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Abstract 

Pore-forming toxins are the most common bacterial protein toxins. 
Although their requirement for virulence of many infamous pathogens is 
clear, there is unclarity about their precise effects on the host, their exact 
mechanisms of action, and about commonalities between different PFTs. 
Published studies on several bacterial pathogens, including Streptococcus 
pneumoniae, Group A and B streptococci, Staphylococcus aureus, Vibrio 
cholerae, Escherichia coli, and Mycobacterium tuberculosis, however 
provide data that can shed light on these unclarities. Here, we review in 
vivo data on bacterial infections involving PFTs that specifically address 
these issues, and identify a number of common functions that appear to be 
shared by PFTs of different pathogens. These functions include the evasion 
of the host immune response by impairing phagocyte function, and the 
damaging of host epithelia with the purpose of altering local bacterial 
growth conditions or spreading through to other host compartments. Their 
commonalities make PFTs attractive targets for future development of new 
classes of antibiotics, to address the growing challenge of multi-drug 
resistance among pathogenic bacteria. 
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Problematic pathogenic bacteria use PFTs 

Bacterial infections are a leading cause of morbidity and mortality 
worldwide. Bacteria commonly cause infections of the respiratory and 
gastro-intestinal tracts and the skin. Furthermore, health-care associated 
urinary tract infections, pneumonia, skin and soft-tissue infections, 
invasive bloodstream infections and surgical-wound infections are 
problematic. The common method of treating bacterial infections is by 
local or systemic administration of broadband antibiotics. Excessive use of 
antibiotics is however common practice in many developed countries, and 
is a leading cause of the rise of multidrug resistant pathogenic bacterial 
strains [1]. Several well-known pathogenic bacteria have developed into 
increasingly problematic antibiotic resistant strains; examples are MRSA 
(methicillin-resistant Staphylococcus aureus), Streptococcus pneumoniae, 
Escherichia coli, and Mycobacterium tuberculosis [2,3], all further 
discussed below. The large majority of newly introduced antibiotics over 
the last 50 years are basically variations on a few common core 
mechanisms, and thus the development of new scaffolds, narrow-spectrum 
antibiotics, and combination therapies is a requirement for the continued 
treatment of these resistant bacteria [2]. 

A common denominator of the drug-resistant strains mentioned above, as 
well as of many other major pathogenic bacteria, is that among their 
major virulence factors are pore-forming toxins (PFTs). PFTs are the 
predominant virulence factors among bacteria—about 25-30% of virulent 
bacterial proteins are PFTs, making them the single largest category [4,5]. 
PFTs function to perforate membranes of host cells, predominantly the 
plasma membranes but also intracellular organelle membranes [6]. They 
are classically hypothesized to do so in order to directly kill target cells or 
for intracellular delivery of other toxins [7], or for phagosomal escape in 
the case of intracellularly acting PFTs [8]. Loss of their PFT causes 
pathogenic bacteria to be less virulent or completely avirulent (see below 
and Table 1). Conversely, transgenic expression of a PFT can turn an 
otherwise harmless bacterium into a pathogen [9]. 

Numerous reviews have been written that extensively cover the 
biochemical properties and in vitro effects of bacterial and eukaryotic PFTs 
[4-7,10-14]. However, to our knowledge, no review has so far been done 
of the available literature on the general in vivo effects of PFTs and their 
contribution to bacterial pathogenesis. Therefore, this review will focus on 
the contributions of PFTs to infection, as determined by the study of in vivo 
infection models and clinical and epidemiological data, and describe 
commonalities between their roles in bacterial infection. 
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PFT mechanism of action 

Bacterial proteinaceous toxins are traditionally divided into soluble and 
membrane-bound proteins. PFTs are an exception, since they fall into both 
categories. They initially need to have hydrophilic properties, in order to 
travel from the bacterium to the target cell, and then need hydrophobic 
properties in order to insert into the target cell’s plasma membrane [15]. 
To meet this challenge, PFTs are generally excreted as water-soluble 
molecules. Recognition and binding to a specific receptor causes them to 
associate with the target membrane, which triggers a conformational 
change, causing the PFTs to form multimers and changing the exterior 
from hydrophilic to hydrophobic. This is followed by the insertion of an 
aqueous pore into the membrane [13] (Figure 1). 

 
Figure 1. General mechanism of pore formation by PFTs. Soluble PFTs bind 
their receptors, which leads to oligomerization and subsequent insertion of an 
aqueous pore into the plasma membrane. (After [5]). 

PFTs are commonly classified based on the secondary structure of the 
regions that penetrate the host cell plasma membrane, which consist of 
either α-helices or β-barrels, and the toxin families are respectively 
referred to as α-PFTs or β-PFTs [12]. The majority of bacterial PFTs are β-
PFTs, which also form the best-understood group [12]. Two sizeable sub-
groups of β-PFTs are that of the large-pore forming cholesterol-dependent 
cytolysins (CDCs), produced by gram-positive bacteria, and that of the 
small-pore forming repeat in toxin (RTX) toxins, produced by gram-
negative bacteria [4,12]. Differences exist between the mechanisms of 
pore formation by α-PFTs and β-PFTs [12]. Another useful form of 
classification, especially with regard to host defenses, is by the size of the 
pore that is formed [12]. Bacterial PFTs generally either form small, 0.5-5 
nm, or large, 20-100 nm, pores, and host cellular defenses against the 
different classes only partially overlap [11,16-18]. 
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Target cell specificity of PFTs varies widely, one important cause of which 
is likely their varying receptor-specificities. Various receptors have been 
identified, including glycosyl-phosphatidylinositol (GPI)-anchored proteins, 
as well as lipids and cholesterol [5]. 

Many bacteria produce toxins that based on their sequence or properties 
can be presumed to be PFTs. For several pathogenic bacteria, as well as 
several economically important bacteria pathogenic to animals, there is 
direct proof or considerable circumstantial evidence that a PFT is 
expressed during infection and contributes significantly to virulence in 
vivo; these bacteria are listed in Table 1. For a smaller selection of 
bacteria there are also in vivo data on the phenotypical and molecular 
effects of PFTs during infection or intoxication that shed light on how PFTs 
contribute to infection; these data are reviewed in the remainder of this 
article. 

 

Streptococcus pneumoniae 

S. pneumoniae is a leading cause of pneumonia, meningitis, otitis media, 
and bacteremia, and is a frequent cause of infection-related mortality in 
infants and elderly [19]. Pneumolysin (PLY), a CDC [20], is produced by 
virtually all clinical S. pneumoniae isolates [21]. Other virulence factors of 
S. pneumoniae are the capsule, the cell wall, the enzyme neuraminidase, 
and surface protein A (PspA) [22]. The most researched S. pneumoniae 
strain is the encapsulated serotype 2 strain D39 [23]. 

Several lines of evidence show that PLY is produced in vivo during infection 
and required for S. pneumoniae virulence, and immunization against 
purified PLY protects against S. pneumoniae infection [21]. PLY is on itself 
capable of triggering the lethal effects of pneumonia, the destruction of 
lung tissue mediated by the recruitment of polymorphnuclear leukocytes 
(PMNs) to the site of infection [24], even when administered at sublytic 
doses [25]. PLY’s cytotoxic property appears to be responsible for 
neutrophil recruitment [26]. Strains not expressing PLY are 100-fold less 
virulent and grow at slower rates in vivo than ones that do, which could 
indicate that immunosuppression by PLY stimulates growth directly [23], 
or that the PLY-induced tissue damage provides conditions that are 
favorable for S. pneumoniae to grow.  
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Table 1. Bacteria that produce PFTs that are known virulence factors 
species PFT1 references for PFT2 references for in vivo 

virulence3 
Arcanobacterium 
pyogenes Pyolysin (PLO) [268,269] [270,271] 

Gardnerella vaginalis Vaginolysin (VLY) [258] [272,273] 

Mycobacterium 
tuberculosis 

6kDa Early Secreted Antigenic 
Target (ESAT-6) [235,236] [237,243] 

Mycobacterium 
marinum 

6kDa Early Secreted Antigenic 
Target (ESAT-6) [234] [234,242,243] 

Bacillus anthracis Protective Antigen (PA) [108] [113-115] 

 Anthralysin O (AnlO) [110,111] [112] 

Bacillus cereus Nonhemolytic Enterotoxin 
(Nhe) [274,275] [103] 

  Hemolysin BL (HBL) [276,277] [276,278] 

  Cytotoxin K (CytK) [279,280] [103] 

  Hemolysin II (HlyII) [281] [103] 

Bacillus sphaericus Sphaericolysin [282] [282] 

  Binary toxin (Bin) [283,284] [283] 

Bacillus thuringiensis Crystal (Cry) toxins [127,285-291] [125,292,293] 

  Cytolytic (Cy) toxins [125,294] [125] 

Clostridium 
bifermentans Crystal (Cry) toxins [295,296] [295] 

Clostridium botulinum Botulinolysin (BLY) [150,297] [170,171] 
Clostridium 
perfringens NetB [148] [148,298,299] 

 β-toxin [144] [153,300] 

 ε-toxin (ETX) [145-147] [157,162] 

 Perfringolysin (PFO, θ-toxin) [141-143] [163,301] 

Clostridium septicum α-toxin [149] [136,164,302] 

Clostridium tetani Tetanolysin [140] [172] 

Enterococcus faecalis Cytolysin (Cly) [303,304] [303,304] 
Listeria 
monocytogenes Listeriolysin O (LLO) [8,215] [224,305-308] 

Staphylococcus aureus Panton Valentine Leukocidin 
(PVL) [75,309] [77,78,85-88,93] 

  α-toxin / α-hemolysin [310,311] [89,94,96,97,101,102,312-314] 

  γ-hemolysin [75,315] [94,95,97] 

Streptococcus 
agalactiae (GBS) CAMP factor (cocytolysin) [61] [316,317] 

 β-hemolysin/cytolysin (βh/c or 
cylE) [318-320] [255,262,321,322] 

Streptococcus 
pneumoniae 
(Pneumococcus) 

Pneumolysin (PLY) [20] [21,23-25,27] 

Streptococcus 
pyogenes (GAS) Streptolysin O (SLO) [5,56] [58,59,66,69-71,98] 

 Streptolysin S (SLS) [57] [54,58,70-72] 
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Streptococcus uberis CAMP factor [323] [324] 

Actinobacillus 
pleuropneumoniae ApxI [325] [326-328] 

 ApxII [325] [326-328] 

 ApxIII [325] [325] 

 ApxIV [329] [329] 

Aeromonas hydrophila Aerolysin4 [13,330] [331-333] 

  Hemolysin (HlyA) [334] [331,333] 

  Act4 [335] [336] 

Bordetella 
bronchiseptica 

Adenylate Cyclase Toxin (ACT 
/ CyaA)5 [121]  

Bordetella 
parapertussis 

Adenylate Cyclase Toxin (ACT 
/ CyaA)5 [121]  

Bordetella pertussis Adenylate Cyclase Toxin (ACT 
/ CyaA)5 [121,337] [338-341] 

Escherichia coli Hemolysin A / α-Hemolysin 
(HlyA) [4] [175,184-186,189,195] 

Helicobacter pylori TlyA [342] [342] 

Moraxella boves MbxA [343,344] [343] 

Pseudomonas 
aeruginosa 
 

Exotoxin A (ETA)6 [13] [345-350] 

Salmonella enterica7 Cytolysin A (ClyA) [351] [352,353] 

Serratia marcescens Hemolysin (Shla) [354-356] [357-359] 

Vibrio cholerae Cytolysin (VCC) [197-199] [131,203-205,207-210] 

  MARTX8 [201] [203-207] 

Vibrio parahemolyticus Thermostable Direct 
Hemolysin (TDH) [360-363] [364-366] 

1PFT: pore-forming toxin. 
2References describe direct proof of pore formation where available, otherwise contain considerable 
circumstantial evidence. 
3References describe a role in in vivo infection models, otherwise of virulence of the purified toxin, or contain 
evidence that that the PFT is expressed during infection. 
4Aerolysin and Act have been argued to be one and the same toxin (1999 Buckley). 
5ACT is a fusion of a PFT and a calmodulin-activated adenylate cyclase enzyme. 
6ETA is a fusion of a PFT and a toxin that inhibits protein translation; although there is a fair body of in vivo 
data, it is unclear what part of ETA's effects are caused by its PFT function. 
7Exclusively serovars typhi and parathyphi A. 
8MARTX is an RTX-family member, but may not have pore-forming capability. 

 

Intranasal challenge of mice with isogenic strains carrying point mutations 
in specific parts of the PLY gene showed that PLY’s effects on pathogenesis 
are not only caused by its cytotoxic properties, but also by an independent 
ability to activate the complement system [21,27]. Simultaneously, PLY, 
aided by PspA, appears to be able to impair the complement system by 
inhibiting C3 deposition [28,29]. These apparently conflicting results likely 
point at passive effects of the virulence factor that benefit the host 
(activation of complement), versus actively implemented effects that 
benefit the pathogen (inhibition of complement). 

Toll-like receptor (TLR) 2 is considered the main pattern-recognition 
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receptor (PRR) for gram-positive bacteria, and TLR2-deficient mice show 
attenuated clearance of colonization after intranasal challenge with wild-
type S. pneumoniae [30]. In a different study, TLR2-defficiency however 
did not cause lower survival rates following S. pneumoniae infection [31]. 
Of tested cyto- and chemokines, only interleukin (IL)-1β levels were 
initially lower in TLR2-deficient mice compared to wild-type animals [31]. 
Intranasally challenged TLR4-deficient mice also showed attenuated 
defense against S. pneumoniae infection in one study [32], but not in 
another [30]. When Intranasally administering purified PLY, it was found 
that cytokine-induced neutrophil chemoattractant (KC) release in response 
to PLY in the lungs was TLR4 dependent, and that neutrophil influx, protein 
leakage, and cytokine release were significantly reduced in TLR4 knock-out 
(KO) mice, although only after administration of a high dose of PLY [33]. 
Using this setup, TLR2 knockout mice also show a reduced response to 
purified PLY, similar to that of TLR4 KO mice [33]. Interestingly, PLY-
deficient S. pneumoniae only grew in lungs of TLR2 KO mice and not in 
wild type or TLR-4 KO mice [31]. Although TLR-2 was found not to 
contribute to the defense against wild-type S. pneumoniae, the TLR-2 KO 
mice showed a strongly reduced early inflammatory response during 
pneumonia caused by both wild type and PLY- deficient bacteria [31], 
consistent with earlier findings [34]. The inconsistent findings make it hard 
to fully interpret the data, but it appears TLR2 and TLR4 are both involved 
in defense against S. pneumoniae infection. TLR4 appears to mainly 
respond specifically to PLY, whereas TLR2, although also responsive to PLY 
in some studies, appears to mainly respond to non-PLY S. pneumoniae 
antigens. Purified PLY further induces IL-6, KC and macrophage 
inflammatory protein (MIP)-2 production, and neutrophil influx into the 
bronchoalveolar compartment [35,36]. 

Mucus production is an important part of the response to S. pneumoniae 
infection, mediated by expression of mucin genes [37]. PLY is capable of 
upregulating expression of the MUC5AC mucin gene [37]. In vitro, tumor 
necrosis factor α (TNF-α) upregulates MUC5AC expression via 
extracellular-regulated kinase (ERK) and p38 mitogen-activated protein 
kinase (MAPK)-dependent pathways [37]. It was furthermore found in vivo 
in mice that the c-Jun N-terminal Kinase (JNK) MAPK acts as a negative 
regulator of MUC5AC expression and that MAPK phosphatase-1 (MKP1) is a 
positive regulator of PLY-induced MUC5AC expression via dephospho-
rylation of JNK [37]. These findings indicate a tightly controlled regulation 
of mucus production, allowing for a balance between its defensive effect 
and obstruction of the airways [37]. 
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Another functional study showed that in vivo in mice, deubiquitinating 
enzyme cylindromatosis (CYLD) is a negative regulator of host survival, by 
allowing PLY-induced acute lung injury and bacterial translocation [38]. It 
was found that CYLD’s negative effect is based on a downregulation of 
plasminogen activator inhibitor-1 (PAI-1) induction [38]. PAI-1 functions to 
reduce hemorrhage and is required for the recovery from local tissue 
injury [38]. PAI-1 activation was found to function through MAPK kinase 3 
(MKK3) and p38 MAPK, as well as TLR-4 and myeloid differentiation factor 
88 (MyD88), but not TLR-2 [38]. S. pneumoniae as well as purified PLY 
were able to cause phosphorylation of p38 in vitro [38], and MKK3 was 
required in vivo for wild-type survival on S. pneumoniae and PLY [38], 
consistent with an in vivo role for p38 in PLY-defense. CYLD is also highly 
activated by PLY [38], so it appears that this PFT hijacks a host factor 
(CYLD) to inhibit a host PFT defense pathway (p38 MAPK). CYLD in 
addition appears to be responsible for PLY-induced microvascular leakage 
[38]. Another molecular defense that appears to protect against PLY-
induced lethality, is TLR4 and caspase-mediated apoptosis, observed in 
upper respiratory tract cells after intranasal challenge of mice with S. 
pneumoniae [39]. 

Acquired streptococcal immunity was long thought to be mediated through 
B-cell-mediated production of antibodies against its capsular 
polysaccharides, but has more recently been found to be mainly mediated 
by cluster of differentiation 4-positive (CD4+) T-cells, possibly mediated 
through the effects of PLY [30,40,41]. T- and B-lymphocytes were found to 
be attracted to the site of infection, and the absence of PLY caused 
reduced bacterial growth as well as reduced recruitment of lymphocytes 
[42]. A clinical study of CD4+ T-cells from previously exposed people 
showed that PLY, although not immunodominant, causes a distinct 
proinflammatory, or type 1 helper T cell (Th1) profile of high interferon-γ 
(IFN-γ), IL-12, and IL-17 levels, and low IL-10 and IL-13 levels [43]. PLY’s 
complement-activating property appears to reduce the accumulation of T-
cells [26]. 

When injected intravenously in mice, S. pneumoniae induces expression of 
IL-6, a proinflammatory cytokine, however in the absence of PLY IL-6 
expression is lower (even after correcting for the number of colony-
forming units) [44]. A strain lacking PLY establishes a chronic bacteremia, 
whereas a strain with PLY grows exponentially and quickly causes sepsis, 
likely induced by IFN-γ [44]. Interestingly, if a stable bacteremia was 
established with a PLY-deficient strain, later addition of PLY was unable to 
escalate this into sepsis, indicating that the ability of PLY to affect the 
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infection outcome in this model is limited to the first few hours of infection 
[44]. Further work showed that host resistance developed during the first 
days after infection with the PLY-deficient strain depends on TNF-α, but 
appears independent of IL-1β or IL-6, and that continued survival of these 
infected mice depends on their ability to produce IL-1β [45]. A different 
study found that intranasal infection with wild-type S. pneumoniae caused 
elevated levels of IL-6 in lungs and blood, and that IL-6 is required for 
defense against pneumonia and for the regulation of a pulmonary cytokine 
network involving TNF-α, IL-1β and IFN-γ, as well as IL-10 [46]. These 
data are consistent with a role for IL-6 as a regulator of the cytokine 
response to PLY. 

PLY was found to cause impairment of the pulmonary microvascular barrier 
function and severe pulmonary hypertension, and this appeared to be 
caused by direct toxic effects of PLY on the alveolar-capillary barrier rather 
than by resident or recruited immune cells [35,47]. 

Although in a rabbit meningitis model PLY was found not to contribute to 
virulence [48], in mice and rat models a critical role for PLY in meningitis 
was found, including spreading through the bloodstream [49-51]. Based 
on in vitro data PLY is hypothesized to be involved in breaching of 
endothelial cells, allowing S. pneumoniae to pass the blood-brain barrier 
[52]. The permanent neurological damage associated with pneumococcal 
meningitis may also be caused by PLY, as it was found to rapidly cause 
extensive stabilization of microtubules, a known cause of axonal transport 
inhibition and neuropathy [53]. 

 

Streptococcus pyogenes 

Another pathogenic Streptococci species, S. pyogenes, or group A 
Streptococcus (GAS), also produces PFTs. GAS causes skin and other soft-
tissue diseases such as impetigo, pharyngitis, erysipelas, and cellulitis 
[54]. In less frequent cases, GAS can destroy fascia, adipose tissue, and 
muscle, and can then be associated with necrotizing fasciitis and myositis 
[54]. Cellulitis, necrotizing fasciitis or myositis can progress into toxic 
shock syndrome, an acute, toxin-mediated multi-organ failure [55]. 

GAS produces streptolysin O (SLO), a PFT of the CDC family [5,56], and 
streptolysin S (SLS), a small-pore former [57]. Both are important GAS 
virulence factors during the early stages of infection [58,59]. GAS can also 
produce CAMP factor (named after Christie, Atkins, and Munch Petersen, 
who first described it) [60], a PFT [61] normally associated with 
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Streptococcus agalactiae (Group B Streptococcus, GBS) of which it is a 
virulence factor (see Table 1). GAS further has a plethora of other 
virulence factors involved in evasion of phagocytosis, adherence to 
epithelial cells, spreading through tissues, and systemic toxicity [62]. 

An important function of GAS SLO’s pore-forming capability has been 
hypothesized to be allowing translocation of nicotinamide adenine 
dinucleotide (NAD+)-glycohydrolase (NADase), an important virulence 
factor, across the host cell membrane [63,64]. This notion however proved 
wrong when it was shown that NADase translocation happens independent 
of SLO pore formation, and that SLO’s cytotoxic and translocation activities 
could be separated [65]. 

SLO was found to induce caspase-1 dependent macrophage apoptosis in 
vivo in a mouse model (like PLY, see above), to suppress macrophage 
cytokine expression, and to be required for full virulence [66]. SLO thus 
appears to play a role in immune evasion by directly attacking immune 
cells [66]. 

Nod-like receptors (NLRs), pattern recognition receptors like the TLRs, 
activate caspase-1 via a multiprotein complex called the inflammasome, 
which in turn leads to production of proinflammatory cytokines IL-1β, IL-
18 and IL-33 [67]. Inflammasome-dependent caspase-1 activation and IL-
1β secretion were induced in macrophages by S. pyogenes, and required 
expression of SLO [68]. In vivo experiments in mice showed that the 
inflammasome is critical for IL-1β production but is dispensable for survival 
in a S. pyogenes peritoneal infection model [68]. Data further indicated 
that caspase-1 activation in response to S. pyogenes infection requires 
SLO and nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB), but not TLR signaling [68]. In a mouse model of skin 
inflammation, purified SLO caused degranulation of mast cells, thus 
mediating inflammation [18]. When a GAS mutant with increased SLO 
expression was injected intraperitoneally in mice, increased virulence and 
a small neutrophil infiltrate was found [69], consistent with an immune-
evasive function for SLO. Other virulence factors were however also 
upregulated in the GAS mutant [69], complicating interpretation of the 
data.  

GAS causes oncosis, a pre-necrosis stage of programmed cell-death, of 
resident peritoneal macrophages in infected mice [70]. GAS lacking either 
SLO or SLS were as lethal to macrophages as the wild-type strain, 
however a double mutant lacking both SLO and SLS showed attenuated 
killing [70]. In addition, purified SLO and SLS were both cytotoxic to 
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macrophages in vitro [70], indicating they may function redundantly. 
When both PFTs were absent, recruitment of neutrophils to the site of 
infection was markedly slower, tissue damage was less severe, and 
bacterial dissemination to the liver was decreased [70]. Consistent with 
redundant immune-evasive functions for SLO and SLS, it was found that 
deletion of either did not influence host survival in a mouse subcutaneous 
GAS infection model, and that deletion of SLO only had a small effect in an 
intraperitoneal infection model [71]. SLO and SLS further were both found 
to contribute to the formation of necrotic lesions in the subcutaneous 
model [58]. Furthermore, when the capsule, which protects GAS from 
phagocytosis, was absent, loss of SLO completely attenuated killing, and 
loss of SLS significantly increased survival [71], indicating both SLO and 
SLS contribute to evasion of phagocytosis. 

In a zebrafish model of necrotic myositis, an SLS-deficient GAS strain was 
associated with decreased lethality and a robust recruitment of neutrophils 
[54]. After subcutaneous infection in mice, SLS-deficiency was associated 
with accelerated extravasation of neutrophils [54]. However, 
intraperitoneal challenge of mice with GAS showed that SLS was cytotoxic 
to newly recruited neutrophils, rather than inhibiting migration [72]. So, 
whereas GAS infection of superficial tissues is associated with increased 
inflammation due to neutrophil recruitment, mediated by SLO and perhaps 
also SLS, GAS infection of deeper tissues appears to be associated by 
decreased inflammation, due to decreased neutrophil recruitment or 
increased neutrophil killing, dependent on SLS (the role of SLO was not 
tested) [54]. 

 

Staphylococcus aureus 

S. aureus is the leading cause of bacterial infections in the United States 
and a leading cause of morbidity and mortality worldwide [73]. It mostly 
causes skin and soft tissue infections, but is also able to cause severe 
invasive infections, including fatal sepsis and necrotizing fasciitis, and is 
probably best known for the potentially lethal necrotizing pneumonia 
caused by methicillin-resistant S. aureus (MRSA) [73]. S. aureus stands 
out for its ability to evade the immune system, indicated by the fact it can 
infect fully immuno-competent hosts [73]. 

S. aureus possesses multiple small-pore, β-PFTs, including α-toxin / α-
hemolysin, two γ-hemolysins, and Panton-Valentine leukocidin (PVL) 
[74,75]. PVL and γ-hemolysin are expressed in vivo during infection [76-
79], and all these PFTs contribute to virulence (see below). The γ-
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hemolysins and PVL are bi-component leukocidins [15], the individual class 
S and class F components of which may be able to recombine with each 
other and with other leukocidins [80]. Other virulence factors of S. aureus 
include arginine catabolic mobile element (ACME), α-type phenol-soluble 
modulins (PSMs), a capsule, and factors that inhibit complement activation 
[81]. Best-known and often studied are the (only distantly related) MRSA 
strains USA400 and USA300 [73]. 

PVL expression is associated with clinical S. aureus isolates that cause 
necrotizing pneumonia [82,83], and this PFT therefore has been 
extensively studied. Its role in virulence however is surrounded by 
controversy. Experiments on mice and rabbits usually confirm a role for 
PVL in virulence [77,78,84-88], whereas experiments in rats and primates, 
as well as occasionally in mice, did not identify a role for PVL in infection 
[89-91]. Purified PVL however causes inflammation when applied to rabbit 
skin and eye [80,92,93], and by itself can cause pneumonia in mouse and 
rabbit models [85,87]. During the course of the infection PVL causes 
necrosis and edema of the lungs, but is not involved in the initial 
colonization and does not affect bacterial growth rates [85]. PVL was 
shown to trigger increased local levels of IL-8 and monocyte chemotactic 
protein-1 (MCP-1) resulting in a more extensive PMN infiltration, which is 
responsible for the observed necrosis, diffuse alveolar hemorrhage, and 
pulmonary edema [85]. These results seem consistent with a role for PVL 
in damaging the epithelium or endothelium (in this case indirectly, via 
PMNs), perhaps to allow systemic spreading of the bacteria. Unfortunately, 
this study did not determine systemic spreading of bacteria [85], but 
during an earlier study involving a rabbit bacteremia model, PVL was found 
to contribute to early bacterial spreading to the kidney, but not to 
contribute to bacterial growth at later time points [86]. Given the relative 
insensitivity of mouse and rat PMNs to PVL, rabbits appear to be a better 
model to study the effects of PVL as their PMNs are more sensitive to PVL, 
more closely resembling the human situation [85]. This is especially 
important since PMNs seem to be the prime target of PVL. 

In mouse models, PVL was found to contribute to muscle but not skin 
injury after subcutaneous challenge with S. aureus [78]. Here it was also 
found that the amount of bacteria in the lesions were not different 
however [78], again showing that PVL does not cause increased bacterial 
growth. The presence of PVL was found to be associated with increased 
levels of KC, macrophage-inflammatory protein-2 (MIP-2) and chemokine 
(C-C motif) ligand 5 (CC5, or RANTES), showing it contributes to infection; 
TNF-α and IL-1β levels were unaffected however [78]. In mice of different 
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genetic backgrounds different findings were furthermore done regarding 
PVL’s contribution to virulence [78]. Animals that showed more severe 
lesions induced by PVL, also showed increased IP-2 and KC chemokine 
responses, showing again the damage is induced by the inflammatory 
response rather than directly by the toxin [78]. Interestingly however, 
animals that responded to PVL with a stronger inflammatory response 
were also better able to clear the infections, so there appears to be a 
trade-off between how quickly the infection is removed, and the amount of 
damage is caused to the host’s own tissue in the process [78]. 

Many of the conflicting findings regarding PVL’s role in virulence appear to 
be attributable to details of the experimental setup, such as differences in 
susceptibility between the various animal models, genetic differences 
between hosts of the same species [78], concentrations of inocula used 
[78], and the route of infection (e.g., intravenous, subcutaneous, or 
intranasally). Importantly most of these studies do not control for the fact 
that other PFTs, very similar to PVL, are likely present in the bacterial 
strains used. Although introduction of PVL into a laboratory S. aureus 
strain changes expression of other virulence factors [78], deletion of PVL 
from the USA300 and USA400 clinical isolates had no influence on global 
gene expression [86].  

γ-hemolysin is in part responsible for the corneal damage and 
inflammation seen in a rabbit corneal infection model [80,94,95]. Like PVL, 
it did however not influence bacterial growth [94]. A γ-hemolysin-deficient 
strain however still expressed α-toxin, which is also responsible for 
inflammation and the main factor causing corneal damage; analysis of a 
double mutant was not performed [94]. Different cross-combinations of 
the S and F components of PVL and γ-hemolysin also caused inflammation 
and dermonecrosis, indicating the different subunits of these bi-component 
toxins may actually give rise to up to six different PFTs [80,93], 
complicating interpretation of in vivo data. 

PVL is only expressed by a small subset of clinical isolates [83], and the 
much more abundant α-toxin has been argued to be the main virulence 
factor in MRSA pneumonia, in favor of PVL [89]. It was also found to be 
important in a mouse arthritis model [96]. α-toxin functions redundantly 
with γ-hemolysin in a mouse model of septic arthritis, and when both PFTs 
are present IL-6 expression levels are significantly higher than when both 
are absent [97]. (IL-6 is an activator of osteoclasts, and its release is 
correlated to joint damage in arthritis [97].) α-toxin, like S. pyogenes SLO, 
can damage mucosal epithelia, mediating penetration of other virulence 
factors [98]. Also like SLO, α-toxin causes degranulation of mast cells, 
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which thus contribute to the innate immune response [18]. However, 
whereas SLO is associated with a quick and transient skin inflammation in 
infected mice, α-toxin is able to induce a chronic inflammation, and 
whereas the mast cells are required for SLO-induced inflammation, they 
instead limit the α-toxin-induced inflammatory response [18]. These 
differences are hypothesized to be caused by the differences in pore size 
between SLO (a large-pore CDC) and α-toxin (small-pore β-barrel PFT) 
[18]. 

In a model for sepsis and septic shock, S. aureus α-toxin and E. coli 
Hemolysin A (HlyA) were found in isolated rat hearts to be capable of 
causing a strong coronary vasoconstrictive effect [99], by inducing release 
of thromboxane A2 [100]. This effect is thus caused by α-toxin’s effect on 
eicosanoid production, and not by endothelial damage [99], and is likely to 
contribute to the reduced cardiac output and systemic hypotension 
observed with sepsis [55]. α-toxin, like PVL, was found to be an important 
virulence factor in a rabbit model of S. aureus corneal infection [101,102]. 
So, consistent with structural similarities, α-toxin appears to have similar 
virulence properties to PVL and γ-hemolysin. 

 

Bacillus anthracis 

The Bacillus cereus group (group 1 Bacilli) consists of three closely related 
members, B. cereus (see table 1), B. anthracis, and B. thuringiensis (see 
below), that are often argued to be variations of a single species [103]. 
They differ mainly in the toxins they produce, and interestingly have very 
different pathogenic properties [103]. Together with the fact that normally 
harmless B. subtilis can turn pathogenic when equipped with a B. cereus 
PFT, this further illustrates that pathogenicity, host specificity and tissue 
preference can be strongly dependent on the PFTs that a bacterium 
produces. It could furthermore point at a commensalist life style of the 
various B. cereus-group members. 

B. anthracis is the causative agent of anthrax [104]. Although mostly a 
disease of herbivores, all mammals, including humans, can get infected 
[104]. In humans, entry of spores into the body can cause cutaneous, 
gastrointestinal, or pulmonary infection [104]. The cutaneous infections 
are easily diagnosed and treated, but early diagnosis of the 
gastrointestinal and pulmonary forms is difficult, and these often develop 
into an untreatable, fatal systemic infection, hallmarked by shock-like 
symptoms, sepsis and respiratory failure [104]. 
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B. anthracis produces two factors required for pathogenicity, the capsule 
and anthrax toxin. The capsule, which protects against phagocytosis, is 
discussed elsewhere [104,105]. Anthrax toxin, responsible for the lethal 
toxic shock [106], consists of three components, protective antigen (PA), 
lethal factor (LF), and edema factor (EF) [107]. PA is a small-pore, β-PFT 
[108], which main role is hypothesized to be to translocate LF or EF into 
the target cell cytosol [109]. EF then functions to disrupt water 
homeostasis [107], and LF disrupts MAPK pathways [107]. B. anthracis 
further has anthralysin O (AnlO), a CDC likely to also play a role in 
virulence [110-112]. 

The in vivo work on B. anthracis anthrax toxin has focused on the effects 
of deletion of the three factors on pathogenicity, and the ability to trigger 
immune responses. In mouse inhalation and subcutaneous injection 
challenge models it was found that PA and LF are required for killing, but 
EF is not [113-115]. EF does however function synergistically with PA and 
LF [113]. In the inhalation model, PA and LF are required for bacteria to 
spread to and beyond the draining lymph nodes [114]. Immunization 
against PA furthermore protects against killing [114], and PA binding to its 
cell-surface receptor is not required for immunization [113]. Endothelial 
cells in most tissues express PA receptors and purified PA can inhibit 
angiogenesis, although the mechanism through which this occurs has not 
been elucidated [116]. 

Proteoglycans called syndecans function in cell spreading, adhesion, 
motility and maintenance of intercellular contacts [112]. Pseudomonas 
aeruginosa LasA has been shown to cause shedding of syndecans from the 
host cell surface in vivo [117,118], and S. aureus α-toxin and β-toxin 
(sphingomyelinase) have been show to cause syndecan shedding in vitro 
[119]. Mice infected with B. anthracis showed increased levels of syndecan 
in the systemic circulation [112]. Experiments in vitro showed that B. 
anthracis AnlO induced syndecan shedding, as did the non-PFT factors 
AnlB and CnlA [112]. The combination of PA and LF, called lethal toxin, 
also caused syndecan shedding although to a lesser extent, and only when 
applied in combination; either component alone did not induce shedding 
[112]. For AnlO and lethal toxin this shedding was found to be dependent 
upon p38 MAPK activation (which is normally upregulated by AnlO and 
downregulated by LF), but interestingly this was not the case for the other, 
non-PFT toxins [112]. The AnlO effect further depended on the MEK1/2 
ERK MAPK pathway, and for neither toxin’s effect JNK MAPK was required 
[112]. Although it is hypothesized syndecan shedding benefits 
pathogenesis [118], there is currently no data directly demonstrating this, 
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nor whether it is the increased amount of syndecans on ectodomains, or 
the decreased amount of syndecans on the cell surface (or both) that is 
relevant to infection or host defense. 

B-cells isolated from mice treated with sublethal doses of PA and LF for 
three hours were strongly defective in TLR-dependent proliferation and 
completely defective in IgM expression in response to stimulation with a 
TLR2 agonist [120]. MAPK activity in the B-cells appeared to be required 
for this TLR2-induced proliferation and IgM production, as the use of 
mutant LF lacking protease-activity did not result in inhibition of these 
processes [120]. Unfortunately, it was not tested whether pore formation 
by PA of itself caused activation (phosphorylation) of MAPK components 
downstream of ERK1/2. Such an experiment would have allowed to 
distinguish between two models, one where PA functions to deliver LF to 
the host cell cytosol, to inhibit immune responses triggered by other 
factors (e.g., TLR2 or TLR4-dependent responses), and another where the 
pores formed by PA trigger MAPK activation (consistent with other PFTs) 
and LF inhibits this host cell anti-PFT response, thus potentiating PA 
toxicity. Something similar is the case with B. pertussis adenylate cyclase 
toxin (ACT), which is a unique fusion between an RTX-family pore-forming 
toxin and an adenylate cyclase enzyme [121]. The classical model for ACT 
function, similar to that for EF and PA in B. anthracis, postulates that the 
sole function of the pore is to allow translocation of the adenylate cyclase 
into the cell [122]. This model proved wrong when the adenylate cyclase 
was found in the absence of a pore to be still able to enter cells [122] and 
raise cAMP levels [123]. Furthermore, both parts of the toxin were found 
to be virulent by themselves and in the absence of the other, but do show 
strong synergistic effects [123,124]. 

 

Bacillus thuringiensis 

Another B. cereus-family member, B. thuringiensis, is pathogenic to 
insects and nematodes. B. thuringiensis, despite its high similarity to B. 
anthracis and B. cereus, is generally not pathogenic to people, and is best 
known for its use as a non-chemical pesticide. B. thuringiensis expresses a 
broad range of so-called δ-endotoxins, divided in crystal (Cry) and 
cytolyitic (Cyt) toxins, which differ in their specific targets [125,126]. Crys 
are small-pore α-PFTs, and Cyts are β-PFTs [125,127]. 

Given its specificity towards insects and nematodes, B. thuringiensis Cry 
toxins can be studied relatively easily in vivo, with the major advantage 
that the host model closely or exactly matches the intended target of the 



CHAPTER 1 

	  26	  

toxins and bacteria. Unlike for most other bacteria, work on B. 
thuringiensis has primarily focused on the effects of isolated PFTs rather 
than on the bacterium itself, because interest in the toxins is mainly based 
on their use as pesticides rather than on their role in infection. A 
genetically tractable host for Cry5B, the nematode Caenorhabditis elegans, 
has been particularly instrumental in elucidating host innate immune 
defense pathways (C. elegans does not possess an adaptive immune 
system). 

Using C. elegans, the first functional molecular PFT defense pathways were 
identified, involving p38 MAPK, and the C-Jun N-terminal (JNK)-like MAPK 
KGB-1 [128]. p38 MAPK activation was shown to be conserved in 
mammalian cells in response to the Aeromonas hydrophila PFT aerolysin 
[128], as well as several other PFTs. p38 MAPK was further shown to be 
activated by and required for defense against Cry toxin in vivo in the 
lepidopteran Manduca sexta and dipteran Aedes aegypti [129]. It was 
subsequently found that the endoplasmic reticulum (ER) unfolded protein 
response (UPR) pathway is a key functional downstream factor of p38 
MAPK in C. elegans defense against Cry5B [130]. The ER UPR was also 
activated in mammalian cells in response to aerolysin [130]. Also involved 
in defense against B. thuringiensis Cry toxins, is the hypoxia response 
pathway [131]. This pathway involves downregulation of hypoxia inducible 
factor 1α (HIF-1 in C. elegans) by prolyl hydroxylase, Von Hippel-Lindau 
tumor suppressor protein, and regulator of hypoxia-inducible factor (EGL-
9, VHL-1, and RHI-1 in C. elegans respectively) [131]. Mutations in egl-9, 
vhl-1, and rhi-1, which increase activity of the hypoxia pathway, lead to 
resistance to Cry toxins, whereas a mutation in hif-1, which decreases 
pathway activity, leads to Cry-toxin hypersensitivity [131]. These results 
extended to V. cholerae cytolysin (VCC) [131]. In addition to these 
pathways, the insulin/insulin-like growth factor-I (IGF-I) pathway was 
found to play a role in PFT defense [132]. Loss of the insulin receptor, 
DAF-2, causes C. elegans to become resistant to Cry5B [132]. This effect 
was found to depend not only on the canonical downstream forkhead 
transcription factor DAF-16, but also on a novel pathway arm involving 
WW domain Protein 1 (WWP-1) [132]. 

Analogous to the glycoproteins shedded from cells in response to B. 
anthracis lethal toxin, various B. thuringiensis Cry toxins were found to 
cause shedding of glycosylphosphatidylinositol (GPI)-anchored amino-
peptidase and alkaline phosphatase from plasma membranes of midgut 
epithelial cells [133]. This shedding appeared not to be caused by a 
proteolytic event, but rather to be dependent upon cAMP and the ERK1/2 
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MAPK pathway, via cleavage of the GPI anchor by an endogenous GPI-
specific phospholipase C [133], also analogous to what was found for B. 
anthracis. Since aminopeptidase and alkaline phosphatase are receptors 
for Cry toxins [134], the observed shedding may be the result of a 
protective function under control of the ERK1/2 (and p38) MAPK pathway—
removal of the PFT receptors. 

 

Clostridium spp. 

The genus Clostridium contains a large number of species pathogenic to 
humans, mammals and birds, the most problematic being C. tetani, C. 
perfringens, C. septicum, and C. botulinum. Clostridial infections are 
generally attracted via the consumption of contaminated foods, and via 
wounds. They are well treatable and rare compared to the other bacterial 
infections discussed here, but cause high lethality when not or improperly 
treated. C. tetani is the causative agent of tetanus, which is now mostly 
found in developing countries [135]. C. perfringens can cause myonecrosis 
(gas gangrene) [136], necrotizing entercolitis [137], dysenterie, and 
enterotoxemia [138]. C. septicum can cause enteric infections and wound 
infections (malignant edema) [138]. C. botulinum causes botulism, 
hallmarked by muscular paralysis [139]. 

All the above mentioned strains, as well as several other Clostridium 
species, have PFTs. C. tetani has tetanolysin, a CDC [140]. Although 
tetanolysin is capable of locally damaging tissue to optimize conditions for 
bacterial growth, the clinical syndrome of tetanus is caused by C. tetani’s 
other main toxin, tetanospasmin, or tetanus toxin [135]. C. perfringens 
has the CDC perfringolysin O (PFO, or θ-toxin) [141-143], the β-PFTs β-
toxin [144] and ε-toxin (ETX) (which forms ≥2 nm pore) [145-147], and 
NetB (which forms 1.6-1.8 nm pores) [148], part of a much larger arsenal 
of toxins [138]. C. septicum has α-toxin (O2-stable hemolysin), a β-PFT 
[149], as well as other potential PFTs, β-toxin (DNase and leukocidin), δ-
toxin (O2-labile hemolysin), and several non-PFTs, γ-toxin (hyaluronidase), 
a neuraminidase and hemagglutinin, a chitinase, weak lipase activity, and 
sialidase [138]. C. botulinum has the CDC botulinolysin (Blyn) [150], but is 
better known for its non-PFT neurotoxins, which, like with tetanus, are the 
cause of the clinical manifestation of botulism [151,152]. 

In piglet necrotic enteritis, C. perfringens β-toxin is an important virulence 
factor, which causes necrosis of the intestinal epithelium and can lead to 
the disappearance of the brush border, exposing underlying layers for 
attack by C. perfringens in turn leading among other things to a β-toxin 
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toxemia [153]. In a human case of lethal necrotic enteritis, β-toxin was 
found to be associated with the vascular endothelium, indicating it may be 
responsible for the observed vascular necrosis [154], consistent with 
observations in piglets [155]. 

Intradermally injected β-toxin in mice causes dermonecrosis and plasma 
extravasation [156]. A histamine H1 receptor antagonist could markedly 
inhibit β-toxin-induced plasma extravasation, suggesting toxin activity is 
related to histamine release from skin mast cells [156]. Further data 
however suggested β-toxin does not act on mast cells directly, and that 
sensory nerve-mediated mechanisms are involved in plasma extravasation 
[156]. 

Intravenous injection of C. perfringens ε-toxin in calves causes acute 
pulmonary edema [157]. When mice were injected intravenously with 
labeled, functional ε-toxin, it was found to accumulate on endothelia in 
various organs, especially the brain, consistent with earlier findings 
[158,159]. However, the label aggregated most strongly in the kidneys, 
where it localized to vascular endothelia and renal distal tubules [159]. 
The kidneys were the only organs where the labeled toxin also caused 
macroscopic changes—histological examination showed the medullae to be 
hemorrhagic and degeneration of the distal tubules was observed [159]. In 
the nervous system, ε-toxin associates with myelin structures [160]. 

Other ex vivo work shows that ε-toxin also directly damages rat 
endothelial cells of the mesentery and thus increases vessel wall 
permeability [161]. ε-toxin is a highly toxic PFT which during infection 
compromises the intestinal barrier and spreads through the blood stream 
to lungs, kidneys and brain [162]. Intoxication with ε-toxin causes 
neurological disorders associated with increased neurotransmitter release 
and neuronal cell death [162]. ε-toxin further binds to capillary endothelial 
cells and affects the blood brain barrier [162]. Although the neurotoxic 
effects were initially hypothesized to be caused by damage to brain 
vessels, later work showed that ε-toxin is likely to also directly attack brain 
oligodendrocytes [162]. 

Clostridial myonecrosis, which can be caused by C. perfringens and C. 
septicum, is characterized by rapidly spreading tissue necrosis 
accompanied by thrombosis and a lack of leukocyte infiltration [163]. 
Although PFO is not an essential virulence factor of C. perfringens, it does 
play a role in this process [163]. C. perfringens lacking both α-toxin and 
PFO were essentially non-virulent in a mouse intravenous challenge model, 
whereas reconstitution of either toxin led to the restoration of some (PFO) 
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or most (α-toxin) virulence characteristics [163]. Restoration of only α-
toxin to the double mutant reconstituted most of the typical myonecrosis 
features [163]. Interestingly however, although initially also causing 
myonecrosis, restoration of only PFO subsequently led to different 
virulence features, characterized by coagulative necrosis, apparently 
enhanced by vascular disruption [163]. For C. septicum it has been shown 
that its ability to produce fulminant myonecrosis in mice is dependent on 
α-toxin [164]. (Note that whereas C. perfringens α-toxin is not a PFT, C. 
septicum α-toxin is.) Inhibition of leukocyte influx into the lesion, typical of 
clostridial myonecrosis, is also dependent on C. septicum α-toxin [164]. 
Whereas the paucity of leukocytes during C. perfringens gas gangrene is 
due to vascular leukostasis caused by the synergistic actions of α-toxin 
and perfringolysin O (see above), vascular leukostasis appears not to be 
the cause of the absence of leukocytes during C. septicum myonecrosis 
and is likely caused by direct impairment of PMN function or PMN 
cytotoxicity [164]. Results from a more recent study however did suggest 
a role of C. septicum α-toxin in reducing vascular perfusion, although in 
conjunction with other virulence factors [136]. 

C. perfringens ε-toxin causes contraction of an isolated rat aorta, and 
pharmacological experiments showed this effect is likely mediated by the 
nervous system [165]. In live rats, ε-toxin transiently increases systemic 
blood pressure due to a vasoconstrictive effect on cutaneous vessels, and 
does not affect heart rate or ECG [166]. C. perfringens β-toxin also causes 
a transient increase in systemic blood pressure in rats, but here the effects 
are accompanied by an altered heart rate and a subsequent change of the 
ECG [167]. C. perfringens PFO was found to reduce blood pressure and 
affect cardiac output, although not acting directly on the heart, thus 
causing lethal shock in rabbits [168]. PFO’s effect in rabbits on blood 
pressure was not repeated in a different study, which also found no effect 
on heart rate [169]. Intravenous injection of purified C. botulinum 
botulinolysin (Blyn) in rats causes a rapid drop in systemic blood pressure, 
which at low toxin doses is transient [170]. Blyn induces this effect by 
acting on the endothelium to inhibit acetylcholine-dependent relaxation of 
the aorta ring, thus causing a local, coronary vasoconstriction [171]. C. 
tetani tetanolysin also causes cardiac failure in mice and alters the ECGs of 
rhesus monkeys [172]. Thus, various PFTs from different Clostridia are 
able to attack the vascular endothelium, thus affecting systemic as well as 
local coronary perfusion, blood pressure, and heart function. It is also clear 
from this that botulinolysin, like other PFTs, has other functions besides 
simply allowing other toxins access to the cytosol of host cells [151]. 
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Escherichia coli 

E. coli is a common, usually harmless, commensal in the human gut, which 
occasionally gives rise to infections. Pathogenic E. coli are grouped into 
two main classes—EHEC (enterohemorrhagic E. coli) and ExPEC 
(extraintestinal pathogenic E. coli). EHEC, including the most common 
serotype O157, are causative agents of diarrhea, hemorrhagic colitis, and 
hemolytic uremic syndrome [173]. Treatment of EHEC with antibiotics is 
difficult because it is associated with the development of hemolytic uremic 
syndrome, which can result in acute renal failure [173]. ExPEC include 
UPEC (uropathogenic E. coli) strains, which cause urinary tract infections, 
sepsis, and meningitis [174]. ExPEC is further a common cause of 
nosocomial pneumonia [175].  

