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Abstract 

Armet is a bifunctional protein that is apparently universally distributed among 

multicellular animal species, vertebrate and invertebrate alike. A member of the Unfolded 

Protein Response, (UPR) Armet promotes survival in cells that are under endoplasmic-reticulum 

(ER) stress. I have carried out biophysical studies on human Armet looking for compounds that 

bind to Armet and hence could reduce its anti-apoptotic function, thus potentially joining the 

growing class of pro-apoptotic drugs. Performed primarily with 1H-15N HSQC NMR, ligand 

studies showed that approximately 60 of the 158 residues are potentially involved with binding. 

The 60 residues are distributed throughout both domains and the linker suggesting multi-domain 

interaction with the ligand. Circular dichroism studies showed heat denaturation in a two-step 

unfolding process with independent unfolding of both domains of Armet with Tm values near 

68˚C and 83ᵒC with the C-terminal domain unfolding first, as verified by 1H-15N HSQC NMR 

measurements.  

I also provide the first identification of UPR transcripts in pea aphids, Acyrthosiphon 

pisum, the genetic model among aphids. I measured transcript abundance with hope of finding 

future transcriptional targets for pest mitigation. I identified 74 putative pea aphid UPR 

components, and all but three of the components have higher transcript levels in aphids feeding 

on plants than those that fed on diets. This activated UPR state is attributed to the need for saliva 

proteins for plant feeding. 

Because aphids are agriculturally significant pests, and saliva is pivotal to their feeding 

on host plants, genes that encode saliva proteins may be targets for pest mitigation. Here I have 

sought the aphid’s saliva proteome by combining results obtained in several laboratories by 

proteomic and transcriptomic approaches on several aphid species. With these data I constructed 

a tentative saliva proteome for the pea aphid by compiling, collating, and annotating the data 

from several laboratories. I used RNA-seq to verify the transcripts in pea aphid salivary glands, 

thus expanding the proposed saliva proteome from approximately 50 components to around 130 

components, I found that transcripts of saliva proteins are upregulated during plant feeding 

compared to diet feeding.  
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Because aphids are agriculturally significant pests, and saliva is pivotal to their feeding 

on host plants, genes that encode saliva proteins may be targets for pest mitigation. Here I have 

sought the aphid’s saliva proteome by combining results obtained in several laboratories by 

proteomic and transcriptomic approaches on several aphid species. With these data I constructed 

a tentative saliva proteome for the pea aphid by compiling, collating, and annotating the data 
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Preface 

This dissertation represents a culmination of work and learning that has taken place over 

a period of four years (2011 - 2015). The Reeck lab group consisted of a small group of people, 

driven in different directions, but with a collective goal of learning. The lab was a good place to 

develop ideas, but its members were paramount in forming friendships that will last throughout 

my life. 

The first chapter describes the biophysical interaction of the human protein Armet and a 

multitude of ligands analyzed by nuclear magnetic resonance and circular dichroism 

spectroscopic techniques. 

Chapter two presents a look into proteins of the unfolded protein response (UPR) within 

the pea aphid. This chapter aims to identify putative orthologs of human UPR members in the 

pea aphid and evaluate their expression levels by RNA-seq analysis whereas it is thought that the 

UPR is primarily upregulated in the salivary gland due to feeding. 

As a continuation to chapter two but with a more direct focus, chapter three focuses on 

the proteins that are found within the salivary gland itself and more specifically the proteins of 

pea aphid saliva. RNA-seq validation of putative orthologs from many aphid species aid in the 

determination of a proposed saliva protein proteome in the pea aphid, the model insect for aphids 

and validate this method of bio-statistical research.
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Chapter 1 - Studies of Human Armet 

 Literature Review 

 Nomenclature 

The protein under investigation in this chapter was originally called ARMET, which 

stood for arginine rich mutated in early stage tumors (Shridhar et al., 1996). But I will use the 

name Armet, which is intended to be simply a tag. The term ARMET was coined due to 

polymorphisms found in the N-terminal arginine-rich region and a sequencing error that changed 

the ATG start codon to AGG. At the time of discovery, this polymorphism had been reported in 

a variety of solid tumors; however, these polymorphisms were later shown to exist in normal 

tissues and therefore being no longer tumor-related, rendering the term ARMET incorrect (Evron 

et al., 1997). 

Armet is also known as MANF or mesencephalic astrocyte derived neurotrophic factor 

for its secretory neurotrophic effects and extracellular function (Lindholm et al., 2008). For its 

intracellular function, the term Armet has been more widely used, such as in the unfolded protein 

response (UPR) to endoplasmic reticulum (ER) stress. 

 Structure 

The crystal and Nuclear Magnetic Resonance (NMR) solution structures of human Armet 

and the mouse Armet NMR solution structure have been solved and show a helix-rich protein 

composed of two domains as shown in Figure 1.1.  I will refer to the domains as the N-terminal 

(residues 1-94) and C-terminal domains (residues 103-158) joined by a linker (residues 95-102) 

as defined by the NMR and crystallography structure determinations (Hellman et al., 2010, 

Hoseki et al., 2010).  For the duration of this dissertation, structures of Armet will maintain an 

orientation of the N-terminal domain above the C-terminal domain, as shown in Figure 1.1.   

The Nuclear Overhauser Effect (NOE) is a common phenomenon observed by NMR 

where the transfer of nuclear spin polarization from one nuclear spin population to another 

occurs via cross-relaxation (Anet et al., 1965). Thus, atoms that are in close proximity to each 

other (5 angstroms) can give a NOE signal, whereas spin coupling is observed only when the 

atoms are connected by 2–3 chemical bonds. This effect essentially shows atoms in respect to 

one another which makes the determination of the relative orientations of atoms in a molecule 
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possible, producing a three-dimensional structure. No Nuclear Overhauser Effect (NOE) signal 

was observed between residues in the two domains, showing relatively high fluctuation in the 

orientations of the two domains (Hellman et al., 2010). This lack of NOE-mediated inter-domain 

restraints, including missing long and medium range constraints, led the authors to conclude that 

“the domains are not tightly packed to each other, but instead tumble as independent structural 

modules separated by the flexible linker" (Hellman et al., 2010). 

