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ABSTRACT

The innovations in high throughput sequencing technologies in recent decades has
allowed unprecedented examination and characterization of the genetic make-up of both
model and non-model species, which has led to a surge in the use of genomics in fields
which were previously considered unfeasible. These advances have greatly expanded the
realm of possibilities in the fields of ecology and conservation. It is now possible to the
identification of large cohorts of genetic markers, including single nucleotide
polymorphisms (SNPs) and larger structural variants, as well as signatures of selection
and local adaptation. Markers can be used to identify species, define population structure,
and assess genetic health. In addition, researchers can examine unique features of genes
related to the health of a threatened species, such as genes involved in immune function,
reproduction, environmental response, as well as evolutionary trends and niche
adaptations.

Recent developments in sequencing and software also allow researchers to
examine the noncoding- “ome”, providing a glimpse into gene regulation, developmental
pathways, and response to viral sequences and mobile elements. Characterization of the
biogenesis pathways of noncoding RNAs has facilitated the development of RNA
interference strategies which are increasingly being used in therapeutics, agriculture, and
pest control. The focus of this project is to use available sequencing technology and
computational methods to annotate the genome and small RNA pathways of non-model

organisms.
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CHAPTER I - Genomics and Transcriptomics For Conservation Efforts of The
Smalltooth Sawfish, Pristis Pectinata

1.1 Background
1.1.1 Genomics in Conservation

Due to the continuously decreasing cost and improvement of sequencing
technologies, whole genome and transcriptome data is increasingly being used for
conservation purposes. Genomic sequences provide genetic markers and polymorphisms
which can be used to assign relatedness, population structure, and gene flow, and the
amount of data returned by current sequencing methods allows an unprecedented level of
genome coverage. Concurrently, RNA sequencing provides information about gene
expression, response to environment, and adaptation, which can be used to identify
genetic factors which may be related to an organism’s unique biology. RNA can be
obtained relatively unobtrusively from many species using small tissue samples and can
be used to annotate complete coding genes, provide information about gene expression,
as well as novel isoforms. The benefits provided by the sequencing revolution, in
conjunction with the development of new computational methods to assemble and
analyze massive amounts of data has led to the initiation of large cooperative projects
whose goals range from sequencing all vertebrate species on earth
(https://vertebrategenomesproject.org), 10,000 species of plants
(https://db.cngb.org/10kp, Cheng et al., 2018) to sequencing every eukaryotic genome on

earth (https://www.earthbiogenome.org/). The utility of genome assemblies and



https://www.earthbiogenome.org/

transcriptome data to aid conservation efforts and the preservation of biodiversity has

been demonstrated in dozens of species to date.

1.1.2 Genome Annotation in the Era of High Throughput Sequencing

Despite the increasing ease and falling costs of whole genome and transcriptome
sequencing, functional annotation of non-model genomes is still a daunting task which
often requires multiple approaches. Complexities in the genomes of non-model
organisms include differences in exon and intron structure, alternative codon usage
frequencies, differences in GC content of coding genes, polymorphic genes, transcript
isoforms, pseudogenes, and distinguishing orthologs from paralogs. A commonly used
method of annotation is ab initio gene prediction using tools such as Augustus, which
relies on signals from known coding genes to train models to predict genes directly from
DNA sequences (Stanke & Waack, 2003). In contrast, other tools such as GeMoMa
utilize sequence similarity to previously annotated genes (homology) (Keilwagen et al.,
2016). Software which incorporates both gene predictions as well as evidence from
expressed sequences (ESTs) or RNAseq data provide the most sensitive and accurate
annotations to date, however, the high sequencing depth achieved by modern sequencers

ensure that gene annotation remains a highly complex and evolving process.

1.1.3 Conservation Status of The Smalltooth Sawfish.
The smalltooth sawfish, Pristis pectinata, is one of only five extant and highly

threatened species of sawfishes which are known for their long, tooth-covered rostral



saw. Out of the five extant species in this group, Pristis pectinata has experienced the
greatest decline in its geographical range and abundance. They were considered highly
abundant until the mid-nineteenth century, historically ranging from Brazil to the U.S.
Atlantic coast, but today their core population is restricted to southwest Florida (Dulvy et
al., 2016). For this reason, the U.S. population is assessed as endangered under the
Endangered Species Act, and globally they are considered Critically Endangered by the
International Union for the Conservation of Nature (Carlson et al., 2013). Their decline
has primarily been caused by habitat degradation from development and both direct and
untargeted overfishing (bycatch). Though recent research suggests that the core
population may be recovering, there are numerous criteria for the de-listing of this
species that have not yet been met (Lehman et al., 2022; Wiley & Brame, 2018).
Furthermore, recovery and population growth in this species, as in other sharks and rays,

is limited by late maturity and low reproductive fecundity (Kyne et al., 2021).

1.1.4 Sawfish Biology

Smalltooth sawfish are members of the Batoid (ray) family, and they possess
morphological features of both sharks and rays. They are dorsoventrally flattened from
rostrum to pectoral fin, yet their dorsal and caudal fins are similar to those of sharks.
They are ovoviviparous, meaning that they hatch eggs internally and produce a yolk that
sustains the young until they give birth. They are reported to have a biennial reproductive
cycle with litter sizes ranging from 7-14 pups (Brame et al., 2019; Feldheim et al., 2017).

Interestingly, they are among the several known species of sharks and rays which are



capable of facultative parthenogenesis, or asexual reproduction, though the
environmental conditions that encourage this form of reproduction are poorly understood
(Dudgeon et al., 2017; Feldheim et al., 2017; Fields et al., 2015; Harmon et al., 2016;
Wyffels et al., 2021). Smalltooth sawfish utilize shallow coastal mangroves and river
estuaries as nurseries and throughout their juvenile stage but become increasingly mobile
as they mature and may be found in depths up to 73m (Wiley & Simpfendorfer, 2010).
Though they tend to remain near the nurseries of their birth for much of their juvenile
stages, adults may migrate to northern waters in response to seasonal temperature
changes or possibly for reproduction (Graham et al., 2021).

Sawfish use their distinctive rostral saw, which comprises around 20% of their
total length, for feeding and defense. The rostrum is lines with dozens of dermal denticle-
derived teeth, and they are known to use their saws to slash prey in the water. The
number of rostral teeth is fixed during early development, and as such can be used to
distinguish Pristid species (Thorson, 1973). Sexual dimorphism is seen in the number of
teeth on the rostral saw in some species of sawfish, including Pristis pectinata, with
males having more teeth on average than females (Wiley et al., 2008). Interestingly,
elongated rostrums with teeth are found only two extant families of chondrichthyans, the
Pristiophorids, or sawsharks, and Pristids, the sawfishes. The dermis of the saw contains
electrosensory organs called the ampullae of Lorenzini which aid in prey detection.
Elongated rostrums appear to provide an evolutionary advantage, as they have evolved

independently at least five times in chondrichthyans (Welten et al., 2015). Despite the



apparent advantages they provide, however, they have also been a major cause of decline,
becoming easily entangled in fishing gear and causing mortality.

The ampullae lie at the end of electrically conductive ion-rich jelly-filled canals
and may contain tens to thousands of sensory cells that detect weak (< 0.5 puV/cm)
bioelectric signals in the water, allowing detection of prey or mates (Wueringer et al.,
2012). Electrosensory physiology is unique by clade and often reflects differences in
ecological habitat or feeding strategy. For example, the freshwater sawfish Pristis
microdon has twice as many ampullary pores as marine sawfish (Wueringer et al., 2012).
The spatial and topological distribution of ampullary pores is correlated with feeding
strategy; sawfish target free-swimming prey in the water column and thus have a higher
dorsal concentration. In contrast, other rays trap prey using their bodies while
repositioning their mouths for feeding, and thus have a higher ventral density (Wueringer
etal., 2012).

Upon electrical stimulation, sensory cells are depolarized, causing intracellular
calcium influx through L-type voltage-gated calcium channels (VGCC), followed by
repolarization and potassium efflux from calcium-activated potassium channels. This
causes a change in post-synaptic potential at the basal surface of the cell and
neurotransmitter release to afferent nerves. In the skate Leucoraja erinacea, gene
expression in ampullary cells showed that depolarization of the apical membrane is
controlled by Cay1.3, while repolarization is mediated by the large potassium (BK)
channel (Bellono, Leitch, & Julius, 2017; Bennet & Obara, 1986; King et al., 2015).

These channels are differentially modulated by B or y accessory subunits which may



provide oscillatory responses to heightened or prolonged sensory input (Bellono, Leitch,
& Julius, 2018). In sharks, the fast-acting voltage-gated “Shaker” potassium channel
(Kv1.3) localizes with VGCC to regulate responses to repetitive sensory stimulation;
however, in skates, only Kv1l.1 and Kv1.5 have been found, and their function in

electrosensing has not been elucidated (Bellono, Leitch, & Julius, 2018).



1.2 Gene Expression and Evolution in the Smalltooth Sawfish, Pristis Pectinata
Taiya M. Jarval, Nicole M. Phillipst, Cory Von Eiff!, Gregg R. Poulakis?, Gavin Naylor®,
Kevin A. Feldheim?, Alex S. Flynt!

1School of Biological, Environmental, and Earth Sciences. The University of Southern
Mississippi, 118 College Drive, Hattiesburg, MS, 39401

2Charlotte Harbor Field Laboratory, Fish and Wildlife Research Institute, Florida Fish
and Wildlife Conservation Commission, 585 Prineville St., Port Charlotte, FL 33954
3Florida Program for Shark Research, University of Florida, Gainesville, FL 32611
“Pritzker Laboratory for Molecular Systematics and Evolution, The Field Museum, 1400
S. Lake Shore Drive, Chicago, IL 60605

This chapter has been deposited in the BioRxiv pre-print server and is awaiting

acceptance to be reviewed for a journal.

