explained in
detail in the following chapter 1.2.2. Succinctly, it employs the contraction of a
sheath assembly to propel a spike-capped inner tube into the target cell for
effector delivery. This spear gun-like structure rests in the cytoplasm and is
anchored to the inner membrane by a baseplate connected to a transenvelope
complex (Basler et al., 2012; Basler, 2015). Despite being described only
recently, the T6SS field of study has grown significantly due to the novelty of this
dynamic assembly combined with its crucial role in pathogenicity and intrabacterial competition.
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In contrast, both the type VIII secretion system (T8SS) and the type IX
secretion system (T9SS) are poorly described. The T8SS is defined as the outer
membrane bound extracellular nucleation-precipitation pathway used for
assembling curli (Desvaux et al., 2009). Similarly, the T9SS translocon complex
sits on the outer membrane and relies on the Sec system to transfer the proteins
of interest from the cytoplasm to the periplasm (Lasica et al., 2017).
Secretion systems play a crucial role in the biology of bacterial cells, as they
deliver the molecules that regulate bacterial interaction with the surrounding
environment. Mechanistically, the T6SS dynamic mode of action is quite
remarkable from the structural, evolutionary and functional point of view. Other
examples of similar contractile nanomachines can be found in bacteria, and
although they all mimic the bacteriophage-like tail contraction mechanism, their
targets and payload delivery strategies are quite diverse and very interesting
from a scientific point of view.

1.2 Contractile injection systems
The contractile injection mechanism was first described for certain types of
bacteriophages. Among the viruses that specifically invade bacteria, the majority
belongs to the tailed virus order, and a quarter of these to the contractile tailed
virus family (Myoviridae). A typical virus from this family is composed of a
hollow proteinaceous head filled with the phage DNA, a tail complex comprised
of the outer contractile sheath assembly and an inner hollow tube, and the
baseplate (Figure 1.5). The long and the short tail fibers are connected to the
baseplate and are necessary for target identification and initiation of the
contraction, respectively (Kube and Wendler, 2015). Upon recognition and
attachment to specific bacterial outer membrane markers by the tips of the long
tail fibers, the phage is drawn closer to the host envelope. When the short tail
fibers contact the cellular surface, a conformational change is triggered, leading
to the rearrangement of the baseplate. The conformational change opens a
channel in the baseplate and propagates through the sheath, where the subunits
rearrange themselves into a wider and shorter cylinder. Since the tube is still
closely associated with the sheath on the distal end of the baseplate, the
contraction effectively drives the tube through the baseplate and into the target
cell. The tube is capped with a spike-like protein complex and the phage is well
anchored into the target outer membrane, and so the bacterial membranes are
mechanically pierced and the DNA from the phage head is injected into the cell
13

(Figure 1.5). The phage then replicates in the cytoplasm and hijacks the cell
protein production machinery to produce new phages and propagate the
infection (Leiman et al., 2010).

Figure 1.5 - Structure of a contractile bacteriophage. The DNA injection event relies on the contraction
of the outer sheath driving the expulsion of the inner tube. This piston-like action is mimicked by other
bacterial structures belonging to the contractile injection systems class.

The mechanism of sheath rearrangement and inner tube expelling is shared
by all bacterial contractile injection systems (CISs). Both the baseplate complex
and the spike-like tip assembly are also generally conserved among CISs (Figure
1.6). By relying on a physical piercing action, these systems are capable of getting
through target membranes, regularly delivering effectors required for cellular
interactions despite their chemical properties.

Figure 1.6 - High-resolution structure of the conserved CIS baseplate. Most CISs share a similar
minimal composition of the inner baseplate. Among the conserved T4 bacteriophage genes we can find the
spike (gp5 and gp27), spike tip (gp5.4), baseplate wedge (gp6, gp7, gp25 and gp53), inner tube (gp19, gp48
and gp54) and sheath (gp18). T6SSs generally lack a homologue of gp48 and gp54 and it is assumed that the
Hcp protein adopts their role of connecting the inner tube to the spike. Adapted from Nature, Volume 533,
Taylor et al., Structure of the T4 baseplate and its function in triggering sheath contraction, 346-352,
Copyright (2016), with permission from Springer Nature.
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CISs can be classified according to their production method and modus
operandi (Figure 1.7). T6SSs can be found in the cytoplasm attached to the inner
membrane, are recyclable and express a transenvelope complex. On the other
hand, extracellular CISs (eCISs) are usually mass-produced inside a subpopulation of cells that then lyse, releasing the headless phage-like structures
into the surrounding media to act upon their targets.

Figure 1.7 - Contractile injection systems. We classify these systems according to their expression
strategy (green box) and their delivery method (red box). All systems share a similar baseplate assembly
along with the contractile sheath and hollow inner tube.

1.2.1 Extracellular contractile injection systems
By diffusing through the environment, eCISs are capable of interacting with
their targets in a cell-to-cell contact-independent manner. Within the identified
members of this class, there are some differences in terms of their function,
components and delivery strategy.

15

Several bacteria produce bactericidal compounds to use in competition and
pathogenicity. One class of these bacteriocins, the R-type pyocins, were the first
eCIS to be described (Uratani and Hoshino, 1984). Their expression is
upregulated by DNA damage to the cell, prompting some individuals in the
population to overproduce these pyocins and then lyse. Upon recognizing the
target cells through the tail fiber receptors, the contraction mechanism pushes
the inner tube across the membranes and disbands the cell proton potential. This
effector-less killing action is unique among CISs, and makes for a very effective
strategy, as a single pyocin was determined to be enough to kill a bacterial cell
(Strauch et al., 2001).
While pyocins are employed in anti-bacterial warfare, the antifeeding
prophage (Afp) from Serratia entomophila was found to deliver a toxin to an
insect larva. This toxin inhibits the feeding behavior of the larva, killing it with an
average dose of 500 Afps per larva (Rybakova et al., 2013). Structurally, it
resembles the R-type pyocins as free-floating headless phages that can be found
in either the extended or the contracted configuration. A proposed tape
measuring protein, equivalent to those known to exist in phages, is expected to
regulate their length (Heymann et al., 2013; Rybakova et al., 2015).
A homologue of the Afp gene cluster was found on Photorhabdus luminescens
and named Photorhabdus virulence cassette (PVC). Similarly to Afps, the complex
encoded by the PVCs was determined to act on insect cells while lacking any
anti-bacterial activity. Their structure exhibits all common eCIS traits, with
regular extended structures and contracted specimens exhibiting the half-bared
inner tubes. Further studies showed that PVC products affect their target cells by
rearranging their action cytoskeleton (Yang et al., 2006).
The latest identified member of the eCIS family is at the same time the most
peculiar, as although the contraction mechanism is preserved, its macrostructure and function are wholly novel (Figure 1.8). Random mutagenesis
assays

linked

an

Afp-like

gene

cluster

in

the

marine

bacterium

Pseudoalteromonas luteoviolacea to the induction of the metamorphosis of the
tubeworm Hydroides elegans (Huang et al., 2012). These CISs were named
metamorphosis-associated contractile (MAC) structures, and were found to
interact with the free-swimming Hydroides larvae, prompting their settlement
onto a surface to undergo a transformation into their sessile adult state. As such,
in contrast to all known CISs, MAC structures are involved on an interaction that
is not harmful for the target organism. Furthermore, the individual MAC
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structures are linked together in arrays of more than 100 sub-units, instead of
floating independently as other eCISs. Only 2.4% of the cells produce these MAC
arrays, filling their cytoplasm in a packed state, and then lysing to release them.
The arrays then mature into their final form, as half-spheres of CISs with the
baseplates facing outwards, resembling a sea-mine (Figure 1.8). Within eCISs,
MAC arrays have unique features related to their macro-structure, namely a netlike protein that connects all tail fibers and provides an uniform spacing between
the baseplates, and an inner core where the ends of the sheath-tube complex
opposite to the baseplate are anchored (Shikuma et al., 2014).

Figure 1.8 - MAC arrays macro-structure and organization. (A) Fluorescence light microscopy of a P.
luteo strain with GFP tagged baseplate. (B) Electron cryo-tomography of a MAC array with a 700 nm
diameter circle for size comparison. (C) Side view schematic of the various CIS configurations found. From
left to right, unassembled CIS missing its sheath, fully assembled CIS in extended state, CIS in contracted
state, contracted structure missing the inner tube and misfired CIS. (D) MAC arrays are hemispherical with
individual CIS coalescing in a core and the baseplates hexagonally arranged on the surface. Individual CIS
are connected by tail fibers and surrounded by a hexagonal net. (E) Diagram of the array connections from a
head-on view. The baseplate is blue, with the orange long tail fibers emanating from it and tethering to the
white hexagonal net before connecting to the neighboring CIS. Scale bars: A - 1000 nm, B - 100 nm. Adapted
from Science, Volume 343, Issue 6170, Shikuma et al., Marine Tubeworm Metamorphosis Induced by Arrays
of Bacterial Phage Tail–Like Structures, 529-533, Copyright (2014), with permission from AAAS.

Metamorphosis induction studies showed that while MAC arrays are
required to initiate the larvae settlement, a subset of genes from this eCISs
cluster are necessary for the cue to irreversibly commit the larvae to the physical
change. In absence of this gene set, the larvae resumed swimming freely and did
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not undergo metamorphosis after being exposed to MAC arrays. This same study
pinpointed mitogen-activated protein kinase pathways as the signaling cascades
responsible for Hydroides maturation (Shikuma et al., 2016). Chapter 5 of this
thesis builds upon these studies, identifying a metamorphic effector within the
gene cluster and inferring its delivery strategy from detailed structural analysis.
1.2.2 Type VI secretion system
The main distinction within CIS lies in their localization. While eCISs are
released into the environment, T6SSs assemble in the cytoplasm attached to the
inner membrane, where they await the activation signal for the contraction
event (Figure 1.9).

Figure 1.9 - Structure and action of the T6SS. (A) The extended structure is assembled anchored to the
inner membrane complex (TssJLM). (B) The firing event contracts the sheath and propels the inner tube
towards the target cell. The spike (VgrG) and the tip of the spike (PAAR) sharpen the Hcp tube and puncture
the target membrane to deliver the effectors onto the target cytoplasm. (C) After contraction, the sheath is
disassembled by ClpV. IM, inner membrane; OM, outer membrane; PG, peptidoglycan. Reprinted from
Trends in Microbiology, Volume 24, Issue 1, Cianfanelli et al., Aim, Load, Fire: The Type VI Secretion System,
a Bacterial Nanoweapon, 51-62, Copyright (2016), with permission from Elsevier.

Since the contraction mechanism relies on the transition of the high-energy
extended sheath state into the low energy contracted state, CISs are built for a
single use. For T6SSs, the intracellular localization enables the recyclability of the
whole system. ClpV, an ATPase included on the T6SS cluster, is capable of
recognizing the contracted sheath and disassembling it, releasing its components
for reassembly into another extended structure ready to fire again (Figure 1.9)
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(Basler et al., 2012; Bönemann et al., 2009). This repeated firing capability leads
to interesting behaviors, such as dueling between sister cells as a result of a
counter-fire mechanism, and T6SS component sharing between cells (Basler et
al., 2013; Vettiger and Basler, 2016). Contrary to eCISs, there is no tape measure
protein regulating the length of the sheath-tube complex. T6SSs are commonly
imaged extending throughout the cell in a range of lengths (Basler et al., 2012).
Several models can describe effector delivery. The spike protein that caps
the inner tube (VgrG) can be modified to have biological activity, such as actin
crosslinking, therefore becoming an active payload. The PAAR domain that tips
and sharpens the VgrG spike can also be bound to effectors, carrying them along
when injected into the target protein. The T6SS inner tube is made of weakly
interacting hexamers of the Hcp protein. These were shown to serve as
chaperones for known effectors. While hypothesized, it is not clear if the inner
Hcp tube carries effectors inside its lumen (Basler, 2015).
Traditionally, the T6SSs can be phylogenetically divided into three
subclasses. The main class (T6SSI) encompasses most proteobacteria systems
and has a core of 13 proteins named from TssA to TssM. The T6SSII can be found
in Francisella species, consisting of 17 core proteins and lacking canonical
elements such as ClpV. Bacteroidetes T6SSs made of 12 components were
classified as T6SSIII, and they lack homologs to the T6SSI transenvelope complex
(Basler, 2015; Nguyen et al., 2018a).
1.2.3 Structural determination of contractile injection systems
CISs are complex multi-protein nanomachines that serve important roles in
several bacterial interactions. Structurally, these macromolecules are too small
to be characterized by fluorescent light microscopy (LM) due to the resolution
limit, and too large to be determined as a whole by X-ray crystallography or
nuclear magnetic resonance. While it is possible to crystallize and analyze some
of the smaller sub-components of each CIS, such studies are prone to miss
relevant in vivo conformations due to the harsh purification and sample
preparation procedures. Furthermore, the structure of the full complex is often
not inferable from the sum of the structures of its sub-components, as individual
studies lack the important protein interactions that shape the nanomachine. As
such, the optimal approach is to study their structure in their native
environment. Transmission electron microscopy (TEM) is a modality of electron
microscopy that can deliver the 3D structure of proteins or whole
macromolecular complexes either purified or even in situ. As such, TEM is
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proving to be a key technique for structural and functional studies of CISs, and
will be introduced in the following sections.

1.3 Electron cryo-microscopy
1.3.1 Cryo-transmission electron microscopy
TEM was developed as a way to overcome the resolution limit in
conventional LM, as electrons have a much smaller wavelength than visible light
photons and therefore can theoretically be used to study the atomic details of the
sample (Ruska, 1980). The microscope column containing the electron source,
sample stage and detector is maintained at high vacuum to avoid electron
scattering by air molecules. The source was traditionally a tungsten filament
sharpened to a tip and heated up to achieve thermionic emission, but has
recently been replaced by field emission guns capable of longer lasting, brighter
and more coherent electron beams. Electrodes shape and accelerate the electron
beam, and lenses along the column focus it on the sample and magnify it for the
detector. When the electrons are transmitted through the sample, they can either
interact with the atoms or pass by them unimpeded and therefore with
unchanged energy and phase. If they interact, the electrons can be absorbed or
deflected from their path with loss of energy (inelastic scattering) or without
loss of energy (elastic scattering). Apertures on the microscope block electrons
scattered at a high angle. Prior to the sample, these help collimating the beam,
whereas after the sample, the objective aperture effectively removes strongly
scattered events.
By absorbing incoming electrons or strongly scattering them, a dense area of
a sample generates amplitude contrast that can be measured as an intensity
difference. Since the number of scattering events increases with higher atomic
numbers, imaging unstained biomolecules with their lighter atoms relies mostly
on phase contrast. Phase contrast can be explained by the wave properties of
electrons. The unchanged phase of the non-interacting electrons transmitted
through the sample can be compared to the phase of the elastically scattered
electrons. Since phase differences cannot be easily detected, the phase shift can
be converted to a measurable amplitude difference by using a phaseplate or by
relying on imaging outside of the focus plane (defocus). The contrast transfer
function (CTF) measures how much amplitude contrast can be retrieved from
the phase contrast, in function of the spatial frequency, for any given objective
lens and imaging conditions. In practice, the sine function shaped CTF is
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controlled by the chosen defocus value, with lower defoci enabling higher
frequencies structure determination at the expense of low-resolution contrast.
The CTF function period decreases in the higher frequencies and its amplitude is
dampened to zero by the envelope function. Whenever the CTF crosses the
spatial frequency axis there is no recovered contrast, a so-called ‘zero’ of the CTF.
Crossing these frequencies there is a contrast reversal, effectively rendering the
contrast information useless after the first such inversion. Phaseplates (Figure
1.10) reshape the CTF into a cosine-like function, retaining low frequency
contrast and high-resolution features when imaging close to focus. Furthermore,
when imaging closer to focus the period of the CTF function is increased and the
first zero pushed towards higher frequencies. However, phaseplates are
technically challenging to operate and very sensitive to sample charging (Danev
et al., 2014).

Figure 1.10 - Phaseplate and contrast of biological samples. (A) The phase of the elastically scattered
wave (red) is shifted a quarter of a wavelength from the unscattered wave (blue) due to the interaction with
the sample. This generates poor contrast (B). The phaseplate can introduce another quarter of a wavelength
shift (green) for maximum destructive interference, generating a better contrast (C). Reprinted from Annals
of Anatomy, Volume 217, Koning et al., Advances in cryo-electron tomography for biology and medicine, 8296, Copyright (2018), with permission from Elsevier.

The detection of inelastically scattered electrons leads to noise formation in
the final image because of their unknown energy and trajectories. Since one
difference between useful and noisy interactions is the energy of the transmitted
electrons, imaging filters can be used in “zero-loss” mode, allowing only
electrons with the same energy as the original electron beam to hit the detector,
greatly improving the signal to noise ratio (SNR) (Fukuda et al., 2015). Another
major improvement of the SNR was achieved by the deployment of direct
electron detectors (DEDs) (Figure 1.11) as recording devices. Previous options
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such as photographic film plates and indirect detection digital cameras had
serious drawbacks. Film is very efficient at registering medium and highresolution information over a large field of view. However, it is analog and
cumbersome to use, especially for tomography. Revealing an image for further
processing takes time and the film materials outgas in the vacuum of the
chamber, contributing to sample contamination. Digital cameras solved the
easiness of use and data accessibility issues, as live imaging at around 1 frame
per second became possible. Nevertheless, detection of electrons relied on a
secondary process, the production of photons in a scintillator layer placed in
front of the detector (Figure 1.11). This indirect detection setup does not
efficiently record high-frequency data, as measured by its lower detective
quantum efficiency (DQE) when compared to film (Ruskin et al., 2013).

Figure 1.11 - Digital electron detectors. The first generation of digital cameras (left) relied on a
scintillator layer to convert the electrons into detectable photons that are read by a charged coupled device
(CCD) camera. DEDs (right) removed the need for these extra layers, reducing the detection spread of a
single event. The electrons are measured directly in a complementary metal oxide semiconductor (CMOS)
detector that has increased accuracy, DQE and readout speed. Reprinted from Annals of Anatomy, Volume
217, Koning et al., Advances in cryo-electron tomography for biology and medicine, 82-96, Copyright
(2018), with permission from Elsevier.

DEDs combine the best features from both previous mediums, being able to
read out images at up to 400 frames per second and maintaining a better DQE
than film throughout all frequency ranges (Figure 1.11) (McMullan et al., 2014;
Ruskin et al., 2013). The improved readout times allow for the recording of
continuous movies or image sub-frames that can then be aligned to compensate
for sample movement, reducing blurring artifacts. Newer generation DEDs
improved the hardware by making the substrate layer supporting the detector
thinner and therefore less susceptible to rerouting passing electrons back to the
detector, generating erroneous multiple detections.
Biological samples are usually imbedded in aqueous media and the cells
themselves are composed of mostly water. If loaded unprotected into the high-
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vacuum microscope column, these types of sample would quickly dehydrate and
lose any resemblance of their normal state. Traditionally, biological specimens
would be prepared for the microscope by chemical fixation, plastic embedding
and heavy metal staining. This method was used for decades and is responsible
for a wealth of cellular structural data. However, while it provides the necessary
protection, allows for room-temperature handling of the sample and nicely
increases the contrast by staining, this protocol does not maintain the native
organization of the target (McDonald and Auer, 2006), as the harsh fixation and
embedding steps can cause cellular artifacts (Pilhofer et al., 2013; 2010).
Studies on the behavior of frozen water in TEM led to the development of
cryo-electron microscopy (cryo-EM) (Dubochet et al., 1988), a discipline of TEM
where the specimen is very quickly frozen by plunging into a cryogenic agent,
such as liquid ethane-propane, and imaged in a frozen-hydrated state. The fast
freezing procedure prevents the crystallization of water molecules, creating
instead amorphous ice. Since ice crystals can be a source of unwanted reflections
of the electron beam, this vitreous embedding material allows for clear imaging
of the encased samples and prevents sample damage by sharp ice crystals.
Cryogenic preservation captures a snapshot of the cellular organization at the
time of freezing. This was determined to maintain sample integrity, keeping the
specimens in a near-native state (Al-Amoudi et al., 2004), and provide protection
against beam induced damage (Stark et al., 1996). After freezing the sample, all
storage, transfer and processing steps are performed in clean cryo-conditions,
either under water-free liquid nitrogen at -196°C, or in devices equipped with
cryo-stages cooled to equivalent temperatures under vacuum. Specimens should
also be always kept below the devitrification temperature of water, determined
to be around -137°C (Dubochet and McDowall, 1981). If the temperature rises
above this threshold, the ice starts transitioning from its amorphous state into a
crystalline state, rendering it unsuitable for TEM (Figure 1.12). The plungefreezing technique can be used for bacterial and small cellular samples, up to 10
μm thickness. Since biological material has a lower heat capacity than the
cryogen used for freezing, thicker specimens take longer to freeze in their center
of mass, leading to the formation of crystalline ice. These samples can be tackled
by high-pressure freezing, where the growth of ice crystals is impaired by
cooling the sample under high pressure (up to 2100 bar) (Dubochet, 1995).
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Figure 1.12 - Devitrification of amorphous ice. Diffraction patterns (first two rows) and TEM images
(bottom two rows) of a plunge-frozen, vitrified water grid. The grid was initially kept at -175 °C and the
temperature gradually increased to the noted values. From -135 °C and upwards the diffraction patterns are
no longer smooth and start showing the presence of crystals as random diffraction spots. This change is
noticeable as well in the TEM images, where the ice quality rapidly decreases. By -95 °C there is no ice left.
Reprinted from Journal of Microscopy, Volume 222, Issue 1, Marko et al., Focused ion beam milling of
vitreous water: prospects for an alternative to cryo‐ultramicrotomy of frozen‐hydrated biological
samples, 42-47, Copyright (2006), with permission from John Wiley and Sons.

Recently, cryo-EM went through a rapid evolution phase triggered by
advances in the microscope hardware, introduction of DEDs, maturation of
sample preparation protocols and continuous development of image collecting
and processing software. These improvements enabled the determination of
structures at atomic detail, traditionally a capability of only the conventional
high-resolution structural methods such as nuclear magnetic resonance and Xray crystallography (Kuhlbrandt, 2014). Furthermore, cryo-EM techniques such
as single particle analysis (SPA) and electron cryo-tomography (ECT) require
only small amounts of frozen sample for imaging. This requirement removes the
need for intricate crystallization procedures and effectively enables the
structural determination of hard-to-crystalize proteins and macromolecular
complexes (Cheng, 2015). SPA generally yields higher-resolution structures than
ECT, routinely delivering resolutions under 4 Å for complexes down to 300 kDa
(Bartesaghi et al., 2015; Liao et al., 2013). However, it requires TEM grids with a
very large number of nicely spaced and non-overlapping homogenous particles
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dispersed in a monolayer. As such, SPA is mostly suited for the structural
determination of purified protein complexes. On the other hand, ECT is focused
towards imaging complex environments, being able to resolve the 3D structure
of unique macromolecular complexes in their life-like state and cellular context
(Basler et al., 2012).
1.3.2 Electron cryo-tomography
ECT uses a transmission electron microscope operating at cryogenic
conditions to collect high-resolution 2D projections of a given sample from
different angles. Tomography software is later used to reconstruct the 3D
structure of the sample from the projections at the different tilts (Figure 1.13)
(Baumeister et al., 1999).

Figure 1.13 - Electron cryo-tomography. (A) The frozen sample is rotated along an axis and 2D
projections are taken at each angle (B). This tilt-series can then be backprojected computationally to yield a
3D reconstruction of the sample of interest, the tomogram (C). Reprinted from Annals of Anatomy, Volume
217, Koning et al., Advances in cryo-electron tomography for biology and medicine, 82-96, Copyright
(2018), with permission from Elsevier.

The quality of the reconstruction is directly related to the tilt range for the
2D projections and the size of the angle increments between tilts. An ideal
collection scheme would sample through a stage rotation of 180° at the smallest
increments possible. However, at high angles the stage machinery and increasing
thickness due to the slab geometry of the sample obscure the beam. In practice,
most datasets are collected in a range from -60 to +60 with 1° intervals, leaving a
wedge shaped region of missing information. This missing wedge leads to a
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common ECT artifact that smears out the reconstruction along the axis parallel
to the illuminating beam. By rotating the sample by 90° and acquiring a second
tilt-series, it is possible to reduce the missing region and corresponding artifact.
However, these dual-axis tilt series take longer to collect and are more complex
to process, effectively being relegated to special use cases and radiation resistant
plastic embedded samples.
The electron dose is one major compromise to address during tilt-series
acquisition. Higher electron doses lead to a better SNR and therefore higher
contrast, but ultimately damages the sample. Inelastic collisions deposit energy
onto the specimen, eventually degrading the structure by breaking the chemical
bonds and causing “bubbling” (Figure 1.14). High-frequency information is
affected first, with degradation noticeable with electron doses as small as 10
e−/Å2 (Baker and Rubinstein, 2010). Moreover, the full dose allocated to a
tomogram has to be divided by the individual tilts in the tilt-series. If the single
tilt dose is too low, then the SNR will not allow for proper alignment and
reconstruction due to excess noise (Figure 1.14). If a certain ECT project has a
lower target resolution, then a higher dose can be allocated to ensure a more
accurate alignment. Typical ECT total doses range from 80 to 180 e−/Å2 (Gan and
Jensen, 2012), striking a balance between sample damage and image noise.

