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ABSTRACT OF THE DISSERTATION 
 

Characterizing the Molecular Arsenal of Insect-Parasitic Nematodes 
 

by 
 

Dennis Chang 
 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental 
Biology  

University of California, Riverside, December 2019 
Dr. Adler R. Dillman, Chairperson 

 
 

Entomopathogenic nematodes (EPNs) are insect-parasitic nematodes that 

rapidly kill insects and have been used for biocontrol of insect pests. The 

symbiotic bacteria that these EPNs carry have traditionally been thought to be 

the only source of virulence, however, we have shown substantial proof that 

these nematodes do actively contribute to killing the insect-host. We show that 

EPNs from the genus Steinernema release excreted-secreted proteins (ESPs) at 

the early stages of infecting a host and these ESPs are toxic to insects. This 

paradigm shift in the EPN field merited further exploration into the mechanisms of 

toxicity of the nematode derived ESPs. Profiling of the ESPs revealed a complex 

mixture of proteins predicted to be involved in tissue damage and host immune 

modulation. Many of these proteins were also found to be highly similar to 

proteins used by vertebrate parasites. We found a core suite of proteins utilized 

by two Steinernema species of EPNs at the early stages of infection indicating 

these proteins have a central and important role in insect-parasitology and 

potentially vertebrate-parasitology as well. We continue to identify candidate 
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active proteins in the ESPs of Steinernema feltiae and produce these proteins for 

characterization.
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CHAPTER 1 

Introduction 

Estimates of worldwide crop loss due to arthropod pests range from 15-26% 

exceeding $470 billion [1-3] and even with increased use of pesticides in the last 

40 years crop loss as not significantly reduced [2].  Along with this, the increase 

in understanding of the dangers of many traditional synthetic pesticides on the 

environment and health of non-target animals, including humans, there is a need 

to look for safer alternative pest control. Genetic engineering including the advent 

of Bt-crops (crops genetically modified to produce the toxin from Bacillus 

thuringiensis bacteria) [4] has helped reduce the use of pesticides by about 35% 

[2]. However, resistance to the Bt toxin has already been reported and is 

expected to increase over time [5-7]. Research to improve the efficacy of current 

Bt toxins are underway [8, 9] however it is also important to continue developing 

pest control technologies and new molecules as alternatives or to work in adjunct 

with Bt. 

 

EPNs (entomopathogenic nematodes) are insect-killing parasites that have been 

utilized for biocontrol of insect pests and can serve as a potential source of 

virulent molecules for development of insect pest-killing/deterrent technologies. 

EPNs are named for their entomopathogenic life-style (killing of the insect host 

by introduction of insect-pathogenic bacteria) contrasting other forms of 

nematode-arthropod associations such as phoretic (transport of the nematode by 
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the insect), necromenic (waiting until the host dies to feed/reproduce), and larval 

parasitic (a larval form of the nematode feeds on the host eventually causing 

death)[10, 11]. Nematodes generally can be classified as EPNs if they satisfy 

these criteria: 1) host of entomopathogenic bacteria by the alternative 3rd larval 

stage called the infective juvenile (IJ), 2) active host-seeking and infection into 

the host by the IJ, 3) release of the pathogenic bacteria, 4) death of the host 

within 5 days and reproduction of the nematode, 5) reassociation of the bacteria 

with the nematode, and 6) emergence of the nematode to seek out a new host 

[11-13]. Figure 1 illustrates the propagation of EPNs [14]. 

 

There are at least 3 genera of EPNs; 1) Steinernema 2) Heterorhabditis and 3) 

Oscheius. Certain nematodes from the genus Osheisu have only been recently 

described as potential EPNs while Steinernema (first described as early as the 

1920s [15, 16]) and Heterorhabditis (first described in the 1970s [17, 18]) have 

been called ‘entomopathogenic nematodes’ since the early 1980s [19-21]. 

Figure 1: The EPN life 

cycle. (A) An insect host, 

typically a larva is 

infected. (B) Once inside 

the the EPNs release 

their symbiotic bacteria. 

(C) The host dies while 

the nematodes develop. 

(D) The nematodes will 

reproduce and feed on 

the cadaver for multiple 

generations until 

resources run out and 

nematodes will emerge 

(E) to seek out a new 

host. 
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Steinernema and Heterorhabditis nematodes have been favored for study/use in 

biological control due to their general wide range of hosts, short time to death 

(typically within 48 hours), and scalability in mass production [11, 13, 22-27].  

Though EPNs have been developed and commercialized in both large-scale 

agriculture and home gardening settings their lack of consistent efficacy has 

limited their wide adaptation [23, 28-30]. Further study into the mechanisms of 

EPN-derived pathogenicity may increase the potential to improve EPN efficacy in 

biocontrol of pests. 

 

Steinernema nematodes generally associate with bacteria from the genus 

Xenorhabdus [18] and Heterorhabditis nematodes generally associate with 

bacteria from the genus Photorabdus [17]. A wide assumption in the field of 

EPNs is that bacteria are the only source of virulence and cause of host, death 

while the nematode simply vectors the bacteria [13, 22, 31]. While this seems 

applicable to Heterorhabditis [32], there is growing evidence that Steinernema 

nematodes may contribute some level of virulence against the insect host. Part of 

this data includes a study reporting that an individual S. carpocapsae IJ was able 

to kill a pine weevil (Hylobius abietis) larva [33]. This is interesting in the fact that 

S. carpocapsae IJs typically carry only 20-200 cells of its bacterial symbiont 

(Xenorhabdus nematophila) and the LD50 of X. nematophila in the pine weevil is 

around 3500 cells [33]. Other studies have reported that axenic S. carpocapsae 
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IJs were able to infect and kill insect hosts [32, 34, 35]. Lastly, cell-free culture 

media used to grow S. carpocapsae exhibited toxicity effects in insects [36-38].       

 

These reports merit the idea that EPN IJs from the genus Steinernema could 

potentially be more than just vectors and actively contribute to virulence against 

the insect host. In this dissertation, I will be describing my work on characterizing 

the molecular arsenal of EPNs from the genus Steinernema. This work will 

hopefully provide new information and insight to support the development of 

biocontrol and biotechnology for agricultural pest control. 
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Abstract 

Parasitic helminths release molecular effectors into their hosts and these 

effectors can directly damage host tissue and modulate host immunity. 

Excreted/secreted proteins (ESPs) are one category of parasite molecular 

effectors that are critical to their success within the host. However, most studies 

of nematode ESPs rely on in vitro stimulation or culture conditions to collect the 

ESPs, operating under the assumption that in vitro conditions mimic actual in 

vivo infection. This assumption is rarely if ever validated. Entomopathogenic 

nematodes (EPNs) are lethal parasites of insects that produce and release toxins 

into their insect hosts and are a powerful model parasite system. We compared 

transcriptional profiles of individual Steinernema feltiae nematodes at different 

time points of activation under in vitro and in vivo conditions and found that some 

but not all time points during in vitro parasite activation have similar 

transcriptional profiles with nematodes from in vivo infections. These findings 

highlight the importance of experimental validation of ESP collection conditions. 

Additionally, we found that a suite of genes in the neuropeptide pathway were 

downregulated as nematodes activated and infection progressed in vivo, 

suggesting that these genes are involved in host-seeking behavior and are less 

important during active infection. We then characterized the ESPs of activated S. 

feltiae infective juveniles (IJs) using mass spectrometry and identified 266 

proteins that are released by these nematodes. In comparing these ESPs with 
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those previously identified in activated S. carpocapsae IJs, we identified a core 

set of 52 proteins that are conserved and present in the ESPs of activated IJs of 

both species. These core venom proteins include both tissue-damaging and 

immune-modulating proteins, suggesting that the ESPs of these parasites 

include both a core set of effectors as well as a specialized set, more adapted to 

the particular hosts they infect. 

 

Introduction 

Parasitic nematodes continue to be a major source of mortality and morbidity 

worldwide, infecting nearly 25% of the global population [1, 2]. The molecules 

that are released by these parasites, including the excreted/secreted proteins 

(ESPs), represent the major interface between hosts and parasites, and directly 

influence the survival and health of the parasites as well as the pathology they 

cause to the hosts [3, 4]. Despite an abundance of studies addressing 

mechanistic aspects of host immune response to nematode parasites, there is a 

distinct paucity of molecular information about most parasitic nematodes, where 

few secreted molecules have been studied in detail. Further, the role of the 

parasite ESP composition in determining host specificity is unknown. What is 

known relies largely on ESP studies where release of the ESPs is stimulated and 

collected in vitro. An underlying assumption is that the ESPs collected under 

these conditions are relevant and similar to the ESPs released in in vivo 

infections, though this assumption has not been experimentally validated for 
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most if not all such studies [3]. Obtaining enough ESPs from nematodes that are 

actively involved in a host infection for subsequent analysis is difficult if not 

impossible. However, sequencing the transcriptomes of individual nematodes [5, 

6], provides a way of comparing transcriptional profiles of parasites undergoing in 

vitro activation and in vivo infection. 

 

Entomopathogenic nematodes (EPNs) are parasites of insects that rapidly kill 

their hosts. When EPNs deplete host nutrients the developing generation 

emerges from the cadaver as infective juveniles (IJs), an alternative third-stage 

larval form (L3) that is developmentally arrested, similar to the dauer juvenile 

stage in C. elegans [7]. The IJs are the only free-living stage of these nematodes, 

and they actively seek hosts to infect [8, 9]. Upon entering a new host, the IJs 

undergo the process of activation, or recovery from dauer, which entails 

resumption of growth and development, along with changes in morphology and 

gene expression that facilitate transition from a free-living form to an actively 

parasitic form [5, 10–12]. 

 

EPNs are being used as models for host-parasite interactions including ecology 

[13, 14], host-seeking behavior [9, 15], neurobiology [8], parasite activation [5, 

16, 17], and the role of secreted products in parasitism [5, 18, 19]. There are 

more than 70 described species of EPNs in the genus Steinernema, and these 

vary in their host range and specificity [20, 21], making these nematodes a 
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potential model for understanding the evolution of ESPs and their role in niche 

partitioning among parasites. For example, S. carpocapsae is a generalist 

parasite capable of infecting more than 250 different species of insects from at 

least 13 orders [22, 23], while other species such as S. scapterisci and S. 

scarabaei are specialist parasites infecting a much narrower range of species 

[24, 25]. A recent study of the S. carpocapsae secretome found that this 

generalist parasite releases more than 450 different proteins when initiating 

active parasitism. Many of these proteins were hypothesized to be involved in 

tissue damage and immunosuppression of the host [5]. S. feltiae is another 

generalist EPN parasite but with a more limited host range than S. carpocapsae 

and in a different clade within Steinernema [26, 27]. Several studies have shown 

that S. feltiae IJs use their cuticle to suppress and evade host immunity [28–30]. 

It has even been postulated that unlike S. carpocapsae, S. feltiae does not use 

secretion processes or secreted proteins to induce host immunosuppression [31].  

 

Here we utilized RNA-seq from individual S. feltiae nematodes throughout a time 

course of in vitro and in vivo activation to compare the induction of ESPs under 

these different conditions. We reported the secretome of S. feltiae and tested its 

activity in vivo. We showed that activated S. feltiae IJs release a variety of 

proteins likely involved in tissue damage as well as immune modulation. By 

analyzing the in vivo time course of activation, we identified putative 

neuropeptide pathway genes likely to be involved in host-seeking behavior as the 
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expression of these genes decreased as the nematodes is activated. Further, 

using comparative analysis we identified a core suite of 52 ESPs released by 

both S. feltiae and S. carpocapsae during active parasitism, indicating that 

despite differences in host range and specificity, some proteins may be broadly 

useful in parasitizing insect hosts. Most of these core proteins are conserved in 

nematode parasites of mammals, suggesting that they have an important and 

conserved role in parasitism. 

 

Results 

Steinernematids initiate active parasitism when exposed to host tissue 

We utilized an in vitro activation method previously used for S. carpocapsae and 

S. scapterisci [5, 17] to determine how S. feltiae IJs activate. We exposed S. 

feltiae IJs to insect homogenate and found that they activated in a manner similar 

to what has been described for S. carpocapsae and S. scapterisci (Fig 2). 

Expansion of the pharyngeal bulb was found to be a reliable indicator of IJ 

activation [5, 16, 17] and this feature was used to quantify activation. In naïve IJs 

(IJs not exposed to host tissue) the pharyngeal bulb is often difficult to observe at 

400x magnification (Fig 2A). At 1000x magnification (Fig 2B) the pharyngeal bulb 

can be seen, however the bulb is typically more compressed, seemingly deflated, 

when compared to activated nematodes. As IJs are exposed to host tissue over 

time they begin exhibiting partially-activated morphology characterized by partial 

expansion of the pharyngeal bulb (Fig 2D) which, in contrast to naïve IJs, is more 
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expanded and can be readily observed at 400x (Fig 2C). These differences allow 

us to quickly and efficiently differentiate between non-activated and activated IJs 

under 400x magnification. After 6 hours of exposure to insect tissue, 

approximately 25% of IJs exhibit fully activated morphology with full expansion of 

the pharyngeal bulb, which is wider and appears rounder than the oval shape of 

partially activated nematodes (Fig 2F and 2D). Similar to what was observed for 

S. carpocapsae, S. feltiae exhibits high levels of activation (combined partial and 

full activation) after only 6 hours of exposure to host tissues (Fig 2G). However, 

S. feltiae IJs exhibited a higher percentage of fully activated morphology (approx. 

25%) compared to S. carpocapsae (approx.15%) at 6 hours. And while both 

species displayed time-dependent increase in activation rates, S. feltiae 

activation rates were often higher than S. carpocapsae with significantly higher 

full activation rates after 6, 24, and 30 hours of exposure (Fig 2G, S1 Table). 
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Figure 2. Activation of S. feltiae IJs. The left panel images are representative images of the 

head region of S. feltiae IJs exhibiting (A) naïve, (C) partially activated, and (E) fully activated 

morphology (400x). The pharyngeal bulb, if observable, is indicated by a black arrow. The 

right panel images are 1000x representative images of the S. feltiae IJs exhibiting activation 

morphology corresponding to the left panel images with (B) naïve, (D) partially activated, and 

(F) fully activated. (G) Time course activation rates based on activation morphology of IJs 

exposed to insect homogenate for 0, 6, 12, 18, 24, and 30 hours. All activation rate data was 

taken from IJs observed under 400x. The top graph is of S. feltiae activation and bottom 

graph is of S. carpocapsae activation (S. carpocapsae activation was reproduced from Lu. et 

al, 2017 with the addition of a 0-hour time point). Stars in the columns of the S. feltiae 

activation graph indicates a significant difference with p<0.05 between S. feltiae and S. 

carpocapsae rates of the same category (e.g. S. feltiae 6 hr full activation compared to S. 

carpocapsae 6 hr full activation, data in S1 Table). Column bars represent the mean with 

error bars representing standard deviation. Statistical analysis was done using a repeated 

measures two-way ANOVA with Sidak’s multiple comparisons test. 
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Activated Steinernema IJs release toxic proteins into their hosts 

After determining the activation dynamics of S. feltiae IJs, we collected the ESPs 

of activated S. feltiae IJs to determine their effect in insects. S. feltiae IJs were 

activated in insect homogenate for 0, 6, 12, 18, 24, or 30 hours, washed to 

remove the insect homogenate, and incubated in PBS for 3 hours where they 

continued releasing ESPs. The PBS (with accumulated ESPs) was then filtered 

through a 0.22 μm filter to remove the IJs and concentrated for further 

experiments. The relative age of all the ESPs were the same; at most, they were 

3 hours old. We found that the profile of S. feltiae ESPs changed over time with 

proteins between 25 and 37 kDa being consistently present from 6–30 hours 

while proteins between 37–75 kDa peaked at 12 hours and diminished in 

abundance thereafter (Fig 3A). There was an overall time-dependent decrease in 

proteins released by S. feltiae (S1 Fig). Comparing the protein band profiles of S. 

feltiae and S. carpocapsae ESPs side-by-side shows that the majority of S. 

feltiae ESPs are between 25 and 75 kDa while S. carpocapsae ESPs are more 

concentrated in a narrower size range, between 25 and 50 kDa (Fig 3B). Naïve 

S. feltiae IJs produced a relatively large amount of ESPs, with most of these 

proteins below 37 kDa (Fig 3A and 2B) while naïve S. carpocapsae IJs produced 

undetectable levels of ESPs (Fig 3B). 
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Figure 3. Steinernema IJs release toxic proteins. (A) Silver stained protein gel of whole 

ESPs collected from S. feltiae IJs activated for 0 (non-exposed), 6, 12, 18, 24, and 30 hours 

in insect homogenate. All time course activations were done with approximately 2.5 million IJs 

and the collected ESPs were concentrated to the same volume (300 μl) and the same volume 

(3 μl) was loaded to each lane. (B) Silver stained protein gel of whole ESPs (1 μg) from S. 

feltiae (green) and S. carpocapsae (blue) activated for 0, 6, 12, and 18 hours. (C) Survival 

curves of flies injected with 20 ng of whole ESPs from S. feltiae. (D) Survival curves of flies 

injected with 20 ng of whole ESPs from S. carpocapsae (S. carpocapsae survival curve was 

recapitulated from Lu. et al, 2017). Each survival curve includes 3 or more biological 

replicates totaling at least 180 flies. 
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Next, we tested the activity of S. feltiae ESPs in insect hosts. We injected 20 ng 

of S. feltiae ESPs into Drosophila melanogaster adults and monitored their 

survival. We found that the ESPs from naïve (0 hour) IJs were not toxic (Fig 3C). 

