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Abstract

The two-spotted spider mite Tetranychus urticae is a polyphagous agricultural pest of
economic importance. Previous studies have established that reduced gene expression of
COPB2, SNAP-«, and V-ATPase genes with RNAI and lowers both the survivorship and
fecundity of T. urticae. A visible phenotype was also associated with changes to the
digestive cells of the midgut after treatment. Serial sections of paraffin embedded RNAI
treated mites to determine the changes caused by the transcriptional silencing of the three
focal genes. COPB2 silencing leads to a significant increase in the number of juvenile
digestive cells, while SNAP-o and V-ATPase silencing caused dysfunctional mature
digestive cells. The formation and disruption of these digestive cells may provide a

potential tool in integrated pest management.
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Summary for Lay Audience

The spider mite Tetranychus urticae is a global pest. Previous studies found that the
downregulation of the vesicular trafficking genes COPB2, SNAP-a and V-ATPase resulted
in a morphological change, that negatively affected the longevity and reproductive output
of T. urticae. This study tries to identify changes in terms of what is changing inside the
spider mite after genetically silencing these genes with RNA interference. The data suggest
RNA interference of these vesicular trafficking genes will cause abnormalities in the life
cycle of digestive cells that are found within the midgut of T. urticae. RNA interference of
COPB2 causes an increase in the number of digestive cells and increases the proportion of
younger digestive cells compared to older digestive cells. The silencing of other similar
vesicular trafficking genes produces similar results. The changes caused by RNA

interference may not be localized to one gene but to the system they are part of.
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Chapter One - Introduction

1.1 Economic Impact of Tetranychus urticae (Koch)

While the advent of civilization was marked by the implementation of agriculture
100,000 years ago, food security and ensuring the physical availability and financial means
for an individual to access food is still a paramount concern for countries around the world.
According to the United Nations Department of Economic and Social Affairs, the world
population is expected to reach 9.7 billion people in 2050 (United Nations, 2019) and
experts predict global food production must increase by 50% in order to meet projected
demands (Chakraborty, 2011). While pest and disease management practices for crops
have advanced in the past century, agricultural crop loss to herbivorous pests is one of the
most significant threats to food security in the world, and it is estimated that 10-16% of the
global harvest is still lost to plant pathogens and pests (Oerke, 2006). Global food supplies
will also be further strained by a warming global climate that will cause increasing extreme
weather events such as droughts to occur and introduce invasive species to new regions
(Riegler, 2018). These costs in agricultural production are inevitably passed down to the
consumer and the lack of food security manifests itself as malnutrition in vulnerable
populations and even political instability in countries (Deaton and Lipka, 2015). Therefore,
it is ethically important for researchers to recognize emerging agricultural pests and

identify the methods to mitigate their potential damage.

The spider mite Tetranychus urticae (Koch) stands out from other pests due to their

polyphagous nature and their life cycle which give them the ability to adapt to new plant



hosts as well as commercial acaricides (Dermauw et al., 2013). As a generalist herbivore,
T. urticae is found throughout the world, but is known to thrive in hot and dry conditions
and is also known to feed on over 1,100 different species of plants, with 150 of these plants
being economically important to farmers (Piraneo et al., 2015). Expenditures towards
treatment of spider mite infestations by farmers globally and the damages attributed to crop
loss was reported to exceed 1 billion US dollars a year (Godinho, 2011). Despite these

costs, the physiology of T. urticae is relatively unknown.

1.2 Background on Spider Mites

Tetranychus urticae is a chelicerate arthropod first identified in 1836 (Koch). The
term spider mite alludes to the silk webs that species in the family Tetranychidae produce
in order to protect their eggs while on plants. These silk webs also allow for spider mite
dispersion to adjacent plants. Tetranychus urticae has a short life (Figure 1-1) going from
egg to adult in approximately one week at 25°C. Sex is determined by a process known as
arrhenotokous parthenogenesis (Krantz et al., 1987), where haploid males emerge from
unfertilized eggs and larger diploid females come from fertilized eggs. Female adult mites
can lay up to approximately 40 eggs in their lifetime (Godinho, 2011). Spider mites feed
on plants with the use of a stylet to puncture through the surface of the leaf cuticle and are
known to adapt and become resistant to systemic plant defenses over time (Bensoussan et

al., 2016).
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Figure 1-1. Life cycle of T. urticae. Larvae emerge from eggs within 3 days and will molt
into the two instars stages of protonymph and deutonymph before becoming an adult in
approximately a week. A size bar is added for reference. Picture taken by Zoran Culo and

used with permission.

One important element to the success of T. urticae lies in its capacity to respond to
xenobiotic stresses, including the ability to detoxify plant compounds through the
expansion of gene families encoding for detoxification enzymes (Grbi¢ et al., 2011). The

high fecundity and short life cycle of the spider mite allow for adaption to occur within a



few generations, and these adaptations are retained even when they move to a new plant
host (Dermauw et al., 2013). Detoxification of plant defensive compounds in T. urticae is
presumably taking place in the midgut. Considering the high fecundity of the spider mite,
the required amount of food consumed to keep up with the metabolic demand of egg and

silk production is likely substantial.

The genome of T. urticae was fully sequenced in a previous study (Grbi¢ et al., 2011) and
the annotation of genes was achieved using comparative genomics. Arthropods including
the red flour beetle (Tribolium castaneum) were used to identify gene orthologues in T.
urticae (Richards et al., 2008). Some of these candidate genes were later found to be
sensitive to RNAI as they produced whole-body phenotypes in T. urticae after silencing.
Initial genomic screens for candidate targets in T. urticae identified genes associated with
vesicular trafficking and potential gut function, which when silenced significantly reduced
spider mite survivorship by 65.4% after 120 h (Kwon et al., 2012; Kwon et al., 2015). The
role of vesicular trafficking in the midgut and understanding how digestion occurs in spider
mites can reveal their detoxification strategy. By investigating the silencing of these
candidate genes from these genomic screens, they may become novel targets for pest

management.



1.3 Vesicular Trafficking

Vesicular trafficking is the process of the movement of materials and proteins
between membrane bound organelles. Mechanistically, this process encompasses the
synthesis, movement and the docking of vesicles. Vesicular trafficking allows for the
secretion of products that may be used for the purpose of cell to cell communication, and

for processes outside or within the cell itself (Rothman, 1994).

There are three different classes of coatomer systems needed to recruit proteins that
produce vesicles for the proper functioning of a cell: COPII (coatomer protein complex 2),
COPI (coatomer protein complex 1) and clathrin-coated vesicles. After proteins are
synthesized in the endoplasmic reticulum (ER), they are further transported towards and
throughout the Golgi apparatus in COPII vesicles. At the trans-Golgi, clathrin vesicles are
used to export material around or out of the cell through exocytosis and are used to import
material into the cell. COPI vesicles are responsible for the reverse movement of material
from the trans-Golgi to cis-Golgi and cis-Golgi to ER, in order to ensure the materials
necessary for anterograde vesicle movement are not depleted at the ER (Figure 1-2). These
three coatomer systems are associated with the normal function, formation, and

disassembly of these vesicles in cells for all eukaryotes (Duden, 2003).
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Figure 1-2. Overview of the three vesicular trafficking systems in the cell ©. The COPI
system is involved in retrograde/reverse trafficking of material and the COPII system is
associated with the anterograde/forward trafficking of material (Hsu et al., 2009). Refer to

Appendix A for figure permissions and copywrite agreement from Springer Nature.

1.4 Coatomer Protein Complex Subunit Beta 2

COPB?2 is one of the seven subunits of the COPI, which is responsible for the
formation of vesicles used for retrograde protein trafficking (Figure 1-2; Figure 1-3)
(Duden, 2003). Retrograde protein trafficking is used to return chaperones, SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) receptors and

other protein machinery lost from anterograde protein trafficking back to the ER (Bethune



et al., 2006). Cells with a loss of function for the COPI complex gradually lose
phospholipids and resident membrane proteins from the rough ER. This eventually
prevents further vesicle formation as secretory proteins continue to be synthesized but
ultimately, they accumulate in the ER as they cannot be exported. This can lead to problems
with organ development, morphological changes or even death for some organisms

(Duden, 2003).
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Figure 1-3. Diagram of the COPI complex ©. Budding is initiated by ARF (ADP-
ribosylation factors) receptors which sequester protein subunits that include COPB2 that
allow coatomers to attach. This complex will assist in budding and forming the vesicle.
Upon successful formation of a vesicle, the coatomers will detach and become available to
form new vesicles (Rothman, 1994). Refer to Appendix A for figure permissions. and

copywrite agreement from AAAS.



A hypomorphic mutation or a partial loss of function of COPB2 in mice produces
phenotypically normal individuals, but they suffer from an increase in autophagic cell death
in the brain. A full gene knockout in mice causes low birth weight and death within the
first week of life (DiStasio, et al., 2017). The COPI complex is short-lived and dissociates
from the vesicle after budding in order to expose SNARE receptors used for docking with
a target membrane. SNARE receptors can be found in COPI, COPII and clathrin systems
and are responsible for the proper targeting and fusion of vesicles to the membrane of their
destination. This communication is associated with the next gene of interest, SNAP-«

(Duman and Forte, 2003).

