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Abstract: Many Gram-negative bacteria have evolved insect pathogenic lifestyles. In all cases,
the ability to cause disease in insects involves specific bacterial proteins exported either to
the surface, the extracellular environment, or the cytoplasm of the host cell. They also have
several distinct mechanisms for secreting such proteins. In this review, we summarize the major
protein secretion systems and discuss examples of secreted proteins that contribute to the virulence
of a variety of Gram-negative entomopathogenic bacteria, including Photorhabdus, Xenorhabdus,
Serratia, Yersinia, and Pseudomonas species. We also briefly summarize two classes of exported
protein complexes, the PVC-like elements, and the Tc toxin complexes that were first described in
entomopathogenic bacteria.
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1. Introduction

Entomopathogenic bacteria have developed numerous strategies to interact with, and kill,
insects. Many of these involve specialized secretion systems, which transport various proteins from
the bacterial cytosol to the bacterial surface, into the host environment, or directly into host cells, where
they play diverse roles in promoting bacterial virulence. These can include evasion of host immune
mechanisms, intoxication of host cells, and nutrient acquisition within the host [1,2]. Highlighting
their importance in pathogenesis, some secretion systems are expressed in response to recognition
of host receptors or other signals from the host environment [3]. Protein secretion in Gram-negative
bacteria is complicated by the double-membrane architecture of their cell envelope, which has led
to the development of elaborate secretion mechanisms. Genomic analysis has yielded a wealth of
information about potential secretion mechanisms in entomopathogenic bacteria and other microbes,
providing an excellent starting point for understanding this crucial aspect of their biology [4–8].

In Gram-negative bacteria, secretion systems can deliver proteins from the bacterial cytoplasm
into the periplasm (the Sec and Tat systems), into the extracellular space (T1SS, T2SS, autotransporters,
and two partner systems), or directly into target cells (T3SS, T4SS, and T6SS). Secretion systems
differ in the kinds of protein substrates they transport, particularly whether the proteins are folded,
and whether they have a signal peptide [2,3,9,10]. In general, the structural elements of the secretion
systems discussed in this review have been identified, and some are clearly related to structures with
other functions, such as the phage-like T6SS [11,12], and the T3SS injectisome, which is descended
from the flagellar assembly complex [13,14].
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In this review, we give a brief introduction to some of the major Gram-negative entomopathogenic
bacteria, describe their identified secretion systems (summarized in Table 1), and provide examples of
their secreted proteins (Table 2), focusing on those with experimentally verified roles in pathogenesis.
We will not discuss T4SSs (associated with conjugation machinery) or the chaperone-usher pathway
(mediating pilus assembly). We will also not discuss proteins thought to function primarily as adhesins,
though these certainly qualify as secreted proteins and frequently contribute to virulence. Some
genes thought to be important for insect pathogenesis appear to have been horizontally transferred
among entomopathogens [15], and some of these encode secreted proteins. Where possible, we will
compare homologs of secreted proteins from different entomopathogens to highlight the similarities
and differences in their functions.

2. Gram-Negative Entomopathogens

Several excellent reviews provide a comprehensive account of entomopathogenic bacteria [16–18].
Here we will briefly sketch the lifestyles of some important species before exploring the contributions
of secreted proteins to their virulence.

Two closely-related genera, Photorhabdus and Xenorhabdus live as obligate symbionts with
Heterorhabditid and Steinernematid nematodes, respectively [7,19]. The nematodes vector the bacterial
symbionts into a broad spectrum of soil-dwelling insect hosts, especially those in Lepidoptera
and Coleoptera [20–22]. The bacteria, rather than the nematodes, have been generally recognized as
contributing most to insect virulence [23–28]. Culture supernatants from Photorhabdus and Xenorhabdus
contain a variety of toxins, exoenzymes, and antibacterials [29–32], some with demonstrated roles
in insect killing, nutrient acquisition, immune evasion, and protection of the insect cadaver from
competitors. In some cases, these proteins have been associated with particular secretion systems.
Among Photorhabdus and Xenorhabdus, a single species, Photorhabdus asymbiotica, is known as an
opportunistic pathogen of humans [6,33]. Its altered host range is thought to be due in part to
differences in the proteins it secretes compared to other Photorhabdus spp. [34,35].

