Investigating genetic diversity and microRNA of
Hermetia illucens (the black soldier fly) to breed for

mass production of a novel sustainable protein.

SARAH JOANNE DE RAEDT

A thesis submitted in fulfilment of the requirements for the degree of
Doctor Philosophy in Bioinformatics at the South African National

Bioinformatics Institute, University of the Western Cape.

2023

Supervisor: Prof Alan Christoffels



Keywords

Investigating genetic diversity and microRNA of Hermetia illucens (the black

soldier fly) to breed for mass production of a novel sustainable protein.

by S. J. De Raedt

Hermetia illucens

Black soldier fly

Sustainable protein

Mass rearing

microRNA expression

Life stage

Sequencing

Genetic diversity

Whole genome sequencing (WGS)

Variant calling

Keywords

il



Abstract

Abstract

Investigating genetic diversity and microRNA of Hermetia illucens (the black
soldier fly) to breed for mass production of a novel sustainable protein.
by S. J. De Raedt (PhD Thesis, South African National Bioinformatics Institute,

University of the Western Cape).

Introduction: A new sustainable source of protein is needed to meet the demands
of the growing global population. Insect meal is a suitable replacement, and the
black soldier fly (BSF) is the most used insect in industrial rearing. The black
soldier fly larvae (BSFL) are not only high in sought-after nutrients (protein, fat,
and chitin/source of fiber), but they also reduce organic waste that would go into
landfills by consuming the waste and leaving behind a beneficial residue, which is
used in fertilizers. However, little has been published on the genetics of BSF which
are crucial to optimizing mass breeding programs necessary to meet the population
demands. The aim of this study was to further the base of knowledge beneficial to
mass rearing protocols by describing the genetic diversity of 3 populations, under
differing scales of rearing, and the microRNA expression profile across 5 life

stages, along with the first report of the novel microRNA of BSF.

Methods: Three African populations of BSF reared at large-, medium- and small-
scale were selected for whole genome sequencing (WGS) of male and female flies.
Chromosomal regions of interest were discovered through genome nucleotide
diversity and Tajima’s D statistical analysis. Fifteen microRNA libraries were

sequenced covering the egg, larva, pupa, adult unmated female, and adult unmated
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male flies stages of the life cycle. Differential expression was ascertained and
categorized by the log fold change (LFC) between life stages highlighting

microRNA with significant changes in expression across and specific to a life stage.

Results: Many high-quality single nucleotide polymorphisms (SNPs) were found
across all populations with small-scale reared flies producing the most unique SNPs
and highest nucleotide diversity. Large- and medium-scale reared flies were shown
to be indistinguishable from each other genetically, but medium-scale reared did
retain more unique SNPs and higher genetic diversity than large-scale reared flies.
The large- and medium-scale reared populations had six regions of interest on four
chromosomes that were identified as potential areas undergoing selection pressure.
Of the 192 novel microRNAs found across the five life stages, 24 were unique to
BSF and 168 were orthologous to other arthropod species. A search of
experimentally validated Drosophila target genes resulted in 56 genes from 22

conserved microRNAs as predicted target genes for BSF.

Conclusions: This study finds the loss of genomic diversity occurs strongly
between small- and medium-scale reared populations and identifies chromosomal
regions undergoing potential selection pressures. Additionally, novel BSF
microRNAs and potential target genes were reported along with a life stage and sex
expression profile. The findings of this study expand on the rapidly growing genetic
landscape needed to mass rear the economically and environmentally important

black soldier fly.
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Chapter 1

Chapter 1: Introduction to thesis and research rationale

1.1 Summary of the literature

The Earth’s population is set to reach 9.7 billion by the year 2050, with projections
indicating food production demands will increase by 50% of current levels by the
same year (1, 2). Unsustainable farming methods and production practices, along
with climate change have led to a predicted 25% reduction of food in that time (1).
The growing population is located mainly in low- and middle-income economies,
and growth in these groups is linked to higher demands in protein for food (1-4).
Agriculture utilizes large amounts of land (40% of all land), water, and fertilizer in
the production of food, with 28% of that land being devoted to producing feed for
the protein sector (1, 4-6). As precious as food is, 21% of the food produced is either
wasted or lost (7, 8). Insects have been a part of the food chain throughout history
as food, medicine, and agriculture (9-12). They are an excellent source of nutrients,
require less land and water usage than traditional products, and valorise organic
waste streams into high value products (13-15). A major challenge facing the
industry is scalability in order to meet demand (10, 16). Hermetia illucens (the black
soldier fly; BSF) is the “crown jewel” of the industry because of the beneficial
biology of the fly, including a short life span, omnivorous and fast digestion, non-
nuisance, and non-vector status (17-21). Coupled with the numerous high value
products like protein and oil for feed ingredients (22-24), chitin (25), biodiesel (26),
and fertilizer (27), BSF are uniquely fitted to being a large-scale sustainable protein
source. However, large-scale rearing demands an understanding of the genetic
landscape of the BSF so that optimal traits are not selected against and bred out of

a population due to short generational times and environmental conditions in
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facilities (28-31). Population genetic tools applied to whole genome sequences can
highlight areas of diversity and adaptation across populations by finding regions on
the genome potentially undergoing genetic selection in different scales of rearing
(32-35). Quantifying microRNA levels, which are gene expression regulators, has
been able to elucidate behavioural and developmental traits through the life stages
and sexes of various agricultural and insect species (36, 37) and can identify the
regulation of genes of interest for optimizing breeding and creating more efficient

environments for rearing (38-42).

1.2 Research rationale

The growing demand for protein by the year 2050 requires sustainable and scalable
alternatives. BSF fulfils both aspects and provides multiple high value products
while reducing waste. However, the majority of BSF research has been completed
on the fly products and gut microbiome only, but there is a growing body of research
investigating the genetics of BSF. In order to develop BSF into an alternative
protein source, the flies must be reared on a large-scale. Viable mass rearing
requires an understanding of its genetic profile to avoid rapidly selecting genetic

traits that may not be beneficial for the industry.

Extensive selective breeding may have a cost-benefit to BSF in the long run,
especially considering that BSF are being reared on a mass scale. Therefore,
understanding the genetic implications of this process is crucial to ensure a
genetically diverse and healthy population. Investigating the population diversity
and structure across different levels of scaled rearing will bring insights into how
the species adapts to different environmental conditions and selective pressures.

Combined analyses at the individual life stage and population levels characterize
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the genetic resources available to create sustainable breeding protocols for a
species. BSF undergo multiple life stages that require very different environmental
and resource needs. Understanding how microRNA are regulating gene expression
throughout these life stages will highlight potential environmental and
developmental impacts leading to healthier and more efficient fly rearing. The
genetic diversity and microRNA expression profiles of BSF can help to better
understand and identify the relatively unknown physiological and behavioural
phenotypes needed to streamline the process for developing the most appropriate
breeding protocols. This PhD intends to develop and expand the molecular
techniques required to maintain, and mass rear, a genetically and environmentally
sustainable BSF population as a novel protein source for a growing human

population’s demands.
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1.3 Aims and objectives of thesis research project

The aims of this PhD were to:

1. Determine genetic diversity and potential genomic regions undergoing
selection pressures across three African BSF populations being reared at
varying scale and,

2. Sequence baseline microRNA to understand genetic regulation for 5

different life stages and 2 sexes of an African BSF population.

These aims were accomplished through:

1. Obtaining 15 BSF samples from five different life stages: egg, larva, pupa,
adult unmated female, and adult unmated male, in triplicate.

1.1 Sequencing the extracted small RNA from the 15 samples.

1.2 Establishing a pipeline of code and programs (Appendix B) in order to
quality check, identify and filter novel and conserved microRNA from
millions of sequences.

1.3 Run statistical analysis to establish expression levels across life stages and
sexes.

1.4 Search for known microRNA that has been shown to regulate specific genes
in laboratory validated experiments of the closest relative of BSF.

2. The second aim was completed by obtaining 14 BSF adult male and female
samples that had been reared in small-, medium-, and large-scale facilities.

2.1 Extracted genomic DNA was sequenced for whole genomes from the 14

samples.
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2.2 A pipeline was created (Appendix C) to quality check, map to the reference
BSF genome, and call high quality filtered variants/SNPs using the GATK
established variant calling pipeline.

2.3 Analysis of the SNPs called was completed using various genetic programs

designed for large datasets.

1.4 Thesis overview

Literature review
A review of the literature on food security and sustainability, with a focus on the
BSF as an alternative protein source and the challenges of rearing scalable amounts

to meet the demand.

The impact of scaled rearing on the genetic diversity among three African
populations of Hermetia illucens (black soldier fly)

This study describes the genetic diversity and reports chromosomal regions of
interest due to selection pressures of three populations of BSF reared at large-scale

(LS), medium-scale (MS), and small-scale (SS).

microRNA profile of Hermetia illucens (black soldier fly) and its implications
on mass rearing

This study creates a database of novel microRNAs and their expression levels
across five life stages and two sexes in BSF and provides candidate microRNAs

with potential impact on BSF mass rearing.

Conclusions and future work
Conclusions based on the data of both studies were drawn about the genetic

landscape of BSF and how it can be utilized for mass rearing of the fly, with a focus
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on chromosomal selection pressures and life stage specific expression changes.
Future work could provide a deeper understanding of highlighted regions of BSF

genetics.
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Chapter 2: Literature review

2.1 Food sustainability

The globe is facing an insecure food, land, and water future based on a number of
old and new problems. The world population reached 8 billion in November of 2022
and is projected to reach 9.7 billion by the year 2050, peaking at 10.4 billion by
2080, but level off by the year 2100 (2). Eight countries are projected to account
for more than half of the population increase up to 2050, with more than half of
those countries belonging to sub-Saharan Africa (2). The rise in population means
food production needs to increase by 50% (1). However, food production is
expected to decrease by as much as 25% by 2050 due to climate change and
unsustainable traditional methods of manufacturing food (1). Around 40% of all
land is used for agriculture (5) and an estimated 70% of all agricultural land is
utilized to supply feed to livestock (1, 4). The clearing of land for agriculture is
responsible for a loss of biodiversity through deforestation, and a loss of
approximately 70% of human water consumption through irrigated crops (4, 6).
Fertilizer use has also increased by a staggering 700% over the past 40 years to help
the growing agricultural land (5). Food loss and waste is another major contributor
to inefficient food production systems. Food loss occurs from the harvest to retail
portion of food production, and accounts for a loss of 14% of food produced (8).
While food waste occurs on the retail and consumer level of the food system and
represents a further 17% loss in global food production (7). In order to combat these
challenges, new methods of food production and more sustainable usage of the

resources involved, must be found (43).
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2.1.1 Increase in protein demand

The demand for protein is increasing with the growth of low- and middle-income
economies, as economic growth is linked to an increased consumption of meat,
dairy, and aquatic products (3, 8). The 8 countries projected to make up more than
half of the population increase until 2050, mainly belong to sub-Saharan Africa and
parts of Asia (2). These same regions, along with parts of Latin America and the
Caribbean, are also experiencing a rise in the number of working age people (4).
The consumption of aquatic animals increased globally at a rate of 3% for the years
between 1961 and 2019, while the consumption per person remained the same. This
rate increase is double the global population increase rate (1.6% annually) for the
same time and indicates how the growing population’s need for protein is
expanding (44). The expanding protein demand is explained by the increase of
higher earnings in populations that previously were priced out of protein in their
diets. However, protein producers are one of the highest consumers of natural
resources such as land and water. Due to the increasing demands for protein, it is
important to explore sustainable, alternative protein sources which are

environmentally friendly.

2.2 Insects for food and feed

2.2.1 Entomophagy

Insects have been a part of the human diet since before we developed tools to hunt
and collect food, and there are still an estimated 2,000 species being consumed
mainly in low- and middle-income countries to this day (12). The discovery of
insect remains in fossilized faeces from ancient humans provided proof that insects

were being consumed (10, 45). A wide range of insects were found to have been
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eaten in the Americas, such as ants, ticks, lice, beetles, and mites (14, 46), and 3200
years ago, the Chinese were also consuming insects (47). Aristotle gave tips in 384-
322 BCE, that cicada females were better tasting once they were full of mature eggs
(48). In 77 CE, Pliny the Elder wrote about how popular the larvae of Cerambix
cerdo (the great capricorn beetle), and many texts from the Christian, Islamic, and

Judaism religions mention entomophagy (9).

Throughout history, humans have partaken in entomophagy as part of celebrations
(9), everyday diet, medicine, and agriculture (10). Maggot therapy and vaccine
development are two ways insects have been utilized for medicine (11, 49). They
have also been reared for food colourant, biological control efforts, and research
studies (50-52). Insect applications for sustainable practices have also been found
with Tenebreo molitor (mealworm) and their ability to digest polystyrene (53). The
short life cycle, small rearing space, and high nutritional value of insects has made
them a part of agriculture as well. Insect flours have been found dated as far back
as 1550 in Northern Africa (9), and rearing Apis mellifera (honeybee) for honey and

pollination or Bombyx mori (silkworm) for silk (10) in Asian cultures.

Entomophagy, while still widespread in Eastern tropical countries, has not endured
in Western countries throughout the years, even developing a stigma around the
practice. The maintained tradition in tropical countries is most likely due to the
opportunistic nature of entomophagy, and that insects are able to grow faster and
larger in year-round heat and humidity (10). However, the use of insects for feed in
agriculture has started to develop globally despite any stigma surrounding insect

use.

33



Chapter 2

2.2.2 Insects for feed in agriculture

Numerous reasons exist for why insects are a good alternative resource for feed of
livestock, especially in the context of growing climate changes and increasing
demands for protein. Rearing insects for feed requires less land use (13), up to 50%
less water usage (14), and the conversion of waste into valuable protein and other
products (15). However, introducing a new industry and product to the market can

hit multiple barriers, such as legality and consumer acceptance.

While more studies need to be conducted, a review of 8 studies on consumer
opinion showed that replacing traditional meal with insect meal for fish and poultry
is widely accepted (54), potentially due to fish and poultry already eating insects in
nature. (22, 55). This acceptance only grows when the consumer is educated about
the environmental benefits of using insect meal. Studies have also shown consumer
acceptance is not hindered by any negative sensory or taste profiles of meat-fed

insect protein in their diet (54).

The legal barriers are more complex and require cooperation and acceptance by
governments. The regulations regarding the use of insect meal are varied across the
globe and can restrict the benefits of insect meal. For instance, the EU allows the
use of insect meal for animal feed, but the insect diet must not contain animal by-
products (56). These regulations limiting food sources for rearing insects cause an
increase in the environmental impact of insect rearing (56, 57). Limitations on what
insects can be reared on can also affect an obstacle that the International Platform

of Insects for Food and Feed (IPIFF) has identified for this new industry: scalability

(16).
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Since the demand for protein is growing at an enormous rate around the world (1),
the IPIFF has stated that the industry needs to be able to increase the supply of
insect meal for competitive pricing and to produce a stable, reliable product (16).
Currently, mass production of insect meal is still in its developing stage. There are
few companies that can produce tonnes of larvae a day. The goal of replacing
unsustainable feed ingredients, such as soybean and fish meal, demands production
to be much higher than is currently available. For example, to feed several small
chicken farms (30,000 hens/farm) would require at least 10 tonnes of larvae a day

(10), which is what is produced from the largest BSF company.

There are multiple edible insects being utilized for making feed ingredients, like
Tenebreo molitor (meal worms), Gryllus bimaculatus (Mediterranean field
crickets), Bombyx mori (silkworms), Musca domestica (common houseflies),
Lucilia sericata (common green bottle flies), Cetonia aurata (green rose chafers),
Pachnoda marginata (sun beetles), and H. illucens (black soldier flies; BSF) (10).
However, the most commonly used insect grown for feed ingredients is H. illucens,
based on widespread utilization in the nascent industry (57). The reasons for BSF’s
popularity are the fly’s short life cycle, non-nuisance or vector behaviour, and the

high-level products made from the larvae.

2.3 H. illucens/Black soldier fly (BSF)

2.3.1 Life cycle

BSF is a dipteran insect species found worldwide but originated in South America
(19, 20, 28). They are uniquely adapted to being used as an alternative protein and
feed ingredient due to multiple reasons. The BSF have a short life cycle (Figure 1)

(8-9 generations in a year) that involves the laying of 300-600 eggs (18, 28),
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followed by six larval instar stages that consume organic matter of a wide range

(58).
PrePupal Stage: Adult Stage:
Moves to dry area, 6 Mates and Lays Eggs
instar
(8-9 days)
(7-10 days)
Pupal Stage:

No movement or
feeding

(8 days minimum)

Egg Stage:

Larval Stage: Lay 300-600 eggs

5 instars (4 days)

(10-52 days depending
on feed)

Figure 1: Hermetia illucens (black soldier fly) life cycle and potential mass rearing locations.
Each life stage and average length of time for the stage to develop is listed in the space following
the image. Images are of each life stage and the substrate/containers in which they are mass
reared.

During this larval stage, BSF are at their highest nutrient density at the sixth and
final larval instar before pre-pupation and can be harvested for feed ingredients.
Once pupation ends and adult flies emerge, they spend the next 8-10 days mating
and laying eggs (59, 60). The adult BSF feeds mainly on nectars, honeydew, and

pollen, and relies on the stores built up during the larval stage (61).

The lack of feeding as an adult, along with egg laying adjacent to a food source,

makes the BSF a non-nuisance and non-mechanical vector, unlike other flies, such
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as Musca domestica (common housefly) (21, 62). Also, the black soldier fly larvae
(BSFL) can contain a range of 40-60% protein, up to 47% lipid, and 3-8% chitin in
prepupae, depending on the organic substrate they are reared on and the extraction
process (15, 25, 63-66). Their feed conversion is the most efficient of the
mainstream insects being used with only 1.4 kg of feed required to produce 1 kg of
larvae compared to crickets (2.3 kg of feed) and meal worm (3.8 kg of feed) (13).
This makes them not only a good protein source, but shows potential for a variety

of derived products, and has minimal environmental impacts.

2.3.2 High value products and sustainability of BSF

The uses of the BSF are varied from protein and oils for animal feed ingredients,
biodiesel (26), food stabilizing agents, fertilizer (27) and waste reduction (67-69).
The larvae are known to reduce municipal organic waste (68), faccal waste (69) and
animal waste (67, 70) with varying levels of impact on BSFL nutrition and have

been shown to reduce harmful pathogens in the food source (71).

2.3.3 Animal feed ingredients

A total of 17% of animal protein and 7% of all proteins come from consuming fish
(72). This crucial food source currently uses fishmeal as the main feed for fish
farming, which comes from dredging oceans and using the fish considered too small
as the protein source. Considering that roughly 90% of the world’s fish have been
fully fished or overfished, a more sustainable method for feeding farmed fish is
necessary (44). Studies have shown that BSFL as a fishmeal replacement, or partial
replacement, not only do not have a negative effect on the fish, but also have
beneficial anti-microbial and anti-bacterial properties (23, 73-75). The growing list

of studies for fish that are shown to benefit from a BSFL diet includes many

37



Chapter 2

varieties such as turbot (76), seabass (77-79), carp (80, 81), catfish (82, 83), tilapia
(84, 85), trout (86), salmon (87), and sturgeon (88). The BSFL have also been used
in feeding livestock of poultry (89, 90), and have added to the environmental
enrichment and behavioural welfare of the poultry (22, 24). Using BSFL as a feed
replacement for swine produces pigs of the same quality protein and even enhances

desirable traits, such as growth performance and yield (22, 91-93).

2.3.4 Fertilizer

After consuming organic wastes, BSFL leave behind a substrate, or frass (insect
faeces), that is similar to compost (94). The frass for fertilizer industry is still
growing, however the same components found in modern-day fertilizer, like chitin
and nitrogen are found in frass. The potential benefits of these ingredients like
promoting plant growth, anti-microbial/anti-bacterial properties, and increasing
resistance to predators may be seen from the use of BSF frass. Studies are currently

underway to define these beneficial aspects of frass (Figure 2) (27).
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Increase in beneficial
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High quality proteins ;
for food and feed
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Figure 2: Schematic representation of insect production in a circular food production system.
Insects can transform organic waste into high-quality animal protein for food and feed. Here,
we discuss the possible use of insect residual streams as soil amendments to stimulate beneficial
microbiota and improve soil and crop health. (© Trends in Plant Science 2022)

The mass production of BSFL requires minimal land and utilizes organic waste
streams that would normally be dumped in a landfill. The food waste is recycled by
feeding it to the BSFL. Therefore, the use of BSFL as a protein source for a feed
ingredient not only results in multiple products, but also has minimal environmental
impact making them an ideal candidate for large-scale rearing for food

sustainability and waste reduction.

2.4 How to avoid unsustainable issues of mass rearing
Domestication and breeding programs selecting beneficial and desired phenotypic

traits have been around for thousands of years and were the start of agriculture and
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livestock rearing (95-97). The level of domestication can be broken into five
sections (Figure 3) and are dependent on the amount of gene flow from wild type
species and the control over the population by humans (97). Though insects have
been documented for many uses for millennia (10, 12, 14, 45), few insect
populations have been domesticated to the highest level which is entirely dependent
on human control with no gene flow from the wild. Only Bombyx mori and Apis
mellifera have been domesticated to this extent (Figure 3)(97). The domesticated
house cricket Acheta domesticus has been bred at level 4 (Figure 3) for agriculture
and feed; along with the Gromphadorhina portentosa (Madagascar hissing beetle)
bred for the pet industry (97). While few insect species have been categorized as
domesticated, the growing insects for food and feed industry is utilizing these
techniques to ramp up production to meet the growing global demands as

previously discussed in this chapter.
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Development of selective breeding programs
or organism engineering

Bombyx mori
Apis mellifera
Drosophila spp

Life cycle completed in man-controlled
environments without significant gene flow
from the wild

Bombus terrestris
Acheta domesticus

Life cycle completed in man-controlled
environments with significant gene flow
from the wild

Whiteflies parasitoids

Gromphadorhina portentosa

Stingless bees

Dactylopius coccus & Kerria lacca

First acclimatizati e
to man-controlled environments

Wild population o

Figure 3. Domestication process and insect domestication level. Numbers 05 refer to the
domestication levels [12, 18]. Characteristics of each domestication level are provided on the
left. Lines and points near the insect species names show the range of domestication degrees
observed among populations of the species. (O Animal Domestication 2018)

However, these domestication strategies are known to result in consequences to the
species being reared, such as phenotypic alterations and sustained genetic variation
(97). As the science progressed, the genotypes causing desirable phenotypes started
to be more understood and became the driving force behind selective breeding
operations (96, 98, 99). Large-scale rearing in controlled environments over

generations can have negative effects on the population being reared and is why
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large-scale breeding operations consider not only the beneficial phenotypic traits,
but also the genetic health and welfare of the species (29, 100). When focusing on
phenotypic traits advantageous to mass production, traits like growth rate,
generational length, and muscle size, without the understanding of genetic trade-
offs for selecting specific traits can lead to the overall decline of a breeding line of
animals (98, 101). This was seen in chicken, cattle, sheep, and pig rearing, where
they selectively bred out too many traits without understanding the population
genetics and the animals became sick (29, 30). Specific to insects, mass rearing
techniques can lead to degradation of a colony’s genetic diversity, beneficial traits,
and robustness of the population. Lab colonies of insects show high loss of genetic
diversity, often ending up not being representative of wild type species. (31, 102,
103). Also, the domestication of Bombyx mori has led to the loss of flight and
camouflage (104). Therefore, selective breeding programs should consider the
entire genetic landscape of a species to better provide a sustainable and healthy

population.