The N-terminal domain contains five α-helices and one 3-10 helix, and the C-terminal 

domain contains three α-helices. Within the C-terminal domain, the first helix (α 6) is loosely 

formed and the two consecutive helices (α 7 and α 8) run in parallel in a helix-loop-helix 

arrangement.  Two of eight cysteine residues found in Armet are located in the C-terminal 

domain (Cys127 and Cys130) and form a CXXC motif residing in the loop which connects 

helices α 7 & α 8. The other cysteine residues are found in the N-terminal domain and form these 

disulfides: Cys6-Cys93, Cys9-Cys82, and Cys40-Cys51 (Hellman et al., 2010).  Alternate 

disulfide arrangements have been reported however in pea aphid and mouse Armet. In a mass 

spectroscopy (MS) based approach on mouse Armet, two differences from the pairings listed 

above, namely the existence of Cys6-Cys9 and Cys82-Cys93 were reported (Mizobuchi et al., 

2007). In the pea aphid, the same two pairs were also found using a MS approach (Wang et al., 

2015). Wang et al. report that “Both approaches, the elucidation of Armet’s 3-dimensional 

structure and MS of Armet peptides are valid; neither supplants or invalidates the other as 

regards the disulfide bonding pattern” (Wang et al., 2015). They present the following 

hypothesis; “that Armet, whether mammalian or insect in origin, has alternative disulfide 

arrangements in a portion of the N-terminal domain” (Wang et al., 2015). The authors further 

suggest that the possibility of alternative disulfide pairings in the N-terminal domain could be 

important functionally in understanding Armet’s intracellular and extracellular roles. 

 Armet Tissue Expression 

The Human Protein Atlas portal is a publicly available database which can be accessed 

online at http://www.proteinatlas.org/ where millions of images show the spatial distribution of 

human proteins and transcripts in tissues. As one of the proteins that have been studied, Armet 

has been identified in the following tissue types including 44 different normal human tissues, 20 

different cancer types, as well as 46 different human cell lines. Western blots and antibody 
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validation show that Armet is produced in all tissues and show high expression levels in tissues 

such as the liver, pancreas, stomach, intestines, central nervous tissues, and endocrine glands 

(Uhlen et al., 2015).  

 Intracellular Functions of Armet 

Human Armet contains a signal peptide (MRRMRRMWATQGLAVALALS) for 

secretion through the ER-Golgi pathway (Oh-hashi et al. 2012). Armet’s gene has been identified 

as up-regulated by ER stress where it promotes survival in different cell lines (Airavaara et al., 

2009). In other words, it has been shown to be a member of the unfolded protein response. ER 

stress can also cause upregulation of Armet in pancreatic and fibroblast cells (Lee et al., 2003, 

Mizobuchi et al., 2007, Apostolou et al., 2008, Airavaara et al., 2009). The accumulation of 

misfolded proteins in the ER causes ER stress that initiates the UPR, a cellular response to 

evaluate and respond to ER stress, and the UPR can function either adaptively or apoptotically 

(Oslowski et al., 2011).  

Expression of Armet is analogous to that of the molecular chaperone BiP/GRP78 which 

is also a UPR member, but GRP78 was shown to be mediated by the endoplasmic reticulum 

stress response element 1 (ERSE-I) which is frequently found in the promoters of ER chaperone 

genes, whereas the upregulation of Armet was shown to be mediated by an endoplasmic 

reticulum stress response element 2 (ERSE-II) (Mizobuchi et al., 2007), the second UPR gene 

discovered to be regulated by an ERSE-II element after ATF6 (Kokame et al., 2000). ERSE-II 

likely contributes to quality control of proteins within the ER (Kokame et al., 2000, Mizobuchi et 

al., 2007). Armet, when over-expressed in HeLa cells, inhibited cell proliferation and ER stress-

induced cell death (Apostolou et al., 2008). Armet also counteracts tunicamycin-induced ER 

stress and apoptosis in primary neurons (Yu et al., 2010) and serum starvation-induced apoptosis 

in cardiomyocytes (Tadimalla et al., 2008).  

 Extracellular Functions of Armet (MANF) 

Armet also has an extracellular function, namely neurotrophic activity (Lindholm, 2010). 

In neural cells apoptosis is important to maintain the neuronal population and apoptosis is 

neutralized by the intervention of neurotrophic factors targeted to rescue apoptotic neurons from 

death (Hellman et al., 2010).  "Parkinson’s disease is a chronic, progressive neurodegenerative 

disease where dopaminergic cells die most prominently in the area of substantia nigra" (Hellman 
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et al., 2010). Armet has been found to be one of the most potent exogenous factors protecting 

and repairing the dopaminergic neurons in a rat 6-hydroxydopamine model of Parkinson's 

disease (Hellman et al., 2010). Armet also rescues cortical neurons in a rat stroke model, and 

aided in slowed neuronal apoptosis (Hellman et al., 2010).  

Armet (MANF) has sequence similarity to one other neurotrophic factor, cerebral 

dopamine neurotrophic factor (CDNF), originally found in neural tissues, but also found in non-

neural tissues similarly to Armet (Lindholm, 2010). While the details of both Armet & CDNF’s 

function are still unclear, Armet has been shown to protect against cerebral ischemia in vivo 

interfering with apoptosis, improving the survival of dopaminergic neurons in vitro (Airavaara et 

al., 2009, Petrova et al, 2003)  

 Role of RTDL in Retention or Secretion 

Armet has a C-terminal ER retention motif, RTDL. This motif targets Armet for retention 

in the ER lumen. The motif has been shown to bind to the KDEL receptor, but with weaker 

affinity than KDEL (Raykhel et al., 2007). Thus it is possible that under basal, unstressed 

conditions, low expression of MANF and other proteins with non-classical KDEL ER retention 

signals could allow for their complete retention (Glembotski et al., 2012). Then upon ER stress, 

levels of ER stress response gene products with ER retention motifs would increase, while 

KDEL receptor levels would not change (Llewellyn et al., 1997). Due to different affinities to the 

KDEL receptor between KDEL and RTDL, it might be that the RTDL ER retention motif allows 

for the partial secretion of Armet under ER stress. In other words, Armet and other non-KDEL 

ER retention signal containing proteins, may be secreted due to the inefficient retention in the ER 

during ER stress (Glembotski et al., 2012).  

