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Preface

Photorhabdus as a Bug for All Seasons

This book focuses on recent advances in the molecular biology of Photorhabdus
bacteria and emphasises the application of this new research to agriculture and
medicine. Photorhabdus has proven to be a ‘gold mine’ for the discovery of novel
toxins and drugs and the volume is divided into three parts which in turn focus on
anti-insect virulence and insecticidal toxins, secondary metabolism and the pro-
duction of novel drugs and the insect immune response to the bacterium. It also
includes recent work looking at P. asymbiotica which seems to have evolved the
ability to infect human hosts as well as insects. We will now look at each section in
a little more detail in order to give the reader a ‘flavour’ of the chapters to come.

Bugs that Kill Bugs

Aside from the use of the entomopathogenic nematode hosts as biocontrol agents
the bacteria they vector also represent a novel source of agricultural control agents.
Much of the original interest in Photorhabdus bacteria therefore came from the
search for novel insecticidal toxins The first three chapters look at some of these
novel toxins, how they can be discovered and potential mechanisms for their
genetic regulation. Sheets and Aktories describe in exquisite detail the discovery,
cloning and structure of the novel Toxin complexes or Tc’s. Their chapter takes us
all the way from the original cloning of the genes that encode these toxins to an
atomic resolution of their structure and a description of what is effectively a totally
novel secretion system. Dowling then expands on the theme of toxin discovery by
describing a range of elegant cell-based screens that can be used to screen genomic
libraries of bacteria for novel toxins and drugs. Finally, Givaudan and Lanois finish
this section with an overview of how flagellar regulation is deeply linked to the
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expression of virulence factors (including toxins) in both Photorhabdus and
Xenorhabdus.

Bugs that do Drugs

The second section of the book switches from primary metabolism to secondary
metabolism. Here three more chapters survey the array of drugs produced by
secondary metabolism, its genetic regulation and the role of small molecules in
quorum sensing. Bozhuyuk and coauthors first comprehensively review all of the
known small molecules and peptides made by Photorhabdus and other ento-
mopathogenic bacteria. These novel drugs are made by large blocks of polyketide
synthase (PKS) and non-ribosomal peptide synthase (NRPS) encoding genes that
make a startling diversity of new bioactive natural products. Although the role of
most of these drugs in the natural history of Photorhabdus remains unclear many
are already looking promising for uses in agriculture and medicine. The second
chapter by Clarke then looks at the complex genetic regulation of these natural
products and how an understanding of regulation may gives us clues as to the role
of these small molecules in the complex lifecycle of this fascinating bacterium.
Finally, Brameyer and Heerman look at two novel quorum sensing mechanisms that
affect clumping in the bacteria and therefore may also affect pathogenicity. They
describe an array of novel ‘LuxR solos’ which probably represent the mechanism
whereby the bacterium senses the presence of its different hosts (insect, nematode
or man).

Bugs that Infect Both Insects and Man

The final sections look at the response of the insect immune system to both the
nematode and the bacterium and at the fascinating cases of human infection by
P. asymbiotica. Eleftherianos and coauthors describe in great detail the immune
response that is mounted to the invasion of either the bacteria alone, the nematode
alone or both the bacteria and nematode (as would occur in a natural infection).
They use state of the art molecular techniques to look at the insect immune response
and how the bacterium can escape it. Finally, Gerrard and Stevens give an overview
and update of the clinical infections of P. asymbiotica reported from both the USA
and Australia and Hapeshi and Waterfield then look at the particular genetic
mechanisms unique to P. asymbiotica that may have allowed for human infection.
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Bugs that Just Keep Giving

As a synthesis this book shows that Photorhabdus probably has many more gifts to
give. For example, most of the screens for novel insecticidal toxins have been
directed against lepidopteran caterpillars. So what further novel toxins would we
discover if we also screened beetle larvae? How many new drugs remain undis-
covered and how do the different bacteria (Photorhabdus and Xenorhabdus) make
them? Are any of these new drugs useful as novel antimicrobials? The list of
remaining research questions for these fascinating bacteria are endless and I hope
that the chapters that follow will prompt you to ask and investigate many more.

Penryn, UK Richard H. ffrench-Constant
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Insecticidal Toxins and Virulence
Regulation



Insecticidal Toxin Complexes
from Photorhabdus luminescens

Joel Sheets and Klaus Aktories

Abstract Various bacterial toxins have potent insecticidal activity. Recently, the
Toxin complexes (Tc’s) of Photorhabdus and Xenorhabdus species have become
an increased focus of current research. These large tripartite toxins with molecular
masses >1.4 megadaltons consist of three components termed A, B, and C (or TcA,
TcB, and TcC). While TcA is involved in receptor binding and toxin translocation,
TcC possesses the specific toxin enzyme activity and TcB is a linker between
components TcA and TcC. Here, a structure function analysis of the toxins is
described and the application of Tc toxins as potential insecticides is discussed.
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1 Introduction

1.1 The Life Cycle of Insecticidal Nematodes

Bacteria from the genus Photorhabdus and Xenorhabdus are found in symbiotic
association with entopathogenic nematodes of the family Heterorhabditidae and
Steinernematidae, respectively. These nematodes are used with limited success as
effective biological control agents against important agricultural insect pests of the
order Coleoptera and Lepidoptera, including white grubs, weevils, and codling
moths (Lacey and Chauvin 1999; Lacey and Georgis 2012). Entopathogenic
nematodes employ these bacteria that live within the gut of the nematode to kill
their hosts after invading susceptible larvae either through oral, anal, or tracheal
pathways. Once the nematodes enter their host, they release their bacteria, which
kill the insect usually within 48 h. The rapid kill, along with the production of other
virulence factors, helps to defeat the insect’s innate immunological defenses
allowing the nematodes to survive and reproduce within the insect carcass (Daborn
et al. 2001; Silva et al. 2002; Forst and Nealson 1996). The larval carcass provides
sufficient nutrients for the nematodes to complete a number of life cycles before the
infected carcass ruptures and releases thousands of new nematode progeny that then
search for new insect hosts to start the cycle over again (Bowen 2000; Forst et al.
1997). Live entomopathogenic nematodes as insect biological control agents
require a narrow effective range of soil moisture, and temperature to work, and
demand careful handling and refrigerated storage requirements. These requirements
have restricted their effectiveness as biological insect control products and has
limited their commercial applications (Lacey and Georgis 2012).

1.2 Specificity of Insecticidal Toxins

Photorhabdus Iluminescens and Xenorhabdus nematophilus bacteria produce a
variety of protein toxins, some forming very large (>1.4 MDa) oligomeric tripartite
toxin complexes (Tc) that have high levels of toxicity toward insect pests detri-
mental to important agricultural crops (Waterfield et al. 2001b; ffrench-Constant
et al. 2007). Other bacteria, including Photorhabdus asymbiotica, Xenorhabdus
bovienii, Serratia entomophila, Yersinia entomophaga, Y. pestis, and Pseudomonas
syringae pv. also produce similar toxin complexes (Parkhill et al. 2001; Buell et al.
2003; Wilkinson et al. 2009; Hurst et al. 2000). All of these bacteria represent
sources for new genes encoding potent insect toxins that can potentially be used in
biological control strategies or in genetically modified plants as alternatives or
supplements to insecticidal crystal (Cry) toxins from Bacillus thuringensis currently
employed in agriculture. Like many Cry proteins, the toxin complex proteins from
Photorhabdus luminescens, Xenorhabdus nematophilus, and Yersinia entomophaga
appear to be toxic only to certain orders of insects. Although their complete spectra
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of insecticidal activity have not been fully characterized, the toxin complexes from
Photorhabdus luminescens are generally very potent against Coleopteran insects
such as the Southern corn rootworm (Diabrotica undecimpunctata howardi), and
the Colorado potato beetle (Leptinotarsa decemlineata), which are insect pests of
significant agricultural importance (Waterfield et al. 2001a; Bowen and Ensign
1998). The toxin complex proteins from Xenorhabdus nematophilus have limited
potency against Coleopteran insects, but have potent activity against crop damaging
Lepidopteran insects, such as tobacco budworm (Heliothis virescens), corn ear-
worm, (Helicoverpa zea), and beet armyworm (Spodoptera exigua) larvae (Morgan
et al. 2001; Sergeant et al. 2006). The toxin complexes of Yersinia entomophaga
have been reported to have oral activity against both Coleoptera and Lepidopteran
insects (Hurst J. Bact. 2011). The biochemical source of the specificity is most
likely due to specific receptor interactions with the toxin which is known to bind
putative receptors located in the membrane of the midgut of susceptible insects (Lee
et al. 2007; Sheets et al. 2011). Identification and characterization of these receptors
and binding interactions have not been fully reported. Other differences in the
biological character of the insect midgut, such as pH, lipids, and presence of
different proteases in insects of different orders may also have a role in the speci-
ficity of the toxin complexes and for their safety toward other organisms. In
addition, all of the toxin complexes so far characterized are active by both oral
ingestion and injection into the haemocel of the insect, which implies that the toxin
complexes may have target sites that are not simply located in the lumen of the
insect midgut (Bowen and Ensign 1998; Bowen 2000).

We will focus on the toxin complexes found in Photorhabdus luminescens for
the purpose of this chapter, since significant structural and functional information
has recently been determined for a subset of Tc’s from this bacterium. Where
similar data are available for Tc’s from other bacteria (esp. Xenorhabdus nemato-
philus and Yersinia entomophaga) corresponding comparisons will be made.
Understanding how these insect toxins function can assist with the development of
new genes for biological or transgenic insect pest control. In addition, the bio-
chemical mechanism of these toxins can provide insight into the mechanism of
action of other pathogenic bacteria that cause animal diseases, and provide insight
for designing new therapeutic protein reagents.

2 ‘Toxin Complex’ (Tc¢) Toxins

2.1 Nomenclature of Tc Toxins

The nomenclature applied to many of the different Tc genes and subunits is con-
fusing. Initial nomenclature was based upon the order that the genes were found on
four (a, b, ¢, and d) different loci in Photorhabdus luminescens strain W-14 (Bowen
et al. 1998). Hence they were named, for example, fcaA for the toxin complex (tc)
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gene on the ‘a’ locus encoding the first or ‘A’ protein. Later it was determined that
all toxin complexes so far examined in detail consist of three functionally different
types of proteins or subunits (named A, B, and C), and it became apparent that a
unified nomenclature was required (Waterfield 2006). Similar nomenclature was
applied for the toxins found in Xenorhabdus luminescens, using Xpt standing for
Xenorhabdus particulate toxin (Sergeant et al. 2003). The Xenorhabdus genes were
then termed A, B and C based on the order in which they were found in the genome,
giving XptA, XptB and XptC. Unfortunately, for both Photorhabdus and
Xenorhabdus Tc proteins, it was then not clear via this nomenclature if we were
discussing a type A, B or C protein as defined by its function. For example, tcaCl is
in fact a functional type B protein, tccB a functional type A protein, xptBl a
functional type C protein, and xptC1 is a functional type B protein (Fig. 55.1). The
nomenclature for the toxin complex encoding genes isolated from Yersinia ento-
mophaga and Serratia entomophila was more straight forward, with yenA and sepA
encoding type A proteins, yenB and sepB, encoding type B proteins and yenC and
sepC genes encoding type C proteins (Hurst et al. 2000, 2011). Whilst it is not the
purpose of this chapter to define a more understandable nomenclature for the toxin
complex proteins and genes, it is clear that understanding if the gene encodes a
functional type A, B, or C protein is paramount. Knowing what organism the toxin
is derived from, and defining a tripartite toxin complex in terms of its bacterial
origin and protein composition is thus also important. In this chapter, therefore, we
will indicate if a protein is a functional type A (tcA-like), B (tcB-like), or C
(tcC-like) protein, along with the bacterial source of the protein and give a unique
name to a toxin complex of specifically associated proteins.

2.2 TcA-like Proteins of the Toxin Complex

2.2.1 Interaction of TcA-like Proteins with the Host Cell Membrane

Early biochemical studies on purified toxin complexes isolated from Photorhabdus
luminescens and Xenorhabdus nematophilus, showed toxin complexes to be very
large and composed of multiple classes of proteins (Bowen et al. 1998; Bowen and
Ensign 1998; Sergeant et al. 2003, 2006). The first measured binding interaction of
a TcA-like toxin component with host cells was reported with XptAl. This study
showed that the XptA1 protein binds to brush border membrane vesicles (BBMV)
prepared from Pieris brassicae and to insect derived Sf21 cells, both of which are
susceptible to the toxicity of this protein. In contrast, the related XptA2 protein,
which is not toxic to these organisms, does not bind to BBMV’s from P. brassicae
or to Sf21 insect cells (Lee et al. 2007). Additional binding interactions were
demonstrated for XptA2 using surface plasmon resonance showing that it binds
with a K; of 0.2 nM to solubilized insect midgut BBMV’s prepared from Heliothis
zea, an insect that XptA2 is toxic against (Sheets et al. 2011). These results support
earlier studies that the determinate of insect specificity resides with the type of A



Insecticidal Toxin Complexes from Photorhabdus luminescens 7

(a)

Photorhabdus luminescens W-14 Toxin complex genes

Tca locus ) msss) —m——) [ Type A protein 280 kDa
tcaA tcaB tcaC1 )
I Type B protein 170 kDa
Tcb locus  m—) Type C protein 112 kDa
tcbA
Tcc locus ) m—)
tccA  tccB  tccC1
Tcd locus ) ) — I E—
tccC4 tcdA3 tcdA2 tcdB2  tccC3 tcdA4 tccC5 tcdA1 tcdB1  tccC2

Xenorhabdus nematophilus Xwi Toxin complex genes

) ) EEE—— I EE—
tccA- xptD1  xptA1 xptB1 xptC1 XptA2
like

(b) 2328-2516 n TcB-binding
1973-2015 ectopic spring
1762-1972 outer shell

1608-1632 wm
1581-1607 W[

1491-1580
1383-1490
1308-1382

1091-1307

outer shell )
neuraminidase domain

receptor binding
receptor binding
receptor binding

neuraminidase domain

434-1090 outer shell

298-433 receptor binding

14-297 outer shell

Fig. 55.1 Gene structures of Tc toxins and structure of the TcA-like toxin component TcdAl. (A).
Gene structure for toxin complexes from Photorhabdus luminescens W-14, and Xenorhabdus
nematophilus Xwi. Genes are colored according to the type of protein they encode (Type A, B, or
C-like proteins). Note that tcaA + tcaB; tccA + tccB; and tccA-like + xptD1 are bifurcated type A
proteins and presumably are expressed together to form a complete A protein. (B). Domain
structure of the TcA-like toxin component TcdAl. (C). Crystal structure of TcdA1 [PDB 409y by
PyMOL, modified from Meusch et al. 2014]. The double arrow shows the entropic spring module
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protein contained by the toxin complex and that the additional B and C proteins
function to potentiate the activity of the A protein (Sergeant et al. 2003; Waterfield
et al. 2005).

Additional membrane interactions of the TcA-like protein from Photorhabdus
luminescens demonstrated the ability of TcdA1 to form pores using 86Rb* release
experiments on HT-29 cells (Lang et al. 2010). Similarly, TcdAl forms
ion-permeable channels in artificial lipid bilayer membranes with a single channel
conductance of 125 pS in 150 mM KCI. The channels formed by TcdAl were
cation selective and the addition of B and C proteins (TcdB2-TccC3) to TedAl
imbedded in the artificial membrane blocked the conductance of the channel by up
to 75%. These results suggest that the binding site for the B-C proteins to the A
protein is near the channel formed by the oligomeric A protein (Lang et al. 2013).
Similar results were obtained with using the A protein XptA2 from Xenorhabdus,
where adding XptA2 to one side of the black lipid membrane in the presence of
0.15 M KCl, increased the measured membrane current in a stepwise manner,
indicative of formation of single channels with conductance of ~ 100 pS (Sheets
et al. 2011). Meanwhile the interaction of the TcA-like protein TcdA1 with nan-
odiscs as a membrane model has been reported in near atomic detail (Gatsogiannis
et al. 2016) (see below).

2.2.2 The Molecular and Atomic Structure of TcA-like Proteins

TcA-like proteins are large (~280 kDa) and associate into still larger sized oli-
gomers (pentamers) (Figs. 55.1 and 55.2). In some cases, the gene encoding for a
TcA protein appears to be bifurcated, presumably encoding the N-terminus and
C-terminus portions of a full-sized class A protein by two separate open reading
frames (Fig. 55.1a). The structure and organization of bifurcated TcA protein in
Photorhabdus have not been fully characterized, but it is assumed that the
expression of both the genes is required for them to associate into oligomers to
produce a fully functional TcA protein. Examples of bifurcated TcA proteins are
also known to exist in Xenorhabdus nematophilus, Yersinia entomophaga, and
other bacteria-containing Tc genes (Morgan et al. 2001; Waterfield et al. 2001b;
Hurst et al. 2011).

Recently, structures of a TcA protein from Photorhabdus luminescens (TcdAl)
in both the pre-pore and pore state have been determined by cryoelectron micro-
scopy (Gatsogiannis et al. 2016; Meusch et al. 2014; Gatsogiannis et al. 2013).
TcdAl forms a 1.41 MDa pentameric bell-shaped structure in the pre-pore state
(Fig. 55.2). This structure is similar to the pentameric structure formed by the type
A protein (YenA) from Yersinia entomophaga (Landsberg et al. 2011) The crystal
structure of TcdA1 from Photorhabdus luminescens contains 8 different domains in
each of the monomers forming the complete pentameric structure (Fig. 55.2). TcA
toxin components consists of an inner pore-forming structure, which is built from
domains 7 (amino acids 2016-2327) and 8 (amino acids 2328-2516) located at the
C-terminus of TcA (Fig. 55.1b, ¢). Domain 7 consists of two ~200 A long helices,
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pre-pore structure

(a)

250 A

membrane

Fig. 55.2 Structures of Tc toxin oligomers as a pre-pore and pore complex. Molecular structure of
TcdAl [modified from Meusch et al. 2014 PDB 409y by PyMOL]. (A). Side view of pentameric
TcdAl in the pre-pore state. The different colors indicate each protomer. (B). Top view of TcdAl
pentamer in the pre-pore state, showing the interaction side with the TcB component. The various
protomers are indicated by numbers and color. (C). Side view of the pentameric TcdAl in the pore
state, showing the interaction side with the TcB component. (D). Top view of the of the pentameric
TcdAl in the pore state. (E). Molecular structure of TcdB2-TccC3 on top of the pentameric TcdA1
complex [modified from Meusch et al. 2014]. TcdB2 and TccC3 form a large cage. The N-terminal
region of TcdB2 has a B-propeller-like structure and interacts with the platform, which is formed
by domain 8 of the TcdAl pentamer. It is suggested that the ADP-ribosyltransferase domain,
which is located in the Cy,,, region of TccC3, is cleaved from the rest of the protein and lies in the
cage in an unfolded conformation. Interaction with the TcA pentamer may open a gate for
translocation of the unfolded ADP-ribosyltransferase into the TcA injection machine. TcdAl is
shown as above in a transparent view. (Pictures are modified from Meusch et al. (2014), PDB 409y
and PDB409x by PyMOL)

one is descending and one is ascending) and both are connected by a loop region
(residues 2140-2155). Together with the other eight helices from the other four
protomers form the channel of the pore. The pore possesses a funnel-like region at
the top, which is formed by domain 8 oligomers (Figs. 55.1 b, ¢ and 55.2). This
region builds the docking platform for the interaction with component TcB of the
holotoxin (Fig. 55.2 b, d). The channel of TcA is encased by an outer shell, con-
sisting of an all-helical domain (Fig. 55.1 b, c, regions 1a—1d), which has insertions
for four putative receptor binding domains (domains 2, 4, 5 and 6 in Fig. 55.1 b, ¢)
and one neuroaminidase-like domain (domain 3 in Fig. 55.1 b, c).
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Like many other pore-forming toxins, the structure of TcdA1 can be described as
a pre-pore and as a pore state. The pore state of TcdA1 (Fig. 55.2c, d) was obtained
by reconstituting the complex into liposomes and nanodiscs, determining its
structure by Cryo-EM and single-particle analysis. Transitioning from the pre-pore
to pore state results in a large 12 nm movement of residues forming the central
channel that is present in the interior of the toxin complex shielded by the outer
surface of the toxin (Fig. 55.2). This corresponds to insertion of the a-helical pore
into the membrane of the insect midgut, establishing a syringe-like mechanism that
could be used to inject proteins into cells. The energy for the insertion event is
entropic and is achieved through the action of a linker composed of 48 amino acid
residues that connect the shell domains with the central channel-forming part of
TcA (Fig. 55.1 b, c). This linker comprises an ‘entropic spring’ by changing from
an extended to a compacted conformation thereby driving the central channel into
the membrane. Based upon this structure, the TcA protein primarily functions as a
syringe-like delivery system for the toxin complex (Meusch et al. 2014;
Gatsogiannis et al. 2013, 2016). The interior lumen of the central channel is initially
closed in the pre-pore state, but opens when in the pore state, allowing for injection
of proteins through the channel into the insect gut (Gatsogiannis et al. 2016).
Although the channel opens when in the pore state, it is still sufficiently narrow that
it would require unfolding of the proteins to allow their passage through the pore
and into a cell (Gatsogiannis et al. 2013). The structure shows how TcdAl by itself
can function in both a pore-forming role, and also as a protein toxin delivery
system.

The identity of the receptors in the insect midgut that bind the toxin are not
known, but the structure of the toxin complex in the pore state suggests that the
receptor binding domains are about 125 A from the surface of the membrane,
requiring the receptors on the midgut cell surface to be both large and elongated to
sufficiently interact with the receptor domains on the toxin complex (Meusch et al.
2014).

2.2.3 1Is TcA per se Insecticidal?

Early insect bioassay studies suggested that the TcA protein (TcdAl) was the
‘toxin’ portion of the Tc, and that the addition of co-expressed TcB and TcC
proteins function to ‘potentiate’ the activity of the TcA protein (Waterfield et al.
2005; Sergeant et al. 2003). Indeed, when the gene encoding TcdAl from
Photorhabdus luminescens was inserted into the Arabidopsis thaliana genome the
resulting transgenic plants were toxic to tobacco hornworms (Manduca sexta), and
inhibited the growth of southern corn rootworms (Diabrotica undecimpunctata
howardi) (Liu et al. 2003). The ability of TcdAl to bind and form pores in insect
midgut membranes most likely accounted for the insecticidal activity of the TcdAl
expressed by the transgenic plants. Later studies showed that both the TcB and TcC
proteins are needed for the toxin complex to exhibit its full insecticidal activity
(Waterfield et al. 2005).
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2.3 TcB-like Proteins of the Toxin Complex

TcB-like proteins are about 170 kDa in size and bind to both the TcA and TcC
proteins to facilitate the formation of a complete Tc toxin. TcB proteins have not
shown any toxicity against insects and little is known about their function as part of
the toxin complex other than to connect the TcC protein to the TcA complex. They
can be singly expressed as soluble proteins, but in practice are often co-expressed
with the TcC protein or expressed as a fusion protein with the TcC protein attached
to its C-terminus. The co-expression of both TcB and TcC proteins together
facilitates the successful expression of TcC proteins, which are often difficult to
express individually and typically form an insoluble full-length protein that poorly
associates with the TcB protein. For this reason, it has been thought that the TcB
protein may act as a chaperon for the TcC protein. Interestingly, genes encoding
naturally fused TcB-TcC proteins have been found in some bacteria with toxin
complex genes (Yang and Waterfield 2013). The crystal structure of two TcB-TcC
fusion proteins (TcdB2-TccC3) from Photorhabdus luminescens has been solved at
2.35 A resolution and shows TcdB2 having a large hollow cocoon-like structure
(Meusch et al. 2014). The structure is highly similar to the structure of the TcB—
TcC components of Yersinia entomophaga (Busby et al. 2013). The N-terminus
portion of the TcB protein binds to the TcA protein and forms a B-propeller type
structure that is positioned on top of the channel formed by the TcA protein
(Meusch et al. 2014; Busby et al. 2013). The B-propeller is in an open conformation
when the TcB-TcC protein is bound to the TcA protein allowing for a clear channel
through the toxin complex (Meusch et al. 2014).

2.4 TcC-like Proteins of the Toxin Complex

The TcC-like proteins are about 112 kDa in size and are important for potent
toxicity of the complex. As mentioned above, TcC proteins need to be co-expressed
with the TcB protein in E. coli or other protein expression systems to properly
associate with the TcA protein for production of a complete and biologically active
toxin complex (Sergeant et al. 2003). For the toxin complexes from Photorhabdus
and Xenorhabdus studied in detail so far, when the B and C proteins are
co-expressed, or expressed as a B-C fusion product, the two proteins are isolated as
a soluble binary complex where the C protein is cleaved into two parts as part of an
apparent activation mechanism (Lang et al. 2010; Sheets et al. 2011). The structure
of the C protein can be considered to be composed of two domains. The core
domain comprises the predominant N-terminal section of the protein and contains
rearrangement hotspot (RHS) repeats (Busby et al. 2013). These repeats are
believed to form an aspartyl autoprotease in the C2 protein of Y. entomophaga and
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in TccC3 of P. luminescens (Meusch et al. 2014; Busby et al. 2013). Thus, the TcC
protein autoproteolyses when co-expressed with the TcB protein to form two
separate proteins. The site of cleavage occurs approximately two-thirds down the
protein toward the C-terminus at a highly conserved junction among different
TcC-like proteins. Immediately after the site of cleavage, the amino acid sequences
of different TcC proteins from various organisms radically diverge, and this domain
referred to as the hypervariable region (hvr). Cleavage of the hvr from the TcC
protein releases a protein fragment (TcC,,,) of about 32 kDa that non-covalently
associates with the TcB-TcC protein. As describe below, TcCy,, contains enzy-
matic activity that defines the toxic activity of the toxin complex.

2.5 Structure of the Complete TC Complex

A complete toxin complex that is fully active against insects is composed of all
three Tc proteins (TcA, TcB, and TcC) where the TcA protein oligomerizes into a
pentamer in most cases, and binds a TcB protein which in turn is bound to a TcC
protein. Although the C protein is cleaved in the complete toxin complex, the
cleaved TcCy,, must remain associated with the toxin complex for it to be active
against insects. Mutant TcB—TcC fusion proteins having a deleted TcC,,,, still bind
tightly to the TcA protein and form a complex, but the toxin complex lacks potent
insecticidal activity (Busby et al. 2013). The crystal structure of TcdB2-TccC3
presents a hollow cocoon structure (Fig. 55.2e), similar to that described for Tc
YenB-YenC2 proteins described at 2.35 A resolution (Busby et al. 2013). The
TcChy, protein is assumed to be encapsulated within the cocoon structure of the
TcdB2-TccC3 complex in a non-covalent manner possibly unfolded due to the
probable hostile environment composed of positive charges and hydrophobic pat-
ches in the interior of the B-C structure (Meusch et al. 2014).

Recently, an elegant body of X-ray crystallography and electron cryomicroscopy
structural studies at 4 A resolution has been reported for crystals of TcdA1 and of a
complete Photorhabdus toxin complex (PTC3), having TccC3 as the type of
C-protein in the complex. The structure was obtained through co-crystallization of
purified A protein TcdA1 and the binary B-C proteins TcdB2-TccC3 expressed as a
fused single gene product (Meusch et al. 2014). The binary TcdB2-TccC3 proteins
bind tightly to the top of the TcdA1 pentamer at an approximate 45 ~ angle to its
longitudinal axis forming a distorted six-bladed B-propeller structure having pseudo
fivefold symmetry (Fig. 55.2e). The B-propeller is in an open conformation when
bound to the TcdA1 pentamer, providing a chamber for the Cy,, to pass through
into the channel of the pentameric TcdAl, as evidenced by extra density found
inside the pore of the toxin complex (Meusch et al. 2014). It is believed that Cy,, is
in an unfolded state when inside the channel. The structure of the entire PTC3
complex has an analogous overall structure to the complete pentameric toxin
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complex from Yersinia entomophaga, except that the Yersinia toxin complex
(Yen-Tc) is reported to be associated with two different chitinase proteins (Chil and
Chi2) bound to the outer surface of each YenA protein for a total of ten chitinases,
along with two type C proteins (C1 and C2) associated with a single B protein
(Landsberg et al. 2011). In addition, the A proteins of YenTc are encoded by two
separate genes that essentially form a single TcdA-like protein. Although early
structural studies indicated two C proteins were present for each B protein, later
crystal structures of the BC proteins of YenTc showed them to form binary com-
plexes very similar as seen for TccB2-TccC3 of Photorhabdus (Busby et al. 2013).
Thus we suspect that the purified toxin complex protein reported (Landsberg et al.
2011) was most likely composed of two separate TCs, each sharing the same A and
B proteins, but having different C proteins. Such a structure would conform to the
A5BC structure observed for PTC3 (Meusch et al. 2014).

The role of the chitinases in YenTc was originally thought to function to degrade
the chitin-rich peritrophic membrane of the insect gut to facilitate entry of the toxin
into the cells. Such a mechanism is not required of Tc’s from Photorhabdus or
Xenorhabdus since these Tc’s do not contain chitinases yet are highly toxic toward
insects. Chitinase genes have been found in close proximity with the toxin complex
genes of Xenorhabdus nematophilus, but are not required for their biological
activity (Morgan et al. 2001). Later characterization of the chitinases of YenTc
showed optimum endochitinase activity at pH values of neutral to acidic, whereas
the pH of the lumen of the gut of some insects that the toxin was active against was
as high as 9, where these chitinases were found not to have any biological activity
(Busby et al. 2012). The chitinases found on YenTc may instead have a role in
toxicity after the complexes enter the cell and kills the insect. Certainly, making and
characterizing YenTc mutants lacking the chitinase proteins would bring clarity to
the role of these proteins in the toxicity mechanism.

The genomes of Photorhabdus luminescens contains multiple different genes
encoding TcA—, TcB—, and TcC-like proteins, which allows for the formation of
different toxin complexes depending upon which A, B, and C protein combinations
are contained within the complex (Waterfield et al. 2005). Different TcB and TcC
proteins can be combined with different TcA proteins to form a wide variety of
different Tc’s which can express different toxicity mechanisms and attack different
hosts. Hybrid toxins can potentially be made that have unique insect specificity
depending on the type of TcA, TcB, and TcC proteins contained in the toxin
complex. Although a complete comparison has not been made, it has been shown
that different pairs of TcB and TcC proteins can be co-expressed and they bind to
the various TcA-like proteins to form mixtures of different toxin complexes. Indeed,
TcB and TcC proteins from Photorhabdus luminescens (TccB2 and TccC3) have
been co-expressed and added to a TcA protein from Xenorhabdus nematophilus
(XptA2) to form a hybrid toxin complex from two different organisms. This toxin
complex expresses the insect selectivity determined by XptA2, but the molecular
toxicity is a result of the actions of the hypervariable region of TccC3 (Sheets et al.
2011).
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3 Biological Activities of Tc Toxins

Early studies indicated that the maximal insect-killing activity of Tc toxins depends
on the combination of all three Tc components, including TcA, TcB, and TcC
(Waterfield et al. 2001a). The tripartite Photorhabdus luminescens Tc complexes
were studied in hemocytes obtained from the hemocoel of Galleria mellonella
larvae (Lang et al. 2010). These studies revealed inhibition of phagocytosis by the
toxin complexes consisting of TcdAl, TcdB2, and TccC3 (PTC3) or TcdAl,
TcdB2 and TccC5 (PTCS), while the individual proteins were without effects. It
turned out that inhibition of phagocytosis was caused by effects of the toxin on the
actin cytoskeleton. However, studies with hemocytes and also with mammalian
cells showed that PTC3 and PTCS5 each affect the actin cytoskeleton in a different
manner. While PTC3 induces aggregation of F actin, PTC5 causes formation of
stress fibers. The combination of both toxins results in strong clustering of F-actin
accumulations with loss of the normal cell morphology. The underlying molecular
mechanisms are the ADP-ribosyltransferase activities of the TccC3 and TccC5
components (Lang et al. 2010). However, the toxin targets and the functional
consequences of toxin catalyzed ADP-ribosylation are different for TccC3 and
TccC5 toxin components.

3.1 TccC3 Is an ADP-Ribosyltransferase that Targets Actin

In spite of a low overall sequence homology between most bacterial
ADP-ribosylating toxins, their molecular structures are very similar (Hottiger et al.
2010; Simon et al. 2014; Fieldhouse and Merrill 2008; Vogelsgesang et al. 2007,
Pinto and Schuler 2015). Moreover, essential amino acid residues critical for
catalysis of the ADP-ribosyltransferase reaction are frequently conserved. Typical
for a large group of bacterial ADP-ribosyltransferases is the so-called “RSE” motif,
which represents three amino acids involved in NAD-binding (residues “R” and
“S”) and in catalysis (catalytic glutamate “E”) (Hottiger et al. 2010). TccC3, which
harbors the ADP-ribosyltransferase activity in its Cy,,, belongs to this family of
RSE enzymes (Pfaumann et al. 2015). Mutational analyses revealed that Arg791
and Glu943 are the pivotal residues of the typical RSE motif. The crucial serine
residue has not been determined with absolute certainty, however serine866 or
serine871 are good candidates (Pfaumann et al. 2015).

3.1.1 Modification of Actin by TccC3 at Threoninel48

TccC3  mono-ADP-ribosylates actin at threoninel48 (Lang et al. 2010).
Modification of actin at this site has no effect on the native state of actin, thus
ATP-binding is preserved and modified actin still inhibits DNAse I (Lang et al. 2016).
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Moreover, the critical concentration for actin polymerization is not changed.
However, threonine148 is located at the site where actin interacts with thymosin-p4
(Lang et al. 2010). The actin-binding protein thymosin-f4 (~5 kDa) belongs to a
group of rather small peptides, consisting of 42-45 residues, which sequester
G-actin and inhibits salt-induced actin polymerization (Mannherz and Hannappel
2009). ADP-ribosylation of actin at T148 blocks the interaction of thymosin-pf4
with actin and prevents its inhibition of actin polymerization (Lang et al. 2010).
Other actin-binding proteins that interact with actin involve threoninel48 (Lang
et al. 2016). For example, the interaction of gelsolin and of ADF/cofilin with actin
ADP-ribosylated at threoninel48 is impaired. Under physiological conditions,
gelsolin and ADF/cofilin induce fragmentation of F-actin and thereby control the
dynamics of actin treadmilling (Pollard and Cooper 2009; Dominguez and Holmes
2011). By contrast, the interaction of actin ADP-ribosylated at threoninel48 with
profilin is not affected. Profilin supports plus-end polymerization of actin and
enhances formin-induced actin elongation. Thus, ADP-ribosylation of actin at
threonine148 favors actin polymerization while actin fragmentation and severing is
inhibited. Moreover, ADP-ribosylation at threonine148 appears to affect actin—actin
interaction in favor of F-actin bundling and aggregation, eventually, resulting in
destruction of the normal cell morphology and in cell death (Lang et al. 2010; Lang
et al. 2016) (Fig. 55.3b).

3.1.2 Photorhabdus Toxin Photox Modifies Actin at Argininel77

Various bacterial toxins modify actin by ADP-ribosylation (Aktories et al. 2011)
including the binary toxins Clostridium botulinum C2 toxin (Aktories et al. 1986),
C. perfringens iota toxin (Schering et al. 1988), C. difficile transferase CDT (Giilke
et al. 2001; Schwan et al. 2009) and Bacillus cereus vegetative insecticidal proteins
(VIP) (Han et al. 1999). Moreover, various bacterial effectors like Salmonella
enterica SpvB (Tezcan-Merdol et al. 2001) and Aeromonas salmonicida AexT
(Vilches et al. 2008), which probably enter target cells by type III secretion,
ADP-ribosylate actin. However, these toxins do not modify threoninel48 but
instead ADP-ribosylate actin at argininel77 (Vandekerckhove et al. 1987, 1988;
Hochmann et al. 2006). This modification of actin at argininel77 inhibits the
formation of actin filaments by steric hindrance and therefore blocks actin poly-
merization (Aktories et al. 1986; Aktories and Wegner 1989, 1992). Moreover, it
causes F-actin depolymerization by an actin-capping effect at the plus-ends of actin
filaments (Wegner and Aktories 1988). Photorhabdus luminescens produces a
potential toxin called Photox, which possesses ADP-ribosyltransferase activity and
modifies actin at arginine-177 (Visschedyk et al. 2010). Although the translocation
mechanism of Photox into target cells is not known, it is remarkable that
Photorhabdus luminescens produces toxins that cause polymerization of actin (e.g.,
TccC5-containing Tc complexes) and also release toxins (e.g., Photox) that induce
depolymerization of actin filaments and of the actin cytoskeleton. Eventually, both
toxin effects are detrimental for targeted cells. However, a precise spatial—and
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«Fig. 55.3 Mode of action of Tc toxins. (A) TccC5 activates Rho proteins by ADP-ribosylation at
glutamine63. a Rho proteins are regulated by a GTPase cycle, are activated by GEFs and
inactivated by GTP hydrolysis, which is facilitated by GAPs (GTPase activating proteins). GDIs
(guanine nucleotide dissociation inhibitors) keep Rho proteins in the cytosol. GTP-bound Rho
activates multiple effectors. A major effect of active Rho is the organization of the actin
cytoskeleton involved in phagocytosis, migration and immune cell signaling. b TccC5
ADP-ribosylates RhoA in glutamine63, thereby GTP hydrolysis is blocked and Rho is persistently
active, resulting in enhanced actin polymerization and deregulation of actin functions. In addition,
TceC3 ADP-ribosylates actin causing actin clustering (see below). (B). Model for the action of
Photorhabdus Toxin complex. The toxin complex proteins come together to form a complete toxin
complex which binds to membrane bound receptors on midgut cells and is endocytosed into the
cell. At low pH in the endosome, the Tc forms a pore that releases, through a syringe-like
mechanism, the Cy,, of the TcC protein into the cytosol. The Cy,, of TccC3 ADP-ribosylates actin
at threonine-148, which inhibits actin interaction with actin-binding proteins like thymosin B-4
(TB-4), gelsolin (Gel) or ADF and induces actin polymerization and clustering. The Cy,, of TccC5
ADP-ribosylates Rho GTPases resulting in its persistent activation leading to actin polymerization.
Both toxins largely redistribute the actin cytoskeleton and cause actin clustering leading to toxicity

time-dependent control of the toxins’ actions may provide an advantage for
Photorhabdus luminescens and its specific life cycle.

3.2 TccC5 Is an ADP-Ribosyltransferase that Targets Rho
Proteins

TccCS also harbors ADP-ribosyltransferase activity in its Cy,,. The RSE motif for
TccC5 ADP-ribosyltransferase activity comprises arginine774, serine809 and glu-
tamate886. Mutations of these residues result in inhibition of the
ADP-ribosyltransferase activity (Pfaumann et al. 2015). Biochemical studies and
mass spectrometric analysis showed that Rho proteins are the substrates of TccCS
(Lang et al. 2010).

3.2.1 Rho Proteins Are Substrates of TccC5

Rho proteins belong to the superfamily of Ras proteins and are regulated by a
GTPase cycle (Cherfils and Zeghouf 2013; Jaffe and Hall 2005; Heasman and
Ridley 2008) (Fig. 55.3a). They are active in the GTP-bound form and inactive
after GTP hydrolysis. GTP-binding is achieved by guanine nucleotide exchange
factors (GEFs) (Garcia-Mata and Burridge 2007), which induce the release of GDP
bound to Rho proteins. Because the concentration of GTP in the cytosol is higher
than the concentration of GDP, release of GDP results in subsequent binding of
GTP. The activate state of Rho proteins is turned off by hydrolysis of bound GTP, a
process which is facilitated by GTPase activating proteins (GAPs) (Scheffzek et al.
1998). In the GTP-bound form, Rho proteins interact with numerous effectors
including various protein kinases, adaptor, and regulatory proteins (Thumkeo et al.
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2013). A prominent role of Rho proteins is the regulation of the actin cytoskeleton
and of actin-dependent processes. Thus, Rho proteins regulate multiple cellular
motile functions like cell migration, phagocytosis, vesicle traffic and cytokinesis.
However, Rho proteins are also involved in transcriptional control and cell cycle
regulation (Hanna and El-Sibai 2013). Moreover, Rho proteins are preferred sub-
strates of bacterial protein toxins and effectors (Aktories 2011; Lemichez and
Aktories 2013).

3.2.2 Functional Consequences of Rho ADP-Ribosylation by TccC5

Preferred in vitro substrates of TccC5 are RhoA, RhoB and RhoC, Racl, 2 and 3,
Cdc42 and Tcl10 (Pfaumann et al. 2015; Lang et al. 2010). Modification occurs at
glutamine63 of RhoA and glutamine61 of Rac and Cdc42. This residue is located in
the switch II region of the small GTPases and is essential for GTP hydrolysis
(Cherfils and Zeghouf 2013). Thus, toxin-induced ADP-ribosylation at this position
inhibits GTP hydrolysis by the small GTPase and turns the GTP-binding protein
into a persistently active protein (Lang et al. 2010) (Fig. 55.3a). The consequence
of toxin-caused activation of RhoA is the strong formation of stressfibres, which is
a typical cell culture response following RhoA activation. Thus, in cell culture, the
RhoA effect appears to be dominant. However, when both active TcC components
(e.g., TceC3 and TecCS5) were added to cell cultures as part of the complete Tc
complexes, stressfibers are no longer visible but gross actin clustering is observed,
indicating that modification of threoninel48 by TccC3 is dominant (Lang et al.
2010). Activation of Rho and Rac proteins by TccC5 was studied in comparison
with the cytotoxic necrotizing factor CNF1 of Escherichia coli, which activates Rho
proteins by deamidation of glutamine63 (Schmidt et al. 1997). Surprisingly, acti-
vation of RhoA by deamidation is transient and returns to normal Rho activation
levels after 18 h, while TccC5 causes RhoA activation for more than 18 h
(Pfaumann et al. 2015). Similar results are observed with Rac proteins. Activation
of Rac by CNF1 is transient with subsequent degradation of Rac, while TccC5
causes persistent activation over 18 h without degradation of Rac.

In congruence with TccC3, which directly ADP-ribosylates actin at thre-
oninel48, ADP-ribosylation of RhoA by TccC5 favors actin polymerization (Lang
et al. 2010; Pfaumann et al. 2015). Accordingly, both toxins share a similar effect
on gene transcription regulation by myocardin-related transcription factor A (ter-
med MAL or MRTF). MAL is an essential coactivator of the transcription factor
serum responsive factor (SRF) (Medjkane et al. 2009; Posern and Treisman 2006).
The transcriptional regulator Mal interacts with G-actin thereby inhibiting its
transcriptional activity. Polymerization of actin releases MAL from G actin and
supports MAL-mediated transcriptional activation resulting in increased expression
of multiple proteins involved in organization of the cytoskeleton, adhesion and in
motile functions including actin itself (Medjkane et al. 2009; Posern and Treisman
2006). Studies showed that TccC3 as well as TccCS5 strongly induce MAL
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activation (Pfaumann et al. 2015). Thus, manipulation of MAL-dependent function
including signaling, migration and adhesion of Photorhabdus toxins target cells
may play an important role in host—pathogen interaction in larvae.

4 Conclusions

Recent studies have shed light on the structure and function of the huge and highly
complex toxin complex toxins from Photorhabdus luminescens. These tripartite
toxins are a paradigm of a novel toxin delivery system using a syringe-like
mechanism to transport an enzymatic toxin into a cell. Because Tc toxins are found
in various species from different bacterial genera, these recent findings will help us
better understand toxin-dependent host—pathogen interactions caused by these
proteins. There are still many outstanding questions concerning the binding of the
TcA component of the toxin complex to target cells, the delivery into, and the
action of the biological active components (TcC) in host cells. For example,
identification of the toxin receptor (or receptors) would be of major importance.
Moreover, numerous TcC components have been identified in the genome of
Photorhabdus, and related bacteria, which share high sequence similarity in their
N-terminus but largely differ at the C-terminus, where the biological activity is
located. Sequence analyses clearly show that these hypervariable region most likely
harbor different biological activities. Therefore, it would be exciting to analyze
these activities in detail. Insecticidal bacterial protein toxin play a still increasing
role in pest control and parasite management. The various toxins of Photorhabdus
species including the Tc toxins may increase our armamentarium against various
types of insect pests. One prerequisite for the efforts to obtain novel, even more
effective insecticidal agents against insect pests is the detailed understanding of the
mode of action of these toxins.
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Identifying Anti-host Effectors
in Photorhabdus

Andrea J. Dowling

Abstract The death of the insect host is an essential part of the life cycle of
Photorhabdus, and as a result, this bacterium comes equipped with a dazzlingly
large array of toxins and virulence factors that ensure rapid insect death. Elucidation
of the key players in insect infection and mortality has therefore proved difficult
using traditional microbiological techniques such as individual gene knockouts due
to the high level of functional redundancy displayed by Photorhabdus virulence
factors. Thus, knockout of any individual toxin gene may serve to delay time to
death but not to render the bacteria avirulent due to the continued presence of an
array of other toxins and virulence factors in the single-gene mutant. This functional
redundancy had led to the necessary development of an array of techniques and new
model systems for identifying and dissecting apart the action of anti-insect effectors
produced by Photorhabdus. These have been pivotal in both the identification of
new toxins and virulence factors and in ascribing functions to them. These tech-
niques have gone on to prove valuable in pathogenic bacteria other than
Photorhabdus and are likely to be useful in many others.
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1 Introduction

Photorhabdus bacteria have a complex multi-host lifestyle in which they must
switch from being a nematode mutualist to a potent insect pathogen. Insect death is
a critical part of the life cycle and as such Photorhabdus produces a staggering
array of anti-host effectors, those characterized so far include toxins, adhesins,
enzymes, secondary metabolites and secretion systems amongst others (see also
Chapter by Hapeshi and Waterfield in this volume). The discovery and elucidation
of the anti-host effectors are not only important in understanding how
Photorhabdus bacteria may interact with and infect insect and mammalian hosts but
it also makes them an attractive source for novel insecticides and drugs. However,
the discovery and understanding of such anti-host effectors via classical microbi-
ology (single-gene knockouts) are exacerbated due to the issue of functional
redundancy. Mutating a single toxin gene in Photorhabdus often results in very
little or indeed no attenuation in pathogenicity, as there are a host of other toxins
and effectors that compensate and insure death of the host following infection with
a single-gene knockout. This has led to the development of several novel and
innovative screening assays designed to circumvent functional redundancy and
identify anti-host effectors on a genome-wide scale in vivo. A number of
bioinformatic-based in silico techniques have also identified toxins and novel
secretions systems from Photorhabdus that have biological activity. This chapter
will review these approaches and discuss future directions for this research.

2 A Forward Genetics Approach

Single-gene knockouts in predicted toxins are often ineffectual in significantly
reducing the pathogenicity of Photorhabdus due to a high level of functional
redundancy. In order to circumvent this problem and elucidate the masked action of
individual anti-insect effectors, a simple ‘forward genetic’ (gain of function)
approach and the use of a model insect system for screening were developed. This
original approach initially involved generating a cosmid library of P. luminescens
subsp. akhurstii strain W14 in Escherichia coli with each cosmid clone in E. coli
containing an insert of ~40 kb of Photorhabdus genomic DNA. Cosmids were
arrayed into 96-well micro-plates in order to give ~ 10X genomic coverage. Single
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E. coli clones carrying individual cosmids were then injected separately into
caterpillars of the tobacco hornworm, Manduca sexta. Laboratory strain E. coli is
normally cleared successfully by the M. sexta immune system; however, one in
every 300 of the cosmids injected caused the recipient caterpillar to lose turgor 12 h
post-injection and subsequent insect death occurred at 24 h (Daborn et al. 2002).
Insertional (transposon) mutagenesis of the associated cosmid revealed that a single
8.8 kb gene was responsible for this phenotype that was then termed makes
caterpillars floppy or the mcf gene. The encoded Mcf protein toxin (324 KDa)
facilitates the persistence of E. coli in the insect haemocoel and causes massive cell
death via apoptosis of both haemocytes and midgut cells resulting in insect
mortality.