Several free-living bacteria from several genera are also potent entomopathogens. For example,
insect-pathogenic Serratia spp. are capable of causing disease in a diverse range of insect orders
including Coleoptera, Hymenoptera, Lepidoptera, and Diptera. In particular, Serratia entomophila and S.
proteomaculans are responsible for amber disease in larvae of the grass grub Costelytra zealandica [36].

Yersinia entomophaga is a potent pathogen of Coleoptera, especially those in the scarab family [37],
and its genome includes several likely insecticidal toxins. Though not an insect pathogen, Yersinia pestis
does colonize fleas and its genome encodes potential insecticidal toxins as well [38,39]. Finally,
Pseudomonas entomophila is pathogenic to a range of insects, especially Drosophila melanogaster [40],
and this bacterium also encodes several proteins with likely insecticidal activity [5].

3. Identifying Secreted Proteins

The availability of genome sequences for representative strains of these entomopathogenic
bacteria has facilitated bioinformatic analysis of their likely secretion systems. Predicting structural
components of secretion systems is relatively straightforward, but can be complicated by their similarity
to other structures, like phage (T6SS) and flagella (T3SS), and different algorithms can produce
discrepant results [41,42]. For instance, the Photorhabdus luminescens TT01 genome has been reported
to encode four or six T1SSs and six or eight two-partner systems, depending on the bioinformatics
pipeline used [43,44]. The reliability of predictions for secreted proteins varies widely: proteins
moved through the Sec, Tat, and T1SS usually have predictable, conserved signal sequences [45–47],
while those secreted by T2SS, T3SS, and T6SS do not, making these more challenging to identify
bioinformatically [48]. Inferences based on homology to proteins from other organisms should be
considered starting places requiring experimental verification.

Several different kinds of evidence can suggest that a given protein is secreted through a particular
secretion system: (a) the presence of an appropriate signal sequence (b) similarity to known secreted
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proteins (c) localization at the bacterial surface, in culture supernatants or in host cells (d) loss of
localization in mutants lacking the suspected secretion system (e) secretion of reporter fusions; and (f)
structural analyses [49]. Most of the examples in this review are supported by at least two of these;
naturally, the strongest arguments combine the most lines of evidence.

4. Secretion Systems of Entomopathogenic Bacteria

4.1. Sec and Tat Secretion Systems: From the Cytoplasm into the Periplasm

Most Gram-negative bacteria, including insect pathogens, encode the Sec translocase
and Twin-arginine translocation (Tat) pathways to move proteins from the cytoplasm across the inner
membrane into the periplasm (the compartment between the Gram-negative inner and outer
membranes). The Sec pathway is common to Gram-negative bacteria, Gram-positive bacteria,
and eukaryotes. Proteins secreted by the Sec system are generally unfolded, have an easily identifiable
N-terminal signal peptide, and are brought to the Sec machine by the molecular chaperone SecB [3,10].

The Tat secretion system moves folded proteins across the cytoplasmic membrane in both
Gram-positive and Gram-negative bacteria. Its substrates have the characteristic sequence motif
of two sequential arginine residues in their N-terminal signal peptide sequence. In Gram-negatives,
some Sec- and Tat-secreted proteins remain in the periplasm. For instance, the antibacterial xenocins
of Xenorhabdus spp. are coexpressed with periplasmic immunity proteins that protect Xenorhabdus
from the lethal effects of their own xenocins [50]. In clinical isolates of P. asymbiotica, the amoxicillin
resistance that can complicate treatment [51] is likely conferred by a variant β-lactamase moved into
the periplasm by the Tat system [52].
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Table 1. Properties of bacterial secretion systems and distribution in entomopathogens.

Features of Secreted Proteins

Secretion System Presence in Genome a Location Destination Signal Sequence Folded/Unfolded References

Sec PL, PA, XN, XB, PsE b, YE b IM Periplasm N-terminal, conserved Unfolded [3,10]
Tat PL, PA, XN, XB, PsE b, YE b IM Periplasm N-terminal, conserved Folded [3,10]

T1SS PL, PA, XN, XB, PsE IM, OM Extracellular d C-terminal, conserved Unfolded [47,53,54]
T2SS PL, XB, YE, PsE IM, OM Extracellular d Variable, may only appear in folded protein e Folded [55]
T3SS PL, PA, XN c, XB c, PsE c, YE IM, OM Eukaryotic target cell N-terminal, variable Unfolded [13,14,56]