1.2.1 Summary

Sawfishes (Pristidae) are large, highly threatened rays named for their tooth-
studded rostrum, which is used for prey sensing and capture. Of all five species, the
smalltooth sawfish, Pristis pectinata, has experienced the greatest decline in range,
currently found in only ~20% of its historic range. To better understand the genetic
underpinnings of these taxonomically and morphologically unique animals, we collected
transcriptomic data from several tissue types, mapped them to the recently completed
reference genome and contrasted the patterns observed with comparable data from other
elasmobranchs. Evidence of positive selection was detected in 79 genes in P. pectinata,

several of which are involved in growth factor/receptor tyrosine kinase signaling and



specification of organ symmetry, suggesting a role in morphogenesis. Data acquired also
allow for examination of the molecular components of P. pectinata electrosensory
systems, which are highly developed in sawfishes and have likely been influential in their

evolutionary success.

As meso- to apex-level predators, chondrichthyans (sharks, rays, and chimaeras)
play essential roles in the health of marine ecosystems by increasing biodiversity,
buffering against invasive species, decreasing transmission of diseases, and mitigating the
effects of climate change (Ferretti et al., 2010; Ritchie et al., 2012) However, many
chondrichthyan populations are in decline, primarily due to overfishing, with more than
one third estimated to be threatened with extinction (Dulvy et al., 2021). Sawfishes
belong to one of the most threatened families, with all five species assessed as
Endangered or Critically Endangered on the International Union for the Conservation of
Nature (IUCN) Red List of Threatened Species (Carlson et al., 2013). Sawfishes are
notable for their tooth-studded rostrum, which is used to detect, acquire, and manipulate
prey (Poulakis et al., 2017; Wueringer, 2012). This rostrum also makes them especially
susceptible to entanglement in fishing gear, which has precipitated a global decline in
their numbers over the last century (Brame et al., 2019; Carlson et al., 2013; Dulvy et al.,

2016).

Bycatch in fisheries and habitat degradation continue to pose the greatest threats

to sawfishes, including in ‘stronghold’ locations such as the United States and Australia



(NMFS 2009)(Graham et al., 2022). Fisher education and trade bans on sawfish and their
parts have been used to mitigate sawfish declines (Wiley & Brame, 2018). While such
strategies are essential, additional preventative initiatives are needed as sawfish
populations continue to decline globally (Yan et al., 2021). Recent research aimed at
supporting development of deterrent technology found that sawfish will react to electric
field stimuli, but behavioral responses were not consistent and were considered

insufficient to avoid fisheries gear entanglement (Abrantes et al., 2021).

The electrosensing abilities of sawfishes are currently poorly understood, and
little is known about the underlying the molecular mechanisms of electroreception and
environmental biosensing that underpin their behaviors. The aims of this study were to
collect transcriptome sequences from different tissues of the Critically Endangered
smalltooth sawfish, Pristis pectinata, map the data to the recently completed high
resolution genome assembly, and compare patterns of gene expression and sequence
evolution with those derived from other elasmobranchs to identify unique components of
genomic architecture. Of all sawfishes, P. pectinata has experienced the most severe
decline in range and is present in less than 20% of its former range in the Atlantic Ocean
(Brame et al., 2019; Dulvy et al., 2016). Viable populations are currently restricted to
Florida in the U.S. and western portions of The Bahamas and, like all sawfishes, reducing
fisheries interactions is a top conservation priority (Carlson et al., 2013). The gene set
collected in this study provides insight into evolutionary patterns and the mechanisms of

electrosensing in P. pectinata and serve as critical first steps for future work.



1.3 Results
1.3.1 High Quality Pristis Pectinata Gene Set

In collaboration with the Vertebrate Genome Project, GN produced a high-quality
reference genome assembly for an adult female P. pectinata that had died at the Ripley’s
Aquarium in Myrtle Beach, South Carolina (GCA_009764475.1). The assembly was
based on 60x PACBIO long read sequencing, BioNano, Hi-C and Illumina short read
data (scaffold N50 101.7M; Contig N50=17M; 99.61% of the data assigned to 48
chromosomes. Genome size 2.27Gb; http://vertebrategenomesproject.org). However,
while the assembly had high contiguity, there were limited EST data associated with the
original genome assembly (Salzberg, 2019). As a result, approximately 40% of expected
orthologs were absent from the predicted gene dataset (Fig. 1.1E)(Simdo et al., 2015). To
address this issue and maximize utility of the P. pectinata genome, RNA was sequenced
from tissues collected from a juvenile female (828 mm stretch total length) collected by
GP under ESA Permit No. 21043. Datasets were generated from brain, kidney, liver,

ovary, and skin tissues fixed in RNAlater.
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Figure 1.1 Establishment of a near complete gene set for the smalltooth sawfish,
Pristis pectinata.

A) Log length distribution of transcripts in assembled transcriptome with total number of
transcripts (n = 265,427). B) Outcome of Benchmarking Universal Single Copy Ortholog
(BUSCO) analysis to assess completeness of assembled transcriptome. C) WeGO (Ye et
al., 2018) gene ontology analysis of P. pectinata and little skate, Leucoraja erinacea,
transcriptomes. Genes are classified according to biological process, molecular function,
or cellular component and plotted by percent of genes related to meaningful biological
activities. P. pectinata has a higher percentage of genes related to DNA binding, negative
regulation of biological processes, organelle part, and antioxidant activity, while L.
erinacea has more genes related to cellular processes, response to stimulus, signaling, and
catalytic activity. D) Venn diagram (Hulsen et al., 2008) showing overlap of the number
of transcripts provided with the public genome (GCA_009764475.1, green), the Cufflinks

11



assisted annotation of the public genome (purple), and transcripts in the de novo
assembled transcriptome (pink). E) BUSCO assessment for all unique gene content from
combined transcriptome and genome recourses, and annotations associated with
GCA_009764475.1.

Genome annotation facilitated by RNA-seq alignments yielded substantially more
transcripts (159,014), than the 19,597 genes predicted from the genome alone. RNA-seq
data were also assembled into a de novo transcriptome of 265,427 transcripts with 31.9%
being >500 bp (Fig. 1.1A-B). Substantial improvement was seen in the contribution of
the de novo transcriptome and RNA-seq guided annotation, with approximately 2000
genes exclusive to the de novo transcriptome. Less redundancy was seen in the dataset
after intersecting de novo transcripts with predicted genes from the genome, with 9,233
transcripts shared between datasets (Fig. 1.1D). Combining the reference genome
assembly predictions, RNA-seq assisted annotations, and a de novo transcriptome
resulted in a greatly enhanced gene set representation (Fig. 1.1E). In the de novo
transcriptome alone, less than 10% of expected orthologs were absent. In the combined

gene set, the percentage of missing genes was reduced to only 6.6% (Table 1.2).

Table 1.1
Smalltooth Chain Little skate, Indonesian Australian
sawfish, catshark Leucoraja  coelacanth, ghostshark,
Pristis Scyliorhinus  erinacea Latimeria Callorhinchus
pectinata retifer menadoensis, milii

12



Table 1.1 continued

No. 175,569 107,231 103,996 66,138 92,334
transcript
sin
dataset
PRINA86482 GEO: GEO: GAPS0106613 GEO:
i 5 GSM64395 GSM64395 8 GSM64395
Accession
8 7 9
%BUSCO | 89.47% C 56.6% C 60.4% C 40.9% C 47.3% C
complete
3.87% F 22.1% F 20.4% F 18.9% F 26.9% F

Table 1.1 Summary of Transcriptomes Used For Positive Selection
Number of transcripts, NCBI accession numbers, and percentage of complete (C) and

fragmented (F) orthologs via BUSCO analysis of transcriptomes for all taxa used in
positive selection analyses.

To further validate the P. pectinata gene set, gene ontology (GO) terms were
assigned and compared to the transcriptome of the little skate, Leucoraja erinacea (King
etal., 2011) (Fig. 1.1C). Distributions of high-level GO terms were similar between P.
pectinata and L. erinacea, suggesting gene content in the de novo transcriptome
represents what is observed in related taxa. However, differences were noted, such as a
higher percentage of genes involved in antioxidant activity and DNA binding in P.
pectinata versus a higher percentage of genes in L. erinacea related to signaling, response
to stimulus, metabolic process, and catalytic activity. This may reflect a difference in
juvenile and adult tissues sampled for P. pectinata relative to the embryonic tissue-

derived L. erinacea transcriptome. The near-complete P. pectinata gene set enables
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characterization of unique genetics in this species, which was not possible with predicted

annotations offered by genome sequence approaches alone.

1.3.2 Unique Genetic Features of Pristis Pectinata

To identify positively selected genes (PSGs) in P. pectinata, the combined dataset
from P. pectinata and transcriptomes of four other fish species were assigned to
orthologous gene groups with Orthofinder (Emms & Kelly, 2015). The species included
were the Australian ghostshark, Callorhinchus milii, chain catshark, Scyliorhinus retifer,
and L. erinacea, with the Indonesian coelacanth, Latimeria menadoensis, serving as an
outgroup (Fig. 1.2A). Pristis pectinata had the second highest percentage of genes
(~51%) assigned to an orthogroup and the highest percentage of species-specific genes,
likely due to the substantially greater completeness of the assembly relative to the other
species (Sup. Fig. 1). The resulting 3,116 genes were tested for branch-specific episodic
selection using aBSREL, revealing 79 PSGs in P. pectinata (Smith et al., 2015)

(Supplementary Methods, Table 1.3).
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Figure 1.2 Smalltooth sawfish, Pristis pectlnata, genes under positive selection.