Figure 1.14 - Cumulative radiation damage and electron dose. Lower electron doses yield lower SNR
images. However, higher doses irreversibly damage the sample, starting with destruction of high-resolution
features and eventually leading to bubbling of the cytoplasm. Reprinted from Annals of Anatomy, Volume
217, Koning et al., Advances in cryo-electron tomography for biology and medicine, 82-96, Copyright
(2018), with permission from Elsevier.
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The accurate alignment between the individual tilts is required to
compensate for specimen movement and imaging distortions. The easiest
correlation method requires seeding the sample with fiducial markers, such as
10 nm sized gold beads, prior to freezing the grids. These electron dense
markers can then be tracked throughout the tilt series and used to build a model
for the alignment based on their position in every tilt. Patch tracking can be used
when fiducial markers are not present, but it is usually more laborious and less
precise than fiducial tracking. Whenever possible, determining the CTF of
individual tilts allows for the calculation of an image transform that corrects the
intensity signal according to the spatial frequency. While this correction will not
recover information from when the function approaches zero, it reverses the
contrast of sections where it is negative, effectively extending the resolution
range of the images beyond the CTF’s first zero. After the alignment and
corrections are calculated, the tomogram can be reconstructed by one of several
methods. The better-established protocol, weighted backprojection, calculates
the final reconstruction by placing the Fourier transform of the individual tilts
onto a common 3D volume in Fourier space. The 2D transforms are central slices
through the 3D Fourier volume at the angles they were captured, and their lowresolution data is down-weighted to avoid oversampling of lower frequencies.
The assembled and weighted 3D volume is then back-projected into real space
through inverse Fourier transformation, generating the final tomogram. Other
iterative methods, such as the simultaneous iterative reconstruction technique,
tend to deliver improved data quality under low-dose and limited tilt angles
conditions, but their adoption lags due to their high computational costs (Cope et
al., 2011) and lower preservation of high-resolution features.
While digital image acquisition enabled ECT, the development of automated
data collection was crucial for its dissemination. All projections must be acquired
on the same area and using the same imaging conditions, and as such, the target
must be tracked along the tilt series. It is possible to manually track the target to
compensate for stage drift, as well as re-focus to correct for sample movement in
the beam direction, but it is very cumbersome and requires illuminating the
target, leading to exposure damage. Automated tracking and focusing on
positions along the tilt axis leads to the minimization of sample exposure and
improves the reproducibility of the datasets by maintaining a constant quality
standard (Lucic et al., 2005). Current programs and protocols are capable of
unattended data collection for tens of tilt-series, pushing the bottleneck of ECT
towards data reconstruction. Automating tomogram calculation is an ongoing
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goal (Mastronarde and Held, 2017), and it is possible to run the protocols in
batch mode, usually processing the data from a whole collection session at a
time. This allows for a quick assessment of the collected target, however, the
accurate alignments required for high quality tomograms still require manual
intervention.
Contrary to data collection, most data analysis is still manual despite
ongoing effort towards automation. When imaging cells, most membranes,
organelles and macromolecules are easily identifiable and can be segmented or
modeled by hand. Segmentation can help with the interpretation of the
tomograms (Figure 1.15), and it is done by scrolling through the 3D volume
following the feature and delineating it with program specific tools. Modeled
structures can then be represented in 3D, isolated or in the cellular context,
allowing for the measuring of distances, areas and volumes and aiding the
clarification of its structure.

Figure 1.15 - Tomogram segmentation. A slice through a tomogram (A) can be very informative to
trained eyes. To make cellular features more distinct, it is common to segment them and overlay their 3D
representation on the original tomogram (B). Here we can better identify actin (blue), lipid membranes
(yellow), microtubules (green), mitochondria (purple), and intermediate filaments (red). Template
matching was used to render the actin filaments. Reprinted from Annals of Anatomy, Volume 217, Koning et
al., Advances in cryo-electron tomography for biology and medicine, 82-96, Copyright (2018), with
permission from Elsevier.

Macromolecule identification is a trickier subject and usually requires
external experiments such as genetic manipulation to over-express or delete a
suspected gene, or correlation between imaging methods. LM provides a nice
complement to ECT, as interesting genes can be fluorescently tagged and tracked
in the cells. While the reduced resolution makes accurate positioning unreliable,
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it can be used to infer the likely position of a given complex, to be later confirmed
and analyzed by ECT. The development of cryo-LM can improve the correlation
between methods, as both would image the exact same sample in the same
frozen state.
When the tomographic data is of good quality and a previous structure of the
complex of interest is known, it is possible to automatically search the 3D
reconstruction for copies of that structure by cross-correlation. This template
matching procedure is heavily dependent on the SNR and tomogram resolution,
restricting its usability for very high contrast tomograms, such as the ones
acquired using phaseplates (Förster et al., 2010). New research is aimed at
automated segmentation and template matching through improved algorithms
and better computational tools such as the implementation of neural networks
for tomogram annotation (Chen et al., 2017).
1.3.3 Subtomogram averaging
While individual structures in a tomogram suffer from characteristic low
SNR, missing wedge and electron damage, their resolution can be improved by
subtomogram averaging (SA), a technique where several sub-volumes containing
copies of identical structures from a tomogram are selected, extracted, aligned
and averaged (Figure 1.16) (Briggs, 2013). The principle behind SA is similar to
SPA, with the difference that the former takes 3D volumes as inputs while the
latter relies on 2D projections. An unbiased reference structure is picked and
then the alignment and averaging procedure can be done iteratively to maximize
the 3D cross correlation between the reference and the subtomograms. The
reference is refined at each iteration, gradually improving it, and culminating in a
high quality averaged final volume, down to sub-nanometer resolution (Figure
1.16) (Schur et al., 2013; 2016). Missing wedge masks can be provided to avoid
reinforcing this artifact and initial orientations can be calculated to reduce the
computational load of the searching algorithm by restricting certain angular
queries. This technique is especially suited to resolve macromolecular complexes
in their cellular context, provided that enough copies of the target can be
identified and segmented. Imaging in situ removes the need for intricate
purification procedures and allows for the studying of relationships with
neighboring molecules and the determination of other cellular background
related information.
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Figure 1.16 - Subtomogram averaging. Smaller volumes of the original tomogram containing the particles
of interest are boxed and extracted. These subtomograms are rotated and translated to match a chosen
reference. After alignment they are averaged to generate a new reference. The alignment and averaging
procedure can be iterated until a final high-resolution average is reached. Reprinted from Current Opinion
in Structural Biology, Volume 23, Issue 2, Briggs, Structural biology in situ — the potential of subtomogram
averaging, 261-267, Copyright (2013), with permission from Elsevier.

Tomograms that are destined for SA should be collected with settings that
preserve high-resolution information. This entails restricting beam damage,
improving tracking and focusing routines, minimizing stage drift by allotting
sufficient settling time and optimizing the tilt collection scheme. Since the
sample is slab-shaped, at higher tilting angles the beam travels through a longer
distance in the material, leading to a worse SNR. Furthermore, the total electron
dose allotted to a tilt-series exceeds the threshold for causing damage to highresolution features. As such, it is beneficial to craft a tilt-scheme that assigns the
first illuminations, before significant sample damage, to lower angle tilts that
generate higher contrast projections (Hagen et al., 2017). After acquisition,
several post-processing steps can be taken to improve the SNR and quality of the
tomograms. CTF determination and correction is important for high-resolution
data recovery, even though the lower dose per tilt and the defocus gradient
across a tilt hinder an accurate CTF calculation. To sample all spatial frequencies,
a SA project should include data collected at different defocus values, as the
‘zeros’ of the CTF depend of the defocus value. Exposure filtering is a contrast
enhancement procedure that low-pass filters the projections according to the
total accumulated dose at which they were captured. By filtering out information
that was damaged at a certain dose according to a known equation (Grant and
Grigorieff, 2015), it removes that noise from the final reconstruction. When the
sample is heterogeneous, it is also useful to employ a form of classification,
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either during or after the SA procedure. During the alignment, different
references can be considered, classifying the data according to the alignment
score of every individual subtomogram to each initial reference. After SA, the
original subtomograms can be compared to the obtained average to check for
structural differences. This can be calculated by a cross correlation coefficient
between the individual subtomograms and the average.
A comprehensive workflow encompassing all necessary steps for an ECT
experiment (cell culturing, plunge-freezing, data acquisition, 3D reconstruction,
tomogram analysis, and SA) can be found in our publication (Weiss et al., 2017).
While technically challenging and computationally intensive, SA has enabled the
high-resolution determination of macromolecules imaged by ECT in their native
environment.
1.3.4 Sample thinning
In order to study the in vivo arrangement and structure of the targeted
complexes, it is necessary to avoid complicated purification procedures. Ideally,
these targets should be imaged in the original cells or tissues, surrounded by
their native environment. This requirement often clashes with the need for
samples to be thin enough for TEM imaging. In thicker specimens, the electrons
travel a longer distance through the biological material and therefore have an
increased probability of undergoing scattering events. The average distance
between two scattering events of the same electron is known as the mean free
path and is around 300 nm for a 300 keV electron (Feja and Aebi, 1999). All
inelastic and multiple scattering events add only noise to the image, and since
their occurrence increases greatly with thickness (Han et al., 1995), it stands that
thicker samples have lower contrast and worse SNR (Figure 1.17).
While energy filtering improves the SNR of thicker samples by removing
inelastically scattered electrons, there is a limiting thickness above which most
usable signal is lost. For a given microscope voltage, this limit is estimated to be
around 1-2 times the mean free path of the electrons. Ultimately, the TEM
thickness limitation stems from the decreasing number of image forming single
elastic scattering events as the path through the sample increases. Typical
natural thicknesses of ECT samples range from 300 nm to 10 µm for plunge
frozen bacterial or eukaryotic cells, reaching up to 250 µm for tissue sections
preserved by high-pressure freezing. As such the technique is only directly
applicable to thin bacteria and the periphery of large cells. For specimens thicker
than 500 nm, a sample-thinning step is required.
31

Figure 1.17 - Sample thickness and contrast. MAC array sample tomograms acquired with similar
imaging conditions on a 300 kV microscope. As the sample thickness increases, the contrast decreases
sharply (from left to right), resulting in a worse SNR. Scale bars: 100 nm

Traditionally the thinning of the frozen samples was achieved through cryoultramicrotomy. In this technique, a cryogenically cooled diamond knife is used
to cut 60 to 80 nm thick sections from a frozen block containing the specimen.
These sections, usually in the form of a continuous ribbon, are then transferred
to a TEM grid and mechanically pressed onto it to adhere to the carbon film (AlAmoudi et al., 2004). Cryo-ultramicrotomy requires a high level of expertise and
is intrinsically hindered by artifacts generated by the physical cutting motion,
such as knife marks, crevasses and up to 40% compression of the cellular
structures in the direction of the cut (Al-Amoudi et al., 2005). The generated thin
sections also display a tendency towards curving and therefore dislodging from
the flat grid, failing to adhere properly (Hsieh et al., 2006).
The use of a focused ion beam (FIB) milling technique was proposed in order
to thin the samples for TEM while avoiding the known pitfalls of mechanical
cryo-sectioning. Originally established as a nano-machining tool for material
sciences and the semiconductor industry, FIB milling, especially when adapted
for cryo-operation, is proving a very useful tool for life sciences (Figure 1.18)
(Narayan and Subramaniam, 2015). On a first iteration of biological sample
preparation, the aim was to repeatedly remove a layer from the target using FIB
and image the resulting surface with a scanning electron microscope, creating a
3D reconstruction by correlating all the renderings (Gestmann et al., 2004). Later
on, FIB devices were used for the generation of thin sections to image with TEM
(Marko et al., 2007). This application of the FIB milling procedure will be
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described in detail in the following chapters, as it was one of the main goals and
achievements of this thesis.

Figure 1.18 - Dual-beam instrument schematic. (a) FIB milling requires the use of a microscope
equipped with a focused ion beam (usually gallium) for sample ablation and an electron beam for nondestructive imaging. (b) The material is removed by the incoming ions colliding with the sample atoms
leading to their ejection. (c) The GIS can be used to coat the sample in various metals depending on the
chemistry of the gas selected. Reprinted from Archives of Biochemistry and Biophysics, Volume 581, Rigort
et al., Cryo-focused-ion-beam applications in structural biology, 122-130, Copyright (2015), with permission
from Elsevier.
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1.4 Aims of the thesis
Bacteria interact with neighboring cells and their surrounding environment
using effector molecules. These are translocated from the producing cell to their
target location by specialized secretion systems. Bacterial secretion systems and
CIS are complex multi-protein assemblies that play a role in key processes such
as pathogenicity, inter-bacterial competition and cooperation. By determining
the structure of such nanomachines in their native state it is possible to advance
our knowledge of their function and role in cellular behaviors.
Cryo-EM and more specifically ECT have proven to be the tools of choice for
in situ structural determination of macromolecular complexes. These come,
however, with some limitations in sample selection, namely with respect to the
thickness of the specimen. Existing sample thinning protocols are prone to welldocumented drawbacks, which prompted the development of cryo-FIB milling of
biological samples. First experimented on 2007, this technique was still in its
infancy by 2014, when we initiated its implementation at ETH Zürich.
Two initial aims of this thesis were to establish cryo-FIB milling for biology
and then to use this novel capability to study CISs-mediated bacterial
interactions in native detail by ECT. Chapters 2 and 3 of this thesis detail the
development of a robust cryo-FIB milling workflow, reviewing the current state
of the art and postulating the hardware and individual steps required for the
consistent preparation of thin lamellae for TEM imaging. Chapter 4 describes
the application of this technique to the elucidation of a complex bacterial-host
interaction and the characterization of the role of a novel CIS in that relationship.
A third aim was to study the newest class of eCISs, the MAC arrays. While
their function is poorly characterized, resolving their structure could answer
questions common to all CISs. Chapter 5 explores the delivery of effectors as
metamorphic cues, exemplifies the capabilities of SA to deliver high-resolution
native structures and introduces the possibility of engineering this eCIS for
custom payload delivery.

35

36

2 Imaging bacteria inside their host by cryo-focused ion
beam milling and electron cryotomography
This chapter was previously published as a review article in:
João M. Medeiros, Désirée Böck, Martin Pilhofer. Imaging bacteria inside
their host by cryo-focused ion beam milling and electron cryotomography.
(2018) Current Opinion in Microbiology 43: 62-68.
Full article in Annex I.

2.1 Statement of contribution
João Medeiros wrote the initial manuscript, which was finalized and
commented upon by all authors. Both Désirée Böck and JM prepared figures. The
samples for Figure 4 were milled by DB and JM and reconstructed and
segmented by DB. All authors participated actively in the revision procedure.

2.2 Summary
A dedicated study of how bacteria interact with their hosts can reveal
important details on the mechanisms regulating these relationships. In this
manuscript we explore how the power of ECT can be leveraged towards this
goal. ECT can resolve macromolecular complexes in their native environment,
filling the knowledge gap between atomic structures and cellular studies by LM.
A special focus in this text is given towards using FIB milling to overcome ECT
sample thickness issues (introduced in Chapter 1.3.4).
We employ FIB milling at cryogenic temperatures as a sample preparation
step that avoids the artifacts generated by traditional thinning methods, creating
thin lamellae that can be used for ECT. This work builds upon previous research
that determined the basic parameters for FIB milling. Studies on the ion damage
to the sample and the crystalline state of milled ice paved the way for
successfully processing frozen biological samples (Marko et al., 2006; 2007).
The workflow developed by the authors to study bacterial-host interactions
in their native environment is summarized in an informative schematic (Figure
2.1). Succinctly, we grow and infect the host cells directly on gold TEM grids that
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are then blotted of excess liquid and plunge-frozen in a liquid ethane-propane
mixture. These grids are then transferred to a dual beam instrument, where a
FIB is used to mill thin lamellae. Another cryo-transfer brings the electron
transparent lamellae into the transmission electron microscope for the collection
of tilt-series. These can be reconstructed computationally onto 3D tomograms,
awaiting further analysis. The technical details of steps 2 and 3 pictured in
Figure 2.1 are comprehensively described in Chapter 3 and the associated
publication.

Figure 2.1 - Workflow for imaging bacteria inside their host cells. (1) Gold grids are used for the
cultivation of cells due to cytotoxicity of regular copper grids. After cellular attachment, well-defined
numbers of bacteria can be added to the system for a controlled infection experiment. (2) By using a Teflon
sheath on the front pad of the blotting device, it is possible to avoid the depletion of cells on the grid by
attachment to the rough filter paper. (3) The common geometry for milling patterns requires the
positioning of two parallel rectangles on the top and bottom of the cell, leaving behind the thinned lamella.
(4) Although the lack of small gold fiducials can difficult the reconstruction, modern patch-tracking
algorithms can provide alignments for good quality reconstructions. Reprinted from Current Opinion in
Microbiology, Volume 43, Medeiros et al., Imaging bacteria inside their host by cryo-focused ion beam
milling and electron cryotomography, 62-68, Copyright (2017), with permission from Elsevier.

Cryo-FIB milling is an effective way of dealing with the thickness restriction
for ECT, and the dissemination of the combined techniques is promising for the
study of infection biology under native conditions. Continuous advances on both
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methods will lead to higher success rates and better data quality. One such
example is with the correlation of light microscopy data and milling areas,
allowing for the precise targeting of regions of interest. New FIB chemistries are
also due to improve the processing of large samples, lifting the specimen
restriction to very large cells, organoids or even tissues.
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3 Robust workflow and instrumentation for cryo-focused ion
beam milling of samples for electron cryotomography
This chapter was previously published as an original research article in:
João M. Medeiros*, Désirée Böck*, Gregor L. Weiss, Romain Kooger, Roger A.
Wepf, Martin Pilhofer. Robust workﬂow and instrumentation for cryo-focused
ion

beam

milling

of

samples

for

electron

cryotomography.

(2018)

Ultramicroscopy 190: 1-11.
* These authors contributed equally to this work. Full article in Annex II.

3.1 Statement of contribution
João Medeiros wrote the initial manuscript, which was revised by Prof.
Martin Pilhofer and commented upon by all the authors. JM prepared the images
with data collected by JM, Désirée Böck, Gregor Weiss and Romain Kooger. JM,
MP and Prof. Roger Wepf conceptualized the workflow, while JM was responsible
for implementing it experimentally. Along with MP, JM was in contact with Leica
for the development and testing of the new holder for TEM samples. DB
performed the cell culturing optimization along with the eukaryotic cell infection
experiments.

3.2 Summary
Cryo-FIB milling of biological samples holds great promise as a preparation
method for subsequent ECT imaging (Chapters 1.3.4 and 2). However, as a
method still in its infancy (was first proposed in 2007 by Michael Marko from the
Wadsworth Center, New York (Marko et al., 2007)), FIB milling for biology
suffers from the lack of a unified protocol and well defined operational
parameters. Furthermore, all published variations of the method to date require
customized hardware, restricting its implementation to groups with easy access
to machining workshops.
During the development of our cryo-FIB milling protocol, we opted to work
on a robust workflow that is easy to implement in either dedicated or existing
facilities. This set of protocols requires only commercially available equipment
and can be adapted to a variety of microscopes and preparation devices from
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several vendors. The manuscript provides a detailed description of the various
steps of the workflow, revealing the rationale behind the selected parameters for
each operation and sharing the insight we gained while implementing it.
One major achievement of the work supporting the paper was the
development of a new holder (also referred to as “shuttle”) to carry the TEM
grids to the FIB microscope. In our workflow we accommodate two paths;
loading the grids as they are (the bare-grid protocol) or previously clamping
them into a stabilizing support ring prior to FIB milling (the Autogrid protocol).
While the holder for the former already existed, we cooperated in the design and
testing of the hardware for the latter. The results of that cooperation are now
commercially available. Even though the Autogrid protocol greatly improved the
survival rate for milled lamellae, it did not completely displace the bare-grid
method. Since bare grids can be milled with shallower incident beam angles, they
allow for larger usable areas for special samples, such as thin layers of bacterial
cells.
We validated the workflow by applying it to the study of various model
organisms (Figure 3.1). All tested samples were amenable to the milling protocol
and yielded high quality tomograms, allowing for an uncommon high-resolution
view of organelles and macromolecular assemblies in vivo. While the workflow
can be implemented from scratch in a dedicated facility, it is of special interest
for users looking to adapt an existing room temperature operating FIB device.
This last situation is quite common due to the prevalence of these microscopes in
the material sciences field and reflected our development environment when we
set out to implement cryo-FIB at ETHZ.
We wrote the manuscript not only as a detailed guide for newcomers to the
field but also containing our observations on the commonly adopted practices
such as metal sputter coating, gas injection system coating and stage
temperature. Due to the novelty of the procedure, some contrasting opinions can
be found on the importance of each step and the values for the adopted
parameters. Our intention is to spur the discussion within the community on the
optimization of the individual processes, effectively maturing the technique and
making it available to all interested research groups.
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Figure 3.1 - Milling of diverse model organisms. The top panels show the top view of amoeba before
(left) and after milling (right). The top-center panels show the head-on view before (top) and after milling
(bottom). The milling patterns are in red. All remaining panels show the top view after milling for the
various specimens. Scale bars: 10 µm. Adapted from Ultramicroscopy, Volume 190, Medeiros et al., Robust
workflow and instrumentation for cryo-focused ion beam milling of samples for electron cryotomography,
1-11, Copyright (2018), with permission from Elsevier.
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4 In situ architecture, function, and evolution of a contractile
injection system
This chapter was previously published as an original research article in:
Désirée Böck*, João M. Medeiros*, Han-Fei Tsao, Thomas Penz, Gregor L.
Weiss, Karin Aistleitner, Matthias Horn, Martin Pilhofer, In situ architecture,
function, and evolution of a contractile injection system. (2017) Science 357:
713-717.
* These authors contributed equally to this work. Full article in Annex III.

4.1 Statement of contribution
Désirée Böck wrote the main text, while the remaining authors contributed
the respective materials sections and commented on the manuscript. DB was
responsible for cell culturing, infection assays, ECT imaging, phylogenetic
analysis and the hemolytic activity assays. DB and João Medeiros cooperated in
establishing cryo-FIB milling of amoeba cells, with later experiments performed
by DB. JM was responsible for all subtomogram averaging procedures and 3D
data analysis including structure docking and 3D model building. Han-Fei Tsao
performed the fluorescence in situ hybridization experiments for the life cycle
characterization. Karin Aistleitner produced the mass spectrometry results.
Gregor Weiss conducted preliminary ECT and built the table for T6SS subtype IV
clusters in other organisms.

4.2 Summary
Leveraging on the previously developed workflows (described in Chapters
2 and 3), we were able to study in detail the role of a novel CIS in the bacterialhost interaction between the obligate symbiont Amoebophilus asiaticus (AAs)
and its amoeba host.
AAs possess an Afp-like gene cluster, and upon preliminary imaging by ECT
we found bundles of up to 30 individual CISs anchored to the inner membrane.
These CISs displayed uniform length and appeared to be in a hexagonal
arrangement within the bundles. We determined that these assemblies were
encoded by the Afp-like gene cluster and carried on with their characterization
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by averaging the baseplates regions of both the extended and the contracted
states. This SA study revealed a baseplate structure similar to the proposed
minimal composition of a CIS baseplate (Figure 1.6) (Taylor et al., 2016), along
with novel densities for the complex that anchors the assembly to the inner
membrane and a lack of structures in the periplasmic space. The contracted
structure exhibited conformational changes likely related to the firing action,
namely the widening of the sheath, loss of inner tube and appearance of a
channel through the baseplate.
Cryo-FIB was crucial to understand the role of this CIS in the lifecycle of the
symbiont, as we could mill the previously too thick amoeba to image its
cytoplasm directly, characterizing the invading bacteria at different time points
after infection (Figure 4.1). By imaging AAs purified from synchronized cultures,
we were able to quantify the number of arrays, their contraction state and
bacterial phagosomal residence. Red blood cell lysis assays linked the
contraction of these CISs to membrane disruption activity.

Figure 4.1 - Infecting AAs at various time points after infection. This study allowed for the in situ
determination of the invading bacteria shape, composition and positioning. These results serve as a
benchmark for the native state of the system when comparing to the imaging of purified bacteria. Scale bars:
200 nm. Courtesy of Désirée Böck.

Combining all datasets, we built a model of the bacterial lifecycle and
proposed the importance of this novel CIS on their survival after amoeba
infection (Figure 4.2). Bacteria are taken up by the amoeba (1) and use their CISs
to escape the phagosome (2 and 3). They can then replicate inside the host
cytoplasm (elongated shape, 4) and then re-express their CISs (5) for the next
round of infection after leaving the cell (6).

46

Figure 4.2 - Bacterial lifecycle within its host. “g”, golgi; “P”, phagosome; “n”, nucleus; “m”,
mitochondrion; amoebophili are in yellow; digested amoebophili are in gray; T6S arrays are indicated as
grey bars. Reprinted from Science, Volume 357, Böck et al., In situ architecture, function, and evolution of a
contractile injection system, 713-717, Copyright (2017), with permission from AAAS.

Following a phylogenetic analysis of key components, it was found that these
structures have a higher similarity to Afps and MACs than to the various T6SSs.
They also lack canonical T6SS proteins, such as the trans-membrane complex
and the sheath recycling protein, while controlling their length by a tape
measuring protein, a characteristic typical of eCIS. Their intracellular location
and mode of action along with their disparity to known T6SSs led us to classify
them as a new subtype IV of T6SS. Further analysis of similar CISs in other
systems will allow for an improved interpretation of the evolutionary
relationships between phages, eCISs and T6SSs.
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5 Effector delivery via a contractile injection system
stimulates tubeworm metamorphosis
This chapter is currently under preparation for submission as an original
research article:
João M. Medeiros*, Charles Ericson*, Fabian Eisenstein*, Giselle Cavalcanti,
Kyle Malter, Dianne Newman, Nicholas Shikuma, Martin Pilhofer, In situ
architecture, function, and evolution of a contractile injection system. (2018).
* These authors contributed equally to this work. Full manuscript in Annex
IV.

5.1 Statement of contribution
Charles Ericson wrote the results and discussion, while João Medeiros wrote
all the introduction, results and material and methods pertaining to the
structural work of this project. All remaining authors commented on the
manuscript. CE, Giselle Cavalcanti and Kyle Malter conducted the metamorphosis
assays. CE and GC performed the genetic engineering experiments. Fabian
Eisenstein and JM developed the gentle MAC extraction and plunge freezing
procedures. JM was responsible for the ECT and SA experiments. KM purified the
JF50_12615 protein and CE did the two-hybrid and protein translocation assays.