T5aSS/autotransporter PL, XN, XB, PsE, YE OM Extracellular d Structural features of passenger domain f Unfolded [57,58]
T5bSS/TPS PL, PA, XN, XB, PsE OM Extracellular d N-terminal, conserved f Unfolded [57,58]

T6SS PL, PA, XN, XB, PsE, YE IM, OM Bacterial or eukaryotic target cell Unknown, may be fused to T6SS structural protein Folded [11,59,60]

PL: Photorhabdus luminescens TT01, PA: Photorhabdus asymbiotica, XN: Xenorhabdus nematophila, XB: Xenorhabdus bovienii, PsE: Pseudomonas entomophila, YE: Yersinia entomophaga. a Presence of
secretion system in entomopathogen genome as reported in [4,6–8,43,61]. b The presence of Sec and Tat systems in Pseudomonas entomophila and Yersinia entomophaga genomes was verified
by searching the GenBank records of their genomes (NZ_CP010029.1 and CT573326.1) for structural Sec and Tat elements. c Flagellar T3SS only. d Extracellular proteins may remain
attached to the bacterial surface or be released into the environment. e Also have Sec or Tat signals to target to the periplasm. f Also have Sec signals to target to the periplasm.
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4.2. Sec-Dependent Secretion Systems: From the Periplasm out of the Cell

Gram-negative bacteria have several strategies for transporting proteins from the periplasm
across the outer membrane, after which they may be retained on the bacterial surface or released into
the environment. These so-called “Sec-dependent” mechanisms include the T2SS, autotransporters,
and two-partner secretion systems.

4.3. Type 2 Secretion System

In type 2 secretion, proteins are first translocated across the inner membrane by the Sec or Tat
pathway, and then become targets of the T2SS in the periplasm. The T2SS machinery is normally
comprised of 12–16 proteins, with components anchored in both membranes, and secretes folded
proteins [55]. A consensus secretion signal for T2-secreted proteins has not been identified, and it has
been proposed that the motif needed for secretion appears only in the folded protein [55]. In some
strains of P. luminescens, the large insecticidal TcdA1/B1 toxin complexes (described below) appear to
remain anchored at the bacterial cell surface, while, in others, they are released into the extracellular
environment, leading to differences in oral toxicity of supernatants for insect larvae [61,62]. Two
proteins described as T2-secreted proteins, as well as a lipase called Pdl, seem to be involved in
processing Tc complexes at the bacterial cell surface [62].
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Table 2. Examples of proteins secreted by entomopathogenic bacteria.

Bacterium Secreted Protein Activity GenBank Identifier Secretion System Proposed Role in Pathogenesis References

PA Bla β-lactamase OCQ54324.1 Tat β-lactam resistance [52]
PL Pdl/ORF54 Lipase AAL18491.1 T2SS Processing Tc toxins [62]
XN EstA Lecithinase CBJ90164.1 Autotransporter Nutrient acquisition [63]
PL PhlA Hemolysin AL662784.1 TPS Nutrient acquisition [64]
XN XhlA Hemolysin AAV33651.1 TPS Immune evasion, contributes to virulence a [65]
XD CdiA Contact-dependent inhibition CDG16822.1 TPS Interbacterial competition [66]
PL Mcf1 Pro-apoptotic toxin AAM88787.1 T1SS Immune evasion, contributes to virulence b [67,68]
PL PrtA Metalloprotease AAO39136.1 T1SS Nutrient acquisition, immune evasion [69,70]
XN PrtA Metalloprotease CCW31579.1 T1SS Immune evasion [71]
PsE AprA Metalloprotease CAK14412.1 T1SS Immune evasion, contributes to virulence a [72,73]
PL LopT Cytotoxin AAO18078.1 T3SS Unknown, possible role in immune evasion [74]
PL Cif Cycle inhibiting factor CAE14889.1 T3SS Unknown, likely host cell manipulation [75]
YP YitB Cytotoxin AAM83778.1 T3SS Unknown, possible role in transmission [76]

PA: Photorhabdus asymbiotica, PL: Photorhabdus luminescens, XN: Xenorhabdus nematophila, XD: Xenorhabdus doucetiae, PsE: Pseudomonas entomophila, YP: Yersinia pestis. a Deletion mutant
defective in insect killing. b Heterologous expression confers insecticidal activity on E. coli.
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4.4. Type 5 Secretion: Autotransporters and Two-Partner Secretion Systems