E. coli possesses two RTX-family PFTs, hemolysin A (HlyA, also α-
hemolysin) [4], and hemolysin E (HlyE, also called cytolysin A, ClyA, or 
silent hemolysin A, SheA) [176,177]. Sometimes multiple copies of HlyA 
are present [178], but within a single ExPEC strain HlyA and HlyE usually 
do not occur together [179]. EHEC strain O157 furthermore possesses a 
third RTX-toxin, enterohemorrhagic E. coli toxin (Ehx) or enterohemolysin 
(Ehly) [180-182]. UPEC strains have various other virulence factors at 
their disposal as well that have been found to contribute to their ability to 
cause disease in the human urinary tract, including P fimbriae, S fimbriae, 
and cytotoxic necrotizing factor 1, which are discussed elsewhere 
[174,183]. For EHEC, the main virulence factors are Shiga toxins, AB 
toxins thought to be the major cause of endothelial damage seen with 
hemolytic uremic syndrome [173].  

The pathology of the hemolytic uremic syndrome caused by EHEC is not 
well studied, because of lack of a reliable animal model; EHEC virulence 
furthermore precludes the performance of volunteer studies, so 
experimental data is mostly obtained through in vitro studies and from 
clinical observations [173]. 

For the ExPEC strains, more in vivo data are available. In a zebrafish 
model, HlyA was found to be one of the major determinants of ExPEC 
infection, functioning to prevent eradication by phagocytes [184]. In a rat 
pneumonia model of ExPEC, it was found that HlyA caused decreased 
expression of an anti-apoptotic (bcl-x) as well as a pro-apoptotic factor 
(Fas) [175]. Bronchoalveolar lavage yielded predominantly neutrophils, 
which appeared to be killed predominantly by necrosis in an HlyA-
dependent fashion [175]. HlyA was furthermore responsible in this model 
for reduced oxygenation, leakage of albumin into the pulmonary 
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compartment, and histologically apparent damage to the lung tissue 
[175,185]. HlyA additionally caused surfactant dysfunction by reducing the 
proportion of large aggregates and thus overall surface activity, which is a 
common characteristic of pneumonia [185]. Also consistent with findings 
discussed above for several bacteria, HlyA did not affect bacterial growth 
during the early phase of infection in the rat pneumonia model [185]. 
Consistent with this, in a mouse model of ascending urinary tract infection, 
HlyA was also found to have no influence on bacterial colonization of the 
bladder or kidneys, but was shown to cause sloughing of the uroepithelial 
lining and hemorrhage of the bladder, leading to the hypothesis that HlyA 
is one of the major causes of the symptoms of cystitis in humans infected 
with UPEC [186]. 

In an ex vivo experiment, HlyA caused Cl- efflux from the mucosal side of 
human intestinal tissue, and an HlyA-dependent enhanced secretion of 
histamine was found [187]. The increased histamine release is consistent 
with an increased degranulation of mast cells, which was also observed in 
vitro [187]. HlyA is furthermore a major virulence factor of diarrhea-
associated hemolytic E. coli [188], which could be coupled to the observed 
Cl- efflux, as with V. cholerae VCC (see below). 

Intraperitoneal challenge of rats with E. coli showed that the presence of 
HlyA led to the formation of more and larger abscesses, a drop of the 
intraperitoneal pH (whereas it remained unchanged in an infection with 
HlyA-negative E. coli), reduced infiltration of leukocytes, and lysis of red 
blood cells [189]. The ability to produce HlyA is furthermore coupled to a 
resistance of E. coli to the bactericidal activity of human blood serum 
[190]. 

Effects of HlyA on microvasculature have been researched in an ex vivo 
rabbit ileum model [191]. When low doses of HlyA were administered via 
the mesenteric artery, a quick and transient rise of blood pressure was 
observed (likely caused by vasoconstriction), with a concomitant drop in 
mucosal oxygen saturation [191]. The homogenous distribution of oxygen 
over the mucosa remained disrupted, causing an increase in the mucosal–
arterial PCO2 gap [191]. In addition, an increase in levels of hemoglobin in 
the mucosa was observed, as well as edema, suggestive of postcapillary 
vasoconstriction and capillary leakage [191]. The altered oxygenation and 
CO2 pressure may serve to optimize growth conditions for E. coli in the 
mucosa. Comparable results were found in an older ex vivo study where 
the effects of intravascular administration of HlyA were investigated in 
blood-free perfused rabbit lungs [192]. Here, a dose- and time-dependent 
release of thromboxane A2 and prostaglandin I2 into the circulating 
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medium and the bronchoalveolar space was observed [192]. The 
vasoconstrictive potency of thromboxane surpassed the vasodilatory effect 
of prostaglandin, as a net pulmonary hypertension was observed [192]. 
The circulating media further showed increased levels of potassium but not 
lactate dehydrogenase, pointing at disruptions at the cell membranes, but 
not to cell death (or cell damage to the extent where lactate 
dehydrogenase would be released from the cells) [192]. Furthermore, a 
severe pulmonary edema was found, which was independent of 
thromboxane’s vasoconstrictive effect and was caused by increased 
permeability of the vasculature [192]. These findings mimic events during 
acute respiratory failure in states of septicemia [192]. When in similar 
experiments the lungs were primed by pre-exposure to lipopolysaccharides 
(LPS), the effects of HlyA on thromboxane release and blood pressure 
were 15-fold more severe than without priming, indicating the response to 
LPS, the release of TNF-α into the medium, synergizes with the effects of 
HlyA [193]. 

To study the effects of HlyA on immune responses, mice were infected 
intraperitoneally with HlyA-positive and HlyA-negative strains [194,195]. It 
was found that lethal infection with the HlyA-positive strain causes a rise in 
(proinflammatory) IL-1α and IL-1β levels, but does not affect TNF-α levels 
[194,195]. No changes in IL-1α and TNF-α were observed during infection 
with the (non-lethal) HlyA-negative strain [194]. In contrast, E. coli LPS 
causes an increase of IL-1α as well as TNF-α (independent of lethality), 
and inhibition of TNF-α activity prevents LPS-induced lethality [194]. 
However, inhibition of TNF-α activity failed to prevent HlyA-mediated 
lethality [194,195]. Thus, although TNF-α potentiates the effects of HlyA 
on the vasculature, HlyA-mediated lethality appears not to be mediated by 
TNF-α or IL-1. 

 

Vibrio cholerae 

V. cholerae is the causative agent of the diarrheal disease cholera, which if 
left untreated leads to lethal dehydration and shock [196]. The best known 
serogroups, responsible for the current pandemics, are O1 and O139 
[196]. Although cholera toxin (CT) and the toxin-coregulated pilus (TcpA) 
are generally considered its main virulence factors, V. cholerae also has 
one confirmed PFT, V. cholerae cytolysin (VCC) [197-199], and at least 
one more proposed PFT, V. cholerae δ-thermostable hemolysin (Vc-δTH) 
[200]. V. cholerae further has an actin-crosslinking toxin that is an RTX-
family member (multifunctional, autoprocessing RTX toxin, MARTX), 
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however it is not likely to form pores [201]. A role for VCC in infection has 
been confirmed in several in vivo models (see Table 1). 

Compared to other V. cholerae virulence factors, VCC induces an especially 
strong T-cell proliferative response during human infection with O1 [202]. 
In a mouse model, VCC and MARTX were found to be sufficient to promote 
prolonged colonization of the small intestine [203,204], and to be the main 
virulence factors causing lethality [205], whereas CT and TcpA appeared 
not be required for colonization or lethality [203,205]. It is suggested that 
after establishment of this prolonged colonization, other V. cholerae 
virulence factors (CT and TcpA) cause diarrhea [204]. VCC and MARTX are 
required to establish an infection, likely via immune evasion mechanisms, 
but do not affect bacterial counts [204]. 

Using a mouse intranasal challenge model it was found that the accessory 
toxins (VCC, MARTX, and hemagglutinin/protease (HAP)) are required for 
establishment of a lung infection, and spreading of the infection from lung 
to spleen and liver [206,207], although MARTX appeared more important 
for virulence than VCC or HAP. The presence of accessory toxins further 
causes increased lung weight, indicating damage to capillary endothelial 
cells and leakage of fluid into the lung tissue, however did not affect 
neutrophil infiltration [207]. Host TLR4 is required to resist infection and 
spreading, but is not involved in the increase in lung weight or neutrophil 
infiltration [207]. TLR4 but not accessory toxins are required for increased 
TNF-α and IL-1β levels caused by V. cholerae infection [207]. Conversely, 
accessory toxins but not TLR4 are required for an increase in IL-6 levels 
[207]. These data are consistent with a TLR4-mediated TNF-α and IL-1β 
response to V. cholerae, independent of accessory toxins, and a TLR4 (and 
LPS)-independent (TLR2-dependent?) IL-6 (proinflammatory) response 
specifically to VCC. It is however unclear to what extent these effects are 
to be attributed to VCC. Also, conclusive data showing whether or not 
MARTX is a PFT will be necessary to rule out potential redundant functions 
between MARTX and VCC. 

Non-O1 non-O139 serotype V. cholerae strains, which are usually CT and 
TcpA negative, can still cause watery diarrhea [208,209]. It was found that 
in such strains VCC is able to induce a CT-like effect on excised human 
intestine, in that it caused leakage of Cl- ions resulting in an outflow of Na+ 
and water [208]. In vivo in rabbit intestines, VCC further causes severe 
shortening of the villi, induces epithelial cell apoptosis and necrosis, causes 
recruitment of PMNs, and causes vascular alterations, such as edema, 
dilation of lymph vessels, and congestion of the mucosa [209]. In C. 
elegans, VCC was shown to cause formation of vacuoles in intestinal cells, 
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consistent with earlier in vitro observations [210]. The role of these 
vacuoles is as yet unclear. 

As mentioned above, the hypoxia response pathway is involved in defense 
against B. thuringiensis Cry toxins [131]. These results extended to V. 
cholerae cytolysin (VCC) [131]. Interestingly however, where activity of 
the hypoxia pathway protected against a V. cholerae strain with VCC, it 
caused hypersensitivity to V. cholerae lacking VCC [131]. So, whereas host 
factors may protect against one type of virulence factors, they may cause 
hypersensitivity to others [131], causing the host to face a difficult 
challenge. 

 

Listeria monocytogenes 

L. monocytogenes can cause listeriosis, a rare but dangerous infection 
usually following the consumption of contaminated food [211]. Infection of 
immunocompetent individuals is often associated with non-invasive 
listeriosis, which develops as a typical febrile gastroenteritis [211]. In 
immunocompromised adults, invasive listeriosis can develop, characterized 
by septicemia or meningoencephalitis [211]. Invasive listeriosis can also 
be vertically transmitted from an infected mother to her fetus [211]. The 
second member of the Listeria genus, L. ivanovii, is pathogenic mainly to 
ruminants [212]. The third member, L. seeligeri, although possessing most 
of the L. monocytogenes virulence factors, appears to be non-pathogenic 
[213], although its host may have not been identified yet. 

L. monocytogenes has a CDC, listeriolysin O (LLO), and L. ivanovii and L. 
seeligeri have the closely related ivanolysin O (ILO) and seeligeriolysin O 
(LSO) respectively [214]. For LLO, pore formation has been shown [215], 
and for ILO and LSO their classification is based on homology. 

L. monocytogenes can propagate in many host cells, thus allowing it to 
evade host immune defenses, and enters these via phagocytosis or 
induced uptake [8]. The bacterium then escapes from the phagosome, and 
replicates in the host cell cytosol [8], although replication in macrophage 
vacuoles has also been observed [216]. LLO (and ILO) appears uniquely 
tailored to attack the membranes of phagosomes and specifically not the 
plasma membrane, thus allowing for maximum virulence by L. 
monocytogenes [8]. This compartmentalization of LLO’s function is mostly 
dependent on the pH of the milieu surrounding the bacterium [8]. 
Interestingly, PFTs from several other bacteria also allow L. 
monocytogenes to escape from phagosomes but do not result in vivo in 
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virulence because these PFTs are not correctly regulated and go on to 
attack the plasma membranes of host cells, which impairs L. 
monocytogenes virulence [217,218]. 

Using a mouse intraperitoneal challenge model it was shown that loss of 
TLR2 did not lead to a decreased survival of L. monocytogenes infection 
[219]. TLR2-deficient mice also showed normal recruitment of neutrophils 
in response to L. monocytogenes, however, L. monocytogenes lacking LLO 
did not trigger neutrophil recruitment in TLR2-deficient mice [219]. 
Consistent with this, the same results were found for mice deficient in 
MyD88, a universal adaptor protein of TLRs [219]. These data suggest that 
TLR2 is activated by non-PFT factors (such as LPS) of L. monocytogenes, 
whereas a different pathway is responsible for a response specifically 
against LLO. This different pathway likely also does not involve TLR4, as 
purified LLO triggered neutrophil recruitment equally well in wild type, 
TLR2-deficient and TLR4-deficient mice [219]. Wild-type L. monocytogenes 
and purified LLO triggered IL-1β and TNF-α responses equally well in wild-
type and MyD88-deficient mice; L. monocytogenes lacking LLO did not 
trigger IL-1β and TNF-α responses in MyD88-deficient mice but did so 
normally in wild-type mice [219]. Oddly however, neutrophil recruitment 
was impaired in MyD88-, IL-1β-, and IL-18-deficient mice by wild-type L. 
monocytogenes and purified LLO as well as by bacteria lacking LLO [219]. 

Another important cytokine in host defense against L. monocytogenes is 
IFN-γ; LLO and the LLO-dependent escape of the bacteria from the 
phagosome have been shown to be required to induce IFN-γ expression in 
vivo [220,221]. Even though it shows 80% amino acid sequence identity 
with LLO, ILO does not trigger IFN-γ production, which may be the reason 
L. ivanovii cannot generate Th1-dependent protective immunity [221]. ILO 
can nonetheless mostly fulfill LLO’s role when transferred to L. 
monocytogenes [222]. 

With regard to a humoral response, it was found that during infection of 
mice with an LLO-negative L. monocytogenes strain production of 
antilisterial immunoglobulin G (IgG) and IgM antibodies takes place [223]. 
This antibody response, as well as that against unrelated immunogenic 
factors, is repressed when infecting with an isogenic LLO-positive strain, 
indicating LLO could be able to downregulate the humoral immune 
response [223]. 

Infection in mice with L. monocytogenes caused an LLO-dependent 
reduction of levels of Ubc9, an essential enzyme of the SUMOylation 
machinery (a post-translational protein modification mechanism of 
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eukaryotic cells required for viability, that involves small ubiquitin-
like modifier (SUMO) proteins) [224]. This result was found in vitro to 
extend to S. pneumoniae PLY and C. perfringens PFO as well [224]. 
Further in vitro data showed that L. monocytogenes inhibition of 
SUMOylation resulted in an attenuated transforming growth factor-β (TGF-
β) response, and, consistent with this, that overexpression of SUMOylation 
components led to an increased resistance to bacterial invasion [224]. 

It is of note that L. monocytogenes is not an obligatory intracellular 
pathogen [225], and that, although details are lacking, the fact that anti-
LLO antibodies can affect virulence could be consistent with a role for LLO 
in the extracellular milieu [226], which is supported by in vitro findings 
[215,227]. C. perfringens PFO has also been hypothesized to help the 
bacterium escape from the phagosome, but this PFT clearly has other 
functions as well [136], and hence a model where a single PFT would fulfill 
these unique roles is not novel. Nonetheless, the divergent virulence model 
of L. monocytogenes makes it questionable how much of the observed in 
vivo functions of LLO extend to other PFTs. One important exception may 
be Mycobacterium tuberculosis ESAT-6, discussed next, which appears to 
function in a manner similar to LLO. 

 

Mycobacterium tuberculosis 

Tuberculosis is the number seven cause of mortality worldwide, and its 
treatment is challenged by its chronic, often asymptomatic infection, 
exacerbation by HIV infection, and rising resistance to antibiotics of its 
causative agent, M. tuberculosis [228-230]. M. bovis and M. marinum are 
closely related species that infect cattle and aqueous vertebrates 
respectively, where they cause tuberculosis and tuberculosis-like disease 
[231,232]. 

Each of these mycobacterium species express 6-kDa early secreted 
antigenic target (ESAT-6) [233,234], and several lines of proof indicate 
ESAT-6 is a pore-forming toxin [233-236]. Expression of ESAT-6 is closely 
coupled to expression of 10-kDa culture filtrate protein (CFP-10) [237], 
which belongs to the same family of mycobacterial proteins as ESAT-6 and 
physically interacts with it [238]. Both however bear no resemblance to 
any proteins of known tertiary structure [238]. 

In intravenously challenged mice, M. tuberculosis lacking ESAT-6 and CFP-
10 or failing to excrete it initially show decreased colonization of the lungs 
[237]. Even though later in the infectious process growth rates catch up 
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with mutants that excrete normally, host killing is attenuated if ESAT-6 
and CFP-10 are not excreted [237]. ESAT-6 has been proposed to function 
in escape from phagosomes in phagocytes, like LLO for L. monocytogenes 
[235]. This was based on the in vitro findings that ESAT-6 and CFP-10 can 
individually interact with artificial membranes, but when present together 
form a complex, which prevents membrane interaction [235]. The ESAT-
6—CFP-10 interaction was pH-dependent, which hints at careful regulation 
of its activity like with L. monocytogenes LLO [235]. This is further 
supported by the fact that like L. monocytogenes, M. marinum is able to 
escape from phagosomes in phagocytes [239], and that M. tuberculosis 
needs ESAT-6 to spread between macrophages (although it is not required 
for survival within the macrophage) [240]. M. tuberculosis can furthermore 
invade pneumocytes, and ESAT-6 is proposed in these cells to help M. 
tuberculosis adhere to the basolateral plasma membrane, disrupt the cells, 
and allow dissemination through the alveolar wall [233,241]. 

In vivo in a M. marinum—zebrafish infection model, RD1, the locus 
encoding ESAT-6 and CFP-10, is required to cause the typical tuberculosis 
macrophage aggregation, and death in the infected tissue [242]. However, 
purified ESAT-6 was shown to adhere to pneumocytes and cause lysis after 
extracellular administration [241], and the published data are consistent 
with a model in which ESAT-6 is a secreted PFT that not only acts in 
phagosomes, but also directly damages epithelial and immune cells, 
similar to L. monocytogenes LLO. ESAT-6-binding cofactors such as CFP-10 
may tailor its function for extracellular, intraphagosomal, or cytosolic use. 
Additional data will however be required to test this hypothesis. 

ESAT-6 does not stimulate peripheral blood mononuclear cells from 
healthy donors, but does stimulate CD4+ T cells from tuberculosis 
patients, in an MHC class II-restricted fashion [243]. Cell cultures 
responding to ESAT-6 showed increased expression of macrophage 
inflammatory protein (MIP)-1α, monocyte chemotactic protein (MCP)-1, IL-
8, and IFN-γ [243]. A Th1-response involving IFN-γ and IL-12 and CD4+ 
cells is required to contain M. tuberculosis infection, and a strong immune 
response to ESAT-6 correlates with a higher risk of subsequent disease 
[244]. There is additionally a correlation between a strong response to 
ESAT-6 and elevated expression of (the Th2 cytokine) IL-4 in recently 
exposed individuals, and with lower expression of IL-4’s antagonistic splice 
variant IL-4δ2, and (Th1 cytokine) IFN-γ [244]. This suggests that in 
exposed individuals, immunity moves away from a protective Th1 
response, which may be the cause of the subsequent development of 
clinical symptoms [244]. 
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A very interesting finding was that many M. tuberculosis T-cell antigens, 
although non-essential for in vitro growth, were evolutionary highly 
conserved, to the level of or even surpassing essential genes [245]. This 
seems counterintuitive with regard to evasion of the host immune system. 
Although this conservation could be coupled to structural and functional 
restrictions, this is not likely since tuberculosis is not restricted to 
immunologically naïve hosts and establishes chronic infections, unlike 
other pathogens that show poor antigenic variation and immune evasion 
[245]. Indeed, as the authors point out, the data suggest that the T-cell 
antigens are under severe selective pressure to be maintained, which 
would indicate the T-cell response, although essential for survival of the 
host, is beneficial to the pathogen [245]. The T-cell responses could be 
required to establish the latent infection typical for M. tuberculosis, a 
notion supported by the fact that CD4+ T cell–deficient HIV-positive 
individuals show rapid progress into active disease rather than sustaining 
latent tuberculosis [245]. The latent infections likely help M. tuberculosis in 
its spread to other susceptible hosts [245]. 

 

General roles of PFTs in infection 

Bacterial infection initially triggers the innate immune response, consisting 
of tissue inflammation and the attraction of phagocytes, especially 
neutrophils [246]. Host phagocytes, including macrophages and dendritic 
cells, recognize pathogen associated molecular patterns (PAMPs) via 
pattern-recognition receptors (PRRs) such as the toll-like receptors (TLRs) 
[246,247]. TLR-sensed signals can trigger activation of adaptive immune 
responses as they signal through MyD88 to activate MAPKs (JNK, p38, 
ERK), nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor (IκB) and NF-κB, interferon regulatory factor (IRF), or nuclear 
factor of activated T cells (NFAT) [246-248]. This results in the production 
of downstream chemokines and cytokines such as TNF-α, IL-6 and IL-12, 
that can activate T cell and B-cell responses [248,249]. 

TLRs can trigger several classes of adaptive immune responses, including 
immunoglobulin M (IgM), IgG, and IgA antibody responses, T helper cell 1 
(Th1) and Th17 CD4+ T cell responses, and CD8+ T cell responses [248]. 
TLR4 can additionally induce Th2 and IgE responses [248]. Antigens of 
engulfed bacteria are further more displayed via major histocompatibility 
complex (MHC) I or II, thus activating respectively CD8+ cytotoxic T cells 
or CD4+ T helper (Th1, Th2, or Th17) cells. Th1 cells release pro-
inflammatory IFN-γ and mediate immunity against intracellular pathogens 
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[250], via cell-mediated immunity. Here, B-cells secrete opsonizing PRRs 
(antibodies) that coat the bacteria and activate macrophages, natural killer 
cells and cytotoxic T cells [248]. Th2 cells mediate humoral immunity, 
mainly directed against extracellular pathogens, via the release of B cell 
growth factors like IL-4 [250]. The B cells subsequently excrete PRRs 
(antibodies) which bind the bacterial cell surface and activate the 
complement system [248]. Th17 cells are involved in host defense against 
bacteria and fungi, but can also exacerbate inflammation under pathologic 
conditions such as autoimmunity [250]. Bacteria can successfully establish 
an infection due to numerous mechanisms that allow them to subvert 
innate and adaptive host defense mechanisms [251-253]. 

On a histological level, PFTs predominantly target innate immune cells and 
epithelia (including endothelia). Disruption of host defenses is clearly a 
main task of PFTs. In some cases PFTs cause an exacerbated inflammatory 
response, which can lead to extensive host tissue damage (e.g., S. aureus 
pneumonia). In other cases, PFTs impair immune defenses, by allowing 
bacteria to survive phagocytosis (e.g., L. monocytogenes LLO and M. 
tuberculosis ESAT-6), by preventing the recruitment of phagocytic cells to 
the site of infection (e.g., S. pyogenes SLO and SLS, E. coli HlyA), or by 
preventing the activation of immune pathways (e.g., complement 
activation by S. pneumoniae PLY, or inhibition of IgG and IgM response by 
LLO during L. monocytogenes infection). In other cases (e.g., V. cholerae 
VCC), the PFT was however found to increase leukocyte infiltration. It is 
not always clear whether a lack of leukocytes at the site of infection 
indicates that there was less recruitment, or that the recruited cells are 
quickly killed upon arrival. In addition, as discussed with S. pyogenes, the 
site of infection may also influence whether a strongly or weakly 
inflammatory reaction is triggered. 

Where specifically studied, PFTs were found to function early on in the 
infectious process, although usually not affecting growth rates, and to be 
dispensable during later stages of the infection (observed with S. 
pneumoniae PLY, S. aureus PVL, γ-hemolysin, E. coli HlyA, V, cholerae 
VCC, and M. tuberculosis ESAT-6). This may point at a specific role for 
PFTs to inhibit activation of the adaptive immune response by impairing 
innate immune cell function. 

Many PFTs furthermore appear to affect blood pressure by directly 
damaging the endothelium or by triggering vasoactive host mechanisms 
(seen with S. pneumonia PLY, S. aureus α-toxin, E. coli Hly (above and 
[254]), C. perfringens β and ε-toxins, C. tetani tetanolysin, C. botulinum 
botulinolysin); in many cases a local vasoconstriction of coronary vessels 
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leads to reduced cardiac output and a subsequent drop of systemic blood 
pressure (shock). 

The main functions of damaging epithelial cells appear to be to (1) alter 
conditions to favor bacterial growth, and (2) breach epithelial barrier 
integrity and allow the bacteria or their toxins access to the circulation and 
other parts of the host body. Damaging of epithelium is especially obvious 
in the cases of pneumonia, where the PFT by itself can cause the clinical 
manifestation of the disease. This tissue damage may serve to aid 
bacterial growth; e.g., with S. aureus, S. pneumoniae or E. coli 
pneumonia, inflammation and resulting tissue damage cause reduced 
ventilation and accumulation of nutrient-containing fluid, and E. coli HlyA 
alters oxygenation of tissues during intestinal infection. This however 
seems in contradiction with the fact that PFTs are generally found not to 
affect bacterial growth rates. A contribution of the PFT in bacterial or toxin 
spreading was observed for S. aureus PVL, B. anthracis PA, V. cholerae 
VCC, and S. agalactiae (Group B Streptococcus) βh/c [255]. This specific 
role in bacterial spreading is consistent with the fact that in many cases 
PFTs were not found to be required for the primary colonization of 
epithelial surfaces and initial bacterial growth. In cases where PFTs were 
found to be required for initial bacterial growth, this effect may be 
explained by a requirement of the PFT to breach an endothelium to allow 
access to the site of colonization. (E.g., M. tuberculosis growth was 
measured in the lungs, but bacteria were administered intravenously 
[237], so in fact the bacterium’s ability to breach the epithelia may have 
been measured.) 

The damage to epithelia, as well as to other tissues, is in many cases 
secondary, caused by the actions of neutrophils that are recruited to the 
site of infection, or by ischemic effects due to PFT-induced vascular 
damage (e.g., the myonecrosis seen with Clostridia infections). In some 
cases, cytotoxicity towards other cell types is also observed, in which case 
the purpose could be to extract specific nutrients. (E.g., E. coli (like all 
living cells) requires iron to grow [256], E. coli HlyA destroys red blood 
cells in vivo [189], and HlyA expression is known to be (inversely) 
controlled by the availability of iron [257].) A schematic overview of the 
global effects of PFTs in vivo is provided in Figure 2. 

At a molecular level, PFTs appear to trigger several effects in affected host 
cells. With regard to TLR2 and TLR4-dependent responses there appears to 
be quite some variation, but IL-6 was on several occasions consistently 
identified as an important mediator of PFT-triggered defenses (S. 
pneumoniae PLY, S. aureus PVL and α-toxin, V. cholerae VCC). 



INTRODUCTION 

	   41	  

 
Figure 2. Overview of global in vivo effects of PFTs. 

The p38, ERK, and JNK MAPK pathways are also important mediators of 
PFT defense. p38 activation was seen in vivo with B. thuringiensis Cry5B, 
and in vitro with many more PFTs (e.g., S. pneumoniae PLY, S. aureus α-
toxin [16], S. pyogenes SLO [16], G. vaginalis vaginolysin [258], and A. 
hydrophila aerolysin [128]). The activation of p38 MAPK is furthermore 
observed in diverse hosts, ranging from C. elegans and insects to 
mammalian cells, and thus appears to be an evolutionary conserved host 
PFT defense pathway. Activity of JNK and ERK MAPKs is also identified on 
several occasions in vitro (M. tuberculosis ESAT-6 [259], S. pneumoniae 
PLY [260], S. pyogenes SLO [261]). 

Another mechanism that PFTs often trigger is apoptosis. In vivo, apoptosis 
was observed with S. pneumoniae PLY, S. pyogenes SLO, and V. cholerae 
VCC, and in vitro with several more, e.g., S. agalactiae βh/c [262], L. 
monocytogenes LLO [8], M. tuberculosis ESAT-6 [236]. Caspase-1 or 
upstream mediators (the inflammasome), which activate pro-inflammatory 
cytokines IL-1β and IL-18 and may mediate necrosis or a form of cell 
death called pyroptosis, are also activated in vitro by S. aureus α-toxin, A. 
hydrophila aerolysin, and L. monocytogenes LLO [5,67]. In many cases it 
is currently unclear where the division is between where these activated 
pathways serve to protect the host and where they are being hijacked by 
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the PFTs to serve the bacterium. 

Although in vivo research on PFTs at first glance appears to be plagued by 
inconsistencies, many of these paradoxical findings (mostly debating the 
contribution of a PFT to virulence) are likely explained by (1) insufficient 
host specificity of the PFT, (2) the use of different host models, and (3) the 
presence of additional, redundantly functioning PFTs in the bacteria. It is 
furthermore of note that the majority of the bacteria discussed here use 
additional, non-PFT virulence factors, which could well function 
synergistically with PFTs. Observed differences in an infection model 
between a PFT-positive and a PFT-negative bacterial strain may therefore 
be more than just the effect of the PFT—e.g., the PFT may affect 
expression of other virulence factors, or the PFT may give other toxins 
access to host cell cytosol.  

 

PFTs as targets for novel classes of antibiotics 

PFTs are the most common bacterial protein toxins. In addition to that, 
among the important pathogenic bacteria, there are more that use PFTs 
than that do not, and almost without exception PFTs were found to 
contribute to virulence. From this review it is clear that there are many 
commonalities between infections by different bacteria, which can be 
attributed to a few core functions in virulence that most PFTs share. These 
common aspects are interesting subjects for further research as they point 
to potential new drug targets. 

Targeting of PFTs has been shown to be able to contribute to curing S. 
aureus infection [263]. Novel drugs specifically targeting PFT function 
hence are worth pursuing in the development of new classes of antibiotics, 
and will likely be completely independent in function and structure from 
any current class of antibiotics. Examples are β-cyclodextrin derivatives, 
which can disable B. anthracis PA pores in vitro and protect mice from 
killing by anthrax in vivo [264], pore-dead PFTs used as competitive 
inhibitors of live PFTs [265,266], or the administration of decoy 
membranes (see Chapter 3). In the case of C. elegans and B. thuringiensis 
Cry PFTs, the host appears to possess a native mechanism that functions 
as a competitive interactor with the PFT receptor [267]. A different class of 
drugs could function specifically to boost host defenses. For example, 
known defensive molecular pathways, such MAPKs, could be activated. 

In summary, a review of in vivo data on bacterial infections involving PFTs 
identifies two core functions that appear to be shared by PFTs of different 
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pathogens. These are the evasion of the host immune response by 
impairing phagocyte function, and the damaging of host epithelia with the 
purpose of altering local bacterial growth conditions or spreading through 
to other host compartments. Their commonalities make PFTs attractive 
targets for future development of new classes of antibiotics, to address the 
growing challenge of multi-drug resistance among pathogenic bacteria. 

 

Outline 

In Chapter 2, we report the findings from a genome-wide RNAi screen and 
microarray analyses aimed at elucidating the involvement of the host 
genome and transcriptional responses to PFT attack. 106 genes, or 0.5% 
of the genome, are strongly involved in PFT defenses, and two MAPK 
pathways, p38 and JNK, are found to be part of a single network at the 
center of these PFT responses. Microarray analyses of transcripts induced 
by PFT, analyses of the dependence of these transcripts on the MAPK 
pathways, and functional analyses indicate that JNK, but not p38, is a 
central regulator of PFT defenses. We find that JNK and downstream AP-1 
(fos/jun) are involved in defenses against large-pore as well as small-pore 
PFTs, and that AP-1 is also involved in PFT defense in mammalian cells. 

During the study described in Chapter 3, we tested the hypothesis that 
vesicle trafficking pathways protect cells against PFTs. PFT intoxication 
(including by Vibrio cholerae cytolysin) triggers an increase in endocytosis 
in vivo. Loss of either of the two key RAB proteins RAB-5 or RAB-11, 
master regulators of early endosome and recycling endosome functions, 
results in strong hypersensitivity to a PFT, and results in significant 
decreases in PFT-induced endocytosis. RAB-5 and RAB-11 are furthermore 
required for normal recovery of impermeability of the plasma membrane in 
vivo following PFT attack. This demonstrates a correlation between RAB-5, 
RAB-11, PFT-induced endocytosis of the plasma membrane, and cellular 
protection. RAB-11 is also found to be required for PFT-induced expulsion 
of microvilli, which is hypothesized to be part of the membrane repair 
mechanism as well. 

In Chapter 4, work is described that investigates the involvement of the 
nervous system in C. elegans defense against PFTs. Two neuronal 
pathways that function to defend against bacterial PFTs are identified. The 
first, involving the Goα-homolog goa-1, independently regulates a 
behavioral and a molecular defense mechanism against PFTs. The second, 
involving the calcium activator for protein secretion (CAPS) homolog unc-
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31, is a molecular PFT defense pathway that is hypothesized to function 
separately from goa-1. The behavioral response to PFTs comprises an 
inhibition of feeding behavior, which can be counteracted by exogenous 
serotonin (5-HT). This effect of 5-HT on feeding inhibition is conserved in 
insects, and 5-HT causes excessive feeding and growth in insects in the 
absence of PFT. In worms as well as insects, 5-HT causes hypersensitivity 
to PFTs, but likely by causing general sickness. This work thus indentifies 
the first molecular PFT-defense pathways that function outside the tissue 
that is under direct attack by the PFT 
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Abstract 

Here we present the first global functional analysis of cellular responses to 
pore-forming toxins (PFTs). PFTs are uniquely important bacterial virulence 
factors, comprising the single largest class of bacterial protein toxins and 
being important for the pathogenesis in humans of many Gram positive 
and Gram-negative bacteria. Their mode of action is deceptively simple, 
poking holes in the plasma membrane of cells. The scattered studies to 
date of PFT- host cell interactions indicate a handful of genes are involved 
in cellular defenses to PFTs. How many genes are involved in cellular 
defenses against PFTs and how cellular defenses are coordinated are 
unknown. To address these questions, we performed the first genome-
wide RNA interference (RNAi) screen for genes that, when knocked down, 
result in hypersensitivity to a PFT. This screen identifies 106 genes (~0.5% 
of genome) in seven functional groups that protect Caenorhabditis elegans 
from PFT attack. Interactome analyses of these 106 genes suggest that 
two previously identified mitogen-activated protein kinase (MAPK) 
pathways, one (p38) studied in detail and the other (JNK) not, form a core 
PFT defense network. Additional microarray, real-time PCR, and functional 
studies reveal that the JNK MAPK pathway, but not the p38 MAPK 
pathway, is a key central regulator of PFT-induced transcriptional and 
functional responses. We find C. elegans activator protein 1 (AP-1; c-jun, 
c-fos) is a downstream target of the JNK-mediated PFT protection 
pathway, protects C. elegans against both small-pore and large-pore PFTs 
and protects human cells against a large-pore PFT. This in vivo RNAi 
genomic study of PFT responses proves that cellular commitment to PFT 
defenses is enormous, demonstrates the JNK MAPK pathway as a key 
regulator of transcriptionally induced PFT defenses, and identifies AP-1 as 
the first cellular component broadly important for defense against large- 
and small-pore PFTs. 
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Introduction 

Pore-forming toxins (PFTs) are proteinaceous virulence factors that play a 
major role in bacterial pathogenesis [1-3]. PFTs constitute the single 
largest class of bacterial virulence factors, comprising ~25-30% of all 
bacterial protein toxins [3,4]. PFTs have been demonstrated to be 
important in vivo virulence factors for Staphylococcus aureus, Group A and 
B streptococci, Streptococcus pneumoniae, Enterococcus faecalis, 
uropathogenic Escherichia coli, Clostridium septicum, and Vibrio cholerae 
[2,5-8]. There are various ways of grouping PFTs, based on the structure 
of the pore, based on their pore size as determined by structural or 
functional data, or even based on the organisms that produce them [9,10]. 
With regards to pore size, they generally can be grouped into two 
categories, those that form small (1-2 nm) diameter pores and those that 
form large (≥30 nm) diameter pores [9,10]. Regardless of these 
groupings, PFTs as a class play a singularly important role in bacterial 
pathogenesis in mammals.  

The mode of PFT action is simple yet elegant—they poke holes in the 
plasma membrane, breaching cellular integrity and disrupting ion balances 
and membrane potential [10]. As a consequence, cells die or malfunction, 
which significantly aids bacterial pathogenesis. Although unregulated pores 
at the cell surface might be expected to be catastrophic, cells have 
apparently evolved some mechanisms to protect against low-moderate 
doses of PFTs. First shown in Caenorhabditis elegans and then 
demonstrated in mammalian cells, the p38 mitogen-activated protein 
kinase (MAPK) pathway was the first intracellular pathway demonstrated 
to protect cells against PFTs [11-14]. C. elegans animals or mammalian 
cells lacking p38 MAPK are more susceptible to killing by PFTs. Three 
different downstream targets of the p38 PFT defense pathway were 
identified in C. elegans—two toxin-regulated targets of MAPK called ttm-1 
and ttm-2, and the IRE-1 – XBP-1 unfolded protein response (UPR) 
pathway [11,14]. The ttm genes and the UPR are all required for PFT 
defenses, are all induced by crystal toxin PFT in C. elegans, and all require 
the p38 pathway for their induction. Conserved induction of the UPR in 
mammalian cells by a PFT that makes similar in size to crystal toxin was 
demonstrated [14]. A few other scattered studies have identified hypoxia 
inducible factor (hif-1), wwp-1 (part of the insulin pathway), and sterol 
regulatory element binding protein (SREBP) as involved in cellular 
defenses against PFTs [15-17]. 

These studies raise the question as to how extensive cellular defenses to 
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PFT attack are. In a broader sense, since PFTs likely act similar to 
membrane damage that occurs in daily the life of cell [3,10], these studies 
raise the question as to how cells deal with unregulated holes at their 
membranes. How many genes are involved? Are PFT defenses relatively 
limited or are they extensive? Is there a coordinated pathway for defensive 
responses or are multiple parallel pathways involved? Little work has been 
done in this area since it was assumed that unregulated pores at the 
membrane are catastrophic, likely leading to osmotic lysis. In essence, PFT 
attack was assumed to be too simple for detailed scientific research. 

To address the extent to which cells respond to PFT attack, we report here 
on the first high-level systematic study of PFT responses in cells. Namely, 
we perform a C. elegans RNAi screen to characterize on a genome-wide 
scale the genes involved in PFT defenses. Follow up of this data led us to 
investigate the relative importance of two MAPK pathways in regulating 
PFT defenses. The combination of these data with other functional and 
molecular data using both small- and large-pore PFTs in C. elegans and 
mammalian cells reveal important insights into the extent of their genome 
that cells employ to neutralize proteinaceous membrane pores and how 
cellular responses to PFTs are regulated. 

 

Results 

Genome-wide RNAi screen for genes that protect against a small-
pore PFT 

C. elegans is susceptible to crystal (Cry) protein PFTs, such as Cry5B, 
made by the soil bacterium Bacillus thuringiensis (Bt) [18,19]. Based on 
homology modeling using several available Cry toxin structures as 
templates [20], Cry5B is a member of the three-domain Bt Cry PFTs that 
generally form small 1-2 nm diameter pores similar in size to those of a-
toxin from S. aureus and cytolysin from V. cholerae [1,3,21]. To directly 
demonstrate that Cry5B is a PFT, we examined the ability of purified, 
activated Cry5B to permeabilize artificial phospholipid membranes. Current 
transitions between open and closed states demonstrate clearly that Cry5B 
forms ion channels in planar lipid bilayers (Figure 1A), and is therefore a 
functional PFT. Furthermore, the conductance of the pores is 125pS or 
less, consistent with that of other Cry toxins tested under identical 
experimental conditions [22], and whose pore size has been determined to 
be in the 1-1.3 nm radius [23]. Thus, Cry5B intoxication of C. elegans is a 
valid model of a small-pore PFT attack upon eukaryotic cells in vivo. 
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Figure 1. Genome-wide identification of hpo genes involved in PFT defenses. (A) 
Cry5B is a PFT. Representative channel current traces recorded at various holding 
voltages across a planar lipid bilayer into which activated Cry5B (5-10 µg/mL) was 
inserted under symmetrical 150 mM KCl conditions. Upward jumps at +20mV and 
downward jumps at -20mV correspond to the current flowing in channels in the open 
state. Dotted lines (marked “C”) indicate the zero current, corresponding to all channels 
being in their closed state. Records show large jumps (marked with *), corresponding to a 
channel conductance of 125 pS, and smaller transitions (marked with #) of about 21 pS 
that may represent subconductance states of the channel. (B) Flow chart for genome-
wide RNAi screening and validation of genes affecting defense to Cry5B. (C) Photographs 
of typical Hpo hits in the primary screen. Scale bar: 0.5 mm. (D) Venn diagrams 
illustrating the distribution of common genes between the genome-wide Hpo screen and 
eight other genome-wide RNAi screens in C. elegans. (E) Putative PFT defense networks 
assembled from C. elegans interactome databases. Purple circles: previously published 
hpo genes. Red circles: hpo genes from our RNAi screen. Green circles: other genes 
connected to hpo genes within the network. Blue lines: known interactions for hpo genes. 
Grey lines: interactions based on interactome. 
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To ascertain globally how extensive cellular commitment to protection 
against PFTs is, we performed a genome-wide RNAi screen using the 
Ahringer bacterial RNAi feeding library, which targets 16000+ C. elegans 
genes or about 85 % of the C. elegans genome [24] (Figure 1B). Each of 
the 16000+ individual gene knockdowns were fed Cry5B PFT and assayed 
in duplicate wells for the Hpo (hypersensitive to pore-forming toxin) 
phenotype (Figure 1C). Hpo animals display a significantly higher level of 
intoxication compared to wild-type animals when exposed to a sublethal 
PFT dose. Intoxicated animals are dead or pale, shrunken, and less motile. 
Several hundred initial hits were retested for the Hpo phenotype in a 
second round of semiquantitative knockdown assays (see Materials and 
Methods). At this round, each gene knockdown was also counter assayed 
for health in the absence of PFT attack; RNAi clones that caused obvious ill 
health in the absence of PFT were eliminated from future consideration. 
RNAi treatments that replicated the Hpo phenotype in the second round 
were then subjected to a third round of testing, namely quantitative 
mortality assays in the presence or absence of a fixed dose of Cry5B PFT 
(10 µg/mL, triplicate wells). We kept genes for which knock down resulted 
in ≤ 60% viability on 10 µg/mL PFT relative to empty vector controls and 
≥ 83% viability in the absence of PFT relative to empty vector controls. 
These criteria were selected to maintain a balance between gene 
knockdowns with solid Hpo phenotypes and relatively good health in the 
absence of toxin. 

One hundred and six gene knockdowns passed the three rounds of testing 
(Table 1). Relative to no knock-down controls, 1) for 92/106 genes, there 
is ≤ 10% lethality in the absence of toxin, 2) for 91/106 genes there is ≥ 
50% lethality in the presence of toxin, and 3) there is ≥ 4X more lethality 
in the presence of toxin than in the absence of toxin for all but two genes. 
To demonstrate the robustness of the list, we selected 12 of these hpo 
genes that span the range of PFT hypersusceptibility and, in a fourth round 
of testing, repeated PFT lethality assays with knock-downs in four 
independent trials. All twelve knockdowns were statistically confirmed to 
be Hpo relative to no knockdown controls and healthy in the absence of 
PFT (Table S1). Interestingly, of the eight known hpo genes identified in 
previous screens and present in the RNAi library, we found all three of the 
genes that mutate to a strong Hpo phenotype and none of the four genes 
that mutate to a weak to moderate Hpo phenotype (see Table 1 legend; 
knock down of the eighth gene is sickly in the absence of toxin and would 
have been screened out). Thus, we have likely identified many of the 
genes that mutate to a strong Hpo phenotype and likely missed an equally 
large number of genes that mutate to a weak-moderate Hpo phenotype. 
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The 106 strong hpo genes constitute >0.5% of the C. elegans genome 
(~20,000 genes). Based on the Wormbase annotation, we manually 
classified them into the following nine categories: G-protein-coupled 
receptor (GPCR), ligand and cell surface related, signal transduction, 
transcription factor and gene expression, transporter, vesicular trafficking, 
metabolism, miscellaneous, and uncharacterized (Figure S1). Thirteen of 
these genes have been previously implicated in, or are homologues of 
genes involved in innate immunity, indicating that much of the defense 
against PFTs is uncharacterized relative to established immune pathways. 
The most highly represented group is that containing genes associated 
with metabolic activities, suggesting cells may alter metabolism to mount 
an appropriate defense and repair in response to PFTs. Among the 106 hpo 
genes, we also identified many genes associated with vesicle trafficking 
and membrane transporters, both of which have been previously 
implicated, but not demonstrated to be involved, in PFT defenses [25,26]. 
Other significant groupings include GPCR, signal transduction, and 
transcription factor and gene expression. Such genes might include key 
components for the sensing of upstream signals, and downstream effector 
genes for PFT defenses [11,13]. We found that the majority of these 106 
genes have orthologs or homologs in fly (71%), mouse (71%), and 
humans (75%) (Table 1). Taken together, these findings support the idea 
that metazoans employ an extensive and conserved response to 
counteract PFTs and breaches of the plasma membrane. 

