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21 Abstract

22 We conducted a transcriptomic and small RNA analysis of infective juveniles (IJs) from three 

23 behaviourally distinct Steinernema species. Substantial variation was found in the expression 

24 of shared gene orthologues, revealing gene expression signatures that correlate with 

25 behavioural states. Ninety-seven percent of predicted microRNAs are novel to each species. 

26 Surprisingly, our data provide evidence of a new family of non-coding transcripts that 

27 overlap with neuropeptide gene loci, which are predicted to influence microRNA regulation 

28 of neuropeptide genes. These data suggest that differences in neuropeptide gene 

29 expression, isoform variation, and small RNA interactions could contribute to behavioural 

30 differences within the Steinernema genus.

31

32 Keywords: Steinernema; Neuropeptide; MicroRNA; Long non-coding RNA; flp

33

34



3

35 Steinernema spp. nematodes are obligate entomopathogens that invade and kill 

36 insect hosts through coordinated action with commensal Xenorhabdus bacteria (Lu et al., 

37 2017). Steinernema spp. infective juveniles (IJs) are developmentally arrested, non-feeding, 

38 and adapted for host-finding. The IJs display qualitatively different host-finding strategies 

39 between species (Spence et al., 2008). However, we have also reported substantial 

40 behavioural variation between populations of Steinernema carpocapsae (Warnock et al., 

41 2019). Steinernema carpocapsae is classed as an ‘ambusher’, and will nictate and jump 

42 directionally in response to host-specific volatiles and mechanosensory input. Steinernema 

43 glaseri is classed as a ‘cruiser’, and does not nictate or jump, relying entirely on sinusoidal 

44 motility for host-finding and invasion. Steinernema feltiae employs a qualitatively 

45 intermediate strategy relative to the other two species. Whilst these behavioural categories 

46 represent a simplification of what manifests as a behavioural continuum within and between 

47 species, they provide a useful framework for the study of the molecular basis of behaviour, 

48 perhaps uniquely so for a single life-stage, within a single genus of the phylum Nematoda. 

49 The recent development of genomic and transcriptomic resources for a range of 

50 Steinernema spp. highlights efforts to develop these species as models for comparative 

51 biology (Dillman et al., 2015; Macchietto et al., 2017; Warnock et al., 2019).

52 In recent work, we demonstrated that behavioural variation between populations of 

53 S. carpocapsae correlated with variation in the expression of genes and microRNAs. In 

54 particular, a range of neuronal genes were implicated, including neuropeptides (J.S. Lee et 

55 al., 2017; Morris et al., 2017; Warnock et al., 2019). Neuropeptide gene expression is 

56 enriched within the IJ stage of numerous parasitic nematode species (J.S. Lee et al., 2017), 

57 suggesting a critical role in behavioural diversification, which is supported by functional 

58 investigation in S. carpocapsae (Morris et al., 2017). Whilst we have conducted a 

59 transcriptome-wide analysis of the three Steinernema spp. in this study, neuropeptide genes 
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60 represent our core focus, as we hypothesise that they contribute to the behavioural 

61 diversification of Steinernema.

62 For RNAseq analysis of three species – S. carpocapsae, (strain ALL), S. glaseri (strain 

63 NC), and S. feltiae (strain SN) maintained in Galleria mellonella – three biological replicates 

64 of each strain were prepared from approximately 10,000 individuals. The majority (80%) of 

65 neuronal genes detected were orthologous between all three species (Fig. 1, Supplementary 

66 Data S1-S2). DEseq2 analysis was performed (using R) on all 8391 orthologous transcripts 

67 shared 1-1-1 identified from Wormbase (Supplementary Data S2) and P values adjusted 

68 using a false discovery rate (FDR) of 0.1. When neuropeptide expression signatures were 

69 visualized across samples using principle component analysis (PCA), distinct clustering was 

70 revealed within each of the three Steinernema spp. (Fig. 1A). This is indicative of a highly 

71 similar neuropeptide profile, characteristic of each species, further validating a focus on 

72 neuropeptides to resolve behavioural differences. A cluster dendrogram pointed to 

73 additional neuropeptide genes that could underpin behavioural differences between species 

74 (Fig. 1B, Supplementary Fig. S1). Considerable variation was seen in the expression levels of 

75 neuronal genes shared between species. To correlate with host-seeking behaviour, where S. 