ESPs collected from the early activation time points (6 and 12 hours) exhibited 

the highest toxicity while ESPs from later activation time points (18, 24, and 30 

hours) decreased in toxicity (Fig 3C). This activation-dependent toxicity is in stark 

contrast with S. carpocapsae ESPs, which maintained consistently high toxicity 

levels, even for ESPs collected after 30 hours of activation (Fig 3D). Late stage 

L4 and early adults were present at the later time points (24 and 30 hours) and 

since the more developed nematodes are fragile it was possible that some of 

these nematodes were damaged and unable to continue producing ESPs or 

were producing different ESPs. To address this possibility, we quantified the 

number of damaged nematodes throughout activation using a vital stain (0.2% 

trypan blue). Since it was the later time points (18, 24, and 30 hours) that 

exhibited notable decreases in ESP amount and toxicity we compared the 

number of damaged nematodes in these groups to that found among the 6-hour 

activated nematodes. The number of damaged nematodes did increase at the 

later time points (as expected) but the only group that exhibited a significantly 

higher percentage of damaged nematodes was the 30-hour time point, which 

accounted for less than 5% of the population (S2 Fig and S2 Table). Further, to 

simulate harsh experimental handling of the nematodes we repeated the 

activation time course but applied manual crushing/pressing of the activation 
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sponge before washing the nematodes out for staining and observation. We 

found that manual crushing/pressing of the sponge caused significant increases 

in the percentages of damaged nematodes, with the highest average just below 

12% at the 30-hour time point (S2 Fig and S2 Table). We also evaluated whether 

the toxicity we observed was primarily from nematode-derived ESPs or 

contamination from its symbiotic bacteria, Xenorhabdus bovenii. We compared 

ESPs from axenic S. feltiae IJs activated for 6 hours and found that the profile of 

ESPs and the toxicity (S3 Fig) were similar to those of symbiotic IJs (Fig 3A–C), 

leading us to conclude that the toxicity in these experiments is a result of 

nematode-derived ESPs. 

 

Comparative transcriptome analysis of in vitro and in vivo activated S. 

feltiae IJs reveals a core set of genes expressed at 6 hours after activation 

We performed single-nematode RNA-seq analysis [6] in order to identify the 

similarities and differences between the activation of S. feltiae in vivo and in vitro. 

We collected RNA from 3 individual nematodes activated in vitro for 3, 6, and 9 

hours and from nematodes dissected out of infected waxworms (in vivo) at 3, 6, 

9,12, and 15 hours. We performed differential expression (DE) analysis using 

edgeR [32] and found 5670 genes to be differentially expressed between 6 hours 

in vitro activated IJs and naïve IJs (Fig 4A). Among these genes, 3 general gene 

expression patterns were observed: Increasing expression over time, increasing 
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first and then decreasing over time, and high levels of expression in naïve IJs 

with expression decreasing over time (Fig 4A). 

 

 

With the 5670 differentially expressed genes between 6-hour in vitro activated IJs 

and naïve IJs, we then used MaSigPro to identify genes with significant 

expression differences and similarities between in vitro and in vivo time courses 

and identified 3 major clusters (Fig 4B), similar to the result from edgeR analysis 

(Fig 4A) [33]. Cluster 1 consists of 366 genes that demonstrate a distinct profile 

between in vitro (red) and in vivo (green) conditions (Fig 4B). While the 6-hour in 

Figure 4. Genes differentially expressed during in vitro and in vivo IJ activation. (A) 

Heatmap showing the K-means of 5670 differentially expressed genes (FDR < 0.05) in activated 

IJs in vitro and in vivo using K = 3. (B) MaSigPro profiles of gene clusters during the time course 

(in vitro red, in vivo green). (C) Representative GO terms for each MaSigPro cluster. 
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vitro and 6-hour in vivo samples had similar gene expression levels, many of 

these genes showed increasing expression up to 15 hours in vivo, whereas they 

showed decreasing expression by 9 hours in vitro. GO terms for defense 

response (p-value 3.24e-7), proteolysis (p-value 1.92e-5) as well as enzymatic 

activities such as peptidase (p-value 3.43e-11) and hydrolase (p-value 3.36e-15) 

are enriched in cluster 1 (Fig 4C). Enzymatic activity is also a feature of cluster 2 

(815 genes) with enzymes such as oxidoreductase (p-value 1.73e-22) and 

serine-type peptidase (p-value 4.44e-4) reaching a peak of expression at 6 hours 

in vitro and in vivo. Lastly, cluster 3 consists of 2578 genes that decrease within 

3 hours of activation. GO analysis of cluster 3 genes found enrichments in terms 

involved with response to hydrolase activity (p-value 4.56e-5), response to 

chemical (p-value 3.98e-4) and enzyme activity such as phosphoric ester 

hydrolase activity (p-value 6.90e-6) and peptidase regulator activity (p-value 

5.97e-4) (Fig 4C). 

 

An analysis of changes in gene expression over the time course (3, 6, 9,12, and 

15 hours post infection) of in vivo activation also identified 3 major patterns of 

expression or clusters (S4 Fig). Cluster 1 has 286 genes and GO terms for 

defense response (p-value 1.44e-5) and enzymatic activity such as hydrolase (p-

value 4.01e-9) and peptidase (p-value 6.49e-9) (S4 Fig). Cluster 3 consists of 

1,153 genes and GO analysis found enrichments in terms involved in enzymatic 

regulation such as negative regulation of catalytic activity (p-value 4.71e-4), 
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regulation of serine kinase activity (p-value 2.21e-4) and regulation of protein 

phosphorylation (pvalue 2.18e-5). Cluster 2 has 1,353 genes which have a high 

expression in IJs and a sharp decrease in gene expression by 3 hours with a 

minor peak at 6 hours (S4 Fig). GO analysis reveals enzymatic activity is also a 

feature of cluster 2 with enzymes such as kinase (p-value 7.89e-5) and 

phosphoprotein phosphatase (p-value 5.8e-4). Interestingly, the GO analysis is 

also enriched for neuropeptide signaling pathway (p-value 4.18e-10) (S4 Fig, 

Cluster 2). We investigated further into the neuropeptide pathway genes and 

found that L889_g32029 (Sf-flp-21), which is orthologous to C. elegans flp-21 

and is a neuropeptide important for host-seeking behavior [34], decreases 8-fold 

in expression (S4 Fig). Similarly, L889_g7374 (Sf-flp-11), which is an ortholog of 

C. elegans flp-11, demonstrates strong expression at the IJ stage but has the 

sharpest decrease by 15 hours (S4 Fig). Other neuropeptides such as 

L889_g30047 (orthologous to C. elegans flp-3), L889_g15885 (orthologous to C. 

elegans flp-18), L889_g27993 (orthologous to C. elegans flp-14) and 

L889_g32992 (orthologous to C. elegans flp-7) are highly expressed at the IJ 

stage and progressively decrease by 15 hours post infection (S4 Fig). 

 

Overall, both in vivo and in vitro time courses showed significant downregulation 

of a set of naïve IJ genes within 3 hours as well as equivalent activation of 

another set of genes by 6 hours and differentially express similar sets of genes 

associated with proteolytic enzymes (peptidases). The in vivo-only analysis is 
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similar to the in vivo and in vitro DE analyses for both clusters 1 and 3 but have a 

different profile for cluster 2. In cluster 2 of the in vivo-only time course there is a 

decrease in the expression of neuropeptides (including ones thought to function 

in host-seeking behavior) at the later time points, which is likely correlated with 

reduction of host-seeking sensory functions after successful infection of a host. 

 

Protein components of Steinernema ESPs 

Because of the high toxicity of the ESPs collected at the 6-hour time point and 

the similarity in gene expression between 6-hour in vitro and in vivo activated IJs, 

we chose to primarily focus on the 6-hour ESPs along with further analysis of 

ESPs from naïve IJs. Using mass spectrometry, we identified 266 proteins (False 

Discovery Rate, FDR < 5%, S3 Table). To determine the level of correlation 

between gene expression and relative protein abundance, an mRNA abundance 

(TPM, transcripts per million) to protein abundance (emPAI, exponentially 

modified protein abundance index) correlation analysis of the 266 proteins was 

performed. We found a weak positive correlation between mRNA and protein 

abundance with Pearson’s correlation value of 0.452 and Spearman’s rank value 

of 0.438 (S5 Fig). 

 

 

 

 



25 
 

 

 



26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Protein components of S. feltiae and S. carpocapsae. Top 12 most abundant Pfam 

protein domains (Evalue < 10−5) detected in ESPs of (A) S. feltiae activated for 6 hours and (B) 

S. feltiae naïve (0 hr) IJs. Peptidases and inhibitors detected using the MEROPS peptidase 

database for (C) S. feltiae activated for 6 hours and (D) S. feltiae naïve IJs (E-value < 10−5). (E) 

Pfam domains of core ESPs released by both S. feltiae and S. carpocapsae (E-value < 10−5). 
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We then analyzed the protein sequences for protein domains using Pfam, an 

online database of protein families [35]. Fig 5A lists the 12 most abundant Pfam 

domains in S. feltiae ESPs with peptidase domains being the highest in 

abundance followed by glycosyl hydrolases, lectins, Ig-related (Immunoglobulin 

like), and peptidase inhibitors. VW (Von Willebrand) domains and FAR domains 

were also found in relatively higher abundance (Fig 5A). A Merops (peptidase 

and peptidase inhibitor database) analysis detected 92 peptidases and 17 

peptidase inhibitors with metallo and serine peptidase being the highest in 

abundance (Fig 5C). In analyzing the ESPs of naïve IJs we identified 682 

proteins (FDR < 5%, S3 Table Sheet 2). Peptidase domains were also the 

highest in abundance in the ESPs from naïve IJs, followed closely by ribosomal, 

Ca-related (calcium interacting/regulating proteins) and ATPases (Fig 5B). A 

Merops analysis detected 79 peptidases and 28 inhibitors with both metallo and 

serine peptidases in high abundance; with the number of metallo peptidases 

more than double of serine peptidases (Fig 5D). 

 

Comparison of S. feltiae and S. carpocapsae secreted venom proteins 

reveals a small set of conserved catalytic enzymes 

We confirmed that the mRNA of the 266 S. feltiae ESPs were detected at the 6-

hour in vitro time point, and that these are expressed similarly at 6, 9, 12, and 15 

hours in vivo (Fig 6A). We compared the gene expression of these 266 proteins 

between 6 hours in vitro and naïve IJs and found that 54 genes are 
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downregulated and 96 genes are upregulated upon activation (Fig 6B). Gene 

ontology terms (GO) for the 96 upregulated genes show strong enrichment for 

enzymes such as hydrolases (p-value 2.63e-25) and peptidases (p-value 4.96e-

18) and endopeptidase (pvalue 3.71e-8), indicating that the activated nematodes 

increase the synthesis and release of enzymes to degrade host components, 

including proteins, at early stages of infection. In contrast, the 54 downregulated 

genes are related to muscle cell development (p-value 3.09e-5), protein complex 

assembly (p-value 4.13e-5) and morphogenesis (p-value 2.96e-5). These data 

suggest that at 6 hours in vitro the nematodes are at peak production of venom 

proteins. 
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Figure 6. Gene expression of S. feltiae venom proteins in vitro and in vivo and 

comparison with S. carpocapsae. (A) Heatmap of the expression levels of 266 venom protein 

genes in both in vitro and in vivo activated IJs. (B) Volcano plot of 266 venom proteins showing 

the differentially expressed genes in non-activated and 6 hours in vitro activated IJs. Red and 

blue boxes are representative GO terms for significantly differentially expressed venom proteins. 

(C) Venn diagram illustrating the comparison of all S. carpocapsae venom proteins with S. feltiae 

venom proteins. (D) Venn diagram of conserved venom proteins with homologs in both species. 

52 conserved proteins were detected in the venom of both species. (E) Heatmap of expression 

of the conserved homologs in panel D. 
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We then conducted a comparative gene expression analysis of ESPs from S. 

feltiae and S. carpocapsae to understand the similarities and differences of 

genes involved in killing hosts. Our orthology analysis between 266 ESPs in S. 

feltiae and 472 S. carpocapsae found 52 genes in common (Fig 6C, S4 Table). 

This is a lower number than expected, given that 112 of the 266 S. feltiae ESPs 

have homologs in S. carpocapsae (S5 Table) and 183 of 472 ESPs found in S. 

carpocapsae have homologs in S. feltiae (Fig 6D, S6 Table). However, most of 

these homologs are not detected in the ESPs of the other species even when 

they are expressed (Fig 6E) suggesting that these enzymes might have been 

coopted over time to become part of the venom of either species. Interestingly, 

both S. feltiae and S. carpocapsae have a high expression of the shared 52 

genes. GO terms analysis of the 52 genes shows enrichment of peptidases (p-

value 1.25e-7), hydrolases (p-value 6.71e-10) and alpha-glucosidase activity (p-

value 2.36e-5) (S7 Table). These results correlate with Pfam domains found in 

common between S. feltiae and S. carpocapsae (Fig 5E and [5]). We conclude 

that this small set of proteins form part of a core of venom proteins within 

Steinernema. Next, we wanted to determine whether these 52 ESPs from insect-

parasitic nematodes were conserved in nematode parasites of vertebrates. We 

ran blastp on the 52 proteins (E-value < 1e-3) and compiled the best non-

Steinernema hits for each protein. More than half (31 out of 52) of these genes 

have orthologs in mammalian-parasitic nematodes (S6 Fig) that include 

Strongyloides ratti, Toxocara canis, and Ancylostoma duodenale (S4 Table). The 
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prevalence of these proteins in both insect- and vertebrate-parasitic nematode 

species leads us to speculate that these proteins may play critical roles during 

host infection and survival within the host for parasites in general. 

 

Discussion 

Activation of infective juveniles 

Many nematodes have an alternate L3 stage of development, known as the 

dauer juvenile in free-living and necromenic species, or the infective juvenile for 

parasitic species [10, 36, 37]. The transition that parasitic IJs make when they 

enter a host and become actively parasitic and resume development is known as 

dauer recovery or activation. For parasitic nematodes, successful activation is 

critical to establishing a successful infection and reproduction in their hosts [5, 

11, 38, 39]. Similar to other EPNs, S. feltiae activation rates increased in a time 

dependent manner after exposure to insect tissue in vitro [5, 17]. After 30 hours 

of exposure to host tissue, essentially all the nematodes displayed some level of 

activation with non-activation rates being an average of 0.3% (S1 Table). 

Although S. feltiae and S. carpocapsae are in the same genus, they are 

members of different clades within the genus [27, 40, 41]. The fact that these 

EPNs display similar behavior and morphology during activation when exposed 

to insect tissue demonstrates that the in vitro model of activation we used is a 

consistent and robust model of activation. We found that when activated in vitro, 

the S. feltiae population does not exhibit synchronous activation. Some 
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individuals are fully activated, some are partially activated, and a small number 

are not activated at all. We found this resolution of activation quantification to be 

reliable and consistent however we do note that these 3 categories of activation 

are broad; encompassing different degrees of pharyngeal bulb expansion, and 

that the resolution could have been increased by including other factors such as 

active pumping of the pharyngeal bulb or expansion of the anterior gut. Along 

with this phased activation, the full activation rates seem to taper off when the 

nematodes are activated for a long time (Fig 2G). Similar observations have 

been made for S. carpocapsae and S. scapterisci activation [5, 17]. The 

phenomenon of non-synchronous activation is similar to the phased infectivity 

reported in in vivo infections, wherein a certain percentage of an IJ population is 

unable to infect insect hosts or displays reduced infectivity, but over time more 

individuals become infectious [42, 43]. This characteristic is believed to be 

inherent to the IJ itself and does not seem to be significantly affected by factors 

such as IJ population or host population density. Studies have shown that 

phased infectivity correlates well with Heterorhabditis EPNs but not as well with 

Steinernema EPNs [44, 45]. In contrast to H. bacteriophora, where the infectious 

percentage of the population seems to start out low, previous research suggests 

that a large percentage of a Steinernema IJ population is typically infectious [44]. 

It has been suggested that the phased infectivity hypothesis is incomplete, and 

many other factors, such as genetic/physical damage, attraction to infected vs 

non-infected hosts, and survival of the IJ within the host, could affect population 
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infectivity [46]. The age of the IJs could also be a contributing factor and was 

previously shown to affect activation rates in Steinernematids [16]. In our in vitro 

model, the IJs do not actually infect a host, but rather are exposed to host tissue 

as if they had already infected the host. In this context, all the IJs are exposed to 

host tissue at the same time and though the majority of the population activate to 

some degree some individuals seem to respond faster and become fully 

activated early on while another portion of the population activates slower. We 

did not test whether population density was a factor, nor did we strictly control for 

age (IJs were between 2 weeks and 2 months post collection) but our findings 

are consistent with previous studies of phased infectivity. Thus in vitro activation 

may be a useful tool in further exploring the potential relationship between 

infectivity and activation. 