1.5 N-ethylmaleimide-sensitive Factor Attachment Protein Alpha

SNAP-o is a subunit that works with SNAP-B, SNAP-y, and NSF (N-
ethylmaleimide-sensitive factor) to interact with the SNARE protein that is formed
between vesicles and target membrane SNARE receptors used in vesicle recognition
(Duman and Forte, 2003). Both complexes combine to form the 20S complex that will
stabilize vesicle docking and fusion (Figure 1-4). After the successful integration of the
vesicle, SNAP-a is also responsible for the breakdown of the 20S complex by stimulating
NSF ATPase (Barnard et al., 1997). SNARE proteins have regulatory effects on vesicular
trafficking, including exocytosis within the cell and a role in the release of

neurotransmitters in nerve cells.



Yeast cells with a loss of function from a mutation in SNAP-o amass proteins in vesicles
released from the ER that accumulate in the cytoplasm as they are unable to dock with the
Golgi apparatus (Duden, 2003). SNAP-« also has functions relating to cell-matrix adhesion
of cells and loss of function causes cell detachment in human intestinal epithelial cells
(Naydenov et al., 2014) as well as arrest in cell division for human colon cancer cells

(Wang et al., 2017).
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Figure 1-4. Formation of the 20S complex ©. Starting from the top-left, after the vesicle
and target membrane SNARE receptors bind together, protein subunits including SNAP-a
are recruited in order to stabilize successful vesicle fusion. After proper docking, the same
protein subunits are used to promote the dissociation of SNARE receptors upon success so
that they can be recruited elsewhere in the cell (Chen and Scheller, 2001). Refer to

Appendix A for figure permissions and copywrite agreement from Springer Nature.
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1.6 Vacuolar-type H* Adenyl Pyrophosphatase Protein

V-ATPase is a conserved enzyme in eukaryotes that is responsible for maintaining
the pH gradient between the cytosol and the lumen of the cell and other membrane bound
organelles, which allows proper functioning of most cellular machinery (Maxson and
Grinstein, 2014). The protein pump is composed of a catalytic unit (V1) and a plasma
membrane bound unit (Vo) which uses the energy from ATP hydrolysis to pump hydrogen
ions and acidify the lumen of the cell (Figure 1-5). The pH gradient produced by V-ATPase
also affects vesicular trafficking, as the protein is responsible for acidifying the interior of
vesicles during transit to ensure the proper dissociation and targeting of receptors. This in
turn allows for the normal functioning of processes critical to the cell such as protein

degradation and neurotransmitter signaling (Maxfield and McGraw, 2004).

V-ATPase is also associated with the upregulation and downregulation of signaling
pathways in the cell and overexpression of this protein is seen to be positively associated
with the invasive potential of certain cancers (Sennoune et al., 2004). In arthropods, the
loss of function in the V-ATPase gene is known to cause decreased survivorship and
fecundity in the bed bug Cimex lectularius (Basnet and Kamble, 2018) and the beetle

Diabrotica virgifera zeae (Velez et al., 2016).
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Figure 1-5. Illustration of the protein pump V-ATPase and its two components ©. The
upper subunit (V1) is composed of eight smaller subunits and is responsible for ATP
binding and hydrolysis. The force created allows for the lower subunit (Vo) to rotate and
translocate protons through the plasma membrane in order to acidify the lumen. The pH
gradient provides the chemical potential that drives certain processes such as protein
degradation which are essential to the cell (Maxson and Grinstein, 2014). Refer to
Appendix A for figure permissions and copywrite agreement from The Company of

Biologists.
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1.7 Digestion in T. urticae

In the digestive system of Acari, the alimentary tract is separated into three
components like insects: there is a foregut, midgut and hindgut (Bensoussan et al., 2018).
However, unlike insects T. urticae lacks certain components in digestion and the movement
of nutrients such as a peritrophic matrix, Malpighian tubules, or hemolymph (Mothes and
Seitz, 1981). These missing components suggest digestion in T. urticae is being performed
at the intracellular level via the use of free-floating digestive cells that populate the midgut

lumen, as opposed to insects that use extracellular digestion (Bensoussan et al., 2018).

Insect digestion will typically involve the formation of a bolus of food at the foregut that
proceeds through the digestive tract (Holtof et al., 2019). After feeding, the bolus is
surrounded by the peritrophic matrix which separates the bolus from the digestive tract
while allowing substrates and enzymes to be efficiently used. Movement of this bolus is
facilitated by muscles contractions along the tract through the midgut until it reaches the
hindgut where water is reabsorbed and the bolus is expelled as waste. Nutrient absorption
at the midgut is facilitated through passive diffusion through midgut epithelial cells that
move nutrient molecules into the hemolymph or Malpighian tubules which transport amino

acids from digested protein (Figure 1-6).
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Figure 1-6. Comparison of insect and mite digestive systems ©. Both insect and mite
digestive systems are structured similarly in terms of having a foregut (green), midgut
(blue) and hindgut (yellow). Insects however digest nutrients extracellularly as the bolus is
moved through their digestive system. Mites store food material in their midgut where it is
taken up by digestive cells which mature, allow for intracellular digestion and are later
removed as waste. Refer to Appendix A for figure permissions and copywrite agreement

from Springer Nature and the Creative Commons Attribution 4.0 License respectively.
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While the foregut and hindgut of T. urticae operate similarly to insects, the midgut appears
to differ significantly in the mechanics of food digestion. Instead of a tube, the midgut of
T. urticae appears to be an open area where food enters and is taken up by globular
digestive cells for further digestion (Figure 1-7). These digestive cells have nuclei, are
visible in large numbers in the midgut, can be seen to accumulate material and are deposited
as waste by the mite. Bowman (2019) suggested that the predatory soil mite Pergamasus
longicornis has a dynamic gut environment and that epithelial cells are seen to interconvert
between squamous, columnar or pseudo-stratified cells in order to maximize the amount
of food it can ingest as well as portioning it away for long-term storage. The author explains
differentiation at the cell-level as opposed to organ-level is ideal for the smaller physiology
of mites and this clarifies how T. urticae and other mites can thrive without all the

aforementioned digestive elements present in insects.

Currently the role these digestive cells perform in T. urticae is still unclear, however they
can be seen to have a defined life cycle within the midgut (Bensoussan et al., 2018). These
digestive cells bud off from midgut epithelial cells into the midgut lumen where they freely
float around and progressively accumulate content into the vacuole presumably from
secondary plant metabolites and digested material. Over time, these digestive cells grow
and darken and after a certain point they are moved from the midgut lumen into the

posterior midgut and expelled through the rectum as waste (Figure 1-7).
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Figure 1-7. Life cycle of digestive cells in the midgut of T. urticae ©. Top row depicts
sections with the budding process in focus stained in Oil Red-O (cryosection), Fast Green
and Safranin-O (paraffin section) and Hematoxylin and Eosin (paraffin section) from left
to right respectively. Middle row depicts DAPI staining for nuclei of digestive cells as
they progressively bud and detach from the midgut epithelium from left to right
respectively. Bottom row depicts the six distinct stages of the digestive cell life cycle from
left to right respectively which involves the consolidation of smaller vesicles into a single
large vacuole that darkens and expands with digested plant material (Bensoussan et al.,
2018). Refer to Appendix A for figure permissions and copywrite agreement from the

Creative Commons Attribution 4.0 License.
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The most objective way to observe normal midgut function for T. urticae is to look at the
ratio of juvenile to mature digestive cells, as well as the total number of digestive cells
within the midgut. Since mature digestive cells are expelled as waste, a constant level of
production of digestive cells in the midgut, reflected in a certain ratio between juvenile and
mature digestive cells is required to keep up with the normal nutritional and energy

demands of T. urticae.

Isoe et al., (2011) observed that silencing the COPI system in the mosquito Aedes aegypti
produced a visible phenotype after feeding on bloodmeal and caused mortality soon after
(Figure 1-8). Plastic TEM sections revealed that the phenotype was caused by a breakage
in the midgut epithelial layer upon its expansion after feeding. This breakage allowed
bloodmeal to seep throughout the body producing the visible phenotype. Silencing of the
COPI system was observed to cause swelling of the rough endoplasmic reticulum in midgut
epithelial cells and presumably made the cells susceptible to breakage during expansion
(Figure 1-9). For T. urticae, a similar dysfunctional cellular mechanism within midgut
epithelial cells could be responsible for the visible phenotypes of silencing. This would
explain the changes in the organization of the midgut epithelium and clarify if these
changes would also affect the budding behavior and maturation of the midgut digestive

cells.
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/Control dsRNA COPI dsRNA

Figure 1-8. Phenotype of COPI RNAI-silenced Aedes aegypti ©. Gene-specific dsSRNA is
microinjected into the midgut, which was for rest 48-72 h prior to blood feeding. After
feeding on blood mosquitoes die soon after. The blood meal can be seen to seep throughout
the entire body (white arrow), as compared to control silenced mosquitoes which suffered
no negative effects after feeding. The leakage of blood suggests a breakage somewhere in
the midgut environment after expanding to accommodate digestion (Isoe et al., 2011).

Refer to Appendix A for figure permissions and copywrite agreement from PNAS.