76 carpocapsae is considered an 'ambusher', S. glaseri a 'cruiser' and S. feltiae intermediate in 

77 behaviour, differential expression between species would be expected to conform to one of 

78 two patterns: Sc>Sf>Sg or Sc<Sf<Sg. Expression levels of 10 such neuropeptide genes 

79 correlated with behaviour, with upregulation of flp-11, flp-25, flp-33, nlp-14b, nlp-37, nlp-55 

80 and RYamide positively correlated, and nlp-3, nlp-36 and snet-1 negatively correlated with 

81 'ambushing' behaviour. Only one of these, nlp-36, showed a high level of differential 

82 expression (>2 log2-fold). Interestingly, nlp-36 was previously found to negatively correlate 

83 with nictation behaviour between three S. carpocapsae strains (Warnock et al., 2019). 

84 Volcano plots (Supplementary Fig. S2) demonstrate that neuropeptides are not atypical in 

85 terms of differential expression relative to the population of all transcripts. 
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86 Small RNA libraries were generated from infective juveniles of the three 

87 Steinernema spp. MicroRNAs are small non-coding RNAs that regulate the expression of 

88 target genes. Considerable research effort has focused on the role of microRNAs in 

89 development, but increasingly, studies are linking microRNAs and other small RNAs to 

90 diverse aspects of biology, including behaviour (Cox et al., 2019; Warnock et al., 2019). A 

91 total of 930 microRNAs were identified across all three species. Strikingly, a very small 

92 proportion (31/930, 3%) of microRNAs were identical in all three species, with most 

93 mircoRNAs (miRNAs)unique to one species of Steinernema, nor found in Caenorhabditis 

94 elegans (Fig 2, Supplementary Data S1; Supplementary Data S3 provides exact sequences of 

95 miRNAs). DEseq2 analysis was performed on all microRNAs shared by all three species and P 

96 values adjusted using a false discovery rate (FDR) of 0.1. Each Steinernema sp. showed a 

97 distinct expression profile for these microRNAs. Seven microRNAs correlated with 

98 behaviour, with miR-19-3p, miR-3-3p, and miR-410-5p positively, and miR-352-5p, miR-368-

99 5p, miR-417-3p and miR-767-3p negatively associated with 'ambusher' behaviour. Predicted 

100 microRNA binding sites were identified using miRanda (Enright et al., 2003). Two separate 

101 miRanda analyses were performed, using i) unrestricted settings and ii) strict settings that 

102 require perfect conservation of seed site sequence complementarity between microRNA and 

103 target mRNA (Supplementary Data S3-S6). miR-19-3p and miR-410-5p are predicted to 

104 target S. glaseri nlp-36; consistent with the association of nlp-36 expression with 'cruiser' 

105 behaviour, these two miRNAs are upregulated in 'ambushers', which should have the effect 

106 of further suppressing nlp-36 expression, lending further support to the hypothesis that this 

107 neuropeptide is functionally involved in Steinernema host-seeking behaviour. Similarly, miR-

108 352-5p, downregulated in 'ambushers', targets S. feltiae flp-25, upregulated in 'ambushers'. 