To understand how functional responses against PFTs compare to 
responses to other stressors and conditions, we compared our list of 106 
hpo genes with published genome-wide RNAi screens in C. elegans for 
hypertonic stress sensitivity [27], osmoregulation [28], lifespan regulation 
[29,30], fat content regulation [31], protein aggregation regulation [32] 
and irradiation sensitivity [33] (no other screens involving a challenge 
related to bacterial pathogenesis have been published to our knowledge) 
(Figure 1D). The comparison revealed a statistically significant (p = 
0.000051) overlap of the hpo genes with only one set of genes, those that 
upon inactivation lead to reduced lifespan [30]. The lack of overlap with 
most other biological processes suggests that protection against small 
pores involves a specialized protective response and/or integrates many 
different responses, none of which are singularly dominant.  
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Table 1. RNAi clones that render animals hypersensitive to Cry5B PFT1 
Sequence 
name 

Gene 
name 

Description Ortholog 
and/or 
Homolog
2 

% 
Survival 

on  
Cry5B3 

% 
Survival 

on 
HEPES4 

Double 
Verifi-
cation5 

Cry5B-
DEG6 

G-protein-coupled receptor 
  
  
  
  
  
  

C24B9.7 srg-59 GPCR  27 93   
C51F7.2 srg-45 GPCR  7 102   
F14F8.5 srw-43 GPCR  40 92   
F18E3.6 srw-71 GPCR  31 95   
Y46H3C.1 srw-

100 
GPCR  41 99   

Ligand and cell surface related 
  
  
  
  
  

Y26D4A.2  Cysteine rich domain distantly related to the C-type 
lectin 

 39 104   
F33D11.9  GPI-anchor attachment protein GAA1 H. M. D. 12 100   
T05E11.6  GPI-anchor transamidase H. M. D. 13 95   
T14G10.7  GPI-anchor transamidase H. M. D. 26 102   
T10D4.4 ins-31 Insulin-like peptide  40 105   
Y41D4B.16  Mucin-3A H.    27 103  ▲ 
F11C1.3  Plasma membrane glycoprotein CD36 H. M. D. 37 99  ▼ 
Signal transduction 
  
  
  
  
  
  

K11E8.1 unc-43 Calcium/calmodulin-dependent protein kinase 
(CaMKII) 

H. M. D. 57 100   
F39H11.3 cdk-8 Cyclin-dependent serine/threonine protein kinase H. M. D. 40 94   
Y38C9A.2 cgp-1 GTP-binding protein H. M. D. 4 98   
ZK792.6 let-60 GTP-binding RAS protooncogene H. M. D. 60 99   
T07A9.3 kgb-1 JNK (Jun-N-terminal kinase)-like MAPK H. M. D. 20 93 √ ▲ 
ZK470.5 nck-1 NCK adaptor protein 2 H. M. D. 56 96   
B0348.4 egl-8 Phospholipase C beta H. M. D. 23 84   
T17E9.1 kin-18 Protein serine/threonine kinase H. M. D. 40 87 √ ▲ 
F59A6.1 nsy-1 Protein serine/threonine kinase (MAPKKK) H. M. D. 48 98   
C40A11.5  Protein tyrosine phosphatase H. M. 47 85   
T15B7.2  Protein tyrosine phosphatase H. M. D. 51 106   
F42C5.10  Sarcoplasmic reticulum histidine-rich calcium-binding 

protein 
H. 56 98 √ ▲ 

Y59A8B.23 gck-3 Ste20-like serine/threonine protein kinase H. M. D. 49 87   
F13B10.1 tir-1 SAM domains and Toll-IL-1 receptor domain H. M. D. 48 96  ▲ 
Transcription factor and gene expression 

  
  
  
  
  

F29G9.4 fos-1 AP-1 transcription factor H. M. D. 36 90  ▲ 
T24H10.7 jun-1 AP-1 transcription factor H. M. D. 35 98  ▲ 
C05C8.6  BTB/POZ domain H. M. D. 32 101   
ZC518.3 ccr-4 CCR4-NOT transcription complex H. M. D. 22 101 √  
VC5.4 mys-1 Histone acetyltransferase H. M. D. 37 97  ▲ 
F01F1.1  Leucine permease transcriptional regulator H. M. D. 20 102   
C07D10.2 bath-

44 
Meprin-associated Traf homology (MATH) domain H. M. D. 16 87 √  

C49H3.5 ntl-4 MOT2 transcription factor H. M. D. 35 84   
T13F3.3 nhr-

127 
Nuclear hormone receptor H. M. D. 43 97   

H37N21.1  Nuclear receptor-binding protein H. M. D. 46 98   
ZK1193.5 dve-1 SATB transcripton factor H. M. D. 28 83   
Transporter 
  
  
  
  
  
  
  

Y54G9A.3 kqt-3 KCNQ-like K+ channel subunits H. M. D. 34 101 √  
C42C1.10  Mitochondrial solute carrier protein H. M. D. 17 108   
T24H7.5 tat-4 P-type ATPase H. M. D. 42 104 √ ▲ 
W09C2.3 mca-1 Plasma membrane Ca2+ ATPase H. M. D. 36 91   
R186.5 shw-3 Voltage-gated K+ channel KCNB/KCNC H. M. D. 60 92 √  
Vesicular trafficking 
  
  
  
  
  
  

C23H4.1 cab-1 AEX-3 interacting H. M. D. 18 98  ▲ 
C37C3.3 vps-

32.2 
Charged multivesicular body protein H. M. D. 12 92   

Y65B4A.3 vps-20 Charged multivesicular body protein H. M. D. 22 99   
Y54E10A.2 cogc-1 Conserved oligomeric Golgi complex (COGC) H. M. D. 10 91   
Y105E8B.2 exoc-8 Exocyst complex H. M. D. 46 96   
Y106G6H.7 sec-8 Exocyst complex H. M. D. 28 105   
T07A5.2 unc-50 Golgi component Gmh1p H. M. D. 29 96   
ZK370.3 hipr-1 Huntingtin-interacting protein H. M. D. 29 94 √ ▲ 
VF39H2L.1  SNARE protein H. M. D. 19 105  ▲ 
Metabolism 
  
  
  
  
  
  
  

Y105E8A.10  Bile acid beta-glucosidase H. M. D. 27 106   
F59G1.1 cgt-3 Ceramide glucosyltransferase H. M. D. 35 92   
C31E10.7  Cytochrome B5 H. M. D. 20 96  ▼ 
F28D1.11 dpm-3 Dolichol phosphate mannosyltransferase H. 22 102   
Y54E5A.1  Fatty acid desaturase H. M. D. 45 94 √ ▲ 
C24G6.6  Flavin-containing amine oxidase H. M. D. 51 101  ▼ 
R01H2.5 ger-1 GDP-L-fucose synthetase H. M. D. 33 84   
M02B7.4  Glycosyltransferase H. M. D. 12 99   
R10D12.12  Glycosyltransferase H. M. D. 58 98   
F41E6.14 oac-29 Integral membrane O-acyltransferase  25 90   
F32D1.2  Mitochondrial F1F0-ATP synthase subunit epsilon           D. 31 104  ▼ 
F20H11.3 mdh-1 Mitochondrial malate dehydrogenase H. M. D. 39 102  ▼ 
ZK353.6 lap-1 Mitochondrial zinc metalloprotease leucine 

aminopeptidase 
H. M. D. 48 93   

T05H4.5  NADH-cytochrome B5 reductase H. M. D. 53 100  ▼ 
Y47D3A.17 obr-1 Oxysterol-binding protein H. M. D. 6 96 √  
C10G11.5 pnk-1 Pantothenate kinase H. M. D. 38 86   
ZK809.7 prx-2 PeroxiIsomal membrane protein 3 H. M. D. 20 101   
F54F2.8 prx-19 Peroxisomal farnesylated protein H. M. D. 54 96  ▼ 
F39G3.7 prx-6 Peroxisome assembly factor 2 H. M. D. 21 100   
Y110A2AL.1
2 

 Phosphatidylinositol-glycan biosynthesis class W 
protein 

H. M. D. 59 99   
Y37D8A.10  Signal peptidase complex H. M. D. 28 96   
C34C6.5 sphk-1 Sphingosine kinase H. M. D. 11 99   
Miscellaneous 
  
  
  
  
  
  

M01B12.3 arx-7 Actin-related protein (Arp)2/3 complex H. M. D. 30 100   
Y37D8A.1 arx-5 Actin-related protein (Arp)2/3 complex H. M. D. 25 91   
Y79H2A.6 arx-3 Actin-related protein (Arp)2/3 complex H. M. D. 16 85   
B0024.2 col-150 Collagen H. M. D. 37 100   
C08B6.7  Dystrophia myotonica-containing WD repeat motif 

protein 
H. M. D. 49 108   

Y48G8AL.1  E6-AP ubiquitin-protein ligase H. M. D. 38 99   
T23D8.7  Eukaryotic translation initiation factor 2C 4 H. M. D. 45 87   
F16G10.4  Extracellular protein with cysteine rich structures  18 83   
D2024.6 cap-1 F-actin capping protein alpha subunit H. M. D. 42 91   
R09B5.1 fbxa-

195 
F-box protein  52 102   
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F46E10.11  Fibrillins H. 39 100   
C34G6.1  HEAT repeat H. M. D. 21 90   
B0336.11  Motile sperm domain H. M. D. 36 93   
Y50D7A.4  N-terminal acetyltransferase H. M. D. 49 100   
C32E12.3 osr-1 Osmotic stress response protein  58 97   
F37C12.2 eip-24 p53-mediated apoptosis protein EI24/PIG8 H. M. D. 28 97  ▲ 
R04F11.1  Tight junction claudin  40 93   
F55B12.4  tRNA nucleotidyltransferase/poly(A) polymerase H. M. D. 43 98   
R144.4 wip-1 WAS/WASL-interacting protein family member 3 H. M. D. 7 90  ▲ 
Uncharacterized 
  
  
  
  
  
  

C01G8.6  Unknown H. 46 92   
F28B1.1  Unknown  2 86   
F29G6.3  Unknown  42 97  ▼ 
F45H11.3  Unknown  26 94  ▼ 
T27C4.2  Unknown  48 105   
Y47D7A.10  Unknown  56 104   
Y50D7A.5  Unknown  25 95   
Y54E10A.16  Unknown  51 98   
Y61A9LA.9  Unknown  46 94   
ZK856.12  Unknown  48 98   
C40H5.6  Pseudogene  46 93   
F13A7.6 sri-64 Pseudogene  50 101   
T10C6.8  Pseudogene  31 95 √  
Y18D10A.18 fbxa-

121 
Pseudogene   40 104   

1We have published ten genes that upon reduction lead to a Hpo phenotype and knew of one other gene in the 
p38 pathway (tir-1) that is a strong hpo. Of these 11, three are not in the Ahringer RNAi library (wwp-1, sek-1, 
pmk-1); one (ire-1), upon RNAi, leads to sickly worms (would have been screened out). Of the remaining 
seven genes, four have relatively weak to moderate Hpo phenotypes upon knock down (ttm-1, ttm-2, hif-1, 
and xbp-1) were not found (likely missed due to the lack of sensitivity associated with a genome-wide RNAi 
experiment). All three of the remaining genes (nsy-1, tir-1, kgb-1) that upon knock down result in a strong 
Hpo phenotype and are otherwise healthy were identified. 

2H., M., and D. refer to Homo sapiens, Mus musculus and Drosophila melanogaster, respectively.  
3,4% survivals are relative to empty vector controls. 
5√ indicates the RNAi clones further confirmed in another round of quadruplicate liquid RNAi assays as shown in 
Supplementary Table 1. 
6"▲" indicates induction by Cry5B and "▼" indicates repression by Cry5B in 3-hour microarray with a 1.5 fold 
cutoff. DEG = differentially expressed genes. 

 

c-Jun N-terminal Kinase (JNK)-like MAPK but not p38 MAPK is a 
master regulator of Cry5B PFT-induced transcriptional responses 

To make sense of these 106 genes, we mapped potential interactions 
among them (along with a few others from our previous publications) 
using the C. elegans interactome database that contains protein-protein 
interactions and genetic interactions based on yeast-2-hybrid data and 
literature [34]. Using this unbiased approach, a major interconnected 
network containing one-third (38) of all the hpo genes emerges. This 
network contains at its center two MAPK pathways, the p38 MAPK pathway 
and the c-Jun N-terminal kinase (JNK) MAPK pathway (Figure 1E). Thus, 
based on interactions from our genome-wide RNAi screen, we 
hypothesized that MAPK pathways play a central role in cellular PFT 
responses. 

The identification of p38 MAPK as important in PFT defenses in C. elegans, 
insect, and mammalian cells has been noted above and characterized in 
detail [11-14]. The conservation of the p38 pathway in PFT defenses 
suggested it might be the central regulator of these defenses. On the other 
hand, the JNK-like MAPK pathway, in C. elegans represented by the JNK- 
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Figure 2. MAPK pathway-dependent transcriptional responses to PFT attack. (A) 
Heat-map of PFT-responsive genes in microarray experiments. Cry5B responsive genes 
with ≥ 2-fold induction (yellow) or repression (blue) relative to non-treated animals are 
shown. Brighter shades of color correspond to greater fold changes in expression. 
Different comparisons of treatments are presented at the top of each column. Wt Cry5B: 
Fold change in Cry5B-treated/non Cry5B-treated glp-4(bn2) animals. sek-1 Cry5B: Fold 
change in Cry5B-treated/non Cry5B-treated glp-4(bn2);sek-1(km4) animals. kgb-1 
Cry5B: Fold change in Cry5B-treated/non Cry5B-treated glp-4(bn2);kgb-1(um3) animals. 
sek-1 basal: Fold change in glp-4(bn2);sek-1(km4) /glp-4(bn2) animals (both non Cry5B-
treated). kgb-1 basal: Fold change in glp-4(bn2);kgb-1(um3) /glp-4(bn2) animals (both 
non Cry5B-treated). glp-4(bn2) animals lack a functional germline and have otherwise 
normal response to Cry5B [11]. Use of these animals removes a major tissue from the 
animals, allowing for intestinal mRNAs to represent a larger portion of the total RNA 
population. The values in the parenthesis after the slash indicating the number of the 
genes in each cluster (I and IV strongly up- or down-regulated; II and III moderately up- 
or down-regulated), with the values before slash denoting the genes with known 
PANTHER ontologies. The corresponding enriched PANTHER biological processes and 
molecular functions are shown in each cluster indicated with Roman numerals. For genes 
involved in immunity/defense processes, we found 14 in cluster II and 22 in cluster III. 
(B) Summary of number of genes up- and down-regulated by Cry5B, and their 
dependence upon KGB-1 and SEK-1. (C) qRT-PCR analysis of selected genes from 
microarray analysis. Results are the average of three experiments and error bars are 
standard error of the mean. Each gene behaved in the qRT-PCR experiment as was found 
in the microarray experiment. In this and other figures, * for p ≤ 0.05, ** for p ≤ 0.01 
and *** for p ≤ 0.001. 
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like MAPK KGB-1, was briefly noted as playing a role in Cry5B defenses 
[11] but not functionally studied in detail in any system. Whether it might 
be central to PFT defenses or a peripheral player was unknown. The 
quantitative data from our genome-wide RNAi screen suggested kgb-1 
might be important since knock-down results in a quantitatively strong 
hypersensitivity to PFT phenotype (Table 1, Table S1). Knock-down in the 
MAPKK gene, mek-1, known to function upstream of KGB-1 JNK-like MAPK 
[35], also results in hypersensitivity to PFT (Figure S2). 

To determine the relative importance of the JNK and p38 pathways in PFT 
defenses, we turned to microarray analyses. Since inductive transcriptional 
responses are an important part of MAPK-mediated responses, we 
hypothesized that, if important for PFT defenses, KGB-1 might play an 
important role in PFT-induced gene transcription. 

We previously used microarray analyses to determine to what extent the 
p38 MAPK pathway controlled Cry5B PFT-induced transcriptional responses 
and to identify two downstream targets of the p38 pathway, ttm-1 and 
ttm-2, both of which phenotypically play a minor role in Cry5B PFT 
defenses [11]. Here, we carried out a similar microarray study with the 
JNK MAPK pathway in order to determine how many gene transcripts that 
are normally induced by Cry5B PFT are dependent upon the JNK pathway 
for their induction. We exposed wild type and kgb-1(um3) JNK-like MAPK 
mutant animals either to Cry5B PFT-expressing bacteria or to bacteria 
carrying the empty vector (no-toxin control), each for three hours. The 
kgb-1(um3) loss-of-function mutant lacks 1.2 kb of genomic DNA and 
deletes most of the kinase domain [36,37]. Indeed, we did not detect any 
KGB-1 protein in our Western blotting experiments (Figure 3A). RNA was 
isolated from these animals in three independent repeats and hybridized to 
Affymetrix-based C. elegans whole genome microarrays. We then 
compared these data with those found in the p38 MAPK microarray 
experiment [11]. 

From the total of six wild-type expression profiling microarrays (three 
repeats for the sek-1 set and three for the kgb-1 set, both with and 
without toxin), we found that at a 2-fold cut-off, 572 transcripts were 
induced in wild-type C. elegans upon exposure to Cry5B PFT; that number 
increases to 1117 transcripts if the cut-off is set to 1.5-fold (p < 0.01 for 
both). Of repressed transcripts, we found that 707 transcripts repressed at 
the 2-fold cut-off and 1428 repressed at the 1.5-fold cut-off (p < 0.01 for 
both) (Figure 2A; see Table S2 for a complete list of differentially 
expressed transcripts). We cross-checked these transcripts with the 106 
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hpo genes identified above, and found that 15 hpo genes were induced ≥ 
1.5 fold and 8 were induced ≥ 2 fold. Statistically, there is a significant 
enrichment of induced genes on the hpo list (p = 0.00041 and p = 0.0148 
respectively). In contrast, the overlap between repressed genes and hpo 
genes is not significant (p = 0.345 with 1.5 fold cutoff, seven gene 
overlap, and p = 0.652 with 2 fold cut-off, four gene overlap), indicating 
that the appearance of repressed genes on the list of hpo genes is likely 
from random chance. 

We then classified the dependence of all the transcripts (≥2-fold cut-off) 
into one of four categories: 1) transcripts dependent upon only the p38 
MAPK pathway for their induction or repression by Cry5B PFT, 2) 
transcripts dependent upon only the JNK MAPK pathway for their induction 
or repression by Cry5B PFT, 3) transcripts dependent upon both p38 and 
JNK MAPK pathways for their induction or repression, and 4) transcripts 
whose induction or repression by Cry5B PFT are independent of either 
MAPK pathway (Figure 2B). The results of these analyses were stunning: 
whereas the p38 MAPK pathway was responsible for regulating 8% 
(48/572) and 2% (14/707) of the PFT-induced and -repressed transcripts 
respectively, the JNK MAPK pathway controlled 51% (290/572) and 24% 
(172/707) of the PFT-induced and -repressed transcripts respectively. 
Thus, the JNK pathway controls more than half of the induced transcripts 
and more than six times the total number of transcripts controlled by the 
p38 pathway. Furthermore, the JNK pathway controls 85% (41/48) of the 
p38 MAPK-dependent induced transcripts and 43% (6/14) of these p38-
dependent repressed transcripts. To validate the microarray data, we 
chose one up- and one down-regulated gene from each of the four 
categories, isolated RNA from three independent experiments (minus or 
plus Cry5B PFT), and performed quantitative real-time (qRT) PCR analyses 
(Figure 2C). The qRT-PCR results validate the microarray results. Since the 
JNK MAPK pathway is important for the PFT-induced transcripts, we 
predicted the pathway itself would be activated upon exposure to PFT. We 
confirmed that the JNK-like MAPK pathway is activated in C. elegans 
treated with Cry5B PFT (Figure 3A), as has been seen with the mammalian 
cell responses to PFTs [38,39]. Interestingly, in kgb-1(um3) mutant 
animals, we detected the phosphorylated form of p38 MAPK (Figure 3A) 
induced by Cry5B PFT indicating that the p38 MAPK activation is not 
directly regulated by KGB-1. 

In addition to the fact that JNK MAPK is important for induction of most of 
the PFT-induced transcripts, including those regulated by p38, we wanted 
to know if JNK MAPK is also important for induction of PFT-induced 
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Figure 3. KGB-1 JNK-like MAPK regulates p38-dependent and -independent 
pathways involved in PFT defenses. (A) Activation of KGB-1 by Cry5B PFT. Activation 
was assessed by Western blotting using antibodies specific for phosphorylated and total 
KGB-1. α-tubulin served as an equal-loading control and phosphorylated p38 MAPK was 
also tested. Specificity of the antibody was verified by probing kgb-1(um3) mutant 
animals. The experiment shown is representative of three experiments with similar 
results. (B) qRT-PCR analysis of known p38 MAPK downstream target genes in response 
to PFT. All three target genes are regulated by KGB-1. Average of three experiments, 
error bars are standard error of the mean. (C) In vivo induction of Phsp-4::GFP in the 
intestine by Cry5B requires KGB-1. The strains Phsp-4::GFP and Phsp-4::GFP;kgb-
1(um3) were fed either control E. coli or E. coli expressing Cry5B for 8 hours or shifted to 
30°C for 5 hours in the heat shock treatment. Cry5B induces GFP within the intestinal 
cells of the strain Phsp-4::GFP but not in the strain containing the kgb-1(um3) mutant. 
General stress induction of Phsp-4::GFP via heat shock is independent of KGB-1. The 
experiment was performed three times and representative worms are shown. Scale bar is 
0.2 mm. (D) Intestinal kgb-1 is required for protection against Cry5B PFT. Intestine-
specific knockdown of kgb-1 in VP303 animals are quantitatively hypersensitive to purified 
Cry5B, compared to empty vector control (L4440). Results are the average of three 
different experiments; error bars indicate standard error of the mean. (E) qRT-PCR 
analysis of four KGB-1-dependent hpo genes in response to PFT. All these genes show a 
KGB-1 dependent/SEK-1 independent induction by Cry5B PFT. Average of three 
experiments, error bars are standard error of the mean. 

transcripts that are functionally important (e.g., knock-down to Hpo 
phenotype). We therefore tested whether or not KGB-1 regulates p38-
controlled transcripts/pathway that play a role in PFT defenses, namely 
ttm-1 and ttm-2 and the UPR [11,14]. We find that the induction of both 
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ttm-1 (Figure 2C) and ttm-2 (Figure 3B) in response to PFT is dependent 
upon the JNK MAPK pathway. Cry5B PFT-induced activation of the UPR PFT 
defense pathway is also dependent upon JNK MAPK, as ascertained by 
induction of the downstream transcriptional target hsp-4 transcript levels 
and by induction of xbp-1 splicing (Figure 3B). As with p38 MAPK-
dependent activation of the UPR by PFT [14], JNK-dependent UPR 
activation occurs in the intestine in response to Cry5B PFT (the tissue 
directly targeted by the PFT; Figure 3C, upper panels) but not in response 
to an unrelated stressor like heat (Figure 3C, lower panels). The UPR-
activation data suggest that the JNK pathway functions cell autonomously 
in the intestine for PFT defenses. To confirm this, we performed intestine-
specific RNAi of kgb-1, and found that animals lacking KGB-1 in the 
intestine are hypersensitive to Cry5B PFT (Figure 3D). Thus, the JNK MAPK 
pathway regulates all currently known p38-dependent PFT protection 
genes in the target tissue of the PFT. 

We next set out to determine, apart from known p38-dependent PFT 
defense genes, what other defense genes JNK MAPK might regulate. For 
this information, we turned back to our genome-wide RNAi list of hpo 
genes, examined all eight of the genes that are induced by PFT (2X cut-
off), and asked, based on our microarray data, if their induction is 
dependent upon either the p38 or JNK MAPK pathways. We found four of 
eight (50%) induced hpo genes (namely kin-18, Y54E5A.1, F42C5.10 and 
kgb-1 itself) require JNK MAPK for their induction whereas none of the 
eight genes require the p38 MAPK pathway for their induction. The 
dependence of these four genes upon the KGB-1 and not the p38 MAPK 
pathway for their induction was confirmed via qRT-PCR (Figure 3E). The 
same conclusion is reached if one examines genes required for PFT 
defenses induced at the 1.5-fold cutoff: 7/15 or ~50% of these genes are 
dependent upon JNK; none are dependent upon SEK-1. Although the p38 
MAPK pathway has been studied in more detail, these data taken together 
indicate that the JNK MAPK pathway plays a more central role in 
coordinating induced PFT defenses.  

Since KGB-1 is a master regulator of ~50% of Cry5B PFT-responsive 
genes, including those that are functionally relevant, we were interested to 
see how susceptible kgb-1 mutant animals are to Cry5B PFT attack. Using 
a dose-dependent lethality assay, we determined the LC50 (lethal 
concentrations at which 50% of the animals die) of the wild-type, sek-
1(km4) p38 MAPKK-minus, and kgb-1(um3) JNK-like MAPK-minus animals 
treated with Cry5B PFT for 8 days. We find that both kgb-1(um3) and sek-
1(km4) mutant animals have similar LC50 values and are both significantly 
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hypersensitive to PFT relative to wild type animals (Table 2). These results 
were unexpected since, based on the fact that KGB-1 regulates more PFT-
induced genes functionally required for PFT protection than the p38 
pathway, we predicted that kgb-1 mutant animals would be more 
hypersensitive to PFT than sek-1 mutant animals. There are several 
explanations for this finding. First, it might suggest that KGB-1, but not 
SEK-1, transcriptionally regulates many genes required for induced PFT 
defenses and also some genes that inhibit PFT defenses. Such genes could 
be temporally segregated—e.g., KGB-1 JNK-like MAPK could initially up-
regulate transcriptional responses that are protective (our microarray data 
is taken at 3 hr post-PFT treatment) and later down-regulate responses 
that inhibit protection (our LC50 data is taken at 8 days). Eventual down-
regulation of protection is an important part of induced immune responses 
and serves to protect cells from the adverse effects of a prolonged or 
overwhelming immune response. Such positive and negative regulation of 
a cellular response by the JNK pathway is with precedent [40,41]. Second, 
it might also suggest that whereas KGB-1 JNK-like MAPK is a master 
regulator of transcriptionally-induced PFT defenses, the p38 pathway may 
play an important role in other (e.g., constitutive) PFT defenses, hence 
resulting in a more severe sek-1 phenotype than predicted. 

Table 2. LC50 values and 95% confidence intervals  
Strain LC50 (mg/mL) 95% CI of LC50 Relative Sensitivity LC50 

WT 10.40 9.54 -11.34  

kgb-1(um3) 0.084 0.069-0.101 123.8 

sek-1(km4) 0.070 0.065-0.076 148.6 

Relative sensitivity was calculated by LC50 wild type/LC50 mutant. 

 

JNK MAPK protects against large-pore PFTs 

Given its importance in the hierarchy of coordinating transcriptionally-
induced defenses against a small-pore PFT and its activation in both C. 
elegans treated with small-pore PFT (our data; see above) and mammalian 
cells treated with large-pore PFT (referenced above), we hypothesized that 
JNK MAPK might broadly coordinate defenses against PFTs—i.e., it might 
be required for defense against both small- and large-pore PFTs. To date, 
no gene has been shown to play a protective role against both large- and 
small-pore PFTs. 

We therefore tested whether a large-pore PFT could intoxicate C. elegans 
using streptolysin O (SLO). SLO binds to cholesterol in cell membranes, 
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forms large 30 nm diameter pores (versus 1-2 nm pores for Cry PFTs), and 
is an important virulence factor of human-pathogenic streptococci [42]. 
The repair of the pores formed by SLO in mammalian cells membranes is 
calcium dependent [25], and a lytic-mutant N402 SLO has been shown to 
be defective in generating pores in membranes [43]. Whether SLO or any 
other cholesterol-dependent cytolysin affects C. elegans has not been 
previously reported. 

We find that wild-type C. elegans are intoxicated by wild-type SLO at 50 
µg/mL with 58% of animals killed in calcium-free medium and 11% killed 
in calcium-containing medium in 6 days (Figure 4A). The inhibitory effect 
of calcium in SLO-mediated killing of C. elegans is consistent with known 
effects of SLO on mammalian cells [25]. Furthermore, the killing of C. 
elegans by SLO is completely dependent upon pore formation since wild-
type worms are not killed by the non-lytic SLO mutant N402 (Figure 4B). 
Thus, the interaction of SLO with C. elegans parallels that of the toxin with 
mammalian cells and the intoxication of C. elegans by SLO is a valid model 
of large-pore PFT intoxication. 

We then tested whether or not JNK is required for defense against SLO in 
C. elegans. Wild-type animals and kgb-1(um3) mutant animals were 
exposed to SLO at a dose of 50 µg/mL. Significantly more kgb-1(um3) 
mutant animals are killed by SLO than wild-type animals (Figure 4C), 
demonstrating that the JNK MAPK pathway is also required for defense 
against a large-pore PFT. 

 
Figure 4. Intoxication of C. elegans by SLO and the requirement of kgb-1 in 
protecting C. elegans against SLO. (A) Viability of wild-type animals is significantly 
lower than wild-type animals on the mammalian PFT SLO in calcium-free S-medium. In 
calcium-complete medium, SLO shows a dampened toxicity to wild-type animals. (B) The 
mammalian PFT SLO mutant, N402, does not intoxicate wile-type C. elegans in calcium-
free S-medium. (C) JNK-like MAPK protects against mammalian PFTs. Viability of kgb-1 
(um3) loss-of-function animals is significantly lower than wild-type animals on the 
mammalian PFT SLO in calcium-free S-medium. Results are the average of three different 
experiments; error bars indicate standard error of the mean. 
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AP-1 is a key downstream target of the JNK MAPK PFT protection 
pathway against both small- and large-pore PFTs and in 
mammalian cells 

C. elegans fos-1 and jun-1 were found in our genome-wide RNAi screen as 
genes important for defense against Cry5B PFT (Table 1). Together, these 
proteins make up the heterodimeric transcription factor known as 
activating protein 1 (AP-1). AP-1 is a well-defined regulator of innate 
immunity and stress responses in mammalian cells and a known 
downstream target of JNK MAKP pathway in these responses [44]. To date, 
neither jun-1 nor fos-1 has been demonstrated to be involved in protective 
responses in C. elegans or in PFT protection in any system. 

Both C. elegans AP-1 homologs, fos-1 and jun-1 were found to be 
upregulated by Cry5B PFT in our microarray study (p < 0.001). To confirm 
their induction, we performed qRT-PCR analysis of C. elegans jun-1 and 
fos-1 expression upon treatment with PFT at 1, 2, 4, and 8 hr. Both are 
robustly induced by Cry5B, with maximum induction at the earliest time 
point tested (Figure 5A). jun-1 induction by Cry5B PFT is KGB-1-dependent 
and SEK-1 independent whereas fos-1 induction is independent of both 
(Figure 5B). These inductions are consistent with our microarray data (1.5-
fold cut-off) and demonstrate that jun-1 is a downstream target of KGB-1 
during PFT protective responses. 

To quantitate the protective function of AP-1 during small-pore PFT attack, 
we performed Cry5B PFT mortality assays using the available jun-1 
mutant, jun-1(gk551) (as opposed to jun-1 RNAi; the jun-1(gk551) allele 
is likely a null as it deletes 1.4 kb of DNA from the jun-1 locus, including 
the DNA binding domain). We found that jun-1(gk551) animals are 
significantly more sensitive than wild-type animals at all doses of Cry5B 
tested and overall are ~10 fold more sensitive to PFT (Figure 5C). This 
level of jun-1(gk551) hypersusceptibility to PFTs is greater than that of 
mutants in other non-MAPK hpo genes quantitated to date (namely, xbp-1, 
hif-1, ttm-1, ttm-2, wwp-1). We also exposed jun-1(gk551) mutant 
animals to heat stress, and find that, compared to wild-type animals, they 
are actually slightly resistant to heat stress (Figure 5D; Table S3; Figure 
S4). When tested against a second form of pathogenic attack, namely 
Pseudomonas aeruginosa PA14, we find that jun-1(gk551) mutant animals 
are resistant relative to wild-type animals (Figure 5E, Table S3, Figure S5). 
Thus, the sensitivity of jun-1 mutant animals to PFT is not due to generally 
compromised health and there is specificity in its role as protecting against 
PFTs. 
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Figure 5. Induction of jun and fos transcripts by Cry5B PFT and specificity of jun-
1 in protecting C. elegans against PFTs. (A) qRT-PCR results showing time-course of 
induction of jun-1 and fos-1 by Cry5B PFT. (B) Cry5B-induced jun-1 expression is KGB-1 
dependent and SEK-1 independent. Data shown were based on 3 hours of PFT treatment. 
For A and B, three RNA samples independent from each other and from the microarray 
experiments. (C) Viability of wild-type and jun-1(gk551) animals on three different doses 
of Cry5B PFT. (D, E) Viability of wild type and jun-1(gk551) animals on (D) heat stress 
and (E) P. aeruginosa PA14. For A, B, and C results are the average of at least three 
different experiments; error bars indicate standard error of the mean. For D and E, the 
data presented are a single representative from three independent assays. (F) Viability of 
wild-type and jun-1(gk551) loss-of-function animals on the mammalian PFT SLO and 
N402 SLO in calcium-free S-medium and calcium-containing S-medium. Results are the 
average of at least three different experiments; error bars indicate standard error of the 
mean. (G) Three known p38 MAPK downstream target genes in response to Cry5B-PFT 
are regulated via JUN-1. Cry5B-induced ttm-2, hsp-4 and spliced xbp-1 expression is 
JUN-1 dependent. Cry5B-induced ttm-1, kin-18, Y54E5A.1 and F42C5.10 was not 
attenuated in jun-1 mutant animals. Results are the average of three experiments, and 
error bars are standard error of the mean. 

To determine whether C. elegans jun, like JNK MAPK, is protective against 
large-pore PFTs, we treated jun-1(gk551) animals with 50 µg/mL SLO and 
compared the percentage killed to wild-type animals exposed to the same 
dose. Animals lacking jun-1 are hypersensitive to SLO PFT in the absence 
or presence of calcium, with 82% and 43% killed respectively (Figure 5F; 
for wild-type the numbers killed are 58% and 11%). jun-1(gk551) animals 
are not killed by SLO N402, indicating that killing by SLO in jun-1 mutant 
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animals is dependent upon pore formation (Figure 5F). Thus, jun-1 is 
required for C. elegans protection against both large- and small-pore PFTs. 
Since KGB-1, as the master regulator of PFT defenses, controls the 
induction of p38-dependent sub-pathways (ttm-1, ttm-2, hsp-4, and xbp-
1) and p38-independent sub-pathways (kin-18, Y54E5A.1, and F42C5.10), 
we further examined whether JUN-1 being the downstream of KGB-1 
contributes to these gene regulation. The qRT-PCR analysis in wild type 
versus jun-1(gk551) mutant animals indicated that jun-1 is required for 
the Cry5B-triggered ttm-2 and hsp-4 but not ttm-1, kin-18, Y54E5A.1, and 
F42C5.10 induction (Figure 5G). Consistently, we found that increased 
splicing (activation) of xbp-1 in response to Cry5B does not occur in jun-
1(gk551) mutant animals (Figure 5G). These results indicate that KGB-1-
regulated genes could be further parsed to be either JUN-1 dependent or 
independent.  

We then considered whether our finding that AP-1 is important for PFT 
responses in C. elegans extends to mammalian cells. Using commercially 
available antibodies, we found that 125 ng/mL of lytic, wild-type SLO 
induces activation (phosphorylation) of c-JUN in HaCaT cells and that the 
non-lytic SLO mutant does not (Figure 6A). To test whether AP-1 is 
functionally important for survival of SLO-treated mammalian cells, we 
employed a transcription factor decoy approach [45]. HaCaT cells were 
simultaneously exposed to SLO and biotinylated double-stranded 
deoxyoligonucleotides comprising a consensus AP-1 binding site (decoy 
oligonucleotide), which competes with AP-1 sites of genomic promoters for 
binding of the transcription factor. A mismatched oligonucleotide, which 
does not bind AP-1, served as a control. The AP-1 decoy oligonucleotide 
specifically increased the proportion of pyknotic nuclei (Figure 6B). The 
combination of activation and decoy oligonucleotide data supports the 
notion that AP-1 is protective against PFT attack in mammalian cells, as it 
is in C. elegans. 

 

Discussion 

We present the first genome-wide study of functional cellular responses to 
a PFT. We identify 106 hpo genes important for cellular protection against 
an attack by a small-pore PFT, Cry5B. Interactome network analysis of 
these genes emphasizes the importance of two MAPK pathways, p38 and 
JNK, in coordinating this protection. The stringency of our experimental 
design led us to all previously known genes that mutate to a strong Hpo 
phenotype and none that mutate to a weak to moderate Hpo phenotype. 
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Figure 6. AP-1 protects against mammalian PFTs. (A) Western blot of mammalian c-
JUN in HaCaT cells treated with 125 ng/mL SLO for time indicated. Abbreviations: S: 
constitutively active version of SLO, N: non-lytic mutant N402 SLO; Co: no-SLO control. 
(B) HaCaT cells were treated with SLO and biotinylated AP-1 decoy-oligonucleotide (right 
panel) or biotinylated control oligonucleotide (left panel). Oligonucleotide is stained red 
(SA-Alexa594), and DNA is stained blue (4',6-diamidino-2-phenylindole/DAPI). The 
images presented are a single representative from three independent assays. Cells 
treated with AP-1 decoy show a greater proportion of intoxicated cells with condensed 
chromosomes, characteristic of becoming pyknotic (e.g., white arrowhead). The 
proportion of pyknotic cells was quantified as described in the Materials and Methods 
section; the bar graph shows mean values from three independent experiments 
(m=mismatched oligonucleotide; AP-1=AP-1 decoy; error bars: standard error of the 
mean, p value was determined with paired, one-tailed student’s t-test). (C) A model for 
interconnected regulation of defense to PFT. The KGB-1 JNK-like MAPK regulates both p38 
MAPK–dependent (e.g., ttm-1, ttm-2, UPR) and p38 MAPK-independent (e.g., jun-1, kin-
18) PFT-induced protection genes. There are also PFT protection genes that, to date, have 
not been linked to either MAPK pathway. 

All of the genes on this list except two are previously uncharacterized with 
regards to PFT defenses. A comparison of the genes induced by PFT with 
these 106 important for protection against PFT revealed a statistically 
significant enrichment of transcriptionally induced, but not transcrip-
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tionally-repressed genes on the list of PFT-protective genes. These data 
indicate that transcriptional induction is important for PFT protection. 

Our findings demonstrate that >0.5% of genes in the C. elegans genome 
play a major role in protection against pore-forming toxins. This number is 
large by any standard for a single cellular process. Given the likely 
parallels between cellular responses to pore-forming toxins and membrane 
ruptures that occur to cells during their normal existence, these data 
suggest that cells devote such a large portion of their genome to 
protecting against membrane holes and that this list of genes represents a 
rich starting point for understanding how cells cope with PFT attack and 
membrane damage. It is interesting to note that plasma membrane pore-
formation has been suggested to play a significant role in neurological 
diseases of ageing, such as Alzheimer’s or Parkinson’s disease [10]. The 
significant overlap of the 106 hpo PFT protection genes with genes 
involved in promoting long lifespan, suggest indeed that small ruptures of 
the plasma membrane play a significant role in the aging process. The fact 
that JNK and AP-1 are important for protection against both large-pore and 
small-pore PFTs indicates that at least some of the pathways cells use to 
deal with pores of various sizes are conserved, in contrast to previous 
suggestions [10,13]. 

Based on interactome analyses from our genome-wide RNAi screen, we 
examined the requirement of the JNK MAPK pathway for PFT defenses. JNK 
MAPK has not been studied in any detail for its role in PFT defenses. 
Indeed, to date the only signal transduction pathway studied in detail has 
been the p38 MAPK pathway. Our study of the JNK MAPK pathway 
identifies it, and not p38, as the first master regulator of PFT 
transcriptionally-induced cellular protection. This conclusion is based on 
the following observations and results: 1) the JNK MAPK pathway is 
induced in mammalian and C. elegans cells by small-pore and large-pore 
PFTs (this study and others [38,39]; 2) more than 50% of all genes 
transcriptionally induced by PFT depend upon the JNK pathway for their 
induction (this study); 3) 85% of the p38-dependent PFT-induced 
transcriptional response is controlled by JNK MAPK (this study); 4) all 
three of the known p38-dependent PFT-induced functional responses are 
dependent upon JNK (this study); 5) 50% of the hpo genes that mutate to 
a strong Hpo phenotype and that are induced by PFT are dependent upon 
JNK; and 6) JNK protects against both large and small-pore PFTs in C. 
elegans, the first such gene so identified. Our analyses also identify the 
first known downstream targets of the JNK MAPK-regulated PFT protection 
pathway, namely, kin-18, jun-1, Y54E5A.1, and F42C5.10. While JNK 
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MAPK is the master regulator of induced responses, our Western blotting 
data suggest that JNK is not hierarchically upstream of p38 MAPK 
activation in response to PFT. Based on our findings we propose a model 
whereby the JNK pathway converges in parallel on p38-regulated PFT 
responsive genes to regulate the transcriptionally-induced defense 
response to Cry5B (Figure 6C).  

Our genome-wide analyses also led to the discovery of AP-1, a key 
regulator of mammalian innate immunity downstream of JNK and the toll-
like receptor (TLR) pathway, as important for defense against small- and 
large-pore PFTs in C. elegans and against a large-pore PFT in mammalian 
cells. This study is the first to identify AP-1 as involved in immunity in C. 
elegans. We also demonstrated that the UPR and ttm-2 Cry5B-induced 
defense sub-pathways, but not the ttm-1, kin-18, Y54E5A.1, and F42C5.10 
Cry5B-induced defense sub-pathway, are transcriptionally regulated via 
JUN-1. Thus, AP-1 mediates some, but not all, of JNK-regulated PFT 
defenses (Figure 6C). As indicated by our data and reflected in our model, 
regulation of transcriptionally-induced cellular defenses against PFTs 
involves an intricately connected network of sub-pathways, with the JNK 
pathway hierarchically at the top of known regulators. 

AP-1 is the first transcription factor to be shown to be broadly required for 
metazoan cells to defend against PFTs. Since the TLR does not appear to 
be important for C. elegans immunity [46], our data suggest that the role 
of the JNK-AP-1 pathway in protection against PFTs is one of its most 
ancestral functions, predating that of its role in TLR-mediated immunity. 

In summary, we report the first large-scale functional study of genes 
involved in protecting against a small-pore PFTs, place JNK as the master 
regulator of known cellular defenses against small- and large-pore PFTs, 
and identify AP-1 as an ancient factor conserved from worms to humans 
involved in PFT defenses. This study demonstrates the power of integrated 
genome-scale approaches in vivo to provide vital insights and significant 
breakthroughs into what has been to date a daunting scientific challenge, 
namely understanding defenses against breaches of plasma membrane 
integrity. 
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Materials and Methods 

C. elegans strains and microscopy 

Strains were maintained at 20°C as described [47], except strains 
containing glp-4(bn2), which were maintained at 15°C. Images for the 
genome-wide RNAi screen were acquired using an Olympus SZ60 
dissecting microscope. Strain VP303 rde-1(ne219); kbEx200 [rol-
6(su1006);pnhx-2::RDE-1] was provided by Kevin Strange (Vanderbilt 
University) [48]. Phsp-4::GFP and Phsp-4::GFP;kgb-1(um3)) animals were 
placed on 2% agarose pads containing 0.1% sodium azide and were 
imaged on an Olympus BX60 microscope with a 10x objective.  

 

Toxin preparation 

Purified Cry5B was prepared as described [49] and suspended either in 
water for the genome-wide RNAi screen, or dissolved in 20 mM HEPES (pH 
8.0) for liquid mortality assays. E. coli-expressed Cry5B was prepared as 
described previously [50], except the overnight culture was 5 times diluted 
before IPTG induction in OP50 expression system. For the microarray 
experiment, conditions were carried out as described [11].  

 

Cry5B activation and ion channel currents recording in planar lipid 
bilayers 

Solubilized Cry5B protoxin was incubated at 30°C for two weeks, allowing 
co-purifying native Bt protease(s) to activate it into a 59 kDa fragment. 
The 59 kDa Cry5B was purified by gel filtration (Superdex 75 16/60). Ionic 
currents passing through activated Cry5B proteins (5-10 µg/mL) 
reconstituted into planar lipid bilayers were recorded at various holding 
voltages applied to phospholipid membranes (phosphatidylethanol-
amine:phosphatidylcholine:cholesterol (7:2:1 w/w)) painted across a 250-
µm hole drilled in a Teflon wall separating two 600-µl chambers filled with 
150 mM KCl, 10 mM Tris, pH 9.0. Data were recorded with an Axopatch-
1D amplifier (Axon Instruments, Foster City, CA), filtered at 600Hz, 
digitized and analyzed using pClamp6 software (Axon Instruments) [51]. 
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Genome-wide RNAi screen and liquid RNAi assays  

RNAi feeding for the genome-wide screen was performed in a 24-well 
format modified from a published protocol [52]. Bacteria containing each 
RNAi clone were cultured in 100 µL Luria Broth media containing 50 µg/mL 
carbenicillin in a 96-well format for 16-18 hrs. 30 µl of each culture was 
seeded in one well of a 24-well plate containing NGM agar, 1 mM IPTG and 
50 µg/ml carbenicillin (each plate was set up in duplicate). For each batch 
of RNAi clones tested, empty vector (L4440) and tir-1 RNAi clones were 
included as negative (no knock-down) and positive (Hpo) controls 
respectively. After overnight incubation, ~20 synchronized RNAi-sensitive 
rrf-3(pk1426) L1 worms were placed in each well and allowed to develop 
to L4 stage at 20°C. 30 µL of total 1 µg purified Cry5B resuspended in 
water was added to RNAi-fed worms in each well (rrf-3 mutants have a 
normal response to Cry5B [11]). The plates were covered with porous 
Rayon films (VWR, West Chester, PA) to allow air exchange. 
Hypersensitivity to PFT relative to no knock-down (empty vector) controls 
was assessed after 48 hours by light phase microscopy. The initial Hpo hits 
were individually retested in duplicate under the same conditions (second 
round). In addition, for each RNAi clone, a single well was set up and 
treated with water alone (no toxin) to assay for ill health in the absence of 
toxin. To be considered a hpo gene, we looked for lack of ill health and 
developmental problems in the no-toxin well and either > 50% moderately 
Hpo animals in both wells or > 33% severely Hpo animals in both wells. 
Two hundred and sixty nine such genes were found in total. For the 
quantitative validation test (third round), bacteria from these RNAi hits 
were cultured overnight, induced with 1mM IPTG for 1 hour at 37°C, and 
resuspended in S-media. We then added ~20 glp-4(bn2);rrf-3(pk1426) L1 
animals to each well of a 48-well plate with RNAi bacteria (triplicate wells 
for each clone). The plates were gently rocked at 25°C for ~30 hours until 
the animals had developed to the L4 stage. Then we added 10 µg/mL 
Cry5B or 20 mM HEPES pH8.0 control into each well and quantitated the 
percentage of worms that were killed after six days at 25°C. The worm 
viability was determined based on movement and worms failed to respond 
to several gentle touches with a platinum pick were scored as dead. The 
survival on each RNAi treatment was normalized to L4440 treatment in the 
same batch, to help account for differences in toxicity from batch to batch 
of the experiment. We sequenced the 106 hpo gene clones to confirm their 
identities. The quadruplicate repeat triple-well verification was performed 
with the similar procedures except that no plate rocking was performed 
and data were analyzed via analysis of variance (ANOVA) and Dunnett’s 
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post-test. Statistical data analyses here and elsewhere were performed 
using Prism 5.0 (GraphPad, San Diego, CA).  

For intestinal-specific liquid RNAi, bacteria for kgb-1 RNAi or L4440 empty 
vector were first cultured overnight, induced with 1mM IPTG for 1 hour at 
37°C, and resuspended in S-media. Approximately 20 synchronized L1 
stage VP303 worms were fed with kgb-1 or L4440 RNAi in 48 wells plates, 
grown to the L4 stage in ~40 hours at 25°C and FUdR was then added to a 
final concentration of 200µM. Then Cry5B to a final concentration of 10 
µg/mL or 20 mM HEPES pH8.0 control were added into each well and the 
percentage of worms that were killed after six days at 25°C was scored. 
The comparison of survivals between kgb-1 RNAi and empty control was 
done with one-tailed Student’s t-test. 

 

Microarrays and bioinformatics 

The RNA samples were collected from three independent experiments. Raw 
microarray datasets were normalized using Bioconductor’s [53] Robust 
Multi-array Analysis (RMA) [54,55] in R language. Linear Models for 
Microarray Data (LIMMA) [56] was used to determine a set differentially 
expressed genes. The cutoff p-value used was 0.01 with minimum 1.5 or 2 
fold change. The data were clustered to reveal prominent groups of 
transcripts with similar changes in expression pattern using a κ-means 
(κ=4 ) algorithm. 

The gene enrichment analysis for microarray was done with DAVID 
PANTHER annotation tool [57]. Only enriched categories with three or 
more counts and p < 0.05 were kept. The statistical significance of the 
observed overlap between different gene lists (e.g., genome-wide RNAi 
screens, hpo vs. induced genes) was calculated by a modified Fisher’s 
exact test [58]. The PFT immunity interaction network was generated by 
combining data from our genome-wide RNAi screen and a modified C. 
elegans integrated functional network (WI8∪Literature∪Interolog∪Genetic) 
database with several manually curated interactions [34]. Interactions 
were only maintained if at least one of the nodes was hpo. The resulting 
networks were visualized using Cytoscape 2.6.3 [59]. 

 

Quantitative RT-PCR 

Total RNA was isolated from approximately 5,000 L4 worms and cDNA was 
made from 2 µg of total RNA with MoMLV-reverse transcriptase (Promega, 
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Madison, WI) and oligo-dT primers for 90 minutes at 42°C in 20 µl reaction 
mixtures. qRT-PCR (triplicate independent experiments, normalization to 
eft-2) was then carried out as described [14]. Primers for qRT-PCR are 
listed in Table S4 except for eft-2, ttm-2, hsp-4, and xbp-1 spliced form, 
which have been described before [14,15]. Transcript levels among 
mutants and wild-type animals for a given gene were compared using one-
way ANOVA with Tukey’s HSD post hoc test or one-tailed Student’s t-test 
(Figure 3A and 5G only). 

 

KGB-1 immunoblotting  

Approximately 750 L1 stage worms were grown in a single well of a 48 
well plate, treated with indicated concentrations of Cry5B and prepared as 
described before for phospho-p38 MAPK and α-tubulin [14]. The same 
PVDF membranes were stripped with Restore Western Blot Stripping Buffer 
(Thermo Fisher Scientific Inc., Waltham, MA) and reprobed as needed. The 
probing order is phospho-KGB-1 (1:1000) first, phospho-p38 MAPK and α-
tubulin second, and total KGB-1 antiserum (1:5000) third. 

 

C. elegans mortality assays with mutants  

Cry5B mortality assays with wild-type animals and kgb-1 and sek-1 
mutants were carried out for 8 days at 20°C in three independent 
experiments as per standard protocol[50]. LC50 values and confidence 
intervals were calculated as described [60]. For SLO and N402 assays, 
synchronized L4 worms were prepared in complete or calcium-free S-
medium with 50 µg/mL of toxin dissolved in phosphate buffered saline 
(PBS; PBS alone was used in negative controls). The survival of animals 
was scored after six days at 25°C and differences analyzed by analyzed 
with one-tailed Student’s t-test. The P. aeruginosa PA14 survival assay 
was performed on slow-killing plates as described [14]. For the heat stress 
analysis, synchronized N2 and jun-1(gk551) animals were shifted to 35°C 
as two-day-old adults and survival was scored every two hours after the 
treatment as described [61]. Three lifespan assays per worm strain were 
done, and all show the same trends. The data presented in the paper are 
from a representative experiment. Data are plotted as a Kaplan–Meier 
survival plot and analyzed for significance using the Log Rank test. 
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Preparation of SLO and mammalian cell experiments  

Recombinant streptolysin O and non-lytic mutant N402 were prepared as 
described previously [43,62]. Growth of the human keratinocyte cell line 
HaCaT has been previously described [63]. Cells were seeded at a density 
of 0.5x106 cells in 12-well plates, cultured overnight and treated with 125 
ng/ml SLO or non-lytic mutant N402 for indicated times. After washing 
with PBS, cells were lysed by addition of 50 µl 2xSDS-loading buffer. 
Proteins were separated by SDS-PAGE and electroblotted onto 
nitrocellulose membrane, incubated with rabbit anti-phospho Ser63-c-jun 
(1:1000; Cell Signaling Technology) over night at 4 °C, washed, and 
incubated with goat anti-rabbit IgG HRP-conjugate (1:2000; New England 
Biolabs). After three washes, bound antibody was detected by ECL. The 
same membrane was stripped with TBS containing 2% SDS and 100 mM 
β-mercaptoethanol for 50 min at 50 °C and reprobed with rabbit anti-c-jun 
(1:1000; Cell Signaling Technology). 