2.4.1 Population genetics

Understanding the population structure and genetic diversity of a species is pivotal
to identifying and incriminating causal genetic variations of phenotypes needed for
large-scale breeding protocols (32-34). The use of whole genome sequencing
(WGS), as opposed to marker/ddRADSeq/Genotyping by Sequencing (GBS), gives
a more precise picture of the variation in a species. By looking at the whole genome,
“ascertainment bias” of using markers and SNP chips developed to find previously
identified regions of diversity in a population is reduced (105, 106). In non-model

species, where relatively, little is known about the genome, these regions may give
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a slanted view of genetic diversity, either less or more variation due to the smaller

sampling of the genome (32, 107).

Classifying a species population structure and diversity can be achieved through
cataloguing both neutral and adaptive variations in the genome. Neutral variation
takes a summary statistics approach to classify a genome, highlighting the
heterozygosity and relatedness of the individual and populations (32-35).
Identifying the type of variant, transition versus transversion, can highlight
potential amino acid changes (108). Inbreeding coefficients highlight relatedness of
populations by measuring the probability of two individuals having identical genes,
either on the individual or population level (109). More statistics include nucleotide
diversity (m) across genomes, which has the base assumption that alleles are
randomly distributed and measures the number of substitutions and polymorphisms
between populations (110, 111). Higher nucleotide diversity has also been linked
to functional segments of the genome (112), whereas adaptive variation examines
selective pressures a species has experienced based on environment, geographic
locations, and resources. Tajima’s D (TD) is a statistical test describing allelic
frequency based on a model of neutrality across the genome in a population,
meaning no selection pressures are occurring and mutation is random (113, 114).
By examining these variations through the lens of adaptation to selection pressures,

regions of variation due to these pressures between populations can be located.

2.4.2 microRNA
The development of new rapid sequencing techniques has opened up the possibility
of in-depth mapping of gene expression in populations. Understanding the gene

expression of BSF will provide better information as to the most efficient and robust
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methods of mass rearing the flies as an alternative protein source. Gene expression
studies, used to develop mass rearing techniques for agriculture, are well accepted
throughout the industry (36, 37). In the context of insects, gene expression studies
have shown that microRNAs affect biological traits such as a fecundity and larval
development through gene regulation (38-40). In locusts, microRNA regulation

allows for phenotypic plasticity due to environmental changes (41).

microRNA is a small, highly conserved regulator of gene expression (Figure 4)
(38). microRNA functions by aligning with messenger RNA (mRNA) to post-
transcriptionally regulate gene expression (42). Since the discovery of microRNA,
thousands of sequences have been identified in multiple species, and have been

linked with gene expression in the miRBASE database (www.mirbase.org). Next

generation, rapid sequencing techniques are now able to thoroughly cover the
genome by utilizing the small non-coding regions of microRNA (115, 116),

allowing full coverage at different life stages of an organism.
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Figure 4: Steps of microRNA binding to the 3’ UTR region of the target mRNA (adapted from
© Vasulu, 2015) microRNA binds to mRNA causing down-regulation of the mRNA target
gene. (NRNA = messenger RNA)

Multiple insects have already been mapped for their microRNA, showing how
biological and behavioural functions are regulated by microRNA at different life
stages (38, 41, 42, 117, 118). Understanding the biological and behavioural
functions of BSF will provide data to improve environmental rearing conditions
that are suited to BSF genetic predisposition. The use of microRNA expression
maps to establish selective breeding protocols has not yet been completed.
However, this novel technique would allow for rapid selection processes for
breeding, and innovative methods of environmental control, to increase production

efficiency of an alternative sustainable protein source that is greatly needed.
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2.5 Current knowledge of BSF genetics

Studies being conducted on the genetics of the BSF are greatly increasing in number
but are still relatively few. Two high quality genomes have been reported now (119,
120), but for years before that only a draft genome was known (121). These
advances have allowed for further investigation into the genetic landscape of this
important agronomic fly. Until more recently, most genetic work on BSF has
focused on the gut biome (122-125). In 2021, two studies were published describing
population structure between BSF that built a complex, geographically distinct and
resilient BSF genetic history (28, 126). The Kaya et al. study described 16 distinct
genetic clusters of BSF from both wild and captive populations from 150 global
populations, and a species originating in South America (28). Global expansion of
the species is believed to have stemmed from shipping trades and the relative
historically recent BSF farming industry (28, 126). One study has looked at the
genetic link to phenotypic traits in 4 genetically distinct populations and found a
direct “strain-by-diet” connection highlighting the importance of understanding the

genetic background of BSF for optimised rearing (127).

2.6 Conclusions

A growing global population and changing climate have made food sustainability
and security a world-wide concern (1, 2). The main challenges in meeting the
growing demand are increasing food production and reducing waste using
sustainable methods (1). The growing demands on protein producers and the
dwindling resources available has made it clear that novel sources of protein need
to be found (3, 8). Insects have had a long history of being part of the human food

chain (12), and are an excellent source of protein and other nutrients in feed for
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animals (13). Specifically, BSF is uniquely suited to the task of meeting scalability
challenges, has a wide range of valuable products, and digests organic waste leaving
a beneficial frass for fertilizer, therefore meeting protein demand while reducing
waste (22, 27, 67, 68). When scaling up production of BSF to meet protein
demands, there are potential pitfalls of which to be aware. Mass rearing causes loss
of genetic diversity which could be reducing the efficiency of feed conversion and
health of the fly (31, 102, 103). While studies involving BSF have increased
exponentially (17), the genetics of the fly are still not fully discovered (28).
Investigating the genetic diversity and microRNA expression of BSF may help to
inform optimised breeding protocols and environmental conditions for mass

rearing.
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Chapter 3: The impact of scaled rearing on the genetic diversity
among three African populations of Hermetia illucens (black

soldier fly)

3.1 Introduction

By the year 2050, world demand for food production is predicted to increase by
50% due to a growing population (1, 128), but the supply of world food production
is expected to drop by 25% during that same time (1). Climate change and
unsustainable methods of manufacturing are key factors in this decreased
production (1). The management of the coinciding organic waste associated with
this food production increase provides another problem, as one third of food
production becomes waste (129). The need to find both sustainable and scalable
resolutions to these problems has led to the exploration of insects as one possible
alternative resource, due to their relatively short life cycle and small environmental
impact (120). Out of the 2,000 species already being utilised as a food source (12),
BSF has become popular for its nutrient content and omnivorous diet. BSF are
found worldwide and have been approved to provide a sustainable source of protein
for fish and animal feeds (19, 20, 75, 78, 130). They contain high protein, crude
fats, and chitin during their different developmental life stages (15, 25, 63-66). BSF
produces beneficial products such as feed, biofuel, and fertilizer by feeding on
waste streams that would have previously gone to landfills (67-69). These benefits,
along with the fact that BSF are non-nuisance and not mechanical vectors (21, 25),
make them an ideal sustainable and scalable solution to the growing demands on

food production and waste management.
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The genetics of BSF are just now starting to be reported, with two genomes recently
published to high quality resolution (119, 120). Zhan recently published the midgut
transcriptome and the use of CRISPR/Cas-9 to map genetic pathways to phenotypes
in industrial scale reared BSF, as well (119). A baseline study has identified sex and
developmental microRNAs of interest, along with another study characterising
some population structure in one mass reared population (120, 131). Identifying
and describing the population structure and genetic variation of a species is
important in determining sustainable and genetically robust breeding protocols for
LS rearing facilities (32, 52, 132). Understanding the genetic landscape of BSF is
necessary to develop LS breeding protocols that can avoid colony collapse (133)
and loss of genetic diversity through colonization found in other arthropods (25, 31,

124).

This study aimed to describe the genetic diversity and report chromosomal regions
of interest due to selection pressures of three populations of BSF: LS, MS, and SS
reared. Investigating the genetic diversity of BSF provides a genetic understanding
of the environmental impacts of scalable breeding protocols and how BSF adapts

to its environment.

3.2 Methods

3.2.1 Sample collection

BSF samples were collected from three different populations: large-scale (LS),
medium-scale (MS), and small-scale (SS) reared. These scaled labels were
determined by the level of artificial rearing conditions and the number of flies
reared per day. LS rearing involves mass numbers (> 10 tonnes/day) of BSF being

reared under controlled but artificial environments. The LS flies were reared under

49



Chapter 3

large-scale factory breeding conditions (by AgriProtein Technologies Ltd in
Philippi, South Africa), fed a standardized proprietary diet created around
commercial ingredients of layer hen feed, and allowed to consume ad libitum. Flies
collected in Nairobi, Kenya, were reared under standard but artificial conditions
with a population under 10 tonnes/day and were considered MS reared. The third
population was collected from Durban, South Africa in a SS, “free range” non-
artificial environment, with under 1 tonne produced per day. Both the LS and MS
flies were kept at 28°C (+2°C), 80% relative humidity, under 12-hour day and night
cycles. The SS population did not control environmental conditions. Due to
budgetary constraints, three adult females and three adult males were collected from
each population, except from the LS population, of which only 2 samples, one male

and one female, were used.

3.2.2 DNA extraction

Samples were collected and stored in 100% ethanol at room temperature until DNA
extraction (134). The flies were then frozen with liquid nitrogen and ground into a
powder using a mortar and pestle. A DNeasy Blood & Tissue Kit from Qiagen (135)
was used to extract all DNA following the standard protocols of the kit. A Qubit
dsDNA Broad-Range (BR) Assay (Invitrogen™) was performed, according to
manufacturer’s instructions, for quality control and to determine the concentration
of DNA extracted for sequencing. After extraction, all samples were stored at -

80°C. Samples were then shipped for sequencing.

3.2.3 Sequencing
Extracted samples were shipped to Macrogen Inc. (Seoul, South Korea) for WGS.

Paired-end library construction of 14 samples was completed using the Illumina
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TruSeq DNA PCR-free kit (136). Read lengths were 151 base pairs. Only two
samples, one male and one female, were used from the LS population, but were
sequenced at 30X coverage. The lower sample number was due to a supplier change
in what sequencing was offered, causing the cost to be prohibitive for 6 samples.
At the time of sequencing in 2018, no reference genomes were available (first
reference genome NCBI: assembly iHerlll2.2.curated20191125 published in
2020)(119), therefore sequencing at a higher depth (30X) of two samples for
comparison was thought to be best practice. Three males and three females were
sequenced for both the MS and SS populations at 10X coverage. Sequences were

quality checked using FastQC (v0.11.7) (137).

3.2.4 Read processing and analysis

Reads were trimmed using Trimmomatic (v0.39)(138, 139) software and the
provided Illumina adapter sequences (140). The reference genome of H. illucens
was used to map the reads (NCBI: assembly iHerlIll2.2.curated20191125). After
indexing, reads were aligned to the reference genome using BWA (v0.7.17) (141).
Aligned reads were then sorted, and duplicates marked using the Genome Analysis
Toolkit (GATK4) (v4.2.0.0) (142). The GATK4 Broad Institute best practices for
germline short variant discovery was followed for variant discovery(143, 144),
except the recalibration of base quality scores (BSQR) step, as there were no known
single nucleotide polymorphism (SNPs) databases available at the time of
processing to run BSQR. Variant calling was completed using the HaplotypeCaller
in GVCF mode. Samples were then jointly called to provide unfiltered variant files
for each sample. Variant files were then filtered to remove Insertion/Deletions

(InDels) because of coverage being under 100X and filtered according to GATK
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hard filtering recommendations (143, 144). Density plots of all filters were
completed to ensure that the parameters were appropriate for sample filtration (QD
min 2, FS max 60, SOR max 3, MQ min 40, MQRS -12.5 to 12.5, RPRS -8 to 8).
Further filtration was run on sites missing more than 15% data. BCF stats from
BCFtools (v0.7.17) (145) were used to calculate transition vs transversion ratios ,
VCFtools (v0.1.16) was used to calculate inbreeding coefficients (146). Calculating
SNPs that were unique or shared between populations was done using BCFtools
ISEC command (145). PLINK (v1.90b4) calculated the principal component
analysis (PCA) of the three populations (147). Nucleotide diversity (ND, n) and
Tajima’s D (TD) were run on these filtered data using VCFtools (v.0.1.16) over 20
kb sliding windows (146). The diversity of the genome was calculated over total
populations and represented in box and scatter plots to compare the statistical values
of m between sexes and chromosomes. Higher values for m are indicative of more
diverse genomes, and is a descriptive statistic used in conjunction with TD and PCA
to locate areas of genetic differentiation between populations. As this was a whole
genome scan, TD values were considered significant if they varied +2 from the
majority of TD values found across the sliding windows and were described using
box and scatter plots of the statistical values. Overall positive or negative trends in
TD values were also included to describe selection pressure the genomes may be
experiencing, where positive TD values are linked to less rare alleles being
identified and population balancing selection pressures. Negative TD values are
indicative of rare alleles being present in large numbers across genomes that have
potentially experienced recent selective pressures, such as population growth after

bottlenecks. Microsoft® Excel and R studio were used for analysis and
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visualization of data in scatter plots for regions of interest (148, 149). See Appendix

B for analysis pipeline.

3.3 Results

3.3.1 Population diversity

The total number of variants found after running HaplotypeCaller, and before
filtering for all samples, was 896 million. Selecting only SNPs and filtering for high
quality scoring, as described in the GATK hard filtering, 127 million SNPs were
considered for further analysis. After filtering for high quality biallelic SNPs, the
LS population had a mean number of SNPs for the whole genome at 22 million.
The number of SNPs per chromosome followed according to the size of each
chromosome, with chromosome 1, the largest in size having the largest number and
chromosome 7 having the lowest number of SNPs reported. This pattern was
followed by all BSF populations. The MS population had the next highest number
across the whole genome with 39 million, and the SS population identified 47
million. The Transition vs Transversion (Ts/Tv) mutation rate across all three
populations was similar, with LS having 1.757 Ts/Tv, MS equaling 1.759 Ts/Tv,
and SS reporting 1.757 as well. The inbreeding coefficient (Fis) for the LS
population was lower than for the MS and SS populations. LS showed a 0.083 Fis,

while MS was 0.281 Fis, and the SS population was 0.327 Fis. All populations
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showed significant drops in mean SNPs and Ts/Tv when examining chromosome

7, with their inbreeding coefficient rising instead (Table 1).

Table 1: Whole Population SNP Summary by genome and chromosome of Hermetia illucens.
Abbreviations: Ts/Tv = Transition / Transversion; F = inbreeding coefficient

Large Scale (n=2)

Medium Scale (n=6)

Small Scale (n=6)

Mean Mean Mean
Biallelic Ts/Tv F Biallelic Ts/Tv F Biallelic Ts/Tv F

SNPs SNPs SNPs
Whole Genome | 21,712,568  1.757  0.083 | 39,170,830  1.759  0.281 | 46,611,091 1.757  0.327
Chr1 4,804,470 1.745  0.120 8,211,962 1.748  0.174 | 10,032,836 1.748  0.303
Chr 2 3,721,833 1.754  0.029 8,057,305 1.756  0.448 8,947,633 1.755  0.333
Chr3 3,466,328 1.756  0.000 7,187,492 1.757  0.239 7,950,174 1.757  0.295
Chr 4 4,002,006 1.764  0.112 7,136,217 1.765  0.294 8,164,077 1.764  0.332
Chr5 2,812,014 1.738  0.130 4,266,360 1.742  0.262 5,859,050 1.741  0.347
Chr 6 2,687,823 1.790  0.095 3,925,424 1.793.  0.210 5,155,450 1.779  0.359
Chr 7 218,096 1.806  0.235 386,072 1.820  0.486 501,872 1.824  0.523

3.3.2 Principal component analysis (PCA) highlight population similarities

The PCA was performed on 14 individuals in three populations and their SNP

profiles. PCA predicts the three populations are similar, with over 30% of the

variation explained in the first two principal components (PC). PC1 explains almost

20% of variance, and PC2 following with 11%, but the following PCs 3 through 14

all explained below 10% each of the variance (Figure 5). The SS population

displayed the only separation from the other samples. The PCA predicts that the LS

and MS populations are more similar in variation than the SS population.
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Figure 5: Principal Component Analysis (PCA) of three populations of Hermetia illucens using
14 individual’s single nucleotide polymorphisms. Populations were large-scale (n=2), medium-
scale (n=6), and small-scale (n=6) reared BSF. Only the small-scale population displayed
distinct clusters, while large- and medium-scale populations were indistinguishable. Percent
variation explained by Principal Component 1 (PC1) and Principal Component 2 (PC2) in
parentheses. Populations are colour coded with large--scale as red, medium-scale as green,
and small-scale as blue. Large-scale is hard to see as it clustered with medium- and small-scale
clusters in the centre.

3.3.3 Unique and shared SNPs between BSF populations

The number of unique SNPs found for the LS population was 2,879,596,
representing 2.3% of the SNPs found. The MS population had 9,272,861 (7.3%)
unique SNPs, and the SS population had the largest number of unique SNPs with
21,654,251 (17.1%) (Figure 6). A total of 18,002,677 shared SNPs, comprising
14.2% of SNPs, were found in all three populations. MS and SS populations shared
the most SNPs at 31,078,615 (24.5%), followed by the MS and LS populations
sharing 23,544,872 (18.5%), and SS and LS sharing the least at 20,571,080 (16.2%)

SNPs (Figure 6).
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Figure 6: Venn diagram of unique & shared SNPs between three populations of Hermetia
illucens. The large-scale population (n=2) is represented in yellow; medium-scale population
(n=6) in green; and small-scale population (n=6) in blue. Shared SNPs are in overlapping
sections of circles with medium- and small-scale populations sharing the most SNPs, and SNPs
shared by all three populations in the centre overlapped by all three circles. Numbers are in
the millions.

3.3.4 SS rearing produces nucleotide diversity

The nucleotide diversity (7) was calculated using 20 kb sliding windows across the
whole genome and each chromosome. The LS population had the lowest whole
genome nucleotide diversity at 0.014 , MS population in the middle with slightly

higher 0.015 7, and the SS displaying the highest diversity with 0.018 &t (Figure 7).
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Whole Genome Nucleotide Diversity
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Figure 7: Whole genome sliding window box plot of nucleotide diversity (i) for three
populations of Hermetia illucens. Sliding windows of 20kb nucleotides were used to cover
whole genomes for each population. The small-scale population contained the highest it of the
three populations. The large-scale population (n=2) is represented in yellow; medium-scale
population (n=6) in blue; and small-scale population (n=6) in green.

A similar pattern holds across the first three chromosomes for each population,
where the LS population has the lowest, MS in the middle, and the SS population
with the highest nucleotide diversity. Chromosome 4 appeared equally diverse
across the populations. The LS population topped the MS population mean diversity
on chromosome 5, but still followed the SS. Chromosome 6 displayed the only time
that the LS population had the highest mean nucleotide diversity of the three
populations. Chromosome 7 expressed lower diversity than the other six
chromosomes, LS and MS populations equal to 0.009 & and the SS population at

0.012 = (Figure 8).
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Chromosomal Nucleotide Diversity Across Populations
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Figure 8: Chromosomal sliding window box plot of nucleotide diversity (m) for three
populations of Hermetia illucens. Sliding windows of 20kb nucleotides were used to cover
chromosomal genomes for each population. The large-scale population (n=2) is represented in
yellow; medium-scale population (n=6) in blue; and small-scale population (n=6) in green.
(Chrom # = chromosomal number)

The 14 individuals were split into male and female for further analysis of nucleotide
diversity. Chromosomes 1 and 2 both displayed male diversity higher than the
females in the LS population, then switching for the females to be higher on
chromosomes 3, 4, 6, and 7. Chromosome 5 was almost identical between sexes at
0.015 = for each. The MS males were higher in diversity on chromosomes 1, 2, 4,
and 5. Chromosome 5 was distinctively lower diversity for females with 0.012 for
females and 0.016 for males. Females had higher nucleotide diversity on
chromosomes 3, 6, and 7. Interestingly, the SS population males had higher

nucleotide diversity across all chromosomes except chromosome 7 (Figure 9).
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Large Scale Male & Female Nucleotide Diversity
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Figure 9: Chromosomal sliding window box plot of nucleotide diversity (i) of three
populations of male and female Hermetia illucens. Sliding windows of 20kb nucleotides were
used to cover chromosomal genomes for each population. The large-scale male population
(n=1) is represented in light yellow and female (n=1) in dark yellow; medium-scale male
population (n=3) in light blue and female (n=3) in dark blue; and small-scale male population
(n=3) in light green and female (n=3) in dark green. (Chrom # = chromosomal number)
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3.3.5 Tajima’s D (TD) more extreme in MS and LS rearing

The mean TD across the whole genome for the LS population was the lowest
(0.171) of the three populations, with MS (0.263) and SS (0.289) populations being
very similar (Figure 6). Across the chromosomes, at least 50% of TD values in the
LS population fell between -0.5 to 0.5. However, chromosomes 3 and 7 had more
TD values in the negative than positive with 52% and 57% respectively. The range
of TD values were tighter in the LS population (2.33 to -0.87) compared to MS
(2.76 to0 -2.29) and SS (2.6 to -2.04). In general, the LS population mean TD values
were lower than the MS and SS populations, except on chromosomes 1 and 2
(Figure 10). The MS population trended along the same values as the SS population,
except for chromosome 2 where it was higher, and chromosome 5 where it was
lower (Figure 10). The SS population remained steadily above 0.2 TD across all

chromosomes except 1 and 2 where the values were closer to neutral (0).
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Figure 10: Mean Tajima’s D sliding window chromosomal values across three Hermetia
illucens populations. Sliding windows of 20kb nucleotides were used to span chromosomal
regions. The large-scale population is represented in yellow, medium-scale in green, and small-
scale in blue. (Chr# = chromosome number; WG = whole genome)
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Less than 10% of TD values in the LS population were between +1.5 to 2.5, except
chromosome 2 and 7 which had 16.8% and 11.3%, respectively, as shown in

Supplementary Table S1 (Appendix A) and Figure 11.
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Small Scale Population Tajima's D Range
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Figure 11: Percent positive and negative Tajima’s D of three populations of Hermetia illucens
by chromosome. Green themed brackets are positive, red themed brackets are negative.
Neutral (0) Tajima’s D were found only in the LS population and were too small in scale to
visualize therefore, a black line indicates neutral.
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Chromosome 2 in the LS population had the highest percentage of TD values
greater than + 2 comprising 9% of the values, with all other chromosomes only
having 3% or less of their values hitting above 2 TD. The MS population was all
majority positive TD, with chromosome 1 coming the closest to majority negative
with 44% negative TDs. The MS population had the most TD values hitting above
2 (240) or below -2 (50) (Supplementary Table Table S1 (Appendix A); Figure 11).
The SS population displayed a bell-like curve with the majority of values in the -
0.5 to 0.5 range and only a few on the far ends of the values (Supplementary Table

Table S1 (Appendix A); Figure 11).