Random end sequencing of the P. luminescens W14 cosmid library used in this
screen identified a cosmid containing sequence which assembled to that of mcf but
displayed clear differences at the nucleotide level. This newly identified homologue
was named makes caterpillars floppy 2 or mcf2, and correspondingly, mcf was
renamed mcfl. E. coli expressing the Mcf2 toxin display similar insect toxicity to
Lepidopteran larvae as Mcfl (Waterfield et al. 2003).

The mcf2 gene predicts another large (262 kDa) protein, and like Mcfl, amino
acids 1015-1548 of Mcf2 are 39% similar and 20% identical to amino acids 867—
1368 of C. difficile toxin B, but Mcf2 lacks the similarity to the C-terminus of an
RTX-like toxin from Actinobacillus pleuropneumoniae carried by the C-terminus
of Mcfl. Since the original description of the Mcfl gene, a new entry in GenBank,
shows that both Mcfl and Mcf2 also show a second region of homology to an
RTX-like cytotoxin (gene VVA1030) from Vibrio vulnificus strain YJ016, amino
acids 695-914 of Mcf2 are 30% identical and 48% similar to amino acids 3250—
3496 of VVA1030. The predicted N-terminal domain of Mcf2 is shorter than that of
Mcfl and lacks a BH3-like domain. Instead, the N-terminus carries a region with
significant similarity (54% similarity and 40% identity) to the C-terminus of the
plant avirulence protein HrmA from P. syringae pv. syringae. Further examination
of unfinished genome sequences shows that Mcfl and Mcf2 are part of a family of
toxins including two undescribed homologues from Pseudomonas fluorescens
strain PfO1, ORFs 4315 and 4316, which are 28% identical and 46% similar to each
other. Domains containing mcf sequence are also present in the MARTX toxin
family (Fullner Satchell 2007; Roig et al. 2011).

2.1 Rapid Virulence Annotation

One species of Photorhabdus, termed P. asymbiotica, is a pathogen of both insects
and mammals. Originally isolated from a human infection, and with no nematode
present, it was initially presumed to be literally ‘asymbiotic’, hence the name
‘asymbiotica’. However, a nematode vector for P. asymbiotica has since been
found (Gerrard et al. 2006). For a detailed description of P. asymbiotica, see
chapters by John Gerrard also in this volume. Analysis of P. asymbiotica therefore
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provides a unique opportunity to identify and explore virulence factors which are
specific for either insect or mammalian hosts, or indeed active against both (see also
Chapter by Hapeshi and Waterfield in this volume).

The success of the forward genetic approach in revealing toxins otherwise dis-
guised due to functional redundancy led to the pioneering Rapid Virulence
Annotation (RVA) approach developed by Waterfield et al. (2008). In this
approach, parallel assays were used to find effectors in a cosmid library of
P. asymbiotica ATCC43949 with toxicity against a range of taxa: insects (M. sexta
and Galleria mellonella), amoebae (Acanthamoeba polyphaga), nematodes
(Caenorhabditis elegans) and mouse macrophages (J774-2 murine cell line). This
approach allows us to detect effectors with species specific or broad-spectrum
activity of individual clones that confer a gain of toxicity (GOT) to the library strain
E. coli expressing them. Assembling the end sequences of clones that confer tox-
icity onto the P. asymbiotica genome is used to identify the virulence-related
regions. The multiplicity of genome coverage within the library (~ 10X) means that
when the end sequences of the positive cosmids are aligned, they generate over-
lapping clusters (minimum of two overlapping cosmids) allowing the identification
of the minimum genomic region of interest (ROI) carrying the candidate effector
ORFs denoted as RVA regions (Fig. 1). Twenty-one RVA regions were identified
in the P. asymbiotica genome, and these included the re-identification of known
virulence factors such as the toxin Mcfl. These assays revealed activity of Mcfl
against both C. elegans and amoebae, in addition to its known activity against
insects and mammalian tissue culture cells, indicating a broad mechanism of action
(Daborn et al. 2002; Dowling et al. 2004).

The other twenty RVA regions contained gene clusters and predicted functions
related to: Type III secretion, hemolysins, hemagglutinins, Photorhabdus Virulence
Cassettes (PVCs), production of secondary metabolite small molecules
(non-ribosomal peptide and polyketide synthetases), Type VI secretion, lipases,
enterotoxins, fimbrial operons, rtxA toxin homologues and several containing genes
of unknown function.

2.2 Secondary Metabolites as Virulence Factors

Photorhabdus contains a large number of gene clusters associated with the synthesis
of secondary metabolites, the functions of many of which are unknown. A third of the
RVA clusters identified contain polyketide synthetases (PKS) and/ or non-ribosomal
peptide synthases (NRPS) gene clusters, including a yersiniabactin-like compound, a
virulence factor of Yersinia pestis causative agent of the black plague (Bearden et al.
1997). The large number of RVA regions carrying these clusters provides a strong
link between certain secondary metabolites and a previously unknown role in
Photorhabdus virulence. For more detailed references on secondary metabolites, see
also chapters by Helge Bode and David Clarke in this volume.
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2.3 Host Specificity

Several regions encoding putative lipase genes (pdl) were also identified in these
RVA screens. These regions were active against insects and nematodes but not on
murine macrophages, suggestive of host specificity. However, the majority of RVA
regions active against macrophages were also active against insects indicating that
factors active against the insect are also capable of effect on mammalian hosts. Fine
scale mapping using insertion (transposon) mutagenesis is used on positive cosmids
to directly identify the genes responsible for the phenotype. The mutants can then
be rescreened in the desired assay to look for clones displaying a loss of function.
These clones can then be sequenced in order to identify the gene/s responsible for
the activity. Cloning the candidate gene into E. coli and retesting this clone in the
requisite assay are then carried out in order to confirm activity.

The unbiased nature of this approach allows for the identification of genes that
would not otherwise be identified as virulence factors. Insertional mutagenesis of
cosmids from RVAI17 that were toxic to insects, nematodes and macrophages
revealed that virulence was linked to expression of a kdp operon encoding a Kdp
potassium pump. Kdp sytems are involved in potassium homeostasis perhaps
making this an unexpected candidate virulence factor. However, follow-up studies
have revealed that this KdpD/KdpE two-component system enables library strain
E. coli to persist within insect haemocytes, eventually leading to mortality and
causes a dramatic increase in phagocytic activity in murine macrophages
(Vlisidou et al. 2010; Dowling and Hodgson 2014).
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Fig. 1 Workflow of a typical RVA-type screen for anti-phagocyte effectors. A genomic library of
the strain of Photorhabdus of interest is made in cosmids or fosmids and transformed into library
strain E. coli. Individual clones are arrayed in a 96-well plate format to achieve ~ 10X coverage of
the genome and are then end-sequenced. Library plates are grown up, and crude lysate
preparations of these are applied to phagocytes (macrophages or haemocytes) similarly arrayed in
a 96-well plate. These are co-incubated for the desired length of time before assaying for
cytotoxicity. Clones causing >40% cell death are called as ‘positive’, and the end sequences for
these are assembled onto the genome sequence of the relevant Photorhabdus strain. Any genomic
region with two or more overlapping clones mapped across it is designated a region of interest for
further follow-up
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This approach has further untapped potential, and the capacity for detection of
effectors can easily be expanded with screens and assays designed to look for
effectors, not simply involved in toxicity, but those involved in other pathogenicity
traits such as adherence, invasion and intracellular survival.

3 The Drosophila Embryo System

Once an effector is identified, it is then necessary to establish its function and mode
of action in infection. Drosophila are a well-established powerful genetic model
organism used to study microbial infections. In vivo studies are largely based on
end-point analysis and a system in which infection can be studied in real time is
therefore extremely useful for a continuous view of infection. The Drosophila
embryo system, previously established as a model for studying development and
wound repair, has also been developed as a tool which allows visualization of the
early stages of infection and toxin action in real time using confocal time-lapse
microscopy (Wood et al. 2006; Vlisidou et al. 2009). By using a combination of
Drosophila genetics to look at different host genetic backgrounds and time-lapse
confocal microscopy to follow bacterial infection in real time, it is possible to see
how different mutant bacteria (or recombinant E. coli armed with Photorhabdus
toxins) perform against different host genetic backgrounds. Micro-injection is used
to introduce a fluorescently labelled microbe of interest, or purified toxin, into a
recombinant Drosophila embryo with haemocytes expressing a fluorescent protein
such as GFP. Embryonic haemocytes are motile macrophage-like cells that migrate
throughout the developing embryo following stereotypical routes to disperse from
their point of origin to eventually distribute themselves equally throughout the
insect (Fig. 2) (Wood et al. 2006; Wood and Jacinto 2007). These haemocytes are
dynamic, phagocytically competent and able to recognize and engulf
non-pathogenic E. coli. When injected with the P. asymbiotica ATCC43949, the
embryonic haemocytes are observed to undergo rapid paralysis or ‘freezing’. This
phenotype could be reproduced by injection E. coli expressing Mcf1 or by injection
of the purified toxin.

Drosophila genetics was then used to screen for mechanism of action. Mcf1 had
previously been identified as requiring internalization via endocytosis in order to
exert its pro-apoptotic activity (Dowling et al. 2007), and by using a mutant defi-
cient in (clathrin-dependent) endocytic machinery (shibire”’ mutant), we were able
to confirm that these haemocytes were unaffected by Mcfl and did not freeze,
meaning that internalization was also necessary for this phenotype.

The rapid effect on the hemocyte cytoskeleton led to the hypothesis that Mcf1
may be acting on a pre-existing eukaryotic molecular switch involved in
cytoskeletal dynamics within the cell such as the Rho GTPases. Micro-injection of
Drosophila mutants expressing dominant negative or constitutively active small
GTPase Rac revealed that these haemocytes also failed to freeze in response to
Mcfl. This indicates a need for the presence of wild-type Rac in order for the
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Fig. 2 The Drosophila embryo system. Stage 15 Drosophila embryos with haemocytes expressing
a fluorescent protein such as GFP are immobilized on a microscope slide prior to anterior
micro-injection with the bacteria or purified protein of interest. Z-stack time-lapse confocal
microscopy is used to image the activity of the haemocytes post-injection in order to monitor their
subsequent behaviour phagocytosis and observe the progress of the infection in real time

freezing process to occur. Several pathogenic bacteria produce toxins that inactivate
Rho GTPases in order to avoid phagocytosis, known as RhoGAPs (Aktories 2011;
Popoff 2014). However, whether Mcfl is acting as a RhoGAP remains to be
confirmed. This screening method is a powerful tool for identifying effector mode
of action in vivo, and Drosophila genetic mutants present a valuable method of
clearly dissecting many aspects of function in order to elucidate toxin mode of
action and likely role in infection. Using Drosophila genetic mutants, we were able
to determine that Mcf1 required internalization in order to exert activity and that the
freezing phenotype was likely caused by Mcf1 acting on Rac.

4 Immune Cell Phenotype Screen

Although a cytotoxicity screen can identify effectors, it does not point us in the
direction of how it is exerting effect on host cells. Typically visual analysis
methods, such as fluorescence microscopy, are used to explore bacterial effector
interaction with host cells. The original RVA screen for anti-macrophage factors
from P. asymbiotica produced a wealth of candidates requiring further investigation
to identify function (23 regions of interest covered by over 80 cosmids). Follow-up
of this number of putative effectors would be very labour-intensive and
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time-consuming to follow up on a case by case basis. In order to address this, we
developed a novel genome scale morphology-based analysis method to functionally
group the bacterial effectors (Dowling and Hodgson 2014).

Numerous functions and putative mechanisms of action can be characterized
based on cell morphology, e.g. apoptosis (cellular and nuclear shrinkage followed
by fragmentation and formation of apoptotic bodies), necrosis (cell swelling, leaky
membranes), pyroptosis (cell swelling and significant cell size increase, rupture,
nuclear condensation but integrity remains) and alteration in actin cytoskeleton,
such as formation of stress fibres or depolymerisation, indicating activity on Rho
GTPases (Gruenheid and Finlay 2003; Duprez et al. 2009; Lamkanfi and Dixit
2010; Aktories 2011). The targets of many bacterial pathogens effectors are the
actin cytoskeleton and the nuclei where they manipulate or usurp normal cellular
function or induce cell death to their advantage in establishing infection. The
analysis uses high-content image analysis to visualize and quantify the morpho-
logical alterations induced in macrophages in response to treatment with prepara-
tions from the cosmid library clones. Phenotypes induced by the individual clones
were quantified by measuring the morphology, staining intensity, and spatial
attributes of the cellular cytoskeleton and nuclei. Application of statistical multi-
variate analysis to multiple cellular measures obtained from the treated macro-
phages revealed that we could group macrophage response based on phenotype.
Five significantly distinct phenotype clusters linked to effector function were dis-
covered (Fig. 3). Two of the clusters described control library E. coli lysate-treated
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Fig. 3 Typical output from a multivariate cluster analysis screen. Combining high-throughput
high-content analysis microscopy as typically employed in pharmaceutical drug discovery. Plots
are being made using morphometric measures in order to reveal and group distinct phenotypic
responses from cells treated with individual Photorhabdus cosmid library clones. Here, five
clusters in phenotype space are based on measures of two nuclear parameters: area and intensity
and three cell parameters: area, intensity and form factor
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macrophages and untreated macrophages, representing the normal cellular mor-
phology. Three of the clusters describe alterations in cell morphology that link
effectors with putative function. Cluster 2 describes nuclear and cytoplasmic con-
densation and collapse of the actin cytoskeleton. This cluster groups clones from
regions of interest that include known toxins: Mcfl, toxin complexes (Tcs),
XaxAB, along with putative RtxA-like toxins and Type VI secretion system
amongst others. The grouping of Mcf1 into this cluster acts here as a ‘phenotypic
hallmark’ indicating that the other candidate effectors in this group are likely to be
highly cytotoxic, possibly pro-apoptotic toxins also. The cellular characteristics
induced by effectors described by Cluster 3 are increased nuclear and cell size. The
dominant predicted function of candidate effectors grouped into this cluster is
linked to bacterial adhesion to the host cell and intracellular survival, including
adhesins and hemagglutinins. However, Cluster 3 also contains candidates asso-
ciated with synthesis of secondary metabolites, indicating that small molecules may
play an important role in usurping macrophage function during Photorhabdus
infection.

Interestingly, during the infection cycle of P. asymbiotica, both evasion of
phagocytosis and intracellular survival play an important role (Costa et al. 2010). In
order to ascribe phagocytic function to phenotype cluster, an additional screen was
developed to detect alterations in macrophage phagocytosis in response to treatment
with positive library clone preparations. Importantly, this screen found that
pro-phagocytic and anti-phagocytic effectors belong to different clusters.
Pro-phagocytic candidates belong exclusively to Cluster 3, and anti-phagocytic
candidates are found in clusters 2 and 5. The most significant decrease in phago-
cytosis was caused by treatment with preparations containing PNF (Photorhabdus
necrosis factor) (ROI 19, Cluster 5) and Mcfl (ROI 20, Cluster 2). The most
significant increase in phagocytosis is linked to ROI 14 that encodes a Kdp
potassium transport system and a MACPF-domain perforin-like protein. As men-
tioned previously, the Kdp system from P. asymbiotica has been linked with
intracellular survival in haemocytes (Vlisidou et al. 2010).

Potassium is considered to be one of the key regulators of cell response to pore
formation. The cytosolic drop in K+ normally associated with pore forming is
associated with a number of different effects: autophagy, translation arrest, and the
activation of MAPK pathways and proteolytic cascades (Bischofberger et al. 2012).
Potassium is also important in the maturation of the phagolysosome important for
killing engulfed microbes. The effectors contained within this ROI may play a role
in the intracellular life stage of P. asymbiotica, but this is yet to be confirmed.

However, the mechanism by which the Kdp system and/or perforin is facilitating
intracellular survival or promoting phagocytosis remains unclear.

Intriguingly, several cosmids were identified that contained mcfI and a tightly
linked downstream NRPS, whereas others contained only mcfl or the downstream
NRPS, indicating that NRPS gene product has a cytotoxic activity of its own.
Treatment of macrophages with a combination of lysate preparations from two
cosmids containing mcfI alone or NRPS alone caused increased cytotoxicity and
dramatic cytoskeletal alterations compared to the activity of lysates from cosmids
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carrying just one or the other. Further, injection of cosmids expressing both into
Galleria mellonella larvae caused higher mortality that injection of cosmids car-
rying either mcfl or the NRPS alone.

5 In Silico Screens

Bioinformatic tools and motif searching have also been used successfully to reveal
novel toxins in Photorhabdus taking advantage of the complete genome sequences
available for several strains.

5.1 Photox—A Toxin Unique to P. luminescens

A novel mono-ADP-ribosyltransferase targeting toxin or ‘mART’ toxin was
identified from Photorhabdus luminescens TTO1 using a bioinformatic approach
involving searching the genomic threading database using a shared core structure
sequence identity (SCOP code) designed to identify new putative mART toxins
(Visschedyk et al. 2010). As sequence identity between mARTS is low, the tech-
nique looks at both the primary amino acid sequence in order to identify key
catalytic regions and the predicted fold pattern. A gene encoding a predicted protein
of 45.9 kDa, plu0822, with significant identity to known mART toxins was dis-
covered. Purified Photox possesses relatively high ADP-ribosyltransferase activity,
and it specifically targets Arg'’’ of actin preventing actin polymerization.
Expression of Photox in yeast cells caused a severe defect in growth indicating high
toxicity of the protein. Photox has a predicted 185 aa ‘disordered’ N-terminal region
of unknown function, with no homologues identified using BLAST. It is hypoth-
esized that this N-terminal region may potentially be involved in entry into the host
cell. However, the precise role of this toxin during Photorhabdus infection cur-
rently remains unclear.

5.2 PaTox—A Toxin Unique to P. asymbiotica

Bio-active domain-focused bioinformatic analysis has been used successfully in
several cases to identify novel Photorhabdus effectors. The P. asymbiotica toxin
PaTox was discovered by using basic local alignment search tool (BLAST) analysis
to look for sequence motifs (DxD) from known glycosylating toxins within the
genome (Jank et al. 2013). A gene PAU_02230 unique to P. asymbiotica was found
encoding a putative protein toxin of ~3 kb with a potential C-terminal glycosyl-
transferase domain, and further analysis revealed a downstream region with 68%
sequence similarity with the Salmonella virulence factor Ssel, whose function is
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unknown. The putative toxin was named P. asymbiotica toxin ‘PaTox’. Injection of
full-length recombinant purified PaTox protein into G. mellonella larvae resulted in
100% insect mortality within ~ 3.5 days. Disruption of the DxD motif resulted in
>60% of survival. Further, delivery of the glycosyltransferase domain into J774
murine macrophages and HeLa cells using anthrax protective antigen (PA) resulted
in phagocytic block and breakdown of the actin cytoskeleton. Again, disruption of
the DxD motif attenuated these activities proving the essential role of this domain in
cytotoxicity. PaTox targets the small GTPase Rho, a target for several known
bacterial effectors and toxins. Additionally, the Ssel-like domain deamidates het-
erotrimeric G proteins as discovered upon testing a PaTox mutant deficient in DxD
but containing Ssel on HeLa cells the significant formation of stress fibres was
observed indicating activation of RhoA. Therefore, PaTox is an AB-like toxin with
two C-terminal catalytic domains and an N-terminal domain that promotes receptor
translocation and enters host cells via endosomes. Indeed, tyrosine GlcNAcylation
is detected during P. asymbiotica infection of insects but not during P. luminescens
infection; PaTox is unique to P. asymbiotica and is likely responsible for this
phenotype. However, again the exact role of this toxin in the infection process in
human/ mammalian infection has yet to be elucidated.

5.3 The Photorhabdus Virulence Cassettes

Analysis of the complete genome sequences of P. asymbiotica ATCC43949 and
P. luminescens TTOI revealed a noticeably significant number of prophage-like loci
throughout the genomes of both species. These were initially recognized due to
their similarity to a prophage-like locus in the pADAP plasmid from the insect
pathogen Serratia entomophila. The pADAP plasmid is responsible for causing
‘amber disease’ in New Zealand grass grubs caused by homologues of the fcs
(sepA, B and C); alongside this, the prophage-like locus is responsible for a separate
anti-feeding effect highlighting such prophage-like loci as playing a role in
pathogenesis (Hurst et al. 2004). The pADAP prophage-like locus is divided into
two regions, one contains 18 putative ORFs predicting high similarity to phage tail
and base plate proteins linked to a second containing a predicted putative effector
protein thought to be responsible for the anti-feeding phenotype. The prophage-like
loci from Photorhabdus were identified as they have the same genomic organiza-
tion as the pADAP prophage-like locus, with a conserved phage-like unit but with
numerous different putative effector domains, termed the Photorhabdus Virulence
Cassettes (PVCs) (Yang et al. 2006). Analysis of the putative effectors revealed
similarity to sections of known toxins including Mcf1, the active site of cytotoxic
necrosis factor CNF1 from E. coli (Pnf) amongst others; further, several have no
similarity to known toxins and possibly represent novel effectors. In order to test,
toxicity towards insects was tested by injecting E. coli carrying PVC-expressing
cosmid clones into Galleria mellonella. All PVCs from P. asymbiotica were found
to cause high levels of mortality, whereas intriguingly mortality was much less
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pronounced in those injected with E. coli expressing PVC carrying cosmids from
P. luminescens (Yang et al. 2006). The PVCs represent a very interesting novel
group of effector delivery systems with much to be elucidated about how they
secrete and target and their effectors into host cells.

6 Future Approaches

In the quest to understand both Photorhabdus biology and discover novel anti-host
effectors with the potential for use in agriculture, there are several technological
advances and experimental avenues of particular interest. The variety of screening
efforts to date has identified a wealth of effector proteins and molecules from
Photorhabdus, the detailed activity of many of which remain to be elucidated.
Transcriptomic analysis of Photorhabdus gene expression using RNA-Seq repre-
sents a very promising approach for understanding gene expression in response to
certain environmental conditions, and some headway has been made using this
approach in vitro (Mulley et al. 2015). Looking at gene expression in vivo as a
function of host infection will be a valuable tool in understanding not only the
anti-host effectors involved in usurping insect immunity, but also when they are
deployed over the course of infection.

Finally, target host, infection biology or mode-of-action-focused extensions of
library screens would prove a valuable opportunity to both discover further effectors
and also understand how they are acting on hosts and host cells. Library assays
could focus on activity against different insect hosts or specificity towards different
tissues, e.g. haemocytes or midgut, or on conferring the gain or loss of different
virulence phenotypes onto library E. coli towards mammalian or insect host cells.
Examples of such assays could include the following: gain of adhesion, gain of
intracellular survival and persistence and gain or loss of phagocytosis. More
‘mode-of-action’-based approaches could look at mechanisms of cell death (e.g.
apoptosis, necrosis, pyroptosis), alterations to the cell cycle or effects on subcellular
targets including the actin cytoskeleton, Golgi apparatus and mitochondria.
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Flagellar Regulation and Virulence
in the Entomopathogenic
Bacteria—Xenorhabdus nematophila
and Photorhabdus luminescens

Alain Givaudan and Anne Lanois

Abstract There is a complex interplay between the regulation of flagellar motility
and the expression of virulence factors in many bacterial pathogens. Here, we review
the literature on the direct and indirect roles of flagellar motility in mediating the
tripartite interaction between entomopathogenic bacteria (Photorhabdus and
Xenorhabdus), their nematode hosts, and their insect targets. First, we describe the
swimming and swarming motility of insect pathogenic bacteria and its impact on
insect colonization. Then, we describe the coupling between the expression of flag-
ellar and virulence genes and the dynamic of expression of the flagellar regulon during
invertebrate infection. We show that the flagellar type 3 secretion system (T3SS) is
also an export apparatus for virulence proteins in X. nematophila. Finally, we
demonstrate that phenotypic variation, a common property of the bacterial symbionts
of nematodes, also alters flagellar motility in Photorhabdus and Xenorhabdus.
Finally, the so-called phenotypic heterogeneity phenomenon in the flagellar gene
expression network will be also discussed. As the main molecular studies were per-
formed in X. nematophila, future perspectives for the study of the interplay between
flagellum and invertebrate interactions in Photorhabdus will be discussed.
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1 Bacterial Motility and Virulence in Pathogenic Bacteria

Many bacteria are motile through the action of large complex protein assemblages
called flagella. Flagellum-mediated motility often plays an essential role in coloniza-
tion by facilitating bacterial motility in mediating different bacterial interactions with
plants, vertebrates, and invertebrates. In addition to motility, flagellum per se can
participate in adhesion, invasion, or biofilm formation (Josenhans and Suerbaum
2002). Flagellin or depolymerised flagellum is recognized by the innate immune
system in organisms as diverse as flies, plants, and mammals. Specific domains of
flagellin trigger innate immune response through TLRS and FLS2 receptors in mam-
mals and plants, respectively (Josenhans and Suerbaum 2002). Flagellar transcrip-
tional regulators can also contribute to virulence by regulating the expression of
virulence factors and, as discussed thereafter, the flagellum is able to function as an
export apparatus that mediates extracellular secretion of non-flagellar effector proteins.

A complex interplay between flagella and virulence has been demonstrated in
entomopathogenic bacteria such as Bacillus thuringiensis (Ghelardi et al. 2002),
Xenorhabdus nematophila (Givaudan and Lanois 2000), Photorhabdus luminescens
(Easom and Clarke 2008), and P. temperata (Hurst et al. 2015) (see Table 1).

This chapter is focused on describing the interplay between bacterial
flagellar-driven motility (see Sect. 2) and the tripartite interaction between bacteria
(Photorhabdus and its sister species, Xenorhabdus), the nematode hosts, and the
insect targets. The more detailed scientific studies on this topic have been realized
in X. nematophila. They depicted the regulation of flagellar gene expression
(in vitro and during invertebrate infection, see Sect. 3 and Sect. 5) and the flagellar
T3SS (type 3 secretion system) as an export apparatus for virulence proteins
(Sect. 4). Phenotypic variation is a common property of the bacterial symbionts of
nematodes and here we show that this phenomenon also alters flagellar motility in
both Photorhabdus and Xenorhabdus bacteria. In addition, the so-called phenotypic
noise phenomenon in the flagellar gene expression network will be discussed
(see Sect. 6). Future perspectives for the study of the interplay between flagellum
and invertebrate interactions in Photorhabdus will be proposed.

2 Flagella Affect Virulence by Facilitating Motility

Flagella-driven swimming motility is a self-propulsion movement through
water-filled channels within the agar (0.2-0.4% agar). Flagella can also allow one
particular type of surface motility, the so-called swarming motility. Swarming has
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Table 1 Impact of flagellar gene mutations on virulence against insects
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Flagellar mutant Phenotypes Impact on the References
strains interaction
P. luminescens
fligG Impaired in swarming an Flagellum and motility Easom and
motAB swimming motility (flgG are not required for Clarke (2008),
and motAB) pathogenicity or

mutualism

astR Impaired in motility, Derzelle et al.

pleiotropic mutant

(2004)

P. temperata
figE

figK

Impaired in swarming and
swimming motility

Slight reduced
virulence

no impact

Michaels and
Tisa (2011),

(Hurst et al.
2015)

X. nematophila

flic

Impaired in swarming and
swimming motility

No impact on virulence

(Herbert and
Goodrich-Blair
2007),

fIhD Attenuated virulence (Givaudan and
Lanois 2000),
fliA All these mutants (fihD, No impact on virulence Park and Forst
JliA, fliZ) are impaired in (2006),
motility and are
pleiotropic
fliz Attenuated virulence Lanois et al.

(2008)

been studied extensively in Proteus mirabilis, and swarmer cells are usually
hyper-flagellated and move in a cell groups called rafts, and bacteria maintain close
contact with other swarmer cells (Allison et al. 1992). It has been demonstrated that
P. luminescens, P. temperata, and Xenorhabdus spp. display swimming and
swarming (Derzelle et al. 2004a; Givaudan et al. 1995; Michaels and Tisa 2011).
The macroscopic swarming pattern of X. nematophila and P. temperata colonies
displays concentric zonation cells or “fried egg” appearance when grown on low
agar concentrations (about 0.8—1%). Xenorhabdus and Photorhabdus use peritric-
hous flagella for both swimming and swarming motility. As expected, mutations in
genes encoding flagellar structural proteins such as flgE (flagellar hook protein) and
FlgK (flagellar hook-associated protein 1) in P. temperata (Hurst et al. 2015;
Michaels and Tisa 2011), figG (component of the distal rod) and morAB (flagellar
motor proteins) in P. luminescens (Easom and Clarke 2008) and fliC (flagellin) in
X. nematophila (Herbert and Goodrich-Blair 2007) were nonmotile for both
swimming and swarming motility.

The assessment of the role of flagellar-driven motility per se could be achieved by
the construction of mutants altering merely bacterial locomotion. To study the impact
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of flagellar-driven motility in the Photorhabdus—nematode—insect tripartite associ-
ation, Easom and Clarke (2008) constructed deletion mutants of figG (blocking
flagella production) and motAB (blocking flagella rotation) in P. luminescens TTO1.
Virulence, nematode growth, and development were not impaired in non-motile
mutants suggesting that flagellum and motility are not required for pathogenicity or
mutualism. However, authors showed that both the AflgG and the AmotAB mutants
of P. luminescens are out-competed by the wild-type strain illustrating that motile
bacteria have a slight competitive fitness advantage during colonization of the insect
larvae (Easom and Clarke 2008). Moreover, non-motile fiC mutant of X. nematophila
(which lacks the flagellin subunit) has been shown to display wild-type virulence in
insects (Herbert and Goodrich-Blair 2007). Thus, flagellar-driven motility per se
(swarming or swimming) is not required for the virulence of EPN symbionts following
injection into insect larvae but bacterial motility may be involved in more subtle
advantage during bacterial colonization.

3 Flagellar Regulators Affect Virulence by Regulating
Non-flagellar Virulence Factors

For a long time, it has been recognized that the flagellar regulatory proteins were
specific transcription factors only for flagellar component genes, having a restricted
role in swimming motility. However, in the early 2000s, flagellar transcriptional
regulators were shown to control the expression of non-flagellar genes in
Escherichia coli and Xenorhabdus (Givaudan and Lanois 2000; Pruss et al. 2003).
Actually, more than 50 genes are involved in the biogenesis and function of a
flagellum in E. coli or Salmonella Typhimurium. These genes are transcriptionally
regulated as a cascade and are coordinated with the flagellar hierarchy. At the top of
the hierarchy is the class I operon, flhDC, whose products are required for the
expression of all other flagellar genes (see Fig. 1). The E. coli FIhD and FlhC
proteins act as an activator for class II operons including most of the structural
genes for the flagellar hook—basal body complexes plus the alternative sigma factor
fliA. The product of the fliA gene, 628, directs the transcription of class III genes
that encode the filament protein, hook-associated proteins, motor proteins, and
various chemotaxis proteins. The central channel is believed to work as a passage
not only for flagellar component proteins, but also for flagellar regulatory protein
FigM, an anti-sigma factor. Accumulation of FlgM in the cell by preventing its
export blocks the transcription. Two other genes within the flagellar regulon, fliT
and fliZ, have been shown to regulate class II gene transcription (Kalir et al. 2001).

First in E. coli, it has been demonstrated that FIhD, the flagellar master regulator,
is involved in processes other than flagellar expression that occurs when cells enter
the stationary phase (Pruss and Matsumura 1996). In addition, by using fihD mutants
and phenotypic characterization, Givskov et al. (1995) and Young et al. (1999) have
shown that the fIhDC operon controls phospholipase expression in Serratia
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Fig. 1 Model of flagellar regulation cascade in X. nematophila. In this regulatory hierarchy
model, arrows and crossbars indicate positive and negative regulations, respectively, that are either
direct or indirect. Direct binding has been demonstrated for FliZ at filhDC and hemolysin (xaxAB
and xhIBA) promoters (Lanois et al. 2008). All other regulatory relationships are inferred from
genetic or bioinformatic analyses. For simplicity, some known regulatory connections are not
shown. In this model, the flagellar master operon flhDC is positively regulated by Lrp and LrhA
(red boxes and arrows) (Richards et al. 2008) and negatively regulated by OmpR (blue boxes and
arrows) (Park and Forst 2006). Class II-III flagellar genes (strictly FIhD-dependent) and
exoprotein genes (lipase, protease, and hemolysins) are coregulated through fliAZ operon products
(Givaudan and Lanois 2000; Park and Forst 2006). FliZ has been shown to directly control the
AIhDC operon through a positive feedback (Lanois et al. 2008). In addition, FliZ directly or
indirectly upregulates the expression of genes encoding insecticidal toxins and antimicrobial
compounds and downregulates the expression of two genes encoding the transcriptional regulators
RpoS and NilR, and a structural gene, feoABC (Jubelin et al. 2013)

liquefaciens and Yersinia enterocolitica, respectively. We previously showed that
FIhDC positively regulates swarming behavior, hemolysin, and lipase production in
the insect pathogenic bacteria, X. nematophila (Givaudan and Lanois 2000). In
addition, we demonstrated that FIhDC regulatory proteins of Xenorhabdus are
involved in host interactions being essential for full virulence after injection into
insects. In

X. nematophila, the transcription of flhiDC is also negatively influenced by the
two-component regulator EnvZ/OmpR (Park and Forst 2006) and is positively
regulated by LrhA (Richards et al. 2008) and the global regulator Lrp (Cowles et al.
2007) (see Fig. 1). Consequently, mutations in the genes encoding these regulators
have also been shown to affect swimming and swarming motilities, lipase and
protease production, and hemolysis.
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In this manner, the main regulatory pathway controlling these coregulated
phenotypes was identified, and the precise hierarchy in the flagellar cascade was
documented. First, FliA, the sigma 28 factor, co-ordinates the expression of two
non-flagellar genes, xIpA and xrtA, encoding, respectively, a lipase and a protease
and the flagellar motility (Park and Forst 2006). Next, another flagellar regulator,
FliZ, is encoded by the second gene in the fliAZ operon. Surprisingly, the motility
displayed by the Xenorhabdus fliZ mutant was strongly altered relative to the
wild-type strain, whereas the fliZ mutants of E. coli and S. Typhimurium are fully
motile. However, unlike the polar fliAZ mutation, fliZ deletion did not fully abolish
the swimming capacity of Xenorhabdus (Jubelin et al. 2013; Lanois et al. 2008).
A detailed molecular study was undertaken to identify the gene network controlled
by the X. nematophila flagellar regulator FliZ. A global RNA-Seq analysis
demonstrated that FliZ controls 278 coding sequences (Jubelin et al. 2013). FliZ has
a positive impact on the expression of all the genes belonging to the flagellar
cascade. This effect is due to the FliZ positive feedback loop on flhDC expression
and the levels of FIhDC are critical for efficient motility in Xenorhabdus (Jubelin
et al. 2013; Lanois et al. 2008). FliZ up- or downregulated the expression of genes
encoding many non-flagellar proteins potentially involved in key steps of the
Xenorhabdus life cycle. FliZ was found to upregulate hemolysin gene expression
by binding directly to the xaxAB and xhIAB promoter regions (Lanois et al. 2008).
The two directly FliZ-dependent genes, termed xaxAB and xhIBA, encode hemo-
lysins from two different families. XaxAB is the prototype of a new extensive
family of hemolysins with apoptotic and pore-forming activities in mammalian and
invertebrate cells (Vigneux et al. 2007). The second FliZ-dependent hemolysin,
XhlA, belongs to a family characterized by a two-partner secretion system (TPSS).
This cell surface-associated hemolysin has been shown to be required for the full
virulence of X. nematophila in insect larvae (Cowles and Goodrich-Blair 2005).
Moreover, through positive feedback on fliAZ expression, FliZ also modulates the
expression of the FliA-dependent gene prtA (also called xrtA), which encodes a
protease (Park and Forst 2006). Another FliZ-dependent gene is xptA, a gene
encoding a high molecular weight toxin complex (Tc) protein with insecticidal
effects found in Xenorhabdus and Photorhabdus (Waterfield et al. 2001).
Therefore, it is likely that downregulation of the expression of genes encoding the
hemolysins and Tc toxins observed in the fliZ mutant explains the delayed virulence
pattern observed with the fliZ mutant (Jubelin et al. 2013). In conclusion, FliZ has
been shown to mediate the coordinate regulation of flagellum synthesis and viru-
lence in the insect pathogen X. nematophila.

In P. luminescens, no mutants in flagellar regulators have been described.
However, mutations in global transcriptional regulators such as the two-component
system, PhoPQ (Derzelle et al. 2004b), and AstR affect the ability of Photorhabdus
cells to swim and swarm on agar surfaces. Further, a transcriptional analysis in
P. luminescens indicated that the negative regulation by AstR occurs at the flhDC
transcription level and explains the early onset of swarming observed in the astR
mutant. However, this aszR mutation has no apparent impact on virulence in insects
(Derzelle et al. 2004a).
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4 The Flagella Apparatus as Virulence Factor Secretion
System

Sequence similarities exist between components of bacterial type III secretion systems
(T3SS) and those of the flagellar assembly machinery (Blocker et al. 2003). T3SSs are
essential determinants of the interaction of many Gram-negative bacteria with animal or
plant cells and facilitate the translocation of bacterial proteins into eukaryotic host cells.
Similarly, the flagellum has also been shown to function as an export apparatus that
mediates extracellular secretion of non-flagellar virulence-associated effector proteins.
In contrast to P. luminescens (Brugirard-Ricaud et al. 2005), it is noteworthy that
X. nematophila does not encode a dedicated (i.e., non-flagellar) type III secretion
system (Brugirard-Ricaud et al. 2004). As described above, xIpA (lipase) and xrtA
(protease) are both regulated by FliA-dependent promoters in X. nematophila in a
similar way to class III flagellar genes. Therefore, the question remained on the
secretory pathways responsible for enzyme export. One way to solve this question is the
use of mutants in export apparatus components, such as FIhA and FIhB. Indeed loss of
lipase, but not protease, activity was reported in the flhA strain of X. nematophila
suggesting that XIpA is secreted via the flagellar export apparatus while XrtA is
secreted by a dedicated ABC transport system (Park and Forst 2006). Moreover, the
FliZ-dependent XaxAB hemolysin activity was not abolished in the flhA strain indicates
that this hemolysin is secreted by an unknown pathway other than the flagellar export
system. It was also recently proposed that the type III export apparatus of the flagellar
system transports virulence-associated phospholipase A in Y. enterocolitica (Young
etal. 1999) and Serratia liquefaciens (Givskov et al. 1995). Finally, the expression and
secretion of lipase XIpA in Xenorhabdus is dependent on a functional flagellar system.

The bacteriocin xenocin complex is also exported through the flagellar type III
system in X. nematophila. Indeed, the xenocin operon of X. nematophila consists of
xciA and ximB genes encoding a xenocin and immunity protein able to kill com-
peting microbes in the insect. The expression of xenocin operon is not dependent on
flagellar regulators but is dependent on SOS induction. Using an flhA strain, authors
suggested the involvement of the flagellar type III secretory system in Xxenocin
export (Singh et al. 2013). These data demonstrate a surprising uncoupling between
expression and secretion of this non-flagellar protein.

5 1In Situ Flagellar Gene Expression During Invertebrate
Infection

The X. nematophila life cycle has been divided into three phases: (1) insect
infection, (2) bacterial and nematode reproduction in the insect cadaver, and
(3) nematode transmission of X. nematophila to insect hosts (Richards and
Goodrich-Blair 2009). Gene inactivation studies have identified regulatory proteins
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involved in adaptation to the shifting between these different hosts. Based on such
data, Richard and Goodrich-Blair (2009) proposed a regulatory model that high-
lights the temporal changes in symbiotic and virulence factor expression that may
allow X. nematophila to cope with the shifts in host environments inherent to the
successful colonization of the two invertebrate hosts. However, few studies have
investigated gene expression during transitions between X. nematophila life stages.
Jubelin et al. (2011) investigated the dynamics of the FliA-dependent flagellin gene
SliC and FliZ-dependent hemolysin genes (xaxAB and xhlBA) during insect infection
and nematode association by carrying out real-time expression analysis using an
unstable GFP monitoring system. Regardless of the route of infection (bacterial
injection or infestation by EPN complexes), expression of flagellar genes and
flagellar regulated-hemolysin genes was high only in dead insects (see Fig. 2A) and
these genes were not expressed in infective juvenile stages of nematodes
(see Fig. 2B). It has been proposed that activation of the flagellar cascade in dead
insects may allow bacteria to move through cadaver tissues toward nutrient-rich
niches by chemotaxis, facilitating their growth. In addition, other activities (lipases,
proteases, and hemolysins) controlled by the flagellar regulon may also contribute
to the degradation of insect tissues, releasing nutrients required for nematode
feeding. Also, the expression of FliZ-dependent hemolysin genes coincided with
the increase in iron availability detected at the time of insect death, suggesting that
iron availability is a signal governing the adaptation of X. nematophila to changes
in host environments. This study demonstrated for the first time that the flagellar
regulon in X. nematophila is transiently expressed for the period of the shift

D31 xaxAB fliC

B - . .

Fig. 2 Expression of hemolysin and flagellin genes within infected insects and infective juvenile
(1J) nematodes. A Temporal and spatial expression of hemolysin and flagellin genes during the late
stage of insect infection. For each experiment, at time zero, we injected 10* bacteria (F1 strains
carrying PD31-gfp[AAV], PxaxAB—gfp|AAV] and PfliC—gfp[ AAV] constructs) into the hemocoel
of the insect larvae. Whole larvae were observed with a fluorescence macroscope, with an
exposure time set to 600 ms for photography (bars, 2.5 mm). B The flagellin and hemolysin genes
are not expressed in X. nematophila bacteria associated with IJ nematodes. Axenic nematodes of S.
carpocapsae were associated with F1 strains carrying PD31-gfp[AAV], PxaxAB—gfp[AAV], and
PAliC—gfp[AAV] constructs. Larvae of S. littoralis were infested with the various bacterium—
nematode complexes and IJs were observed by fluorescence microscopy shortly after their
emergence from insect cadavers. Arrows indicate the bacterium-containing vesicle of the 1Js. Bars
represent 30 mm. Adapted from Jubelin et al. (2011)

A. In the insect
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between the insect infection and nematode reproduction phases. Interestingly, this
paper also revealed that the expression of the flagellar and hemolysin genes in
Xenorhabdus was heterogeneous at the individual cell level (see Sect. 6).

6 Phenotypic Variation and Bimodal Expression
of Flagellar and Virulence Genes

All Xenorhabdus species and both P. luminescens and P. temperata have been
reported to undergo “phenotypic variation” characterized by a switching between
two cell types known as “primary” and “secondary” forms or variants. Although the
phenotypic differences between primary and secondary forms can vary depending
on strain and species (Hurlbert et al. 1989; Smigielski et al. 1994), typically the
primary, but not secondary, cells are more highly pigmented, agglutinate red blood
cells, produce fimbriae, hemolysins, proteases, antimicrobials, and crystalline
inclusion bodies, and are impaired in bioluminescence for Photorhabdus (Gerritsen
et al. 1995; Givaudan et al. 1995; Hurlbert et al. 1989; Smigielski et al. 1994;
Volgyi et al. 2000). The swimming motility of variants in P. temperata was also
investigated (Michaels and Tisa 2011) but both the primary and the secondary
variants were able to swim in liquid or semisolid media under appropriate condi-
tions. However, variation in the oxygen level greatly influenced the behavior of the
secondary form and not motility of primary form. Also, it is demonstrated that the
LysR-type transcriptional regulator HexA from P. temperata is able to repress
several primary-specific phenotypes, i.e., exoenzyme production, pigmentation, and
antibiotic activity but no effect was observed on motility (Joyce and Clarke 2003).
In P. luminescens, a study showed that mutation in astRS genes, encoding a
two-component signal transduction system, induces an earlier transition to the
secondary phenotype than the wild type (Derzelle et al. 2004a). This mutation also
affected motility in P. luminescens.

In Xenorhabdus, (Givaudan et al. 1995) revealed that most primary variants
exhibit swimming and swarming behavior, whereas secondary variants in X.
nematophila and X. bovienii are non-motile. Exhaustive molecular studies in X.
nematophila showed that the secondary form was unable to synthesize flagellar
filaments and that the flagellin-encoding gene, fliC, and the hook-associated protein
2 gene, fliD, were switched off at the transcriptional level in the variants (Givaudan
et al. 1996). These results suggested that the expression of a gene earlier in the
transcriptional hierarchy of the flagellar regulon was impaired. However, it showed
that flhDC gene structure and expression of the master regulator FIhDC are not
altered in variants (Givaudan and Lanois 2000), suggesting that this locus is not
responsible for flagellar variation phenomenon in X. nematophila.

Another phenomenon observed in the flagellar regulon of X. nematophila is the
so-called “phenotypic heterogeneity”. This phenomenon describes usually
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non-genetic variations that are observed between individual cells in an isogenic
population (Veening et al. 2008). The terms “bistability” or “bimodality” describe
the situation in which the population has bifurcated into coexisting cell types one
representing the “OFF” state, and the other representing the “ON” state. Using
single-cell analysis, (Jubelin et al. 2013) showed a bimodal expression of
FliZ-dependent genes (class II-III flagellar genes and hemolytic genes) during
exponential growth of the bacterial population. Actually, this bimodality generated
a mixed population of subsets of cells in which FliZ-dependent genes are expressed
at high- or low-level cells either expressing (“ON state’’) or not expressing (“OFF
state’”) FliZ-dependent genes (see Fig. 3). It is known that in the presence of
positive regulatory feedback, a graded expression can be converted into a binary
response, in which cells express a certain gene at high or low levels (Veening et al.
2008). In addition, studies of a bacterial population exposed to a graded series of
FliZ concentrations showed that FliZ controls the rate of transition between the
“OFF” and “ON” states in individuals (see Fig. 3). FliZ thus plays a key role in
cell fate decisions, by transiently creating individuals with different potentials for
motility and host interaction genes encoding non-flagellar proteins potentially
involved in key steps of the Xenorhabdus life cycle (see Fig. 1). It is likely that the
heterogeneity already observed in the course of insect infection (see Sect. 5) is due
to this bimodality phenomenon.

The relationship between the FliZ-mediated bimodality and the phenotypic
variation in X. nematophila is still therefore an open question. In a preliminary

Fig. 3 Model depicting the regulatory network underlying the regulation of flagella and the
coregulation of insect virulence. The diagram shows a mixed bacterial population coexisting
during the exponential growth phase of X. nematophila. On the left, a motile bacterium is shown.
When the stochastic expression of the circuit generates large amounts of FliZ, this molecule exerts
positive feedback on flhDC expression, upregulating the flagellar cascade and FliZ-dependent
hemolysin genes. Consequently, the noisy expression of class II flagellar genes is reduced and cells
fully express classes II and III flagellar genes, resulting in the motility phenotype. On the right, a
non-motile bacterium is shown. Authors suggest that the lower level of FIhD-FliZ output delays
and desynchronizes class II genes expression, probably impairing completion of the basal body—
hook structure. The FIgM protein, an anti-sigma-28 factor, binds the FliA sigma-28 factor directly
in E. coli, preventing class III promoter transcription until after hook—basal body completion
(Kutsukake 1994). Thus, the accumulation of FlgM in cells probably blocks the transcription of
class III genes, including that encoding flagellin, resulting in a non-motile state. The threshold of
FliZ controls the rate of transition between the “OFF” and “ON” states in individuals in
Xenorhabdus. adapted from Jubelin et al. (2013)
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experiment, we investigated the form status (primary or secondary forms) in ON
and OFF populations after cell sorting, but no variant forms were identified (our
unpublished data) even in the OFF population in which transient expression pat-
terns were similar to that observed in the secondary form.