For the AP-1 decoy experiment, HaCaT cells were treated in Ca2+-free 
medium with 500 ng/mL SLO and 3 µM biotinylated AP-1 decoy 
oligodeoxynucleotide (ODN), or mismatched AP-1 decoy ODN for 30 min, 
(Genedetect, Auckland, New Zealand). Subsequently, cells were washed 
twice with PBS and incubated in full culture medium. After incubation for 4 
h, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1 % 
triton-X100. Biotinylated ODN were stained with AlexaFluor594-conjugated 
streptavidin; nuclei were visualized with DAPI stain (10 µg/mL). After 
washing, cells were examined by fluorescence microscopy using an 
Axiovert 200M microscope (Zeiss, Germany). The relative intensity of DAPI 
staining was quantified for ca. 800 cells per treatment and experiment, 
applying the analysis tool of Photoshop to digital images in RGB-mode. 
Nuclei were considered pyknotic if they were condensed to a diameter < 
50% of average and showed more intense DAPI uptake (> 2-fold of 
average intensity)[64]. 
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Supplemental Figures and Tables 

 

Figure S1. Functional classification of hpo genes based on Wormbase 
annotation. 

 

 

Figure S2. A qualitative analysis of the sensitivity of worms with mek-
1(ks54) loss of function mutation. Animals were exposed for 72 hours to 
OP50 E. coli expressing empty vector (no toxin) or diluted Cry5B PFT (10%). 
mek-1 mutant animals are Hpo as they are significantly more intoxicated by 
Cry5B PFT than wild-type animals. 
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Figure S3. jun-1 loss-of-function increases resistance of worms to heat 
stress. A and B represent the other two repeats of the heat stress assays. 

 

 

Figure S4. jun-1 loss-of-function increases resistance of worms to PA14 
infection. A and B represent the other two repeats of the PA14 lifespan assays. 
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Table S1. Further confirmation of a subset of Hpo RNAi clones 
sequence name gene name % survival on 

Cry5B3 
% survival on HEPES p value4 

L44401 empty vector 79.8 ± 1.2 96.6 ± 0.4  
R03G5.22 sek-1 22.9 ± 5.3 96.4 ± 0.4 < 0.01 
T07A9.3 kgb-1 20.2 ± 3.9 95.4 ± 1.5 < 0.01 
C07D10.2 bath-44 50.8 ± 5.3 92.3 ± 2.3 < 0.01 
F42C5.10 F42C5.10 27.5 ± 3.1 90.4 ± 2.2 < 0.01 
R186.5 shw-3 56.5 ± 4.7 93.2 ± 1.5 < 0.05 
T10C6.8 T10C6.8 59.4 ± 3.2 96.5 ± 1.2 < 0.05 
T17E9.1 kin-18 13.1 ± 3.9 91.3 ± 1.1 < 0.01 
T24H7.5 tat-4 35.8 ± 6.4 91.8 ± 1.5 < 0.01 
Y47D3A.17 obr-1 56.9 ± 5.2 93.3 ± 3.1 < 0.05 
Y54E5A.1 Y54E5A.1 54.4 ± 5.3 92.7 ± 1.4 < 0.01 
Y54G9A.3 kqt-3 43.3 ± 4.0 90.8 ± 2.0 < 0.01 
ZK370.3 hipr-1 25.2 ± 6.2 92.8 ± 2.9 < 0.01 
ZC518.3 ccr-4 38.5 ± 5.0 90.1 ± 0.5 < 0.01 
Data were collected from triplicate wells in liquid culture based on four different assays at 10 µg/mL Cry5B.  
% survival presented as mean ± S.E.M. 
1L4440 was served as the empty vector (no knock-down) control. 
2R03G5.2 (sek-1) was used as the positive control. 
3In general, there is good agreement between these values and those in Table 1, with the exceptions of bath-44, 
kin-18, and obr-1. The discrepancies might be due to the more extensive data used to compile these values or 
due to minor changes in the protocol (one was done with shaking worms, the other not). 
4p value was calculated based on % survival on Cry5B by one way ANOVA with Dunnett's Multiple Comparison 
Test to compare each RNAi clone with the control clone on Cry5B. 
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Table S3. Statistics of stress response assays 

strain median survival 
(hrs) p value hazard ratio  

(jun-1(gk551) vs WT) 
95% CI 
of ratio 

PA14 

WT 64    

jun-1(gk551) 64 0.0004 0.6866 0.3072 to 0.7129 

WT 52    

jun-1(gk551) 64 0.0045 0.5158 0.1465 to 0.6056 

WT 46    

jun-1(gk551) 52 0.0073 0.6165 0.2316 to 0.7959 

Heat stress	  

WT 10    

jun-1(gk551) 12 < 0.0001 0.403 0.04128 to 0.2147 

WT 10    

jun-1(gk551) 12 < 0.0001 0.4654 0.06343 to 0.3427 

WT 10    

jun-1(gk551) 12 < 0.0001 0.5132 0.07078 to 0.3881 

p values and hazard ratios were calculated for individual experiments comparing wild-type and 
mutant animals examined at the same time. 
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Abstract 

Pore-forming toxins (PFTs) secreted by pathogenic bacteria punch holes in 
host cell plasma membranes. Although PFTs are the most common 
bacterial protein toxins and important for infection, the specific 
mechanisms used by cells to counteract them are currently unclear. 
Caenorhabditis elegans has proven itself an excellent model to study 
mammalian pathogenesis and innate immunity. Using C. elegans, we 
demonstrate in vivo and in an intact epithelium that intestinal cells 
respond to PFTs by increasing levels of endocytosis, dependent upon RAB-
5 and RAB-11. Furthermore, we find that RAB-5 and RAB-11 are required 
for protection against PFT, and to restore integrity to the plasma 
membrane. One physical mechanism that we show to be involved is the 
RAB-11-dependent expulsion of microvilli from the apical side of the 
intestinal epithelial cells. Specific vesicle-trafficking pathways thus protect 
cells against an attack by PFTs on plasma membrane integrity, via altered 
plasma-membrane dynamics. 
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Introduction 

Pore-forming toxins (PFTs) are virulent bacterial proteins that perforate 
host cell plasma membranes to disable cellular viability, alter cytokine 
responses, and provide the pathogen nutrients [1,2]. Many well known 
pathogenic bacteria such as Staphylococcus aureus, Group A and B 
streptococci, Vibrio cholerae, and Clostridium septicum employ PFTs 
[1,3,4]. With 25-30% of all known virulent proteins, PFTs form the largest 
class of bacterial toxins [5,6].  

It was recently shown that the large-pore PFT SLO, the small-pore PFT α-
toxin, and medium-sized perforin pores trigger endocytic and/or exocytic 
events, which correlate with plasma membrane resealing [7-12]. 
Correlation between these processes and cellular survival were not tested 
for SLO, but the data suggest that inhibition of endocytosis causes 
decreased survival when cells are exposed to α-toxin [7], and perforin 
induced a shift from necrotic to apoptotic cell death [12]. These in vitro 
studies show that vesicle trafficking is involved in restoring plasma 
membrane integrity after an attack by PFT. However, conclusive 
demonstration that these events contribute to cellular survival following 
PFT attack and especially of their relevance towards productive responses 
in an intact tissue in vivo are currently lacking. 

The roundworm Caenorhabditis elegans is extensively used as a model for 
mammalian pathogenesis and innate immune responses [13-15]. It has 
also been developed as a system to study cellular defenses against PFTs in 
vivo, and has proven instrumental in the identification of specific molecular 
PFT-defense pathways [16-19]. Where tested, these C. elegans findings 
always extended to mammalian systems [17,19]. C. elegans has 
furthermore been developed into a relevant model to study vesicle 
trafficking [20]. Using this system, we address a number of the 
uncertainties surrounding the physical mechanisms employed by cells to 
restore integrity to their membranes and survive an attack by PFTs. We 
show for the first time, and in vivo, in an intact tissue, a clear correlation 
between vesicle trafficking, plasma membrane repair and survival in 
response to a bacterial PFT. We furthermore demonstrate a requirement of 
RAB-5 and RAB-11, master regulators of endocytic and exocytic events, in 
these processes, and involvement of microvilli expulsion from the cell 
surface. 

 

 



CHAPTER 3 

	  108	  

Figure 1. PFTs induce uptake of apical plasma membrane markers. (A) Differential 
interference contrast (DIC) image of anterior half of C. elegans, with intestine false 
colored in blue and pharynx in green; arrowheads indicate the transition from pharynx to 
intestine, and arrow indicates the posterior bulb of the pharynx (left). Fluorescence image 
(middle) and overlay over DIC image (right), showing PGP-1::GFP marks the apical 
plasma membrane of C. elegans intestinal cells. Scale bar: 50 µm. (B) Confocal images of 
PGP-1::GFP after 0 (left) or 2 hr (middle) exposure to E. coli-expressed Cry5B. Indicated 
area in the middle panel was magnified 3x (right), with arrows indicating intracellular 
PGP-1::GFP-positive vesicular structures. Scale bar: 25 µm left (same for middle); 10 µm 
right. (C) Confocal images showing intracellular PGP-1::GFP-positive vesicular structures 
after 5 minutes exposure to E. coli-expressed Cry5B, which are absent from untreated 
animals. Panels and scales as (B). (D) Deconvolved images showing V. cholerae 
expressing VCC induces PGP-1::GFP relocalization to intracellular vesicular structures 
after 2 hr exposure (middle and right), whereas V. cholera lacking VCC does not (left). 
Occasionally, vesicles are visible in control images; these were confirmed to be 
autofluorescent gut granules (see Materials and Methods). Scale bar: 25 µm left (middle 
same scale); 10 µm right. 

 

Results 

PFTs induce intracellular relocalization of plasma membrane 
markers 

To study the effects of PFTs on the plasma membrane in vivo, we used a 
C. elegans strain expressing PGP-1::GFP, a labeled ATP binding-cassette 
(ABC) transporter that, in fourth larval stage (L4) animals, localizes strictly 
to the apical plasma membrane of the intestinal cells [21] (Figure 1A). 
When L4 animals are exposed on agar plates to Cry5B PFT transgenically 
expressed by Escherichia coli (the normal laboratory food source for C. 
elegans), a striking relocalization of the GFP marker is observed, from the 
apical plasma membrane to intracellular vesicular structures (Figure 1B). 
Although most dramatic after at least two hours, this phenotype is 
observed as early as five minutes after exposure to PFT (Figure 1C). After 
two hours on E. coli-expressed Cry5B, 96.9% of the animals show the 
marker on intracellular vesicular structures, versus 0.0% in control-treated 
animals (p < 0.0001) (Table S1). 

To confirm that the observed phenotype was not an artifact of PGP-1::GFP, 
another apical plasma-membrane marker was tested, OPT-2::GFP, a 
labeled peptide transporter [22]. OPT-2::GFP similarly relocalizes to 
intracellular vesicular structures after treatment with Cry5B PFT (Figure 
S1A). 

The results extend to other small-pore PFTs, as PGP-1::GFP also 
relocalizes to intracellular vesicles after exposure to Cry21A, another Bt 
crystal PFT that intoxicates nematodes [23] (92.4% of animals for Cry21A  
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versus 0.0% for controls, p < 0.0001; Table S1, Figure S1B), or to a V. 
cholerae strain expressing VCC (48.4% with VCC versus 1.9% without 
VCC, p < 0.05; Table S1, Figure 1D). To examine the specificity of this 
response to PFTs, we exposed PGP-1::GFP animals for two hours to 
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various other stressors, namely the pathogenic bacterium Pseudomonas 
aeruginosa (strain PA14, which kills C. elegans without apparently relying 
on a PFT [17]), a high dose of the heavy metal copper (10mM CuSO4 
[17]), hyper osmotic stress (400mM NaCl [24]), and 35°C heat stress. 
None of these treatments induce PGP-1::GFP relocalization (Table S1, 
Figure S1C), indicating the observed response is not caused by cellular 
stress per se. 

Relocalization of apical plasma membrane markers to intracellular punctate 
structures in C. elegans thus represents a response specific to membrane 
damage caused by small-pore PFTs. 

 

PFTs cause increased rates of endocytosis 

Most endocytosed cargo is thought to travel through early endosomes 
[20], which are labeled by mCherry::RAB-5 [25]. When worms expressing 
both PGP-1::GFP and mCherry::RAB-5 are exposed to E. coli-expressed 
Cry5B, overlap is seen between PGP-1::GFP-labeled and RAB-5::mCherry-
labeled vesicles (Figure 2A). The same is seen when these animals are 
exposed to V. cholerae that express VCC (Figure 2B). The colocalization of 
PGP-1::GFP and RAB-5::mCherry indicates that relocalization of PGP-
1::GFP to punctate intracellular structures upon PFT attack marks an 
endocytic event. 

These data suggest that levels of endocytosis are increased in the 
presence of Cry5B PFT. When fed to C. elegans, tetramethylrhodamine 
isothiocyanate-labeled bovine serum albumin (TRITC-BSA) eventually 
localizes to autofluorescent gut granules in the intestinal cells, thought to 
be lysosomes, and can therefore be used to visualize fluid phase 
endocytosis [26]. We imaged animals after two hours exposure to 0, 1 or 
15 µg/mL purified Cry5B in the presence of TRITC-BSA, and quantified 
fluorescence intensity in the eight anterior-most intestinal cells to measure 
the amount of endocytosis that had occurred. Images from the experiment 
(Figure 2C) as well as the quantification (Figure 2D, Table S1) show 
significantly increased TRITC-BSA fluorescence in the presence of Cry5B 
PFT. BSA has a diameter of 6.26 nm [27] and is unlikely to passively 
diffuse into the cells through the 1-2 nm-sized Cry5B pores [28]. 
Increased fluorescence was not due to altered autofluorescence of the 
intestine, as signals measured in the same experiments in the UV channel 
(indicating autofluorescence [29]) showed no statistical difference between 
Cry5B - and control-treated animals (Figure S2A, B, Table S1). Thus, PFTs 
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trigger endocytosis in C. elegans in vivo, consistent with observations in 
PFT-treated mammalian cells [7,9,12]. 

	  
Figure 2. PFTs induce plasma membrane uptake into early endosomes and 
increased rates of endocytosis. (A) PGP-1::GFP-positive vesicles induced by 2 hr 
exposure to E. coli-expressed Cry5B PFT and vesicles positive for mCherry::RAB-5 overlap 
(indicated by arrows). Due to intensity differences, overlapping signals do not always 
appear yellow in merged image. Autofluorescence shown in blue in the merged image. 
Scale bar: 10 µm. (B) Two hr exposure to V. cholerae VCC induces PGP-1::GFP-positive 
vesicles that show similar overlap with RAB-5::mCherry. Scale as in (A). (C) After 2 hr 
exposure to TRITC-labeled BSA in absence of toxin, the dye is confined to the intestinal 
lumen. After simultaneous exposure to 1 µg/mL purified Cry5B PFT, TRITC-BSA is 
abundantly found inside intestinal cells. Scale bar: 25 µm. (D) Quantification of TRITC-
BSA fluorescence, in absence or presence of 1 or 15 µg/mL purified Cry5B PFT, 
demonstrates PFT attack leads to increased signal intensity, consistent with increased 
endocytosis. Means of three experiments. Error bars here and elsewhere are standard 
error. Statistics indicated here and elsewhere: ns: not significant, ***: p < 0.001, *: p < 
0.05.  
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RAB-5 and RAB-11 are required for cellular protection against PFT 

RAB small GTPases are key regulators of vesicle-trafficking events [20], 
and we hypothesized that RABs would be involved in PFT defenses. We 
therefore did a provisional analysis of the involvement of various RABs 
(RAB-1, -5, -6.1, -6.2, -7, -11.1, -14, -21, 28, 37, 39 and UNC-108) in 
Cry5B defense in C. elegans, using RNA interference (RNAi) and 
subsequent exposure to E. coli-expressed Cry5B. This analysis yielded 
RAB-5 and RAB-11 as candidates, which led us to further investigate their 
roles in cellular responses to Cry5B. RAB-5, found on PFT-induced PGP-
1::GFP-containing vesicles (Figure 2A, B), is the C. elegans homolog of 
Rab5, a master regulator of trafficking from the plasma membrane to early 
endosomes [20,30]. Rab11 directs vesicles from the recycling endosome to 
the plasma membrane [20], and functions to regulate trafficking from the 
trans-Golgi network to the plasma membrane [30]. The C. elegans 
genome encodes two closely related Rab11 homologues, rab-11.1 and rab-
11.2, which differ mainly in the C-terminal region (Figure S3). By 
quantitative real time PCR, using primers that anneal to where rab-11.1 
and rab-11.2 differ most, we found that rab-11.1 and rab-11.2 are both 
expressed in C. elegans, although rab-11.1 was expressed at higher levels 
than rab-11.2. Given the 85.2% identity between rab-11.1 and rab-11.2 
nucleic acid sequences, it is likely our RNAi experiments below target both 
genes. 

We wanted to determine whether RAB-5 and RAB-11 fulfill a role in 
protection against PFT attack. Because rab-5 and rab-11.1 are essential for 
development [30], no mutants are available that lend themselves for our 
assays, and we used feeding RNAi. We found that rab-5 and rab-11.1 RNAi 
also inhibit normal development, so resorted to diluting the rab-5 and rab-
11.1 double-stranded (ds)RNA-expressing bacteria with empty vector 
control bacteria, effectively lowering the RNAi dose and allowing 
superficially normal development. The genetic background and sensitivity 
to RNAi of the different C. elegans strains used in this study varies, and for 
each strain we used the lowest dilution, or highest dose, of RNAi bacteria 
that still allowed normal development of the worms. The worm strains and 
RNAi dilutions used are discussed in Table S2. To confirm diluted RNAi still 
caused knockdown of gene expression, we exposed RAB-5::GFP or RAB-
11.1::GFP animals to the highest dilutions (lowest concentrations) of 
respectively rab-5 and rab-11.1 RNAi used in this study. Under these 
conditions RNAi still results in efficient suppression of GFP expression 
(Figure S4A, S4B).  



RAB-5 AND RAB-11 IN REMOVAL OF PORE-FORMING TOXIN 

	   113	  

To determine a requirement of RAB-5 and RAB-11.1 in PFT defense, we 
exposed rrf-3(pk1426) RNAi-hypersensitive animals to diluted RNAi against 
rab-5 and rab-11.1, followed by 48 hours exposure to E. coli-expressed 
Cry5B on solid medium. Vector-RNAi control animals are only mildly 
affected by a low dose of PFT, but animals grown on rab-5 or rab-11.1 
RNAi are significantly more intoxicated (Figure 3A). VPS-45 and RABX-5 
are important factors for RAB-5 function [31,32]. We found that mutation 
of vps-45 or rabx-5, or RNAi against vps-45 caused qualitative 
hypersensitivity to E. coli-expressed Cry5B (Figure S4C, S4D), which 
further validates the role of rab-5 and of endocytosis in PFT defenses. 

Since Cry5B PFT attacks the C. elegans intestine [33], we wanted to 
quantitatively determine the requirement of rab-5 and rab-11.1 for PFT 
defense in this tissue. We therefore performed RNAi against these genes in 
C. elegans strain VP303, which allows for RNAi to predominantly knock 
down gene expression in the intestine (see Table S2). Animals were grown 
in liquid on RNAi to the L4 larval stage at which point purified Cry5B PFT 
was added, and survival was scored six days later. RNAi against rab-5, 
rab-11.1 and sek-1 (p38 MAPKK, used as a hypersensitive control [19]) 
caused significantly lower survival on Cry5B (Figure 3B, Table S1). 

RNAi against pgp-1 was used as a negative control because activity of the 
clone could easily be confirmed by its ability to suppress PGP-1::GFP 
expression (not shown). pgp-1 RNAi causes significantly compromised 
survival in the absence of toxin, however does not cause hypersensitivity 
to Cry5B PFT (Figure 3B, Table S1), demonstrating that compromised 
health per se does not lead to increased PFT sensitivity. To directly confirm 
that the observed Cry5B-hypersensitivity caused by rab-5 or rab-11.1 
RNAi was not due to general poor health, we tested survival on 2mM 
CuSO4 (simultaneously with the previous experiment and in identical 
setup). We found that at this dose, which causes a low fraction of lethality 
in C. elegans [17], RNAi against rab-5, rab-11.1, pgp-1, or sek-1 does not 
cause significant hypersensitivity (Figure 3C, Table S1). Based on our data 
that (1) diluted rab-5 and rab-11.1 RNAi permit normal development and 
survival in absence of toxin, (2) decreased survival of pgp-1 RNAi in the 
absence of PFT does not lead to increased PFT sensitivity, and (3) rab-5 
and rab-11.1 RNAi animals are not hypersensitive to CuSO4, we conclude 
that the PFT hypersensitivity caused by reduction of rab-5 and rab-11 
function is not due to overall compromised health, but that there is a 
specific role for RAB-5 and RAB-11-mediated vesicle-trafficking pathways 
in the affected tissue in PFT defense. 
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Figure 3. RAB-5 and RAB-11 are required for defense against Cry5B PFT. (A) rrf-
3(pk1426) animals after rab-5 or rab-11.1 RNAi are qualitatively hypersensitive to a low 
(10%) dose of E. coli-expressed Cry5B PFT after 48 hr exposure. Scale bar: 0.5 mm. (B) 
VP303 animals grown in liquid on rab-5, rab-11.1, or sek-1 RNAi bacteria show 
significantly decreased survival rates on 15 µg/mL purified Cry5B, whereas pgp-1 and 
empty vector (L4440) controls do not. (C) In simultaneously performed assays, RNAi 
treatments did not cause significant hypersensitivity to CuSO4. (B) and (C) show means of 
at least three independent experiments. Statistics indicate difference between toxin 
treatment and its accompanying no-toxin control for each RNAi treatment. 
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RAB-5 and RAB-11 are required for PFT-induced vesicle formation  

The formation of vesicles upon addition of PFT and the protective effect of 
RAB-5 and RAB-11 vesicle-trafficking pathways suggest that the vesicles 
themselves are involved in RAB-5 and RAB-11-mediated protection. This 
predicts the formation of these vesicles to be dependent upon RAB-5 
and/or RAB-11. To test this, we exposed PGP-1::GFP-expressing animals 
to diluted rab-5 or rab-11.1 RNAi (see Table S2) and subsequently to 
Cry5B. Both RNAi treatments caused significant inhibition of the PFT-
induced endocytic response, as measured by the fraction of animals 
showing PGP-1::GFP-containing intracellular vesicles (Figure 4A, B, Table 
S1). Furthermore, animals grown on rab-5 or rab-11.1 RNAi that still 
showed GFP relocalization in response to Cry5B generally contained less 
vesicles. Interestingly, RNAi against the p38 MAPKK sek-1 did not alter the 
endocytic response (Figure 4B, Table S1). No differences in PGP-1::GFP 
localization were noticed between controls and any of the RNAi-treated 
animals in the absence of toxin. These data indicate that there is a 
correlation between PFT protection and vesicle formation dependent upon 
RAB-5 and RAB-11, and that the p38 MAPK pathway is not likely to be 
upstream of this process in this time frame. The fact that RNAi of rab-11.1, 
which is involved in exocytosis, results in defects in endocytosis is likely a 
consequence of the fact that cells maintain a balance of endocytosis and 
exocytosis. Loss of exocytosis will therefore also result in rapid loss of 
endocytosis as cells naturally compensate to maintain homeostasis of the 
plasma membrane. 

 

Vesicle-trafficking pathways remove pores from the plasma 
membrane 

Vesicle-trafficking pathways may provide protection against PFTs by 
dynamically removing pores from the membrane, perhaps by endocytosis 
of pore-contaminated membrane [2,8,9]. To test whether pores were 
being removed from the membrane, we developed an in vivo assay 
involving the small dye propidium iodide (PI), commonly used to study the 
presence of membrane pores in vitro [9,11,12,34], inspired by a published 
assay for membrane integrity in C. elegans intestinal cells [35]. PI is 
membrane impermeable, and, when fed to live C. elegans, is restricted to 
the intestinal lumen (Figure 5A). The molecular diameter of PI is less than 
0.96nm [36], whereas the predicted pore size for Cry5B is 1 to 2nm [28]. 
When fed to worms in liquid in the presence of purified Cry5B for two 
hours, PI stains the cytosol of the intestinal cells (Figure 5B). The same 
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Figure 4. RAB-5 and RAB-11 are required for PFT-induced endocytosis. (A) PGP-
1::GFP animals show a diminished endocytic response to E. coli-expressed Cry5B PFT 
when grown on rab-5 or rab-11.1 RNAi. Images show anterior half of intestine. Scale bar: 
25 µm. (B) Fractions of population showing PGP-1::GFP on endocytic vesicles after RNAi 
against rab-5, rab-11.1, or sek-1, and subsequent exposure to E. coli-expressed Cry5B. 
L4440 is empty vector control. Means of at least six independent experiments. 

was observed when animals were exposed to E. coli-expressed Cry5B on 
solid medium and subsequently stained with PI (not shown). To confirm PI 
enters the cells via diffusion through pores and not via endocytosis like 
TRITC-BSA (see above), we studied uptake of the two dyes after a short 
exposure to PFT. We found that after a short (15 minutes) Cry5B 
exposure, small amounts of TRITC-BSA had entered the intestinal cells 
relative to what remained in the lumen, suggesting BSA uptake is rate-
limited, consistent with an endocytic process (Figure S5A). However, large 
amounts of PI had entered the cells relative to what was still present in the 
lumen (Figure S5B), consistent with passive diffusion of PI through pores. 
This finding is further reinforced by experiments below. 

To determine if cells are able to rectify membrane permeability to PI 
following PFT attack, we pulsed animals for 15 minutes with E. coli-
expressed Cry5B, and allowed 30 minutes or 24 hours recovery prior to 
staining with PI. We found that 92.6% of the animals have PI-permeable 
intestinal cells 30 minutes after the Cry5B pulse, whereas only 18.3% had 
PI-permeable intestinal cells 24 hours after the pulse (Figure 5C, Table  
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Figure 5. RAB-5 and RAB-11 are required for removal of PFT from the plasma 
membrane. (A) PI is restricted to the intestinal lumen when fed to C. elegans. PGP-
1::GFP marks the apical boundary of the intestinal cells. Scale bar: 25 µm. (B) PI stains 
the cytosol of the intestinal cells when animals are simultaneously exposed to purified 
Cry5B PFT for 2 hr. Scale as (A). (C) Fractions of population showing cytosolic PI staining 
after 0.5 or 24 hr recovery after a 15 minute pulse with E. coli-expressed Cry5B. After 0.5 
hr recovery all RNAi treatments resulted in statistically equal fractions of animals with 
compromised integrity (internalized PI) of the intestinal cells. The majority of control 
(L4440) animals and animals on pgp-1 RNAi have repaired their intestinal cells after 24 hr 
recovery. RNAi against rab-5 or rab-11.1 causes significantly impaired repair after 24 hr. 
Means of at least three independent experiments. 

S1). Thus, as judged by PFT-mediated permeabilization of intestinal cells 
to PI, 74.3% (92.6% - 18.3%) of wild-type animals are able to eliminate 
all pores from their membrane during the 24 hours following a brief PFT 
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pulse. During preliminary experiments we found intermediate fractions of 
animals showing membrane repair at time points between 0.5 – 24 h (not 
shown). Also, occasionally animals were found showing a mosaic repair 
pattern, i.e., some of the cells contained PI whereas others did not (Figure 
S5C), which was never observed after 30 minutes recovery. 

To confirm membrane repair can occur in a single animal, wild-type 
animals were pulsed with E. coli-expressed Cry5B, immediately stained 
with propidium iodide and then recovered. After six hours to allow repair of 
pores, the same worms were fed SYTOX Green, a dye that behaves 
identical to PI in this assay except that it fluoresces at a different 
wavelength. We found animals that showed PI localized to the cytosol, but 
SYTOX Green localized to the lumen (Figure S5D), indicating membrane 
repair can occur within a single animal. 

We next examined the requirement for RAB-5 and RAB-11 for pore 
elimination after a Cry5B pulse. While no differences are seen after 0.5 
hours recovery, animals grown and recovered on diluted rab-5 or rab-11.1 
RNAi bacteria show a significantly impaired restoration of membrane 
integrity compared to controls after 24 hours (Figure 5C, Table S1). pgp-1 
RNAi did not cause statistically different fractions of animals displaying 
cytosolic PI at 0.5 or 24 hours recovery (Figure 5C, Table S1). These data 
indicate that RAB-5 and RAB-11- controlled vesicle-trafficking pathways 
are required for effective membrane repair after an attack by PFT. In 
addition, they further confirm that PI enters cells via pores, since RAB-5 or 
RAB-11 knock down would be predicted to decrease rather than increase 
PI uptake by the cells if it were entering via endocytosis. 

Repair after physical damage to the plasma membrane requires Ca2+ influx 
through the lesions, which was also found to be true for repair of the large 
pores formed by SLO [9]. Extracellular Ca2+ is not likely required for repair 
of small pores formed by S. aureus α-toxin or V. cholerae VCC, as these 
are Ca2+-impermeable [37,38], although intracellular Ca2+-stores may still 
play a role. Based on analogy to Cry1Aa and Cry1Ac, Cry5B pores may 
however be permeable to Ca2+ [39]. To determine whether Ca2+ was 
required for defense against Cry5B, we exposed wild type animals to 
purified Cry5B in liquid media with or without Ca2+, and quantified survival. 
We found that absence of Ca2+ from the media did not significantly alter 
Cry5B sensitivity (Figure S5E). 
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RAB-11 is linked to PFT-induced expulsion of plasma membrane 
into the intestinal lumen 

To ascertain directly the consequences of PFT attack on the intestinal cells, 
C. elegans animals treated with Cry5B PFT for three hours were fixed, 
sectioned, and examined by transmission electron microscopy (EM). As a 
negative control, we fed Cry5B PFT to bre-5(ye17) mutant animals, which 
lack the receptor required for pore formation by Cry5B and hence are 
unaffected by the toxin [40]. Dramatic changes at the cell surface are 
evident in Cry5B-intoxicated intestinal cells, which show gaps in the 
regular arrangement of microvilli and a concomitant increase in 
membranes present in the lumen of the intestine relative to the unaffected 
bre-5(ye17) control animals (Figure 6A). These data strongly suggest that 
one response of the animals to PFT attack is to dislodge or expel microvilli 
from the cell surface, probably as a way to rapidly remove pores from the 
cell surface. To confirm that the bre-5 mutation did not alter our findings, 
we performed a similar EM experiment where we used wild-type animals 
fed empty-vector bacteria as a negative control instead. The results were 
consistent, as empty-vector control-treated wild-type animals looked 
comparable to bre-5(ye17) (non-intoxicated) animals treated with Cry5B, 
and wild-type animals treated with Cry5B looked similar in both 
experiments (Figure S6). 

To determine if microvilli expulsion is detectable in live animals, we 
exposed PGP-1::GFP-expressing animals to Cry5B PFT. We found an 
accumulation of detached, GFP-positive material in the lumen of the 
intestine of PFT-exposed animals (Figure 6B), consistent with our EM 
results that apical membrane is being dislodged into the intestinal lumen. 
Like the endocytosis phenotype, this is most obvious after two hours 
exposure to E. coli-expressed Cry5B (Figure 6B) but already visible after 
five minutes (Figure 6C). The membranous material appears to be 
detached from the intestinal cells, as it is sometimes encountered in the 
pharynx (Figure 6D) where pgp-1::gfp is not expressed (Figure 1A), likely 
resulting from backwards movement of luminal contents from the intestine 
into the pharynx. 

Since the expulsion or dislodging of plasma membrane into the lumen 
would necessitate a replenishment of plasma membrane at the cell surface 
via fusion of exocytic vesicles, we hypothesized that perturbation of 
vesicle-trafficking pathways would perturb this ejection. We performed 
RNAi of rab-5 or rab-11.1 on PGP-1::GFP animals and then exposed them 
to E. coli-expressed Cry5B as above, after which we examined the 
presence of unattached PGP-1::GFP in the intestinal lumen. We found that  
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Figure 6. Cry5B PFT induces expulsion of plasma membrane into the intestinal 
lumen. (A) EM images showing extensive damage to the microvilli of the intestinal cells 
following 3 hr E. coli-expressed Cry5B treatment. Unintoxicated controls (receptor-
negative bre-5(ye17) mutant) have healthy microvilli (left). Middle and right panels: 
intoxicated wild type animals. Intoxicated wild-type animals show microvilli deficiency 
(middle, arrow), and dislodged microvilli in intestinal lumen (right, arrows). Each panel 
shows a single focal plane from a different animal. All focal planes were analyzed to 
confirm the lack of microvilli or disconnection of membranous material. Scale bars: 0.5 
µM. (B) Deconvolved images showing PGP-1::GFP positive material in the intestinal lumen 
(arrows) after 2 hr exposure to E. coli-expressed Cry5B. Scale bar: 10 µm. (C) Confocal 
images showing debris in the lumen after 5 minutes exposure to E. coli-expressed Cry5B. 
Scale bar: 10 µm. (D) Fluorescence image showing PGP-1::GFP-labeled material in the 
posterior bulb of the pharynx (indicated by arrow) after exposure to E. coli-expressed 
Cry5B. Scale bar: 10 µm. (E) Fractions of animals containing luminal PGP-1::GFP-positive 
material after E. coli-expressed Cry5B PFT treatment. 

RNAi of rab-11.1, but not rab-5, leads to a statistically significant decrease 
in animals displaying PGP-1::GFP-positive membrane structures in the 
intestinal lumen (Figure 6E, Table S1). The lack of phenotype after rab-5 
RNAi in this assay might be explained by lack of penetrance with diluted 
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RNAi for this particular phenomenon. Thus, the expulsion or dislodging of 
material into the lumen of the intestine requires RAB-11, likely via fusion 
of vesicles with the plasma membrane. 

 

Discussion 

The data presented here are the first to directly correlate vesicle 
trafficking, plasma membrane repair, and survival after attack by a small-
pore bacterial PFT and to do so in an intact tissue in vivo. We show that 
(1) PFT intoxication triggers an increase in endocytosis in vivo, (2) loss of 
either of two key RAB proteins, RAB-5 and RAB-11, master regulators of 
early and recycling endosome functions, results in strong hypersensitivity 
to PFT and loss of cellular protection against PFT, (3) loss of RAB-5 and 
RAB-11 results in significant decreases in PFT-induced endocytosis, 
showing a correlation between RAB-5, RAB-11, PFT-induced endocytosis of 
the plasma membrane, and cellular protection, (4) RAB-5 and RAB-11 are 
required for normal recovery of plasma membrane integrity (membrane 
resealing) in vivo following PFT attack, and (5) RAB-11 is required for PFT-
induced expulsion of microvilli.  

Taken together, these data demonstrate that an attack on the plasma 
membrane by small-pore PFTs leads to a rapid (within 5 minutes) and 
dramatic increase in plasma membrane dynamics, i.e., an increase in 
endocytosis and expulsion of microvilli, that relies on both endocytic (RAB-
5) and exocytic (RAB-11) machinery and that functions to remove pores 
from the plasma membrane. Although we have not directly shown the 
presence of PFT on internalized or externalized membranes, we do 
demonstrate the removal of pores from the plasma membrane via PI 
permeability. Presence of PFTs on endosomes and externalized membranes 
has been seen or inferred in two studies in mammalian cells [7,9]. 

Our data appear to be consistent with a molecular-physical model that can 
explain how cells use vesicular trafficking pathways to repair membrane 
damage, the vertex fusion model [41]. Here, a large vesicle forms a patch 
by docking at the damaged section of plasma membrane via docking sites 
along the circumference of the patch, the vertex ring. Fusion between the 
two membranes then occurs along this vertex ring, excising a piece of 
damaged plasma membrane and releasing it [42]. (This is opposed to 
fusion via the expanding pore model, where all boundary membrane is 
converted to outside membrane [42].) In the case of membrane damaged 
by PFT, we hypothesize RAB-11’s role is to control assembly and 
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localization of the patch and/or to directly initiate vertex fusion, and that 
the dislodged microvilli represent the excised membrane, in this case 
released extracellularly (Figure 7). The role of RAB-5 in this model would 
be to use endocytosis to maintain homeostasis of the plasma membrane 
(Figure 7), as well as to contribute to pore removal via internalization (see 
below). The vertex fusion model for membrane repair was however 
proposed in the context of Ca2+-dependent repair [41], whereas we did not 
observe a requirement for Ca2+ (Figure S5E). 

Alternatively, PFT pores in the apical plasma membrane could be quickly 
detected, and taken up into the cells by RAB-5-controlled endocytosis. 
Pores are then potentially transported to the lysosomes for destruction. 
Simultaneous RAB-11-dependent exocytic events provide the new plasma 
membrane required to counterbalance the increased rates of endocytosis. 
These exocytosed vesicles could be derived from recycling endosomes or 
the trans-golgi network (with which Rab11 is known to interact [20,30]), 
or lysosomes (which are known to fuse with the plasma membrane in 
response to membrane damage [8]). Simultaneously, microvilli are 
expelled from the cell surface in a RAB-11-dependent fashion, via vertex 
fusion (see above), or through some other mechanism (Figure 7), thus 
also playing a significant role in the removal of pore-contaminated 
membrane. In this way, RAB-5-mediated endocytosis and RAB-11-
mediated exocytosis together play a role in removing pores from the 
membrane, while also balancing each other out to maintain plasma 
membrane homeostasis. The roles for RAB-5 and RAB-11 in PFT defense 
could be analogous to their functions during cytokinesis to reshape the 
plasma membrane [43]. In addition to removing pores, the dislodged 
microvilli might function to serve as decoys for unbound PFT, and to 
dramatically reduce the cell’s surface area so that the amount of pores 
relative to cell volume drops considerably and so that fewer PFTs insert de 
novo. 

This study is consistent with previous studies in mammalian cells, and 
closes important gaps in our understanding of cellular defenses against 
PFTs. Consistent with our findings, others have demonstrated that both 
large- and small-pore PFTs trigger endocytic [7,9,11,12] and exocytic 
[7,11,44] responses to PFTs in mammalian cells. Loss of microvilli has also 
been observed before in mammalian cells in response to small-pore and 
large-pore PFTs, such as the thermostable direct hemolysin produced by 
Vibrio parahaemolyticus [45] and streptolysin O (SLO) produced by 
Streptococcus pyogenes [46]. SLO also triggered shedding of 
microparticles from cells in vitro [47], and perforin was found to induce 
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Figure 7. Model for PFT pore removal by RAB-5 and RAB-11-dependent endo- 
and exocytosis. Microvilli containing PFT pores (red) are expelled from the apical cell 
surface through RAB-11-dependent vertex fusion (indicated with “V”) or some other 
mechanism. RAB-5-dependent endocytosis supports this process by maintaining 
membrane homeostasis through increased endocytosis (indicated by green arrow). 
Alternatively or in addition, pores are taken up from the plasma membrane into the cells 
by RAB-5-controlled endocytosis, and potentially transported to lysosomes. RAB-11-
controlled exocytosis may balance increased endocytosis (indicated by green arrow). 

membrane blebbing [10]. What is demonstrated here, is a direct 
correlation between these events and survival following PFT attack, and 
the central role played in this process by conserved RAB-5 (endocytic) and 
RAB-11 (exocytic) vesicle-trafficking pathways. The striking parallel 
between our results and those in mammalian cells indicate that what we 
characterize here likely has significant relevance to cellular responses of 
mammalian cells to PFTs. The C. elegans system therefore provides an 
important genetically tractable, in-vivo model for future studies that detail 
vesicle trafficking and other fundamental cell biological process important 
for survival following the most common mode of bacterial toxin attack. 

Some of the most problematic multi-drug resistant bacteria, e.g., MRSA 
(methicillin-resistant S. aureus), E. faecalis and S. pneumoniae [48], use 
PFTs as critical virulence factors. Elucidating host cell immunity towards 
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PFTs can lead to the development of drugs that fortify cellular defenses 
against PFTs by promoting protective molecular-physical pathways or by 
mimicking the way cells disarm PFTs, e.g., by introducing decoy 
membranes. Such therapeutics would neutralize a broad and important 
class of virulence factors and hence could provide continued protection 
against many problematical bacterial infections. In summary, we 
demonstrate that RAB-5 and RAB-11 direct vesicle-trafficking pathways 
that remove PFTs from the plasma membrane and provide cellular 
protection against the single largest class of bacterial protein toxins. 

 

Materials and Methods 

Strains, culture conditions, PFT use 

Worm strains used are outlined in Table S2 and were maintained as 
described [49]. Bacterial strains and culture conditions are detailed in 
Supplemental Materials and Methods. E. coli-expressed Cry5B was used for 
figures 1B, 1C, 2A, 3A, 4A, 4B, 5C, 6A, 6B, 6C, 6D, 6E, S1A, S4C, S4D 
S5C, S5D and S6. Purified Cry5B (prepared as described [50], but with 
omission of the sucrose gradient) was used for figures 2C, 2D, 3B, 5B, 
S2A, S5A, S5B and S5E. Cry21A and VCC were always administered 
expressed from E. coli or V. cholerae. 

 

Microscopy and image editing 

See Supplemental Materials and Methods. 

 

Endocytosis assays 

Exposure of L4 stage PGP-1::GFP, OPT-2::GFP and PGP-1::GFP; 
mCherry::RAB-5 animals to OP50-Cry5B, OP50-Cry21A (OP50-pQE9 
empty vector used as no-toxin control), P. aeruginosa (E. coli OP50 used 
as control), or V. cholerae was done as described, except 5-fluoro-2′-
deoxy-uridine (FUdR) was omitted for P. aeruginosa [16,17,51,52]. L4 
PGP-1::GFP animals were exposed in 48-wells plates to M9 with 10mM 
CuSO4, 400mM NaCl or water control. 35°C heat shock was delivered on 
NGM plates without bacteria. Animals were scored as showing an endocytic 
response when the GFP marker was robustly found on more than 10 
intracellular vesicles in the anterior half of the intestine. Signals in the UV 
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channel were used to distinguish between GFP-positive vesicles and 
autofluorescent gut granules [29]. At least three independent repeats were 
performed for each experiment with at least 30 animals per treatment. 

To determine endocytosis after RNAi treatment, PGP-1::GFP animals were 
synchronized to the L1 stage by hypochlorite treatment and overnight 
starvation in M9 media at room temperature, and then seeded onto RNAi 
plates (see Supplemental Materials and Methods) and grown to the L4 
stage at 20°C, before being exposed to OP50-Cry5B for two hours at 20°C. 
Animals were scored as above, and at least six independent repeats were 
done, with at least 24 animals per treatment. 

Tetramethylrhodamine isothiocyanate-labeled albumin (TRITC-BSA) 
staining was based on published protocols [26,53]. TRITC-BSA was 
cleaned on a 10,000 MW centricon (Millipore) before use to remove any 
unbound TRITC. Synchronized L4 animals were incubated 15 minutes at 
20°C in S-media [51] with 5 mg/mL serotonin (5-HT) (Sigma) (explained 
below) and 80 µg/mL TRITC-BSA (Invitrogen) in a 96-wells plate. Then, 
purified Cry5B to 1 or 15 µg/mL final concentration, or Hepes pH8.0 to 
1mM (no-toxin control) was added. After two hours incubation at 20°C, 
worms were transferred to presiliconized 1.6 mL microcentrifuge tubes 
(National Scientific Supply Co), washed three times, and imaged (see 
Microscopy and image editing). Three independent experiments were 
performed, with 10-17 animals per treatment. 

When exposed to Cry5B, C. elegans rapidly ceases feeding [23]. We found 
that feeding on Cry5B could be forced to continue by administration of 
exogenous serotonin (5-HT), a known regulator of feeding behavior [54]. 
Hence 5-HT was added to equalize the amount of dye ingested by animals 
treated with different Cry5B doses.  

  

Toxicity assays 

Qualitative toxicity assays after RNAi treatment were based on a published 
protocol [51]. Synchronized L1 rrf-3(pk1426) animals were grown to L4 
stage on RNAi at 20°C, after which they were transferred to OP50-Cry5B 
plates. Worms were then incubated at 20°C, and observed and imaged 
after 48 hours. At least three repeats were performed for each condition, 
with at least 15 animals per treatment. 

Cry5B survival assays with RNAi in liquid were based on a published 
protocol [18]. RNAi-bacteria were grown overnight at 37°C in LB media 
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with 1 µg/mL carbenicillin. dsRNA expression was induced by incubating 
with 1mM IPTG for one hour at 37°C while shaking. Bacteria were pelleted 
and resuspended in an equal volume of S-media, and rab-5 and rab-11.1 
clones were then diluted 1:6 with pL4440. Synchronized L1 VP303 animals 
were grown to the L4 larval stage in 48 wells plates on RNAi bacteria in S-
media, in ~40 hours at 25°C while gently shaking. Then, FUdR to 200µM 
final (to inhibit development of the F1 generation), and either purified 
Cry5B to 15 µg/mL, Hepes pH 8.0 to 0.5 mM (no-Cry5B control), CuSO4 to 
2 mM, or ddH2O (no-CuSO4 control) were added. This was incubated six 
days at 25°C while gently shaking, after which worms were scored for 
survival. Animals were scored as dead if no activity was observed after 
prodding an animal three times with a worm picker. At least three 
independent assays were performed for each treatment, with per assay 
three identical wells with ~20 animals.  

 

Pore repair assay 

Synchronized L1 rrf-3(pk1426) animals were grown on RNAi at 20°C. L4 
stage animals were transferred from RNAi to an OP50-Cry5B plate, and 
incubated for 15 minutes at 20°C. After this Cry5B pulse, worms were 
transferred to fresh RNAi plates and allowed to recover at 20°C for 0.5 or 
24 hours. They were then transferred to presiliconized microcentrifuge 
tubes with M9 with 5 mg/mL serotonin and incubated 15 minutes at 20°C 
while shaking, after which propidium iodide (Sigma) was added to 6.7 
µg/mL. This was incubated 45 minutes at 20°C while shaking, after which 
worms were washed twice with M9 media and mounted on slides. Animals 
were scored positive for cytosolic PI staining if at least one of the 
enterocytes in the anterior half of the animal was filled with propidium 
iodide. At least three independent repeats were performed, with ~30 
animals per treatment. For Figure 5A, B, animals were treated in wells 
containing S-media, Hepes (1 mM pH 8.0) or Cry5B (33.5 µg/mL), and PI, 
for 2 hr at 20° C. 

 

Statistical analyses 

Statistical analyses were performed using JMP 8 software (SAS Institute). 
Fractions of the population showing endocytosis in the PGP-1::GFP assay 
were compared by one-way ANOVA (CuSO4 and NaCl assay) or student’s t-
test (remaining data sets in Table S1). Fractions of animals alive in the 
Cry5B and CuSO4 liquid assays (Figure 3B, C, S5E), and fractions of 
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animals showing cytosolic staining in the pore repair assays (Figure 5C) 
were compared using two-way ANOVA with Tukey's post test. Relative 
levels of TRITC-BSA fluorescence or autofluorescence intensity (Fig. 2D, 
S2B) were compared with one way ANOVA with Tukey's post test. See 
Table S1 for mean values and standard error of the mean found for all 
experiments, and confidence limits and P-values calculated with JMP 8. 
Graphs were prepared using GraphPad Prism 5 software (GraphPad, San 
Diego, CA). 
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Supplemental Figures and Tables 

	  
Figure S1. PFTs, but not other stressors, induce relocalization of apical plasma 
membrane markers to intracellular vesicles. (A) OPT-2::GFP can be seen relocalized 
to intracellular vesicular structures (indicated by arrows in blow up), after two hours 
exposure to E. coli-expressed Cry5B. Panels and scale bars are as in Figure 1b. (B) 
Deconvolved images showing that 2 hr exposure to E. coli expressing Cry21A induces 
relocalization of PGP-1::GFP to intracellular vesicular structures (indicated by arrows), 
whereas 2 hr exposure to control bacteria does not. Scale bars are as in (A). (C) 
Fluorescence images showing that two hours exposure to 10mM CuSO4 or 400mM NaCl 
does not induce relocalization of PGP-1::GFP. Scale bar: 50 µm. 
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Figure S2. Two hours of exposure to Cry5B does not alter levels of 
autofluorescence. (A) Two hr treatment with 1µg/ml purified Cry5B PFT does not 
qualitatively alter autofluorescent gut granules (images taken during TRITC-labeled BSA 
experiment, Fig. 2C, D). Scale bar: 25 µm. (B) Quantifications of autofluorescence, after 
treatment with 0, 1 or 15 µg/ml purified Cry5B PFT, show PFTs do not cause increased 
autofluorescence intensity. ns not significant. 