5.2 Summary
Alongside the projects I developed for cryo-FIB milling of biological samples
and on the role of CISs in the bacterial-host interaction of AAs, I was also
responsible for further investigating the structure and function of MAC arrays.
Besides being architecturally interesting, MAC arrays also have a peculiar
function as a strong inducer of metamorphosis of various organisms (Shikuma et
al., 2014). These include the tubeworm Hydroides elegans, a proposed model
organism for metamorphosis that goes through a distinct free-swimming larval
state and a sessile adult state. A previous study in which I was a co-author linked
a genomic region (containing six genes) inside the MAC cluster to the
metamorphosis inducing potential of MAC arrays (Shikuma et al., 2016). A
mutant with this region deleted still produced ordered arrays, but they no longer
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were capable of inducing metamorphosis. For this manuscript, we produced
deletion mutants of each of the six genes to pinpoint the metamorphic inducer.
Whole cell and purified MAC induction tests linked the metamorphosis
deficiency to two genes (JF50_12615 and JF50_12605). ECT analysis of these
mutants revealed a structural phenotype corresponding to the lack of induction
of metamorphosis. All mutants were able to produce ordered arrays, but the
ones lacking metamorphosis inducing ability also exhibited contractile
structures with an empty lumen of the sheath-tube complex (Figure 5.1). In
order to explore the structural difference further, the tomograms were screened
for empty or filled looking structures to be extracted and submitted to SA. The
averages confirmed the presence of a “cargo” like structure in the wildtype filled
tubes and a lack of density for the mutants’ empty tubes (Figure 5.1).
Mass spectrometry of purified MAC arrays showed that JF50_12615 is
detected while JF50_12605 is not. Furthermore, when analyzing the JF50_12605
deletion mutant, JF50_12615 was not detected. Bacterial two-hybrid assays
found that JF50_12605 interacts with JF50_12615 and that JF50_12615 interacts
weakly with the Hcp tube. Taken together, these data suggest that JF50_12615
could be the cargo density seen on the tomograms, while JF50_12605 might
serve as the packing chaperone. JF50_12615 was also shown to be induce
metamorphosis when electroporated directly onto the larvae.
This work revealed the first confirmed bacterial proteinaceous effector
responsible for metamorphosis induction. It also strongly suggested that
JF50_12615 is packed inside the inner tube of the contractile structures, an
effector arrangement that has been hinted towards in the past for other CISs, but
never experimentally confirmed. Interestingly, we were able to inject eukaryotic
cells with genetically modified JF50_12615, opening the doors for future
engineered payload delivery systems.
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Figure 5.1 - Filled and empty phenotypes and subtomogram averaging. (A) Tomogram of a wildtype
array with the filled phenotype. (B) Arrays of the JF50_12615 deletion mutant are comparably empty. Top
(C) and side view (D) of the average of the empty arrays and top (E) and side view (F) of the filled arrays. A
3D representation of the filled arrays (G to J) allows for the assignment of cargo, tube and sheath densities.
The docking of the homology modeled Hcp (H) confirms the cargo as independent densities form the tube.
Scale bars: A and B - 100 nm, C to J - 10 nm.
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6 Conclusion and outlook
Bacteria employ a large number of macromolecular complexes for diverse
specialized behaviors. CISs are examples of such intricate nanomachines
dedicated towards effector translocation or membrane disruption. To study
these systems in detail, it is important to select the appropriate techniques.
Traditional structural biology tools are able to resolve proteins and complexes to
atomic detail, but usually require extensive purification protocols that remove
them from their cellular context. In contrast, conventional infection and cell
biology imaging techniques rely on fluorescent light microscopy to track live cell
processes but fail to clearly identify individual molecules or macromolecular
assemblies. ECT emerged as a method that bridges this resolution gap, being
suited for 3D reconstruction of individual molecules in in vivo conditions (Figure
6.1). This data can be complemented by higher resolution and live cell imaging
techniques, generating comprehensive datasets that range from the cellular
pathways to the atomic structures.

Figure 6.1 - Imaging scales and the resolution gap. ECT fills an imaging niche between the systems
focused approach of cell biology and the protein centric methodology of structural biology. Reprinted from
Current Opinion in Microbiology, Volume 43, Medeiros et al., Imaging bacteria inside their host by cryofocused ion beam milling and electron cryotomography, 62-68, Copyright (2017), with permission from
Elsevier.

The work presented in this thesis focused on the development of ECT and its
application towards the study of bacterial CISs. The FIB milling workflows
described in chapters 2 and 3 widened the range of samples amenable for ECT,
providing for the first time a robust protocol that does not require any custommade components. The bacterial-host studies from chapter 4 leveraged these
methods for the first artifact-free imaging of infecting bacterial cells in their
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native environment inside a eukaryotic cell. Chapter 5 provides the first report
of a proteinaceous metamorphic effector delivered by a CIS, with ECT providing
the necessary cues for its study.

6.1 Cryo-FIB milling of biological samples
The use of a FIB/SEM dual beam instrument to prepare TEM lamellae of
biological samples is a recent development in sample preparation. While
advantageous when compared to more established sample thinning methods,
cryo-FIB milling suffers from teething problems characteristic of a new
technique such as the lack of a unified set of optimal procedural steps.
In our work, we set out to implement a protocol compatible with the preexisting material sciences setup. By taking cues and collecting experiences from
various research groups and sources, we were able to successfully mill biological
samples and then proceeded to further develop the technique and required
equipment. We published both the general workflow and the detailed FIB milling
protocol, emphasizing its use of only standardized equipment and adaptability to
either existing facilities or de novo installations (chapters 2 and 3).
Interestingly, after the disclosure of our workflow, a major vendor of
FIB/SEM microscopes revealed the development of an integrated solution for
biological TEM lamellae preparation by cryo-FIB milling. This follows our design
philosophy of making an off-the-shelf hardware and workflow package available
to newcomers to the field in order to decrease the barrier of entry. Currently,
there are two major designs that differ in the choice of cryo-stage. The stage can
be either cooled by flowing gaseous nitrogen or by thermal conductive bands
connected to a dewar, with both solutions requiring specific ancillary equipment
and exhibiting advantages and disadvantages. Our band-cooled stage is less
prone to vibrations but has a lower cooling capability, often reaching a minimum
of -155 °C. The vendor adopted a gaseous nitrogen stage that can cool to -180 °C
and retains 360° rotation freedom but suffers from increased ice contamination,
vibrations from the gas flow and is susceptible to leaks from the rubber hoses
connected to the stage.
Ultimately, cryo-FIB milling is solidifying its position as a top sample
thinning method for ECT. Despite being hampered by a relatively slow
throughput rate, it is being adopted by an increasing number of research groups
due to its capability of delivering high-quality, artifact-free lamellae.
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6.2 CIS mediated bacterial-host interaction
While cryo-FIB milling had been employed previously in the study of viral
infections (Chaikeeratisak et al., 2017; Hagen et al., 2015), our group applied it
towards understanding the role of a novel CIS in the infection process of AAs.
The experimental work suggested that the bacteria were using these systems to
escape from the phagosome after being engulfed by the host cell. The AAs CISs
differed structurally and phylogenetically from both eCISs and T6SSs, prompting
a novel classification proposal. The newly named T6SS subtype IV was then
found to be present in many other bacterial phyla, with future efforts dedicated
towards the study of their structure, function and mechanism (chapter 4).
Traditional methods to identify new T6SSs are based on phylogenetic
analysis. The genome of interesting strains is screened for genes similar to the
canonical cluster and high identity matches are analyzed by molecular biology or
biochemistry techniques. Our work revealed a widely distributed but previously
unknown subtype of T6SSs through the use of a multidisciplinary approach of
phylogeny, bioinformatics, imaging, genetic engineering and molecular biology
assays. We argue that employing such a complementary set of techniques is
essential when searching for new CISs, as the genetic similarity alone might
overlook many relevant systems.

6.3 Metamorphosis-associated contractile arrays
MAC arrays fill a very interesting niche on the CISs field. These assemblies of
hundreds of individual contractile structures present both challenges and
opportunities. The difficulties while researching MAC arrays come from the
novelty of the system itself, as little is known on the production trigger, release
mechanism and overall intended function of these arrays. Furthermore, the size
and density of the MAC structures greatly hinders the implementation of a
straightforward purification, with enrichment preparations suffering from heavy
contamination. However, the extracellular location of the mature arrays coupled
with the high number of individual CISs per single MAC structure simplifies their
imaging by ECT. The high number of structures of interest per tomogram
collected makes MAC arrays amenable for high-resolution cryo-EM techniques.
Along with the genetic tractability of the bacterial host, there is an argument for
suitability of MAC structures as model CISs, where we can dissect the structure
and function of individual components.
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The difficulty in building a complete high-resolution model of the T6SS
exemplifies the benefits of an easy to study CIS model. The extended
configuration of the Vibrio cholerae T6SS was resolved only recently and after
the genetic manipulation of the sheath structure (Wang et al., 2017). Likewise,
the structure of the trans-membrane complex remains unsolved (Nguyen et al.,
2018b). The ability to obtain the structure and function of similar components in
a model CIS could thus improve the study of harder to image CISs in more
relevant organisms.
Our work on MAC arrays also suggests other interesting application cases.
The presence of an identified cargo protein loaded in the lumen of the inner
tubes, along with the verification of its delivery to a target cell hints towards the
possibility of a designed delivery system. From the structurally similar T4
bacteriophage, we know that they are capable of target recognition, and what
proteins are responsible for this capability (Hu et al., 2015). By applying this
knowledge to the MAC cluster of genes, it could be possible to direct the payload
delivery, turning our custom-cargo system into a targeted delivery device.
Preliminary experiments also uncovered an interesting trigger for contraction of
the individual structures, with a gene knockout producing mostly extended
sheath conformations. This information could be important for the mechanistic
determination of the contraction event, as well as for the fine-tuning of the
contraction event of our delivery system.
Overall, although MAC arrays are only known to be produced by one specific
bacterial species, the impact of their study could extend to various fields due to
the intricacies of this distinctive injection system.

6.4 Future perspectives
For cryo-EM, the major leap in resolution caused by the introduction of DEDs
will be followed by smaller, but still relevant, increments on the detector
technology. The 3rd generation of DEDs is now being introduced to the field, with
improvements in readout speed, raised DQE and increased field of view. It is also
possible to opt for a more stable stage for the microscope, at the expense of dualtilt capabilities. These refined stages in conjunction with modern software
packages can acquire continuous tilt-series in a movie format. This greatly
shortens collection time at the expense of high-resolution information and might
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be very relevant for certain use cases such as the screening of samples for sparse
targets.
Major research investment is going onto software package development,
covering not only the data acquisition, but also data correction and
reconstruction. The latest DEDs offer the option for inline motion correction,
keeping only the corrected data to save storage space. This pre-processed data
can be quickly analyzed by batch tomographic reconstruction, leading to an
almost live assessment of collection quality. The consolidation of GPU
computation enabled most of the above-mentioned software improvements. For
SA, GPU assisted routines are slated to decrease processing time allowing for inhouse determination of high-resolution structures without the need for
expensive cluster access.
For FIB milling, ongoing developments include the improvement of cryo-LM
correlation for targeted thinning. By imaging the fluorescently tagged target
within the frozen sample, it is possible to aim for rare events and to maximize
the biological significance of each lamella. While some protocols for full 3
dimensional correlation exist (Arnold et al., 2016; Fukuda et al., 2014) as proofof-concept, they lack proper integration with established workflows and
equipment.
Another interesting proposal is to use plasma FIB systems to mill thicker
samples. Plasma FIBs are already widely used in material sciences, where the
various ion beam chemistries help tackling the milling of very reactive materials.
These ion columns are capable of reaching higher currents at the expense of
generating beams with larger spot sizes. For biological applications, these spot
sizes are still fine enough for the dimensions of the desired geometries (100 to
250nm thick lamellae), and as such, these plasma FIBs could be suited for bulk
milling activities. While individual eukaryotic cells are small enough to be milled
through within minutes, having a faster milling option would allow for the
thinning of multicellular organisms or thicker slabs of tissue in a reasonable
operational timeframe. Broad beam argon based plasma FIBs were recently
proposed as surface polishing steps to clean milled surfaces. These broad beams
have passed the experimental phase for material sciences, but would require
careful investigation before being applied for biological samples, as the sample
properties differ greatly between these applications. Regarding larger
specimens, novel milling strategies and accompanying handling devices such as
cryo-micro tweezers are being developed for biological lamella lift-out
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procedures. These protocols are capable of delivering thin slices of previously
inaccessible geometries or samples, but ultimately reduce the throughput of a
FIB session.
In an effort to increase quality of life for the user, the vendors are focusing
their efforts onto automation of the milling procedure. This development mimics
the maturation of the ECT technique, which advanced from requiring the user to
manually center its target after the collection of each 2D projection to automated
collection of dozens of sequential tilt-series. By leveraging existing material
sciences automated protocols, it will be possible to reduce the workload
necessary for biological lamellae preparation, increasing the yield of the current
bottleneck of this sample thinning approach.
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Abstract
Bacterium-host interactions are important for diverse ecological settings
including pathogenicity and symbiosis. Electron cryotomography is a powerful
method for studying the macromolecular complexes that mediate such
interactions in situ. The main limitation of electron cryotomography is its
restriction to relatively thin samples such as individual bacterial cells. Cryofocused ion beam milling was recently proposed as a solution to the thickness
limitation. This approach allows the artifact-free thinning of biological
specimens for subsequent imaging in the transmission electron microscope. By
enabling near-native imaging of bacteria inside their eukaryotic host, this
combination of techniques promotes the integration of data from structural
biology and infection biology. Therefore, electron cryotomography associated
with cryo-focused ion beam milling holds great potential for establishing
multiscale models of cell-cell interactions from the atomic, to the cellular and to
the intercellular scale.
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Introduction
Bacteria only rarely exist as individual cells in the environment. Most often,
they interact with other eukaryotic, bacterial or archaeal cells. Well-orchestrated
interactions are the basis for ecological settings including pathogenesis,
symbiosis, commensalism, biofilm formation, or predation. The ability of the
bacteria to manipulate their host is critical for the establishment of such cell-cell
interactions. This is frequently accomplished by bacterial effector proteins that
act on the target organism. The effectors are typically delivered by specialized
macromolecular machines [1]. Besides these secretion systems, macromolecular
cell appendages such as pili play an important role in the physical attachment to
target cells [2].
Microbe-host interactions and the involved macromolecular assemblies have
been historically studied by two main fields of research. Infection biology
successfully addressed significant questions through the use of immunostaining
and live cell fluorescence light microscopy, generating data with a resolution of a
few hundred nanometers. Structural biology, on the other hand, resolved atomic
models of purified complexes using high-resolution methods including X-ray
crystallography, nuclear magnetic resonance spectroscopy, or single particle
electron microscopy. The different scales of resolution at which both fields
operate, present the challenge of generating integrative models of bacterial cellcell interactions from the atomic to the molecular and to the cellular level
(Figure 1). A further complication is encountered when addressing cell-cell
contact-dependent interactions, involving more than one cell. Here we review
the power of in situ imaging by electron cryotomography (ECT) and recent
advances in overcoming limitations to visualize bacteria inside their host.
Electron (cryo-)microscopy
The invention of transmission electron microscopy (TEM) equipped
scientists with a technique capable of overcoming the resolution limit inherent
to conventional light microscopy [3]. In order to withstand the vacuum in the
microscope’s column, biological samples were conventionally prepared by
chemical fixation, plastic embedding, thin-sectioning, and heavy metal staining.
For decades, such conventional room temperature TEM approaches have
delivered a tremendous amount of insight into the cell biology of eukaryotic
cells, as well as the fate of intracellular bacteria. The harsh sample preparation
procedures, however, limited insights into the molecular mechanisms of
macromolecular machines. Furthermore, conventional TEM was shown to
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introduce artifacts and sometimes fails to resolve entire classes of cellular
components [4].

Figure 1 - Multiscale approach. Electron cryotomography bridges the gap in resolution between
techniques used in Structural Biology and Cell Biology. Applied in an integrative approach, electron
cryotomography generates models ranging from the atomic to the multicellular scale.

In pioneering work, Dubochet and coworkers founded the era of electron
cryomicroscopy (cryoEM) by exploring the preservation and imaging of
biological specimens in a frozen-hydrated life-like state [5]. Typically, a
suspension of cell culture or purified complex is spread across a TEM grid, excess
liquid is removed by blotting with filter paper, and the grid is then plunged into a
cryogen such as liquid ethane-propane [6]. This leads to artifact-free
preservation of the sample in a glass-like amorphous ice (vitrification) [5] and
provides significant protection against beam-induced damage [7]. Vitrified
specimens are then imaged in a dedicated TEM at cryogenic temperature.
Cryopreservation

combined

with

significant

advances

in

cryoEM

instrumentation and image processing software, have led to tremendous
scientific advances in both structural and cell biology [8]. Sample type and
imaging mode classify cryoEM into three fundamentally different modalities.
Single particle cryoEM and electron crystallography aim at generating atomic
models by averaging information obtained from many thousands of copies of a
purified particle. The third cryoEM modality, electron cryotomography (ECT),
aims at resolving three-dimensional images of unique objects.
Electron cryotomography and limitation by sample thickness
In ECT, projection images of the target, an individual cell for instance, are
collected across a range of angles (typically from -60 to +60 degrees). The
resulting “tilt-series” is then computationally reconstructed into a three74

dimensional image— the tomogram [9]. In contrast to near-atomic resolution
structural techniques, this approach allows the visualization of individual
macromolecular complexes in their cellular context. Individual tomograms of
bacterial cells for instance, can be extremely rich in detail and reveal
ultrastructures such as membranes, cell envelope layers, cytoskeletal filaments,
secretion systems, storage compartments, flagella motors, chemoreceptor
arrays, cellular appendages, phages, or ribosomes. The resolution of individual
tomograms is in the range of a few nanometers. “Subtomogram averaging”
improves the contrast-to-noise ratio by computationally extracting, aligning, and
averaging identical subtomograms [10]. For an ideal sample, this approach can
resolve macromolecular complexes down to sub-nanometer and even atomic
resolution [11,12].
CryoEM images of increasingly thicker samples suffer a sharp decrease in
contrast and signal-to-noise ratio. This is due to the physics of image formation
in TEM. Here, only the interference of unscattered with elastically scattered
electrons generates meaningful signal. However, the number of inelastic
scattering events increases with the length of the path the electrons take to
travel through the sample, effectively restricting the application of ECT to cells
with a thickness of well below 800 nm. As such, ECT imaging has had a
tremendous impact on our mechanistic understanding of relatively thin bacterial
cells (reviewed in [13]). Also the thin peripheral regions of intact eukaryotic cells
are amenable to direct ECT imaging [14]. A few studies used this approach to
investigate the invasion of host cells by Chlamydia trachomatis (Figure 2A)
[15,16], the in situ structure of invading adenoviruses [17], the life cycle of
vaccinia virus [18], and the maturation of HIV-1 particles [19]. Most problems in
infection biology, however, require a sample-thinning step to be able to target all
subcellular areas of interest for the acquisition of high-quality ECT data.
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Figure 2 - Chlamydiae-host interactions imaged by ECT of intact and cryosectioned cells. (A) The
attachment and invasion of eukaryotic adherent cells (U2SO, eC) by Chlamydia trachomatis was studied by
imaging the thin edges of intact cells. The tomogram shows four bacterial cells (b), two of which are
interacting with the host cell membrane through a type three secretion system apparatus (black
arrowheads). (B) In another study, environmental chlamydiae (b) were found to recruit the host
endoplasmic reticulum (rER) to the bacterial inclusion membrane (iM). Here, infected amoeba cultures
were high-pressure frozen and cryosectioned prior to ECT imaging. Note the membrane discontinuities
(white arrowheads), which are artifacts from the mechanical cutting motion. The ribosomes (r) can be
discerned in both bacterial and the amoeba cytoplasm (aC). (P) plasma membrane. A Adapted from [15] and
B adapted from [22]. Bars, 100 nm.

Cryosectioning
Cryosectioning is the traditional approach to thinning a vitreous sample to a
thickness that is suitable for ECT imaging. 60-80 nm thick sections are cut using
a diamond knife inside an ultramicrotome that is operated at cryogenic
temperature [20]. Samples for this approach are typically vitrified by highpressure freezing, a cryo-fixation technique that allows for vitrifying samples
with tens of microns in thickness [21]. Cryosectioning allowed for the first time
to image bacterial cells inside their host by ECT, revealing the recruitment of
host cell compartments by chlamydial inclusions (Figure 2B) [22]. Despite its
potential, cryosectioning has failed to become widely popular for studying
intracellular bacteria. First, the technology requires an extremely high level of
manual expertise. Second, the physical cutting motion introduces a number of
artifacts including knife marks, crevasses, and up to 40% of unidirectional
compression of the specimen [23]. The latter is particularly problematic, if the
data is to be used for subtomogram averaging. Furthermore, the generated thin
sections tend to bend and can be difficult to adhere to the TEM grid [24].
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Cryo-focused ion beam milling
A promising alternative to cryosectioning is sample thinning by cryo-focused
ion beam (FIB) milling. FIB milling was originally developed as a sample
preparation method for materials sciences. The concept relies on the ablation of
material by bombarding the specimen with high-energy ions such as gallium. FIB
milling is typically performed using a dual beam instrument that employs a FIB
in combination with a scanning electron microscope (SEM), enabling the nondestructive imaging of the sample surface and monitoring of the milling progress
[25]. The preparation of a biological specimen for ECT imaging requires FIBmilling to be performed at cryogenic temperature, which can be achieved by
cooling the stage of the dual beam instrument directly with liquid nitrogen gas
[26], or indirectly by copper bands that are attached to an external liquid
nitrogen reservoir [27]. Such a setup, combined with cryo-transfer steps
between vitrification, milling and ECT imaging, is suitable for cryo-thinning of
vitrified biological specimens while overcoming the artifacts of mechanical
cryosectioning [28]. Heat-induced devitrification by the high-energy beam was
not observed [29]. Likewise, structural damage by gallium ion implantation was
limited to a negligible 10 nm thick surface layer [28].
Early cryoFIB milling developments were dedicated towards the
establishment of a stable methodology and the design of tools [26,27,30-32],
which allowed the first handling of an increasingly varied array of samples from
bacteria [28], to yeast [33], eukaryotic cells [26], large mammalian cells [32],
whole tissue [27] and multicellular organisms [34]. Other improvements to the
technique include protocols for depositing fiducial markers onto milled samples
[34], continuous development of FIB milling hardware [35,36], adapting the
workflow to the use of a phase plate for ECT imaging [37,38], lift-out of milled
lamellae [39,40], milling strategies for consistent sample quality [38], and robust
and universally applicable workflows.
A typical workflow starts with the cultivation of cells (Figure 3). Adherent
cells can be grown (and infected) on EM grids by incubating grids in growth
medium. Alternatively, cells can be cultivated in suspension and pipetted onto
the grid. Grids are then plunge-frozen, followed by transfer into the cryoFIB/SEM instrument. An SEM beam that is oriented perpendicular to the grid
surface is used to locate target cells. The FIB is then used to ablate material at a
relatively shallow angle (5-15°). The field settled on two different milling
strategies. For most samples, two rectangular patterns are milled to generate a
77

lamella with a thickness of 100-300 nm (Figure 4A-D). For relatively thin
bacterial cells in isolation, a single rectangular milling pattern can be used to
generate a wedge. Milling is repeated for several targets, followed by transfer of
the grid to the cryoTEM for ECT imaging.

Figure 3 - Workflow for cryoFIB milling and ECT imaging of bacteria inside host cells. CryoFIB milling
allows to access intracellular targets (e.g. bacteria) for ECT imaging. (1) Eukaryotic cells are grown on EM
grids and infected. (2) Grids are retrieved from the cell culture and excess liquid is removed by filter paper.
Plunging the grid into a cryogen freezes the sample in amorphous ice. (3) After cryo-transfer of the grid into
a FIB/SEM instrument, targets are identified by SEM and lamellae or wedges are milled with a FIB. (4) The
milled grids are cryo-transferred to a cryoTEM for ECT imaging. Tilt series are computationally
reconstructed into 3D images (tomograms).
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Figure 4 - In situ imaging of intracellular bacteria. Shown are example images that were generated by
the workflow depicted in Figure 3. (A-D) Shown are SEM and FIB views of an infected plunge-frozen
amoeba cell (arrows), before and after FIB milling. The milling pattern is indicated by boxes in panel B. The
generated lamella (head-on view in C, topview in D) is indicated by arrowheads. (E) Shown is a 2D slice
through a 3D tomogram that was recorded on a milled lamella. Cells of the intracellular symbiont
Amoebophilus asiaticus (white arrowhead) are seen in the amoeba cytosol (aC) and possess type six
secretion system arrays (asterisk). Also seen are amoeba organelles such as Golgi apparatus (g) and
mitochondrion (m). (F) Shown is a segmentation of the tomogram seen in (E). Green, bacterial outer
membrane; gold, inner bacterial membrane; black, type six secretion array; blue, Golgi apparatus; red,
mitochondrion; pink, microtubules. A-E adapted from [54]. Bars: A-D, 10 µm; E, 100 nm.

In the last few years, cryoFIB milling enabled ECT imaging of previously
inaccessible cellular components. Remarkable progress was made by analyzing
the eukaryotic single-celled model organism Chlamydomonas reinhardtii. This
technology revealed the native architecture of the chloroplast [41], discovered
novel intracisternal protein arrays in the Golgi [42], determined the structure of
the translocon-associated complex [43], and classified the non-membrane bound
pyrenoid as a liquid-like organelle [44]. Protein aggregation was addressed in
HeLa cells, mouse primary neurons and yeast [45,46]. Unprecedented insights
into the nuclear periphery and nucleo-cytoplasmic transport were shown for
HeLa and kidney cells [47,48]. Actin remodeling was investigated in the amoeba
79

Dictyostelium discoideum [49]. Membrane contact sites were imaged in yeast
[50]. For bacteria of the phylum Planctomycetes, cryoFIB milling was important
to show the existence of a peptidoglycan cell wall [51] and to establish the
cellular organization [52]. Further studies generated insights into the interaction
between viruses and their eukaryotic host [48], and between phages and their
bacterial host [53]. Finally, a recent study applied cryoFIB milling and ECT
imaging to understand the interaction between a bacterium and its eukaryotic
host [54]. The authors established a workflow that revealed the life cycle of
Amoebophilus asiaticus inside their amoeba host, contributing to the clarification
of the role of the bacterium’s type six secretion system (Figure 4E/F).
Current efforts are geared towards a robust correlation between cryo-light
microscopy, cryoFIB milling and ECT imaging. The first cryoFIB applications
employed a largely “blind” targeting strategy for milling. The relatively low
throughput of the technique and the running costs of the instrumentation
prompted the development of methods to target particularly rare events. A
promising approach is the use of fluorescent reporters. A map of targets on the
grid is recorded by cryo-fluorescence light microscopy in order to establish
coordinates in “X” and “Y” for FIB milling and ECT imaging [55]. Establishing the
“Z” height of a target, however, is particularly important for aiming the milling
step. This requirement can be addressed by the use of fluorescent fiducials
combined with confocal spinning disk cryo-light microscopy and 3D coordinate
transfer software [56].
Conclusions
The application of ECT to skinny bacteria radically transformed our
understanding of bacterial cellular processes, however, insights were limited to
questions that could be studied with isolated cells. The recent advent of cryoFIB
milling overcomes ECT’s restriction to thin samples and opens the technology for
infection biology questions. We anticipate that the application of cryoFIB milling
and ECT will have a major impact on our understanding of the establishment of
stable pathogenic or symbiotic relationships between bacteria and their hosts.
Likewise, the technique holds great potential for the field of viral infections.
Despite the recent advances, a number of methodological challenges remain
to be addressed. The transfer of the sample between the cryo-light microscope,
dual beam instrument and cryoTEM is an active area of development, since every
transfer poses the risk of contamination, devitrification and loss of lamellae. One
path forward might be the combination of several steps in a single instrument,
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for instance by an integrated dual beam/light microscope. Furthermore, the
maximum physical size of the specimen is currently limited by the cryoFIB
milling speed. While higher milling currents would allow for faster milling, they
also lead to beam damage and devitrification of the sample. The exploration of
new FIB chemistries might alleviate the problem and make the method
applicable to organoids and infected tissues that were isolated from mouse or
even human patients. Alternatively, cryo-planing techniques could be routinely
used for accessing specific sites in larger specimens [26]. Finally, the
combination of ECT data of FIB-milled lamellae with data from slice and view
approaches could be beneficial to generate contextual information from larger
volumes [57].
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Abstract
Electron cryotomography is able to visualize macromolecular complexes in
their cellular context, in a frozen-hydrated state, and in three dimensions. The
method, however, is limited to relatively thin samples. Cryo-focused ion beam
(FIB) milling is emerging as a powerful technique for sample thinning prior to
cryotomography imaging. Previous cryo-FIB milling reports utilized custom-built
non-standard equipment. Here we present a workflow and the required
commercially available instrumentation to either implement the method de novo,
or as an upgrade of pre-existing dual beam milling instruments. We introduce
two alternative protocols and the respective sample holders for milling. The
“bare grid holder” allows for milling on plain grids, having the advantage of
enabling relatively shallow milling angles for wedge geometries. The “Autogrid
holder” is designed for milling grids clamped into a mechanical support ring
(Autogrid), resulting in increased stability for lamella geometries. We applied the
workflow to prepare samples and record high-quality tomograms of diverse
model organisms, including infected and uninfected HeLa cells, amoebae, yeast,
multicellular cyanobacteria, Pseudomonas aeruginosa and Escherichia coli cells.
The workflow will contribute to the dissemination of electron cryotomography
of cryo-FIB milled samples in the biological sciences.