 

Using in vitro activation to study in vivo infection 

It is widely recognized that helminths modulate host immune system and cause 

pathology mainly through the release of proteins and small molecules that 

interact with host cells and tissues, and that these molecules are key factors in 

disease pathology and parasite fitness [47, 48]. However, nearly all previous and 

current helminth secretome and ESP studies have been done in vitro, due to the 

difficulty of detecting ESPs from helminth parasites in their hosts. Additionally, 

there has been little if any experimental validation that the in vitro induction of 

ESPs from various parasitic helminths accurately mimics in vivo conditions. 
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Here, we utilized single-nematode RNA-seq to compare the transcriptomes of 

nematodes dissected out of waxworms after infection for 3, 6, 9, 12, and 15 

hours and those of nematodes activated in vitro for 3, 6, and 9 hours. We found 

that the transcriptional profiles of nematodes activated in vitro were generally 

similar to those of nematodes from in vivo infections at each time point (Fig 4A) 

however some time points were more similar than others. We identified three 

major clusters of genes among the 5670 differentially expressed genes between 

activated and naïve IJs and within these three clusters the transcriptome profiles 

of the 6 h in vitro and 6 h in vivo activated nematodes exhibited the most 

consistent correlation (Fig 4B). In contrast, the gene expression profiles of 

nematodes activated in vitro and in vivo at 3h and 9h had significantly different 

profiles and did not correlate consistently (Fig 4B). Therefore, 3h and 9h in vitro 

are not representative of their in vivo counterparts. These data suggest that (1) 

activation of IJs in vitro can mimic in vivo infection and yield physiologically 

relevant results; (2) the fidelity of the in vitro results needs to be experimentally 

validated rather than simply assumed; and (3) selection of the timing of ESP 

collection should be based on the experimental evidence of when the in vitro 

system best mimics the natural process. It is important to determine the similarity 

of expression profiles for other parasites such as mammalian-parasitic 

nematodes freshly dissected from hosts compared to those stimulated under in 

vitro ESP collection conditions [49–51]. RNA-seq of individual nematodes, as we 
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have done in this study, can be used to determine the similarity in the 

nematodes’ response to in vitro and in vivo conditions in order to optimize 

experimental in vitro conditions. This method is especially beneficial in parasitic 

studies where low parasite yield is a limiting factor. In addition, gene expression 

similarity should be optimized when using non-natural hosts, which are often 

used due to the difficulty of obtaining or maintaining natural hosts or lack of tools 

and techniques in non-model hosts compared to a model hosts such as a mouse. 

 

EPNs release lethal venom during infection 

In EPN research, the nematode has been traditionally assumed to act primarily 

as a vector for the pathogenic bacterial symbiont. Once the bacterial pathogen is 

inside the host, it will kill the host while multiplying and providing nourishment 

(the bacteria itself and the insect tissue) for the nematode [10, 20, 52]. However, 

there is a growing body of research establishing the nematode as an active 

contributor to pathogenesis, and in some cases such as with S. scapterisci, the 

nematode may be the main driver of virulence [53]. It is clear that aside from 

serving as a vector for the bacteria they carry, EPNs contribute to pathogenesis 

in two ways: They directly damage host tissue and they dampen host immunity, 

acquiring more time for themselves and the bacteria they carry to overcome and 

kill the host. Past studies have shown that axenic S. carpocapsae IJs can kill and 

reproduce in insect hosts [54–56] and individual effector molecules from 

Steinernematids have been characterized and shown to function in host immune 
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suppression and tissue damage [18, 19, 57–61]. More recently the secretome of 

S. carpocapsae was shown to be a complex mixture containing many proteins 

and that collectively, this venom is toxic to insects. ESPs collected from axenic S. 

carpocapsae IJs had similar protein profiles as those from IJs associated with 

their bacterial symbiont, and the ESPs from both populations were similarly toxic 

[5]. We have shown these findings to also be true for S. feltiae, where S. feltiae 

IJs exposed to insect tissue become activated and produce ESPs (Fig 2A) that 

are toxic to insects (Fig 2C). ESPs collected from axenic S. feltiae IJs also 

displayed similar protein profiles and toxicity (Fig 3A and 3C; S3 Fig) compared 

to their symbiotic counterparts. For EPNs in the genus Steinernema, the 

nematodes seem to play a much more active role in contributing to pathogenicity 

during infection than previously thought. 

 

We found that there are notable differences in ESP production and content 

among Steinernematids. Whereas the protein profiles of S. carpocapsae ESPs 

were previously shown to be fairly constant after 6 to 30 hours of exposure to 

insect tissue [5] we found that the protein profiles and protein amount of S. feltiae 

ESPs change from 6 hours to 30 hours of exposure to host tissue (Fig 3A; S1 

Fig). Comparing the profiles of ESPs from S. feltiae and S. carpocapsae side by 

side (Fig 3B), both have bands that are similar in size however the majority of 

intense S. carpocapsae bands are concentrated between 25–50 kDa while the 

majority of intense S. feltiae bands are not as concentrated and distinctly more 
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spread out between 25–75 kDa. We found that there is a core suite of proteins 

found in the ESPs of both species (Fig 5E, 6C) and the differences in the protein 

profiles could be a result of adaptation to different bacterial symbionts or perhaps 

a result of host specialization. Another striking difference in ESP production 

between the two species is that when measuring ESPs from naïve IJs, S. 

carpocapsae was shown to produce few if any ESPs (not detectable by Bradford 

assay nor any notable bands by silver-staining (Fig 3B)) while naïve S. feltiae IJs 

produce a relatively large quantity of ESPs (Fig 3B). ESPs from naïve S. feltiae 

IJs shared some similarities with those from 6-hour activated IJs; namely that 

they were produced in relatively large quantities and included peptidases, 

peptidase inhibitors, and glycosyl hydrolases (Fig 5B). However, the protein 

profiles are different from each other (Fig 3A) where ESPs from naïve IJs contain 

a more diverse array of proteins (S3 Table sheet 2) and there were generally 

more peptides detected for each protein domain (Fig 5B). Further, the ESPs of 

naïve IJs were not toxic unlike their activated counterparts (Fig 3C). 

 

The release of ESPs from naïve S. feltiae IJs without any stimulation from host 

cues seems metabolically wasteful. We evaluated the possibility that the ESPs 

from naïve IJs we collected were a result of damage from experimental handling 

rather than active release by the nematodes. We concluded that the contribution 

of ESPs from damaged nematodes is likely minimal for the following reasons: (1) 

S. feltiae IJs were treated exactly as S. carpocapsae IJs in a previous report [5], 
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yet naïve S. carpocapsae IJs did not release detectable amounts of protein. (2) 

The nematodes in these experiments, if exposed to host tissue, began producing 

ESPs with a considerably different composition than naïve IJs (Figs 2B, 4A and 

4B). (3) If allowed, the nematodes continued to develop into healthy, reproductive 

adults. Instead, our data reveals that naïve S. feltiae IJs are capable of producing 

a different set of ESPs, which could be involved with survival strategies including 

stress tolerance, lubrication and avoidance of desiccation, or maintaining the 

cuticle and other bodily structures. These strategies may be more pertinent to S. 

feltiae as it is categorized as more of a cruiser where it actively migrates in the 

soil seeking new hosts, while ambushers like S. carpocapsae tend to wait in 

epigeal habitats [13, 15]. Another possibility for the role of naïve S. feltiae IJ 

ESPs is preparation of the IJ cuticle for host infection since the cuticle of S. 

feltiae IJs has suppressive effects against host immune responses [28, 30, 31]. 

Peptidases, peptidase inhibitors, and immunoglobin-like proteins are detected in 

high abundance in the ESPs and they can be produced to potentially coat/adhere 

to the cuticle. The production of ESPs from naïve S. feltiae IJs is an interesting 

find that differentiates S. feltiae from S. carpocapsae and merits further study to 

understand the biology of this parasite. 

 

The toxicity of activated S. feltiae ESPs was highest at the earliest time points 

tested (6 and 12 hours of exposure) and toxic activity decreased in a time-

dependent manner with those collected after 24 and 30 hours of exposure being 
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significantly less toxic (Fig 3C). The change in protein profiles (Fig 3A) and the 

reduced protein levels (S1 Fig) in S. feltiae ESPs over time seem to be correlated 

with the time-dependent toxicity decrease. However, it is unlikely that the 

reduction of toxicity is due to the decreasing abundance of total ESPs since the 

flies were exposed to the same amount of ESPs (20 ng per fly); instead, it is 

more likely that some low abundance toxin(s) in the mixture decrease(s) over 

time, resulting in lower toxic activity. The correlation between protein 

profiles/abundance and toxicity was not observed for S. carpocapsae ESPs: 

Later time points (42 and 54 hours of exposure) had similar protein profiles and 

protein abundance compared to earlier time points (6–30 hours of exposure), but 

were significantly reduced in toxicity or were not toxic at all [5]. This suggests that 

the toxic activity is due to low abundance proteins. Therefore, the toxins of both 

species are likely low abundance proteins and not the most abundant ones (Fig 

3A and 3B). Other proteins found in the ESPs likely have non-toxic functions 

during infection such as immunosuppression or immune evasion. 

 

We considered the possibility that damaged nematodes could be an explanation 

for the time-dependent decrease in ESP amount or toxicity and upon evaluation 

found a time correlated increase in the number of damaged nematodes. 

However, the highest level of damage we observed was less than 5% of the total 

population (S2 Fig). Even manually crushing the activation arena to simulate 

excessive force averaged less than 12% of the nematodes being damaged. We 
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believe that the percentage of damaged nematodes from our experimental 

handling alone is insufficient to explain the dramatic changes we see in S. feltiae 

IJ ESP production and activity. It could also be argued that instead of (or in 

conjunction with) the nematodes being significantly damaged, they become 

unhealthy at the later time points due to various factors such as depletion of 

resources. We acknowledge this possibility however, it is unlikely the limiting 

factor as this was not observed in S. carpocapsae [5]. Instead, the time-

dependent decrease in toxicity and amount of S. feltiae ESPs compared to the 

much slower decrease in toxicity and amount of S. carpocapsae ESPs suggests 

that these nematodes utilize different strategies in establishing themselves as 

parasites. S. feltiae may have a stronger reliance on its bacterial symbiont, X. 

bovienii, in order to overcome and kill the host. Soon after activation and release 

of bacterial symbionts, the IJs may switch their priority from killing the host to 

survival, feeding, and development. Axenic S. feltiae IJs have been shown to be 

capable of killing insect hosts, however the studies are limited compared to 

studies of S. carpocapsae and they generally report reduced efficiencies [62, 63]. 

We found no difference in activity between ESPs from axenic compared with 

symbiotic S. feltiae IJs, however we tested the activity of the ESPs alone and did 

not examine the larger context of an actual insect infection. It is possible that 

differences in ESP profiles between S. carpocapsae and S. feltiae are involved in 

niche partitioning and differences in host range and specificity. 
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Core EPN venom proteins 

We found 266 proteins in S. feltiae ESPs which is significantly fewer than the 472 

proteins that were detected in S. carpocapsae ESPs [5]. However, this difference 

may be due to the more fragmented nature of the available S. feltiae genome, 

which has an N50 of 47.5kb compared to the 300kb N50 of the S. carpocapsae 

genome [40] that was used in the previous study (N50 is the length of the 

shortest contig that together with all the longer contigs cover 50% of the genome 

assembly). Although it is likely that the ESPs from EPNs are complex mixtures 

containing many different classes of molecules, we focused on analyzing the 

proteins. The most abundant group of proteins in activated S. feltiae venom are 

peptidases with a high proportion of serine and metallopeptidases (Fig 5A and 

4C). This is similar to what was previously reported in S. carpocapsae ESPs [5]. 

However, S. carpocapsae ESPs contained fewer metallopeptidases and 

significantly more serine peptidases. The high abundance of peptidases and 

peptidase inhibitors in the ESPs of both species illustrate the importance of these 

enzymes for EPNs as well as other parasites. Many studies have implicated their 

potential use in vaccine development and treatment [64–67]. Peptidases and 

peptidase inhibitors have been shown to have multiple functions in parasite 

pathogenesis including suppressing/evading host immune systems, host tissue 

damage, and parasite development [68]. Serine peptidases in particular have 

been suggested to be used by many parasites including Trichinella spiralis, 

Ascaris suum, and Brugia malayi, among others [69–71]. Some specific 
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characterizations of nematode serine peptidase functions include collagen 

degradation, suppression of melanization, inhibition of blood clotting, and 

parasite sperm activation [72–74]. 

 

We analyzed the protein domains in the ESPs to determine the potential 

molecular functions of the proteins. For S. feltiae, the second most abundant 

protein domain after peptidases were domains associated with hydrolysis of 

glycosydic bonds. These enzymes are hypothesized to have many potential 

functions, including cleavage of glycosolated proteins and breakdown of 

structural components that contain glycosidic bonds, with many similarities to 

peptidases. Some of the other protein domains detected in higher abundance in 

both S. feltiae and S. carpocapsae ESPs are Ig (immunoglobulin) or Ig-like, Von 

Willebrand, and FAR (fatty acid/retinol binding protein). The fact that both EPN 

species have high representation of these domains in their ESPs suggests their 

importance for EPN success. It is likely that some of these proteins are involved 

in immunomodulation. For example, it has been hypothesized that FAR proteins 

affect immune signaling [75], and while this has been experimentally 

demonstrated in plants [76–78], it has yet to be shown in an animal system. S. 

feltiae has been shown to modulate insect immunity using its cuticle but the use 

of specific excreted/secreted proteins in immune modulation by S. feltiae would 

be a novel finding [28, 31]. 
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Additionally, we evaluated the correlation between mRNA abundance and protein 

abundance for these ESPs. The correlation was weak but positive with a 

Pearson’s correlation of 0.452 and Spearman’s rank correlation of 0.438 (S5 

Fig). mRNA-protein abundance correlations have consistently been weak in 

various studies including those involving nematodes [79, 80] and our data 

support this trend. The discrepancies between mRNA and protein abundance is 

likely due to post-transcriptional regulating systems that can include small non-

coding RNAs and microRNAs which has been postulated before [79]. It has been 

pointed out that most studies of mRNA-protein abundance correlation have been 

focused on transcriptome-wide data and a study specifically focused on 

upregulated transcripts resulted in a higher distribution of strong correlations, but 

we did not evaluate this in the present study [81]. 

 

In examining the 266 ESPs released by S. feltiae and the 472 ESPs released by 

S. carpocapsae, we found 52 proteins conserved in the ESPs of both species 

(Fig 5E, 6C). This was unexpectedly low since 112 of the 266 S. feltiae ESPs 

have homologs in S. carpocapsae and 184 of the 472 S. carpocapsae ESPs 

have homologs in S. feltiae (Fig 6D). Both S. feltiae and S. carpocapsae have a 

high expression of the shared 52 venom genes, representing a core of effector 

proteins shared by these EPNs. Within this core set of ESPs there are 

peptidases, glycosyl hydrolases, lectins as well as proteins likely to be involved in 

immune modulation such as FAR proteins, immunoglobulins, and 



44 
 

immunoglobulin-like proteins. The specific functions of these core venom 

proteins are yet unknown, but their conservation between S. carpocapsae and S. 

feltiae, which are in different clades within the genus, suggests that they are 

important effectors of parasitism and function in a variety of insect hosts. The 

genus Steinernema is the oldest known lineage of EPNs, potentially coevolving 

with their insect hosts for ~350 million years [26]. Determining the functions of the 

proteins in this core suite of ESPs may elucidate important steps in the evolution 

of EPNs and even more broadly parasitic nematodes in general. 

 

Materials and Methods 

Insects 

Galleria mellonella (waxworms) were purchased from CritterGrub 

(www.crittergrub.com). Oregon-R Drosophila melanogaster flies were reared in 

round bottom 8 oz bottles with food medium (129.4 g/L dextrose, 7.4 g/L agar, 

61.2 g/L corn meal, 32.4 g/L yeast, and 2.7 g/L tegosept). The bottles were kept 

at 25˚C with 60% relative humidity on a 12 hr light/dark cycle. 

 

Nematodes 

S. feltiae IJs were cultured and propagated in vivo using waxworms as previously 

described [5]. Briefly,15 wax worms were placed into a 10 cm petri dish with filter 

paper pressed to the bottom and 1 ml of tap water containing 750 S. feltiae IJs 

(50 IJs/worm) was dispersed onto the filter paper. The infection plates were 

http://www.crittergrub.com/
http://www.crittergrub.com/
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incubated at 25˚C with 60% humidity in the dark for 10 days. Then, the waxworm 

cadavers were transferred to White traps [82]. After 2–3 days (depending on IJ 

density) the IJs were collected and washed using a glass vacuum filter holder 

(Fisher Scientific, 09-753-1C) with an 11 μm nylon mesh filter (Millipore, 

NY1104700). The IJs were stored at 15˚C at a density of 7–10 IJs/μl. 

 

Waxworm homogenate preparation 

Insect homogenate was prepared as previously described [5]. Briefly, 25 g of 

waxworms were frozen and grounded in liquid nitrogen with a mortar and pestle 

into a fine powder. The waxworm powder was then transferred quickly into a 

glass beaker and resuspended in 100 mL of Phosphate Buffered Saline (PBS, 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The 

mixture was then microwaved to a boil 7–8 times with stirring in between. The 

homogenate was then aliquoted into 50 mL conical tubes and centrifuged for 5 

minutes at 3200 rcf to pellet the solid debris of the waxworm. The supernatant, 

including the top oil layer were transferred into a new container. PBS was then 

added to the 50 mL conical tubes containing the waxworm pellets, mixed, 

centrifuged, and the supernatant was collected. This was repeated until the 

desired volume and percent extract was reached. In this case, 25g of waxworm 

was used to make 100 ml of 25% waxworm homogenate. The waxworm 

homogenate extract was used immediately or aliquoted and stored at -20˚C. 
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Activation of IJs 

IJ activation was done as previously described [5]. 100 mL of 25% waxworm 

homogenate was thawed and supplemented with 1x triple antibiotic 

Pen/Strep/Neo (P4083, Sigma-Aldrich). The homogenate was soaked into 8.2 g 

of autoclaved cut sponge pieces (approximately 3x3x10 mm). 2.5 million S. 

feltiae IJs were washed 4 times with autoclaved 0.8% NaCl solution and excess 

liquid was removed from the washed IJs before gentle Pasteur pipette 

transferring/mixing into the homogenate-soaked sponge. The container was 

covered with aluminum foil and incubated in the dark at 25˚C with 60% relative 

humidity for a specified amount of time. For most of the contents of this study, 

the IJs were incubated in waxworm homogenate for 6 hours. The IJs were then 

washed out of the sponge with 6–8 rounds of autoclaved 0.8% NaCl solution and 

once separated from the sponge, further washed with 4–5 rounds of 0.8% NaCl 

solution. Activations were replicated at least 3 times for each experiment. 