109 Finally, miR-417-3p and miR-767-3p, both upregulated in 'cruisers', target S. carpocapsae flp-

110 11, downregulated in 'cruisers'. Together the miRNA evidence lends support to nlp-36, flp-

111 25, and flp-11 expression levels being important determinants of host-seeking behaviour.
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112 As neuropeptides have been linked to behavioural variation in nematode infective 

113 juveniles, we assessed the degree to which the complexity of neuropeptide gene isoform 

114 complements might underpin behavioural strategy, using PacBio to sequence full-length 

115 transcripts. SMRTbell library preparation and long read Isoform sequencing (PacBio Iso-seq) 

116 were performed at the Earlham Institute (Norwich, UK). This brought to light the complexity 

117 of isoforms for neuropeptide genes in the three Steinernema spp. Isoform variation 

118 increased in line with the complexity of host-finding behaviour in these species, with 72, 62 

119 and 59 such isoforms in S. carpocapsae, S. feltiae and S. glaseri, respectively (Supplementary 

120 Data S7). Furthermore, for many neuropeptide genes it was discovered that long non-coding 

121 isoforms of the functional transcripts exist (Fig. 3, Supplementary Data S7). Altogether one-

122 third (66 of 193) of the identified neuropeptide transcripts were predicted to be non-coding. 

123 This could represent another level of gene regulation. For example, the flp-11 non-coding 

124 transcript is the predicted target of miR-417-3p and miR-767-3p microRNAs. Steinernema 

125 carpocapsae flp-11 is downregulated in 'cruisers', and associated with 'ambushing'. Not only 

126 are miR-417-3p and miR-767-3p downregulated in S. carpocapsae, but their capacity to 

127 reduce flp-11 expression appears to be further diluted by the presence of an flp-11 isoform 

128 in S. carpocapsae which is non-coding and which is presumably able to compete with the 

129 functional flp-11 transcript for binding of miR-417-3p and miR-767-3p. A similar pattern of 

130 expression was observed with flp-25 isoforms.

131 In summary, these data suggest that a complex system of neuropeptide gene 

132 regulation may underlie behavioural differences across three species of Steinernema. The 

133 expression profiles of several neuropeptide genes correlate with behavioural differences, as 

134 does expression of microRNAs that are predicted to target those transcripts. The vast 

135 majority (97%) of microRNAs are unique to each species. Another layer of regulation is 

136 potentially mediated by the surprising ubiquity of long non-coding isoforms of almost all 

137 expressed neuropeptide genes within each species, opening the possibility that competition 
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138 of microRNA binding to these non-coding transcripts also affects transcript levels of key 

139 neuropeptide genes involved in behaviour, and contributes to the differences in host-

140 seeking behaviour seen in these three species.

141 Expression levels of 10 neuropeptide genes correlated with behaviour across the 

142 three species, of which three, nlp-36, flp-11 and flp-25, showed the best evidence across the 

143 study of playing a potentially functional role. nlp-36 was previously shown to correlate with 

144 decreased nictation behaviour across three S. carpocapsae strains (Warnock et al., 2019); 

145 the current finding that expression of this gene also correlates with decreased nictation 

146 behaviour across three species of Steinernema reinforces the evidence that nlp-36 is crucial 

147 to these differences. In the model nematode Caenorhabditis elegans there is evidence that a 

148 cyclic nucleotide-gated channel subunit, TAX-2, which positively regulates NLP-36, is 

149 involved in thermosensation, olfaction, chemosensation, and axon guidance (Coburn and 

150 Bargmann, 1996; Coburn et al., 1998); differences in host-seeking behaviour could be 

151 mediated via nlp-36 expression by any of these pathways. Curiously, the FLP-11 

152 neuropeptide, functionally associated in C. elegans with the systemic onset of sleep and 

153 locomotor cessation (Turek et al., 2016; Steuer Costa et al., 2019), in Steinernema is 

154 associated with 'ambushing' host-seeking behaviour; although in a different nematode 

155 species, Ascaris suum, FLP-11 induces a quite different response, increasing contraction 

156 frequency of the ovijector (Moffett et al., 2003). Besides decreased dauer entry in an flp-25 

157 mutant of C. elegans (J.S. Lee et al., 2017), there appear to be few functional studies of FLP-

158 25.