 
Figure S3. Amino acid sequence alignment of Rab11 family proteins. Amino acid 
sequence alignment of Homo sapiens Rab11A, Rab11B, and Rab25, and Caenorhabditis 
elegans RAB-11.1 and RAB-11.2, showing high sequence identity between the five, except 
for a 20-30 amino acid stretch near the C-terminal region. 
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Figure S4. Diluted RNAi reduces gene expression for rab-5 and rab-11.1 and 
other genes in the rab-5 pathway mutate to hypersensitivity to PFT. (A) 1:100 
rab-5 RNAi leads to suppression of expression of a RAB-5::GFP marker. Scale bar: 0.25 
mm. (B) 1:100 rab-11.1 RNAi leads to suppression of RAB-11.1::GFP expression. Scale as 
(A). (C) vps-45(tm246) and rabx-5(ok1763) mutants exposed to a low dose of E. coli-
expressed Cry5B for 48 hr show qualitative hypersensitivity. Scale bar: 0.5mm. (D) rrf-
3(pk1426) animals treated with RNAi against vps-45 show mild hypersensitivity after 48 
hr exposure to E. coli-expressed Cry5B. Scale bar: 0.5mm. 
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Figure S5. TRITC-BSA and PI uptake appear to follow different kinetics upon 
exposure to Cry5B and demonstration of membrane resealing in a single animal. 
For these experiments, wild-type animals were pre-fed TRITC-BSA or PI in wells. After 1 
hr, purified Cry5B was added to 15 µg/mL. Animals were examined after 15 minutes of 
exposure to PFT. (A) TRITC-BSA in control-treated (no toxin; left panel) and Cry5B-
treated (right panel) animals. Scale bar: 50 µM. (B) PI in control-treated (no toxin; left 
panel) and Cry5B-treated (right panel) animals. (C) Animal pulsed for 15 minutes with E. 
coli-expressed Cry5B and recovered 5 hr before staining with PI, showing a mosaic repair 
pattern. The majority of intestinal cells are negative for PI, but several have still taken up 
the dye (indicated with arrows). Scale as (A). (D) Animal pulsed for 15 minutes with E. 
coli-expressed Cry5B, immediately stained with PI, then recovered 6 hr and stained with 
SYTOX Green. Merged image shows PI (red), SYTOX Green (green) and autofluorescence 
(blue). PI localizes to the cytosol of intestinal cells while SYTOX Green localizes to the 
intestinal lumen, indicating that cells that were initially permeable to dye have restored 
membrane integrity over the course of 6 hr. Scale bar: 50 µM. (E) Fractions of animals 
surviving the indicated doses of purified Cry5B in presence or absence of Ca2+ after 8 
days, showing the absence of Ca2+ does not significantly influence survival. Statistics 
indicate difference between control and no-Ca2+ for each Cry5B concentration. Means of 
three experiments. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S6. Cry5B PFT induces expulsion of plasma membrane into the intestinal 
lumen. After 1 hr exposure to E. coli not expressing Cry5B, unintoxicated wild-type 
animals show intact microvilli (left). After 1 hr exposure to E. coli-expressed Cry5B, 
intoxicated wild-type animals show disappearance of microvilli (middle and right; 
indicated by arrow) and presence of membranous debris (right; indicated by arrow). Scale 
bar: 2 µm (left), 500 nm (middle), 200 nm (right). 
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Table S1. Statistical analyses of data. 
condition 
A1 

condition 
B1 

mean 
A1 

S.E.M. 
A1 

mean 
B1 

S.E.M. 
B1 

diffe-
rence2 

lower 
CL3 

upper 
CL3 

p 
value3 

sum-
mary4 

fractions of animals showing PGP-1::GFP relocalization to intracellular vesicles 

Cry5B empty vector 0.9691 0.018 0 0 0.9691 0.919 1.0192 <0.0001 *** 

Cry21A empty vector 0.9239 0.0389 0 0 0.9239 0.8159 1.0319 <0.0001 *** 

VCC+ VCC- 0.4841 0.1278 0.0188 0.0188 0.4654 0.1493 0.7815 0.0113 * 

PA14 OP50 0 0 0 0 0 - - - ns 

10mM CuSO4 control 0 0 0 0 0 - - - ns 

400mM NaCl control 0 0 0 0 0 - - - ns 

35°C 20°C 0 0 0 0 0 - - - ns 

TRITC-BSA fluorescence intensity (Figure 2D) 
1 µg/ml 
Cry5B 

0 µg/ml 
Cry5B 2.9955 0.3172 1 0 1.9955 1.1438 2.8472 0.0009 *** 

15 µg/ml 
Cry5B 

0 µg/ml 
Cry5B 2.2034 0.1224 1 0 1.2034 0.3517 2.0551 0.0116 * 

1 µg/ml 
Cry5B 

15 µg/ml 
Cry5B 2.9955 0.3172 2.2034 0.1224 0.7921 -0.0596 1.6438 0.0653 ns 

autofluorescence intensity (Figure S2) 
1 µg/ml 
Cry5B 

0 µg/ml 
Cry5B 0.9607 0.0364 1 0 0.0393 -0.1605 0.239 0.8236 ns 

15 µg/ml 
Cry5B 

0 µg/ml 
Cry5B 0.8353 0.0709 1 0 0.1647 -0.035 0.3645 0.0982 ns 

1 µg/ml 
Cry5B 

15 µg/ml 
Cry5B 0.9607 0.0364 0.8353 0.0709 0.1255 -0.0743 0.3252 0.2114 ns 

survival on Cry5B with RNAi (Figure 3B) 
1:6 rab-5 (no 
toxin) 

empty vector 
(no toxin) 0.7183 0.0354 0.9523 0.031 0.234 -0.0417 0.5096 0.1621 ns 

1:6 rab-11.1 
(no toxin) 

empty vector 
(no toxin) 0.9101 0.0326 0.9523 0.031 0.0422 -0.2334 0.3179 1 ns 

pgp-1 (no 
toxin) 

empty vector 
(no toxin) 0.658 0.0492 0.9523 0.031 0.2943 0.0187 0.57 0.0278 * 

sek-1 (no 
toxin) 

empty vector 
(no toxin) 0.6779 0.1009 0.9523 0.031 0.2744 -0.0013 0.55 0.052 ns 

1:6 rab-5 
(15µg/ml 
Cry5B) 

empty vector 
(15µg/ml 
Cry5B) 0.3212 0.009 0.7642 0.0494 0.443 0.1674 0.7187 0.0001 *** 

1:6 rab-11.1 
(15µg/ml 
Cry5B) 

empty vector 
(15µg/ml 
Cry5B) 0.0734 0.0268 0.7642 0.0494 0.6908 0.4152 0.9665 <0.0001 *** 

pgp-1 
(15µg/ml 
Cry5B) 

empty vector 
(15µg/ml 
Cry5B) 0.4802 0.11 0.7642 0.0494 0.2841 0.0084 0.5597 0.0385 * 

sek-1 
(15µg/ml 
Cry5B) 

empty vector 
(15µg/ml 
Cry5B) 0.0161 0.0057 0.7642 0.0494 0.7481 0.4725 1.0238 <0.0001 *** 

empty vector 
(no toxin) 

empty vector 
(15µg/ml 
Cry5B) 0.9523 0.031 0.7642 0.0494 0.1881 -0.8756 0.4637 0.4428 ns 

1:6 rab-5 (no 
toxin) 

1:6 rab-5 
(15µg/ml 
Cry5B) 0.7183 0.0354 0.3212 0.009 0.3972 0.1215 0.6728 0.0007 *** 

1:6 rab-11.1 
(no toxin) 

1:6 rab-11.1 
(15µg/ml 
Cry5B) 0.9101 0.0326 0.0734 0.0268 0.8367 0.561 1.1123 <0.0001 *** 

pgp-1 (no 
toxin) 

pgp-1 
(15µg/ml 
Cry5B) 0.658 0.0492 0.4802 0.11 0.1778 -0.0978 0.4535 0.5261 ns 

sek-1 (no 
toxin) 

sek-1 
(15µg/ml 
Cry5B) 0.6779 0.1009 0.0161 0.0057 0.6618 0.3862 0.9375 <0.0001 *** 

survival on CuSO4 with RNA (Figure 3C) 
1:6 rab-5 (no 
toxin) 

empty vector 
(no toxin) 0.6798 0.0903 0.9896 0.0104 0.3098 -0.0184 0.6379 0.0781 ns 

1:6 rab-11.1 
(no toxin) 

empty vector 
(no toxin) 0.9639 0.0048 0.9896 0.0104 0.0257 -0.3024 0.3539 1 ns 

pgp-1 (no 
toxin) 

empty vector 
(no toxin) 0.6311 0.0851 0.9896 0.0104 0.3585 0.0547 0.6623 0.0106 * 

sek-1 (no 
toxin) 

empty vector 
(no toxin) 0.7983 0.109 0.9896 0.0104 0.1913 -0.1368 0.5195 0.6512 ns 

1:6 rab-5 
(2mM 
CuSO4) 

empty vector 
(2mM 
CuSO4) 0.5995 0.0563 0.9091 0.0084 0.3096 -0.0185 0.6378 0.0784 ns 

1:6 rab-11.1 
(2mM 
CuSO4) 

empty vector 
(2mM 
CuSO4) 0.8812 0.0178 0.9091 0.0084 0.0279 -0.3003 0.356 1 ns 

pgp-1 (2mM 
CuSO4) 

empty vector 
(2mM 
CuSO4) 0.7475 0.0514 0.9091 0.0084 0.1616 -0.1423 0.4654 0.7615 ns 

sek-1 (2mM 
CuSO4) 

empty vector 
(2mM 
CuSO4) 0.8154 0.0394 0.9091 0.0084 0.0937 -0.2345 0.4219 0.9962 ns 

empty vector 
(no toxin) 

empty vector 
(2mM 0.9896 0.0104 0.9091 0.0084 0.0805 -0.2233 0.3843 0.998 ns 
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CuSO4) 

1:6 rab-5 (no 
toxin) 

1:6 rab-5 
(2mM 
CuSO4) 0.6798 0.0903 0.5995 0.0563 0.0803 -0.2705 0.4311 0.9995 ns 

1:6 rab-11.1 
(no toxin) 

1:6 rab-11.1 
(2mM 
CuSO4) 0.9639 0.0048 0.8812 0.0178 0.0826 -0.2682 0.4334 0.9993 ns 

pgp-1 (no 
toxin) 

pgp-1 (2mM 
CuSO4) 0.6311 0.0851 0.7475 0.0514 0.1164 -0.1874 0.4202 0.9636 ns 

sek-1 (no 
toxin) 

sek-1 (2mM 
CuSO4) 0.7983 0.109 0.8154 0.0394 0.0171 -0.3337 0.3679 - ns 

inhibition of endocytosis response (Figure 4B) 

1:10 rab-5 empty vector 0.5164 0.0881 0.8839 0.0395 0.3674 0.1347 0.6002 0.0007 *** 
1:10 rab-
11.1 empty vector 0.2951 0.0571 0.8839 0.0395 0.5888 0.356 0.8216 <0.0001 *** 

sek-1 empty vector 0.8401 0.0387 0.8839 0.0395 0.0437 -0.1891 0.2765 0.9814 ns 

pore removal after Cry5B pulse (Figure 5C) 
1:100 rab-5 
(0.5 hrs) 

empty vector 
(0.5 hrs) 0.8501 0.0127 0.9262 0.0259 0.076 -0.0667 0.2188 0.76 ns 

1:100 rab-
11.1 (0.5 
hrs) 

empty vector 
(0.5 hrs) 0.9075 0.0422 0.9262 0.0259 0.0187 -0.1241 0.1615 1 ns 

pgp-1 (0.5 
hrs) 

empty vector 
(0.5 hrs) 0.9383 0.0617 0.9262 0.0259 0.0121 -0.1307 0.1549 1 ns 

1:100 rab-5 
(24 hrs) 

empty vector 
(24 hrs) 0.4625 0.0324 0.1829 0.0136 0.2797 0.1369 0.4224 <0.0001 *** 

1:100 rab-
11.1 (24 hrs) 

empty vector 
(24 hrs) 0.7712 0.0304 0.1829 0.0136 0.5884 0.4456 0.7311 <0.0001 *** 

pgp-1 (24 
hrs) 

empty vector 
(24 hrs) 0.2845 0.0124 0.1829 0.0136 0.1016 -0.0412 0.2443 0.3682 ns 

empty vector 
(0.5 hrs) 

empty vector 
(24 hrs) 0.9262 0.0259 0.1829 0.0136 0.7433 0.6267 0.8599 <0.0001 *** 

1:100 rab-5 
(0.5 hrs) 

1:100 rab-5 
(24 hrs) 0.8501 0.0127 0.4625 0.0324 0.3876 0.2228 0.5525 <0.0001 *** 

1:100 rab-
11.1 (0.5 
hrs) 

1:100 rab-
11.1 (24 hrs) 0.9075 0.0422 0.7712 0.0304 0.1362 -0.0286 0.3011 0.1835 ns 

pgp-1 (0.5 
hrs) 

pgp-1 (24 
hrs) 0.9383 0.0617 0.2845 0.0124 0.6538 0.489 0.8187 <0.0001 *** 

survival on Cry5B ± Ca2+ (Figure S5E) 
+ Ca2+ (0 
µg/ml Cry5B) 

+ Ca2+ (5 
µg/ml Cry5B) 0.9646 0.0115 0.4662 0.1151 0.4984 0.1992 0.7976 0.0006 *** 

+ Ca2+ (0 
µg/ml Cry5B) 

+ Ca2+ (7.5 
µg/ml Cry5B) 0.9646 0.0115 0.3167 0.0611 0.6479 0.3487 0.9471 <0.0001 *** 

+ Ca2+ (0 
µg/ml Cry5B) 

+ Ca2+ (10 
µg/ml Cry5B) 0.9646 0.0115 0.1716 0.0558 0.793 0.4938 1.0921 <0.0001 *** 

+ Ca2+ (0 
µg/ml Cry5B) 

- Ca2+ (0 
µg/ml Cry5B) 0.9646 0.0115 0.94 0.0153 0.0245 -0.2746 0.3237 1 ns 

+ Ca2+ (5 
µg/ml Cry5B) 

- Ca2+ (5 
µg/ml Cry5B) 0.4662 0.1151 0.49701 0.059 0.0308 -0.2683 0.33 0.9999 ns 

+ Ca2+ (7.5 
µg/ml Cry5B) 

- Ca2+ (7.5 
µg/ml Cry5B) 0.3167 0.0611 0.3205 0.0448 0.0038 -0.2953 0.303 - ns 

+ Ca2+ (10 
µg/ml Cry5B) 

- Ca2+ (10 
µg/ml Cry5B) 0.1716 0.0558 0.1642 0.0627 0.0074 -0.2918 0.3066 1 ns 

debris (Figure 6E) 

empty vector 1:10 rab-5 0.7848 0.0434 0.5624 0.0882 0.2224 -0.113 0.5578 0.1847 ns 

empty vector 
1:10 rab-
11.1 0.7848 0.0434 0.3222 0.1336 0.4625 0.1271 0.7979 0.013 * 

1Conditions A and B are the two treatments that are compared, with corresponding mean and standard error of 
the mean (S.E.M.). 
2Difference between the two means A and B. 
3Statistical tests used for calculation of upper and lower confidence limits (CL), and P-value described in 
materials and methods. 
4ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001. 
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Table S2. Worm strains and RNAi dilutions used  

strain figure genotype 
RNAi 

sensitivity1 RNAi dilution2 reference 

N2 
2C, D; 5D; 
6A; S2A, B; 
S5A-D; S6 

wild type NA  [9] 

NL2099 3A; 5C, S4D  rrf-3(pk1426) HS 1:100 [10] 

VP3033 3B, C  rde-1(ne219); 
KbIs7[nhx-2P::rde-1] 

sensitive in 
intestine; otherwise 

R 
1:6 [11,12,13] 

GK2884 
1A-D; 4A, B; 
5A, B; 6B-E; 

S1B, C 

unc-119(ed3); dkI5166 
[opt-2P::GFP::pgp-1, 

unc-119(+)] 
WT 1:10 [14] 

- S1A pKN114 
[opt-2P::GFP::opt-2]5 NA  [15] 

RT327 S4A 
unc-119(ed3);pwIs72 
[vha-6P::GFP::rab-5, 

unc-119(+)] 
WT 1:100 [16] 

RT311 S4B 
unc-119(ed3);pwIs69 

[vha-6P::GFP::rab-11.1, 
unc-119(+)] 

WT 1:100 [16] 

HY8476 2A, B  

dkI5166; pwIs493 
[opt-2P::pgp-1::GFP, 

unc-119(+); 
vha-6P::mCherry::rab-5, 

unc-119(+)] 

NA  this study 

HY498 6A bre-5(ye17) NA  [17] 

FX11552 S4C vps-45(tm246) NA  [18] 

VC12827 S4C rabx-5(ok1763) NA  this study 

Unless noted, strains were outcrossed at least four times and obtained from the C. elegans Genomics Center 
(CGC). 

1NA = not applicable (not used for RNAi); WT = wild-type sensitivity; R = resistant; HS = hypersensitive. 
2Dilution of rab-5 and rab-11.1 RNAi bacteria in empty vector (pL4440) control bacteria, as used in this study. 
Other RNAi bacteria used (pgp-1, sek-1) were not diluted in any of the experiments. The dilutions of rab RNAis 
used were the lowest dilutions (highest doses of RNAi) at which development from L1 to L4 stage still appeared 
qualitatively normal. Different dilutions were used because different worm strains have different sensitivities to 
RNAi. NL2099 is more sensitive to RNAi and required a higher dilution (1:100) of RNAi bacteria to permit normal 
development than GK288, which has WT RNAi sensitivity (1:10 dilution). VP303 assays were carried out in 
liquid, which we empirically found required a 1:6 dilution to permit normal development; this dose also did no 
lead to significant lethality in the absence of Cry5B compared to the no-RNAi (L4440) control (p > 0.05, Table 
S1). RT327 and RT311 have wild-type sensitivity to RNAi, but to be conservative and show that the RNAi would 
have an effect even at a greater dilution, we used a 1:100 dilution of RNAi bacteria in these experiments. 
3Outcrossed 3 times. Gift from Kevin Strange. 
4Gift from Ken Sato. The unc-119(ed3) allele was possibly during backcrossing to wild type. 
5Gift from Keith Nehrke. 
6Created by crossing strains GK288 and RT1102 ([16]; gift from Barth Grant) via N2. The unc-119(ed3) allele 
was possibly lost in the cross. 
7Outcrossed 1 time. 

 

Supplemental Materials and Methods 

Strains, culture conditions, PFT use 

E. coli empty-vector control and Cry5B expressing strains were JM103-
pQE9 and JM103-Cry5B (used for Figure 6A) or OP50-pQE9 and OP50-
Cry5B (used for all other experiments). RNAi strains were E. coli HT115 
with pL4440 vector derived from the Ahringer RNAi library [1] except for 
rab-11.1 (gift from Barth Grant). RNAi clones were confirmed by plasmid 
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DNA sequencing. Pseudomonas aeruginosa strain PA14 [2], and Vibrio 
cholerae strains CVD109 Δ(ctxAB zot ace) and CVD110 Δ(ctxAB zot ace) 
hlyA::(ctxB mer) Hgr were used for treatment of the PGP-1::GFP worm 
strain as described [3]. 

Bacteria were cultured in LB (E. coli, V. cholerae) or tryptic soy broth (P. 
aeruginosa), at 30°C (V. cholerae) or 37°C (E. coli, P. aeruginosa), as 
described [4-6].  

RNAi plates were prepared as follows. HT115 RNAi-bacteria were grown 
overnight at 37°C in LB media with 1 µg/mL carbenicillin. 1:10 dilutions of 
rab-5 and rab-11.1 RNAi were made by combining one part RNAi culture 
with nine parts pL4440 (empty vector) bacteria, after diluting the cultures 
with LB to equal OD600 values. NG-IA plates, NG plates containing 100 µM 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) and 50 µg/mL ampicillin, 
were spread with 100µl culture, and incubated overnight at 25°C. 

 

Microscopy and image editing 

Images from qualitative toxicity assays were obtained from the assay 
plates, using an Olympus SZ60 dissecting microscope linked to a Canon 
Powershot A620 digital camera, and using Canon Remote Capture software 
(Figure 3A), or using an Olympus SZX12 dissecting scope, a Spot Insight 
CCD camera and Spot software (Diagnostic Instruments). For all other 
microscopy, worms were mounted in 10mM levamisole or 0.1% NaN3 in 
M9, on slides made with 2% agar in M9 without or with 0.1% NaN3 
respectively. Scoring and imaging of fluorescently labeled worms was 
performed using one of the following systems. An Olympus BX60 
compound microscope with an UplanFl 10x/0.25NA, UplanFl 40x/0.75NA, 
or UplanFl 100x/1.30 objective, mounted to a Spot Insight CCD camera 
and using Spot software (used for Figure 1A, 4A, 5A, 5B, 6D, S1A, S1C, 
S4A, S4B, S5A, S5B). An SP2 confocal microscope, using a 63x/1.32NA 
PlanApo objective (Leica) (used for Figure 1B, 1C, 6C). A Delta Vision 
system (Applied Precision) (an IX70 inverted compound microscope with 
60x/1.4NA PlanApo objective (Olympus) and CoolSnap HQ2 camera 
(Photometrics)), by acquiring z-stacks of the entire intestine that were 
subsequently deconvolved with SoftWorx software (Applied Precision) 
(used for Figure 1D, 2A, 2B, 2C, 6B, S1B, S2A). 

Editing of fluorescence images was performed in Photoshop CS3 (Adobe), 
and consisted of one or more of the following: false coloring, rotation, 
cropping, histogram stretching, or gamma adjustment. No gamma 
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adjustment was performed when quantifications of fluorescence intensity 
were done. Images from the same experiment were always edited and 
scaled identically. 

For the TRITC-BSA assay, the brightest optical section from each image z-
stack was used for quantification of fluorescence. A box was drawn around 
the eight anterior-most enterocytes of which the average fluorescence 
intensity was determined using NIH Image-J software. From this the 
background signal was subtracted, determined by drawing a box and 
measuring the average fluorescence intensity outside the animal in the 
same image. Preliminary experiments performed with texas-red labeled 
BSA showed markedly faster uptake of the dye in control animals 
compared to TRITC-BSA, but fluorescence was still strongly increased 
when Cry5B was present. TRITC-BSA was used because its fluorescence 
properties better matched our filter sets. 

For electron microscopy, worms were prepared according to the "thick 
paste" method previously detailed [7]. Images of 70 nm thick Epon 
sections were collected on an FEI Tecnai 12 transmission electron 
microscope operating at 120 kV. At least 14 focal planes were imaged for 
each animal. 

 

Toxicity assays 

Assays to determine the requirement of Ca2+ for PFT defense were 
performed in liquid as described [6]. For the no-Ca2+ treatment, Ca2+ in 
the S-media was substituted with ddH2O. In short, worms were grown to 
the L4 stage as normal (with normal levels of Ca2+ present). Then, worms, 
as well as bacteria, were washed twice with S-media plus or minus Ca2+ 
and then transfered to wells with purified Cry5B or 1mM Hepes pH8.0 (no-
toxin control), and either no Ca2+ or normal amounts (3 mM) of Ca2+. 
Survival was scored after 8 days incubation at 20°C. Three independent 
experiments were performed, with triplicate wells for each dose of Cry5B 
in each experiment, and ~20 animals per well. 

 

Pore repair assay 

To image pore repair in a single animal, PI and SYTOX Green (Invitrogen) 
dyes were used. Wild-type animals were pulsed for 15 min with E. coli-
Cry5B, and immediately stained with PI (see Experimental Procedures). 
Instead of directly imaging the animals, they were transferred to a 
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maintenance plate and allowed to recover for 6 hr. After this recovery the 
same animals were stained a second time, using 6 µM SYTOX Green 
instead of PI. The animals, now containing two dyes, were then imaged as 
described above (Microscopy and image editing). We observed animals 
that 1) had both dyes in the cytosol of the intestinal cells (no repair had 
occurred), or 2) had PI in the cytosol but SYTOX Green localized strictly to 
the intestinal lumen (cells that were permeable during PI staining, were no 
longer permeable 6 hr later when the SYTOX Green staining was done, 
shown in Figure S5D), or 3) a low number animals that had both dyes 
confined to the lumen (the membrane was not permeabilized during the 
pulse). It is of note that PI has been published to localize to the C. elegans 
intestinal cell nuclei almost instantaneously after acquiring extensive 
membrane damage [8]. We observed that in dead worms, PI also localizes 
to nuclei rapidly, and to nuclei of all cells rather than just those of the 
intestine. In live cells permeabilized by Cry5B in the C. elegans intestine, 
PI also accumulates in the intestine, however at much slower rates. (Some 
enrichment of PI in the nuclei can be seen in Figure S5B.) When the 
duration of the PI staining on the live, Cry5B-treated animals is extended 
further, more PI can be seen to accumulate in the nuclei (not shown). 
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Abstract 

Pore-forming toxins (PFTs) constitute the largest class of weaponry 
that pathogenic bacteria use to attack susceptible hosts, and act to 
perforate host cell plasma membranes. A significant body of evidence 
implicates the nervous system in host defense against bacterial 
infections, including in the nematode Caenorhabditis elegans. 
Although several cellular PFT defense mechanisms and pathways 
have been elucidated, to date all these defenses where found to 
function in the tissue that is directly under attack by the PFT. C. 
elegans is a proven model to study the innate immune and nervous 
systems, and the crosstalk between the two. Using this model, we 
find that the Goα-homolog goa-1 independently regulates a 
behavioral and a molecular defense mechanism against PFTs. We 
furthermore find that the calcium activator for protein secretion (CAPS) 
homolog unc-31 is part of a molecular PFT defense pathway that is 
hypothesized to function independently from goa-1. The behavioral 
response to PFTs comprises an inhibition of feeding behavior, which 
can be counteracted by administration of exogenous serotonin (5-
HT). This 5-HT effect on PFT-induced inhibition of feeding is 
conserved in the lepidopteran Spodoptera frugiperda, and 5-HT 
causes abnormal growth in these insects in the absence of PFT. In C. 
elegans as well as S. frugiperda, 5-HT causes hypersensitivity to 
PFTs, but this appears to be part of generally induced ill health rather 
than a mechanism specific to PFTs. 
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Introduction 

Bacterial infectious diseases rank worldwide among the top leading causes 
of death, the main ones being tuberculosis, caused by Mycobacterium 
tuberculosis, and lower respiratory tract infections, a major causative 
agent of which is Streptococcus pneumoniae [1,2]. M. tuberculosis and S. 
pneumoniae both produce virulence factors that fall into the class of 
bacterial pore forming toxins (PFTs) [3,4], which constitute the largest 
class of virulent bacterial proteins [5,6]. Many other well-known 
pathogenic bacteria produce PFTs as well, including Streptococcus 
pyogenes and Streptococcus agalactiae (group A and B streptococci), 
Staphylococcus aureus, Escherichia coli, Bacillus anthracis and cereus, 
Clostridium tetani and perfringens, Bordetella pertussis, Salmonella 
enterica typhi and paratyphi A, Vibrio cholerae, and Enterococcus faecalis 
[7-10]. M. tuberculosis, S. pneumoniae, S. aureus, Enterococcus spp. and 
E. coli infections are especially problematic because of antibiotic resistance 
[11,12]. For all of the above-mentioned bacteria, there is evidence that 
their PFTs contribute to virulence in vivo [13-29]. Increasing our currently 
limited understanding of PFT function and host defenses will therefore aid 
in the treatment of most problematic bacterial infectious diseases, as well 
as in the development of new classes of antibiotics required to combat 
multidrug resistant pathogens. 

PFTs function by puncturing host cell membranes. Although a potentially 
lethal insult, target cells have found ways to defend against these pores at 
the membrane. Physical mechanisms have been identified that are 
involved in membrane resealing, namely activity of components of the 
vesicle trafficking machinery and the shedding of microvilli from epithelial 
cells [30-33]. Furthermore, several molecular defense mechanisms have 
been found, including the KGB-1 JNK-like MAPK – AP-1 (c-Jun/c-Fos), p38 
MAPK, unfolded protein response, hypoxia response, and insulin/IGF-I 
pathways, and α-defensins [34-39]. An attractive genetically tractable 
model to study PFT – host interactions in vivo is the roundworm 
Caenorhabditis elegans, which has proved instrumental in identifying the 
majority of these defensive responses. Where tested, PFT-defense 
pathways in C. elegans were found to have conserved functions in 
mammalian cells [34,35,39]. 

All PFT defense pathways identified thus far in vivo, function in the tissue 
that is under direct attack by the PFT, the intestine [34-36,39]. However, 
one effect of PFTs on C. elegans that has been observed, is an inhibition of 
feeding behavior [40], suggestive of a neuronal response to PFT. This 
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indicates a defense mechanism that functions outside the tissue that is 
under direct attack by the PFT. 

The nervous system can function to fight off pathogens by altering host 
behavior in response to infection. These changes range from classic 
sickness behavior (social withdrawal, loss of appetite) and emotional 
responses in humans [41], to pathogen avoidance in C. elegans [42-44]. 
Neurological states or disorders (e.g., depression, stress) can negatively 
affect the innate and adaptive immune systems [45], and the immune 
system can be influenced by psychotropic drugs, such as fluoxetine [46]. 
The neuronal and immune systems are furthermore intimately connected 
through molecular pathways, likewise observed in humans (e.g., neuronal 
control of cytokine production [47]), as well as in C. elegans (e.g., 
neuronal control of antimicrobial peptide expression [48]). 

C. elegans has a simple yet well-characterized nervous system, consisting 
of 302 neurons of which the complete wiring schematics are known [49]. 
The C. elegans innate immune system is also beginning to be 
characterized, and this nematode has been used to elucidate the virulence 
mechanisms of several pathogenic bacteria [50]. Several neuronal 
pathways have recently been found to be involved in C. elegans’ defense 
against Pseudomonas aeruginosa and fungal infections, controlling 
behavioral responses [42-44] as well as downstream molecular defense 
pathways in the affected tissues [48,51-53]. 

Based on the ease of studying cellular PFT-defenses, innate immunity and 
the nervous system, and the existence of a neuro-immune connection, we 
used C. elegans to determine whether a neuronal component exists in the 
defensive responses to bacterial pore-forming toxins, and if so, whether 
this comprised behavioral changes, molecular defense pathways, or both. 
We report two neuronal molecular pathways, one of which regulates a 
behavioral response of C. elegans to Cry5B PFT, and both of which control 
molecular PFT defense pathways, independent of the behavioral response 
and independent of each other. The data furthermore demonstrate that a 
specific class of bacterial compounds is able to trigger a neuronally 
controlled defensive response. 
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Results 

Cry5B PFT rapidly and reversibly inhibits feeding 

C. elegans stops feeding upon exposure to Bacillus thuringiensis Cry 
toxins, which are PFTs [40]. Backward movements of the pharyngeal 
grinder are an indicator of feeding behavior in C. elegans and can be 
observed using a dissecting microscope [54]. To measure the kinetics of 
feeding inhibition by PFT, we determined fractions of animals feeding after 
various exposure times to Cry5B expressed from Escherichia coli, C. 
elegans’ normal lab food source. We found that in wild-type animals after 
transfer to a plate with E. coli-expressed Cry5B, backward movements of 
the grinder cease in a significant fraction of the population after five 
minutes, and in the entire population after eight minutes (Figure 1A, Table 
S1). After 30 minutes or two hours animals are still not feeding, but after 
24 hours about 40% of the same population has started feeding again 
(which is still significantly less than animals transferred to no-toxin control 
plates) (Figure 1B, Table S1). Feeding continues normally after transfer to 
no-Cry5B-control plates (Figure 1A, 1B, Table S1), and the transfer 
process per se has no significant effect on the fraction of animals feeding 
(Figure S1A, Table S1). The fact that the animals resume feeding after 24 
hours is not due to reduced activity of Cry5B, as animals transferred to 24-
hour old plates still stop feeding within 10 minutes (Figure S1B, Table S1). 
To prevent behavioral artifacts due to worms wandering off the toxin 
[44,55] these and all following assays were performed using bacterial 
lawns covering the entire agar plate, or in liquid. 

To determine whether feeding inhibition also occurs in the context of a 
pore-forming toxin relevant to human pathogenesis, we exposed animals 
to two strains of V. cholerae, lacking the cholera toxin and either 
expressing or lacking their native PFT, cytolysin (VCC). We found that VCC, 
a small-pore PFT like Cry5B [56], triggers the same response as Cry5B 
(Figure 1C, Table S1). Cry21A, a crystal toxin that belongs to the same 
family as Cry5B [40] also inhibits feeding (Figure 1D, Table S1). The 
kinetics of feeding inhibition by VCC and Cry21A are similar to those 
observed for Cry5B (Figure 1A, C, D, Table S1). It thus appears that rapid 
inhibition of feeding is part of a generalized response of C. elegans to 
small-pore bacterial PFTs. 

Various conditions and compounds relatively quickly and often reversibly 
inhibit feeding in C. elegans (e.g., antifungal compounds [57], alcohols, 
heavy metals, salicylic acid, and temperatures over 32°C [58,59]), 
although to our knowledge this has not been measured using exposure  
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Figure 1. PFTs inhibit feeding in C. elegans. (A) Animals transferred to E. coli 
expressing Cry5B rapidly stop feeding, whereas animals transferred to control plates do 
not. (B) 0.5 and 2 hr after transfer to E. coli-expressed Cry5B, animals are still not 
feeding, but after 24 hr almost half of the population has resumed feeding. (C) E. coli 
expressing Cry21A rapidly inhibit feeding, whereas control E. coli do not. (D) Animals 
transferred to V. cholerae expressing VCC rapidly stop feeding, whereas animals 
transferred to control plates do not. Here and in all subsequent figures graphs show mean 
± standard error of 3 experiments, and statistics indicated are: ns not significant, * p < 
0.05, ** p < 0.01, *** p < 0.001. Here, statistics indicate significance of difference 
between PFT and control at the same time point. 

times as short as those employed by us. Feeding is also inhibited by two 
Burkholderia strains in 45-60% of a C. elegans population after four hours 
exposure, and in 80% after eight hours [60], which could be associated 
with the formation of membrane pores [61]. However, feeding appears not 
to be inhibited by pathogenic bacteria per se, as worms have been 
published to show unaltered feeding behavior after transfer to pathogenic 
Pseudomonas aeruginosa [62] or Staphylococcus aureus (even though the 
latter possesses a small-pore PFT) [63]. Furthermore, we did not observe 
altered feeding on the V. cholerae strain that lacks VCC (Figure 1C) 
(which, although attenuated, is still pathogenic [36]). 
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Loss of Goα causes constitutive feeding on pore-forming toxin 

Neuronal G-protein signaling pathways control many behaviors in C. 
elegans, including locomotion, egg laying and feeding [64-67]. Therefore, 
we screened through animals bearing mutations in genes of the three 
best-characterized C. elegans neuronal G-protein pathways, Goα, Gqα, and 
Gsα, to determine whether they show constitutive feeding in the presence 
of Cry5B. We transferred animals to a lawn of E. coli that express Cry5B, 
and observed whether animals continued to show backward movements of 
the pharyngeal grinder after 30 minutes and two hours exposure. Wild 
type animals do not feed at either of these time points (Figure 1B, Table 
S1, Table S2). A significant fraction of animals displaying pharyngeal 
pumping on Cry5B is seen in a strain bearing a null mutation of the C. 
elegans Goα homolog, goa-1(sa734) [68], after both 30 minutes and two 
hours (Table S2). One other strain also shows significantly more animals 
feeding on Cry5B at both time points, which is a goa-1(sa734);unc-
31(e928) double mutant (Table S2; unc-31(e928) is further discussed 
below). Closer examination of goa-1(sa734) feeding behavior shows that 
after 10, 30 and 120 minutes exposure to Cry5B, it has significantly higher 
fractions of animals pumping than wild type (Figure 2A, Table S1). A 
different null allele of goa-1, ep275, also causes significantly increased 
fractions of animals pumping on Cry5B compared to wild type, at all three 
time points (Figure 2B, Table S1), showing that the phenotype is not 
specific to the sa734 strain, but caused by a loss of goa-1 function. The 
goa-1(sa734) mutation also causes constitutive pumping on VCC and 
Cry21A after 10, 30 and 120 minutes (Figure 2C, 2D, Table S1), indicating 
that the lack of feeding inhibition extends to other PFTs as well. 

To examine more quantitatively the role of the Goα pathway in the 
regulation of feeding behavior in response to PFT, we measured pumping 
rates, i.e., frequencies of the backward motions of the grinder in the 
posterior pharyngeal bulb [54], of several of the Goα and Gqα pathway 
mutants in absence or presence of Cry5B. In all strains tested, Cry5B 
causes a significant reduction of pumping rates after 30 minutes exposure 
(Table S1). However, goa-1(sa734) shows significantly higher pumping 
rates than wild type on Cry5B, whereas their rates do not differ in the 
absence of toxin or before transfer (Figure 2E, S2, Table S1). For none of 
the worm strains tested does the transfer process itself affect pumping 
rates, as rates before transfer are statistically the same as 30 minutes 
after transfer to control plates (Figure S2, Table S1). Interestingly, where 
complete loss of goa-1 function results in constitutive pumping on Cry5B, a 
weak reduction-of-function mutation of goa-1, n1134 that causes a N- 
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Figure 2. Goα is required for feeding inhibition by PFTs. (A) E. coli-expressed Cry5B 
inhibits feeding in wild-type animals after the indicated exposure times, but does not 
inhibit feeding in goa-1(sa734) mutants. (B) goa-1(ep275) mutants do not stop feeding 
on E. coli-Cry5B after the indicated time points. (C) A V. cholerae strain expressing VCC 
does not inhibit feeding in goa-1(sa734) mutants. (D) goa-1(sa734) does not stop feeding 
on E. coli-expressed Cry21A. (E) After 30 min exposure to E. coli-Cry5B, goa-1(sa734) 
mutants have significantly increased pumping rates compared to wild type. Several other 
Go and Gq-pathway mutants stop feeding normally in response to PFT. All statistics 
indicate difference between mutant and wild type on the same treatment. For (E) bars 
show mean ± standard error of 3 experiments, and dots are individual measurements of 
all three experiments. Statistics for (E) and additional statistics for (A-D) are provided in 
Table S1. 
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terminal truncation of first 4 amino acids causing it to lack the consensus 
site for myristoylation [65], still allows for normal inhibition of feeding by 
Cry5B (Figure 2E, Table S1). This may indicate that the N-terminal part or 
proper membrane localization is not required for GOA-1 to inhibit feeding. 
The egl-30(n686) reduction-of-function mutation does not affect feeding 
inhibition, nor does egl-10(n692) loss-of-function, which was expected 
since egl-30 and egl-10 both function antagonistically to goa-1 [69,70]. 
egl-30 encodes the C. elegans Gqα-subunit homolog, which is usually 
under negative control of Goα [69,71]. egl-10 encodes an RGS protein that 
directly inhibits GOA-1 function [70], and animals overexpressing egl-10 
(egl-10(xs)) share many phenotypes with goa-1 loss-of-function mutants 
[70-72]. egl-10(xs) animals are not defective in pumping inhibition (Figure 
2E, Table S1). This indicates that GOA-1 is not sufficiently inhibited in this 
strain to allow constitutive feeding, or that EGL-10 is not involved in 
regulation of pumping behavior in response to PFT. (egl-10 is 
overexpressed in this strain using 4,000 base pairs of 5’ flanking sequence, 
and we therefore assume localization of its expression is the same as for 
native egl-10 [70].) eat-16(ce71) animals show increased pumping rates 
in several animals, although the mean is not statistically different from 
wild type (Figure 2E, Table S1). eat-16(ce71) carries a loss-of-function 
mutation in a regulator of G-protein signaling (RGS) protein that controls 
several behaviors through inhibition of Gqα / EGL-30 signaling, functioning 
downstream of (egg-laying, locomotion), or independently (defecation) 
from goa-1 [68,69,73]. 

goa-1(n1134) mutants were reported to have slightly decreased feeding 
rates [65], and goa-1(Q205L) constitutively active mutants were reported 
to have abnormal pharyngeal pumping [64]. Although we observed 
qualitatively that the pumping rhythm of these mutants is slightly less 
consistent than that of wild type, these differences are not reflected in the 
numbers we found (Table S2, Figure 2E, Figure 4A (discussed below)). Our 
data indicate that complete loss of GOA-1 function in C. elegans results in 
attenuated feeding inhibition in response to PFT. A partial reduction of 
GOA-1 function, either through direct goa-1 mutation (n1134, Table S2, 
Figure 2E), or through egl-10 overexpression (Table S1, Figure 2E) or egl-
30 gain of function (Table S2), however does not. 

 

Loss of Goα components confers hypersensitivity to PFT 

The mutant strains screened for constitutive pumping in the presence of 
Cry5B were also examined for qualitatively altered PFT resistance, after 24 
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and 48 hours exposure to three doses of Cry5B PFT. Although mutation of 
many G-protein signaling pathway genes leads to moderate 
hypersensitivity to Cry5B, we found that only loss of goa-1 or eat-16 leads 
to severe hypersensitivity at both time points (Figure 3A, Table S2). The 
hypersensitivity due to loss of goa-1 is also apparent with the ep275 allele 
(Figure S3). For a more detailed analysis of the sensitivities of several Goα 
and Gqα pathway mutants, we performed quantitative dose response 
assays with purified Cry5B. In the absence of toxin, none of the strains 
show significantly lower survival than wild type (Figure 3B, Table S1). At 
all three doses of Cry5B, goa-1(sa734) and eat-16(ce71) mutants show 
significantly decreased survival compared to wild type (Figure 3B, Table 
S1). The goa-1(n1134) mutant, although appearing slightly hypersensitive 
as well, is not statistically different from wild type. Like with control of 
feeding behavior, this could indicate that correct (membrane) localization 
of GOA-1 does not play a significant role in PFT defense. The egl-30(n686) 
mutation does not influence survival on Cry5B, however a goa-1(n1134) 
egl-30(n686) double mutant does show significantly decreased survival at 
5 and 7.5µg/ml Cry5B (Figure 3B, Table S1). This double mutant is 
however not significantly different from either single mutant at any dose of 
toxin (Figure 3B, Table S1). Constitutively active goa-1(Q205L) [64] does 
not affect Cry5B resistance (Figure 3B, Table S1). Neither loss nor 
overexpression of egl-10 leads to altered PFT sensitivity, so, as with egl-30 
and like with regulation of the feeding response to PFT, egl-10 appears 
also not to be involved in PFT defense. 

Mutants lacking Goα components were next exposed to Vibrio cholerae 
expressing VCC, and scored 24 hours later for survival. Different “doses” of 
VCC were prepared by diluting VCC-expressing V. cholerae with non-
expressing V. cholerae (see Materials and Methods). Wild-type animals, 
although qualitatively affected by the presence of VCC, show no lethality 
after 24 hours on any of the VCC doses (Figure 3C, Table S1). Effects of 
VCC are however noticeable at later time points [36]. goa-1(sa734) null 
mutant animals show significantly increased lethality after 24 hours on V. 
cholerae expressing the small-pore PFT VCC compared to a V. cholerae 
strain lacking the PFT (Figure 3C, Table S1). eat-16(ce71) null mutants 
also show statistically increased lethality, and a dose-response to VCC is 
evident (Figure 3C, Table S1). Vibrio cholerae also induces significantly 
increased lethality in the absence of VCC in both these mutants compared 
to wild type (Figure 3C, Table S1), consistent with the fact that goa-
1(sa734) animals are hypersensitive to infection by the bacterial pathogen 
Pseudomonas aeruginosa [74]. goa-1(n1134) mild reduction-of-function 
animals show significantly increased lethality on 100% VCC plates only  
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Figure 3. Goα components are required for PFT defense. (A) Representative images 
of qualitative toxicity assays show that goa-1(sa734) and eat-16(ce71) mutants appear 
hypersensitive to E. coli-expressed Cry5B after 48 hr exposure. Scale bar = 500 µm. (B) 
In quantitative toxicity assays goa-1(sa734) and eat-16(ce71) mutants show significantly 
reduced survival rates after 8 days on the indicated doses of purified Cry5B. 5 and 7.5 
µg/mL Cry5B significantly decreased wild type survival, but 2.5 µg/mL did not. Statistics 
indicate difference between mutant and wild type on the same treatment. (C) V. cholerae 
expressing VCC cause significantly increased lethality in goa-1(sa734) and eat-16(ce71) 
mutants after 24 hr exposure. All statistics indicate difference between mutant and wild 
type on the same treatment. Additional statistics for (B, C) are provided in Table S1. 

(Figure 3C, Table S1). Animals overexpressing egl-10 show no increased 
lethality in the presence of VCC after 24 hours on any of the doses, nor on 
V. cholerae in the absence of VCC (Figure 3C, Table S1). Internal hatching 
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of progeny in egl-30-like strains prevented us from testing their resistance 
to VCC. 

The above data are consistent with a general requirement of goa-1 and 
eat-16 in defense against small-pore PFTs. In the case of VCC however we 
cannot rule out that this PFT may enhance V. cholerae virulence through 
alternative mechanisms as well. The observed hypersensitivity of goa-
1(sa734) animals to PFTs is not likely caused by general ill health, as they 
show no altered sensitivity to the heavy metal cadmium and are slightly 
resistant to high osmolarity [74]. Furthermore, egl-10(xs) animals share 
phenotypes with goa-1 loss-of-function mutants [70-72], and the same is 
true for animals carrying a gain of function mutation in or overexpressing 
egl-30 [66,71,75], and we observed that egl-10(xs) and egl-30 gain-of-
function animals (egl-30(tg26) and egl-30 (js126), further referred to 
together as egl-30(gf)) closely resemble goa-1(sa734) and eat-16(ce71) 
with regard to locomotion and a scrawny appearance (more so than goa-
1(n1134)). However, both egl-10(xs) and egl-30(gf) mutants are not 
strongly hypersensitive to Cry5B like goa-1(sa734) and eat-16(ce71) 
(Figure 3B, Table S1, Table S2). 

 

Exogenous serotonin induces constitutive feeding on Bacillus 
thuringiensis PFTs in Caenorhabditis elegans and Spodoptera 
frugiperda 

Serotonin (5-hydroxytryptamine, 5-HT) and octopamine (β,4-
dihydroxyphenethylamine, OA, the functional equivalent of mammalian 
norepinephrine [76]) are opposing regulators of various behaviors in C. 
elegans, including feeding [77]. goa-1 loss of function mutants and goa-1 
overexpression or constitutively active mutants have opposite phenotypes 
with regard to locomotion, defecation and egg laying [65]. These behaviors 
are regulated by 5-HT [77], and it was found that GOA-1 mediates the 
effects of 5-HT on all these behaviors, except feeding [65,78]. With regard 
to the regulation of egg-laying, GOA-1 and EGL-30, depending on which 
cell, can both mediate and counteract serotonin’s effects [78]. In addition, 
both can control 5-HT biosynthesis [79]. 

Tryptophane hydroxylase, encoded in C. elegans by tph-1, is the rate-
limiting enzyme in 5-HT biogenesis, and the loss-of-function mutation tph-
1(mg280) leads to undetectably low levels of endogenous 5-HT [80]. tph-
1(mg280) animals do not show altered feeding inhibition or Cry5B 
sensitivity (Table S2). So, decreased levels of 5-HT do not appear to affect 
Cry5B-induced feeding inhibition or the level of Cry5B resistance. This is 
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consistent with the finding that 5-HT regulates feeding independently from 
goa-1 [65,78]. 

Next, we exposed animals simultaneously to exogenous 5-HT or OA and 
Cry5B, and determined pumping rates after 30 minutes. We found that in 
wild-type animals exogenous 5-HT leads to constitutive pumping in the 
presence of Cry5B (Figure 4A, Table S1), in line with its stimulatory effect 
on feeding [77]. As expected, OA caused inhibition of feeding in absence of 
Cry5B [77], and did not alter pumping inhibition by Cry5B (Figure S4A, 
Table S1). As observed earlier, on Cry5B and in the absence of 5-HT or 
OA, goa-1(sa734) pumping rates are significantly higher than those of wild 
type, and this is not the case in the absence of toxin (Figure 4A, Table S1). 
The constitutive feeding on Cry5B of goa-1(sa734) null mutants is 
unaffected by either 5-HT or OA (Figure 4A, S4A, Table S1). If 5-HT would 
function to inhibit GOA-1 to force feeding behavior on Cry5B, this would 
predict that 5-HT is unable to force feeding in animals with constitutively 
active GOA-1. We found however that in the goa-1(Q205L) gain-of-
function animals feeding is inhibited by Cry5B PFT, and that feeding could 
be forced to continue by exogenous 5-HT, like in wild type (Figure 4A, 
Table S1). So, even though goa-1 is expressed in the pharynx [65], 
exogenous 5-HT apparently does not signal through GOA-1 to cause 
constitutive feeding on Cry5B, but functions downstream or independently 
of GOA-1. (The goa-1(Q205L) transgene is expressed using 5,000 base 
pairs of the native goa-1 promoter sequence [64], and we therefore 
assume that its expression pattern is the same as that of native goa-1.) 
OA-induced feeding inhibition in the absence of PFT was found to require 
GOA-1, since goa-1(sa734) continues feeding in the presence of OA 
(Figure S4A, Table S1), consistent with published findings [81]. goa-
1(Q205L) animals do not stop feeding when exposed to OA, but do stop 
feeding when exposed to Cry5B (regardless of the presence of OA) (Figure 
S4A, Table S1). This indicates that Cry5B inhibits feeding through a 
mechanism distinct from that used by OA, and that OA is not likely to play 
a role in Cry5B-induced feeding inhibition. Pumping rates of egl-30(n686) 
reduction-of-function mutants are similar to those of wild type in absence 
and presence of Cry5B (Figure 4B, Table S1). However, in egl-30(n686), 
5-HT is unable to restore pumping rates to control levels in presence of 
Cry5B (Figure 4B, Table S1). It thus appears that 5-HT requires EGL-30 
function to force animals to feed on Cry5B. Since egl-30 is expressed in 
the pharynx [82], it is likely 5-HT acts directly on the pharynx, through 
EGL-30, to overrule any inhibitory signals originating from the upstream 
pharyngeal or somatic nervous systems. These data are consistent with 
two genetic models. In the first, GOA-1 inhibits 5-HT action, and 5-HT 
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stimulates feeding via EGL-30. The second model has GOA-1 inhibit 
feeding, and 5-HT independently, but via EGL-30, stimulate feeding. 
Although potentially caused by insufficient hyperactivity to induce 
constitutive pumping, the fact that egl-30(gf) mutants do not constitutively 
feed on Cry5B (Table S2) causes us to favor a model in which 5-HT can 
force pumping on Cry5B, but is normally not involved in regulating the 
feeding response to Cry5B. This is consistent with the fact that not all 
aspects of feeding are regulated by 5-HT, e.g., maintaining basal pumping 
activity [80]. There are however several caveats. First, both egl-30(gf) 
mutants showed very low fractions pumping even in the absence of toxin 
(Table S2). Second, the exogenous administration of high levels of 5-HT 
may cause a situation that does not accurately model the natural situation. 
And third, apparently conflicting results may arise from the fact that GOA-
1 and EGL-30 both can relay or inhibit serotonin’s effects dependent on 
which cell type is analyzed, analogous to the situation in vulval muscle 
cells and the neurons that control them [78]. 