 

Quantification of activation rates 

IJ activation quantification was done as described [5, 16, 17]. Briefly, activated 

IJs were observed under 400x magnification on a compound light microscope 

and scored for the activation phenotype based on expansions of the pharyngeal 

bulb. Fully activated phenotypes (see Fig 2E), partially activated phenotypes (Fig 

2 image C), and Non-activated phenotypes (see Fig 2A) were scored. The 

difference between non-activated IJs from those that have been partially or fully 
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activated is easily visualized as the absence of a visible pharyngeal bulb at 400x 

magnification. Differentiating between partially and fully activated IJs relies on the 

relative size and shape of the pharyngeal bulb; fully activated IJs have a wider, 

round-shaped bulb whereas partially activated IJs have a narrower, oval-shaped 

bulb. To minimize bias and double scoring the same nematode, scoring started 

with viewing IJs at one corner of the coverslip. All IJs with anterior/head region in 

view were scored before shifting the slide to view the next adjacent region. This 

was repeated until all regions of the coverslip was viewed without viewing the 

same region twice. Activations were done in 3 replicates for each time point 

(naïve/0 hr, 6 hr, 12 hr,18 hr, 24 hr, and 30 hr) and each replicate was scored 3 

times to obtain averages. Significant differences between S. feltiae and S. 

carpocapsae IJ activations were determined using the Prism 8 by paired two-way 

ANOVA with (Prism recommended) Sidak’s multiple comparisons between 

related groups (i.e. rates of partially activated S. feltiae IJs at 30 hrs of exposure 

compared to rates of partially activated S. carpocapsae IJs at 30 hrs of 

exposure). 

 

ESP collection 

ESP collection from the EPN was done as previously described [5]. After IJs 

were activated and thoroughly washed, they were transferred into a 1 L 

Erlenmeyer flask containing 100 mL of autoclaved PBS supplemented with 1x 

triple antibiotic Pen/Strep/Neo. The flask was shaken at 220 rpm in the dark for 3 
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hours and the nematodes were then centrifuged (700–800 rcf for 1 minute) in 15 

mL conical tubes to preliminarily separate the majority of the nematodes from the 

PBS. The PBS supernatant was then collected and filtered through a 0.22 um 

syringe filter (Fisher Scientific, 9719001) and concentrated to approximately 300 

μL using a 3 kD cut-off centrifuge column (Millipore, UFC900308). The protein 

concentration of the venom was quantified using a Bradford assay (Bio-Rad, 

500–0006). 

 

Protein gel electrophoresis and silver staining 

S. feltiae ESPs were prepared for gel electrophoresis by boiling for 5–10 minutes 

in 1x Laemmli sample buffer supplemented with 50mM Dithiothreitol (DTT) (Bio-

Rad, 1610747). The denatured proteins were loaded into a Mini-PROTEAN TGX 

precast gels (Bio-Rad, 4561086) and electrophoresed at 100 V for 60–90 

minutes. Silver staining was done following the manufacturer’s protocol (Pierce, # 

24600). 

 

Testing S. feltiae IJ venom toxicity 

S. feltiae ESPs toxicity was tested in vivo on Drosophila melanogaster flies as 

previously described [5, 83]. Adult male flies 5–6 days old were anesthetized with 

CO2 and injected with 20 ng of ESPs in a volume of 50 nl using pulled glass 

needles and a highspeed pneumatic microinjector (Tritech Research, MINJ-FLY). 

PBS was injected as a negative control. After injection the flies were transferred 
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to new vials containing food and stored at 25˚C with 60% relative humidity on a 

12hr light/dark cycle. Survival of the flies was recorded over 40 days or until all 

the flies had died. ESP collection and toxicity testing were done in 3 biological 

replicates for each time point (PBS, 0 hr, 6 hr, 12 hr, 18 hr, 24 hr, 34 hr) with 3 

technical replicates of each biological replicate. At least 60 flies were used for 

each technical replicate totaling at least 180 flies for each biological replicate. 

 

Vital staining for nematode damage assay 

Nematodes were activated in vitro as described in the “Activation of IJs” section 

of the methods however scaled down to fit a 9 cm petri dish (0.082 g of sponge, 

1 mL of 25% insect homogenate, and approximately 25,000 S. feltiae IJs). The 

sponge pieces were each pressed down 5 times before the nematodes were 

washed out and rinsed with 4 rounds of autoclaved PBS. The nematodes were 

then stained by mixing an equal volume of nematodes with an equal volume of 

0.4% trypan blue (Sigma-Aldrich) to give a final dye concentration of 0.2%. The 

mixture was allowed to sit for 5 minutes before transferring the nematodes to a 

microscope slide for viewing and counting. This was replicated 3 times for each 

time point (6, 12, 18, 24, 30 hours of activation) with approximately 5000 counts 

each replicate (15,000 total counts for each time point) Representative images 

are in S2 Fig and raw counts in S2 Table. 
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Axenic nematode production and assay 

Axenic nematode production and assaying was done as previously described [5] 

with some slight modifications. Axenic S. feltiae IJs were produced in vitro by 

growing bleach sterilized S. feltiae eggs on the colonizing defective mutant 

bacterial strain of Xenorhabdus nematophila, HGB315 [84]. HGB315 is unable to 

colonize the nematodes however can still be a food source. Phase I of the 

HGB315 bacteria colonies (blue) were obtained and verified using NBTA agar 

plates (40 mg/L 2,3,5-triphenyltetrazolium, 25 mg/L bromothymol blue, 8 g/L 

nutrient agar, supplemented with 0.1% (w/v) sodium pyruvate) and double 

checked with MacConkey Agar plates (reddish brown) (Difco MacConkey Agar, 

#212123, supplemented with 0.1% (w/v) sodium pyruvate). HGB315 was 

cultured in LB broth supplemented with 0.1% (w/v) sodium pyruvate over night at 

28˚C and shaking at 220 rpm.100–150 μl of overnight HGB315 liquid culture was 

spread on lipid agar plates (4 ml/L corn oil, 7 ml/L of corn syrup, 5 g/L of yeast 

extract, 2 g/L MgCl2, 8 g/L of nutrient broth,15 g/L of Bacto Agar, supplemented 

with 0.1% (w/v) sodium pyruvate) and incubated at 28˚C overnight to form a thin 

layer of bacterial lawn. Surface sterilized S. feltiae eggs in a minimal volume of 

sterile Ringer’s solution (172 mM KCl, 68 mM NaCl, 5 mM NaHCO3, pH 6.1) was 

dropped onto the lipid agar plates and allowed to develop into gravid females. 

This is the first round pass to produce F1 generations of S. feltiae nematodes 

that were exposed only to the non-colonizing HGB315. HGB315 is a strain of X. 

nematophila which is not the native symbiotic bacteria of S. feltiae (Xenorhabdus 
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bovienii), therefore these nematodes develop and become gravid much slower at 

approximately 5–6 days (versus ~4 days on X. bovienii) post seeding. To obtain 

axenic eggs, gravid females were rinsed in autoclaved 0.8% NaCl solution for 3 

times followed with rocking in axenizing solution (0.7% NaOCl (bleach)/0.5 M 

NaOH) for 7.5 minutes for 3 times. Brief vortexing was applied 2–3 times in the 

first two rounds of axenizing to ensure mixing and degradation of adult nematode 

tissue. After the axenizing treatment, the eggs were rinsed in autoclaved Ringer’s 

solution for 3 times followed by incubation in a triple antibiotic solution (Penicillin, 

Neomycin, Streptomycin) for 30–45 minutes. The eggs were then rinsed with 

autoclaved Ringer’s solution for 3 times and centrifuged at 700 rcf for 1 min and 

the supernatant was removed to create a highly dense egg suspension with 

minimal liquid volume. Approximately 500,000 eggs were gently dispersed onto 

the lipid agar plates containing the HGB315 bacteria. When the bacteria were 

depleted, the nematodes were washed off and split into 3–5 new HGB315 

bacteria plates. The S. feltiae nematodes were kept on the plates until they 

reached a high density and IJs can be seen crawling up the sides of the plates. 

At this point the population was still a mix of different life stages so the 

nematodes were transferred to White traps to collect axenic IJs. 

 

Axenic assay 

To assay for non-colonization of bacteria inside S. feltiae IJs: approximately 1000 

IJs were rinsed 3 times with autoclaved Ringer’s solution, followed by surface 
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sterilization with 4 mM Hyamine 1622 solution (Sigma, 51126) for 30 minutes, 

and rinsed 3 times with Ringer’s solution. The IJs were then concentrated to a 

volume of 50 μl and homogenized with a tissue grinder (Fisher Scientific, 12-141-

363). The homogenate was then plated onto LB plates (supplemented with 0.1% 

(w/v) sodium pyruvate) and incubated at 28˚C in the dark. The plates were 

checked for bacterial growth for 5 days (S3 Fig). This was replicated 3 times for 

each batch of axenic S. feltiae IJs. 

 

Mass spectrometry of S. feltiae ESPs 

To prepare S. feltiae ESPs for mass spectrometry analysis, the proteins were 

first precipitated with 80% acetone (-20˚C pre-chilled) at 4:1 acetone to sample 

volume. The mixture was vortexed for 5 seconds 3 times and stored at -20˚C 

overnight. The mixture was then centrifuged at 15,000 rcf for 10 minutes at 4˚C 

to pellet the precipitated proteins. The supernatant was carefully removed, 

followed by addition of fresh -20˚C chilled 80% acetone, and mixing by pipetting. 

The mixture was then centrifuged at 15,000 rcf for another 10 minutes. This 

process was repeated one more time and after removal of the 2nd 80% acetone 

wash the protein pellet was allowed to air dry for 5 minutes. The protein pellet 

was then digested using the Trypsin/Lys-C, Mass Spec Grade kit (Promega, 

V5071) following the manufacturer’s Two-Step In-Solution Digestion protocol. 

Briefly, the protein pellet was suspended in 7 M urea/50 mM Tris-HCl (pH 8), 

followed by addition of DTT to a final concentration of 5 mM, and incubated at 
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37˚C for 30 minutes. Iodoacetamide was then added to a final concentration of 

15 mM, and incubated at room temperature for 30 minutes in the dark. The 

Trypsin/Lys-C protease mix was added at a ratio of 25:1 (protein: protease (w/w)) 

and incubated at 37˚C for 4 hours. The mixture was then diluted with 50 mM Tris-

HCl (pH 8) to reduce the urea concentration to approximately 0.5 M and 

continued incubation at 37˚C overnight. Trifluoroacetic acid (TFA) was added to a 

final concentration of 0.5–1% to terminate digestion and the mixture was 

centrifuged at 15,000 rcf for 10 minutes to pellet particulate matter. The 

supernatant containing digested protein was cleaned using a C18 spin column 

(Pierce, 89873) following the manufacturer’s protocol. 

 

Mass spectrometry 

Online 2D-nano LC/MS/MS was used to perform MudPIT mass spec analysis of 

S. feltiae ESPs. The mass spec apparatus consisted of a 2D nanoAcquity UPLC 

(Waters, Milford, MA) configured with an Orbitrap Fusion MS (Thermo Scientific, 

San Jose, CA). LC solutions/fractionation and MS parameters were as previously 

described [5]. The raw mass spec data was processed/analyzed with the 

Proteome Discoverer 2.2 software (Thermo Scientific, San Jose, CA) with the 

Sequest HT search engine running against the S. feltiae protein profile, 

Steinernema_feltiae. PRJNA204661.WBPS11.protein.fa 

(Parasite.Wormbase.org). Duplicate genes were removed and only genes with 

FDR <5% were considered for further analysis. The raw mass spec data have 
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been uploaded to the ProteomeXchange repository and can be accessed with 

the following links. 

0 hr: ftp://massive.ucsd.edu/MSV000082993 

6 hr: ftp://massive.ucsd.edu/MSV000082997 

 

Protein domain and peptidase analyses 

Protein/peptide sequences of S. feltiae ESPs obtained from mass spec and the 

protein domain families were analyzed using the Pfam database and the 

hmmscan program (E-value < 10-5) of the HMMER software 3.0 as described 

[85]. Peptidase types based on the catalytic center amino acid (Serine, Metallo, 

Aspartic, etc.) and peptidase inhibitors were identified by BLAST+ against the 

MEROPS Peptidase database [86] from 

https://www.ebi.ac.uk/Tools/sss/ncbiblast/. Only hits with an E-value of <10-5 

were further analyzed. 

 

Single nematode transcriptome sequencing 

S.feltiae single nematode transcriptome sequencing was done as previously 

described [5, 6]. In vitro activated IJs were activated as described in the 

Activation of IJs section of the methods but scaled down to fit in a 6 cm petri dish 

with 1 ml of insect homogenate, 0.08 g of sponge, and 25,000 IJs [16, 17]. The 

IJs were activated for time points 3, 6, and 9 hrs. After activation the IJs were 

washed out of the sponge with autoclaved 0.8% NaCl and transferred to 1.5 ml 

ftp://massive.ucsd.edu/MSV000082997
ftp://massive.ucsd.edu/MSV000082997
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eppendorf tubes. The IJs were cleaned by spinning down and removing/replacing 

the NaCl supernatant 4 times. We used only IJs that displayed fully activated 

morphology (confirmed by microscope) for each time point. This method, though 

arguably not highly representative of the entire population, was used in order to 

consistently select for individuals that were activating the fastest for each time 

point and minimize variation from nematodes with different levels of activation. 

The IJs were then transferred to RNase-free water before lysis. Naïve (0 hr) IJs 

were not exposed to any insect tissue and washed before proceeding to lysis. In 

vivo activated S. feltiae IJs were activated by infecting live waxworms at 50 

IJs/waxworm. After 30 minutes the waxworms were gently rinsed in autoclaved 

0.8% NaCl to wash off IJs that were on the surface of the waxworms but had not 

entered the waxworm. The infected waxworms were then stored in the dark at 

25˚C with 60% relative humidity for 3, 6, 9, 12, or 15 hrs. After the specified 

hours, the waxworms were individually placed in 6 cm petri dishes with 

autoclaved 0.8% NaCl and the activated IJs were dissected out. The IJs were 

washed by transferring them to new 6 cm petri dishes with fresh autoclaved NaCl 

5x until being transferred to RNase free water before lysis. Activated IJs for each 

time point/condition (6 hr in vitro, 12 hr in vivo, etc.) were individually isolated in 

RNase-free water, cut into 3–4 pieces, and immediately transferred to lysis buffer 

containing RNAse inhibitor Proteinase K. The sample was placed on ice and 

observed periodically until the nematode tissue had been digested (typically 45–



56 
 

60 minutes). The sample was then incubated in a thermocycler at 85˚C for 3 

minutes to deactivate proteinase K. dNTP/ Oligo-dT30VN-  

(50-AAGCAGTGGTATCAACGCAGAGTACT30VN-30) was added to the sample 

and poly-A RNA was reverse transcribed in a reaction solution of 100U 

Superscript II RT (Thermo Fisher Scientific, 18064014), 10 U RNase inhibitor 

(Promega, N2611), 1x Superscript II first-strand buffer, 5 mM DTT, 1 M Betaine, 

6 mM MgCl2, 1 μM TSO-  

(LNA-modified TSO 50-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-30, 

Exiqon.com), and RNase-free water. The reverse transcription program was set 

to 1) 42˚C 90 min, 2) 50˚C 2 min, 42˚C 2 min (repeat 14x), 3) 70˚C 15 min, and 

4) 4˚C Hold. The cDNA was then added to a cDNA amplification mix with final 

concentrations of 1x KAPA HiFi HotStart ReadyMix (Kapa Biosystems, KK2602), 

0.1 μM IS PCR primer (50-AAGCAGTGGTATCAACGCAGAGT-30, ordered from 

idtdna.com), and RNase-free water. The cDNA amplification program was set to 

1) 98˚C 3 min, 2) 98˚C 20 sec, 67˚C 15 sec, 72˚C 6 min (repeat 17x), 3) 72˚C 5 

min, and 4) 4˚C Hold. To clean the amplified cDNA, it was mixed with Ampure XP 

beads at a ratio of 1:1 (v/v). The mixture was then placed on a magnetic bead 

stand to magnetize the cDNA-bound beads to side-wall of the tube and washed 

with 3 rounds of 80% ethanol. After removal of the final ethanol wash the beads 

were air dried for 3–4 minutes and observed frequently under a microscope. At 

the first sign of a dry crack in the beads, 17.5 μl of elution Buffer (EB, 10 mM 

Tris-Cl, pH 8.5) was added, and incubated for 2 minutes. The sample was placed 
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back on the magnetic bead stand for 2–3 minutes to separate the beads from the 

EB solution (now containing clean cDNA) and the EB solution was collected. 

cDNA concentration was measured by Qubit Fluorometer (Thermo Fisher 

Scientific) and the quality was analyzed by BioAnalyzer (Agilent). The cDNA was 

tagmented using the Nextera DNA library prep kit (Illumina, FC-121-1030) 

following the protocol in L. Serra, et al 2018. Briefly, 20 ng of cDNA in 8 μl was 

mixed with10 μl of Tagment DNA buffer and 2.2 μl of Tagment DNA enzyme from 

the kit. The mixture was incubated at 55˚C for 5 minutes and cleaned up using 

the QIAquick DNA cleanup column (QIAGEN, 28104). The tagmented cDNA was 

then amplified using the Phusion High Fidelity PCR master mix (New England 

Biolabs, M0531L) with 30 μl of tagmented cDNA, 2.5 μl of Primer-1 (Ad1_no 

MX), 2.5 μl of Primer-2(Ad2.#), and 35 μl of Phusion High Fidelity PCR master 

mix buffer. The amplification program was set to 1) 72˚C 5 min, 2) 98˚C 30 sec, 

3) 98˚C 10 sec, 63˚C 30 sec., 72˚C 1 min (repeat 10x), and 4) 4˚C Hold. The 

sample was then cleaned up with Ampure XP beads as described above except, 

scaling up to use 30 μl of EB and collecting 27.5 μl of the supernatant. Libraries 

were prepared and sequenced as paired-end, 43 base pair reads on the Illumina 

Nextseq 500. 