This idea was strengthened when a engineered mutant that lacked the an ER retention 

motif was found to be secreted while the wild type and an engineered mutant form carrying the 

KDEL sequence at the C-terminus was retained in the cell (Glembotski et al. 2012). Over 

expression of GRP78 resulted in retaining essentially all of these three variants of MANF 

showing that under some conditions the ER retention signal was not necessary to retain the 

mutant lacking an ER retention motif (Glembotski et al., 2012). An interaction between Armet 

and GRP78 was shown to be not directly dependent on the RTDL / KDEL sequence to retain 
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Armet within the ER, and that it also interacts in a non-calcium dependent fashion (Glembotski 

et al., 2012, Oh-hashi et al. 2012, Henderson et al., 2012). 

 High Throughput Screening 

 Surface plasmon resonance (SPR) sensing has been used to study bio-molecular binding 

events and their kinetics in a label-free way (Campbell et al., 2007). This method uses an optical 

phenomenon that enables the detection of unlabeled interactions in real time between proteins 

and potential ligands. The utilization of label-free SPR systems gives the advantage over labeled 

methods, with increased sensitivity and reduced costs due to less interference of the signal, and 

cost associated with coupling of a label to the target (Kooyman et al., 1988). The high 

throughput screen mentioned in this dissertation was completed at the University of Kansas High 

Throughput Screening Laboratory. 

 1H-15N HSQC NMR Ligand Binding 

 The use of 1H-15N HSQC NMR to evaluate binding is well established. For example in 

Rauthu et al. (2014), “Defining the Potential of Aglycone Modifications for Affinity/Selectivity 

Enhancement against Medically Relevant Lectins: Synthesis, Activity Screening, and HSQC-

Based NMR Analysis,” of the use of mapping chemical shift changes upon addition of a ligand is 

used. In this case, the ligand utilized was p-nitrophenyl lactopyranoside and was screened against 

human galectins 1, 3, & 7, identifying a proposed contact site and evaluating affinity and 

selectivity to each galectin. 

 Therapies Targeted at Other UPR Components: GRP78 

 Research to target UPR components for drug discovery is not new by any means. For 

instance, a peptidomimetic targeting strategy that used a GRP78 binding peptide, discovered by 

"epitope-mapping," coupled to the peptide apoptotic moiety (KLAKLAK)2 selectively killed 

breast cancer cells that expressed surface-localized GRP78 (Miao et al., 2013). The apoptotic 

moiety, originally discovered as an antimicrobial peptide was shown to have a cytotoxic function 

when coupled with other peptides (Ma et al., 2012). The use of "epitope-mapping" was achieved 

by circulating a pool of antibodies elicited against tumors in cancer patients in a flow cytometer 

in the presence of GRP78. “Hits” against GRP78 identified the protein as a target in prostate and 

breast cancer (Miao et al., 2013). The highest efficacy binding peptide identified from the 
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epitope-mapping process was WIFPWIQL. When coupled with the apoptotic moiety the final 

construct was WIFPWIQL-GG-D(KLAKLAK)2 (Miao et al., 2013).   

My Research Direction 

The research outlined in this chapter is intended to be early stages in targeting Armet for 

drug development. The identification of a compound which would limit the anti-apoptotic nature 

of Armet, thus acting in a pro-apoptotic fashion, could have potential to combat diseases 

associated with Armet, for instance, cancer. This basic research direction has yielded well over 

100 pro-apoptotic drugs in various stages of development, including activation of the UPR 

molecular target XBP1 with the drug Xanthohumol, which targets chronic lymphocytic leukemia 

(Reed et al., 2004, Lust et al. 2009). Three mammalian eIF2 kinases including protein ER kinase 

(PERK), has been shown to be activated with flavonoid compounds, which inhibit the growth of 

human leukemia cells (Ito et al., 1999). Armet, as a drug itself could supplement current 

treatment methods where anti-apoptotic therapies are desired, i.e. Parkinson’s disease (Hellman 

et al., 2010). 

 Materials and Methods 

 Standard Recombinant Human Armet Expression and Purification 

In conjunction with Dr. Raman Chandrasekar I expressed N-terminal tagged Armet. To 

express and purify N-terminal 6X His-tagged human Armet, the transcript was amplified by PCR 

from a plasmid containing a N-terminal 6×His-tagged human Armet gene using the following 

primers;  

 5’-GGCCCTCGAGCTACAAATCGGTCCG-3’ 

  5’-GCCCATGGGCCACCACCACCACCACCACctgcggccgggcgac-3’.  

After cloning, the product was inserted into pET-28a-c(+) vector using NcoI and XhoI 

sites and confirmation by sequencing was performed. The protein expression, using E. coli strain 

BL21 (DE3) transformed with the recombinant plasmid, was cultured at 37 ℃ using LB medium 

until OD 600 reached 0.6. The recombinant protein was induced with a 1 mM IPTG addition for 

4 h at 30 ℃. Cells were harvested by centrifugation and resuspended in 50 mM Na2HPO4, 300 

mM NaCl, 10 mM imidazole, pH 8.5, known as Buffer 1.  
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This suspension of E. coli in Buffer 1 was subjected to sonication on ice, 10 times with a 

50% duty cycle, for 1 min at a time with a 1 min rest between cycles with a Model CV17 

sonicator probe and Vibra-Cell TM375 controller module. If large clumps remained, the sample 

was subjected to additional rounds of sonication.  Lysates were centrifuged at 14,000 g for 20 

min, and the supernatant was loaded on a Ni-NTA agarose column (Qiagen #30230).  

The column was washed with 40 column volumes of 50 mM Na2HPO4, 300 mM NaCl, 

and 20 mM imidazole, known as Buffer 2. Then, elution containing the N-terminal 6X His-

tagged human Armet commenced with 5 column volumes of 50 mM Na2HPO4, 300 mM NaCl, 

300 mM imidazole, known as Buffer 3.  

 Recombinant Human Armet Expression and Purification for NMR 

Armet was harvested from cells grown with a 15N-labled ammonium nitrate obtained 

from Cambridge Isotopes as its nitrogen source. The 15N labeled protein was dialyzed overnight 

at 4 ℃ into 50 mM Tris-HCl, 100 mM NaCl, pH 7.0, which I will refer to as NMR Buffer. 