7 Conclusions and Future Work on P. luminescens

Flagellar motility plays an important role in the life cycle of the entopathogenic
bacteria. However for Photorhabdus and Xenorhabdus, it is clear that the bacterial
locomotion per se has little impact on the interaction with nematodes or insects.
However, the coupling of motility with other bacterial virulence factors appears to
be mediated in part by master regulatory proteins in motility systems (FIhDC, FliA,
and FliZ) of X. nematophila. 1t is therefore clear that virulence and motility are
coordinately regulated to best support the lifestyle of the pathogenic bacteria in the
course of insect infection. Further research will improve our understanding of how
virulence and motility are coordinately regulated in Photorhabdus. One additional
aspect which has to be investigated further is the role of flagella in innate immunity
of insects. While flagellin triggers humoral immunity in fly Samakovlis et al.
(1992), no flagellin TLR-like ligands have yet been identified in other insects.
Finally, the switch-off of the expression of the flagellar regulon during the colo-
nization of nematode infective juvenile larva suggests that the flagellar regulon is
not involved in mutualism in Xenorhabdus. However, this question remains open
for the complex association between Photorhabdus and Heterorhabdlitis.
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Abstract Although the first natural products (NP) from Photorhabdus and
Xenorhabdus bacteria have been known now for almost 30 years, a huge variety of
new compounds have been identified in the last 5-10 years, mainly due to the
application of modern mass spectrometry. Additionally, application of molecular
methods that allow the activation of NP production in several different strains as
well as efficient heterologous expression methods have led to the production and
validation of many new compounds. In this chapter we discuss the benefit of using
Photorhabdus as a model system for microbial chemical ecology. We also examine
non-ribosomal peptide synthetases as the most important pathway for NP produc-
tion. Finally, we discuss the origin and function of all currently known NPs and the
development of the molecular and chemical tools used to identify these NPs faster.
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1 Introduction

Low molecular weight natural products (NPs) from plants and other biological
sources have been used by humans since ancient times. Today’s modern life
without such microbial natural products would be nearly impossible. For example,
30-60 % of all drugs currently in clinical use as antibiotics (e.g. vancomycin,
daptomycin, penicillin, erythromycin), anti-cancer agents (e.g. doxycycline) or
immune suppressant compounds (e.g. cyclosporine, rapamycin) are natural prod-
ucts or are directly derived from them (Newman and Cragg 2012). Despite our
success in identifying these compounds and their subsequent medical utility it is
still not clear why these natural products are actually produced by these microor-
ganisms and therefore what role(s) they play in their biology. Thus, whilst it is easy
to infer a role for antibiotically active NPs in growth competition and (or) defence
in the natural environment. For other natural products, such as those used as
cholesterol lowering agents, their biological role(s) in nature are far less clear. In
this respect it is interesting to note that even ‘antibiotics’ induce changes in the
mRNA and protein levels of other bacteria when used in sub-inhibitory concen-
trations (Davies and Ryan 2012; Davies et al. 2006). Therefore compounds used by
us as antibiotics might in fact assume a ‘signalling’ function at the low concen-
trations found in the natural environments. Only the subsequent ‘misuse’ of these
signalling compounds in non-natural high doses then might result in a clinically
relevant antibiotic activity.

Originally, NPs from microorganisms and plants were designated as ‘secondary’
metabolites not essential for growth in contrast to the ‘primary’ metabolites con-
sidered essential for growth. The limits of this primary—secondary classification
were always the specific laboratory conditions used for such analysis. For example,
typically a pure culture of a single bacterium was studied without any competitor in
the laboratory. However, subsequent studies of microbial ecology have revealed
that typical secondary metabolites may indeed have an ‘essential’ role but only
under specific conditions of growth and or competition (e.g. iron siderophores or
quorum sensing molecules). Thus, it might be more reasonable to call such com-
pounds ‘specialized’ metabolites for specific conditions we often either do not
recognize or fail to classify properly (Sharon et al. 2014).

From the recent genome sequencing projects of various microorganisms it has
become obvious that almost bacteria, including anaerobes, that have previously
been thought to not encode any biosynthesis gene cluster (BGC) for NP production
do indeed carry such BGCs (Bode and Miiller 2005). In fact between 6 and 8 % of
the genome can be dedicated to NP biosynthesis with up to 25 BGCs found in some
Streptomyces strains (Ikeda et al. 2003; Omura et al. 2001). Despite the extent of
the genome encoding NPs, most of them are not expressed under the conditions
analysed and are therefore often called ‘silent’. This point will be addressed in
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detail in the chapter by David Clarke also in this volume. Because of the large
amount of energy and resources used to maintain NP production, with several
microbes producing multiple compounds in parallel (Bode and Miiller 2005), there
is increasing evidence that NP production is regulated ‘heterogeneously’, as also
found for the production of some quorum sensing compounds. In such a scenario,
typical for a ‘division of labour’ (Ackermann 2015), only a fraction of cells actually
produce a specific NP thereby reducing the workload for each single cell but also
allowing the whole population to produce all NPs required at a specific time.
Although, such research has just started it is evident from the sheer physical size of
some NP BGCs that such a strategy would be extremely beneficial.

Probably the biggest current challenge in natural product research is the iden-
tification of the biological function of the specific NP produced. Despite recent
rapid progress in microbial ecology, such as the development of single colony
growth chambers and direct microbial detection (Ling et al. 2015), we are still
limited by the complexity of natural communities and our ability to culture only a
tiny fraction of this complex mixture of micro-organisms, in combination with a
limited number of molecular tools to examine those organisms which we can indeed
culture. Therefore, the real chemical ecology of NPs from typical soil microbes, like
Streptomyces, is still a very complex black box leading people to turn to more
simple systems to address basic questions about the biological role of NPs. In this
respect, micro-organisms living in symbiosis might carry an advantage for such
studies when all the interacting partners can be isolated and studied in the labo-
ratory. Although such laboratory systems might not be fully ‘natural’ since a
number of natural competitors might be absent, they do allow us to address at least
one naturally relevant interaction in detail and possibly from both sides in cases
where the symbiotic host is also accessible to analysis and manipulation. The
ultimate goal would be to address such complex symbioses, like the interaction of
humans with their microbiome, identifying the influence of individual NPs for the
shaping of the microbiome itself and subsequent human developmental biology and
even behaviour (Dorrestein et al. 2014). Since the human microbiome is still a
major challenge, with a complexity similar to that seen in soil communities, people
have started to look at lower eukaryote—microbe interactions as models (Cantley
and Clardy 2015). In this respect, insects and nematodes are very promising model
systems in which to tackle question of chemical ecology since they can both be
cultivated easily in the laboratory and are also amenable to molecular methods.

In this chapter I will therefore focus on NPs from Photorhabdus bacteria which
has been established as a model insect pathogen, with a few excursions to its sister
taxon Xenorhabdus. 1 note that the main biosynthesis and regulation pathways for
the production of Photorhabdus NPs will be introduced by David Clarke elsewhere
in this volume.
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2 Non-ribosomal Peptide Synthetases (NRPS) and Related
Biosynthesis Pathways

Based on their biosynthetic pathway, peptide NPs can be divided into two classes
(Griinewald and Marahiel 2006). Bacteriocines for instance are ribosomally syn-
thesized and post-translationally modified peptides (RiPPS) with antibacterial
activity often produced by bacteria to inhibit the growth of similar or closely related
bacterial strains (Arnison et al. 2012). Further important subclass are
non-ribosomally produced peptides, like the antibiotic daptomycin, the anti-cancer
drug bleomycin and the immunosuppressant cyclosporin (Felnagle et al. 2008). The
most striking difference to ribosomally synthesized peptides is their method of
assembly. Non-ribosomal peptides (NRPs) are produced via large multi-enzyme
complexes (mega-enzymes) using thiotemplate mechanisms like NRP synthetases
(NRPS) and NRPS/PKS hybrids. They use peptide bond formation (NRPS) or a
combination of peptide bond formation and Claisen-type condensation reactions
(NRPS/polyketide synthase [PKS] hybrids) to build larger molecules from different
building blocks, not limited to the 20 proteinogenic amino acids (Caboche et al.
2010). Further, these NRP exhibit unique structural elements, like D-, N- or C-
methylated, glycosylated or phosphorylated amino acids, heterocycles, and/or
N-terminal attached fatty acids.

A common feature of these molecules is their often constrained structure (Sieber
and Marahiel 2005). For example, they exhibit macrocyclization (macrolactam or
depsipeptide with one ester bond), heterocyclization or C—C or C-O cross-linking
between different amino acids, which enhances the rigidity of their ring skeleton
(Griinewald and Marahiel 2006). This rigidity in turn ensures bioactivity by a
precise orientation required for interaction with a dedicated molecular target.
Although peptides synthesized by NRPS are highly diverse in structure, most of
them share a common mode of synthesis, denoted as multiple carrier thiotemplate
mechanism. Further, NRPS harbour a strict ‘modular’ architecture. A ‘module’ is
defined as the catalytic unit responsible for the incorporation of one specific
building block (e.g. amino acid or AA) into the peptide chain that grows from the
N- to the C-terminus and associated functional group modifications (Sieber and
Marahiel 2005). Modules are composed of domains that catalyze the single reaction
steps like activation, covalent binding, optional modification of the building blocks,
and condensation with the amino acyl or peptidyl group on the neighbouring
module (Mootz et al. 2002). At least three domains are necessary for the
non-ribosomal production of peptides (see Fig. 1): An adenylation (A) domain, a
peptidyl carrier protein (PCP) also denoted as thiolation (T) domain, and a con-
densation (C) domain (Griinewald and Marahiel 2006). These three domains are
called ‘core’ domains.

The first (N-terminal) module (‘start’ module) of an NRPS often lacks the C
domain, and the last (C-terminal) module (‘termination’ module) usually comprises
a thioesterase (TE) domain (Sieber and Marahiel 2005). The TE domain is usually
responsible for the release of linear (transfer to a water molecule), cyclic or
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Fig. 1 A canonical NRPS
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branched cyclic peptides (amide or ester linkage). In addition to these ‘standard’
domains (C, A, T, TE), a cyclization (Cy) domain instead of a C domain and a
terminal condensation (Cie.y,,) domain in place of a TE domain may also be present.
Further, modification domains like an epimerization (E) domain, N-methylation
(MT) domain or oxidation (Ox) domain can also be part of such modules.

The reactions catalyzed by standard NRPS domains are now well understood
(Marahiel 2016; Sieber and Marahiel 2005) and their essential enzymatic activities
are illustrated in Fig. 2 (Mootz et al. 2002). These activities reside in the adeny-
lation (A), thiolation (7)) and condensation (C) domains. First, AAs are activated
through the activity of an A domain (Fig. 2a). The energy derived from ATP
hydrolysis is used to form an aminoacyl-adenylate intermediate. Then the AA is
loaded on the thiol of the pantetheine cofactor of the T domain (Fig. 2b) (Gulick
2009). Consecutively activated AAs on T domains are then joined by a C domain
that catalyzes peptide bond formation and transfers the upstream AA or peptide to
the downstream substrate (Fig. 2c).

In most cases the number of NRPS modules corresponds directly to the number
of AA residues incorporated into the associated peptide and the arrangement of the
modules directly follows the peptides’ primary sequence because peptide synthesis
proceeds collinear in an N- to C- terminal direction (Mootz et al. 2002). Such
biosynthetic templates are called ‘linear’ or ‘type A° NRPS (Fig. 3). Examples for
linear NRPSs are the tyrocidine (Mootz and Marahiel 1997), surfactin (Cosmina
et al. 1993) and GameXPeptide (Nollmann et al. 2015a) assembling NRPS.

In contrast to type A NRPSs, there are also ‘iterative’ or ‘type B’ and ‘nonlinear’
or ‘type C’ NRPSs (Mootz et al. 2002) (Fig. 5). Iterative NRPSs (e.g. enniatin,
enterobactin) use their modules or domains more than once in the assembly of a
single peptide. This strategy is employed to build up peptide chains that consist of
shorter sequences that are repeated. Nonlinear NRPSs, such as vibriobactin,
yersiniabactin and fungisporin, deviate in their domain organization from the
standard (C-A-T),, module architecture (Mootz et al. 2002). They are characterized
by at least one unusual arrangement of the core domains C, A and 7, A deviation
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Fig. 2 Essential enzymatic activities in non-ribosomal peptide synthases or NRPS. Active
domains are shown in red. a Substrate recognition and activation by the A domain. b Covalent
attachment of the activated aminoacyl adenylate onto the T domain bound 4’Ppan cofactor.
¢ Peptide elongation. The C domain catalyzes an attack of the nucleophilic amine of the acceptor
substrate onto the electrophilic thioester of the donor substrate. C domain’s acceptor site is
indicated by ‘a’, the donor site by ‘d’

from the module arrangement (C-A-T), of linear NRPSs often goes along with
nonlinear peptide products that result from unusual internal cyclizations (e.g.
bleomycin) or branch point syntheses (e.g. mycobactin). Consequently, the peptide
sequence does not represent the linear module and domain arrangement of the
biosynthetic template itself.

Two further cases must be considered regarding the role of inter-domain recog-
nition in biosynthetic templates: (I) when domains are next to each other on the same
polypeptide chain (domains acting in cis) or (II) when they belong to two distinct



Natural Products from Photorhabdus ... 61

Linear (type A)
module 1 module 2 module 3 S module 5
&
A A A D) e 30
s * TN NH HM—
T C/E TC T C/E T C/E T TE Kol { \‘._
| | | ~ | | o s
oml o=l W ol sl N T ‘-ﬁ"-o
o o o !
.-.’< -S >_ S -S >_ —{, S ~, 0 e
e e sl o = IH_/-'
a b 3 d e
= GameXPeptide A
Iterative (type B) .
module 1 module 2 WL
S v — L j
b [
EmE A EntE A & i D‘."A F
(arblx3 o. N, M NH
o > 3 L o \L
EntB C YIE f ‘o 0, o,
-! /bg' “:H
om ol 5
4 /I OH
wl bm P
a b P on
MNenlinear (type C) enterobactin
meduley nonlinear Ho\r_-i\l
VibE a HO™ \_"J.
i
A VibF A ¢ c aslasbh OJ\
VibH | . N
+ b
&y Gy <
viss [T C { N
| & N
4 o Suf -
& \ / o
c—S__{ b }_{ € .,« OH
(L HO—, {:} N= \z \,OH
" e a b \\_,
c vibriobactin

Fig. 3 Biosynthetic strategies of non-ribosomal peptide synthases or NRPS. Small letters (a—
e) indicate the amino acids or building blocks and their connectivity

proteins (domains acting in trans), as NRPSs can be composed of several polypeptide
chains (Lautru and Challis 2004). In the latter context, correct protein—protein
recognition between NRPSs acting in trans is crucial to prevent unspecific interac-
tions with non-partner enzymes and to guarantee an effective biosynthesis of the
desired product, e.g. the tyrocidine biosynthetic systems consists of three distinct
NRPSs (TycA, TycB and TycC) (Hahn and Stachelhaus 2004, 2006). The inter-
molecular communication within multienzyme NRPS complexes relies on the coor-
dinated interplay of donor and acceptor communication-mediating (COM) domains
(Chiocchini et al. 2006). In various studies, it has been shown that matching pairs of
donor and acceptor domains promote the correct positioning of enzymes within
multi-enzyme complexes and the selective translocation of intermediates between
adjacent synthetases (Hahn and Stachelhaus 2004, 2006). COM domains are com-
posed of 15-30 AA located at the C- and N-terminal end of the corresponding
polypetide chains and possess o-helical structures that provide the interfaces for the
selective differentiation between partner and non-partner NRPSs. In the specific case
of multifunctional but single-protein NRPSs, when domains on the same polypeptide
chain are interconnected through short stretches of amino acid residues, domain
communication is acting in cis via defined catalytically inactive linker regions
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(~15 AA) (Lautru and Challis 2004). Studies on many systems have therefore pro-
vided compelling evidence that linkers are more than ‘simple’ covalent connectors
(Gokhale and Khosla 2000).

3 Overview on Biosynthesis Gene Clusters and Natural
Products in Different Photorhabdus Strains

A detailed analysis of the genome sequence of seven Photorhabdus strains
(P. luminescens TTOI1, P. luminescens PB45.5, P. asymbiotica ATCC 43949,
P. asymbiotica subsp. australis PB68.1, P. temperata subsp. thracensis DSM
15199, P. temperata subsp. temperata M1021 and P. temperata subsp. khani
NC19) revealed the presence of up to 22 different BGCs in each of these strains
(Tobias et al. 2016b). The main BGCs were NRPS but PKS-NRPS hybrids and
other BGC classes were also detected. Interestingly, only a few BGC were found
common to all strains: the BGCs for isopropylstilbene (IPS)/Dialkylresorcinol
(DAR) and rhabduscin biosynthesis. Rhabduscin (Fig. 4) is an isonitrile NP, a type
that is usually rare in nature, and acts as a major player in overcoming the insect
immune system via inhibition of the insect enzyme phenoloxidase (Crawford et al.
2012). Phenoloxidase is important in the insect’s blood clotting reaction which
involves melanisation and is discussed elsewhere in this volume in the chapter on
insect immunity by Eleftherianos et al. So far it is one of the few NP classes found
in both Photorhabdus and Xenorhabdus bacteria, as well as in all of their genomes
analysed to date (our unpublished data), indicating its important biological function.

DAR with IPS that can be regarded as a special DAR derivative (Fig. 4) and has
been shown to be important for development of the nematode symbione (Joyce et al.
2008). Additionally, IPS shows potent antibiotic activity against other bacteria is
cytotoxic against eukaryotic cell lines probably due to its inhibition of the soluble
epoxide hydrolase (SEH) (Buscat6 et al. 2013) and DARs have been shown to be
signalling compounds involved in quorum sensing in the insect and human pathogen
P. asymbiotica (Brameyer et al. 2015) (see also the chapter by Ralf Heermann in this
volume). Biochemically, DARs are derived by a consecutive Claisen condensation
and Michael addition of a B-keto- and an o,B-unsaturated-acyl thioester, the latter
derived from elongation of phenylalanine derived cinnamoyl-CoA, resulting in the
formation of a cyclohexanedione (CHD) compound that can be oxidized leading to
the formation of DARs (Fig. 5) (Fuchs et al. 2013). When o,B-unsaturated-acyl
thioesters from the fatty acid biosynthesis or degradation are used, additional DARs
are formed as detected in P. asymbiotica PB68.1. IPS can be further oxidized to give
epoxystilbene showing antibiotic and cytotoxic activity and was found in
P. luminescens infected larvae of the Greater waxmoth Galleria mellonella (Hu et al.
2006). However, it is also produced when P. luminescens grows in standard Luria
Broth (LB) medium and several NPs derived from epoxide opening and additional
oxidations have been found (Kontnik et al. 2010). DARs in general seem to be a
widespread class of NPs since the corresponding BGCs are found in several different
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Fig. 4 Conserved natural products identified from Photorhabdus bacteria

bacteria, several of which are pathogenic to man (Brameyer et al. 2015). Thus, it
might be possible that these bacteria also use these NPs as signalling compounds,
which would make them a widespread and medically highly relevant NP class that
warrants further investigation (Schoner et al. 2015).

Glidobactins (Fig. 4) have been identified from P. asymbiotica infected crickets
(Theodore et al. 2012), from P. luminescens grown in low sodium chloride (Stein
et al. 2012) and from heterologous expression of the encoding BGC in E. coli (Fu
et al. 2012b). The true natural product and major derivative might be cepafungin I,
showing an iso-branched acyl moiety. Glidobactin and cepafungin derivatives are
potent proteasome inhibitors that could be involved in protecting the insect cadaver
against fungi or other invading saprophytes. It’s BGC has been found in all
P. luminescens and P. asymbiotica strains examined to date but not in strain DSM
15199 from the P. femperata strains, suggesting that its production may be limited
to these groups.

The cyclic pentapeptide GameXPeptides (Bode et al. 2012) have been identified in
strain TTO1 and its encoding BGCis found in all but one P. temperata strain examined
to date (Nollmann et al. 2015a). In P. luminescens strain TTO1 infected insects
derivatives with p-aminophenylalanine (PAPA) or p-methylaminophenylalanine
(PMAPA) have been found instead of the usual phenylalanine. Since the titer of these
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derivatives was much higher, they might actually represent the true natural products
produced in a normal infection (Nollmann et al. 2015a). Unfortunately, no biological
function has been found for these compounds, despite the fact that they are also
widespread in Xenorhabdus strains.

Anthraquinones (AQ) (Li et al. 1995) are responsible for the orange-red pig-
mentation of P. luminescens and P. temperata and its BGC has been identified in
these strains but not in P. asmybiotica which often lacks this orange pigmentation.
They are derived from a type II PKS system (Brachmann et al. 2007) that is
widespread in Gram-positive Streptomyces bacteria but has so far only been found
twice in Gram-negative bacteria. The functions of the AQs are unknown but it has
been speculated that they act as ant or bird deterrent factors since similar functions
have been observed for AQs in other organisms. However, this has not yet been
proven experimentally for AQs from Photorhabdus.

The rhabdopeptide encoding BGC that has been shown in P. luminescens to be
responsible for the production of mevalagmapeptides (Bode et al. 2012, 2015a) is
present in five of the seven analysed fully sequenced Photorhabdus genomes (see
above) and only missing in P. asymbiotica ATCC 43949 and P. temperata NC19.
Rhabdopeptides are very common in Xenorhabdus and Photorhabdus strains and
some derivatives show both cytotoxic and protozoal activity and thus they might
also be involved in protection of the insect cadaver from grazers and saprophytes in
the soil. There are a few other BGCs for which no NP has been identified yet,
including; two NRPSs, a monomodular type I PKS and additional bacteriocins that
are widespread but not common to all strains (Tobias et al. 2016b). Besides these
conserved clusters found in several of the analysed strains, additional BGCs are
found in only one or two strains.

Kolossin (Fig. 6) is a pentadecapeptide produced by TTO1 (Bode et al. 2015b)
that is derived from one of the largest bacterial NRPS with a molecular mass of 1.8
MDa. The Kol NRPS has 46 distinct domains and the respective gene is 49 kbp in
length thus alone being 1 % of the bacterial genome. Kolossin could only be
obtained from activation of the promoter as discussed below and no function could
be assigned yet for this rather simple D/L-peptide made by such a gigantic enzy-
matic machinery.

Photopyrones (PPY) were found in TTO1 and DSM 15199 (Brachmann et al.
2013) and together with the DARs they are the second example of bacterial quorum
sensing molecules different to standard acylhomoserine lactones (AHL) (see also
the chapter by Ralf Heermann in this volume). PPYs are made from the same
B-keto-thioester also required in DAR and IPS biosynthesis (Fig. 5) but here a
homodimeric ketosynthase fuses this thioester to an acyl-thioester resulting in
o-pyrone formation (Kresovic et al. 2015). Crucial for the activation of the
acylthioester is a glutamine residue in the ketosynthase that enters the active site of
the second monomer. Although other o-pyrones are known in NP like corallopy-
ronin or myxopyronine the ketosynthases involved in their biosynthesis do not
require the glutamine activation (Erol et al. 2010; Sucipto et al. 2013).

The ink blue coloured pigment indigoidine (5,5’-diamino-4,4'-dihydroxy-3,3'-
diazadiphenoquinone-(2,2")) is derived from a monomodular NRPS found in half of
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Fig. 6 The structures of a range of natural products from Photorhabdus strains that appear to be
strain or group specific in their distribution

the analysed strains. The compound itself was identified in P. luminescens strain
TTO1 using a promoter exchange approach (see below) but no indigoidine has been
detected under any growth condition tested (Brachmann et al. 2012). However,
from the biophysical properties of indigoidine one might assume a protective
function against reactive oxygen species (ROS) or UV light.

Phurealipids have been found in several P. [uminescens strains, rarely in
P. temperata and Xenorhabdus but are absent from P. asymbiotica (Nollmann et al.
2015b). They have been identified as inhibitors of the juvenile hormone epoxide
hydrolase that is required for normal development (moulting) and immunity in
insects. Phurealipids are derived from the fatty acid metabolism where they are
reduced as aldehydes that are transaminated, carbamoylated and methylated.
A carbamoyltransferase and a methyltransferase have been identified in the
P. luminscens strain TTO1 genome but a candidate for the aminotransferase is still
missing.

Ciche and co-workers isolated a catecholate siderophore, named photobactin,
from P. luminescens that is also derived from a NRPS pathway. Due to its role as a
siderophore, sequestering and transferring Fe®* into the bacterial cells, photobactin
was required for growth under ion-limited conditions (Ciche et al. 2003). However,
photobactin is not needed for P. luminescens to support the growth and the
reproduction of its nematode host. However, purified photobactin was shown to
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have antibiotic activity, suggesting it may play a role in inhibiting competing
bacteria in the insect cadaver. Siderophore encoding BGCs are found in all
sequenced Photorhabdus strains most of them containing NRPS independent
biosynthesis pathways.

In 2004, Ji et al. identified benzylideneacetone (Fig. 6) from X. nematophila
being active against some Gram-negative bacteria (Ji et al. 2004). From its structure
it might be derived from a cinnamic acid extended by one malonyl-CoA followed
by decarboxylation. However, this might suggest the presence of a phenylalanine
ammonium lyase and CoA-ligase in X. nematophila that has not been identified in
the available genome sequences so far (our unpublished data). In addition to
benzylideneacetone, a linear proline-tyrosine dipeptide and an acetylated
phenylalanine-glycine-valine tripeptide were both isolated and they were also
shown to be phospholipase A2 inhibitors. These three compounds could also be
isolated from P. temperata culture broth. Additionally, X. nematophila can produce
four additional phospholipase A2 inhibitors (indole, oxidole, cyclo-proline-tyrosine
dipeptide and p-hydroxyphenyl propionic acid) (Seo et al. 2012). Phospholipase A2
is crucial for the insect’s immune response and thus needs to be overcome in order
to colonize the insect.

Two very small compounds, benzaldehyde (Ullah et al. 2015) and phthalic acid
(Ullah et al. 2014), were isolated from P. temperata. Benzaldehyde possessed
antioxidant, insecticidal and antimicrobial activities. Moreover, phthalic acid has
the capacity to inhibit phenoloxidase with a consequence to suppress the insect’s
immune defence.

Derzelle and co-workers have identified the putative gene cluster of a
carbapenem-like antibiotic in P. luminescens (Derzelle et al. 2002) and two types of
carbapenem BGCs have been identified in four of the seven genomes annotated to
date. However, their exact structure is not known. Carbapenem antibiotics are
members of the B-lactam family of antibiotics, which are now the most important
class of antibiotics for clinical use and their biosynthesis and regulation has been
extensively studied in Serratia (Coulthurst et al. 2005).

4 Tools for the Identification of Natural Products

In order to identify NPs from Photorhabdus or any other organism one can cultivate
the strain of interest using several different growth conditions summarized in the
OSMAC (One Strain Many Compounds) approach (Bode et al. 2002) that often
results in the production of different NP classes at different conditions varying
media composition, aeration, pH, salt concentration and even co-cultivation with
other organisms to mimic the natural condition at which the respective NP is
produced. One can also try a range of molecular techniques to enhance the pro-
duction of the NP in order to enhance its detection and purification. Each of these
will now be discussed below.
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4.1 Promoter Exchange

One can also use the BGC information obtained from whole genome sequencing for
a ‘promoter exchange’ approach. Since the natural promoters might have unknown
modes of regulation via specific transcription factors or other unknown mecha-
nisms, they can be replaced by strong constitutive or inducible promoters (Biggins
et al. 2014, 2011; Bode et al. 2015a). The latter approach is especially beneficial
since it allows to compare the wild-type strain with the induced (usually overpro-
duction of the NP derived from BGC overexpression) and the non-induced pro-
moter exchange mutant (usually a non-producer due to the missing expression)
(Fig. 7). This simple approach has also been used widely by others but was
especially useful in Photorhabdus and Xenorhabdus with the arabinose inducible
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Fig. 7 Schematic representation of the promoter exchange approach used in Photorhabdus and
Xenorhabdus (Bode et al. 2015a). The start (300-600 bp) of the gene of interest is amplified by
PCR and cloned into the cluster expression plasmid pCEP. Following transformation into
Photorhabdus, the genomic insertion of the non-replicating plasmid results in a promoter exchange
mutant in which the expression of the full-length gene is not driven by the natural promoter (grey
arrow) but by the introduced inducible promoter (green arrow; here Pgap). The resulting promoter
exchange mutant can easily be selected based on the pCEP-encoded resistance gene. The new
promoter is tightly controlled and shows no activity without the inducer arabinose. Therefore, the
non-induced strain behaves like a knockout mutant (no production of the compound of interest)
whereas overexpression of the desired gene is achieved with arabinose resulting in an
overproducing mutant (in green, relative to the wild-type strain). From the comparison of these
three strains the NP can easily correlated to the BGC in the genome
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Ppap/AraC system resulting in the production of xenoamicins, GameXPeptides,
mevalagmapeptides, the blue pigment indigoidine, the cytotoxic yellow pigment
xenorhabdin and kolossin (Bode et al. 2015a, b). The latter is derived from one of
the largest bacterial NRPS, named Kol, with a molecular weight of 1.8 MDa and 49
catalytically active domains covering almost 1 % of the Photorhabdus chromo-
some. Kol is only expressed in a promoter exchange mutant and no natural con-
dition has been found so far for its production (Bode et al. 2015b). The power of the
method is also evident from the fact that for xenoamicin productin in Xenorhabdus
doucetiae the production titer is well beyond the solubility of these depsipeptides
and white crystals can therefore be observed in the expression culture. For
GameXPeptides the 10-fold higher production titer compared to the wild-type level
was accompanied by the occurrence of the linear versions of the usually cyclic
peptides (Bode et al. 2015a).

4.2 Manipulation of Regulatory Proteins

Another approach is the manipulation of regulatory proteins involved in NP pro-
duction. This approach was especially useful for fungi that often encode a specific
transcriptional regulator as part of their NP BGC (Scharf and Brakhage 2013). In
Photorhabdus it was shown that HexA (see chapter by David Clarke also in this
volume) and the two-component system BarA-UvrY (see chapter by David Clarke
in this volume) are involved in NP regulation. Previous research has concentrated
on the UV active NP isopropylstilbene and anthraquinones that are both influenced
by these regulators. A detailed analysis of a hexA deletion and overexpression
mutant using the promoter exchange approach described above revealed that in a
hexA deletion GameXPeptides and mevalagmapeptides are overproduced while
some phurealipids are strongly decreased (our unpublished data). Similar analyses
with the global regulators LeuO and Lrp showed that they also affect NP produc-
tion. LeuO is a LysR type transcription factor (Hernandez-Lucas and Calva 2012)
involved in virulence of Vibrio cholerae and Lrp (Brinkman et al. 2003) has been
described as a global regulator affecting mutualism with the nematode and
pathogenicity against the insect in Xenorhabdus nematophila (Cowles et al. 2007).
We were able to show that Lrp is required for the production of rhabdopeptides in
X. nematophila (our unpublished data) that show insecticidal activity. In
P. luminescens TTO1 Irp deletion increases mevalagmapeptide production but
decreases phurealipid production while overexpression restored wild-type produc-
tion levels but led to increased desmethylphurealipid levels. Phurealipid biosyn-
thesis is not encoded in an operon and currently only two steps in their biosynthesis
encoded in different genomic loci are known. However, from these results it is quite
obvious that both genes are differentially regulated leading to the observed pro-
duction phenotype using hexA, Irp or leuO mutants.

The most dramatic effect of all regulatory mutants analysed in our group was that
of a hfg deletion mutant in P. luminescens. Hfq is a RNA chaperone mediating
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interaction between small regulatory RNA and mRNA that is involved in the
regulation of virulence in several different bacteria (De Lay et al. 2013; Vogel and
Luisi 2011). In P. luminescens a Ahfg strain did not produce any known natural
product (Fig. 8). In fact the strain looked more like an E. coli strain with essentially
no NP produced whereas genetic complementation with a plasmid encoded hfg
restored NP production although not to the wild-type level for all NP classes
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Fig. 8 Comparison between P. luminescens wild-type and a Ahfg strain. HPLC/UV chro-
matograms and colony colour are shown at the top, HPLC/MS quantification of known (with
names) and unknown NP (with mass in formation in m/z) at the bottom
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(Tobias et al. 2016a). Interestingly, while no decrease in insect pathogenicity was
observed for a Ahfg strain, no nematode recovery at all was observed when
Heterorhabditis bacteriophora was developed on the Ahfg strain. This might
indicate no crucial role of NP in insect pathogenesis but an even more important
function in the symbiosis with the nematode as suggested previously for iso-
propylstilbene (Joyce et al. 2008). Here the next step clearly is the identification of
the underlying regulatory principles and especially the small RNA(s) that cause this
severe phenotype.

4.3 Heterologous Expression

In general heterologous production of BGCs from Photorhabdus and Xenorhabdus
works well in E. coli and direct cloning and yeast based cloning have both applied
successfully in the past (Crawford et al. 2012; Fu et al. 2012a; Schimming et al.
2014). However, the promoter exchange approach as well as the manipulation of
regulatory proteins might be superior to the heterologous expression of the BGC of
interest since all precursors needed for the production of the ‘real”’ NP are present in
the original producer while the heterologous host might not have these precursors.
Even simple building blocks like amino or fatty acids can be different and for
P. luminescens it has been shown that heterologous expression of the
GameXPeptide producing NRPS GxpS in E. coli led to the production of the usual
GameXPeptides A-D while overexpression of gxpS results in derivatives carrying
p-amino- or p-aminomethyl phenylalanine (Nollmann et al. 2015a). These deriva-
tives are the major derivatives produced in insects since this activates a BGC for the
production of these unusual phenylalanine derivatives. Similarly, heterologous
expression of the glidobactin producing BGC resulted in the production of gli-
dobactin A in E. coli (Dudnik et al. 2013; Fu et al. 2012a) while the major
derivative in P. luminescens is in fact cepafungin (Stein et al. 2012; Theodore et al.
2012) having an iso-branched fatty acid. However, E. coli is not able to produce
such fatty acids.

4.4 Chemical Tools

Beyond these molecular methods, one can also use further analytical chemistry to
identify and characterize NP. Here the major breakthrough was the development of
mass spectrometry to allow the very sensitive detection of NPs and even the
visualization of NP production in symbiotic systems or other interactions. Mass
spectrometry also allows the structural elucidation of NPs without their actual
isolation and in combination with labelling experiments even the configuration of a
peptide NP can be assigned as demonstrated for the GameXPeptides and kolossin
from Photorhabdus (Bode et al. 2012, 2015b).
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Isotopic labelling can be regarded as a special form of precursor-directed
biosynthesis that allows the identification of NP building blocks and even the
generation of NP derivatives with modified biological activity. Even more useful
would be the potential incorporation of a chemical label that not only allows for the
rapid localization of any given NP but can be also used for NP enrichment. One
such label is the azide and/or alkyne group as these groups are small and are often
well tolerated by the biosynthesis machinery of the cell. They can also react effi-
ciently and specifically without complicated workup in a Huisgen 1,3-dipolar
cycloaddition (Kolb et al. 2001). The proven applications of this prototype of a
so-called ‘click reaction’ range from inorganic and organic synthesis to in vitro
labelling. The true milestone in development and optimization of this technique was
achieved by Bertozzi and co-workers via the rediscovery of ring-strained
cyclooctynes as reaction partners for azides without the need of any possibly
cytotoxic copper catalysts, a process coined the strain-promoted azide-alkyne
cycloaddition (Fig. 9) (Jewett and Bertozzi 2010).

This discovery opened up the now very popular field of ‘bioorthogonal’
chemistry, where two reaction partners (e.g. an alkyne and a cyclooctyne) can react
even within a live cell without substantially altering or harming it. This is possible
because in most organisms there is no natural reaction partner for either a
cyclooctyne or an azide is present. With the azido group also being a rather small
functional group, roughly the size of an ethyl group, not featuring a noteworthy
polarity or reactivity, it is the perfect label for in vivo investigations.

Since fatty acids with w-alkyne or —azide groups have been used previously for
the detection and enrichment of lipoproteins (Hang and Linder 2011; Hang et al.
2007), we tested the incorporation of w-azide fatty acids (AFA) in NP produced by
Photorhabdus and Xenorhabdus and indeed we could detect such derivatives after
reaction with an cleavable azide reactive resin (CARR) and the subsequent
enrichment of triazole (Fig. 10) (Pérez et al. 2016). The advantage of this method is
the gain in MS sensitivity through the very efficient ionization of the triazole
product formed as well as the characteristic fragmentation pattern of the clicked
derivative that enabled the reliable identification of the clicked products and thus
the original azide containing NP.

In Photorhabdus AFA-based CARR led to the identification of phurealipids,
whereas in X. doucetiae phenylethylamides were detected. Applying
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Fig. 9 General mechanism of the strain-promoted alkyne-azide cycloaddition (SPAAC) with
octynes leading to a very stable triazole derivative
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(2-carboxyethyl)phosphine))

p-azidophenylalanine based CARR in P. luminescens GameXPeptide A, cinnamic
acid and cinnamoyl-phenylalanine (all in azidated form) have been identified (Pérez
et al. 2016). The latter represents a new class of NP from P. luminescens of which
the non-azidated form has not been identified yet. Interestingly, similar compounds
were also identified in X. szentirmaii during p-azidophenylalanine-based CARR
(Fig. 11).
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Fig. 11 Identified NP using AFA (top) and p-azidophenylalanine (bottom) based CARR

The fact that also azidated peptides like GameXPeptide or szentiamide from X.
szentirmaii or xenortide from X. nematophila have been detected resulting from the
substitution of phenylalanine by p-azidophenylalanine indicates the flexibility of
the responsible NRPS to incorporate even these non-natural amino acids. Such
peptides might be of great interest for the drug discovery process since they can be
further modified chemically after their isolation using the same click chemistry used
in the CARR enrichment.

5 Conclusions

During the last 10 years NP research within entomopathogenic bacteria has made
huge advances due to the diligent work of several laboratories. However, there is
still a lot of information missing that requires further research. One goal for the
future must be to develop more tools for the rapid target identification of the various
NPs produced. We need these tools to answer the wide range outstanding biological
questions that remain. For example, to what enzyme or receptor do these NPs bind
and what is the resulting phenotype in the insect, the nematode, the original pro-
ducer or food competitors? To achieve this goal classical mode of action studies
must be performed (Schmitt et al. 2015), however, these are often long and tech-
nically challenging studies. Reactive NP derivatives can be synthesized that can
covalently bind to the NP target and in case a handle like an azide is also present in
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these NP derivatives one can use this to isolate the NP-target complex as previously
shown.

Additionally, if one assumes that all Photorhabdus strains are adapted to the
same ecological niche being mutualistic to nematodes and pathogenic towards
insects. Thus, they might require a certain set of functionally similar chemical tools
to fulfil these similar ecological functions. Therefore, one might predict NPs that are
functionally similar but can be chemically different and might be derived from
different BGCs in strains that do not have a NP with a known functionality.
Examples of this strain specificity of NP production might be the P. temperata
strains lacking glidobactins. In which case, here it would be interesting to look for
other proteasome inhibitors that might have chemically new scaffolds.

Regarding proteasome inhibitors, and other toxic NP compounds, it is still a
mystery why the nematode host can survive in the dead insect containing such large
amounts of these toxic compounds. Once the targets of these NP in the insect are
known one must investigate whether they are different in the nematode host or how
it can protect itself from their activity. A resistance against toxic NPs from the
bacterial symbiont can also be a protection mechanism against other nematodes and
might ensure the specificity of the symbiosis by killing the wrong nematode.

Finally, with the already developed molecular tools for manipulation of the
bacteria and the first available genome sequences for the entomopathogenic
nematodes (Bai et al. 2013; Dillman et al. 2015) that allow also transcriptomics and
proteomics one can also start to address the NP function from the hosts side by
manipulation of NP regulated signalling pathways or other NP targets. Moreover,
similar work can be done in insects where all tools are already available and just
need to be used to address the functions of NPs from entomopathogenic bacteria
that again can be analysed in depth using ‘omics’ technologies. It is an exciting time
to study these bacteria and once we have understood such a rather simple system of
organismic interaction we can also start to look in detail in other and more complex
systems involving more interaction partners.
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The Regulation of Secondary Metabolism
in Photorhabdus

David J. Clarke

Abstract A general definition of secondary metabolism is that it consists of the
metabolic pathways and the products of metabolism that are not absolutely required
for the survival of the organism. Using this definition, it is now well established that
Photorhabdus elaborate an extensive secondary metabolism during the
post-exponential phase of bacterial growth. This secondary metabolism includes, but
is not limited to, the production of light, a stilbene antibiotic and an anthraquinone
pigment. In this chapter, the role of secondary metabolism during the life cycle of
Photorhabdus will be discussed. Recent work has shown that secondary metabolism
in Photorhabdus is required for the mutualistic association between the bacteria and
its nematode partner, in particular bacterial secondary metabolism is required to
support normal nematode growth and development. An isogenic population of
Photorhabdus is phenotypically heterogenous and this facilitates functional parti-
tioning within the population. The relationship between secondary metabolism and
the various phenotypic and phase variants that exist in populations of Photorhabdus
will also be discussed. Finally, this chapter will also describe the various regulatory
nodes that have been identified as being part of the complex regulatory network that
is used to control the temporal expression of secondary metabolism in Photorhabdus.
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1 Introduction

Secondary metabolism can be defined as consisting of the metabolic pathways and
the products of metabolism that are not absolutely required for the survival of the
organism. Many bacteria, e.g. Streptomyces, have important secondary metabolisms
that are responsible for the production of a range of clinically important molecules,
such as antibiotics and immunosuppressive drugs. Secondary metabolism is gen-
erally associated with the post-exponential or stationary phase of bacterial growth
when nutrients are limited and metabolic flux is redirected away from the pro-
duction of new bacterial cells (i.e. primary metabolism) to the production of
secreted metabolites (i.e. secondary metabolism). However, there is no reason why
secondary metabolites cannot also be produced during bacterial growth and it is
now clear that secondary metabolism in bacteria is regulated by a complex network
of global and pathway-specific regulators that link primary and secondary meta-
bolism. The role of secondary metabolism (and the function of the resulting sec-
ondary metabolites) during the normal life of a bacterium is not fully understood
but these molecules may act as signals to modulate the interaction between the
producing bacterium and other organisms in the ecosystem (Romero et al. 2011).

Members of the Photorhabdus genus have an extensive secondary metabolism
that includes the production of a wide range of different activities during the sta-
tionary phase of bacterial growth (Clarke 2008; Waterfield et al. 2009; Bode 2009).
These activities include the genus defining characteristic of bioluminescence (i.e.
light production) as well as the production of a number of small bioactive molecules
such as a multipotent stilbene and a polyketide pigment called anthraquinone (AQ).
The metabolic pathways responsible for the production of both stilbene and AQ
have been described and will be discussed elsewhere in this book (see Chap. 20)
(Brachmann et al. 2007; Joyce et al. 2008). Many secondary metabolites are pro-
duced through the action of enzymes called polyketide synthases (PKS) and
non-ribosomal peptide synthases (NRPS) and recent work has identified a signifi-
cant number of genetic loci encoding potential PKS, NRPS and PKS-NRPS chi-
mera on the Photorhabdus genome (Bode 2009). Many of these loci are cryptic and
therefore the genes are not expressed under normal laboratory conditions
(Brachmann et al. 2012a). This suggests that the expression of these loci is tightly
regulated in Photorhabdus. Nonetheless, a range of biochemical and genetic
approaches have been used to identify and characterize a significant number of the
molecules produced by the enzymes encoded at several of these loci (see Table 1
and references therein).
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Table 1 Secondary metabolites produced by Photorhabdus luminescens TTO1

Metabolite Genetic loci Role References
Stilbene stiA; stiB; Antibiotic; 1J Williams et al. (2005)
stiICDE; bkdABC | recovery and Joyce et al.
signal; PPO (2008)
inhibitor
Pyroneb ppyS Quorum Brachmann et al.
sensing (2013)
Lumiquinone A plu2233? Unknown Park and Crawford
(2015)
Dihydrophenylalanine plu3042-3044 Unknown Crawford et al. (2011)
(dihydrostilbene)
Anthraquinone antABCDEFGHI | Redox active; Brachmann et al.
possible (2007) and Ahn et al.
mosquitocidal (2013)
activity
Glidobactin/Cepafungin I plul877-1881 Proteasome Bian et al. (2012),
inhibitors Theodore et al.
(2012), Dudnik et al.
(2013) and Stein et al.
(2012)
Rhabduscin plul760-1762; PPO inhibitor Crawford et al. (2012)
insA-insB
Phurealipids pliA Juvenile Nollmann et al.
hormone (2015)
epoxide
hydrolase
inhibitor
Indigoidine® plu2180-2185- Blue pigment Brachmann et al.
indC-indA (2012a)
GameXpeptides/luminmides | plu3263; Unknown Bode et al. (2012) and
plu3s561-3567 Fu et al. (2012)
Kollisin A* kol (plu2670) Unknown Bode et al. (2015)
Cryptic

®P. asymbiotica use dialkylresorcinol instead of pyrone as a QS signalling molecule (synthesized
by darABC [same as stiCDE in P. luminescens TTO1)]

2 The Photorhabdus Life Cycle

Photorhabdus has a complex life cycle that involves alternating and temporally
distinct pathogenic and mutualistic interactions with insect and nematode hosts,
respectively (Goodrich-Blair and Clarke 2007; Waterfield et al. 2009; Clarke 2014).
The bacteria are normally found in the gut lumen of the infective juvenile (IJ) of the
soil-dwelling nematode Heterorhabditis. The 1J is a specialized developmental
stage of the nematode, similar to the dauer juvenile of the well-studied free living
nematode Caenorhabditis elegans. The 1] actively seeks out and infects suitable
insect larvae before releasing the bacteria into the blood (i.e. hemolymph) of the
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infected insect. The regurgitation of the bacteria is a response to a small, uniden-
tified signal present in the insect hemolymph and regurgitation signals the start of a
developmental pathway, called 1J recovery, that results in the formation of a
self-fertile adult hermaphrodite from every IJ (Ciche and Ensign 2003). The bac-
teria replicate in the insect and, whilst doing so, convert the internal organs and
tissues of the insect into bacterial biomass. The insects generally die within 48-72 h
post-infection. Bacterial growth in the insect is exponential and there is a very
strong positive correlation between bacterial growth rate and the time taken to kill
an insect (generally represented as an LTsg) suggesting that virulence is associated
with bacterial growth and, therefore, primary metabolism (Clarke and Dowds 1995;
Watson et al. 2005). The bacteria replicate to a high cell density within the insect
and, as in any batch system, the bacterial population eventually enter the
post-exponential (or stationary) phase of growth. This generally coincides with the
completion of 1IJ recovery. At this time, the adult hermaphrodite nematodes are
present in the insect cadaver with a high density of Photorhabdus bacteria cells (Hu
and Webster 2000). The hermaphrodite will externally lay about 300 eggs that
hatch within the bacterial biomass present in the insect cadaver and develop through
several juvenile moults (J1-J4) to adulthood. Normally, there are 2—3 generations
of nematode reproduction in the insect and during this time the nematodes feed on
the bacterial biomass. The adult hermaphrodite does not lay all of her eggs and the
retained eggs will hatch within the body cavity of the maternal nematode in a
process called endotokia matricida (Ciche et al. 2008). The internally hatched
nematodes develop exclusively into the 1J stage and, during development in the
hermaphrodite, each 1J is colonized by Photorhabdus. The colonization of the IJs
(i.e. symbiont transmission) is controlled by a phase variable invertible DNA switch
in Photorhabdus called the madswitch (Somvanshi et al. 2010, 2012). The mads-
witch is a binary switch that can exist in one of 2 orientations, i.e. ON or OFF.
When the madswitch is ON, the bacteria produce surface-localized fimbriae, called
the Mad fimbriae, that facilitate adherence to the intestinal wall of the maternal
nematode and subsequent colonization of the 1J. Each 1J is normally initially col-
onized by 1 bacterial cell and this bacterial cell multiplies in the gut lumen of the
nematode such that mature 1Js contain, on average, approximately 100 bacterial
cells (Somvanshi et al. 2010). The complete life cycle normally takes 10-20 days
and >100,000 IJs will emerge from an insect originally infected with a single 1J
highlighting the remarkable efficiency of this symbiosis.