 

Gene expression quantification 

Unstranded, paired-end 43 bp RNA-seq reads for each worm were mapped to 

the S. feltiae transcriptome downloaded from WormBase ParaSite (WS263) 
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using Bowtie 1.0.0 with the following options: -X 1500 -a -m 200—S—seedlen 25 

-n 2—offrate 1 -p 64 -v 3 [87]. After Bowtie, gene expression was quantified with 

RSEM with the following options: rsem-calculate-expression—bam—paired-end. 

Gene expression for S. carpocapsae were performed as previously described [5] 

and reported in Transcripts Per Million (TPM). We used counts for differential 

gene expression analysis. Reads for single worm RNA-seq samples were 

submitted to Gene Expression Omnibus (GEO) under the accession number 

GSE119223. 

 

Normalization and batch correction 

The Transcript per million (TPM) generated by rsem-calculate-expression for S. 

feltiae samples were normalized according to groups using the R package limma 

[88] because samples were collected, processed and sequenced in different 

batches. Samples were batched corrected between 3 and 9 hours in vitro to 6 

hours in vitro, 3,6,9,12,15 hours in vivo with edgeR package removebatcheffects 

with log2 of TPM matrix. Normalization and batch correction for S. carpocapsae 

were done as previously described [5]. 

 

mRNA and protein correlation 

Log2 of the average TPM+1 (transcripts per million, relative RNA abundance) 

and Log2 of the emPAI (exponentially modified Protein Abundance Index, 

relative protein abundance) for the 266 genes of S. feltiae ESPs was plotted in 
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Rstudio using the package ggplot2 [89]. Pearson’s correlation and Spearman’s 

rank correlation values were calculated in Excel. 

 

Gene expression analysis and GO enrichment analysis 

Differential gene expression was determined using edgeR [32]. Counts were 

normalized by library size using calcNormFactors. Genes were called 

differentially expressed if FDR < 0.05 and fold change > 2. The list of genes that 

were differentially expressed (DE) using edgeR were used to create a TPM 

matrix. Gene expression in TPM were clustered using Cluster 3.0 [90] with the 

following options: log transformed, mean centered, normalized. Then genes were 

hierarchically clustered with center correlation. Heatmap were visualized with 

Java TreeView [91]. Heatmap for Fig 6C were done using the R package 

heatmap.2 with centroid hierarchical clustering by row. MaSigPro was run as a 

two-time series to evaluate the differences and similarities of gene expression 

between in vitro and in vivo time course with 5670 differentially expressed genes 

found with edgeR between 6 hours in vitro activated and naïve IJs. Gene 

ontology enrichment analyses was calculated using Blast2GO Fisher’s exact test 

and considered statistically significant if FDR < 0.05 [92]. List of genes used in 

Blast2GO were differentially expressed according to edgeR or dynamically 

expressed according to maSigPro. 
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Venom orthology analysis 

We obtained a list of N:N orthologs and paralogs between S. feltiae and S. 

carpocapsae from WormBase ParaSite Biomart. List were obtained by choosing 

S. feltiae genome as query to find orthologs and paralogs in S. carpocapsae. List 

of venom proteins for S. carpocapsae were obtained from Lu et al. 2017 and 

compared to list of S. feltiae venom proteins. Orthology analysis was done with 

edgeR with function “match”. In determining the orthology of S. feltiae 

L889_g32029 (Sf-flp-21) to C. elegans flp-21, we relied on the predicted 

sequence of the mature peptide [34, 93]. Using this method, we determined that, 

similar to Sc-flp-21, Sf-flp-21 has an identical predicted mature peptide as the flp-

21 from C. elegans. 
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CHAPTER 3 
 

Identification, production, and characterization of S. feltiae individual 

candidate active proteins. 

Dennis Z. Chang, Alireza S. Hamidzad, Martin Lopez, Adler R. Dillman 

 

Introduction 

In the field of entomopathogenic nematodes (EPNs), we have recently provided 

data that substantially shows the nematode in the EPN-bacteria duo complex is 

not simply the vector, actively contributes to host killing and likely host immune 

suppression. Crude ESP from the entomopathogenic nematodes Steinernema 

carpocapsae and Steinernema feltiae were shown to be toxic to insects [1, 2], 

which merits further exploration into the mechanism of toxicity for potential 

applications in EPN-derived pest control. Along with the availability of assembled 

genomes of multiple Steinernema EPNs [3], improved gene expression profiling 

methods of nematodes [4], and continual improvements to protein separation and 

mass spectrometry technologies, we are in a more favorable situation than ever 

before to explore the question of how nematodes contribute to killing of the host 

in the EPN-bacteria duo complex. To decipher the mechanism, however, we will 

first need to identify and characterize individual components of the ESPs 

responsible for toxicity.  
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While multiple studies of individual ESP components from entomopathogenic 

nematodes have been performed, they have exclusively been derived from S. 

carpocapsae [5-14]. This is not surprising, as S. carpocapsae is the most widely 

used and studied EPN due to its wide range of hosts, scalability of mass 

production, and ability to formulate for long-term shelf-life [15, 16]. However, 

narrowing the majority of studies to one species can be detrimental, as these 

EPNs have their limits in terms of pest control efficacy due to both host-specificity 

and environmental factors. S. feltiae, although having been considered a 

generalist, has a more limited host-range than S. carpocapsae, but it has been 

consistently effective against various Dipteran larvae (flies). It is one of the few 

EPNs that can maintain infectivity at lower temperatures (10°C), whereas S. 

carpocapsae lose infectivity below 22°C [16]. In addition, S. feltiae produces on 

average double the amount (µg) of ESP than S. carpocapsae [1, 2]. This does 

not clearly translate to more toxicity per nematode S. feltiae over S. carpocapsae 

in our studies, however it does allow more efficient production of ESPs to work 

with. After profiling the components and biological activity of crude ESPs from 

these two species [1, 2], we move further into identifying and characterizing the 

individual active proteins found in the ESPs of S. feltiae. We do this to shed light 

on the important proteins utilized by other EPNs with the goal of providing 

knowledge that can be used in studying EPN evolution, host-range and niche 
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specialization of different species, and most of all, an alternative source of 

virulence molecules for pest control research. 

 

Results 

ESPs components are more than just toxic   

In elucidating the active proteins of interest in crude ESPs, anion-exchange 

FPLC (Fast Protein Liquid Chromatography) was utilized to separate the proteins 

by charge. 800 µg of crude ESPs from S. feltiae was separated on a 1 mL HiTrap 

Q FastFlow (GE, Life Sciences) strong anion exchange column using a gradient 

of 0 M NaCl to 1 M NaCl over 60 minutes at a rate of 0.5 mL/min.  The flow-

through was collected into 500 µL fractions and eluted protein was collected into 

200 µL fractions. The FPLC chromatogram (Fig 7A) shows the fractions that 

were desalted and concentrated down to 20-30 µL volumes (red circles), of which 

50 nL was injected into each of 10-15 adult D. melanogaster flies. Approximately 

15 ng of protein from each tested fraction was injected into the individual flies. 

We found that fractions 42 and 37 showed high toxicity, killing the flies within 24 

hours (Fig 7B) similar to the toxicity levels of crude ESPs (Chapter 2, Fig 3D). 

Fraction 27 exhibited some toxicity but relatively less than 37 or 42. The other 

fractions that were tested were less toxic than fractions 37 or 42, with fractions 

14 and 55 showing toxicity levels more similar to PBS control (Fig 7B). The initial 

flow-through was also tested but no toxicity was observed (Data not shown). 
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Both fractions 42 and 37 were of interest due to their high toxicity, but an 

additional observation was made regarding the injection of fraction 42; flies 

injected with fraction 42 exhibited strong dark coloration indicative of 

melanization (Fig 7C). This whole-body darkening is not typically seen when 

injecting the flies with crude ESPs, suggesting that the crude ESPs contained 

molecules that suppressed melanization, leading us to hypothesize that fraction 

42 contains active toxins without the melanization inhibitors. For this reason, 

Figure 7. Fractionation of crude ESPs from S. feltiae and toxic fractions. (A) The FPLC 

chromatogram of 800 µg of crude S. feltiae ESPs eluted off of a 1 mL strong anion exchange 

column. The y-axis represent relative UV absorbance readings and x-axis represents mLs of 

elution buffer with increasing NaCl molarity. The red bars and associated number represents 

each 200 µL fraction collected. (B) Survival curve of adult D. melanogaster flies injected with 

approximately 15 ng of protein from their associated fraction number over 5 days after one 

initital injection. (C) Dead flies 24 hours post-injection with either fraction 37 (left) or 42 (right).  
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fraction 42 was prioritized for further investigation of the activity/toxins proteins in  

S. feltiae ESPs. 

 

Although the FPLC chromatograms showed peaks that were not clean, single 

peaks, the data does show that protein bound to the column and eluted off based 

on the increasing salt gradient. This suggests that the active fractions consisted 

of the toxin proteins that have been at least somewhat separated from non-toxic 

proteins and therefore should be relatively enriched in quantity compared to the 

crude mixture. We therefore ran mass spectrometry on the original crude ESP 

and the toxic fraction to compare their protein composition in both protein 

identities and quantity. 

 

Separation of crude ESPs reveals a complex toxic fraction 

Around 500 unique proteins were detected in both the crude ESP and the 

isolated toxic fraction. Comparing the most abundant proteins identified by mass 

spectrometry there are consistencies between the crude (Fig 8A) and the active 

fraction (Fig 8B) such as peptidases, EGF-like, protease inhibitors, and  

Allergen_V5 proteins. Differences at the lower end include lysozyme-like proteins 

and ShKT domains higher in the crude ESPs and more Saposins and Ig-like 

domains in the fraction. To analyze protein enrichment directly, we compared the 

relative abundance of specific proteins found in both crude and fraction and 

focused on the proteins that increased dramatically in the toxic fraction (Table 1) 
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Figure 8. Protein composition of the toxic fraction compared to crude. Top protein 

domains (5 or more hits) detected by pFAM analysis in crude ESPs (A) and toxic fraction 42 

(B). E-value <10e-5. Terms: P. inhibitor = protease inhibotors, Glyc. Hydrol. = Glycosyl 

hydrolases, Sperma. = Spermadhensins.  
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Expression of EPN proteins in a bacterial system 

To express candidate active proteins, primers were designed for the genes Sf-

PLA2 (a 17 kDa phospholipase), Sf-Tryp (a 35 kDa Trypsin-like serine protease, 

and Sf-GH (a 100 kDa glycosyl hydrolase). The genes were PCR amplified from 

S. feltiae cDNA, cloned into the pETDuet-1 E. coli vector (71146, EMD Millipore) 

and induced for protein expression at 20°C. ‘Total’ lysate and ‘soluble’ lysate 

samples were taken and screened for protein expression by SDS coomassie 

stained gel. 20- and 24-hour induction times resulted in similarly high expression 

of the candidate proteins in the total lysate (Fig 9A, indicated in white circles) 

Gene Avg. Mass Crude Area Fraction Area Enrichment Ratio Domain

L889_g11860.t1 55868 2.70E+05 6.99E+07 258.89 Integrin

L889_g26971.t1 79875 4.90E+06 1.24E+09 253.06 C-type lectin

L889_g27103.t1 48374 4.92E+04 9.70E+06 197.15 SCOP

L889_g16874.t1 34570 7.75E+07 2.85E+09 36.77 Serine protease

L889_g16227.t1 49865 6.42E+06 2.10E+08 32.71 Metallo protease

L889_g10825.t1 105998 3.64E+07 1.00E+09 27.47 Glycosyl hydrolase

L889_g6506.t1 11865 5.25E+09 1.30E+11 24.76 SCP

L889_g12678.t1 154820 4.67E+06 1.07E+08 22.91 Metallo protease

L889_g27243.t1 30937 1.71E+08 3.84E+09 22.46 Serine protease

L889_g18285.t1 84022 7.05E+07 1.43E+09 20.28 C-type lectin

L889_g7998.t1 34924 9.31E+05 1.84E+07 19.76 Unknown

L889_g31534.t1 32394 3.09E+06 4.46E+07 14.43 Amino oxidase 

L893_g13820.t2 39390 1.09E+06 1.56E+07 14.31 14-3-3

L889_g19899.t1 37106 5.17E+07 7.19E+08 13.91 Metallo protease

L889_g22646.t1 17269 2.81E+07 2.98E+08 10.60 PLA2/ Phospholipase

L889_g5185.t1 31934 7.54E+08 7.67E+09 10.17 Serine protease

Table 1. Enrichment of proteins in the toxic fraction compared to crude. A relative 

abundance enrichment ratio was calculated for proteins found in both crude and the toxic 

fraction. The enrichment ratio was calculated by dividing the relative abundance of the protein 

int the fraction by the relative abundance in the crude. Larger ratios indicate higher relative 

abundance enrichment after protein FPLC separation. Proteins in indicated by green are the 

proteins which we have made the most progress.   
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however expression was significantly lower in the soluble lysate (Fig 9C). To 

verify expression of the 6xHis-tag with the proteins the gels were His-tag stained 

before Coomassie staining (Fig 9B, indicated in red circles). 

 

 

 

Figure 9. Expression of candidate active proteins. Shuffle T7 E. coli cells were transformed 

with the pETDUET-1 vector containing either genes Sf-PLA2 ( Phospholipase, 17 kDa), Sf-Tryp, 

Trypsin-like, 35 kDa), or Sf-GH (Glycosyl Hydrolase, 100 kDa). The bacteris was grown to 0.6 

OD600 and induced with 0.5 mM IPTG for either 0, 10, 20, or 24 hours before running the total 

lysate (A) and soluble lysate (C) on an SDS gel. Before Coomassie staining the gels were His-

tag stained to check for 6x-his-tag expression of the proteins for the corresponding total lysate 

set (B) and soluble set (D).   
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Since expression in the soluble portion of the lysate was very low for all three 

proteins, we chose to focus on purification of the proteins from the total lysate. 

This meant that most of the proteins were aggregating into inclusion bodies and 

would require denaturation and refolding. In preparing the total lysate for 

denaturation the samples were initially sonicated to remove cell debris, followed 

by brief sonication with 1% Triton-X to wash the inclusion bodies. This resulted in 

removal of most of the excess protein while retaining the majority of the 

expressed proteins (Fig 10A). These samples were then solubilized in 

denaturating buffer (8 M Urea, 50 mM Tris) and refolded through dialysis in the 

refolding buffer (1 M Urea, 50 mm Tris, 3 mM L-glutathione reduced, 1 mM L-

glutathione oxidized, 5 mM CaCl2) at 4°C overnight. The samples were then 

dialyzed into the final buffer (50 mM Tris, 5 mM CaCl2) to remove the urea. His-

tag purification attempts have been made but have not been very successful. 

Along with this and time restraint, only the serine protease Sf-Tryp has been 

characterized for activity. Sf-PLA2, a phospholipase, will be characterized for 

lipid metabolism activity and Sf-GH, a glycosyl hydrolase, will be characterized 

for carbohydrate metabolism however that data will not be part of this 

dissertation. 

 

A serine protease highly enriched in the ESP of S. feltiae 

Since Sf-Tryp is predicted to be a trypsin-like protease we characterized it for 

protease activity on succinylated casein. 200 µg of succinylated casein was 
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mixed with 20 µg of Sf-Tryp and TNBSA. This was compared to the control of 20 

µg of Sf-Tryp and TNBSA only (Fig 10B). If proteolytic activity occurred on the 

casein, its free amine groups would be exposed and the TNBSA will bind to the 

free amines allowing absorption readings at 250 nm. Fig 10B shows increased 

absorption readings of the Sf-Tryp + casein compared to the protease alone. 

Since his-tag purification has not been successful and 2 unknown protein bands 

consistently found between 32-46 kDa (Fig 10A) are still present in the sample 

we cannot be confident yet that the protease activity observed is strictly due to 

Sf-Tryp. To circumvent this, we assayed the Sf-PLA2 sample for protease 

activity. Sf-PLA2 is a phospholipase and should not have any proteolytic activity 

and the sample contains comparable amounts of the unknown proteins (Fig 

10A). 20 µg of the Sf-PLA2 sample was prepared as described previously and 

absorption readings were similar between the Sf-PLA2 only and the Sf-PLA2 + 

casein samples with no significant differences, indicating lack of proteolytic 

activity. 
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Figure 10. Washing of inclusion bodies and Activity of serine protease Sf-Tryp. The total 

cell lysate of E. coli cells expressing either (A-A) Sf-GH, 100 kDa glycol hydrolase, (A-B) Sf-Tryp, 

35 kDa serine protease, or (A-C) Sf-PLA2, 17 kDa phospholipase. The totally lysate was 

sonicated initially to lyse the cells then sonicated a 2nd time with 1% triton-x. (B) Proteolytic 

activity assay of the samples containing Sf-Tryp and Sf-PLA2 (non-protease). Absorbtion 

readings are of 3 technical replicates and paired T-test was used for the statiscal analysis. 
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Discussion 

Fractionation of crude ESPs from S. feltiae and in vivo biological activity of those 

fractions reveals that the ESP components are likely more than just toxic. The 

active components of the ESPs are expected to be involved in both toxic [1, 2] 

and immunomodulatory mechanisms. Previous injections of crude ESPs into fruit 

flies have consistently shown flies dying without any change in overall color. 