To express 15N labeled protein, the method of expression as indicated in the standard 

recombinant human Armet expression and purification described above was used with 

appropriate changes to the growth medium. A starter culture of E. coli strain BL21 (DE3) 

transformed with the recombinant plasmid was cultured overnight at 37 ℃, centrifuged and 

resuspended with M9 medium (12.8 g Na2HPO4•7H2O, 3 g KH2PO4, 0.25 g NaCl, 1 g 15NH4Cl 

in 1 L distilled H2O) in filter sterilized 2 mL of 1 M MgSO4, 20 mL of 20 % glucose, 100 uL of 

1 M CaCl2 in a larger growth chamber until OD 600 reached 0.6. 

The induction time of the labeled recombinant protein was 24 h due to the lack of LB 

nutrients with 1 mM IPTG at 30 ℃. 

 Identification and Use of Ligands 

Ligand discovery came from collaboration between Reeck’s lab and the High Throughput 

Screening Laboratory on Kansas University’s Lawrence campus. The library, consisting of 

approximately 5,000 compounds was used by both a Fuji and Enspire Biacore system, where 

surface plasmon resonance high throughput screening yielded several hits as potential ligands for 

Armet, including tetracycline, several tetracycline derivatives and other compounds. The 

tetracycline derivatives were chosen for my work due to a µM dissociation constant from 

demeclocycline as determined by KU HTS and shown in Figure 1.2. At the time of this 
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dissertation, the Reeck group was in negotiations to perform the remaining dissociation studies in 

collaboration with the KU HTS laboratory.  

The tetracyclines and derivatives and non-tetracycline compounds were chosen on 

multiple criterions, namely the dissociation constant for the tetracyclines and the fact that all 

compounds were readily available and relatively inexpensive. Mitoxanthrone, although it lacks 

one cyclic ring in comparison to tetracycline derivatives, was chosen for study due to its similar 

ring structure. Cefoperazone was chosen due to its crude similarity to that of an unfolded 

peptide.  

Tetracycline and its derivatives, Figure 1.3 are a group of broad-spectrum antibiotics 

whose general usefulness has been reduced with the onset of antibiotic resistance, but which 

remain the treatment of choice for some specific indications. Two non-tetracycline ligands seen 

in Figure 1.4 were also utilized in NMR experiments, also identified as possible ligands by the 

KU HTS laboratory and may also be possible lead compounds. 

Other possible ligands (luteolin and fisetin) were used in circular dichroism studies and 

are a subclass of flavonoids and are widely distributed in a variety of fruits and vegetables. 

Structurally, the flavonol contains three cyclic rings and is a ketone containing compound. 

 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H-15N HSQC  NMR experiments were performed at 25˚C on a 500 MHz Varian NMR 

Superconducting Spectrometer System equipped with pulsed field gradient accessory, four 

channel detection system, two waveform generators, and a 5 mm latest generation carbon 

enhanced Cold Probe. NMR tubes were purchased from Wilmad Lab Glass (535-PP-7). The 

tubes were 5 mm thin wall, 7” long, and intended for use in 500 MHz and higher field strength 

magnets.  

For all ligand NMR experimentation, a 5 mM ligand concentration was used. The ligands 

were dissolved at a 1M stock concentration in DMSO and added to the protein solution prior to 

being placed in the NMR tube. 1H-15N HSQC spectra were acquired after addition of each ligand 

at 5 mM concentration at 3 mg/mL (approximately 150 µM) 15N labeled N-terminal 6X His-

tagged human Armet in 50 mM Tris-HCl, 100 mM NaCl, pH 7.0, supplemented with 5% (v/v) 

D2O for 4 h. NMR data were analyzed by using MestReNova software.  
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 Circular Dichroism Spectroscopy 

Circular dichroism spectroscopy was performed with a Jasco 815 spectropolarimeter 

using either a jacketed 1.0 cm path length cell or an unjacketed 0.1 cm path length cell. Spectra 

from 190 to 260 nm were acquired at room temperature every 1 nm at 2 sec per data point and a 

1 nm band pass. Thermal denaturation experiments were done in the same fashion over a 

temperature scale of 25°C to 95°C. N-terminal 6X His-tagged human Armet in 50 mM Tris-HCl, 

100 mM NaCl, pH 7.0, was used for all circular dichroism experiments. For experiments 

including a potential ligand, the concentration of ligand was up to 10 mM. 

 Results 

 Ligand Binding Studies 

The NMR tool used was two-dimensional 1H-15N HSQC spectroscopy on 15N labeled 

Armet. This allowed mapping of signal changes when ligands were added to the protein. Residue 

assignments in my spectra were made using literature NMR assignments (Hellman et al., 2010). 

The 1H-15N HSQC reference spectrum (Armet without any ligand) from my work is shown in 

Figure 1.5. This showed somewhat better separation of signals than the literature NMR spectrum 

(Hellman et al., 2010). Residues unassigned in the literature, which remained unassigned by me, 

are shown in Table 1.  

Tryptophan residue 123 (W123), seen with both backbone and sidechain signals, is 

important to note because W123 may be vital for binding where the possibility of π-π bonding 

between the W123 sidechain and cyclic structure of the ligands can occur. Other noteworthy 

signals include lysine 114 (K114), which shows altered signals in the presence of all ligands 

tested. These signals and numerous others are changed upon ligand binding.   

I identified residues that are likely involved with ligand binding by their shifts in the 1H-
15N HSQC spectrum in the presence of ligands. For example, see Figure 1.6 for a spectrum 

acquired in the presence of tetracycline. After spectra in the presence of ligands were acquired, a 

difference spectrum, Figure 1.7 (tetracycline ligand) was produced by subtraction of the 

reference spectrum from that of a spectrum acquired in the presence of a ligand. Changes are 

listed in Table 2 created by addition of each tetracycline ligand.  These changes are reported as 

an increase, decrease, or shift in the signal. Changes in signal intensity are indicative of changes 

in the protein’s mobility and may identify those residues that are altered in the presence of ligand 



10 

 

but do not directly interact with the ligand. Shifts in the signal, whether they be in the nitrogen or 

hydrogen environment, or most commonly both may indicate residues that bind and are in direct 

contact with the ligand. 