159 The role of microRNAs in regulating gene expression and attendant effects on 

160 behaviour is well-supported, and the complexity of these systems increasingly appreciated 

161 (Gillan et al., 2017; Gu et al., 2017; D. Lee et al., 2017). This study has shown considerable 

162 variation in microRNA expression between species, and identified several microRNAs that 

163 correlate with host-finding behaviour in Steinernema. Furthermore, several of the predicted 
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164 target genes of these microRNAs were also identified as correlating with host-finding 

165 behaviour, in ways consistent with their proposed functional roles. However, these 

166 associations remain hypothetical. Further work will be required to validate the specificity of 

167 microRNAs with their predicted transcript targets, for instance by co-localisation of 

168 microRNAs and transcripts, and via Argonaute CLIP-seq (Zisoulis et al., 2010). In parallel, 

169 confirming the functionality of genes and microRNAs here identified as associated with 

170 behaviour will require genetic and molecular manipulation such as knock-down or knockout 

171 of those particular genes and transcripts.

172 A previous study of the genetic basis of behavioural difference in S. carpocapsae 

173 strains found evidence of an interaction between isoform variation and attendant microRNA 

174 targeting influencing behaviour (Warnock et al., 2019). Here for the first known time long 

175 non-coding isoforms of neuropeptide transcripts are shown to be the targets of microRNAs 

176 associated with different host-finding behaviours in three Steinernema spp. To our 

177 knowledge, this is the first such discovery in any organism. If validated, it could represent a 

178 novel additional mechanism of microRNA regulation of neuropeptide gene transcripts. 

179 Particularly compelling is the presence in S. carpocapsae of a non-coding isoform of flp-11, 

180 shown to associate with 'ambushing' behaviour. This isoform is predicted to be the target of 

181 two microRNAs themselves associated with the 'cruiser' form of host-seeking behaviour, and 

182 hence the non-coding isoform could be competing for these microRNAs, further reducing 

183 their effect on flp-11 transcript levels, which ought then to result in increased translation of 

184 these transcripts. If this gene genuinely plays a functional role in the 'ambusher' behaviour 

185 in this species, the non-coding isoform could be contributing to this behaviour by the 

186 mechanism outlined.

187 This is the first known study to associate differentially-expressed genes correlating 

188 with host-seeking behaviours in three Steinernema spp. The complexity of gene regulation is 

189 revealed by the number of microRNAs uniquely or differentially expressed by each species. 



9

190 In addition, a third level of gene regulation is unexpectedly revealed in the form of long non-

191 coding isoforms of neuropeptide genes, predicted to compete for binding of microRNAs also 

192 associated with different forms of host-seeking behaviour.

193
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288 Figure Legends
289
290
291 Fig. 1. Neuropeptide gene expression in Steinernema carpocapsae, Steinernem feltiae and 

292 Steinernem glaseri. (A) Principle component analysis of neuropeptide read counts and (B) 

293 vector map of neuropeptide genetic contributions, using PCAGO (https://pcago.bioinf.uni-

294 jena.de/). Venn diagrams showing (C) total or (D) number of nlp and flp genes unique to 

295 species, with (E) heatmap showing pairwise comparison of differentially expressed genes 

296 common across the three species. Three transcriptome libraries were prepared for each 

297 species (TruSeq RNA Library Prep Kit v2, Illumina). Sequencing was performed on the 

298 HiSeq2500 instrument. Data quality was assessed using FastQC, trimmed using Trimmomatic 

299 (Bolger et al., 2014), and mapped to the S. carpocapsae genome (Dillman et al., 2015) using 

300 the STAR (v. 2.5.3a) package (Dobin et al., 2013). Differential expression of genes was 

301 quantified using the DESeq2 (v. 1.14.1) package (Love et al., 2014). Steinernema spp. 

302 neuropeptide gene homologues were identified via reciprocal BLAST analysis. The top 

303 reciprocal BLAST hit from Caenorhabditis elegans was used to assign putative neuropeptide 

304 gene names, and subsequent manual comparison of Steinernema neuropeptide primary 

305 sequences with established nematode neuropeptide motifs (McVeigh et al., 2005, 2008) was 

306 used to confirm or reassign gene names where appropriate. ****P<0.0001, ***P<0.001, 

307 **P<0.01, *P<0.05. 