3.3.6 Chromosomal regions of interest under potential selection pressure

Regions of interest were defined as areas on the chromosomes that displayed both
low nucleotide diversity and high TD (+2). The SS population produced no TD
values above or below +2 across all chromosomes. Chromosomes 1 and 2 of the LS
population displayed highly positive TD values (> 2) that were grouped together in
large runs (Figure 11, A). These areas coincided with drops in the nucleotide
diversity on the chromosome as well. However, chromosome 2 showed a large
region, almost 100 kb in length, with varying levels of nucleotide diversity (Figure
11, A). The MS population is the only one that displayed TD values lower than -2
(Figure 11, B). Chromosome 1 had a roughly 20 million base pair region of highly

negative TD values, and chromosome 5 had a smaller 10 million base pair region.
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3.4 Discussion

The value of BSF as a scalable resource for both feed and waste management
continues to increase over the years, especially considering current global climate
change. This study investigated genetic diversity and established SNPs across three
populations at varying levels of scaled rearing. Understanding the population
structure and genetic variation between populations and the impact of scaled rearing
on H. illucens will help to create sustainable breeding protocols for large-scale

operations.

A high number of SNPs were found on all samples, even after quality filtering. The
average 1.75 Ts/Tv ratios were only slightly lower than the expected non-human
1.8 ratio, however this is not unusual, particularly in insects (150). The inbreeding
coefficients were all positive but low values, indicating that there were fewer sites
of heterozygosity than expected, however, no values that would indicate poor
mapping. Chromosome 7 has not yet been defined as a sex chromosome, but the
data from this study corroborates the data in other studies that suggest chromosome

7 is a sex chromosome (120, 121).

The results of the PCA showed all three populations very closely grouped together.
The SS were the only ones to have outlying samples of the three populations. Even
though the three populations were collected from separate geographic locations and
rearing conditions, the parental origins of each population are unknown.
Considering that most artificially reared BSF populations are propagated from
similar breed stocks purchased from limited breeder sources in the United States or
China (28, 119, 151), the similarities in the population’s genetic profiles are not

unexpected. The separation of the SS population may represent the higher genetic

65



Chapter 3

diversity found in that population’s genomes. The split of the SS population in the
PCA highlights the potential impact of scaling up rearing on the genetic diversity
of BSF, as it has been shown that BSF undergo intense founder effect selective
pressures in the first generation that is artificially reared (133). The number of
unique and shared variants found between the three populations also corresponds
with the grouping found in the PCA (Figure 5). The SS population produced the
highest number of unique SNPs between the three populations. In addition, the large
unique genomic diversity found in the SS population was not found in the other two
populations. The MS group had higher numbers of unique variants than the LS
group, however both were a steep decline from the SS population. The MS
population shared the most SNPs with the other populations, potentially due to
selection pressures of medium scale rearing helping to maintain genetic diversity
more than current large scale rearing practices. The unique SNPs found in each
population may offer insight into what selection pressures scaled rearing practices
generate. The patterns of the LS and MS populations separating from the SS group
in the PCA and displayed in the lack of unique SNPs, corresponds to similar

changes in lab-reared colonies of insects (31, 102, 103).

The mean nucleotide diversity (m) of all three populations was low (1.4% to 1.8%)
but is similar to the other reported 7 in another BSF population of 1.5% (120).
Nucleotide diversity remained similar across all chromosomes, except for
chromosome 7, which had below 1% for all populations. This may be due to it being
an unreported sex chromosome. The MS population’s chromosome 5 reported the
lowest 7, outside of chromosome 7, with 1.2%. Interestingly, the TD mean values

described in these populations were substantially lower than the only other reported
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TD value of BSF, which may be due to differences between the genetically distinct
populations (127). While there are no mean TDs of negative value, a closer look at
their breakdown (Figure 11) shows a more equal spread between negative and
positive values for chromosomes across all three populations. Only the LS
population had two chromosomes (3 & 7) with the majority being negative TD
values. Both low nucleotide diversity and negative TD are indicators of higher
numbers of rare alleles being found and could highlight areas undergoing a selective
sweep in the LS genome (111-113). The low mean TDs highlighted specific regions
across the genomes that had significant increases or decreases in TD values. When
defining significance using TD changes on WGS data, any shift from the “norm”
or average value can be considered significant due to the large amount of data from
which to calculate the values (152). As this study is a first pass through reporting
WGS genetic variation data of BSF, only TD values that went above 2 or below -2
were examined, to focus on potential regions of interest that may be undergoing
selection pressure. The SS population did not show any extreme ranges in TD,
which corresponds to a more diverse genome undergoing less selection pressures.
The LS population had two chromosomal regions (chromosomes 1 and 2) with
highly positive TD values (> 2) that may indicate a balancing selection pressure on
a population that has undergone a bottleneck (Figure, A & B). The MS population’s
uniquely negative (< -2) TD regions may indicate areas that are experiencing a
selection pressure in those regions and could be the focus of a future study.
Chromosome 5 was also found to be of interest in another study of BSF, with a
large run of homozygosity found (120). Overall, the LS population appears to be

under the highest level of selection pressure, with chromosomes 3 and 7 displaying
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mainly negative potentially selective sweeps. Along with the negative TDs, the LS
population had the greatest number of TD values outside of the majority (above or
below -0.5 to 0.5). While it did not have the highest values found, which was in the

MS population, it appeared to have the most values differing from the majority.

3.4.1 Limitations and future work

The genetic variation data established in this study were all completed as a baseline
study for a relatively small group of BSF. The WGS data provides an excellent
resource for narrowing the search for regions of interest on the BSF genome that
have not yet been described. However, future work should involve a larger sample
size, as this study was unable to make direct comparisons between sexes due to the
change in samples sequenced in the LS population. Therefore, future studies
focusing on larger sample sizes, with the same low coverage will help to increase
the certainty of the genetic diversity of BSF. A study with deeper sequencing of
chromosomal regions of interest and corresponding phenotypic data aimed at the
unique SNPs found in the populations could emphasize pressures of different scaled
rearing protocols on BSF. Also, focusing on the areas that may be under selection

pressure will highlight potential candidate genes for breeding protocols.

3.4.2 Conclusion

The description of the genetic diversity between three populations of BSF
highlights the effect of scaled rearing environments on the species genome. While
the differences are not enough to distinguish the populations between LS and MS,
the SS population expressed more diversity and less selective pressure on its
genome. The need to fully understand the genome of BSF and how it adapts to LS

artificial rearing environments will only continue to grow in importance as the

68



Chapter 3

demand for sustainable feed and waste management resources grows in the coming
years. This study therefore helps to create a wider base of knowledge and
understanding surrounding the BSF populations being mass produced to meet this

need.
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Chapter 4: microRNA profile of Hermetia illucens (black soldier
fly) and its implications on mass rearing

4.1 Introduction

The world population is projected to reach 9.8 billion by the year 2050 (128),
meaning food production needs to increase by 50% (1). However, food production
is expected to decrease by as much as 25% by 2050 due to climate change and
unsustainable traditional methods of manufacturing food (1). To combat this
decline, new methods of attaining the three major resources involved in food
production including food, water, and energy, must be found (43). Due to the
increasing demands for protein, it is important to explore sustainable, alternative,

large-scale protein sources that are environmentally friendly.

Insects are one alternative source of protein, with an estimated 2,000 species already
being consumed mainly in low- and middle-income countries (12, 130). The black
soldier fly (BSF) is a species found worldwide and can be used as a sustainable
animal and fish feed (19, 20, 75, 78). Depending on the organic substrate the black
soldier fly larvae (BSFL) are fed and the extraction process, they can contain a
range of 40-60% protein, up to 47% lipid, and 3-8% chitin in prepupae (15, 25, 63-
66). This makes them not only a good protein source, but shows potential for a
variety of derived products, and has minimal environmental impacts. Due to these
facts, and that they are not a nuisance species, or mechanical disease vector (21,
102), they are an ideal candidate for LS rearing for food sustainability and waste

reduction (70, 153).
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The potential uses for BSF are numerous; however, until recently little has been
done to fully understand their genetics and the implications of mass rearing. The
majority of studies have only explored the BSF midgut microbiota (122-125). In
2015, a draft genome was published (121), and in 2020 the full genome was
sequenced at a depth of 300x coverage (119). Another study still in preprint, has
covered the genome using long read PacBio sequencing (120). The midgut
transcriptome, and the application of the gene modification tool CRISPR/Cas-9
have also been recently reported for adapting BSF to industrialization (119).
Multiple insect genomics studies (barring BSF) have demonstrated the role of
microRNA in regulating biological and behavioural functions at different life stages
(38, 41, 42, 117). As arthropod genetic diversity is known to diminish through
colonization (102, 154), looking directly at gene regulation via microRNA
expression explores how the BSF adapts to the mass rearing environment. Mapping
the baseline microRNA expression data will provide crucial information on the
large-scale development of BSF into an economically sustainable protein source.
This study creates a database of novel microRNAs and their expression levels
across five life stages and two sexes in BSF and provides candidate microRNAs

with potential impact on BSF mass rearing.

4.2 Methods

4.2.1 Sample collection

Hermetia illucens (black soldier fly, BSF) were reared under factory breeding
conditions by AgriProtein Technologies Ltd. in Philippi, South Africa. The flies

were fed ad libitum on a standardized proprietary diet based on the commercial
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composition of layer hen feed. All life stages were kept at 28°C (+£2°C), 80%

relative humidity, under 12-hour day and night cycles.

Fifteen specimens were selected across five life stages: egg, larva, pupa, adult
unmated female, and adult unmated male. The 15 specimens consisted of triplicates
(biological replicates) for each of the five life stages. In order to acquire enough
material to extract microRNAs according to methodology(155, 156), an egg batch
laid from a single female was used for each egg replicate. The egg batches were
laid one day prior to collection. Larvae were collected during the L5 instar, which
was defined as day 21 (£2) from egg. The L5 instar was selected due to its size and
ease of identification, along with the life stage’s importance in protein production.
The pupal stage was defined as day 28 (+2) from egg. Adult females and males

were collected before being allowed to mate.

4.2.2 microRNA extraction

All specimens were harvested on the same day and transported to the lab in sterile
falcon tubes (Corning, USA). The flies were left to acclimate to the lab for 60
minutes after transport to allow any stress from travel to reduce. The samples were
then flash frozen with liquid nitrogen and ground into a powder. The lysing agent
QIAzol (157) was used, and the microRNA extraction kit miRNeasy Mini Kit
(155)(MD, USA) from Qiagen following standard manufacturer’s protocols. A
Qubit RNA Assay (Invitrogen™) was performed for quality control and to ensure
enough microRNA was extracted for sequencing. After extraction, all samples were
stored at -80°C. To ship samples for sequencing, the microRNA was stabilized at

room temperature using RNAstable® (Biomatrica®).
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4.2.3 Sequencing

Extracted samples were shipped to Macrogen Inc. (Seoul, South Korea) for small
RNA sequencing. Illumina TruSeq Small RNA Library construction of the 15
samples was completed. Sequencing was done on an [llumina HiSeq 2500 machine

with 8 million reads per sample.

4.2.4 Read processing and analysis

Sequences from the 15 different libraries were quality checked using FastQC
(v0.11.7)(137) Reads were filtered for any non-canonical letters, and the 3’ adapters
were trimmed, followed by the removal of any reads shorter than 18 nucleotides
long using the MiRDeep2 (v.2.0.1.2) program (158). The genome of H. illucens
was used to map the reads (NCBI: assembly iHerlll2.2.curated20191125). The

genome was indexed for mapping using Bowtie (v1.1.1)(159).

After mapping the reads, MiRDeep2 was used to identify any exact matches to
published microRNAs (miRBase, v22.1) (160-167) found in the sample reads.
Initially, all known microRNAs from miRBase were used, then filtered for
arthropod species only for more closely related relevance of the microRNAs. The
microRNAs found were given read counts using the Quantifier.pl script from

MiRDeep2.

4.2.5 Differential expression

Differential expression was calculated using the DESeq2 (168) package in the R
programming language. Expression was calculated based on read counts that were
normalized using DeSeq?2 statistical program. DeSeq2 normalizes read counts for

sequencing depth and RNA composition. Five different life stages were compared:
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Egg to Larva, Larva to Pupa, Pupa to Female, and Pupa to Male. DESeq?2 utilized
a negative binomial generalized linear model to test for statistical significance in
expression between the life stages. Raw read counts are normalized using a median
of ratios method which accounts for sequencing depth and RNA composition.
Therefore, read counts were normalized for more than reads per million to account
for differences in sequencing quality and length of microRNAs. All analyses were

completed using R (169-171). See Appendix C for analysis pipeline.

4.3 Results

4.3.1 Sequencing and mapping

The microRNA from five different life stages, (egg, larva, pupa, adult unmated
female, and adult unmated male) of /. illucens were extracted and sequenced to
complete a baseline assessment of the species. Illumina TruSeq Small Library
platform was used to create microRNA libraries. The total raw read count for the
life stages ranged from 10.6-16.4 million reads with an average sequence length of
51 nucleotides (Table 2). More than 98% of the reads had Phred quality values
(PQV) of 20 and 96% with PQV of 30. After the reads were filtered for lengths
smaller than 18 nucleotides and any non-canonical values, the average reads were
10.9,9.1, 11.4, 12.1, and 10.5 million for egg, larva, pupa, adult unmated female,

and adult unmated male, respectively.

The percentages of total filtered reads that mapped to the BSF genome were: 3.0%
of egg, 0.5% larva, 1.4% pupa, 8.2% female, and 6.4% male libraries. The second
larval replicate only had 5.4 million reads after filtering, which lowered the overall

larval library mapping (Table 2).
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Table 2: Summary of Hermetia illucens reads sequenced and mapped. Abbreviations: E =egg;
L=1larva; P= pupa; F=female; M=male; 1-3=replicate; avg=average of 3 replicates.

Total
Total Raw Filtered Mapped Unmapped Mapped Unmapped
Reads Reads Reads Reads (%) (%)
1E 10,634,038 10,485,727 202,996 10,282,731 1.9% 98.1%
2E 11,391,345 1,058,752 312,488 10,746,264 2.8% 97.2%
3E 11,630,268 11,143,061 471,985 10,671,076 4.2% 95.8%
Eavg 11,218,550 10,895,847 329,156 10,566,690 3.0% 97.0%
1L 13,716,268 11,013,749 46,243 10,967,506 0.4% 99.6%
2L 16,363,975 5,374,681 18,318 5,356,363 0.3% 99.7%
3L 14,753,374 1,077,735 74,337 10,703,020 0.7% 99.3%
Lavg 14,944,539 5,822,055 46,299 9,008,963 0.5% 99.5%
1P 11,717,837 10,156,757 157,402 9,999,355 1.5% 98.5%
2P 14,142,734 11,927,696 265,560 11,662,136 2.2% 97.8%
3P 12,674,729 11,982,861 89,089 11,893,772 0.7% 99.3%
Pavg 12,845,100 11,355,771 170,684 11,185,088 1.5% 98.5%
M 10,958,506 9,495,353 955,239 8,540,114 10.1% 89.9%
2M 12,428,650 11,973,265 474,068 11,499,197 4.0% 96.0%
iM 10,665,444 10,037,438 527,529 9,509,909 5.3% 94.7%
Mavg 11,350,867 10,502,019 652,279 9,849,740 6.5% 93.5%
IF 13,126,901 12,795,661 585,428 12,210,233 4.6% 95.4%
2F 14,284,210 13,860,109 579,082 13,281,027 4.2% 95.8%
3F 11,691,808 9,695,009 1,560,275 8,134,734 16.1% 83.9%
Favg 13,034,306 12,116,926 908,262 11,208,665 8.3% 91.7%

4.3.2 Identification of novel microRNAs in Hermetia illucens

Analysis of the 15 BSF libraries was completed using MiRDeep2 software
(v.2.0.1.2), and alignment of all known arthropod microRNAs from miRbase
(v22.1) was used to discover the baseline microRNAs of BSF. As BSF is a novel
species with no known/reported microRNA, all microRNA found were considered
novel. Any microRNA identified to be conserved across other known arthropods
are referred to as conserved, and the microRNA that have yet to be identified in any

other species are defined as unique microRNA. In order to be considered unique,
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both the mature and star sequence needed to be present and found in at least 2 of

the 15 libraries.

A total of 192 novel microRNAs were found across the 15 BSF libraries. Of these,
168 were found to be orthologous to known arthropod microRNAs (Supplementary
Table S2, Appendix A), and 24 were found to be unique microRNA of BSF

(Supplementary Table S3, Appendix A), not identified in any other species.

4.3.3 Differential expression
microRNA differential expression was calculated with log fold changes (LFC) of
0,2, 5, and 10 in expression between life stages of egg to larva, larva to pupa, pupa

to adult female, pupa to adult male.

Twenty-six of the 168 microRNAs conserved across arthropods had a statistically
significant (p-adjusted value < 0.05) differential expression between egg to larval
stages. Nearly half (14) of these 26 microRNA were downregulated and 12 were
upregulated. Development from larva to pupa was characterized by 16 statistically
significant (p-adjusted value < 0.05) differentially expressed microRNA with equal
amount up- and downregulated transcripts. Differential expression of seven
microRNA were detected as statistically significant (p-adjusted value < 0.05)
between pupa to adult female (3 microRNA upregulated and 4 microRNAs
downregulated). microRNAs from pupa to adult male had 9 statistically significant

expression changes (4 microRNAs upregulated and 5 downregulated (Table 3).
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Table 3: microRNA with statistically significant regulation between life stages of novel
Hermetia illucens microRNA with the same seed as known arthropod microRNA.

P i reme
Up Regulated 12 8 3 4
Down Regulated 14 8 4 5
Total mlcrogl(:ISA w/ p-adj < 26 16 7 9
Total microRNA 168 168 168 168

A total of 44 microRNAs (23% of the total microRNAs) showed differential
expression between at least two stages with an LFC of £2. These included 31
microRNAs conserved across all arthropods and 13 unique to BSF. A total of 40
microRNAs (21% of the total microRNAs) showed differential expression between
at least two life stages with an LFC of +5 (30 conserved across all arthropods and
10 unique to BSF). Finally, 21 microRNA were identified with an LFC of £10 (11%
of total microRNA). These included 18 microRNAs conserved across arthropods

and 3 microRNAs unique to BSF (Figure 13 and Table 4).