3 Secondary Metabolism, Pathogenicity and Mutualism

The mutualistic interaction between Photorhabdus and Heterorhabditis coincides
with the post-exponential phase of bacterial growth in the insect (Hu and Webster
2000). Therefore, mutualism also coincides with the activation of Photorhabdus
secondary metabolism, thus temporally connecting secondary metabolism and
mutualism (Joyce et al. 2011). What is the role of secondary metabolism in



The Regulation of Secondary Metabolism in Photorhabdus 85

mutualism? Perhaps the most significant evidence for a role for secondary meta-
bolism in mutualism was extrapolated from early observations of phenotypic
variation in Photorhabdus (Akhurst 1980; Boemare and Akhurst 1988).
Photorhabdus can exist as 2 stable phenotypic variants when cultured on agar
plates, i.e. the primary and the secondary variants. The primary variant has a normal
secondary metabolism (including the production of AQ, stilbene and light) and is
both pathogenic to insects and capable of supporting nematode growth and
development. The secondary variant, on the other hand, does not produce AQ,
stilbene or light and, whilst this variant is pathogenic, it is unable to support
nematode growth and development. Therefore, it has been proposed that secondary
metabolism (as characterized in the primary variant) is important for the mutualistic
association with the nematode (Ffrench-Constant et al. 2003). However, only one
secondary metabolite has been shown to have a direct role in mutualism, i.e. the
stilbene antibiotic. During in vitro symbiosis assays (where the Photorhabdus
bacteria are inoculated onto lipid agar plates and incubated for 3—4 days before the
biomass is seeded with 1J stage nematodes), mutants unable to produce stilbene do
not support IJ recovery to adult hermaphrodites (Williams et al. 2005; Joyce et al.
2008). This suggests that the stilbene is an inter-kingdom signalling molecule that is
produced by the bacteria and is perceived by the 1J nematode and signals initiation
of the recovery programme. However, during growth in the insect, the role of the
stilbene may be to act as a food signal that stimulates the recovery of IJs that
develop during the normal reproductive cycle of the nematodes (Strauch and Ehlers
1998). This would function to link nematode reproduction and development with
the availability of food, i.e. Photorhabdus biomass. The primary variant of
Photorhabdus also produces 2 crystalline inclusion proteins that are rich in essential
amino acids during post-exponential growth leading to the suggestion that these
proteins provide important nutrition to the nematode (Bowen and Ensign 2001; You
et al. 2006). However, in vitro studies suggest that, with the exception of stilbene,
the other activities associated with secondary metabolism in Photorhabdus may not
be required for nematode growth and development (Han and Ehlers 2001; Bager
et al. 2016). The bottleneck for nematode growth and development when cultured
on lipid agar plates inoculated with Photorhabdus appears to be 1J recovery, a
process that during in vitro symbiosis assays is almost entirely dependent on the
production of stilbene. Therefore, mutants that do not express the normal secondary
metabolism exhibit a decrease in nematode growth and development due to the
reduced production of stilbene and lower levels of 1J recovery (Bager et al. 2016).
Nonetheless, it is possible that many activities associated with secondary metabo-
lism in Photorhabdus may have non-nutrition-based roles in the interaction with the
nematode during growth in the insect, e.g. the production of signals that protect the
insect cadaver niche (Fenton et al. 2011; Jones et al. 2016).

Whilst secondary metabolism is normally associated with the post-exponential
phase of bacterial growth, there is evidence that some secondary metabolites are
produced during exponential phase (i.e. during bacterial growth). The growth rate
of Photorhabdus has been correlated with virulence suggesting that any secondary
metabolite produced during this phase of growth may have a role in virulence. The
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expression of the cpm genes encoding the proteins required for the production of
the carbapenem antibiotic by Photorhabdus is maximal during exponential growth
and decreases as the cells enter post-exponential growth (Derzelle et al. 2002).
Whilst unlikely to be a virulence factor per se, the production of this antibiotic
would be expected to increase the fitness of Photorhabdus by killing off the
indigenous insect microbiota. In addition, biochemical and genetic analyses have
identified a very potent antagonist of prophenoloxidase (PPO), called rhabduscin,
that is produced by Photorhabdus. PPO is a key enzyme in the insect innate
immune system that catalyses the polymerization of melanin resulting in the death
and/or nodulation/encapsulation of invading organisms (Cerenius and Soderhill
2004; Kanost et al. 2004; Cerenius et al. 2008). A deletion of the genes required for
rhabduscin biosynthesis in the closely related entomopathogenic bacterium
Xenorhabdus did result in a decrease in virulence suggesting that this compound
may be a virulence factor. The rhabduscin was shown to be physically associated
with the outer surface of the bacteria resulting in the formation of a “defensive
perimeter” (Crawford et al. 2012). Rhabduscin has been detected in P. luminescens
TTOI1 culture supernatants although the kinetics of rhabduscin production has not
been measured (Crawford et al. 2010).

4 Phenotypic Variation, Phase Variation
and Secondary Metabolism

As previously mentioned (nearly), every 1J is initially colonized by a single bac-
terium and, therefore, an infected insect is expected to contain a clonal population
of Photorhabdus. However, there is a significant degree of functional specialization
within this clonal population. It has already been mentioned that Photorhabdus can
exist in 2 relatively stable phenotypic variants when cultured on agar plates, i.e. the
primary and secondary variants. It is now well established that many bacteria
exhibit phenotypic variation (i.e. bistability) as a risk-limiting adaptation that
increases the adaptability of a population of isogenic bacteria to changing envi-
ronments (Dubnau and Losick 2006; Veening et al. 2008; Ackermann 2015). This
survival strategy when displayed by isogenic populations is called bet-hedging. The
rate of formation of the secondary variant has been shown to increase as the
population of Photorhabdus gets older (e.g. over timescales that are similar to the
time required for nematode growth and development) and the kinetics of pheno-
typic variation is controlled by the AstSR two-component pathway (2CP) (Derzelle
et al. 2004). Mutants in the astR gene (encoding the predicted response regulator)
exhibit increased and promiscuous (i.e. early) formation of the secondary variant,
and proteomic analysis of this mutant suggests that this phenotype may be linked to
defects in redox homoeostasis. Therefore, the AstSR 2CP may control phenotypic
variation is response to nutrient limitation and redox stress (Derzelle et al. 2004).
Interestingly, the AstSR 2CP does not regulate secondary metabolism directly
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(i.e. the astR mutant produces the same level of light, stilbene and AQ as the wild
type) but this pathway can obviously control (through phenotypic variation) the
level of secondary metabolism within a population of Photorhabdus.

The vast majority of Photorhabdus inside an insect will not have the opportunity
to colonize the 1J and these bacteria will remain in the insect cadaver after the
nematodes have left (see Fig. 1). As secondary metabolism is associated with life
with the nematode, the switch from primary variant to secondary variant (with the
associated switching off of secondary metabolism) may be an adaptation for life in
the environment without the nematode. This hypothesis is supported by compar-
isons of the metabolism and proteomes of primary and secondary variants that
suggest that the secondary variant is metabolically more robust than the primary
variant during growth in vitro and in vivo (Smigielski et al. 1994; Turlin et al. 2006)
(Susan Joyce, unpublished data).

In addition to phenotypic variation, Photorhabdus has also been shown to
exhibit phase variation, mediated by invertible DNA elements, at 2 different genetic
loci, i.e. the mrf operon (encoding mannose-resistant fimbriae) and the mad operon
(encoding the Mad fimbriae) (Meslet-Cladiere et al. 2004; Somvanshi et al. 2010).
As already mentioned, the production of the Mad fimbriae is controlled by the
orientation of a DNA element called the madswitch. However, the madswitch also
controls the production of a number of additional phenotypes, including secondary
metabolism (Somvanshi et al. 2012). Photorhabdus with the madswitch in the OFF
orientation are phenotypically equivalent to the primary variant (hereafter called the
P-form). The P-form has a normal secondary metabolism and is both pathogenic to

» 108 cfu insect?

/
90%

107 cfu Phenotypic variation
Life without the nematode?
10%

108 IJs

assume 1 cful)?

Fig. 1 Secondary variant is adapted for life without the nematode. Photorhabdus achieve a final
cell density of approximately 10® bacterial cells [colony forming units (cfu)] per insect. It is not
unreasonable to assume that 90 % of the bacterial biomass will be eaten by the nematodes that are
developing within the insect cadaver. This scenario would suggest that 107 cfu could remain in the
insect at the end of the vegetative life cycle of the nematode. Assuming that each insect supports
the development of 10° IJs and each IJ is colonized by a single Photorhabdus cell then a very
conservative estimation is that 9 x 10° cfu remain in the insect cadaver after the nematode has left.
A simplistic model would suggest that these bacteria are converted to the secondary variation in
order to adapt to life without the nematode. However, it is more likely that secondary variants will
accumulate during growth of the bacteria in the insect (a phenomenon regulated by HexA and
AstSR) and the proposed model suggests that the system is buffered so that phenotypic variation is
tolerated, up to a point, without deleterious consequences to nematode growth
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insects and able to support nematode growth and development. However, the
P-form is not able to colonize the 1J as it is not producing the Mad fimbriae. On the
other hand, Photorhabdus with the madswitch in the ON orientation (i.e. M-form)
are able to colonize the 1J. However, the M-form bears some phenotypic resem-
blance to the secondary variant, i.e. the M-form does not produce light, the stilbene
antibiotic or the AQ pigment. Therefore, a mixture of P-form and M-form bacteria
is essential for the complete mutualistic association with the nematode. At some
point after the colonization of the adult hermaphrodite, it has been shown that the
M-form reverts back to the P-form (Somvanshi et al. 2010). This ensures that the IJ
is colonized by the P-form so that the nematodes will have the required nutrition
following infection of a new insect host. In addition, there is some evidence to
suggest that the formation of the M-form, like the secondary variant, is linked to
nutrient limitation and/or oxidative stress (Somvanshi et al. 2012; Blackburn et al.
2016). However, the M-form is not virulent to insects and M-form bacteria form
small colonies [i.e. small colony variants (SCVs)] on agar plates compared to the
P-form and secondary variant (see Fig. 2). Therefore, the M-form and the

» P-form

madswitch ON

Avirulent
No secondary metabolism
Nematode colonization

madswitch OFF

Virulent
Secondary metabolism

Secondary variant

Virulent
No secondary metabolism

Fig. 2 Phenotypic and phase variation in P. luminescens TTOL. A population of P. luminescens
exists as a mixture of P-form and M-form cells determined by the orientation of a binary DNA
switch, the madswitch. When plated on agar, the P-form cells form large colonies whilst the
M-form cells form small colonies (as indicated). The P-form is virulent and produces a secondary
metabolism (i.e. supports nematode growth and development) whilst the M-form is adapted for
colonization of the nematode and, therefore, it is avirulent and does not have a secondary
metabolism. Photorhabdus also form a secondary variant but the origins of the secondary variant
are unclear; i.e. is it derived from the P-form or M-form? Indeed, the secondary variant shares
phenotypes with both the M-form and the P-form but these variants are distinct
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secondary variant are not equivalent and the regulatory networks controlling sec-
ondary metabolism during phenotypic variation and phase variation at the mad
locus would appear to be different.

Nonetheless, the complex phenomena of phenotypic and phase variation ensure
that there is functional heterogeneity within a clonal population of Photorhabdus,
such as exists in the insect cadaver. This enables the bacteria to carry out several
distinct functions that are essential for mutualism with the nematode and the sur-
vival of the bacteria, i.e. the ability to express secondary metabolism and support
nematode growth and development, the ability to colonize the next generation of 1Js
(i.e. transmission) and the ability to persist in the environment in the absence of the
nematode.

5 The Regulation of Secondary Metabolism

It is clear that secondary metabolism is differentially expressed in the different
phenotypic and phase variants of Photorhabdus that have been characterized to
date. Studies aimed at describing the structure of the regulatory network(s) con-
trolling secondary metabolism have been undertaken and key players (i.e. regula-
tory nodes) have been identified. Most of these studies have been undertaken in the
primary variant where efforts have been made to understand the regulatory link
between secondary metabolism and mutualism and important global and
pathway-specific regulators have been identified. Some of these regulators have
also been implicated in the regulation of secondary metabolism in the secondary
variant and M-form. Finally, it is worth highlighting that the vast majority of these
studies have been done using the de facto type strain of Photorhabdus,
P. luminescens TTOL.

5.1 Global Regulators

5.1.1 HexA

A key regulator of secondary metabolism in Photorhabdus is a LysR-type tran-
scriptional regulator called HexA. This regulator was initially identified as a
repressor of secondary metabolism in the secondary variant. Interruption of the
hexA gene in the secondary variant of P. temperata K122 restored the expression of
secondary metabolism (and the ability to support nematode growth and develop-
ment) to this strain (Joyce and Clarke 2003). However, HexA also appears to have a
regulatory role in the primary variant where it is required for the correct temporal
regulation of secondary metabolism. Therefore, a hexA deletion mutant in the
primary variant of P. luminescens TTO1 produces increased levels of light, stilbene
and derivatives of the stilbene molecule throughout growth and not just in the
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Fig. 3 HexA represses bioluminescence during growth of the P. luminescens TTO1 primary
variant. a Light production (reported as Relative Light Units (RLU)) from P. luminescens primary
variant (green circles) and AhexA mutant (red squares) was measured during growth in LB broth
at 28 °C with shaking. There were no differences in the growth of either strain under these
conditions (grey triangles). b The light produced by colonies of TTO1 primary variant and the
AhexA mutant was measured after growth on LB agar for 72 h. Light production from the AhexA
mutant is clearly increased compared to the primary variant control. Bioluminescence was
measured using an In Vitro Imaging System (IVIS-100, Xenogen Alameda, CA, USA)

post-exponential phase (Kontnik et al. 2010) (see Fig. 3). Interestingly, HexA
repressed AQ production in P. temperata but not in P. luminescens suggesting
species-specific regulatory targets (Kontnik et al. 2010). HexA may also have a role
in repressing secondary metabolism in the M-form as transcriptome analysis has
indicated that the expression of hexA is increased by 4.4-fold in a strain that is
genetically locked into the M-form (Somvanshi et al. 2012). Therefore, HexA
appears to be an important repressor of secondary metabolism in Photorhabdus.
However, the regulatory network(s) controlled by HexA in the primary and sec-
ondary variants (and potentially the M-form) are not well understood.

5.1.2 The BarA-UvrY Two-Component Pathway

The BarA-UvrY 2CP activates the transcription of genes involved in secondary
metabolism in Photorabdus. A deletion mutant in uvrY (encoding the response
regulator) in P. luminescens exhibited much lower levels of expression of the genes
required for bioluminescence, stilbene and AQ biosynthesis (Krin et al. 2008).
However, many of the transcriptional changes observed in the uvrY mutant strain
were not evident at either the protein or phenotypic level suggesting that the
expression of these genes may also be significantly regulated at the
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post-transcriptional level (Krin et al. 2008; Kontnik et al. 2010; Lango-Scholey
et al. 2013). Indeed, to this end, the BarA-UvrY 2CP in other bacteria has been
shown to work in association with small regulatory RNA molecules. A well-studied
target of the BarA-UvrY 2CP is the CsrA-csrB regulatory system (Pernestig et al.
2003; Weilbacher et al. 2003). In this system, CsrA is a RNA-binding protein that
represses translation by binding to the ribosome-binding site of the target mRNA
(Liu and Romeo 1997). The csrB RNA carries multiple target sites from CsrA and,
when expressed, titrates CsrA away from target mRNAs, thus increasing the
translation efficiency of these transcripts (Romeo 1998; Babitzke and Romeo 2007).
In P. luminescens TTO1, the CsrA-csrB regulatory system was shown to play a role
in the regulation of some, but not all, of the identified UvrY targets (Krin et al.
2008). The BarA-UvrY 2CP is also known as GacS-GacA in other bacteria such as
Pseudomonas where the GacS-GacA 2CP has also been shown to have an
important role in the regulation of secondary metabolism (Lapouge et al. 2007).
Similar to what has been observed in Photorhabdus, mutations in the GacS-GacA
2CP (a pathway that works together with the Rsm RNA regulatory system) block
secondary metabolism in several different species of pseudomonads (Heeb and
Haas 2001). Interestingly, recent work has also shown that gacS mutations in the
rhizobacterium Pseudomonas aeruginosa M18 generate phenotypic diversification
resulting in the formation of SCVs both in vivo and in vitro (Davies et al. 2007,
Nelson et al. 2010). Moreover, the GacS-GacA system was shown to have an
interesting role in the association between Ps. fluorescens and the bacterial-feeding,
social amoeba Dictyostelium discoideum. In this system, many D. discoideum have
been observed to engage in bacterial husbandry by carrying and disseminating the
bacteria during the spore stage, thus ensuring that there is food available for the
amoeba following germination of the spores. In initial studies, D. discoideum was
shown to carry 2 strains of Ps. fluorescens although only 1 strain served as a food
source for the amoeba (Brock et al. 2011). Recently, it was shown that the second
strain produced secondary metabolites, chromene and pyrrolnitrin that were bene-
ficial to the amoeba by enhancing appropriate spore formation. Intriguingly the
secondary metabolite-producing strain could be converted into the food source by a
loss-of-function mutation in the gacA gene (Stallforth et al. 2013). Therefore, the
gacA mutation generates functional heterogeneity within the population of Ps.
fluorescens. Photorhabdus has similar roles during the mutualistic association with
the nematode (i.e. it is a food source for the nematode and it produces molecules
that control nematode development). Although there is no evidence to suggest that
non-functional alleles of uvrY (the homologue of gacA) emerge and co-exist within
insect cadavers it is possible that the activity of the BarA-UvrY 2CP is modulated
(e.g. post-transcriptionally) to induce functional heterogeneity within the bacterial
population (Camacho et al. 2015). Nonetheless, it is clear that the homologous
BarA-UvrY and GacS-GacA 2CPs play a key role in the regulation of functional
heterogeneity and secondary metabolism in different bacteria—host interactions.
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5.1.3 Magic Spot-(P)ppGpp and Nutrient Limitation

A recent study in Photorhabdus showed that the expression of st/A, encoding
phenylalanine ammonium-lyase (PAL), was regulated by the availability of nutri-
ents, in particular amino acids (Lango-Scholey et al. 2013). PAL is the first enzyme
in the synthesis of the stilbene antibiotic and this enzyme converts the amino acid
phenylalanine into cinnamic acid (CA) further highlighting the connection between
amino acid metabolism and secondary metabolism (Williams et al. 2005). It is well
established throughout the gammaproteobacteria that nutrient limitation results in
the production of a small signalling molecule (or alarmone) called (p)ppGpp (Gaca
et al. 2015a; Hauryliuk et al. 2015). The production of (p)ppGpp generally results in
the halting of protein synthesis and DNA replication and, through an interaction
with RNA polymerase, the biasing of transcription towards genes required for
adaptation to the stress. The level of (p)ppGpp in the bacterial cell is controlled by
the activity of two proteins, RelA and SpoT. Recent work has shown that RelA
monitors the aminoacylated-status of the tRNA present in the A site of the ribosome
(Brown et al. 2016). RelA is activated when uncharged tRNA molecules enter the
A-site (indicating amino acid limitation) and this results in the synthesis of
(p)ppGpp. RelA appears to respond primarily to amino acid starvation whilst SpoT
integrates various other signals into (p)ppGpp metabolism. Moreover, the hydrol-
ysis activity of SpoT is essential for maintaining appropriate levels of (p)ppGpp
during growth (Hauryliuk et al. 2015).

The accumulation of (p)ppGpp has been shown to result in significant tran-
scriptional changes in many bacteria (Hesketh et al. 2007; Traxler et al. 2010;
Vercruysse et al. 2011; Bowden et al. 2013; Gaca et al. 2015b). In E. coli, structural
and genetic analyses suggest that the small alarmone interacts directly with RNA
polymerase although the exact molecular details of how this interaction affects
transcription are not fully understood (Zuo et al. 2013; Ross et al. 2013). The
synthesis of (p)ppGpp is often linked to nutrient limitation and growth arrest and
this is likely to coincide with a change from primary to secondary metabolism. In a
recent study, the accumulation of (p)ppGpp was shown to be required for secondary
metabolism and mutualism in Photorhabdus (Bager et al. 2016). Therefore, a relA
spoT double mutant was constructed and shown to be completely unable to syn-
thesis (p)ppGpp. The relA spoT mutant did not produce light, stilbene or AQ
pigment and was also unable to support nematode growth and development in vitro.
This suggests, perhaps paradoxically (given the role for Photorhabdus in nema-
todes nutrition), that nutrient limitation in Photorhabdus is important for mutual-
ism. In contrast, the relA spoT mutant was as virulent to insects as the wild-type
strain indicating the alarmone production was not required for pathogenicity.
However, the relA spoT mutant was rapidly out-competed by the wild-type strain
during prolonged incubation in the insect again highlighting the important role for
(p)ppGpp during nutrient limitation (Bager et al. 2016). The (p)ppGpp alarmone
has also been shown to be required for the production of secondary metabolites
such as the blue polyketide pigment, actinorhodin and the calcium-dependent
antibiotic (CDA) in the model actinomycete, Streptomyces coelicolor (Hesketh
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et al. 2007). Moreover, a relA spoT mutant in Ps. fluorescens CHAO had decreased
antibiotic activity and biocontrol activity suggesting a role for (p)ppGpp in the
regulation of secondary metabolism in this bacterium (Takeuchi et al. 2012).
Indeed, it seems that the level of (p)ppGpp in Ps. fluorescens CHAO can be
regulated by the GacA-GacS 2CP system highlighting the complexity and inter-
connectedness of the networks involved in controlling secondary metabolism
(Takeuchi et al. 2012).

5.1.4 Metabolism and the Metabolic Switch

Primary metabolism is generally associated with the central metabolic pathways
(i.e. glycolysis, the TCA cycle) that produce energy and metabolic precursors to
facilitate cell growth and reproduction. Secondary metabolism, on the other hand,
can be considered as an alternative route for carbon and energy flux that leads to the
production of carbon-rich bioactive compounds (rather than the production of
bacterial biomass). Therefore, it is entirely appropriate that primary and secondary
metabolism should be tightly linked, in terms of both regulatory and metabolic
connections. Deletion of either the mdh or fumC gene and encoding key enzymes in
the TCA cycle (malate dehydrogenase and fumarase, respectively) were shown to
block the production of light, stilbene antibiotic and AQ pigment in P. luminescens
TTO1 (Lango and Clarke 2010). As expected both the mdh and fumC mutants were
also unable to support nematode growth and development in vitro or in vivo and
both mutants were unaffected in virulence. This led to the suggestion that the
transition from pathogenicity (i.e. Photorhabdus growth) to mutualism (i.e.
Photorhabdus secondary metabolism) was controlled by a metabolic switch that
involved the TCA cycle. Interestingly, a similar block in the TCA cycle in
Ps. fluorescens CHAO (specifically a mutation in the fumA gene encoding
fumarase) also blocked secondary metabolism in this bacterium where it was shown
that an imbalance in the TCA cycle (leading to an accumulation of certain TCA
cycle intermediates) prevented the appropriate activation of the GacS-GacA 2CP
(Takeuchi et al. 2009). Similarly, a mutation in the acnB gene (encoding aconitase,
a key TCA cycle enzyme) of the bioluminescent bacterium Vibrio fischeri resulted
in increased bioluminescence and this was shown to be dependent on the Gac/Rsm
regulatory system (Septer et al. 2015). Therefore, the BarA-UvrY (GacS-GacA)
2CP does appear to constitute a clear regulatory link between primary and sec-
ondary metabolism in many different bacteria.

L-proline is an abundant free amino acid in insect haemolymph and increasing
concentrations of L-proline upregulate the production of the stilbene antibiotic and
AQ pigment in P. luminescens TTO1 (Crawford et al. 2010). This phenotype was
shown to be dependent on proline uptake and there is some evidence that the role of
proline in secondary metabolism may be regulatory as L-proline may interact with
HexA (Kontnik et al. 2010). However, L-proline assimilation also contributes to the
generation of proton motive force (PMF) and dissipating the PMF with either
CCCP or valinomycin resulted in increased levels of stilbene antibiotic and the AQ
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pigment suggesting that the electrical component of the proton motive force is
linked to secondary metabolism (Crawford et al. 2010). Therefore, the presence of
L-proline may have a role in coordinating the link between the PMF and the
secondary metabolism in Photorhabdus.

5.1.5 Quorum Sensing and AI-2

Quorum sensing is a phenomenon in bacteria that is characterized by the production
of signal molecules that mediate cell-to-cell communication and coordinates gene
expression (Miller and Bassler 2001; Ng and Bassler 2009). Photorhabdus do not
communicate using canonical quorum-sensing signals such as acylhomoserine lac-
tones (AHLs). However, many bacteria have also been shown to quorum sense using
an alternative signal called AI-2 (Pereira et al. 2013). This signal is produced by the
product of the luxS gene, S-ribosylhomocysteine lyase, that has an important meta-
bolic function during the activated methyl cycle where LuxS converts
S-D-ribosyl-L-homocysteine into L-homocysteine. A product of this reaction is AI-2
and this molecule is excreted from the cell where it accumulates in the extracellular
environment. The production of AI-2 has been shown to induce transcriptional
changes in some bacteria leading to the suggestion that AI-2 may function as a
signalling molecule (Kendall et al. 2007; Jesudhasan et al. 2010; Hirano et al. 2012).
Photorhabdus, as is the case with many bacteria, has AI-2 receptors that bind to the
secreted molecule and, through a link with AI-2 uptake systems, actively transport
AI-2 back into the cell (Krin et al. 2006). In Photorhabdus, Al-2 has been implicated
in the production of the carbapenem antibiotic (produced by genes found in the cpm
operon) where a [uxS deletion mutant was shown to express higher levels of cpm
mRNA throughout growth (Derzelle et al. 2002). Transcriptomic analysis also
revealed differences in the expression of >100 genes in the /uxS mutant when com-
pared to wild-type P. luminescens TTO1 (Krin et al. 2006). Interestingly, the luxS
mutant produced less luminescence than the wild-type and this was attributed to the
increased production of polyamines in the mutant. Moreover, the [uxS mutant was
more sensitive to oxidative stress, formed reduced biofilms and was hyper-motile
when compared to the wild-type (Krin et al. 2006). Interestingly, the BarA-UvrY 2CP
in Photorhabdus is required for maximal production of AI-2 and some of the phe-
notypes reported in the uvrY mutant (e.g. reduced bioluminescence) could be rescued
by the addition of exogenous AI-2 (Krin et al. 2008). Therefore, AI-2 has pleiotropic
roles in Photorhabdus that are linked to secondary metabolism and stress resistance.

5.2 Pathway-specific Regulators

In contrast to work described here on the global regulators of secondary metabolism
in Photorhabdus, very little work has been done to identify regulators of specific
secondary metabolic pathways, i.e. pathway-specific regulators. This type of
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regulatory network topology, whereby master or global regulators work with
pathway-specific regulators to ensure that the expression of secondary metabolites
is appropriate, is common in bacteria.

521 AQ

The AQ pigment is produced by proteins encoded by the 9-gene antA-I locus
(Brachmann et al. 2007). Genes at both ends of this locus (plu4185 and plu4195)
are predicted to encode transcriptional regulators although any role for these genes
in the regulation of AQ production remains to be established. Another transcrip-
tional regulator, HAfR, was shown to act as a repressor of antA-I expression and AQ
production (Easom and Clarke 2012). The hdfR gene was originally identified
during a screen for mutants unable to colonize the 1J nematode and the role, if any,
of AQ during nematode colonization is unclear.

5.2.2 Stilbene

The stilbene molecule produced by all Photorhabdus strains is a multipotent
molecule with confirmed roles in pathogenicity and mutualism. The biosynthetic
pathway of this molecule has, for the most part, been elucidated and involves
proteins encoded by genes located in at least 4 different genetic loci (Joyce et al.
2008). Therefore, it is possible that the different loci may be regulated indepen-
dently from each other and flux towards stilbene synthesis may involve both genetic
and allosteric regulation. This is more likely when one considers that some of the
loci, in addition to having a role in stilbene biosynthesis, are also required for the
biosynthesis of fatty acids required during growth, i.e. the bkdABC operon encoding
a branched-chain amino acid dehydrogenase (Brachmann et al. 2012b). As previ-
ously mentioned, the first committed step in stilbene biosynthesis is the conversion
of phenylalanine to CA by StlA. Nutrient limitation was recently shown to posi-
tively regulate st/A gene expression and this was mediated by Lrp, TyrR and c°
(Lango-Scholey et al. 2013). TyrR was shown to be essential for st/A expression
(and stilbene production) and, in Escherichia coli, TyrR activity is dependent on
aromatic amino acids such as phenylalanine (Pittard and Davidson 1991;
Lango-Scholey et al. 2013). Therefore, the role of TyrR in Photorhabdus may be to
couple stlA expression to the presence of phenylalanine. In contrast whilst both Lrp
and o> were required for optimal sf/A expression in P. luminescens TTOI both of
these regulators were dispensable for normal stilbene production (Lango-Scholey
et al. 2013). This apparent paradox can be simply explained as Photorhabdus
produces (and secretes) more CA than is required for stilbene production
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(Chalabaev et al. 2008). Therefore, a reduction in CA production due to lower
levels of stIA expression does not necessarily have to result in a reduction in
stilbene production. Interestingly, phenylalanine cannot be used as a carbon source
by Photorhabdus whilst CA can be assimilated through the activity of the Hca/Mhp
pathway (Chalabaev et al. 2008). Therefore, the induction of st/A expression fol-
lowing nutrient limitation will, in addition to allowing stilbene production, facilitate
optimal nutrient scavenging by Photorhabdus in the nutrient limited batch envi-
ronment of the insect cadaver.

5.2.3 Bioluminescence

Bacterial bioluminescence has been well studied in marine bacteria such as Vibrio
fischeri and Vibrio harveyi where light production has been known for a long time
to be regulated by AHL-based quorum-sensing pathways (Meighen 1991).
However, Photorhabdus, the only known terrestrial bioluminescent bacterium, does
not have any AHL-based regulatory circuits. All bioluminescent bacteria have a lux
operon that contains the 5 genes required for light production, luxCDABE. The luxA
and luxB genes encode the light-producing enzyme luciferase and the [uxC and
luxD genes encode a fatty acid reductase that produces the aldehyde substrate of
luciferase. Light production by Photorhabdus increases significantly during the
post-exponential phase of bacterial growth suggesting that bioluminescence may
have a role during the mutualistic association with the nematode (Schmidt et al.
1989). However, the role and regulation of bioluminescence in Photorhabdus is
unclear. The expression of the lux operon in P. luminescens TTO1 is reduced in the
uvrY mutant. However, the reduction in light production in the uvrY mutant can be
partially rescued by the exogenous addition of AI-2 to the culture medium and this
has been shown to be mediated by the CsrA/csrB regulatory system (Krin et al.
2008). Therefore, there may be a significant post-transcriptional component to the
regulation of light production in Photorhabdus. Interestingly early reports, based on
Northern blotting, suggested that the lux operon was expressed to the same level in
both primary and secondary variants although the level of light production was
greatly reduced in the secondary variant (Wang and Dowds 1991). In addition to
employing systems based on small regulatory RNA molecules, post-transcriptional
regulation can be mediated by the availability of substrate. Acylated urea
metabolites (phurealipids) are produced by Photorhabdus and have been shown to
be antagonists of insect juvenile hormone epoxide hydrolase. Production of
phurealipids is dependent on a carbamoyltransferase encoded by pliA and disrup-
tion of pliA completely blocks the production of phurealipids (Nollmann et al.
2015). The substrate for PliA is a fatty acid-derived aldehyde and in independent
(and unpublished) experiments mutations in pliA were also shown to result in
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hyper-bioluminescence (Lea Lango-Schooley and David J. Clarke, unpublished
data). Therefore, it is possible that bioluminescence may be controlled, at least in
part, by limiting the availability of the fatty acid-derived aldehydes required by the
light-producing enzyme, luciferase.

6 Conclusions

P. luminescens TTO1 employs a complex regulatory network to control secondary
metabolism during a life cycle that involves significant functional heterogeneity
through phenotypic and phase variation and contrasting interactions with different
invertebrate hosts. The topology of this network is such that global and
pathway-specific regulators interact with primary metabolism to temporally regulate
secondary metabolism, including bioluminescence and the production of small
bioactive metabolites (see Fig. 4). The secondary metabolites produced during the
post-exponential phase of Photorhabus growth have been linked with a role in the
mutualistic association with the nematode. Nutrient limitation (through the pro-
duction of the alarmone (p)ppGpp) has been shown to be a major environmental
factor that controls secondary metabolism in Photorhabdus. The production of
(p)ppGpp is an internal signal that coordinates the transduction of nutrient limita-
tion into a global regulatory response that, directly or indirectly and through the
activities of a number of regulators, initiates the transition from pathogenicity to
mutualism. Further unravelling of the topology of these regulatory pathways
remains an important ambition for a better understanding of the tripartite interaction
between Photorhabdus, the insect and the nematode.

Primary metabolism

. Global Regulators | 0 Pathway-Specific Regulators

Secondary metabolism

Fig. 4 Regulatory network controlling secondary metabolism in P. luminescens TTO1
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Quorum Sensing and LuxR Solos
in Photorhabdus

Sophie Brameyer and Ralf Heermann

Abstract Bacterial communication via small diffusible molecules to mediate
group-coordinated behaviour is commonly referred to as ‘quorum sensing’. The
prototypical quorum sensing system of Gram-negative bacteria consists of a
LuxI-type autoinducer synthase that produces acyl-homoserine lactones (AHLs) as
signals and a LuxR-type receptor that detects the AHLs to control expression of
specific genes. However, many bacteria possess LuxR homologs but lack a cognate
LuxI-type AHL-synthase. Those LuxR-type receptors are designated as ‘LuxR
orphans’ or ‘solos’. Entomopathogenic bacteria of the genus Photorhabdus all
harbour a large number of LuxR solos, more than any other bacteria examined so
far. Two novel quorum sensing systems were found to regulate cell clumping in
Photorhabdus and therefore affect pathogenicity. In Photorhabdus luminescens and
Photorhabdus temperata the LuxR solo PluR senses o-pyrones named ‘photopy-
rones’ instead of AHLs, which are produced by the pyrone synthase PpyS. In
contrast, Photorhabdus asymbiotica, a closely related insect and human pathogen,
has the PluR homolog PauR, which senses dialkylresorcinols produced by the
DarABC pathway to regulate pathogenicity. All three Photorhabdus species har-
bour at least one LuxR solo with an intact AHL-binding motif, which might also
allow sensing of exogenous AHLs. However, the majority of the LuxR solos in all
Photorhabdus species have a PAS4 signal-binding domain. These receptors are
assumed to detect eukaryotic compounds and are proposed to be involved in host
sensing. Overall, because of the large number of LuxR solos they encode, bacteria
of the genus Photorhabdus are ideal candidates to study and to identify novel
bacterial communication networks.
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1 Quorum Sensing in Gram-Negative Bacteria

Bacteria occupy complex environments in nature and often live in close association
with other organisms. In order to survive in complex mixed communities, bacteria
constantly need to monitor and communicate with their surroundings and to adapt
their behaviour accordingly. To process external information and to generate an
intracellular response, bacteria have developed several systems, which act either at
single cell level, like chemotaxis or two-component systems, or at the population
level, like quorum-sensing systems. Regulation of bacterial behaviour in a popu-
lation density-dependent manner via the use of small signalling molecules is
referred to as ‘quorum sensing’ (QS) (Nealson and Hastings 1979). QS pathways
are widespread among microorganisms and several processes are regulated via QS
systems in bacteria, such as bioluminescence, antibiotic production, virulence,
biofilm formation, motility, and sporulation (Waters and Bassler 2005). The major
signalling molecules used for QS can be classified into two different groups among
Gram-negative and Gram-positive bacteria. Typically, Gram-negative bacteria use
small diffusible molecules, the acyl-homoserine lactones or ‘AHLs’ derived from
fatty acids, whereas Gram-positive bacteria use peptide derivatives for
QS-dependent communication. However, one exception is the Gram-positive bac-
terium Exiguobacterium sp. isolated from marine water, which was found to use
AHLs for quorum sensing (Biswa and Doble 2013). As Photorhabdus species are
Gram-negative, here we focus on quorum sensing and LuxR-type receptors in
Gram-negative bacteria.

The prototypical quorum sensing system of Gram-negative bacteria consists of a
LuxI-like autoinducer synthase that produces AHLs as signals and a LuxR-type
receptor that detects the AHLs to control expression of specific genes (Waters and
Bassler 2005). AHLs are constantly synthesised by LuxI at a low basal level and
sensed by the cognate LuxR-like receptor when they exceed a certain threshold
concentration. Upon AHL-binding, LuxR binds to the promoter/operator regions of
the target genes/operons adapting expression of several genes in response to the cell
count (Fig. 1). Thus, bacteria respond to AHLs and adapt bacterial group-behaviour
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by regulation of gene expression when bacterial cell density reaches a certain level
or ‘quorum’. LuxI/LuxR-based quorum sensing systems have been intensively
studied. The first system was discovered in Vibrio fischeri demonstrating that AHLs
are used to regulate light production dependent on cell density (Nasser and
Reverchon 2006). Furthermore, LuxR-based cell-cell communication is medically
relevant as many pathogenic bacteria use these quorum-sensing systems for
effective infection (Rutherford and Bassler 2012). Traditionally, it was thought that
each LuxR-type receptor requires a cognate LuxI-like homolog producing the
AHL-signalling molecule. However, many proteobacterial genomes encode LuxR
homologs lacking a cognate LuxI synthase. These LuxR homologs are designated
as LuxR ‘orphans’ (Patankar and Gonzalez 2009) or LuxR ‘solos’ (Subramoni and
Venturi 2009). They can exist in AHL-producing bacteria besides an entire
LuxI/LuxR system or in bacteria that do not produce any AHLs (Fig. 1).

In general, a LuxR-type receptor is composed of two functional domains, a
N-terminal signal-binding domain (SBD) and a C-terminal DNA-binding domain
(DBD) (Nasser and Reverchon 2006). The DBD contains the conserved “HTH
LUXR” helix-turn-helix motif, which is typical for LuxR-type proteins.
Furthermore, LuxR-type regulators are usually transcriptional activators. The
N-terminal SBD is important for signal binding, binding specificity, and shaping of

(a) Cell-Cell communication
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Fig. 1 Quorum sensing and LuxR solos in Gram-negative bacteria. The prototypical quorum
sensing system in Gram-negative bacteria is the LuxI/LuxR system, which uses acyl-homoserine
lactones (AHLs) for signalling that are produced by LuxI and sensed by the cognate LuxR-type
receptor. However, many proteobacteria contain LuxR-type receptors that are not paired with a
LuxI-type AHL-synthase. Those so called LuxR orphans or solos occur in AHL-producing (a) or
AHL non-producing bacteria (b). The LuxR-type receptors are drawn in blue. R = H/H, H/OH, O
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the ligand-binding pocket. Additionally, LuxR-type receptors share a low protein
sequence identity (18-25 %). However, nine amino acids are highly conserved
within this protein family. The DBD contains three conserved amino acids (E178,
L182 and G188, with respect to the LuxR-type receptor TraR of Agrobacterium
tumefaciens), which are important for DNA-binding. The SBD harbours six con-
served amino acids (W57, Y61, D70, P71, W85 and G113, with respect to TraR)
that are important for AHL-binding (Fuqua et al. 1996; Patankar and Gonzélez
2009).

Besides the LuxR-type receptor, the LuxI-type synthase is part of a classical QS
system, which synthesises the signalling molecule. LuxI-type synthases are able to
synthesise distinct AHLs depending on the precursors, hence the lengths of the acyl
moieties of the AHLs can vary between 4 and 18 C-atoms. The third C-atom in the
acyl chain can be either a carbonyl group, a hydroxy group or a methylene moiety
(Whitehead et al. 2001). These structural differences among the AHLs play a crucial
role for signalling specificity of QS LuxR-type receptors in different bacterial
species (Kim et al. 2014). Moreover, the signalling molecule is termed autoinducer
if transcription of lux/ is positively regulated via the cognate LuxR-type regulator
since this process further boosts AHL synthesis and therefore QS response (Fuqua
and Winans 1994). The basic chemical structure of each AHL is identical, but the
different AHLs side chains make up certain specificity for the cognate LuxR-type
receptor. For that reason, AHLs have been supposed to be one chemical bacterial
language, whereas the various derivatives can be treated as different bacterial ‘di-
alects’ (Brameyer et al. 2015a).

Furthermore, QS regulatory systems can be more complex as several distinct QS
circuits can be present in one bacterium that are inter-connected to each other. For
example, Pseudomonas aeruginosa harbours three QS systems, the two systems
LasI/LasR and RhlI/RhIR respond to AHLs and the third system is dependent on
the Pseudomonas quinolone signal (PQS) sensed by PgsR and primary synthesised
by the pgsABCD gene products (Gallagher et al. 2002). Deletion of genes encoding
the QS system components reduced P. aeruginosa virulence in mice. Moreover,
this QS regulatory network controls the expression of different virulence determi-
nants in a hierarchical manner (Martinez 2014; Lee and Zhang 2015). Assuming
that a single QS system is sufficient to perceive cell density, a complex QS circuit
additionally allows social exploitation and kin recognition (Even-Tov et al. 2016).

2 LuxR Solos

Many proteobacteria posses LuxR ‘solos’ (Subramoni and Venturi 2009), meaning
LuxR-type receptors that are not paired with a cognate LuxI synthase. LuxR solos
are supposed to respond to different signals, like exogenous or endogenous AHLs,
non-AHLs or eukaryotic signals, and thereby expand the signalling network and
influence different cellular processes (Subramoni and Venturi 2009). LuxR-type
proteins are mainly restricted to proteobacteria, however recently also few
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non-proteobacterial sequenced genomes were also found to carry genes that encode
LuxR-type proteins. The majority of bacteria contain one or more LuxR solos,
either with or without a classical entire QS system (Subramoni et al. 2015).
Moreover, only about 26 % of the 265 proteobacterial genomes analysed yet
contain genes encoding a complete classical QS circuit (Case et al. 2008). It is
therefore obvious that the majority of bacteria use additional and different, yet
unexplored, QS systems.

In AHL-producing bacteria, LuxR solos can sense endogenous or exogenous
AHLs, and therefore extend the QS regulon to additional target genes. Furthermore,
they can respond with different affinities towards specific AHLs and also recognise
ligands produced by the surrounding bacterial community. Well-characterised
LuxR solos in AHL-producing bacteria are BisR of Rhizobium leguminosarum bv.
viciae, ExpR of Sinorhizobium meliloti and QscR of P. aeruginosa, which are
functional integrated in a resident AHL-mediated QS system (Subramoni and
Venturi 2009).

In AHL non-producing bacteria LuxR solos are able to bind exogenous sig-
nalling molecules, either AHLs or even other signals produced by eukaryotes, like
hormones. These LuxR solos enable bacteria to ‘listen’ to their bacterial neighbours
and benefit from this information to adapt their behaviour according to their
environment (Subramoni and Venturi 2009; Hudaiberdiev et al. 2015). In
plant-associated bacteria, a new subfamily of LuxR solos was recently described to
respond to low molecular weight plant compounds. These LuxR solos are present in
beneficial and pathogenic plant-associated bacteria, including members of xan-
thomonads, rhizobia, agrobacteria and pseudomonads, and are important for plant—
bacteria interactions (Gonzalez and Venturi 2013).

All three Photorhabdus species, Photorhabdus luminescens, Photorhabdus
temperata and Photorhabdus asymbiotica, contain an unusually high number of
genes that encode potential LuxR solos and are therefore assumed to have a huge
capacity for cell-cell and/or inter-kingdom communication (Heermann and Fuchs
2008; Wilkinson et al. 2009). Photorhabdus-specific LuxR solos share the con-
served C-terminal HTH LuxR motif of LuxR-type regulators and are classified
based on their distinct N-terminal SBD (Fig. 2). In summary, the presence of the
very high number of LuxR solos in all three Photorhabdus species probably enable
the bacteria to sense diverse signals during their life cycle, and the overall number
might reflect the diversity of invertebrate or vertebrate hosts they can infect
(Brameyer et al. 2014).

2.1 AHL-LuxR Solos

LuxR solos are not necessarily involved in QS processes and may alternatively
collect information about the surrounding area (Subramoni and Venturi 2009). The
LuxR-type receptor SdiA (Suppressor of cell division inhibitor A) is one prominent
example of a LuxR solo that exists in bacteria that do not have a lux/ gene and
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Fig. 2 Domain structure of the several LuxR solos in P. luminescens, P. asymbiotica and
P. temperata. The three types of different LuxR solos and their homologues in P. luminescens
TTO1, P. temperata NC19 and P. asymbiotica ATCC43949 are shown. The “HTH LUXR” motif
(SMARTO00421) is indicated by a sphere, the “Autoind_bind”’-domain (PFAMO03472) and the
“PAS_4-domain (PFAMO08448) by boxes shaped in different colours. LuxR solos marked with an
asterisk additionally have a predicted N-terminal transmembrane domain (not illustrated).
PAS4-LuxR receptors encoded by homologous gene clusters are marked with similar colours
(orange and green) (Brameyer et al. 2014)

therefore do not produce any AHLs, like Escherichia coli or Salmonella enterica
(Ahmer 2004). SdiA homologs are known to detect ‘exogenous’ AHLs, in other
words those produced by neighbouring bacteria enabling these organisms to sense
and respond to mixed microbial communities (Michael et al. 2001). In S. enterica,
SdiA regulates expression of the rck and the srgE operon in presence of AHLs that
were produced by other bacteria (Ahmer et al. 1998; Michael et al. 2001). Since a
temperature of 37 °C is essential for recognition of AHLs in S. enterica, it is
assumed that SdiA is important for sensing the surrounding bacteria when passing
the mammalian gut (Ahmer 2004). The SdiA-mediated gene expression in E. coli
drastically differs from that in S. enferica, among others in the temperature opti-
mum. SdiA activates expression of the ftsQAZ operon in E. coli, which encodes
essential cell division proteins (Wang et al. 1991). Furthermore, SdiA is involved in
regulating the expression of several genes that are responsible for diverse functions
such as metabolism, motility, virulence, survival and defence mechanisms in the
presence of AHLs (Kim et al. 2014). Therefore, it is assumed that SdiA-mediated
gene expression in E. coli is important when changing hosts, especially when the
bacteria are exposed to nutrient limitation and other stress outside of a mammalian
host (Houdt et al. 2006).
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All three Photorhabdus species contain at least one AHL-LuxR solo that is
homologous to SdiA (Fig. 2). While P. luminescens and P. temperata each have one
SdiA homologue, Plu0320 and Pte2206, respectively, the human pathogen
P. asymbiotica has two SdiA homologues, Pau0252 and Pau0255 (Brameyer et al.
2014). All SdiA homologues in Photorhabdus species have a N-terminal
AHL-domain, which is typical for AHL-sensors. Similar to SdiA, the four LuxR
solos, Plu0320, Pau0252, Pau0255 and Pte2206 are assumed to detect AHLs as well.
Since no luxI gene is present in any of the Photorhabdus genomes, it is most likely
that these LuxR solos respond to exogenously produced AHLs, probably produced
by bacteria of the insect gut, which are then sensed by Photorhabdus species during
the infection process. As the human pathogen P. asymbiotica has two putative
AHL-sensors, it is most likely that AHL-sensing plays an even more important role
for vertebrate than invertebrate infection, putatively by sensing bacteria of the
human skin surface. All Photorhabdus species have a huge potential to degrade
AHLs and therefore to interfere with the QS of other bacteria (Brameyer et al. 2014).
They all have several copies of lactonases and acylases, enzymes that hydrolyse the
lactone ring and cleave the amide bond of AHLs, respectively. The expression of
these different AHL-lactonases and/or AHL-acylases encoding genes could be
activated via the respective SdiA homologues in P. luminescens, P. temperata, and
P. asymbiotica, respectively, after sensing external AHLs. Overall, the defence of
the dead insect host, which is exposed to competitors in the soil, is crucial for the
survival of both Photorhabdus bacteria as well as their nematode symbionts and
vectors. Thus, ‘muzzling’ the ambient mixed microbial community of the host and
its communication might be an important step for a successful infection process and
reproduction. It may also protect the dead insect cadaver from invading saprophytic
bacteria as well. It has been proposed that the presence of a second SdiA-homologue
in P. asymbiotica might be an important step for the successful infection of humans
by the otherwise insect pathogen (Brameyer et al. 2014).