A) Phylogeny of taxa used in positive selection analysis with approximate divergence
times shown at each node and number of transcripts in each transcriptome noted at each
terminal branch. Species included: Latimeria menadoensis, Callorhinchus milii,
Scyliorhinus retifer, Leucoraja erinacea, and P. pectinata. B) Results of k-means
clustering analysis of selected genes using omega value, percent of sites, change in
GRAVY value relative to little skate, L. erinacea, and change in expression relative to S.
retifer. C) Top 8 most enriched gene ontology (GO) terms related to biological processes
from genes which were grouped into Cluster 1 by PCA analysis plotted by -log(p-value).
D-H) Changes in hydrophobicity and polarity of protein sequence relative to L. erinacea.
Sequence alignment gaps are shown by shaded regions. Functional protein domains
retrieved from InterproScan and literature are shown as colored boxes below each plot. 1)
Sequence alignment of PCR-amplified region of interest from HoxA5 between Pristis
sawfishes and L. erinacea with codons of interest colored by nucleotide. J) Alignment of
region of interest from amplification of CCDC103.Alignments are colored by nucleotide.



Table 1.2

Smalltooth sawfish, 79 96
Pristis pectinata

Chain catshark, 26 38
Scyliorhinus retifer

Australian 76 95
ghostshark,

Callorhinchus milii

Little skate, 40 51
Leucoraja erinacea

Indonesian 49 60
coelacanth,

Latimeria

menadoensis

Table 1.2 Genes Under Selection By Species.

Number of unique genes and total number of genes found under selection in aBBSREL
analysis by species.

To cluster P. pectinata PSGs into groups which may share functional
relationships or similar selection pressures, omega values from aBSREL, percent of sites
under selection, gene expression rank relative to S. retifer orthologs, and the difference in
Grand Average of Hydropathy (GRAVY) between P. pectinata and L. erinacea orthologs
were collected for Principal Components Analysis (Sup. File 1). K-means clustering
identified three groups containing 49, 25, and 5 genes (Fig. 1.2B). Generally, changes in
GRAVY and omega values were highly correlated, with GRAVY values being the major
contribution to variance (Fig. 1.3A). Between tissues, the highest correlation was seen
between skin, kidney, and brain, while liver and ovary showed little correlation. Gene

ontology enrichment analysis by TopGO of PSGs in Cluster 1 versus all genes analyzed
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showed enrichment in functions such as multicellular organism development, animal
organ morphogenesis, and anatomical structure morphogenesis (Alexa & Rahnenfuhrer J,
2022) (Fig. 1.2C). In comparison, Cluster 2 genes were related to regulation of response
to biotic stimulus, regulation of defense response, and proteasomal protein catabolic
process (Fig. 1.3B). Interestingly, Cluster 1 contained multiple genes implicated in
developmental processes such as fibroblast growth factor/receptor tyrosine kinase
(FGF/RTK) and mitogen activated protein kinase (MAPK) signaling, suggesting that P.
pectinata PSGs share functional or evolutionary similarities. The altered FGF and MAPK
signaling that may result from these diverged genes implies possible relevance to P.

pectinata-specific morphogenesis.

.piercent Regulation of response to biotic stimulu... _
2 . * Regulation of defense response _
Lt Proteasomal protein catabolic process | NN
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Figure 1.3 Smalltooth sawfish, Pristis pectinata, genes under selection.

A) PCA of genes under selection using omega value, percent of sites, change in GRAVY
value relative to little skate, Leucoraja erinacea, and change in expression relative to
chain catshark, Scyliorhinus retifer. Genes of interest from Cluster 1 are shown in yellow,
variables are shown in red. B) Top 8 most enriched gene ontology terms related to
biological processes from genes grouped into Cluster 2 by PCA analysis plotted by -
log(p-value).
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Comparing biochemical properties such as hydrophobicity and polarity of
developmental genes with the closest available taxon, L. erinacea, revealed functional
changes in P. pectinata in three notable genes: Crk-I, an integrator of multiple signaling
pathways; Annexin Al (Anxal), a modulator of FGF ligands and RAS, and FGF1
intracellular binding protein (Fibp), an EGF/MAPK modulator (Fig. 1.2D-H)
(Balasubramanian & Zhang, 2016; Katoh & Katoh, 2006). CRK-L had decreased
hydrophobicity in the Src Homology 2 (SH2) domain where tyrosine phospho-proteins
like growth factor receptors bind and decreased hydrophobicity in its SH3 domain that
associates with RAC1 or RAS (Antoku & Mayer, 2009) (Fig. 1.2D). ANXAL had
changes in all four Annexin repeat domains, which upon Ca?* binding display phosopho-
sites (Fig. 1.2E). Annexins activate MAPK signaling either through growth factors, or
they can be directly phosphorylated by RTKs (Babbin et al., 2006). FIBP, which binds
FGF1, showed fluctuations in both hydrophobicity and polarity in the annotated FIBP
domain, though little is known about the mechanisms of action of this protein (Thauvin-
Robinet et al., 2016) (Fig. 1.2F). Selection in genes such as these, which are potentially
involved in body patterning and growth factor signaling suggest a role related to rostral
development. A prime example is Crk-I, which has been shown to cause craniofacial
defects in mice through disruption of neural crest development or through the retinoic

acid/Thx1 regulatory network (Guris et al., 2006; Newbern et al., 2008; Yutzey, 2010).
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Another major function of Cluster 1 genes is microtubule biology with two genes
being significant (Haus2 and Tubgcp4). Shared evolutionary trajectory with
developmental regulators suggests a similar functionality in sawfish biology, such as
through cilia-mediated signaling. One example is Ccdc103, which is necessary for
ciliogenesis. CCDC103 had numerous changes in polarity and hydrophobicity in its
Rpap3 domain, which binds the axonemes of cilia (Figs. 1.2G). This is necessary for
outer dynein arm attachment, and thus changes in this domain suggest functional
differences which do not appear to be a result of gene duplication and subsequent
divergence (King & Patel-King, 2015). Lastly, a homeobox transcription factor involved
in segmentation and body patterning, HoxA5, was found. The protein sequence had
changes in polarity and hydrophobicity near the conserved site (residues 183-188) and
the beginning of the DNA-binding homeobox domain, despite being truncated relative to
L. erinacea. These changes suggest modified interactions between HOXADS and its

cofactors and/or targets (Fig. 1.2H).

To support whether changes in PSGs were specific to P. pectinata or shared with
other sawfishes, sequencing of genomic DNA in functional domains was performed using
samples from three other Pristis sawfishes: dwarf sawfish (P. clavata), green sawfish (P.
zijsron), and largetooth sawfish (P. pristis). Ccdc103 and HoxA5 were chosen as they
demonstrated clear chemical differences between P. pectinata and L. erinacea but were
conserved enough in flanking regions of functional domains for amplification. Sequence

alignments revealed that the ratios of non-synonymous to synonymous nucleotide
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substitutions in both genes were lower among sawfishes than when comparing sawfishes
to L. erinacea. At HoxA5 conserved sites, all five substitutions were shared among
sawfishes but were non-synonymous with L. erinacea, with amino acid property changes
at two sites (Fig. 1.2L, Fig. 1.5). A similar pattern was seen in Ccdc103 among sawfishes.
In the Parp3 domain of Ccdc103, 18/21 changes were non-synonymous between
sawfishes compared to L. erinacea, and eight had an amino property change (Fig. 1.2J,
Fig. 1.4). Fewer changes were seen among sawfishes; 10/13 were non-synonymous, and
seven of these included chemical changes. Given the functions of PSGs and that the
ratios of non-synonymous substitutions were lower among Pristis sawfishes compared to
L. erinacea, this supports that these changes could be related to themes found in Cluster 1
genes. As conservation of the biochemical changes occurred at the base of the Pristis
branch and conserved in all species this leads to further credence for a role in sawfish-

specific morphological development.
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Figure 1.4 Annotated Multiple Sequence Alignment of Ccdc103.

Annotation of substitutions in Ccdc103 between dwarf, green, largetooth, and smalltooth
sawfishes (Pristis clavata, P. zijsron, P. pristis, P. pectinata, respectively) and little
skate, Leucoraja erinacea. Changes in amino acids are noted above aligned nucleotide
sequences. Primer sequences are shaded in blue.
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Figure 1.5 Annotated Multiple Sequence Alignment of HoxA5.

Annotation of substitutions in HoxA5 between dwarf, green, largetooth, and smalltooth
sawfishes (Pristis clavata, P. zijsron, P. pristis, P. pectinata, respectively) and little
skate, Leucoraja erinacea. Changes in amino acids are noted above aligned nucleotide
sequences. Primer sequences are shaded in blue.

1.3.3 Characterization of Electosensory Genes

In sawfishes, the rostrum provides an exaggerated platform for placement of
electrosensing organs called ampullae of Lorenzini. Initial sensing occurs through
voltage-gated calcium channels (VGCC) produced from Cacna1D in both rays and

sharks (Bellono, Leitch, & Julius, 2017). Following influx of Ca2+ ions, K+ efflux
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occurs leading to membrane depolarization and neurotransmission. Different K+ channels
participate in rays (BK-channels, BK-a) and sharks (Shaker-type, Kv). Using the P.
pectinata transcriptome collection described above, orthologs of all channels involved

were identified to understand mediators of electrosensing in this species.