Seven of the unique 24 microRNA were detected exclusively in single life stages.
The egg life stage expressed five microRNAs not seen in any other life stages (hil-
miR-m, hil-miR-p, hil-miR-r, hil-miR-s, and hil-miR-u; Supplementary Table S3,
Appendix A). The female adult and pupa life stages expressed one microRNA each
(hil-miR-h and hil-miR-ac respectively; Supplementary Table S3, Appendix A).
Both male and female adult life stages expressed 3 shared microRNA (hil-miR-a,
hil-miR-b, and hil-miR-y,; Supplementary Table S3, Appendix A). There were no

unique microRNAs found only in the larva stage.
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Table 4: Summary of Hermetia illucens microRNAs differential expression log fold change

(LFC).
Log Fold Change Total LFC+2 LFC+5 LFC+10
microRNA
Known arthropod microRNA 168 31 30 18
H. illucens unique 24 13 10 3
Total microRNA 192 44 40 21

4.3.4 Predicted target genes
BSF microRNAs were searched against experimentally validated target genes in
Drosophila Melanogaster (D. melanogaster) using Flybase.org (FB2020 _06) (172)

and MirTarBase (http://mirtarbase.cuhk.edu.cn/php/index.php) (173) to extrapolate

BSF genes targeted for microRNA regulation. D. melanogaster was chosen as the
closest relative to BSF with experimentally validated target genes. These databases
represent curated published, and experimentally validated microRNA-target gene
pathways. Fifty-six genes were found to be targets of 22 BSF microRNAs. The
target genes covered a range of developmental functions in Drosophila (Table 5).
In the absence of experimentally verified BSF microRNA targets, the closely
related insect species (D. melanogaster) provided greater understanding of the
development of the fly during rearing. The predicted target genes are characterized
by 21 known gene families, the majority identified as C2H2 Zinc Finger
Transcription Factors gene family. The second highest representative family was
the Basic Helix-Loop-Helix Transcription Factors (negative regulators of notch
signaling pathway), followed by RHG Proteins family. The Bearded Gene Family
and ABCG ATP-Binding Cassette Transporter Subfamily matched two genes each.
The other 16 gene families were each represented by single genes. Each of these

genes were targeted by multiple microRNAs.
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Table 5: Novel Hermetia illucens microRNA with orthologous microRNA and their predicted
target genes in Drosophila. Abbreviations: LFC = Log Fold Change between life stages listed

Novel H. illucens Known Predicted Egg to Larva  Pupa Pupa
. . . to to to
microRNA with Target Gene in Larva
same seed D hil LFC Pupa Female Male
rosopra LFC LFC  LFC
hil-bantam-3p w 2.563  -0.926 -0.78 -1.172
hil-let-7-5p ab 2.074 8.84 0.832 0.192
hil-miR-124-3p ana, gli -4.198  5.269 1.485 0.65
Amyotrophic lateral
sclerosis 2, CG11377,
S CG17065, CG18542,
hil-miR-1-3p CG31121, Chd64, crim, 0.403 0.48 -1.166  -1.493
DI, Jafrac2, Msr-110,
Nedd4, sinu, tutl
hil-miR-14-3p EcR, Ice, IP3K2, sug 1.84 0.078 -0.675 -0.828
hil-miR-263a-5p w -0.335  2.089 1.466 1.184
hil-miR-276a-3p DopR 1.816 2.127 0.417 0.008
hil-miR-278-3p ex, tup 10.304  -0.466  2.175 1.362
hil-miR-279-3p esg, nerfin-1, os, SP555  -3.171 0.839 0.388 0.604
hil-miR-283-5p COS, SMO 1.562  -2.857 -0412 -0.267
o o f— grim, reaper, skl, hid, -
hil-miR-2a-3p & LA 3.466 1.563 0.821 0.693
hil-miR-315-5p Axn, Notum -1.824 1.066 0.843 0.772
hil-miR-316-5p 1A-2 7.816 0.174 2.418 1.813
hil-miR-317-3p yellow-c 1.164  -1.118 1.486 14.041
hil-miR-34-5p Eip74EF, Su(z)12 6.163  -6.769 -6.126 -5.636
hil-miR-5-5p SmMo 2.074 0 -4.82 -6.715
oq e, fng, h, HLHmS5,
hil-miR-7-5p 1(1)MZ4, iHog, ttk -9.097 3.818 -0.892  0.181
CG13060, CG32767,
hil-miR-8-3p CG8420, Cpr56F, ena, 2.353  -0.304 -0.043  0.173
Gug, pan, ush, wls
hil-miR-92a-3p sha -7.694 2342 0.993 2.052
hil-miR-9a-5p Bx, dg, sens -2.725  -0306  1.621 1.746
hil-miR-iab-4-5p abd-A, Ubx -6.179  4.019  -0.978 1.564
hil-miR-iab-8-5p abd-A, Abd-B, Ubx 2.074 0 0 -7.464
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4.4 Discussion

This study established a baseline survey of novel microRNAs, both conserved and
unique, in the BSF and their expression levels across 5 different life stages and
identified likely target genes for these microRNAs. Like most species, the BSF
genome retains a highly conserved microRNA library as evidenced by the large
numbers of orthologous microRNAs found from a wide range of arthropod species
in the miRBase database. Focusing our microRNA discovery pipeline on known
arthropod species microRNA only, allowed for a stronger comparative analysis of
potential microRNA function in BSF. Finding orthologs of microRNAs across
species results in a higher power of discovery for de novo microRNAs (174). The
high number of orthologs found for each microRNA family, along with the strict
identification criterion utilized by the miRDeep2 program for mature, star, and
precursor sequences, provide high confidence in the microRNAs found in the BSF
genome. These new BSF microRNA add another species that follow the highly

conserved nature of microRNA across all species.

Overall, 192 novel microRNAs were found in BSF, with the vast majority
conserved (87%). The 24 unique microRNAs, that passed the criteria to be included,
came from a group of 91 potentially unique sequences found. The criteria used
ensured that reporting would only include highly likely candidates. However, the
many sequences not considered candidates represent a potential larger network of
microRNAs for future study. The limited number of libraries per life stage (3) could
mean some candidate sequences were missed. BSF has already been seen to have a
divergent and large genomic landscape (119), and the number of microRNAs

follows suit.
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4.4.1 Stage specific microRNA expression

Understanding the basic expression levels across the life stages has led to a better
understanding of stage specific microRNA regulation. Seventy-four conserved
microRNAs were found to be specific to a single life stage, while only 27 were
found across all life stages (Supplementary Table Table S2, Appendix A). These
may be important for gene regulation linked to life stage specific development. The
unique microRNAs identified had a number of life stage specific microRNAs:
(Egg) hil-miR-m, hil-miR-p, hil-miR-r, hil-miR-s, hil-miR-u, (Pupa) hil-miR-ac,
(Female) hil-miR-h, (Male and Female) hil-miR-a, hil-miR-b, and hil-miR-y. These
10 represent nearly half (42%) of the unique microRNAs found. This life stage
specificity may be due to too low frequencies of the fragments to be detected
through sequencing in the other life stages. However, these 10 unique microRNAs
provide insight into the egg, larva, pupa, and adult life stages of BSF, and can be
used to compare the developmental regulatory differences of microRNAs to those
of other insect species (175). The inclusion of separate male and female life stages
allows insight into the sex-linked microRNAs of BSF, and their potential functions
in development in sex differentiation (176, 177). For instance, hil-miR-h, hil-miR-
317-3p, hil-miR-3805a-5p, and hil-miR-2548-3p displayed different expression
levels between female and male samples. The unique microRNA of hil-miR-af was
found in the larval and male stages, but not the female life stage. These stage
specific microRNAs provide valuable developmental information unique to BSF
showing their genetic adaptability and divergence from other insect species (118,

119, 175).
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Eighteen conserved microRNAs were found with substantial (LFC 10) expression
regulation between at least two life stages. While these do not have any known
experimentally validated predicted target genes, the level of differential expression

makes them microRNA of interest for future study.

4.4.2 microRNA target prediction

Looking at the functions of possible target genes highlights how important the
regulation of microRNA is in the development of insects. While most of the
predicted target genes deal with cell development, differentiation, and death, the
target genes discussed below were selected for having the greatest potential impacts

on the mass rearing of BSF (Table 5).

bantam-3p has been well established in D. melanogaster and involved in the cell
differentiation, apoptosis, neural development, and germ line maintenance (178,
179). The microRNA is expressed during the 3™ larval instar stage, regulating
optical disc and photo receptor differentiation (179). bantam is linked to mediating
the circadian rhythm proteins (clk) in D. melanogaster. Overexpression of bantam
causes a lengthening of the circadian period (180). BSF bantam expression follows
a path consistent with the developmental role it has been identified to play with
higher expression in larva, followed by a decreasing trend from larva to pupa, and
both adult stages where it was heavily downregulated. Both factors may be
exploited for optimal mass rearing as BSF have been shown to have a direct

relationship between length of light exposure and egg production (181).

The let-7 microRNA is one of the first to be identified in C. elegans and is known

to be highly conserved across most species (182). Controlling expression of /et-7 is
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essential to prevent deleterious phenotypes such as wing, fertility, motility, and
flight deficiencies from unusual abdominal musculature maturation (39, 182-185).
let-7 has been shown to regulate the ecdysis pathways during molting stages in ticks
(186) and silkworms (187). The microRNA has been seen to increase in expression
over the third larval instar, with highest expression levels in the pupa stage, in D.
melanogaster (182). BSF let-7 follows the same expression pattern, peaking in

expression during the pupal stage.

Overexpression of mir-14 leads to lean D. melanogaster (188). Sugarbabe is one of
the target genes for mir-14 and has been shown to be controlled by both diet nutrient
levels and mir-14 targeting in the face of nutrient deprivation (189). The non-
nutrient dependent nature of mir-14 regulation has led to flies being obese during
starvation (189). As BSFL fat content is a known beneficial part of the role of BSF
as sustainable feed additive (190), being able to potentially increase fat content

would be a useful tool in the mass rearing process.

4.4.3 Future work

The baseline of conserved and unique novel microRNAs in the BSF genome were
all identified by utilizing established computational methods. As BSF is a novel
species with a relatively new genome, the baseline data identified here should be
confirmed through laboratory validation. These microRNA sequences should be
used to confirm the predicted target genes and regulatory pathways. Once validated,
the microRNA can be harnessed in breeding protocols to improve mass rearing of
BSF by understanding how they adapt to different environments (38-40) and are

being used in the grape and olive industries (36, 191).
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4.4.4 Conclusions

The conserved and unique microRNA described in this study form an essential
understanding of gene regulation in the economically and environmentally
important species of H. illucens and will provide potential targets for genetic
manipulation of this species in order to improve its use as an alternative protein

source.
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Chapter 5: Conclusions and future work

5.1 Key findings

The global challenges facing the future of food security include being able to meet
the protein demands of growing populations of low- and middle-income countries.
Not only does protein production need to increase, sustainable and resource
preserving methods also need to be found (1, 2, 4-6). The use of insect meal as a
feed ingredient is one solution, and BSF are considered the “crown jewel” of the
industry (17). The biology of the BSF lends to a shortened production cycle due to
their shorter life cycle (67), and reduction in organic waste that would normally be
sent to landfill (67-70). However, the challenges facing the BSF industry are
threefold: public acceptance, legalisation, and scalability (16). This study focused
on the scalability issues involved with mass rearing and finding genetic data to

support selective breeding programs ensuring efficient and healthy fly colonies.

Genomic diversity of a population is an indicator of the general health of a species,
as well as adaptability and selection pressures faced (30). Lower genetic diversity
has been found in captive populations of BSF, regardless of geography, highlighting
the importance of understanding the trade-offs involved with artificial rearing of
populations (28). By comparing WGS data of three populations reared at different
scales, the effect of scale on the genetic profile of BSF was explored. The
inbreeding coefficients and Ts/Tv ratios showed nothing abnormal in the sequence
data or between populations. PCA and identification of unique and shared SNPs
across the three populations indicated that the SS population did not group together
with the MS and LS populations. The SS population also had the most unique SNPs

found between the three, followed by MS and LS. Examining areas of the genome
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that had low nucleotide diversity and extreme Tajima’s D values (+2) revealed
regions at a chromosomal level that may be undergoing selection pressures. Six
regions of interest on four chromosomes were defined in the LS and MS
populations. The SS population did not have any extreme TD values. Interestingly,
the LS population displayed the most negative TD values, while not all were
extreme, variation of TD values in WGS data can be considered important based on
deviation from the majority values. This indicates that the LS population was
undergoing the most pressures of the three populations. Captive BSF have been
shown to lose genetic diversity and display little distinct genetic footprints without
suffering from high inbreeding coefficients (28). Breeding programs in Asia that
currently utilize outcrossing with local wild populations did not see meaningful
divergence from other non-outcrossed captive populations (28), therefore
discovering the causes for such uniformity in reared populations is necessary. While
itis expected that LS, MS, and SS populations would have large, medium, and small
effects, identifying the specific corresponding genetic data in this study provides a
platform to understanding the potentially negative or positive rearing conditions for

BSF.

Along with describing genetic diversity and regions undergoing potential selection
pressures, a baseline survey of novel microRNA, both unique to BSF and conserved
across arthropod species, was completed. Of the 192 BSF microRNAs found, the
majority were conserved across other insects, with 24 being unique to BSF. In other
studies, mapping of insect microRNA has helped the understanding of biological
and behavioural functions being regulated at different developmental life stages

(38, 41, 42, 117). The expression profile reported in this study was able to define
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74 conserved microRNAs specific to a single life stage and 27 conserved found in
all life stages (Supplementary Table S2, Appendix A). Almost half of the unique
microRNAs found were life stage specific. Separating out male and female adult
microRNAs identified multiple with differing expression levels between the sexes.
As this a baseline study, stringent parameters were adhered to for distinguishing
microRNAs and their expression levels. Differential expression analysis was able
to specify changes in log fold values of 2, 5, and 10 between life stages, with
highlighting 18 microRNAs a LFC of 10. The highly conserved nature of
microRNA provides the ability to compare BSF profiles to other closely related
insects who have already had their functions experimentally validated (192). Some
microRNAs have known to have target genes they are regulating through
experimental validation (38, 178, 182, 186, 189). Three validated microRNA
(bantam, let-7, mir-14) target genes were discussed as potential targets based on
their relevance to mass rearing. bantam is linked to circadian periods (180). let-7
has been shown to influence negative phenotypes and moulting stages (185-187).
Finally, controlling the expression of mir-/4 has manifested in non-nutrient

dependent obesity in flies (189).

5.2 Limitations and future work

The novel work completed in this study required some limitations on conclusions
that could be drawn. During the course of investigation, two high quality genomes
were published. While these publications greatly advanced the work being done,
experimental design for sequencing had already been decided and completed. The
genomes for the populations of the genetic diversity study were sequenced at

different depths. Due to cost restraints, a higher depth of coverage could only be
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completed on two genomes, which were going to be used as a “reference” genome,
with the other two populations being mapped to it. However, that was no longer
necessary, and in the end all three populations were mapped to the published
reference genome. Had this reference genome been available before sequencing,
more samples would have been sequenced at lower coverage to obtain a higher

sample size for stronger power in experimental design.

The baseline nature of the data described contributes towards the growing body of
knowledge on the genetics of BSF and lays groundwork for future clarification of
the interactions between the optimal genotypes and phenotypes of mass reared BSF.
Future work would be able to zero in on the areas of interest discovered in this
study, allowing for a deeper coverage of these potentially pivotal chromosomal
regions. Additionally, more samples being added to a database of SNPs of mass
reared BSF will benefit validation and implications for linking beneficial
phenotypes. Further validation of the novel microRNAs found through established
computational methods would include experimental validation and potentially

knock out regulatory studies linked to phenotype.

5.3 Concluding remarks

The current concerns for food security are centred around a growing population and
the consequences of unsustainable food production methods. The problem calls for
solutions that are not only able to meet protein demand but be able to be
environmentally sustainable by not relying on overuse of precious natural resources
like land and water (1, 2, 6). Along with resource draining methods, the system

currently includes inefficient waste management protocols by losing 21% of the
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food produced (44, 193). The BSF industry involves upcycling and valorising waste

into much needed products like protein and fertilizer.

There are limited data available on the genetics of BSF, which have a divergent and
complex genomic landscape (28, 119, 120, 127, 131). Understanding the genetic
pathways to beneficial phenotypes used to make in-demand products is crucial for
this nascent industry. This study adds to the current published genetics by
describing the implications to the genetic diversity and regions of chromosomal
selection pressures under varying levels of scaled rearing. Additionally, this project
was the first to report a survey and life stage expression profiling of microRNA and
their predicted target genes. Understanding the role of genetics in the
materialization of beneficial phenotypic traits will support and streamline the very
necessary mass production of BSF as one sustainable solution to the growing

demands of our world.
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Appendix A

Appendix A: Supplementary tables

A.1 Supplementary Table 1

Table S1: Tajima’s D values by chromosome for three populations of Hermetia illucens. Chr#
= chromosome #; LS = Large-Scale population (n=2); MS = Medium-Scale population (n=6);
SS = Small-Scale population (n=6).

Tajima's D Range Tajima's D Summary
2.5t03.0]2.0t02.5]1.5t02.001.0t0 1.5]0.5t0 1.0} 0t00.5 0 -0.5t00}1.0t0-0.41.0to-1.4-1.5 to -2} -2 to -2.5] Positive | Negative] >2 > -2
- LS 0 276 584 713 1500 2971 4 3621 1398 0 0 0 6048 5019 276 0
5 MS 6 33 129 646 2040 3394 0 2917 1432 342 131 26 6248 4848 39 26
SS 1 1 41 534 2337 3554 0 3141 1367 125 0 0 6468 4633 2 0
~ LS 0 856 750 538 1127 2161 5 2261 1835 0 0 0 5437 4096 856 0
5 MS 0 10 89 866 3012 3480 0 1740 326 26 6 0 7457 2098 10 0
SS 0 4 39 384 2004 3369 0 2612 1015 123 5 0 5800 3755 4 0
e LS 0 122 442 509 975 2231 6 2385 2333 0 0 0 4285 4718 122 0
5 MS 0 14 145 883 2261 2856 0 1936 781 122 16 0 6159 2855 14 0
SS 0 2 66 677 2419 3130 0 2077 599 43 2 0 6294 2721 2 0
< LS 0 115 236 579 1362 2666 8 2489 1201 0 0 0 4966 3690 115 0
5 MS 0 6 62 609 2243 3122 0 1882 585 117 23 2 6042 2609 6 2
SS 0 3 23 502 2416 3440 0 1837 399 31 0 0 6384 2267 3 0
" LS 0 187 195 346 873 1694 2 1641 903 0 0 0 3297 2544 187 0
5 MS 1 18 205 829 1418 1272 0 764 646 521 152 15 3743 2098 19 15
SS 0 0 22 359 1680 2466 0 1130 178 6 1 0 4527 1315 0 0
< LS 0 143 151 265 745 1573 2 1312 976 0 0 0 2879 2288 143 0
5 MS 27 120 351 742 1225 1274 0 874 337 148 71 4 3739 1434 147 4
SS 0 1 37 373 1570 2123 0 923 128 18 0 0 4104 1069 1 0
- LS 0 44 2 23 56 164 1 159 270 0 0 0 330 429 44 0
5 MS 0 5 27 114 196 196 0 139 68 13 9 3 538 232 5 3
SS 1 6 22 78! 224 228 0 111 59 39 " 1 554 217 7 1
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A.2 Supplementary Table 2

Table S2: Conserved Hermetia illucens microRNA identified in other arthropod species.
microRNA provisionally named using hil for species and number taken from microRNA
identified in other arthropod species. Identical locations collapsed and those with multiple
locations included below the bold. If no other location is listed, all microRNA were found on
the same location. *Life stage abbreviations: E=Egg; L=Larva; P=Pupa; F=Female; M=Male