Type 5 secretion systems encompass a large family of proteins that facilitate their own
transport from the periplasm out of the bacterial cell. These include classical autotransporters
(T5aSS) and two-partner secretion systems (TPSs, also called T5bSSs), as well as several other
structurally distinct variations [57,58]. Autotransporters are multi-domain proteins, usually over
100 kDa in size, encompassing an N-terminal Sec signal sequence, allowing them to move through
Sec into the periplasm, and a C-terminal β-barrel domain, which forms a pore in the outer
membrane, facilitating translocation of the passenger domain to the extracellular environment. Some
autotransporters also include a protease domain to release the passenger from the bacterial surface
into the environment. The passengers are structurally and functionally quite diverse, but most share a
similar β-helical structure thought to facilitate their translocation. Many are virulence factors [57,58].
The X. nematophila lecithinase EstA includes conserved domains of an autotransporter, is expressed
in vitro, and provides lecithinase activity. It is not required for virulence against tobacco hornworms
(Manduca sexta), or for colonization of Steinernema nematodes, but it is required for growth when lipids
are the sole carbon source [63], suggesting a role in later, nutrient-limited life stages. Ps. entomophila
encodes a predicted autotransporter with a passenger domain similar to a Yersinia pestis hemolysin [5].
Its function is currently unknown.

TPSs are structurally and functionally similar to autotransporters, but involve two separate
polypeptides, TpsA (the secreted protein) and TspB (the pore-forming translocator protein). Both
proteins are moved into the periplasm by Sec, then TpsB forms a β-barrel structure in the outer
membrane, allowing for TpsA to exit the cell. The TpsA partner generally has a recognizable
N-terminal TPS domain that targets it for secretion through TpsB [57,60]. Kim et al. identified three
groups of TPS homologues that are widespread in entomopathogens, including PhlA-type hemolysins,
contact-dependent inhibition systems, and a third group with an as yet unknown function [77].

The hemolysin PhlA, along with its secretion partner PhlB, is one of several TPS pairs encoded by
the Photorhabdus luminescens type strain TT01. PhlA is not required for P. luminescens virulence, but
GFP-reporter assays indicate that it is expressed in insects during infection [64], possibly contributing
to bioconversion of the cadaver. In X. nematophila, the homolog XhlA does contribute to virulence in
the M. sexta model (likely through lysis of insect hemocytes) [65], and is transcriptionally regulated by
the Lrp regulator and iron limitation. This is consistent with a specific role in the insect-pathogenic
phase of the Xenorhabdus lifecycle. The contact-dependent inhibition TPS from Xenorhabdus spp.,
CdiAB, appears to follow the classic pattern for contact-depend inhibition [78], with the C-terminal
portion of CdiA displaying antibacterial activity that is eliminated in the presence of the cognate
immunity protein CdiI. These data suggest a role for CdiAB in interbacterial competition, likely in
the context of protecting the insect cadaver from scavengers. However, the CdiAB locus appears to
be pseudogenized in several Xenorhabdus and Photorhabdus genomes, consistent with these proteins
providing an advantage only in certain niches [66].

4.5. Single-Step Secretion: From the Cytoplasm out of the Cell

Gram-negative bacteria also use several specialized mechanisms to move proteins directly from
the cytoplasm into the extracellular space or directly into a target cell, bypassing the periplasm. These
include the T1SS, T3SS, and T6SS, all of which are represented in entomopathogens’ genomes.

4.6. Type 1 Secretion System: From the Cytoplasm to the Extracellular Space

T1SSs are essentially ABC transporters complexed with two other components to move proteins
of various sizes across both membranes of the Gram-negative cell envelope. The ABC (ATP-binding
cassette) protein in the inner membrane provides the energy needed for secretion. A membrane
fusion protein (MFP) couples this to an outer membrane channel protein (similar to TolC) allowing
the export of substrates [47,53,79]. T1–secreted proteins vary greatly in size, but are generally unfolded
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and include a C-terminal signal peptide characterized by glycine-rich repeats [47]. This arrangement
works well for large proteins, as it ensures that only completely translated substrates are secreted [47].
Many virulence proteins are exported by T1SSs, particularly proteins belonging to the functionally
diverse RTX (repeats-in-toxin) protein family [53,54].