First, all VGCC subunit transcriptomes were assessed for expression in rostral
skin (Fig. 1.6A). Six VGCC-related genes were expressed, including a CacnalD
ortholog. Others were channel accessory subunits (Cacno26, Cacnb2, and Cacnb4), or a
Cacnal C-type VGCC, which have not been previously implicated in electrosensing
chondrichthyans. A Cacnb2 ortholog was found in the transcriptome but was not
expressed in rostral skin. Thus, as expected, the Cacnoa 1D ortholog is likely the primary
mediator of electrosensing. However, P. pectinata CacnalD is missing a 91-residue
segment that would interact with intracellular effectors which is present in other rays
(Fig. 1.6B) (Bellono, Leitch, & Julius, 2017). A portion of this region is also deleted in
other chondrichthyans such as C. mili and the whale shark, Rhincodon typus, indicating
that it is a site of functional novelty. Together, these results suggest that substantial
changes occur during the initial step in the ability of P. pectinata to detect the bioelectric

signal of prey.
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Figure 1.6 Smalltooth sawfish, Pristis pectinata, electroreception machinery.

A) FPKM normalized expression of voltage gated calcium channel o and B subunits in
rostral skin. B) Multiple sequence alignment of CacnalD depicting missing 91-residue
segment in P. pectinata ion channel domain relative to other elasmobranchs. Species
included: Callorhinchus milii (C. mil), Leucoraja erinacea (L. eri), Amblyraja radiata
(A. rad), Scyliorhinus retifer (S. ret), P. pectinata (P. pec), Rhinchodon typus (R. typ),
and Chiloscyllium plagiosum (C. pla). Alignments are colored by amino acid chemistry.
C) Phylogenetic construction of potassium channels and subunits with bootstrap values
noted (left). Sequences were aligned with ClustalW and tree was constructed by RAXML
with 1000 bootstraps. Shaker channel sequences are highlighted in red, while BK
channels are highlighted with light blue. Annotated protein domains of each sequence
obtained using Interpro Scan (Right). EC is extracellular, TM, transmembrane, cyto is
cytoplasm, and pore is ion channel pore. D) Normalized expression of potassium
channels potentially involved electrosensing in rostral skin. Kcnm- transcripts correspond
to BK channel subunits, Kv are voltage-gated Shaker channels. Novel  refers to the
uncharacterized BK subunit found in transcriptome data. E) GGSashimi plot of
alternatively spliced BK channel transcripts in all P. pectinata tissues.
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Transcriptome expression confirms that the BK channel transcript with highest
expression in the rostral skin retains exon 21 (exon 29 in L. erinacea). Next, sequences of
eight orthologs of Ca?* responsive K* channel were identified and compared (Fig. 1.6C).
Clustering showed both major groups, BK (a and b) and Shaker types, were present in the
gene set. A BK-a ortholog with clear pore motif was found (Kcnmal) along with three
accessory BK-f subunits, one of which was designated as novel as it could not be
definitively paired with an ortholog. The four Shaker-type channels also exhibited the
requisite pore domain residues. Two of these channels have been observed in L. erinacea,
but they have only been demonstrated to work in conjunction with Cacno.1D orthologs in
ampullae of the chain catshark, S. retifer, though they have also been found to be
enriched in ampullae of the American paddlefish, Polyodon spathula (Bellono, Leitch, &

Julius, 2018; Clusin et al., 2019) (Modrell, et al., 2017).

All eight channel components are expressed in rostral skin, except for the P.
pectinata -4 ortholog (Kcnmb4) (Fig. 1.6D). Absence of this inhibitory subunit may
contribute to the heightened electrosensing seen in sawfishes. Further differences were
seen in expression levels of B-2 subunits. In L. erinacea, expression of - subunits in
electrosensory cells is 1000- to 10000-fold lower than a-subunit expression, yet in P.
pectinata tissue, a BK B-2 is expressed nearly 10-fold to BK-a, and the novel subunit
nearly 2-fold (Clusin et al., 2019). Together, this suggests P. pectinata has altered BK-

channel physiology. Another unusual observation was expression of all four shaker-type
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channels, which differs from L. erinacea where only two, Kv1.1 and Kv1.5, are found
(Clusin et al., 2019).

Other aspects of electrosensing machinery in P. pectinata showed potentially
divergent biology. Several inserts and deletions were found in Kcnmal that may alter its
function (Fig. 1.7A-C). The ion pore-containing BK a-subunits can differentially
associate with B- subunits to modulate membrane repolarization to alter activation rates
or affect calcium sensitivity, drawing into question the role of the novel B-subunit in the
overall performance of the system (Brenner et al., 2000; Gonzalez-Perez & Lingle, 2019;
Li & Yan, 2016). Another difference found in Kecnmal was the inclusion of exon 21
(known as exon 29 in L. erinacea) (Fig. 1.7E). Alternative splicing at exon 21 has been
identified in BK channel ampullary transcripts of L. erinacea and in auditory hair cells of
chick cochlea, though the effect on electrosensing is not known (Benjamin. King et al.,
2015). The inclusion of this exon appears to be variable among elasmobranchs, being
present in P. pectinata, thorny skate, Amblyraja radiata, and L. erinacea adult ampullae,
but absent in S. retifer, white-spotted bamboo shark, Chiloscyllium plagiosum, and L.

erinacea embryonic sequence (Fig. 1.7C).
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Figure 1.7 Partial Multiple Sequence Alignments of BK alpha K+ Channel.

Insertions, deletions, and splice sites identified in Pristis pectinata (P_pec) BK alpha K+
channel relative to Leuroraja erinacea (L_eri), Amblyraja radiata (A_rad), Scyliorhinus
retifer (S_ret) and Chiloscyllium plagiosum (C_pla). Ss = splice site. e = exon. Plot
colors indicate amino acid chemical properties.

1.4 Discussion
1.4.1 High Quality Pristis Pectinata Gene Set

Here, fundamental changes in developmental genes were found in P. pectinata,
which may influence morphogenesis of the rostrum. Elongated rostral structures have
evolved in chondrichthyans at least five times (Welten et al., 2015). Sawfishes (Batoidea:
Pristidae) and sawsharks (Selachii: Pristiophoridae) are the only extant families that
possess toothed rostra, but similar structures are also found in the fossil record, including
two species of chimaeras, Squaloraja polyspondyla and Acanthorhina jaekel
(Holocephali), Sclerorhynchoidei (Rajiformes), and Bandringa rayi. (Elasmobranchii)

(Greenfield, 2021; Sallan & Coates, 2014; Welten et al., 2015). Convergent evolution of
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elongated rostral structures suggests an evolutionary advantage in prey detection, likely
through heightened bioelectric sensing, which may provide sensory information at night,
at depth, or in murky shallow waters (Wueringer et al., 2012). The cohort of genes
uniquely under selection in P. pectinata may provide a framework for the genetic
changes that underpin the morphogenetic origins of saw-like rostral structures. Primarily,
this appears to be through reshaping the signaling environment, as was observed in this
study, with changes in FGF/MAPK mediators. Simultaneously, positive selection was
also seen in HoxAb5, a transcription factor that establishes regions along the dorsoventral
axis. However, in vertebrate development, cluster 5 Hox genes are typically expressed in
the somites which eventually become the upper thorax and organs, and thus changes in
this gene in P. pectinata may be related to differences in pectoral or synarcual

morphology, and not related to the rostrum.

A consequence of potentially altered FGF/MAPK signaling in P. pectinata is
divergent cellular response to environmental stressors such as changes in salinity,
temperature, and dissolved oxygen. In Florida, juveniles have an affinity for warm
(>30°C), brackish waters (18-30) with high dissolved oxygen levels (>6 mg/L).(G. R.
Poulakis et al., 2011) Cold water temperatures (<8-12°C) are known to alter habitat use
and cause mortality(Feldheim et al., 2017b; Poulakis et al., 2011), while the physiological
impacts of hypoxia and low salinities are unknown. As P. pectinata begins to recover,
populations should re-establish in historical habitats. While there is evidence that such re-

expansions have begun in the northern Gulf of Mexico and in the southern Indian River
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Lagoon, Florida (Lehman et al., 2022) (G. R. Poulakis unpublished data), water quality
issues and fluctuating environmental conditions, caused in part by freshwater diversions
that modify the hydrology of estuaries and cause algal blooms and hypoxic conditions,

may pose a risk to sawfish health and viability (Lehman et al., 2022).

The genes involved in this environmental signaling can be affected by marine
pollutants including polycyclic aromatic hydrocarbons (PAHSs), heavy metals, bisphenol-
A’s (BPAs), brominated flame retardants (BFRs), and polychlorinated benzodioxins
(PCBs). For example, Crk-I expression is affected by BPAs, BFRs, and PCBs, and Anxal
is upregulated in response to PAH exposure in sea turtles as a response to increased
production of reactive oxygen species (Cocci et al., 2019). Cadmium, PCBs, and other
persistent organic pollutants can bioaccumulate in elasmobranch tissues, and may disrupt
critical processes such as metabolism, immune function, and reproduction, though
pollutant levels in sawfish tissues have not been reported (Hamers et al., 2006; Martins et
al., 2021; Tiktak et al., 2020). Future research should identify contaminant levels in
sawfish tissues and document sources of these pollutants in habitats where P. pectinata
reside and may be re-establishing. Characterizing direct physiological effects of
pollutants in sawfishes via ex situ experiments is not feasible; however, a potential
circumvention of this issue could be to identify biomarkers in P. pectinata which are

correlated with toxicological risks (Cullen et al., 2019).
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A top conservation priority for P. pectinata, and all sawfishes, is to reduce
injuries and mortalities in fisheries, especially trawl fisheries. Understanding the basis of
sawfish electrosensing at a molecular level may support the development of more
effective deterrent technologies that exploit this sensing modality. In future studies,
molecular-level responses to stimuli, such as electric fields, should be studied to refine
optimal experimental conditions, and used in parallel with aquarium trials to elicit
avoidance responses (Abrantes et al., 2021). Analysis of electrosensory genes revealed
numerous differences in functional domains and expression of channels and subunits
which were previously not implicated in electrosensing in chondrichthyans. As basal
batoids, sawfish may possess unique electrosensing biology that leverages both types of
K+ channels found in sharks and other rays. Considering ray-type electrosensing alone,
elevated expression of multiple previously uncharacterized subunits suggests P. pectinata
may have substantially altered BK-channel physiology. Altogether, these results suggest
unique physiology of ion channels and subunits in P. pectinata, and their identification
could allow tailored bycatch-reduction technology. Developing this technology for trawls
is a priority as shrimp trawls have been identified as still having the highest bycatch risk

for sawfishes in the ‘stronghold’ nations of the U.S. and Australia (Graham et al., 2022).