Additional spectra used to create Table 2 are found in Appendix A. Residues with 

changed 1H-15N HSQC signals for tetracycline and derivatives are mapped in Figure 1.8 onto the 

three dimensional structure of Armet. Seen in Figure 1.8, the majority of residues involved with 

binding occur within the C-terminal domain and those residues with altered signals in the N-

terminal domain and linker appear to form a “face” of binding on an interior portion where a 

“clamshell” binding mode of action is proposed. 

 Table 3 is an expansion of Table 2 and summarizes the changes in 1H-15N HSQC signals 

including two non-tetracycline ligands.  Non-tetracycline 1H-15N HSQC ligand studies are 

mapped in Figure 1.9 onto the three dimensional structure of Armet. Figure 1.9 shows similarly 

to Figure 1.8 where the majority of residues involved with binding occur within the C-terminal 

domain and those residues with altered signals in the N-terminal domain and linker again appear 

to form a “face” of binding on an interior portion where a “clamshell” binding mode of action is 

proposed. 

 Residues that have altered 1H-15N HSQC signals in common between tetracycline and 

non-tetracyclines are mapped onto the three dimensional structure of Armet in Figure 1.10. 

Shown in Figure 1.10, the altered signals in residues in both the N-terminal and C-terminal 

domains form a "face" on the interior portions where a "clamshell" interaction would be likely to 

occur. It is important to note that with different ligands, the residues with altered signals are also 

different. This is best seen by the color coding in Figure 1.10 where red residues are associated 

with tetracycline and derivatives, green signals associated with non-tetracyclines, and blue 

indicates shared or common altered residues. All of these alterations in signal point to two 

recurrent observations, where the majority of altered signals are seen within the C-terminal 

domain and both domains form two “faces” where a proposed “clamshell” mode of binding 

would take place. 

 Only two residues which yield altered signals in every ligand tested, namely K114 and 

W123. Both of these residues are also identical in all vertebrates aligned in this study which may 

point to their importance for ligand binding due to their conservation.  While W123 may directly 

interact with possible π-π binding to the cyclic portions of the tested ligands, K114 is not directly 
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identified in the proposed binding pocket. K114 may show altered signals due to accommodation 

of the ligand and not direct binding. 

 Circular Dichroism Spectroscopy Studies 

 From Armet's room temperature circular dichroism spectrum, seen in Figure 1.11, a helix 

content of 46.2% was estimated by the circular dichroism deconvolution software CDNN 

downloaded from http://www.photophysics.com/tutorials/cdnn-secondary-structure-analysis. 

From the NMR and crystallographic structural determinations I calculated 68% helix content. 

This indicates that the CDNN software reports lower than true observed values however it can 

still be utilized to gain insight into thermal denaturation process.  

Figure 1.12 shows CD spectra of Armet at temperatures from 50-95°C. The change from 

α helix to random coil occurs where intermediates of both forms evidently occur. These 

intermediates could include uniform unfolding across both domains or, more likely, it is possible 

that the unfolding from helix to random coil could be occurring independently in each domain. 

An idealized representation of α helix and random coil CD signals are shown in Appendix A. 

Thermal denaturation monitored at 222 nm is shown in Figure 1.13. The two-step decline in the 

signal is centered at two Tm values of 65oC and 83˚C.  Not shown, a β-turn content of 

approximately 20% for each temperature is predicted by CDNN. Figure 1.14 shows percent helix 

versus temperature as determined by CDNN analysis. 

I hypothesized that 1H-15N HSQC NMR could evaluate if the either domain was 

unfolding first or in concert. But evaluating the two step unfolding by NMR at high temperatures 

was outside the instrument’s normal operating limits therefore manipulation of transition 

temperatures of the two-step unfolding of Armet was achieved by modification of buffer 

conditions. Lowering the pH, as seen in Figure 1.15, shows that lowering pH affects both 

transition temperatures. Thermal denaturation of Armet in the presence of guanidinium chloride, 

shown in Figure 1.16, mirrors the results of the pH studies. A combination of guanidinium 

chloride and pH was also utilized and is shown in Figure 1.17 in the presence and absence of 

TCEP (tris-2-carboxyethyl-phosphine), a water soluble reducing agent utilized to break disulfide 

bonds.  
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 In the presence of TCEP alone, shown in Figure 1.18, no significant change was noted in 

Tm values. None of these studies however could reduce the transition temperature to a level that 

was suitable for the NMR experiment I had in mind. 

 Discussion 

 1H-15N HSQC NMR Buffer Optimization 

In Hellman et al. (2010), NMR spectra were recorded on a Varian Unity INOVA 800 

NMR spectrometer, operating at 800 MHz.  That instrument, while similar to Kansas State 

University's Varian spectrometer, possesses a higher field strength magnet, and like KSU's 

instrument it also utilized cryo-probe technology.  Therefore, the increased signal resolution in 

spectra acquired at KSU may stem from the buffer conditions. Their buffer conditions were: 10 

mM bis-Tris, 50 mM NaCl, pH 6.8, supplemented with 7% (v/v) D2O, whereas my buffer 

condition was 50 mM Tris-HCl, 100 mM NaCl, pH 7.0, 5% (v/v) D2O. This difference in buffers 

may account for our increased resolution due to added protein stability with increased salt 

concentration.  

 Ligand Binding Studies and Proposed Binding Site 

Ligands that alter the 1H-15N HSQC signals may lay the ground work for future drug 

based ligand studies. Table 3 identifies commonalities between ligands I have studied. A heat 

map analysis to observe the commonalities between tetracycline derivatives and non-

tetracyclines is shown. The heat map identified two residues, K118 and W123 that have altered 
1H-15N HSQC signals with all ligands tested. These observations may indicate that both residues 

are vital to binding and site directed mutagenesis could better evaluate that observation.  

Although more residues are affected in the C-terminal domain, my data indicates both 

domains interact with the ligands I have studied. Because both domains have altered 1H-15N 

HSQC signals upon addition of ligands, I propose that the domains could come together in a 

“clamshell” fashion around the ligand. This thought is further solidified Figure 1.10 which shows 

that residues in the N-terminal domain involved with binding are on an inner portion of where a 

“clamshell” interaction might take place. In Figure 1.19, I propose a "clamshell" binding model 

in Armet with the ligand tetracycline.  
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Tetracycline as a ligand has been evaluated in multiple crystallographic studies with the 

Tet Repressor protein (Aleksandrov et al., 2007). Using PyMOL, I looked at the Tet Repressor 

protein, PDB file 2TRT, and evaluated residues that appear to bind or interact with tetracycline. 