The P. luminescens genome encodes multiple putative T1SSs [4,44] and two of its best-characterized
virulence factors, the “makes caterpillars floppy” toxin Mcf1 and the metalloprotease PrtA,
are T1-secreted RTX-family proteins. Mcf1 is pro-apoptotic and strongly insecticidal [44,67,68].
Heterologous expression of Mcf allows injected E. coli (normally cleared by the larval immune system)
to avoid encapsulation and cause the loss of turgor characteristic of Photorhabdus infection in M. sexta
caterpillars [67]. Mcf promotes apoptosis in both insect hemocytes [67] and mammalian cells [68],
suggesting the mechanism of its toxicity. Several Xenorhabdus species also encode a homolog of McF,
which is likely moved through a T1SS [77].

The Photorhabdus metalloprotease PrtA is encoded in an operon with its presumptive T1SS,
called PrtBCD, and a protease inhibitor [69]. An early report using zymography showed active PrtA
in Photorhabdus-infected insect cadavers late in infection, suggesting a role in bioconversion [69].
PrtA is unable to cleave many structural proteins [69], but can cleave immune proteins from insect
hemolymph, suggesting a role in immune evasion [70] rather than nutrient acquisition. A PrtA
homolog in X. nematophila (also encoded alongside a T1SS) is expressed early in growth and protects X.
nematophila from the antibacterial activity of insect hemolymph, suggesting a role in immune evasion
in this bacterium [71]. The Ps. entomophila homolog, called AprA, also appears to be involved in
immune evasion; an aprA mutant is rapidly cleared from wild-type Drosophila melanogaster, but not
immune-deficient Relish flies, and purified AprA protease can cleave insect antimicrobial peptides [72].
The aprA mutant is also defective in killing flies [72,73]. AprA and the PrtA proteins belong to the larger
T1SS-dependent RTX family [80]. RNA-Seq analysis indicates that the P. asymbiotica prtA and mcf
homologues are increased in expression at 37 ◦C compared to 28 ◦C, suggesting that these factors
participate in human infection [81].

4.7. Injectisome Type 3 Secretion System: From the Bacterial Cytoplasm into a Target Cell

One mechanism of protein secretion especially associated with pathogens is the T3SS injectisome.
T3SSs include two classes: flagellar T3SSs responsible for assembling flagella, and non-flagellar or
injectisome T3SSs, which deliver proteins from the bacterial cytoplasm directly into the cytoplasm of
eukaryotic target cells. Both structures span the bacterial inner and outer membranes, and the two
systems share a common core of nine structural proteins. Injectisome T3SSs include additional proteins
for the translocation pore that inserts into the target cell membrane. Injectisome T3-secreted proteins
are called “effectors,” and generally associate with chaperone proteins in the bacterial cytoplasm,
which deliver them to the T3SS, where they are unfolded and secreted into target cells [13,14]. Known
T3-secreted effectors usually have N-terminal secretion signals within their first 40 amino acids [13]
(mapped by assessing the secretion of recombinant effectors with mutations in the N terminus, or of
reporters fused to N-terminal fragments of different lengths), but there is little consensus among these
signals, and they remain frustratingly difficult to predict bioinformatically.

Genomic analyses have revealed extensive horizontal gene transfer of injectisome T3SSs among
Gram-negative bacteria, including entomopathogens [56], and the carriage of T3SS genes varies widely
among them. Ps. entomophila is the only sequenced Pseudomonas species to date lacking a T3SS
injectisome [5]. Likewise, multiple genomic analyses report the absence of T3SSs in Xenorhabdus
spp. [7,61,82,83].

All examined Photorhabdus strains encode at least one T3SS, with conserved gene content
and synteny in the fourth Pathogenicity Island (PAI IV) of the genome [15]. The structural elements of
this secretion system are similar to T3SSs of Yersinia spp. and Pseudomonas aeruginosa [15,34]. This T3SS
inhibits phagocytosis of P. luminescens by hemocytes, decreasing the nodulation response and allowing
the bacteria to persist in the insect hemocoel [74]. The putative T3SS effector LopT has demonstrated
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cytotoxic activity in vitro, but appears not to be essential for virulence [74]. Its similarity to Yersinia pestis
YopT suggests it may play a role in evading phagocytosis. Another putative T3-secreted protein from
Photorhabdus is Cif, a cycle-inhibiting factor similar to demonstrated T3SS effectors from the human
pathogens enteropathogenic and enterohemorrhagic E. coli. Photorhabdus Cif causes cell cycle arrest
and actin rearrangement in cultured cells, suggesting it is a toxin with activity similar to the pathogenic
E. coli proteins [75].