In addition to providing an annotation of the publicly available genome, this study
highlights the potential value of genomic approaches to conservation efforts, particularly
through the identification and characterization of electrosensory genes and subunits and

genes that could be used to reduce bycatch. Global sawfish recovery requires aggressive
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conservation planning that uses novel methodological approaches to support modern,
high-tech solutions. Results from this work suggest that the impacts of pollutants need to
be more deeply investigated and that physiological responses may differ between
sawfishes and existing model organisms. These data will also support the ability to build
experimental systems to test channel behavior in a controlled in vitro setting that can be
used to assess and quantify the performance of sawfish electrosensing to facilitate
development of behavior-modifying technology. Together, these data and insights
provide the foundation to support key future research, with the goal of supporting global

recovery of imperiled sawfishes.

1.5 Supplementary Methods
1.5.1 Sample Collection

RNAs were collected from the brain, liver, kidneys, ovary, and skin tissues of a
juvenile female P. pectinata. Tissues were preserved in RNAlater and stored at -80°C
until use. Samples from each tissue were homogenized and extracted with the TRIzol
method. Concentrations and purities of RNA extracts were measured by nanodrop and

bioanalyzer 2100 (Table 1.3).

Table 1.3

174.7 1.83 6.7
962.4 2.01 6.9
1660.7 2.03 7.0
1150.0 2.04 7.3
273.9 1.98 7.5
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Table 1.3 Concentrations and purities of smalltooth sawfish, Pristis pectinata, RNA by
tissue.
Concentrations and purities obtained by nanodrop and Bioanalyzer. For RNA, chemical

purity is indicated by A260/A280 of 2.0. RNA integrity number (RIN) ranges from 1 to
10, where 10 is intact and 1 is degraded.

1.5.2 Transcriptome Sequencing And Assembly

The transcriptome was assembled using Trinity on the Magnolia High
Performance Computing (HPC) cluster (Grabherr et al., 2011). Blast2GO was used to
assign gene ontology terms to transcripts, and WeGO was used for comparison between
P. pectinata and L. erinacea (Gotz et al., 2008; Ye et al., 2018). Completeness was
assessed with BUSCO in transcriptome mode against the most recent vertebrate lineage,
0db10. To annotate the genome with coding sequences and to capture a more complete
gene set for positive selection analysis, the published P. pectinata genome from an adult

female (GCA_009764475.2) was used in addition to the assembled transcriptome.

1.5.3 Genome Annotation For Positive Selection Analysis Gene Set

Gene content exclusive to the transcriptome was isolated using STAR aligner
with default parameters to align reads from all tissue samples to the genome (Dobin et al.,
2013). Coverage over the genome was assessed with BEDtools and reads with low
coverage (< 5 reads) were then aligned to the assembled transcriptome using Hisat2 with
the —dta-cufflinks option enabled (Kim et al., 2015; Quinlan & Hall, 2010). Cufflinks was
used to map RNA reads to coordinates in the genome, which were then intersected,
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excluding overlapping transcripts, with Augustus-predicted gene sequence coordinates
for the genome using BEDtools Intersect (Trapnell et al., 2010). All BAM and SAM file
conversion and sorting was performed with SAMtools (Li et al., 2009). Unique gene
sequences from the transcriptome and genome were concatenated into one dataset for
further analysis and BUSCO annotation output was used to remove redundant sequences
and assess completeness. To obtain transcript expression, each tissue library was
individually mapped to the constructed transcriptome using Bowtie2, and SAMtools

Idxstats was used to quantify mapped reads (Langmead & Salzberg, 2012).

1.5.4 Positive Selection In Transcriptome

Open reading frames were predicted from all input transcriptomes using
TransDecoder with default parameters (Hass, 2022). All coding sequences were
concatenated into one dataset and Orthofinder was executed with default parameters to
cluster orthologous gene groups (Emms & Kelly, 2015) Sequences in each gene family
were annotated using eggNOG with Diamond mode enabled (Huerta-Cepas et al., 2017).
Annotations were also used to split gene families into paralogous groups using custom
scripts. For positive selection, only groups that retained at least one sequence from each
taxon were retained for analysis. Transcripts were discarded if their length was more than
100 amino acids shorter or longer than the average length of the gene, and only genes
with Pal2Nal alignments longer than 20 amino acids were kept, excluding trees with
insufficient branch lengths for analysis. ABSREL, which identifies episodic selection in

individual branches, was used to analyze each group of orthologous genes (Smith et al.,
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2015). Mafft v7.475 was used for protein alignment, FastTree 2.1.10 for tree
construction, and Pal2Nal v14 with the —nogap option to provide gap-free codon-based
nucleotide alignments (Katoh & Standley, 2013; Price et al., 2009; Suyama et al., 2006).
Output JSON files were parsed with custom scripts using the JsonL.ite package (Ooms,
2014). To examine potential effects of substitutions in genes of interest under selection,
chemical properties were compared between protein sequences from P. pectinata and L.
erinacea using Expasy ProtScale (Gasteiger et al., 2005). The Kyte & Doolittle (1982)
scale was used for hydrophobicity and the Zimmerman scale for polarity. After manual
gap correction, scale values at each residue for P. pectinata were subtracted from L.
erinacea values and the change plotted by residue. Domains of each protein were
obtained from Interpro Scan. Analysis of PSGs of interest using DAMBE found no
significant substitution saturation in any species from any alignment, indicating that the

species are not too diverged to obtain meaningful positive selection results (Xia, 2018).

For PCA analysis, grand average values of hydropathicity (GRAVY) for each P.
pectinata and L. erinacea protein were obtained from Expasy ProtParam. If there were
two sequences in an orthogroup for L. erinacea, the closest aligning sequence was
selected for each P. pectinata gene from a multiple sequence alignment, and the
difference was taken between the values. Expression of homologous genes under
selection in P. pectinata was compared to similar tissues from S. retifer by aligning
publicly available single-end RNAseq libraries from brain, liver, kidney, ovary, and skin

to the longest S. retifer homolog sequence (Table 1.4). Alignment was performed with
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Hisat2 and quantified with SAMtools ldxstats (Kim et al., 2015; Li et al., 2009).
Alignment statistics for each tissue type can be found in Table 1.5. Expression values for
each gene were normalized to TPM and subtracted from P. pectinata values. Principal
component analysis was performed using the factoextra R package and visualized with

ggpubr (Kassambra, 2020) (Supplementary File 1).

Table 1.4

Sample Accession code Run

SAMD00098998 DRR111789
SAMD00098989 DRR111780
SAMD00098994 DRR111785
SAMD00098997 DRR111788
SAMDO00099043 DRR111834

Table 1.4 Summary of Datasets Used From Chain Catshark.

NCBI sample names, accession codes, and run identifiers for the chain catshark,
Scyliorhinus retifer, expression data used in PCA analysis.
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Table 1.5
Sample Total reads Unaligned  Aligned Multimapping Overall

once rate

AUl 10208584 99.41%

Al 8936204 99.32% 0.67% 0.01% 0.68%
Medulla

NIENETT 8892600 99.30% 0.69% 0.01% 0.70%
7162306 99.61% 0.38% 0.01% 0.39%
A3 Skin 9125803 99.35% 0.63% 0.02% 0.65%

Table 1.5 Alignment statistics From Chain Catshark Data used for PCA analysis.
Number and percent of reads mapped to genes orthologous to the smalltooth sawfish,
Pristis pectinata, PSGs per sample for the chain catshark, Scyliorhinus
1.5.5 Conservation of Changes in Sawfishes

To determine whether signals of positive selection in genes of interest for P.
pectinata were also present in other sawfish species, nucleotide changes in the three other
Pristis sawfishes were examined for HoxA5 and Ccdc103. Primers were designed to
amplify divergent homologous functional domains between P. pectinata and L. erinacea.
Primer sequences used were: HoxA5 forward:
5’GACTTATGTGCAGTTTTCGCATCCA 3’; HoxAS5 reverse:
3’AACTACCTCCTCAAATTC 5’; Ccdc103 forward:
5’CTGCTGCTCAGGAAATCCAC 3’; Ccdc103 reverse:

3’AGCGGAGTTTAGCCGTGACTG 5°.

36



DNA samples from P. clavata, P. zijsron, and P. pristis were mixed with Phire
Hot Start 11 DNA polymerase (ThermoFisher), dNTPs, deionized water, and primers for
either Ccdc103 or HoxAb, followed by PCR amplification using a Mastercycler Pro and
electrophoresis apparatus. The reactions were amplified for 35 cycles at 98°C for 30s/5s,
53°C/58.5°C for 15s, and 72°C/72°C for 1min/1 min for HoxA5 and Ccdc103
respectively. The agarose gel bands were purified with a GeneJET Plasmid MiniPrep
(ThermoFisher) and sent to Eurofins Genomics for sequencing. ApE
(RRID:SCR_014266) was used to translate DNA sequences into the appropriate reading
frame, and Clustal Omega was used to align sequences to P. pectinata and L. erinacea
(Sievers et al., 2011). BLAT from the UCSC genome browser and the P. pectinata
genome were used to verify amplification of the correct target sequence. Alignments
were manually examined between species to identify conserved non-synonymous

changes among sawfishes that were not found in L. erinacea.