Keywords
in situ imaging, cryo-electron microscopy, electron cryotomography, cryofocused ion beam milling, sample holder
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1. Introduction
Cryo-electron

microscopy

(cryoEM)

recently

enabled

numerous

groundbreaking insights regarding the structure and function of macromolecular
complexes. The keys to this success were novel sample preparation procedures,
major advances in microscope and detector instrumentation, and the
development of software for image acquisition and processing. Based on this
progress, atomic resolution structures of purified complexes can now routinely
be determined by single particle cryoEM [1]. Another modality of cryoEM,
electron cryo-tomography (ECT), can resolve macromolecular complexes in their
cellular context [2]. In an integrative approach, ECT can therefore bridge the gap
between structural biology and cell biology. Much insight has been generated by
applying ECT to thin bacteria [3] and the periphery of eukaryotic cells [4]. Most
cellular samples, however, are not sufficiently thin. With increasing sample
thickness, significant amounts of noise are introduced by higher fractions of
inelastic and multiple scattering events, limiting high-quality data collection to
samples well below 800 nm in diameter [5-7].
In order to study thicker specimens, a sample-thinning step is required
between vitrification and ECT imaging. Thin-sectioning of vitrified material
under cryogenic conditions (cryo-sectioning) has been used in the past, but the
mechanical cutting introduces artifacts that can prevent high-resolution
structure determination [8]. Focused ion beam milling at cryogenic conditions
(cryo-FIB milling) is an emerging thinning step that overcomes the issues of
mechanical cryo-sectioning [9,10]. The concept relies on removing material with
an ion beam through sputtering [11]. Gallium ions are usually used to bombard
the sample, causing the ejection of atoms and ablation of the target area. Milling
is typically performed in a “dual beam” instrument that combines the FIB gun
with a scanning electron microscope (SEM), allowing the visualization of the
milling process [12].
For ECT sample preparation, the instrument must be adapted to allow for
the operation under cryogenic conditions. The most critical components are a
stage that can be cooled below the devitrification temperature of water and a
holder (sometimes referred to as “shuttle”) to mount and transfer the
transmission electron microscopy (TEM) grids to the stage. It is essential to
minimize the risk of contamination and devitrification during the transfer of the
specimen in and out of the milling instrument. Several groups have successfully
established such cryo-FIB milling approaches, addressing issues such as i)
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designing suitable tools and handling devices [6,10,13], ii) maintaining vitreous
ice and minimizing radiation damage throughout the milling process [14,15], iii)
monitoring the ice state in situ [16], iv) applying the technique to larger cells
[17,18], v) studying tissues and multicellular organisms [19,20], vi) depositing
fiducial markers onto the milled sample [20], and vii) establishing novel
protocols for lamellae handling and shaping [21,22].
To date, published cryo-FIB milling approaches rely on custom-made (noncommercially available) or modified parts for at least parts of the workflow,
including i) grid holders [13,16,20,23-29], ii) FIB/SEM microscope cryo-stages
[16,24], iii) cryo-transfer stations [26,30], iv) modified TEM grids [26], or v)
custom intermediate specimen holders [13,19]. The establishment of a cryo-FIB
milling workflow is therefore non-trivial and restricted to groups with access to
well-equipped machining workshops. Here we share a novel workflow for the
implementation of cryo-FIB milling capabilities. The method is robust, delivers
high-quality tomograms, and can be applied to diverse specimens.
2. Methods
2.1. Overview of the workflow and equipment
Our workflow was developed in an effort to establish cryo-FIB milling by
utilizing a preexisting material sciences FIB/SEM instrument to consistently
generate high-quality samples of various cellular specimens for ECT imaging.
The major steps and the required instrumentation for the workflow are shown in
Figure 1. The workflow consists of two alternative protocols, differing in
whether or not the TEM grid is mounted into a mechanical support ring
(Autogrid) during milling. The “bare-grid” protocol offers shallower milling
angles, whereas stability of the milled samples was much improved in the
“Autogrid” protocol. Figure 1 also lists the instruments and tools we used. It is
likely that most operations can be performed with equivalent devices without
major modifications (examples are listed in Table 1). Below, we describe the
details of the sequential steps of the workflow, from cell culturing to ECT
imaging. We also note insights we gained while establishing the procedure.
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Figure 1 - Workflow schematic. Each gray field represents one operational step. The associated keyequipment is listed on the right. Equivalent equipment is listed in Table 1. Arrows denote transfer steps.

Table 1 - Equipment comparable to the instruments used in this study
Instruments used in this study
Thermo Fisher Vitrobot

Comparable equipment
Leica EM GP
Gatan Cryoplunge 3
Manual plunger

Comments
One-sided blotting only

Thermo Fisher CorrSight

Leica EM Cryo CLEM
MPI Biochemistry Cryostage2
Linkam Cryostage

Requires bare grids
Requires bare grids

Leica VCT 100 loading box

Leica EM VCM
Microscopy Improvements Cryo Glovebox

Leica EM BAF 060

Leica EM MED 020
Leica EM ACE 600

Thermo Fisher Helios 600i

Zeiss Auriga
Thermo Fisher Scios
Thermo Fisher Aquilos
Zeiss NVision 40
Hitachi FIB’s
Tescan FIB’s

Leica band-cooled cryo-stage

Quorum PP3000T cryo-system
Thermo Fisher Aquilos associated cryo-stage
Microscopy Improvements Cryo-Stage

Thermo Fisher Titan Krios

Thermo Fisher Talos Arctica
Thermo Fisher Tecnai G2 Polara
JEOL JEM-2200
JEOL JEM-ARM200F

Leica EM VCT 100

Capable of cryo-sputter coating
Capable of cryo-sputter coating

Requires special cartridge for Autogrid assemblies

Leica EM VCT 500
Ferrovac Cryo-suitcase

91

2.2 Cell culture
Since cryo-FIB milling followed by ECT is a relatively low-throughput
procedure, it is important to optimize sample quality. Culture conditions should
be chosen to maximize the number of targets per cell, as well as the distribution
and density of cells on the grid. We applied our workflow to bacterial cells,
eukaryotic cells and eukaryotic cells that were infected with bacteria. Culturing
conditions are listed in Table S1. The typical TEM grid features a holy carbon film
(dull/rough side) attached to one side of a metal mesh (shiny appearance).
Throughout the protocol, it is important to keep track of the orientation of the
grids. Bacteria and yeast cells were grown in liquid culture, concentrated, and
then applied to the carbon side of the grids (Cu R2/2, Quantifoil) before plungefreezing. Other eukaryotic cells, including HeLa cells and amoebae, were grown
directly on EM grids. For cytotoxicity reasons [31,32], the copper grids were
replaced by mechanically less stable gold finder grids (Au NH2 R2/2, Quantifoil).
Grids were sterilized under UV light for 15 minutes, glow discharged twice at 25
mA for 45 seconds each, placed with the carbon side facing up in a 12-well plate
(Nunc, Thermo Fisher), and equilibrated with the respective medium. Cells were
seeded onto the grids (30,000 cells per well) and grown (and infected) according
to Table S1.
2.3 Plunge-freezing
Plunge-freezing can be used for the vitrification of samples with several
microns of thickness. Plunge-freezing parameters critically determine the
density of cells on the grid, ice thickness and ice quality [33,34].
For cell types such as HeLa, yeast, amoebae, or cyanobacteria, we found that
the subsequent milling step was most successful if there were around 2 to 4 cells
on each grid square and if the culture medium was mostly removed by rigorous
blotting (Figure 2A/B). Higher sample densities and thicker ice led to longer
milling times and made the milling process difficult to target. High-quality grids
were obtained by a back-blotting scheme where only the grid side opposite of
the sample was in contact with the filter paper. This can be achieved by manual
blotting using a forceps-held filter paper. Here, however, we obtained more
reproducible results by using a Vitrobot [33], replacing the filter paper on the
sample-facing blotting pad with a Teflon sheet (M. Schaffer, personal
communication; [24,35]) (Figure 2C/D). Grids with amoeba cells were removed
from the culture using forceps, transferred to the Vitrobot, and back-blotted
twice for 7 sec each blot (27°C, 80 % humidity, blot force 10). Grids with HeLa
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cells were handled similarly and back-blotted twice for 5 sec each blot (37°C, 80
% humidity, blot force 10). Yeast cells were concentrated and grids were backblotted twice for 5 sec each blot (27°C, 90 % humidity, blot force 10). Liquid
cultures of cyanobacteria were allowed to sediment for 30 minutes.
Concentrated cell suspension was applied to the grid, followed by back-blotting
once for 2-4 s (22°C, 100 % humidity, blot force 0).

Figure 2 - Effect of vitrification procedure on grid quality. (A/B) Amoeba cells on a square of a vitrified
grid. The target cells are easily identifiable in both the SEM (A) and the FIB (B) views, because most of the
culture medium had been removed. (C/D) Comparison of overview images of two grids with HeLa cells
frozen with different blotting procedures. Manual back-blotting left too much residual culture medium that
prevented from localizing individual targets (C). Backside blotting with a Teflon sheet on the front pad
generated grids with many potential milling targets (D; arrows, examples of potential targets). Bars: 10 µm,
A/B; 200 µm, C/D.

Smaller bacterial cells required a significantly different approach. Best
results were obtained by freezing bacterial lawns of high cell density that
allowed for a blind milling approach. Cells were concentrated by centrifugation,
applied to the grid, and the grids were back-blotted once for 5 s (27°C, 95 %
humidity, blot force 0). All grids were stored in liquid nitrogen.
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2.4 Autogrid mounting
Autogrids (Thermo Fisher) were initially developed to increase stability of
TEM grids in order to allow automated loading of grids into cryo-transmission
electron microscopes such as the Titan Krios or Talos Arctica. In the light of
previous reports [18], we reasoned that performing all workflow steps and
transfers in Autogrid assemblies would improve lamella stability (Autogrid
protocol). Autogrids have to be modified for FIB milling purposes because the
rim of a regular Autogrid restricts the milling angle by obscuring the sample
[10,18,35]. We used modified Autogrids provided by J. Plitzko or a commercial
prototype provided by Thermo Fisher (Figure S1).
On the Autogrid mounting station (Thermo Fisher), grids were clipped with
the carbon side facing away from the C-clip ring and cryogenically stored until
further use. After grid clipping, grids were handled with style 2A flat round tip
tweezers (Dumont). Autogrid mounting was skipped for the bare-grid protocol.
2.5 Cryo-light microscopy imaging
Cryo-light microscopy (cryo-LM) imaging is an optional step useful for
samples with less abundant targets or those with heterogeneous distribution.
For instance, we used cryo-LM to pre-determine whether or not a eukaryotic cell
was infected with GFP-tagged bacterial cells. By recording an atlas of fluorescent
signals indicating putative targets on the entire grid, the relevant coordinates
were transferred to the FIB/SEM instrument for directed milling [36,37]. We
used a CorrSight (Thermo Fisher) light microscope equipped with a cryomodule. To reduce contaminations from residual water, the cryo-module and
microscope chamber were purged for 3 h with dry N2 (60 °C). The stage was
cooled with LN2 for 1 h. Autogrid assemblies were placed into the cryo-shuttle
with the carbon side facing down and mounted onto the stage and kept below –
180 °C. The MAPS-software (Thermo Fisher) was used to acquire wide-field
overview images of the whole grid as well as spinning-disk confocal microscopy
Z-stacks of defined sub-regions.
2.6 Sample holder loading
2.6.1 Holder design
The cryo-FIB sample holder is a critical element of the workflow. Inside a
loading station, it is loaded with grids and the holder is then transferred by a
compatible transfer system to a compatible cryo-stage in the FIB/SEM
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instrument. We used a vacuum transfer system (Leica, see section 2.7) and a
FIB/SEM instrument equipped with a band-cooled cryo-stage (Leica, see section
2.8.1.).
To implement the bare-grid protocol, we used a 40° pre-tilted TEM grid
holder, accepting two plain grids (“bare-grid holder”, Leica, Figure 3A/B). For the
Autogrid protocol, we designed a new holder in collaboration with Leica,
accepting two grids in Autogrid assemblies (“Autogrid holder”, Figure 3C/D). In
both holders, the grids/Autogrids are inserted into a slot which acts as a clamp
and which is tightened by a screw after insertion. Both holders also feature a
movable lid, which is closed during transfers to protect the sample from
contamination, and opened during the milling process. Furthermore, walls on
each side of the pair of grids act as cold traps, reducing contamination.
In practice, the “bare-grid holder” had an advantage for milling wedges into
bacterial lawns, since the lack of a grid support surrounding the grid allowed for
shallower milling angles that generated a larger usable area for subsequent ECT
imaging (Figure S2). For milling lamellae, however, this approach came at the
expense of low lamella stability (Figure S3). The “Autogrid holder” addressed
this issue by allowing the mounting of Autogrid assemblies, which significantly
increased lamella stability and therefore success rates (see section 3).
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Figure 3 - Cryo-FIB milling sample holders. (A/B) The “bare-grid holder” was designed to hold two bare
grids (one grid loaded in A). A movable cover is actuated by the vacuum cryo-transfer system tip. The lid
was opened for holder loading and sample coating/milling (shown in A), and closed during transfer steps
(shown in B) to protect the sample from contamination. Sidewalls provide further protection by acting as a
cold trap. (C/D) In an attempt to improve lamella stability throughout the workflow, the “Autogrid holder”
was developed to accept two grids in Autogrid assemblies (one assembly loaded in C/D). The holder also
features a movable lid and protective sidewalls. The loading deck was divided to allow for finer control of
the loading slots. The original design of the “Autogrid holder” (C) was improved (shown in D) by a modified
notched lid to allow better pole piece clearing, and grid position indicators were added to allow for easier
identification of the grids in the dual beam instrument.

2.6.2. Holder loading procedure
To minimize contaminations, the holders were stored in 100% ethanol and
thoroughly dried by dry N2 and a blow drier before use. Holders were then
mounted into the cradle of the dried VCT 100 loading box (Leica, Figure 4A/B).
The working area was cooled by LN2. The sample slot on the holder was opened
and bare grids or Autogrid assemblies were inserted with the carbon side facing
up and the slot or marked trench (Figure S1) of the FIB Autogrid facing
outwards. The screw was tightened to lock the samples in.
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Figure 4 - Loading box, transfer equipment, and cryo-stage. (A) Shown is a loading box with an attached
vacuum cryo-transfer (VCT) system. (B) The holder is mounted onto a rocking stage (arrow) inside the box
and the grids are loaded onto the holder. (C) The holder is then retracted into the VCT system (shown) and
transferred to the FIB/SEM instrument. (D) Shown is the FIB/SEM cryo-stage with three sets of connected
copper bands. (E) Inside the FIB/SEM instrument, the cryo-stage is mounted on an auxiliary table (arrow)
and the cooling bands are connected to the cryo-shield support (arrowhead). Temperature sensor and
heating elements are connected to the external controller.

2.7 Vacuum cryo-transfer
For the next step, the loaded holder needs to be transferred from the loading
station to the FIB/SEM microscope. We used the VCT 100 system (Leica; Figure
4C) in order to limit sample exposure to atmospheric contaminants and to
maintain cryogenic temperature during transfer. After retrieving the holder from
the loading box, the VCT chamber was pumped from atmospheric pressure to
high vacuum, so that the VCT could be docked to the evacuated FIB/SEM
microscope chamber without breaking the vacuum. For VCT pumping, we used a
freeze-fracturing machine equipped with a VCT dock (BAF 060, Leica), although
other instruments can be used instead (Table 1).
When not in use, the VCT was left connected to the BAF 060 machine and
pumped to high vacuum. For the holder transfer, the VCT’s internal cryo-shield
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was cooled by filling the dewar with LN2. The BAF valve was then closed, the
system was vented with dry N2, the VCT valve was closed and the airlock was
vented. The VCT was then attached to the VCT loading box and the valve was
opened. The VCT rod was lowered to connect the tip to the sample holder
(carrying grids). By rotating the rod, the holder lid was closed and the support
tabs were disengaged. The holder was retrieved into the VCT and the valve was
closed. The VCT was then again attached to the BAF dock and pumped to high
vacuum. The VCT was then detached while maintaining the vacuum and quickly
transferred to the FIB/SEM instrument.
2.8. Cryo-FIB milling
2.8.1. FIB/SEM instrument hardware
For milling, we used a Helios 600i FIB/SEM dual beam instrument (Thermo
Fisher) originally acquired for material sciences experiments. The instrument
was equipped with a VCT dock (Leica) and an external LN2 dewar for the cooling
of an internal cryo-shield and its support structure. The equipment was paired
with a commercially available made-to-custom band-cooled cryo-stage (Figure
4D, Leica). The stage was mounted on top of an auxiliary table (Figure 4E) in
order to provide the height required to operate at the coincidence point of SEM
and FIB beams. The cryo-stage was thermally insulated from its mounting point
by four ceramic pillars. A metal spring provided a link to grounding to prevent
charging effects. The copper bands were connected to the cryo-shield support,
effectively cooling the stage through the external LN2 dewar, minimizing the risk
of vibrations and gas-leaks introduced by cooling. In initial attempts, we found
that two sets of 16 gold-plated copper bands resulted in a cryo-stage
temperature of -144 °C. The addition of a third set of bands in subsequent
experiments cooled the stage to -155 °C throughout the milling procedure [13].
The cooling bands-based stage design still allowed for a wide range of
translational, rotational and tilting motion that was necessary for positioning the
grids for milling and gas injector system (GIS) coating (at least 20 mm in X, 40
mm in Y, 8 mm in Z, 45° tilting, and 100° of rotation).
2.8.2. Preparation of the FIB/SEM instrument
Poor vacuum is known to lead to surface contamination deposition [24],
therefore making the optimization of the pressure in the chamber of the
FIB/SEM instrument an important step towards high-quality lamellae. The
alternating usage of our device for room temperature- and cryo-workflows
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required the hardware (stage and table) to be mounted before every session,
which posed an increased contamination risk. In fact, in initial attempts, we
noticed that the opening of the dual beam instrument chamber on the day of
milling caused the sample to be covered by ice contamination (Figure S4A). This
problem was solved by moving the assembly process to the evening prior to the
milling session and pumping/cooling the system overnight. Interestingly,
lamellae that were milled with or without the cryo-shield installed did not result
in qualitative differences of the acquired tomograms. The relatively large cooled
(-185 °C) cryo-shield support structure (Figure 4E) is likely sufficient to act as a
cold trap for residual water present in the high vacuum of the chamber.
The cryo-stage and table were stored in a vacuum oven between cryosessions. After mounting them into the chamber of the FIB/SEM instrument, the
chamber was evacuated and plasma-cleaned for 15 min. After reaching high
vacuum (~5x10-6 mbar), the microscope was cooled overnight by connecting an
automated LN2 filling system (series #900 LN2 cryo-pump filling system,
Norhof) to the external LN2 dewar, bypassing the need to manually refill the
system every 2 h. After ~12 h, the FIB/SEM instrument was stable with a
chamber pressure of 1x10-6 mbar and a stage temperature of -155 °C.
2.8.3. Sample coating
Previous work with biological materials at room temperature showed that
an organometallic coating deposited through the in-chamber gas injection
system (GIS) of the FIB/SEM instrument successfully protected surfaces from
stray ion erosion and reduced surface grooves along the beam direction that lead
to a corrugated lamella surface, a phenomenon called curtaining [38]. A GIS
coating protocol adapted for cryo-conditions [39] with an increased needle-tosample distance, reduced precursor gas temperature and reorientation of the
sample to be perpendicular to the gas flow, was adopted with some
modifications by most groups applying cryo-FIB milling [16]. More recent
reports suggested that a thin layer of material applied by sputter-coating prior to
milling is useful for enhancing electrical conductivity, reducing charging and
increasing visibility in the SEM, using either carbon [20] or platinum [24,25].
Post-milling sputter coating was also reported to be required for subsequent
ECT imaging with the Volta phase plate [24].
While establishing our workflow, we experimented with different coating
strategies and materials, settling on a single GIS organometallic platinum coating
step before milling. This procedure protected the sample and minimized
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curtaining. Most importantly, it also eliminated any sample charging effects that
were observed with uncoated samples (Figure S4B). An exploratory trial using a
GIS tungsten hexacarbonyl coating was unsuccessful, since the targeted areas
exhibited heavy charging, gradual degradation of imaging quality and beam drift.
We also tested the finest metal coating technique – electron beam evaporation of
tungsten. The grids were coated with a 10 nm layer from the top of the holder
using the BAF 060 device. Another 5 nm were deposited at a 45° angle to
complement the areas that were in the shadow in the first position. Although no
charging was noticed, the milled lamellae surfaces were rough and exhibited
significant curtaining (Figure S4C).
In our workflow, we lowered the temperature of the GIS gas crucible to 27 °C
on the evening prior to the milling session, to allow for passive cooling. After the
holder was loaded onto the cryo-stage on the successive day, the samples were
brought to working distance (coincidence point of SEM and FIB beams) to
monitor grid quality. The stage was then lowered by 4 mm to increase the
distance between the grids and the GIS needle. The stage was then tilted to
orient the grid surface perpendicular to the needle. The flow of the gas was
opened for 4 to 6 seconds. The coating procedure was repeated with the second
grid.
2.8.4 Milling
After coating, the grids were brought back to the working position and
oriented perpendicular to the SEM beam. Potential targets were identified by
SEM imaging with 170 pA current and 2-10 kV voltage using an Everhart
Thornley Detector (ETD) configured for secondary electron detection. After the
selection of a target, the target was inspected by FIB imaging with the ETD at 7.7
pA current and 30kV voltage. The angle of the grid with respect to the FIB gun
depended on the used protocol/holder and was 2°-7° for bare grids (“bare-grid
holder”) and 10°-15° for modified Autogrids (“Autogrid holder”). Lamellae were
generated by simultaneously milling two parallel rectangular areas, one above
and one below the targeted region. Lamellae were produced by consecutive
milling steps, sequentially approaching the final lamella thickness while at the
same time decreasing the milling current. We typically started with a high
current of 430 to 230 pA for the initial milling, used 80 pA to reach a thickness of
800 nm and finished the first rough milling at ~400 nm thickness with a current
of 40 pA. Once all targets were milled, a final polishing step was applied to all
lamellae using a current of 24 pA to bring them to the final desired thickness of
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250 to 350 nm with a smooth surface. Sample specific imaging conditions could
reveal the details of structures inside the vitrified sample (Figure 5A).

Figure 5 - SEM and TEM images of a milled and infected eukaryotic cell. (A) Shown is an SEM image of a
milled eukaryotic cell infected with Legionella pneumophila. By adjusting the voltage of the SEM beam it
was possible to discern details such as phagosomes and intracellular bacteria in the 235 nm thick lamella.
The image was recorded at a voltage of 3 kV and a current of 0.17 nA using the Everhart Thornley Detector
in secondary electrons mode. (B) Shown is a TEM image of the region indicated in (A), revealing the
intracellular bacteria (arrows) and vacuoles (arrowheads) at greater detail. Such low-magnification images
served as maps to target ECT data collection. Bars: 10 µm, A; 2 µm, B.