However, injection of 15 ng of proteins from fraction 42 in this study resulted in 

dead flies exhibiting a dark color (Fig 9C). We think that this is the result of 

melanization, a form of quick-acting innate immune response, used by insects 

when wounded or when infected by pathogens. Since this response is typically 

not seen in flies injected with crude ESPs and was also not observed in other 

toxic fractions, we hypothesize that fraction 42 contains the toxic components 

without the melanization inhibitors. For these reasons, we focused on fraction 42 

in our efforts to identify candidate toxic proteins. Comparisons of proteins found 

in toxic fractions (w/ melanization inhibitors) to toxic fractions (w/o melanization 

inhibitors) would be a very interesting direction of research. However, the scope 

of this study was on proteins found in fraction 42 (toxic fraction w/o melanization 

inhibitors) in order to focus on identifying the toxic components. 

 

Since we were able to separate crude ESPs into toxic and non-toxic fractions, it 

is likely that the abundance of toxic components have increased/enriched in the 

toxic fractions relatively compared to the crude. We set 2 criteria in making our 
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list likely candidate active proteins 1) detected in both crude and the toxic 

fraction, and 2) relative abundance increased by a factor of 10 or more from the 

crude to the fraction (Table 1). From this list, two proteins have been successfully 

expressed in an E. coli expression system (Sf-PLA2, a predicted 17 kDa 

phospholipase, & Sf-GH, a 100 kDa, glycosyl hydrolase) and one (Sf-Tryp, a 

predicted 35 kDa trypsin-like serine protease) has been profiled for enzyme 

activity at the time of this dissertation (Fig 10A & 10B). Further purification of Sf-

Tryp is required in order to better characterize the degree of proteolytic activity, 

however significant proteolytic activity compared to a non-protease protein 

(produced in the same type of plasmid vector and cell line) indicates proper 

expression/folding/function of this EPN protein. The possibility of this serine 

protease having toxic properties remains to be determined, but past studies of 

individual EPN proteases generally point towards immunomodulation, where they 

have been shown or at least implicated in impairing hemolymph clot formation 

[11], suppression of phenoloxidase activity [5], and inhibition of host hemolymph 

melanization [8]. 

 

Expression of EPN proteins in a bacterial system 

To express candidate active proteins, primers were designed for the genes Sf-

PLA2 (a 17 kDa phospholipase), Sf-Tryp (a 35 kDa Trypsin-like serine protease, 

and Sf-GH (a 100 kDa glycosyl hydrolase). The genes were PCR amplified from 

S. feltiae cDNA, cloned into the pETDuet-1 E. coli vector (71146, EMD Millipore) 
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and induced for protein expression at 20°C. ‘Total’ lysate and ‘soluble’ lysate 

samples were taken and screened for protein expression by SDS coomassie 

stained gel. 20- and 24-hour induction times resulted in similarly high expression 

of the candidate proteins in the total lysate (Fig 9A, indicated in white circles) 

however expression was significantly lower in the soluble lysate (Fig 9C). To 

verify expression of the 6xHis-tag with the proteins the gels were His-tag stained 

before Coomassie staining (Fig 9B, indicated in red circles).         

 

A serine protease highly enriched in the ESP of S. feltiae 

This resulted in removal of the majority of excess protein while retaining the 

majority of the expressed proteins (Fig 10A). These samples were then 

solubilized in denaturating buffer (8 M Urea, 50 mM Tris) and refolded through 

dialysis in the refolding buffer (1 M Urea, 50 mm Tris, 3 mM L-glutathione 

reduced, 1 mM L-glutathione oxidized, 5 mM CaCl2) at 4°C overnight. The 

samples were then dialyzed into the final buffer (50 mM Tris, 5 mM CaCl2) to 

remove the urea. His-tag purification attempts have been made but have not 

been very successful. Along with this and time constraints, only the serine 

protease Sf-Tryp has been characterized for activity. Sf-PLA2, a phospholipase, 

will be characterized for lipid metabolism activity and Sf-GH, a glycosyl 

hydrolase, will be characterized for carbohydrate metabolism however that data 

will not be part of this dissertation, 
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Since Sf-Tryp predicted to be a trypsin-like protease we characterized it for 

protease activity on succinylated casein. 200 µg of succinylated casein was 

mixed with 20 µg of Sf-Tryp and TNBSA. This was compared to the control of 20 

µ of Sf-Tryp and TNBSA only (Fig 10B). If proteolytic activity occurred on the 

casein, its free amine groups would be exposed and the TNBSA will bind to the 

free amines allowing absorption readings at 250 nm. Fig 10B shows increased 

absorption readings of the Sf-Tryp + casein compared to the protease alone. 

Since his-tag purification has not been successful and 2 unknown protein bands 

consistently found between 32-46 kDa (Fig 10A) are still present in the sample 

we cannot be confident yet that the protease activity observed is strictly due to 

Sf-Tryp. To circumvent this, we assayed the Sf-PLA2 sample for protease 

activity. Sf-PLA2 is a phospholipase and should not have any proteolytic activity 

and the sample contains comparable amounts of the unknown proteins (Fig 

10A). 20 µg of the Sf-PLA2 sample was prepared as described previously and 

absorption readings were similar between the Sf-PLA2 only and the Sf-PLA2 + 

casein samples with no significant differences, indicating lack of proteolytic 

activity.     

 

Methods 

Fast Protein Liquid Chromatography (FPLC) 

800 µg of crude S. feltiae ESPs was collected in PBS and verified for toxicity as 

previously described (chapter 2 methods). The collection was then buffer 
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exchanged into 1 mL of equilibration buffer (20 mM Tris-HCl, pH 8.5, 0 M NaCl). 

The crude ESP was bound to a HiTrap Q FF 1 mL anion exchange column 

(1750530, GE Life Science) and eluted at a rate of 0.5 mL/min with a gradient of 

0 to 100% elution buffer (20 mM Tris-HCl, pH 8.5, 1 M NaCl) in 60 minutes. 

Protein elutions detected by UV absorbance were collected into 250 µL fractions. 

FPLC was done using an Amersham Biosciences AKTA FPLC System (P-920 

pump, UPC-900 monitor, Frac-920 fraction collector, and UNICORN 5.31 

Workstation Software) graciously lent to us for use from Sarjeet S. Gill, Ph.D. 

University of California, Riverside. 

 

Fruit fly injections 

Select fractions of crude ESPs were concentrated down to approximately 30 µL 

using 3 kDa cut-off centrifugal filters (UFC500324, EMD Millipore) and desalted 

by 4-5 rounds of filtering with fresh 20 mM Tris buffer (no NaCl). The protein 

concentrations were quantified by Bradford assay. 15 ng was injected into each 

fly (see chapter 2 methods) and observed for 5 days post-injection. 

 

Mass spectrometry and relative abundance enrichment analysis. 

Crude ESP proteins and proteins from the toxic fraction (derived from the same 

batch of crude ESP) were analyzed by mass spectrometry using the Orbitrap 

Fusion Lumos Tribrid system (Thermo Scientific) at the Biomolecular and 

Proteomics Mass Spectrometry Facility at the University of California, San Diego 
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(Funding source: NIH Grant S10 OD021724). The mass spectrometry analysis 

parameters were set as previously described (chapter 2 methods [1, 2]) and 

protein relative abundance quantification was obtained using the Maxquant LFQ 

algorithm [3]. For the relative abundance enrichment analysis, a relative 

abundance enrichment ratio was obtained for each gene/protein by dividing the 

relative abundance of protein ‘X’ in the toxic fraction over the relative abundance 

of protein ‘X’ in the crude ESPs. Proteins with abundance enrichment ratios of 10 

or higher were deemed significant and considered for further experimentation. 

 

Gene cloning and protein expression in E. coli 

The candidate active genes were PCR amplified from S. feltiae cDNA and cloned 

into the pETDuet-1 E. coli vector (71146, EMD Millipore) at the BamHI and 

HindIII restrictions sites using the NEBuilder HiFi DNA Assembly Cloning Kit 

(E5520, New England Biolabs). Sequence and orientation of the plasmid 

constructs were verified by sanger sequencing. 

Primers list: 

 

The plasmids were transformed into Shuffle T7 E. coli cells (C3026J, New 

England Biolabs) following the manufacturer’s protocol and cultured at 30 °C. 

Gene Protein   Primers 

L889_g22646 Sf-PLA2 Fwd accatcatcaccacagccagATCAGGAAGAACGTCTTCGC 

    Rev ttaagcattatgcggccgcaTTAGTTGTGAAATTGCAGTGGTTTCC 

L889_g16874 Sf-Tryp Fwd accatcatcaccacagccagCATCCAGTCAAGGAACTCGTC 

    Rev ttaagcattatgcggccgcaTCAAAATGTTGTCAAATGTTCTTCAGAC 

L889_g10825 Sf-GH Fwd accatcatcaccacagccagCGACTCGGTCGGACGG 

  Rev ttaagcattatgcggccgcaTCACTCATTCTGCCACTCAATCT 
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The culture was diluted to OD600 = 0.6 and protein expression was induced with 

0.5 mM IPTG at 20°C for 10, 20, or 24 hours. 

 

Protein lysate preparation and His-tag staining 

For small scale lysate preparation and protein expression screening; 1 mL of 

induced bacteria culture was spun down at 12,000 rpm for 5 minutes and the 

pellet was mixed with 600 µL of 50 mM Tris, pH = 8 buffer. The mixture was 

sonicated 2x at 50% power, 1 sec on, 1 sec off, for 1 minute (on ice). A sample 

was taken for ‘Total’ lysate screening before spinning down at 16,000 x g for 5 

minutes to sample the supernatant for ‘Soluble’ lysate screening. Total and 

soluble lysate samples were mixed at a 1:3 ratio (4x Laemmli SDS buffer: 

Lysate) and heated at 95°C for 7 minutes before loading and running on an SDS 

protein electrophoresis gel. His-staining for the 6x-his tag on expressed proteins 

in the SDS gel was done using the InVision His-Tag In-Gel Stain (LC6030, 

ThermoFisher Scientific) following the manufacturer’s protocol and visualized on 

a UV imager before moving on to Coomassie staining. For larger scale lysate 

preparation; 50 mL of induced bacteria was spun down at 5000 x g for 15 

minutes and the pellet was mixed with 8 mL of 50 mM Tris, pH=8 buffer. The 

mixture was sonicated 3x at 50% power, 10 seconds on, 5 seconds off, for 5 

minutes (on ice). The lysate was spun down at 16,000 x g for 10 minutes to pellet 

the protein debris and the supernatant was removed. The pellet material 

containing the protein inclusion bodies was washed by sonication 1x at 50% 
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power, 1 sec on, 1 sec off, for 1 minute in 5 mL of 1% triton-X. The samples were 

then spun down to pellet the inclusion bodies and washed with 50 mM Tris 

buffer. This was repeated 2 more times. 

 

Protein Denaturation and Refolding 

Before protein denaturation, the washed protein inclusion bodies were assayed 

by Bradford for approximate protein concentration. The samples were then spun 

down at 16,000 x g to pellet the inclusion bodies and solubilized in denaturing 

buffer (8 M Urea, 20 mM DTT, 50 mM Tris, pH 8) to reach a final protein 

concentration of 200 µg/mL. The mixture was rotated at 4°C for 1-hour. For 

protein refolding we dialyzed (71509-3, EMD Millipore) the denatured proteins 

with the refolding buffer (1 M Urea, 3 mM L-glutathione reduced, 1 mM L-

glutathione oxidized, 5 mM CaCl2, 50 mM Tris, pH 8) followed by further dialysis 

into the final buffer (50 mM CaCl2, 50 mM Tris, pH 8). All dialysis steps were 

done at 4°C. 

 

Protease Assay 

Protease activity was profiled using the Pierce Colorimetric Protease Assay Kit 

(23263, ThermoFisher Scientific) following the manufacture’s protocol. 20 µg of 

candidate proteins were assayed, and the activity was compared to 20 µg of the 

manufacturer provided Trypsin positive control. Statistical analysis was done with 

the Student’s parametric T-test comparing enzyme/protein + substrate activity to 
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their enzyme/protein only controls using the GraphPad Prism 8 software. One 

significance star = p<0.05. 

 

Supplemental Information/Figures 

 

 

Figure 11, Supplemental: Optimization of protein expression induction time. The 

optimal time of protein expression induction for each gene was determined by inducing 3 

replicates at time points 24, 48, or 72 hours of exposure to IPTG (Isopropyl β- d-1-

thiogalactopyranoside). 1 mL of E. coli cells at OD600 = 0.6 was induced with 0.5 µM IPTG 

for the noted hours before lysis and prep for SDS-gel electrophoresis. Each time point 

consists of 3 biological replicates with 12 µL of total cell lysate in each lane for (A) Sf-Tryp 

(35 kDa), (B) Sf-GH (100 kDa), and (C) Sf-PLA2 (17 kDa)  
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Abstract 

The advancement of transcriptomic studies in plant-parasitic nematodes will 

greatly benefit from the development of single nematode RNA-seq methods. 

Since many plant-parasitic nematodes are obligate parasites, it is often difficult to 

obtain sufficient numbers of nematodes for transcriptomic studies. Here we have 

adapted SMART-Seq2 for single-nematode RNA-seq requiring only an individual 

nematode for a sample replicate. This protocol provides a detailed step-by-step 

procedure of the RNA-seq workflow starting from lysis of the nematode to 

quantification of transcripts using a user-friendly online platform. 

 

Introduction 

Studying the transcriptomic changes in organisms is becoming much more wide-

spread and seemingly the standard as the molecular window to view the biology 

of organisms. RNA-seq methods and technology have been continually 

developed and improved. Current RNA-seq work-flows follow a few basic steps: 

1) lysis of cells to access the RNA and often purification of the RNA, 2) cDNA 

synthesis using reverse transcriptase, typically a modified M-MLV (Moloney-

Murine Leukemia Virus reverse transcriptase [1], 3) amplification of the cDNA by 

PCR, and 4) sequencing of the DNA. One of the more popular methods is known 

as the SMART-Seq (Switching Mechanism at the 5’ end of the RNA transcript) [2, 

3] with an updated iteration called SMART-Seq2 [4, 5]. M-MLV reverse 

transcriptase is known to add additional cytosines to the 3’ end of the 



97 
 

synthesized cDNA after transcribing the template RNA and SMART-Seq targets 

these additional nucleotides using TSO (Template Switching Oligonucleotides) 

that allow the reverse transcriptase to switch from the RNA template to the TSO 

template. This allows the addition of specific sequences to the 3’ of cDNA 

resulting in simple primer design and subsequent PCR amplification with 

increased coverage of the 5’ end of RNA transcripts [2, 6], i.e. better generation 

of full-length transcripts. SMART-Seq2 has been optimized for single-cell or low 

RNA input samples by modifications including (but not limited to) the addition 

Betaine and MgCl2 to increase reverse transcriptase processivity, LNA (locked 

nucleic-acid) [7] TSO to increase thermal stability and annealing to the additional 

cytosines at the 3’ end of the synthesized cDNA, and use of reagents that result 

in overall increased transcript coverage and cDNA yield [8]. Low input and single-

cell RNA-seq kits such as SMART-Seq v4 (Takara Bio USA, Inc) and NEBnext 

Single-cell/Low input (New England Biolabs, Inc) are just two examples of 

commercially available kits that utilize low input RNA optimized SMART-Seq and 

they demonstrate the value that scientists find in studying low input RNA 

systems. 
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Figure 12. SMART-Seq2 principles and workflow. Adapted from Picelli, et al. 2013 [4] and 

Serra, et al. 2018 [20]. A) Cutting the nematode with a syringe needle and lysis of the tissue 

with lysis buffer and proteinase K to isolate mRNA. B) The 1st cDNA strand is synthesized by 

binding of the Oligo-dT30-VN primer to the poly-A tail of mRNA. The reverse transcriptase will 

use the mRNA as the template until it reaches the 5’ end of the mRNA where it will add 

additional cytosines to the new cDNA strand. The LNA-modified TSO (Locked nucleic acid, 

Template switching oligonucleotide) will then anneal to the overhanging cytosines and the 

reverse transcriptase will switch from mRNA to the new TSO as the template for reverse 

transcription. C) cDNA is amplified by PCR. D) Amplified DNA getting fragmented and 

tagmented by transposomes carrying the tag sequences (transposomes not shown). E) 

Indexes are added to the DNA fragments via PCR to prepare the library for sequencing. total 

cell lysate of E. coli cells expressing either (A-A) Sf-GH, 100 kDa glycol hydrolase, (A-B) Sf-

Tryp, 35 kDa serine protease, or (A-C) Sf-PLA2, 17 kDa phospholipase. The totally lysate 

was sonicated initially to lyse the cells then sonicated a 2nd time with 1% triton-x. (B) 

Proteolytic activity assay of the samples containing Sf-Tryp and Sf-PLA2 (non-protease). 

Absorbtion readings are of 3 technical replicates and paired T-test was used for the statistical 

analysis. 
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As single-cell and low input RNA-seq technology and methodology continue to 

advance, nematologists can adapt and improve these methods for single-

nematode RNA-seq. Developing and advancing single-nematode RNA-seq 

methods would benefit the field of nematology (applicable to science in general) 

in 3 major ways: 1) it allows transcriptomic study of limited quantities of 

nematode samples, especially those from natural or agricultural environments; 2) 

it could obtain higher resolution transcriptomic data of developing nematodes by 

sampling individuals of different stages without the need to synchronize a 

population; and 3) it may better address research questions related to 

population/sample heterogeneity since individual nematodes are analyzed 

separately rather than being pooled. 