2.2 PluR/PauR-LuxR Solos

The three LuxR solos PluR (Plu4562) of P. luminescens, PauR (Paud4062) of
P. asymbiotica, and PluR (Pte1335) of P. temperata have been previously predicted
to be AHL-LuxR solos. However, these LuxR homologs do not sense AHLs, but
instead sense photopyrones (PPYs) or dialkylresorcinols (DARs), respectively
(Brachmann et al. 2013; Brameyer et al. 2015b). This altered ligand specificity is
caused by a modified conserved amino acid motif within the SBD in PIuR and
PauR (Fig. 3b), which is intact in the SdiA homologues (Figs. 2 and 3a). This
altered motif within PIuR and PauR is essential for sensing the cognate signalling
molecule (Brameyer and Heermann 2015). Amino acid Y61 of AHL-sensing
LuxR-type receptors is also conserved in the PluR/PauR motif. This amino acid is
known to be involved in binding of the acyl chain of the signalling molecule via
hydrophobic interactions, for example in TraR (Churchill and Chen 2011) or LuxR
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Fig. 3 Conserved amino acid motifs within the signal-binding domain of LuxR-type receptors
and their corresponding signalling molecules. a Motif of the six conserved amino acid positions in
AHL-sensors. Protein sequences of LuxR from V. fischeri, TraR from A. tumefaciens, SdiA from
Escherichia coli, QscR and LasR from Pseudomonas aeruginosa were used to generate the
alignment. b Motif of the six conserved amino acids positions of PluR (Plu4562) from
P. luminescens, PluR (Ptel1335) from P. temperata and PauR (Pau4062) from P. asymbiotica
(Brameyer and Heermann 2015). PIuR from P. luminescens and P. temperata sense photopyrones
(PPYs) as signalling molecule and PauR senses dialkylresorcinols (DARs) (Brachmann et al.
2013; Brameyer et al. 2015b). ¢ Motif of the six conserved amino acid positions of the overall 80
PAS4-LuxR solos in all three Photorhabdus species, whereas the corresponding signal molecules
are yet unknown, but are possibly eukaryotic hormones (Brameyer and Heermann 2015). d Motif
of the six conserved amino acids positions of LuxR solos from a subset of plant-associated bacteria
possibly sensing low molecular weight plant compounds (Patel et al. 2013)

(Nasser and Reverchon 2006), and is also proposed to be involved in pyrone and
dialkylresorcinol binding of PIuR and PauR, respectively (Brachmann et al. 2013;
Brameyer et al. 2015b). Furthermore, amino acid D70 of AHL-sensors like TraR is
known to be important for binding the amide group of N-3-oxooctanoyl-L-homo-
serine lactone (Churchill and Chen 2011). Likewise, D75 (D70 with respect to
TraR) of PluR and PauR is deduced to form a hydrogen bond to the hydroxy group
attached to the pyrone and the DAR-hydroxy group, respectively (Brachmann et al.
2013; Brameyer et al. 2015b). Therefore, substitution of the conserved amino acid
D75 of each PluR and PauR highly decreased recognition of the cognate signalling
molecule. Certainly in PluR and PauR, the size and charge of amino acid at position
D75 mediates correct signalling molecule binding since substitution against glu-
tamic acid impaired conformation and substitution against asparagine affects
binding of PPYD or DAR, respectively. The LuxR solos PluR and PauR are part of
novel types of quorum-sensing systems (Brachmann et al. 2013; Brameyer et al.
2015b), which are described below in more detail.
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2.3 PAS4-LuxR Solos

The majority of the LuxR solos in Photorhabdus contain a N-terminal PAS4
signal-binding domain (Fig. 2). Commonly, PAS (Per-ARNT-Sim) domains are
ubiquitous, they are present in archaea, eubacteria and eukarya and are involved in
binding of a diverse set of small regulatory molecules either covalent or
non-covalent (Hefti et al. 2004). In the fruit fly Drosophila melangonaster PAS3
domains have been proven as insect juvenile hormone (JH) receptors (Dubrovsky
2005). The homologous PAS4 domains in Photorhabdus are assumed to bind
hormone-like molecules and are therefore supposed to be major players in
inter-kingdom signalling via the detection of hormone-specific signals from the
eukaryotic hosts (Heermann and Fuchs 2008). However, LuxR solos with PAS4
domains of Photorhabdus species are assumed to be adapted to signals from the
invertebrate hosts (insects and nematodes) or in case of P. asymbiotica additionally
to vertebrate hosts, especially humans (Brameyer et al. 2014; Wilkinson et al.
2009). The majority of the genes encoding the PAS4-LuxR solos in Photorhabdus
species are organised in the large gene clusters plu0918-0925, plu2001-2016,
pau2572-2577, pau3032-3036, pte0803-0811, ptel778-1782 and pte3574-3581.
The function of this redundancy of PAS4-LuxR solos is still unclear. However, they
might respond to a diverse set of eukaryotic signals displaying the wide range of
insect hosts they can infect to specifically adapt toxin production and therefore
pathogenicity. For that reason, the high redundancy of PAS4-LuxR solos might be a
co-evolutional result by adaptation of the bacteria to a broad diversity of insect
hosts. This idea is underlined by the fact that several LuxR solos from
plant-associated bacteria are known to respond to plant signalling molecules and are
therefore assumed to have undergone a co-evolution with the related host plant
(Covaceuszach et al. 2013; Gonzalez and Venturi 2013). Photorhabdus-specific
LuxR solos with a N-terminal PAS4-domain show diverse variations in the
WYDPWG-motif of AHL-sensing LuxR-type regulators, possibly reflecting a
higher variety of signals they might sense (Fig. 3c). However, the precise signals
that are sensed by PAS4-LuxR solos are yet unknown. The huge diversity of the
SBD motifs in PAS4-LuxR solos of Photorhabdus and the variations in the con-
served amino acid motifs probably gives the bacteria the capacity to respond to a
broad range of signals that occur in the different environments. High variability
within the WYDPWG-motif in the SBD also occurs in LuxR solos of
plant-associated bacteria, which would allow the perception of a broad range of low
molecular weight plant compounds rather than AHLs (Fig. 3d). Remarkably, the
highly conserved amino acid Y61 of AHL-sensing LuxR-type regulators (with
respect to TraR) is present in 97 % of the LuxR solos of Photorhabdus species
(Brameyer et al. 2014), whereas it is altered in the majority of the LuxR solos from
plant-associated bacteria (Fig. 3). This lends support to the idea that different
classes of signals can be detected which are specific to either invertebrates or plants.



112 S. Brameyer and R. Heermann

3 Quorum Sensing in Photorhabdus

Photorhabdus bacteria have the capacity to switch readily between different hosts,
for example they can colonise either different insects or (in the case of
P. asymbiotica) humans following their release from their vector Heterorhabditis
nematodes. Therefore, Photorhabdus bacteria constantly need to monitor the local
environment and their current host (nematode, insect or man) to appropriately
regulate gene expression. Moreover, the behaviour of the whole population needs to
be adapted and communicated to be either symbiotic (with its nematode vector) or
pathogenic (to either insects or men). Since Photorhabdus species do not harbour a
LuxI synthase homologue and are therefore unable to produce AHLs, cell-cell
communication must be mediated via different signalling molecules. Recently, two
LuxR solos sensing non-AHL signalling molecules were described that are used for
QS-mediated communication in Photorhabdus species both contributing to
pathogenicity. One is the LuxR solo PluR from P. luminescens and P. temperata
and the other the LuxR solo PauR from P. asymbiotica (Brachmann et al. 2013;
Brameyer et al. 2015b). These LuxR solos are not paired with a LuxI synthase.
Notably, P. Iluminescens harbours a LuxS-synthase homolog and has been
shown to produce autoinducer-2 (AI-2), which is a furanosyl-borate diesther
molecule (Schauder et al. 2001), and acts as a QS molecule as well (Joyce et al.
2011). However, this compound has also been suggested to act as a universal QS
signalling molecule in all bacteria (Winzer et al. 2002). LuxS has been demon-
strated to influence the carbapenem antibiotic synthesis in P. luminescens (Derzelle
et al. 2002; Coulthurst et al. 2005). Overall, more than 300 genes have been
identified to be under control of LuxS. These genes are involved in metabolism,
regulation and general stress response, as well as in pathogenicity. A deletion of
luxS in P. luminescens resulted in reduced biofilm formation and reduced
pathogenicity against insects (Krin et al. 2006) However, the detailed molecular
mechanisms of LuxS-mediated signalling in P. luminescens are still unclear.

3.1 The PpyS/PluR Quorum-Sensing System
of P. luminescens and P. temperata

The LuxR solo PluR was formerly annotated to contain a putative AHL-binding
domain in the N-terminal signal-binding domain (SBD). However, it has been
found that this regulator does not recognise AHLSs signalling molecules but
a-pyrones named ‘photopyrones’ (PPYs) (Brachmann et al. 2013). The ketosyn-
thase enzyme PpyS is necessary and sufficient for the synthesis of eight different
PPYs, depending on the precursors from the fatty acid metabolism. A two-chain
biosynthesis step has been described for the synthesis of photopyrones where
thioester-activated 9-methyldecanoic acid is first covalently bound to an active site
cysteine, and then deprotonated (Kresovic et al. 2015). This results in the formation
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of a nucleophile, which subsequently attacks the carbonyl carbon of a
5-methyl-3-oxohexanoyl thioester that is formed by the BkdABC pathway
(Brachmann et al. 2012) to form a new carbon—carbon (C-C) bond. After an
additional deprotonation of the bound intermediate the o-pyrone ring is formed and
the respective PPY is released from PpyS (Kresovic et al. 2015). Due to the vari-
ability of the first substrate regarding chain length and starting unit, different PPY's
are produced. PPYs are produced in standard complex laboratory media, as well as
in insect larvae. Furthermore, production of PPYs is dependent on the cell density
of a Photorhabdus population. Eight o-pyrones (PPYA-PPYH) were isolated from
P. temeperata spp. thracensis, whereas only three (PPYA, PPYB and PPYD) are
produced by P. luminescens. These three PPYs are all sensed with altered speci-
ficity. PluR most specifically senses PPYD with the highest sensitivity in a con-
centration as low as 3.5 nM, but is also able to sense the other PPYs but only at
higher concentrations. It has been proposed that, similar to AHLs, PPY-sensing can
be seen as a novel kind of bacterial ‘language’, whereas the different PPYs can be
compared to different bacterial ‘dialects’ (Brameyer et al. 2015a).

Upon PPY-binding, PluR activates expression of the adjacent pcfABCDEF
operon. The pcf operon encodes a synthesis pathway for a ‘clumping’ factor named
PCF (Photorhabdus Clumping Factor) as induction of the operon caused intense
cell clumping (Fig. 4a). Insecticidal bioassays using normally harmless E. coli cells
over-expressing pcfABCDEF resulted in high mortality of Greater waxmoth,
Galleria mellonella, larvae. This led to the conclusion that PCF is a virulence factor
that contributes to the high pathogenicity of the bacteria (Brachmann et al. 2013).
The entire QS system comprising PluR, the PluR-target operon pcf, and PpyS was
functionally reconstituted in E. coli confirming the nature of this novel cell-cell
communication circuit. However, deletion of pluR in P. luminescens did not result
in decreased pathogenicity of the bacteria against insects (Brachmann et al. 2013),
but in a decreased symbiotic association with entomopathogenic Heterorhabditis
nematodes, revealing that cell clumping and therefore QS must also be important
for symbiosis with the nematodes (our own unpublished data).

The class of a-pyrones is not unique to Photorhabdus, but were correlated to
cell-cell communication for the first time with these bacteria. o-pyrones are
well-known secondary metabolites in species like pseudomonads (Chu et al. 2002;
Kong et al. 2005), fungi (Elbandy et al. 2009) and streptomycetes (Chemler et al.
2012). In streptomycetes pyrones are involved in spore germination (Aoki et al.
2011). Thus, these organisms might use pyrones as signalling molecules beside
their other known functions as well.

3.2 The DarABC/PauR Quorum Sensing System
of P. asymbiotica

The insect and human pathogen P. asymbiotica harbours a pcf regulon including the
LuxR solo PauR that is highly homologous to PluR of P. luminescens. However,
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Fig. 4 Quorum sensing systems in Photorhabdus species. a In P. luminescens and P. temperata
QS to control cell clumping is mediated via photopyrones (PPYs) as signalling molecules, which
are produced by the photopyrone synthase PpyS and sensed by the LuxR solo PluR (Brachmann
et al. 2013). b P. asymbiotica uses dialkylresorcinols (DARs) as signalling molecules to control
cell clumping, which are synthesised by the DarA/DarB/DarC pathway and sensed by the LuxR
solo PauR (Brameyer et al. 2015). The LuxR solos PluR and PauR are both drawn in blue. R = H
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P. asymbiotica contains neither a PpyS nor a LuxI homologue and does therefore
not produce PPYs or AHLs. The signalling molecules sensed by PauR have been
identified to belong to the class of dialkylresorcinols (DARs). Upon binding of
2,5-dialkylresorcinol (DAR) to PauR, cell clumping is induced due to expression of
the pcf operon (Fig. 3b) (Brameyer et al. 2015b). DARs and its biochemical pre-
cursors cyclohexanediones (CHDs) are synthesised by enzymes encoded by the
darABC operon. However, P. asymbiotica produces a specific subset of DARs and
CHDs depending on the precursors derived from two fatty acids (Fuchs et al. 2013).
PauR most specifically recognises DAR at concentrations as low as 5 nM
(Brameyer et al. 2015b). Plenty of bacteria possess DarABC homologs, several of
them being pathogenic to animals, plants or humans, like various Neisseria strains
for example (Fuchs et al. 2013). Therefore, the presence of the darABC operon and
the respective metabolites might be linked to virulence. DAR derivatives have also
been described as antibiotics (Joyce et al. 2008), cytotoxins (Kronenwerth et al.
2014), free radical scavengers (Kato et al. 1993), and growth-stimulating factors
(Imai et al. 1993). Furthermore, DARs produced by Pseudomonas sp. can have
antimicrobial properties (Pohanka et al. 2006). Therefore, it might be possible that
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DAR-dependent regulation of virulence in general might be more important for
colonisation of vertebrates than for invertebrates. It has been suggested that DARs
might also be used as QS molecules in many more bacteria, even when they
co-occur with LuxR solos. Similar to the PCF of P. luminescens, heterologous
expression of the P. asymbiotica pcf operon in E. coli also lead to insect
pathogenicity and clumping of normally non-pathogenic E. coli cells. In contrast to
pluR in P. luminescens, deletion of pauR in P. asymbiotica resulted in highly
decreased pathogenicity towards G. mellonella insect larvae (Brameyer et al.
2015Db). For that reason, DAR-mediated QS systems might be a useful and specific
target for novel antimicrobials in human pathogenic bacteria.

4 Outlook and Future Perspectives

In the past 10 years several signalling molecules beside AHLs have been implicated
in QS-regulated processes, like aryl-HSLs from Bradyrhizobium and
Rhodopseudomonas (Schaefer et al. 2008), photopyrones from P. luminescens and
P. temperata (Brachmann et al. 2013) and dialkylresorcinols from P. asymbiotica
(Brameyer et al. 2015b). Besides different AHLs, P. aeruginosa also uses
2-heptyl-3-hydroxy-4-quinolone  (PQS) and the newly identified 2-
(2-hydroxyphenyl)-thiazole-4-carbaldehyde (IQS) as languages (Lee et al. 2013).
Hence, signalling molecules that are not AHLs appear to play an important role in
bacterial communication circuits that have been identified so far, and probably
many more await discovery. Moreover, LuxR solos emerge to be more and more
important players in cell-cell communication or inter-kingdom signalling as they
offer possibilities to use alternative communication molecules to AHLs (Venturi
and Ahmer 2015). All three Photorhabdus species have an extraordinary high
number of LuxR solos, which makes them to optimal model organisms for studying
the function of LuxR solos in bacteria. Photorhabdus-specific LuxR solos contain
different SBDs, which include diverse amino acid motifs at conserved positions
compared to AHL-sensing LuxR-type regulators. The diversity of these motifs
gives rise to the speculation that signal-binding of all these LuxR solos goes far
beyond AHL-signalling as it has been demonstrated for PluR and PauR
(Brachmann et al. 2013; Brameyer and Heermann 2015; Brameyer et al. 2015b).
Thereby, regulation via LuxR solos is probably important at different steps in the
Photorhabdus life and infection cycle (Fig. 5). One can only guess the variety of
signals perceived by all these LuxR solos and their function in cell-cell commu-
nication and inter-kingdom signalling. It will be the goal of future research to
unravel the various signalling molecules and correlate them to the specific LuxR
solos or amino acid motifs in the signal-binding domain of these proteins. The
presence of all those different types of LuxR solos gains first insight into the
complexity of the communication network between bacteria among each other and
with their hosts. Since most of the LuxR solos that have been investigated so far are
involved in regulation of pathogenicity, the homologous receptors or the related
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Fig. 5 Overview of the possible role of LuxR solos during life and infection cycle of
Photorhabdus species. The bacteria colonise the upper gut of heterorhabditis nematodes that
invade insect larvae. After release into the insect’s hemolymph the bacteria produce several toxins
that rapidly kill the prey. After death of the insect host, the bacteria degrade the cadaver and
additionally support nematode development. When the cadaver is depleted from nutrients, bacteria
and nematode re-associate and leave the carcass in search for a new victim. P. asymbiotica can
additionally infect humans by inducing systemic and soft tissue infections (right panel). The red
(pathogenic) or blue (symbiotic) tags indicate the points within the life cycle where the bacteria
switch hosts. Putative involvement of the different LuxR solos (same colour code as in Fig. 2) at
steps of the infection process or host sensing is indicated at the respective position of the life cycle
(see text for details). The figure is modified after Brameyer et al. (2014)

signalling molecules in human pathogens are promising specific drug targets of
novel antimicrobials.

Acknowledgments This work was supported by the Deutsche Forschungsgemeinschaft under
grant number HE 5247/4-2. We thank Dr. Helge B. Bode and his group for the excellent research
cooperation and Dr. Frank Landgraf for critical reading of the manuscript.

References

Ahmer BMM (2004) Cell-to-cell signalling in Escherichia coli and Salmonella enterica. Mol
Microbiol 52:933-945. doi:10.1111/).1365-2958.2004.04054.x

Ahmer BMM, van Reewuk J, Timmers CD et al (1998) Salmonella typhimurium encodes an SdiA
homolog, a putative quorum sensor of the LuxR family, that regulates genes on the virulence
plasmid. J Bacteriol 1-9


http://dx.doi.org/10.1111/j.1365-2958.2004.04054.x

Quorum Sensing and LuxR Solos in Photorhabdus 117

Aoki Y, Matsumoto D, Kawaide H, Natsume M (2011) Physiological role of germicidins in spore
germination and hyphal elongation in Streptomyces coelicolor A3(2). J Antibiot 64:607-611.
doi:10.1038/j2.2011.59

Biswa P, Doble M (2013) Production of acylated homoserine lactone by gram-positive bacteria
isolated from marine water. FEMS Microbiol Lett 343:34—41. doi:10.1111/1574-6968.12123

Brachmann AO, Reimer D, Lorenzen W et al (2012) Reciprocal cross talk between fatty acid and
antibiotic biosynthesis in a nematode symbiont. Angew Chem Int Ed Engl 51:12086-12089.
doi:10.1002/anie.201205384

Brachmann AO, Brameyer S, Kresovic D et al (2013) Pyrones as bacterial signaling molecules.
Nat Chem Biol 9:573-578. doi:10.1038/nchembio.1295

Brameyer S, Heermann R (2015) Specificity of signal-binding via non-AHL LuxR-type receptors.
PLoS ONE 10:e0124093. doi:10.1371/journal.pone.0124093

Brameyer S, Kresovic D, Bode HB, Heermann R (2014) LuxR solos in Photorhabdus species.
Front Cell Infect Microbiol 4:166. doi:10.3389/fcimb.2014.00166

Brameyer S, Bode HB, Heermann R (2015a) Languages and dialects: bacterial communication
beyond homoserine lactones. Trends Microbiol 23:521-523. doi:10.1016/j.tim.2015.07.002

Brameyer S, Kresovic D, Bode HB, Heermann R (2015b) Dialkylresorcinols as bacterial signaling
molecules. Proc Natl Acad Sci U S A 112:572-577. doi:10.1073/pnas.1417685112

Case RJ, Labbate M, Kjelleberg S (2008) AHL-driven quorum-sensing circuits: their frequency
and function among the Proteobacteria. ISME J 2:345-349. doi:10.1038/ismej.2008.13

Chemler JA, Buchholz TJ, Geders TW et al (2012) Biochemical and structural characterization of
germicidin synthase: analysis of a type III polyketide synthase that employs acyl-ACP as a
starter unit donor. J Am Chem Soc 134:7359-7366. doi:10.1021/ja2112228

Chu M, Mierzwa R, Xu L et al (2002) Structure of Sch 419560, a novel alpha-pyrone antibiotic
produced by Pseudomonas fluorescens. J Antibiot 55:215-218

Churchill MEA, Chen L (2011) Structural basis of acyl-homoserine lactone-dependent signaling.
Chem Rev 111:68-85. doi:10.1021/cr1000817

Coulthurst SJ, Barnard AML, Salmond GPC (2005) Regulation and biosynthesis of carbapenem
antibiotics in bacteria. Nat Rev Microbiol 3:295-306. doi:10.1038/nrmicro1128

Covaceuszach S, Degrassi G, Venturi V, Lamba D (2013) Structural insights into a novel
interkingdom signaling circuit by cartography of the ligand-binding sites of the homologous
quorum sensing LuxR-family. IJMS 14:20578-20596. doi:10.3390/ijms141020578

Derzelle S, Duchaud E, Kunst F et al (2002) Identification, characterization, and regulation of a
cluster of genes involved in carbapenem biosynthesis in Photorhabdus luminescens. Appl
Environ Microbiol 68:3780-3789. doi:10.1128/AEM.68.8.3780-3789.2002

Dubrovsky EB (2005) Hormonal cross talk in insect development. Trends Endocrinol Metab 16:6—
11. doi:10.1016/j.tem.2004.11.003

Elbandy M, Shinde PB, Hong J et al (2009) Alpha-pyrones and yellow pigments from the
sponge-derived fungus Paecilomyces lilacinus. Bull Kor Chem Soc 30:188-192

Even-Tov E, Bendori SO, Valastyan J, et al (2016) Social Evolution Selects for Redundancy in
Bacterial Quorum Sensing. PLoS Biol 14:e1002386. doi:10.1371/journal.pbio.1002386

Fuchs SW, Bozhilyiik KAJ, Kresovic D et al (2013) Formation of 1,3-cyclohexanediones and
resorcinols catalyzed by a widely occuring ketosynthase. Angew Chem Int Ed 52:4108—4112.
doi:10.1002/anie.201210116

Fuqua WC, Winans SC (1994) A LuxR-LuxI type regulatory system activates Agrobacterium Ti
plasmid conjugal transfer in the presence of a plant tumor metabolite. J Bacteriol 176:2796—
2806

Fuqua C, Winans SC, Greenberg EP (1996) Census and consensus in bacterial ecosystems: the
LuxR-LuxI family of quorum-sensing transcriptional regulators. Annu Rev Microbiol 50:727-
751. doi:10.1146/annurev.micro.50.1.727

Gallagher LA, McKnight SL, Kuznetsova MS et al (2002) Functions required for extracellular
quinolone signaling by Pseudomonas aeruginosa. J Bacteriol 184:6472—-6480. doi:10.1128/JB.
184.23.6472-6480.2002


http://dx.doi.org/10.1038/ja.2011.59
http://dx.doi.org/10.1111/1574-6968.12123
http://dx.doi.org/10.1002/anie.201205384
http://dx.doi.org/10.1038/nchembio.1295
http://dx.doi.org/10.1371/journal.pone.0124093
http://dx.doi.org/10.3389/fcimb.2014.00166
http://dx.doi.org/10.1016/j.tim.2015.07.002
http://dx.doi.org/10.1073/pnas.1417685112
http://dx.doi.org/10.1038/ismej.2008.13
http://dx.doi.org/10.1021/ja2112228
http://dx.doi.org/10.1021/cr1000817
http://dx.doi.org/10.1038/nrmicro1128
http://dx.doi.org/10.3390/ijms141020578
http://dx.doi.org/10.1128/AEM.68.8.3780-3789.2002
http://dx.doi.org/10.1016/j.tem.2004.11.003
http://dx.doi.org/10.1371/journal.pbio.1002386
http://dx.doi.org/10.1002/anie.201210116
http://dx.doi.org/10.1146/annurev.micro.50.1.727
http://dx.doi.org/10.1128/JB.184.23.6472-6480.2002
http://dx.doi.org/10.1128/JB.184.23.6472-6480.2002

118 S. Brameyer and R. Heermann

Gonzalez JE, Venturi V (2013) A novel widespread interkingdom signaling circuit. Trends Plant
Sci 18:167-174. doi:10.1016/j.tplants.2012.09.007

Heermann R, Fuchs TM (2008) Comparative analysis of the Photorhabdus luminescens and the
Yersinia enterocolitica genomes: uncovering candidate genes involved in insect pathogenicity.
BMC Genomics 9:40. doi:10.1186/1471-2164-9-40

Hefti MH, Frangoijs K-J, de Vries SC, et al (2004) The PAS fold. A redefinition of the PAS
domain based upon structural prediction. Eur J Biochem 271:1198-1208

Houdt R, Aertsen A, Moons P et al (2006) N-acyl-L-homoserine lactone signal interception by
Escherichia coli. FEMS Microbiol Lett 256:83-89. doi:10.1111/j.1574-6968.2006.00103.x

Hudaiberdiev S, Choudhary KS, Vera Alvarez R et al (2015) Census of solo LuxR genes in
prokaryotic genomes. Front Cell Infect Microbiol 5:20. doi:10.3389/fcimb.2015.00020

Imai S, Fujioka K, Furihata K et al (1993) Studies on cell growth stimulating substances of low
molecular weight. Part 3. Resorcinin, a mammalian cell growth stimulating substance produced
by Cytophaga johnsonae. J Antibiot 46:1319-1322

Joyce SA, Brachmann AO, Glazer I et al (2008) Bacterial biosynthesis of a multipotent stilbene.
Angew Chem Int Ed Engl 47:1942-1945. doi:10.1002/anie.200705148

Joyce SA, Lango L, Clarke DJ (2011) The regulation of secondary metabolism and mutualism in
the insect pathogenic bacterium Photorhabdus luminescens. In: Laskin Allen, Gadd Geoffrey,
Sariaslani Sima (eds) Advances in applied microbiology, vol 76. Academic Press, Burlington,
pp 1-25

Kato S, Shindo K, Kawai H et al (1993) Studies on free radical scavenging substances from
microorganisms. III. Isolation and structural elucidation of a novel free radical scavenger,
resorstatin. J Antibiot 46:1024-1026

Kim T, Duong T, Wu CA et al (2014) Structural insights into the molecular mechanism of
Escherichia coli SdiA, a quorum-sensing receptor. Acta Crystallogr D Biol Crystallogr
70:694-707. doi:10.1107/S1399004713032355

Kong F, Singh MP, Carter GT (2005) Pseudopyronines A and B, alpha-pyrones produced by a
marine Pseudomonas sp. F92S91, and evidence for the conversion of 4-hydroxy-alpha-pyrone
to 3-furanone. J Nat Prod 68:920-923. doi:10.1021/np050038v

Kresovic D, Schempp F, Cheikh-Ali Z, Bode HB (2015) A novel and widespread class of
ketosynthase is responsible for the head-to-head condensation of two acyl moieties in bacterial
pyrone biosynthesis. Beilstein J Org Chem 11:1412-1417. doi:10.3762/bjoc.11.152

Krin E, Chakroun N, Turlin E et al (2006) Pleiotropic role of quorum-sensing autoinducer 2 in
Photorhabdus luminescens. Appl Environ Microbiol 72:6439-6451. doi:10.1128/AEM.00398-
06

Kronenwerth M, Brachmann AO, Kaiser M, Bode HB (2014) Bioactive derivatives of
isopropylstilbene from mutasynthesis and chemical synthesis. ChemBioChem. doi:10.1002/
cbic.201402447

Lee J, Zhang L (2015) The hierarchy quorum sensing network in Pseudomonas aeruginosa.
Protein Cell 6:26-41. doi:10.1007/s13238-014-0100-x

Lee J, WuJ, Deng Y et al (2013) A cell-cell communication signal integrates quorum sensing and
stress response. Nat Chem Biol 9:339-343. doi:10.1038/nchembio.1225

Martinez JL (2014) Interkingdom signaling and its consequences for human health. Virulence
5:243-244. doi:10.4161/viru.28073

Michael BB, Smith JNJ, Swift SS et al (2001) SdiA of Salmonella enterica is a LuxR homolog that
detects mixed microbial communities. J Bacteriol 183:5733-5742. doi:10.1128/JB.183.19.
5733-5742.2001

Nasser W, Reverchon S (2006) New insights into the regulatory mechanisms of the LuxR family
of quorum sensing regulators. Anal Bioanal Chem 387:381-390. doi:10.1007/s00216-006-
0702-0

Nealson KH, Hastings JW (1979) Bacterial bioluminescence: its control and ecological
significance. Microbiol Rev 43:496-518

Patankar AV, Gonzalez JF (2009) Orphan LuxR regulators of quorum sensing. FEMS Microbiol
Rev 33:739-756. doi:10.1111/j.1574-6976.2009.00163.x


http://dx.doi.org/10.1016/j.tplants.2012.09.007
http://dx.doi.org/10.1186/1471-2164-9-40
http://dx.doi.org/10.1111/j.1574-6968.2006.00103.x
http://dx.doi.org/10.3389/fcimb.2015.00020
http://dx.doi.org/10.1002/anie.200705148
http://dx.doi.org/10.1107/S1399004713032355
http://dx.doi.org/10.1021/np050038v
http://dx.doi.org/10.3762/bjoc.11.152
http://dx.doi.org/10.1128/AEM.00398-06
http://dx.doi.org/10.1128/AEM.00398-06
http://dx.doi.org/10.1002/cbic.201402447
http://dx.doi.org/10.1002/cbic.201402447
http://dx.doi.org/10.1007/s13238-014-0100-x
http://dx.doi.org/10.1038/nchembio.1225
http://dx.doi.org/10.4161/viru.28073
http://dx.doi.org/10.1128/JB.183.19.5733-5742.2001
http://dx.doi.org/10.1128/JB.183.19.5733-5742.2001
http://dx.doi.org/10.1007/s00216-006-0702-0
http://dx.doi.org/10.1007/s00216-006-0702-0
http://dx.doi.org/10.1111/j.1574-6976.2009.00163.x

Quorum Sensing and LuxR Solos in Photorhabdus 119

Patel HK, Ferrante P, Covaceuszach S et al (2013) The kiwifruit emerging pathogen Pseudomonas
syringae pv. actinidiae does not produce AHLs but possesses three LuxR solos. PLoS ONE 9:
e87862-e87862. doi:10.1371/journal.pone.0087862.s004

Pohanka A, Levenfors J, Broberg A (2006) Antimicrobial dialkylresorcinols from Pseudomonas
sp. Kil9. J Nat Prod 69:654-657. doi:10.1021/np0600595

Rutherford ST, Bassler BL (2012) Bacterial quorum sensing: its role in virulence and possibilities
for its control. Cold Spring Harb Perspect Med 2:a012427-a012427. doi:10.1101/cshperspect.
a012427

Schaefer AL, Greenberg EP, Oliver CM et al (2008) A new class of homoserine lactone
quorum-sensing signals. Nature 454:595-599. doi:10.1038/nature07088

Schauder S, Shokat K, Surette MG, Bassler BL (2001) The LuxS family of bacterial autoinducers:
biosynthesis of a novel quorum-sensing signal molecule. Mol Microbiol 41:463-476

Subramoni S, Florez Salcedo DV, Suarez-Moreno ZR (2015) A bioinformatic survey of
distribution, conservation, and probable functions of LuxR solo regulators in bacteria. Front
Cell Infect Microbiol 5:16. doi:10.3389/fcimb.2015.00016

Subramoni S, Venturi V (2009) LuxR-family “solos”: bachelor sensors/regulators of signalling
molecules. Microbiology 155:1377-1385. doi:10.1099/mic.0.026849-0

Venturi V, Ahmer BMM (2015) Editorial: LuxR solos are becoming major players in cell-cell
communication in bacteria. Front Cell Infect Microbiol 5:89. doi:10.3389/fcimb.2015.00089

Wang XD, de Boer PA, Rothfield LI (1991) A factor that positively regulates cell division by
activating transcription of the major cluster of essential cell division genes of Escherichia coli.
EMBO J 10:3363-3372

Waters CM, Bassler BL (2005) Quorum sensing: cell-to-cell communication in bacteria. Annu Rev
Cell Dev Biol 21:319-346. doi:10.1146/annurev.cellbio.21.012704.131001

Whitehead NA, Barnard AM, Slater H, et al (2001) Quorum-sensing in Gram-negative bacteria.
FEMS Microbiol Rev 25:365-404

Wilkinson P, Waterfield NR, Crossman L et al (2009) Comparative genomics of the emerging
human pathogen Photorhabdus asymbiotica with the insect pathogen Photorhabdus
luminescens. BMC Genomics 10:302. doi:10.1186/1471-2164-10-302

Winzer K, Hardie KR, Williams P (2002) Bacterial cell-to-cell communication: sorry, can’t talk
now - gone to lunch! Curr Opin Microbiol 5:216-222


http://dx.doi.org/10.1371/journal.pone.0087862.s004
http://dx.doi.org/10.1021/np0600595
http://dx.doi.org/10.1101/cshperspect.a012427
http://dx.doi.org/10.1101/cshperspect.a012427
http://dx.doi.org/10.1038/nature07088
http://dx.doi.org/10.3389/fcimb.2015.00016
http://dx.doi.org/10.1099/mic.0.026849-0
http://dx.doi.org/10.3389/fcimb.2015.00089
http://dx.doi.org/10.1146/annurev.cellbio.21.012704.131001
http://dx.doi.org/10.1186/1471-2164-10-302

Part II1
Insect Immunity



Insect Immunity to Entomopathogenic
Nematodes and Their Mutualistic Bacteria

1. Eleftherianos, U. Shokal, S. Yadav, E. Kenney and T. Maldonado

Abstract Entomopathogenic nematodes are important organisms for the biological
control of insect pests and excellent models for dissecting the molecular basis of the
insect immune response against both the nematode parasites and their mutualistic
bacteria. Previous research involving the use of various insects has found distinct
differences in the number and nature of immune mechanisms that are activated in
response to entomopathogenic nematode parasites containing or lacking their
associated bacteria. Recent studies using model insects have started to reveal the
identity of certain molecules with potential anti-nematode or antibacterial activity as
well as the molecular components that nematodes and their bacteria employ to
evade or defeat the insect immune system. Identification and characterization of the
genes that regulate the insect immune response to nematode—bacteria complexes
will contribute significantly to the development of improved practices to control
insects of agricultural and medical importance, and potentially nematode parasites
that infect mammals, perhaps even humans.
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1 Introduction

Entomopathogenic nematodes are ubiquitous natural obligate parasites that infect a
wide range of insects. They use the infected insect to complete their life cycle and
replicate within the cadaver before they disperse to search for new hosts. The main
feature of these parasites is the presence of mutualistic bacteria in the gut of the
infective juvenile (IJ) nematodes, these 1J’s are unable to feed but can exist outside
insect cadaver and are designed to seek out and physically penetrate new insect
hosts (Forst et al. 1997). Following entry into the insect host by the 1J, the bacteria
are released in the insect open circulatory system (termed hemolymph) where they
replicate at high rates while they secrete a battery of toxins, virulence factors and
degradative enzymes that target certain host tissues and result in rapid insect death
(Waterfield et al. 2009). The bacteria also provide nutrients to the nematodes, they
aid nematodes in development and reproduction, and produce antibiotics that
inhibit competing microbes in the insect (Eleftherianos 2009). The life cycle of
entomopathogenic nematodes can be divided into five distinct stages: (1) penetra-
tion into the hemocoel of the potential insect host, (2) recovery into the hemolymph,
(3) development to mature stage and reproduction, (4) production of new infective
juveniles, and (5) host searching and host acceptance by the infective juveniles
(Forst and Clarke 2002). The basis of the success of the parasitic nematodes and
their mutualistic bacteria in insect infection is the interaction of each partner of the
nematode-bacteria complex with the insect immune system (Eleftherianos et al.
2010b; Castillo et al. 2011).

Entomopathogenic nematodes and their mutualistic bacteria are widely used in
biological control regimes and as an alternative to chemical insecticides for the
efficient management of agricultural insect pests, mainly lepidopteran larvae that
cause severe damage to large quantities of crops (Castagnola and Stock 2014;
Shapiro-llan et al. 2012). They also form excellent models for dissecting the
molecular and mechanistic basis of nematode parasitism, bacterial virulence,
microbial mutualism and elucidating the interaction among these important bio-
logical functions (Ffrench-Constant et al. 2007a, b; Goodrich-Blair and Clarke
2007). In addition, the nematode parasites and their associated bacteria are out-
standing pathogenic organisms for probing the insect host anti-nematode and
antibacterial immune response (Kenney and Eleftherianos 2016). Insects have
developed sensitive mechanisms for detecting the presence of microbial infections
and activating signaling pathways that control the production of molecules with
antimicrobial activity (Hillyer 2016).

Previous work has started to expose the nature and genetic basis of the mech-
anisms that insects activate in response to entomopathogenic nematodes and their
mutualistic bacteria. Here we review the insect immune responses that are directed
against insect nematodes parasites and their related bacteria, as well as the host
immune genes that are targeted by the pathogens during the infection process. This
information is important for understanding the dynamics of interaction of nema-
tode—bacteria complexes with the insect immune system and the factors that
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determine the outcome of infection. Such knowledge is essential to fully exploit the
biological control potential of entomopathogenic nematodes against deleterious
insect pests.

2 Entomopathogenic Nematode-Bacteria Complexes

Entomopathogenic nematodes are soil-dwelling, obligate and lethal parasites of
insects that are able to search, penetrate, release their mutualistic bacteria, kill and
reproduce within the insect cadaver and then emerge as infective juveniles (Dillman
et al. 2012). The most well studied entomopathogenic nematodes belong to the
order Rhabditida in two families: Heterorhabditidae and Steinernematidae.
Entomopathogenic nematodes in the genera Heterorhabditis and Steinernema have
been recovered from all continents except Antarctica (Griffin et al. 1990), and they
can infect a broad range of insect species, including important lepidopteran, dip-
teran, homopteran, and coleopteran pests of cultivated plants (Peters 2013). The
main feature of Heterorhabditis and Steinernema nematodes is their unique
mutualistic association with the enteric insect-pathogenic bacteria Photorhabdus
and Xenorhabdus, respectively (Boemare 2002).

Entomopathogenic nematodes have a life cycle that includes the egg stage, four
juvenile stages and the adult stage. A common feature of Heterorhabditis and
Steinernema nematodes is the free-living third stage juvenile (J3), called the dauer
juvenile or infective juvenile because it is the infective stage that harbors the
mutualistic Photorhabdus or Xenorhabdus bacteria (Ciche 2007). The infection
process starts when the infective juveniles identify and enter the hemocoel (body
cavity) of a suitable insect host. Entomopathogenic nematodes invade insects
through natural openings, such as the mouth, anus or spiracles, or by disrupting the
cuticle using a dorsal tooth in the anterior region of their head, or by secreting
enzymes that promote tissue breakdown (Dowds and Peters 2002). Once in the
insect hemolymph, nematodes in the infective juvenile stage expel their mutualistic
bacterial cells through the mouth by regurgitation (Ciche and Ensign 2003). The
infective juveniles recover or exit from the developmentally arrested third,
non-feeding stage, triggered by either bacterial or insect food signals (Strauch and
Ehlers 1998). The insect hemolymph provides a rich environment for the bacteria
that multiply rapidly and the insect dies from septicemia, usually within one or two
days (Han and Ehlers 2000). The nematodes feed on the increasing number of
bacteria, growing and molting to the fourth stage and then to the adult stage,
eventually completing 1-3 generations in the dead insect. Nematodes continue to
develop until the food resources of the insect carcass are depleted and as a con-
sequence nematode development is suppressed and infective juveniles accumulate.
These non-feeding infective stage larvae exit the insect cadaver and disperse into
the soil in search of new hosts. The infective juveniles do not feed in the soil, but
they may survive for several months in the absence of a suitable host (Hominick
1990).
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Although Heterorhabditis and Steinernema nematodes have a similar life cycle,
they differ in their reproductive strategies. Heterorhabditis species have infective
juveniles in their first generation that turn into egg-laying hermaphrodites. This
means that a single infective juvenile is sufficient to enter the insect host to produce
progeny by self-fertilization. In contrast, most Steinernema species are dioecious;
the infective juveniles develop to become sexually dimorphic adults that reproduce
through cross-fertilization or amphimixis. Their progeny either develop to become
infective juveniles or adults of the F1 generation (Griffin 2012). Another difference
is that Heterorhabditis infective juveniles use the cruiser (or foraging) strategy to
move actively through the soil in search of a suitable insect host to infect. This
tactic involves the response of the nematode cruisers during foraging search to
volatile cues emanating from the host or its immediate environment. In contrast,
Steinernema infective juveniles employ the ambusher (or sit-and-wait) strategy to
attack potential hosts that cross their way (Lewis et al. 2006). During this foraging
behavior, the nematode ambushers scan during long pauses in a nictation posture
(Campbell and Gaugler 1993).

Bacterial colonization of the new infective juveniles (IJ’s) at the end of the
reproduction cycles is regulated by molecular and cellular interactions between the
nematodes and their associated bacteria. The mutualistic bacteria Xenorhabdus are
localized in a modified ventricular part of the intestine in Steinernema, while
Photorhabdus bacteria are found throughout the intestinal lumen in Heterorhabditis
(Ciche et al. 2008; Forst and Clarke 2002). The relationship between the mutualistic
partners is highly specific and nematodes will only maintain mutualistic associations
with their cognate bacteria or very closely related strains (Ffrench-Constant et al.
2003). The nematode—bacteria relationship benefits both participants; the nematodes
feed on their associated bacteria and they cannot reproduce in the insect host without
the presence of their mutualistic microbes, while the bacteria cannot enter the host
hemoceol and cause infection without their nematode vector (Ciche et al. 2000).
Although the nematodes may contribute to the death of the infected insect by sup-
pressing the immune system or through the production of virulence factors,
Photorhabdus and Xenorhabdus bacteria are extremely virulent due to the secretion
of several toxins and degradative enzymes thereby killing the insect rapidly and
providing rich food supply for the developing nematode (Ffrench-Constant et al.
2007a, b; Rodou et al. 2010; Simon et al. 2014). Also, the bacteria create suitable
conditions for their nematode host in the dead insect by producing antimicrobial
molecules and a large variety of secondary metabolites that inhibit the growth of
other microbes, mainly from the insect intestinal microflora, and thus prevent the
colonization of the insect cadaver by unwanted microorganisms (Bode 2009).

The identification of novel compounds from nematode—bacteria complexes
shows considerable potential for the development of antimicrobial products and
other bioactive molecules that may be beneficial to humans. Also, application of
entomopathogenic nematodes in an integrated approach in combination with certain
insecticides or transgenic plants expressing insecticidal proteins can function in
synergy to substantially increase their efficacy in controlling insect pests in the field
(Ehlers 2001).
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3 Insect Innate Immune Responses

Insects are constantly exposed to microbes in their environment and this requires
efficient defense mechanisms to promote their survival and propagation. Insects
have developed an innate immune system that allows them to respond rapidly to
challenges by different infectious agents (Gillespie et al. 1997). The first line of
defense against pathogens involves physical barriers such as the adult exoskeleton,
the larval cuticle, the chitinous lining of the tracheae and the peritrophic membrane
of the midgut (Davis and Engstrdom 2012) (Fig. 1). Once microbial intruders
overcome the external defenses and gain access to the hemocoel, they are recog-
nized as foreign by the insect immune system (Stokes et al. 2015). Immune
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Fig. 1 Insect immune responses against entomopathogenic nematodes and their mutualistic
bacteria. I Drosophila melanogaster or Manduca sexta larvae restrict the entry of the nematode
parasites Heterorhabditis bacteriophora or Steinernema carpocapsae carrying their bacterial
partners Photorhabdus luminescens or Xenorhabdus nematophila, respectively, by physical
barriers consisting of the larval cuticle and the chitinous lining of the tracheae. 2 Once the
nematode parasites gain access into the insect hemocoel, crystal cells migrate towards the site of
entry to release melanin through the activation of the prophenoloxidase cascade. Melanin
deposition promotes wound healing and prevents the pathogens from dissemination. 3 Immune
recognition of the invading pathogens (nematodes and their associated bacteria) triggers the
cellular arm of the insect innate immune response. Cellular immune reactions include phagocytosis
that is directed against P. luminescens and X. nematophila, nodulation that involves hemocyte
aggregation around the bacteria, and encapsulation by lamellocytes in response to the nematode
parasites. 4 Activation of the humoral immune response leads to the synthesis and secretion of
antimicrobial peptides (AMP) and other stress-related molecules from the fat body into the
hemolymph. 5 The presence of the pathogens in the insect gut induces the expression of nitrogen
oxide synthase (NOS) from the gut epithelia, which leads to the synthesis of nitrogen oxide that
prevents P. luminescens bacteria from crossing the gut wall
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recognition leads to the induction of downstream signaling pathways that in turn
result in the production of effector molecules and the activation of immune
responses against the microbial invaders (Buchon et al. 2014). The insect immune
system consists of humoral and cellular responses, which involve a wide variety of
molecules and defense mechanisms. These include the synthesis and secretion of
antimicrobial peptides and proteins into the hemolymph, the production of reactive
oxygen and nitrogen species, proteolytic cascades that lead to hemolymph clotting
and melanization, and circulating leukocyte-like immune cells (termed hemocytes)
that regulate cellular defense mechanisms (Jiang et al. 2010; Lemaitre and
Hoffmann 2007; Wojda 2016).

The insect innate immune system is controlled by signaling pathways that are
partially conserved in vertebrate animals. The two most investigated pathways,
especially in the fruit fly Drosophila melanogaster, are the Nuclear Factor kB
(NF-kB) pathways Toll and Immune Deficiency (IMD) (Hetru and Hoffmann
2009). The Toll pathway is activated in response to gram-positive bacteria and
fungi (Lindsay and Wasserman 2014). Toll is a transmembrane receptor that was
first found to be involved in development of the dorso-ventral axis in Drosophila
embryos (Moussian and Roth 2005). Microbes or microbe-derived compounds are
recognized by the proteins upstream of Toll, such as the circulating peptidoglycan
recognition proteins PGRP-SA and PGRP-SD (Kurata 2014). Microbial recognition
leads to cleavage of the Spitzle (Spz) ligand and dimerization of Toll, which in turn
activates a signaling pathway that triggers the transcription of genes encoding the
antimicrobial peptides drosomycin, metchnikowin and defensin (Ganesan et al.
2011). The IMD pathway is activated in response to gram-negative bacteria and
viruses. Microbes are detected by the recognition receptors PGRP-LC and
PGRP-LE, which activate the intracellular protein IMD and the downstream protein
complexes of the signaling cascade. Transduction of the signal to the nucleus leads
to the expression of genes encoding antimicrobial peptides, such as diptericin
(Myllyméki et al. 2014). The Janus kinase/signal transducers and activators of
transcription (JAK/STAT) pathway plays a role in Drosophila embryogenesis and
in regulating the expression of immune molecules, such as the Turandot stress
factor proteins and of thioester-containing proteins (TEP), which share sequence
homology with vertebrate complement factor C3 and act as opsonins (Myllymaéki
and Ramet 2014). JAK/STAT signaling also participates in regulating the prolif-
eration of hemocytes in response to tissue damage and tumor development (Amoyel
et al. 2014). The c-Jun N-terminal kinase (JNK) pathway is induced by stress
stimuli and upon wounding, and participates in wound healing processes. It is also
implicated in hemocyte activation, encapsulation and regulation of antimicrobial
peptide gene expression (Rédmet et al. 2002; Rios-Barrera and Riesgo-Escovar
2013).

