A Role for microRNAs in the modulation of Rattlesnake Venom Expression
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Methods

* We collected seven snakes from three different species (Crotalus
viridis viridis, C. oreganus lutosus, and C. o. concolor), gathering
RNA-Seq, small RNA-Seq (smRNA-Seq), and protein mass
spectroscopy data from each.

* We normalized both the smRNA-Seq and RNA-Seq using
DESeq2'0 for downstream analysis.

« Using ShortStack™ and miRanda’? we quantified miRNA
expression and putative targets.

« We used these results to generate inferences about how miRNAs

affect venom composition within and between species.

Fig. 3. Subset of venom genes and miRNAs predicted to interact that have
strong evidence for expression modulation. A) Two VGs (SVMP7 and SVSP7)
and the miRNAs that target the. Results show a general pattern of higher
expression of miRNAs in samples with lower venom expression. All loci present
were significantly differentially expressed. B) VGs with venom protein residuals
that were strongly correlated (r > =0.5) with miRNAs that target them.

1. Casewell, N. R. et al. Medically important differences in snake venom composition are dictated by distinct postgenomic mechanisms. Proc. Natl. Acad. Sci. 111,
9205-9210 (2014).

2. Holding, M. L., Biardi, J. E. & Gibbs, H. L. Coevolution of venom function and venom resistance in a rattlesnake predator and its squirrel prey. Proc. R. Soc. B
Biol. Sci. 283, 20152841 (2016).

3. Rokyta, D. R., Margres, M. J. & Calvin, K. Post-transcriptional Mechanisms Contribute Little to Phenotypic Variation in Snake Venoms. G3 Bethesda Md 5,
2375-2382 (2015).

4. Zancolli, G. & Casewell, N. R. Venom Systems as Models for Studying the Origin and Regulation of Evolutionary Novelties. Mol. Biol. Evol. 37, 2777-2790
(2020).

5. Perry, B. W. et al. Snake venom gene expression is coordinated by novel regulatory architecture and the integration of multiple co-opted vertebrate pathways.
Genome Res. 32, 1058 (2022).

6. Durban, J. et al. Integrated “omics” profiling indicates that miRNAs are modulators of the ontogenetic venom composition shift in the Central American
rattlesnake, Crotalus simus simus. BMC Genomics 14, 234 (2013).

7. Durban, J. et al. Integrated Venomics and Venom Gland Transcriptome Analysis of Juvenile and Adult Mexican Rattlesnakes Crotalus simus, C. tzabcan, and C.

culminatus Revealed miRNA-modulated Ontogenetic Shifts. J. Proteome Res. 16, 3370-3390 (2017).

8. Durban, J., Sasa, M. & Calvete, J. J. Venom gland transcriptomics and microRNA profiling of juvenile and adult yellow-bellied sea snake, Hydrophis platurus,
from Playa del Coco (Guanacaste, Costa Rica). Toxicon 153, 96—105 (2018).

9. Zheng, H. et al. Comparative Venom Multiomics Reveal the Molecular Mechani ms Driving Adaptation to Diverse Predator—Prey Ecosystems in Closely Related
Sea Snakes. Mol. Biol. Evol. 40, msad125 (2023).

10. Love, M. |., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

11. Axtell, M. J. ShortStack: comprehensive annotation and quantification of small RNA genes. RNA N. Y. N 19, 740-751 (2013).

12. Enright, A. J. et al. MicroRNA targets in Drosophila. Genome Biol. 5, R1 (2003).

Fig. 5. Probability of mRNA and protein expression vs. the number of miRNAs that target a given VG.
A) Probability that an mRNA is expressed (expression threshold > 1000 raw counts) against the number of
MiRNAs that target a given gene. B) Probability that a VG protein is expressed against the number of

Concl usions miRNAs that target it.

* Venom gene expression and venom targeting miRNAs vary considerably within and between species (Fig. 1).

« We find an extremely complex network between miRNAs and target loci (Fig. 2), with relationships being highly variable within and between
venom gene families.

« There is a subset of venom genes that have considerable evidence for miRNAs modulating expression levels for at both post- and pre-
transcriptionally (Fig. 3).

* Venom genes and the miRNAs that target are generally co-expressed, and we were able to detect this despite small sample size (Fig. 4).

« The likelihood that a venom gene is expressed, in either the transcriptome or proteome, decreases as the number of miRNAs that target it
increases (Fig. 5).

 In totality of the evidence available, it is likely that miRNAs play notable role in the modulation of venom gene expression, despite previous

work indicating post-transcriptional control mechanisms contributed little to venom variation3.