 

RNA input from free-living nematode species such as C. elegans is typically not a 

limiting factor because they can generally be reared and studied in relatively 

large numbers. Parasitic nematodes and difficult to culture non-model species, 

on the other hand, are often limited in the number of nematodes obtainable and 

therefore limited in the RNA starting material. Plant-parasitic nematodes (PPNs) 

are obligate biotrophs and need to be cultured on plant hosts which presents the 

first hurdle for obtaining sufficient amounts of nematodes. RNA-seq studies of 

plant-parasitic nematodes still generally require a relatively high degree of 

processing to isolate PPNs from plants and generally entails blending of plant 

tissues (particularly root tissues) and filtering through sieves/meshes (typically in 
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series) [9-13]. These methods are currently the most efficient ways to obtain 

sufficient numbers of PPNs (or PPN eggs) to yield enough RNA material for 

traditional RNA-seq. Single-nematode RNA-seq requires minimal numbers of 

individuals and presents the opportunity to significantly reduce the time and effort 

put into isolating nematodes from plant hosts. Single-nematode RNA-seq would 

also benefit studies of rare or difficult to access PPNs which could be due to 

various factors such as low population density, limited host range, or seasonal 

variation. 

 

A major aspect often studied in PPNs (and parasites in general) is gene 

expression throughout the different life stages. These life stages fulfill specific 

purposes for the nematodes and encompass different morphological and 

physiological changes [14, 15]. A single infested plant is expected to contain a 

population of PPNs with mixed life stages. So, extra care must be taken to 

assess and isolate the nematodes based on life-stages. Processing a relatively 

large number of nematodes can take more time and comes with an increased 

risk of contaminating nematodes of different life-stages. Single-nematode RNA-

seq requires very few individuals thereby reducing the risk of contamination 

during processing. Additionally, the higher resolution of transcriptomic data will 

likely be obtained from sequencing individual nematodes leads to more efficient 

discovery of important gene expression differences/similarities between the life 

stages. Even in studies where life-stage is not considered, more specific factors 



102 
 

such as morphological, physiological, or behavioral changes of individuals can be 

more efficiently assessed and correlated with gene expression profiles of 

individual nematodes. 

 

Heterogenous populations of some PPN species can be studied by isolating 

nematodes from specific plant tissues or parts. In the case of migratory 

endoparasitic PPNs, which feed while traveling through host tissue causing 

damage along the way, many species exhibit different life stages that can often 

be associated with specific parts of the plant [16]. Since this often results in low 

numbers of nematodes, traditional RNA-seq would require multiple plants to be 

processed taking up more time and effort. Single-nematode RNA-seq not only 

saves time and effort but it facilitates analysis of the heterogeneity of a 

population from a single host, therefore limiting the impact of host variance. 

 

Another potential benefit of single-nematode RNA-seq is in its application to the 

issue of how PPNs react to different plant hosts. Some PPNs have very narrow 

host ranges such as Ditylenchus africanus which primarily targets peanuts while 

Ditylenchus dispsaci is known to infect more than 500 different plant species [17]. 

PPNs that target multiple plant species could be expected to utilize different 

strategies of infection and regulate gene expression in a host-specific manner; 

however, this topic is still underexplored [18]. Understanding whether a species 

of PPN uses only a specific set of genes to infect plants or whether different 
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genes are utilized based on the host could lead to improved targeting of essential 

infection genes controlling PPNs. 

 

In our own need to circumvent the issue of low RNA input due to the limited 

number of parasitic nematodes from in vivo insect infections, we have adapted 

SMART-Seq2 protocols [5, 19] into a streamlined protocol for single-nematode 

RNA-seq [20]. While the protocol was originally adapted for insect-parasitic 

nematodes [21] and their embryos [22], it could easily be adapted to other 

nematodes. The protocol in this book chapter is an updated adaptation of the 

aforementioned protocol [20] covering nematode lysis, reverse transcription of 

RNA, amplification of cDNA, DNA library labeling/preparation for sequencing, 

and a basic description of how to use Galaxy [23] to quantify transcript 

abundance from raw RNA-seq data with the Salmon program [24]. The user may 

choose any program/software they are familiar with to quantify transcript 

abundance; however, for researchers without any prior bioinformatics analysis 

experience, we especially recommend Galaxy. It is a free web-based data 

analysis platform and its user-friendly interface is designed to make bioinformatic 

analysis more accessible to researchers without extensive experience in 

specialized software or programming. Salmon is a quick and accurate program 

for quantifying RNA transcript abundance and is available on the Galaxy 

platform. Note: Salmon quantification requires a reference transcriptome so use 
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of Salmon is only applicable to organisms with an assembled transcriptome 

(either de novo assembly or predicted from a sequenced genome). 

 

 

Materials/Reagents/Equipment 

2.0 Materials 

2.1 Consumables 

1) 0.2 ml thin-walled PCR tubes, nuclease-free 

2) Syringe needles (needles should be less than 1” in length and any gauge 

between 25-31 G).  

3) Pipette tips, nuclease-free 

4) 1.5 ml microfuge tubes, nuclease-free 

5) Nitrile or Latex gloves 

6) 70% ethanol in a spray bottle 

7) RNase decontaminating solution for wiping down surfaces and tools 

2.2 Reagents 

1) Molecular grade water, nuclease-free 

2) Lysis buffer stock [25] 

 20 µl of 1M Tris-HCl pH 8.0 

 20 µl of 100% Triton X-100. (*See Sec. 4 Note 1) 

 200 µl of 10% Tween 20  

 2 µl of 0.5 M EDTA 
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 1.628 ml nuclease-free water 

 Total 1.871 ml 

3) Proteinase K (QIAGEN, #19131) 

4) RNasin ribonuclease inhibitor (Promega, #N2611) 

5) dNTP (10 mM), (Thermo Fisher Scientific, #R0192) 

6) Superscript II reverse transcriptase (Thermo Fisher Scientific, #18064014) 

7) Betaine (BioUltra ≥ 99%, Sigma-Aldrich, #61962) 

8) Magnesium chloride (Sigma-Aldrich, #M8266) 

9) Phusion® High-Fidelity PCR Master Mix with HF Buffer (New England Biolabs, 

#M0531L) 

10) Agencourt Ampure XP beads (Beckman Coulter, #A63881) 

11) 80% ethanol in nuclease-free water 

12) Elution Buffer of choice (10 mM Tris-Cl pH 8.5) 

13) Nextera DNA Flex Library Prep Kit (Illumina, Inc. #20018704) 

2.3 Oligonucleotides 

1) Oligo-dT30VN primer (ordered from idtdna.com) 

 5’-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’ 

Oligonucleotide primer for annealing to the poly(A)-tail of mRNAs. V can be 

either A, C, or G. N can be any base. The primers should be solubilized in TE 

buffer to 100 µM. Store in aliquots at -20 °C for 6 months 
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2) LNA-modified TSO (Locked Nucleic Acid-modified Template Switching 

Oligonucleotide) (ordered from exiqon.com) 

 5’-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3’ 

The two rG (riboguanosines) and +G (LNA-modified guanosine) help to facilitate 

template switching. Store in TE buffer at 100 µM aliquots at -80 °C for up to 6 

months. Minimize repeated free-thaw cycles. 

3) IS PCR primers (ordered from idtdna.com) 

 5’-AAGCAGTGGTATCAACGCAGAGT-3’ 

Solubilize in TE buffer and store in 100 µM aliquots at -20 °C for up to 6 months. 
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4) Table 2. Sequencing index primers [26]. 

 

*Every sample will receive the Ad1_noMX primer while each sample receives a 

different Ad2.# primer. Primers should be stored in TE buffer in 25 µM aliquots at 

-20 °C. 

2.4 Equipment 

1) Microcentrifuge 

2) Dissecting microscope 

2) Thermocycler 

Ad1_noMX 5’-AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG-3’

Ad2.1_TAAGGCGA 5’-CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.2_CGTACTAG 5’-CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT-3’

Ad2.3_AGGCAGAA 5’-CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT-3’

Ad2.4_TCCTGAGC 5’-CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.5_GGACTCCT 5’-CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT-3’

Ad2.6_TAGGCATG 5’-CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.7_CTCTCTAC 5’-CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT-3’

Ad2.8_CAGAGAGG 5’-CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT-3’

Ad2.9_GCTACGCT 5’-CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT-3’

Ad2.10_CGAGGCTG 5’-CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT-3’

Ad2.11_AAGAGGCA 5’-CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT-3’

Ad2.12_GTAGAGGA 5’-CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT-3’

Ad2.13_GTCGTGAT 5’-CAAGCAGAAGACGGCATACGAGATATCACGACGTCTCGTGGGCTCGGAGATGT-3’

Ad2.14_ACCACTGT 5’-CAAGCAGAAGACGGCATACGAGATACAGTGGTGTCTCGTGGGCTCGGAGATGT-3’

Ad2.15_TGGATCTG 5’-CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.16_CCGTTTGT 5’-CAAGCAGAAGACGGCATACGAGATACAAACGGGTCTCGTGGGCTCGGAGATGT-3’

Ad2.17_TGCTGGGT 5’-CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.18_GAGGGGTT 5’-CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTGGGCTCGGAGATGT-3’

Ad2.19_AGGTTGGG 5’-CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTGGGCTCGGAGATGT-3’

Ad2.20_GTGTGGTG 5’-CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTGGGCTCGGAGATGT-3’

Ad2.21_TGGGTTTC 5’-CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.22_TGGTCACA 5’-CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.23_TTGACCCT 5’-CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTCTCGTGGGCTCGGAGATGT-3’

Ad2.24_CCACTCCT 5’-CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTCTCGTGGGCTCGGAGATGT-3’
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3) Magnetic separation stand (for 1.5 ml centrifuge tubes) 

4) Heat Block 

5) Access to a DNA fluorometric quantification device (i.e. Qubit fluorometer, 

Thermo Fisher Scientific Inc.) and its associated reagents.  

6) Access to use or submit samples to a BioAnalyzer (Agilent Technologies, Inc) 

7) Access to use or submit samples to a Next-Gen nucleic acid sequencer 

 

3. Methods 

Clean all surface areas, pipettes, and equipment with 70% ethanol followed by 

an RNase decontaminant such as RNase away or RNaseZap. RNA can be 

extremely sensitive to degradation so after lysis of the nematode, do not let the 

mRNA samples simply sit on ice for more than an hour. Work hastily and always 

keep samples on ice. Be sure to change gloves frequently. 

3.1 Isolation and lysis of nematodes 

1. Prepare incomplete lysis buffer  

46.8 µl of lysis buffer stock  

3.2 µl of Proteinase K 

50 µl Total volume 

2. Prepare complete lysis buffer 

 18 µl of incomplete lysis buffer 

 2 µl of RNase inhibitor 

 20 µl Total volume 
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3. Add 2 µl of complete lysis buffer to the bottom of the 0.2 mL PCR tube(s). 

Briefly centrifuge to ensure the buffer is at the bottom of the tube and place the 

tubes on ice.   

4. Wash the nematode 3 times in nuclease-free water. 

5. Gently transfer the nematode in 2 µl of nuclease-free water to the wall of the 

PCR tubes 

6. Using the syringe needle to cut the nematode into 3-4 pieces while 

observing under a dissecting microscope (Fig 13). *Use a new needle for every 

nematode. 
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Figure 13. Isolation and cutting of individual nematodes. A) An example set up of a 

dissecting microscope station to cut nematodes. B) Transferring of a single nematode to the 

wall of a PCR tube. C) A nematode in 2 µl of nuclease-free water before cutting. D) A 

nematode is cut with the tip of a 29 G syringe needle. Figure reproduced from Serra, L. et. al, 

2018. 
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7. Quickly spin the nematode contents down into the lysis buffer at the bottom of 

the tube and place it on ice. 

8. Incubate the samples in the thermocycler to digest nematode tissues with 

proteinase K at 65 °C for 10 min and inactivate the enzyme at 85 °C for 1 min.  

Step Temp Time 

1 65 °C 10 min 

2 85 °C 1 min 

3 4 °C Continuous 

 

9. Promptly remove the samples, briefly centrifuge, and place them back on ice. 

3.2 First-strand cDNA synthesis with Smart-seq2 

1. Add 1 µl of the oligo-dT VN primer (10 µM) and 1 µl of dNTP (10 mM) to the 

samples, mix by pipetting, briefly centrifuge, and place on ice. 

2. Incubate the samples in a thermocycler at 72 °C for 3 min and promptly place 

them back on ice. 

3. Prepare the reverse transcription master mix. DNase can be used however it 

is not required. 

Reagent Volume per 
sample (µl) 

Final 
Concentration 

Betaine (5M) 2 1 M 

DTT (100 mM) 0.5 5 mM 

MgCl2 (1 M) 0.06 6 mM 

TSO (100 µM) 0.1 1 µM 

Superscript II first-strand buffer (5x) 2 1x 

SuperScript II reverse transcriptase  
(200 U/µl) 

0.5 100 U 

RNasin ribonuclease inhibitor (40 U/µl) 0.25 10 U 

Nuclease free water 0.29 -- 

Total Volume 5.7 -- 
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4. Add 5.7 µl of the reverse transcription master mix to each sample (now 10 

µl total), mix by pipetting, briefly centrifuge, and place back on ice. 

5. Run the First-Strand synthesis reaction in the thermocycler with the program 

below: 

Step Temp Time 

1 42 °C 90 min 

2 50 °C 2 min 

 42 °C 2 min 

Go to step 
2 

 14x 

 70 °C 15 min 

 4 °C Continuous 

This is a good stopping point and the samples can be stored at -20 °C. 

3.3 PCR amplification 

1. Place/thaw the first-strand samples on ice and prepare the PCR amplification 

master mix following the recipe below: 

Reagent Volume per sample 
(µl) 

Final 
Concentration 

KAPA HiFi HotStart 
ReadyMix (2x) 

12.5 1x 

IS PCR primer (10 µM) 0.25 0.1 µM 

Nuclease free water 2.25 -- 

Total volume 15  

 

2. Add 15 µl of the PCR amplification master mix to each First-strand 

synthesis sample (now 25 µl in total). 

 

 

 



113 
 

3. Run the samples with the PCR program below. 

Step Temp Time 

1 98 °C 3 min 

2 98 °C 20 sec 

 67 °C 15 sec 

 72 °C 6 min 

Go to step 2  17x 

20 72 °C 5 min 

21 4 °C Continuous 

 

This is a good stopping point and the samples can be stored at -20 °C 

3.4 Cleanup of PCR amplicons 

1. Thaw the PCR samples and allow them to come to room temperature, approx. 

10 min. 

2. Vortex the Ampure XP beads to thoroughly mix the beads in solution. 

3. Aliquot 26 µl of the beads into 1.5 mL microfuge tubes and allow them to warm 

up to room temperature (8 minutes). 

4. Add the PCR sample (26 µL) to the beads at a 1:1 ratio. Mix thoroughly by 

pipetting up and down 10 times. Do NOT discard the old PCR tubes yet. 

5. Incubate the sample at room temperature for 8 minutes. 

6. After incubation, place the samples on the magnetic separation stand for 5 

minutes. Ensure the solution becomes clear. 

7. Be careful not to disturb the magnetized bead pellet and keeping the tube on 

the magnetic stand, transfer the supernatant to its previously associated PCR 

tube. (*See Sec. 4 Note 1) 
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8. Quickly add 200 µl of 80% ethanol to the bead pellet and incubate for 30 sec. 

(Do not mix) 

9. Carefully remove the ethanol wash without disturbing the bead pellet. 

10. Repeat steps 8 and 9 one more time. 

11. Allow the beads to air dry on the magnetic rack for ~5 min or until the first 

signs of minor cracks. Observe under a microscope frequently for minor cracks. 

(*See Sec. 4 Note 2)  

12. Quickly add 17.5 µl of EB to the bead pellets for each sample, pipette to mix, 

and place on a non-magnetic tube rack. (*See Sec. 4 Note 3) 

13. Incubate the samples at room temperature for 2 min. 

14. Place the samples on the magnetic stand for 2-3 min until the beads pellet 

and the solution becomes clear. 

15. Collect 15 µl of the supernatant and place it on ice. If there are any visible 

remnants of the brown beads in the collected supernatant, transfer it back into 

the bead tube and repeat step 13. 

3.5 Amplified DNA concentration and quality check (not detailed) 

The user should choose an appropriate method of DNA quantification. 

Fluorometric quantification methods are more accurate then UV-based 

(Nanodrop) methods and we recommend using the Qubit Fluorometer and its 

associated reagents. The quality of the amplified DNA should be checked with 

the BioAnalyzer (Agilent Technologies). Figure 14 shows examples of 

BioAnalzyer profiles of a high-quality DNA sample (Fig 14A) and a low-quality 
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DNA sample (Fig 14B). The distribution of the DNA lengths (correlating to mRNA 

transcript lengths) should show a strong group of peaks towards the 500-10,000 

bp range for samples with minimal degradation (Fig 14A). Profiles without peaks 

or many smaller fragmented peaks indicate mRNA transcript degradation and 

should not be used (Fig 14B). 

 

 

   

3.6 Tagmentation of amplified DNA 

The user can use their own Tagmentation kit of choice so long as the proper 

protocol for tagmentation and post tagmentation cleanup is followed. The 

protocol below details the use of the Nextera DNA Flex Library Prep kit (Illumina, 

Inc) and is adapted from its associated protocol. 

1. Bring BLT and TB1 to room temperature (~8 min). 

Figure 14. Example bioanalyzer profiles of amplified DNA quality. A) Profile of a DNA 

sample made from RNA with minimal degradation. The distribution of the large peaks is 

around 1,000 bp and peaks around 70 bp are not present, indicating no PCR primer 

contamination in the DNA. B) Profile of a low-quality DNA sample made from RNA that has 

been significantly degraded showing fragmented and small peaks. Figure reproduced from 

Serra, L. et. al, 2018. 
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2. Set one heat block to 55 oC and a second heat block to 37 oC. 

3. Transfer 20 ng of DNA samples into 1.5 mL tubes and bring the volume to 8 µl 

with nuclease-free water. 