This evaluation looked at the possible interactions between the amino acid residues of the protein 

and tetracycline which include hydrophobic interaction with residues such as alanine, isoleucine, 

and leucine. Hydrogen bonding with tetracycline is evident with the residues tyrosine and 

histidine, and a possible stacking interaction between phenylalanine and one of the rings of 

tetracycline appears to be possible.  

In contrast to claims that the linker was flexible based on NOE constraints (Hellman et 

al., 2010), I believe that the linker acts as a rather stiff section between the domains, with 

rotation about both ends. NMR studies aid this idea stems from the 15 lowest energy minima 

generated by Hellman et al. 2010, in which the linker maintains a fairly linear orientation with 

rotation about its ends. In my attempt to mirror this observation, seen in the “clamshell” 

representation in Figure 1.19, the linker maintains a linear orientation; however it allows rotation 

of the two domains to encompass the ligand. 

 Changes in Positions of the N- and C-terminal Domains in Armet 

The X-ray crystallography of human Armet and solution NMR of human Armet with 

Protein Data Bank (PDB) identification numbers of 2W51 and 2KVD respectively are shown in 

Figure 1.20 in an overlay (Parkash et al., 2009, Hellman et al., 2010). The human Armet crystal 

structure is not complete in the C-terminus due flexible portions of protein which do not 

contribute to electron density. When the human Armet crystal structure is shown versus human 

NMR solution structure, they show good superimposition within the N-terminal domain. 

Variation in the flexible loops within the N-terminal domain is expected due to flexibility of the 

loop segments but the C-terminal domain did not superimpose well at all.  

To achieve improved superimposition the linker region within the X-ray structure was 

clipped in PyMOL. This is shown with the human Armet X-ray crystallography and solution 

NMR Armet with PDB identification numbers of 2W51 and 2KVD, respectively, in Figure 1.21 

(Parkash et al., 2009, Hellman et al., 2010). Now the crystal structure of Parkash et al. (2009), 

superimposes well with that of the NMR solution structure in both domains.  
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The online 3D structure prediction software I-TASSER was utilized to study 

commonalities between human, mouse, nematode, and pea aphid Armet. When these amino acid 

sequences were submitted, all of their sequence similarity and three dimensional structures 

linked back to the mouse and human X-ray and solution NMR determinations. In other words, 

proteins from C. elegans and A. pisum showed no similarity to proteins of known structure other 

than mouse and human Armet.  

 The Role of Armet's Linker 

Shown in Figure 1.22 is the conserved nature of the linker residues across multiple 

vertebrate species. Low energy minima calculations in NMR structural determinations show a 

rather rigid linker which appears to have a motion similar to a rotor (Hellman et al., 2010). The 

rotor like movement gives traction to my hypothesis that movement at ends of the linker allows 

for the "clamshell" like action of the two domains coming together in concert gripping a potential 

ligand. Interestingly, the conservation of the linker region of Armet and its rotation may be 

paramount to the binding of ligands such as tetracyclines and natural binding partners of Armet. 

This idea somewhat contrasts the description by Hellman et al. (2010) where they state the linker 

is “flexible.”  

 Analysis to confirm the structure of the linker was further tested by evaluation of phi/psi 

angles for the linker residues determined by NMR. Plotted in a Ramachandran plot, two residues 

Q100 & I101 were identified to contain possible β strand structure. The residues L95 & Y97 

show left handed α helix characteristic while K96, K99, & D102 indicate right handed α helix. 

The residue D98 was identified in a disallowed location in the Ramachandran plot indicating an 

error in structure at that position.  

 Lower Thermal Stability of Armet's C-terminal Domain & Roles of Disulfide Bonds 

My thought that the C-terminal domain of Armet has a lower thermal stability stems from 

its less packed structure and possibly the disulfide arrangement. Armet contains 8 conserved 

cysteine residues through many species shown in Figure 1.22. In thermal denaturation studies in 

the presence of TCEP, a disulfide reducing agent, interesting results occur. Under conditions that 

the literature points toward complete reducing conditions, the Tm of Armet’s two step 

denaturation is unchanged. Of numerous possibilities, I outline three options. One is the 

complete reduction of disulfide bonds which have no effect on thermal stability. The second is 
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the partial reduction of disulfide bonds limited to the C-terminal domain with no effect on Tm 

for either domain. The third option could be the partial reduction of disulfides in both domains. I 

believe option two to be correct. As shown in Figure 1.23, the disulfide bond in the C-terminus is 

clearly solvent exposed and should be available to reduction. However, due to the size of TCEP, 

I feel that the compound would not be capable of accessing the three N-terminal disulfide bonds. 

These insights point toward the conclusion that the C-terminal domain’s disulfide, does not aid 

in thermal stability.  

Shown in Figure 1.14, a plotted analysis with the CDNN prediction tool developed by Dr. 

Gerald Bohm shows a shift from a α helix beginning around 65°C to a random coil in a two-step 

fashion with the last transition at approximately 78°C. I had hoped for a stabilization to occur 

with the addition of ligand, especially in the C-terminal domain; thermal unfolding did not show 

any change in the presence of the possible ligands fisetin and luteolin.  

 Relevance for Proposed Functions of N- and C-terminal Domains of Armet  

Crystallographic studies of Armet led Parkash et al. (2009) to suggest the C-terminal 

domain has a disulfide isomerase activity, and the N-terminal structure was shown to be similar 

to saposins. The researchers make a marked jump to conclude that because the structure of the 

N-terminal domain resembles that of the human saposins the N-terminal domain may interact 

with lipids or membranes. This suggestion in 2009, while interesting, was based solely on 

structural similarity has still not been shown experimentally to date. The data presented in this 

chapter I think revokes the thought process as suggested by Parkash et al. (2009) that the two 

domains of Armet have marked separate functions. Here I show that the binding of ligands 

encompass the use of both domains, and that the domains work in concert. Although the 

statements of Parkash et al. (2009) were interesting, they lacked the evidence to show that the N-

terminal domain of Armet was more than just saposin-like based in structure. As no binding 

studies to lipids or membranes have been published to corroborate their claims, I believe my 

model whereas the N-terminal & C-terminal domains both participate in binding of a ligand 

holds more substance. 