	  
Figure 4. Serotonin (5-HT) forces feeding on PFTs. (A) 5-HT forces wild type and 
goa-1(gf) animals to feed after 30 min on E. coli-expressed Cry5B. (B) 5-HT does not 
induce egl-30(n686) mutants to feed after 30 min on E. coli-Cry5B. (C) (D) (E). For (A, B) 
bars show mean ± standard error of 3 experiments, and dots are individual 
measurements of all three experiments. Statistics are provided in Table S1. 

Our following step was to determine whether exogenous 5-HT affects 
Cry5B defense. We found that exogenous serotonin causes hypersensitivity 
to Cry5B PFT in wild type animals but not in goa-1(Q205L) gain-of-function 
animals (Figure S4B, Table S1). Loss of goa-1 or reduction of egl-30 
function causes hypersensitivity to 5-HT in the absence of toxin (Figure 
S4B, Table S1), possibly related to the known toxic effect of octopamine 
on goa-1 mutants [75]. The presence of exogenous serotonin also 
increases sensitivity of wild-type animals to an unrelated toxin, the heavy 
metal CuSO4 (Figure S4C, Table S1), so the observed hypersensitivity 
appears not to be specific to Cry5B PFT and serotonin may cause general 
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ill health. We therefore consider these results inconclusive with regard to a 
specific effect of 5-HT on PFT-defense. 

Like C. elegans, insects stop feeding when exposed to Bacillus 
thuringiensis crystal toxins [83]. To determine whether the effect of 5-HT 
on PFT-induced feeding inhibition is conserved across species, we 
determined whether 5-HT could induce constitutive feeding in a 
lepidopteran, Spodoptera frugiperda, exposed to PFT. S. frugiperda larvae 
show a 3.5 to 5-fold increase in body mass after exposure to exogenous 5-
HT, in the absence of PFT (Table 1, Figure S5), likely due to increased 
feeding rates. We consistently observed that in the presence of the Bt 
crystal toxin Cry1C alone the larvae cease feeding, whereas with 
simultaneous administration of exogenous 5-HT and PFT the larvae 
continue feeding, but this was not further quantified. Exposure to 5-HT and 
Cry1C simultaneously also decreases survival (Table 1) and causes 
qualitative sickness (Figure S5). Like in C. elegans however, the decreased 
survival of the S. frugiperda larvae on PFT may be due to aspecific effects 
of 5-HT on general health. These results are indicative of evolutionary 
conserved G-protein pathways through which 5-HT regulates feeding 
behavior. 

Table 1. Spodoptera frugiperda exposed to 5-HT and Cry1C 
treatment survival1 size2 

5-HT Cry1C assay 1 assay 2 assay 1 assay 2 

0 mM 0 ng/cm2 100% 100% 360 µg 410 µg 

0 mM 100 ng/cm2 92% 93% 300 µg 350 µg 

0 mM 200 ng/cm2 90% 88% 220 µg 280 µg 

5 mM 0 ng/cm2 100% 100% 1800 µg 1450µg 

5 mM 100 ng/cm2 65% 75% 280 µg 140 µg 

5 mM 200 ng/cm2 50% 60% 150 µg 90µg 
Results were qualitatively confirmed in a third assay. 
1Percentage out of 24 animals surviving after 7 days exposure to indicated treatment. 
2Mean mass of the 24 animals after 7 days exposure. 

 

PFT sensitivity is independent of levels of neurosecretion 

The hypersensitivity of goa-1 mutants to P. aeruginosa infection has been 
hypothesized to be caused by hypersecretion in neurons [74]. Consistent 
with this, unc-31 (calcium activator for protein secretion, CAPS), egl-3 
(protein convertase type 2) and egl-21 (carboxypeptidase E) mutants, 
which have reduced neurosecretion because of reduced dense-core vesicle 
(DCV) exocytosis [84] or defects in DCV contents [85,86], are resistant to 
P. aeruginosa infection [74]. To determine if a similar correlation to levels  
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Figure 5. Synaptic dense-core vesicles function in PFT defense. (A) unc-31(e928) 
and egl-21(n476) mutants appear hypersensitive to E. coli-expressed Cry5B after 48 hr 
exposure. Scale bar = 500 µm. (B) unc-31(e928) and egl-21(n476) mutants show 
significantly decreased survival after 8 days on the indicated dose of purified Cry5B. When 
unc-31 expression is reconstituted in the neurons of unc-31(e928) mutants, survival rates 
return to wild type. Statistics indicate difference between mutant and wild type on the 
same treatment. Additional statistics for (B) are provided in Table S1. 

of neurosecretion exists for PFT defense, we tested the effect on Cry5B 
resistance of loss or reduction-of-function of unc-31, egl-21, and egl-3. To 
our surprise, we found that loss of these genes causes hypersensitivity to 
Cry5B (Table S2, Figure 5A). In quantitative assays, unc-31(e928) 
mutants show significantly reduced survival on 10 µg/mL Cry5B, and egl-
21(n476) animals are hypersensitive at 5 and 10 µg/mL (at 20 µg/mL, 
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wild-type worms show such low survival that no statistical difference from 
the mutants is found) (Figure 5B, Table S1). This confirms the results of 
the qualitative assays. unc-31 is expressed in all neurons and other 
secretory cells, but not in the intestine [84]. Consistent with this, when 
unc-31-expression is selectively restored to the neurons via the rab-3 
promoter in unc-31(e928) mutants [87], animals are no longer 
hypersensitive to Cry5B (Figure 5B, Table S1, Table S2), further 
confirming that UNC-31’s function in PFT defense originates predominantly 
from neuronal tissue. As with goa-1, the hypersensitivity of unc-31 mutant 
animals is not likely caused by general sickness, as loss of unc-31 causes 
increased life span [88] and increased resistance to P. aeruginosa infection 
[74]. 

unc-31(e928) mutants show slightly increased fractions of animals 
pumping after two hours on Cry5B, which is not observed in animals 
carrying the neuronal rescue construct, however, this increase is not 
statistically significant (Table S2). So, despite being able to cause 
constitutive feeding under different circumstances [89] and causing 
reduced PFT defenses (Fig 5B), the unc-31(e928) mutation appears not to 
significantly alter PFT-induced feeding inhibition. 

 

Discussion 

We present data showing that bacterial PFTs can rapidly and reversibly 
inhibit feeding in C. elegans, and the Goα homolog goa-1 is shown to be 
required for this. goa-1 and its downstream effector eat-16, which both 
play a role in neuronal synaptic vesicle (SV) signaling [72], are 
furthermore required for defense against PFTs. Administration of 
exogenous 5-HT phenocopies loss of goa-1 with regard to Cry5B feeding 
inhibition and defense. Forced feeding on PFT by 5-HT however appears to 
occur independently of goa-1, and, unlike with loss of goa-1, the Cry5B 
hypersensitivity may be part of a generally reduced stress resistance. egl-
21, egl-3, and neuronal unc-31, responsible for neuronal dense-core 
vesicle (DCV) signaling [84-86], are also required for Cry5B defense, but 
not for feeding inhibition. 

Out of 21 genes encoding Gα subunits in C. elegans, goa-1 is the only 
ortholog of mammalian Goα [64,65,90,91]. Goα is the most abundant G 
protein in the mammalian brain and mediates the signals of many 
neurotransmitters [92,93]. In C. elegans, GOA-1 controls various 
behaviors such as locomotion, egg-laying, feeding and olfactory adaptation 
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[64,65,71]. goa-1 mutants were reported to have slightly decreased 
pumping rates both in absence and presence of food [65], which we did 
not observe here (Figure 2E, Table S1). (Although pumping behavior of the 
sa734 allele to our knowledge has not been tested before.) An eat-16 
mutant has been reported to have a strongly reduced pumping rate 
compared to wild type [94], a finding we reproduced here with the ce71 
allele (Figure 2E, Table S1).  

Several mechanisms could explain the observed rapid inhibition of feeding 
by Cry5B. (1) The PFT could directly damage the pharyngeal cells and 
cause them to cease functioning, (2) effects of PFT damage to intestinal 
cells could be sensed directly by the pharynx (e.g., ions that leak from the 
intestinal cells), or (3) Cry5B or its damage effects could be sensed and 
pumping could be inhibited by a signal relayed by the somatic nervous 
system. The pharynx however is not directly affected by Cry5B, since 
removing the Cry5B receptor from the intestine but not the pharynx 
restores wild-type sensitivity to Cry5B [95], and no staining is observed of 
the pharyngeal cells of animals simultaneously exposed to Cry5B and the 
membrane-impermeable dye propidium iodide (whereas staining of the 
intestinal cells is observed in the same experiment) (Chapter 3). The 
feeding inhibition by Cry5B was furthermore reversible (Figure 1B). 
Inhibition of feeding due to damage to the pharynx therefore seems 
unlikely. Since in its natural producer Bacillus thuringiensis Cry5B is an 
endotoxin [96], and control E. coli do not inhibit feeding (Figure 1A, B), it 
is likely Cry5B is first recognized after it is released from the bacteria when 
these are ground up in the posterior bulb of the pharynx during the 
feeding process. Cry5B furthermore does not inhibit feeding in receptor-
negative animals (Los, Aroian - unpublished observations). The above 
suggests that rather than the PFT itself, the effects of pore formation are 
sensed and cause a signal to be sent to the pharynx to inhibit pumping. 
Such a signal could be relayed via synaptic connections or nonsynaptic 
communication (e.g., through neuropeptides) between the somatic and 
pharyngeal nervous systems, or the pharyngeal nervous system could 
autonomously sense the effects of Cry5B (e.g., ion fluxes). We thus favor 
a model where Cry5B-induced effects are sensed, and activate a signaling 
cascade involving GOA-1, either directly in the pharyngeal nervous system 
or via the somatic nervous system, that inhibits feeding (Figure 6). 

Loss of goa-1 results in hypersensitivity to Pseudomonas aeruginosa [74], 
and Vibrio cholerae lacking VCC (Figure 3C). However, exposure of wild 
type animals to P. aeruginosa does not lead to inhibition of feeding 
behavior [62], nor does exposure to V. cholerae lacking VCC (Figure 1C). 
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This suggests that the hypersensitivity to P. aeruginosa and V. cholerae by 
loss of goa-1 is not likely due to altered feeding behavior. Furthermore, 
the increased feeding on Cry5B was more clear (and statistically 
significant) with goa-1(sa734) than with eat-16(ce71) mutants (Figure 
2E), whereas with regard to Cry5B sensitivity goa-1(sa734) and eat-
16(ce71) mutants appear to respond similarly (Figure 3A, B). The fact that 
unc-31 functions in the neurons for PFT defense without significantly 
altering feeding (Figure 5B), indicates Cry5B resistance is not coupled to 
feeding per se. Independent roles in behavioral and molecular defensive 
responses for a single pathway have furthermore been shown before, for 
the insulin/IGF-I pathway, in the context of a pathogenic Bacillus 
thuringiensis strain (likely expressing nematicidal crystal toxins) [55]. We 
do not directly show an uncoupling of behavioral and molecular PFT 
defense for GOA-1, but based on the above we hypothesize goa-1 effects 
on PFT feeding inhibition and defenses to involve independent downstream 
signaling pathways. 

The fact that goa-1 mutants are hypersensitive to V. cholerae without VCC, 
and even more hypersensitive to V. cholerae with VCC, may indicate that 
there are multiple, unrelated aspects to goa-1’s role in immunity. This 
separation of functions is further supported by the facts that goa-1 
mutants are hypersensitive to purified Cry5B (when no pathogen is 
present) (Figure 3B), and are hypersensitive to P. aeruginosa infection 
[74] (which does not involve a PFT [35]). Interestingly, egl-3, egl-21, and 
unc-31 mutants, which are resistant to P. aeruginosa infection [74], are 
hypersensitive to Cry5B (Figure 5B, Table S2). A similar observation was 
made for the role of the hypoxia pathway in resistance of C. elegans to V. 
cholerae strains expressing or lacking VCC [36], and may indicate that 
likewise UNC-31 protects against PFTs, but reduces the resistance against 
other virulence factors. Mutation of several other genes of the Go/Gq 
pathway causes moderate hypersensitivity to Cry5B (Table S2). In some 
cases this appears counterintuitive, e.g., the egl-8 loss-of-function mutant 
would be predicted to show wild type or increased PFT resistance based on 
the available literature [97], rather than moderate hypersensitivity (Table 
S2). Similar findings were made with regard to the resistance to P. 
aeruginosa infection in C. elegans, and it was found that tissue specificity 
of the expression of the genes involved is an important determinant of the 
net resistance observed [52,74]. 

Serotonin has been reported to be required in C. elegans for aversive 
behavior to pathogenic P. aeruginosa, and 5-HT biosynthesis is increased 
in the presence of the pathogen, under so-called slow-killing conditions 
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[42]. Loss of tryptophane hydroxylase, tph-1, however does not affect 
resistance to P. aeruginosa under slow-killing conditions [74], and causes 
increased resistance under fast-killing conditions [98]. tph-1 was not found 
to be differentially regulated in response to Cry5B by microarray analysis 
[39], and loss of serotonin through loss of tph-1 does not have an effect 
on Cry5B-induced feeding inhibition or Cry5B resistance (Table S2). The 
administration of exogenous 5-HT does affect feeding inhibition, as it 
forces animals to feed on Cry5B (Figure 4A). However, this effect appears 
to be independent of GOA-1 (Figure 4B), and to require EGL-30 (Figure 
4B). In addition, exogenous 5-HT causes hypersensitivity to Cry5B (Figure 
S4B), but it also increases sensitivity to an unrelated stressor, CuSO4 
(Figure S4C). Unlike with goa-1, this 5-HT-induced Cry5B hypersensitivity 
may thus result from general ill effects on health of 5-HT. goa-1 function 
appears to modulate these ill effects on health of 5-HT, as goa-1(sa734) 
loss-of-function animals are killed by 5-HT even in the absence of toxin, 
and goa-1(gf) animals do not become hypersensitive to Cry5B in the 
presence of 5-HT (Figure S4B). 

The inverse correlation that was found with regard to P. aeruginosa 
resistance for unc-31 and goa-1 loss-of-function mutants [74] does not 
exist for Cry5B defense (Figure 3A, 3B, 5A, 5B), and no direct genetic link 
has been shown between unc-31 and goa-1 in P. aeruginosa defense [74]. 
GOA-1 is furthermore thought to be mainly involved in the secretion of SVs 
that contain neurotransmitters such as acetylcholine, whereas UNC-31 is 
thought to control secretion of DCVs that contain hormones, serotonin, and 
neuropeptides such as insulin [87,99]. Loss of goa-1 additionally results in 
an altered behavioral response to Cry5B (Figure 2E), whereas loss of unc-
31 does not (Table S2). This likely indicates that the neuronal defensive 
functions of goa-1 and unc-31 are not coupled to levels of neuronal 
secretion but rather depend on the contents of the secreted vesicles. 
Therefore, although we do not directly show this, we hypothesize that goa-
1 and unc-31 function in independent pathways. We propose a model in 
which two neuronal molecular pathways, one involving goa-1 and the other 
involving unc-31, independently control defenses against PFTs. In this 
model, goa-1 furthermore controls a behavioral response to PFTs, feeding 
inhibition, independently of the molecular defense pathway (Figure 6). 

The nervous system plays an important role in the defense against 
infections, through an intimate molecular connection to the immune 
system as well as through modulating behavior. It was previously shown 
that C. elegans also employs its nervous system to fight infections, via 
both these mechanisms [42-44,48,51-53]. We here show that the same is 
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Figure 6. GOA-1 and UNC-31 function in independent neuronal pathways to 
regulate behavioral and molecular PFT defenses. Model outlining the roles of GOA-1 
and UNC-31 in PFT defense. Cry5B damages the plasma membranes of intestinal cells, 
resulting in the flux / production of factors that are sensed by neurons. A neuronal signal 
is relayed via GOA-1 to the pharynx that inhibits feeding. In addition, GOA-1 and UNC-31 
are part of neuronal pathways that activate molecular defenses in the intestinal cells. 

true for a specific, but highly abundant, class of bacterial toxins – PFTs. In 
so doing, our work furthers understanding of host responses to PFTs by 
introducing the first two PFT defense pathways that function outside the 
tissue under attack, involving the conserved genes goa-1 and unc-31, 
respectively involved in neuronal SV and DCV exocytosis. This finding may 
aid in the treatment of bacterial infections involving PFTs such as outlined 
in the introduction. It may furthermore aid in the development of new 
classes of antibiotics that directly target PFTs, or that modulate the host 
immune response. 

 

Materials and Methods 

C. elegans and bacterial strains 

Worm strains used in this study are outlined in Table S3, and were 
maintained at 20°C on E. coli strain OP50, as described [100]. Mutations 
were confirmed by phenotype where possible, otherwise by PCR band size 
comparison or DNA sequencing.  

Bacterial strains used in this study were E. coli OP50, OP50-pQE9, OP50-
Cry5B, and OP50-Cry21A, and V. cholerae CVD109 and CVD110. Strains 
were cultured at 37°C (E. coli) or 30°C (V. cholerae) in LB broth, 
supplemented with 50 µg/mL carbenicillin where applicable. 
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PFT toxicity assays 

For qualitative toxicity assays , including the screening (Table S2), 0%, 
10%, 25% and 100% Cry5B plates were used, which are prepared by 
diluting E. coli-Cry5B (100%) bacteria with empty vector control (0%) 
bacteria at the indicated ratios, as described [101]. 15 L4 animals were 
transferred to each plate. Assays were incubated at 20°C and observed 
after 24 and 48 hr. Representative images were taken after 48 hr, using 
an Olympus SZ60 dissecting microscope linked to a Canon Powershot A620 
digital camera, and using Canon Remote Capture software. Three 
independent repeats were performed for each mutant strain. The same 
plates prepared for screening Cry5B sensitivity (Table S2) were also used 
to screen feeding behavior (see below). 

Quantitative survival assays with purified Cry5B or CuSO4 were performed 
as described [101]. Cry5B was purified as described (Chapter 3). Three 
independent repeats were performed. Note that toxicity of purified Cry5B 
differs from batch to batch, which is why different Cry5B concentrations 
give similar survival rates for wild-type animals in different experiments 
(e.g., Figure 3B versus Figure 5B). 5-HT was freshly dissolved in S-media 
immediately prior to setting up the assays. 

VCC survival assays were performed essentially as described [36], except 
assays were incubated at 20°C, and scored after 24 hr. VCC dilutions were 
prepared the same way as E. coli-Cry5B dilutions. Animals that showed 
internal hatching of progeny (“bagging”) or the intestine protruding 
through the vulva (“exploding”) were censored. Pilot assays involving the 
use of 5-fluoro-2′-deoxy-uridine (FUdR) to prevent the development (and 
internal hatching) of progeny revealed that FUdR causes V. cholerae to 
lose its pathogenicity. Therefore, egl-30-like strains could not be tested 
here, as without inhibiting the development of their progeny, the terminal 
phenotype of most of these animals is bagging due to their low egg-laying 
rates. An E. coli OP50 control was included with each assay, which showed 
no significant lethality for any of the strains after 24 hr (data not shown). 
Three independent repeats were performed with 30-50 animals per 
treatment. 

To circumvent known issues with findings being behavioral artifacts, all 
assays were performed using “full lawns” of bacteria [44,53]. Use of liquid 
assays, and expression of Cry5B from OP50 (the maintenance food source) 
make interference by avoidance behavior less likely as well. 

S. frugiperda larvae were treated as previously described [102]. In short, 
they were exposed to Cry1C and 5-HT on diet cubes with a surface area of 
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~1cm2 in 24-wells plates. Sugar was used as a control for 5-HT. Animals 
were imaged, weighed and survival was scored after seven days exposure. 
Two assays were performed, with 24 animals per condition. 

 

Feeding assays 

To determine fractions of animals in a population that are feeding, E. coli-
Cry5B, E. coli-Cry21A, V. cholerae-VCC, and no-PFT control plates were 
prepared as described [36,101,103]. 10-15 L4 animals were transferred to 
each plate, and the assay was incubated at room temperature and 
observed after the indicated times. Any single animal was observed for a 
maximum of 5-10 seconds, and scored as “feeding” if rhythmical backward 
movements of the grinder were observed [54]. Note that worms go 
through cycles of pumping and not pumping [104]; animals were not 
selected based on whether they were showing pumping on the 
maintenance plate at the time of transfer, but picked randomly. This was 
done because the timing of transition between pumping and not pumping 
may differ from strain to strain. If such differences exist, these could 
possibly contribute to the different fractions found pumping on no-toxin 
plates (Table S2), as worms that cycle faster may e.g. net spending more 
time not pumping. To determine feeding on 24-hr old plates, plates were 
prepared as normal, but incubated at 20°C for 24 hr before use. Three 
independent repeats were performed for each assay. 

To determine pumping rates, E. coli-Cry5B plates were prepared as above. 
10-13 L4 animals were transferred to each plate, and pumping rates were 
measured for 30 seconds, before transfer, or after 30 minutes incubation 
at room temperature. Each assay was repeated independently three times. 
Where used, 5-HT or OA was added to media immediately prior to pouring 
plates. Plates were dried for 24 hr, then seeded with bacteria, and used 
the next day. 

 

Statistical analyses 

Statistics were calculated using JMP 9.0 software (SAS Institute). For 
Figure 1A, 1B, 1C, 1D, S1A, and S1B t-tests were used to compare each 
pair of measurements. For Figure 2A, 2B, 2C, 2D, 3B, 5B, S4B, and S4C 
two-way Anova with Tukey’s Honestly Significant Differences test was 
performed. For Figure 2E, 3C, 4A, 4B, S2, S4A Dunnett’s comparison of 
means was performed. Prism 5.0 Software (GraphPad) was used to draw 
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graphs. p values and confidence intervals of all experiments performed for 
this study are provided in Table S1. 

 

Acknowledgements 

We thank the Caenorhabditis Genetics Stock Center, William Shafer and 
Man-Wah Tan for C. elegans strains, and Frans Los and Cheng-Yuan Kao 
for critical reading of the manuscript. Funding: NIH/NIGMS grant 
R01GM071603.  

Author Contributions: Conceived and designed the experiments: FCOL, 
RVA. Performed the experiments: FCOL, CH, JES, YH, JS. Analyzed the 
data: FCOL, AB, RVA. Wrote the paper: FCOL. 

 

References 
1. Van der Poll T, Opal SM (2009) Pathogenesis, treatment, and prevention of 

pneumococcal pneumonia. Lancet 374: 1543-1556. 

2. World Health Organization (2008) The top ten causes of death. Fact Sheet No 310. 

3. Derrick SC, Morris SL (2007) The ESAT6 protein of Mycobacterium tuberculosis induces 
apoptosis of macrophages by activating caspase expression. Cell Microbiol 9: 
1547-1555. 

4. Tilley SJ, Orlova EV, Gilbert RJ, Andrew PW, Saibil HR (2005) Structural basis of pore 
formation by the bacterial toxin pneumolysin. Cell 121: 247-256. 

5. Alouf JE (2003) Molecular features of the cytolytic pore-forming bacterial protein 
toxins. Folia Microbiol (Praha) 48: 5-16. 

6. Gonzalez MR, Bischofberger M, Pernot L, van der Goot FG, Freche B (2008) Bacterial 
pore-forming toxins: the (w)hole story? Cell Mol Life Sci 65: 493-507. 

7. Alouf JE (2000) Bacterial protein toxins. An overview. Methods Mol Biol 145: 1-26. 

8. Oscarsson J, Westermark M, Lofdahl S, Olsen B, Palmgren H, et al. (2002) 
Characterization of a pore-forming cytotoxin expressed by Salmonella enterica 
serovars typhi and paratyphi A. Infect Immun 70: 5759-5769. 

9. Zitzer A, Palmer M, Weller U, Wassenaar T, Biermann C, et al. (1997) Mode of primary 
binding to target membranes and pore formation induced by Vibrio cholerae 
cytolysin (hemolysin). Eur J Biochem 247: 209-216. 

10. Coburn PS, Gilmore MS (2003) The Enterococcus faecalis cytolysin: a novel toxin 
active against eukaryotic and prokaryotic cells. Cell Microbiol 5: 661-669. 

11. Woodford N, Livermore DM (2009) Infections caused by Gram-positive bacteria: a 
review of the global challenge. J Infect 59 Suppl 1: S4-16. 



NEURONAL GOA-1 AND UNC-31 REGULATE PFT RESPONSES 

	   167	  

12. Fischbach MA, Walsh CT (2009) Antibiotics for emerging pathogens. Science 325: 
1089-1093. 

13. Stanley SA, Raghavan S, Hwang WW, Cox JS (2003) Acute infection and macrophage 
subversion by Mycobacterium tuberculosis require a specialized secretion system. 
Proc Natl Acad Sci U S A 100: 13001-13006. 

14. Paton JC, Andrew PW, Boulnois GJ, Mitchell TJ (1993) Molecular analysis of the 
pathogenicity of Streptococcus pneumoniae: the role of pneumococcal proteins. 
Annu Rev Microbiol 47: 89-115. 

15. Sierig G, Cywes C, Wessels MR, Ashbaugh CD (2003) Cytotoxic effects of streptolysin 
o and streptolysin s enhance the virulence of poorly encapsulated group a 
streptococci. Infect Immun 71: 446-455. 

16. Ring A, Braun JS, Pohl J, Nizet V, Stremmel W, et al. (2002) Group B streptococcal 
beta-hemolysin induces mortality and liver injury in experimental sepsis. J Infect 
Dis 185: 1745-1753. 

17. Diep BA, Otto M (2008) The role of virulence determinants in community-associated 
MRSA pathogenesis. Trends Microbiol 16: 361-369. 

18. O'Callaghan RJ, Callegan MC, Moreau JM, Green LC, Foster TJ, et al. (1997) Specific 
roles of alpha-toxin and beta-toxin during Staphylococcus aureus corneal infection. 
Infect Immun 65: 1571-1578. 

19. Russo TA, Davidson BA, Genagon SA, Warholic NM, Macdonald U, et al. (2005) E. coli 
virulence factor hemolysin induces neutrophil apoptosis and necrosis/lysis in vitro 
and necrosis/lysis and lung injury in a rat pneumonia model. Am J Physiol Lung 
Cell Mol Physiol 289: L207-216. 

20. Pezard C, Berche P, Mock M (1991) Contribution of individual toxin components to 
virulence of Bacillus anthracis. Infect Immun 59: 3472-3477. 

21. Beecher DJ, Olsen TW, Somers EB, Wong AC (2000) Evidence for contribution of 
tripartite hemolysin BL, phosphatidylcholine-preferring phospholipase C, and 
collagenase to virulence of Bacillus cereus endophthalmitis. Infect Immun 68: 
5269-5276. 

22. Hardegree MC, Palmer AE, Duffin N (1971) Tetanolysin: in-vivo effects in animals. J 
Infect Dis 123: 51-60. 

23. Sayeed S, Uzal FA, Fisher DJ, Saputo J, Vidal JE, et al. (2008) Beta toxin is essential 
for the intestinal virulence of Clostridium perfringens type C disease isolate 
CN3685 in a rabbit ileal loop model. Mol Microbiol 67: 15-30. 

24. Fisher DJ, Fernandez-Miyakawa ME, Sayeed S, Poon R, Adams V, et al. (2006) 
Dissecting the contributions of Clostridium perfringens type C toxins to lethality in 
the mouse intravenous injection model. Infect Immun 74: 5200-5210. 

25. Gueirard P, Druilhe A, Pretolani M, Guiso N (1998) Role of adenylate cyclase-
hemolysin in alveolar macrophage apoptosis during Bordetella pertussis infection 
in vivo. Infect Immun 66: 1718-1725. 

26. von Rhein C, Bauer S, Lopez Sanjurjo EJ, Benz R, Goebel W, et al. (2009) ClyA 
cytolysin from Salmonella: distribution within the genus, regulation of expression 
by SlyA, and pore-forming characteristics. Int J Med Microbiol 299: 21-35. 



CHAPTER 4 

	  168	  

27. von Rhein C, Hunfeld KP, Ludwig A (2006) Serologic evidence for effective production 
of cytolysin A in Salmonella enterica serovars typhi and paratyphi A during human 
infection. Infect Immun 74: 6505-6508. 

28. Olivier V, Haines GK, 3rd, Tan Y, Satchell KJ (2007) Hemolysin and the multifunctional 
autoprocessing RTX toxin are virulence factors during intestinal infection of mice 
with Vibrio cholerae El Tor O1 strains. Infect Immun 75: 5035-5042. 

29. Dupont H, Montravers P, Mohler J, Carbon C (1998) Disparate findings on the role of 
virulence factors of Enterococcus faecalis in mouse and rat models of peritonitis. 
Infect Immun 66: 2570-2575. 

30. Husmann M, Beckmann E, Boller K, Kloft N, Tenzer S, et al. (2009) Elimination of a 
bacterial pore-forming toxin by sequential endocytosis and exocytosis. FEBS Lett 
583: 337-344. 

31. Idone V, Tam C, Goss JW, Toomre D, Pypaert M, et al. (2008) Repair of injured 
plasma membrane by rapid Ca2+-dependent endocytosis. J Cell Biol 180: 905-
914. 

32. Tam C, Idone V, Devlin C, Fernandes MC, Flannery A, et al. (2010) Exocytosis of acid 
sphingomyelinase by wounded cells promotes endocytosis and plasma membrane 
repair. J Cell Biol 189: 1027-1038. 

33. Thiery J, Keefe D, Saffarian S, Martinvalet D, Walch M, et al. (2010) Perforin activates 
clathrin- and dynamin-dependent endocytosis, which is required for plasma 
membrane repair and delivery of granzyme B for granzyme-mediated apoptosis. 
Blood 115: 1582-1593. 

34. Huffman DL, Abrami L, Sasik R, Corbeil J, van der Goot FG, et al. (2004) Mitogen-
activated protein kinase pathways defend against bacterial pore-forming toxins. 
Proc Natl Acad Sci U S A 101: 10995-11000. 

35. Bischof LJ, Kao CY, Los FC, Gonzalez MR, Shen Z, et al. (2008) Activation of the 
unfolded protein response is required for defenses against bacterial pore-forming 
toxin in vivo. PLoS Pathog 4: e1000176. 

36. Bellier A, Chen CS, Kao CY, Cinar HN, Aroian RV (2009) Hypoxia and the hypoxic 
response pathway protect against pore-forming toxins in C. elegans. PLoS Pathog 
5: e1000689. 

37. Chen CS, Bellier A, Kao CY, Yang YL, Chen HD, et al. (2010) WWP-1 is a novel 
modulator of the DAF-2 insulin-like signaling network involved in pore-forming 
toxin cellular defenses in Caenorhabditis elegans. PLoS One 5: e9494. 

38. Lehrer RI, Jung G, Ruchala P, Wang W, Micewicz ED, et al. (2009) Human alpha-
defensins inhibit hemolysis mediated by cholesterol-dependent cytolysins. Infect 
Immun 77: 4028-4040. 

39. Kao CY (2010). 

40. Wei JZ, Hale K, Carta L, Platzer E, Wong C, et al. (2003) Bacillus thuringiensis crystal 
proteins that target nematodes. Proc Natl Acad Sci U S A 100: 2760-2765. 

41. Goehler LE, Lyte M, Gaykema RP (2007) Infection-induced viscerosensory signals 
from the gut enhance anxiety: implications for psychoneuroimmunology. Brain 
Behav Immun 21: 721-726. 



NEURONAL GOA-1 AND UNC-31 REGULATE PFT RESPONSES 

	   169	  

42. Shivers RP, Kooistra T, Chu SW, Pagano DJ, Kim DH (2009) Tissue-specific activities 
of an immune signaling module regulate physiological responses to pathogenic and 
nutritional bacteria in C. elegans. Cell Host Microbe 6: 321-330. 

43. Zhang Y, Lu H, Bargmann CI (2005) Pathogenic bacteria induce aversive olfactory 
learning in Caenorhabditis elegans. Nature 438: 179-184. 

44. Reddy KC, Andersen EC, Kruglyak L, Kim DH (2009) A polymorphism in npr-1 is a 
behavioral determinant of pathogen susceptibility in C. elegans. Science 323: 382-
384. 

45. Glaser R, Kiecolt-Glaser JK (2005) Stress-induced immune dysfunction: implications 
for health. Nat Rev Immunol 5: 243-251. 

46. Frick LR, Rapanelli M, Cremaschi GA, Genaro AM (2009) Fluoxetine directly 
counteracts the adverse effects of chronic stress on T cell immunity by 
compensatory and specific mechanisms. Brain Behav Immun 23: 36-40. 

47. Rosas-Ballina M, Tracey KJ (2009) The neurology of the immune system: neural 
reflexes regulate immunity. Neuron 64: 28-32. 

48. Zugasti O, Ewbank JJ (2009) Neuroimmune regulation of antimicrobial peptide 
expression by a noncanonical TGF-beta signaling pathway in Caenorhabditis 
elegans epidermis. Nat Immunol 10: 249-256. 

49. White JG, Southgate E, Thomson JN, Brenner S (1986) The structure of the nervous 
system of the nematode Caenorhabditis elegans. Phil Trans R Soc Lond B 314: 1-
340. 

50. Irazoqui JE, Urbach JM, Ausubel FM (2010) Evolution of host innate defence: insights 
from Caenorhabditis elegans and primitive invertebrates. Nat Rev Immunol 10: 
47-58. 

51. Anyanful A, Easley KA, Benian GM, Kalman D (2009) Conditioning protects C. elegans 
from lethal effects of enteropathogenic E. coli by activating genes that regulate 
lifespan and innate immunity. Cell Host Microbe 5: 450-462. 

52. Kawli T, Wu C, Tan MW (2010) Systemic and cell intrinsic roles of Gq{alpha} signaling 
in the regulation of innate immunity, oxidative stress, and longevity in 
Caenorhabditis elegans. Proc Natl Acad Sci U S A 107: 13788-13793. 

53. Styer KL, Singh V, Macosko E, Steele SE, Bargmann CI, et al. (2008) Innate immunity 
in Caenorhabditis elegans is regulated by neurons expressing NPR-1/GPCR. 
Science 322: 460-464. 

54. Raizen DM, Lee RY, Avery L (1995) Interacting genes required for pharyngeal 
excitation by motor neuron MC in Caenorhabditis elegans. Genetics 141: 1365-
1382. 

55. Hasshoff M, Bohnisch C, Tonn D, Hasert B, Schulenburg H (2007) The role of 
Caenorhabditis elegans insulin-like signaling in the behavioral avoidance of 
pathogenic Bacillus thuringiensis. FASEB J 21: 1801-1812. 

56. Dutta S, Mazumdar B, Banerjee KK, Ghosh AN (2010) Three-dimensional structure of 
different functional forms of the Vibrio cholerae hemolysin oligomer: a cryo-
electron microscopic study. J Bacteriol 192: 169-178. 

57. Jones D, Stringham EG, Babich SL, Candido EP (1996) Transgenic strains of the 
nematode C. elegans in biomonitoring and toxicology: effects of captan and related 
compounds on the stress response. Toxicology 109: 119-127. 



CHAPTER 4 

	  170	  

58. Jones D, Candido EP (1999) Feeding is inhibited by sublethal concentrations of 
toxicants and by heat stress in the nematode Caenorhabditis elegans: relationship 
to the cellular stress response. J Exp Zool 284: 147-157. 

59. Boyd WA, Williams PL (2003) Comparison of the sensitivity of three nematode species 
to copper and their utility in aquatic and soil toxicity tests. Environ Toxicol Chem 
22: 2768-2774. 

60. O'Quinn AL, Wiegand EM, Jeddeloh JA (2001) Burkholderia pseudomallei kills the 
nematode Caenorhabditis elegans using an endotoxin-mediated paralysis. Cell 
Microbiol 3: 381-393. 

61. Sun GW, Lu J, Pervaiz S, Cao WP, Gan YH (2005) Caspase-1 dependent macrophage 
death induced by Burkholderia pseudomallei. Cell Microbiol 7: 1447-1458. 

62. Tan MW, Mahajan-Miklos S, Ausubel FM (1999) Killing of Caenorhabditis elegans by 
Pseudomonas aeruginosa used to model mammalian bacterial pathogenesis. Proc 
Natl Acad Sci U S A 96: 715-720. 

63. Sifri CD, Begun J, Ausubel FM, Calderwood SB (2003) Caenorhabditis elegans as a 
model host for Staphylococcus aureus pathogenesis. Infect Immun 71: 2208-2217. 

64. Mendel JE, Korswagen HC, Liu KS, Hajdu-Cronin YM, Simon MI, et al. (1995) 
Participation of the protein Go in multiple aspects of behavior in C. elegans. 
Science 267: 1652-1655. 

65. Segalat L, Elkes DA, Kaplan JM (1995) Modulation of serotonin-controlled behaviors 
by Go in Caenorhabditis elegans. Science 267: 1648-1651. 

66. Brundage L, Avery L, Katz A, Kim UJ, Mendel JE, et al. (1996) Mutations in a C. 
elegans Gqalpha gene disrupt movement, egg laying, and viability. Neuron 16: 
999-1009. 

67. Korswagen HC, Park JH, Ohshima Y, Plasterk RH (1997) An activating mutation in a 
Caenorhabditis elegans Gs protein induces neural degeneration. Genes Dev 11: 
1493-1503. 

68. Robatzek M, Thomas JH (2000) Calcium/calmodulin-dependent protein kinase II 
regulates Caenorhabditis elegans locomotion in concert with a G(o)/G(q) signaling 
network. Genetics 156: 1069-1082. 

69. Hajdu-Cronin YM, Chen WJ, Patikoglou G, Koelle MR, Sternberg PW (1999) 
Antagonism between G(o)alpha and G(q)alpha in Caenorhabditis elegans: the RGS 
protein EAT-16 is necessary for G(o)alpha signaling and regulates G(q)alpha 
activity. Genes Dev 13: 1780-1793. 

70. Koelle MR, Horvitz HR (1996) EGL-10 regulates G protein signaling in the C. elegans 
nervous system and shares a conserved domain with many mammalian proteins. 
Cell 84: 115-125. 

71. Matsuki M, Kunitomo H, Iino Y (2006) Goalpha regulates olfactory adaptation by 
antagonizing Gqalpha-DAG signaling in Caenorhabditis elegans. Proc Natl Acad Sci 
U S A 103: 1112-1117. 

72. van Swinderen B, Metz LB, Shebester LD, Mendel JE, Sternberg PW, et al. (2001) 
Goalpha regulates volatile anesthetic action in Caenorhabditis elegans. Genetics 
158: 643-655. 



NEURONAL GOA-1 AND UNC-31 REGULATE PFT RESPONSES 

	   171	  

73. Robatzek M, Niacaris T, Steger K, Avery L, Thomas JH (2001) eat-11 encodes GPB-2, 
a Gbeta(5) ortholog that interacts with G(o)alpha and G(q)alpha to regulate C. 
elegans behavior. Curr Biol 11: 288-293. 

74. Kawli T, Tan MW (2008) Neuroendocrine signals modulate the innate immunity of 
Caenorhabditis elegans through insulin signaling. Nat Immunol 9: 1415-1424. 

75. Suo S, Kimura Y, Van Tol HH (2006) Starvation induces cAMP response element-
binding protein-dependent gene expression through octopamine-Gq signaling in 
Caenorhabditis elegans. J Neurosci 26: 10082-10090. 

76. Roeder T, Seifert M, Kahler C, Gewecke M (2003) Tyramine and octopamine: 
antagonistic modulators of behavior and metabolism. Arch Insect Biochem Physiol 
54: 1-13. 

77. Horvitz HR, Chalfie M, Trent C, Sulston JE, Evans PD (1982) Serotonin and 
octopamine in the nematode Caenorhabditis elegans. Science 216: 1012-1014. 

78. Shyn SI, Kerr R, Schafer WR (2003) Serotonin and Go modulate functional states of 
neurons and muscles controlling C. elegans egg-laying behavior. Curr Biol 13: 
1910-1915. 

79. Tanis JE, Moresco JJ, Lindquist RA, Koelle MR (2008) Regulation of serotonin 
biosynthesis by the G proteins Galphao and Galphaq controls serotonin signaling in 
Caenorhabditis elegans. Genetics 178: 157-169. 

80. Sze JY, Victor M, Loer C, Shi Y, Ruvkun G (2000) Food and metabolic signalling 
defects in a Caenorhabditis elegans serotonin-synthesis mutant. Nature 403: 560-
564. 

81. Rogers CM, Franks CJ, Walker RJ, Burke JF, Holden-Dye L (2001) Regulation of the 
pharynx of Caenorhabditis elegans by 5-HT, octopamine, and FMRFamide-like 
neuropeptides. J Neurobiol 49: 235-244. 

82. Lackner MR, Nurrish SJ, Kaplan JM (1999) Facilitation of synaptic transmission by 
EGL-30 Gqalpha and EGL-8 PLCbeta: DAG binding to UNC-13 is required to 
stimulate acetylcholine release. Neuron 24: 335-346. 

83. Gill SS, Cowles EA, Pietrantonio PV (1992) The mode of action of Bacillus thuringiensis 
endotoxins. Annu Rev Entomol 37: 615-636. 

84. Speese S, Petrie M, Schuske K, Ailion M, Ann K, et al. (2007) UNC-31 (CAPS) is 
required for dense-core vesicle but not synaptic vesicle exocytosis in 
Caenorhabditis elegans. J Neurosci 27: 6150-6162. 

85. Kass J, Jacob TC, Kim P, Kaplan JM (2001) The EGL-3 proprotein convertase regulates 
mechanosensory responses of Caenorhabditis elegans. J Neurosci 21: 9265-9272. 

86. Jacob TC, Kaplan JM (2003) The EGL-21 carboxypeptidase E facilitates acetylcholine 
release at Caenorhabditis elegans neuromuscular junctions. J Neurosci 23: 2122-
2130. 

87. Charlie NK, Schade MA, Thomure AM, Miller KG (2006) Presynaptic UNC-31 (CAPS) is 
required to activate the G alpha(s) pathway of the Caenorhabditis elegans synaptic 
signaling network. Genetics 172: 943-961. 

88. Ailion M, Inoue T, Weaver CI, Holdcraft RW, Thomas JH (1999) Neurosecretory control 
of aging in Caenorhabditis elegans. Proc Natl Acad Sci U S A 96: 7394-7397. 



CHAPTER 4 

	  172	  

89. Avery L, Bargmann CI, Horvitz HR (1993) The Caenorhabditis elegans unc-31 gene 
affects multiple nervous system-controlled functions. Genetics 134: 455-464. 

90. Cuppen E, van der Linden AM, Jansen G, Plasterk RH (2003) Proteins interacting with 
Caenorhabditis elegans Galpha subunits. Comp Funct Genomics 4: 479-491. 

91. Jansen G, Thijssen KL, Werner P, van der Horst M, Hazendonk E, et al. (1999) The 
complete family of genes encoding G proteins of Caenorhabditis elegans. Nat 
Genet 21: 414-419. 

92. Sternweis PC, Robishaw JD (1984) Isolation of two proteins with high affinity for 
guanine nucleotides from membranes of bovine brain. J Biol Chem 259: 13806-
13813. 

93. Jiang M, Spicher K, Boulay G, Wang Y, Birnbaumer L (2001) Most central nervous 
system D2 dopamine receptors are coupled to their effectors by Go. Proc Natl Acad 
Sci U S A 98: 3577-3582. 

94. van der Linden AM, Simmer F, Cuppen E, Plasterk RH (2001) The G-protein beta-
subunit GPB-2 in Caenorhabditis elegans regulates the G(o)alpha-G(q)alpha 
signaling network through interactions with the regulator of G-protein signaling 
proteins EGL-10 and EAT-16. Genetics 158: 221-235. 

95. Griffitts JS, Whitacre JL, Stevens DE, Aroian RV (2001) Bt toxin resistance from loss 
of a putative carbohydrate-modifying enzyme. Science 293: 860-864. 

96. Baum JA, Malvar T (1995) Regulation of insecticidal crystal protein production in 
Bacillus thuringiensis. Mol Microbiol 18: 1-12. 

97. Miller KG, Emerson MD, Rand JB (1999) Goalpha and diacylglycerol kinase negatively 
regulate the Gqalpha pathway in C. elegans. Neuron 24: 323-333. 

98. Liang B, Moussaif M, Kuan CJ, Gargus JJ, Sze JY (2006) Serotonin targets the DAF-
16/FOXO signaling pathway to modulate stress responses. Cell Metab 4: 429-440. 

99. Desai C, Garriga G, McIntire SL, Horvitz HR (1988) A genetic pathway for the 
development of the Caenorhabditis elegans HSN motor neurons. Nature 336: 638-
646. 

100. Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77: 71-94. 

101. Bischof LJ, Huffman DL, Aroian RV (2006) Assays for toxicity studies in C. elegans 
with Bt crystal proteins. Methods Mol Biol 351: 139-154. 

102. Monnerat R, Martins E, Queiroz P, Orduz S, Jaramillo G, et al. (2006) Genetic 
variability of Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) populations 
from Latin America is associated with variations in susceptibility to Bacillus 
thuringiensis cry toxins. Appl Environ Microbiol 72: 7029-7035. 

103. Vaitkevicius K, Lindmark B, Ou G, Song T, Toma C, et al. (2006) A Vibrio cholerae 
protease needed for killing of Caenorhabditis elegans has a role in protection from 
natural predator grazing. Proc Natl Acad Sci U S A 103: 9280-9285. 

104. Keane J, Avery L (2003) Mechanosensory inputs influence Caenorhabditis elegans 
pharyngeal activity via ivermectin sensitivity genes. Genetics 164: 153-162. 



NEURONAL GOA-1 AND UNC-31 REGULATE PFT RESPONSES 

	   173	  

Supplemental Figures and Tables 

	  
Figure S1. Transfer does not alter feeding, and Cry5B plates retain potency after 
24 hr (A) Fractions of wild-type animals feeding at various time points after transfer. 
Statistics indicate difference between transferred and untransferred animals. (B) Wild-
type animals transferred to 24-hr old E. coli-Cry5B plates are not feeding 10 or 30 min 
after transfer. Statistics indicate difference between 24-hr old control and 24-hr old Cry5B 
plate. Here and in all subsequent supplemental figures graphs show mean ± standard 
error of 3 experiments, and statistics indicated are: ns not significant, * p < 0.05, ** p < 
0.01, *** p < 0.001. 

 
Figure S2. Transfer does not alter pumping rates 30 minutes after transfer to plates 
with E. coli not expressing PFT, pumping rates are the same as before transfer. Bars show 
mean ± standard error of 3 experiments, and dots are individual measurements of all 
three experiments. Statistics are provided in Table S1. 
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Figure S3. Goα is required for PFT defense After 48 hr, goa-1(ep275) mutants are 
qualitatively hypersensitive to E. coli-expressed Cry5B. Scale bar = 500 µm. 
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Figure S4. Octopamine (OA) inhibits feeding, and serotonin (5-HT) causes 
hypersensitivity to PFTs and CuSO4 (A) OA causes reduced pumping rates in absence 
of Cry5B in wild type animals but not in goa-1 mutants. Cry5B reduces pumping rates of 
goa-1(gf) animals, regardless of OA. (B) 5-HT causes Cry5B hypersensitivity in wild-type 
animals, but not in goa-1(gf) mutants. goa-1(sa734) and egl-30(n686) are hypersensitive 
to 5-HT in the absence of PFT. For (A) bars show mean ± standard error of 3 
experiments, and dots are individual measurements of all three experiments. Statistics 
indicate difference between mutant and wild type on the same treatment (B) or between 
0 and 5 or 10 mM 5-HT for the same CuSO4 concentration (C). Statistics for (A) and 
additional statistics for (B, C) provided in Table S1. 