4. Vortex the BLT and TB1 for at least 10 seconds to thoroughly mix solutions. In 

a new PCR tube prepare the tagmentation master mix by combining 5.2 µl of 

BLT and 4.8 µl of TB1 per sample. Vortex the mix one more time. 

5. Add 10 µl of the tagmentation master mix into the DNA and pipette up and 

down at least 10 times. 

6. Place sample for 15 minutes in the 55 oC heating block to initiate 

tagmentation. Remove samples immediately after 15 minutes. 

7. Bring TSB and TWB to room temperature (~8 min). If TSB contains visible 

precipitates, it can be heated at 37°C for 10 minutes followed with some 

vortexing. 

8. Add 5 µl of TSB to each tagmented sample and slowly mix by pipetting up and 

down 10 times. 

9. Place sample for 15 minutes in the 37 oC heating block to stop tagmentation. 

Remove samples immediately after 15 minutes. 

10. Place samples on the magnetic rack for 2-3 minutes until the solution is clear. 

11. Carefully remove and discard the supernatant. 

12. Remove the samples from the magnetic rack and wash the beads with 50 µl 

of TWB. Pipette up and down slowly to thoroughly mix the beads in solution. 
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13. Place the samples back on the magnetic rack and discard the solution. 

Repeat step 9-13 a 2nd time. 

14. After removal of the TWB from the 2nd wash, add 50 µl of TWB and pipette 

slowly to mix the beads. 

15. Keep the samples on the magnetic stand without removing TWB until section 

3.7 step 4. 

3.7 Indexing tagmented DNA by PCR amplification 

1. Thaw EPM on ice and invert to mix. Then briefly centrifuge and place it back 

on ice. 

2. Thaw index primers at room temperature, mix by flicking or pipetting, briefly 

centrifuge, then place them back on ice. 

3. Prepare the Indexing PCR master mix by mixing 5 µl EPM with 5 µl of 

nuclease-free water and 2.5 µl of Ad1_nMX. Vortex and briefly centrifuge the 

master mix. 

4. Keeping the tubes on the magnetic rack, carefully remove and discard the 

50 µl of TWB supernatant of the first sample. 

5. Remove the first sample from the magnetic rack and resuspend beads in 12.5 

µl of the Indexing PCR master mix. Mix by pipetting up and down 10 times. 

Transfer the mix with beads to a PCR tube. Repeat this for each sample. 

6. Add 2.5 µl of the Ad2.# to each sample (each sample receives a different 

Ad2.# primer, see Table 1) 

7. Mix thoroughly and briefly centrifuge.    
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8. Run the indexing PCR with the following program: 

Step Temp Time 

1. 68 °C 3 min 

2. 98 °C 3 min 

3. 98 °C 45 sec 

 62 °C 30 sec 

 68 °C 2 min 

Go to step 3  9 X 

4. 68 °C 1 min 

5. 10 °C continuous 

 

9. After PCR, centrifuge the samples at 280 x g for 1 minute. 

*This is a good stopping point and the samples can be stored at 2-8°C for up to 3 

days. 

3.8 DNA Library clean up 

1. Bring Sample Purification Beads (SPB) and Resuspension Buffer (RSB) to 

room temperature (~ 8min). Vortex SPB frequently while using it, otherwise, the 

beads will settle in the bottom of the tube and samples won't be cleaned properly.  

2. Transfer samples from PCR tubes to 1.5 mL microfuge tubes. 

3. Place tubes in a magnetic stand and transfer 15 µl of supernatant to a new 1.5 

mL microfuge tube.  

4. Add 20 µl of Nuclease-free water and 22.5 µl of SPB to microfuge tube 

containing supernatant and pipette mixture 10 times.  

5. Incubate samples at room temperature for 5 minutes. 

6. While samples are incubating, vortex SPB and add 8 µl to a new 1.5 mL 

microfuge tube. 
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7. Place samples from step 5 on a magnetic stand and wait 2-3 minutes for the 

solution to turn clear. 

8. Transfer all the supernatant to the 1.5 mL microfuge tube prepared in step 6, 

mix thoroughly. 

9. Incubate sample at room temperature for 5 minutes. 

10. Place sample from step 9 in a magnetic stand and wait for the solution to turn 

clear. 

11. Without disturbing the beads, remove and discard the supernatant. 

12. Quickly add 200 µl of 80% ethanol to the bead pellet (still on the magnetic 

stand) and incubate for 30 sec (Do not mix). 

13. Carefully remove the 80% ethanol wash without disturbing the bead pellet. 

14. Repeat steps 12 and 13 two more times. 

15. Allow beads to air-dry on the magnetic stand for 5 minutes. 

16. Remove samples from magnetic stand and resuspend beads in 17.5 µl of 

RSB. 

17. Incubate at room temperature for 2 minutes on a tube rack. 

18. Place tubes back in the magnetic stand and wait until the solution is clear. 

19. Transfer 15 µl of supernatant containing the cDNA library to a new 1.5 µl 

microfuge tube. 

3.9 DNA library concentration and quality check 

The DNA library concentration should be measured as previously done, and the 

quality should be checked by BioAnalyzer. Figure 15 shows examples of a fully 
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tagmented library (Fig 15A) and partially tagmented library (Fig 15B). Most of the 

DNA that has been tagmented (along with fragmentation) should be around 200 

bp long and that should be indicated by a central peak around 200 bp in the 

profile. A DNA library that has many partially- or un-tagmented DNA will result in 

varying sizes of DNA and is demonstrated by a broad peak or sometimes 

multiple smaller peaks across from 150-1000 bp.  

 

3.10 Sequencing of the DNA library (not detailed) 

For RNA-seq data, sequence coverage/depth for each sample should be at least 

1 x 107 reads to reliably detect one transcript per million (TPM). Sequencing 

should be performed as paired-end, 43 bp reads. Sequencing with single-end 

reads is a viable alternative that is typically less expensive and quicker, however, 

paired-end sequencing allows for better alignment of reads to the reference 

genome resulting in a higher quality data set. 

Figure 15. Example BioAnalyzer profiles of DNA library quality. A) Example profile of a 

tagmented DNA library with a central peak around 200 bp. B) Example profile of DNA library 

with deficient fragmentation and tagmentation resulting in a broad distribution of fragmented 

peaks from 150-1000 bp. Figure reproduced from Serra, L. et. al, 2018. 



121 
 

3.11 Use Galaxy to generate relative mRNA abundance data from raw 

sequencing data. 

Before beginning:  

Log onto usegalaxy.org and create an account. 

Download your reference transcriptome in the fasta/fastq file format. 

Download your RNA-seq reads (raw sequencing files) in the fasta/fastq file 

format. If sequencing was performed as paired-end reads, you should have a 

‘read 1’ file and a ‘read 2’ file for each sample. 

1. On the Galaxy web-page on the left side under the ‘Tools’ menu, click on ‘Get 

Data’.  

2. In the new window, click ‘Upload File’.  

3. Click ‘Choose local file’ and choose your Transcriptome file, Read1 file, and 

Read2 file (the order does not matter). 

4. Once your files are queued, you can change the file ‘Type’ box to their 

appropriate file type or leave the selection at ‘Auto-detect’. 

5. Click ‘Start’ and the files will begin to upload. The files will turn green when 

they are uploaded. 

6. Close the upload window and you will see the files under the ‘History’ column 

on the right side of the web-page. 

7. On the left side under the ‘Tools’ column, scroll down and click ‘RNA-seq’, 

then scroll down and click ‘Salmon’. 
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8. In the middle of the page under the menu option ‘Select a reference 

transcriptome…”, click on the entry box and set it to ‘Use one from the history’. 

9. Under ‘Select reference transcriptome’, click the entry box and select your 

transcriptome file. 

10. Under ‘Is this library mate-paired?’, set the entry box to ‘Paired-end’ (or 

single-end instead, if that was part of the sequencing protocol). 

11. Under ‘Mate pair 1’, select your RNA-seq read 1 file. 

12. Under ‘Mate pair 2’, select your RNA-seq read 2 file. 
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13. The other data menu options such as ‘Relative orientation of reads within a 

pair’ and ‘Specify the strandedness of the reads’ should be set according to your 

sequencing and library preparation protocol.  

14. The options further below are parameters for running Salmon and can be left 

as their default options or adjusted as needed. Most of the parameters are 

supplemented with a description of their functions and effect on quantification. 

Figure 16. Galaxy web-interface displaying RNA-seq analysis. Upload the transcriptome 

and FASTQ RNA-seq files under “Get data”. Then under “RNA-seq” run Salmon to quantify 

gene expression. The results can be downloaded from the ‘History’ panel. 



124 
 

More detailed descriptions can be found at 

https://salmon.readthedocs.io/en/latest/ and guidance can be found at 

https://combine-lab.github.io/salmon/faq/ 

15. Important parameters such as ‘Perform sequence-specific bias correction’ 

and ‘Perform fragment GC bias correction’ should typically be set to ‘Yes’. 

16. Once all parameters are set, click ‘Execute’. The analysis will be displayed in 

yellow under the ‘History’ panel to the right of the web-page and will turn green 

when completed. 

17. After the analysis is completed, click on the file name and select the small 

floppy disk/save icon to download the file as a tab-delimited text file.  The 

information in the file should be organized into columns: Transcript ID/Name, 

Transcript Length, Transcripts per Million (TPM), and Estimated number of reads. 

The TPM information can then be used for further analysis such as differential 

expression analysis. 

 

4. Notes: 

1. The final concentration of Triton X-100 in the lysis buffer is 1%, however, for 

nematode embryos, we have also used a final concentration of 0.3% Triton X-

100 (see. Sec. 2.2 reagent #2) 

2. Save the supernatant in case of insufficient DNA binding to the beads and 

repeating incubation of the supernatant with the beads is needed. (*See Sec. 3.4 

step 7) 

https://salmon.readthedocs.io/en/latest/
https://combine-lab.github.io/salmon/faq/
https://combine-lab.github.io/salmon/faq/
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3. Do not over-dry the beads as this will reduce DNA elution. The beads can 

sometimes dry in under 5 minutes, so we recommend frequently checking the 

bead pellet of each sample under the microscope and placing them back on the 

magnetic rack. At the very first sign of minor cracking, the bead pellet is dry 

enough. Other protocols do not recommend drying to the point of cracking 

however we found this degree of drying did not affect our DNA yield (*See Sec. 

3.4 step 11).  

4. Pipette the EB solution up and down on the bead pellet until it breaks and 

dissolves. To minimize the over-drying of the beads we recommend a quick initial 

breaking of the pellet with the EB solution for each sample before returning to 

thoroughly mix and dissolve the beads for each sample. Ensure the solution is 

homogenously brown (*See Step 3.4 step 12). 

5. In our hands, 8/10 of the DNA samples typically pass the BioAnalyzer quality 

check. 

6. Regarding sequencing, samples with less than 1x106 reads are poor quality 

sequences and should not be used. 

7. This protocol was optimized for handling a few samples at a time using 

individual PCR tubes and 1.5 mL microfuge tubes, however, the protocol can be 

re-optimized for a higher volume of samples using multi-well plates (Thermo 

Fisher Scientific, #AB-0859) with magnetic plates (Thermo Fisher Scientific, # 

AM10027) 
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CHAPTER 5 

Conclusions and Final Remarks 
 
Steinernema IJs actively contribute to host-killing 

My research has aimed to elucidate mechanisms of how the nematode, from the 

nematode-bacteria EPN duo complex, contributes to killing of the host insect. 

Symbiotic bacteria have been traditionally thought of as the source of virulence 

[1-3] and the nematode served only as the vector, however my research along 

with others has demonstrated that this is not the case for EPNs in the genus 

Steinernema [4, 5]. Steinernema EPNs are capable and do in fact actively 

contribute to virulence against their host.  

 

Chapter 2 details use of the in vitro activation EPN activation model that we 

developed to optimize activation of Steinernema IJs. This method increases the 

activation of IJs on average 20% [4] when compared to exposing the IJs to insect 

homogenate media alone. We suspect that this is due to better aeration for IJs 

and the sponge may act as a solid apparatus that better supports the IJs more 

similar to inside of an insect than the liquid solution of insect homogenate alone. 

The activation rates of IJs increase in a time-dependent manner (Chapter 2, Fig 

2A). Gene expression profiling comparing to IJs activated in vitro to IJs activated 

in vivo showed that they were overall similar however timing played an important 

factor as we found that 6-hrs of in vitro activation was the most similar to 6-hrs of 

in vivo activation (Chapter 2, Fig3). This finding goes to show how important it is 
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to verify in vitro models as simple factors such as timing can affect well an in vitro 

model is relevant to what is happening in vivo. For the gene expression analysis, 

we adapted a single-cell RNA-seq method for single-worm RNA seq which is 

described in Chapter 4 [6].   

 

We collected the ESPs of activated IJs from S. feltiae and S. carpocapsae and 

showed that they exhibited toxic properties when injected into insects (Chapter 2 

Fig 3 [4, 5]. With as little as 20 ng of crude venom, these products were 

consistently toxic to D. melanogaster fruit flies and could either kill or cause 

paralysis in other insects such as the wax worm G. mellonella and the silkworm 

B. mori (with relatively larger amounts of venom) [4]. Venom collected from 

axenic IJs show similar levels of toxicity as symbiotic IJs supporting that the 

products from the nematode alone are capable of killing the insects [4, 5]. In all, 

these findings show that there is more to the interaction of host and EPN where 

the nematode was traditionally thought to simply vector in the symbiotic bacteria 

but rather, the nematode has an active role in virulence against the host and it is 

likely that nematode and bacteria have evolved to work synergistically to kill the 

host. 

 

A core suite of ESP components shared by Steinenematids 

Although both Steinernema species that we studied utilized venom to contribute 

to killing of the host, they did so with some differences. S. feltiae IJs are capable 
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of producing ESPs without insect tissue stimulation, whereas S. carpocapsae did 

not do so under the same conditions (Chapter 2, Fig 3A & 3B). These ESPs were 

not toxic, and it would seem evolutionarily illogical to produce ESPs without 

proper stimulation, so we suspect that these ESPs play a role in S. feltiae’s 

strategy in surviving its physical environment or preparation for an encounter with 

a potential host. Furthermore, production and toxicity of venom from S. feltiae 

decreased drastically from the early hours (6-12 hours) after infecting a host to 

the later hours (18-30 hours) while S. carpocapsae’s venom production and 

toxicity stayed consistent (12-42 hours) (Chapter 2, Fig 3). Although there is 

some overlap between the insect species that S. feltiae and S carpocapsae can 

infect and kill, these differences in their venom production and composition 

indicate their evolutionary adaptations to different hosts and niche partitioning. 

These two EPNs are related but not closely related as S. feltiae is from Clade III 

and S. carpocapsae is in Clade II [7]. With their differences in ecological niche 

and some differences in host specificity/efficacy [8, 9], it is expected that their 

venom composition would be different which we have touched on in the previous 

paragraph. An orthology analysis, on the other hand, showed that both species 

shared 52 common proteins in their venom (Chapter 2 Fig 6E). The molecules 

that are different between these two species may represent their adaptations to 

different hosts' physiology and immune response however this shared core set of 

proteins may represent the important molecules used against a wide array of 

insects hence a potential leeway into the physiology and immune response 
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shared between many insects. Additionally, many of the ESP components were 

found to be highly similar to proteins found in vertebrate-parasitic nematodes 

hence this pool of proteins may potentially be helpful in identifying homologous 

proteins among parasites in general. 

 

Steinernema ESPs are both toxic and immunomodulatory 

Chapter 3 details our work to identify, produce, and characterize active protein 

components of S. feltiae ESPs. We fractionated crude EPN venom using anion-

exchange FPLC and tested for fractions that maintained toxic activity (Chapter 3, 

Fig 1). From this fractionation we were able to separate proteins that showed 

properties indicative of melanization inhibition (Chapter 3, Fig 1C). Although our 

study did not focus on identifying these melanization inhibiting proteins, this 

observation demonstrates that the ESPs contains both toxic and 

immunomodulating proteins. We focused on toxic fractions that did not seem to 

contain melanization inhibitors and selected the proteins that were significantly 

enriched in abundance in the toxic fraction compared to crude venom (Chapter 3, 

Table 1). We and expressed these individual proteins in an E. coli system to test 

for activity and further characterization. For the scope of this dissertation, two 

proteins have been expressed (Sf-PLA2, a predicted phospholipase A2 protein, 

and Sf-GH, a predicted glycosyl hydrolase) while one (Sf-Tryp, a predicted 

trypsin-like serine protease) has been expressed and validated for proteolytic 

activity (Chapter 3, Fig A & B). It remains to be determined whether Sf-Tryp will 
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exhibit any toxic properties and further purification with testing by injection into 

fruit flies will be needed. 

 

EPN virulence molecules and implications in agricultural pest control      

There are many factors to consider when using EPNs in biological control 

including efficacy against the target pest and tolerance in the environment. This 

coincides with selection of the species and even sub-strains of species that may 

be more efficacious than others [10]. My research has been a large part of the 

pool of research that establishes the capability of EPN IJs (Steinernema 

specifically) to produce virulent molecules against insects. This introduces a new 

pool of biological molecules to consider along with the genetics behind the 

biological molecules. One traditional approach to improving the efficacy of EPNs 

as biological control agents has been to breed and select for virulent strains 

based on virulence infection assays [11, 12]. However if we identify the genes 

responsible for virulence it would drastically improve the virulence selection 

process by allowing for screening/selection of those virulence genes or the use of 

genetic engineering technology to introduce or amplify expression of these 

virulence genes. Development of genetic tools for EPNs unfortunately, has been 

lacking and would require significant advances to take advantage of the 

discovery of important virulence genes.  Additionally, the individual toxins can 

potentially be developed as part of a natural pesticide agent and expressed 

within the plant to deter foraging, similar to the widely adopted Bt toxins [13]. 
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