The insect humoral immune response is mostly mediated by the fat body, a
diffuse organ that is the largest organ in the hemocoel and analogous to the
mammalian liver (Fig. 1). Other organs that also produce humoral factors include
epithelial tissues and hemocytes (Kounatidis and Ligoxygakis 2012). Humoral
effector molecules mainly involve antimicrobial peptides that are synthesized by the
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activation of immune signaling pathways and act against fungi, bacteria, viruses
and parasitoids (Pinheiro and Ellar 2006; Mylonakis et al. 2016). Antimicrobial
peptides are small cationic proteins that are non-detectable in naive insects, but are
rapidly produced, secreted and accumulated in the hemolymph at high concentra-
tions in response to microbial infection. Most antimicrobial peptides are amphi-
philic molecules that can specifically disrupt the bacteria membrane by forming a
pore. They can also be classified according to their structures, some have
intramolecular disulfide bonds, while some are linear peptides (Rolff and
Schmid-Hempel 2016; Wiesner and Vilcinskas 2010). There are seven classes of
antimicrobial peptides identified in Drosophila: Diptericin, Attacin, Drosocin and
Cecropin are directed against gram-negative bacteria; Defensin acts against
gram-positive bacteria; Drosomycin and Metchnikowin have anti-fungal properties
(Imler and Bulet 2005). Interestingly, Attacin, Drosocin, Cecropin and Defensin are
also found in other insects; whereas Drosomycin, Diptericin and Metchnikowin are
only found in fruit flies (Lemaitre and Hoffmann 2007). Immune effectors identified
in lepidopteran insects (moths and butterflies) include C-type lectins, hemolin,
serpins, hemolymph proteases (Casanova-Torres and Goodrich-Blair 2013).

The insect cellular immune response involves the action of hemocytes, which
participate in the regulation of cellular immune mechanisms, such as phagocytosis,
encapsulation and nodulation (Lavine and Strand 2002) (Fig. 1). Hemocytes are
grouped according to their morphological features into three types: plasmatocytes,
lamellocytes and crystal cells (Ribeiro and Brehélin 2006). Plasmatocytes consist of
the major type of hemocytes and perform the function of phagocytosis, a complex
process that involves the cellular internalization and degradation of bacteria and
other foreign particles or dead cells (Gold and Briickner 2015). Phagocytosis
requires a large variety of receptors, and the engulfed particles are subsequently
destroyed within phagosomes (Ulvila et al. 2011). Lamellocytes are responsible for
the encapsulation of large foreign bodies, such as parasitoid eggs or nematode
parasites, which cannot be phagocytosed by the smaller plasmatocytes (Vlisidou
and Wood 2015). The encapsulation response involves recognition of the foreign
object, recruitment and attachment of lamellocytes that surround it, and simulta-
neous activation of the insect hematopoietic organ (lymph gland) that rapidly
increases the proliferation of lamellocytes in the hemocoel (Honti et al. 2014). In
turn, this leads to the development of large nodules consisting of aggregates of
hemocytes and adhered bacterial cells. This immune reaction is known as nodu-
lation or nodule formation (Satyavathi et al. 2014). Crystal cells are responsible for
the synthesis of enzymes, such as prophenoloxidase, which participate in the
melanization process (Crozatier and Meister 2007; Williams 2007).

The melanization response in insects involves the deposition of melanin to
invading microorganisms. This mechanism requires the oxidation of phenols to
quinones, which are then polymerized to become melanin (Eleftherianos and
Revenis 2011; Lu et al. 2014). The melanization reaction needs phenoloxidase, an
enzyme that is stored in hemocytes, which catalyzes the oxidation of mono- and
diphenols to orthoquinones. The activation of the pro-enzyme prophenoloxidase to
active phenoloxidase requires protease cascades triggered by the detection of
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specific microbial patterns, such as lipopolysaccharides, lipoteichoic acid, pepti-
doglycans, and B-1,3-glucan, by host immune cell surface recognition receptors
(Cerenius et al. 2008; Tang 2009). Certain serine proteases and serpins have been
identified to regulate the activation of melanization in insects (Gulley et al. 2013;
Veillard et al. 2016). The activity of phenoloxidase is thus used to detect the
activation of the melanization immune response. At the wound site, clotting takes
place to prevent the loss of hemolymph and promote wound healing. It can also
assist in recruiting hemocytes to the site of injury to suppress the spread of
pathogens in the insect body (Theopold et al. 2014).

4 Insect Immune Response to Mutualistic Bacteria

Investigations into the immune response of insects against the entomopathogenic
bacteria Photorhabdus and Xenorhabdus have mainly used the lepidopteran
caterpillar models Manduca sexta and Galleria mellonella together with the adult
fruit fly D. melanogaster model (Castillo et al. 2011). In the studies involving M.
sexta, caterpillars were injected with bacteria directly, thus circumventing the need
for H. bacteriophora infective juvenile nematodes. While work on M. sexta does
not benefit from the availability of genetics and genomics tools, the robust nature of
the late instar M. sexta larva enables the direct injection of double-stranded RNA
(dsRNA) straight into the insect hemocoel for gene silencing through systemic
RNAI (Reynolds and Eleftherianos 2008).

To determine whether P. luminescens and P. asymbiotica bacteria are recognized
by the insect immune system, the expression of three major pattern recognition
protein genes Hemolin, Immulectin-2 and Peptidoglycan Recognition Protein 1A
(PGRP-1A) in M. sexta was examined (Eleftherianos et al. 2006a, b). It was shown
that expression of all three recognition genes in M. sexta fat body is strongly
induced by infection with the pathogens, but they are expressed at only very low
levels in unchallenged insects. It was also demonstrated that RNAi-mediated
knockdown of any one of these genes results in increased sensitivity to
Photorhabdus infection. Interestingly, silencing of Immulectin-2 was found to
prevent normal activation of phenoloxidase, which was associated with the reduced
ability of the larvae to encapsulate the bacteria. These results revealed that
Photorhabdus bacteria are recognized by the M. sexta immune system and that the
induced expression of certain recognition protein genes is an important component
of the host immune defense against this pathogen.

Following initial detection of Photorhabdus bacteria by host pattern recognition
proteins, certain antibacterial peptides (i.e. Attacin, Cecropin, Lebocin, Lysozyme,
Moricin) are over-expressed in M. sexta fat body. This implies that the antibacterial
response of the insect host not only is deployed but also exerts an important
(although ultimately ineffective) defense against infection by this pathogen
(Eleftherianos et al. 2008). The M. sexta immune system can be efficiently primed
by prior infection with non-pathogenic bacteria so that immunity to infection by
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Photorhabdus is subsequently enhanced (Eleftherianos et al. 2006a, b). Using
systemic RNAI to prevent the upregulation of individual immune genes in M. sexta
revealed that the effect of silencing any of the pattern recognition protein genes is
greater than silencing any of the antimicrobial peptide genes. This is because
knocking down the expression of single pattern recognition proteins prevents the
expression of downstream antimicrobial peptides in hemolymph leading to
decreased P. luminescens growth, which slows down insect death. Interestingly,
older M. sexta larvae are less able to induce the transcription of recognition and
antimicrobial genes in response to P. luminescens suggesting a critical role for host
developmental stage in the immune response against this pathogen (Eleftherianos
et al. 2008).

Following release of Photorhabdus into the insect hemolymph by the infective
juveniles, the first response of the host immune system is to phagocytose or
encapsulate the invading bacteria (Eleftherianos et al. 2010a, b). P. luminescens
infection of M. sexta larvae causes the appearance of hemocytes with an extreme
spreading ability that may play a role in nodule formation (Dean et al. 2004a, b).
The presence of these hyper-spreading cells in response to P. luminescens is not a
pathological effect of infection but a discrete reaction of the insect immune system.
It was further shown that the precursor of the plasmatocyte-spreading peptide, a
cytokine involved in the hemocyte spreading process, is expressed in the M. sexta
fat body, but not hemocytes, in response to P. luminescens infection, and that
RNAi-mediated knockdown of this precursor in both fat body and hemolymph
plasma significantly increases insect susceptibility to the pathogen and leads to an
overall reduction in cellular immune capacity (Eleftherianos et al. 2009a, b).

One of the most highly expressed genes in P. luminescens is prtA, which
encodes an RTX (repeats in toxin)-like metalloprotease (Bowen et al. 2003; Cabral
et al. 2004; Marokhazi et al. 2007; Valens et al. 2002), which targets a small
number of M. sexta hemolymph proteins that include Serine Protease Homolog 3
(SPH3) (Felfoldi et al. 2009). Indeed, silencing the P. luminescens-induced
expression of SPH3 in M. sexta fat body and hemocytes using systemic RNAi
results in higher insect sensitivity to the pathogen (Felfoldi et al. 2011). Inhibition
of SPH3 expression has no effect on the transcription of certain pathogen recog-
nition genes, but strongly represses the transcription of multiple antimicrobial
effector genes including the gene encoding prophenoloxidase. The impaired ability
of the SPH3 knockdown insects to defend themselves against P. luminescens
infection is therefore due to interference with effectors that are expressed down-
stream of SPH3. These findings strongly suggest the importance of SPH3 in the
insect innate immune system because it controls the induction of a large number of
effector molecules. This makes its destruction an ideal strategy for the highly
virulent pathogenic bacterium P. luminescens. Also, it has been shown that
P. luminescens-induced expression of nitric oxide synthase (NOS) in the gut of M.
sexta following oral infection regulates the immune response to the pathogen
through the production of NO (Eleftherianos et al. 2009a, b) (Fig. 1).
RNAi-mediated silencing of NOS in M. sexta larvae orally infected by
P. luminescens substantially reduces insect survival. This is due to decreased levels
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of NO in the gut wall of NOS-deficient insects, which promotes the rapid migration
of the pathogen from the gut into the hemolymph. The above findings indicate that
according to the location of infection by Photorhabdus bacteria, different insect
tissues and immune molecules expressed in these tissues perform distinct functions
to defend the host against the pathogen.

In the greater wax moth (G. mellonella) model, it has been shown that injection of
an insecticidal toxin produced by the pathogenic bacteria Xenorhabdus ehlersii into
G. mellonella induces the expression of a large number of hemolymph proteins in the
infected larvae and upregulates the transcription of immune-related genes in the fat
body, which confirms the strong interaction of entomopathogenic bacteria with the
insect humoral immune response (Shi et al. 2013). Another study has further shown
that P. luminescens bacteria co-injected with host-derived extracellular nucleic acids
(DNA or RNA) into G. mellonella larvae are less pathogenic compared to the
pathogens injected alone (Altincicek et al. 2008). The protective effect is partly
explained by the activation of host humoral and cellular immune responses, as
shown by the sharp increase in antibacterial peptide activity in the hemolymph and
the higher numbers of hemocytes in the hemocoel. Proteomic analysis of hemo-
lymph samples from larvae inoculated with nucleic acids has identified several
immune proteins that may enhance the host response to P. luminescens challenge.
Regarding cellular immune processes against entomopathogenic bacteria in G.
mellonella, infection of P. asymbiotica bacteria can boost NO synthesis in the
hemocytes of last instar larvae and sessile pharate prepupae of this insect, an effect
that is abolished following treatment with a NOS inhibitor (Krishnan et al. 2006).
Interestingly, changes in NO production levels are irrelevant to the activation of the
prophenoloxidase cascade, and co-injection of the pathogen with the NOS inhibitor
does not promote the survival of larvae and pupae. These results denote that over-
production of NO by P. asymbiotica in G. mellonella hemocytes acts to a certain
extent as a cytotoxic factor towards this host. However, a later study reported the
identification and purification of an intracellular protein from Xenorhabdus
budapestensis bacteria, which causes severe melanization and death through injec-
tion of G. mellonella larvae due to the rapid overactivation of the prophenoloxidase
cascade (Yang et al. 2012). Photorhabdus bacteria have also been studied for their
priming effects on G. mellonella larvae. Injection of heat-killed P. luminescens into
G. mellonella provides a dose- and time-dependent protection to a subsequent
infection with the bacteria as well to infection with H. bacteriophora or S. car-
pocapsae nematodes (Wu et al. 2014). The protective effect is related to changes in
hemocyte density (especially an increase in plasmatocyte numbers), stimulation of
hemocyte encapsulation, phagocytic ability and antibacterial peptide activity.
A similar work proved that lipopolysaccharide (LPS) extracted from P. luminescens
is responsible for the activation of the host immune system that results in the
enhanced immune protection in G. mellonella larvae (Wu et al. 2015a). In contrast,
the priming effect is not observed in G. mellonella pre-injected with a sub-lethal dose
of the purified toxin PirA2B2, because prior treatment with this virulence factor
diminishes cellular immune activity (hemocyte numbers, phagocytosis and encap-
sulation) in the larvae (Wu et al. 2015b).
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In the model insect D. melanogaster, novel information on the immune signaling
pathways and defense reactions that are activated in response to Photorhabdus and
Xenorhabdus bacteria has recently started to emerge. Some of these studies have
analyzed the molecular basis of the immune response of the fly against ento-
mopathogenic nematode—bacteria complex and the conclusions are discussed in
Sect. 6. It has been previously reported that D. melanogaster adult flies, as well as
M. sexta and G. mellonella larvae, accumulate black pigments upon injection of the
purified metalloprotease PrtS that derives from P. luminescens culture supernatants
(Held et al. 2007). The authors use fly genetics to show that black pigmentation is
due to the activation of the melanization cascade because injection of recombinant
PrtS in the D. melanogaster melanization mutant Black Cells fails to develop dark
pigments. Interestingly, wild-type and melanization mutant flies show increased
levels of mortality to PrtS injection, implying that death is not due to the
melanization response. The fly immune response to entomopathogenic bacteria can
also be regulated by preinfection with non-pathogenic bacteria and the presence of
endosymbiotic bacteria. A previous investigation on the regulation of immune
signaling by entomopathogens in D. melanogaster has shown that injection of
P. luminescens or X. nematophila is lethal to wild-type flies and induces the
transcription of antimicrobial peptide genes (Aymeric et al. 2010). However, prior
challenge with non-pathogenic Escherichia coli prolongs the survival of wild-type
flies but not IMD mutants, suggesting that the protective effect is probably
IMD-dependent. In addition, it was lately shown that although the co-occurrence of
both Wolbachia and Spiroplasma endosymbionts in adult D. melanogaster does not
affect the survival of the flies to P. luminescens infection and the replication of the
pathogen in the endosymbiont-carrying flies, it results in the transcriptional regu-
lation of several immune genes that are controlled by the Toll, IMD, JAK/STAT
and JNK signaling pathways (Shokal et al. 2016). Finally, nitrite levels in certain
wild-type D. melanogaster strains have been found to be particularly low upon
infection with P. luminescens and NOS mutant flies exhibit increased sensitivity to
the bacteria compared to controls, indicating that NO is an important component of
the fly immune response to this entomopathogen (Eleftherianos et al. 2014).

Other studies in non-model insect species have also started to identify host
immune system components with a potential role in opposing Photorhabdus or
Xenorhabdus infection. A previous study has shown that changes in intracellular
cyclic adenosine monophosphate levels in larval hemocytes of the forest tent
caterpillar moth Malacosoma disstria increases the clearance of X. nematophila
from the infected insects (Gulii et al. 2009). Another work has examined the effect
of bacterial culture supernatants from P. luminescens and P. temperata and found
differential gene expression in treated adult sweetpotato whiteflies, Bemisia tabaci
(Shrestha and Lee 2012). The investigators found upregulation of genes associated
with immunity and nervous system functions (knottin and acetylcholine receptor,
acetylcholine esterase and sodium channel, respectively), downregulation of genes
participating in metabolism (cyfochrome p450 and carboxylesterase), but no
changes in the transcription of genes with a role in development (ecdysone
receptor), reproduction (vitellogenin) and stress (heat-shock proteins 70 and 90,
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and small heat-shock protein). A more recent study analyzed the transcriptional
profile in hemocytes and fat body of cotton bollworm Helicoverpa armigera larvae
challenged with heat-killed P. luminescens and found several differentially regu-
lated genes that take part in immunity, detoxification, development and metabolism
(Zhao et al. 2013). Among the differentially regulated immune-related genes, there
were several pattern recognition receptors, immune signaling molecules, antimi-
crobial peptides, various immune proteins, detoxication proteins and cellular
immunity-related proteins. These results suggest that immune priming of
H. armigera leads to strong transcriptional modulation of immune genes that may
affect the outcome of a subsequent pathogenic infection.

5 Immune Evasion by Mutualistic Bacteria

Just as mammalian pathogens have developed a number of strategies for evading
the adaptive immune system (Baxt et al. 2013), entomopathogenic bacteria have
also evolved various means of avoiding or subverting different aspects of the insect
innate immune system. Photorhabdus and Xenorhabdus bacteria use one or more
subversion tactics to defeat immune defenses, including the antibacterial peptide
response, cellular reactions, and the prophenoloxidase/melanization system
(Nielsen-LeRoux et al. 2012). For example, P. luminescens PrtA toxin has been
shown to target a large number of M. sexta hemolymph proteins encoding mole-
cules involved in immune recognition, immune signaling and regulation, and reg-
ulation of the coagulation cascade (Felfdldi et al. 2009).

X. nematophila bacteria are pathogenic to the beet armyworm Spodoptera exi-
gua. Injection of dead bacteria into larvae induces the transcription of several
antibacterial peptide genes, including cecropin, whereas challenge with live
pathogens fails to upregulate transcript levels of cecropin (Ji and Kim 2004).
Inhibition of antibacterial peptide activity is not associated with the eicosanoid
pathway because treatment with arachidonic acid does not revert the inhibitory
effect of live X. nematophila and treatment with dexamethasone does not reduce the
transcriptional induction of cecropin by dead bacteria. Similar results were also
obtained from a recent study in the red palm weevil Rhynchophorus ferrugineus
confirming the antibacterial peptide inhibitory activity of live, but not dead,
X. nematophila endosymbionts (Binda-Rossetti et al. 2016). Interestingly, the CS03
strain of Xenorhabdus bovienii proved highly sensitive to the insect antibacterial
peptides cecropin A, cecropin B, colistin and polymyxin B, and unable to inhibit
the phenoloxidase response and as a result these bacteria are not virulent upon
injection into Spodoptera littoralis and G. mellonella larvae (Bisch et al. 2015).
Genetic manipulation of X. nematophila showed that the leucine-responsive regu-
latory protein (Lrp), which regulates mutualism and pathogenicity, is also respon-
sible for interfering with the expression of antibacterial peptides in M. sexta,
because in contrast to wild-type bacteria, [rp mutants are not able to suppress
cecropin A gene transcription and they are sequestered into nodules (Cowles et al.
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2007). As a result, X. nematophila Irp mutants have reduced virulence towards M.
sexta larvae. Also, X. nematophila subpopulations can reduce or lose their virulence
ability over time and this is accompanied by the inability to suppress antimicrobial
peptide gene transcript levels as well as hemocyte aggregation and nodule
formation in M. sexta (Park et al. 2007). The opacity gene opaB has been proposed
to be associated with the defects in X. nematophila virulence and host
immunosuppression.

The effect of entomopathogenic bacteria on cellular immune processes has long
been described and recently robust methods have been developed to identify and
cluster known and novel bacterial effectors that participate in the manipulation of
host cellular defenses (Dowling and Hodgson 2014). X. nematophila bacteria have
been shown to efficiently infect and replicate in D. melanogaster cultured cells as
well as in artificial media (Owuama 2003). During in vitro growth, X. nematophila
produce two separate cytolytic functions against two distinct insect cell types
(Brillard et al. 2001). The first takes place when the bacteria reach the stationary
phase and causes the formation of vacuoles in hemocytes and necrosis of the cells,
mainly granulocytes. The second hemolytic activity occurs during the stationary
phase of the bacterial growth and causes shrinkage and necrosis of plasmatocytes.
This effect is abolished when the flhD gene that resides in the flagellar master
operon flhDC of X. nematophila is mutated, which decreases the virulence of the
pathogen towards S. litforalis larvae. In the D. melanogaster model, an elegant
work involving time-lapse confocal microscopy showed that infection of fly
embryos with the pathogen P. asymbiotica causes a ‘freezing’ phenotype of the
phagocytically competent embryonic hemocytes, which renders the phagocytes
incapable of engulfing the bacteria (Vlisidou et al. 2009). The ‘freezing’ effect is
probably produced by the bacterial toxin makes caterpillars floppy (Mcf) that is
encoded by the mcfl gene (see also the Chapter by Andrea Dowling in this vol-
ume). The Mcf toxin has been shown previously to cause apoptosis of M. sexta
hemocytes and form a major virulence factor of Photorhabdus pathogens (Daborn
et al. 2002). Interestingly, hemocytes in D. melanogaster embryos mutant for the
small GTPase Rac do not develop the ‘freezing’ phenotype upon injection with this
toxin. In contrast, the facultative intracellular pathogen P. asymbiotica uses the
two-component KdpD/KdpE sensor kinase/response regulator to avoid phagocy-
tosis and persist for several days within phagocytes of M. sexta larvae, which
ultimately results in insect death (Vlisidou et al. 2010). This pathogen can also
persist in cultured mammalian macrophages and in vitro the KdpD/KdpE system is
upregulated in response to insect hemocytes, but not to hemolymph plasma. This is
a strategy used by certain virulent pathogens to survive inside human neutrophils
(O’Loughlin et al. 2010). Another Photorhabdus species, P. temperata, has been
recently shown to produce the compound benzaldehyde that is toxic to G. mel-
lonella larvae in a dose-dependent manner and is a potent inhibitor of the insect
cellular immune system because it strongly suppresses the formation of melanotic
nodules together with phenoloxidase activity in the hemolymph, which accelerates
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<« Fig. 2 Immune evasion strategies of the pathogen Photorhabdus luninescens. The products of the
entomopathogen P. luminescens are shown in their interactions with the insect immune system as
inhibiting phagocytosis, the melanization response, and the production of antimicrobial peptides.
In particular, the P. luminescens factors Photorhabdus virulence cassettes (PVC), toxin complex C
(TcC), and makes caterpillars floppy (Mcf) (bottom left) inhibit insect phagocytes through
modifications of the actin cytoskeleton, with Mcf-based modifications specifically producing a
“freezing” phenotype marked by a distinct immobilization of the phagocytes (Fig. 2). Under the
phenoloxidase and melanization heading (fop), hydroxystilbene and rhabduscin are shown to
inhibit the melanization response, as mediated by the rupturing of crystal cells, while phthalic acid
and benzaldehyde are shown to additionally inhibit the formation of melanotic nodules that can
serve to limit the spread of bacteria within the insect. The production of antimicrobial peptides by
the insect fat body (bottom left) is also addressed by the virulence factors of P. luminescens
through the production of molecules that degrade cecropin, though these molecules have yet to be
identified (Fig. 2)

insect death (Ullah et al. 2015). In the cutworm S. littoralis and the locust Locusta
migratoria, the nodulation reaction is directly linked to the presence of a functional
type three secretion system (TTSS) in P. luminescens, as TTSS mutants elicit much
fewer nodules compared to the wild-type bacteria (Brugirard-Ricaud et al. 2005).

A major host immune interference strategy of entomopathognic bacteria is the
subversion of the phagocytosis function (Vallet-Gely et al. 2008). Inhibition of
phospholipase A, (PLA,), the major enzyme of eicosanoid biosynthesis, has been
previously reported as a common function between Photorhabdus and
Xenorhabdus for inducing host immune suppression through the disruption of
cellular reactions (Kim et al. 2005; Park et al. 2004, 2005). In particular, it is known
that live X. nematophila bacteria disrupt phagocytosis of granular cells and plas-
matocytes in S. exigua larvae by synthesizing and secreting inhibitors of PLA,
(Shrestha and Kim 2007). The authors found that treatment with the PLA, inhibitor
dexamethasone as well as with the metabolite benzylideneacetone decreases
hemocyte phagocytosis, whereas treatment with arachidonic acid, the precursor that
is enzymatically metabolized to eicosanoids, rescues the phagocytic activity of
hemocytes. Live and dead P. luminescens and P. temperata bacteria have been
shown to be phagocytosed by M. sexta hemocytes at much lower levels compared
to non-pathogenic E. coli bacteria (Au et al. 2004). In addition, culture supernatants
from P. luminescens, but not P. temperata, grown in vitro contain secreted mole-
cules that circumvent phagocytosis of E. coli cells. Alternatively, phagocytosis and
other cellular immune activities are prevented by these pathogens by targeting
hemocytes and reducing hemocyte viability and in the case of P. luminescens by
producing molecules that cause severe morphological changes to the phagocytes.
P. luminescens also uses the Tc toxin complexes, which are also found in the
human pathogen Yersinia, to inhibit phagocytosis of insect cells (Lang et al. 2010).
The TccC3 and TecCS5 components act together to cause actin clustering; the first
by inducing actin polymerization and the second by activating signal pathways that
promote the formation of stress fibers.

Photorhabdus and Xenorhabdus bacteria are able to prevent the activation of the
prophenoloxidase cascade or even suppress the activity of phenoloxidase mature
enzyme in the hemolymph of the insect host (Fig. 2). In a previous study, activation
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of the prophenoloxidase system was linked to PLA, inhibition by X. nematophila in
S. exigua (Park and Kim 2003). It was shown that PLA, inhibitors also suppress
prophenoloxidase activation in the hemolymph as well as the hemolymph plasma
and the inhibitory factor can be isolated from the stationary phase culture broth of
X. nematophila. This suggests that the bacteria secrete molecules that counteract the
melanization cascade in S. exigua larvae. A similar result was also obtained for the
PLA, inhibitor, the monoterpenoid compound benzylideneacetone, which also acts
as suppressor of activated phenoloxidase in the hemolymph of Plutella xylostella
larvae, without altering phenoloxidase gene expression in the hemocytes (Song
et al. 2011). P. luminescens bacteria achieve inhibition of activated phenoloxidase
in the hemolymph of M. sexta larvae through the secretion of a hydroxystilbene
antibiotic compound that is synthesized both in vivo and in vitro (Eleftherianos
et al. 2007). Mutating the gene st/A encoding the precursor for the production of the
stilbene results in reduced ability of the pathogen to inhibit phenoloxidase together
with reduced pathogenicity and persistence of the bacteria in the host. Interestingly,
RNAi-mediated silencing of the prophenoloxidase gene in M. sexta does not affect
larval survival upon infection with wild-type P. luminescens or stlA mutant bacteria,
indicating a direct relationship between phenoloxidase inhibition by this compound
and its effect on pathogen virulence. Another study also identified additional genes
with inhibitory properties in Photorhabdus (Eleftherianos et al. 2009a, b). Bacterial
supernatants or broths from P. luminescens or P. asymbiotica cosmid clones in
E. coli possess strong inhibitory activity towards M. sexta hemolymph phenolox-
idase as well as increased pathogenicity, persistence in the host and reduced nodule
formation. The identified genes are mapped to a locus homologous to the mal-
todextrin phosphorylase locus in E. coli and other gram-negative bacteria. More
recently, an aromatic compound identified as phthalic acid was isolated from
P. temperata cultures and shown to be toxic to G. mellonella larvae and to inhibit
phenoloxidase activity and nodule formation, and to possess antibacterial activity
(Ullah et al. 2014). Also, P. luminescens and X. nematophila bacteria synthesize the
rhabduscin, a tyrosine derived amidoglycosyl- and vinyl-isonitrile product, a potent
inhibitor of phenoloxidase in G. mellonella hemolymph, which was found to be
localized at the outer part of X. nematophila cells and E. coli cells expressing this
molecule (Crawford et al. 2012). This finding is important because it shows that
certain entomopathogenic bacteria have developed elegant ways to fight host
immunity and therefore increase their virulence capacity. Another study involving
RNA-seq, proteomics and phenotype microarrays in P. asymbiotica has confirmed
the inhibitory ability of rhabduscin by demonstrating that the heterologously
expressed and purified aglycon precursor molecule of rhabduscin acts as inhibitor
of the alternative mammalian complement pathway (Mulley et al. 2015).
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6 Immune Defense Against Entomopathogenic Nematodes

An important part of the life cycle of entomopathogenic nematodes is their initial
interaction with the non-self innate antimicrobial immune defense of the infected
insect. During the initial stages of infection, entomopathogenic nematodes may
elicit a rapid cellular and humoral immune response in the insect host that could
lead to the encapsulation, melanization and killing of the parasites.

Previously it has been reported that larvae of the Japanese beetle Popillia
Jjaponica display a potent encapsulation and melanization response against the
entomopathogenic nematodes H. bacteriophora, S. carpocapsae, and S. scapterisci,
but not against the S. glaseri nematodes. Interestingly, adults of the house cricket
Acheta domesticus exhibit a strong immune response against H. bacteriophora,
S. carpocapsae, and S. glaseri, but not against the S. scapterisci nematodes (Wang
et al. 1994). Given that in the wild, S. glaseri nematodes are associated with scarab
larvae and S. scapterisci nematodes usually infect mole crickets, it is possible that
the insect host immune response is more potent against entomopathogenic nema-
todes that are not natural pathogens of the specific insect species. Another piece of
evidence showing that the insect cellular immune response against ento-
mopathogenic nematodes varies substantially among insect species is that the
in vivo encapsulation of H. marelatus nematodes occurs in a very small number of
prepupae from the Colorado potato beetle Leptinotarsa decemlineata (Armer et al.
2004). The authors succeeded in isolating a heat-labile factor from the hemolymph
of the infected insects, which causes the mutualistic bacteria P. luminescens to
switch from their primary to their secondary form, but this unknown compound is
inactive against the nematodes. A similar study further revealed that the insect host
immune response toward entomopathogenic nematodes is also specific not only to
the nematode species, but also to the strain of the parasite (Li et al. 2007). In
particular, it was shown that S. glaseri nematodes are more virulent to P. japonica
larvae compared to H. bacteriophora, which is due to the reduced encapsulation
and melanization response to S. glaseri in these insects. However, the authors found
that S. glaseri nematodes are not able to develop and reproduce at optimum levels
in A. domesticus, as previously reported (Wang et al. 1994), and this could be partly
attributed to variation in the infectivity properties of the nematode strains used in
these two studies. A more recent study has confirmed the substantial variation in the
insect immune capacity to entomopathogenic nematode infections (Ebrahimi et al.
2011). It was demonstrated that H. bacteriophora and Steinernema feltiae nema-
todes are encapsulated at much higher levels in L. decemlineata prepupae than in
G. mellonella larvae and the nematode encapsulation response is completed sig-
nificantly earlier in the former than in the latter insect host; therefore it was con-
cluded that L. decemlineata is a more responsive host to nematode infection than
G. mellonella. Curiously, S. carpocapsae infective juveniles are not encapsulated in
larvae of the coleopteran Rhynchophorus ferrugineus, which fails to activate any
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other type of immune responses against the worms, and nematode parasitism is
accompanied by a sharp decrease in the number of circulating hemocytes in the
infected insects (Manachini et al. 2013).

In more recent years, the incorporation of the Drosophila model in the
anti-nematode immunity field has started to reveal the number and nature of genes
that control the activation of host defense mechanisms in response to ento-
mopathogenic nematodes. Although Drosophila is not a natural host for
Heterorhabditis or Steinernema, recent studies have established protocols for
infecting Drosophila flies and larvae with entomopathogenic nematodes in the
presence or absence of their associated Photorhabdus and Xenorhabdus bacteria,
respectively (Castillo et al. 2012; Dobes et al. 2012; Yadav et al. 2015). These
studies have shown that nematode-bacteria complexes are potent pathogens of
Drosophila and that certain entomopathogenic nematodes lacking their mutualistic
bacteria are still pathogenic to flies and larvae (Castillo et al. 2012; Yadav et al.
2015). The use of entomopathogenic nematodes with Drosophila has emerged as a
tractable system for investigating the genetics of nematode parasitism and eluci-
dating the function of molecules that promote nematode persistence in the infected
insect.

A recent study used next generation RNA-sequencing to analyze the transcrip-
tional profile of adult flies infected by symbiotic or axenic H. bacteriophora
nematodes (containing or lacking their P. luminescens bacteria, respectively), or
P. luminescens bacteria alone (Castillo et al. 2015). Bioinformatic analysis of the
data shows that infection with P. luminescens or H. bacteriophora produces distinct
transcriptomic profiles in the fly and that the transcriptome of flies infected by
symbiotic nematodes is a combination of the transcriptomes from flies infected by
axenic nematodes and their mutualistic bacteria, separately. In particular,
P. luminescens infection induces several genes encoding recognition and antibac-
terial effector molecules as well as genes that are involved in translational repres-
sion and response to stress. Interestingly, H. bacteriophora infection regulates a
large number of genes that are involved in lipid homeostasis and metabolism,
neural function and nociception, stress response, and genes with potential function
in nematode recognition and anti-nematode properties. Both pathogens strongly
modulate the transcription of known immune-related genes that control immune
anti-pathogen processes in the fly.

Another genome-wide microarray analysis of the transcriptional response of
D. melanogaster larvae to H. bacteriophora nematodes carrying their
P. luminescens bacteria has identified a large number of genes that are differentially
regulated upon infection with the worms (Arefin et al. 2014). More specifically
genes that are significantly upregulated include several known immune genes and
genes with putative immune properties, while genes that are markedly downregu-
lated are mainly grouped into the oocyte maturation pathway, the Wnt signaling
pathway and the ubiquitin-mediated pathway. Interestingly, the authors reported
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genes encoding certain thioester-containing proteins, clotting factors and cuticular
molecules that are also differentially regulated in D. melanogaster upon infection
with the symbiotic worms.

Further work has demonstrated the power of using Drosophila for studying the
molecular/genetic basis of insect immune responses against infections by ento-
mopathogenic nematodes. Infection of D. melanogaster larvae with H. bacterio-
phora symbiotic worms results in the transcriptional activation of four antimicrobial
peptide genes (Hallem et al. 2007). The antimicrobial peptide response is specific to
P. luminescens bacteria harbored in the nematodes because axenic worms fail to
induce the transcription of antimicrobial peptide genes. It was also shown that
H. bacteriophora nematodes induce the transcription of several immune-related
genes in adult D. melanogaster, but injection of P. luminescens bacteria alone
results in lower levels of gene transcription in the flies (Castillo et al. 2013).
Inactivation of D. melanogaster transglutaminase, a conserved component of
clotting cascades in insects and humans, results in decreased aggregation of
zymosan beads and increased sensitivity of larvae to H. bacteriophora infection
(Wang et al. 2010). Two clotting factors (gp150 and fondue) have also been shown
to participate in the D. melanogaster anti-nematode immune response (Hyrsl et al.
2011), and a homolog of thioester-containing complement protein 3, a basement
membrane component (glutactin), a recognition protein (GNBP-like 3) and several
small peptides have been found to contribute to the control of H. bacteriophora
infection in D. melanogaster larvae (Arefin et al. 2014). In addition, it has been
shown that S. carpocapsae symbiotic nematodes are more virulent to D. melano-
gaster larvae than H. bacteriophora, and they can upregulate the expression of
certain antimicrobial peptide genes as well as induce the melanization pathway, the
activation of which is suppressed by mutualistic X. nematophila bacteria (Peia et al.
2014). More recently, it was reported that the chitinase-like protein imaginal disc
growth factor 3 (IDGF3) plays a regulatory role in the epithelial immune response
of D. melanogaster larvae against infection with H. bacteriophora nematodes by
controlling the activation of signaling pathways associated with wound healing
(Kucerova et al. 2016). Idgf3 loss-of-function mutant larvae show high sensitivity
to nematode infection, which is accompanied by defects in hemolymph clotting and
wound healing processes.

Results generated in the Drosophila model provide valuable information on the
regulation of host genes that are activated or repressed following infection with the
two pathogens, the nematodes and their associated bacteria, either separately or
together. Similar studies will provide exciting clues on the molecular immune
events that may take place in insects upon infection with potent entomopathogenic
nematode—bacteria complexes. Such large-scale transcriptomic analyses set the
stage for functional studies aimed at identifying the exact role of key factors in the
Drosophila anti-nematode and antibacterial immune response.
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7 Immune Evasion by Entomopathogenic Nematodes

Once the entomopathogenic nematodes gain access to the hemolymph, they must
face the insect humoral and cellular response. In order to release their mutualistic
bacteria and complete their life cycle in the insect hemocoel, the nematodes must
evade or counteract the host immune system. Evasion of immune defenses by
entomopathogenic nematodes can be accomplished by three possible strategies:
(i) the nematodes are recognized as self and therefore prevent the induction of
immune responses from the host, (ii) the nematodes avoid detection by the host
immune system and therefore they are not recognized as non-self, and (iii) the
nematodes employ mechanisms to suppresses the host immune response after being
recognized as non-self (Dunphy and Webster 1986, 1987). Immune evasion
strategies used by entomopathogenic nematodes involve their migration to remote
tissues where they cannot be detected by the host immune system (anatomical
seclusion), the secretion of molecules or removal of proteins from the hemolymph
and their sequestration by the nematode cuticle that prevents immune detection
(camouflage or mimicry), and the production of molecules that results in the active
suppression of host immune functions (interference) (Brivio et al. 2005; Castillo
et al. 2011).

Mechanisms for inhibiting the insect host’s antibacterial peptide immune
response have been reported in Heterorhabditis and Steinernema nematodes.
Production of cecropin, which is one of the main insect antibacterial peptides
responsible for removing bacteria from the hemolymph, can be inhibited by a
specific protease that is synthesized and secreted by H. bacteriophora nematodes as
well as by phase 1 variants of their mutualistic P. luminescens bacteria (Jarosz
1998) (Fig. 3). The authors demonstrated that this protease is able to suppress
Cecropin synthesis in G. mellonella larvae as well as in other lepidopteran and
hymenopteran insects. The antibacterial immune response in G. mellonella can also
be prevented by the body surface of the nematode S. feltiae (Brivio et al. 2006). It
has been shown that injection of purified nematode cuticles in insects challenged
with bacteria results in slower removal of the bacteria from the hemocoel, which is
accompanied by reduced levels of antimicrobial peptides in the hemolymph of the
infected insects. This antibacterial peptide inhibitory effect is associated with the
binding of certain hemolymph proteins by S. feltiae cuticular lipids (Fig. 3). The
investigators nicely demonstrated that pretreatment of nematode cuticles with
enzymes that degrade lipids leads to the loss of the inhibitor activity, and by
performing rescue experiments they showed that simultaneous injection of purified
hemolymph proteins with bacteria into insects that have previously received
nematode cuticles leads to the restoration of the antimicrobial activity. Similar
experiments with S. carpocapsae and X. nematophila showed that infection with
live nematodes and bacteria can suppress the antibacterial peptide immune response
of R. ferrugineus, but the inhibitory effect is not present when insects are injected
with dead microorganisms (Binda-Rossetti et al. 2016). In addition, injection of



Insect Immunity to Entomopathogenic Nematodes ... 143

U H U u Protect against

Hemaocyte proteolytic enzymes
aggregation/ adhesion
T @E Host cells
' ' Hemolymph proteins
dded Serpins

Symbiont bacteria

Lipid components
Phenoloxidase cascade ’ “ gg }

Epudiiion Phagocytosis _6&_ ‘. Unknown factors

Cecropin

Proteases

Fig. 3 Immune evasion by entomopathogenic nematodes. Steinernema carpocapsae nematodes
are able to use their body surface lipid components to sequester certain immunocompetent host
hemolymph proteins, which leads to reduced phenoloxidase activity and melanin production. This
in turn results in decreased encapsulation ability. Entomopathogenic nematodes use their cuticular
lipids or expel their mutualistic bacteria to inhibit the phagocytic function of host hemocytes.
Trascriptomic analysis of S. carpocapsae nematodes has led to the identification of a serpin that
protects the nematode from host proteolytic enzymes and reduces clot formation. Heterorhabditis
bacteriophora nematodes and their associated bacteria Photorhabdus luminescens secrete
proteases that suppress the synthesis of the antimicrobial peptide cecropin during infection of
the insect host. S. carpocapsae nematodes also secrete unknown factors that affect hemocyte
numbers and aggregation as well as prevent the adhesion of plasmatocytes and granular cells
during infection in lepidopteran insect hosts

isolated nematode cuticles fails to induce the antimicrobial peptide response in the
hemolymph of the challenged insects.

Steinernema nematodes have developed tactics to disable the insect immune
system in order to create suitable conditions in the host before they expel their
mutualistic bacteria. They do this by modulating the immune function of hemo-
cytes, which form the core of the insect cellular immune response. For instance,
G. mellonella hemocytes are able to recognize H. bacteriophora infective juveniles,
but not S. carpocapsae and S. glaseri nematodes (Ebrahimi et al. 2011).
Consequently, the insect cellular immune response can differ considerably among
nematode species or even strains within the same species. S. feltiae nematodes are
able to use their cuticle in order to remove certain hemolymph proteins that function
as opsonins, and as a result they suppress the phagocytic ability of host hemocytes
(Brivio et al. 2010) (Fig. 3). Inhibition of hemocytic function can lead to a
weakened host immune system that promotes nematode migration in the host and
enhances pathogenicity. The nematodes also interfere with the host defense by
producing factors that target the hemocytes in the hemocoel. An in vitro study has
found that the S. carpocapsae-X. nematophila nematode—bacteria complex pro-
duces factors that act against hemocytes from larvae of the lepidopteran Mythimna
unipuncta (Ribeiro et al. 1999). The secreted factors were separated and shown to
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possess unsticking and cytotoxic properties towards plasmatocytes and granular
cells, respectively. Although not tested, production of those factors in vivo can
probably affect the number of hemocytes as well as the aggregation and encapsu-
lation response against the nematodes (Fig. 3). Indeed, another study has shown
that third stage juveniles of S. carpocapsae nematodes release exudates that prevent
the adhesion of plasmatocytes and granular cells during infection of G. mellonella
and M. disstria, and inhibit the removal of cells from preformed hemocyte
monolayers in vitro (Walter et al. 2008). This results in reduced phenoloxidase
activity in the hemolymph and lower encapsulation of the nematodes. Interestingly,
these effects are only associated with live nematodes, which suggests that the
inhibitory factors are probably not derived from the nematode cuticle. Elegant work
has further identified a chymotrypsin-like serine protease from the mixture of
molecules that are produced during the parasitic stage of S. carpocapsae nematode
(Toubarro et al. 2009). This serine protease was purified and biochemically/
molecularly characterized. Results from functional assays have revealed that this
serine protease forms a major pathogenicity factor in S. carpocapsae, because the
purified protease induces early apoptosis of insect cells and causes disruption of the
insect gut. Similarly, another trypsin-like serine protease from S. carpocapsae was
purified and shown to possess potent activity against G. melonella hemocytes by
blocking hemocyte spreading and causing severe morphological changes to the
hemocytes (Balasubramanian et al. 2010). However, experiments involving coin-
cubation of insect hemocytes and S. feltiae nematodes revealed that the cuticle of
the parasites plays a crucial role in escaping immune recognition by removing
hemolymph proteins from the insect host and using them as shield that allows the
nematodes to suppress hemocyte aggregation and melanotic encapsulation, and
therefore persist in the host (Mastore and Brivio 2008).

Entomopathogenic nematodes can interfere with the insect phenoloxidase
response using their cuticle or by secreting molecules that actively suppress the
melanization cascade. Challenge with live or dead S. feltiae nematodes has been
previously shown to decrease the activity of the prophenoloxidase system; this
effect is due to reduced protease activity in the hemolymph of the infected insects
(Brivio et al. 2002). Injection of purified cuticles into insects or in vitro incubation
with insect hemolymph substantially reduces prophenoloxidase activity; however,
the inhibitory effect is abolished when nematode cuticles are denatured with SDS.
The same research group subsequently reported that the prophenoloxidase inhibi-
tory effect of S. feltiae is due to the sequestration of certain immunocompetent
hemolymph proteins by lipid compounds on the body surface of the nematodes,
which in turn results in reduced in vitro melanotic encapsulation of the parasites
(Brivio et al. 2004). Molecular and biochemical characterization of a compound
produced during the infective stage of S. carpocapsae led to the identification of a
novel virulence factor, a chymotrypsin-like protease, the purified form of which is
able to prevent the in vitro activation of the prophenoloxidase enzyme in hemo-
lymph plasma from G. mellonella larvae and suppress the in vivo encapsulation and
melanization response against the nematodes (Balasubramanian et al. 2009).
Similar studies have also identified a trypsin-like secreted protease from
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S. carpocapsae nematodes, which exhibits potent in vitro inhibitory properties
towards G. mellonella hemolymph prophenoloxidase (Balasubramanian et al.
2010). More recently, a S. carpocapsae serine protease inhibitor (serpin) was
detected in a transcriptomic study and then purified and expressed (Toubarro et al.
2013a) (Fig. 3). The serpin is highly expressed during the invasive stage and before
the nematodes cross the midgut barrier. Functional characterization of the recom-
binant protein showed that the serpin inhibits the activity of lepidopteran digestive
enzymes and provides nematodes with protection against hostile proteolytic
enzymes. Although the nematode serpin does not inhibit the activation of
prophenoloxidase and clot formation in vitro, it is able to prevent the formation of
hardened clots and therefore it suppresses the encapsulation process in G. mel-
lonella, it disrupts the insect response to wound sealing, and it is part of a complex
that is formed by other hemolymph protein, a trypsin-like protein, apolipophorin
and hexamerin. Similarly, an expressed and purified Kunitz-like protease inhibitor
identified in S. carpocapsae was found to interfere with insect recognition proteins
by targeting serine protease homologs from lepidopteran species (Toubarro et al.
2013Db). The recombinant inhibitor was shown to prevent the in vitro aggregation of
hemocytes and encapsulation of beads in G. mellonella hemolymph plasma, but it
does not affect the activation of hemocytes, clots, and prophenoloxidase activity,
although clotting fibers and phenoloxidase activity were slightly modified.

The model lepidopteran M. sexta has been previously used together with three
species of Heterorhabditis to investigate the insect immune response against
nematodes carrying or lacking their mutualistic Photorhabdus bacteria
(Eleftherianos et al. 2010a, b). It was shown that larval mortality is delayed fol-
lowing infection with axenic nematodes compared to insects infected with nema-
todes containing Photorhabdus, or the bacteria alone; however, the nematodes elicit
host immune responses to a lesser extent than the bacteria. Transcription of certain
recognition and antibacterial genes in M. sexta larvae is lower upon infection with
axenic nematodes compared to insects that had received bacteria, either with or
without their cognate nematodes. Axenic Heterorhabditis also do not elicit the
phenoloxidase response and aggregation of hemocytes compared to treatments
involving Photorhabdus. In contrast, the phagocytic ability of M. sexta hemocytes
is decreased by both axenic and symbiotic nematodes, but not by Photorhabdus
alone. These findings indicate that both the nematodes and their bacteria contribute
separately to the pathogenic modulation of the host immune response. A recent
study in the G. mellonella model has demostrated that injection of cuticles from
H. bacteriophora or S. carpocapsae cuticles into the insect hemolymph cause the
complete shut down of the entire insect immune system, as shown by the dramatic
decrease in all cellular responses (hemocyte numbers, hemocyte aggregation,
phagocytosis and encapsulation), humoral responses (production of antimicrobial
peptides), and phenoloxidase activity (Yi et al. 2015). Interestingly, eicosanoids
have been found to regulate the G. mellonella anti-nematode immune response
because phospholipase A2 inhibition replicate insect immune suppression,
co-injection of phospholipase A2 inhibitors with nematode cuticles also suppress
host immunity, but immune suppression is rescued in larvae injected with
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arachidonic acid, a precursor to eicosanoid biosynthesis. The above studies clearly
indicate that entomopathogenic nematodes can express a large variety of molecules,
many of which are still unidentified, in order to overcome host immune reactions.