The milling of wedges into thin samples, for instance lawns of bacterial cells,
was performed in a similar way, with the exception that only one rectangular
pattern was used with a larger width (10-30 µm).
2.9 Holder unloading
The VCT was attached to the VCT dock of the FIB/SEM instrument and the
VCT dewar was filled with LN2. After ~5 min, the holder was retrieved from the
stage and retracted into the VCT. The FIB/SEM dock and VCT valves were both
closed and the VCT was detached. The VCT was then attached to the BAF 060 and
vented with N2 while the BAF valve was kept closed. This step was necessary to
prevent opening the evacuated VCT chamber directly at the VCT loading box
where some humidity might be present and introduce contamination. The VCT
valve was then closed and the VCT was attached to the thoroughly dried and
cooled loading box. The VCT valve was re-opened and the holder was lowered
into the LN2 bath. To unload the milled samples, the screw was loosened and the
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grids were removed and stored in grid boxes under LN2. The automated LN2
dosing system was disconnected from the FIB/SEM instrument, the stage heating
element was set to 60 °C and the microscope dewar was dried with gaseous N2.
When the cryo-stage reached room temperature, the chamber was opened and
the cryo-stage was disassembled and stored in a vacuum oven at 40 °C.
2.10 ECT imaging
ECT imaging was performed using Titan Krios (Thermo Fisher) or Polara
(Thermo Fisher) 300 kV transmission electron cryo-microscopes. Both
instruments were equipped with an imaging filter (Gatan) and K2 Summit direct
electron detector (Gatan). In order to load samples into microscopes, FIB
Autogrid assemblies generated by the Autogrid protocol could be directly loaded
into the autoloader cassette of the Titan Krios. For the Polara, a modified
cartridge that accepted an Autogrid assembly was used (obtained from J. Plitzko)
[28]. Grids that were processed according to the bare-grid protocol, were clipped
into either Autogrid assemblies for imaging in the Titan Krios, or regular sample
cartridges for imaging in the Polara. The clipping after milling required much
care, as the process applies physical stress onto the lamellae and can lead to their
breakage.
It is important to orient the lamellae on the stage so that the direction of
milling is perpendicular to the microscope tilt axis [24]. That way, the
remainders of the milled cell do not come into view during high tilts and the
focusing routine along the tilt axis produces accurate results. We determined
that, for our Titan Krios system, the notch of the modified Autogrid should face
the 3 o’clock position in the autoloader cassette (Figure S5).
After loading, SerialEM [40] or UCSF Tomography [41] were used to record
maps of the grids, identify lamellae positions, and collect tilt series of targets of
interest. Interestingly, structural details including the nuclear envelope,
mitochondria, golgi or intracellular bacteria were detected in 2D images (Figure
5B) and helped to guide data collection. Typically, tilt series were collected using
a bidirectional tilt-scheme from -20° to +60° and from -22° to -60°, 2°
increments, a pixel size of 6.2 Å, a defocus of -8 µm, and a total dose of 120 e-/Å2.
Parameters, however, varied slightly depending on the sample and the
microscope used. The imaging filter was operated in zero-loss mode with a slit
width of 20 eV. Some tilt series were recorded in focus using a Volta phase plate
[42]. Tilt series were reconstructed with IMOD [43] using patch tracking to
account for the absence of gold fiducial markers.
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3. Results
The developed workflow allowed us to routinely vitrify specimen, generate
milled samples and collect high-quality cryo-tomograms of biological specimens.
Table 2 shows the efficiency of the main steps for both protocols. The estimated
listed values reflect the experience of four proficient users logging more than 15
sessions each, with an average of 30 sessions per user and were calculated over a
period of three years. In a typical session, up to 16 lamellae were milled at a rate
of 30-45 min per lamella, depending on the sample. Besides its reproducibility,
the workflow proved highly robust regarding the analyzed specimen. We applied
the established methods to diverse cellular model organisms, including infected
and uninfected human (HeLa) cells, infected and uninfected amoeba cells, yeast,
multicellular cyanobacteria, and unicellular bacterial Escherichia coli and
Pseudomonas aeruginosa cells. Figure 6 shows examples of the specimens
imaged by either SEM or FIB before and after milling, respectively. ECT imaging
of the resulting samples generated cryo-tomograms with an impressive amount
of detail. Example tomograms are shown in Figure 7. We observed
ultrastructures and macromolecular complexes including intracellular bacteria,
contractile injection systems, mitochondria and their cristae, endoplasmic
reticulum, golgi, cellular and vacuolar membranes, multi-vesicular bodies,
microtubules and microtubule inner proteins, nuclear envelopes, nuclear pore
complexes, nucleosomes, ribosomes, septa, storage granules, phycobilisomes,
and thylakoid membranes.
Table 2 - Efficiency estimation of workflow steps
Bare grid protocol
75 %

Autogrid protocol
80 %

Comments
Bare grids have a tendency to bend when loaded and have
more broken squares.

Number of milled lamellae
per 10 h session

8 to 12

8 to 16

Number of milled lamellae increases with experience and
sample quality.

Percentage of high quality
lamellae in the TEM

30 % (Titan)
60 % (Polara)

90 %

The Polara cartridge system appears to be gentler on
milled lamellae than the Autogrid support.

Number of tomograms per
lamella

3 to 6

2 to 4

Smaller incidence angles allowed for longer lamellae,
which allowed for more tomograms per lamella.

Percentage of good
tomograms

50 to 80 %

50 to 80 %

Tomograms recorded on a target in the central grid region
and without ice contamination had typically high-quality.

Percentage of high quality
grids in the FIB/SEM
instrument
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Figure 6 - Cryo-FIB milling of diverse model organisms. Shown are images documenting the milling
process of infected amoebae (A-D), infected HeLa cells (E-H), multicellular cyanobacteria (I-L), budding
yeast cells (M-P) and unicellular bacteria (Q-S). Shown are SEM images before (A/E/I/M/Q) and after
(D/H/L/P/S) milling, as well as FIB images before (B/F/J/N) and after (C/G/K/O/R) milling. The red boxes
outline the milling pattern. The aim was to generate thin lamellae in D/H/L/P, and a shallow wedge in S.
Bars: 10 µm. A-D, E-H, I-L, M-P drawn to scale, respectively.
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Figure 7 - Electron cryo-tomograms of cryo-FIB milled model organisms. Shown are 2D slices through
electron cryo-tomograms of cryo-FIB milled model organisms such as (A-E) amoebae, (F) multicellular
cyanobacteria, (G) Escherichia coli, and (H) HeLa cells. The tomograms revealed ultrastructures and
macromolecular complexes including intracellular bacteria (B), contractile injection systems (C), cytoplasm
(CP), cristae (CR), cell wall (CW), degraded bacteria (DB), rough endoplasmic reticulum (ER), golgi (G),
bacterial inner membranes (IM), mitochondria (M), multi-vesicular bodies (MB), membrane invaginations
(MI), microtubule inner proteins (MIP), microtubules (MT), nuclear envelopes (NE), nucleoplasm (NP),
nuclear pore complexes (NPC), nucleosomes (NUC), bacterial outer membranes (OM), phycobilisomes (PB),
ribosomes (R), septa (S), storage granules (G), thylakoid membranes (TM), and vacuolar membranes (V).
Lamella thickness: 339 nm (A), 409 nm (B), 281 nm (C), 94 nm (D), 223 nm (E), 270 nm (F), 184 nm (G) and
158 nm (H). Bars: 200 nm.

4. Discussion
Cryo-FIB milling holds great potential across the fields of structural biology,
cell biology and infection biology, because it overcomes the restriction to
naturally thin samples. The possibility to resolve macromolecular machines at
high resolution in their native state by ECT imaging is key to fully understand
their function in the cellular context. In situ imaging is even more important for
studying mechanisms involved in cell-cell interactions. We report the equipment
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and implementation for a workflow for vitrification, cryo-FIB milling, and ECT
imaging of cellular samples. The workflow proved robust by having successfully
delivered high-quality cryo-tomograms for numerous bacterial and eukaryotic
model organisms. The adaptions of the workflow to the different samples were
minimal and concerned mainly adjusting plunge-freezing conditions, as well the
choice of the appropriate sample holder. The “bare-grid holder” was ideally
suited for milling wedges at shallow milling angles in order to study bacterial
cells with small cell diameters (~1µm). The “Autogrid holder” was preferable for
all other tested samples including eukaryotic cells and larger bacteria, since
success rates were much improved by higher stability of the grid during
handling. It is likely, that the described protocols are applicable to any other
cellular sample that can be vitrified by plunge freezing with only minor or no
adaptions at all. While we did not test the workflow with eukaryotic multicellular
organisms that were vitrified by high-pressure freezing [20,22], we do not see
reasons that would prevent from processing such samples. Importantly, with
HeLa and amoebae cells being important models for infection biology, we
envision that the workflow will prove useful for studying bacterial or viral
pathogens, as well as symbionts. In fact, we used a preliminary version of the
“bare-grid holder” protocol to study the interaction between an intracellular
bacterial symbiont and its eukaryotic host [44]. Issues with success rates and
contaminations in our previous study, eventually led to the development of the
new equipment (e.g. “Autogrid holder”) and improved protocols that are
reported here.
Even though there has been tremendous interest in the cryo-FIB milling
technology from different fields of research, a workflow has been implemented
only by a small number of groups. One reason for the low degree of
dissemination might be that previously published protocols required the
manufacturing of at least some pieces of custom-built, non-commercially
available equipment. Our workflow also implements novel equipment that is
now distributed by commercial suppliers so that implementing the workflow
does not require any machining workshop modifications. Considering that
FIB/SEM instruments are widespread in material sciences facilities, our
workflow offers a straightforward approach to upgrade such existing
instruments and operate them alternating with room temperature applications.
Alternatively, the workflow can be implemented de novo on a dedicated
FIB/SEM instrument. While we performed all milling experiments on a Helios
instrument (Thermo Fisher), the used stage is compatible with most current
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FIB/SEM instruments. Regarding the cryo-stage design, two major branches
emerge from the literature. One possibility to keep the samples at cryogenic
conditions is a cooling system with LN2-gas [10,35], reaching temperatures as
low as -182 °C. We decided to implement the alternative option, namely a bandcooled cryo-stage, reaching -155 °C. Taking into account that the devitrification
temperature of water is reported to be -137 °C [45,46], the final stage
temperature is sufficient to maintain the sample in the vitreous state, and
effectively we found no evidence of devitrification caused by the milling
operation (as reported by [15]). For relatively thick samples including amoeba
cells, crystalline patches were seen occasionally. These patches, however, are
more likely attributed to incomplete vitrification during the plunge freezing
procedure, as reported by Schaffer et al. [24].
The workflow is also compatible with novel methodological developments. A
“wedge pre-milling” routine to generate lamellae of perfectly homogeneous
thickness [24], for instance, could be implemented in the milling step. Postmilling sputter coating [24] is another development that was found to avoid
artifacts introduced by sample charging when using a Volta phase plate during
ECT imaging. Even though our initial attempts to record tilt series on lamellae
using a Volta phaseplate indicated that this coating may not be necessary for
certain samples (Figure 7E/F), such a post-milling sputter coating step could be
performed before sample unloading at the BAF 060 (or equivalent
instrumentation, Table 1).
To conclude, we believe that sharing our experience in establishing a robust
cryo-FIB milling workflow will be beneficial to established cryoEM groups, and it
will also provide a good starting point new groups and facilities interested in
acquiring the technology. The workflow will ultimately contribute to the
dissemination of cryo-FIB milling in the biological sciences.
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Supplementary figures

Supplementary figure 1 - Components of Autogrid assemblies. Shown is a C-clip ring (1) and a standard
Autogrid support (2, top view). The TEM grid is deposited on the Autogrid frame (2) and secured in place by
clamping the C-ring (1) from the bottom side. Also shown are modified Autogrids with slotted rims
(obtained from J. Plitzko; 3, top view; 4, bottom view) and modified Autogrids with trenched rims (obtained
from Thermo Fisher; 5, top view; 6, top view with trench position marked). When loading the Autogrid
assembly into the milling holder, the slot (3) or one of the trenches (6) was mounted facing outwards/the
direction of the incoming FIB. Both modified Autogrid models generated good results; however, the Thermo
Fisher model required highlighting the trench position with a marker, since the trenches are hard to spot
under LN2 during loading.

Supplementary figure 2 - Relation between beam angle and usable area in wedge geometry. Shown is
a schematic (side view) of a vitrified grid with a bacterial cell lawn (grey) and FIB beam (red) at shallow (A)
and steep (B) incidence angles. For thinner bacterial cells frozen as relatively dense lawns on the grid, a
wedge geometry is preferable over a lamella. When milling wedges, the size of the area presenting thinned
cells increases with a decreasing (shallower) angle of the incident beam.
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Supplementary figure 3 - Bare grids are more prone to lamellae loss. Lamella breakage due to the
fragility of the thinned material is exacerbated by the various grid-handling steps. An intact lamella in the
FIB/SEM (A) can be compromised by the time it is loaded onto the TEM for imaging (B/C). Bars: 10 µm.

Supplementary figure 4 - Common issues with FIB milling. (A) Shown is a FIB image of a vitrified grid
exhibiting heavy surface contamination (black deposits). Although water contamination can be removed by
milling, such heavy contamination prevents accurate targeting and mobile ice crystals jeopardize milled
lamellae during transfer and storage. (B) Shown is a FIB image that was recorded after an attempt to mill
the pattern indicated by the red box. The image illustrates the effect of sample charging, which manifested
as a drift of the milling pattern across the sample, resulting in the ablation of material below the intended
milling window. (C) Curtaining is an artifact that can be caused by variations in the density of the materials
being milled and usually manifests as surface striations in the direction of the FIB beam. Bars: 10 µm.
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Supplementary figure 5 - Grid orientation in the Titan Krios autoloader cassette determines the
orientation of the lamellae with respect to the tilt axis. (A) Shown is a Titan Krios autoloader cassette.
(B) The schematic indicates the orientation (3 o’clock position) at which the slot or the trench of the
Autogrid assembly should be inserted into the autoloader cassette in order to have the lamellae oriented
perpendicular to the tilt axis of the Titan Krios stage. The perspective of the schematic is indicated in A by
the eye symbol.

Supplementary table
Supplementary table 1 - Cell culturing
Organism
Nostoc sp.
PCC7120

Medium
BG11-0 medium
containing 1 mM HEPES
pH 8.0, 0.5 mM NaHCO3

Conditions
2% CO2

Comments
Cultured until OD600 of ~1.5 under continuous illumination.

Acanthamoeba
castellanii strain
5a2 (ATCC PRA228)

Trypticase-Soy-Yeast
extract broth

27 °C and
passaged every
5 to 10 days

Infected with Amoebophilus asiaticus strain 5a2 (DSMZ 27557) or
Legionella pneumophila subsp. pneumophila strain Lp02 (DSMZ
7513) after seeding. To stimulate and synchronize the infection,
culture flasks were centrifuged at 300 ×g for 10 min after the
addition of amoebophili. Cultures were regularly monitored by
light microscopy

HeLa CCL-2 cells
(ATCC)

DMEM supplemented with
10 % FCS and 50 μg/mL
Streptomycin

37°C and 5 %
CO2

Incubated overnight after seeding the cells onto the TEM grids
(30,000 cells per grid)

Saccharomyces
cerevisiae

Synthetic complete
medium with 2% dextrose

20°C

Concentrated to 15,000 cells/μL for plunge-freezing

Pseudomonas
aeruginosa PAO1
∆retS

LB Miller

37°C with
shaking at 150
rpm

Cultured overnight to OD600 ~0.5. Concentrated to OD600 ~10
for plunge freezing.

Escherichia coli
BL21

LB Miller

37°C with
shaking at 150
rpm

Cultured overnight to OD600 ~0.5. Concentrated to OD600 ~50
for plunge freezing.
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Abstract
Contractile injection systems mediate bacterial cell-cell interactions by a
bacteriophage tail-like structure. In contrast to extracellular systems, the type 6
secretion system (T6SS) is defined by intracellular localization and attachment
to the cytoplasmic membrane. Here we used cryo-focused ion beam milling,
electron cryotomography, and functional assays to study a T6SS in Amoebophilus
asiaticus. The in situ architecture revealed three modules including a contractile
sheath-tube, a baseplate, and an anchor. All modules showed conformational
changes upon firing. Lateral baseplate interactions coordinated T6SSs in
hexagonal arrays. The system mediated interactions with host membranes and
may participate in phagosome escape. Evolutionary sequence analyses predicted
that T6SSs are more widespread than previously thought. Our insights form the
basis for understanding T6SS key concepts and exploring T6SS diversity.

One Sentence Summary
A type 6 secretion model system reveals the structure, dynamics and
evolution of apparatus attachment to the membrane.

116

Main text
Contractile injection systems (CIS) deliver effectors to mediate bacterial cellcell interactions. Their structural components are homologous to the contractile
tails of phages (1). CIS consist of an inner tube surrounded by a contractile
sheath, a spike capping the inner tube, and a baseplate complex at the base of the
sheath. Sheath contraction propels the inner tube into the target. Two modes of
action divide CIS into “extracellular CIS” (eCIS) and “type 6 secretion” (T6S)
systems (T6SSs). eCIS resemble headless phages; they are released into the
medium and bind to the target cell surface. Examples are anti-bacterial R-type
bacteriocins

(2),

insecticidal

antifeeding

prophages

(Afps)

(3),

and

metamorphosis-inducing structures (MACs) (4). In contrast, the T6SS is defined
by its cytoplasmic localization and anchoring to the inner membrane (5-9).
Amoebophilus asiaticus (hereafter referred to as Amoebophilus or
amoebophili) is an obligate intracellular bacterial symbiont of amoebae (10). The
Amoebophilus genome does not encode known secretion systems (11); however,
it contains a gene cluster with similarities to Afps (12). We reasoned that the
Afp-like gene cluster might encode a divergent system that would give insight
into T6SS structure, function and evolution.
To investigate whether Amoebophilus produced any CIS, we imaged bacterial
cells that were purified from infected amoeba cultures by electron
cryotomography (ECT). 50 % of the imaged cells (n=92) contained phage tail-like
assemblies. Like T6SSs and unlike eCIS, the structures were always located in the
Amoebophilus cytoplasm and attached to the cytoplasmic membrane. The
structures were always found in bundles of 2-34 parallel individual systems (8
on average; fig. 1A-C; S1A-D; movie S1). Cells contained either one or two (85 %)
bundles (fig. 1D; S1E). Inside a bundle, the structures were arranged in ordered
hexagonal arrays (fig. 1E/F). Extended and contracted conformational states
could be distinguished by differences in length (242±7 nm, n = 254, and 122±6
nm, n = 153, respectively), diameter (14±2 nm and 19±2 nm, respectively), and
surface properties of the sheath (helical ridges on the contracted structures) (fig.
1B/C; S1F-I). The narrow distribution of sheath lengths indicates a mechanism
for length control. In addition, not all structures inside an array appeared to fire
together (fig. 1B-D/F; S1E).
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Figure 1 - The Amoebophilus Afp-like gene cluster encodes for ordered arrays of T6S-like structures.
(A-C) Cryotomograms of purified Amoebophilus cells revealed bundles of cytoplasmic, membrane-bound,
contractile structures in extended (“E”) and contracted (“C”) conformations. “CP”, cytoplasm; “IM”, inner
membrane; “OM”, outer membrane. Shown are three different 14-nm slices through the same tomogram.
(D) Bundles comprised 2-34 individual machines (green, extended; yellow, contracted) and were organized
in 1-2 bundles per cell. Shown is a model of the tomogram shown in A-C. Blue, outer membrane; cyan, inner
membrane. (E/F) Structures were arranged in hexagonal arrays (lattice indicated in orange). Shown are 15nm (E) and 8-nm (F) cross-sectional slices. Bars: 100 nm.

The arrays of contractile structures were encoded by the Amoebophilus Afplike gene cluster. 12 of its components were detected in a sheath preparation
(Table S1). Sheath structures were labeled by specific antibodies (fig. S1J/K).
Furthermore, tomograms of purified sheath revealed contracted sheaths whose
structure (fig. S1L/M) and dimensions (length 115±7 nm, diameter 19±2 nm, n =
51) were consistent with the structures observed in situ (fig. S1F-I).
In order to observe macromolecular details, we averaged subvolumes of
extended T6S-like machines (fig. 2A-K; movies S2, S3). The structure revealed
three major modules: a sheath-tube assembly, a baseplate, and an anchoring
complex (fig. 2A-I). This segmentation was supported by the comparison of the
average with the structure of the minimal composition of a contractile injection
system derived from the T4 phage tail (13) (fig. 2B). All three modules showed 6fold rotationally symmetric features (fig. S2). Densities for the inner tube (7 nm
diameter) and sheath (14 nm diameter) could be clearly discerned (fig. 2A/I).
The baseplate was overall hexagonal (fig. 2G/H) and established connections
with baseplates of neighboring structures, thereby coordinating multiple
systems in hexagonal arrays (fig. 2J/K). The central baseplate region featured
additional densities that reinforced in a 3-fold symmetrized average (fig. S2I-M).
The anchoring complex consisted of a six-footed platform that attached the
baseplate to the inner membrane (fig. 2A/D-F). Densities whose dimensions
were consistent with a spike complex (14) were seen capping the inner tube and
protruded through the centers of baseplate and anchor (fig. 2A/B/E-G). The
averages lacked densities that would indicate the presence of an elaborate transenvelope complex (fig. 2A; fig. S2A/E-G) such as TssJLM (9).

118

contracted

extended
A

B

D

C

gp5.4
gp5
gp6A
gp6B
gp7
gp27
gp53
gp25
gp48
gp18
gp54
gp19

E
F
G
H
I

ext

cont

ext

IM
Anchor
Baseplate
SheathTube

cont

E

N

G

P

F

O

H

Q

Anchor

J

M

N
O
P
Q
R

extended
K

Baseplate
ext

Tube
Sheath

OM

L

cont
R

I

Sheath
Sheath-Tube

Figure 2 - The T6SS in situ architecture reveals three major modules, conformational changes upon
firing, and the structural basis of array formation. Subtomogram averages of extended (A-K) and
contracted (L-R) T6SSs revealed three major cytoplasmic modules: “Sheath-Tube”, “Baseplate”, and
“Anchor” (indicated by brackets). Shown are 0.81-nm (A/B, E-I) and 1.38-nm (L, N-R) longitudinal (A/B/L)
and perpendicular (E-I, N-R) slices through 6-fold rotationally symmetrized averages, and their 3D models
(C/D/J/K/M). The positions of perpendicular sections are indicated in (A/L). “OM”, outer membrane. “IM”,
inner membrane. Bars: 10 nm (A-D/L/M to scale; E-I/N-R to scale).
The segmentation in three modules was supported by the overlay (B) with the structure of the minimal
composition of a contractile injection system derived from the T4 phage tail [from (13)]. It allowed the
putative assignment of densities corresponding to tube (gp19/gp48/gp54), sheath (gp18), spike complex
(gp5/gp5.4/gp27), and baseplate wedge components (gp6/gp7/gp25/gp53). Densities that were not
accounted for were assigned to the anchor module (segmented in D; white, anchor; orange, spike).
Upon firing, significant conformational changes were detected in all modules (movie S6 shows a morph
between models shown in C and M). The sheath increased in diameter and formed surface ridges
(A/C/I/L/M/R). Baseplate and anchor showed widening and loss of densities in the center (A/C/EH/L/M/N-Q).
Ordered arrays were established by lateral interactions of the hexagonal baseplates (J/K). Shown are top (J)
and side (K) views of a model that was assembled from masked averages. For viewing purposes, two
different baseplate levels are colored in purple and orange.

The T4 phage baseplate triggers sheath contraction by a large-scale
conformational change (13). We therefore calculated an average of contracted
structures (fig. 2L-R; movies S4, S5). Again, sheath-tube, baseplate, and anchor
modules were identified (fig. 2L-R). All three modules revealed significant
conformational changes as compared to the extended state (movie S6). Similar to
the V. cholerae T6SS (5), the sheath diameter increased upon contraction, along
with the appearance of helical surface ridges and the disappearance of the inner
tube (fig. 2I/R). The baseplate showed a widening and a loss of densities in the
center (fig. 2G/H/P/Q). Likewise, the anchoring platform showed lateral
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expansion (distance between opposing feet at the inner membrane increased
from 16 nm to 19 nm) and a loss of the spike density in the center (fig.
2E/F/N/O). On a larger scale, the spacing between contractile structures
increased from 22 nm between extended structures to 30 nm between
contracted structures.
We then tested whether the Amoebophilus system secreted tube protein into
extracellular space. Immunoblotting detected tube protein (Hcp), but no sheath,
in the supernatant of a culture (fig. S3), indicating Hcp translocation. The system
thus fulfills the functional hallmark of canonical T6SSs. Together with the
structural data, this suggests that the Amoebophilus Afp-like gene cluster encodes
for a T6SS rather than for an eCIS.
Next, we investigated the function of T6SS arrays. Amoebophili were
internalized in the first two hours post infection (hpi) and exited the amoebae
~144 hpi (fig. S4). To observe intracellular amoebophili by ECT, we used cryofocused ion beam milling to generate lamellae that were suitable for ECT (fig. S5)
(15, 16). At 0.25 hpi, coccoid amoebophili were inside phagosomes (80 %, n=20,
fig. 3A; movie S7). At later stages, most amoebophili had escaped into the cytosol
(94 %, n=94), differentiated into rods, and replicated (fig. 3B-D; fig. S6A; movies
S8-S10). The sheath mRNA level was 230-fold higher in extracellular
amoebophili compared to the replicative stage (Table S2). Likewise,
cryotomograms of amoebophili from different infection stages showed that
T6SSs were most abundant in extracellular amoebophili (58 %, n=19) and at
early infection stages (1 hpi, 96 %, n=25; 2 hpi, 69 %, n=13), while replicative
amoebophili did usually not harbor structures (5 %, n=20) (fig. 3E; S6B-G). The
process of exiting the phagosome during early infection (up to 2 hpi) correlated
with increased fractions of contracted structures (fig. 3E). Experiments
comparing the potential of amoebophili from different infection stages to
establish new infections showed, that host infection rates positively correlated
with T6SS expression (fig. S6H). Likewise, we tested amoebophili from different
infection stages for hemolytic activity and found that red blood cell (RBC) lysis
also positively correlated with T6SS expression (fig. S7). ECT imaging of
amoebophili that had the possibility to interact with RBCs showed a 30 %
increased fraction of contracted structures, compared to a control sample (fig.
3F; p < 0.0001). The analysis of tomograms of purified amoebophili that were
found inside phagosomes (39 % at 1 hpi) revealed that any contact site between
the phagosome membrane and the outer membrane of the bacterium correlated
with the presence of T6SSs (with at least one contracted structure) (n=14, fig.
120

3G/H; S8; movie S11). Together, our data suggest that T6S arrays mediate
interactions with host membranes and may participate in phagosome escape. It
remains open whether phagosome rupturing is mediated by mechanical forces
or membrane-targeting effectors.