Interestingly, the human pathogen P. asymbiotica encodes an additional T3SS in a separate genomic
island not found in other Photorhabdus species, which resembles a locus from Vibrio parahaemolyticus [6].
P. asymbiotica lacks a LopT homolog, but has a likely T3SS effector similar to the strongly cytotoxic
ExoU phospholipase of P. aeruginosa, and another called SopB similar to a Salmonella T3SS effector
involved in host cell invasion [35]. These differences in T3SS gene carriage likely contribute to P.
asymbiotica’s ability to infect humans.

A somewhat controversial example involving T3 secretion comes from Yersinia pestis. Y. pestis
produces a Tc toxin complex comprising the YitABC proteins and likely processed by the YipAB
phosphatases encoded directly downstream [76]. A careful genetic analysis revealed that the N-terminal
portions of YitABC can be secreted through Y. pestis’s plasmid-encoded T3 injectisome, and that
the N-terminal portion of YitB can be translocated into insect and mammalian cells in a T3SS-dependent
manner [76]. These results suggest the surprising possibility that the Tc toxins of this organism are
T3SS effectors. It has been noted that this mechanism for Tc export cannot be generalized to all
entomopathogens, as Xenorhabdus spp., for instance, produce Tc toxins but have no T3SS [84].

4.8. Flagellar T3SS

In a few cases, the flagellar T3SS has been proposed to secrete non-flagellar proteins, usually
following the observation that a secreted protein is absent from the culture supernatants of flagellar
T3SS mutants [85–87]. This explanation should be invoked with caution, as flagellar assembly
involves hierarchical gene expression and sequential activity of transcription factors that also control
expression of non-flagellar genes, [88–90], potentially including those for dedicated secretion systems
or the secreted proteins themselves. It is also worth clarifying that proteins secreted through a flagellar
T3SS would be delivered to the extracellular space or attached to the bacterial surface, not directly
injected into the host cell, as the flagellar T3SS lacks the translocation pore.

Xenorhabdus genomes lack obvious candidates for T3SS injectisomes [61], but the flagellar
apparatus has been invoked in the secretion of several non-flagellar virulence factors in this organism.
An X. nematophila mutant lacking FlhA, a structural component of the flagellar assembly apparatus,
is defective in lipase activity, suggesting that the lipase, XlpA, is secreted through this structure [88].
The antibacterial xenocin complex XciA/XimB is also proposed to be secreted in this way [50],
corroborated by the finding that the xenocin protein accumulates in FlhA mutant cells. Extensive
mutational and transcriptional analysis has revealed a complex hierarchy of regulation linking motility
and virulence gene expression (including expression of xlpA) in Xenorhabdus spp. [88,90,91], potentially
complicating interpretation of these results.

4.9. Type 6 Secretion System: From the Bacterial Cytoplasm into a Target Cell

Like injectisome T3SSs, T6SSs deliver effector proteins directly into target cells; unlike T3SSs,
the targets may be eukaryotic or bacterial [11,59]. Most of the characterized T6SSs are associated with
antibacterial competition, some are involved in virulence, and a few contribute to symbiosis with host
cells [60]. There is no clear secretion signal for T6-secreted proteins, but some share domains thought
to interact with structural components at the tip of the T6SS, and others are fusions with the structural
proteins VgrG or Hcp.

Information on entomopathogen T6SSs comes mostly from bioinformatic predictions, and few
specific effectors have been verified. Photorhabdus has four predicted T6SS gene clusters, which are
located in pathogenicity islands [44]. Xenorhabdus genomes generally encode at least one T6SS [61],
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with some strains carrying a second, or even third [77]. Little is known about the functions of these
secretion systems, though X. bovienii strains encoding multiple T6SSs tend to have a competitive
advantage over strains that only encode one, suggesting a role in interbacterial competition [92].
An X. nematophila mutant lacking one of its two T6SSs retains virulence in insects [7], consistent with
an antibacterial function. Ps. entomophila has two predicted T6SSs, which are proposed to play a role in
interaction with insect hosts [93], but this has not yet been demonstrated. In Y. pestis, expression of
T6SS structural proteins is increased when the bacteria are grown at 26 ◦C versus 37 ◦C, suggesting a
role for T6 secretion in this organism’s association with its flea vector [94].

5. Other Secreted Proteins from Entomopathogens

In addition to these canonical secretion systems, entomopathogenic bacteria make use of some
additional mechanisms for protein export, which we briefly describe here.