18
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Figure 1-9. TEM image of COPI RNAI-silenced Aedes aegypti ©. Both the left and right
sides depict midgut epithelial cells feeding after RNAi silencing for a control sequence
and COPI respectively. In COPI silenced mosquitoes, the rough endoplasmic reticulum
(RER) becomes swollen and is responsible for the breakage of the midgut epithelium and
leakage of blood meal (Isoe et al., 2011). Refer to Appendix A for figure permissions and

copywrite agreement from PNAS.
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1.8 Delivery of RNAI to Suppress Gene Targets in T. urticae

The transcriptional silencing of COPB2 and SNAP-a using RNAi (RNA
interference) resulted in significantly affected spider mite fitness due to decreased
fecundity and survivorship (Kwon et al., 2012). RNAI inhibits the expression of a specific
gene by targeting mRNA (messenger ribonucleic acid) and preventing its translation. In
COPB2 transcriptionally silenced mites, there is a visible reduction in the black spotted
globular digestive cells in the midgut, whereas SNAP-o and V-ATPase silenced mites
display an extremely dark phenotype all throughout the body without the median

segmentation seen in control mites. (Suzuki et al., 2017).

Both RNAI treatments for COPB2 and SNAP-« were used on newly molted adult female
mites and all died approximately a week later (Figure 1-10). Quantitative PCR of the mite
samples showed that the transcript levels for the genes were still being expressed at 50%
(Bensoussan et al., 2020). This indicates that the partial silencing of these gene transcripts

is enough to cause reduced survivorship and produce a visible phenotype in T. urticae.
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Figure 1-10. Survival ship curves of T. urticae after RNAi of COPB2 and SNAP-a ©.
Experiment was performed over the span of ten days after being treated with dsRNA and
compared to control samples which had an intergenic region on the genome (F3R3)
targeted as a control (p < 0.001 for both experiments [n = 50/treatment & 2
replicates/treatment]) (Bensoussan et al., 2020). Refer to Appendix A for figure
permissions and copywrite agreement from the Attribution-NonCommercial-

NoDerivatives 4.0 International License.



21
1.9 Objectives

The primary focus of my work was to characterize the role of vesicular trafficking genes
in the midgut of T. urticae by analyzing the effects of the transcriptional silencing of
COPB2 SNAP-a, and V-ATPase. The overall goal of my study was to link the physical
phenotype arising from RNAI silencing to a biological mechanism using histological
analysis and compare to what is already established in the literature. The three objectives

are:

1. Examination of the morphological and qualitative changes of cells in the midgut
following transcriptional silencing of COPB2, SNAP-a, and V-ATPase compared to
that of a control.

2. ldentification and quantification of differences in digestive cell numbers between
transcriptionally silenced mites of COPB2, SNAP-«, and V-ATPase versus that of a
control.

3. Comparison of the three aforementioned gene silencing phenotypes to that of
comparable gene orthologues in another arthropod (Tribolium castaneum) in order

to identify similarities.
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Chapter Two - Materials and Methods

2.1 Spider Mite Rearing

Egg-laying adult females were used to create developmentally synchronized
populations in order to ensure the age of the sample population is uniform during treatment.
For specimen collection, a colony of London reference strain of T. urticae kept on
California red kidney bean (Phaseolus vulgaris) plants and maintained for more than 100
generation were used. Bean plants were grown in peat-vermiculite mixture at 24°C with
16:8 L:D photoperiod before they were used to replace the older infested bean plants in the
spider mite colony. Only newly molted female adult mites gathered from synchronized
populations were used for experiments as they are the most active in terms of metabolism.

The following protocol for spider mite rearing was adapted from Suzuki et al. 2017.

To separate and treat specifically for a single life cycle stage, 50 female adult mites were
taken from the colony and were taken to infest and lay eggs on a single bean leaf inside a
vented container for 24 hours at 26°C. These female mites were then removed leaving eggs
that will emerge uniformly as deutonymph teleiochrysalis females after 7 days at 27°C.
These teleiochrysalis females were moved to a cotton wafer soaked in water placed inside
of a Petri dish within a non-vented container for 2 days at 18°C at 100% relative humidity.
The lid was then removed, and the container was stored at 26°C at 50% relative humidity

to allow for the female mites to molt successfully and be collected for sample processing.



23
2.2 dsRNA Synthesis

The following dsRNA synthesis protocol was adapted from a lab member
(Bensoussan et al., 2020). Total RNA was extracted from the frozen female mites with the
RNeasy Mini Kit (Qiagen, Valencia, CA) and 3ug was used to make cDNA using the
Superscript 11 cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Template
preparation for dsRNAs targeting F3R3 control, COPB2, SNAP-a, and V-ATPase was
performed by polymerase chain reaction amplification using specific forward and reverse
primers with a minimal T7 promoter sequence at their 5’ ends and either cDNAs or
genomic DNA as a template (Table 2-1). The length of dsSRNA fragments was ~ 600 bp
per fragment, as smaller fragments are less effective in transcriptional silencing and larger
fragments do not increase effectiveness (Bensoussan et al., 2020). Two separate non-
overlapping fragments of dsRNA were used to ensure that the phenotype caused by
transcriptional silencing cannot be attributed to off-target effects of silencing. Amplified
DNA fragments were purified with the Gel/PCR DNA Fragments Extraction Kit (Geneaid
Biotech, New Taipei, Taiwan). Purified fragments were sequenced to confirm their
identity. dsRNA fragments were synthesized using 1 pg of DNA template with the
TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific) in 1.5-mL
centrifuge tubes. dSRNAs were treated with DNase | for 30 min (Thermo Fisher Scientific),
were desaturated at 95°C for 5 min, and were allowed to reach room temperature to
facilitate the formation of dsRNA. dsRNA was purified by phenol/chloroform extraction
followed by ethanol precipitation. dSRNA was dissolved in nuclease-free water and

quantified using the NanoDrop (Thermo Fisher Scientific, Waltham, MA).
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Table 2-1. List of T. urticae orthologues of Tribolium castaneum genes identified from
previous studies as highly efficient RNAI targets ©. Tc-gene refers to the gene database
listing identifier for Tribolium castaneum. Tu-ortholog and gene symbol refers to the gene
database listing identifier for T. urticae. Refer to Appendix A for figure permissions and
Attribution-NonCommercial-NoDerivatives 4.0

agreement  from the

copywrite

International License.

Mame Tc-gene Tu-ortholog Gene symbaol Cellular function

Ras opposite TCO11120 teturl3gOOS70 TuRop SMARE binding

Blpha soluble NSF attachment protein TC013571  tetur06g05400  TuSnap o “esicular transport

Shirbire TCO11058  tetur07g07150  TusShi Actin and microtubule binding activity
Regulatory particle triple-A ATPase 3 TCOO7288  tetur32g01800  TuRpt3 Subunit of the 265 proteasome

Regulatory particle non-ATPase 7 TCOOG375  tetur33g0l390 TuRpn7 Subunit of the 265 proteasome

Heat shock 70-kDa protein cognate 3 TCO04425  tetur08g01320  TuHsc70-3 Protein folding

Signal recognition particle protein 54k TCO02574  teturl7g03110  TusSrp54 Protein secretion

Cactus TCOO2002  teturld4g0l540  TuCoc Regulation of gene expression

Inwerse regulator a TCOOB263  tetur04g01220  Tulnr-o RMA cleavage and polyadenylation factor
Gawky TCOOGE78  tetur05g07370 TuGw miRMNAs mediated gene silencing

Protein phosphatase lalpha at 96a TC015321 Egiﬂﬁggiigg ;ﬂ;‘g;g:ﬁg Phosphatase; Regulation of gene expression
[Coztomer subunit beta 2 - teturd o150 TuCOPA? Vesicular trafficking |
Vacuclar-type H-ATPase = teturD9g04140  TuVATPase Proton pump, regulation of pH in organellas

2.3 Application of RNAI

Soaking mites in dsSRNA with blue dye provides a way to visually track whether
the solution was taken up by the mite. This method adapted from Suzuki et al., 2017, using
a Kimwipe cloth to absorb this solution and then placing mites overnight on this cloth to
allow them to take up the solution. A 15 pL solution of dsRNA (160 ng/uL; 0.1% v/v
Tween 20) was given to 50 female adult mites of a respective treatment (F3R3 control,
COPB2, SNAP-a & V-ATPase) for 24 hours at 20°C via the Kimwipe method. After
treatment, mites were washed in PBS and placed onto bean plants to recover. Spider mites

phenotypically changed based on the gene silenced 48 h after treatment and died 3-10 days
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after treatment (Figure 1-8). Therefore, my experiment focused on treated adult female
mites 48 h after treatment to identify changes caused by the disruption of physiological
processes and to prevent the attribution of morphological changes to the compounded
effects of stress. To test for the effect of the presence of RNAI in cells, mites treated with
RNAI for an intergenic region on the genome as a control (dASRNA F3R3) are compared
histologically against mites treated for COPB2, SNAP-a, and V-ATPase. The control

treatment does not trigger RNAI but exposes mites to dsSRNA treatment.

2.4 Fixation and Embedding of Samples for Microscopy

Spider mites were collected and immersed in 2.5% FAA (formalin, acetic acid,
alcohol) overnight at 4°C to fix the samples. Fixed samples were washed in PBS (phosphate
buffered saline) buffer with a detergent (1% v/v Triton X-100), then dehydrated via graded
changes of ethanol (30%, 50%, 70%, 100%, 100% EtOH; 45 mins each). Specimens were
then cleared with xylene, embedded in paraffin and placed into 1 x 1 cm molds in batches
of 25 mites. Paraffin-embedded specimens were sectioned at a thickness of 10 um on the
Leica RM2255 microtome and produced 3 slides worth of serial sections per block.
Sections were then arranged into ribbons on microscope slides for clarity. Slides were kept

at 4°C until they are deparaffinized for the staining of tissue (Figure 2-1).
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ANTERIOR-POSTERIOR MIDGUT TRANSITION

B
f"’b (0"'"'{;- ("’u

Anterior -« Posterior

Figure 2-1. Examples of the arrangement of paraffin samples into serial sections and
histological dyes used ©. Individual sections are grouped and ordered based on the
presence of anatomical structures and their relative sizes compared to adjacent samples.
Refer to Appendix A for figure permissions and copywrite agreement from the Attribution-

NonCommercial-NoDerivatives 4.0 International License.