Figure 3 - T6S arrays are required during early infection stages and mediate interactions with host
membranes. (A-D) Bacteria inside their host were imaged by cryo-focused ion beam milling and ECT (fig.
S5). At 0.25 hpi, most coccoid amoebophili (white arrowheads) were found inside phagosomes (“P”). At
later time points (0.5-2 hpi), amoebophili had escaped into the amoeba cytosol (“aC”). Amoebophili
differentiated into rods (white arrows) and divided. A small fraction did not escape, showing signs of
degradation (black arrowhead). Shown are 15-nm slices through cryotomograms. Asterisk, T6S array; “g”,
golgi apparatus; “m”, mitochondrion. Bars: 100 nm. (E) Abundance of T6S arrays was determined by ECT of
amoebophili purified from synchronized cultures, and found to be highest in extracellular “EC (144 hpi)”
and early intracellular infection stages (1 hpi, 2 hpi). The increase of the contraction rate between 1 and 2
hpi correlated with the escape from the phagosome. Shown are the percentages of cells with T6S arrays
(red), percentages of T6S structures that were contracted (black), and percentages of cells found inside
phagosomes (blue). T6S-arrays, number of quantified amoebophili: n1hpi=25, n2hpi=13, n72hpi=20, n144hpi=15,
nEC(144 hpi)=19; Contraction, number of quantified T6S structures: n1hpi=168, n2hpi=88, n72hpi=4, n144hpi=4,
nEC(144 hpi)=59; Inside Phagosome, number of quantified amoebophili: n1hpi=121, n2hpi=118, n72hpi=218,
n144hpi=337, nEC(144 hpi)=55). (F) Amoebophili showed hemolytic activity (fig. S7). Extracellular amoebophili
that interacted with RBCs showed an increased T6S contraction rate (**** p < 0.0001; nRBC–=506;
nRBC+=480). (G/H) Amoebophili residing in phagosomes revealed contact sites (black arrowhead) between
the Amoebophilus outer membrane and the phagosome. Any such contact site correlated with a T6S array
(n=14). Shown are a 15-nm tomographic slice (G) and the corresponding model (H). “P”/red, phagosome;
“OM”/blue, outer membrane; “IM”/cyan, inner membrane; “CP”, cytoplasm; “E”/green, extended T6SS;
yellow, contracted T6SS; Bars: 100 nm.
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Next, we sought to understand the evolutionary history of the Amoebophilus
Afp-like gene cluster. We compared three key components (sheath, tail tube,
baseplate component gp25) to other CIS (Table S3). Similarities were highest
with a gene cluster of unknown function in the related symbiont Cardinium
hertigii (17). Moderate similarities were found for Afp and MAC, both mediating
interactions with animal larvae (3). Lowest (or no similarities at all) were
detected for T6SSs [subtypes i, ii, iii (18)] and contractile phages. Likewise,
phylogenetic analyses revealed that Amoebophilus (and Cardinium) sequences
stably clustered in a monophyletic group with Afp and MAC, rather than with
T6SSi-iii (fig. 4A; S9). With the exception of gp7, the analysis of gene content
detected Amoebophilus homologues of all components that are conserved across
CIS and phages (13). These include putative sheath (gp18/TssBC), inner tube
(gp19/Hcp, gp48, gp54), spike (gp5/VgrG, gp5.4/PAAR, gp27) and three
baseplate wedge components (gp6/TssF, gp25/TssE, gp53) (fig. 4B; Table S4).
The lack of gp7 might be explained by the presence of two gp6 homologues, and
the suggestion that gp6 and gp7 diverged from a common ancestor (13, 19).
Components that are exclusively conserved in canonical T6SSs (and absent in
eCIS/phages) were not found, including TssJLM [trans-envelope complex (9)], or
ClpV [sheath recycling (20)]. In contrast, the Amoebophilus cluster encodes
proteins that were thought to be specific for eCIS and contractile phages. The
length of the Amoebophilus T6SSs, for instance, is likely controlled by
Aasi_1072/1806, which are homologues of tail terminator and tape measure
proteins in Afp and phages (21, 22). In fact, sheath length can be predicted from
TmP sequence (22) and correlates well with the length of Amoebophilus sheaths
(fig. S10). Another example is an Rz-like endopeptidase (Aasi_1068), which
usually co-occurs with a holin to mediate the release of eCIS and phages from the
bacterial cytoplasm (3, 23).

122

Figure 4 - Amoebophilus T6SSiv is closely related to eCIS. (A) Phylogenetic analyses of sheath protein
sequences showed, that T6SSi-iii formed a monophyletic group with high support (bootstrap supports are
indicated at nodes). Amoebophilus T6S sheath, however, stably clustered in a group with the sheath from a
gene cluster in Cardinium (structure/function unknown), and with the eCIS sheaths of Afp and MAC. The
marked node was stable in all calculated trees using different treeing methods and different components
(fig. S9). (B) The Amoebophilus Afp-like gene cluster encodes for all components that are conserved (blue)
among all contractile injection systems (canonical T6SS/eCIS/phages), while it lacks any homologues of
components that are specific for canonical T6SSs (yellow). Instead, the cluster harbors genes that are typical
of eCIS and phages (red). Shown are two Amoebophilus genomic regions, locus tags, and gene annotations.
See also Table S4. (C) Schematic showing the major components of canonical T6SS, Amoebophilus T6SSiv,
and eCIS (homologs in same colors). T6SSiv evolved either from eCIS, or alternatively, T6SSiv represents a
primordial system that gave rise to eCIS/phages/T6SSi-iii. Both scenarios predict that T6SSs are more
abundant than previously estimated.

In conclusion, our structural and functional data showed that the
Amoebophilus Afp-like gene cluster encodes for a T6SS, while sequence analyses
indicated a close relationship to eCIS. We therefore introduce the term “T6SS
subtype 4” (T6SSiv). In contrast to the distant relationships of T6SSi-iii to eCIS and
phages that obstruct the reconstruction of an evolutionary path (1, 24), we can
hypothesize that either A) T6SSiv evolved from an Afp/MAC-like eCIS
(independently of T6SSi-iii) by the loss of tail fibers, loss of holin, and the
establishment of interactions with the cytoplasmic membrane, or, B) T6SSiv
represents a primordial system from which eCIS, phages, and T6SSi-iii have
evolved (fig. 4C). Both scenarios predict that T6SSs are more abundant than
previously thought. In fact, T6SSiv-like gene clusters were detected in six diverse
bacterial phyla (Table S5). The finding that diverse T6SS subtypes do not share a
conserved gene set that would distinguish them from eCIS/phages, emphasizes
the necessity of an integrative approach to discover and characterize new
systems.
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Supplementary Materials
Materials and Methods
Cell cultures
Acanthamoeba castellanii strain 5a2 (ATCC PRA-228) and Acanthamoeba
castellanii 5a2 infected with Amoebophilus asiaticus strain 5a2 (DSMZ 27557)
were cultivated using 10 mL Trypticase-Soy-Yeast (TSY) extract broth (30 g/L
Trypticase soy broth, 10 g/L Bacto Yeast extract). Cultures were incubated at
27°C and passaged every 5 to 10 days. Growth of the cultures was regularly
monitored by light microscopy.
Purification of amoebophili
To purify intracellular amoebophili, infected amoebae were homogenized
using a Dounce tissue grinder (Wheaton). The amoeba lysate was filtered (5 µm
pore size) to separate intact amoebae and cell debris from amoebophili. The
filtrate was centrifuged (5000×g, 6 min) and the pellet was resuspended in TSY
medium. Extracellular amoebophili were harvested from infected cultures by
filtering (5 µm pore size) the supernatant of the amoebae culture and pelleting
the filtrate (5000×g, 6 min).
Quantification of amoebae and purified amoebophili
Amoebae were counted in a Neubauer haemocytometer using an inverse
phase contrast microscope (10x objective, no immersion). High-density cultures
were first diluted for accurate counting. For bacterial quantification, the
Amoebophilus suspension was diluted in 1×Page’s amoebic Saline (20 mM NaCl,
0.16 mM MgSO4 • 7 H20, 0.27 mM CaCl2 • 2 H20, 10 mM Na2HPO4, 10 mM
KH2PO4) and vacuum filtered, first using a cellulose acetate membrane support
filter (0.45 µm), and then a black polycarbonate membrane filter (0.22 µM).
Bacterial cells on the polycarbonate filter were stained with DAPI (4’,6diamidino-2-phenylindole) (1 µL/mL) for 5 min in the dark. The polycarbonate
membrane was transferred to a standard microscope slide for counting 10-15
random spots.
Infection of amoebae with amoebophili
For infection experiments, non-infected amoebae were seeded into culture
flasks. For early time points (1 hpi, 2 hpi), 106 amoebae were seeded and
infected at an MOI of 5000. For later time points (72 hpi, 144 hpi), 5×105
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amoebae were infected at an MOI of 500. To stimulate and synchronize the
infection, culture flasks were centrifuged at 300×g for 10 min after the addition
of amoebophili. Cultures were incubated at 27°C. All experiments were
performed in three biological replicates with three technical replicates each.
For electron microscopy (EM) imaging experiments, EM finder grids (gold
NH2 R2/2, Quantifoil) were sterilized under UV light and then glow discharged.
Grids were placed on the bottom of the wells of a 12-well plate (Nunc,
Thermofisher) and equilibrated with TSY medium. The infection was performed
as described above.
Visualization of infection by fluorescence in situ hybridization
Bacterial infection was monitored by fluorescence in situ hybridization
(FISH) (25). Cells were identified and quantified by using three different probes.
Probes EUK516-Cy5 and Aph1180-Cy3 are specific for eukaryotes and
Amoebophilus, respectively (10, 26). Additionally, an unspecific bacterial probe
(EUB338-Fluos) (26) was used to identify potential bacterial contaminations. A 2
mL aliquot of the infected amoeba culture was centrifuged (5000×g, 6 min,
20°C). The pellet was resuspended in 60-200 µL sterile 1×PAS. Amoebae were
seeded onto the wells of a Teflon-coated microscope slide and fixed with 4 %
PFA (paraformaldehyde) after attachment. Each well was incubated with 10 µL
hybridization buffer (5 M NaCl, 1 M Tris-HCl, 20 % formamide, 1 % SDS),
containing 1 µL of each probe. Microscope slides were incubated at 46°C in a
closed and hybridization buffer-saturated environment in the dark for 90-120
min. Slides were washed with prewarmed (48°C) washing buffer (5 M NaCl, 1 M
Tris-HCl, 0.5 M EDTA) followed by double distilled water (ddH20) (4°C). Slides
were dried with compressed air and analyzed using a white light laser confocal
microscope (Leica TCS SP8 X). Image analysis was performed using the Leica
software LAS AF version 3.2.1.9702.
Quantification of Amoebophilus infectivity and intracellular survival
Extracellular amoebophili were purified as described above. Intracellular
amoebophili were harvested from a synchronized amoeba culture at 96 hpi.
Amoebophilus cells were quantified as described above. Non-infected amoebae
were seeded into culture flasks. For all time points (1 and 4 hpi), 106 amoebae
were seeded and infected at an MOI of 4000 with either intra- or extracellular
amoebophili. To stimulate and synchronize the infection, culture flasks were
centrifuged at 300×g for 12 min after the addition of amoebophili. Cultures were
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subsequently incubated at 27°C. After 40 min cultures were washed with TSY
medium to remove non-internalized amoebophili. Cells were fixed at 1 and 4 hpi
and subjected to FISH analysis (see above). 300-800 randomly chosen amoebae
were analysed for the presence or absence of intracellular amoebophili (as a
measure for infectivity and intracellular survival). All experiments were
performed in quadruplicates. Data were analyzed by the Student’s t-test (twosided) with Welch’s correction. Data are displayed as mean and standard
deviation.
Quantification of sheath transcripts
RNA was isolated from infected amoeba cultures (at 12, 68 and 140 hpi),
from extracellular amoebophili, and from non-infected amoebae. Extracellular
amoebophili were harvested as described above and amoeba cells were
harvested by centrifugation (8000×g, 2 min). Pellets were resuspended in 750 µL
TRIzol (Life Technologies). The cell suspension was transferred to a Lysing
Matrix A Tube (MP Biomedicals) and homogenized using a BIO101/Savant
FastPrep FP120 instrument (speed: 4.5 m/sec, 30 sec). RNA was extracted per
manufacturer’s recommendations (TRIzol, Life Technologies). Remaining DNA
was removed using the TURBO DNA-free Kit (Ambion). After DNase treatment,
RNA was dissolved in ddH2ODEPC (0.1 % v/v) and stored at -80°C. The absence
of DNA contamination was verified by a control PCR targeting a 141 bp fragment
of Aasi_1074. All RNA isolates were performed in triplicates.
Real time quantitative polymerase chain reaction (RT-qPCR) was performed
according to the MIQUE guidelines (27). For first strand cDNA synthesis, reverse
transcription was performed with 500 ng total RNA, random hexamers, and
SuperScript III Reverse Transcriptase (Life Technologies). Samples from each
infection time point were subjected to reverse transcription (50°C, 60 min). A
total volume of 25 µL was used for each technical triplicate. RT-qPCR was
performed using a CFX96Touch Real-time PCR Detection System (Bio-Rad,
Hercules, CA) with primers targeting a 141 bp fragment of the sheath gene
(Aasi_1074 qPCR F1: 5’-GTGGTGCAGATTGCTACATCAT-3’; Aasi_1074 qPCR R1:
5’-AGTCGGGCATAAGCAACATAGT-3’). Primers targeting a 167 bp fragment of an
RNA polymerase gene (Aasi_1396) were used for normalization (Aasi_1396
qPCR F2: 5’-ACTAGGTACGCCACCTGAAAAA-3’; Aasi_1396 qPCR

R2: 5’-

AAGTTACTCCCCTTTCCACACA-3’). Primers were used at a final concentration of
200 nM. RT-qPCR reactions were prepared using the iQ SYBR Green Supermix
(BioRad). Reaction conditions were optimized with genomic DNA isolated from a
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continuous culture of infected amoebae. The following parameters were used for
all RT-qPCR reactions: initial denaturation step at 95°C for 3 min, followed by 45
cycles of denaturation at 95°C for 30 sec, annealing at 65.7°C for 30 sec, and
elongation at 72°C for 30 sec. To assess the specificity of the amplification, a
melting curve starting at 55°C was recorded. The temperature was increased
incrementally by 0.5°C every 10 sec until the final temperature of 95°C. Standard
curves were obtained for both genes using TOPO XL plasmids (Life
Technologies) containing a 1507 bp insert of Aasi_1074 and a 851 bp fragment of
Aasi_1396. RT-qPCR standards were quantified using Quant-IT PicoGreen ds
Assay Kit (Life Technologies). The amount of DNA in DNase-treated RNA was
determined by performing RT-qPCR reactions with DNase-treated RNA from
different infection samples. Additionally, a no-target control (cDNA from noninfected amoebae) and a no-template control (reverse transcription with water)
were included in all RT-qPCR assays to ensure the specificity of the assay. Data
were analyzed using the CFX Manager (v 2.1, BioRad). The mean starting
quantity (SQ) was calculated from qPCR standards. Aasi_1074 mRNA levels from
each time point were calculated as ratios relative to 68 hpi.
Sheath purification and protein identification
Extracellular amoebophili purified from 250 mL culture supernatant were
pelleted, resuspended in 3 mL lysis buffer (150 mM NaCl, 50 mM Tris-HCl,
0.5×CellLytic B [Sigma-Aldrich], 1 % Triton X-100, 200 µg/mL lysozyme, 50
µg/mL DNAse I, 1 mM phenylmethylsulfonyl fluoride [PMSF], pH 7.4), and
incubated for 10 min at 37°C. Samples were stored at 4°C until centrifugation
(15000×g, 15 min, 4°C). Cleared lysates were subjected to ultra-centrifugation
(150000×g, 1 h, 4°C) and pellets were resuspended in 400 µL resuspension
buffer (150 mM NaCl, 50 mM Tris-HCl, 22 µL protease inhibitor cocktail [PIC], pH
7.4). Proteins in the sheath preparation were identified by mass spectrometry at
the Functional Genomics Center Zürich.
Preparation of frozen-hydrated specimens
Plunge freezing was performed according to Weiss et al. (28). Purified
Amoebophilus cells or sheath preparations were mixed with 10 nm BSA-coated
colloidal gold particles (1:4 v/v, Sigma). A 4 µL droplet of the mixture was
applied to a glow-discharged copper EM grid (R2/2, Quantifoil). The grid was
automatically blotted from both sides and plunge-frozen in liquid ethanepropane (37 %/63 %) using a Vitrobot (FEI Company). Grids that were
incubated in amoebae cultures were removed from the well using forceps. The
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forceps was mounted in the Vitrobot and the grid was blotted only from the
backside by installing a Teflon sheet (instead of filter paper) on one of the
blotting pads. Grids were stored in liquid nitrogen.
Cryo-focused ion beam milling
Cryo-focused ion beam (cryo-FIB) milling was used to prepare samples of
plunge-frozen amoebae that could then be imaged by electron cryotomography
(15). Frozen grids with infected amoeba cells were transferred into the liquid
nitrogen bath of a loading station (Leica Microsystems) and clamped onto a “40°
pre-tilted TEM grid holder” (Leica Microsystems). The holder with grids was
shuttled from the loading station to the dual beam instrument using the VCT100
transfer system (Leica Microsystems). The holder was mounted on a custombuilt cryo-stage in a Helios NanoLab600i dual beam FIB/SEM instrument (FEI).
The stage temperature was maintained below -154°C during loading, milling and
unloading procedures. Grid quality was checked by scanning EM (SEM) imaging
(5 kV, 21 pA). The samples were then coated with a Platinum (Pt) precursor gas
using the Gas Injector System. We adapted a “cold deposition” technique (29)
that was published previously (needle distance to target of 8 mm, temperature of
the precursor gas of 27 °C, and open valve time of 6 s). Lamellae were milled in
several steps. We first targeted two rectangular regions to generate a lamella
with ~2 µm thickness with the ion beam set to 30 kV and ~400 pA. The current
of the ion beam was then gradually reduced until the lamella reached a nominal
thickness of ~350 nm (ion beam set to ~25 pA). Up to 8 lamellae were milled per
grid. After documentation of the lamellae by SEM imaging, the holder was
brought back to the loading station using the VCT100 transfer system. The grids
were unloaded and stored in liquid nitrogen.
Electron cryomicroscopy and electron cryotomography
Sheath preparations, purified Amoebophilus cells and cryo-FIB processed
infected amoebae were examined by electron cryomicroscopy and electron
cryotomography (ECT)(28). Images were recorded on a Tecnai Polara TEM (FEI)
equipped with post-column GIF 2002 imaging filter and K2 Summit direct
electron detector (Gatan), or on a Titan Krios TEM (FEI) equipped with a
Quantum LS imaging filter and K2 Summit (Gatan). Both microscopes were
operated at 300kV and the imaging filters with a 20 eV slit width. The pixel size
at the specimen level ranged from 5.95 Å to 3.45 Å. Tilt series covered an angular
range from -60° to +60° with 1° (whole cells) or 2° (lamellae, sheath
preparations) increments and -5 to -8 µm defocus. The total dose of a tilt series
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was 150 e-/Å2 (whole cells), 120 e-/Å2 (FIB-milled lamellae), or 100 e-/Å2
(sheath preparations). Tilt series and 2D projection images were acquired
automatically using UCSF Tomo (30) or SerialEM (31). Three-dimensional
reconstructions and segmentations were generated using the IMOD program
suite (32).
Sub-tomogram averaging
Tomograms used for subtomogram averaging of the extended conformation
were CTF-corrected in IMOD. Extended and contracted sheath structures were
identified visually in individual tomograms and their longitudinal axes were
modeled with open contours in 3dmod (32). Model points, the initial motive list,
and the particle rotation axes were generated using the stalkInit program from
the PEET package (33). This approach allowed the definition of each structure’s
longitudinal axis as the particle y-axis. For the extended conformation, 243
individual structures were averaged using PEET with a box size of 34 pixels (x)
by 34 pixels (z) by 150 pixels (y), at a pixel size of 0.81 nm. For the contracted
conformation, 183 contracted structures were averaged with a box size of 28
pixels (x) by 28 pixels (z) and 86 pixels (y), at a pixel size of 1.38 nm. A random
particle was chosen as a first reference and PEET’s missing wedge compensation
was activated. After analyzing the resulting average of the extended
conformation, rotational 3-fold, 5-fold and 6-fold symmetries were imposed with
a box size of 40 pixels (x) by 40 pixels (z) by 150 pixels (y). The contracted
average was symmetrized 6-fold. Fourier shell correlation curves were
calculated in PEET to estimate resolution. A hexagonal prism mask centered on
the structures’ longitudinal axes was applied to the volumes using imodmop
(IMOD package) in order to mask neighboring structures for visualization
purposes. UCSF Chimera (34) was used for visualization of the 3D models. 3-fold
symmetric components were identified by manual assessment of the C3symmetrized volume and their positions were excised by masking the
surrounding densities with imodmop (fig. S2). The overlay (fig. 2B) of the
extended conformation average with the T4 structure was produced in Chimera.
The T4 model of the minimal composition of a contractile injection system was
obtained from N. Taylor (13). In order to convey the connections between
neighboring structures (fig. 2J/K), seven copies of a 3D model of a masked
extended average were segmented and positioned in Chimera. The “morph map”
function in Chimera was used to produce movie S6.
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Hemolytic activity assay
A 10 μL aliquot of the bacterial suspension (9.1×108 bacteria) was mixed
with 100 μL PBS and 190 μL of a 2 % (v/v) sheep erythrocyte suspension
(Oxoid). E. coli BL21 and DH5α were used as negative control organisms, and S.
Typhimurium SL1344 was used as a positive control organism. Amoebophilus
control samples for imaging by ECT were incubated only with PBS and treated
identically to all other samples. Samples were incubated for 1 h at 37°C on an
orbital shaker (150 rpm). Plates were centrifuged (500×g, 5 min, 20°C) and a
100 μL aliquot of each well was transferred into a new 96-well-plate. The optical
density of the supernatants was measured at 395 nm, 410 nm, 540 nm and 595
nm, to assess the degree of hemolysis (35, 36). Negative (erythrocytes with PBS)
and positive (erythrocytes with Triton X-100) assay controls were included in all
experiments. Cytotoxicity was scored as percentage of cell lysis of the positive
assay control (Triton X-100). All data points were blanked to the negative assay
control to exclude false positive results due to spontaneous hemolysis. Data are
expressed as mean and standard deviation of at least three independent
experiments. Data were analyzed by the Student’s t-test (two-sided) with
Welch’s correction.
Immunological detection of Hcp secretion
Hexahistidine-tagged Hcp (full length) and sheath (1-400 amino acids)
proteins were recombinantly expressed in E. coli BL21 and affinity-purified
(GenScript, USA). New Zealand Rabbits were immunized (standard polyclonal
antibody protocol) and affinity-purified (GenScript, USA).
Aliquots of extracellular amoebophili were pelleted (5000×g, 6 min) and
denatured (95°C, 10 min). Samples containing secreted Hcp were first subjected
to TCA (trichloroacetic acid) precipitation (20 % TCA), then resuspended in
Laemmli buffer (4×), and incubated for 10 min at 95°C. A 20 μL aliquot of each
sample was loaded onto a 12 % SDS-PAGE gel. Proteins were transferred to a
nitrocellulose membrane (Amersham) and blocked (5 % skim milk powder, 0.05
% Tween 20) for 1 h. Hcp was detected with polyclonal rabbit anti-Hcp
antibodies (1:850 in PBS, 2 % skim milk, 0.05 % Tween 20) in combination with
horseradish peroxidase-conjugated goat anti-rabbit IgG (Abcam) and a
chemiluminescent substrate (ECL, Amersham). To exclude false positive results
from intracellular Hcp released by accidental/occasional bacterial cell lysis,
polyclonal rabbit anti-sheath antibodies were used as a marker for non-secreted
cytoplasmic proteins (1:1000 in PBS, 2 % skim milk, 0.05 % Tween 20).
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Immunogold labeling
Purified sheath was loaded onto copper EM grids (Formvar) and incubated
for 5 min (20°C). Sheaths were fixed in 4 % PFA for 15 min (20°C). EM grids
were subsequently quenched in 0.05 M glycine/PBS for 15 min (20°C). Samples
were blocked in blocking buffer (5 % BSA/0.1 % gelatin in PBS; Sigma) for 1 h at
20°C. Grids were washed 3 × 5 min with blocking buffer followed by incubation
with anti-sheath antibodies (1 h, 20°C). Next, EM grids were washed 6 × 5 min
with blocking buffer before treatment with an anti-rabbit gold-conjugated (15
nm) secondary antibody (1 h, 20°C). Grids were washed 6 × 5 min with blocking
buffer and 3 × 5 min with PBS. As a negative control, one reaction was processed
without primary antibody. Grids were subsequently negatively stained (2 %
tungsten). Micrographs were recorded on a Morgagni transmission electron
microscope (FEI) operated at 80 keV.
Sequence analyses
Genomes for Amoebophilus asiaticus strain 5a2, Cardinium hertigii strain
cEper1, Serratia entomophila plasmid pADAP, Pseudoalteromonas luteoviolacea
strain HI1, Francisella tularensis strain SCHU S4, Vibrio cholera O1 biovar El Tor
strain Inaba, Pseudomonas aeruginosa strain PAO1, Flavobacterium johnsoniae
UW101, Bacteroides fragilis NCTC 9343, R-type bacteriocins of P. aeruginosa, and
Enterobacteria phages T4 and P2 were downloaded from the NCBI Genome
database. Amoebophilus nucleotide and amino acid sequences were used for
BLASTN and BLASTP searches against the above-mentioned organisms. Protein
sequences were analyzed using the HHpred server for protein homology
detection (37). The PDB and Pfam databases were used to identify conserved
protein domains. Protein hits were evaluated based on E-value, probability and
secondary structure similarity. Only proteins showing the highest scores in these
categories were considered as homologous.
Phylogenetic analyses
The phylogenetic relationships between contractile injection systems were
examined by calculating phylogenetic trees using the sheath, tube and gp25
protein, respectively. Amino acid sequences were aligned in MEGA6 (38) using
MUSCLE. Standard parameters were applied for multiple sequence alignments.
Phylogenetic trees were reconstructed using the Maximum Likelihood (ML)
method in MEGA6. Bootstrap values (1000 resamples) were calculated to assess
the robustness of the tree. Additionally, phylogenetic trees were calculated using
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the Neighbor joining (NJ), Maximum Parsimony, Minimum-Evolution and
UPGMA method to confirm the topology of ML trees. Alignments and
phylogenetic trees were also validated using MSAProbs (39) and the UPGMA
method in PHYLIP-NEIGHBOR (40).