1.5.6 Electrosensory Genes

Full coding sequences for electrosensing genes were downloaded from NCBI and
used for manual positive selection analysis. Analysis included the VGCC (CacnalD) and
several B-subunits, potassium-activated (BK) channel a subunit, and several Shaker (Kv)
channels which have been implicated as major ion channels involved in electroreception
in sharks and rays (Bellono, Leitch, & Julius, 2017). Transcripts for P. pectinata were
identified with BLASTP using L. erinacea sequences from NCBI (acc. AJP74816.1,

KY355736.1) as query and a protein database was constructed from the transcriptome by
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Hmmer2GO (Altschul et al., 1990; Staton, 2014). BK and Shaker-type channels were
identified using BLAST and confirmed using Interpro Scan(Jones et al., 2014). Multiple
sequence alignments were performed using ClustalW with default parameters and 1000
bootstraps and visualized using the GGMsa package in R (Zhou et al., 2022). The
phylogenetic tree was visualized with the GGTree package(Yu et al., 2017). GenBank
accessions for the elasmobranch sequences most similar to the uncharacterized BK/

subunit were: XP_041.47886.1 , XP_032892500.1, GCB66272.1, XP_038668782.1, and

XP_043564107.1 (accessed 9/26/2022).

1.6 Data Availability Statement

Raw sequence data used to assemble the transcriptome can be found under NCBI
accession PRINA864825.
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CHAPTER Il — Autosomal Markers In Pristis Pectinata

2.1 Introduction

Recovery efforts for the smalltooth sawfish have been underway since 2009 with
the implementation of the Smalltooth Sawfish Recovery Plan, whose ultimate goal is the
removal of the species from the List of Endangered and Threatened Wildlife (NMFS,
2009). While the U.S. population may have begun to stabilize in recent years, many
criteria in the recovery plan for de-listing have not yet been met and warrant continued
action (Wiley & Brame, 2018). One such criterium is obtaining genetic data for
smalltooth sawfish, which would allow examination of relationships between sawfish in
U.S. waters and those in nearby countries, as well as fine-scale population structure, sex-

biased gene flow, and genetic diversity in the population.

Conservation management policy for endangered species relies on knowledge of
population structure and shared evolutionary demography for delineation of
evolutionarily significant management units. While the last remaining abundant
population of smalltooth sawfish is currently found in southwest Florida, individuals have
been observed in bordering countries such as the Bahamas, Cuba, and Mexico (Bonfil et
al., 2018; Guttridge et al., 2015). Whether gene flow occurs between sawfish in these
nearby countries and the U.S. population segment is currently unknown, but if so, would
require reconsideration of management strategy in the U.S. population, as potential

increases or decreases in one segment would have impacts on others.

40



Populations are structured by gene flow, or dispersal, which in many species of
elasmobranchs can occur via philopatry, or the tendency of individuals to return to the
same nursery area, breeding ground, or natal habitat. In P. pectinata females
preferentially use nursery habitats or breeding grounds, whereas males are more transient
and are the primary source of gene flow between regions (Feldheim et al., 2017a; Smith
et al., 2021). Accordingly, understanding male gene flow is critical to managing the
recovery of Pristis pectinata; however, to date no molecular tools have been developed to

identify male markers in the absence of physical data for this species.

In addition to genetic information from current populations, past demography,
including genetic diversity and effective population size, will be important for assessing
the recovery of P. pectinata. Genetic diversity within and between populations is
commonly measured by several types of markers, including microsatellites, allozymes, or
single nucleotide polymorphisms (SNPs), with each tool having specificity to answer
different questions. For example, microsatellites are cost-effective and can detect similar
levels of genetic differentiation as single nucleotide polymorphism (SNP)-based markers,
but are less common in the genome, experience variable rates of evolution, and are less
able to detect very low levels of differentiation or fine population structure. SNP-based
assays can be costly to develop for new species, and although individually less
informative, are extremely common and offer the highest precision and statistical power
to detect very low levels of genetic differentiation (Schaid et al., 2004). In addition, they
can amplify shorter fragments of DNA than microsatellites, allowing genotyping of
historical samples which can often be degraded, or environmental (eDNA). Baseline
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estimates are critical to assess loss of diversity such as could occur in the event of a
population bottleneck.

The U.S. population of smalltooth sawfish experienced a severe population
decline during the mid-1900s when estimated abundance reached its lowest due to
overfishing. Despite this, work using microsatellite markers found that P. pectinata
retained high genetic diversity at all 8 loci tested and that there was no evidence of
significant inbreeding (Chapman et al., 2011). However, the conclusions of this study are
limited by the selectively neutral nature of microsatellites, which do not represent
variation over coding regions and evolve at different rates than other noncoding regions.
Furthermore, diversity in the contemporary population has not been compared to that of
the pre-bottleneck population. The depth offered by high- throughput sequencing
technologies allows the identification of large numbers of autosomal (present in males
and females) and sex-specific variants over an entire genome, providing high statistical
power even at low levels of genetic differentiation and a small number of loci (Morin et
al., 2009). To address the lack of genetic data available for P. pectinata, we used high-
throughput sequencing techniques to assemble a male smalltooth sawfish genome. This
data will benefit the development of genetic assays which can be used in future
population studies in P. pectinata. In addition, it will provide a foundation for future

determination of male-specific variants in Pristis pectinata.

2.2 Methods
To obtain genomic DNA, blood samples were opportunistically collected from an
adult male smalltooth sawfish (hereafter referred to as 881STL) (ESA Permit No. 21043).
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DNA was extracted from the 881STL male using Gentra Puregene (Qiagen) Blood Kit
with a MegalLong fragment separation kit using manufacturer protocols. DNA was
suspended in a 50 pL elution buffer and quantified with a Qubit (ThermoFisher Waltham,
MA). A Nanodrop (Thermofisher) was used to calculate 260/280 and 260/230 ratios to
ensure sufficient DNA concentration. Eight DNA extracts were processed at the
University of California Davis DNA Technologies Core and one sample was chosen for
10x sequencing based on fragment size following pulse-field electrophoresis. A library
was constructed using the 10x Genomics Chromium Genome Reagent Kit (v2 Chemistry)
and 10x Chromium system, and sequencing was performed on an lllumina NovaSeq 6000
machine at the University of California Davis DNA Technologies Core. Genome
assembly was performed by SuperNova 10x Genomics software. Completeness of the
assembly was assessed with Benchmarking Universal Single Copy Orthologs (BUSCO)
software. Autosomal variants were called with GATK and phasing was performed with
LongRanger software (10X) using the whole genome sequencing (--wgs) and --freebayes

option for haplotype mode SNP-calling (McKenna et al., 2010).

2.3 Results and Discussion

The 881STL genome assembly had an N50 length of 23.71Kb and BUSCO
analysis found 38.5% complete and 37.3% fragmented BUSCOs (Fig. 2.1B). Indels were
called on 324 contigs and the average indel length was 21bp. In the longest 1,000 contigs
(>100,000 bp) an average of 3,243 SNPs were called per contig. In the longest contig

which was 356,205 bp in length, 9,616 SNPs were called (Fig. 2.1D).
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Figure 2.1 Genome Statistics and Variant Caller Results

A. Contig length distribution of 881STL genome. The genome contained 563,941 contigs
and had an N50 value of 23,791 bp. B. Benchmarking Universal Single Copy Ortholog
results showing the number of complete and single copy orthologs versus complete and
duplicated, fragmented, and missing orthologs.

The data generated here as well as the large number of autosomal variants
identified will be useful for many future applications in sawfish conservation, including
assessment of fine-scale population structure, and genetic diversity not only in Pristis

pectinata but also in other species of sawfish. Future studies could use the male genome
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generated to identify male-specific variants and develop assays to sex sawfish when
physical data is not available, such as in preserved rostra. Polymorphic genetic markers
will be critical for assessing the capacity for adaptation to changing environmental
conditions at a population level. In addition, genetic markers will be useful to determine
whether low-level genetic differentiation exists in the current population or develops as
Pristis pectinata recovers and returns to historically occupied habitats. Future work will
be focused on assessing and refining SNP loci for suitability in genetic assays through
further genome assembly refinement and identifying male specific markers. Once genetic
tools such as autosomal and male marker assays are successfully developed for Pristis

pectinata, they can be tailored for use in other sawfishes and other elasmobranchs.
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CHAPTER Il — Annotation of Small Noncoding RNAs in Non-Model Organisms

3.1 Background
3.1.1 RNA Interference and Small RNA Biogenesis

RNA interference (RNAI) is a collection of pathways that are found in most
branches of the eukaryotic tree and which serve to regulate gene expression and suppress
the activity of viral sequences and mobile elements, aiding in the maintenance of genome
integrity and multicellular development (Carthew, 2006). The three primary pathways
that participate in RNAI are micro-RNAs (miRNAS), short interfering (siRNAs) and
piwi-interacting RNAs (piRNAs). Micro-RNAs and siRNAs are generated through
cleavage of a double stranded RNA by a Dicer or Dicer-like ribonuclease enzyme,
producing sequences which are 21-22nt and 21-24nt in length, respectively, and contain
5’ dinucleotide overhangs. These sequences bind complementary RNA transcripts,
repressing translation of the gene, or in the case of siRNAs, viral or hairpin RNAs. In
contrast, piRNAs are cleaved from a long single-stranded transcript into fragments by
Zucchini, resulting in sequences of 26-29nt that either target complementary transcripts
for degradation directly or enter the ping pong cycle. In the ping pong cycle, piRNA
sequences brought by Ago3 or Piwi/Aub bind either target transposon sequences or other
piRNAs, silencing the transposons and generating new piRNA sequences (le Thomas et

al., 2014).
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3.1.2 Annotation of Small RNAs