(A) Sagittal cross-section of a mite depicting how the longitudinal sections (red boxes)
were cut for the experiment; structures such as the posterior midgut tube, ovaries, and

midgut epithelium will determine the approximate location of the section in the body.

(B) Longitudinal image set of a mite stained with Hematoxylin and Eosin. Hematoxylin

stains DNA/RNA blue and Eosin stains the extracellular matrix and cytoplasm pink.

(C) Longitudinal image set of a mite stained with Fast Green and Safranin-O. Fast Green

stains cellulose and cytoplasm green and Safranin-O stains DNA/RNA red.
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Comparison of serial sections between RNAI induced two spotted spider mites and
negative control RNAI silenced spider mites in terms of the type of midgut cells affected
should reveal the role that the vesicular trafficking genes COPB2, SNAP-« and V-ATPase
have in the establishment of normal gut tissues. Mounted slides were imaged with a
microscope mounted camera so that a digital image can be kept for analysis and archiving.
Hematoxylin and Eosin were used for staining paraffin sections as Hematoxylin stains
DNA/RNA in cells and Eosin stains proteins, which assists in identifying qualitative
changes in cells between the control and experimental group. Fast Green and Safranin-O
are also dyes that were used on sections, with Safranin-O staining for DNA/RNA in cells

and Fast Green staining for proteins.

2.5 Computational Analysis of Samples

Images were taken with a Zeiss LSM 510 at 40x magnification with Kdéhler
illumination between imaging sessions to ensure consistency. Serial sections were
composed based on the spatial position and relative proportion of prominent structures in
the mite gut and the head region. Most notably, the size and position of the midgut caeca
and the posterior midgut tube, as well as the presence of silk glands and ovaries indicate if
the sectioned material is closer to the anterior or posterior end of the spider mite (Figure 2-
2). For computational analysis, the program ImageJ was used with the FIJI add-on suite in
order to allow for the quantification of data. Digital segmentation of gut tissue aided in
highlighting possible structures resembling digestive cells and the consistent measurement

of structures with regards to the micrometer scale.
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For quantitative analysis, 20 histologically comparable mites (biological replicates) were
selected from the serial sections of each of the 4 treatments (F3R3 control, SNAP-a, V-
ATPase & COPB2). Additionally, 2 adjacent serial images of the same mite (technical
replicates) were used in calculating the average of digestive cells and the proportion of
juvenile to mature digestive cells per section for statistical analysis (One-way ANOVA

analysis followed by Tukey post-hoc test).

Caeca Epithelium

/ vasoaal)
e (Latera aecal J

| Y e
/ ~
/<Front 7 ; /“/ \
i - Midgut Lumen \
% Lateral Cells |

Gnathosoma

/d’f/@_x/ \/\3_/9 e(er o )
(ol P p: 1
i (@ osterior Mldgut o
! Caeca \'},\ T B a_/«f“ Ky

7 \9)\9./\ N7

Figure 2-2. Morphological features of the midgut in T. urticae ©. Presence and size of
certain structures allow for the spatial determination of where a specific section is located.
Samples collected for quantitative use must have these labeled structures present in the
image in order to allow for a comparative basis for analysis. A summary of the life cycle
of the digestive cell is also included for reference, with the vacuole development shown in
red from right to left. Image adapted with labels for structures (Bensoussan et al., 2018).
Refer to Appendix A for figure permissions and copywrite agreement from the Creative

Commons Attribution 4.0 License.
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Chapter Three — Results
3.1 Morphological Differences Observed Between Phenotypes

3.1.1 Changes in the Life cycle of Digestive Cells

There was an increased number of mature digestive cells in the V-ATPase & SNAP-
a RNA silenced mites and the increased number of juvenile digestive cells in the COPB2
RNAI silenced mites (Figure 3-2). Furthermore, as SNAP-a RNAI silenced mites had
lighter and more consistent pigmentation of their digestive cells than V-ATPase RNAI

silenced mites (Figure 3-3).

The distribution of the digestive cells in COPB2 RNA: silenced mites were different from
other treatments, as the juvenile digestive cells accumulated in large groups close to the
caeca near the midgut epithelium rather than being evenly spread out (Figure 3-2; Figure

3-3).
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SNAP-a Silenced (Dark Mite Phenotype) V-ATPase Sllenced (Dark Mite Phenotype) 0 "

Figure 3-1. Summary of whole-body RNAI phenotypes in T. urticae. F3R3 control
silenced (A), COPB2 silenced (B), SNAP-a silenced (C), and V-ATPase silenced (D). F3R3
silenced mites appear similar to untreated mites (Figure 1-1). COPB2 has a “colorless”
appearance and SNAP-o & V-ATPase has a “dark” mite appearance 48 h after resting from

RNA.i silencing treatment.
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Figure 3-2. Comparison of paraffin embedded RNAI silenced phenotypes. F3R3 control
silenced (A), COPB2 silenced (B), SNAP-« silenced (C), and V-ATPase silenced (D).
Images depict a distinction between mature (black arrows) and juvenile (white arrows)
digestive cells. The main morphological landmarks used for quantitative analysis include
the size and position of the posterior midgut tube, the lack of ovary structures and the
presence of three frontal caeca. Mites are positioned with the anterior end on the left side

and the posterior end on the right side for all images.
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Figure 3-3. Comparison of digestive cells in RNAI silenced phenotypes in T. urticae.
Images depict a distinction between mature (black arrows) and juvenile (white arrows)
digestive cells. In F3R3 control RNAI silenced mites (A), juvenile digestive cells appear
as small defined nucleated bodies with strong pigmentation and mature digestive cells
appear as larger bodies that lack pigmentation with their nuclei offset towards the outer
membrane. Both types of digestive cells are seen to be evenly spaced throughout the midgut
lumen. In COPB2 RNAI silenced mites (B), both types of digestive cells are like that of
the control; however, juvenile digestive cells are seen to aggregate and stick in large
masses. In SNAP-a RNA. silenced mites (C), juvenile digestive cells appear like the control
and mature digestive cells are found to have stronger pigmentation centered around a
darker body within the digestive cell. The midgut lumen is also seen to be strongly stained
which is a feature missing from the control RNAI silenced mites. In V-ATPase RNAI
silenced mites (D), both types of digestive cells are structurally like SNAP-a silenced mites,
but with stronger staining of the cell body. The midgut lumen is also like that of SNAP-«

RNA.i silenced mites as there is considerable staining.
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3.1.2 Lumen, Caeca Epithelium and Lateral Cells

The midgut lumen of SNAP-a and V-ATPase silenced mites were seen to be
extensively pigmented in all samples. This pigmentation of the midgut lumen is not seen

in either COPB2 or the F3R3 control RNAI silenced mites (Figure 3-2).

In F3R3 control RNAI silenced mites the caeca epithelium is composed of a simple thin
squamous layer of cells that is consistent all around the midgut and are slightly thinner
towards the anterior end of the mite (Figure 3-4 A). In mites with the silenced SNAP-a and
COPB2 genes, the caeca epithelium cells became distinctly rounded cells that invaginate
towards the midgut lumen (Figure 3-4 B & C). In mites with the silenced V-ATPase gene,
the caeca epithelium becomes flattened and thinner in comparison to the F3R3 control

silenced mites (Figure 3-4 A & D).

The lateral cells of the posterior midgut, which face away from the posterior midgut tube
into the midgut lumen (Figure 2-2), were thicker after RNAI silencing for SNAP-a and

COPB2 and thinner with V-ATPase (Figure 3-4).
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Figure 3-4. Comparison of caeca epithelium and lateral cells in RNAI silenced phenotypes
in T. urticae. Images depict cells of the caeca epithelium (black arrows) and the lateral cells
that face away from the posterior midgut tube (white arrows). In F3R3 control RNAI
silenced mites (A), the caeca epithelium of the midgut is composed of a simple squamous
layer of cells which appear to bud off to form the juvenile digestive cells of the midgut.
For the experimental RNAI silenced mites (B, C, & D), this caeca epithelium was affected

in terms of its morphology. The lateral cells were also affected by RNAI silencing.



41

3.2 Quantitative Differences Observed Between Phenotypes

3.2.1 Ratio of Juvenile to Mature Digestive Cells

Only in COPB2 RNAIi silenced mites, the proportion of smaller juvenile to larger
mature digestive cells in the midgut was 1.6-fold higher compared to F3R3 control silenced
mites (Figure 3-5, p < 0.05). In the "dark™ mite phenotypes of SNAP-a and V-ATPase
RNA.i silenced mites, the ratio of smaller juvenile to larger digestive cells was not detected

to differ significantly compared to F3R3 control silenced mites. (Figure 3-5).