 

 

 

 

 

Figure S5. 5-HT causes increased body size in the absence of Cry1C and 
increased lethality in the presence of Cry1C in Spodoptera frugiperda After 7 days 
on 5 mM 5-HT and in the absence of Cry1C, S. frugiperda larvae show strongly increased 
body size compared to 0 mM 5-HT controls. However, when exposed simultaneously to 5 
mM 5-HT and 100 ng/cm2 Cry1C, the animals show decreased body size, as well as 
increased lethality (see text). 
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Table S1. Statistical analyses 
condition 
A1 

condition 
B1 

mean 
A1 

S.E.M. 
A1 

mean 
B1 

S.E.M. 
B1 

diffe-
rence2 

lower 
CL3 

upper 
CL3 

p 
value3 

summary
4 

fractions feeding after transfer to Cry5B (Figure 1A) 
1min, control 1min, Cry5B 0.8444 0.0222 0.8889 0.0444 0.0444 -0.1155 0.2044 0.4328 ns 
2min, control 2min, Cry5B 0.8444 0.0222 0.8444 0.0889 0.0000 -0.3552 0.3552 1.0000 ns 
3min, control 3min, Cry5B 0.8000 0.0385 0.8000 0.0667 0.0000 -0.2366 0.2366 1.0000 ns 
4min, control 4min, Cry5B 0.7778 0.0222 0.6000 0.0770 0.1778 -0.1241 0.4796 0.1385 ns 
5min, control 5min, Cry5B 0.8000 0.0000 0.4000 0.0385 0.4000 0.2344 0.5656 0.0091 ** 
6min, control 6min, Cry5B 0.8000 0.0000 0.2667 0.0385 0.5333 0.3677 0.6989 0.0052 ** 
7min, control 7min, Cry5B 0.8000 0.0000 0.1333 0.0770 0.6667 0.3355 0.9979 0.0131 * 
8min, control 8min, Cry5B 0.8000 0.0000 0.0000 0.0000 0.8000 - - - - 
9min, control 9min, Cry5B 0.8000 0.0000 0.0000 0.0000 0.8000 - - - - 
10min, control 10min, Cry5B 0.7778 0.0222 0.0000 0.0000 0.7778 0.6822 0.8734 0.0008 *** 
fractions feeding after transfer to Cry5B (Figure 1B) 
0.5h, control 0.5h, Cry5B 0.6044 0.0327 0.0000 0.0000 0.6044 0.5244 0.6843 <0.0001 *** 
2h, control 2h, Cry5B 0.5969 0.0415 0.0000 0.0000 0.5969 0.4987 0.6952 <0.0001 *** 
24h, control 24h, Cry5B 0.8542 0.0476 0.3976 0.0645 0.4566 0.2833 0.6299 <0.0001 *** 
fractions feeding after transfer to VCC (Figure 1C) 
1min, control 1min, VCC 0.7556 0.0222 0.8222 0.0222 0.0667 -0.0206 0.1539 0.1012 ns 
2min, control 2min, VCC 0.7556 0.0222 0.8000 0.0385 0.0444 -0.0921 0.1810 0.3868 ns 
3min, control 3min, VCC 0.7556 0.0222 0.6889 0.0801 0.0667 -0.2493 0.3826 0.4970 ns 
4min, control 4min, VCC 0.7556 0.0222 0.6444 0.0588 0.1111 -0.1099 0.3321 0.1908 ns 
5min, control 5min, VCC 0.7556 0.0222 0.4889 0.0588 0.2667 0.0457 0.4876 0.0327 * 
6min, control 6min, VCC 0.7556 0.0222 0.2889 0.0588 0.4667 0.2457 0.6876 0.0085 ** 
7min, control 7min, VCC 0.7556 0.0222 0.0889 0.0889 0.6667 0.3115 1.0219 0.0132 * 
8min, control 8min, VCC 0.7556 0.0222 0.0000 0.0000 0.7556 0.6599 0.8512 0.0009 *** 
9min, control 9min, VCC 0.7556 0.0222 0.0000 0.0000 0.7556 0.6599 0.8512 0.0009 *** 
10min, control 10min, VCC 0.7556 0.0222 0.0000 0.0000 0.7556 0.6599 0.8512 0.0009 *** 
fractions feeding after transfer to Cry21A (Figure 1D) 
1min, control 1min, Cry21A 0.8667 0.0000 0.8444 0.0222 0.0222 -0.0734 0.1178 0.4226 ns 
2min, control 2min, Cry21A 0.8667 0.0000 0.8222 0.0222 0.0444 -0.0512 0.1401 0.1835 ns 
3min, control 3min, Cry21A 0.8667 0.0000 0.7778 0.0588 0.0889 -0.1641 0.3419 0.2697 ns 
4min, control 4min, Cry21A 0.8444 0.0222 0.7111 0.0444 0.1333 -0.0266 0.2933 0.0765 ns 
5min, control 5min, Cry21A 0.8444 0.0222 0.4444 0.0444 0.4000 0.5599 0.2401 0.0043 ** 
6min, control 6min, Cry21A 0.8444 0.0222 0.2222 0.0889 0.6222 0.9774 0.2670 0.0153 * 
7min, control 7min, Cry21A 0.8444 0.0222 0.0000 0.0000 0.8444 0.7488 0.9401 0.0007 *** 
8min, control 8min, Cry21A 0.8444 0.0222 0.0000 0.0000 0.8444 0.7488 0.9401 0.0007 *** 
9min, control 9min, Cry21A 0.8444 0.0222 0.0000 0.0000 0.8444 0.7488 0.9401 0.0007 *** 

10min, control 
10min, 
Cry21A 0.8444 0.0222 0.0000 0.0000 0.8444 0.7488 0.9401 0.0007 *** 

fractions feeding after transfer to Cry5B (Figure 2A) 
wild type, 
control, 10min 

wild type, 
Cry5B, 10min 0.8444 0.0222 0.0000 0.0000 0.8444 0.7941 0.8948 <0.0001 *** 

goa-1(sa734), 
control, 10min 

goa-1(sa734), 
Cry5B, 10min 0.8000 0.0000 0.6667 0.0000 0.1333 0.0830 0.1837 0.0001 *** 

wild type, 
control, 10min 

goa-1(sa734), 
control, 10min 0.8444 0.0222 0.8000 0.0000 0.0444 -0.0059 0.0948 0.0848 ns 

wild type, 
Cry5B, 10min 

goa-1(sa734), 
Cry5B, 10min 0.0000 0.0000 0.6667 0.0000 0.6667 0.6163 0.7170 <0.0001 *** 

wild type, 
control, 0.5hr 

wild type, 
Cry5B, 0.5hr 0.8444 0.0222 0.0000 0.0000 0.8444 0.7733 0.9156 <0.0001 *** 

goa-1(sa734), 
control, 0.5hr 

goa-1(sa734), 
Cry5B, 0.5hr 0.7556 0.0222 0.7333 0.0000 0.0222 -0.0489 0.0934 0.7538 ns 

wild type, 
control, 0.5hr 

goa-1(sa734), 
control, 0.5hr 0.8444 0.0222 0.7556 0.0222 0.0889 0.0177 0.1601 0.0167 * 

wild type, 
Cry5B, 0.5hr 

goa-1(sa734), 
Cry5B, 0.5hr 0.0000 0.0000 0.7333 0.0000 0.7333 0.6622 0.8045 <0.0001 *** 

wild type, 
control, 2hr 

wild type, 
Cry5B, 2hr 0.8000 0.0000 0.0000 0.0000 0.8000 0.6994 0.9006 <0.0001 *** 

goa-1(sa734), 
control, 2hr 

goa-1(sa734), 
Cry5B, 2hr 0.7778 0.0444 0.6667 0.0000 0.1111 0.0105 0.2118 0.0314 * 

wild type, 
control, 2hr 

goa-1(sa734), 
control, 2hr 0.8000 0.0000 0.7778 0.0444 0.0222 -0.0784 0.1229 0.8915 ns 

wild type, 
Cry5B, 2hr 

goa-1(sa734), 
Cry5B, 2hr 0.0000 0.0000 0.6667 0.0000 0.6667 0.5660 0.7673 <0.0001 *** 

fractions feeding after transfer to Cry5B (Figure 2B) 
wild type, 
control, 10min 

wild type, 
Cry5B, 10min 0.6296 0.0844 0.0000 0.0000 0.6296 0.3803 0.8789 0.0002 *** 

goa-1(ep275), 
control, 10min 

goa-1(ep275), 
Cry5B, 10min 0.7121 0.0379 0.7980 0.0597 0.0859 -0.1635 0.3352 0.6979 ns 

wild type, 
control, 10min 

goa-1(ep275), 
control, 10min 0.6296 0.0844 0.7121 0.0379 0.0825 -0.1668 0.3318 0.7215 ns 

wild type, 
Cry5B, 10min 

goa-1(ep275), 
Cry5B, 10min 0.0000 0.0000 0.7980 0.0597 0.7980 0.5487 1.0473 <0.0001 *** 

wild type, 
control, 0.5hr 

wild type, 
Cry5B, 0.5hr 0.6399 0.0337 0.0000 0.0000 0.6399 0.3263 0.9535 0.0008 *** 

goa-1(ep275), 
control, 0.5hr 

goa-1(ep275), 
Cry5B, 0.5hr 0.6136 0.0860 0.7061 0.1032 0.0924 -0.2212 0.4061 0.7833 ns 

wild type, 
control, 0.5hr 

goa-1(ep275), 
control, 0.5hr 0.6399 0.0337 0.6136 0.0860 0.0263 -0.2874 0.3399 0.9927 ns 

wild type, 
Cry5B, 0.5hr 

goa-1(ep275), 
Cry5B, 0.5hr 0.0000 0.0000 0.7061 0.1032 0.7061 0.3924 1.0197 0.0004 *** 

wild type, 
control, 2hr 

wild type, 
Cry5B, 2hr 0.6545 0.0378 0.0000 0.0000 0.6545 0.3578 0.9513 0.0005 *** 
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goa-1(ep275), 
control, 2hr 

goa-1(ep275), 
Cry5B, 2hr 0.5732 0.0788 0.5212 0.0977 0.0520 -0.2448 0.3488 0.9408 ns 

wild type, 
control, 2hr 

goa-1(ep275), 
control, 2hr 0.6545 0.0378 0.5732 0.0788 0.0813 -0.2155 0.3781 0.8165 ns 

wild type, 
Cry5B, 2hr 

goa-1(ep275), 
Cry5B, 2hr 0.0000 0.0000 0.5212 0.0977 0.5212 0.2244 0.8180 0.0022 ** 

fractions feeding after transfer to VCC (Figure 2C) 
wild type, 
control, 10min 

wild type, 
VCC, 10min 0.7556 0.0222 0.0000 0.0000 0.7556 0.6684 0.8427 <0.0001 *** 

goa-1(sa734), 
control, 10min 

goa-1(sa734), 
VCC, 10min 0.7556 0.0222 0.6889 0.0222 0.0667 -0.0205 0.1538 0.1442 ns 

wild type, 
control, 10min 

goa-1(sa734), 
control, 10min 0.7556 0.0222 0.7556 0.0222 0.0000 -0.0872 0.0872 1.0000 ns 

wild type, 
VCC, 10min 

goa-1(sa734), 
VCC, 10min 0.0000 0.0000 0.6889 0.0222 0.6889 0.6017 0.7760 <0.0001 *** 

wild type, 
control, 0.5hr 

wild type, 
VCC, 0.5hr 0.7333 0.0385 0.0000 0.0000 0.7333 0.6002 0.8665 <0.0001 *** 

goa-1(sa734), 
control, 0.5hr 

goa-1(sa734), 
VCC, 0.5hr 0.7333 0.0385 0.7556 0.0222 0.0222 -0.1109 0.1554 0.9481 ns 

wild type, 
control, 0.5hr 

goa-1(sa734), 
control, 0.5hr 0.7333 0.0385 0.7333 0.0385 0.0000 -0.1331 0.1331 1.0000 ns 

wild type, 
VCC, 0.5hr 

goa-1(sa734), 
VCC, 0.5hr 0.0000 0.0000 0.7556 0.0222 0.7556 0.6224 0.8887 <0.0001 *** 

wild type, 
control, 2hr 

wild type, 
VCC, 2hr 0.6667 0.0385 0.0000 0.0000 0.6667 0.5434 0.7899 <0.0001 *** 

goa-1(sa734), 
control, 2hr 

goa-1(sa734), 
VCC, 2hr 0.7333 0.0385 0.7333 0.0000 0.0000 -0.1233 0.1233 - ns 

wild type, 
control, 2hr 

goa-1(sa734), 
control, 2hr 0.6667 0.0385 0.7333 0.0385 0.0667 -0.0566 0.1899 0.3688 ns 

wild type, 
VCC, 2hr 

goa-1(sa734), 
VCC, 2hr 0.0000 0.0000 0.7333 0.0000 0.7333 0.6101 0.8566 <0.0001 *** 

fractions feeding after transfer to Cry21A (Figure 2D) 

wild type, 
control, 10min 

wild type, 
Cry21A, 
10min 0.8444 0.0222 0.0000 0.0000 0.8444 0.7573 0.9316 <0.0001 *** 

goa-1(sa734), 
control, 10min 

goa-1(sa734), 
Cry21A, 
10min 0.7778 0.0222 0.7778 0.0222 0.0000 -0.0872 0.0872 - ns 

wild type, 
control, 10min 

goa-1(sa734), 
control, 10min 0.8444 0.0222 0.7778 0.0222 0.0667 -0.0205 0.1538 0.1442 ns 

wild type, 
Cry21A, 
10min 

goa-1(sa734), 
Cry21A, 
10min 0.0000 0.0000 0.7778 0.0222 0.7778 0.6906 0.8649 <0.0001 *** 

wild type, 
control, 0.5hr 

wild type, 
Cry21A, 0.5hr 0.7556 0.0222 0.0000 0.0000 0.7556 0.6549 0.8562 <0.0001 *** 

goa-1(sa734), 
control, 0.5hr 

goa-1(sa734), 
Cry21A, 0.5hr 0.7333 0.0000 0.7333 0.0385 0.0000 -0.1006 0.1006 - ns 

wild type, 
control, 0.5hr 

goa-1(sa734), 
control, 0.5hr 0.7556 0.0222 0.7333 0.0000 0.0222 -0.0784 0.1229 0.8915 ns 

wild type, 
Cry21A, 0.5hr 

goa-1(sa734), 
Cry21A, 0.5hr 0.0000 0.0000 0.7333 0.0385 0.7333 0.6327 0.8340 <0.0001 *** 

wild type, 
control, 2hr 

wild type, 
Cry21A, 2hr 0.7556 0.0222 0.0000 0.0000 0.7556 0.6323 0.8788 <0.0001 *** 

goa-1(sa734), 
control, 2hr 

goa-1(sa734), 
Cry21A, 2hr 0.7111 0.0222 0.6889 0.0444 0.0222 -0.1010 0.1455 0.9361 ns 

wild type, 
control, 2hr 

goa-1(sa734), 
control, 2hr 0.7556 0.0222 0.7111 0.0222 0.0444 -0.0788 0.1677 0.6690 ns 

wild type, 
Cry21A, 2hr 

goa-1(sa734), 
Cry21A, 2hr 0.0000 0.0000 0.6889 0.0444 0.6889 0.5656 0.8121 <0.0001 *** 

pumping rates after transfer to Cry5B (Figure 2E) 
wild type, 
control 

wild type, 
Cry5B 

178.333
0 20.3080 0.0630 0.0630 178.270   <.0001 *** 

goa-1(n1134) 
egl-30(n686), 
control 

goa-1(n1134) 
egl-30(n686), 
Cry5B 94.4000 14.5650 0.0000 0.0000 94.4000     <.0001 *** 

goa-1(sa734), 
control 

goa-1(sa734), 
Cry5B 

178.059
0 14.8820 

111.371
0 16.2770 66.6880   0.0033 ** 

eat-16(ce71), 
control 

eat-16(ce71), 
Cry5B 87.2120 12.0440 19.0000 3.7660 68.2120     0.0001 *** 

egl-30(n686), 
control 

egl-30(n686), 
Cry5B 

126.432
0 15.1300 0.0630 0.0630 126.369   <.0001 *** 

egl-10(n692), 
control 

egl-10(n692), 
Cry5B 

149.806
0 19.5160 0.0000 0.0000 149.806     <.0001 *** 

goa-1(n1134), 
control 

goa-1(n1134), 
Cry5B 

176.188
0 18.1980 2.5330 2.4650 173.655   <.0001 *** 

egl-10(xs), 
control 

egl-10(xs), 
Cry5B 

137.800
0 20.3050 0.4240 0.3670 137.376     <.0001 *** 

wild type, 
control 

goa-1(n1134) 
egl-30(n686), 
control 

178.333
0 20.3080 94.4000 14.5650 83.9330   0.0026 ** 

wild type, 
control 

goa-1(sa734), 
control 

178.333
0 20.3080 

178.059
0 14.8820 0.2740     1.0000 ns 

wild type, 
control 

eat-16(ce71), 
control 

178.333
0 20.3080 87.2120 12.0440 91.1210   0.0010 ** 

wild type, 
control 

egl-30(n686), 
control 

178.333
0 20.3080 

126.432
0 15.1300 51.9010     0.1288 ns 

wild type, 
control 

egl-10(n692), 
control 

178.333
0 20.3080 

149.806
0 19.5160 28.5270   0.7493 ns 

wild type, 
control 

goa-1(n1134), 
control 

178.333
0 20.3080 

176.188
0 18.1980 2.1450     1.0000 ns 

wild type, 
control 

egl-10(xs), 
control 

178.333
0 20.3080 

137.800
0 20.3050 40.5330   0.4017 ns 

wild type, 
Cry5B 

goa-1(n1134) 
egl-30(n686), 
Cry5B 0.0630 0.0630 0.0000 0.0000 0.0630     1.0000 ns 



CHAPTER 4 

	  178	  

wild type, 
Cry5B 

goa-1(sa734), 
Cry5B 0.0630 0.0630 

111.371
0 16.2770 -111.31   <.0001 *** 

wild type, 
Cry5B 

eat-16(ce71), 
Cry5B 0.0630 0.0630 19.0000 3.7660 -18.937     0.2054 ns 

wild type, 
Cry5B 

egl-30(n686), 
Cry5B 0.0630 0.0630 0.0630 0.0630 0.0000   1.0000 ns 

wild type, 
Cry5B 

egl-10(n692), 
Cry5B 0.0630 0.0630 0.0000 0.0000 0.0630     1.0000 ns 

wild type, 
Cry5B 

goa-1(n1134), 
Cry5B 0.0630 0.0630 2.5330 2.4650 -2.4700   0.9999 ns 

wild type, 
Cry5B 

egl-10(xs), 
Cry5B 0.0630 0.0630 0.4240 0.3670 -0.3610     1.0000 ns 

survival rates after 8 days on Cry5B (Figure 3B) 

wild type, 
0µg/ml Cry5B 

wild type, 
2.5µg/ml 
Cry5B 0.9917 0.0083 0.8211 0.0670 0.1706 -0.1604 0.5016 0.9785 ns 

wild type, 
0µg/ml Cry5B 

wild type, 
5µg/ml Cry5B 0.9917 0.0083 0.6399 0.1111 0.3518 0.0208 0.6828 0.0235 * 

wild type, 
0µg/ml Cry5B 

wild type, 
7.5µg/ml 
Cry5B 0.9917 0.0083 0.4821 0.1534 0.5095 0.1786 0.8405 <.0001 *** 

wild type, 
0µg/ml Cry5B 

egl-10(n692), 
0µg/ml Cry5B 0.9917 0.0083 0.9246 0.0260 0.0671 -0.2639 0.3981 . ns 

wild type, 
0µg/ml Cry5B 

goa-1(n1134) 
egl-30(n686), 
0µg/ml Cry5B 0.9917 0.0083 0.9367 0.0320 0.0550 -0.2760 0.3860 . ns 

wild type, 
0µg/ml Cry5B 

egl-30(n686), 
0µg/ml Cry5B 0.9917 0.0083 0.9326 0.0225 0.0590 -0.2719 0.3900 . ns 

wild type, 
0µg/ml Cry5B 

goa-1(sa734), 
0µg/ml Cry5B 0.9917 0.0083 0.9331 0.0079 0.0586 -0.2724 0.3896 . ns 

wild type, 
0µg/ml Cry5B 

egl-10(xs), 
0µg/ml Cry5B 0.9917 0.0083 0.9966 0.0034 0.0049 -0.3261 0.3359 . ns 

wild type, 
0µg/ml Cry5B 

goa-1(gf), 
0µg/ml Cry5B 0.9917 0.0083 0.9795 0.0062 0.0122 -0.3188 0.3432 . ns 

wild type, 
0µg/ml Cry5B 

eat-16(ce71), 
0µg/ml Cry5B 0.9917 0.0083 0.9007 0.0178 0.0909 -0.2401 0.4219 1.0000 ns 

wild type, 
0µg/ml Cry5B 

goa-1(n1134), 
0µg/ml Cry5B 0.9917 0.0083 0.9809 0.0050 0.0107 -0.3202 0.3417 . ns 

wild type, 
2.5µg/ml 
Cry5B 

egl-10(n692), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.7205 0.0610 0.1005 -0.2305 0.4315 1.0000 ns 

wild type, 
2.5µg/ml 
Cry5B 

goa-1(n1134) 
egl-30(n686), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.6272 0.0724 0.1939 -0.1371 0.5249 0.9075 ns 

wild type, 
2.5µg/ml 
Cry5B 

egl-30(n686), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.6935 0.0716 0.1276 -0.2034 0.4586 0.9998 ns 

wild type, 
2.5µg/ml 
Cry5B 

goa-1(sa734), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.0250 0.0250 0.7961 0.4651 1.1271 <.0001 *** 

wild type, 
2.5µg/ml 
Cry5B 

egl-10(xs), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.7606 0.0599 0.0605 -0.2705 0.3915 . ns 

wild type, 
2.5µg/ml 
Cry5B 

goa-1(gf), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.7881 0.0222 0.0330 -0.2980 0.3640 . ns 

wild type, 
2.5µg/ml 
Cry5B 

eat-16(ce71), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.0096 0.0051 0.8114 0.4805 1.1424 <.0001 *** 

wild type, 
2.5µg/ml 
Cry5B 

goa-1(n1134), 
2.5µg/ml 
Cry5B 0.8211 0.0670 0.5648 0.0328 0.2562 -0.0748 0.5872 0.4140 ns 

wild type, 
5µg/ml Cry5B 

egl-10(n692), 
5µg/ml Cry5B 0.6399 0.1111 0.4035 0.0522 0.2364 -0.0946 0.5674 0.5911 ns 

wild type, 
5µg/ml Cry5B 

goa-1(n1134) 
egl-30(n686), 
5µg/ml Cry5B 0.6399 0.1111 0.2673 0.0507 0.3726 0.0416 0.7036 0.0105 * 

wild type, 
5µg/ml Cry5B 

egl-30(n686), 
5µg/ml Cry5B 0.6399 0.1111 0.4304 0.0691 0.2095 -0.1215 0.5405 0.8156 ns 

wild type, 
5µg/ml Cry5B 

goa-1(sa734), 
5µg/ml Cry5B 0.6399 0.1111 0.0000 0.0000 0.6399 0.3089 0.9709 <.0001 *** 

wild type, 
5µg/ml Cry5B 

egl-10(xs), 
5µg/ml Cry5B 0.6399 0.1111 0.5475 0.0586 0.0924 -0.2386 0.4234 1.0000 ns 

wild type, 
5µg/ml Cry5B 

goa-1(gf), 
5µg/ml Cry5B 0.6399 0.1111 0.6675 0.0670 0.0276 -0.3034 0.3585 . ns 

wild type, 
5µg/ml Cry5B 

eat-16(ce71), 
5µg/ml Cry5B 0.6399 0.1111 0.0000 0.0000 0.6399 0.3089 0.9709 <.0001 *** 

wild type, 
5µg/ml Cry5B 

goa-1(n1134), 
5µg/ml Cry5B 0.6399 0.1111 0.3234 0.0491 0.3165 -0.0144 0.6475 0.0815 ns 

wild type, 
7.5µg/ml 
Cry5B 

egl-10(n692), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.2789 0.0435 0.2032 -0.1278 0.5342 0.8567 ns 

wild type, 
7.5µg/ml 
Cry5B 

goa-1(n1134) 
egl-30(n686), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.1326 0.0357 0.3495 0.0186 0.6805 0.0255 * 

wild type, 
7.5µg/ml 
Cry5B 

egl-30(n686), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.3676 0.1386 0.1145 -0.2165 0.4455 1.0000 ns 

wild type, 
7.5µg/ml 
Cry5B 

goa-1(sa734), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.0000 0.0000 0.4821 0.1511 0.8131 <.0001 *** 

wild type, 
7.5µg/ml 
Cry5B 

egl-10(xs), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.4276 0.0972 0.0545 -0.2765 0.3855 . ns 
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wild type, 
7.5µg/ml 
Cry5B 

goa-1(gf), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.5421 0.0853 0.0599 -0.2711 0.3909 . ns 

wild type, 
7.5µg/ml 
Cry5B 

eat-16(ce71), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.0000 0.0000 0.4821 0.1511 0.8131 <.0001 *** 

wild type, 
7.5µg/ml 
Cry5B 

goa-1(n1134), 
7.5µg/ml 
Cry5B 0.4821 0.1534 0.1880 0.0244 0.2941 -0.0369 0.6251 0.1625 ns 

goa-1(n1134) 
egl-30(n686), 
0µg/ml Cry5B 

goa-1(n1134), 
0µg/ml Cry5B 0.9367 0.0320 0.9809 0.0050 0.0443 -0.2867 0.3753 . ns 

goa-1(n1134) 
egl-30(n686), 
2.5µg/ml 
Cry5B 

goa-1(n1134), 
2.5µg/ml 
Cry5B 0.6272 0.0724 0.5648 0.0328 0.0624 -0.2686 0.3934 . ns 

goa-1(n1134) 
egl-30(n686), 
5µg/ml Cry5B 

goa-1(n1134), 
5µg/ml Cry5B 0.2673 0.0507 0.3234 0.0491 0.0560 -0.2750 0.3870 . ns 

goa-1(n1134) 
egl-30(n686), 
7.5µg/ml 
Cry5B 

goa-1(n1134), 
7.5µg/ml 
Cry5B 0.1326 0.0357 0.1880 0.0244 0.0555 -0.2755 0.3865 . ns 

goa-1(n1134) 
egl-30(n686), 
0µg/ml Cry5B 

egl-30(n686), 
0µg/ml Cry5B 0.9367 0.0320 0.9326 0.0225 0.0040 -0.3270 0.3350 . ns 

goa-1(n1134) 
egl-30(n686), 
2.5µg/ml 
Cry5B 

egl-30(n686), 
2.5µg/ml 
Cry5B 0.6272 0.0724 0.6935 0.0716 0.0663 -0.2647 0.3973 . ns 

goa-1(n1134) 
egl-30(n686), 
5µg/ml Cry5B 

egl-30(n686), 
5µg/ml Cry5B 0.2673 0.0507 0.4304 0.0691 0.1631 -0.1679 0.4941 0.9883 ns 

goa-1(n1134) 
egl-30(n686), 
7.5µg/ml 
Cry5B 

egl-30(n686), 
7.5µg/ml 
Cry5B 0.1326 0.0357 0.3676 0.1386 0.2350 -0.0960 0.5660 0.6035 ns 

survival rates after 24 hr on VCC (Figure 3C) 
wild type, 0% 
VCC 

wild type, 
25% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 1.0000 ns 

wild type, 0% 
VCC 

wild type, 
50% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 . ns 

wild type, 0% 
VCC 

wild type, 
100% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 . ns 

wild type, 0% 
VCC 

goa-1(sa734), 
0% VCC 1.0000 0.0000 0.3734 0.0489 0.6266 0.4802 0.7730 <.0001 *** 

wild type, 0% 
VCC 

eat-16(ce71), 
0% VCC 1.0000 0.0000 0.7500 0.0063 0.2500 0.1036 0.3964 <.0001 *** 

wild type, 0% 
VCC 

goa-1(n1134), 
0% VCC 1.0000 0.0000 0.9171 0.0211 0.0829 -0.0635 0.2294 0.8142 ns 

wild type, 0% 
VCC 

egl-10(xs), 
0% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 . ns 

wild type, 
25% VCC 

goa-1(sa734), 
25% VCC 1.0000 0.0000 0.0532 0.0181 0.9468 0.8004 1.0932 <.0001 *** 

wild type, 
25% VCC 

eat-16(ce71), 
25% VCC 1.0000 0.0000 0.4150 0.0190 0.5850 0.4386 0.7315 <.0001 *** 

wild type, 
25% VCC 

goa-1(n1134), 
25% VCC 1.0000 0.0000 0.8880 0.0261 0.1120 -0.0345 0.2584 0.3353 ns 

wild type, 
25% VCC 

egl-10(xs), 
25% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 1.0000 ns 

wild type, 
50% VCC 

goa-1(sa734), 
50% VCC 1.0000 0.0000 0.0447 0.0111 0.9553 0.8088 1.1017 <.0001 *** 

wild type, 
50% VCC 

eat-16(ce71), 
50% VCC 1.0000 0.0000 0.1917 0.0167 0.8083 0.6619 0.9548 <.0001 *** 

wild type, 
50% VCC 

goa-1(n1134), 
50% VCC 1.0000 0.0000 0.9014 0.0585 0.0986 -0.0478 0.2450 0.5556 ns 

wild type, 
50% VCC 

egl-10(xs), 
50% VCC 1.0000 0.0000 1.0000 0.0000 0.0000 -0.1464 0.1464 . ns 

wild type, 
100% VCC 

goa-1(sa734), 
100% VCC 1.0000 0.0000 0.0000 0.0000 1.0000 0.8536 1.1464 <.0001 *** 

wild type, 
100% VCC 

eat-16(ce71), 
100% VCC 1.0000 0.0000 0.0074 0.0074 0.9926 0.8462 1.1390 <.0001 *** 

wild type, 
100% VCC 

goa-1(n1134), 
100% VCC 1.0000 0.0000 0.7299 0.0792 0.2701 0.1237 0.4166 <.0001 *** 

wild type, 
100% VCC 

egl-10(xs), 
100% VCC 1.0000 0.0000 0.9767 0.0233 0.0233 -0.1232 0.1697 1.0000 ns 

goa-1(sa734), 
0% VCC 

goa-1(sa734), 
25% VCC 0.3734 0.0489 0.0532 0.0181 0.3202 0.1738 0.4666 <.0001 *** 

goa-1(sa734), 
0% VCC 

goa-1(sa734), 
50% VCC 0.3734 0.0489 0.0447 0.0111 0.3287 0.1822 0.4751 <.0001 *** 

goa-1(sa734), 
0% VCC 

goa-1(sa734), 
100% VCC 0.3734 0.0489 0.0000 0.0000 0.3734 0.2270 0.5198 <.0001 *** 

eat-16(ce71), 
0% VCC 

eat-16(ce71), 
25% VCC 0.7500 0.0063 0.4150 0.0190 0.3350 0.1886 0.4815 <.0001 *** 

eat-16(ce71), 
0% VCC 

eat-16(ce71), 
50% VCC 0.7500 0.0063 0.1917 0.0167 0.5583 0.4119 0.7048 <.0001 *** 

eat-16(ce71), 
0% VCC 

eat-16(ce71), 
100% VCC 0.7500 0.0063 0.0074 0.0074 0.7426 0.5962 0.8890 <.0001 *** 

pumping rates after 30 min on 5-HT and Cry5B (Figure 4A) 
wild type, no 
5-HT, no 
Cry5B 

wild type, no 
5-HT, + Cry5B 171.000 20.7130 1.4000 0.4712 169.600     <.0001 *** 

wild type, no 
5-HT, no 
Cry5B 

wild type, + 
5-HT, no 
Cry5B 171.000 20.7130 170.467 18.7988 0.5333   1.0000 ns 



CHAPTER 4 

	  180	  

wild type, + 
5-HT, no 
Cry5B 

wild type, +5-
HT, + Cry5B 170.467 18.7988 132.067 19.6775 38.4000     0.2671 ns 

goa-1(sa734), 
no 5-HT, no 
Cry5B 

goa-1(sa734), 
no 5-HT, + 
Cry5B 161.667 21.0988 137.067 19.1374 24.6000   0.7043 ns 

goa-1(sa734), 
no 5-HT, no 
Cry5B 

goa-1(sa734), 
+ 5-HT, no 
Cry5B 161.667 21.0988 136.200 20.2924 25.4667     0.6828 ns 

goa-1(sa734), 
+ 5-HT, no 
Cry5B 

goa-1(sa734), 
+5-HT, + 
Cry5B 136.200 20.2924 159.733 17.7484 

-
23.5333   0.7304 ns 

goa-1(gf), no 
5-HT, no 
Cry5B 

goa-1(gf),no 
5-HT, + Cry5B 

176.600
0 19.5793 1.8667 0.7845 174.733     <.0001 *** 

goa-1(gf), no 
5-HT, no 
Cry5B 

goa-1(gf), + 
5-HT, no 
Cry5B 176.600 19.5793 167.600 20.2166 9.0000   0.9657 ns 

goa-1(gf), + 
5-HT, no 
Cry5B 

goa-1(gf), +5-
HT, + Cry5B 167.600 20.2166 137.867 18.9574 29.7333     0.4631 ns 

wild type, no 
5-HT, no 
Cry5B 

goa-1(sa734), 
no 5-HT, no 
Cry5B 171.000 20.7130 161.667 21.0988 9.3333   0.9271 ns 

wild type, no 
5-HT, no 
Cry5B 

goa-1(gf), no 
5-HT, no 
Cry5B 171.000 20.7130 176.600 19.5793 -5.6000     0.9730 ns 

wild type, no 
5-HT, + Cry5B 

goa-1(sa734), 
no 5-HT, + 
Cry5B 1.4000 0.4712 137.067 19.1374 -135.67   <.0001 *** 

wild type, no 
5-HT, + Cry5B 

goa-1(gf),no 
5-HT, + Cry5B 1.4000 0.4712 1.8667 0.7845 -0.4667     0.9993 ns 

wild type, + 
5-HT, no 
Cry5B 

goa-1(sa734), 
+ 5-HT, no 
Cry5B 170.467 18.7988 159.733 17.7484 10.7333   0.3687 ns 

wild type, + 
5-HT, no 
Cry5B 

goa-1(gf), + 
5-HT, no 
Cry5B 170.467 18.7988 176.600 19.5793 -6.1333     0.9923 ns 

wild type, +5-
HT, + Cry5B 

goa-1(sa734), 
+5-HT, + 
Cry5B 132.067 19.6775 159.733 17.7484 -27.667   0.4791 ns 

wild type, +5-
HT, + Cry5B 

goa-1(gf), +5-
HT, + Cry5B 132.067 19.6775 137.867 18.9574 -5.8000     0.9658 ns 

pumping rates after 30 min on 5-HT and Cry5B (Figure 4B) 
wild type, no 
5-HT, no 
Cry5B 

wild type, no 
5-HT, + Cry5B 163.800 19.7940 0.4000 0.1770 163.400     <.0001 *** 

wild type, no 
5-HT, no 
Cry5B 

wild type, + 
5-HT, no 
Cry5B 163.800 19.7940 189.800 19.3090 -26.000   0.5410 ns 

wild type, + 
5-HT, no 
Cry5B 

wild type, +5-
HT, + Cry5B 189.800 19.3090 158.600 17.5800 31.2000     0.3960 ns 

egl-30(n686), 
no 5-HT, no 
Cry5B 

egl-30(n686), 
no 5-HT, + 
Cry5B 176.400 17.8740 8.3330 7.7210 168.067   <.0001 *** 

egl-30(n686), 
no 5-HT, no 
Cry5B 

egl-30(n686), 
+ 5-HT, no 
Cry5B 176.400 17.8740 195.733 21.8310 -19.333     0.7436 ns 

egl-30(n686), 
+ 5-HT, no 
Cry5B 

egl-30(n686), 
+5-HT, + 
Cry5B 195.733 21.8310 37.7330 15.2340 158.000   <.0001 *** 

wild type, no 
5-HT, no 
Cry5B 

egl-30(n686), 
no 5-HT, no 
Cry5B 163.800 19.7940 176.400 17.8740 -12.600     0.6384 ns 

wild type, no 
5-HT, + Cry5B 

egl-30(n686), 
no 5-HT, + 
Cry5B 0.4000 0.1770 8.3330 7.7210 -7.9330   0.3086 ns 

wild type, + 
5-HT, no 
Cry5B 

egl-30(n686), 
+ 5-HT, no 
Cry5B 189.800 19.3090 195.733 21.8310 -5.9330     0.8394 ns 

wild type, +5-
HT, + Cry5B 

egl-30(n686), 
+5-HT, + 
Cry5B 158.600 17.5800 37.7330 15.2340 120.867   <.0001 *** 

survival rates after 8 days on Cry5B (Figure 5B) 
wild type, 
0µg/ml Cry5B 

wild type, 
5µg/ml Cry5B 0.9716 0.0150 0.7842 0.0277 0.1874 -0.1415 0.5163 0.7447 ns 

wild type, 
0µg/ml Cry5B 

wild type, 
10µg/ml 
Cry5B 0.9716 0.0150 0.6776 0.0362 0.2939 -0.0350 0.6229 0.1207 ns 

wild type, 
0µg/ml Cry5B 

wild type, 
20µg/ml 
Cry5B 0.9716 0.0150 0.2876 0.0717 0.6839 0.3550 1.0129 <.0001 *** 

wild type, 
0µg/ml Cry5B 

unc-31(e928), 
0µg/ml Cry5B 0.9716 0.0150 0.9589 0.0189 0.0127 -0.3163 0.3416 . ns 

wild type, 
5µg/ml Cry5B 

unc-31(e928), 
5µg/ml Cry5B 0.7842 0.0277 0.6480 0.1206 0.1361 -0.1928 0.4651 0.9691 ns 

wild type, 
10µg/ml 
Cry5B 

unc-31(e928), 
10µg/ml 
Cry5B 0.6776 0.0362 0.3144 0.0994 0.3632 0.0343 0.6921 0.0194 * 

wild type, 
20µg/ml 
Cry5B 

unc-31(e928), 
20µg/ml 
Cry5B 0.2876 0.0717 0.0438 0.0226 0.2439 -0.0851 0.5728 0.3453 ns 

wild type, 
0µg/ml Cry5B 

unc-31(e928); 
neuronal 0.9716 0.0150 0.9821 0.0179 0.0106 -0.3184 0.3395 . ns 
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rescue, 
0µg/ml Cry5B 

wild type, 
5µg/ml Cry5B 

unc-31(e928); 
neuronal 
rescue, 
5µg/ml Cry5B 0.7842 0.0277 0.7082 0.0388 0.0760 -0.2530 0.4049 0.9999 ns 

wild type, 
10µg/ml 
Cry5B 

unc-31(e928); 
neuronal 
rescue, 
10µg/ml 
Cry5B 0.6776 0.0362 0.4968 0.0719 0.1808 -0.1481 0.5098 0.7875 ns 

wild type, 
20µg/ml 
Cry5B 

unc-31(e928); 
neuronal 
rescue, 
20µg/ml 
Cry5B 0.2876 0.0717 0.2703 0.0843 0.0174 -0.3116 0.3463 . ns 

wild type, 
0µg/ml Cry5B 

egl-21(n476), 
0µg/ml Cry5B 0.9716 0.0150 0.8834 0.0500 0.0882 -0.2408 0.4171 0.9996 ns 

wild type, 
5µg/ml Cry5B 

egl-21(n476), 
5µg/ml Cry5B 0.7842 0.0277 0.4076 0.0824 0.3766 0.0476 0.7055 0.0132 * 

wild type, 
10µg/ml 
Cry5B 

egl-21(n476), 
10µg/ml 
Cry5B 0.6776 0.0362 0.2019 0.0813 0.4758 0.1468 0.8047 0.0006 *** 

wild type, 
20µg/ml 
Cry5B 

egl-21(n476), 
20µg/ml 
Cry5B 0.2876 0.0717 0.0902 0.0148 0.1975 -0.1315 0.5264 0.6744 ns 

unc-31(e928), 
0µg/ml Cry5B 

unc-31(e928); 
neuronal 
rescue, 
0µg/ml Cry5B 0.9423 0.0146 0.9821 0.0179 0.0233 -0.3057 0.3522 . ns 

unc-31(e928), 
5µg/ml Cry5B 

unc-31(e928); 
neuronal 
rescue, 
5µg/ml Cry5B 0.6963 0.1639 0.7082 0.0388 0.0601 -0.2688 0.3891 1.0000 ns 

unc-31(e928), 
10µg/ml 
Cry5B 

unc-31(e928); 
neuronal 
rescue, 
10µg/ml 
Cry5B 0.4174 0.1599 0.4968 0.0719 0.1824 -0.1466 0.5113 0.7775 ns 

unc-31(e928), 
20µg/ml 
Cry5B 

unc-31(e928); 
neuronal 
rescue, 
20µg/ml 
Cry5B 0.0967 0.0627 0.2703 0.0843 0.2265 -0.1024 0.5555 0.4612 ns 

survival rates after 8 days on Cry5B (Figure 5C) 

wild type, 
0µg/ml Cry5B 

wild type, 
0.001µg/ml 
Cry5B 0.9906 0.0047 1.0000 0.0000 0.0094 -0.6735 0.6922 . ns 

wild type, 
0µg/ml Cry5B 

wild type, 
0.01µg/ml 
Cry5B 0.9906 0.0047 0.9605 0.0203 0.0301 -0.6528 0.7129 . ns 

wild type, 
0µg/ml Cry5B 

wild type, 
0.1µg/ml 
Cry5B 0.9906 0.0047 0.9213 0.0787 0.0693 -0.6135 0.7522 1.0000 ns 

wild type, 
0µg/ml Cry5B 

unc-31(e928), 
0µg/ml Cry5B 0.9906 0.0047 0.9000 0.0547 0.0906 -0.5923 0.7734 1.0000 ns 

wild type, 
0.001µg/ml 
Cry5B 

unc-31(e928), 
0.001µg/ml 
Cry5B 1.0000 0.0000 0.7911 0.0870 0.2089 -0.4739 0.8918 0.9983 ns 

wild type, 
0.01µg/ml 
Cry5B 

unc-31(e928), 
0.01µg/ml 
Cry5B 0.9605 0.0203 0.8686 0.0609 0.0920 -0.5909 0.7748 1.0000 ns 

wild type, 
0.1µg/ml 
Cry5B 

unc-31(e928), 
0.1µg/ml 
Cry5B 0.9213 0.0787 0.7927 0.1512 0.1286 -0.5542 0.8115 1.0000 ns 

wild type, 
0µg/ml Cry5B 

goa-1(sa734), 
0µg/ml Cry5B 0.9906 0.0047 0.8127 0.1170 0.1779 -0.5049 0.8608 0.9997 ns 

wild type, 
0.001µg/ml 
Cry5B 

goa-1(sa734), 
0.001µg/ml 
Cry5B 1.0000 0.0000 0.7752 0.1057 0.2248 -0.4581 0.9076 0.9963 ns 

wild type, 
0.01µg/ml 
Cry5B 

goa-1(sa734), 
0.01µg/ml 
Cry5B 0.9605 0.0203 0.6849 0.2620 0.2756 -0.4072 0.9585 0.9749 ns 

wild type, 
0.1µg/ml 
Cry5B 

goa-1(sa734), 
0.1µg/ml 
Cry5B 0.9213 0.0787 0.4863 0.2453 0.4350 -0.2478 1.1179 0.5853 ns 

wild type, 
0µg/ml Cry5B 

goa-
1(sa734);unc-
31(e928), 
0µg/ml Cry5B 0.9906 0.0047 0.7964 0.0303 0.1942 -0.4886 0.8771 0.9992 ns 

wild type, 
0.001µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.001µg/ml 
Cry5B 1.0000 0.0000 0.8940 0.0524 0.1060 -0.5768 0.7889 1.0000 ns 

wild type, 
0.01µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.01µg/ml 
Cry5B 0.9605 0.0203 0.6525 0.1953 0.3081 -0.3748 0.9909 0.9394 ns 

wild type, 
0.1µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.1µg/ml 
Cry5B 0.9213 0.0787 0.3428 0.1790 0.5785 -0.1044 1.2613 0.1714 ns 
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unc-31(e928), 
0µg/ml Cry5B 

goa-
1(sa734);unc-
31(e928), 
0µg/ml Cry5B 0.9000 0.0547 0.7964 0.0303 0.1037 -0.5792 0.7865 1.0000 ns 

unc-31(e928), 
0.001µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.001µg/ml 
Cry5B 0.7911 0.0870 0.8940 0.0524 0.1029 -0.5800 0.7857 1.0000 ns 

unc-31(e928), 
0.01µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.01µg/ml 
Cry5B 0.8686 0.0609 0.6525 0.1953 0.2161 -0.4668 0.8989 0.9975 ns 

unc-31(e928), 
0.1µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.1µg/ml 
Cry5B 0.7927 0.1512 0.3428 0.1790 0.4499 -0.2330 1.1327 0.5323 ns 

goa-1(sa734), 
0µg/ml Cry5B 

goa-
1(sa734);unc-
31(e928), 
0µg/ml Cry5B 0.8127 0.1170 0.7964 0.0303 0.0163 -0.6666 0.6991 . ns 

goa-1(sa734), 
0.001µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.001µg/ml 
Cry5B 0.7752 0.1057 0.8940 0.0524 0.1187 -0.5641 0.8016 1.0000 ns 

goa-1(sa734), 
0.01µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.01µg/ml 
Cry5B 0.6849 0.2620 0.6525 0.1953 0.0324 -0.6504 0.7153 . ns 

goa-1(sa734), 
0.1µg/ml 
Cry5B 

goa-
1(sa734);unc-
31(e928), 
0.1µg/ml 
Cry5B 0.4863 0.2453 0.3428 0.1790 0.1434 -0.5394 0.8263 1.0000 ns 

fractions feeding after transfer (Figure S1A) 
t = 0 t = 1 min 0.8222 0.0222 0.8222 0.0444 0.0000 -0.1599 0.1599 1.0000 ns 
t = 0 t = 2 min 0.8222 0.0222 0.8222 0.0444 0.0000 -0.1599 0.1599 1.0000 ns 
t = 0 t = 3 min 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 4 min 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 5 min 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 6 min 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 7 min 0.8222 0.0222 0.8222 0.0222 0.0000 -0.0873 0.0873 1.0000 ns 
t = 0 t = 8 min 0.8222 0.0222 0.8222 0.0222 0.0000 -0.0873 0.0873 1.0000 ns 
t = 0 t = 9 min 0.8222 0.0222 0.8222 0.0222 0.0000 -0.0873 0.0873 1.0000 ns 
t = 0 t = 10 min 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 0.5 hr 0.8222 0.0222 0.8444 0.0222 0.0222 -0.0650 0.1095 0.5185 ns 
t = 0 t = 2 hr 0.8222 0.0222 0.8000 0.0000 0.0222 -0.1178 0.0734 0.4226 ns 
t = 0 t = 24 hr 0.8222 0.0222 0.7778 0.0222 0.0444 -0.1317 0.0428 0.2302 ns 
fractions feeding after transfer to 24hr-old Cry5B (Figure S1B) 
10min, control 10min, Cry5B 0.7902 0.0635 0.0000 0.0000 0.7902 0.5172 1.0632 0.0064 ** 
30min, control 30min, Cry5B 0.8232 0.0574 0.0000 0.0000 0.8232 0.5726 1.0701 0.0048 ** 
pumping rates 30 min after transfer (Figure S2) 

wild type, 
non-
transferred 

goa-1(n1134) 
egl-30(n686), 
non-
transferred 215.647 15.7030 121.353 14.0980 94.2940     0.0002 *** 

wild type, 
non-
transferred 

goa-1(sa734), 
non-
transferred 215.647 15.7030 201.935 12.6740 13.7120   0.9873 ns 

wild type, 
non-
transferred 

eat-16(ce71), 
non-
transferred 215.647 15.7030 89.4550 14.1440 126.192     <.0001 *** 

wild type, 
non-
transferred 

egl-30(n686), 
non-
transferred 215.647 15.7030 140.938 14.8500 74.7090   0.0056 ** 

wild type, 
non-
transferred 

egl-10(n692), 
non-
transferred 215.647 15.7030 168.182 17.0890 47.4650     0.1577 ns 

wild type, 
non-
transferred 

goa-1(n1134), 
non-
transferred 215.647 15.7030 180.857 17.2450 34.7900   0.4386 ns 

wild type, 
non-
transferred 

egl-10(xs), 
non-
transferred 215.647 15.7030 149.097 18.8400 66.5500     0.0193 * 

wild type, 
non-
transferred wild type, 0% 215.647 15.7030 178.333 20.3080 37.3140   0.1512 ns 
goa-1(n1134) 
egl-30(n686), 
non-
transferred 

goa-1(n1134) 
egl-30(n686), 
0% 121.353 14.0980 94.4000 14.5650 26.9530     0.1978 ns 