The advances of high-throughput sequencing have allowed unprecedented ab
initio exploration of genomic data. Despite this, annotation of small RNAs, particularly in
non-model or newly sequenced organisms, remains a non-trivial task. Due to the short
length and sometimes repetitive nature of mature SRNAs, many map to the genome in
multiple places, making determination of genomic origin and quantification of expression
challenging. Other obstacles arise from the biological differences in the mechanisms of
small RNA pathways between taxonomic groups. Prediction from genome sequence
alone is computationally prohibitive and often insufficient to identify classes of small
RNAs. Due to these challenges, a dizzying array of tools is available for the purpose of
annotating, quantifying, or characterizing the many classes of small RNAs (Barturen et
al., 2014; Friedl&nder et al., 2012; Gebert et al., 2017; Geles et al., 2021; Han et al., 2015;
Huang et al., 2007; D. Li et al., 2016; Rosenkranz & Zischler, 2012; Wang et al., 2014;
Wang et al., 2005; Wu et al., 2011). These tools use varying methods to predict or
identify ncRNAs — some, such as miRNA annotation tools, utilize structure prediction or
homology to known sequences, while some rely on machine learning algorithms (An et
al., 2013; Mathelier & Carbone, 2010). The highest sensitivity and specificity are seen in

those that consider multiple lines of evidence (Gomes et al., 2013).
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3.3 Abstract

RNA interference (RNAI) is mediated by small (20-30 nucleotide) RNAs that are
produced by complex processing pathways. In animals, three main classes are
recognized: including microRNAs (miRNAs), small-interfering RNAs (siRNAs) and
piwi-interacting RNAs (piRNAs). Understanding of small RNA pathways has relied
heavily on genetic models where key enzymatic events have been identified that lead to
stereotypical positioning of small RNAs relative to precursor transcripts. Increasingly
there is interest in using RNAI in non-model systems due to ease of generating synthetic
small RNAs precursors or research and biotechnology. Unfortunately, small RNAs are
often rapidly evolving, requiring investigation of a species endogenous small RNAs prior
to deploying an RNAI approach. This can be accomplished through small non-coding
RNA sequencing followed by applying various computational tools; however, the
complexity and separately maintained packages lead to significant challenges for
annotating small RNAs. To address this need, we developed a simple and efficient R
package which can be used to characterize pre-selected loci and provide publication-
ready plots and statistics, and aiding researchers in selecting the appropriate RNA. tactic
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for their target species. Further, we provide new tools for assessing loci, bringing parity
of tools for each small RNA class, and machine learning approaches to assist

classification of loci.

3.4 Introduction

In the past two decades, RNA interference (RNAI) has gained popularity as a
facile tool for genetic manipulation and for biotechnology such as in the control of pests
as a replacement or supplement to traditional pesticides. Its specificity for repressing
target gene expression has been demonstrated in several species and thus RNAI has
emerged as a method for studying gene function in model species (Baum et al., 2007;
Kamath, 2003; Mao et al., 2007; Zhu et al., 2011). Despite nearly twenty years of
advancements in the applications of RNAI, identifying appropriate small RNA pathways
and loci to target remains challenging (Joga et al., 2016; Willow et al., 2021). While there
are a variety of tools available for small RNA annotation or quantification, many are
limited to specific classes of RNAs, rely on sequence similarity to previously annotated
noncoding RNAs, or require significant experience with bioinformatics systems and
software. Furthermore, to our knowledge there are no existing tools for annotation of

siRNASs or cis-NATS.

We designed the R package ‘MiSiPi’ to facilitate researchers with basic
knowledge of computational tools and RNAI biology to easily and efficiently
characterize various types of small RNA loci in hemipteran pest insects. The package is
available to install via Bioconductor and requires simple input. Nearly all required
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software components are contained in the package, apart from a precompiled RNAfold
executable from the ViennaRNA package, which should be downloaded separately
(Gruber et al., 2008). The required input is a binary alignment mapping (BAM) file of
small RNA sequencing reads aligned to a reference genome and a 3-column BED file of
regions of interest, e.g., regions of high small RNA expression. For the hairpin and
miRNA modules, a reference genome is also required as a function argument. The
package utilizes several Bioconductor genomics packages, including RSamtools,
Biostrings, and GenomicRanges for fast manipulation of sequence data (Lawrence et al.,

2013; Morgan et al., 2022; Pages et al., 2022).

3.5 Methods
3.5.1 Data Pre-processing

Small RNA sequencing data should be prepared for the MiSiPi package with
standard computational methods (for example, adaptor trimming and quality checking),
followed by aligning small RNA reads to a reference genome using Bowtie with
appropriate arguments for small RNAs (Langmead & Salzberg, 2012). For example,
supplying Bowtie with the options -a -m 200 -v0 --best --strata will return unique reads
that contain no mismatches, allowing multi-mapping reads. Toggling the -m option will
change the number of multi-mapping alignments allowed. The method of identifying
regions of interest will be specific to the needs of the user and the depth of the
sequencing data, however, the general processing should be done using SAMTools and

BEDTools to identify regions of high small RNA expression using mapped sequence
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reads and the reference genome (Fig. 3.1A, Supplementary Methods) (Li et al., 2009;
Quinlan & Hall, 2010).

Supplementary Methods

Identifying small RNA regions of interest

mMiRNAs & siRNAs: get reads of only miRNA and siRNA length

awk 'BEGIN {OFS = "\n"} {header = $0; getline seq; getline gheader ; getline gseq ; if
(length(seq) >= 19 && length(seq) <= 23) {print header, seq, gheader, gseq}}'\

< trimmed.fq > small.fastq

piRNAs: get reads of piRNA length

awk 'BEGIN {OFS ="\n"} {header = $0; getline seq; getline gheader ; getline gseq ;
if(length(seq) >= 23 && length(seq) <= 30) {print header, seq, gheader, gseq}}'\

< trimmed.fq > large.fastq

Realign reads to genome

bowtie -p 10 -a -m100 --best --strata --no-unal genome.fna small.fastq -S | samtools view
-@ 10 -q 10 -b |samtools sort -@ 10 -m 6G > small.bam

samtools index small.bam

bowtie -p 20 -a -m100 --no-unal genome.fna large.fastq -S | samtools view -@ 10 -q 10 -
b | samtools sort -@ 10 -m 6G > large.bam
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samtools index large.bam

Calculate coverage of all reads over genome

bedtools genomecov -bg -ibam aligned.bam | awk '$4 > 100' > HE.tmp.bedgraph

Get large regions of high expression

bedtools merge -d 500 -i HE.tmp.bedgraph > HE.tmp.merge.bed

awk '{n=%$2; x=3$3; print $1"\t"$2"\t"$3"\t"x-n}' < HE.tmp.merge.bed |

awk '$4 > 40' > HE.all.bed #all highly expressed

Get potential regions of high miRNA/siRNA RNA expresssion
bedtools multicov -bams small.bam aligned.bam -bed HE.all.bed |
awk '{n=%$5; x=$6; print $1"\t"$2"\t"$3"\t"n/x}" |

awk '$4 > 0.5' > HE.small.bed # only high expressed 21-23 nt

Get potential regions of high piRNA expression
bedtools multicov -bams large.bam SRR12982892.bam -bed HE.all.bed |
awk '{n=$5; x=3%6; print $1"\t"$2"\t"$3"\t"n/x}" | awk '$4 > 0.5' > HE.large.bed #only

high expressed 23-30 nt
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The package contains modules for each class of small RNAs which can be run
separately or all at once for holistic locus characterization. With some exceptions, read
data is initially processed similarly in all modules. The package RSamtools is used in
accessory functions (OpenBamFile, makeBamDF, getChrMinus, and getChrPlus) to read
the BAM file and create separate data frames containing reads from either the plus or
minus strand for the region of interest, filtering out reads which are not of small RNA
size (18-32nt), and retaining the minimal amount of information that is needed for
downstream processing (Morgan et al., 2022). Reads are subsequently processed
according to module- specific functions which leverage characteristics of the biogenesis

of each type of small RNA (Fig. 3.1B).
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Small RNA sequencing
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i m) Regions of Interest
Reference genome
Aligned reads (BAM)

[run_miRNA_function
\ | run_phased_piRNA
| run_siRNA_function |
/ | run_piRNA_function :

Figure 3.1 Example MiSiPi Workflow.

| run_hairpin_function

A. Raw sequence reads are aligned to a reference genome with Bowtie, giving a Binary
Alignment Mapping file of aligned reads. The raw reads and the BAM file are used with
BEDTools programs to identify regions of high small RNA expression. B. The BAM file,
reference genome, and file containing regions of interest are provided as input to MiSiPi.
The basic function commands for each module are shown.

3.5.2 Short Hairpin/microRNAs

miRNAs are ~22nt length sequences generated from longer, single-strand
sequences containing regions of inverted repeats which causes the sequence to fold onto
itself and create a hairpin (Lee, 2002). Before being exported from the nucleus, the loop
sequence is cleaved by Drosha, resulting in a short segment of double-stranded RNA.