3.2.2 Overall Number of Digestive Cells

In COPB2 RNAi silenced mites, the overall number of digestive cells in the midgut
was 1.5-fold higher compared to F3R3 control silenced mites (Figure 3-6, p < 0.05). In
SNAP-a and V-ATPase RNAI silenced mites, there was no statistically significant
difference detected between the experimental results and the F3R3 control silenced mites

(Figure 3-6).
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Figure 3-5. Proportion of juvenile digestive cells compared to mature digestive cells in T.
urticae RNAIi silencing treatment. Error bars are +/- 1 standard error, (One-way ANOVA
analysis followed by Tukey post-hoc test, * = p < 0.05 as compared to F3R3 silenced
control [n = 20 biological replicates/treatment & 2 technical replicates/biological
replicate]). Only COPB2 silencing was detected to have an increased proportion of juvenile

digestive cells compared to F3R3 control silencing.
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Figure 3-6. Averages digestive cell count per T. urticae RNAI silencing treatment. Error
bars are +/- 1 standard error, (One-way ANOVA analysis followed by Tukey post-hoc test,
* = p < 0.05 as compared to F3R3 control [n = 20 biological replicates/treatment & 2
technical replicates/biological replicate]). Only COPB2 silencing was detected to have an

increased average of digestive cells compared to F3R3 control silencing.
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3.3 Quialitative Differences Observed Between Orthologues

Between the dark mite silencing phenotypes of SNAP-a, V-ATPase, ROP, RPN7
and SRP54 (Figure 3-7 B - F) and the colorless mite silencing phenotypes COPB2 and
HSC70 (Figure 3-7 G & H), certain distinguishing features are shared in terms of effects
caused by RNA:i silencing. Some of these properties include the pigmentation of the midgut
lumen and the whole-body phenotype (Table 3-1). It is noted that RNAI silencing changes

were not observed in tissue such as the ovaries or eggs (Figure 3-7).

In the dark mite silencing phenotypes, SNAP-a and SRP54 (Figure 3-8 B & F) appear very
similar in terms of the strong pigmentation defining the nuclei of juvenile digestive cells
as well as the weak pigmentation present in the mature digestive cells. For V-ATPase, ROP
and RPN7 (Figure 3-8 C, D, & E), the mature digestive cells are lighter in pigmentation
compared to the surrounding midgut lumen and more numerous compared to the juvenile
digestive cells, which appear darkly pigmented and consistent throughout. The
pigmentation of the midgut lumen is lighter in SNAP-o and SRP54 (Figure 3-8 B & F)
compared to V-ATPase, ROP and RPN7 (Figure 3-8 C, D, & E). For the colorless mite
silencing phenotypes of COPB2 and HSC70 are similar (Figure 3-8 G & H), as there is a
significant increase in the darkly pigmentated juvenile digestive cells compared to the
mature digestive cells, which have little pigmentation. However, HSC70 (Figure 3-8 H)
has pigmentation of the midgut lumen, which is not present in COPB2 (Figure 3-8 G). For
the silencing phenotype of RPT3 (Figure 3-8 1), the juvenile and mature digestive cells

appear to be hollowed out and are unlike any other silencing phenotype. The midgut lumen
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is also pigmented similar to the dark mite phenotype, but the juvenile digestive cells

aggregate similar to those of the colorless mite phenotype.

For the silencing phenotypes of SNAP-«, RPN7, COPB2 and HSC70 (Figure 3-9 B, E, G
& H), these phenotypes displayed a midgut epithelium that is simple and squamous.
However, the digestive cells which are budding appear to be arrested in the early stages for
SNAP-a, RPN7 and COPB2 and in the late stage for HSC70. For the silencing phenotypes
of V-ATPase and ROP (Figure 3-9 C & D), the midgut epithelium appears to adopt a thinner
and flattened organization. For the silencing phenotype of SRP54 and RPT3 (Figure 3-9 F
& 1), the midgut epithelium appears similar to the digestive cells and appear hollowed out
with the exception of the nucleus. The midgut epithelium is also seen to flatten with SRP54

and adopt a pseudostratified appearance for RPT3.

For the silencing phenotypes of SNAP-«, RPN7, COPB2 and HSC70 (Figure 3-10 B, E, G
& H), the lateral cells appear to become distorted in shape and thicker. For the silencing
phenotypes of V-ATPase and ROP (Figure 3-10 C & D), the lateral cells appear to be
thinner. For the silencing phenotype of SRP54 and RPT3 (Figure 3-10 F & 1), the lateral
cells appear similar to the digestive cells and appear empty inside apart from the nucleus

and are extremely enlarged.
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Table 3-1. Summary of phenotypes upon RNAI of T. urticae orthologues derived from
Tribolium castaneum RNAI sensitive genes. Genes denoted by green are those which were
the focus of this paper. Genes denoted by yellow are orthologue genes in T. urticae
identified from the red flour beetle (Tribolium castaneum). The chart organizes various
qualitative changes from digestive cell behavior and structures in the midgut as compared
to F3R3 control silenced mites. The chart and subsequent figures were organized based on

the whole-body phenotype (dark mite, colorless mite, & small black mite).
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Figure 3-7. Comparison of phenotypes upon RNAI of T. urticae orthologues derived from
the following Tribolium castaneum RNAI sensitive genes for comparison: F3R3 control
silenced (A), SNAP-a silenced (B), V-ATPase silenced (C), ROP silenced (D), RPN7
silenced (E), SRP54 silenced (F), COPB2 silenced (G), HSC70 silenced (H) and RPT3
silenced (I). The following images in this paper are taken at 40x magnification on a Zeiss
LSM 510 microscope, stained with Fast Green and Safranin-O, organized on ImageJ and
are taken with consideration to the previously established morphological landmarks in

order to establish a comparable basis for study (Figure 2-2).
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Figure 3-8. Comparison of digestive cell phenotypes upon RNAI of T. urticae orthologues
derived from Tribolium castaneum RNAI sensitive genes. Images depict a distinction
between mature (black arrows) and juvenile (white arrows) digestive cells. SNAP-a and
SRP54 (B & F) appear similar in terms of the strong pigmentation defining the nuclei of
juvenile digestive cells as well as the weak pigmentation present in mature digestive cells.
In V-ATPase, ROP and RPN7 (C, D, & E), the mature digestive cells are lighter in
pigmentation compared to the surrounding midgut lumen and more numerous compared to
the juvenile digestive cells which appear darkly pigmented and consistent throughout.
Pigmentation of the midgut lumen is lighter in SNAP-a and SRP54 (B & F) compared to
V-ATPase, ROP and RPN7 (C, D, & E). COPB2 and HSC70 are similar (G & H), However,
COPB2 (G) appears to not have some pigmentation of the midgut lumen that is present in
HSC70 (H). For RPT3 (1), the juvenile and mature digestive cells appear to be hollowed
out and are unlike any other silencing phenotype. The midgut lumen is also pigmented
similar to the dark mite phenotype, but the juvenile digestive cells are seen to aggregate

together similar to that of the colorless mite phenotype.



52




53

Figure 3-9. Comparison of caeca epithelium phenotypes upon RNAI of T. urticae
orthologues derived from Tribolium castaneum RNAI sensitive genes. Images depict cells
of the caeca epithelium (black arrows). For SNAP-a, RPN7, COPB2 and HSC70 (B, E, G
& H), the midgut epithelium is simple and squamous. The digestive cells which are
budding appear to be arrested in the early stages for SNAP-a, RPN7 and COPB2 and in the
late stage for HSC70. For V-ATPase and ROP (C & D), the midgut epithelium appears to
adopt a thinner and flattened organization. For the silencing phenotype of SRP54 and RPT3
(F & 1), the midgut epithelium appears similar to the digestive cells and appear hollowed
out with the exception of the nucleus. The midgut epithelium is also seen to flatten with

SRP54 and adopt a pseudostratified appearance for RPT3.
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Figure 3-10. Comparison of lateral cell phenotypes upon RNAI of T. urticae orthologues
derived from Tribolium castaneum RNAI sensitive genes. Images depict cells the lateral
cells that face away from the posterior midgut tube (black arrows). For SNAP-a, RPN7,
COPB2 and HSC70 (B, E, G & H), the lateral cells appear to become distorted in shape
and thicker. For V-ATPase and ROP (C & D), the lateral cells appear to be thinner. For
SRP54 and RPT3 (F & 1), the lateral cells appear similar to the digestive cells and appear

empty inside apart from the nucleus and are extremely enlarged.
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Chapter Four — Discussion

4.1 Characterization of Changes Caused by RNAI

Although it is apparent that all the silencing phenotypes produce significant
changes in the midgut of T. urticae, the role of this study was to understand how these
affected mechanisms affected midgut tissues and how this led to their characteristic
phenotype. While most of the RNAI silenced genes targeted the vesicular trafficking
system, silencing showed changes primarily in the digestive cells and the midgut

epithelium from where these cells bud off.