308
309 Fig. 2. Venn diagrams showing (A) total or (B) number of microRNAs unique to species, with 

310 (C) heatmap showing pairwise comparison of differentially expressed microRNAs common 

311 across the three species, Steinernema carpocapsae, Steinernema feltiae and Steinernema 

312 glaseri. Three small RNA libraries were prepared for each species using the TruSeq Small 

313 RNA library Kit (Illumina), and 50 bp single-end libraries were sequenced on the HiSeq2500 

314 instrument. Phosphatase treatment was not used. Quality assessment was performed using 

315 FastQC, trimming by Cutadapt. Reads that passed QC were mapped to the genome sequence 
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316 of S. carpocapsae, and microRNAs were identified by miRDeep2 (v. 2.0.0.8) (Friedländer et 

317 al., 2012), using a training set of mature and precursor microRNA sequences downloaded 

318 from miRBase. Naming of microRNAs was preferentially aligned with Caenorhabditis 

319 elegans, as indicated by miRDeep2 output. Differentially expressed microRNAs were 

320 identified using the DESeq2 package. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05.

321
322 Fig. 3. Schematic representation of flp and nlp neuropeptide gene transcripts, with either 

323 untranslated regions (UTRs) and open reading frames (ORFs), or as non-coding transcripts, 

324 for each isoform. (A) flp and (B) nlp isoforms from Steinernema carpocapsae; (C) flp and (D) 

325 nlp isoforms from Steinernema feltiae; (E) flp and (F) nlp isoforms from Steinernema glaseri. 

326 The Iso-Seq analysis pipeline was run via the command-line tools only option of the SMRT 

327 link software installation. Raw subreads were converted into error corrected Cluster 

328 Consensus Sequences and then classified as full-length or non-full-length reads, artificial-

329 concatemer chimeric, or non-chimeric reads. Iterative Clustering and Error correction (ICE) 

330 and Quiver were used to further group and polish these sequences, and aligned to the 

331 genome using STAR alignment software. Cupcake Tofu associated python scripts were 

332 employed to collapse any redundant isoforms and count the number of cluster consensus 

333 sequences (CCSs) that support each unique isoform (Gordon et al., 2015). Positioning is 

334 relative to the beginning of the alignment with the longest isoform.

335

336
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337 Supplementary figure legends

338

339 Supplementary Fig. S1. Heirarchical clustering of neuropeptide genes differentially 

340 expressed in three species of Steinernema after principal component analysis.

341

342 Supplementary Fig. S2. Volcano plots of all differentially expressed genes common to three 

343 species of Steinernema, with neuropeptide transcripts marked in red. (A) Steinernema 

344 carpocapsae versus Steinernema feltiae. (B) Steinernema carpocapsae versus Steinernema 

345 glaseri. (C) Steinernem feltiae versus S. glaseri.

346
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347 Supplementary data legends

348

349 Supplemental Data S1. Comparison of all differentially expressed genes and microRNAs 

350 shared between all three Steinernema spp.

351

352  Supplemental Data S2. Counts of all differentially expressed genes shared between three 

353 Steinernema spp.

354

355 Supplemental Data S3. Counts of all differentially expressed microRNAs shared between 

356 three Steinernema spp.

357

358 Supplemental Data S4. Miranda output file for microRNA targets in Steinernema 

359 carpocapsae.

360

361 Supplemental Data S5. Miranda output file for microRNA targets in Steinernema feltiae.

362

363 Supplemental Data S6. Miranda output file for microRNA targets in Steinernema glaseri.

364

365 Supplemental Data S7. Table of Steinernema caropcapsae, Steinernema feltiae and 

366 Steinernema glaseri neuropeptide transcript isoforms from PacBio sequencing. 

367

368 Highlights
369
370 • Host-seeking behaviour in Steinernema species correlates with gene expression 
371 levels
372
373 • The vast majority of microRNAs are unique to each species
374
375 • MircoRNAs targetting neuropeptides associate with variation in host-seeking 
376 behaviour
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377
378 • Long non-coding isoforms of neuropeptide transcripts may affect microRNA 
379 regulation
380

381
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