136

Supplementary Figures

Figure S1 - Further characterization of Amoebophilus T6S-like structures. (A-C) Examples of three
additional Amoebophilus cells with bundles of contractile structures. Shown are 19-nm cryotomographic
slices. “CP”, cytoplasm; “E”, extended T6SS; “IM”, inner membrane; “OM”, outer membrane. (D) Graph
showing the distribution of structures per bundle. On average, bundles consisted of 8 structures (n=171
bundles). (E) Model of another example of an Amoebophilus cell harboring two almost opposed bundles (the
average angle was 166°±17). Blue, outer membrane; cyan, inner membrane; green, extended T6SS; yellow,
contracted T6SS. (F-I) Tomographic longitudinal (13-nm) slices (at different Z-heights) of intracellular
extended (F/G, “E”) and contracted (H/I, “C”) T6S structures, showing differences in diameter, length and
surface properties. Black arrows indicate helical ridges of contracted structures. (J/K) Negative stain EM
images of an immunostaining of purified sheath with an Aasi_1074-specific primary antibody and goldlabeled secondary antibody. While gold-staining of sheaths was observed in the sample processed with both
primary and secondary antibodies (J), the control (K, no primary antibody) did not show any gold labels
associated with sheath structures. (L/M) Central (L) and top (M) slices (4 nm) through a cryotomogram of
purified sheath. Note the structural similarities with the contracted structures observed in situ (H/I). Bars:
100 nm (F-I, L/M to scale).
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Figure S2 - The Amoebophilus T6S apparatus is mostly six-fold symmetric. (A-D) Non-symmetrized
version of the extended conformation average shown in Fig. 2A. Shown are 0.81-nm longitudinal (A) and
perpendicular (B-D) slices. Similar reconstructions were obtained by starting averaging using different
random subvolumes as a first reference (not shown). Rotational six-fold (C6) symmetry was observed in
baseplate and anchor (B/C). The tails (D) of phages and canonical T6SS were reported previously having
C6-symmetry (41, 42). “OM”, outer membrane; “IM”, inner membrane. (E-H) Models of C3-, C5-, and C6symmetrized averages derived from the average shown in (A-D). Overall, the C6 version showed the
strongest reinforcement of densities. The C5-version showed smearing of most densities. The C3 version
showed overall C6-symmetry. (I-M) Few densities in the baseplate module showed specific reinforcement
in the C3-symmetrized version. Shown is a longitudinal inside view (I) of the model shown in (H). The
perpendicular views of the C3 and C6 versions of the volumes indicated in red are shown in (J-M). C3symmetric densities are indicated by orange discs. Note that densities that would indicate a major cellenvelope spanning complex were not seen in any average. (N) Fourier shell correlation curves show the
improvement of resolution of the C6-symmetized average compared to the non-symmetrized version. Bars:
10 nm.
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Figure S3 - The Amoebophilus T6S inner tube is secreted into extracellular space. (A/B) Western blots
using polyclonal antibodies that were raised against inner tube and sheath proteins showed specific signals
for recombinant sheath (55 kDa, 15 ng) and tube (17 kDa, 15 ng), respectively. (C) Western blots using a
mixture of tube and sheath antibodies detected only tube but no sheath protein in the supernatant of an
amoeba culture infected with Amoebophilus, indicating that the tube but not sheath was translocated into
extracellular space. No signals were obtained from non-infected amoebae and supernatant of non-infected
amoebae. Tube and sheath were detected in an Amoebophilus lysate. The molecular weights of the markers
are indicated in kDa.
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Figure S4 - The Amoebophilus life cycle lasts approximately 144 h and cells undergo morphological
differentiation. (A-F) Cells were labeled by FISH using three different probes. Amoebophilus was
specifically detected using Aph1180-Cy3 probe (10). An unspecific bacterial probe (EUB338-Fluos) (26)
was used to identify potential bacterial contaminants. Probe EUK516-Cy5 was used to identify amoebae
(26). Coccoid amoebophili (white arrowheads) were found inside amoebae at 2 hpi (A). Rod-shaped
amoebophili (white arrows) were observed starting at 24 hpi (B/C). At 120 hpi, amoebae were completely
filled with amoebophili (E). At 144 hpi, amoebae in early infection stages were observed, indicating the start
of a second round of infection (F). Bars: 10 μm.
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Figure S5 - Workflow for imaging bacteria inside their host by ECT. (A) The schematic shows the major
steps including culturing of eukaryotic cells on EM grids (yellow), infecting cells (black) with bacteria (red),
plunge-freezing the grids, sample thinning by cryo-focused ion beam (FIB) milling, and ECT imaging. (B-E)
Shown are examples of the steps to prepare lamellae by cryo-FIB milling that are thin enough to be
subsequently imaged by ECT. A target cell (arrow) is first localized in top view by scanning EM (B). The
same cell (arrow) is then imaged at an angle by the FIB, and areas for milling (indicated by rectangles) are
specified (C). After milling, the remaining lamella (arrowheads) is inspected by the FIB (D) and by scanning
EM from top (E). See also Methods. Bars: 10 µm.
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Figure S6 - The Amoebophilus developmental and infection cycle in Acanthamoeba. (A) Shown is a
schematic that was established by the integration of FISH data and ECT of cryo-FIB milled samples. The
developmental cycle comprises the stages uptake (1), phagosome residence (2), phagosome escape (3),
differentiation into rod shaped cells and replication (4), re-differentiation into coccoid cells (5), and exit (6).
“g”, golgi; “P”, phagosome; “n”, nucleus; “m”, mitochondrion; yellow, amoebophili; grey, digested
amoebophili. T6S arrays (indicated as grey bars) were preferentially expressed in the infectious coccoid
stage. (B) The quantification of morphological states (coccoid and rod-shaped) observed throughout the
Amoebophilus life cycle indicated that cells are replicating after escaping into the cytoplasm, supported by
fig. 3E and the fact that rod shaped or dividing cells were never seen inside phagosomes. n1hpi=104,
n2hpi=118, n72hpi=218, n144hpi=337, nEC(144 hpi)=55. (C-G) Examples of intracellular (C-F) and extracellular (G)
amoebophili purified at different infection stages (hpi indicated). At 1 hpi, 39 % of amoebophili were inside
phagosomes (“P”) (C; also fig. 3E). At 2 hpi, most amoebophili were not inside a phagosome, the fraction of
cells harboring T6S structures was lower, and the rate of contracted structures was higher (D). Only 5 % of
the analyzed rod shaped/dividing amoebophili harbored T6S structures (E). At 144 hpi, T6S structures
were only found in 7 % of the cells (F), while in the extracellular (EC) population 58 % of the cells had T6S
arrays (G). “OM”, outer membrane; “IM”, inner membrane; “E”, extended T6SS; “C”, contracted T6SS. Shown
are 12-nm slices through cryotomograms. Bars: 100 nm. (H) To test whether T6S gene expression levels
would correlate with infectivity (i.e. the potential to infect new host cells and survive intracellularly),
amoebae were infected with extracellular (high T6S expression) and late stage intracellular amoebophili
(low T6S expression). Intracellular amoebophili display a 3-fold decreased infectivity (measured as the
percentage of infected amoebae) at 1 hpi, compared to the extracellular stage (**** p < 0.0001; not
significant, ns; nintra1hpi=2996; nintra4hpi=2510; nextra1hpi=2166; nextra4hpi=2442). Data are displayed as mean
and standard deviation.
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Figure S7 - Extracellular amoebophili (144 hpi) show hemolytic activity. Different oxidation states of
hemoglobin were photometrically measured (wavelengths indicated) as an indicator for red blood cell lysis
(35). (A) Extracellular amoebophili (EC) displayed a 5-fold increase in hemolysis compared to intracellular
amoebophili (IC, 68 hpi) and a 10-fold increase compared to the negative control organisms E. coli BL21
(BL21), and E. coli DH5α (DH5α), and recombinant Hcp (no lysis expected (36)). Salmonella Typhimurium
strain SL1344 (S. Tm) was used as a positive control organism (** p < 0.01; ***** p < 0.00001; ****** p <
0.000001; not significant, ns; nBL21=24; nDH5α=24; nHcp=24; nIC=16; nEC=40; nS.Tm=24). The 5-fold difference
in hemolytic activity between EC and IC suggests an involvement of T6S arrays in the lysis process (only 5 %
of ICs harbor T6S arrays). (B) Hemolytic activity of Amoebophilus increases with cell number. Extracellular
amoebophili were used at MOIs 1, 10, 25, 50 and 75 (** p < 0.01; ***** p < 0.00001; not significant, ns;
nMOI1=20; nMOI10=20; nMOI25=40; nMOI50=20; nMOI75=20).
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Figure S8 - Contact sites between phagosome membrane and outer membrane co-localize with T6S
arrays. (A-D) Shown are further examples of amoebophili inside phagosomes. Anytime a contact site
between a phagosome membrane and the Amoebophilus outer membrane was detected, the site coincided
with a T6S array (with at least one contracted structure) in the exact same location (arrowheads). Shown
are 11-nm slices through cryotomograms (A/B) and the respective models (C/D). “P”/red, phagosome
membrane; “OM”/blue, outer membrane; “IM”/cyan, inner membrane; “CP”, cytoplasm; “E”/green, extended
T6SS; “C”/yellow, contracted T6SS. Bars: 100 nm.
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Figure S9 - Phylogenetic analyses of CIS tube and gp25 homologues. Both trees show that (like for the
sheath protein in fig. 4A) the Amoebophilus T6S sequence forms a stable monophyletic group with
sequences from the eCIS of Afp and MAC, and with a sequence from a Cardinium gene cluster with unknown
structure/function. This node (marked) was stable in all calculated trees using different treeing methods.
Bootstrap supports are indicated at nodes.

Figure S10 - A tape measure protein (TmP) regulates the sheath length in Amoebophilus T6SS. Shown
is a plot of extended sheath length over the number of amino acids (aa) of the respective TmP homologue.
The length of Amoebophilus sheath (242 nm) fits well with the polypeptide length of Aasi_1806 (1561). The
figure was adapted from (22). The following assemblies and corresponding TmPs were included in this
figure: T4 phage/gp29, S. entomophila/Afp14, lambda phage/gpH, P2 phage/gpT, pyocin R1/ORF20,
Amoebophilus/Aasi_1806, Cardinium/Cahe_0118, E. coli/EscP, S. Typhimurium/InvJ, Y. enterocolitica/YscP,
Che8 Mycobacterium phage/gp14 and TM4 Mycobacterium phage/gp17. The length of Cardinium sheath was
estimated from images in (17).
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Supplementary Tables
Table S1 - Mass spectrometry analysis of the sheath preparation of Amoebophilus

Locus tag Amoebophilus*

Molecular
weight [kDa]

Total unique
peptide count

Annotation

Aasi_1074

55

66

Phage tail sheath

Aasi_0557

145

27

Phage baseplate protein

Aasi_1080

66

18

VgrG-spike protein

Aasi_1083

97

15

Afp12-like protein

Aasi_0556

28

13

Afp-like protein

Aasi_1079

38

10

Afp7-like protein

Aasi_1075

18

9

Afp-like protein

Aasi_1076

16

6

Afp-like protein

Aasi_1806

180

5

Afp14-like protein

Aasi_1073

33

4

Afp-like protein

Aasi_1072

22

3

Afp16-like protein

Aasi_0563

126

2

Phage baseplate protein

*Only proteins assigned to the Amoebophilus Afp-like gene cluster are
shown. All displayed proteins were identified with a probability of 100 %.

Table S2 - Relative quantification of sheath (Aasi_1074) mRNA at different life cycle stages of
Amoebophilus. A housekeeping gene encoding for the beta subunit of the RNA polymerase (rpoB, Aasi_1396)
was used for normalization.

Life cycle stage
Extracellular
12 hpi
68 hpi
140 hpi

Mean ratio of Cq value (Aasi_1074
relative to Aasi_1396)

Standard
deviation

Fold
increase*

Standard
deviation

10.72
0.20
0.05
1.38

0.87
0.04
0.01
0.04

230.7
4.4
1.0
29.6

18.7
0.8
0.3
0.8

*relative to mRNA level at the intracellular, replicative stage at 68 hpi.
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Table S3 - Similarities (PSI-BLAST Expect [E] values) of three Amoebophilus core components with
relatives from other CIS

aLocus

tags are derived from Amoebophilus asiaticus 5a2, Cardinium hertigii

strain cEper1, P. luteoviolacea strain HI1, S. entomophila plasmid pADAP,
Enterobacteria phages P2 and T4, R-type bacteriocins, P. aeruginosa PAO1, V.
cholerae ATCC 39315, F. tularensis SCHU S4, F. johnsoniae UW101 and B. fragilis
NCTC 9343 (NCBI accessions NC_010830.1, NC_018605.1, NZ_JWIC01000006.1,
NC_002523.4, NC_001895.1, NC_000866.4, NC_002516.2, NZ_CP016324.1,
NC_006570.2, NC_009441.1, NC_003228.3). If paralogs exist only one was
indicated.

147

Table S4 - Genes of the Amoebophilus Afp-like gene cluster and detected homologies with components of
phages/CIS.

aLocus

tags are derived from Amoebophilus asiaticus 5a2, S. entomophila

plasmid pADAP, Cardinium hertigii strain cEper1, P. aeruginosa PAO1,
Enterobacteria phage P2 and T4 (NCBI accession NC_010830.1, NC_002523.4,
NC_018605.1, NC_002516.2, NC_001895.1, NC_000866.4).
bHomologies

between bacteriophage and T6S components are displayed and

were described as indicated.
cTssA

was suggested as an alternative in (43).

dAasi_1083/Aasi_0557/gp6/gp7
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homologies are discussed in the main text.

Table S5 - A PSI-BLAST search for T6SSiv-like gene clusters (based on the presence of homologues of
sheath, tube and baseplate [gp25]) detected hits with high probabilities in many diverse bacteria. Shown
are two representatives of each taxonomic group. For comparison, T6SSi sheath (TssBC) from P. aeruginosa
PAO1 results in much lower E-values (4.6E+00 and 9.6E+00, respectively).

Taxonomic group

Species

Accession
number

E-Value (sheath,
Aasi_1074)

Alphaproteobacteria
Alphaproteobacteria
Betaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Bacteroidetes
Bacteroidetes
Cyanobacteria
Cyanobacteria

Aestuariivita atlantica
Dinoroseobacter shibae
Rhizobacter sp. Root1221
Derxia gummosa
Ca. Tenderia electrophaga
Vibrio maritimus
Desulfoluna spongiiphila
Pelobacter propionicus
Sporocytophaga myxococcoides
Algoriphagus marincola
Moorea producens
Pseudanabaena sp. PCC 7367

WP_050531564
WP_012179131
WP_056669399
WP_028311256
ALP53857
WP_042497655.1
SCY15357
WP_011734321
WP_045466009
WP_026965902
WP_008186241
WP_015165306

1E-121
9E-117
2E-141
2E-139
4E-145
9E-137
6E-145
4E-140
4E-143
4E-139
2E-117
3E-97
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Supplementary Movies
The supplementary movies can be found in the online version of this article
Movie S1 - Electron cryotomography of an Amoebophilus cell with T6S
arrays. Shown are cryotomographic slices and a model of the cell shown in Fig.
1A-D.
Movie S2 - Subtomogram average of extended Amoebophilus T6S
structures. Shown are longitudinal and perpendicular cryotomographic slices of
the average shown in Fig. 2A.
Movie S3 - Density map of an averaged extended Amoebophilus T6S
structure. Shown are different views of the model shown in Fig. 2C.
Movie S4 - Subtomogram average of contracted Amoebophilus T6S
structures. Shown are longitudinal and perpendicular cryotomographic slices of
the average shown in Fig. 2L.
Movie S5 - Density map of an averaged contracted Amoebophilus T6S
structure. Shown are different views of the model shown in Fig. 2M.
Movie S6 - Morph between the density maps of averaged extended and
contracted Amoebophilus T6S structures. Shown are the models shown in Fig.
2C/M.
Movie S7 - Cryotomogram of a cryo-FIB milled infected amoeba cell at
0.25 hpi. Shown are slices through the tomogram shown in Fig. 3A.
Movie S8 - Cryotomogram of a cryo-FIB milled infected amoeba cell at
0.5 hpi. Shown are slices through the tomogram shown in Fig. 3B.
Movie S9 - Cryotomogram of a cryo-FIB milled infected amoeba cell at
0.75 hpi. Shown are slices through the tomogram shown in Fig. 3C.
Movie S10 - Cryotomogram of a cryo-FIB milled infected amoeba cell at
2 hpi. Shown are slices through the tomogram shown in Fig. 3D.
Movie S11 - Electron cryotomography of an Amoebophilus cell inside a
phagosome. Shown are slices through the tomogram shown in Fig. 3G and the
corresponding model shown in Fig. 3H.
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Abstract
Many bottom-dwelling marine animals identify a suitable location for adult
life by first producing swimming larvae that recognize cues from surface-bound
bacteria to settle and metamorphose. However, the specific bacterial factors
mediating these microbe-animal interactions have remained poorly understood.
For larvae of the tubeworm, Hydroides elegans, metamorphosis is strongly
induced by a bacterial syringe-like Contractile Injection System (CIS) produced
by the bacterium Pseudoalteromonas luteoviolacea. In this work, we show that
this CIS carries a single proteinaceous effector within its rigid inner tube lumen
that is sufficient for triggering tubeworm metamorphosis. Our results confirm a
long-hypothesized CIS effector delivery mechanism and identify a unique
bacterial metamorphosis cue.

One Sentence Summary
Here we show that bacteria produce a syringe-like structure that injects a
single protein sufficient for stimulating animal metamorphosis.
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Main text
Bacteria can have profound effects on the normal development of diverse
animal taxa [1]. A striking example of bacteria-stimulated development is the
induction of animal metamorphosis by bacteria [2]. During these interactions in
marine environments, bottom-dwelling bacteria are an environmental cue that
induces mobile larvae to settle on a surface and undergo metamorphosis.
Although this interaction is critical for processes such as coral reef formation, the
recruitment of stocks for many marine fisheries and the fouling of submerged
surfaces like the hulls of ships (i.e. biofouling), we know little about the
mechanisms that govern this microbe-animal interaction.
Since the link between bacteria and metamorphosis was first discovered in
the 1930s [3], only a few bacterial products have been described. Of the cues
identified, all can be classified as small molecules; namely the small bacterial
metabolite tetrabromopyrrole that induces coral metamorphosis [4,5] and the
polar molecule, histamine, that induces urchin metamorphosis [6]. While these
few intriguing compounds have been identified, the metamorphosis of some
animals is strictly governed by directly interacting with bacteria bound to a
surface, suggesting that cues with distinct properties likely exist.
To study the induction of metamorphosis by bacteria, we study the
interaction between the model tubeworm, Hydroides elegans (hereafter
Hydroides), and the model bacterium Pseudoalteromonas luteoviolacea [7–9].
Previously, a cluster of genes and the structure they encode, termed
Metamorphosis Associated Contractile structures (MACs), were identified in P.
luteoviolacea and shown to be essential for Hydroides metamorphosis [10,11].
MACs are an example of a class of macromolecular machines known as
Contractile Injection Systems (CIS) that are specialized to puncture membranes
and often deliver effectors to target-cells [12]. While MACs were identified as the
structures stimulating Hydroides metamorphosis, it remained unclear how MACs
stimulated influenced Hydroides’ metamorphic transition.
CIS structurally resemble headless bacteriophages, being composed of an
inner tube encased in a contractile sheath, capped by a spike resting in a
baseplate complex [13]. The contraction of the sheath impels the inner tube
outwards and into the target membrane, which is perforated by the spike
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complex. The translocated effectors are usually small proteins that act as
mediators in cell-to-cell interactions.
The method of effector delivery is currently an open topic, as it appears to
vary among CIS. R-type bacteriocin-like structures, for example, differ from other
CIS since they carry no effectors and kill their target cells by puncturing their
membrane and inducing the rapid depolarization of the membrane potential
[14]. A recent high-resolution structure of the antifeeding prophage attributed
an amorphous density inside the inner tube to either the toxin payload or a tapemeasuring protein [15]. In T6SS, effectors were found either loosely bound or
fused to the spike (VgrG) or the tip of the spike (PAAR) [16]. Other studies
established that certain classes of effectors interact with the inner tube (Hcp),
suggesting that these molecules are loaded onto the inner tube and released
post-firing by the tube dissociation in the target cytoplasm [17].
We previously identified a genomic locus in P. luteoviolacea encoding 6
genes (gene numbers JF50_12590 through JF50_12615) that are essential for
inducing the larvae of Hydroides to undergo metamorphosis [9]. To determine
which gene(s) in this locus are required for metamorphosis, we generated
strains with in-frame deletions of each of the six genes and analyzed each
mutant’s ability to induce metamorphosis by co-incubating Hydroides larvae with
biofilms obtained from each mutant. Biofilms formed from JF50_12605 or
JF50_12615 mutants showed a reduced level of metamorphosis of less than 20%
(Fig. 1A), while mutation of the other four genes did not affect P. luteoviolacea’s
ability to induce metamorphosis. When JF50_12605 and JF50_12615 were
replaced back into their native chromosomal loci, metamorphosis induction was
restored (Fig. 1B). Cell-free preparations of MACs from wild type and mutants
similarly stimulated Hydroides metamorphosis. When exposed to purified MACs
from a ∆JF50_12605 mutant, we observed an intermediate level of
metamorphosis, while larvae exposed to ∆JF50_12615 MACs did not induce
metamorphosis, even at high concentrations (Fig. S1). Our results suggest that
JF50_12615 is important, while JF50_12605 is dispensable, for MACs to induce
metamorphosis.
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Figure 1 - JF50_12605 and JF50_12615 are important for inducing Hydroides metamorphosis and
produce MACs lacking electron density within their inner tubes. (A) Metamorphosis (%) of Hydroides
larvae in response to biofilms of P. luteoviolacea lacking JF50_12590, JF50_12595, JF50_12600, JF50_12605,
JF50_12610 or JF50_12615 genes. Deletion of JF50_12605 and JF50_12615 showed a significant loss in the
ability to induce metamorphosis when compared to wild type. Sterile artificial seawater was used as a
negative control. (B) Replacement of the JF50_12605 and JF50_12615 genes into their native chromosomal
loci restored function. *p-value ≤ 0.05. Representative images of the filled tube phenotype in wild type cells
(C) and empty tube phenotype in gene deletion mutants (D). (E-F) Density plot of sections from (C and D).
The empty tube phenotype has a higher intensity corresponding to the empty lumen. (G) Fraction of empty
structures for the JF50_12590-JF50_12615 region and each gene deletion. Scale bar C and D, 100nm; E and
F, 20nm.

We next used electron cryotomography (ECT) to search for structural
differences between MAC arrays purified from the different deletion mutants
and the wildtype. Deletion of the JF50_12590–JF50_12615 locus did not impair
the formation of ordered arrays of MACs [9], featuring both extended and
contracted conformations (Fig. S2). More detailed analyses, however, revealed
that extended MACs from ΔJF50_12605 and ΔJF50_12615 exhibited a significant
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difference in structure; their sheath-tube module showed a central lumen with
very low density. By contrast, in MACs from wildtype and the other mutants, the
density distribution was homogeneous and a lumen was not discernable (Fig. 1CF and Fig. S3). These structural phenotypes will be referred to as “empty” and
“filled” MACs, respectively. Strikingly, quantitative analysis showed that the
empty phenotype in JF50_12605 and JF50_12615 MACs correlated with the
inability to induce metamorphosis (Fig. 1A and G).
To investigate whether the difference in density observed in filled and empty
MACs corresponded to the presence or absence of a CIS inner tube (Hcp) or
rather to the presence or absence of a potential cargo, we averaged sub-volumes
of the sheath-tube module. Initial averages of both wildtype and ΔJF50_12615
extended MACs revealed densities that might correspond to the sheath and the
inner tube. The ~4-nm wide lumen of the ΔJF50_12615 inner tube lacked any
discernable density, in contrast to the wildtype structure, which exhibited
repeating packets of densities inside the tube (Fig. 2A-D). In order to improve the
quality of the structure of a filled MAC, we generated another average using a
mutant in which a tail pin-like gene (JF50_12585) was deleted. We found that
this mutant consisted of an increased fraction of extended MACs, providing a
higher number of subvolumes for averaging. We were able to dock a homology
model of the Hcp protein into the average, which allowed us to identify densities
corresponding to the tube with high confidence (Fig. 2G-J). The densities in the
center were clearly not accounted for by the Hcp structure, suggesting that they
represent a potential cargo. In general, the densities in the tube lumen reinforced
less strongly, compared to the Hcp tube and sheath. This could have different
explanations: 1) During averaging, the alignment of the cargo was affected by the
strong densities from sheath-tube, 2) the cargo was not structured, or 3) the
cargo was present at a sub-stoichiometric amount compared to Hcp subunits or
Hcp-rings. It is noteworthy, however, that cargo and tube are in general
separated by a low-density region.
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Figure 2 - The lumen of MACs from a ∆JF50_12615 mutant lacks electron density. (A-D) Top-down (A
and C) and side-view (B and D) slices through initial subtomogram averages (pixel size of 4.28 Å) displayed
a clear density difference of the lumen of the inner tube from the wild type structures when compared to
the JF50_12615 mutant structure. (E-F) An improved average (pixel size of 2.72 Å) of a mutant that exhibits
a bigger number of extended structures reinforces the presence of densities inside the inner tube. Docking
of the homology model for the HCP structure (H) supports the assignment of sheath, tube and cargo
densities for the 3D models (G-J). Scale bar, 10nm.

To test whether JF50_12605 and JF50_12615 were potential cargo proteins,
we performed protein identification by mass spectrometry of purified MAC
arrays from wildtype cells and the tail pin-like mutant. In two independent
experiments, we detected JF50_12615 but not JF50_12605, indicating that
JF50_12615 was associated with the MAC arrays (Fig. 3A). The higher spectral
count that was obtained for the tail pin-like mutant, likely results from the higher
fraction of extended structures and the thus lower amount of Hcp/cargo that
were expelled by contraction. Interestingly, when we analyzed MAC arrays of the
ΔJF50_12605 mutant by mass spectrometry, hits for JF50_12615 protein
significantly reduced, in accordance with the empty phenotype observed by ECT
imaging (Fig. 1G, S3E). To test for protein-protein interactions between
components of the MAC complex, we utilized a bacterial two-hybrid system
based on the interaction-mediated reconstruction of a cyclic AMP (cAMP)
signaling cascade [18]. When JF50_12605, JF50_12615 and JF50_12685 (a
Hcp/tube protein) were screened for interactions, we found a significant
interaction between JF50_12605 and JF50_12615 as well as JF50_12605 with
itself (Fig. 3B-E). However, neither JF50_12605 or JF50_12615 interacted with
JF50_12685 (a Hcp/tube protein). Together, these data indicate that JF50_12615
might represent the densities seen in the tube lumen and suggest that
JF50_12605 acts as a chaperone that mediates the localization of JF50_12615
inside the tube.
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Figure 3 - JF50_12615 is present within MAC complexes and JF50_12605 is required for
JF50_12615’s association with the MAC complex. (A) Mass spectrometry of MACs complexes.
JF50_12615 was detected within MAC complexes while JF50_12605 was not. JF50_12615 was in lower
abundance in MACs from the ∆JF50_12605 mutant. (B-E) Quantification of Bacterial Two Hybrid analyses
showing interactions between JF50_12605, JF50_12615 and JF50_12685 proteins. JF50_12605 showed a
strong interaction with itself and with JF50_12615.