 Variation in Amino Acid Sequence in Mammalian Armet  

In Figure 1.24, a phylogenetic tree shows the inferred evolutionary relationships among 

sequences aligned in Figure 1.22. As shown, a clear evolutionary tree beginning with C. elegans 



16 

 

as an “outgroup” to humans occurs with subtle divergences of the orthologs of Armet showing a 

branching pattern in agreement with views of vertebrate evolution (Hotton 1968). 

Figure 1.25 shows the conserved residues from Figure 1.22's alignment in green and 

those residues that differ from human Armet's sequence in yellow. Figure 1.26 identifies residues 

that are involved with binding and conserved. There are 32 residues that are conserved and 29 

that are not conserved within the set of aligned sequences. Of those binding to tetracycline and 

its derivatives versus non-tetracycline ligands, no discernible pattern can be found, indicating 

that neither type of ligand is more likely to be bound at a conserved or non-conserved residue 

with respect to the human sequence. 

In any case, while not every identified binding residue interacts in the presence of each 

ligand, conservation of residues involved with binding is seen in Figure 1.22.  

 Possible Drug Development Strategies 

Previously mentioned, Armet expression has been shown to be upregulated in many 

cancer cells (Miao et al., 2013). GRP78 has also been shown to be upregulated in many cancer 

cells and the mode of treatment outlined in Miao et al. (2013) could possibly be approached with 

Armet as the target for peptidomimetic studies for cancer therapy. 

While it’s not understood yet which elements of tetracycline derivatives induce NMR 

spectral changes, the fact that all derivatives have the similar planar shape leads me to believe 

that the planar rings of the ligands are important for binding. As shown in Figure 1.3, the 

structures of the tetracycline derivatives differ slightly and with modification by synthetic 

chemists, they may be exploited to create a better ligand.  

I also propose an interaction between residue W123 by π bonding to the ligands including 

Armet’s normal binding partners, namely unfolded proteins. Figure 1.1 indicates the location of 

the W123 sidechain and for the proposed interaction to take place, the C-terminal domain folding 

in the “clamshell” fashion would allow the W123 sidechain, which has been indicated in 1H-15N 

HSQC studies to have altered signals in every ligand tested to facilitate π bonding. This suggests 

an importance of the interaction I have proposed. As seen in the cartoon representation of a 

proposed “clamshell” binding in Figure 1.19, the possibility of a π-π interaction exists. The π-π 

interaction between the tryptophan and the cyclic rings of the derivatives tested might contribute 

to binding ligands containing cyclic rings. 
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Figure 1.1 Lowest energy NMR structure of human Armet 

Human Armet structure: N-terminal domain (red) linker region (blue) and C-terminal domain 

(green) PDB: 2KVD (Hellman et al., 2010) W123 sidechain is shown.

W123 
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Figure 1.2 Determination of binding constant for demeclocycline and Armet 

Demeclocycline binding analysis for ligand evaluation later used in binding experiments via 

NMR as determined at the KU HTS lab with surface plasmon resonance as a potential ligand.  

The data correspond to a dissociation constant of 18 µM measured at one half Vmax. 
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Figure 1.3 Structures of tetracycline and derivatives utilized in 
1
H-

15
N HSQC experiments 

Images created using ChemDraw.  
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Figure 1.4 Structures of two non-tetracycline compounds utilized in 
1
H-

15
N HSQC 

experiments 

Images created using ChemDraw.  



22 

 

 

Figure 1.5 Reference 
1
H-

15
N HSQC spectrum of Armet 

Acquired at 25 °C and annotated using the M-nova NMR suite (MestReNova Labs). 

Identification of signals achieved using assignments of Hellman et al. (2010). Unassigned 

residues are indicated in Table 1. 
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Table 1 Residues not identified in the reference 
1
H-

15
N HSQC spectrum 

Not all residues were assigned in the reference HSQC spectrum of Hellman et al. (2010). In 

addition to the unassigned residues, 6 proline residues did not generate signals.  

  

Gly Cys Glu Val Ile Ser Tyr Phe Lys Asp

4 6 7 8 10 11 12 16 21 59

45 9 83 136 46

124 93 94 63

129 127 128

Unassigned Residues
R

e
si

d
u

e
 

N
u

m
b

e
r
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Figure 1.6 Overlay of 
1
H-

15
N HSQC spectra of Armet with and without 5 mM tetracycline 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

tetracycline is shown in green. Changes in residues are determined by their movement in either 

the hydrogen or nitrogen ppm, F2 and F1 respectively or in intensity. Residues not identified 

(Table 1) and proline residues are not seen in this overlay. Residues that are altered are identified 

in Table 2. 
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Figure 1.7 
1
H-

15
N HSQC difference spectrum of Armet with and without 5 mM tetracycline 

Difference spectrum is obtained from Figure 1.6. The signals indicated in red indicate a stronger 

signal without ligand present and a blue signal indicates an increased signal with the ligand 

present. These changes are identified in Tables 2 and 3.  Changes in residues are determined by 

their movement in either the hydrogen or nitrogen ppm, F2 and F1 respectively or in their 

intensity.  
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Figure 1.8 Residues with altered 
1
H-

15
N HSQC signals in the presence of tetracycline and 

tetracycline derivatives  

Residues identified in Table 2 are indicated in red.  
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Table 3 NMR Signal changes with all ligands by residue and domain 

Signal changes identified by residue and ligand. The column titled tetracycline commonalities 

show a heat map style analysis of residues in common between tetracycline and derivatives. The 

column titled All commonalities is another heat map style analysis between all tested HSQC 

ligands. 