From the silencing of SNAP-a and V-ATPase, the “dark’ mite whole-body phenotype could
be seen histologically as the heavy staining present in the midgut lumen of T. urticae which
was indicative of free-floating plant material that was not seen in COPB2 or F3R3 control
silencing (Figure 3-1 C & D; Figure 3-2 C & D). Neither SNAP-« and V-ATPase, differed
significantly in terms of their juvenile to mature digestive cell ratio compared to the F3R3
control silenced samples (Figure 3-5). Data suggests that the “dark” mite phenotype is not
specific to the silencing of one gene, but rather a characteristic of dysfunction in vesicular
docking proteins. For COPB2, the “colorless” mite whole-body phenotype can be
attributed to the absence of midgut lumen staining and the lack of mature digestive cells

which provide the visible dark spots in control silenced mites (Figure 3-1 B; Figure 3-2 B).
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From the image data, T. urticae had two-times more midgut digestive cells when the
COPB2 gene was silenced (Figure 3-7, p < 0.05). Between the two “dark” mite phenotypes,
the mature digestive cells of SNAP-a appeared to be pigmented lighter in contrast to the
staining of the midgut lumen, whereas V-ATPase had mature digestive cells pigmented
darker in contrast to the staining of the midgut lumen (Figure 3-3 C & D). This difference
in pigmentation in the vesicles of digestive cells could be reflective of changes to the pH
from the dysfunctional V-ATPase gene. For the phenotype of silenced COPB2, this 1.5-
fold increase in juvenile digestive cells is apparent in all samples with many of these cells
exhibiting dark pigmentation similar to mature digestive cells and adhering to each other
in large groups along the midgut epithelium (Figure 3-3 B). The juvenile digestive cells
could be unable to bud off the midgut epithelium. This change suggests that COPB2 is
critical to either digestive cell development. RNAI silencing changes were not observed in
tissue such as the ovaries or eggs. This suggests that the method for dsSRNA uptake does

not affect targets outside of the digestive system in T. urticae.

4.2 Analysis of RNAI Silencing on Digestive Cell Function

The digestive system of T. urticae is structurally segmented, like it is in insects, as
there is a foregut, midgut and hindgut present. However, T. urticae lacks certain features
in assisting digestion and the movement of nutrients such as a peritrophic matrix,
Malpighian tubules, or hemolymph in comparison to insects (Mothes and Seitz, 1981).
While these features are key to extracellular digestion in insects, the free-floating digestive

cells in the midgut of T. urticae may serve as the facility where plant material is digested
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and assist in moving nutrients throughout the body. By silencing genes critical to the
function of these midgut digestive cells, T. urticae may be unable to absorb nutrients after
feeding on plants and render them unable to dedicate energy towards other biological
processes such as egg production. This is supported by the fact that RNAi-silenced mites

had reduced fecundity (Bensoussan et al., 2020).

From what is known of the genes and the respective phenotypes of SNAP-a, V-ATPase and
COPB2, the general symptoms appear consistent with yeast models of perturbed vesicular
trafficking (Figure 4-1). In yeast strains where vesicle signaling genes are silenced,
exported protein accumulated in vesicles and are secreted out of the cell as vesicles are
unable to bind properly with the cell membrane due to the lack of interfacing proteins that
can interact (Rothman, 1994). For the RNA. silenced phenotype of SNAP-a & V-ATPase,
the midgut lumen of T. urticae was full of stained material while the larger mature digestive
cells were extensively pigmented in comparison to the F3R3 control silenced samples. As
the midgut digestive cells are key to intracellular digestion in T. urticae, their inability to
export digested food material and nutrients maybe reflected by the darkened digestive cells,
which differ in pigmentation to the undigested food material in the midgut lumen (Figure

3-3C & D).
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Unsilenced COPB2 SNAP-a & V-ATPase

Fate of Normal Accumulation Accumulation
secreted secretion in rough ER in ER-to-Golgi
proteins transport vesicles
Defective Budding of Fusion of
function vesicles transport vesicles
from the with Golgi
rough ER

Figure 4-1. Yeast models of disturbed vesicular trafficking ©. In reference to a functional
unsilenced model of vesicular trafficking, COPB2 RNAI silencing leads to the
accumulation of protein in the endoplasmic reticulum, due to the depletion of
phospholipids and resident membrane proteins from the rough ER required for the
formation of vesicles which are lost from the lack of reverse vesicular trafficking. SNAP-
o and V-ATPase RNA.I silencing leads to the accumulation of protein in vesicles, due to
the inability for the vesicle to bind to their target destinations (Rothman, 1994). Refer to

Appendix A for figure permissions and copywrite agreement from Springer Nature.

In yeast strains where the COPI complex is silenced, exported protein accumulated in the

endoplasmic reticulum, due to the depletion of phospholipids and resident membrane
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proteins from the lack of retrograde vesicular trafficking (Rothman, 1994). For the
phenotype of COPB2, the midgut of T. urticae was seen to be primarily composed of
numerous darkened juvenile digestive cells that were unable to progress in size and appear
to adhere to other digestive cells in masses along the edges of the midgut caeca. The
increase in juvenile midgut digestive cells can be also attributed to either an inability of the
mite to recognize and expel these cells as waste, or the mite’s midgut attempting to make
up for the reduction in the digestive capability of these cells (Figure 3-3 B). As all the T.
urticae samples in this experiment were taken after feeding and a 24 hour period of RNAI
silencing, the changes in the midgut epithelium seen after silencing may reflect a state of
digestion or reflect the fact that the midgut itself is at capacity and bloated instead of a

result of silencing interfering with budding behavior of midgut digestive cells.

To further validate the results and confirm the function of digestive cells in T. urticae,
similar vesicular trafficking genes could be silenced in future work. Some of these genes
have already been tested with varying degrees of success in reducing survivorship and
fecundity, while also producing similar phenotypes to the one tested in this paper (Table
3-1; Grbi¢ et al., 2011). From preliminary testing, silencing the Ras opposite gene (ROP)
and the 26S proteasome non-ATPase regulatory subunit gene (RPN7) produced the same
“dark” body phenotype similar to SNAP-o and V-ATPase silencing (Figure 3-8; B - E). The
heat shock cognate 70 gene (HSC70) was also silenced in T. urticae and produced the same
“colorless” body phenotype as COPB2 while appearing histologically similar in terms of
juvenile digestive cell abundance (Figure 3-8; G & H). These results suggest that the

whole-body phenotypes seen during silencing are not a result of the dysfunction of a certain
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gene, but the dysfunction of the larger vesicular trafficking system they are associated with.
The ROP gene is associated with neurotransmitter exocytosis and is primarily expressed in
the central nervous system of Drosophila melanogaster (Salzberg et al., 1993). HSC70
gene is a necessary component in clathrin-mediated endocytosis and a key system in
cellular vesicular trafficking (Eisenberg and Greene, 2007). RPN7 is a gene associated with
the degradation of ubiquitinated proteins in Saccharomyces cerevisiae and was the only

gene in this study that was not clearly linked to vesicular trafficking (Isono, et al., 2004).

4.3 Limitations and Future Studies

The protocol used in this project went through many different iterations before
producing useful data. There are three main histological methods that were attempted for
this project: plastic embedding, OCT cryosectioning and paraffin embedding. Previous
attempts by the Grbi¢ Lab to observe the midgut used plastic sectioning, however this
process was expensive and time consuming. There was also no guarantee that a batch
would be successful until the end of processing, which meant that it took considerable time
to evaluate changes to the protocol. OCT cryosectioning was attempted as it did not require
a lengthy tissue fixation protocol and was the most accessible in terms of relative cost.
Unfortunately, due to the size and nature of the specimen, it was extremely difficult to
quickly freeze the mite in a way that preserved the midgut region. In the resulting images,
the sectioned mites varied in size and lacked many of the structures and digestive cells
present in the midgut. This lack of consistency made OCT cryosectioning infeasible to use

for the purpose of this project.
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Paraffin embedding of tissue was eventually chosen as the embedding process worked in
preserving the midgut region and was less labor intensive then plastic embedding.
However, when comparing plastic sections to paraffin sections of T. urticae, processing
and imaging artifacts were apparent in paraffin samples. The most notable being an empty
halo being formed between the posterior midgut tube and the midgut lumen in paraffin
samples (Figure 4-2 A). In plastic embedded samples, this space is occupied by numerous
small vesicle-like structures within lateral cells and their disappearance may be a result of
the use of xylene to clear samples during the paraffin embedding process (Figure 4-2 B).
The location of these vesicles to the posterior midgut tube and the ovaries, this missing
structure could be how the mite supply the ovaries with nutrition. Therefore, it would be
important to produce plastic sections of RNAi-silenced T. urticae to identify this structure

and characterize if it is affected by the silencing of these vesicular trafficking genes.

In terms of future directions, there are many improvements that can be made now that
protocol is proven to be reliable. With regards to workflow, fully autonomous work was
unfeasible at the beginning due to the nature of the image capture device on the microscope.
Mites would have to be located on an individual basis and tracked through different slides
in order to produce a full serial. This would be painstaking work, as it falls on the researcher
to keep track of upwards of 6 different instances of the same mites on a single slide and
then reassemble it by manually later. However, with a slide scanner which allowed for the
whole imaging of an entire slide with no loss of magnification. It would then be possible
in the future to save time by automating the process of identifying individual mites based

on their orientation and relative position on the slide.
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Midgut Tube

Vesicles
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Figure 4-2. Description of paraffin imaging artifacts. Top image depicts a longitudinal
paraffin section (A) and the bottom image depicts a transverse plastic section of T. urticae
(B). Red boxes indicate the position of the midgut posterior tube. The use of xylene as a
clearing agent is suspected to have washed away the vesicles seen in the plastic section
between the posterior midgut and the midgut lumen producing the white “halo” seen in the

paraffin section.
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4.4 Conclusion

The effects of RNAI silencing are characterized by massive changes occurring in
the midgut of T. urticae for all treatment associated phenotypes. RNAI silencing of these
genes primarily affect the life cycle of digestive cells in the midgut and produce the whole-

body phenotype.