To test whether JF50_12615 is able to stimulate Hydroides metamorphosis
alone, we cloned the full-length JF50_1615 gene with a N-terminal 6xHis tag,
overexpressed the protein in E. coli and purified it by nickel chromatography. At
the same time, we purified 6xHis-tagged JF50_12605 and GFP using the same
conditions. When provided exogenously to competent larvae of Hydroides at
concentrations up to 1.25-12.5µg/µl, none of the purified proteins were able to
stimulate metamorphosis (Fig. S5). We reasoned that the JF50_12615 protein
might require intracellular delivery into host cells to initiate metamorphosis of
Hydroides. Inspired by transgenic techniques for other invertebrate embryos like
ascidians that use electroporation to deliver nucleic acid and protein to target
cells [19], we electroporated JF50_12615 protein into competent Hydroides
larvae at 1.25-12.5 µg/µL concentration. Under these conditions, a low but
significant percentage of Hydroides larvae were induced to undergo
metamorphosis (Fig. 4). In contrast, JF50_12605 and GFP protein did not
stimulate metamorphosis when purified and electroporated under the same
conditions. Purification of proteins and electroporation was performed on three
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separate occasions with similar outcomes. Our results suggest that JF50_12615 is
sufficient to stimulate Hydroides metamorphosis when delivered to by
electroporation.

Figure 4 - JF50_12615 is translocated into host cells and is sufficient for stimulating Hydroides
metamorphosis. (A) Metamorphosis (%) of Hydroides larvae 24 hours after electroporation with purified
GFP, JF50_12605 or JF50_12615 protein.

To our knowledge, our results are the first to observe an effector loaded
within the inner tube of a syringe-like CIS and identify the first bacterial protein
that stimulates the metamorphosis of an animal. This observation confirms
previously hypothesized mechanism of effector loading and delivery through the
inner tube of CIS structures [13]. Based on the present work, we name
JF50_12615 as Mif1 for Metamorphosis-Inducing Factor 1.
Bacteria have long been thought to only play a passive role in the context of
stimulating animal metamorphosis, by producing byproducts of growth that bind
receptors on larval sensory cells indicating a preferential location for settlement
and metamorphosis [2]. Our discovery that P. luteoviolacea’s syringe-like MACs
induce the metamorphosis of Hydroides larvae by delivering a proteinaceous
159

effector to animal cells forces us to expand the scope of possible mechanisms
that bacteria stimulate animal development. Our ongoing work will focus on
studying the molecular mechanism by which Mif1 stimulates Hydroides
metamorphosis. The identification of the molecular cargo of this particular CIS
allows for future manipulation of its contents, which associated with the
determination of the targeting factors could provide for a bioengineered
targetable injection machine loaded with a custom payload.
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Supplementary Materials
Materials and Methods
Metamorphosis assays
Bioassays were conducted with specimens of Hydroides elegans obtained
from Quivira Basin, San Diego, California. Embryos were obtained and
maintained as previously described [7,9]. Competent larvae were exposed to
biofilms of P. luteoviolacea wild type, as a positive control, to P. luteoviolacea
mutants, and to P. luteoviolacea strains unable to produce MAC structures
(∆macB), as well as to artificial seawater ( - ). The percent of larvae that
underwent metamorphosis was scored 24 hours after the induction of
metamorphosis. Metamorphosis was scored visually by observing the number of
individuals that formed branchial radioles, and a primary and secondary tube.
Four biological replicates were performed for each treatment on three separate
occasions with larvae spawned from different adults.
Bacterial Strains, Plasmid Construction and Culture conditions
All bacterial strains and plasmids used are listed in the supplemental tables
S1 and S2. All deletion and fusion strains were created according to previously
published protocols [9,11]. Plasmid insert sequences were verified by DNA
sequencing. Deletion and insert strains were confirmed by PCR. All E.coli strains
were grown in Luria-Bertani (LB) media at 37°C shaking at 200 revolutions per
minute (RPM). All P. luteoviolacea cultures were grown in seawater tryptone
(SWT) media (35.9 g/L Instant Ocean, 2.5g/L tryptone, 1.5 g/L yeast extract, 1.5
ml/L glycerol) at 25°C shaking at 200 RPM. Media that containing antibiotics
were at a concentration of 100 mg/mL unless otherwise stated.
Gentle MAC extraction
P. luteoviolacea was grown in 50 ml Marine Broth (MB) media in 250 ml
flasks at 30˚C for 6 h or overnight (12-14 h). Cells were centrifuged for 30 min at
7000 g and 4˚C and resuspended in 5 ml cold extraction buffer (20 mM Tris, pH
7.5, 1M NaCl). Cultures were centrifuged for 30 min at 4000 g and 4˚C and the
supernatant was isolated and centrifuged for 30 min at 7000 g and 4˚C. The
pellet was resuspended in 20-100 µL cold extraction buffer and stored at 4°C for
further use.
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Plunge freezing of MACs
Plunge freezing was performed as implemented in Weiss et al. (2017). In
essence, gentle MAC extractions were seeded with 10 nm BSA-coated colloidal
gold particles (1:4 v/v, Sigma) and 4 μL of the mixture was applied to a glowdischarged holey-carbon copper EM grid (R2/1, Quantifoil). The grid was
backside blotted in a Vitrobot (FEI Company) by using a Teflon sheet on the front
pad and plunge-frozen in a liquid ethane-propane mixture (37 %/63 %) cooled
by liquid nitrogen bath. Frozen grids were stored in liquid nitrogen.
Electron cryotomography
The gentle MAC extractions were imaged by electron cryotomography [20].
Images were recorded on a Titan Krios TEM (FEI) equipped with a Quantum LS
imaging filter operated at a 20 eV slit width and K2 Summit (Gatan). Pixel sizes
ranged from 2.14 Å for the first batch of data in the Super Resolution (SR) mode
to 2.72 Å for the remaining sessions. Tilt series were collected using a
bidirectional tilt-scheme from -30° to +60° and -32° to -60° in 2° increments.
Total dose was around 90 e-/Å2 and defocus was kept from -5 to -6 µm. Some tilt
series were recorded in focus using a Volta phase plate [21]. Tilt series were
acquired using SerialEM [22] and reconstructed and segmented using the IMOD
program suite [23].
Sub-tomogram averaging
Tomograms used for structure identification and sub-volume picking were
binned by a factor of 4. The discrete extended MAC structures were identified
visually in individual tomograms and their longitudinal axes were modeled with
open contours in 3dmod [24]. Models were generated separately for empty and
filled structures from the same tomogram. Individual model points were added
at defined intervals along the contours using the addModPts program from the
PEET package [25]. 4 times binned tomograms were used for a first alignment of
the particles, with the aligned binned coordinates being used to initialize the
final average. Tomograms for the final reconstruction were CTF-corrected in
IMOD and binned by a factor of 2 for the SR data. Non-SR tomograms were CTFcorrected, exposure filtered and used unbinned for the average. For the first
round of averaging studies, SR data was used to compare the wildtype filled tube
phenotype (25104 particles) with the JF50_12615 deletion mutant empty
phenotype (29828 particles) with a box size of 80 pixels (x) by 60 pixels (y) by
80 pixels (z) and a final pixel size of 4.28 Å. More detailed studies onto the filled
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tube phenotype used non-SR tomograms of the JF50_12585 deletion mutant with
a total of 26215 individual model points, box size of 100 pixels (x) by 50 pixels
(y) by 100 pixels (z) and a final pixel size of 2.72 Å. Subtomogram averaging was
done as described in Weiss et al. (2017). UCSF Chimera [26] was used for
visualization of the 3D models.
Bacterial Two-Hybrid Analysis
Bacterial Two-Hybrid Analysis was performed following the protocols
detailed previously [18]. Briefly, proteins of interest were cloned into one of four
Bacterial Two Hybrid (BTH) plasmids pUT18, pUT18C, pKT25, and pKNT25.
These produced individual N- or C-terminal fusions between the proteins of
interest and the T18 and T25 subunits on of the adenylate cyclase (CyaA)
protein. All plasmid sequences were confirmed by PCR. Plasmid combinations
containing the genes of interest were then electroporated into BTH101
electrocompetent cells that lacked a native CyaA gene. The BTH101 cells were
grown on LB agar containing ampicillin (100mg/mL), kanamycin (100mg/mL)
and 1% glucose. Glucose was used to suppress the expression of proteins before
performing the assay. Protein-protein interactions were quantified by
performing a β-galactosidase assay with cells being grown overnight at 37oC and
shaking at 200 RPM. Protein expression was induced with 1.0 mM IPTG. The
cultures were incubated at 25oC shaking at 200 RPM for 6 hours before being
mixed with a one-step “β-gal” mix [27]. A plate reader was then used to measure
the absorbance at 420 nm and 600 nm. The optical densities were used to
calculate Miller Units as previously described [28].
Protein Purification and Electroporation
To purify JF50_12615, JF50_12605 and GFP proteins, genes of interest were
cloned into the pET15b plasmid and grown in E.coli BL21 pLysE. Bacteria were
struck out on LB agar plates with ampicillin (100 ug/ul) and grown at 37oC for
24 hours. A single colony was inoculated into 500 ml LB with ampicillin (100
ug/ul) and grown at 37oC shaking at 200 RPM for 14-16 h. The culture was
diluted 1:500, grown at 37oC shaking at 200 RPM until the culture reached an OD
of 0.95. Protein expression was induced with 0.1 mM IPTG and grown for 37oC
for 16 hrs. The culture was centrifuged at 4000g for 20 minutes and the
supernatant was removed. The pellet was then resuspended in lysis buffer
(20mM imidazole, 0.2% tritonX, 10% glycerol, 25mM tris-HCl, 150mM NaCl, pH
8) with a protease inhibitor cocktail (100uM leupeptin, 1uM pepstatin and 5uM
bestatin). The culture was sonicated 3 times for 10-30 seconds each time. The
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sonicated culture was then spun down at 15,000g for 20 mins and the pellet was
discarded. The proteins were purified on a nickel-chromatography HP-Ni column
on an Akta Pure FPLC using the following wash (25mM tris, 20mM imidazole,
150mM NaCl, pH 8) and elution (25mM Tris, 0.5M NaCl, 250mM imidazole pH
7.6) buffers. Fractions containing the protein were buffer exchanged into storage
buffer (25mM tris, 250mM NaCl, pH 7.6) and stored at -80˚C. A Bradford protein
assay (BioRad) was done in order to quantify the amount of protein present. An
antibody

produced

against

the

JF50_12615-specific

peptide

sequence

CERSKGEFTEGKPKP (Genscript) was used to confirm expression and
purification.
The method for electroporation of Hydroides larvae was adapted from those
established for ascidian embryos [19,29]. Specifically, 25µl of 0.77M Manitol,
10µl of concentrated larvae (around 30 larvae), and 5µl of purified protein (5-25
µg, 1.25-12.5µg/µl final concentration) were mixed and added to a 2mm
electroporation cuvette. The mixture was then electroporated with 30V at
10ohms and 3000µF using a custom electroporation apparatus as previously
described [29]. After electroporation, the mixture was immediately removed
from the cuvette and mixed with 1 ml filtered artificial seawater and pipetted
into a 24-well plate. The larvae were then observed for metamorphosis 24 to 72
hours later.
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Supplementary Figures

Figure S1 - Metamorphic response of Hydroides larvae to cell-free MAC extracts from wild type P.
luteoviolacea and individual gene mutants. (A) Metamorphosis (%) of Hydroides larvae after exposure to
extracted MACs from P.luteoviolacea wild type and mutants. MAC extracts were diluted 1:100 before being
mixed with larvae.

Figure S2 - Both WT and JF50_12590-JF50_12615 have structurally similar arrays. MAC arrays were
present in both samples, with each array comprised of several individual CIS structures in both the
extended and contracted conformation. Scale bar, 100 nm.
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Figure S3 - Filled and empty phenotype in all studied gene mutant strains. (A-F) Slices through
illustrative tomograms displaying the observed phenotype for each mutant. Scale bar, 100 nm.
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Figure S4 - Data supporting Figure 3C. (A) Metamorphosis (%) of Hydroides larvae after exposure to
MACs extracted from P.luteoviolacea mutants. Filtered artificial seawater served as a negative (-) control.
Error bars indicate standard deviations of 4 replicates. *p-value ≤ 0.05. (B) Graph of % Empty Tubes (C)
Mass spectrometry data of domain knockouts.
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Figure S5 - Protein Purification and JF50_12615 is unable to induce metamorphosis when added
exogenously. (A) SDS page gel of purified GFP, JF50_12605, and JF50_12615. (B) Western blot of purified
protein is JF50_12615 using a JF50_12615-specific antibody. (C) Metamorphosis (%) of Hydroides larvae
when the protein was added exogenously. Larvae were read after 24 hours.
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Supplementary Tables

Table S1 - Strains and plasmids used in this work.

Strain
no.

Source or
Reference

Genotype
Strain

NJS2
NJS213

HI1 StrR
∆macB

NJS235

∆JF50_12590-F50_12615

NJS289

∆JF50_12590

NJS287

∆JF50_12595

NJS285

∆JF50_12600

NJS283

∆JF50_12605

NJS281

∆JF50_12610

NJS279

∆JF50_12615

NJS294

∆JF50_12605::12605

NJS295

∆JF50_12615::12615

NJS416

JF50_12615-Cterm-Bla

P. luteoviolacea HI1, StrR
P. luteoviolacea HI1 ∆macB,

[10]
StrR

StrR ∆R4

P. luteoviolacea HI1,
P. luteoviolacea HI1, StrR
∆JF50_12590
P. luteoviolacea HI1, StrR
∆JF50_12595
P. luteoviolacea HI1, StrR
∆JF50_12600
P. luteoviolacea HI1, StrR
∆JF50_12605
P. luteoviolacea HI1, StrR
∆JF50_12610
P. luteoviolacea HI1, StrR
∆JF50_12615
P. luteoviolacea HI1, StrR
∆JF50_12605::JF50_12605
P. luteoviolacea HI1, StrR
∆JF50_12615::JF50_12615
P. luteoviolacea HI1, StrR
JF50_12615-Cterm-Bla

[11]
[9]
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Plasmid
pNJS007

pCVD443

AmpR, KmR, sacB, pGP704
derivative

[10]

pNJS266

pCVD443_∆12590

pCVD443::∆12590 AmpR , KmR

This Study

pNJS265

pCVD443_∆12595

pCVD443::∆12595 AmpR , KmR

This Study

pNJS264

pCVD443_∆12600

pCVD443::∆12600 AmpR , KmR

This Study

pNJS263

pCVD443_∆12605

pCVD443::∆12605 AmpR , KmR

This Study

pNJS262

pCVD443_∆12610

pCVD443::∆12610 AmpR , KmR

This Study

pNJS261

pCVD443_∆12615

pCVD443::∆12615 AmpR , KmR

This Study

pNJS256

pCVD443_12590-615 complement

AmpR, KmR

[9]

pNJS282

pCVD443_12605 complement

AmpR, KmR

This Study

pNJS074

pCVD443_∆12585

AmpR, KmR

This Study

pNJS267

pUT18

AmpR

This Study

pNJS268

pUT18C

AmpR

This Study

pNJS269

pKT25

KmR

This Study

pNJS270

pKNT25

KmR

This Study

pNJS283

pUT18_12605

AmpR

This Study

pNJS299

pUT18_12615

AmpR

This Study

pNJS196

pUT18_12685

AmpR

This Study

pNJS284

pKT25_12605

KmR

This Study
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pNJS285
pNJS192
pNJS286
pNJS300
pNJS194
pNJS393
pNJS395
pNJS397
pNJS515
pNJS345
pNJS349
pNJS347
pNJS351
pNJS350
pNJS524
pNJS523
pNJS522
pNJS525

pKT25_12615

KmR

This Study

pKT25_12685

KmR

This Study

pKNT25_12605

KmR

This Study

pKNT25_12615

KmR

This Study

pKNT25_12685

KmR

This Study

pET15b_12605

AmpR

This Study

pET15b_12615

AmpR

This Study

pET15b_GFP

AmpR

This Study

pCVD443_12615_Cterm-Bla

AmpR

This Study

pCVD443_605_∆GNAT

AmpR

This Study

pCVD443_615_∆N200aa

AmpR

This Study

pCVD443_615_∆TamB

AmpR

This Study

pCVD443_615_∆JHBD

AmpR

This Study

pCVD443_615_∆C200aa

AmpR

This Study

pET15b_615_∆N200aa

AmpR

This Study

pET15b_615_∆TamB

AmpR

This Study

pET15b_615_∆JHBD

AmpR

This Study

pET15b_615_∆C200aa

AmpR

This Study
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Table S2 - Primers used in this work.
Primer

Sequence

macB_dA

GGTCGACGGATCCCAAGCTTCTTCTAGAGGTACCGCATGCAACCCAGACACTGAGGTGCT

macB_dB

TTTCCATTTTCCAATCCCTTCGCCAGAGATAAGTGATTGACTACGA

macB_dC

TCGTAGTCAATCACTTATCTCTGGCGAAGGGATTGGAAAATGGAAA

macB_dD

ACACAACGTGAATTCAAAGGGAGAGCTCGATATCGCATGCCATAACCTGGCTGAGCACCT

1556_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGATTGGAGCAATAAACGGGTTC

1556_dB

GTTCATAATTAAACTGCGATCGCAGCCATAAGGCCTCCTTGATA

1556_dC

TATCAAGGAGGCCTTATGGCTGCGATCGCAGTTTAATTATGAAC

1556_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCCGCTTTGGGTACTGGCTTTA

1556_intF

CCGAGCAAACGTTATCACAA

1556_intR

TCAGCGCTCTCATTATGTGC

1555_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGACCGAGCAAACGTTATCACAA

1555_dB

CCTTGCATGAGGTTAAGAAAGTTTGACGTACCCTTCAGCCATATT

1555_dC

AATATGGCTGAAGGGTACGTCAAACTTTCTTAACCTCATGCAAGG

1555_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCGATGCGGTAACGGTTGTTCT

1555_intF

AGCGATTGATGCTGAACAAA

1555_intR

ACCATCGCATAACCCGTAAC

1554_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGATACGCCGTCCAGTTAGGACT

1554_dB

GTTTGTTAACGTCACGGCAGCTGCATTGCCATTTAAACTCC

1554_dC

GGAGTTTAAATGGCAATGCAGCTGCCGTGACGTTAACAAAC

1554_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCATTGATTGGAAGCGCGATAG

1554_intF

TTTATGAGGCACCAACGACA

1554_intR

GCCTGTGCCGTTTTATCTGT

1553_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGAGGCGATCAGTGGAGTGAAGT

1553_dB

AATACTTCTTGCTCAGCCCCGCGTGCTTCTTCTGTCATGT

1553_dC

ACATGACAGAAGAAGCACGCGGGGCTGAGCAAGAAGTATT

1553_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCTCAGAACCAGCAGTCTCACG

1553_intF

CGGGCCTAGAAATCACTCAA

1553_intR

TCGACGTCAAATCAGTCGAG

1552_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGAGAGAGCAAGAAGTGGCGAGT

1552_dB

TAGCCTTTTAGTGCCGCTTTTGAGGCGTCCATATCTGACA

1552_dC

TGTCAGATATGGACGCCTCAAAAGCGGCACTAAAAGGCTA

1552_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCTGCTGACCAAGCAGATTGAC

1552_intF

GGGCAATTGTTGTGGATTTT

1552_intR

TGATCCCAAACCACTTGTGA

1551_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGAGACTGCTGGTTCTGATTCGAT

1551_dB

AACAGATCATTACATTAAAATGAGCCTCTGTTCTTGTTGTTGCATTTCA

1551_dC

TGAAATGCAACAACAAGAACAGAGGCTCATTTTAATGTAATGATCTGTT

1551_dD

TTTTGAGACACAACGTGAATTCAAAGGGAGAGCTCCTTCTCCATTTTCGCCTTTG

1551_intF

CGTTTTCAGTGACCATCACG

1551_intR

CGGTGGGCAAAAAGGTATAA

R4_dA

CGACGGCCAGTGCCAAGCTTGCATGCTTGGAGCAATAAACGGGTTC

R4_dB

AACAGATCATTACATTAAAATGAGCCTAGCCATAAGGCCTCCTTGATA

R4_dC

TATCAAGGAGGCCTTATGGCTAGGCTCATTTTAATGTAATGATCTGTT

R4_dD

ATGACATGATTACGAATTCGAGCTCCTTCTCCATTTTCGCCTTTG

174

R4_intF

GGTCGACGCATGTTAGCACT

R4_intR

TACCAAATTGGGCTCACAAA

pUT18_605_F1

CAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGACAGAAGAAGCACGCGAAAAAA

pUT18_605_R1

CTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCATTCACAAGTGCTAATTGATAAAAT

pUT18_615_F1

CAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGCAACAACAAGAACAGGAGCAAG

pUT18_615_R1

CTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCCATTAAAATGAGCCTTTCTTTTTCA

pUT18_685_F

AACAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGTTTCAAGACCCTAGAACTCC

pUT18_685_R

CAGGCCGCCCGTGGCCTCGCTGGCGGCTGAATTCGAGCTCACTGGCACACCTGGAATAGG

pKT_605_F1

CCGATTACCTGGCGCGCACGCGGCGGGCTGCAGGGATGACAGAAGAAGCACGCGAAAAAA

pKT_605_R1

AACGACGGCCGAATTCTTAGTTACTTAGGTACCCGCTAATTCACAAGTGCTAATTGATAA

pKT_615_F1

CCGATTACCTGGCGCGCACGCGGCGGGCTGCAGGGATGCAACAACAAGAACAGGAGCAAG

pKT_615_R1

AACGACGGCCGAATTCTTAGTTACTTAGGTACCCGTTACATTAAAATGAGCCTTTCTTTT

pKT_685_F1

GGTGACCGATTACCTGGCGCGCACGCGGCGGGCTGCAATGTTTCAAGACCCTAGAACTCC

pKT_685_R1

GTTGTAAAACGACGGCCGAATTCTTAGTTACTTAGGTACCACTGGCACACCTGGAATAGG

pKNT_605_F1

CAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGACAGAAGAAGCACGCGAAAAAA

pKNT_605_R1

TGATGCGATTGCTGCATGGTCATTGAATTCGAGCTATTCACAAGTGCTAATTGATAAAAT

pKNT_615_F1

CAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGCAACAACAAGAACAGGAGCAAG

pKNT_615_R1

TGATGCGATTGCTGCATGGTCATTGAATTCGAGCTCATTAAAATGAGCCTTTCTTTTTCA

pKNT_615_F2

CATGATTACGCCAAGCTTGCATGCCATGCAACAACAAGAACAGGAGCAAG

pKNT25-685_F

AACAGCTATGACCATGATTACGCCAAGCTTGCATGCCATGTTTCAAGACCCTAGAACTCC

pKNT25-685_R
pET15b_615_fra
gA_F1
pET15b_615_fra
gE_R1

AGCCTGATGCGATTGCTGCATGGTCATTGAATTCGAGCTCACTGGCACACCTGGAATAGG

pET15b_605_F1

TGCCGCGCGGCAGCCATATGATGACAGAAGAAGCACGCG

pET15b_605_R1
615_CtermBla_B1
615_CtermBla_C1
615_CtermBla_D1
615_CtermBla_E1

GCTTTGTTAGCAGCCGGATCCCTAATTCACAAGTGCTAATT

605-GNAT_dA2

TGATGGGTTAAAAAGGATCGATCCTCTAGAGCGACTTAGCTTTGCCATTT

605-GNAT_dB

CTTCGCCTATGGCCTCTTCCAACGCCCCTGACACGTCGCATCGAGTGCAC

605-GNAT_dC

GTGCACTCGATGCGACGTGTCAGGGGCGTTGGAAGAGGCCATAGGCGAAG

605-GNAT_dD2
p443_615dN200_B1
p443_615dN200_C1
p443_615dN200_D1

AGACACAACGTGAATTCAAAGGGAGAGCTCCCGTTGTGCGACATCATAAA

615-TamB_dA

TGATGGGTTAAAAAGGATCGATCCTCTAGAAAGCGGGTTTACTCCGATTTA

615-TamB_dB

AATGTCAGTACTTTGGCTTTTCCTGCAACACCAGCCGCAA

615-TamB_dC

TTGCGGCTGGTGTTGCAGGAAAAGCCAAAGTACTGACATT

615-TamB_dD
p443_615dJHBP_A1
p443_615dJHBP_B1

CACAACGTGAATTCAAAGGGAGAGCTCGCAACATAAAGAACTCACTAGCC

CCTGGTGCCGCGCGGCAGCCATATGATGCAACAACAAGAACAGGA
TTCGGGCTTTGTTAGCAGCCGGATCTTACATTAAAATGAGCCTTT

GAAATGTTGAATACTCATCATTAAAATGAGCCTTTCTTTTTC
GAAAAAGAAAGGCTCATTTTAATGATGAGTATTCAACATTTC
CAAGTTAGTTTCTGACTAACAGATCACCAATGCTTAATCAGTGAG
CTCACTGATTAAGCATTGGTGATCTGTTAGTCAGAAACTAACTTG

TATTATCAACTATATTAGGTGATGTCATTTCAATAATTTCCTATTGTTGC
GCAACAATAGGAAATTATTGAAATGACATCACCTAATATAGTTGATAATA
ACAACGTGAATTCAAAGGGAGAGCTATGGCCGTTTCATTAAGCACTTTGG

GGGTTAAAAAGGATCGATCCTCTAGTCACAAGTGGTTTGGGATCA
CGTAAAGCGCAGCGTCAGTACTCACTTCAATATAACCACTAAAACCCACC

175

p443_615dJHBP_C1
p443_615dJHBP_D1
p443_615dC200_A1
p443_615dC200_B1
p443_615dC200_C1

176

GGTGGGTTTTAGTGGTTATATTGAAGTGAGTACTGACGCTGCGCTTTACG
ACAACGTGAATTCAAAGGGAGAGCTGAAGCTGCACCATTCACAGA
GGTTAAAAAGGATCGATCCTCTAGAGCATCAATTACGCAAGCAAA
TTAGTTTCTGACTAACAGATCATTAAGGATCTTTTTTGATTTTACCATTA
TAATGGTAAAATCAAAAAAGATCCTTAATGATCTGTTAGTCAGAAACTAA