In previous and recent years, the use of transcriptomics in combination with
molecular and biochemical techniques has led to the identification of more genes
that are potentially involved in parasitic processes of entomopathogenic nematodes
(Hao et al. 2008, 2012; Simdes et al. 2000). Many of those genes encode proteases
or protease-like molecules and their functional characterization has confirmed their
mode of action and role as potent pathogenicity factors. Previously identified and
characterized virulence factors from Steinernema nematodes include two aspartic
proteases (Balasubramanian and Simdes 2013; Balasubramanian et al. 2012a, b), a
pepsin-like aspartic protease (Balasubramanian et al. 2012a), an astacin metallo-
protease (Jing et al. 2010), a serine protease (Toubarro et al. 2010), an elastase-like
serine protease (Hao et al. 2009), and a surface enolase (Liu et al. 2012). Further
characterization of the genetic mechanisms that regulate the interaction between
each nematode virulence component with the insect immune system will lead to the
determination of novel host anti-nematode immune mechanisms.

8 Perspectives and Future Directions

Insects are excellent models for analyzing the functional, molecular and evolu-
tionary basis of the innate immune response to pathogenic and non-pathogenic
organisms. Although important information on the nature of immune responses to
bacteria, fungi and viruses has been accumulated over the past several years, recent
studies have started to reveal insect immune mechanisms that control infections by
entomopathogenic nematode parasites. Furthermore, identification of nematode
strategies for evading or avoiding the insect immune response have been used as
probes for the characterization of novel insect anti-nematode immune reactions.
Future studies using genetic and genomic approaches will undoubtedly help us
elucidate the evolutionary conservation of anti-nematode immune responses in
vertebrate animals (Castillo et al. 2011).

Novel host immune responses against entomopathogenic nematodes are likely to
be identified in model systems in which the genomes of both the host and the
pathogen are sequenced and both organisms can be genetically manipulated.
Although insects such as D. melanogaster are well-established genetic models,
genetic tools in the entomopathogenic nematodes Heterorhabditis have started to
develop (Ciche and Sternberg 2007; Moshayov et al. 2013; Ratnappan et al. 2016).
The recently established Heterorhabditis infection model in Drosophila provides a
fascinating system for simultaneous investigations of parasitic nematode infection
and anti-nematode immune responses in the host (Hallem et al. 2007). The genomes
of both organisms have been sequenced, allowing investigation of important fea-
tures of pathogenesis and immunity using functional genomics, reverse
genetics screens, and systems based approaches. The recent completion of the
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H. bacteriophora genome raises interesting questions as to which genes promote
nematode parasitism and how these might interact with the insect immune system
(Bai et al. 2013). Genes that are upregulated during the infection process offer
excellent candidates for potential effector molecules that could participate in host
immune evasion or suppression. However, robust molecular tools that permit
genetic manipulation are required to study the functional role of candidate mole-
cules in H. bacteriophora as well as in other entomopathogenic nematodes.

Successful RNA interference has been reported in H. bacteriophora. Two pre-
vious studies have shown efficient levels of silencing for several target genes by
soaking nematodes in a dsSRNA solution (Ciche and Sternberg 2007; Moshayov
et al. 2013). Recently, another RNAI silencing protocol was developed in which
dsRNA is administered by microinjection into the gonad of the nematodes
(Ratnappan et al. 2016). This technique provides a major advantage over RNAi by
soaking because the knockdown can be achieved in the progeny. Therefore,
infective juveniles can be produced that have decreased levels of infection-
associated genes for investigating their role in parasitic processes. In addition,
transcriptomic analysis of the S. carpocapsae response to incubation in insect
hemolymph has identified a large number of genes, some of which might participate
in molecular processes that modulate nematode adaptation to the insect immune
response (Hao et al. 2010). A similar study in P. luminescens used fluorescent
reporter constructs to examine the transcriptional regulation of bacterial genes that
might be involved in insect infection either by encoding potent virulence factors or
by molecules that trick the insect immune system (Miinch et al. 2008). Another
study involving screening of a recombinant DNA library in a non-pathogenic
laboratory strain of E. coli carrying individual P. asymbiotica cosmids resulted in
the identification and phenotypic characterization of putative virulence factors and
specialized secretion systems that are probably required to overcome certain host
immune defenses and cause disease (Waterfield et al. 2008).

The development of reverse genetic tools in entomopathogenic nematodes
together with genome-wide transcriptional profiling of the parasites and their
associated bacteria in response to the insect and high-throughput screening of
genomic libraries will undoubtedly expose host mechanisms directed against one
mutualistic partner only or both pathogens together. Functional analysis of candi-
date effectors of parasitism will potentially uncover mechanisms by which ento-
mopathogenic nematodes circumvent and cripple the insect immune response, as
well as the genetic mechanisms involved in parasitic development following
invasion, thereby revealing basic strategies of nematode parasitism and their
interrelationship with host immune defenses.

In conclusion, entomopathogenic nematode—bacteria complexes offer great
potential for identifying novel pathogen infection strategies that could be used as
probes for analyzing the molecular interactions between each mutualistic partner
with the insect host. These interactions would likely reveal the signaling pathways
that regulate host anti-nematode and antibacterial innate immune responses as well
as host molecules with antibacterial/anti-nematode immune properties. Such
information is invaluable because it will allow a better understanding of
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entomopathogenic nematode infections and will potentially result in the develop-
ment and implementation of improved strategies for the biological control of
noxious insect pests.
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Photorhabdus asymbiotica as an Insect
and Human Pathogen

Alexia Hapeshi and Nick R. Waterfield

Abstract Photorhabdus asymbiotica is a species of bacterium that is pathogenic to
humans whilst retaining the ability to infect insect hosts. Currently, there are two
recognised subspecies, P. asymbiotica subsp. asymbiotica and P. asymbiotica
subsp. australis with strains isolated from various locations in the USA, Australia,
Thailand, Nepal and Europe. Like other species of Photorhabdus, P. asymbiotica
subsp. australis was shown to form a symbiotic relationship with a Heterorhabditis
nematode. In contrast to most strains of Photorhabdus luminescens, P. asymbiotica
can grow at 37 °C and this is a defining factor in its ability to cause human disease.
Insights into other adaptations it has undergone that have enabled host switching to
occur have come from whole genome sequencing and transcriptomic studies.
P. asymbiotica has a smaller genome compared to P. luminenscens with a lower
diversity of insecticidal toxins. However, it has acquired plasmids and several
pathogenicity islands in its genome. These encode genes with similarity to effectors
or systems found in other known human pathogens such as Salmonella and Yersinia
and are therefore likely to contribute to human pathogenicity. Of crucial importance
to virulence is the fact that P. asymbiotica undergoes a large metabolic shift at the
human host temperature.
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1 Introduction

Photorhabdus asymbiotica was originally described in 1989 after being isolated
from a patient with a leg ulcer in the USA. This was followed by a search of the
records of the Centres for Disease Control and Prevention that revealed three more
previously reported cases (Farmer et al. 1989). There are 15 cases reported in the
literature and they involve soft tissue infections that are often multifocal, whilst in
five cases there was also an associated bacteraemia (see also the current review of
clinical cases by John Gerrard in this volume). All of the reported cases occurred in
North America and Australia and were generally associated with outdoor activities
in warm weather conditions (Gerrard et al. 2004). The existence of additional
isolates from Thailand and Nepal (Gerrard et al. 2011; Thanwisai et al. 2012)
indicates a widespread geographical distribution of the species. However, epi-
demiological information on P. asymbiotica is likely to be incomplete since
infections are probably misdiagnosed, as commonly used automated bacterial
identification systems misidentify this pathogen (Gerrard et al. 2003). The fact that
the majority of cases reported originate from neighbouring locations may therefore
simply reflect the increased awareness of clinicians in those areas regarding the
possibility of infection with this unexpected pathogen (Weissfeld et al. 2005).
Alternatively, it could point to the existence of specific localised pools of closely
related strains, or their symbiont nematodes, that have acquired adaptations
enabling them to infect human hosts. So far there are two recognised subspecies of
P. asymbiotica, P. asymbiotica subsp. asymbiotica, found in the USA and
P. asymbiotica subsp. australis, which includes the Australian isolates (Gerrard
et al. 2006; Peat et al. 2010) and the isolate from Thailand (Thanwisai et al. 2012).

Since the bacteria were first identified from clinical isolates, it was originally
believed they did not form the normal symbiotic relationship with the nematode
vector. They were therefore originally described as being ‘a-symbiotic’ as the
species name suggests. Eventually however, a nematode belonging to the genus
Heterorhabditis was found to be associated with the clinical P. asymbiotica
Kingscliff isolate from Australia (Gerrard et al. 2006). The nematode is most clo-
sely related to H. indica, but is classified as a distinct species, H. gerrardi (Plichta
et al. 2009). In addition, certain bacterial strains isolated from soil isolates of
Japanese Heterhorhabditis nematodes are phylogenetically most related to
P. asymbiotica species (Kuwata et al. 2008). It should be pointed out, however, that
Heterhorhabditid nematodes vectoring any North American isolates have not yet
been identified.
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Nevertheless, Photorhabdus species have never been found to occur free-living
in the soil, even though at least some can grow in soil under laboratory conditions
(Bleakley and Chen 1999). The mechanism of transmission to humans also remains
unknown. In the case of infection with P. asymbiotica strain Kingscliff a preexisting
skin injury was reported (Gerrard et al. 2006). However, in other incidences there
was no known prior skin lesion (Gerrard et al. 2011). The most likely hypothesis is
that the nematode vector penetrates human skin and delivers the Photorhabdus
subcutaneously enabling establishment of the infection. Interestingly, it remains a
formal, but unproven, possibility that as yet unrecognised mammalian or bird
species could provide natural hosts for these particular strains and their associated
nematodes.

Importantly, all North American and Australian P. asymbiotica isolates tested
have the ability to grow at temperatures of 37 °C or above. Interestingly, the strains
isolated from Australia are able to tolerate even higher temperatures than those
isolated from North America. Amongst all the P. asymbiotica genospecies so far
examined, the only strains not able to grow at temperatures over 34 °C are two
strains isolated from Northern Europe (P. asymbiotica strain HIT and
P. asymbiotica strain JUN) (Mulley et al. 2015). These observations suggest that
adaptation of the P. asymbiotica ‘genospecies’ to elevated temperatures may have
been influenced by geographical location and climatic conditions. While most
strains of P. luminescens tested cannot grow at elevated temperatures there are
examples of some that can (Fischer-Le Saux et al. 1999). It is not known if these
would be capable of causing human infection given the opportunity. However, as
no clinical cases have been ascribed to any member of the genus other than
P. asymbiotica, we suggest it implies certain adaptations are required that are not
found in the P. luminescens genospecies.

2 Insights from the P. asymbiotica Genome

Genomic data is an invaluable source of information enabling the identification of
factors that have allowed host switching to occur. Currently, a complete genome of
a USA isolate (ATCC 43949) (Wilkinson et al. 2009) and two draft genomes of
Australian isolates, P. asymbiotica Kingscliff (Wilkinson et al. 2010) and
P. asymbiotica subsp. australis DSM 17609 (our unpublished data) are available.
Comparison between these and the genome sequences of P. luminescens strains has
revealed a smaller genome size for P. asymbiotica with a concurrent acquisition of
novel elements. The genome of P. asymbiotica ATCC 43949 is 5,064,808 bp
(Wilkinson et al. 2009) compared to that of P. luminescens TTO1 at 5,688,987 bp
(Duchaud et al. 2003). The P. asymbiotica strains harbour extra-chromosomal
elements, with the USA strain carrying one plasmid, pPAUI1, which bears some
homology to the pMT1 plasmid from Yersinia pestis. The presence of the latter is
necessary for Y. pestis to be able to colonise its flea vector. The Australian
P. asymbiotica strain also carries a pPAUl homologue (pPAA1), but in addition
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also carries a second plasmid element, pPAA3. This bears similarity to pCRY from
Yersinia pestis 91001 and encodes a Type IV pilus system, which may be involved
in either plasmid conjugation or, alternatively as a Type IV toxin secretion system.
No plasmids have yet been identified from either P. luminescens or P. temperata
isolates despite an early report of plasmid isolation from P. luminescens MU2
(Bondi et al. 1999). Interestingly our unpublished Illumina whole genome
sequencing of the HIT and JUN isolates has confirmed that these strains also
contain sequences homologous to the pPAUI plasmid. In the case of pPAJ from
P. asymbiotica strain JUN, we can also confirm that this exists as a closed circle
independent of the chromosome. Interestingly in this pPAJ plasmid an alternative
origin of replication has inserted into the normal pPAU1 repA gene, although the
significance of this, if any, is not known.

Even though the exact function of the P. asymbiotica plasmids has not been
determined, our previous attempts to cure pPAUl failed. Furthermore,
P. luminescens TTOl transformed with pPAUIl, genetically tagged with an
antibiotic resistance marker, becomes non-viable after only two or three subcul-
tures. This suggests there is genetic cross talk between plasmid and chromosome
and that the presence of these plasmids is somehow required for normal growth of
P. asymbiotica. Furthermore, comparisons of whole genome phylogeny of
P. asymbiotica isolates with the whole plasmid sequence phylogeny shows the
same tree topology suggesting that acquisition of the pPAUIl-like plasmid was
ancestral to the speciation of P. asymbiotica within the genus.

Other differences noted between the genomes of P. asymbiotica and
P. luminescens are in Type III secretion systems (T3SS). T3SS are used by
pathogens to introduce their own protein effectors into host cells. P. luminescens
possesses one T3SS with at least one tightly linked effector, LopT that is homol-
ogous to the Yersinia pestis YopT. YopT is a serine protease that causes disruption
of the host cell cytoskeleton (Shao et al. 2002). As is the case with Yersinia, lopT is
found in an operon with slcT, which encodes a putative LopT chaperone, so it is
likely that the function of the two proteins in Photorhabdus is similar to that of the
Yersinia homologues. Indeed previous work by Brugirard-Ricaud et al. confirmed
the role of LopT in preventing phagocytosis of P. luminescens by insect hemocytes
(Brugirard-Ricaud et al. 2005). At the corresponding T3SS locus in P. asymbiotica,
however, LopT is absent and instead the T3SS operon encodes a homologue of
ExoU from Pseudomonas aeruginosa. ExoU is a known phospholipase (Sato et al.
2003) that is the cause of acute lung injury leading to sepsis (Pankhaniya et al.
2004). Additionally, P. asymbiotica appears to have acquired a second T3SS
structural operon, related to a system from clinical isolates of Vibrio para-
haemolyticus (Park et al. 2004). Moreover, at a separate genomic location, and
likely exported by the T3SS, P. asymbiotica also encodes a homologue of sopB.
SopB is T3SS effector of Salmonella enterica serovar Typhimurium and is involved
in the maturation of the Salmonella-containing vacuole via recruitment of Rab5
(Mallo et al. 2008). Finally, P. asymbiotica contains a homologue of vopS from
V. parahaemolyticus, which is another T3SS effector, which modifies small
Rho-family GTPases by AMPylation.
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Photorhabdus Virulence Cassettes (PVCs) are discrete operons encoding pro-
teins similar to phage tail and Type 6 Secretion System components. They encode
macromolecular phage tail-like structures superficially similar to R-type pyocins
(Yang et al. 2006). Unlike pyocins however, which target other bacterial cells, the
PVCs appear to be used as a mechanism for delivery of Photorhabdus effectors into
eukaryotic cells (Yang et al. 2006). Each cassette consists of typically 16 genes that
encode the structural components of the PVC ‘needle complex’, followed by one or
more genes encoded at the 3’ end of the operon that are homologues of typical
T3SS-like toxin effectors. Indeed transient expression of several example effectors
in mammalian cells confirmed profound effects of the cell cytoskeleton (Yang et al.
2006). The genome of P. luminescens contains six PVC loci, four of which are
arranged in tandem (PVC units 1-4). Different putative effectors are associated with
each unique PVC cassette. The genome of P. asymbiotica encodes only five PVCs
(Fig. 1). In particular, PVC units 1-3 are absent from the genome and only the
apparently ancestral PVCunit4 is conserved in the same syntenic locus.
Interestingly this PVCunit4 encodes effectors distinct from those found on the
P. luminescens equivalent. The P. asymbiotica PVCunit4 encodes two effectors that
are homologous to gogB from Salmonella enterica serovar Typhimurium and
Escherichia coli and thus may play a role in the mammalian infection process. In
contrast, at the equivalent P. [uminescens locus there are two genes related to
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Fig. 1 The Photorhabdus virulence cassettes (PVCs). PVCs found in the genome of
P. luminescens are shown in (a) and PVCs found in P. asymbiotica 43949 are shown in (b).
Dashed lines between (a) and (b) show conserved elements, whilst dotted lines indicate the
genomic region of P. luminescens TTO1 that is absent from the corresponding locus of the
P. asymbiotica 43949 genome. A more detailed schematic representation of the P. asymbiotica
PVCpnf operon is shown in (c)
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halovibrin from Vibrio fischeri. Halovibrins are secreted proteins that may facilitate
the symbiotic relationship between V. fisheri and the Bobtail squid (Stabb et al.
2001). As such, it is tempting to speculate that this particular PVC locus might be
performing a similar symbiosis role between the bacteria and the Heterorhabditis
nematode. It should be noted that an analogous, and at least partially homologous,
PVC-like ‘injectosome’ needle complex system is employed by the bacterium
Pseudoalteromonas luteoviolacea which it uses to control the metamorphosis of the
marine worm Hydroides elegans (Shikuma et al. 2014). This suggests that the
PVC-like elements may be an ancient and a general mechanism for controlling
many aspects of interaction with invertebrate hosts, including their development.

Two more PVC elements, PVClopT and PVCcif are conserved between the two
species. However, P. asymbiotica also contains two additional unique PVC ele-
ments: PVCPaTox and PVCpnf. The latter is toxic to insects by injection (and their
hemocytes) when heterologously expressed from a cosmid clone in E. coli (Yang
et al. 2006). The Pnf effector is homologous to the cytotoxic necrotizing factor
(CNF1) from E. coli (Fabbri et al. 2010). Interestingly, while a PVC operon is
present in the equivalent locus in the genome of the Australian strain P. asymbiotica
Kingscliff, a gene coding for an alternative effector has replaced pnf. This highlights
the variability and flexibility in these novel delivery systems (Wilkinson et al.
2010). Moreover, the effector of the PVCPaTox element, encoded by gene
PAU_02230, has been identified as a P. asymbiotica toxin and is termed PaTox
(Jank et al. 2013). PaTox has some similarity to the Salmonella virulence factor
Ssel. Ssel is an effector of the Salmonella pathogenicity island 2 T3SSS that is
thought to inhibit migration of immune cells and in particular antigen presenting
cells (McLaughlin et al. 2009). The gene encoding PaTox was identified separately
following a search in the P. asymbiotica genome for the presence of motifs found in
the glycosylating toxins of Clostridium and Legionella (Jank et al. 2013) (see also
the Chapter by Andrea Dolwing in this volume).

Another well-known toxin system first discovered in Photorhabdus are
ABC-type ‘Toxin Complexes’ encoded by #c genes (see also the Chapter by Klaus
Aktories in this volume), some of which are responsible for oral toxicity to insects.
The toxins are composed of TcA, TcB and TcC subunits. The TcA subunit contains
the host cell receptor binding component and forms a homo-oligomeric injection
complex which is used to inject the TcB-TcC subunits into the host cell cytoplasm
(Gatsogiannis et al. 2013). Different TcC homologues possess different C-terminal
domains and at least one of which has been shown to function as an
ADP-ribosyltransferase. The genes encoding these were initially seen to be located
on four distinct pathogenicity islands in strain P. luminescens W14, from which the
toxins were first identified and purified (Bowen and Ensign 1998). These
pathogenicity islands were named, tca, tcb, tcc and tcd. Since genome sequences
have become available it is possible to see significant variation in fc toxin gene
complement and organisation, even between different P. luminescens strains. For
example, in strain TTO1 the zca island has undergone deletion of most of tcaA and
tcaB and the fcb island has also been mostly deleted. However, a comparison with
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the P. asymbiotica genome reveals even greater differences in ¢ gene complement.
For example, in addition to an independent fcaAB deletion event, in P. asymbiotica
an additional #ccC homologue is encoded on the tca island. Furthermore, the tcd
island is much reduced with four of the equivalent P. luminescens genes missing
(Wilkinson et al. 2009). These differences are observed in both the American and
the Australian sequenced P. asymbiotica isolates (Wilkinson et al. 2010). Indeed
comparative genomics suggests that the P. asymbiotica tcd island is likely to rep-
resent a smaller more ancestral state and that the P. Iuminescens strains have
acquired additional homologues.

The genome of P. asymbiotica also shows a reduced complement of other toxin
homologues compared to P. luminescens. For example, while P. luminescens
possesses two homologues of the large Makes Caterpillars Floppy toxin (mcfI and
mcf2), P. asymbiotica only carries the mcfl homologue. Mcfl possesses a BH3-like
N-terminal domain which induces apoptosis in hemocytes and the insect midgut
epithelium (Daborn et al. 2002). Mcf2 on the other hand, has an N-terminal domain
that shows similarity to HrmA (Waterfield et al. 2003), a T3SS effector of
Pseudomonas syringae. Transfection of this N-terminal domain into mammalian
NIH3TS3 cells resulted in cell death (Waterfield et al. 2003). Expression of either
Mcf1 or Mcf2 confers virulence properties to E. coli and enables the bacteria to kill
insects (Daborn et al. 2002; Waterfield et al. 2003). An additional example can be
found with the pirAB toxin genes. Unlike P. luminescens, which has two loci
encoding PirAB toxins, P. asymbiotica only encodes one such locus, equivalent to
the plu4093-plu4092 genes of TTO1. The PirAB toxins have strong insecticidal
activity against Diptera and Lepidoptera (Waterfield et al. 2005; Ahantarig et al.
2009). A crystal structure of the Vibrio parahaemolyticus PirA and PirB homo-
logues has revealed similar topology to the Bacillus pore-forming Cry toxin, sug-
gesting a similar mode of action (Lee et al. 2015). Finally, P. asymbiotica 43949 is
missing four haemolysin-encoding loci, which are present in P. [uminescens. It
must be noted, however, that a comparison between the genomes of the Australian
P. asymbiotica Kingscliff isolate and P. asymbiotica 43949 does reveal that the
former contains several haemolysin or haemagglutinin genes that are not found in
the USA isolate (Wilkinson et al. 2010). Whether these are employed during the
infection in the insect or in the mammalian infection process is still unknown.

The differences discussed above in the toxin compliments of P. asymbiotica
43949 and P. luminescens TTO1 are illustrated in a functional genomics comparison
between the two species. This follows the results of a screen whereby parts of the
two genomes were cloned into cosmids and introduced into E. coli. The resulting
E. coli clones were then tested for toxicity against insects, macrophages, amoebas
or nematodes (Waterfield et al. 2008). As can be seen in Fig. 2, a comparison of the
genetic regions of the two bacteria, which are capable of conferring toxicity, shows
that a number of toxins found in P. Iluminescens TTOl are absent from
P. asymbiotica 43949, whilst the latter has acquired novel elements. Additionally,
there are parts of the genome that are conserved between the two species that do not
seem to encode toxic products in P. luminenscens, but do so in P. asymbiotica. This
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Fig. 2 A comparison of the rapid virulence annotation (RVA) functional genomics screens of
P. asymbiotica 43949 and P. luminescens TTO1. The image represents an artemis comparison tool
alignment of the two genomes. Boxes above and below the genomes represent regions of the
genome containing genes that elaborate toxic products in E. coli cosmid clones. RVA gain of
toxicity screens were performed against Manduca sexta insects (i), Mammalian macrophages (),
Acanthamoeba polyphaga amoeba (a) and C. elegans nematodes (). The RVA numbers at the top
refer to the relevant regions presented in the supplementary data in (Waterfield et al. 2008), where
the P. asymbiotica RVA screen was described. The P. luminescens RVA data is unpublished

may reflect specific adaptations in P. asymbiotica that facilitate infection of the
human host.

Genetic differences between P. asymbiotica and the other species of the genus
involving genes that encode non-toxin products may also be of significance to its
life style and its ability to infect humans. One such example is the LPS biosynthesis
locus whereby there is a large region that is different between P. asymbiotica 43949
and P. luminescens TTO1. In particular, a 17 kb region of P. luminescens TTO1 has
been replaced by a region of 18 kb that contains putative O-antigen synthesis genes.
Elucidation of the structure of the O-polysaccharide of various P. asymbiotica
strains has revealed that there are some subtle differences between Australian and
American isolates since there are higher levels of O-acetylation in the American
strains. However, in general the structure resembles those of other important
phylogenetically distant pathogens, such as Francisella tularensis or Shigella
dysenteriae type 7 (Kondakova et al. 2011). Thus, the differences observed between
P. asymbiotica and P. luminescens in this respect may reflect an additional adap-
tation of the former to its new host.

3 P. asymbiotica as an Insect Pathogen

Despite the overall lower diversity of insecticidal toxin genes in the P. asymbiotica
genome, the ability of the bacterium to infect model insects is unaffected. Indeed,
P. asymbiotica is more pathogenic against model insect hosts than the other
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members of the genus. Eleftherianos and coworkers observed that using a dose of
approximately 100 bacteria to infect Manduca sexta larvae, the LTsy of
P. asymbiotica 43949 is 30 h, whilst that of P. luminescens is 56 h (Eleftherianos
et al. 2006). Nevertheless, it cannot be ruled out that as a result of the lower
diversity of toxin genes in P. asymbiotica the bacterium is unable to infect as large a
range of insect host species as P. luminescens. To our knowledge, the virulence of
P. asymbiotica against a range of insect hosts has not been tested.

Interestingly, P. asymbiotica becomes unable to cause a successful infection in
Manduca sexta larvae when the infected insects are incubated at 37 °C (Mulley
et al. 2015). This suggests that the bacteria are not naturally found in an insect host
at this temperature and that they have adapted other mechanisms that are better
suited for an infection of mammalian hosts. The apparent increased virulence of
P. asymbiotica at the lower temperature of 28 °C could be a result of the presence
of additional virulence factors that the species has acquired. For example, the
PaTox is not found in other Photorhabdus species and could contribute to virulence
against insects. The toxin consists of a deamidase and a glycosyltransferase domain.
The activity of the deamidase domain constitutively activates heterotrimeric G
proteins, whilst the glycosyltranferase domain modifies small Rho-family GTPases
in their GTP-bound active state. Overall, PaTox activity results in actin
cytoskeleton disassembly and thus inhibition of phagocytosis. Pa Tox is active
against both insect cells and mammalian cells (Jank et al. 2013). Similarly, the
PVCpnf that is specific to P. asymbiotica is another potent insect virulence factor.
Injection of recombinant PVCpnf into Galleria melonella larvae is lethal and
hemocytes recovered from the larvae show severe actin cytoskeleton rearrangement
(Yang et al. 20006).

It is important to note here that P. asymbiotica can be found within insect
hemocytes, unlike P. luminescens which remains extracellular (Brugirard-Ricaud
et al. 2005; Costa et al. 2009; Vlisidou et al. 2010). The rate of uptake of
P. asymbiotica by hemocytes appears to depend on the subspecies, since Australian
isolates seem to be taken up more readily than USA isolates (Wilkinson et al. 2009;
Costa et al. 2009). The ability of P. asymbiotica to survive in cells means that the
pathogen may have alternative uses for factors that are present across the genus. For
example, the KdpD/KdpE two component system of P. asymbiotica contributes to
survival of the bacteria within insect hemocytes (Vlisidou et al. 2010). Vlisidou and
coworkers showed that it alone could enable nonpathogenic E. coli to resist
phagocytic killing by increasing expression of the native high affinity potassium
pump Kdp (Vlisidou et al. 2010). How exactly this interferes with the hemocyte
ability to kill the phagocytosed bacteria is not clear, but E. coli was able to persist
long enough to result in the death of injected Manduca sexta larvae (Vlisidou et al.
2010). A KdpD/KdpE system is also present in P. luminescens but it is not clear
whether this would provide an advantage to the bacteria during the infection if they
are not found within host cells. Moreover, the ability of P. asymbiotica to enter and
survive within the host cells implies that toxin molecules synthesised by the bac-
teria might become released directly into the host cell cytosol without the need for a
delivery mechanism. This could allow for example the P. asymbiotica Tca BC to
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act as a functional toxin despite the lack of the pore-forming TcA subunit, as there
is no need for transport of the toxin across the host cell membrane. On the other
hand, even though P. asymbiotica virulence against model insect hosts appears to
be undiminished, oral toxicity of the bacteria is attenuated due to the lack of certain
tc genes, required for full oral toxicity.

4 The Human Host

4.1 Overcoming Host Defences

Many of the immune-defence strategies that Photorhabdus must overcome in an
insect have parallels in a human host. In fact many aspects of innate immunity at
both a mechanistic and even genetic level are conserved between many invertebrates
studied and humans (Browne et al. 2013; Buchmann 2014; Kimbrell and Beutler
2001). These could be either part of the humoral response, such as the presence of
antimicrobial peptides and production of lysozyme, or the cellular innate immune
response, which involves phagocytic attack by hemocytes in the insect or macro-
phages in the human host. Thus, it may be envisaged that the mechanisms employed
by the bacteria to evade the response of the insect can be adapted to address these
similar issues encountered in the human host. In support of this notion, it was
recently demonstrated that both P. luminescens and P. asymbiotica can survive and
grow in the presence of human serum (Mulley et al. 2015). This suggests that the
adaptations that allow Photorhabdus to overcome killing by components of the
insect serum, provide sufficient protection against human serum. Importantly
though, unlike P. luminescens, P. asymbiotica is also able to survive in the presence
of both pig and rabbit serum. Similarly, the aglycon precursor of rhabducin, a known
inhibitor of the insect phenol oxidase cascade (Crawford et al. 2012) was also shown
to inhibit the human alternative complement pathway (Mulley et al. 2015).
Additionally, RNAseq analysis of P. asymbiotica revealed the up-regulation of
isnAB transcription for the synthesis genes of rhabducin at 37 °C, compared to at
28 °C (Mulley et al. 2015). Even though there was no detectable increased secretion
of free rhabducin itself (Mulley et al. 2015), most of the molecule is normally found
on the cell surface (Crawford et al. 2012). Another Photorhabdus secondary
metabolite whose levels actually increase at 37 °C and thus may be relevant in the
human infection process is iso-propyl-stilbene (IPS). IPS is produced by both
P. luminescens and P. asymbiotica and is an antibiotic compound with multiple
other activities that is also required for symbiosis (Joyce et al. 2008; Li et al. 1995)
(see also the Chapters by David Clarke and Helge Bode on secondary metabolism
also in this volume). Interestingly, IPS also seems to have immunomodulatory
properties (Zang et al. 2016) so it could be another example of a factor present in the
Photorhabdus genome that is being repurposed by P. asymbiotica during a human
infection. Finally, the secreted metalloprotease PrtA, which is found in both clinical
and nonclinical strains of Photorhabdus might be involved in defence against the
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immune system in the human host. This is supported by the identification of several
PrtA-sensitive proteins with immune related function, following exposure of insect
haemolymph to PrtA digestion in vitro (Felfoldi et al. 2009). It remains to be
confirmed whether these proteins are PrtA targets in vivo.

Bacterial pathogens can either remain outside host cells or survive and replicate
inside them. Furthermore, some that are facultative intracellular pathogens can
switch between both strategies. Experiments in vitro using both murine and human
macrophage-like cells have shown the P. asymbiotica can enter these phagocytic
cells (Wilkinson et al. 2009; Costa et al. 2009). Costa et al. (2009), observed that
P. asymbiotica could actually survive and replicate inside human macrophage-like
THP-1 cells. It is tempting to speculate that the ability to survive intracellularly is at
least in part mediated by the P. asymbiotica SopB homologue discussed previously.
Additionally, Australian but not American isolates are able to invade the
non-phagocytic HeLa cells (Costa et al. 2009). It is possible that the increased
ability of the Australian isolates to invade host cells is due to the presence of the
Type 4 secretion system encoded by the second plasmid (pPAA3) found in these
strains. This may enable the bacteria to gain access to specific sites in the host thus
allowing for a more disseminated infection to take place. Indeed, we may con-
template that the bacteraemic dissemination of P. asymbiotica around the bodies of
patients with Photorhabdosis is facilitated by the invasion of macrophage, neu-
trophils or other circulating white blood cells. Invasion into host cells can not only
provide a niche sheltered from certain aspects of immunity, but can also grant
access to certain nutrients, promoting persistence in the host.

Similarly to insect cells, following infection with P. asymbiotica, mammalian
macrophage-like cell lines, as well as primary human macrophages later show signs
of apoptosis. The effect is more pronounced with the Australian isolates as infection
with the American isolates results in apoptosis being detected much later and at a
lower rate. This appears to be specific to macrophage-like cells, as after infection of
HeLa no signs of programmed cell death were observed (Costa et al. 2009).
Apoptosis induction occurs after addition of bacteria to cells but does not require
uptake of the pathogen. Additionally, it can be triggered by the addition of bacterial
culture supernatant in the absence of bacteria. This indicates that the virulence
factor responsible for host cell apoptosis is secreted. The identity of this virulence
factor remains elusive and it is possible that there are multiple molecules exerting
these effects, but one likely candidate is Mcfl. Even though Mcfl was previously
shown to cause apoptosis in HeLa cells (Dowling et al. 2004), which was not
observed with P. asymbiotica, mcfl becomes up-regulated when the bacteria are
grown at 37 °C, compared to expression at the normal growth temperature of 28 °C
(Mulley et al. 2015). More clues come from the findings of a recent study per-
formed with E. coli clones carrying cosmids that contain different regions of the
P. asymbiotica genome (Dowling and Hodgson 2014). The effect of administration
of E. coli lysates on macrophages was closely monitored. Here, a synergistic effect
was observed between Mcfl and the product of a nonribosomal peptide synthase
(NRPS) cluster (PAUO03356-PAU03357) located upstream of mcfl. Whilst
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administration of Mcfl alone resulted in condensation of the cytoskeleton,
co-administration with the NRPS product led to the formation of cytoskeletal
protrusions and actin ruffles (Dowling and Hodgson 2014). This indicates that such
NRPS secondary metabolites may also play a role in pathogenicity of
P. asymbiotica as is known for several other bacterial species.

The transcription of certain other putative virulence factors of P. asymbiotica
was shown to be up-regulated at 37 °C. These include, PVCunit4 and its associated
effectors, insect toxin pirB, an operon containing a putative invasin
(PAU_02531-37) and a sepC toxin-like gene (PAU_0214) (Mulley et al. 2015). On
the contrary, the gene encoding the insect toxin XaxA is one of the few virulence
genes that are down-regulated at 37 °C. This suggests that this factor may be
specific for insect cells or would otherwise cause a problem in a human infection.
Finally, the expression of the second T3SS and its effectors appears to be unaf-
fected, however it is likely that direct contact with host cells might be a requirement
for up-regulation. It should be noted that the published RNAseq work looked at
changes in gene transcription in relation to temperature alone.

4.2 Metabolic Adaptations

The nutrients available in the human host niche are likely to be distinct from those
in the insect host. Therefore, in addition to the deployment of toxins and other
immune effector defence mechanisms, pathogens must be able to adjust their
metabolism to ensure optimal nutrient acquisition and assimilation. Temperature
can be sensed by many bacteria, and used as a signal to determine entry into a
mammalian host. The bacteria can then respond accordingly, changing the
expression of not only virulence but also metabolic genes. To measure these
responses a set of transcriptomic, metabolomic and proteomic assays were per-
formed with P. asymbiotica grown at the environmental temperature of 28 °C or the
mammalian host temperature of 37 °C (Mulley et al. 2015). These experiments
revealed that the metabolic abilities of P. asymbiotica undergo a large shift when
grown at the elevated temperature. For example, genes encoding products involved
in carbohydrate uptake and metabolism are down-regulated at 37 °C. The decrease
in transcript levels of genes in these pathways is in accordance with a reduction of
protein levels and the ability to metabolise these compounds in culture. Overall,
P. asymbiotica becomes restricted in the substrates it can use as a source of carbon
at 37 °C and this could reflect their availability, or lack thereof, in the new host.
Examples of carbon sources it can still utilise at 37 °C are glycyl-L-proline, a
product of collagen degradation and hence possibly readily available in mammals
and N-acetyl-p-glucosamine, a component of connective tissue in both mammals
and insects. On the other hand P. asymbiotica can use L-serine as a carbon source at
both temperatures, whilst it relies on only a few amino acids and peptides to provide
a source of nitrogen at 37 °C. In accordance with this, several genes encoding
peptidases and amino acid and peptide transporters become up-regulated at 37 °C.
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This suggests that the bacteria may rely on the degradation of host proteins and the
uptake of peptides and amino acids to be used as nutrient sources in the human.
Again, the secreted metalloprotease PrtA might play a role in this. The gene
encoding PrtA becomes highly up-regulated at 37 °C and it has been previously
suggested that the function of the protease is to support nutrient acquisition even in
the insect infection since its levels rise late in the infection process (Silva et al.
2002; Daborn et al. 2001). It is tempting to speculate that a requirement for
degrading host proteins at 37 °C might lead to the clinical symptoms of tissue
necrosis and ulceration seen in P. asymbiotica infection.

Furthermore, it has been suggested that depleting certain nutrients, such as
specific amino acids, from the host can have adverse effects on host cell home-
ostasis or immune function. This phenomenon has been coined ‘nutritional viru-
lence’ and several examples have been seen in well-studied human pathogens (Abu
Kwaik and Bumann 2013). For example, reduction in host cell serine levels would
deprive host cells of a source for NADPH generation (Fan et al. 2014), whilst
depletion of glutamine, which is required for immune cell function, is known to
dampen immune responses (Calder and Yaqoob 1999). Glutamine is used as a
source of energy by fast dividing cells such as lymphocytes and is also needed for
the synthesis of other amino acids and nucleotides. Additionally, it is required for
the synthesis of glutathione, which is important for protection against reactive
oxygen species. Many of these pathways are connected to the conversion of glu-
tamine into glutamate (Newsholme et al. 2003). Glutamine deprivation would
therefore be detrimental to immune cells not only because it would signify a loss of
energy source, but also because of lowered resistance to oxidative damage. This
phenomenon has been observed in Helicobacter pylori, which converts both
extracellular glutamine and glutathione into glutamate that it then takes up and uses
mainly as an energy source (Shibayama et al. 2007). This seems to be a major
contributing factor to the pathology of the bacterium (De Bruyne et al. 2016).
Glutamine and glutamate are, together with tyrosine, the only amino acids
P. asymbiotica can use as a nitrogen source at 37 °C (Mulley et al. 2015). It is
therefore possible that the P. asymbiotica metabolism might result in glutamine
depletion in host cells and have similar associated effects.

Additionally, P. asymbiotica is able to use purines as carbon sources and xan-
thine as a nitrogen source at 37 °C, whilst at the same time it down-regulates the de
novo purine biosynthesis pathway. This suggests that purines are either abundant or
readily available in the host and this could be particularly relevant in an intracellular
setting. Indeed some pathogens like H. pylori, Chlamydia trachomatis or Ricketsia
prowazekii, which lack either parts of or the entire purine biosynthesis pathway,
need to take up nucleotides from the host (Audia and Winkler 2006; Liechti and
Goldberg 2012; Tjaden et al. 1999). Additionally, xanthine depletion may also be
interfering with the host immune response as xanthine is a substrate of xanthine
oxidoreductase (XO) whereby it is converted into uric acid with the associated
release of hydrogen peroxide (Crane et al. 2013; Martin et al. 2004). Moreover, in
hypoxic conditions XO can use xanthine as a reducing agent to generate nitric oxide
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(Godber et al. 2000). Thus, the ability of Photorhabdus to utilise xanthine as a
carbon source may not only be providing the bacteria with necessary nutrients, but
also acting as yet another defence strategy against the immune system.

Iron restriction is used by many animal hosts as an immune-defence strategy to
limit the growth of microorganisms (Ganz and Nemeth 2015; Schaible and
Kaufmann 2004). Thus, bacterial pathogens often have mechanisms to overcome
this restriction (Schaible and Kaufmann 2004; Fischbach et al. 2006). In accordance
with this, P. asymbiotica up-regulates the iron compound ABC transporter
(PAU_03286), the outer membrane siderophore receptor CjrC and a bacterioferritin
co-migratory protein Bcp (Mulley et al. 2015). Interestingly, the strategies
employed by the human body to limit iron availability to bacteria will have different
effects depending on whether the pathogens are extracellular or intracellular. So,
while the sequestration of ferric ions or siderophore-bound iron will limit its
availability to most pathogens, inhibition of iron release into the plasma via the
degradation of ferroportin leads to a rise in its concentration inside cells like
macrophages. This could lead to increased iron availability for pathogens that can
survive inside these cells and so additional strategies are required to ensure that iron
is excluded from intracellular sites where microbes reside, such as phagosomes
(Ganz and Nemeth 2015; Schaible and Kaufmann 2004). Thus, the ability of
P. asymbiotica to act as a facultative intracellular pathogen may be enabling it to
overcome yet another human defence mechanism.

5 Conclusions

The shift of P. asymbiotica to a new host seems to have been facilitated by three
general mechanisms. The first involves making use of virulence mechanisms already
present and which are used by all Photorhabdus species when they infect an insect
host. These could be toxins or molecules that provide defence against the host
immune system. The second mechanism involves the acquisition of additional vir-
ulence factors that are appropriate for the mammalian host infection strategy. For
example, specific ‘toxin’ effectors, which exert their actions inside host cells, like
ExoU or PaTox. It can be envisaged, however, that without the aforementioned
preexisting adaptations the newly acquired virulence factors would not be sufficient
to confer full pathogenicity to the bacteria. Finally, P. asymbiotica appears to be able
to adapt its metabolism to best utilise the new niche. It is possible that the changes
that are observed in its metabolism upon shift to 37 °C do not exactly reflect what
occurs when the bacteria are found in a human host as additional signals might be
present during an infection. Even so, similar experiments with other pathogens have
shown a good correlation between such in vitro data and transcriptomic data from
infected cells (Bent et al. 2015; Ren and Prescott 2003). Moreover, temperature has
been shown to increase expression of known virulence genes in a variety of
pathogens (Konkel and Tilly 2000), sometimes controlling translation directly by
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altering the structure of messenger RNA molecules (Guijarro et al. 2015). Whether
the metabolic shift seen with P. asymbiotica 37 °C is simply a result of differential
availability of nutrients in the new environment, poor adaptation of certain bacterial
enzymes and pathways or rather a specific strategy to use nutritional virulence to
simultaneously manipulate the host, is an interesting question to consider. Finally,
the inability of P. asymbiotica to infect insects at 37 °C despite an up-regulation of
virulence genes, suggests that the changes it undergoes at this elevated temperature
constitute specific adaptations to the mammalian host. We argue this failure is most
likely due to the large restriction in metabolic abilities.

An analysis of P. asymbiotica genome sequences, in addition to temperature
dependant differential transcriptomic, proteomic and metabolic studies have shed
light on the characteristics that allow the members of the species to infect humans.
Nevertheless, several important questions regarding their adaption to human
pathogenicity remain unanswered. One obvious question that arises from compar-
ison of the P. asymbiotica genome with that of the other Photorhabdus species is
the role of the plasmid observed in P. asymbiotica. The fact that the European
isolates HIT and JUN are unable to grow at elevated temperatures and also seem to
contain a pPAUI-like plasmid, but in much lower copy numbers, and at least in one
case with an altered origin of replication, hints at a role in the transition to human
pathogenicity. Nevertheless, transcriptomics has not shown any significant differ-
ence in pPAU1 plasmid gene expression levels between 28 and 37 °C (Mulley et al.
2015), though the possibility that additional signals are required for gene
up-regulation cannot be overlooked. One hypothesis for its function is that the
plasmid may be introducing an additional level of transcriptional control over
chromosomal genes. Such crosstalk between chromosome and plasmid has been
observed in some other bacterial pathogens (Chitlaru et al. 2006; Zhu et al. 2010;
Letek et al. 2010). This may allow better integration of the horizontally acquired
genes enabling utilisation of a new niche. Furthermore, if such regulatory rewiring
has occurred, it could explain why the P. asymbiotica ATCC43949 pPAU1 plasmid
could not be cured even in laboratory conditions.

Other important questions involve the mode of transmission to humans and the
presence, if any, of a mammalian host reservoir. The working hypothesis is that the
nematode vector may penetrate human skin and release the bacteria; however, this
has not been demonstrated so far. Certain nematodes such Strongyloides stercoralis
or the hookworm Ancylostoma duodenale are known to possess this ability (Hotez
et al. 2004), but this is not thought to be the case for Heterorhabditis. We have,
however, observed that Heterorabditis nematodes can penetrate rat dermis ex vivo
(unpublished results). Since human body temperature does not allow
Heterorhabditis to survive (Sunanda 2009), such an infection would result in a
dead-end for the nematode. Even so, the temperature on the surface of human skin
at the extremities is well below 37 °C and this could allow introduction of the
bacteria by the nematode. Finally, the possibility that a mammal with a lower body
temperature, such as a marsupial, or poikilothermic animals like reptiles act as the
reservoir for P. asymbiotica cannot be excluded.
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A Review of Clinical Cases of Infection
with Photorhabdus Asymbiotica

John G. Gerrard and Robert P. Stevens

Abstract The three recognised Photorhabdus species are bioluminescent
Gram-negative bacilli of the family Enterobacteriaceae. They are all pathogenic to
insects and form a symbiotic relationship with nematodes of the genus
Heterorhabditis. P. luminescens and P. temperata are both harmless to humans
whilst P. asymbiotica, on the other hand, is a human pathogen that is a symbiont of
the newly described nematode vector, Heterorhabditis gerrardi. In this chapter, we
review the epidemiological and clinical features of eighteen human cases of
P. asymbiotica infection including fifteen from the published literature and three
previously unreported cases. Human infection has been reported in the USA and
Australia and probably occurs in other parts of Asia where it remains undocu-
mented. Infection occurs most commonly in warmer months particularly after
rainfall. Patients may have a history of recent exposure to sand or sandy soil.
P. asymbiotica causes both locally invasive soft tissue infection and disseminated
disease with bacteraemia. Soft tissue infection may be multifocal with involvement
of more than one limb and the trunk. The organism is sensitive to a number of
antibiotics in vitro, but treatment failures have been associated with the use of
beta-lactams and aminoglycosides. We suggest treatment with a four-week course
of an oral fluoroquinolone such as ciprofloxacin. The organism grows readily on
standard media from specimens such as wound swabs, pus, blood and even sputum
and can be identified in a clinical microbiology laboratory but the diagnosis needs
to be considered. The correct diagnosis is most likely to be made where there is
close cooperation between clinician and microbiologist.
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1 Background

The bacterium now known as Photorhabdus asymbiotica was identified as a human
pathogen in 1979 by Farmer et al. (1989) and Fischer-Le Saux et al. (1999). In
2006, Gerrard et al. isolated a nematode that was found to harbour P. asymbiotica.
This nematode was isolated from sandy soil at the home of an infected patient in
Australia where the patient had been digging with his bare hands (Gerrard et al.
2006). Plichta et al. (2009) found that this nematode was phenotypically and
genetically distinct and belonged to a novel species, called Heterorhabditis ger-
rardi. A seven gene multilocus sequence typing (MLST) scheme was used to
confirm that the P. asymbiotica strains found in the nematode and the patient’s
infected hand were identical (Gerrard et al. 2006). Given the ability of other
Heterorhabditis species to penetrate insect cuticle, it is plausible that this nematode
could penetrate human skin. The Heterorhabditis spp. belong to the same order
(Rhabdidita) as Strongyloides stercoralis which penetrates human skin as part of its
natural life cycle. Other work suggests that H. gerrardi is indeed able to burrow
through ex vitro pig dermal layers (Gerrard et al. 2011).