COPB2 RNA.i silencing results in dysfunction of the COPI system which manifests itself
as an increase in juvenile midgut digestive cells that are unable to expand in size but can
mature and fill with food material. This causes the “colorless” mite phenotype due to the
visible reduction in the mature digestive cells which appear as spots on the mite. For SNAP-
a and V-ATPase genes, RNAI silencing leads to dysfunction in terms of vesicular docking
which manifests itself as changes in midgut digestive cells which intake food content but
are unable to export digested content. This leads to content that fills up the midgut lumen
as indicated by the extensive dark pigmentation that leads to the “dark™ mite phenotype.
Both findings are verified as the silencing of similar orthologue genes for these vesicular

systems produce a similar visible phenotype.

Further investigation should be conducted in terms of plastic sectioning and TEM imaging
of midgut epithelial cells, midgut cells and posterior midgut lateral cells to identify cellular
mechanisms that cause the respective phenotypes in T. urticae. This knowledge can be of
use in the field of agriculture pertaining to integrated pest management strategies for crops

through the use of RNAI.
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Appendix A. Figure Permissions

This thesis reuses materials from other papers as figures. The permissions to reuse the
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Figures 1-6, 1-7 and 2-2 from Bensoussan et al., (2018) do not require written permission
from the publisher for use if cited as per the Creative Commons Attribution 4.0 License.

Further description can be found at this link: https://creativecommons.org/licenses/by/4.0/

Figures 1-10 and 2-1 from Bensoussan et al., (2020) do not require written permission from
the publisher for use if cited as per the Attribution-NonCommercial-NoDerivatives 4.0
International  License. Further description can be found at this link:

https://creativecommons.org/licenses/by-nc-nd/4.0/

This permission is for Figure 1-2. The images were from Hsu et al., (2009). Springer Nature
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This permission is not valid for the use of the AAAS and/or Science logos.
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electronic version is equivalent to or substitutes for the print version of the book/textbook. The AAAS material
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or in the terms and conditions for use of your electronic products: "Readers may view, browse, and/or download
material for temporary copying purposes only, provided these uses are for noncommercial personal purposes.
Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified,
adapted, performed, displayed, published, or sold in whole or in part, without prior written permission from the
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If your book is an academic textbook, permission covers the following companions to your textbook, provided
such companions are distributed only in conjunction with your textbook at no additional cost to the user:

- Password-protected website
- Instructor's image CD/DVD and/or PowerPoint resource
- Student CD/DVD

All companions must contain instructions to users that the AAAS material may be used for non-commercial,
classroom purposes only. Any other uses require the prior written permission from AAAS.

If your license is for the use of AAAS Figures/Tables, then the electronic rights granted herein permit use of the
Licensed Material in any Custom Databases that you distribute the electronic versions of your textbook through,
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and cannot be downloaded by a user as an independent image file.

Rights also extend to copies/files of your Work (as described above) that you are required to provide for use by
the visually and/or print disabled in compliance with state and federal laws.

This permission only covers a single edition of your work as identified in your request.

FOR NEWSLETTERS:

Permission covers print and/or electronic versions, provided the AAAS material reproduced as permitted herein
remains in situ and is not exploited separately (for example, if permission covers the use of a full text article, the
article may not be offered for access or for purchase as a stand-alone unit)
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Permission covers print and electronic versions provided the AAAS material reproduced as permitted herein
remains in situ and is not exploited separately (for example, if permission covers the use of a full text article, the
article may not be offered for access or for purchase as a stand-alone unit)
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used in any manner which implies endorsement or promotion by the American Association for the Advancement
of Science (AAAS) or Science of any product or service. AAAS does not permit the reproduction of its name, logo
or text on promotional literature.

If permission to use a full text article is permitted, The Science article covered by this permission must not be
altered in any way. No additional printing may be set onto an article copy other than the copyright credit line
required above. Any alterations must be approved in advance and in writing by AAAS. This includes, but is not
limited to, the placement of sponsorship identifiers, trademarks, logos, rubber stamping or self-adhesive stickers
onto the article copies.

Additionally, article copies must be a freestanding part of any information package (i.e. media kit) into which
they are inserted. They may not be physically attached to anything, such as an advertising insert, or have
anything attached to them, such as a sample product. Article copies must be easily removable from any kits or
informational packages in which they are used. The only exception is that article copies may be inserted into
three-ring binders.

FOR CORPORATE INTERNAL USE:

The AAAS material covered by this permission may not be altered in any way. No additional printing may be set
onto an article copy other than the required credit line. Any alterations must be approved in advance and in
writing by AAAS. This includes, but is not limited to the placement of sponsorship identifiers, trademarks, logos,
rubber stamping or self-adhesive stickers onto article copies.

If you are making article copies, copies are restricted to the number indicated in your request and must be
distributed only to internal employees for internal use.

If you are using AAAS Material in Presentation Slides, the required credit line must be visible on the slide where
the AAAS material will be reprinted

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you must include the
following notice in any electronic versions, either adjacent to the reprinted AAAS material or in the terms and
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conditions for use of your electronic products: "Readers may view, browse, and/or download material for
temporary copying purposes only, provided these uses are for noncommercial personal purposes. Except as
provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission from the
publisher." Access to any such CD, DVD, Flash Drive or Web page must be restricted to your organization's
employees only.

FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS:

Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated in your request. If
this license covers a text excerpt or a Full Text Article, access to the reprinted AAAS material must be restricted to
attendees of your event only (if you have been granted electronic rights for use of a full text article on your
website, your website must be password protected, or access restricted so that only attendees can access the
content on your site).

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you must include the
following notice in any electronic versions, either adjacent to the reprinted AAAS material or in the terms and
conditions for use of your electronic products: “Readers may view, browse, and/or download material for
temporary copying purposes only, provided these uses are for noncommercial personal purposes. Except as
provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission from the
publisher."

FOR POLICY REPORTS:

These rights are granted only to non-profit organizations and/or government agencies. Permission covers print
and electronic versions of a report, provided the required credit line appears in both versions and provided the
AAAS material reproduced as permitted herein remains in situ and is not exploited separately.

FOR CLASSROOM PHOTOCOPIES:
Permission covers distribution in print copy format only. Article copies must be freestanding and not part of a
course pack. They may not be physically attached to anything or have anything attached to them.

FOR COURSEPACKS OR COURSE WEBSITES:

These rights cover use of the AAAS material in one class at one institution. Permission is valid only for a single
semester after which the AAAS material must be removed from the Electronic Course website, unless new
permission is obtained for an additional semester. If the material is to be distributed online, access must be
restricted to students and instructors enrolled in that particular course by some means of password or access
control.

FOR WEBSITES:

You must include the following notice in any electronic versions, either adjacent to the reprinted AAAS material
or in the terms and conditions for use of your electronic products: "Readers may view, browse, and/or download
material for temporary copying purposes only, provided these uses are for noncommercial personal purposes.
Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified,
adapted, performed, displayed, published, or sold in whole or in part, without prior written permission from the
publisher."

Permissions for the use of Full Text articles on third party websites are granted on a case by case basis and only
in cases where access to the AAAS Material is restricted by some means of password or access control.
Alternately, an E-Print may be purchased through our reprints department (brocheleau@rockwaterinc.com).

REGARDING FULL TEXT ARTICLE USE ON THE WORLD WIDE WEB IF YOU ARE AN "ORIGINAL AUTHOR' OF A
SCIENCE PAPER

If you chose "Original Author" as the Requestor Type, you are warranting that you are one of authors listed on
the License Agreement as a "Licensed content author" or that you are acting on that author's behalf to use the
Licensed content in a new work that one of the authors listed on the License Agreement as a “Licensed content
author" has written.

Original Authors may post the ‘Accepted Version’ of their full text article on their personal or on their University
website and not on any other website. The ‘Accepted Version' is the version of the paper accepted for
publication by AAAS including changes resulting from peer review but prior to AAAS's copy editing and
production (in other words not the AAAS published version).
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FOR MOVIES / FILM / TELEVISION:
Permission is granted to use, record, film, photograph, and/or tape the AAAS material in connection with your
program/film and in any medium your program/film may be shown or heard, including but not limited to
broadcast and cable television, radio, print, world wide web, and videocassette.

The required credit line should run in the program/film's end credits.

FOR MUSEUM EXHIBITIONS:

Permission is granted to use the AAAS material as part of a single exhibition for the duration of that exhibit.
Permission for use of the material in promotional materials for the exhibit must be cleared separately with AAAS
(please contact us at permissions@aaas.org).

FOR TRANSLATIONS:
Translation rights apply only to the language identified in your request summary above.

The following disclaimer must appear with your translation, on the first page of the article, after the credit line:
"This translation is not an official translation by AAAS staff, nor is it endorsed by AAAS as accurate. In crucial
matters, please refer to the official English-language version originally published by AAAS."

FOR USE ON A COVER:

Permission is granted to use the AAAS material on the cover of a journal issue, newsletter issue, book, textbook,
or annual report in print and electronic formats provided the AAAS material reproduced as permitted herein
remains in situ and is not exploited separately

By using the AAAS Material identified in your request, you agree to abide by all the terms and conditions herein.

Questions about these terms can be directed to the AAAS Permissions department permissions@aaas.org.