microRNA H. illucens  Life Stage* L((e:tg)th Mature Sequence Chromosomal (CHR) Location
hil-miR-11927 F 18 aaaaagaucgucaucuga 5 100529647 100529731 -
hil-miR-10361b-3p L; P 18 aaaauggucgguacaaug 3 100641948 100642016 -
hil-miR-5-5p F; M 23 gg gugagaug 3 74335108 74335168 -
hil-miR-283-5p E;L;P,F.M 23 aaauaucaguugguaauucuggg 5 78708512 78708576 -
hil-miR-929-5p P;FsM 21 aaauugacucuaguagggagu 3 43096789 43096847 +
hil-miR-100-5p E;P;FsM 22 aacccguagauccgaacuugug 4 72410015 7241007 -
hil-miR-6055-5p E 23 aagacgaagggegegeeggacgg 4 55779648 55779721 -
hil-miR-281-2-5p E;L;P;FsM 22 aagagagcuauccgucgacagu 1 39007412 39007470 +
hil-miR-3227 L;M 21 aagcaauugauugucggeauc 6 99897234 99897278 -
hil-miR-6042-3p E;L;P;F;M 22 aaggaacgaucguugugauauc 4 124627187 124627247  +
hil-miR-2a-3p L;F:M 19 aaucacaggaguauacugu 4 113107875 113107929  +
hil-miR-3805a-5p E;F 22 aaucacaucagcucuuuucuau 4 124626532 124626604  +
hil-miR-279d-5p P 18 aaugaguggggugaaguc 4 5324583 5324640 -
hil-miR-263a-5p E;L;P;F;M 24 aaugg gg gog 1 138404014 138404086  +
hil-miR-10361b-5p F 20 acacgauauagggacugeca 4 136417895 136417946  +
hil-miR-3859-5p P;M 18 accccacaccugacaccea 6 91542431 91542490 -
hil-miR-10-5p E;L;P;FsM 22 acccuguagauccgaauuuguu 3 2075187 2075245 +
hil-miR-iab-4-5p E;P;F;M 22 acguauacugaauguauccuga 3 389420 389478 -
hil-miR-2a-5p E 23 acucucaaagugguugugaaaug 6 28456131 28456191 +
hil-miR-190-5p E;L;P;F;M 24 agauauguuugauauucuugguug 2 147421568 147421629  +
hil-miR-6011-5p E;P;F 25 agaugaugcaacuuugaauggugag 357
agaugaugcaacuuugaauggugag 3 90462080 90462124 +
agaugaugcaacuuugaauggugag 3 90462101 90462150 +
agaugaugcaacuuugaauggugag 7 7194175 7194224 +
hil-miR-11903b F 25 agccauauuaucguucgageugaca 1 97288015 97288101 +
hil-miR-311-5p P 18 aggacggugucguagace 2 8609521 8609570 -
hil-miR-iab8-3p E 23 aggauacauucaguauacguaca 3 389421 389481 +
hil-miR-973-5p P:M 18 aggguuggcucugaagau 5 13228815 13228862 +
hil-miR-2775b P 18 aguaggacauugcuagge 152
aguaggacauugcuaggce 1 168226734 168226771 -
aguaggacauugcuagge 2 54877373 54877411 -
hil-miR-223-3p F:M 22 agucaguuguucuuuucuucaa 3 60062104 60062165 -
hil-miR-9378-5p E;F 19 aguggaguugucacuuuuc 2 46865742 46865784 +
hil-miR-4-3p E;L;P;FsM 23 auaaagcuagauuaccaaageau 1;4
auaaagcuagauuaccaaageau 1 158777862 158777923 +
auaaagcuagaucaccaaugca 4 124627018 124627078  +
hil-miR-314-5p F 18 auaacuuggegauuggac 2 138688743 138688804 -
hil-miR-9893-5p E 25 auaugaucgag geagugeegg 3 109202652 109202717 -
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microRNA H. illucens  Life Stage* L(z:tg)th Mature Sequence Chromosomal (CHR) Location
hil-3381-3p M 25 auauucauaugaccgucguccgggu 3 152519090 152519158  +
hil-miR-1000-5p E;P;FsM 22 auauuguccugucacageagua 6 1819714 1819771 +
hil-miR-181b-3p P 18 aucacugaaagucggecu 5 75841530 75841579 +
hil-miR-3752-3p L 19 auggauaaccgeugaagge 3 141380225 141380273 -
hil-miR-305-5p E;L;P;F;sM 24 auuguacuucaucaggugeucugg 1 190924436 190924495 -
hil-miR-2498b-5p P 20 caaagucugaugugaaauce 2 185673737 185673826  +
hil-miR-304-5p E;L;P;F;sM 23 caaucucaaauuguuauuguggu 5 78702696 78702759 -
hil-miR-3213-5p P 23 cacuacuugaucgcgacacucgg 3 100784348 100784398 +
hil-miR-10373-3p F 23 cagagaaagaugucaggcugguc 1 22883734 22883821 -
hil-miR-3228 P 19 cagaucaacuguaguuaag 2 14166820 14166910 -
hil-miR-34-3p E 23 cagccacuauccucccugeegee 3 44268799 44268861 -
hil-miR-311-5p L;P 21 cagcugggagagcaucuggeu 4 66232631 66232688 +
hil-miR-2780a-5p F 18 caggguguuguugugggce 3 151344004 151344062  +
hil-miR-2a-3p L;P;FsM 22 caucacagucugaguucuugeu 6 6765948 6766012 -
hil-miR-490-5p L 24 ccauggauucaguacguageggac 5 39325217 39325308 -
hil-miR-2856-3p M 20 ccauucgaggacagucugge 2 92165123 92165191 +
hil-miR-988-3p P;F;M 22 ccccuuguugeaaaceccacgu 1 102645320 102645378 -
hil-miR-278-5p E 23 ceggacgaggg! geg 4 137680214 137680273  +
hil-miR-977-3p F;M 22 cgagauauucaaaucguccagu 6 37625503 37625569 -
hil-miR-3338-5p M 22 g gggcggauuaggea 7 12253510 12253560 -
hil-miR-275-5p F;sM 23 cgcgeuaageaggegecagggeu 1 190924617 190924673 -
hil-miR-3375-5p P 20 cgcuaucuggguucagaacg 3 107907703 107907752 -
hil-miR-311-5p E 22 cggacgguuguuggguugeage 2 20179181 20179240 +
hil-miR-14-5p E;F 18 cggagegaggeuuggeea 4 59552727 59552773 +
hil-miR-6-2-5p E 23 cgggaacucuugeugugacugeu 6 6765948 6766012 -
hil-miR-1-371-5p M 22 cguuugauugauucccugaguc 4 120681598 120681663 +
hil-miR-252-5p E;L;P;FsM 22 cuaaguacuagugecgeaggag 5 52093567 52093622 -
hil-miR-6098 P;FsM 22 cuagugaucagucgacaucgau 1 57033124 57033184 +
hil-miR-3862-3p P 18 cucaggegguuagagege F 32965086 32965130 +
hil-miR-929-3p M 21 cucccuaacggagucagauug 3 43096789 43096847 +
hil-miR-3338 F 23 cuguacuugaucgeggeacucgg 5 110263129 110263194 -
hil-miR-961-5p E;F 25 cuugaucaguaggceuuucgguuuuu 1 183158507 183158596 -
hil-miR-263b-5p E;P;F;:M 23 cuuggceacugggagaauucacag 2 145800145 145800204  +
hil-miR-2548-3p F 19 cuugguguaaagguagacg 2 172424800 172424867 +
hil-miR-210-3p P;FsM 21 cuugugegugugacageggeu 5 70458922 70458979 +
hil-miR-993-3p E;P;FsM 23 gaagcucgucucuacagguaucu 3 29290170 29290254 -
hil-miR-3323 E 25 gaauacgauccuacggeggageage 3 96780080 96780148 -
hil-miR-3238 L 20 gaaugaauaucgugeaggau 4 8579804 8579865 +
hil-miR-11913 P 19 gauguuggugauccugugu 4 128395253 128395306  +
hil-miR-2280-3p F 20 gauuuacucugaaccegega 4 140003993 140004069  +
hil-miR-10357-5p P 18 gcagaaccuuaccuggee 1 180215809 180215844  +
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microRNA H. illucens  Life Stage* L(z:tg)th Mature Sequence Chromosomal (CHR) Location
hil-miR-3884-5p L 18 gcugaagecggucccaag 2 70251684 70251742 -
hil-miR-3777-3p P 19 gggaaacagaaccugaaac 4 43209498 43209567 -
hil-miR-9878-3p M 19 ggggauguagcucaguggu 3 102480797 102480859 +
hil-miR-309b-5p F 23 ggucaaaccccguucaguuggua 4 124627494 124627553 +
hil-miR-12418-3p P 19 gguucgauuccgguacucg 2 100712477 100712526  +
hil-miR-2796 E;P;FsM 23 guaggcecggeggaaacuacuuge 6 54741226 54741285 +
hil-miR-3212 L 22 gucacugugucgucgucgggga 6 90271124 90271178 -
hil-miR-2774a P 18 gucggugguuuuageggu 6 87657009 87657073 -
hil-miR-2999 E 18 gugegacggeuucuuuuu 1 44402081 44402133 -
hil-miR-988-5p E;M 22 gugugauuuguggeaaugggau 1 102645320 102645378 -
hil-miR-9a-3p E;P;F;:M 22 gcuag: geau 1 158777862 158777923 +
hil-miR-277-3p E;L;P;F;sM 23 g gguacg 3 44278531 44278596 -
hil-miR-965-3p E;L;P;F;sM 22 uaagcguauageuuuuccecuu 1 137738280 137738342 -
hil-miR-124-3p E;P;F;M 21 uaaggcacgcggugaaugeca 3 124681385 124681442 +
hil-miR-2767 E 25 uaaguaaacucacggegeagegage 1 221172208 221172261 +
hil-miR-8-3p E;L;P;F;M 23 uaauacugucagguaaagauguc 4 136264207 136264269 -
hil-miR-2788-3p P 22 uaaugcecuugg caaa 2 41199313 41199393 +
hil-miR-993-5p P;F 23 uacccuguaguucegggeuuuug 3 29290170 29290253 -
hil-miR-193-3p P;F;M 22 uacuggecuacuaagucccaac 2 41199119 41199207 +
hil-miR-285-3p E;L;P;F;:M 22 I auuc guge 2:3;6
uagcaccauucgaaaucaguge o 2410532 2410598 +
uagcaccacaugauucggeuu 3 9615069 9615127 +
uagcaccaugagauucagcuc 6 6758949 6759006 -
hil-miR-282-5p L;P;F;M 22 uagccucuacuaggeuuugucu 2 113258996 113259079 +
hil-miR-980-3p E;L;P;FsM 21 uagcugecuagugaagggeuu 4 9910182 9910247 -
hil-miR-276a-3p E;L;P;F;sM 2 uaggaacuucauaccgugeucu Z 96176203 96176262 -
hil-miR-140-5p P 18 uagugguuggaggacacu L 168301245 168301290  +
hil-miR-2a-3p E;L;P;FsM 23 uaucacagecageuuugaggage 6
uaucacagccageuuugaggag 6 28447811 28447874 +
uaucacagccageuuugaugageu 6 28456131 28456191 +
uaucacagccauuuugacgaguu 6 28447603 28447667 +
hil-miR-3276 L;P 18 uaugauuggggugaaguc 3 123593599 123593651 +
hil-miR-2838 P 25 uauucageacgegageggacauuga 1 136368508 136368575 +
hil-miR-92a-3p E;L;P;FsM 22 uauugcacauuucceggecugg 6
uauugcacauuucccggecugg 6 438169 438233 -
uauugcacuugucccggeeu 6 5670166 5670226 +
hil-miR-137-3p F 22 uauugcuugagaauacacguag 1 19827478 19827539 +
hil-miR-932-5p E;P;FsM 23 ucaauuccguagugeauugeagu 3 144505295 144505354 -
hil-miR-307a-3p E;L;P;FsM 21 ucacaaccuccuugagugage 4 138390625 138390686  +
hil-miR-2a E;L;P;F;M 21 geecag gaugag 6
ucacagccagcuuugaugage 6 28447036 28447100 +
ucacagccagcuuugaugage 6 28456131 28456190 +
hil-miR-3264 E;F 25 ucacaggaugauuggguggeuuggg 4 51937379 51937468 +
hil-miR-3-3p E;P;F;:M 19 ucacugggecgaguuuguc 3;4
ucacugggcaaaguuuaucuc 3 74334977 74335035 +
ucacugggaaagguuugucaga 4 124627352 124627412 -
ucacugggccgaguuuguccu 4 124627494 124627553 +
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microRNA H. illucens  Life Stage* L(z:tg)th Mature Sequence Chromosomal (CHR) Location
hil-miR-750 F 25 ucagaucuuguaugagacgeggecu 5 9660923 9661002 -
hil-miR-275-3p E;L;P;F;M 23 ucagg gaaguagegegeg 1
ucagguaccugaaguagegegeg 1 190924615 190924673 -
ucagguacuuagugacucuca 1 158769156 158769218 +
hil-miR-14-3p E;L;P;FsM 22 ucagucuuuuucucucuccuau 1 6613491 6613552 -
hil-miR-9385-5p L 18 ucaguguaccgaagaace 1 65538956 65538995 -
hil-miR-970-3p E;L;P;FsM 21 ucauaagacacacgeggeuau 5 90556233 90556296 +
hil-miR-4986-3p F 21 ucaucggacgeugeuucaccu 1 131419780 131419829 -
hil-miR-125-5p P;F;M 22 ucccugagacccuaacuuguga 4 72383122 72383181 -
hil-miR-278-3p L;P;FsM 22 ucggugggacuuucguccguuu 4 137680214 137680272  +
hil-miR-2a-5p E;L 23 ucucucaaagugguugugaaaug 6 28447811 28447876 +
hil-miR-998-5p E;L;P 22 ucugaacucucaugggecugea 6 6758949 6759006 -
hil-miR-3265 E 23 ucugagaggecageuugggegag 4 63355567 63355613 -
hil-miR-38390-3p E 24 ucuuguuggaaauguacuuggage 1;4
ucuuguuggaaauguacuuggage 1 6048991 6049061 +
ucuuguuggaaauguacuuggage 4 80857861 80857945 +
hil-miR-9a-5p E;L;P;FsM 22 ucuuugguauucuageuguaga 152
ucuuugguauucuageuguaga 1 158760631 158760693 +
ucuuuggugauuaageucugugg 1 158778316 158778379 +
ucuuugguuaucuagcuguauga 2 61885951 61886011 -
hil-miR-3279 M 22 ucuuuucaacaacugaccuuca 5 37098245 37098303 -
hil-miR-957-3p E;P;F;:M 22 ugaaaccguccaaaacugagge 2 277009 277075 +
hil-miR-317-3p E;L;P;F 25 ug geuggugg! gu 3 44334763 44334824 -
hil-miR-279-3p E;L;P;F;M (4 ugacuagauuugcacucauccg 34
ugacuagauuugeacucauccg 3 162862403 162862464  +
ugacuagauccacacucauuaa 3 71661045 71661110 +
ugacuagauaucaugcucgucu 3 71685196 71685263 +
ugacuagaccgaacacucgucage 4 124626873 12462693 +
hil-bantam-3p E;L;P;FsM 23 ugagaucauuuugaaagceugauu 2 172657695 172657755 -
hil-miR-958-3p L;P;FsM 21 ugagauucuucuauucuacuu e 9454370 9454430
hil-let-7-5p P;F;M 21 ugagguaguagguuguauagu 4 72384272 72384330 -
hil-miR-12-5p E;L;P;FsM 23 ugaguauuauauuagguacuggu 5 78702132 78702198 -
hil-miR-144-5p P;FsM 23 ugauaucauuuuguaagceugauu 1 80122407 80122459 -
hil-miR-3213-3p E 23 ugauaugaaauuugggagaaagg 4 150288034 150288086 -
hil-miR-4982-3p E 24 ugcuggaacugeaggucgguugac 1 97399443 97399519 -
hil-miR-7-5p E;L;P;F;M 24 uggaagacuagugauuuuguuguu 6 461937 461998 +
hil-miR-1-3p E;L;P;F;M 22 uggaauguaaagaaguauggag 3 176783749 176783810 -
hil-miR-184-3p E;L;P;F;M 22 uggacggagaacugauaagggc 1 43471172 43471232 +
hil-miR-219-3p F 23 uggacugug gacgee 7 769423 769477 +
hil-miR-31b-5p E;L;P;FsM 23 uggcaagaugucggeauageuga 1 47357143 47357205 +
hil-miR-34-5p E;L;P;F;sM 24 uggecagugugguuageugguugug 3 44268799 44268861 -
hil-miR-317-5p L;FsM 22 ugggauacacucugugeucgeu 3 44334763 44334824 -
hil-miR-2765 P;F;M 23 ugguaacuccaccaccguuggcg 6 8129158 8129216 +
hil-miR-316-5p E;L;P;FsM 22 ugucuuuuuccgeuuacugeeg 2 30659317 30659377 -
hil-miR-308-5p P 20 ugugguauccgageuggacu 4 91412364 91412417 +
hil-miR-263a-3p M 22 uguguucuuuguacuauggacu 3 133966825 133966911 -
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hil-miR-999-3p E;L;P;F;sM 22 uguuaacuguaagacugugucu 3 22030039 22030098 -
hil-miR-38510-2-5 E 23 uguuggeguugauuugauguggu 7 10614134 10614188 +
hil-miR-193-5p L 18 uguugggaaguuggugau 4 73469962 73470002 -
hil-miR-1002-5p E;L;F;sM 23 uuaaguaguaaauaaguagguga 3
uuaaguaguaaauaaguaggug 3 180202834 180202894  +
uuaaguaguaaauaaguagguga 3 180203029 180203089  +
hil-miR-iab-8-5p M 22 uuacguauacugaagguauace 3 389421 389481 +
hil-miR-2807a M 22 uuccage cucugaug 3 164949999 164950080  +
hil-miR-146¢-3p F 24 uuccaugguaaacucuugaggaga 7 1516677 1516765 -
hil-miR-2940-3p F 23 uucgacaggaauucugauggacu 4 148574138 148574203 -
hil-miR-3724-3p F 21 uucgugguauuuguuggeuge 1 104888228 104888287  +
hil-miR-981-3p E;P;F;:M 22 uucguugucgacgaaaccugea 5 58835647 58835708 -
hil-miR-263b-3p P 19 uugaauuugauacugggug 1 50551838 50551912 -
hil-miR-87-3p P;FsM 23 gagcaaaauuucaggugugug 1 162813456 162813518  +
hil-miR-33-5p E;L;P;FsM 21 uugcauuguagucgecauugua 5 54162908 54162968 +
hil-miR-2499-3p E;L;M 22 uugeggaucuauggacgucucu 1 161572119 161572180 +
hil-miR-2801 E 22 uuggaaucgauugguaacugge 2 98304661 98304709 +
hil-miR-3861-5p P 23 uuggaauuucucugagacauuuu 2 41199313 41199393 +
hil-miR-928-5p F 25 uuggeuguguugeuggageuggegu 4 35515572 35515665 +
hil-miR-2492-5p F 23 uugggaucaggecauuuugeugu 4 76411949 76412008 -
hil-miR-133-3p E;L;P;FsM 22 uugguccccuucaaccageugu 3 176248355 176248417 -
hil-miR-971-3p P;F;:M 21 uugguguuauaucuuacagug 4 39613879 39613936 +
hil-miR-11894a F 22 uuuaccauuaucguugeggeee 6 26336958 26337006 +
hil-miR-927-5p L;P;F;M 22 uuuagaauuccuacgeuuuace 5 3001374 3001432 +
hil-miR-956-3p E;P 20 uuucgagaccacuacaaacu 2 55097617 55097700 -
hil-miR-2744 P 18 uuugagaguuugauccug e 3655097 3655150 -
hil-miR-976-5p L 19 uuuggugauuauggeggag 3 75118931 75118996 -
hil-miR-2548-3p L 19 uuugguguuguaggacuge 2 41964183 41964252 +
hil-miR-274-5p P;F;M 2 uuugugaccgacacuaacgggu 2 43581222 43581305 -
hil-miR-3844-3p E 23 uuuguguggguuguggaaugagg 2 42800748 42800832 -
hil-miR-375-3p E;L;P;FsM 22 uuuguucguuuggeuuaaguge 3 112525535 112525597  +
hil-miR-3296-5p M 23 uuuugaguugeagagucgeugge 1 30541241 30541312 +
hil-miR-315-5p E;L;P;F;sM 23 uuuugauuguugeucagaaagee 2 141335340 141335401 +
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A.3 Supplementary Table 3

Table S3: Unique Hermetia illucens microRNA not identified in any other species.
microRNA provisionally named; identical locations collapsed and those with multiple
locations included below the bold. If no other location is listed, all microRNA were found on
the same location. *Life stage abbreviations: E=Egg; L=Larva; P=Pupa; F=Female; M=Male

microRNA Life Length .
. Mature ne hromosomal (CHR) Location
H. illucens Stage* (nt) ure Sequence Chro 0 (CHR) 1o
hil-miR-a F;: M 22 aacgauuugcucccuucuccag 5 97170454 97170508 -
hil-miR-b F;: M 22 aaugagcccgguauucugaaca 1 105897629 105897684 -
E;L;P;F;
hil-miR-f M 22 agcaguguuuaugaucaggeuu 6 9852651 9852712 +
hil-miR-g P;F 22 aggauugugacuggacaucgug 2 174068470 174068531 -
hil-miR-h F caccuaagcugucgaacaage 1 221194834 221194889  +
hil-miR-j F;P 21 ccagaacugagegauuuaaau 2;6
ccagaacugagcgauuuaaau 6 78783078 78783136 +
ccagaacugagcgauuuaaau 2 73070312 73070370 +
hil-miR-1 F;E 23 cccuccuugaucgeggeacucgg 2:3;4
cccuccuuaaucgeggeacucgg 2 188148995 188149056  +
cccuccuugaucgeggegeucgg 4 51883729 51883807 -
cccuccuugauegeggegeucgg 3 178862038 178862116  +
cccuccuugaucgeugeacucgg 2, 58573817 58573878 +
ccecugeuugaucgeggeacucgg 4 50750836 50750897 -
cccugeuugaucgeggeacucgg 4 50757250 50757311 -
hil-miR-m E 22 cuauacgaucugeuageuucce 4 72384272 72384330 -
hil-miR-n E;P;F;M 23 « g ggc ¢ 1 6471787 6471846 +
E;L;P;F;
hil-miR-o0 M 22 gagagugcugucguaccugace 1 158769156 158769218  +
hil-miR-p E 22 gecagaggugaggeagegucuga 7 10424208 10424283 -
hil-miR-r E 23 ggegaacauggaucuagugeacg 3 71685196 71685262 +
hil-miR-s E 23 gguguccacugeaggecuguaug 3 124681384 124681443  +
hil-miR-t F;:M 22 uacuguaaugaacuuggeggaa 4 149752585 149752641 -
hil-miR-u E 21 ucacuggauaaguuugucgua 4 124626721 124626783 +
hil-miR-v P;F;M 22 ucagacuuugegaucgaccuuu 3 141644304 141644363  +
hil-miR-w E;L 22 ucguuaauuuggucgugacgug 6 28447603 28447667 +
hil-miR-x E;F 23 ucuuuuucauuaggauccuucug 6 21724849 21724909 +
hil-miR-y F;:M 22 ugagecgguugaaucgeacgga 1 75691513 75691575 +
hil-miR-aa P;F 24 ugeaguguauuccuguguuuuugg 4 113107872 113107929  +
hil-miR-ac B 23 uucuuuucaacaacugaccuuca 5 37098245 37098303 -
hil-miR-ad E;F 22 uuggucgguaguggugaggage 2;7
uuggucgguaguggugaggage 7 1560975 1561018 +
uuggucgguaguggugaggage 2 19009895 19009959 +
hil-miR-ae P;F;sM 22 uuguggaacucgaugaugeage 2 18803235 18803293 +
hil-miR-af L;M 25 uuuucggaauguuguaauaaauaua 7
uuuucggaauguuguaauaaauaua 7 738404 738469 -
uuuucggaauguuguaauaaauaua 7 763802 763867 +
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A.4 Supplementary Table 4

Table S4: Unique Hermetia illucens microRNA log fold change (LFC) and P-Adjusted Value
between life stages. microRNA provisionally named; Green filled boxes represent statistically
significant up regulated LFC; Red filled boxes represent statistically significant down
regulated LFC.

Eggv Larva Larva v Pupa Pupa v Female Pupa v Male Female v Male
P-Adjusted P-Adjusted P-Adjusted P-Adjusted P-Adjusted
miRNA LFC Value LFC Value LFC Value LFC Value LFC Value
hil-miR-a 0.539 0.795| -0.352 0.843| -0.451 0.791| -2.129 0.232| -1.678 0.359
hil-miR-aa| 0.533 0.807| 3.470 0.328| -1.996 0.687| 3.988 0.155- 0.020
hi-miRac| 0513]  o.79s|iSi8ed  o.010[Ji5i088| 4.5se-o5|lBi868]  0.002| -1.184]  0.629
hil-miR-ad | -2.474 0.097( -0.348 0.843| -0.571 0.767 0.161 0.959( 0.732 0.703
hil-miR-ae| 0.514 0.807| 2.690 0.594| -3.815 0.169| -1.178 0.959| 2.638 0.377

hil-miR-af 6.88E-06 7.71E-05] 1442]  0.734 1.616-02 |SE8| 9.58E-11
hil-miR-b 0.795] -0.351]  0.843] -2.895]  0.115 0.064| -0.184]  0.868
hil-miR-f 1.46E-10 0.010[ 0.790] 0687 -1.579]  0.72 -0.790]  0.629
hi-miRg | 0.523|NA 0761  0843] 0942] 0707] 1.269]  0.746] 0327 0863
hi-miR-h | 0.539]  0795] -0355]  0.843 2.147]  0.250] 0.171] 0959 2318]  0.176
hil-miR- | 0.526|NA 0343  o0843] 0647] 0734 0.854] 0959 0.207] 0.868
hil-miR-|_GDOA 4.036-07| -0.349]  0.843[ BBl 4.586-05| 0.166]  0.950[WMARl| 1.886-05
hil-miR-m | -1.835|NA 0.349]  0843] 1713  0.668 0.154]  0.959] -1.559] 0581
hi-miR-n | -3.090]  0.073] 1738]  0.763] 0.726]  0.734] 0.068]  0959] 0784  o0.688
hil-miR-o 5.12605] 2.491] 0315 0.006] 0997 0.579]  0.959 -0.584]  0.761
hil-miR-p 3.436:05| 0350  0.843[ 1.254]  0730] 0.167] 0.959] -1.087]  0.688

3.496-09 0350 0.843[ 1.353]  0.708] 0.168] _ 0.959] -1.186]  0.668
hil-miR-s 0.018] -0357]  0843] 1.378] 0687 0.148]  0.959 -1.230]  0.629

0.795| -0.352 0.843| -0.351 0.827| -2.834 0.102| -2.484 0.104
4.64E-24| -0.348 0.843| 1.872 0.596| 0.168 0.959| -1.704 0.516
0.795| 1.272 0.763| -0.386 0.767d> 0.044| -1.968 0.080
2.04E-17| -2.989 0.209 1.514 0.687| 0.167 0.959| -1.347 0.629

3.41E-05] 0350  0.843 -1028] 0730 0.166]  0959] 1.194]  0.629
0.795] 0.354] o4 SR  o.0o7[JMNEEE 170E04] -1.049] 0.359

Egg v Pupa Egg v Female Egg v Male Larva v Female Larva v Male
P-Adjusted P-Adjusted P-Adjusted P-Adjusted P-Adjusted
miRNA LFC Value LFC Value LFC Value LFC Value LFC Value
hil-miR-a | -0.187 0.926| -0.639 0.707| -2.317 0.084| -0.099 0.979| -1.777 0.368
hi-miR-aa| -4.003] __ 0.0so[JBBMB8  o.005| -0015]  ooos[JBMMBB|  o0.020] 0518  0.809
hil-miR-ac _ 0.001| 1.173 0.507| -0.011 0.994| 1.686 0.310| 0.502 0.803

hi-miR-ad| 2.822]  0.063] 2.251]  0.068 0.036] -0.223]  0.964] 0508  0.803
hil-miR-ae| -3.204]  o.1s0f 0N  0.001 0.041] -6.505  0.005| -3.867]  0.151
hi-miR-af [ -0.211] 0.926] 1.230] 0.707 1.70E-09 1.586-06] -3.222[  0.264
hikmiR-b | -0.179]  0.926] -3.074]  0.026 0.018| -2.544]  0.119] -2.728]  0.114

hil-miR-f |G 9-62E-19 [RRB0] 1.61E-21 2.60E-24 1age-04 M 0.000
hi-miR-g | -1.284] 0431 -0.342]  0816] -0.015]  0994| 0.181]  0.64| 0.508] 0.803
hi-miR-h | -0.184]  0926] 2.331]  0.069] -0.013]  0994] -1.792  0.239] 0.526]  0.803
hil-miR- | -0.869] 0668 -0.222] 0858 -0.015]  0.994] 0304  o0.964| 0511]  0.803
hil-miR-| 1.306-07| 1.335]  0.432| 68| 5.85E-08 9.36£-:05| 0.514] 0803
hi-miR-m | 2.184 0002] 2338 0068 2.062] 0247] 0503 0.03
hicmiR-n | 1352 0707] 1.421]  0346| -2.453]  0.233] -1669] 0.9
hi-miR-o | 3.253 0030 2674  o0068| -2.485] 0.177] -3.069] 0.114
hil-miR-p 2.98€-07 7.70e-06] 1.604]  0.468] 0517 0803
hil-miR-r 7.676-13 3.946-10] 1.703]  0427] 0517] 0803
1.57E-04 0.004] 1735]  0310[ 0505  0.803

0.749 0.032] 0001] 0999 -2.482] 0.151
1.67E-35 3.898-26] 2220  0.233] 0.516]  0.803

0.080 442604 -1658]  0.47|J BB  0.009
1.16E-25 7.53E21 0.006] 3.156] 0.114
6.926-06| -0.678]  0.817] 0.516]  0.803

1.80E-05 oo  o0.001

hil-miR-s 3.141
hil-miR-t -0.187
hil-miR-u
hil-miR-v

hil-miR-x

2.19E-05

0.001
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Appendix A

Table S5: Conserved Hermetia illucens microRNA log fold change (LFC) and DESeq2 P-
Adjusted Value between life stages. microRNA provisionally named; Green filled boxes
represent statistically significant up regulated LFC; Red filled boxes represent statistically
significant down regulated LFC.