goa-1(sa734), 
non-
transferred 

goa-1(sa734), 
0% 201.935 12.6740 178.059 14.8820 23.8760   0.4294 ns 

eat-16(ce71), 
non-
transferred 

eat-16(ce71), 
0% 89.4550 14.1440 87.2120 12.0440 2.2430     0.9852 ns 
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egl-30(n686), 
non-
transferred 

egl-30(n686), 
0% 140.938 14.8500 126.432 15.1300 14.5060   0.6286 ns 

egl-10(n692), 
non-
transferred 

egl-10(n692), 
0% 168.182 17.0890 149.806 19.5160 18.3760     0.5931 ns 

goa-1(n1134), 
non-
transferred 

goa-1(n1134), 
0% 180.857 17.2450 176.188 18.1980 4.6690   0.9641 ns 

egl-10(xs), 
non-
transferred 

egl-10(xs), 
0% 149.097 18.8400 137.800 20.3050 11.2970     0.8297 ns 

pumping rates on OA and Cry5B (Figure S4A) 
wild type, no 
OA, no Cry5B 

wild type, no 
OA, + Cry5B 171.000 20.7130 1.4000 0.4712 169.600     <.0001 *** 

wild type, no 
OA, no Cry5B 

wild type, + 
OA, no Cry5B 171.000 20.7130 31.0000 13.8974 140.000   <.0001 *** 

wild type, + 
OA, no Cry5B 

wild type, 
+OA, + Cry5B 31.0000 13.8974 7.4667 6.5101 23.5333     0.4301 ns 

goa-1(sa734), 
no OA, no 
Cry5B 

goa-1(sa734), 
no OA, + 
Cry5B 161.667 21.0988 137.067 19.1374 24.6000   0.6968 ns 

goa-1(sa734), 
no OA, no 
Cry5B 

goa-1(sa734), 
+ OA, no 
Cry5B 161.667 21.0988 169.000 20.1395 -7.3333     0.9869 ns 

goa-1(sa734), 
+ OA, no 
Cry5B 

goa-1(sa734), 
+OA, + Cry5B 169.000 20.1395 166.067 16.8421 2.9333   0.9991 ns 

goa-1(gf), no 
OA, no Cry5B 

goa-1(gf), no 
OA, + Cry5B 176.600 19.5793 1.8667 0.7845 174.733     <.0001 *** 

goa-1(gf), no 
OA, no Cry5B 

goa-1(gf), + 
OA, no Cry5B 176.600 19.5793 172.600 19.0593 4.0000   0.9938 ns 

goa-1(gf), + 
OA, no Cry5B 

goa-1(gf), 
+OA, + Cry5B 172.600 19.0593 1.4667 0.4061 171.133     <.0001 *** 

wild type, no 
OA, no Cry5B 

goa-1(sa734), 
no OA, no 
Cry5B 171.000 20.7130 161.667 21.0988 9.3333   0.9271 ns 

wild type, no 
OA, no Cry5B 

goa-1(gf), no 
OA, no Cry5B 171.000 20.7130 176.600 19.5793 -5.6000     0.9730 ns 

wild type, no 
OA, + Cry5B 

goa-1(sa734), 
no OA, + 
Cry5B 1.4000 0.4712 137.067 19.1374 -135.67   <.0001 *** 

wild type, no 
OA, + Cry5B 

goa-1(gf), no 
OA, + Cry5B 1.4000 0.4712 1.8667 0.7845 -0.4667     0.9993 ns 

wild type, + 
OA, no Cry5B 

goa-1(sa734), 
+ OA, no 
Cry5B 31.0000 13.8974 169.000 20.1395 -138.00   <.0001 *** 

wild type, + 
OA, no Cry5B 

goa-1(gf), + 
OA, no Cry5B 31.0000 13.8974 172.600 19.0593 -141.60     <.0001 *** 

wild type, 
+OA, + Cry5B 

goa-1(sa734), 
+OA, + Cry5B 7.4667 6.5101 166.067 16.8421 -158.60   <.0001 *** 

wild type, 
+OA, + Cry5B 

goa-1(gf), 
+OA, + Cry5B 7.4667 6.5101 1.4667 0.4061 6.0000     0.8869 ns 

survival rates after 8 days on 5-HT and Cry5B (Figure S4B) 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

wild type / 
0mM 5-HT / 
0.625µg/ml 
Cry5B 0.9816 0.0019 0.9364 0.0335 0.0453 -0.1838 0.2743 . ns 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

wild type / 
0mM 5-HT / 
1.25µg/ml 
Cry5B 0.9816 0.0019 0.9021 0.0300 0.0796 -0.1495 0.3087 1.0000 ns 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

wild type / 
5mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9920 0.0080 0.0103 -0.2188 0.2394 . ns 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9341 0.0083 0.0476 -0.1815 0.2767 . ns 

wild type / 
5mM 5-HT / 
0µg/ml Cry5B 

wild type / 
5mM 5-HT / 
0.625µg/ml 
Cry5B 0.9920 0.0080 0.5365 0.0306 0.0556 -0.1735 0.2847 1.0000 ns 

wild type / 
5mM 5-HT / 
0µg/ml Cry5B 

wild type / 
5mM 5-HT / 
1.25µg/ml 
Cry5B 0.9920 0.0080 0.2652 0.0177 0.0899 -0.1392 0.3190 0.9998 ns 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 

wild type / 
10mM 5-HT / 
0.625µg/ml 
Cry5B 0.9341 0.0083 0.2432 0.0589 0.6908 0.4618 0.9199 <.0001 *** 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 

wild type / 
10mM 5-HT / 
1.25µg/ml 
Cry5B 0.9341 0.0083 0.1019 0.0302 0.8322 0.6031 1.0613 <.0001 *** 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

goa-1(sa734) 
/ 0mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9325 0.0052 0.0492 -0.2314 0.3298 . ns 

wild type / 
0mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(sa734) 
/ 0mM 5-HT / 
0.625µg/ml 
Cry5B 0.9364 0.0335 0.0067 0.0067 0.9297 0.6491 1.2103 <.0001 *** 

wild type / 
0mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(sa734) 
/ 0mM 5-HT / 
1.25µg/ml 
Cry5B 0.9021 0.0300 0.0000 0.0000 0.9021 0.6215 1.1827 <.0001 *** 
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wild type / 
5mM 5-HT / 
0µg/ml Cry5B 

goa-1(sa734) 
/ 5mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.6378 0.1243 0.3542 0.0736 0.6348 0.0013 ** 

wild type / 
5mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(sa734) 
/ 5mM 5-HT / 
0.625µg/ml 
Cry5B 0.9920 0.0080 0.0000 0.0000 0.5365 0.2559 0.8171 <.0001 *** 

wild type / 
5mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(sa734) 
/ 5mM 5-HT / 
1.25µg/ml 
Cry5B 0.9341 0.0083 0.0058 0.0058 0.2593 -0.0212 0.5399 0.1173 ns 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 

goa-1(sa734) 
/ 10mM 5-HT 
/ 0µg/ml 
Cry5B 0.9341 0.0083 0.2772 0.0942 0.6568 0.3762 0.9374 <.0001 *** 

wild type / 
10mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(sa734) 
/ 10mM 5-HT 
/ 0.625µg/ml 
Cry5B 0.2432 0.0589 0.0000 0.0000 0.2432 -0.0374 0.5238 0.2066 ns 

wild type / 
10mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(sa734) 
/ 10mM 5-HT 
/ 1.25µg/ml 
Cry5B 0.1019 0.0302 0.0000 0.0000 0.1019 -0.1787 0.3824 1.0000 ns 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

goa-1(gf) / 
0mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9929 0.0035 0.0113 -0.2693 0.2919 . ns 

wild type / 
0mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(gf) / 
0mM 5-HT / 
0.625µg/ml 
Cry5B 0.9364 0.0335 0.9283 0.0281 0.0081 -0.2725 0.2886 . ns 

wild type / 
0mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(gf) / 
0mM 5-HT / 
1.25µg/ml 
Cry5B 0.9021 0.0300 0.9465 0.0209 0.0444 -0.2362 0.3250 . ns 

wild type / 
5mM 5-HT / 
0µg/ml Cry5B 

goa-1(gf) / 
5mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9847 0.0050 0.0073 -0.2733 0.2879 . ns 

wild type / 
5mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(gf) / 
5mM 5-HT / 
0.625µg/ml 
Cry5B 0.9920 0.0080 0.7698 0.0856 0.2333 -0.0473 0.5139 0.2814 ns 

wild type / 
5mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(gf) / 
5mM 5-HT / 
1.25µg/ml 
Cry5B 0.9341 0.0083 0.6860 0.1054 0.4208 0.1402 0.7014 <.0001 *** 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 

goa-1(gf) / 
10mM 5-HT / 
0µg/ml Cry5B 0.9341 0.0083 0.9240 0.0091 0.0100 -0.2705 0.2906 . ns 

wild type / 
10mM 5-HT / 
0.625µg/ml 
Cry5B 

goa-1(gf) / 
10mM 5-HT / 
0.625µg/ml 
Cry5B 0.2432 0.0589 0.6839 0.1694 0.4407 0.1601 0.7213 <.0001 *** 

wild type / 
10mM 5-HT / 
1.25µg/ml 
Cry5B 

goa-1(gf) / 
10mM 5-HT / 
1.25µg/ml 
Cry5B 0.1019 0.0302 0.5668 0.1725 0.4650 0.1844 0.7455 <.0001 *** 

wild type / 
0mM 5-HT / 
0µg/ml Cry5B 

egl-30(n686) 
/ 0mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.9086 0.0400 0.0731 -0.2075 0.3537 1.0000 ns 

wild type / 
0mM 5-HT / 
0.625µg/ml 
Cry5B 

egl-30(n686) 
/ 0mM 5-HT / 
0.625µg/ml 
Cry5B 0.9364 0.0335 0.8337 0.0523 0.1027 -0.1779 0.3833 1.0000 ns 

wild type / 
0mM 5-HT / 
1.25µg/ml 
Cry5B 

egl-30(n686) 
/ 0mM 5-HT / 
1.25µg/ml 
Cry5B 0.9021 0.0300 0.7262 0.0154 0.1758 -0.1047 0.4564 0.8499 ns 

wild type / 
5mM 5-HT / 
0µg/ml Cry5B 

egl-30(n686) 
/ 5mM 5-HT / 
0µg/ml Cry5B 0.9816 0.0019 0.6747 0.0457 0.3173 0.0367 0.5979 0.0091 ** 

wild type / 
5mM 5-HT / 
0.625µg/ml 
Cry5B 

egl-30(n686) 
/ 5mM 5-HT / 
0.625µg/ml 
Cry5B 0.9920 0.0080 0.3508 0.1016 0.1857 -0.0949 0.4663 0.7665 ns 

wild type / 
5mM 5-HT / 
1.25µg/ml 
Cry5B 

egl-30(n686) 
/ 5mM 5-HT / 
1.25µg/ml 
Cry5B 0.9341 0.0083 0.2286 0.0789 0.0366 -0.2440 0.3172 . ns 

wild type / 
10mM 5-HT / 
0µg/ml Cry5B 

egl-30(n686) 
/ 10mM 5-HT 
/ 0µg/ml 
Cry5B 0.9341 0.0083 0.5540 0.0993 0.3800 0.0995 0.6606 0.0003 *** 

wild type / 
10mM 5-HT / 
0.625µg/ml 
Cry5B 

egl-30(n686) 
/ 10mM 5-HT 
/ 0.625µg/ml 
Cry5B 0.2432 0.0589 0.2777 0.0991 0.0345 -0.2461 0.3151 . ns 

wild type / 
10mM 5-HT / 
1.25µg/ml 
Cry5B 

egl-30(n686) 
/ 10mM 5-HT 
/ 1.25µg/ml 
Cry5B 0.1019 0.0302 0.1812 0.0686 0.0793 -0.2012 0.3599 1.0000 ns 

survival rates after 8 days on 5-HT and CuSO4 (Figure S4C) 
0mM 5-HT / 
0mM CuSO4 

0mM 5-HT / 
3mM CuSO4 0.9832 0.0095 0.5935 0.1408 0.3897 0.0325 0.7470 0.0265 * 

0mM 5-HT / 
0mM CuSO4 

0mM 5-HT / 
6mM CuSO4 0.9832 0.0095 0.5581 0.1519 0.4251 0.0679 0.7823 0.0131 * 
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5mM 5-HT / 
0mM CuSO4 

5mM 5-HT / 
3mM CuSO4 0.9832 0.0120 0.0583 0.0583 0.9249 0.5677 1.2821 <.0001 *** 

5mM 5-HT / 
0mM CuSO4 

5mM 5-HT / 
6mM CuSO4 0.9832 0.0120 0.0000 0.0000 0.9832 0.6260 1.3405 <.0001 *** 

10mM 5-HT / 
0mM CuSO4 

10mM 5-HT / 
3mM CuSO4 0.9774 0.9774 0.0098 0.0098 0.9676 0.6104 1.3249 <.0001 *** 

10mM 5-HT / 
0mM CuSO4 

10mM 5-HT / 
6mM CuSO4 0.9774 0.9774 0.0000 0.0000 0.9774 0.6202 1.3347 <.0001 *** 

0mM 5-HT / 
0mM CuSO4 

5mM 5-HT / 
0mM CuSO4 0.9832 0.0095 0.9832 0.0120 0.0000 -0.3572 0.3572 . ns 

0mM 5-HT / 
3mM CuSO4 

5mM 5-HT / 
3mM CuSO4 0.5935 0.1408 0.0583 0.0583 0.5352 0.1779 0.8924 0.0014 ** 

0mM 5-HT / 
6mM CuSO4 

5mM 5-HT / 
6mM CuSO4 0.5581 0.1519 0.0000 0.0000 0.5581 0.2009 0.9154 0.0009 *** 

0mM 5-HT / 
0mM CuSO4 

10mM 5-HT / 
0mM CuSO4 0.9832 0.0095 0.9774 0.0113 0.0058 -0.3515 0.3630 . ns 

0mM 5-HT / 
3mM CuSO4 

10mM 5-HT / 
3mM CuSO4 0.5935 0.1408 0.0098 0.0098 0.5837 0.2264 0.9409 0.0005 *** 

0mM 5-HT / 
6mM CuSO4 

10mM 5-HT / 
6mM CuSO4 0.5581 0.1519 0.0000 0.0000 0.5581 0.2009 0.9154 0.0009 *** 

1Conditions A and B are the two treatments that are compared, with corresponding mean and standard error 
of the mean (S.E.M.). 
2Difference between the two means A and B. 
3Statistical tests used for calculation of upper and lower confidence limits (CL), and p value described in 
materials & methods. 
4ns: not significant, *: p<0.05, **: p<0.01, ***: p<0.001. 

Table S2. Feeding and sensitivity phenotypes of mutants on Cry5B 

geno-
type 

type
1 effect 

fraction pumping 
after 30 min2 

fraction pumping 
after 2 hr2 

Cry5B 
sensi-
tivity3 ref 

control Cry5B control Cry5B 24 
hr 

48 
hr 

wild type - - 0.60 ± 0.03 0.00 ± 0.00 0.60 ± 0.04 0.01 ± 0.01 wt wt [1] 
gsa-1 
(ce94) GF increases 

Gs 0.58 ± 0.09 0.12 ± 0.08 0.54 ± 0.06 0.07 ± 0.03 wt wt-
mHpo [2] 

acy-1 
(md1756) GF increases 

Gs 0.41 ± 0.12 0.03 ± 0.03 0.39 ± 0.06 0.03 ± 0.03 wt wt [2] 

pde-4 
(ce268) LF/RF 

increases 
cAMP 
levels 

0.52 ± 0.12 0.03 ± 0.03 0.56 ± 0.04 0.03 ± 0.03 wt-
mHpo wt [3] 

kin-2 
(ce179) RF increases 

Gs 0.82 ± 0.10 0.06 ± 0.03 0.37 ± 0.07 0.12 ± 0.06 wt-
mHpo mHpo [2] 

goa-1 
(sa734) LF reduces 

Go 0.57 ± 0.04 0.53 ± 0.03 0.60 ± 0.00 0.53 ± 0.07 Hpo Hpo [4] 

goa-1 
(n1134) RF reduces 

Go 0.56 ± 0.15 0.06 ± 0.03 0.53 ± 0.07 0.00 ± 0.00 wt mHpo [5] 

egl-30 
(n686) RF reduces 

Gq 0.42 ± 0.10 0.00 ± 0.00 0.60 ± 0.06 0.00 ± 0.00 wt wt-
mHpo [6] 

egl-30 
(tg26) GF increases 

Gq 0.09 ± 0.05 0.03 ± 0.03 0.22 ± 0.12 0.00 ± 0.00 wt wt-
mHpo [7] 

egl-30 
(js126) GF increases 

Gq 0.09 ± 0.05 0.00 ± 0.00 0.19 ± 0.19 0.00 ± 0.00 wt mHpo [8] 

goa-1 
(n1134) 
egl-30 
(n686) 

RF RF reduces 
Go and Gq 0.43 ± 0.06 0.00 ± 0.00 0.52 ± 0.09 0.03 ± 0.03 wt-

mHpo mHpo [9] 

eat-16 
(ce71) LF 

reduces 
Go / 
increases 
Gq 

0.49 ± 0.07 0.15 ± 0.04 0.63 ± 0.09 0.13 ± 0.09 Hpo Hpo [10] 

egl-10 
(n692) LF increases 

Go 0.34 ± 0.05 0.00 ± 0.00 0.31 ± 0.03 0.00 ± 0.00 wt wt-
mHpo [11] 

egl-10 
(xs)4 XS decreases 

Go 0.71 ± 0.02 0.00 ± 0.00 0.45 ± 0.05 0.12 ± 0.06 wt-
mHpo mHpo [11] 

ric-8 
(md1909) RF 

reduces 
Gq and 
potentially 
Gs 

0.56 ± 0.16 0.00 ± 0.00 0.46 ± 0.08 0.03 ± 0.03 wt mHpo [12] 

dgk-1 
(nu62) LF 

increases 
DAG 
levels 

0.63 ± 0.13 0.03 ± 0.03 0.55 ± 0.13 0.18 ± 0.01 wt-
mHpo mHpo [13] 

egl-8 
(n488) LF/RF 

reduces 
DAG 
levels 

0.43 ± 0.27 0.00 ± 0.00 0.35 ± 0.09 0.04 ± 0.04 mHpo mHpo [14] 

unc-13 
(e51) LF 

reduces 
neuro-
transmitte
r release 

0.52 ± 0.15 0.11 ± 0.03 0.74 ± 0.18 0.03 ± 0.03 wt wt [15] 

tph-1 
(mg280) LF 

reduces 
serotonin 
levels 

0.49 ± 0.07 0.00 ± 0.00 0.42 ± 0.06 0.00 ± 0.00 wt wt [16] 

unc-31 
(e928) LF 

reduces 
DCV 
exocytosis 
and Gs 

0.75 ± 0.13 0.06 ± 0.03 0.77 ± 0.04 0.27 ± 0.03 mHpo mHpo [17] 

unc-31 
(e928); 

LF;res
cue 

unc-31 
only 0.68 ± 0.09 0.03 ± 0.03 0.67 ± 0.13 0.03 ± 0.03 wt-

mHpo 
wt-

mHpo [17] 
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ceEx117 functional 
in neurons 

egl-21 
(n476) LF/RF 

neuropept
ide 
defective 

0.48 ± 0.10 0.06 ± 0.03 0.49 ± 0.18 0.00 ± 0.00 wt mHpo [18] 

egl-3 
(gk238) LF 

neuropept
ide 
defective 

0.58 ± 0.05 0.08 ± 0.08 0.47 ± 0.20 0.06 ± 0.06 wt-
mHpo Hpo [19] 

goa-1 
(sa734); 
unc-31 
(e928) 

LF;LF 

reduces 
Go and 
neuro-
peptide 
release 
and Gs 

0.77 ± 0.07 0.72 ± 0.10 0.53 ± 0.10 0.66 ± 0.09 mHpo
-Hpo Hpo [17] 

1Type of mutation: LF = loss of function (null), RF = reduction of function (non-null), GF = gain of function, XS 
= overexpression. 
2Average of at least three independent experiments ± standard error. 
3Qualitative interpretation based on at least three independent experiments, with 2 doses of Cry5B each. wt = 
wild type sensitivity, Hpo = severely hypersensitive, mHpo = moderately hypersensitive. 
4egl-10(xs) is strain MT8190 (see Table S3). 

Table S3. C. elegans strains used in study 
strain genotype figure/table 

N2 wild type all 

KG524 gsa-1(ce94) Table S2 

KG522 acy-1(md1756) Tabls S2 

KG744 pde-4(ce268) Table S2 

KG532 kin-2(ce179) Table S2 

DG1856 goa-1(sa734) Figure 2A, C, D, E, 3A, B, C, 4A, 5C, S2, S4A, S4B; Table S2 

MT24261 goa-1(n1134) Figure 2E, 3B, C, S2; Table S2 

MT1434 egl-30(n686) Figure 2E, 3B, 4B, S2, S4B; Table S2 

CG212 egl-30(tg26); him-5(e1490)7 Table S2 

NM1380 egl-30(js126) Table S2 

AQ8123 goa-1(n1134) egl-30(n686) Figure 2E, 3B, S2; Table S2 

KG571 eat-16(ce71) Figure 2E, 3A, B, C, S2; Table S2 

MT1443 egl-10(n692) Figure 2E, 3B, S2; Table S2 

MT8190 lin-15B(n765);nIs51(pEK1[lin-15+];pMK21[egl-10+]) Figure 2E, 3B, C, S2; Table S2 

RM2209 ric-8(md1909) Table S2 

KP1097 dgk-1(nu62) Table S2 

MT1083 egl-8(n488) Table S2 

MT7929 unc-13(e51) Table S2 

GR1321 tph-1(mg280) Table S2 

CB928 unc-31(e928) Figure 5A, B, C; Table S2 

KG8354 unc-31(e928);ceEx117(rab-3P::unc-31(+) cDNA)8 Figure 5B; Table S2 

KP2018 egl-21(n476) Figure 5A, B; Table S2 

VC461 egl-3(gk238) Table S2 

KG8551 goa-1(sa734);unc-31(e928) Figure 5C; Table S2 

PS14935 dpy-20(e1362);syIs9(goa-1P::goa-1(Q205L)) Figure 3B, 4A, S4A, S4B 

CE10516 goa-1(ep275) Figure 2B, S3 

Unless otherwise noted, strains were outcrossed at least four times and obtained from the Caenorhabditis 
Genetics Center (CGC).  
1Unknown how often outcrossed. 
2Outcrossed 3x. 
3Gift from William Schafer. 
4Gift from Man-Wah Tan. 
5Outcrossed ≥2x. 
6Outrossed 1x. 
7Only hermaphrodites were tested. 
8Only animals carrying transgene were tested. 
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Pore-forming toxins (PFTs) are the most abundant virulent bacterial 
proteins, and contribute to the pathogenicity of many bacteria [1,2]. They 
function by punching holes in host cell membranes [3]. Bacterial infections 
are commonly treated with antibiotics. The facts that in many countries 
antibiotics are used excessively and that all current antibiotics function 
according to a small number of basic principles, have resulted in a steadily 
increasing number of drug-resistant bacterial pathogens [4,5]. A well-
known example of this is the methicillin-resistant Staphylococcus aureus 
(MRSA), but also the treatment of the world’s most common bacterial 
infectious disease, tuberculosis, is being impaired by antibiotic resistance 
[4]. These facts demonstrate the urgent need for the development of novel 
antibiotics that function according to fundamentally new principles [4]. 
Chapter 1 provides a review of the available primary literature addressing 
the in vivo role of PFTs in virulence. A careful look at the data from studies 
of some of the world’s most problematic pathogens, including 
Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus 
aureus, Vibrio cholerae, and Mycobacterium tuberculosis, reveals several 
common effects of PFTs. It is found that PFTs mainly attack host epithelial 
cells and cells of the innate immune system. In most cases this causes an 
impairment of the innate immune response. In some cases however, the 
PFTs trigger an exacerbated inflammatory response and are solely 
responsible for the clinical manifestation of the infection (e.g., with S. 
aureus pneumonia). Damaging of the epithelial cells appears to mainly aid 
in the systemic spreading of the bacteria. With further support from 
examples from the primary literature, it is concluded that PFTs form a 
viable target for future antibiotics. 

The roundworm Caenorhabditis elegans serves as a model to study 
mammalian pathogenesis and innate immune responses [6,7], and has 
also been developed as a system to study cellular defenses against PFTs in 
vivo. It has been instrumental in the identification of specific molecular 
PFT-defense pathways, and where tested, these C. elegans findings 
extended to mammalian systems [8-11]. 

In chapter 2 we present the first large-scale functional study of genes 
involved in protecting against PFTs. Through a genome-wide RNAi screen, 
106 genes (over 0.5% of genes in the C. elegans genome) are identified 
that are important for cellular protection against attack by the Bacillus 
thuringiensis small-pore PFT Cry5B. These genes mostly function in 
metabolic pathways, vesicle trafficking and membrane transport, and in 
signal transduction and gene transcription. Interactome network analysis 
of these genes reveals a third of them are part of a single Cry5B defense 
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network, with at its core two mitogen-activated protein kinase (MAPK) 
pathways, p38 and c-Jun N-terminal kinase (JNK). Microarray analyses of 
C. elegans exposed to Cry5B revealed JNK but not p38 is a master 
regulator of transcriptional responses to PFTs. Based on additional data, it 
is concluded that the JNK pathway converges in parallel on p38-regulated 
PFT responsive genes to regulate the transcriptional response and defense 
to Cry5B. JNK exerts a direct protective effect against the small-pore PFT 
Cry5B, and this extends to the large-pore PFT streptolysin O (SLO). So, 
although small pore and large-pore PFTs have partially separated defenses 
[3], here for the first time a shared defense mechanism is identified. We 
furthermore find that downstream of JNK, the transcription factor 
activating protein-1 (AP-1, c-Jun/c-Fos) is important for protection against 
both large-pore and small-pore PFTs as well. AP-1’s protective effect 
extends to mammalian cells under attack by SLO, making it the first 
transcription factor shown to be broadly required for metazoan cells to 
defend against PFTs. Since toll-like receptors do not appear to play an 
important role in C. elegans immunity [12], our data suggest that the role 
of the JNK-AP-1 pathway in protection against PFTs is one of its most 
ancestral functions, predating that of its role in TLR-mediated immunity. 

A major subclass of the defense genes identified in chapter 2 is involved in 
vesicle trafficking, and several in vitro studies had also previously 
implicated endocytosis and exocytosis in plasma membrane repair after 
PFT attack [13-18]. Chapter 3 focuses on the cell biology of host cell 
membrane repair after an attack by PFTs. Using fluorescent markers of the 
plasma membrane and endocytic events, we find that the PFTs Cry5B and 
Vibrio cholerae cytolysin (VCC) trigger a rapid increase in rates of 
endocytosis. Furthermore, loss of either of two key Rab proteins, RAB-5 
and RAB-11, master regulators of endocytosis and exocytosis respectively 
[19,20], results in strong hypersensitivity to Cry5B. These RABs are both 
furthermore required for the Cry5B-induced endocytosis. A newly 
developed method that employs diffusion into the cells of a small 
fluorescent dye through the Cry5B pores, allowed us to image the 
presence of pores at the plasma membrane in vivo. When treating wild-
type C. elegans with a short pulse of Cry5B, initially all animals are found 
to have perforated intestinal cell. When allowing it time to recover a 
majority of the animals is found to be able to remove the pores from its 
cell membranes. Reduction of the levels of RAB-5 and especially RAB-11 
caused impairment of this membrane repair. Finally, electron microscopy 
of PFT-treated worms showed that intestinal cells under attack by Cry5B 
PFT shed microvilli from the cell surface. We could confirm this phenotype 
with the fluorescent plasma membrane marker, and found that RAB-11, 
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but not RAB-5, is required for this process. The data point at a model 
where cells use vesicle trafficking pathways to repair membrane damage 
via the so-called vertex fusion model. This model describes the fusion of 
large vesicles with damaged sections of plasma membrane, and a 
subsequent ejection of the damaged piece of membrane [21]. RAB-11’s 
role is to control vertex fusion and the dislodging of microvilli, while RAB-5 
functions to maintain homeostasis of the plasma membrane and 
contributes to pore removal via endocytosis. The combined actions of 
these processes cause pores to be removed from the plasma membrane, 
either by being taken up into the cells or by getting ejected into the lumen 
of the intestine. Our work for the first time shows a direct correlation 
between vesicle trafficking events and membrane repair, and the 
relevance of these events in the survival of an organism. We furthermore 
for the first time identify master regulators of vesicle trafficking, RAB-5 
and RAB-11, that steer these PFT defense mechanisms. 

B. thuringiensis Cry toxins are known to inhibit feeding in insects and 
nematodes [22,23]. This is suggestive of a neuronal response to PFTs. In 
chapter 4 we set out to determine whether C. elegans possesses neuronal 
pathways that regulate PFT responses. We first confirm that Cry5B rapidly 
and reversibly inhibits feeding in C. elegans. Another Cry toxin, Cry21A, 
and V. cholerae VCC also inhibit feeding within 10 minutes after exposure. 
An analysis of C. elegans strains that bear mutations in genes of three 
important neuronal G-protein pathways, Go, Gq and Gs, reveals that loss 
of the Goα homolog goa-1 causes animals to constitutively feed in the 
presence of Cry5B, Cry21A and VCC. Mutants lacking goa-1, as well as 
animals lacking its downstream effector eat-16, furthermore showed 
strong hypersensitivity to Cry5B and VCC. These mutants were in addition 
hypersensitive to V. cholerae in the absence of VCC. Serotonin (5-HT) is a 
neurotransmitter controlling among several other behaviors, feeding [24]. 
Loss of 5-HT has no effect on feeding or PFT defense. But, when 
coadministered with Cry5B, we found that exogenous 5-HT forces worms 
to continue feeding in the presence of the PFT. Exogenous 5-HT 
furthermore caused hypersensitivity to Cry5B. The same phenotypes are 
also induced by 5-HT in the larvae of the lepidopteran Spodoptera 
frugiperda when it is exposed to Cry1C, showing that 5-HT’s effects on 
feeding and resistance are evolutionary conserved. Subsequent genetic 
analyses in C. elegans however showed that 5-HT likely exerts this effect 
on feeding inhibition independently of goa-1. Furthermore, the 5-HT-
induced hypersensitivity, unlike that induced by loss of goa-1, was not 
specific to PFTs as it also caused increased sensitivity to an unrelated form 
of stress, the heavy metal cupper. Thus although the effects of exogenous 
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5-HT administration are analogous to those caused by loss of goa-1, the 
two appear to function through independent mechanisms. As loss of goa-1 
had previously been implicated to cause hypersensitivity to Pseudomonas 
aeruginosa infection (not involving a PFT) due to the increased levels of 
neurosecretion associated with loss of this gene [25]. Mutation of unc-31, 
which results in decreased levels of neurosecretion [26], caused resistance 
to P. aeruginosa infection [25]. We found that a similar correlation does 
not exist with regard to PFT defense, as loss of unc-31 did not lead to PFT 
resistance, but to hypersensitivity. This hypersensitivity could be rescued 
by selectively reconstituting unc-31 expression to the worm’s nervous 
system. It follows from this that neuronally functioning unc-31 is sufficient 
to establish a defense against Cry5B in the intestine. Based on the 
literature and further circumstantial evidence presented in this chapter, we 
hypothesize that goa-1 and unc-31 function in independent pathways with 
regard to PFT defenses. This leads to a model in which two neuronal 
molecular pathways, one involving goa-1 and the other involving unc-31, 
independently control defenses against PFTs. goa-1 furthermore controls a 
behavioral response to PFTs, feeding inhibition, independently of the 
molecular defense pathway. This work thus identifies for the first time 
molecular PFT defense pathways that function outside the tissue that is 
under direct attack by the PFT. In addition, it sheds further light on the 
genetics behind feeding inhibition induced by B. thuringiensis Cry toxins in 
insects and nematodes, which is relevant to agriculture, as B. thuringiensis 
Cry toxins are commonly used as non-chemical pesticides [27]. 

Classical, simple models where PFTs function solely to lyse host cells or 
deliver other toxins have proven incorrect. PFTs are able to bring about 
complex changes at the cellular, tissue and organismal level, and are met 
by equally complex host defensive responses. The work described in this 
thesis adds several important pieces of new knowledge to our 
understanding of the in vivo working of PFTs host defenses. We show that 
the roundworm C. elegans dedicates more than 0.5% of its genome to PFT 
defenses, that JNK MAPK is an important regulator of the transcriptional 
response of the host to PFTs, and that the AP-1 transcription factor is part 
of a conserved PFT defense mechanism. Proof is presented that C. elegans 
intestinal cells can employ RAB-5 and RAB-11-controlled vesicle trafficking 
pathways to repair damage to their intestinal cell membranes. We 
furthermore show that the worm possesses molecular and behavioral PFT 
defense mechanisms that are controlled by the nervous system, to provide 
protection in a different tissue that is under attack, the intestine. Our 
studies further support the notion that PFTs are attractive targets for novel 
antibiotics, required for continued treatment of bacterial infectious disease. 
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Samenvatting in het Nederlands 

Pore-forming toxins (PFT’s) zijn bacteriële cytotoxines die de membranen 
van gastheercellen kunnen perforeren. PFT’s zijn met voorsprong de meest 
voorkomende groep van bacteriële toxines en dragen bij aan de virulentie 
van vele bacteriën. Bacteriële infecties worden over het algemeen 
behandeld met antibiotica. Het feit dat antibiotica in veel landen 
overvloedig gebruikt worden, en dat alle bestaande antibiotica al sinds 
lange tijd volgens slechts een beperkt aantal basisprincipes functioneren, 
heeft ertoe geleid dat veel bacterien een resistentie tegen antibiotica 
hebben opgebouwd. Een bekend voorbeeld hiervan is de methicilline-
resistente staphylokok MRSA, maar ook de bestrijding van ‘s werelds 
meest voorkomende bacteriële infectieziekte, tuberculose, wordt 
bemoeilijkt door resistentie tegen antibiotica. Dit pleit voor de ontwikkeling 
van nieuwe vormen van antibiotica, die functioneren volgens fundamenteel 
nieuwe principes, om ook in de toekomst bacteriële infecties te kunnen 
blijven bestrijden. 

In hoofdstuk 1 wordt een overzicht gegeven van de beschikbare literatuur 
aangaande de rol in vivo van PFT’s in infectieziekten. Uit een bestudering 
van gepubliceerde data over een aantal van de meest problematische 
infectieuze bacteriën, waaronder Streptococcus pneumoniae, 
Streptococcus pyogenes, Staphylococcus aureus, Vibrio cholerae en 
Mycobacterium tuberculosis, komen een aantal gemeenschappelijke 
kenmerken van PFT’s naar voren. Het blijkt dat PFT’s hoofdzakelijk 
epitheliale cellen en cellen van het aangeboren immuunsysteem van de 
gastheer aanvallen. In de meeste gevallen wordt de werking van het 
aangeboren immuunsysteem hierdoor geremd. In sommige gevallen 
echter veroorzaken de PFT’s juist een ernstige ontstekingsreactie en zijn ze 
op zichzelf verantwoordelijk voor de klinische manifestatie van de infectie 
(bijvoorbeeld tijdens een Staphylococcus aureus longontsteking). De 
schade die wordt toegebracht aan epitheelcellen lijkt hoofdzakelijk te 
helpen bij de systemische verspreiding van de bacteriën. PFT’s lijken in de 
meeste gevallen niet betrokken te zijn bij de initiële kolonisatie van 
epithele weefsels in de gastheer. Mede gebaseerd op voorbeelden uit de 
literatuur wordt geconcludeerd dat PFT’s een geschikt doelwit vormen voor 
nieuw te ontwikkelen antibiotica. 

De rondworm Caenorhabditis elegans dient als een model organisme om 
pathogenese in zoogdieren te bestuderen, alsmede de aangeboren 
immuunrespons, en is tevens ontwikkeld tot een systeem om de cellulaire 
afweer tegen PFT’s te bestuderen. C. elegans is van groot belang geweest 
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in de ontdekking van specifieke moleculaire PFT-afweermechanismen, en 
waar dit getest werd, waren deze bevindingen altijd representatief voor de 
situatie in zoogdier-cellijnen. 

In hoofdstuk 2 presenteren we de eerste grootschalige functionele studie 
van genen die betrokken zijn in de afweer tegen PFT’s. Via een genetische 
screening hebben we 106 genen (meer dan 0.5% van het hele C. elegans 
genoom) geïdentificeerd die van belang zijn in de cellulaire afweer tegen 
een aanval door het Bacillus thuringiensis PFT Cry5B. Deze genen 
functioneren hoofdzakelijk in eiwit-cascades betrokken bij het 
metabolisme, transport van vesikels en membraan-transport, en in 
signaal-transductie en gen-transcriptie. Een “interactome network” analyse 
laat zien dat een derde van deze genen onderdeel vormt van een enkel 
netwerk dat functioneert in de afweer tegen Cry5B, met aan zijn basis 
twee “mitogen-activated protein kinase” (MAPK)-cascades: p38 en “c-Jun 
N-terminal kinase” (JNK). Alhoewel p38 en JNK beide van belang zijn in de 
afweer tegen PFT’s, blijkt uit microarray-analyse van C. elegans 
blootgesteld aan Cry5B dat JNK een belangrijke regulator is van de 
transcriptionele respons op PFT’s, maar p38 niet. p38 en JNK lijken dan 
ook deels in parallelle cascades te functioneren. JNK heeft een direct 
beschermend effect tegen Cry5B, dat kleine gaatjes (1-2 nm) in het 
celmembraan maakt, en ditzelfde geldt met betrekking tot de PFT 
streptolysin O (SLO), die relatief grote gaten vormt (30 nm). Dus, 
alhoewel er volgens de literatuur verschillen bestaan tussen de 
afweermechanismen tegen PFT’s die kleine en PFT’s die grote gaten in de 
celmembranen prikken, laten wij hier voor de eerste keer zien dat er ook 
een afweermechanisme bestaat dat tegen beide typen PFT’s beschermt. 
We tonen verder aan dat downstream van JNK de transcriptiefactor 
“activating protein-1” (AP-1, opgebouwd uit c-Jun en c-Fos) ook van 
belang is in de afweer tegen zowel PFT’s die kleine als die grote gaten 
vormen. Het beschermend effect van AP-1 is geconserveerd in 
zoogdiercellen die aangevallen worden door SLO, waarmee dit de eerste 
transcriptiefactor is waarvan is aangetoond dat hij wijdverbreid door cellen 
van metazoa gebruikt wordt in de afweer tegen PFTs. Omdat de bekende 
“toll-like receptors” (TLR’s) geen rol van belang lijken te spelen in het 
aangeboren immuunsysteem van C. elegans, suggereren onze data dat 
deze rol van de JNK-AP-1 cascade in de afweer tegen PFT’s een van zijn 
oudste functies is, ouder dan de rol in TLR-gemedieerde immuniteit. (C. 
elegans beschikt niet over een adaptief immuunsysteem.) 

Een grote subklasse van genen geidentificeerd in hoofdstuk 2 is betrokken 
bij het transport van vesikels en verscheidene in vitro studies impliceren 
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een rol voor endocytose en exocytose in de reparatie van het 
plasmamembraan na een aanval door een PFT. In hoofdstuk 3 wordt de 
celbiologie van de reparatie van het plasmamembraan in vivo onderzocht, 
in C. elegans. Door gebruik te maken van fluorescerende markers van het 
plasma membraan en van endocytose, tonen we aan dat de PFT’s Cry5B 
en Vibrio cholerae cytolysin (VCC) snel een sterke toename in endocytose 
veroorzaken. Verlaging van de expressie van twee prominente Rab-
eiwitten (kleine GTPases uit de Ras-familie van G-eiwitten), RAB-5 en RAB-
11, welke respectievelijk endocytose en exocytose aansturen, resulteert in 
een sterke overgevoeligheid van de wormen voor Cry5B. Deze RAB-
eiwitten zijn verder nodig voor de toename in endocytose. Met een door 
ons nieuw ontwikkelde methode kan de aanwezigheid van PFT’s in het 
plasmamembraan in vivo in beeld worden gebracht, door gebruik te maken 
van de diffusie van een kleine fluorescerende stof door de gaten. Wanneer 
wildtype C. elegans voor korte tijd Cry5B gevoerd krijgen, hebben alle 
wormen aanvankelijk geperforeerde darmcellen. Maar, wanneer de 
wormen enige hersteltijd wordt gegeven, hebben ze de gaten uit hun 
membranen weer verwijderd, wat blijkt uit het feit dat de fluorescerende 
stof niet langer de cellen binnengaat. Wanneer vervolgens de expressie 
van RAB-5 of RAB-11 verlaagd wordt, is een defect in de reparatie van de 
membranen waar te nemen. Door middel van electronenmicroscopie van 
C. elegans vonden we verder dat de darmcellen in respons op een aanval 
door Cry5B hun microvilli afwerpen. Dit fenotype konden we reproduceren 
met de fluorescerende plasmamembraan-marker en we vonden dat RAB-
11, maar niet RAB-5, noodzakelijk is voor dit proces. De data duiden op 
een model waarin cellen de vesikel-transportmechanismen gebruiken om 
beschadigde membranen te herstellen: het “vertex fusion” model. Dit 
model beschrijft de fusie van grote vesikels met beschadigde stukken 
celmembraan, waarbij het beschadigde deel van het membraan wordt 
afgeworpen door de cel. De rol van RAB-11 is het aansturen van deze 
vertex fusion en het afwerpen van de microvilli (beide mogelijk onderdeel 
van hetzelfde proces), terwijl RAB-5 een rol speelt in het bewaren van de 
homeostase van het plasma membraan en bijdraagt aan de verwijdering 
van gaten door middel van endocytose. Deze processen dragen er 
gezamenlijk toe bij dat gaten uit het plasmamembraan worden verwijderd, 
door middel van opname in de cel of door afgeworpen te worden van de 
cel. Ons werk laat voor de eerste keer een directe correlatie zien tussen 
vesikel-transport en membraan-reparatie, alsmede de relevantie van deze 
processen voor de overleving van een aanval door PFT’s, in intact weefsel, 
in een heel organisme. We identificeren verder de eerste hoofdregulatoren, 
RAB-5 en RAB-11, die dit PFT-afweermechanisme aansturen. 
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De Cry toxines van Bacillus thuringiensis zorgen ervoor dat insecten en 
nematoden stoppen met eten. Een verklaring voor dit feit zou kunnen zijn 
dat er een neurale respons op PFT’s plaatsvindt. In hoofdstuk 4 zoeken we 
uit of C. elegans over neurale cascades beschikt die PFT 
afweermechanismen reguleren. We bevestigen allereerst dat Cry5B zorgt 
voor een snelle maar omkeerbare inhibitie van eetgedrag in C. elegans. 
Een ander Cry-toxine, Cry21A, en VCC van V. cholerae inhiberen ook het 
eetgedrag binnen 10 minuten na blootstelling. Uit een analyse van C. 
elegans mutanten met mutaties in genen van drie belangrijke neurale G-
eiwit cascades, Go, Gq and Gs, blijkt dat verlies van de Goα-homoloog 
goa-1 resulteert in wormen die niet stoppen met eten in de aanwezigheid 
van Cry5B, Cry21A en VCC. Mutatie van het goa-1 gen, evenals verstoring 
van het downstream functionerende gen eat-16, veroorzaakt verder een 
sterke overgevoeligheid voor Cry5B en VCC. Bovendien bleken goa-1 en 
eat-16 mutanten overgevoelig voor een V. cholerae infectie wanneer er 
geen VCC betrokken is, consistent met een gepubliceerde rol in de afweer 
tegen infecties met Pseudomonas aeruginosa. Serotonine is een 
geconserveerde neurotransmitter die diverse vormen van gedrag aanstuurt 
in C. elegans, waaronder eetgedrag. Deletie van het gen verantwoordelijk 
voor de productie van serotonine resulteerde niet in afwijkend gedrag 
jegens of een afwijkende resistentie tegen Cry5B. We vonden echter dat 
blootstelling aan exogene serotonine ertoe lijdt dat wormen doorgaan met 
eten in de aanwezigheid van Cry5B. Exogene serotonine veroorzaakt 
bovendien overgevoeligheid voor Cry5B. Dezelfde fenotypes worden ook 
door serotonine veroorzaakt in rupsen van de nachtvlinder Spodoptera 
frugiperda (legerworm) wanneer deze worden blootgesteld aan Cry1C, een 
aan Cry5B gerelateerd PFT. Hieruit blijkt dat de effecten van serotonine op 
PFT-gerelateerd eetgedrag en resistentie evolutionair geconserveerd zijn. 
Een daarop volgende genetische analyse in C. elegans toonde echter aan 
dat de effecten van serotonine op het eetgedrag waarschijnlijk 
onafhankelijk zijn van goa-1. Bovendien is de overgevoeligheid voor Cry5B 
die door serotonine wordt veroorzaakt anders van aard dan de goa-1-
gerelateerde overgevoeligheid. Serotonine, in tegenstelling tot mutaties in 
goa-1, leidt namelijk tevens tot overgevoeligheid voor een niet aan PFT’s 
gerelateerde stressor, het giftige zware metaal koper. Dus, alhoewel de 
effecten van exogene serotonine analoog zijn aan de effecten veroorzaakt 
door deletie van goa-1, en een aantal keer gevonden is dat serotonine en 
goa-1 in een zelfde cascade functioneren, blijken hun effecten met 
betrekking tot PFT’s onafhankelijk van elkaar te zijn. In gepubliceerd werk 
is geraporteerd dat deletie van goa-1 lijdt tot een overgevoeligheid van C. 
elegans voor infectie met de bacterie Pseudomonas aeruginosa 
(onafhankelijk van PFT’s), vanwege een toegenomen neurosecretie 
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geassocieerd met deze mutatie. Mutatie van het gen unc-31 (een 
homoloog van “calcium-activated protein for secretion”, CAPS) lijdt tot 
verminderde neurosecretie en resistentie tegen P. aeruginosa infectie. Een 
dergelijk verband bleek echter niet te bestaan in relatie tot PFT’s, 
aangezien mutatie van unc-31 geen resistentie tegen Cry5B veroorzaakte, 
maar juist overgevoeligheid. Deze overgevoeligheid kon weer ongedaan 
worden gemaakt door de expressie van unc-31 specifiek in het 
zenuwstelsel van de worm te herstellen. Hieruit volgt dat neuraal 
functionerend unc-31 volstaat om resistentie tegen Cry5B in een ander 
weefsel, de darm, te bewerkstelligen. Gebaseerd op de literatuur en 
verdere indirecte bewijzen uit ons werk, komen we met de hypothese dat 
goa-1 en unc-31 in onafhankelijke genetische cascades functioneren met 
betrekking tot de afweer tegen PFT’s. Dit leidt dan tot een model waarin 
twee neurale moleculaire cascades, de ene via goa-1 en de andere via 
unc-31, onafhankelijk van elkaar de afweer tegen PFT’s controleren. goa-1 
stuurt bovendien een gedragsrespons op PFT’s aan, inhibitie van 
eetgedrag, en dit lijkt onafhankelijk plaats te vinden van de moleculaire 
afweermechanismen. In dit werk wordt voor de eerste keer een 
moleculaire cascade gerapporteerd die functioneert buiten het weefsel dat 
direct aangevallen wordt door de PFT. Tenslotte werpt deze studie meer 
licht op de achterliggende genetica van de inhibitie van eetgedrag door de 
Cry-toxines van Bacillus thuringiensis in insecten en nematoden. Dit 
laatste is van belang voor de agricultuur, aangezien Cry-toxines veelvuldig 
als biologische bestrijdingsmiddelen worden gebruikt. 

De klassieke modellen waarin PFT’s worden voorgesteld simpelweg te 
functioneren om gastheercellen te doden of om andere toxines in 
gastheercellen af te leveren, zijn incorrect gebleken. PFT’s kunnen 
complexe veranderingen teweeg brengen op het niveau van cellen, 
weefsels, en het gehele organisme, en worden door de gastheer met even 
zo complexe afweermechanismen opgewacht. Het werk beschreven in dit 
proefschrift benadrukt dit verder door in vivo aan te tonen dat meer dan 
0.5% van het genoom van de nematode C. elegans functioneert in de 
afweer tegen PFT’s, de MAPK JNK een belangrijke regulator is van de 
transcriptionele respons van de worm op Cry5B, en dat de 
transcriptiefactor AP-1 een geconserveerde rol speelt in de afweer tegen 
PFT’s. We laten verder zien dat de intestinale cellen van C. elegans het 
door RAB-5 en RAB-11 aangestuurde vesikel-transportapparaat inzetten 
om membraanschade, veroorzaakt door PFT’s, te herstellen. Tenslotte 
blijkt uit onze data dat deze nematode beschikt over moleculaire en 
gedragsgerelateerde afweermechanismen tegen PFT’s die in de neuronen 
functioneren ter bescherming van het weefsel dat direct aangevallen 
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wordt, de darm. Deze studie steunt verder het idee dat PFT’s 
aantrekkelijke doelwitten vormen voor nieuw te ontwikkelen vormen van 
antibiotica, noodzakelijk voor de toekomstige bestrijding van bacteriële 
infectieziekten. 
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