Other Terms and Conditions:

v2

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.
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This agreement sets out the terms and conditions of the licence (the Licence) between you and Springer
Nature Customer Service Centre GmbH (the Licensor). By clicking ‘accept’ and completing the transaction for
the material (Licensed Material), you also confirm your acceptance of these terms and conditions.

1. Grant of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide licence to
reproduce the Licensed Material for the purpose specified in your order only. Licences are granted for
the specific use requested in the order and for no other use, subject to the conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse of the
Licensed Material. However, you should ensure that the material you are requesting is original to the
Licensor and does not carry the copyright of another entity (as credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it was reprinted or
adapted with permission from another source, then you should also seek permission from that source to
reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by these Ts&Cs
and any applicable laws.

2. 2. A separate licence may be required for any additional use of the Licensed Material, e.g. where a
licence has been purchased for print only use, separate permission must be obtained for electronic re-
use. Similarly, a licence is only valid in the language selected and does not apply for editions in other
languages unless additional translation rights have been granted separately in the licence. Any content
owned by third parties are expressly excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives require
additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these rights.
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2. 4. Where permission has been granted free of charge for material in print, permission may also be
granted for any electronic version of that work, provided that the material is incidental to your work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions Guidelines, as
amended from time to time.

3. Duration of Licence

3. 1. A licence for is valid from the date of purchase (‘Licence Date') at the end of the relevant period in the
below table:

Scope of Licence |[Duration of Licence

Post on a website [[12 months

Presentations 12 months

Books and journals||Lifetime of the edition in the language purchased

4. Acknowledgement

4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in print. In electronic
form, this acknowledgement must be visible at the same time as the figures/tables/illustrations or abstract,
and must be hyperlinked to the journal/book's homepage. Our required acknowledgement format is in the
Appendix below.

5. Restrictions on use

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor editing
privileges e.g. minor adaptations of single figures, changes of format, colour and/or style where the
adaptation is credited as set out in Appendix 1 below. Any other changes including but not limited to,
cropping, adapting, omitting material that affect the meaning, intention or moral rights of the author are
strictly prohibited.

5. 2. You must not use any Licensed Material as part of any design or trademark.

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by Springer
Nature, but any Licensed Material must be removed from OAP sites prior to final publication.

6. Ownership of Rights

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and any rights not
explicitly granted herein are expressly reserved.

7. Warranty

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND

WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
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SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

8. Limitations

8. 1. BOOKS ONLY:Where ‘reuse in a dissertation/thesis’ has been selected the following terms apply:
Print rights of the final author's accepted manuscript (for clarity, NOT the published version) for up to 100
copies, electronic rights for use only on a personal website or institutional repository as defined by the
Sherpa guideline (www.sherpa.ac.uk/romeo/).

9. Termination and Cancellation

9. 1. Licences will expire after the period shown in Clause 3 (above).

9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not received in full or if
there has been a breach of this agreement by you.
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[JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of
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For Adaptations/Transl

Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following credit line style

applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer Research UK: :
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article
name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:

Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK: [Journal Publisher
(e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s)
Name), [COPYRIGHT] (year of publication), advance online publication, day month year (doi: 10.1038/s;.
[JOURNAL ACRONYM])

For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave Macmillan,
Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of publication)

Other Conditions:

Version 1.2

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

https://s100.copyright.com/AppDispatchServiet 4/5



89

This permission is for Figure 1-5. The images were from Maxson and Grinstein, (2014).
The Company of Biologists confirmed that the materials could be reused if cited. The

agreement is attached:



1211512020 hitps:if

£ Copyright ™
Wy g Marketplace

The Company of Biologists Ltd. - License Terms and Conditions

This is a License Agreement between Sean Pham ("You") and The Company of Biclogists Ltd. {"Publisher"}
provided by Copyright Clearance Center ("CCC"). The llcense consists of your order detalls, the terms and

conditions provided by The Company of Biclogists Ltd., and the CCC terms and conditions.

All payments must be made In full to CCC.

Order Date 14-Oct-2020

Order license ID 10701241

ISSN 1477-9137
LICENSED CONTENT

Publication Title Journal of cell science
Author/Editor Company of Biologists.
Date 01/01/1966

Language English

REQUEST DETAILS

Portion Type Image/photo/illustration
Number of images / 1

photos / illustrations
Format (select all that
apply}

Who will republish the
content?

Print, Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Up to 499

Rights Requested Main product

NEW WORK DETAILS

Title The Functional
Characterization of the
Midgut of Tetranychus
urtlcae via RNA
Interference

Instructor name Sean Pham

ADDITIONAL DETAILS

Type of Use
Publisher

Portion

Country

Rightsholder

Publication Type
URL

Distribution
Translation

Coples for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Institution name

Expected presentation
date

Republish in a
thesis/dissertation
COMPANY OF BIOLOGISTS
LTD.
Image/photo/illustration

United Kingdom of Great
Britain and Northern
Ireland

The Company of Blologists
Ltd.

e-Journal
http://jcs.biologists.org/

Canada

Original language of
publication

No
Yes
No

CAD

University of Western
Ontario

2020-11-13

htipsz/markstplace.copyright com/rs-ui-web/mp/license/5c3db04b-4ea2-4a33-9cc8-aB5h5422f0b9/3935b86-3d9¢c-4ecd-aB87-12890b19a94 1

12-4a33-90c9-285b542210h9/3935b961-3dSc-4ecd-ab87-12890b1 ...

1/5

90



1211512020 hitps:if

Order reference number

N/A

REUSE CONTENT DETAILS

Title, description or
numeric reference of the
portion(s)

Editor of portion(s)

Volume of serial or
monograph

Page or page range of
portion

The vacuolar-type H+-
ATPase at a glance - more
than a proton pump

N/A
127

4987-4993

PUBLISHER TERMS AND CONDITIONS

The acknowledgement should state "Reproduced / adapted with permission” and give the source journal name, The
acknowledgement should either provide full citation details or refer to the relevant citation in the article reference list.
The full citation details should include authors, journal, year, volume, issue and page citation. Where appearing online or
in other electronic media, a link should be provided to the original article (e.g. via DOI): Development: dev.biologists.org
Disease Models & Mechanisms: dmm.biologists.org Journal of Cell Sclence: jcs.blologlsts.org The Journal of Experimental

Biology: jeb.biclogists.org

04b-4ea2-4a33-9cc9-a85b5422f0b9/3935096f-3d9c~4ecd-aBB7-12890b1 ...

The requesting person /

organization to appear
on the license

Title of the
article/chapter the
portion is from

Author of portion(s)

Issue, If republishing an
article from a serial

Publication date of
portion

CCC Republication Terms and Conditions

Sean Pham

Structure and subunit
stoichiometry of V-ATPase,

Michelle E. Maxson, Sergio
Grinsteln

N/A

2014-01-15

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identified on the Order Confirmation (the "Rightsholder”). "Republication”, as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Confirmation. "User", as used herein, means the person or entity making such republication.

htipsz/markstplace.copyright com/rs-ui-web/mp/license/5c3db04b-4ea2-4a33-9cc8-aB5h5422f0b9/3935b86-3d9¢c-4ecd-aB87-12890b19a94 1

2, The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works In connectlon with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a “freelancer” or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work In any fashion.

3. Scope of License; Limitatlons and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of

the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you {or upon our notice to you that they are

2/5

91



1211542020 hitps: Iace.copyright.com/rs-ui-web/mp/license/5cadbiab-dea2-4a33-9ccO-aB50542210b0/303595f-3d00-decd-a687-1280001 ..

available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, Involces are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically reveked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i} is "one-time" (including
the editions and product family specified in the license), {ii) is non-exclusive and non-transferable and (lll)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) Included In the Order Confirmation or Invoice and/or In these terms and conditlons.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible {such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
{such as photographs, lllustrations, graphs, inserts and similar materials) which are [dentified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Fallure to Include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No
Work may be used In any way that Is defamatory, viclates the rights of third partles (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby Indemnifies and agrees to defend the Rightsholder and CCC, and thelr respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

Limitation of Liability, UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING QUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
Its principals, employees, agents, affillates, successors and assigns.

htips:/markstplace.copyright com/rs-ui-web/mp/license/5c3db04b-4ea2-4a33-9cc8-aB5h5422f0b9/3935b86-3d9¢c-4ecd-aB87-12890b19a94 1 35

92



1211542020 hitps://marketplace.copyri frs-ui-wet/mp/license/5c9db04b-dea2-4a33-0cco-aB5b54220b9/2035b96f-3d00-decd-a687-1280001 ..

6. Limited Warranties, THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS", CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. Effect of Breach, Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized {but licensable) use of a Work that Is terminated immedIately upon notice thereof may be liquldated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated Immediately for any reason {Including, for example, because materlals contalning the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCCin
the event of a transfer of all or substantlally all of User's rights In the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditlons or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5.
The licensing transaction described in the Order Confirmation document shall be governed by and

construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, In connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.

htipsz/markstplace.copyright com/rs-ui-web/mp/license/5c3db04b-4ea2-4a33-9cc8-aB5h5422f0b9/3935b86-3d9¢c-4ecd-aB87-12890b19a94 1

4/5

93



94

This permission is for Figure 1-6. The images were from Holtof et al., (2019). Springer
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This permission is for Figure 4-1. The images were from Rothman, (1994). Springer Nature

confirmed that the materials could be reused if cited. The agreement is attached:
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