Egg v Female Egg v Male Egg v Pupa Larva v Female
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted
microRNA LFC Value LFC Value LFC Value LFC Value
hil-miR-11894a 1.284 NA -0.038 NA -0.015 NA 1.186 0.831
hil-miR-11903b 1.668 NA -0.039 NA -0.016 NA 1.571 0.620
hil-miR-11913 -0.059 NA -0.039 NA 1.428 NA -0.155 0.930
hil-miR-11927 1.818 NA -0.039 NA -0.016 NA 1.721 0.555
hil-miR-263a-3p -0.058 NA 1.306 NA -0.016 NA -0.155 0.930
hil-miR-278-5p -2.223 NA -2.203 NA -2.180 NA -0.155 0.930
hil-miR-2940-3p 1.668 NA -0.039 NA -0.016 NA 1.571 0.620
hil-miR-2a-5p | 2.05E-21 | 3.81E-21 | -1.735 0.445
hil-miR-309b-5p 2.020 NA -0.037 NA -0.015 0.995 1.922 0.470
hil-miR-10357-5p -0.059 0.977 -0.039 0.983 2.886 0.121 -0.155 0.930
hil-miR-10361b-3p | -0.058 0.977 -0.039 0.983 1.761 0.420 -1.783 0.497
hil-miR-10361b-5p | 1.949 NA -0.039 NA -0.016 0.995 1.852 0.497
hil-miR-10371-5p -0.058 NA 1.028 NA -0.016 NA -0.155 NA
hil-miR-10373-3p 2.230 0.230 -0.037 0.983 -0.015 0.995 2.133 0.399
hil-miR-12418-3p -0.057 -0.036 7.01E-05 [ -0.155 0.930
hil-miR-998-5p 0.001 -2.482 0.312
hil-miR-2788-3p -0.059 NA -0.039 NA 1.428 NA -0.155 0.930
hil-miR-3724-3p 1.147 NA -0.039 NA -0.016 NA 1.050 NA
hil-miR-3752-3p -0.058 0.977 -0.037 0.983 -0.015 0.995 -2.444 0.303
hil-miR-3777-3p -0.058 NA -0.038 NA 1.718 NA -0.155 0.930
hil-miR-6042-3p 3.28E-06
hil-miR-6055-5p 0.010 -0.155 0.930
hil-miR-928-5p 1.397 NA NA -0.015 NA 1.300 0.763
hil-miR-9878-3p -0.057 0.977 932E-06 | -0.014 0.995 -0.155 0.930
hil-miR-9893-5p -2.006 NA -1.987 NA -1.964 0.376 -0.155 0.930
hil-miR-263b-3p -0.058 NA -0.039 NA 1.811 NA -0.155 0.930
hil-miR-2744 -0.059 0.977 -0.039 0.983 2.348 0.243 -0.155 0.930
hil-miR-2774a -0.058 0.977 -0.040 0.983 4.46E-07 | -0.155 0.930
hil-miR-2775b -0.057 0.977 -0.039 0.983 2.45E-08 [ -0.155 0.930
hil-miR-2780a-5p 1.491 NA -0.039 NA NA 1.393 0.702
hil-miR-279d-5p -0.059 0.977 -0.039 0.983 0.020 -0.155 0.930
hil-miR-2801 491E-06 | -0.155 0.930
hil-miR-2807a -0.058 NA 1511 NA -0.015 NA -0.155 0.930
hil-miR-2838 -0.058 NA -0.037 NA 1.936 0.385 -0.155 0.930
hil-miR-2856-3p -0.058 NA 1.688 NA NA -0.155 0.930
hil-miR-2999 5.31E-05 | -0.155 0.930
hil-miR-308-5p -0.057 0.977 -0.040 0.983 1.45E-04 | -0.155 0.930
hil-miR-3212 -0.058 NA -0.039 NA NA -1.213 NA
hil-miR-3213-3p -1.800 NA -1.780 NA -1.757 NA -0.155 0.930
hil-miR-3213-5p -0.059 0.977 -0.039 0.983 2.471 0.205
hil-miR-3227 -0.058 0.977 2.523 0.172 -0.015 0.995
hil-miR-3228 -0.059 NA -0.039 NA 1.707 NA
hil-miR-3238 -0.058 0.977 -0.037 0.983 -0.015 0.995
hil-miR-3264 -0.866 0.779 -3.057 0.097 -3.034 0.122 2.056 0.452
hil-miR-3265 -1.395 NA -1.376 NA
hil-miR-3276 -0.058 0.977 -0.038 0.983
hil-miR-3279 -0.058 0.977 2.239 0.232 -0.015 0.995 -0.155 0.930
hil-miR-3296-5p -0.058 0.977 0.050 -0.015 0.995 -0.155 0.930
hil-miR-3323 -1.509 NA -1.489 NA -1.467 NA -0.155 0.930
hil-miR-3338-5p -0.058 NA 0.851 NA -0.016 NA -0.155 NA
hil-miR-3375-3p -0.058 NA -0.038 NA 1.438 NA -0.155 0.930
hil-miR-3381-3p -0.058 0.977 3.066 0.074 -0.015 0.995 -0.155 0.930
hil-miR-140-5p -0.058 0.977 -0.039 0.983 0.004 -0.155 0.930
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Appendix A

Egg v Female Egg v Male Egg v Pupa Larva v Female
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted
microRNA LFC Value LFC Value LFC Value Value
hil-miR-144-5p 2.73E-04
hil-miR-146¢-3p NA NA NA
hil-miR-181b-3p 0.977 0.983 3.73E-07
hil-miR-223-3p 0.889 NA 1.082 NA -0.015 NA 0.792 0.930
hil-miR-490-5p 0.977 NA 0.995
hil-bantam-3p 0.017
hil-let-7-5p 3.78E-12
hil-miR-1000-5p 0.011
hil-miR-1002-5p 1.92E-26
hil-miR-100-5p 3.45E-15
hil-miR-10-5p 7.14E-09
hil-miR-124-3p 0.806 1.59E-04
hil-miR-125-5p 7.55E-14
hil-miR-12-5p 0.634
hil-miR-133-3p 1.11E-05
hil-miR-137-3p 0.983 -0.015 0.995
hil-miR-1-3p 4.98E-08 | 1.541 0.157
hil-miR-14-3p 0.030 437E-10
hil-miR-14-5p 0.011
hil-miR-184-3p 0.099
hil-miR-190-5p 1.00E-05
hil-miR-193-3p 1.68E-04
hil-miR-210-3p 1.41E-08 3.02E-20
hil-miR-2280-3p 1.583 NA -0.039 NA -0.016 NA 1.486 0.656
hil-miR-2492-5p 1.276 NA -0.039 NA -0.016 NA 1.178 NA
hil-miR-2499-3p 0.443 0.587 0.545
hil-miR-252-5p | 5.17E-13 | 2.38E-08
hil-miR-263a-5p 0.018 1.13E-10
hil-miR-263b-5p 0.025
hil-miR-274-5p 9.30E-08 3.87E-17
hil-miR-275-3p 0.983 2.088 0.416
hil-miR-275-5p | 1.14E-04 | 490E-07 | -0.013 0.995 2.08E-04
hil-miR-276a-3p | LOSE-10 | 2.77E-10
hil-miR-277-3p [ 173E-17 | 3.36E-21
hil-miR-278-3p | 3.43E-11 |
hil-miR-279-3p 7.19E-10
hil-miR-281-2-5p 1.00E-04
hil-miR-282-5p
hil-miR-283-5p
hil-miR-285-3p | 1.88E-04 |
hil-miR-2a-3p 0.98 0.171
hil-miR-304-5p 0.061 0.099 4.33E-13
hil-miR-305-5p | 4.57E-05 |
hil-miR-307a-3p [ 5.15E-05 | 1.19E-07
hil-miR-311-5p -3.382 0.066 -3.365 0.067 -0.708 0.995 -0.155 0.930
hil-miR-314-5p
hil-miR-315-5p
hil-miR-316-5p 5.11E-13
hil-miR-317-3p 5.61E-08
hil-miR-317-5p 1.48E-10
hil-miR-31b-5p | 4.89E-17 |
hil-miR-33-5p 7.80E-07
hil-miR-3-3p | 6.55E-05 |
hil-miR-34-3p 0.160
hil-miR-34-5p | 5.90E-08 | 8.30E-06
hil-miR-375-3p | 2.05E-21 | 1.49E-21
hil-miR-4-3p 0.230 3.09E-04
hil-miR-4982-3p 0.163 0.160
hil-miR-4986-3p NA NA
hil-miR-5-5p | 6.19E-05 | 3.29E-07 1.28E-04

hil-miR-6-2-5p | 1.89E-32 |
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Egg v Female Egg v Male Egg v Pupa Larva v Female
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted
microRNA LFC Value Value Value Value
hil-miR-7-5p -1.301 0.182
hil-miR-8-3p 5.03E-06 2.15E-04

hil-miR-87-3p

1.88E-04

hil-miR-927-5p

4.47E-17

hil-miR-929-3p

0.977

hil-miR-929-5p

0.003

hil-miR-92a-3p

0.002

hil-miR-932-5p

0.006

hil-miR-9378-5p

0.006

hil-miR-9385-5p

0.192

-0.015 0.995

0.003

NA

hil-miR-956-3p

hil-miR-957-3p

0.000

hil-miR-958-3p

hil-miR-961-5p

\
| 5.24E-13
| 0.006

hil-miR-965-3p

hil-miR-970-3p

| 2.75E-06 |

hil-miR-971-3p

hil-miR-976-5p

[ 0005 |
NA

0.983

2.256 0.293

3.77E-04

2.02E-14

0.731

1.71E-05

0.471

0.002

0.563

NA

NA

hil-miR-977-3p

hil-miR-980-3p

hil-miR-981-3p

hil-miR-988-3p

hil-miR-988-5p

hil-miR-993-3p

hil-miR-993-5p

hil-miR-999-3p

NA

[ 2.34E-12 |

hil-miR-9a-3p

NA

NA

L to.021 DLl y0us_J 0.g00. J22i670. [ 10184 |

hil-miR-9a-5p

0.092

hil-miR-iab-4-5p

0.273

hil-miR-iab-8-5p

0.977

hil-miR-193-5p

NA

9.53E-10

hil-miR-2548-3p 1.759 0.337
hil-miR-311-5p -0.058 0.977
hil-miR-iab-8-3p -1.790 NA
hil-miR-973-5p -0.060 0.977
hil-miR-2498b-5p 0.977
hil-miR-2765 5.47E-06

hil-miR-2767

hil-miR-2796

NA
[ 0003 |

hil-miR-2a

[ 0030 |

hil-miR-3338

hil-miR-6098

| 6.68E-06 |

NA

0.001

0.026

-1.338 0.279

1.781 0.159

1.27E-05

hil-miR-750 0.983

hil-miR-219-3p NA

hil-miR-3805a-5p

hil-miR-3839-3p 1.87E-07 | -0.155 0.930
hil-miR-3844-3p NA -1.847 NA -1.824 NA -0.155 0.930
hil-miR-38510-2-5p | -1.612 NA -1.592 NA -1.568 NA -0.155 0.930
hil-miR-3859-5p 0058 | 0977 0011 | -0.155 | 0.930
hil-miR-3861-5p -0.058 NA -0.038 NA 1.324 NA -0.155 0.930
hil-miR-3862-3p -0.057 0.977 -0.039 0.983 5.925 | 6.81E-06 | -0.155 0.930
hil-miR-3884-5p -0.059 0.977 -0.039 0.983 -0.015 0.995 -3.662 0.037
hil-miR-6011-5p 0.236 0.977 6.74E-05
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Appendix A

Egg v Larva Larva v Pupa Pupa v Female Pupa v Male
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted

microRNA LFC Value LFC Value LFC Value LFC Value
hil-miR-11894a -0.098 NA 0.112 NA 1.298 NA -0.023 NA
hil-miR-11903b -0.097 NA 0.114 NA 1.684 NA -0.023 NA
hil-miR-11913 -0.097 NA -1.331 NA -1.487 NA -1.467 NA
hil-miR-11927 -0.097 NA 0.114 NA 1.834 NA -0.023 NA
hil-miR-263a-3p -0.097 NA 0.113 NA -0.042 NA 1.322 NA
hil-miR-278-5p 2.068 NA 0.113 NA -0.043 NA -0.023 NA
hil-miR-2940-3p -0.097 NA 0.114 NA 1.684 NA -0.023 NA
hil-miR-2a-5p 1.82E-22 1.692 0.488 -0.043 0.981 -0.022 0.990
hil-miR-309b-5p -0.098 0.962 0.112 0.957 2.035 NA -0.023 NA
hil-miR-10357-5p -0.097 0.962 -2.789 0.189 -2.945 0.108 -2.925 0.129
hil-miR-10361b-3p | -1.725 0.518 -0.036 0.979 -1.818 0.396 -1.800 0.474
hil-miR-10361b-5p | -0.097 0.962 0.114 NA 1.966 NA -0.023 NA
hil-miR-10371-5p -0.097 NA 0.113 NA -0.042 NA 1.043 NA
hil-miR-10373-3p -0.098 0.962 0.112 0.957 2.245 NA -0.023 NA
hil-miR-12418-3p -0.098 0.962 1.80E-04 7.75E-05 7.80E-05
hil-miR-998-5p 0.001 2.98E-06 2.98E-06
hil-miR-2788-3p -0.097 NA -1.331 NA -1.487 NA -1.467 NA
hil-miR-3724-3p -0.097 NA 0.113 NA 1.163 NA -0.023 NA
hil-miR-3752-3p -2.387 0.278 2.401 0.310 -0.043 0.981 -0.023 NA
hil-miR-3777-3p -0.098 NA -1.620 NA -1.776 NA -1.756 NA
hil-miR-6042-3p 0.010 123E-12 | 0157 | 0.990
hil-miR-6055-5p 4.117 0.015 0.11 0.957 -0.041 0.981 -0.022 0.990
hil-miR-928-5p -0.098 NA 0.112 NA 1.412 NA -0.023 NA
hil-miR-9878-3p -0.098 0.962 0.112 0.957 -0.043 0.981 -ﬂ 1.54E-05
hil-miR-9893-5p 1.851 0.492 0.114 NA -0.041 NA -0.023 NA
hil-miR-263b-3p -0.097 NA -1.714 NA -1.869 NA -1.850 NA
hil-miR-2744 -0.097 0.962 0.369 -2.407 NA -2.387 NA
hil-miR-2774a -0.098 0.962 1.64E-06 5.81E-07 5.93E-07
hil-miR-2775b -0.098 0.962 1.08E-07 2.79E-08
hil-miR-2780a-5p -0.097 NA NA 1.507 NA
hil-miR-279d-5p 0.962 -3.772 0.035 0.020 | -3.9
hil-miR-2801 8.47E-06 0.113 0.957 -0.043 0.981 -0.023 0.990
hil-miR-2807a NA 0.112 NA -0.043 NA 1.526 NA
hil-miR-2838 0.962 -1.839 NA -1.994 NA -1.974 NA
hil-miR-2856-3p NA 0.112 NA -0.043 NA 1.703 NA
hil-miR-2999 9.03E-05 0.114 0.957 0.981 -0.022 0.990
hil-miR-308-5p 0.962 3.64E-04 1.47E-04 _ﬂ 1.58E-04
hil-miR-3212 -1.155 NA NA NA -0.023 NA
hil-miR-3213-3p 1.645 NA 0.112 NA -0.043 NA -0.023 NA
hil-miR-3213-5p 0.962 0.313 -2.530 0.192 -2.510 NA
hil-miR-3227 0.016 -0.043 0.981 2.538 0.228
hil-miR-3228 NA NA -1.765 NA -1.745 NA
hil-miR-3238 0.004 4.462 0.005 -0.043 0.981 -0.023 0.990
hil-miR-3264 0.170 0.112 0.957 2.168 0.315 -0.023 0.990
hil-miR-3265 NA 0.113 NA NA -0.023 NA
hil-miR-3276 2.10E-05 0.092 0.957 2.60E-05 -ﬂ 2.54E-05
hil-miR-3279 ’ 0.962 0.112 0.957 NA 2.254 NA
hil-miR-3296-5p -0.098 0.962 0.112 0.957 -0.043 0.981 3.322 0.068
hil-miR-3323 1.353 NA 0.113 NA -0.042 NA -0.023 NA
hil-miR-3338-5p -0.097 NA 0.113 NA -0.042 NA 0.867 NA
hil-miR-3375-3p -0.098 NA -1.341 NA -1.496 NA -1.476 NA
hil-miR-3381-3p -0.098 0.962 0.957 0.981
hil-miR-140-5p -0.097 0.962 0.007 0.003
hil-miR-144-5p -0.096 0.962 0.001 8.20E-05
hil-miR-146¢-3p -0.098 NA NA NA
hil-miR-181b-3p -0.097 0.962 1.44E-06 5.01E-07
hil-miR-223-3p -0.097 NA 0.113 NA NA
hil-miR-490-5p -2.233 0.332 2.248 0.369 NA
hil-bantam-3p 0.306 2.71E-05
hil-let-7-5p 1.69E-11 0.049
hil-miR-1000-5p 4.70E-06 0.026
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Egg v Larva Larva v Pupa Pupa v Female Pupa v Male
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted

microRNA Value Value LFC Value LFC Value
hil-miR-1002-5p 0.042 7.09E-09 7.12E-07
hil-miR-100-5p 7.01E-22 0.137
hil-miR-10-5p 0.189 0.000
hil-miR-124-3p 0.002 0.805 0.868 1.328 0.596
hil-miR-125-5p 5.44E-13 | 1.070 0.268
hil-miR-12-5p 0.528 2.01E-06
hil-miR-133-3p 0.008 0.009
hil-miR-137-3p 0.957 NA
hil-miR-1-3p 0.005 7.24E-05 3.90E-04
hil-miR-14-3p 0.020 0.001 0.005
hil-miR-14-5p 0.957 0.011 -0.020 0.990
hil-miR-184-3p 0.001 0.163
hil-miR-190-5p 0.306 0.017
hil-miR-193-3p 3.97E-04 0.700
hil-miR-210-3p 5.85E-08 1.72E-06 3.44E-06
hil-miR-2280-3p -0.097 NA 0.114 NA 1.600 NA
hil-miR-2492-5p -0.097 NA 0.113 NA 1.292 NA
hil-miR-2499-3p 0.812 -0.038 0.981
hil-miR-252-5p 0.004 1.810 0.189
hil-miR-263a-5p 5.67E-07 | 1.061 0.343
hil-miR-263b-5p 0.002 0.092
hil-miR-274-5p 4.10E-07 2.42E-05
hil-miR-275-3p -2.908 0.281 0.866
hil-miR-275-5p -0.099 0.962 0.113 0.959 1.63E-04
hil-miR-276a-3p PN 357505 0.090
hil-miR-277-3p -2.086 0.099 2.34E-13
hil-miR-278-3p -1.956 0.097 0.903
hil-miR-279-3p 0.001 0.022
hil-miR-281-2-5p 5.17E-12 | 0.486 0.957 1.47E-05
hil-miR-282-5p 0.001 -2.230 0.189 0.807
hil-miR-283-5p 0.962 0.957 3.18E-04
hil-miR-285-3p 5.72E-11 0.841 2.070 0.095 1.863 0.159
hil-miR-2a-3p 0.001 0.189 0.356
hil-miR-304-5p 4.17E-04 0.165 2.79E-08 |NB00N| 1.56E-04
hil-miR-305-5p -1.484 0.274 0.267 0.478 0.151 0.990
hil-miR-307a-3p 2.119 0.246 2.09E-06 | 0.534 0.981 0.463 0.990
hil-miR-311-5p 3.227 0.116 2.519 0.310 -2.675 0.192 -2.658 0.219
hil-miR-314-5p -0.097 NA NA 1.684 NA -0.023 NA
hil-miR-315-5p 0.002 1.540 0.286 0.916 0.783
hil-miR-316-5p 5.95E-07 | -2.249 0.042 0.735 0.693 0317 0.990
hil-miR-317-3p 1.627 0.594 -1.174 0.957 0.914
hil-miR-317-5p 0.332 2.575 0.369 0.001 4.52E-10
hil-miR-31b-5p 0.003 -2.080 0.043 0.013
hil-miR-33-5p 0.022 -1.433 0.250 0.001
hil-miR-3-3p 4.53E-17 | -0.561 0.957 8.09E-07
hil-miR-34-3p 0.274 0.957 0.981
hil-miR-34-5p -3.759 0.027 0.041 2.00E-07
hil-miR-375-3p 2.50E-11 6.51E-21
hil-miR-4-3p 524E-07 | -2.508 0.244 0.051 -0.134 0.990
hil-miR-4982-3p 2.400 0.274 0.114 0.957 0.981 -0.022 NA
hil-miR-4986-3p -0.097 NA 0.114 NA NA -0.023 NA
hil-miR-5-5p -0.097 0.962 0.113 0.957 8.99E-05_|NGHOM| 6.14E-07
hil-miR-6-2-5p 1.03E-31 [ 0.111 0.957 0.981 -0.023 0.990
hil-miR-7-5p 5.77E-06 9.98E-05 | 1.880 0.063
hil-miR-8-3p -0.827 0.863 -1.680 0.309 0.035 1.764 0.219
hil-miR-87-3p -0.097 0.962 -1.844 0.369 0.009 0.026
hil-miR-927-5p -1.444 0.519 2.55E-06 2.81E-05 1.59E-05
hil-miR-929-3p -0.097 0.962 0.111 0.957 -0.044 0.981 2.401 NA
hil-miR-929-5p -0.097 0.962 -2.158 0.428 2.706 0.107 2.745 0.115
hil-miR-92a-3p 1.21E-05 | 1.380 0.302 -0.306 0.990
hil-miR-932-5p 6.91E-06 | 0.059 0.981 0.632 0.990
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Egg v Larva Larva v Pupa Pupa v Female Pupa v Male
P- P- P- P-
Adjusted Adjusted Adjusted Adjusted
microRNA LFC Value LFC Value LFC Value LFC Value
hil-miR-9378-5p  |BGMOGM 3.06E-04 | 0.110 0957 [ 2176 | 0315 | -0023 [ 0.99
hil-miR-9385-5p -1.647 NA 1.663 NA -0.042 NA -0.023
hil-miR-956-3p 2.411 0.274 4.66E-06 1.96E-06 1.91E-06
hil-miR-957-3p 1.054 0.815 3.57E-05 4.57E-06
hil-miR-958-3p 0.001 9.98E-05
hil-miR-961-5p 0.957 0.274
hil-miR-965-3p 0.003 0.241
hil-miR-970-3p 2.193 0.076 0.005 4.62E-04
hil-miR-971-3p -0.097 0.962 -1.269 0.841 0.050
hil-miR-976-5p -1.443 NA 1.458 NA -0.044 NA
hil-miR-977-3p NA 1.623 NA
hil-miR-980-3p 0.004 2.351 0.066
hil-miR-981-3p 4.52E-06 | 0.654 0.888
hil-miR-988-3p 3.53E-04 | 1.280 0.427
hil-miR-988-5p 3.98E-08 0.957 -0.044 0.981
hil-miR-993-3p 1.80E-10 | -1.610 0.607 2.885 0.036
hil-miR-993-5p -0.097 0.962 0.195 -0.583 0.981
hil-miR-999-3p 0.815 0.001 0.020
hil-miR-9a-3p 0.358 0.013 1.369 0.637 0.334 0.990
hil-miR-9a-5p 0.125 1.237 0.268 0.664 0.843
hil-miR-iab-4-5p 0.011 0.990
hil-miR-iab-8-5p 0.957 -0.041 [ 2.00E-08
hil-miR-193-5p NA -0.043 -0.023 NA
hil-miR-2548-3p 0.030 1.775 -0.023 0.990
hil-miR-311-5p 0.369
hil-miR-iab-8-3p NA -0.044
hil-miR-973-5p 0.909 -1.440
hil-miR-2498b-5p 0.033
hil-miR-2765 7.49E-14 | -0.774
hil-miR-2767 NA -0.042
hil-miR-2796 0.005 2.122
hil-miR-2a 0.015 -0.926
hil-miR-3338 -0.098 0.962 0.957 2.499
hil-miR-6098 -0.097 0.962 0.016 2.507
hil-miR-750 -0.097 0.962 0.957 2777
hil-miR-219-3p -0.097 0.962 0.111 0.957 2.097
hil-miR-3805a-5p 6.27E-19 | 0.114 0.957 0.001 -0.023 0.990
hil-miR-3839-3p 332E-07 | 0.110 0.957 -0.046 0.981 -0.025 0.990
hil-miR-3844-3p 1.712 NA 0.112 NA -0.044 NA -0.024 NA
hil-miR-38510-2-5p -0.044 NA -0.024 NA
hil-miR-3859-5p 0.011 0.352 0.990
hil-miR-3861-5p NA -1.362 NA
hil-miR-3862-3p 7.30E-06_|NSMIGE| 7.43E-06
hil-miR-3884-5p 0.981 -0.024 0.990
hil-miR-6011-5p 0.002 -2.166 0.338
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Larva v Male Female v Male
microRNA LFC P-Adjusted Value LFC P-Adjusted Value

hil-miR-11894a -0.135 NA -1.321 NA
hil-miR-11903b -0.136 NA -1.707 NA
hil-miR-11913 -0.135 NA 0.020 NA
hil-miR-11927 -0.136 NA -1.857 NA
hil-miR-263a-3p 1.209 NA 1.364 NA
hil-miR-278-5p -0.136 NA 0.020 NA
hil-miR-2940-3p -0.136 NA -1.707 NA
hil-miR-2a-5p -1.714 0.411 0.021 0.992
hil-miR-309b-5p -0.135 NA -2.057 NA
hil-miR-10357-5p -0.135 0.939 0.020 0.992
hil-miR-10361b-3p -1.764 0.496 0.019 0.992
hil-miR-10361b-5p -0.136 NA -1.988 NA
hil-miR-10371-5p 0.930 NA 1.086 NA
hil-miR-10373-3p -0.135 NA -2.268 NA
hil-miR-12418-3p -0.134 0.939 0.021 0.992
hil-miR-998-5p -2.463 0.252 0.018 0.992
hil-miR-2788-3p -0.135 NA 0.020 NA
hil-miR-3724-3p -0.136 NA -1.186 NA
hil-miR-3752-3p -2.424 NA 0.020 NA
hil-miR-3777-3p -0.135 NA 0.020 NA
hil-miR-6042-3p 0.004 7.34E-13
hil-miR-6055-5p -0.137 0.939 0.019 0.992
hil-miR-928-5p -0.135 NA -1.435 NA
hil-miR-9878-3p _ 1.45E-05 2.19E-05
hil-miR-9893-5p -0.136 NA 0.019 NA
hil-miR-263b-3p -0.136 NA 0.019 NA
hil-miR-2744 -0.135 NA 0.020 NA
hil-miR-2774a -0.137 0.939 0.018 0.992
hil-miR-2775b -0.137 0.939 0.018 0.992
hil-miR-2780a-5p -0.136 NA -1.530 NA
hil-miR-279d-5p -0.135 0.939 0.020 0.992
hil-miR-2801 -0.135 0.939 0.020 0.992
hil-miR-2807a 1.414 NA 1.569 NA
hil-miR-2838 -0.135 NA 0.020 NA
hil-miR-2856-3p 1.591 NA 1.746 NA
hil-miR-2999 -0.137 0.939 0.019 0.992
hil-miR-308-5p -0.137 0.939 0.018 0.992
hil-miR-3212 -1.193 NA 0.019 NA
hil-miR-3213-3p -0.135 NA 0.020 NA
hil-miR-3213-5p -0.135 NA 0.020 NA
hil-miR-3227 -1.864 0.332 2.581 0.295
hil-miR-3228 -0.135 NA 0.020 NA
hil-miR-3238 0.003 0.020 0.992
hil-miR-3264 -0.135 0.939 -2.191 0.477
hil-miR-3265 -0.136 NA 0.019 NA
hil-miR-3276 1.34E-05 0.020 0.992
hil-miR-3279 2.142 NA 2.297 NA
hil-miR-3296-5p 3.210 0.070 3.365 0.093
hil-miR-3323 -0.136 NA 0.019 NA
hil-miR-3338-5p 0.754 NA 0.909 NA
hil-miR-3375-3p -0.135 NA 0.020 NA
hil-miR-3381-3p 2.968 0.104 3.124 0.136
hil-miR-140-5p -0.137 0.939 0.019 0.992
hil-miR-144-5p 2.99E-12 -0.325 0.992
hil-miR-146¢-3p -0.135 NA -1.321 NA
hil-miR-181b-3p -0.136 0.939 0.019 0.992
hil-miR-223-3p 0.984 NA 0.192 NA
hil-miR-490-5p -2.270 NA 0.020 NA
hil-bantam-3p 1.43E-08 -0.159 0.992
hil-let-7-5p 2.76E-17 -0.096 0.992
hil-miR-1000-5p 4.40E-11 -0.015 0.992
hil-miR-1002-5p 0.001 -1.016 0.613
hil-miR-100-5p 1.83E-26 -0.351 0.992
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Larva v Male

Female v Male

microRNA LFC P-Adjusted Value LFC P-Adjusted Value

hil-miR-10-5p 1.269 0.194 -2.240 0.014
hil-miR-124-3p 2.64E-05 0.523 0.992
hil-miR-125-5p 3.35E-16 -0.224 0.992
hil-miR-12-5p 1.76E-06 -1.203 0.539
hil-miR-133-3p 3.18E-09 0.210 0.992
hil-miR-137-3p NA -2.832 NA
hil-miR-1-3p 8.35E-12 -0.370 0.992
hil-miR-14-3p 1.01E-08 -0.481 0.992
hil-miR-14-5p 0.939 0.017
hil-miR-184-3p 4.05E-08 0.099 0.992
hil-miR-190-5p 2.82E-04 -0.290 0.992
hil-miR-193-3p 0.001 -1.599 0.659
hil-miR-210-3p 6.78E-20 -0.143 0.992
hil-miR-2280-3p -0.136 NA -1.622 NA
hil-miR-2492-5p -0.136 NA -1.314 NA
hil-miR-2499-3p 1.252 0.686 2.691 0.214
hil-miR-252-5p 1.45E-05 -0.414 0.992
hil-miR-263a-5p 5.08E-09 -0.535 0.992
hil-miR-263b-5p 2.15E-05 -0.652 0.992
hil-miR-274-5p 9.86E-17 -0.169 0.992
hil-miR-275-3p 0.939 -1.085 0.992
hil-miR-275-5p 7.37E-07 2.152 0.539
hil-miR-276a-3p 3.12E-10 -0.051 0.992
hil-miR-277-3p 1.60E-21 0.035 0.992
hil-miR-278-3p 0.010 0.119 0.992
hil-miR-279-3p 1.55E-07 -0.830 0.827
hil-miR-281-2-5p 5.52E-05 0.062 0.992
hil-miR-282-5p 0.757 -0.344 0.992
hil-miR-283-5p 0.061 -0.781 0.793
hil-miR-285-3p 0.016 -0.207 0.992
hil-miR-2a-3p 7.00E-07 -0.300 0.992
hil-miR-304-5p 1.78E-08 -1.421 0.226
hil-miR-305-5p 0.144 -0.879 0.889
hil-miR-307a-3p 1.15E-07 -0.072 0.992
hil-miR-311-5p 0.939 0.017 0.992
hil-miR-314-5p NA -1.707 NA
hil-miR-315-5p 3.90E-05 -0.624 0.992
hil-miR-316-5p 0.011 -0.419 0.992
hil-miR-317-3p 8.35E-06 3.08E-08
hil-miR-317-5p 6.57E-08 5.319 0.003
hil-miR-31b-5p 6.10E-08 0.300 0.992
hil-miR-33-5p 4.02E-05 -0.751 0.917
hil-miR-3-3p 2.97E-11 2.218 0.152
hil-miR-34-3p 0.939 0.020 0.992
hil-miR-34-5p 0.073 -1.376 0.827
hil-miR-375-3p 0.013 0.020 0.992
hil-miR-4-3p 0.217 -3.322 0.070
hil-miR-4982-3p 0.939 0.019 0.992
hil-miR-4986-3p NA -1.924 NA
hil-miR-5-5p 6.23E-07 1.287 0.413
hil-miR-6-2-5p 0.939 0.021 0.992
hil-miR-7-5p 3.80E-11 -1.599 0.178
hil-miR-8-3p 0.003 -0.868 0.992
hil-miR-87-3p 0.001 -0.319 0.992
hil-miR-927-5p 2.36E-18 0.096 0.992
hil-miR-929-3p NA 2.445 NA
hil-miR-929-5p 0.004 0.039 0.992
hil-miR-92a-3p 2.20E-05 -1.686 0.292
hil-miR-932-5p 3.07E-07 0.573 0.992
hil-miR-9378-5p -0.133 0.939 -2.199 0.477
hil-miR-9385-5p -1.686 NA 0.019 NA
hil-miR-956-3p -0.135 0.939 0.020 0.992
hil-miR-957-3p 5.26E-16 0.459 0.992
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Larva v Male Female v Male
microRNA LFC P-Adjusted Value LFC P-Adjusted Value

hil-miR-958-3p -0.269 0.939 -0.896 0.992
hil-miR-961-5p -0.139 0.939 -2.026 0.413
hil-miR-965-3p 3.09E-05 -0.589 0.992
hil-miR-970-3p 1.79E-10 -0.389 0.992
hil-miR-971-3p 0.003 0.406 0.992
hil-miR-976-5p -1.482 NA 0.020 NA
hil-miR-977-3p 1.191 NA -0.319 NA
hil-miR-980-3p 1.04E-06 -0.335 0.992
hil-miR-981-3p 7.35E-07 -0.426 0.992
hil-miR-988-3p 0.001 -1.666 0.381
hil-miR-988-5p 0.102 2.888 0.131
hil-miR-993-3p 0.001 0.491 0.992
hil-miR-993-5p 0.939 -2.405 0.364
hil-miR-999-3p 9.69E-10 -0.022 0.992
hil-miR-9a-3p 0.005 -1.035 0.992
hil-miR-9a-5p 0.011 -0.573 0.992
hil-miR-iab-4-5p 0.002 0.029
hil-miR-iab-8-5p 1.74E-08 1.36E-08
hil-miR-193-5p NA 0.020 NA
hil-miR-2548-3p 0.019 -1.797 0.588
hil-miR-311-5p 1.39E-07 0.020 0.992
hil-miR-iab-8-3p NA 0.020 NA
hil-miR-973-5p 6.06E-05 9.61E-05
hil-miR-2498b-5p 0.939 0.992
hil-miR-2765 5.97E-07 0.024
hil-miR-2767 NA 0.019 NA
hil-miR-2796 6.65E-07 0.500 0.992
hil-miR-2a 1.736 0.138 -0.045 0.992
hil-miR-3338 -0.135 0.939 -2.522 0.295
hil-miR-6098 8.11E-05 -0.670 0.992
hil-miR-750 -0.135 NA -2.800 NA
hil-miR-219-3p -0.135 NA -2.121 NA
hil-miR-3805a-5p -0.136 0.939 0.001
hil-miR-3839-3p -0.135 0.939 0.021 0.992
hil-miR-3844-3p -0.135 NA 0.020 NA
hil-miR-38510-2-5p -0.135 NA 0.020 NA
hil-miR-3859-5p 0.006 0.008
hil-miR-3861-5p -0.135 NA 0.020 NA
hil-miR-3862-3p -0.137 0.939 0.018 0.992
hil-miR-3884-5p 0.031 0.020 0.992
hil-miR-6011-5p -0.136 0.939 8.27E-05
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Appendix B: Variant calling pipeline

B.1 QC and trimming sample whole genomes:
B.1.1 Fastqc

singularity exec /tools/containers/fastqc/fastqc-0.11.7.simg fastqc ./ABF3_1.fastq.gz ./-
ABF3_2.fastq.gz ./ABM1_1.fastqg.gz ./ABM1 2.fastq.gz ./DF1 _1.fastq.gz ./DF1 _2.fastq.gz ./-
DF2_1.fastq.9z ./DF2 2.fastq.gz ./DF3_1.fastg.gz ./DF3 2.fastq.gz ./DM1_1.fastq.gz ./-
DM1 2.fastq.gz ./DM2 1.fastq.gz ./DM2 2.fastq.gz ./DM3_1.fastq.gz ./DM3 2.fastq.gz ./-
KF1 1.fastq.gz ./KF1 2.fastg.gz ./KF2 1.fastq.gz ./KF2 2.fastq.gz ./KF3 l.fastq.gz ./-
KF3 2.fastq.gz ./KM1 1.fastq.gz ./KM1 2.fastq.gz ./KM2 1.fastq.gz ./KM2 2.fastq.gz ./-
KM3_1.fastq.gz ./KM3_2.fastq.gz

B.1.2 Trimmomatic and concatenating

(py3) user@Lenovo-E51-80:~/Desktop/genome study/genomes$ trimmomatic PE KM1 1.fastq.gz
KM1 2.fastq.gz KM1 1 trim p.fastq.gz KM1 1 trim up.fastq.gz KM1 2 trim p.fastq.gz

KM1 2 trim up.fastg.gz ILLUMINACLIP:TruSeq3-2PE.fa:2:30:10:2:keepBothReads LEADING:3
TRAILING:3 MINLEN:36

(py3) user@lLenovo-E51-80:~/Desktop/genome study/genomes$ cat DFL 1 trim p.fastq.gz
DF1_1 trim up.fastq.gz = ~/Desktop/genome_study/genomes/clean_trim genomes/ -
DF1 1 cleaned.fastq.gz

B.2 Reference genome preparation:

B.2.1 BWA indexing of reference genome

Make sure to remove all commas and spaces from reference genome header before indexing

and alignment.
#ran locally to remove commas and spaces in reference genome:
# sed 's/,/ /g' hil ref.fa = hil ref.fa

singularity exec /tools/containers/bwa/bwa-@.7.17--h84994c4 5.simg/ bwa index -p hil ref -
a 1s /usr/people/sderaedt/genome study/bwa align/hil_ref.fa

B.2.2 Create GATK sequence dictionary

GATK="s1ir arity exec/tools/containers/gatk/gatk=4.2. img. gatk
$GATK CreateSequenceDictionary R=hil ref.fa O=hil ref.dict

B.2.3 Create Samtools reference genome index

SAMTOOLS="singula
samtools

$SAMTOOLS faidx hil ref.fa

ity exec /tools/containers/samtools/samtools-1.12--h%aeddbe 1.simg
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B.3 Sample alignment, sorting, marking

verification:

Appendix B

duplicates, and read group

B.3.1 Align, index, and sort

SAMTOOLS="singularity exec /tools/containers/samtools/samtools-1.12

samtools”

BWA="singularity exec /tools/containers/bwa/bwa-0.7.17-
-R "@RG\LID:durbanfemale\tSM:DFINtPL: illumina\tLB: Lib1NtPU:H2T22CCK2.1

SBWA mem

h9a

dd4be 1.simg

-h84994c4 5.simg bwa'

M-t 3

{SLURM_CPUS_PER_TASK:-1} \
/usr/people/sderaedt/genome study/bwa align/hil ref \

DF1 1 cleaned.fastq.gz DF1 2 cleaned.fastq.gz | $SAMTOOLS view -b

sort > DF1_aligned.bam

SBWA mem

-R '@RG\tID:durbanfemale\tSM:DF2\tPL:illumina\tLB: 1ib2\tPU:H2T22CCX2.1

| $SAMTOOLS

M-t 3

{SLURM_CPUS_PER_TASK:-1}
/usr/people/sderaedt/genome study/bwa_align/hil ref \

DF2 1 cleaned.fastq.gz DF2_2 cleaned.fastq.gz | $SAMTOOLS view -b

sort > DF2_aligned.bam

$BWA mem

-R '@RG\tID:durbanfemale\tSM:DF3%tPL: i1lumina\tLB: Lib3\tPU:H2T22CCX2.1

| $SAMTOOLS

M-t 3

{SLURM_CPUS_PER_TASK:-1} \
/usr/people/sderaedt/genome_study/bwa_align/hil_ref \

DF3 1 cleaned.fastq.gz DF3_2 cleaned.fastq.gz | $SAMTOOLS view -b

sort > DF3 aligned.bam

$BWA mem -R '@RG\TI

) : dupbanma e\ tSMeDMTY L PLadbluminay thBe LibA\ tPUsHIT2 2 (1

| $SAMTOOLS

M-t s

{SLURM_CPUS_PER_TASK:-1} \
/usr/people/sderaedt/genome study/bwa_align/hil ref \

DM1 1 cleaned.fastq.gz DM1 2 cleaned.fastq.gz | $SAMTOOLS view -b

sort > DM1 aligned.bam

| $SAMTOOLS

B.3.2 Mark duplicates

GATK="s1

$GATK MarkDuplicates -

DF2_metrics.log

$GATK MarkDuplicates -

DF3 metrics.log

$GATK MarkDuplicates
DM1_metrics.log

$GATK MarkDuplicates -

DM2 metrics.log

$GATK MarkDuplicates
DM3_metrics.log

$GATK MarkDuplicates
KF1 metrics.log

$GATK MarkDuplicates -

KF2 metrics.log

$GATK MarkDuplicates
KF3 metrics.log

$GATK MarkDuplicates
KM1_metrics.log

$GATK MarkDuplicates
KM2 metrics.log

$GATK MarkDuplicates
KM3_metrics.log

$GATK MarkDuplicates
ABF3_metrics.log

$GATK MarkDuplicates
ABM1 metrics.log

ity axe

L]

—

=

—

/toalsycentai

:rg/gat k-4.2.0.0.simg gatk’

DF2_aligned.reheadered.bam -0 DF2 marked dup.bam -M

DF3_aligned. reheadered.bam -0 DF3 marked dup.bam

DM1_aligned. reheadered. bam DM1_marked dup.bam

DM2 aligned.reheadered.bam -0 DM2 marked dup.bam -M

DM3_aligned. reheadered.bam DM3 marked dup.bam

KF1_aligned. reheadered.bam -0 KF1 marked dup.bam

KF2 aligned.reheadered.bam -0 KF2 marked dup.bam -M

KF3_aligned. reheadered. bam KF3 marked dup.bam

KM1 aligned. reheadered.bam KM1 marked dup.bam

KM2_aligned. reheadered.bam KM2_marked dup.bam

KM3_aligned.reheadered.bam -0 KM3_marked dup.bam -M
ABF3 aligned.reheadered.bam -0 ABF3 marked dup.bam -M

ABM1 aligned.reheadered.bam -0 ABM1 marked dup.bam -M
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B.3.3 Read group confirmation

Make sure to check that your read groups are correct before haplotype calling.