One strand of the RNA becomes the ‘guide’ strand and goes on to participate in
54



inhibition of mRNA translation via the RISC complex, while the ‘passenger’ strand is
preferentially degraded. This biogenesis pathway results in a characteristic expression
pattern which can be identified in sequencing data. Because miRNAs are transcribed
from a single strand, the miRNA module uses an algorithm to identify reads mapping
within 60nt of each other on the same strand. During initial processing, a read data frame
is made, along with a copy of the data frame in which the 3’ ends of the reads are
transformed by adding 60 nucleotides. The findOverlaps() function from the
GenomicRanges package is then used to find artificially “overlapping” reads. The ends
are then transformed back to their original positions and the genomic sequence between
read pairs (the loop sequence) is retrieved (Fig. 3.2A). Results which have greater than 3
reads aligning to the loop sequence are excluded from further analysis. Redundant results
are merged using the IRanges function reduce(), and the remaining sequences are folded
using RNAfold from the ViennaRNA package. The output plots include read density over
the region, a secondary structure plot styled after miRBase hairpin plots, and a
probability score of the number of overlaps which contain a Dicer signature. The
probability is calculated by counting the number of reads that contain a proper 2-nt
overhang, followed by shifting the read start position from a range of -4 to 4 and again
counting the number of reads with proper overhangs. If most reads are indeed Dicer-
generated, the highest z-score will be found at a shift of 0 (Fig. 3.2B). The output plots
for the miRNA module include read depth over the locus (Fig. 3.3A), a secondary
structure plot colored by approximate expression which can be used to identify the guide
strand (Fig. 3.3B), read size distribution over the locus (Fig. 3.3C), and a Dicer
probability plot Fig. 3.3D.
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Figure 3.2 Overview of miRNA module.

A. Two identical data frames of reads from a single strand are made. The end positions of
one data frame are incremented by 60nt to identify potential nearby read pairs by using
GenomicRanges function findOverlaps. The end positions are transformed to the original
position and the sequence between read pairs is extracted from the genome. The
concatenated sequence is then folded by RNAfold. B. The dicer probability is calculated
by counting the number of reads overlapping each individual read that have a proper 2-nt
overhang. The position of the read is shifted downstream or upstream by a range of -4 to
4, and the number of overlapping reads with a 2-nt overhang are re-counted. The z-score
is calculated from the ratios of “proper” to “improper” overhangs.
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Figure 3.3 Example miRNA output plots for Drosophila melanogaster mir-996.

A. Read density over the locus. MiRNAs typically have high read depth on the guide
strand and low depth on the passenger strand. B. Secondary structure plot colored by
approximate expression of each nucleotide. C. Read size distribution plot over the locus.
D. Dicer probability score. Properly overhanging reads are counted over a range of
shifted positions to calculate a probability score.

3.5.3 Short Interfering RNAs Derived From Bi-directional Transcription

Short interfering RNAs (siRNAs) are short sequences (21-24nt) generated from
double stranded RNA which bear characteristic overhangs of 2 nucleotides on their 3’
ends due to processing by Dicer, and which generally overlap by 19 nucleotides
(Tijsterman et al., 2002). The siRNA module finds overlapping reads from both strands

and uses the functions get si_overlaps() and proper overlap() to search for “proper”
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overlaps (pairs which have the 2nt overhang) over a range of overlap values (15-32),

resulting in a matrix of counts by read size (Fig. 3.4A-C). The program also plots the read

size distribution for the region of interest (Fig. 3.4D), and the probability that double

stranded sequences were processed by Dicer (Fig. 3.4E).
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Figure 3.4 siRNA module overview.

Width

Plot output from locus Chr3R: 27880965-27882867, a cis-NAT RNA located within
Drosophila melanogaster CG34353. A. Example of siRNA overlap demonstrating 2nt 3’
overhang and length of overlap between plus and minus strand reads. B. Table of query
sizes, target sizes, and overlap sizes that are calculated by the siRNA module. C.
Example heatmap plot from siRNA module showing counts of reads with proper
overhang by read size. D. Read size distribution over locus. E. Dicer probability plot.
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3.5.4 Short Interfering RNAs Derived From Long Hairpin Pre-cursors

Long hairpin RNAs are sequences containing inverted repeats, causing them to
fold and have a double stranded secondary structure. Due to this double-stranded nature,
they are processed by Dicer-2 and possess the 2-nt overhangs characteristic of siRNAs.
Additionally, because they are cleaved in a processive manner approximately 21-22
nucleotides apart, they often present a phasing signature (Okamura et al., 2008). The
hairpin module uses RNAfold to predict the secondary structure and calculates read depth
over the region as well as the proportion of the reads which exhibit a Dicer signature. The
secondary structure is predicted from the full genomic sequence by ViennaRNA and the
arc diagram plotted with the R4RNA package (Lai et al., 2012). One of the outputs of
R4RNA is a table of paired base positions where a nucleotide ‘i’ is paired with a
nucleotide °j’. The intervals are collapsed into sequential ‘i’ ranges and °j” ranges, and
findOverlaps is used to create a set of reads which overlap with the ‘i’ ranges and a set of
reads which overlap with the ‘j” ranges. These two data sets are then compared with each
other to find overlapping pairs. From the overlapping pairs, the dicer signature is
calculated as shown in Fig. 3.2B. The hairpin module output plots include an arc diagram
showing paired bases (Fig. 3.5A), read density. plotted by size (Fig. 3.5B), and the Dicer

and phasing probability scores (Fig. 3.5C&D).
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igure 3.5 Output plots from long hairpin module.

A. Arc plot made with the RARNA package showing paired bases over the Tmy locus in
Drosophila simulans. B. Read density by size over the locus. C. Dicer probability plot. D.

Phasing probability plot.

3.5.5 Piwi-Interacting RNAs

Biogenesis of piwi-interacting (piRNAs) comprises two pathways, ping- pong and

phasing. In response to transcripts from transposable elements or during gametogenesis,

pre-cursor piRNA sequences are transcribed and cleaved into short (26-29nt) sequences

in a process known as phasing (Brennecke et al., 2007). These are bound by Aubergine
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(Aub) or Argonaute (Ago) proteins by 10 nucleotides and guided to complementary
antisense target transposons or piRNA sequences for cleavage, creating more piRNAS
which go on to target further sequences (Gunawardane et al., 2007). Sequences generated
via the ping- pong cycle overlap the 5° end of reads from the opposite strand by precisely
10 nucleotides (Fig. 3.6A). Thus, the module for piRNAs uses the GenomicRanges
function findOverlaps to identify overlapping reads between the plus and minus strand
and calculates the length of the overlap at a range of query sizes, target sizes, and overlap
lengths (Fig. 3.6B). The overlap probability plot shows the probability of finding an
overlap of 4-30nt and the heatmap shows the sizes of reads which overlap by 10

nucleotides (Fig. 3.6C&E).
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Figure 3.6 Overview of piRNA module.

A. Example overlapping piRNA pair. B. Range of read sizes and overlap lengths tested
by piRNA module. C. Probability plot for each overlap size. D. Read size distribution of
example piRNA locus. E. Heatmap of reads overlapping by 10 nucleotides by read size.
Plots originate from Drosophila melanogaster 42AB locus using a public dataset (Table

3.1).

Table 3.1

Figure Species NCBI Accession | Tissue/Condition

Fig. 3 Drosophila melanogaster DRR351386 Ovary/CG9925-KO

Fig. 4 Drosophila melanogaster SRR1664731 Ovary/Agol IP sRNA

Fig. 5 Drosophila simulans SRR7410589 Testis/w[XD1] &
nmy[12-2-7] strains
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Table 3.1 (continued)

Fig. 6 Drosophila melanogaster DRR351386 Ovary/control

Fig. 7 Drosophila melanogaster DRR351386 Ovary/control

Table 3.1 Summary of public datasets used.

Species, NCBI accessions, tissue type, and conditions of datasets used to generate each
figure.

3.5.6 Phased Pi-RNAs

Phased piRNAs are generated in a processive manner from a single transcript
which is cleaved by Zucchini directly upstream of a uracil. This results in single-
stranded reads beginning with a 5’ uracil and which lie approximately 1-3 nt apart
(Nishida et al.,, 2007; Vagin et al.,, 2006). The phased piRNA module uses a
transformation method similar to the miRNA module to identify reads which are within
50 nucleotides, then calculates the distance between the original 3’ position of one read
and the 5’ position of each read pair. Finally, it calculates the probability of finding a read

that maps between 1 and 50 nucleotides away as a z-score. (Fig. 3.7A).
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Example phased piRNA module plot outputs

A. Phasing probability in reads of all sizes (black) and reads larger than 26 nucleotides
for 42AB region in Drosophila melanogaster. B. Read size distribution.

3.6 Results/Discussion

While many sRNA annotation tools are available, there is a clear lack of
integrated software which can characterize all SRNA classes directly from sequencing
data. The increasing interest in leveraging RNAI for therapeutics, bioengineering of
crops, and biopesticides, especially in newly sequenced or un-annotated species,
necessitates the development of computational tools which can facilitate the selection of
appropriate RNAI strategies. Small RNA biology is well characterized in model species;
however, recent studies highlight the diversity of biogenesis among and even within
clades of plants, animals, and fungi, suggesting differences in susceptibility to RNAI and

a potential to use atypical approaches to gene silencing (Flynt, 2021; Mondal et al.,
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2021). Other studies have demonstrated the independent loss of certain small RNA

pathways in some groups relative to closely- related members (Khanal et al., 2022).

MiSiPi is designed to be computationally efficient even over thousands of loci
and on high-depth sequencing datasets and can be run on a laptop equipped with 8GB of
RAM. The package achieves this by being conscious of R language’s memory usage
idiosyncrasies. For example, the package reads only one chromosome of data from the
BAM file at once, extracting only reads from the region of interest, and retaining the
minimal amount of data needed, e.g. the first letter of the nucleotide sequence and the
start/stop positions instead of the whole sequence which reduces the amount of data that
is kept in memory. In addition, it uses fast sequence manipulation packages such as
GenomicRanges and Biostrings, and the most computationally complex functions are
written in C++ through the Rcpp package (Eddelbuettel & Francois, 2011). The package
modules have been validated using annotated loci in Drosophila melanogaster and
Drosophila simulans and publicly available datasets (see Supplementary Table 1).
Furthermore, MiSiPi is compatible with any species for which a reference genome is
available. Here we have demonstrated the utility of the MiSiPi package in aiding RNAI
research, particularly in validation of potential pathways or loci for potential biopesticide

applications.
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