These findings strongly suggest that H. gerrardi vectors human infection with
P. asymbiotica. However, it is not clear if H. gerrardi has a natural vertebrate host
or whether humans represent an “innocent bystander” in a life cycle that normally
involves insects. Heterorhabditis nematodes have not to date been identified in
human clinical specimens, although no documented attempt has ever been made.
The identification of symbiont P. asymbiotica infection is typically delayed by
many days by which time wounds have usually been debrided making the isolation
of any vector nematodes unlikely. However, this would be a worthwhile exercise in
the future should the opportunity arise. The specific epithet asymbiotica, suggesting
that the bacterium is “not a symbiont” is thus a historical error, having been des-
ignated before the symbiont nematode H. gerrardi was actually discovered.



A Review of Clinical Cases of Infection ... 181
2 Epidemiology
2.1 Age and Gender

Reports of fifteen cases of human infection with P. asymbiotica appear in the current
literature. Here, we report an additional three cases in this chapter. The amount of
available detail varies between cases. However, a summary of the eighteen cases
appears in Table 1. Hereafter, these are referred to as “Case studies 1-18”. Case
studies 1-15 have been previously reported in the literature, whereas Case studies
16—18 appear here for the first time (see captions in Figs. 3, 4 and 5 for specific case
details). Gender of the patient was documented for 17 of the 18 cases. The majority
(11 of the 17) were male. Patient age was documented for 16 of the 18 cases and
ranged from 11 to 90 years (mean = 53.9 £ 5.9 years).

2.2 Pre-morbid Status

Details of concurrent illness were documented in fifteen of the eighteen cases. The
majority (10 of these 15) were in previously good health. Three patients had dia-
betes mellitus, and one patient was taking prednisone for polymyalgia rheumatica,
and another patient was taking warfarin for cardiac valve replacements and atrial
fibrillation.

2.3 Geographical Distribution

All eighteen documented case reports of P. asymbiotica infection have been from
either the USA or Australia. In the USA, most (five) reports have been from the
state of Texas with one case each from Pennsylvania and Maryland. In Australia,
there have been eleven case reports along the eastern seaboard ranging from tropical
Queensland to temperate Victoria. It is highly likely that the pathogen also exists in
Asia, but there are no well-documented case reports from here. There has been a
report of nematodes carrying P. asymbiotica strains in soil isolated from Thailand
(Thanwisai et al. 2012), and at least one case of possible human infection said to
have been acquired in Nepal but without any documentation in the literature. To our
knowledge, there have been no reports to date of human infection with
Photorhabdus spp. from Europe.
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2.4 Environmental Exposure

In the six patients where an occupation was identified, all involved outdoor activity
with likely exposure to soil: three were farmers, one a gardener (case study 17
detailed in Fig. 4), one a golf course green keeper and one a pest controller. The
month of onset was reported in thirteen cases. Twelve began during the temperate
summer or the tropical wet season (Gerrard et al. 2004). The Australian clinical
cases have principally been identified in coastal regions. The vector of
P. asymbiotica, Heterorhabditis gerrardi was also isolated from sandy soil behind
the beach at Kingscliff, NSW (Gerrard et al. 2006), from the area in which the
patient in case study 15 (Fig. 2) had been digging by hand, and we note that sandy
coastal soil is the typical habitat of Heterorhabditis species as a whole (Hominick
2002). Interestingly, an association with exposure to sandy coastal soil has not been
identified with the American cases.

2.5 Incidence of Human Infection

The true incidence of human infection with P. asymbiotica is unknown, probably
because most cases are either missed or miss diagnosed (see Sect. 3). Sporadic
cases have been identified in Australia but may not warrant publication unless some
new aspect of the infection is observed. In Australia, therefore, human infection is
probably under reported. In the USA, there has been only one case report since the
original case series was published by Farmer et al. in (1989). It is likely that cases
are not being diagnosed because of a failure by clinical microbiology laboratories to
identify the pathogen correctly. Clinical laboratories now rely heavily on automated
systems to identify bacterial isolates. The pathogen is not included in the databases
of systems in common use such as Beckman Coulter MicroScan WalkAway,
Biomerieux VITEK 2 or VITEK MS. So a clinical microbiology laboratory is likely
to misidentify P. asymbiotica as a “coliform” unless the bench scientist is highly
vigilant and/or experienced in identifying the organism (Weissfeld et al. 2005).

3 Recognition of P. asymbiotica in the Clinical Diagnostic
Laboratory

The key features for P. asymbiotica identification include the presence of yellow
pigment in the bacterial colonies on plates, nitrate not reduced to nitrite (unlike
most other Enterobacteriaceae), annular haemolysis on blood plates (more pro-
nounced when grown at room temperature), swarming on agar plates and weak
bioluminescence of colonies on plates. Annular haemolysis is unusual and char-
acteristic, with no haemolysis observed immediately around the colony then a very
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thin line observed about 6-12 mm from the colony edge. This is more apparent
when the organism is cultured at room temperature. Bioluminescence can be
detected with the naked eye if cultures are examined in a completely darkened room
with 10 min of observer acclimatisation. The reader should, however, refer to other
publications for a more detailed description of the laboratory characteristics of this
organism (Peel et al. 1999).

4 Clinical Features

Human infection with P. asymbiotica, as reported in the literature, has been char-
acterised by both localised soft tissue and disseminated infection (Table 1). The
degree of clinical detail available for individual cases varies greatly between
reports. Some form of soft tissue infection was described in the majority (16 of the

EEINNTS

18 cases). Clinical descriptors used included: “erythematous lump”, “erythematous

LEINT3

nodule”, “painful subcutaneous nodule”, “diffuse, erythematous indurated subcu-
taneous swelling”, “closed abscess”, “painful necrotic ulcer”, “fluctuant lym-
29 ¢

phadenopathy”, “carbuncles” and “multiple pustular nodular lesions” (Figs. 1, 2, 3,
4 and 5).

Fig. 1 Case study number 13. Twenty-nine year-old female patient with P. asymbiotica infection
on her foot. This patient was from the town of Beaudesert in Queensland, Australia
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Fig. 2 Case study number 15. Forty-nine year-old male patient with an infected hand from
Kingscliff, Australia. The patient had been digging a fence-post hole in sandy soil by hand.
Photograph provided by Dr. David Chin (Gerrard et al. 2006)

Soft tissue infections were found to be multifocal in the majority of infections
(11 of 15 cases). This could take the form of multiple abscesses on a single limb, or
abscesses on multiple limbs and/or the trunk. Histopathology of biopsied skin/soft
tissue lesions has demonstrated acute dermal abscesses, some with features of septic
vasculitis, for example fibrin deposition in small blood vessel walls and neutrophil
accumulation within vessel walls and the surrounding dermis. This appearance is
though to be consistent with bacteraemic spread of the infection. Pulmonary
involvement has also been also observed. Cough was reported in two patients.
A left perihilar infiltrate was reported on the chest radiograph of one of these, and
P. asymbiotica was isolated from his sputum. Bacteraemia was documented in five
patients. There have been no deaths attributed directly to P. asymbiotica in the
literature to date.

Most patients interviewed by the authors did not describe a pre-existing wound
that may have been accidentally contaminated by P. asymbiotica. Furthermore,
Photorhabdus spp. do not live freely in soil but are strictly associated with their
vector nematodes (Bleakley and Chen 1999). These observations suggest active
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Fig. 3 Case study number 16. Fifteen year-old male patient, with a left forearm P. asymbiotica
infection nearing resolution (pictured), from the Sunshine Coast of Australia. In brief, a fifteen
year-old male in previously good health was diagnosed with a persistent soft tissue infection of his
left forearm due to P. asymbiotica in 2008. He had been playing in sand near the beach in the days
prior to onset. Signs and symptoms failed to resolve completely after short courses of oral
amoxycillin—clavulanic acid. He was ultimately treated with a four-week course of oral
ciprofloxacin that was associated with cure. This is a new case study and has not been reported
elsewhere in the literature

penetration of previously intact skin by H. gerrardi infective juvenile
(IJ) nematodes with subsequent regurgitation of P. asymbiotica bacteria by the 1J
nematode. Notably, Heterorhabditis spp. belong to the same order (Rhabdidita) as
Strongyloides stercoralis that penetrates human skin as part of its natural life cycle.
So it seems likely that H. gerrardi also has the capacity to penetrate intact human
skin presumably alongside its ability to penetrate its more normal insect hosts.
Whether the multifocal nature of some observed soft tissue infections is the result of
multiple nematode penetrations (infection by several IJ nematodes) or subsequent
bacteraemic spread is still not clear.



188 J.G. Gerrard and R.P. Stevens

Fig. 4 Case study number 17. Male gardener with infection on wrist from Monto in Queensland,
Australia. A male gardener, in previously good health, was diagnosed with a soft tissue infection
of his right forearm due to P. asymbiotica in 2009. Note that he habitually used his right forearm to
hold segments of turf grass prior to laying, suggesting that infection may have come from soil on
turf. His infection resolved following a four-week course of oral ciprofloxacin. This (alongside
case 16 above) is a new case study and has not been reported elsewhere in the literature

5 Treatment

P. asymbiotica isolates from the USA and Australia have been assessed for
antimicrobial sensitivity using both microdilution and disk diffusion techniques.
The clinical isolates were found to be sensitive in vitro to broad range of antimi-
crobial agents with activities against Gram-negative bacteria including quinolones,
tetracyclines, aminoglycosides and B-lactams. Most were found to be resistant to
ampicillin and cephalothin. In vitro sensitivity to amoxicillin—clavulanic acid seems
to be affected by the temperature at which Kirby-Bauer disk diffusion is performed.
At the environmental temperature (25 °C) that P. asymbiotca prefers, zone size may
be greatly reduced. With apparent clinical failure observed using amoxycillin—
clavulanic acid in some patients, an alternative regimen should probably be used.

In the absence of any form of clinical trial, it is difficult to make firm treatment
recommendations. However, a relapsing course over several weeks has been doc-
umented in a number of cases. Relapse has occurred after apparently appropriate
aminoglycosides or B-lactam antibiotics were administered intravenously or orally.
For this reason, it has been our practice to treat with oral ciprofloxacin 500 mg b.d.
for four weeks. We have given this regimen to eight (Hominick 2002) patients now
with complete resolution of symptoms. The need for surgical debridement has been
guided by individual clinical assessment.
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Fig. 5 Case study number 18. Eighty-one year-old female of Assyrian descent from suburban
Sydney, Australia with severe infection on her left forearm. She was admitted to hospital in 2009
with soft tissue infections of her left arm, left thigh and right lower leg which were finally
identified as a P. asymbiotica infections. She had previously undergone aortic and mitral valve
replacement and was anticoagulated on warfarin. On 18 January, 2009 she presented to hospital
with acute cellulitis and an abscess over the lateral epicondyle of her left elbow. This had first
appeared two weeks earlier and was followed by a cutaneous abscess on the medial aspect of her
left mid-thigh and another over the lower medial aspect of her right lower leg. She (like case 17
above) had a history of recent soil exposure whilst gardening with bare hands. There was no
history of injury or insect bite. Her temperature on admission was 37.4 °C. She displayed a mild
lymphopenia. Her erythrocyte sedimentation rate was 34 mm/hr and C-reactive protein was
38 mg/l (N < 5). The abscesses were drained, and she was treated with intravenous cefazolin.
After 15 days, she was discharged on oral cephalexin. She represented on 10 May, 2009 with
cellulitis and a recrudescence of the abscess on her elbow. The other abscesses had resolved. Note
that a Gram-negative rod was originally isolated in pure growth from one of her wound swabs.
This was initially misidentified as Proteus mirabilis. The same organism as previously isolated
was recovered from swabs taken on admission. This was then confirmed to be P. asymbiotica
using both phenotypic and molecular methods. She was then given the antibiotic ciprofloxacin
which showed a rapid clinical response and cure. This (alongside cases 16 and 17 above) is a new
case study and has not been reported elsewhere in the literature

Infection is cured without the need for specific therapy directed against nema-
todes. However, this does not in itself indicate that nematodes are inactive in the
human host. For example, clinical experience with the treatment of the nematode
infection onchocerciasis has demonstrated the potentially curative effect of giving
antibiotics only targeting its bacterial endosymbiont Wolbachia (Walker et al.
2015). If clinical material could be collected early during the course of
P. asymbiotica infection diagnosed in the future, it may prove enlightening to
examine the material directly for the presence of 1J nematodes.



190 J.G. Gerrard and R.P. Stevens

6 Conclusions

P. asymbiotica is a human pathogen that is associated with a very distinctive
clinical syndrome. Its behaviour is quite unlike the other two species within the
genus which have never been associated with human infection and therefore appear
to be strict pathogens of insects only. It is relatively uncommon for pathogens to
cross between animal species let alone between phyla (from arthropods to chor-
dates). This suggests that specific pathogenic mechanisms have evolved under
selective pressure. Learning more about these mechanisms and about the natural life
cycle of P. asymbiotica and H. gerrardi may explain how and why this has
occurred.
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Abstract Fluent genetic manipulation of prokaryote genomes is still limited to
only a few commonly used hosts. Ideally the advanced technologies available for
cloning into recombinant Escherichia coli should also be applicable in other
prokaryotes. In particular, ‘recombineering’ is mediated by the lambda Red operon
that permits fluent and precise engineering of the E. coli genome and associated
recombinant DNA. The major limitation is that host-specific phage-derived
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recombination systems are also required in more distant species. Recently, an
endogenous Red-like operon Pluyfo has been reported to be effective in both
Photorhabdus and Xenorhabdus bacteria. The PluyBo recombineering system is
based on three host-specific phage proteins from Photorhabdus luminescens,
Plu2935, Plu2936, and Plu2934, which are functional analogs of Redf, Reda, and
Redy, respectively. In this chapter, we provide a comprehensive and up-to-date
method for P. luminescens and Xenorhabdus stockiae genome engineering via the
PluyBo recombineering system. In order to facilitate the rapid construction of
knock-in vectors, recET-mediated recombineering is incorporated in the pipeline.
Concerted recET system in E. coli with PluyBfo system in Photorhabdus and
Xenorhabdus could promote reverse genetics, functional genomics, and bio-
prospecting research for these two genera.
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1 Introduction to ‘Recombineering’

Photorhabdus luminescens (P. luminescens) is a gram-negative bacterium symbiotic
with the entomopathogenic nematode (EPN) Heterorhabditis bacteriophora. Partial
16S rRNA gene sequences of the genera Photorhabdus and Xenorhabdus have been
sequenced (Liu et al. 1997; Woese 1987), and the aligned sequences were subjected
to phylogenetic analysis by maximum-likelihood and maximum-parsimony methods
(Rainey and Stackebrandt 1995). Distance matrix and phylogenetic analysis sug-
gested that these two bacterial genera are closely related despite the fact that they are
associated with unrelated entomopatogenic nematodes. P. luminescens is highly
pathogenic to insects (Lango and Clarke 2010; Glaeser and Heermann 2015), and the
bacterial-EPN complex is widely used in biocontrol of insect pests. The bacteria
exist in two phenotypically different forms to initiate mutualism in host nematode
intestines, pathogenic variant (P form), and smaller-cell variant (M form)
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(Somvanshi et al. 2012). Therefore, it is also an excellent model organism to study
bacterial phenotypic heterogeneity.

P. luminescens also synthesizes an extensive array of secondary metabolites
during the post-exponential phase, such as an antibiotic
[3-5-dihydroxy-4-isopropylstilbene (ST)], an anthraquinone pigment (AQ), and
bioluminescence (Lango and Clarke 2010; Fu et al. 2012). Moreover, there are
many theoretical compounds encoded by a large number of biosynthesis gene
clusters in silico analysis. However, most of these biosynthetic gene clusters are
cryptic when P. luminescens is cultivated under laboratory conditions, such as the
luminmycin (Fu et al. 2012; Bian et al. 2012b). The promoter exchange approach in
P. luminescens resulted in indigoidine and pentadecapeptide production, which
provided great insight to activate the cryptic gene cluster (Brachmanna et al. 2012;
Bode et al. 2015). However, the study of these secondary metabolites is limited by
the large size of the some of the gene clusters that encode them, making their
cloning into recombinant E. coli a major stumbling block in their study (see also the
chapter by Helge Bode in this volume).

An effective genome engineering tool is therefore essential to transfer and
express such large blocks of genes. Two phage-encoded homologous recombina-
tion systems, which are termed ‘recombinogenic engineering’ or just ‘recombi-
neering,” have greatly expanded recombinant DNA technology providing accuracy
and fluency in bacteria genome engineering (Datsenko and Wanner 2000; Muyrers
et al. 1999; Zhang et al. 1998, 2000). They are mediated by phage-derived proteins,
either by the Red operon of phage lambda or by recET from the Rac prophage of
E. coli, which is a simple and efficient way to mediate homologous DNA recom-
bination with short (about 50 b.p) homology segments (Muyrers et al. 1999; Zhang
et al. 1998, 2000). The Red system, which encodes a 53’ exonuclease (Redo), a
single strand annealing protein (Redf) and an exonuclease inhibitor (Redy), can be
directly applied in some gram-negative bacteria, such as E. coli, Salmonella
enterica (Bunny et al. 2002), Burkholderia (Kang et al. 2011), and Agrobacterium
tumefaciens (Hu et al. 2014), but host-specific phage-derived recombination sys-
tems are required in more distant species. The new recombineering systems based
on host-specific phage-derived recombinases have been established in Yersinia
pseudotuberculosis (Derbise et al. 2003), Mycobacterium tuberculosis (Van Kessel
and Hatfull 2006, 2008), Pseudomonas syringae (Bao et al. 2012), Lactococcus
lactis (van Pijkeren and Britton 2012), Lactobacillus plantarum (Yang et al. 2015),
Clostridium perfringens (Dong et al. 2013), and Bacillus subtilis (Sun et al. 2015).

The Red system had been used to manipulate the Photorhabdus chromosome,
but it needs a long homology arm which is beyond the convenience of oligos
synthesis (Somvanshi et al. 2012; Tang et al. 2010). PluyBo recombineering system
is a more robust method for the functional genomics research in P. luminescens and
Xenorhabdus stockiae (Yin et al. 2015b). The PluyPa recombineering system is
based on three host-specific phage proteins from P. luminescens, Plu2935, Plu2936,
and Plu2934, which are functional analogs of Redf}, Reda, and Redy, respectively.
This new recombineering system therefore renders the host genome amenable to
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fast and accurate manipulation for reverse genetics, functional genomics, and
bioprospecting.

In this chapter, we provide a comprehensive and up-to-date practical guide for
P. luminescens and X. stockiae genome engineering using Pluypa recombineering
system. To facilitate the construction of knock-in vectors for Pluyfo recombineer-
ing, a method using recET to assemble multiple DNA fragments is also included.
Combining recET recombineering with PluyBa system could promote reverse
genetics, functional genomics, and bioprospecting research for P. luminescens, X.
stockiae, and other closely related bacteria.

2 Reagents and Equipment Needed for Practical
‘Recombineering’

2.1 Reagents

e Luria Broth (LB) Dissolve 5 g yeast extract, 10 g tryptone and 5 g NaCl in
1 L ddH,0, and transfer 100 or 250 mL aliquots into a glass stock bottle and
autoclave. Add appropriate antibiotics before use.

e LB agar plates Transfer required aliquots of autoclaved LB broth into a glass
stock bottle, add 1.2% agar (w/v) and dissolve it by boiling, and then pour
molten medium into sterile petri dishes. Add appropriate antibiotics when the
medium has cooled to 50 °C if it is required.

e 0.7% (w/v) agarose gels Add a certain amount of agarose to appropriate vol-
ume 1 x TBE or TAE buffer (w/v = 0.7%). Completely melt the agarose in a
microwave and then cool down to ~60 °C. Add 5% (v/v) ethidium bromide
solution (10 mg mL™"), mix thoroughly, pour the dissolved agarose into a mold
with an appropriate comb and let it solidify.

e E. coli strain The E. coli GB2005 cells harboring pSC101-BAD-34-35-36-amp
plasmid should be grown freshly on LB plates supplemented with 100 pg mL™
ampicillin or LB broth supplemented with 50 ng mL ™" ampicillin.

o P. luminescens and X. stockiae strain The P. luminescens and X. stockiae cells
harboring pSC101-BAD-34-35-36-amp plasmid should be grown freshly on LB
plates supplemented with 100 pg mL™" ampicillin or LB broth supplemented
with 50 pg mL™" ampicillin. After recombineering, cells should be grown
freshly on LB plates supplemented with 10 pg mL ™" kanamycin or 3 pg mL™"
gentamicin.

e Antibiotic stock solutions Prepare stock solution of ampicillin (100 mg mL™"),
kanamycin (30 mg mL_l), and gentamicin (50 mg mL_l) in autoclaved ddH,O.
Pass the solutions through 0.2-pm syringe filters to sterilize inside a sterile
laminar hood. The stock solution can be stored at —20 °C for further use.
Ampicillin (100 pg mL™"), gentamicin (3 ug mL™"), chloramphenicol (15 pg
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mL™"), kanamycin (10 pg mL™"), rifampicin (100 pg mL™"), and apramycin
(25 pg mL™") can be used in P. luminescens and X. stockiae.

3M sodium acetate pH 5.2 Dissolve 40.8 g sodium acetate trihydrate in
~80 mL ddH,O and adjust to pH 5.2 with acetic acid, and finally bring to a
final volume of 100 mL. The solution can be stored at room temperature
(RT) for at least one year.

10% Glycerol 50 mL pure glycerin is mixed with 450 mL ddH,O. The solution
can be kept at RT for several months after autoclave.

GH electroporation buffer Dissolve 0.04766 g HEPES in ~80 mL sterile
10% glycerol and bring to a final volume of 100 mL. The pH should be ~6.5
without addition of acetic acid. The solution should be freshly prepared before
use.

10% L-(+)-arabinose Dissolve 10 g L-(+)-arabinose powder in ~80 mL
ddH,O and bring to a final volume of 100 mL. Pass the solution through 0.2-pm
syringe filters to sterilize inside a sterile laminar hood. The stock solution can be
stored at —20 °C for further use.

1 x TBE electrophoresis buffer Dilute 10 x TBE buffer with ddH,O to a
1 x solution and store it at RT for several months.

The lox71-km-lox66/-Ptet  cassette Release the cassette from
pSC101-lox66-neo-lox71-Ptet-GFP by restriction digestion (BamHI/Aval) to be
PCR template, purify with QIA quick PCR Purification Kit or ethanol precip-
itation, and elute in autoclaved ddH,O. Quantify the elution by NanoDrop UV
spectrophotometer. The concentration should be greater than 100 ng L ™" and
can be kept at =20 °C for several months. The PCR template should be diluted
to 2.5 ng uL ™" before use.

Note: (i) The restriction digestion of pSC101-lox71-neo-lox66-Ptet-GFP and
decreasing its concentration will avoid the selection background from carryover
of the intact plasmid after recombineering, because the transformation efficiency
a carryover plasmid might be higher than homologous recombination efficiency.
(ii) To make unmarkered mutants of P. luminescens and X. stockiae, the Cre-lox
system with the variant lox66 and lox71 sites was used to prevent the instability
caused by multiple loxP sites in the genome.

The lox71-genta-lox66/-Ptet cassette The cassette can be obtained directly
from the intact pR6K-Tps-lox71-Gent-lox66-Ptet-T7RP plasmid by PCR,
because pROK-Tps-lox71-Gent-lox66-PtetR-T7RP  will not replicate in
P. luminescens TTOL.

Origin p15A, pBR322, and pSC101 can be replicated in P. luminescens and X.
stockiae

Oligos were synthesized by Sangon Biotech (China)

DL5000 DNA Marker (Takara, cat. -no. D5S03A)

Restriction enzymes (New England Biolabs)

PrimeSTAR Max DNA Polymerase (Takara, cat. -no. R045B)

10 x Tris/Boric Acid/EDTA (TBE) buffer (Bio-Rad, cat. -no. 161-070)
Ethidium bromide solution (10 mg mL ™, Dingguo, cat. -no. NEP028-1)
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Agarose (Invitrogen, cat. -no. 75510-019)

Buffer P1 (Tiangen, cat. -no. RK101-02)

Buffer P2 (Tiangen, cat. -no. RK102-02)

Buffer P3 (Tiangen, cat. -no. RK103-02)

Universal DNA Purification kit (Tiangen, cat. -no. DP214-03)
Tryptone (OXOID, cat. -no. LP0042)

Yeast extract (OXOID, cat. -no. LP0021)

NaCl (Sangon Biotec, cat. -no. SB0476)

Agar (Solarbio, cat. -no. A8190)

Glycerol (Sigma-Aldrich, cat. -no.15523)

HEPES (Sangon Biotec, cat. -no. A100511-0250)

NaOH (Sangon Biotec, cat. -no. A100173-0500)

Ampicillin sodium salt (Dingguo, cat. -no. AA022-25G)
Kanamycin sulfate (Dingguo, cat. -no. AK177-25G)

Gentamicin solution (50 mg mL !, Sigma-Aldrich, cat. -no. G1397)
Apramycin sulfate salt (Dingguo, cat. -no. MB-A4588)
Chloramphenicol (Dingguo, cat. -no. AC060-50G)

Sodium acetate trihydrate (NaAc-3H,O; Sinopharm, cat. -no. 10018718)
Isopropanol (Sinopharm, cat. -no. 80109218)

Ethanol absolute (Sinopharm, cat. -no. 10009218)

RNase A (10 mg mL"!: DNase and protease free; Thermo Scientific, cat. -no.
ENO0531)

e [-(+)-arabinose (Sigma-Aldrich, cat. -no. A3256)

2.2 Equipment Needed for ‘Recombineering’

High-speed microcentrifuge (Sangon Biotec, cat. -no. G508009-0001)

Mini centrifuge (Sangon Biotec, cat. -no. G508008-0001)

Benchtop centrifuge 5424R kept at 2 °C (Eppendorf, cat. -no. 5404000.014)
Thermo Shaker Incubator (Hangzhou Allsheng, cat. -no. MSC-100)
Thermomixer F1.5 (Eppendorf, cat. -no. 5384000.071)

Electroporation cuvettes with 1-mm gap kept on ice (Eppendorf, cat. -no.
940001005)

Electroporator 2510 (Eppendorf, cat. -no. 940000009)

Mini Vortex meter (Sangon Biotec, cat. -no. G002033-0001)

Digital gel imaging system (Bio-Rad, GelDoc XR)

UV spectrophotometer (Thermo Scientific, NanoDrop 2000c)

UV-Vis spectrophotometer (T6 new century, PGeneral)

Gel electrophoresis apparatus (Beijing Junyi)

Multipette (Eppendorf, cat. -no. 4981000.019)

10-mL Combitips (Eppendorf, cat. -no. 0030089.464)

Incubator kept at 30 and 37 °C (Ningbo Jiangnan, cat. -no. HWS-0288)
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e Sterile 10-pL inoculation loop (Sangon Biotec, cat. -no. IL311-10-S-Q)

e Sterile 1-pL inoculation loop (Sangon Biotec, cat. -no. IL311-1-S)

e Petri dishes, 94 mm x 16 mm (Greiner bio-one, cat. -no. 633180)

e Syringe needle, 25G 5/8, 0.5 mm x 16 mm (BD Medical, cat. -no. 301805)
e 0.2-um syringe filter (PALL, cat. -no. PN4612)

3 Pluypa Recombineering in Photorhabdus

and Xenorhabdus

Preliminary data indicated that the lambda Red proteins did not mediate efficient
editing of the P. luminescens genome (Tang et al. 2010; Somvanshi et al. 2012), but
in contrast the Pluyfo recombineering system provides precise manipulation of the
host genome (Yin et al. 2015b). The impacts of specific molecular interactions of
host factors on Red-mediated recombineering system therefore need to be explored
further. The chaperone system GrpE-DnaK-Dnal plays a crucial role in Red
recombination and may contribute to the folding or stability of either Redy or Reda
or both (Poteete 2013). The major DNA polymerases (Pol I and Pol III) and DNA
ligase are also directly involved with oligo-recombination in the host (Li et al.
2013). These results suggest that recombinases from bacterial phages, prophages, or
their remnants might perform better in their native hosts.

Temperature is also an important factor for the efficient functioning of recom-
binases. The optimum temperature for PluyBo is ~30 °C (Yin et al. 2015b),
whereas the optimal recombination activity for RedyBa is 37 °C. Those differences
in temperature optima are consistent with their host origins, as PluyPa is derived
from the P. luminescens bacterium while RedyBa is from the E. coli lambda phage.

The Cre/loxP site-specific recombination system of bacteriophage P1 is efficient
for genetic manipulation in all cell types. The gene ‘knock-in’ is mediated by Cre as
an integrative recombination (Frank and Michael 2001). The gene ‘knockout’ uses
the excision function of the Cre when the DNA fragment is flanked by two parallel
oriented loxP sites (Balbas and Gosset 2001; Sektas and Specht 2005). In this
section, we present a detailed method for P. luminescens and X. stockiae genome
engineering combining PluyBo recombineering system with Cre/loxP site-specific
recombination system.

3.1 Materials Needed

P. luminescens TTOl (Tang et al. 2010)

X. stockiae (Yin et al. 2015b)

GB2005 (Fu et al. 2010)
pSC101-BAD-34-35-36-amp (Yin et al. 2015b)
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e pSC101-lox71-neo-lox66-Ptet-GFP (Yin et al. 2015b)

e pSC101-cl578-Cre-cm
e pR6K-Tps-lox71-Gent-lox66-Ptet-T7RP (Bian et al. 2012a)

3.2 Method

3.2.1 General Schema for the Pipeline
Figure 1 illustrates the genome engineering of P. luminescens and X. stockiae. It is

based on Pluyfa recombineering in Photorhabdus and Xenorhabdus. To capacitate
the P. luminescens and X. stockiae for recombineering, the recombinase proteins

(a)
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Fig. 1 Schematic diagram of P. luminescens and X. stockiae genome engineering. a The
pSC101-lox71-neo-lox66-Ptet-GFP is used as a PCR template for the lox71-neo-lox66/-Ptet. The
pROK-Tps-lox71-Gent-lox66-Ptet-T7RP is used as a PCR template for the lox71-Gent-lox66/-Ptet.
The necessary elements for knocking out or knocking in are shown in the diagram. Those plasmids
serve as templates for PCR amplification using oligonucleotides that contain homology arms (HA),
HA share identical terminal regions with target locus. b The PCR product is electroporated into
P.  luminescens or X. stockiae harboring the recombineering expression plasmid,
pSC101-BAD-34-35-36-amp (not illustrated). The left panel is for knocking out PCR product,
and the right panel is for knocking in PCR product. ¢ Screen the recombinants by kanamycin or
gentamicin selection. d Cre catalyzes excision of the DNA fragment flanked by two parallel
oriented mutant lox sites (lox71-lox66) which allows for repeated genome manipulations in a
single genetic background

(d)
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PluyBa need to be expressed. However, it is advantageous to limit their expression
to only the time interval required because this also limits the chances of unwanted
recombination. Consequently, we employ the excellent properties of the arabinose
inducible BAD promoter (Guzman et al. 1995), to firmly regulate PluyBo expres-
sion (Yin et al. 2015b). The pSC101 plasmid is low copy (~ 5 per cell) and encodes
a temperature-sensitive replication protein so that it replicates at 30 °C and not at
37 °C (Hashimoto-Gotoh and Sekiguchi 1977). Hence, it can be easily eliminated
from the host by temperature shift. After recombineering and colony PCR verifi-
cation, the unmarkered mutant bacteria can be generated by Cre site-specific
recombination.

3.2.2 Preparation of ‘Knock-In’ or ‘Knockout’ Cassette

Attaching homology arms to the cassette for knock-in or knockout is easily
achieved by PCR amplification. The 95 mer oligonucleotides include 75 nucleo-
tides (nt.) homology arms flanking the targeting region and 20 nt. PCR primers at
their 3’ ends. The PCR templates are shown in Fig. 1, and the reaction conditions
are in Tables 1 and 2.

The pSCI101 origin plasmid can replicate in P. [uminescens. To avoid the
background from the intact plasmid, the restriction digestion of
pSC101-lox71-neo-lox66-Ptet-GFP with BamHI/Aval is required. Once digestion
completed, sodium acetate and ethanol precipitation is carried out using one-tenth
volume of 3M sodium acetate trihydrate and three fold volumes of ethanol.
The DNA pellet is then rinsed with 70% ethanol. After air drying the DNA pellet,
the digested plasmid should be resuspended in ddH,O at ~300 ng pL~'. The PCR
template should then be diluted to 2.5 ng pL™" with ddH,O before use.

Table 1 PCRs

Template pSC101-lox71-neo-lox66- pROK-Tps-lox71-Gent-1ox66-
Ptet-GFP* Ptet-T7RP*

2 x PrimeSTAR Max premix 25 uL 25 uL

DMSO 1 pL 1 pL

Oligo 1 (50 pmol uL™") 1 uL 1 uL

Oligo 2 (50 pmol pL ™) 1 pL 1 pL

Template 1 pL of 2.5 ng pL™" 1 pL of 50 ng pL™"

H,O0 to total 50 uL 50 pL

“For the lox71-neo-lox66/-Ptet PCR, digest about 10 pg plasmid with BamHI/Aval, precipitate and
dissolve in ddH,O to the final concentration of 2.5 ng uL™" as PCR template. For lox71-Gent-lox66/-
Ptet PCR, simply use 50 ng from standard plasmid preparations as PCR template
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Table 2 Cycle setting for PCRs

lox71-neo-lox66/-Ptet or lox71-Gent-lox66/-Ptet”

98 °C 2 min

98 °C 15 s

57 °C I5s } 35%
72 °C 30s

72 °C 10 min

8 °C End

“The PCR products of lox71-neo-lox66 and lox71-Gent-lox66 are used in the genome engineering of P. luminescens
and X. stockiae (knockout). The PCR products of lox71-neo-lox66-Ptet and lox71-Gent-lox66-Ptet are used for silent
PKS/NRPS gene cluster expression (knock-in)

3.2.3 PCR Purification and Yield

One micro liter of the PCR products is checked by electrophoresis on 0.7% agarose
gel. Rest of the yield was purified using Universal DNA Purification Kit and eluted
with 30 pL. ddH,O. The purification is essential to get rid of unincorporated
oligonucleotides and salt. The yield should be more than 3 pg at 200-600 ng puL™".
For recombineering, 1-2 pg PCR product is needed for one electroporation.

3.2.4 Preparation of P. luminescens and X. stockiae Electrocompetent
Cells

e Inoculate single colony in fresh LB with appropriate antibiotics at 30 °C for
16 h.

e The overnight cultures were diluted (starting ODg, around 0.15) into 1.3 mL
fresh LB medium with appropriate antibiotics and grown at 30 °C, 950 rpm for
5h.

Note: The optimal ODg is around 1.1 before preparing electrocompetent cells.
The cultivation time can be extended if the ODggpo does not reach this value.
Note: When the electrocompetent cells for recombineering is prepared, the fresh
culture was grown at 30 °C, 950 rpm for 4.5 h until the ODgo9 was around
0.85. After the addition of L-(+)-arabinose to a final concentration of
2.5 mg mL™!, the cells were grown at 30 °C, 950 rpm for 30 min until the
ODgop was around 1.15.

e Spin it at 9000 rpm for 30 s in cooling centrifuge at 2 °C.

Discard the supernatant as much as possible.

Resuspend the pellet in 1 mL of ice-cold GH buffer (10% Glycerol, 2 mM

HEPES, pH = 6.5) by a vortex.

Spin at 9200 rpm for 30 s in the cooling centrifuge at 2 °C.

Discard the supernatant as much as possible.

Resuspend the pellet in 1 mL of ice-cold GH buffer by a vortex.

Spin the cells down at 9400 rpm for 30 s in the cooling centrifuge at 2 °C.
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e Discard the supernatant and leave about 30 pL.
e Use the cells immediately.

3.2.5 Transformation of the Recombinase Expression Plasmid

To capacitate the P. luminescens and X. stockiae for recombineering, the plasmid
pSC101-BAD-34-35-36-amp is introduced into P. luminescens and X. stockiae by
electroporation.

e Add 500 ng plasmid to the electrocompetent cells and pipette the mixture into
the chilled 1 mm electroporation cuvette.

e Set the electroporator to 1200 V, 10 pF, 600 Q.
Note: This setting is based on an Eppendorf® Electroporator 2510 using a
1 mm gap cuvette.

e Gently tap the cuvette on the table to remove air bubbles and dry the metallic
sides of the cuvette with a tissue.

e Place the cuvette into the holder of the electroporator, insert, and push the
‘pulse’ button twice.

e Add 1 mL fresh LB medium to the cuvette. Mix the cells gently by pipetting up
and down and transfer into the reaction tube.

e Incubate the cultures on a shaking incubator at 950 rpm for 100 min.

e Spread the cells on ampicillin (100 pg mL™") plates.

3.2.6 Identify the Transformants

Due to the strong nucleases activity in the wild-type P. luminescens and X. stockiae,
the DNA yield of Mini-Prep is very low. E. coli GBO5 (Fu et al. 2010) is an
excellent host for exogenous DNA preparation. The plasmid should be isolated
from P. luminescens and retransformed into E. coli GBOS5 for its identification.

e Inoculate the single colony in fresh LB with ampicillin (50 ug mL™") at 30 °C
for 16 h.
Note: Pick the large colonies. The small colonies cannot grow in the liquid
medium with ampicillin (50 ug mL™).

e Spin the cells at 12,000 rpm for 1 min.

Note: Prepare backup tubes before starting.

Discard the supernatant as much as possible.

Add 200 pL of P1 buffer (keep P1 at 4 °C because of the RNaseA in the buffer).

Resuspend the pellet by a Thermomixer.

Add 200 pL of P2 buffer.

Note: Do not place P2 on ice, as it will cause precipitation.

e Mix the tubes by inversion 5 times gently.
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Note: Do not allow the lysis to proceed for more than 5 min.

Add 200 pL of P3 buffer.

Mix by inversion 5 times.

Spin the tubes at 13,200 rpm for 20 min.

Note: Centrifugation for two times is required for P. luminescens Mini-Prep,
and the DNA will not be contaminated with protein.

Prepare a new 1.5-mL tube for each sample and add 500 uL of isopropanol.
After centrifugation, take out the supernatant and transfer to isopropanol con-
taining tube.

Mix by shaking the tubes vigorously.

Spin the tubes at 13,200 rpm for 20 min.

Discard the supernatant and invert the tube on a tissue.

Carefully add 1 mL of 70% ethanol.

Note: Centrifuge again for 5 min if pellet is only loosely attached to the wall of
the tube.

e Discard the ethanol and invert the tube on a tissue.
e Dry the pellet for 10-15 min on a heating block (45 °C).

Note: Do not over dry it; otherwise, it will be hard to dissolve.

e Dissolve the dried DNA in 5-10 pL ddH,O.
e Transformation of the obtained DNA into in E. coli GB0S.

Restriction analysis of plasmids after Mini-Prep from E. coli GBO0S.

3.2.7 Genome Engineering of the P. luminescens and X. stockiae

Add 1 pL PCR products (lox71-neo-lox66/-Ptet or lox71-Gent-lox66/-Ptet) into
P. luminescens and X. stockiae electrocompetent cells harboring the Pluyfo
expression plasmid (pSC101-BAD-34-35-36-amp).

Perform electroporation using ice-cold cuvettes and an Eppendorf 2510 elec-
troporator set at 1200 V, 10 uF, 600 Q.

e Add 1 pL fresh LB medium after electroporation.
e Incubate the cells for recovery at 30 °C for 100 min with shaking and then

spread on kanamycin (10 pg mL™") or gentamicin (3 pg mL™") plates.

After incubation at 30 °C for 48 h, check whether the recombinants were by
colony PCR.

Note: For knock-in, the recombinants should be checked on both junctions by
colony PCR when the insertion sequence is large.
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3.2.8 Seamless Mutagenesis of the P. luminescens and X. stockiae

In order to generate the seamless P. [uminescens and X. stockiae mutant, Cre
catalyzes excision of the DNA fragment flanked by two parallel oriented variant lox
sites.

¢ Five hundred nanogram plasmid of pSC101-c1578-Cre-cm is introduced into the
genome engineered bacteria by electroporation.
Note: cl578 is a temperature-sensitive inducible promoter, the Cre protein can
be induced by a temperature shift from 30 to 37 °C.

e Inoculate single colony in 1 mL fresh LB with chloramphenicol (10 pg mL™")
at 30 °C for 6 h.
Shift the tubes to 37 °C, 950 rpm for another 40 min.
Plate 100 pL of the cells with a loop on LB agar plates and incubate the plates at
30 °C for 24 h.

¢ Pick single colony and double streak on an antibiotic selection plate (kanamycin
or gentamicin) and a LB plate without antibiotic.
Select kanamycin or gentamicin sensitive strain for colony PCR verification.
Plasmid of pSC101-cl1578-Cre-cm is removed by increasing the temperature at
37 °C.

=

Rapid Construction of Knock-in Vectors Using the
recET System

The genomic integration of large sections of foreign DNA (e.g., an inducible
promoter or metabolite synthesis pathway) in an organism has been reported in
numerous prokaryotes (Gross et al. 2006; Yin et al. 2015a), yeast (Chandran et al.
2014), zebrafish (Kimura et al. 2014), and even mammals (Li et al. 2016). The
targeting construct (a suicide vector or linear DNA fragment) is introduced into the
host cells, and the exogenous DNA could be integrated into the loci of interest by
homologous recombination. The targeting events are then screened by appropriate
selection and confirmed by genotyping which is usually PCR or Southern Blotting.
The foreign DNA with a selection marker can be obtained from a PCR, as illus-
trated in the last section. However, PCR has some limitations for the generation of
larger fragments.

For the genomic integration of a large section of foreign DNA with multiple
elements, DNA assembly technologies are required to obtain targeting constructs.
RecE/RecT encoded by the Rac prophage has been used to promote cloning by
homologous recombination. RecE is a 5-3" exonuclease that generates 3'-ended
ssDNA overhangs (Carter and Radding 1971; Little 1967). RecT is a single strand
annealing protein (SSAP) that binds to ssDNA and forms a nucleoprotein filament
with complementary ssDNA. This strategy increases the efficiency of
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recombination between homologous ends > 35 bp. Recombineering in E. coli
mediated by recET was developed to clone large biosynthetic gene clusters from a
complex DNA source into a vector by linear plus linear homologous recombination
(LLHR) (Fu et al. 2012) and assemble multiple fragments in vivo in single reaction
(Yin et al. 2015a). In this section, we will present a method to construct a target
vector using recombineering for P. luminescens and X. stockiae.

4.1 Materials

GBO05-dir (Fu et al. 2012)

pl5A-cm-ccdB (Wang et al. 2014)

pSC101-tet

pSC101-lox71-neo-lox66-Ptet-GFP (Yin et al. 2015b)
pRO6K-Tps-lox71-Gent-lox66-Ptet-T7RP (Bian et al. 2012a)

4.2 Method

4.2.1 General Scheme of the Pipeline

A schematic diagram for constructing a knock-in vector is illustrated in Fig. 2. It is
based on recombineering system in E. coli GB05-dir host (Fu et al. 2012). The
recE, recT, and redy genes are integrated into the chromosome and expressed from
the arabinose-responsive BAD promoter. Multiple fragments can be assembled into
one target construct by homologous recombination. The constructed plasmid can be
suicidal by using a host-specific replication origin R6K or can be conditional sui-
cide by using a temperature-sensitive replication origin pSC101.

4.2.2 Fragment Assembly

e Attaching homology arms to the linear cloning vector is easily achieved by PCR
amplification. The 120 mer oligonucleotides include 60 nt. homology arms to
the targeting locus, 40 nt. homology arms to the cassettes, and 20 nt. PCR
primers at their 3’ ends.

e Cassettes can be obtained from PCR or digestion from other plasmids by

restriction enzyme.
Note: (1) The homology arm can be attached through oligonucleotides synthesis
when the cassette is obtained from PCR. (2) There isn’t great impaction on
recombineering efficiency if the homology arm is not completely exposed when
the cassette is obtained from digested plasmid.
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Fig. 2 Strategy diagram for E1 E2
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e Attaching homology arms to the selection marker including the flanked lox71 and
lox66 sites is easily achieved by PCR amplification. The template is
pSC101-lox71-neo-lox66-Ptet-GFP or pR6K-Tps-lox71-Gent-lox66-Ptet-T7RP.

4.2.3 Multiple Fragments Assembly Using the recET System

e Inoculate GBOS5-dir single colony in fresh LB at 37 °C and incubate for 16 h.

e Dilute the overnight cultures into 1.3 mL fresh LB medium (starting ODgqy
around 0.085) and grow at 30 °C, 950 rpm for 2 h.

e Add the L-(+)-arabinose to a final concentration of 2.5 mg mL™" and then grow

the cells at 37 °C, 950 rpm for 40 min.

Spin the cells at 9000 rpm for 30 s in the cooling centrifuge at 2 °C.

Discard the supernatant as much as possible.

Resuspend the pellet in 1 mL of ice-cold ddH,O by a vortex.

Spin the cells down at 10,000 rpm for 30 s in the cooling centrifuge at 2 °C.

Discard the supernatant as much as possible.

Resuspend the pellet in 1 mL of ice-cold ddH,O by a vortex.

Spin the cells down at 11,000 rpm for 30 s in the cooling centrifuge at 2 °C.

Discard the supernatant by decanting and keep about 30 pL.
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e Add 400-800 ng DNA for each fragment to the electrocompetent cells and
pipette the mixture into the chilled 1 mm electroporation cuvette.
Set the electroporator to 1350 V, 10 pF, 600 Q.
Gently tap the cuvette on the table to remove air bubbles and dry the metallic
sides of the cuvette with a tissue.

e Place the cuvette into the holder of the electroporator, insert, and push the
‘pulse’ button twice.

e Add I mL fresh LB medium to the cuvette. Resuspend the cells gently by
pipetting up and down and transfer into the reaction tube.

e Recover the cultures on a shaking incubator at 950 rpm for 60 min.

e Spread the cells on kanamycin (15 pg mL™") or gentamicin (2 pg mL™") plates,
and incubate at 37 °C for 24 h.

e Inoculate single colonies in fresh LB with appropriate antibiotics at 37 °C for
16 h.

e Mini-Prep DNA and restriction analysis of the recombinants.

e The homolog arm of the target construct can be exposed by restriction digestion,
and the DNA is ready for integration into chromosomal locus of the
P. luminescens and X. stockiae

5 Concluding Remarks

A recombineering approach, which is mediated by phage-derived proteins either the
Red operon of phage lambda or recET from the Rac prophage of E. coli, has many
advantages over endogenous homologous recombination. Remarkably, efficient
recombination with shorter homology arms circumvents the tedious work to make
dedicated suicide plasmids. In line with the impact that recombineering has had on
E. coli, Pluya is likely to have similar potential for modifying the chromosomes of
P. luminescens and X. stockiae. Using such a recombineering system, the gene
cluster plu2670 of P. luminescens was successfully expressed by the promoter
exchange approach (Yin et al. 2015b). When combined with the Cre site-specific
recombination, it can be used efficiently and rapidly to generate seamless genomic
modification and sequentially manipulate different genes or the locus of the genome
in P. luminescens and X. stockiae. Knock-in or knockout mutants of multiple genes
could be easily achieved by Pluyfa recombineering system. This method gives a
new way to generate more genetically modified P. luminescens, X. stockiae, and
closely related species.

A cassette with several genes can be assembled into a target construct for
genome engineering of P. [uminescens and X. stockiae using recET-mediated
recombineering, which is an efficient in vivo homologous recombination system to
join multiple DNA molecules. This strategy can be broadly applicable to any target
constructs for engineering the genomes of other bacteria.
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