SAMTDDLSI=' singularity exec /tools/containers/samtools/samtools-1.12--h9aeddbe 1.simg
;;Aﬁggéis view -H KF1 marked dup.bam | grep '"@RG'
$SAMTOOLS view -H KF2_md_RG.bam | grep '“GRG'
$SAMTOOLS view -H KF3 marked dup.bam | grep '"@RG'
$SAMTOOLS view -H KM1 md RG.bam | grep '“@RC
SSAMTOOLS view -H KM2 marked dup.bam | grep '~“@RG'
SSAMTOOLS view -H KM3 marked dup.bam | grep '“@RG'
$SAMTOOLS view -H DF1 marked dup.bam | grep '“@RG'
SSAMTOOLS view -H DF2_marked dup.bam | grep '"@RG'
$SAMTOOLS view -H DF3 marked dup.bam | grep '“GRG'
SSAMTOOLS view -H DM1_marked_dup.bam | grep '“GRG'
SSAMTOOLS view -H DM2_marked_dup.bam | grep '“@RG'
$SAMTOOLS view -H DM3 marked dup.bam | grep '“GRG'
SSAMTOOLS view -H ABF3 marked dup.bam | grep '“@RG'
$SAMTOOLS view -H ABM1 marked dup.bam | grep '~@RG
To change any mislabelled ReadGroups.
GATK="sir ty exec /tools/containers/gatk/gatk-4,2.0.0.simg gatk"
$GATK. AddOrReplaceReadGroups \
I=KF2 marked dup.bam \
0=KF2_md RG.bam *
RGID=kenyafemale
RGSM=KF2 \
RGPL=illumina \
RGPU=H2T22CCX2.1
RGLB=11b8
B.4 GATK haplotype caller:
B.4.1 Create GVCF
GATK="s1 larity exXec /tool in 1ers/gatkigatk- %2 sdmg gatk®
SGATK HaplotypeCaller -R hil ref.fa -I KF1 marked dup.bam -0 KFl.g.vcf.gz -ERC GVCF
SGATK HaplotypeCaller -R hil_ref.fa -I KF2 marked dup.bam -0 KF2.g.vcf.gz -ERC GVCF
SGATK HaplotypeCaller -R hil_ref.fa -I KF3 marked dup.bam -0 KF3.g.vcf.gz -ERC GVCF
SGATK HaplotypeCaller -R hil ref.fa -I KM1 marked dup.bam -0 KMl.g.vcf.gz -ERC GVCF
SGATK HaplotypeCaller -R hil_ref.fa -I KM2 marked dup.bam -0 KM2.g.vcf.gz -ERC GVCF
SGATK HaplotypeCaller -R hil ref.fa -I KM3 marked dup.bam -0 KM3.g.vcf.gz -ERC GVCF
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B.4.2 Create GenomicsDBImport database

B.4.2.1 All populations together

Combine all populations together to ensure the most robust variant calling. Needed to be
delineated by chromosome for software.

GATK="singularity exec /tools/containers/gatk/gatk-4.2.0.0.s5img gatk

$GATK GenomicsDBImport
-V ABF3.g.vcf.gz
-V ABM1.g.vcf.gz \

-V KFl.g.vcf.gz
-V KF2.g.vcf.gz \
-V KF3.g.vcf.gz \
-V KM1l.g.vcf.gz \
-V KM2.g.vcf.gz
-V KM3.g.vcf.gz
-V DFl.g.vcf.gz
-V DF2.g.vcf.gz \
-V DF3.g.vcf.gz \
-V DM1l.g.vcf.gz
-V DM2.g.vcf.gz
-V DM3.g.vcf.gz

--genomicsdb-workspace-path alll test database \
-L NC_051849.1 Hermetia illucens chromosome 1 iHerIl12.2.curated.-
20191125  whole genome_shotgun_sequence

B.4.2.2 Run separate populations

Select for each population to have their own database for unique and shared SNP analysis.
Still required to delineate by chromosome.

$GATK GenomicsDBImport

-V ABF3.g.vcf.gz

-V ABM1.g.wcf.gz

--genomicsdb-workspace-path Agri_chrl database

-L NC_051849.1 Hermetia illucens_chromosome 1 iHerIl12.2.curated.-
20191125 whole genome shotgun_sequence

$GATK GenomicsDBImport °.

-V KF1.g.
-V KF2.g.
-V KF3.g.
-V KML.g.
-V KM2.g.
-V KM3.g.

vcf.gz
vef.gz
vcf.gz
vcf.gz

vef.gz \

vef.gz

\
\
A\
\

\

h

--genomicsdb-workspace-path Kenya chrl database \
-L NC 051849.1 Hermetia illucens chromosome 1 iHerIl12.2.curated.-
20191125 whole genome shotgun sequence

$GATK GenomicsDBImport \

-V DFl.g.
-V DF2.g.
-V DF3.g.
-V DM1.g.
-V DM2.g.
-V DM3.g.

vef.gz
vcf.gz
vcf.gz
vcf.gz
vef.gz
vef.gz

.
L
\

\
\

--genomicsdb-workspace-path Durban chrl database
-L NC 051849.1 Hermetia illucens chromosome 1 iHerIll12.2.curated.-
20191125 whole genome shotgun seguence
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B.4.3 Create VCF, Genotype GVCFs in GenomicsDBImport database

GATK="singularity exec /tools/container

SGATK GenotypeGVCFs \
-R hil_ref.fa \
-V gendb://alll_test_database \
-0 chrl all.vcf.gz

B.5 VCF filtering:

B.5.1 Select SNPs / remove InDels

GATK="singularity exec /tool

SGATK SelectVariants \
-R hil_ref.fa \
-V chrl all.vcf.gz %
--select-type-to-include SNP \
-0 chrl snp.vcf.gz

B.5.2 Density plots for hard filtering parameters

Send all variants to a table for R studio to be able to create plots.

SGATK VariantsToTable \
-V chri_snp.vcf.gz \
-F ID \
-F QD \
-F FS \
-F SOR \
-F MQ \
-F MQRankSum \
-F ReadPosRankSum \
-0 chri.table

Run R ggplot to create density plots to know if your parameters are appropriate.

1 setwd("~/Desktop/")
2 library(ggplot2)
3

4 #QUALITYDEPTH
5QD.plot <- ggplot(chrl, aes(x=QD)) +geom_density(alpha=0.2)
6

7 QD.plot
8

9 #FISHERSTRAND
@ FS.plot <- ggplot(chri, aes(x=FS)) +geom_density(alpha=0.2)
1

2 Fs.plot + scale_x_log1o()

3

4 #STRANDSODDRATIO

5 SOR.plot <- ggplot(chrl, aes(x=SOR)) +geom density(alpha=0.2)
6

7 SOR.plot

8

9 #MAPPINGQUALITY

0 MQ.plot <- ggplot(chri, aes(x=MQ)) +geom_density(alpha=0.2)

1

2 MQ.plot
3

4 #MQRANKSUM
5 MQRankSum.plot <- ggplot(chrl, aes(x=MQRankSum)) +geom_density(alpha=0.2)
6

7 MQRankSum.plot

8

9 #READPOSRANKSUM

® ReadPosRankSum.plot <- ggplot(chr1l, aes(x=ReadPosRankSum)) +geom_density(alpha=0.2)
2

2 ReadPosRanksum.plot]
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B.5.3 Hard filtering

B.5.3.1 GATK hard filtering

GATK="singularity exec /tools/containers/gatk

$GATK VariantFiltration \
-V chrl snp.vcf.gz \
-filter "0D = 2.0" --filter-name "0D2" \
-filter "QUAI --filter-name "QUAL30
-filter "SOR = 3.0" --filter-name "SOR3

-filter "F5 = 60.0" --filter-name "FS

-filter "M0 = 40.0" --filter-name

-filter "MORankSum = -12.5" --filter-name "MOR

-filter "ReadPosRankSum < -8.0" --filter-name ' Sum-8" \

-0 chrl_snps_filtered.vcf.gz

B.5.3.2 Filter for missing data

GATK="singularity exec /t gatk-4.2.0.0.simg gatk"

$GATK SelectVariants \
-R hil_ref.fa \
-V wg Agri snp gatk.vef.gz \
--max-nocall-fraction 0.85 \
--exclude-filtered \
-0 wg Agri filtered.vcf.gz

$GATK SelectVariants
-R hil ref.fa \
-V wg_Kenya snp gatk.vcf.gz \
--max-nocall-fraction 0.85 \
--exclude-filtered \
-0 wg Kenya filtered.vcf.gz

$GATK SelectVariants
-R hil ref.fa \
-V wg_Durban_snp gatk.vcf.gz \
--max-nocall-fraction 0.85 \
--exclude-filtered \
-0 wg_Durban_filtered.vcf.gz

B.6 VCF Analysis:

B.6.1 PCA

singularity exec /tools/containers/plink/plink-1.96b4--h0a6d026 2.simg plink --bfile
plink --pca --allow-extra-chr

B.6.2 Nucleotide Diversity

Use VCFTools to run nucleotide diversity using sliding windows across the genome.
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#chri

singularity exec ftools/containers/vcftools/vcftools-0.

out chri_km_20kb_nd

singularity exec [tools/containers/vcftoolsfvcftools-
d

chri_k_zekb_n

singularity exec ftools/containers/vcftools/vcftools-

out chri_kf_26kb_nd

#chr2

singularity exec ftools/containers/vcftools/vcftools-

out chr2_km_26kb_nd

singularity exec ftools/containers/vcftools/vcftools-0.1.

chr2_k_2okb_nd

singularity exec ftools/containers/vcftools/vcftools-6.1.

out chrz_kf_20kb_nd

B.6.3 Tajima’s D

@

@

@

@

@

@

--he941832_2.

--he941832_2.

--he941832_2.

--he941832_2.

--he941832_2.

--he941832_2.

simg

sing

simg

simg

simg

simg

vcftools --vecf chri_kenyan_male_fil.vcf

veftools --vef chri_kenyan_fil.vcf

Appendix B

--window-pi 20800 --

--window-pl 20000 --out

veftools --wvcf chri_kenyan_female_fil.vcf --window-pi 20000 --

veftools --vef chr2_kenyan_male_fil.vcf

vcftools --wcf chr2_kenyan_fil.vcf

vcftools --vcf chr2_kenyan_female_fil.vcf

Use VCFTools to run Tajima’s D using sliding windows across the genome.

#chri

singularity exec [tools/containers/vcftools/vcftools-

chri_km_26kb_td

singularity exec /tools/containers/vcftools/vcftools-

chri_k_20kb_td

singularity exec /tools/containers/vcftools/veftools-

out chri_kf_20kb_td

#chr2

singularity exec /tools/containers/vcftools/vcftools-0.

chr2_km_26kb_td

singularity exec /tools/containers/vcftools/vcftools-@.

chr2_k_20kb_td

singularity exec [ftools/containers/vcftools/vcftools-

out chr2_kf_2ekb_td

@

@

@

@

@

1.

16

.16-

.16-

.16-

.16-

.16~

--he941832_2.

-he941832_2.

-he941832_2.

-he941832_2.

-he941832_2.

-he941832_2.

simg

simg

simg

simg

simg

simg

vcftools --vcf chri_kenyan_male_fil.vef

--window-pi 20008 --

--window-pi 26000 --out

--window-pi 20060 --

--TajimaD 20000 --out

vecftools --vcf chri_kenyan_fil.vcf --TajimaD 20000 --out

vcftools --vcf chri_kenyan_female_fil.vcf

vcftools --vcf chr2_kenyan_male_fil.vef

--TajimaD 20000 --

--TajimaD 20000 --out

vcftools --vcf chr2_kenyan_fil.vcf --TajimaD 20000 --out

vcftools --vcf chr2_kenyan_female_fil.vcf

B.6.4 Heterozygosity/Inbreeding coefficient

singularity exec /tools/containers/vcftools/vcftools-0.1.16--he941832 2.simg
vcf chrl kenyan fil.vcf --het --out chrl kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf chr2 kenyan fil.vcf --het --out chr2 kenyan het

singularity exec /tools/containers/vcftools/vcftools-0
vcf chr3_kenyan fil.vcf --het --out chr3 kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf chrd kenyan fil.vcf --het --out chr4 kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf chr5_kenyan fil.vcf --het --out chr5_kenyan_het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf chré kenyan fil.vcf --het --out chré kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf chr7_kenyan fil.vcf --het --out chr7_kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf wg _kenyan fil.vcf --het --out wg kenyan het

singularity exec /tools/containers/vcftools/vcftools-0.

vcf wg agri fil.vcf --het --out wg agri het

B.6.5 Unique & shared SNPs

1.16--he941832 2.simg

.1.16--he941832 2.simg

1.16--he941832_2.simg

1.16--he941832 2,simg

1.16--he941832 2.simg

1.16--he941832 2.simg

1.16--he941832 2.simg

1.16--he941832 2.simg

vcftools

vcftools

vcftools

vcftools

vcftools

vcftools

vcftools

vcftools

vcftools

--TajimaD 20000 --

This analysis needs to be completed on separated population GenomicsDBImport files.
Otherwise, GATK forms a squared-off-matrix that establishes most likely variants across all
populations. This is preferred for our initial SNP calling since BSF does not have any known
SNPs to calibrate. Therefore, the matrix gives the “best” calls across all samples. However, in
order to isolate unique SNPs, each population must have their own matrix.
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singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756c 3.simg bcftools
isec -n~100 -c all wg Agri filtered.vcf.gz wg Kenya filtered.vcf.gz
wg_Durban_filtered.vcf.gz -p ISEC_AGRI_UNI

singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756¢c_3.simg becftools
isec -n-010 -c all wg Agri filtered.vcf.gz wg Kenya filtered.vcf.gz

wg Durban filtered.vcf.gz -p ISEC KENYA UNI

singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756c_3.simg bcftools

isec -n~001 -c all wg Agri_filtered.vcf.gz wg Kenya filtered.vcf.gz
wg_Durban_filtered.vcf.gz -p ISEC_DURBAN UNI

Count the number of SNPs
singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756c 3.simg bcftools
view -v snps 0008.vcf | grep -v ""#" | wc -1

singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756¢_3.simg beftools
view -v snps 0001.vcf | grep -v ""#" | we -1

singularity exec /tools/containers/bcftools/bcftools-1.10.2--h4f4756¢c 3.simg bcftools
view -v snps 0002.vcf | grep -v ""#" | wc -1
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Appendix C: microRNA discovery pipeline

C.1 QC and trimming sample sequences:

#FASTQC

$/home/user[anaconda}/bin/{astqc ./.1E.fastq ./.2E.fastq ./.3E.fastq ./1P.fastq ./2P.fastq ./3P.fastq ./1L.fastq ./2L.fastq
./3L.fastq ./1M.fastq ./2M.fastq ./3M.fastq ./1F.fastq ./2F.fastq ./3F.fastq

C.2 Reference genome and conserved microRNA prep:

C.2.1 Concatenate reference genome files

#FASTA COMBINE

$~/Desktop/miRNA_study/bsf_gen_rerun/genome_combined/ cat *.fasta > hil_gencom.fa

#REMOVE WHITE SPACE

$~/Desktop/miRNA_study/bsf_gen_rerun/genome_combined/ sed 's, ,_,g' -i hil_gencom.fa

C.2.2 Bowtie index reference genome

#BOWTIE BUILD REF GENOME

$/home/user/anaconda3/bin/ bowtie-build hil gencom.fa hil all

Be sure not to specify file type at end of output (“hil_all” instead of “hil_all.fa”)

C.2.3 Select appropriate conserved microRNA

#CONSERVED MICRORNA PULL
$/home/user/anaconda3/bin/mirbase.pl 22.1 1

#SELECT ARTHROPOD MICRORNAS

$/home/user/anaconda3/bin/extract_miRNAs.pl mature.fa aae, acy, aga, ame, bmo, cho, cma, cpi, dps, dse, dmo, dpe, dro, dwi, dya,
der, dan, dgr, hel, mse, nvi, tca > mature_arthro.fa
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C.3 Map sample microRNA to reference genome:

C.3.1 Mapper.pl from MiRDeep2 software

$/home/user/anaconda3/bin/mapper.pl 1E.fastq -e

-t 1E_read vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 1L_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 1P_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 1F_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 1M_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 2E_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 2L_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 2P_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 2F_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 2M_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 3E_read_vs_hil.arf

$/home/user/anaconda3d/bin/mapper.

-t 3L_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 3P_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 3F_read_vs_hil.arf

$/home/user/anaconda3/bin/mapper.

-t 3M_read_vs_hil.arf

iL.

1P,

1F.

M.

2E

2L.

2P,

2F.

2M,

3

3L.

3P.

3F.

3M.

fastq

fastq

fastq

fastq

.fastq

fastq

fastq

fastq

fastq

fastq

fastg

fastq

fastq

fastq

#MAPPER PARAMETERS DESCRIBED

H oH H H H HH W H H K

-e

-h

4§ -k

identifies input as fastq
parse to fasta format
convert rna to dan alphabet (to map against genome)

remove all entries that have letters other than "a,c,g,t,u,n,A,C,G,T,U,N"
clip 3' adapters (adapter sequence: TGGAATTCTCGGGTGCCAAGG)

discard reads shorter than 18 nucleotides long
collapse reads
map to genome using .bwt prefix files (from bowtie-build)
output processed reads to file (.fa)
output read mappings to .arf file (miRDeep2 unique file format)
ouptut progress report

=

=

=

=

ES

=

=

=

=

~

=

=

=

ES

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

TGGAATTCTCGGGTGCCAAGG

'
e

|
—

)
.

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

hil_all

n

1]

|
w
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1E_hilreads_collapsed.

1L_hilreads_collapsed.

1P_hilreads_collapsed.

1F_hilreads_collapsed.

1M_hilreads_collapsed.

2E_hilreads_collapsed.

2L_hilreads_collapsed.

2P_hilreads_collapsed.

2F_hilreads_collapsed.

2M_hilreads_collapsed.

3E_hilreads_collapsed.

3L_hilreads_collapsed.

3P_hilreads_collapsed.

3F_hilreads_collapsed.

3M_hilreads_collapsed.
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C.4 Call microRNA using miRDeep2:

$/home/user/anaconda3/bin/miRDeep2.pl 1E_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 1E_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 1L_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 1L_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 1P_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 1P_ncnarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 1F_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 1F_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 1M_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 1M_ncnarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 2E_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 2E_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 2L_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 2L_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 2P_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 2P_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 2F_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 2F_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 2M_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 2M_ncnarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 3E_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 3E_ncnarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 3L_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 3L_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 3P_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 3P_nonarthro.log

$/home/user/anaconda3/bin/miRDeep2.pl 3F_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 3F_ncnarthro.log

$/hnme/user/anaconda}lhin/miRDeepZ.pl 3M_hilreads_collapsed.fa
hairpin_arthro.fa 2 > 3M_nonarthro.log

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

hil_gencom.fasta

1E_read_vs_hil.arf

1L_read_vs_hil.arf

1P_read_vs_hil.arf

1F_read_vs_hil.arf

1M_read_vs_hil.arf

2E_read_vs_hil.arf

2L_read_vs_hil.arf

2P_read_vs_hil.arf

2F_read_vs_hil.arf

2M_read_vs_hil.arf

3E_read_vs_hil.arf

3L_read_vs_hil.arf

3P_read_vs_hil.arf

3F_read_vs_hil.arf

3M_read_vs_hil.arf

C.5 Create one table from multiple life stage files:

#microRNA count]

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none
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mature_arthro.fa
mature_arthro.fa
mature_arthro.fa
mature_arthro.fa
mature_arthro.fa
mature_arthro.fa
mature_arthro.fa
mature_arthro.
mature_arthro.
mature_arthro.
mature_arthro.
mature_arthro.fa
mature_arthro.fa
mature_arthro.fa

mature_arthro.fa

$~/Desktop/miRNA_study/bsf_gen_rerun/perl CountMiRNA.pl 1E.csv 1L.csv 1P.csv 1M.csv 1F.csv 2E.csv 2L.csv 2P.csv

2M.csv 2F.csv 3E.csv 3L.csv 3P.csv 3M.csv 3F.csv
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! Jusr/binfperl

CountMiRNA.pl
use hash tables and specific hash of hash. Python has an equivalent

@ARGV 1s the reserved namespace in PERL for all arguments on the commandline.
Usage: CountMiRMA.pl [count_filel] [count_filez2] ...... etc.

Does not matter what order the files are specified because I hard coded the output.
And I track the stages by the filename that was submitted.

R OR R HE R R R R R

my (S$stage, %All);

foreach my Sarg(@ARGV) {
if (Sarg =~/"(\S+)\.csv/) {
$stage = $51;
} else {
die "cannot recognise $arg\n";

}

open(F, $arg);

while (<F>3) {
chomp;
my ($cnt, $id) = split(/,/);
#print ".Scnt. .S$id. .Sstage.\n";
Shash{Sid}{Sstage} = Scnt;

}

close(F);

if ($stage =~/"50n{
die "missing\n";

1

my @stages = qw(1E 2E 3E 1L 2L 3L 1P 2P 3P 1F 2F 3F 1M 2M 3M);
print "1E\t2E\t3E\t1L\ 2L\ t3L\t1P\t2P\t3P\tIF\ L2F\t3F\ tIM\t2M\ t3M\n";
foreach my 5miR (keys %hash) {
print "SmiR\t";
foreach my $stages(@stages) {
if (defined Shash{smiR}{$stages}) {
print "\t".Shash{5miR}{5stages};
1 else {
print "\te";
¥
1

print "\n";
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