5.1. Modified Phage Tails: PVCs and the Antifeeding Prophage

Insecticidal surface structures related to phage are found in some entomopathogenic bacteria.
For example, the numerous Photorhabdus virulence cassettes (PVCs) are genomic loci of 15–20 genes,
including structural components related to phage tails and various “effectors” with similarity to
diverse toxins, including Mcf and YopT. These assemble into needle-like structures on the bacterial
surface and confer insecticidal activity on E. coli when expressed heterologously [95]. The S. entomophila
antifeeding prophage (Afp) comprises similar structural elements and is responsible for the anti-feeding
effect of S. entomophila on grass grubs (which is distinct from the symptoms of amber disease mediated
by the SepABC toxin complex) [96,97]. PVCs, the AFP, and similar structures appear to be evolutionary
intermediates between contractile phages and T6SSs [12,98]. For this reason, it is thought that they
may inject effector toxins directly into host cells. Loci similar to PVCs and the Afp have since been
identified in numerous bacteria with diverse lifestyles [98].

5.2. Tc Toxin Complexes

Photorhabdus spp. provided the first examples of a distinctive mechanism for transporting large
toxins—the Tc toxin complexes—into target cells [29]. Tcs comprise three proteins: TcA, TcB, and TcC,
which is the enzymatically active part of the Tc toxin [99]. Tcs have since been identified in a wide
range of bacteria, many having no known association with insects [29]. In some entomopathogens,
the Tc complex appears to remain attached to the bacterial cell surface, while in others it is released into
the extracellular environment [61,62]. Little is yet known about how the large, signal-less Tc proteins
are secreted from the bacterial cell. Speculations have been commendably reserved, but include nods
to both T3SSs [76] and T6SSs [62], and it is possible that Tc export mechanism differ among different
organisms. Recent structural analysis suggests that translocation into the host cell is achieved by the Tc
complex itself. Cryo-EM studies reveal TcA oligomerizing into an unusual α-helix based channel in
the host-cell membrane, likely facilitating entry of the TcC enzyme [99,100].

However they are secreted, Tc proteins frequently display striking oral and injectable toxicity
towards insects [32,37,101–103] and are encoded in the genomes of many entomopathogens [104]. S.
entomophila, the causative agent of amber disease in grass grubs, produces a Tc complex known as
SepABC. Ingestion of the three Sep Tc proteins is sufficient to induce amber disease symptoms in
Costelytra zealandica grass grubs [103]. Y. entomophaga mutants lacking this organism’s Tc are avirulent,
and the purified toxin complex is orally toxic to a range of Coleopteran and Lepidopteran larvae [37].
P. luminescens and P. asymbiotica encode multiple Tc complexes, while Ps. entomophila and X. nematophila
each encode at least one [5,84]. Strikingly, the X. nematophila Tc operon includes two distinct TcA genes,
and these appear to specify toxicity towards particular insect species [102], supporting the notion that
a given entomopathogen’s host range is influenced by its suite of Tcs [84].
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6. Concluding Remarks

Entomopathogens use a wide range of mechanisms to secrete proteins involved in virulence,
nutrient acquisition, and competition with other bacteria. Work on these proteins has shed light
on new protein families relevant to many other organisms, as in the case of Tc toxins. Comparing
secreted proteins from entomopathogens also illustrates pathogen evolution; secreted proteins that are
obvious homologs may play different roles in pathogenesis, such as the hemolysins PhlA and XhlA,
highlighting the adaptation of pathogens to different niches. Genomic analyses have provided many
tantalizing candidates for novel virulence factors in entomopathogens. Defining their functions
and mechanisms of secretion will enhance our understanding of insect pathogenic bacteria and expand
our repertoire of potential biopesticides [18,29].

Entomopathogenic bacteria, in particular Photorhabdus spp. and Xenorhabdus spp., also
release numerous non-protein molecules with interesting and potentially useful bioactivities into
the extracellular environment [105–108]. How these secondary metabolites are synthesized is an area
of active inquiry, but little is known about how they are exported from the bacterial cell. Filling in
these details could facilitate industrial production of these molecules, some of which hold promise as
pesticides or pharmaceuticals. Further studies on the secreted proteins and secondary metabolites of
entomopathogenic bacteria are needed to better understand their biology and inform efforts to develop
novel biopesticides.
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