  

Domain Residue
Tetracycline 

Commonalities

All 

Commonalities

N-terminal L1 1 3

N-terminal D5 1 1

N-terminal L13 0 1

N-terminal T26 0 1

N-terminal N34 2 2

N-terminal E35 1 1

N-terminal I37 1 1

N-terminal A43 1 2

N-terminal R44 1 1

N-terminal T57 1 1

N-terminal T62 3 4

N-terminal I65 0 1

N-terminal N66 0 2

N-terminal K70 0 1

N-terminal I81 4 5

N-terminal K86 3 3

N-terminal Q91 0 1

N-terminal I92 2 2

Linker Q100 3 4

Linker I101 3 4

Linker D102 3 3

C-terminal L103 2 2

C-terminal S104 3 4

C-terminal T105 0 1

C-terminal V106 0 2

C-terminal D107 5 6

C-terminal L108 1 2

C-terminal K109 4 6

C-terminal L111 3 4

C-terminal V113 2 2

C-terminal K114 5 7

C-terminal E115 4 5

C-terminal K117 2 4

C-terminal K118 4 5

C-terminal I119 4 5

C-terminal L120 1 2

C-terminal D121 1 2

C-terminal D122 1 1

C-terminal W123 5 7

C-terminal G124 3 3

C-terminal E125 0 1

C-terminal T126 3 5

C-terminal C130 3 4

C-terminal E132 1 3

C-terminal S134 4 4

C-terminal Y136 3 3

C-terminal I137 0 1

C-terminal R138 0 1

C-terminal K139 1 1

C-terminal I140 2 2

C-terminal N141 4 6

C-terminal E142 3 4

C-terminal Y147 0 1

C-terminal A148 2 4

C-terminal K150 2 2

C-terminal A151 2 3

C-terminal S153 2 2

C-terminal T156 3 3

C-terminal D157 2 3

C-terminal L158 4 6
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Figure 1.9 Residues with altered 
1
H-

15
N HSQC signals in the presence of mitoxanthrone 

and cefoperazone 

Residues identified in Table 3 are indicated in green. 
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Figure 1.10 Residues with altered 
1
H-

15
N HSQC signals in the presence of tetracycline and 

non-tetracycline ligands  

The coloring scheme is: 

Tetracyclines altered residues (red)  

Non-tetracyclines altered residues (green)  

Shared or common altered residues (blue) 
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Figure 1.11 Circular dichroism spectrum of human Armet at 25°C  

Spectrum showing characteristic α helix signal acquired at 25°C in 50 mM Tris-HCl 100 mM 

NaCl pH 7.0. 
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Figure 1.12 Thermal denaturation circular dichroism spectra of human Armet from 50 °C 

to 95°C 

Spectra showing a change from the characteristic α helix content to that of a random coil.  
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Figure 1.13 Thermal denaturation of human Armet monitored by circular dichroism  

These spectra were acquired at 222 nm from 50 °C to 95°C 

Tm 1 

Tm 2 
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Figure 1.14 Percent helix versus temperature in thermal denaturation of Armet 

Data from CDNN software analysis showing percent helix and random coil versus temperature. 

Not shown, a β turn characteristic that maintains a steady value at approximately 20%. 
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Figure 1.15 Thermal denaturation circular dichroism spectra of human Armet from 50°C 

to 95°C at varying pH 

Thermal denaturation studies with altered pH in 50 mM Tris-HCl 100 mM NaCl. 

Tm 1 

Tm 2 

Tm 1 

Tm 2 
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Figure 1.16 Thermal denaturation of Armet in guanidinium hydrochloride 

Results obtained in the presence of guanidinium hydrochloride in 50 mM Tris-HCl 100 mM NaCl 

at pH 7.0 

Tm 1 

Tm 2 

Tm 1 

Tm 1 

Tm 2 
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Figure 1.17 Thermal denaturation of Armet in guanidinium hydrochloride with altered pH  

Thermal denaturation studies in the presence of guanidinium hydrochloride with altered pH 

conditions in 50 mM Tris-HCl 100 mM NaCl.  

Tm 1 

Tm 2 

Tm 2 

Tm 1 

Tm 1 
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Figure 1.18 Thermal denaturation of Armet in the presence of TCEP 

Thermal denaturation of Armet, measured at 222 nm from 50 °C to 95 °C in the presence of 

TCEP at several concentrations. No significant Tm shift is noted in the presence of the disulfide 

reducing agent. 

Tm 1 

Tm 2 

Tm 1 

Tm 2 
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Figure 1.19 Possible mode of binding of tetracycline to Armet 

Graphical concept of the N-terminal domain (red), linker (blue), and C-terminal domain (green) 

coming together in a "clamshell" type fashion around the ligand tetracycline (magenta). Note: 

based loosely on experimental data, just a theoretical representation 
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Figure 1.20 Superimposition of crystal and solution NMR structures of human Armet with 

clipped linker 

Human Armet X-ray structure shown in blue, PDB: 2W51 (Parkash et al., 2009) 

Human Armet NMR structure shown in yellow, PDB: 2KVD (Hellman et al., 2010) 
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Figure 1.21 Superimposition of crystal and solution NMR structure of human Armet 

Human Armet X-ray structure shown in blue, PDB: 2W51 (Parkash et al., 2009) 

Human Armet NMR structure shown in yellow, PDB: 2KVD (Hellman et al., 2010) 
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Figure 1.23 Armet C-terminal solvent accessible disulfide 

Cysteine residues shown in yellow and identified with red arrows, indicate that the three 

disulfides within the N-terminal are not solvent accessible whereas the C-terminal disulfide is 

accessible. Note: one disulfide in the N-terminal domain is completely buried in the structure. 
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Figure 1.25 Conserved and non-conserved residues mapped onto the structure of human 

Armet 

Graphical representation of conserved residues (green) and non-conserved residues (yellow) in 

vertebrate Armets. 
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Figure 1.26 Conserved/non-conserved residues with potential ligand binding residues 

� 59 conserved residues that do not appear to bind: green 

� 32 conserved residues that do potentially bind: blue 

� 38 non-conserved residues that do not appear to bind: yellow 

� 29 non-conserved residues that do potentially bind: red  



47 

 

Chapter 2 - Transcripts of the Unfolded Protein Response in the Pea 

Aphid 

 Literature Review: 

 Aphids 

Aphids are insects of the superfamily Aphidoidea within the order Hemiptera. Within the 

order Hemiptera, commonly known as true bugs, there are estimates of 50,000-80,000 species, 

all with a common arrangement of sucking mouthparts. These include, for example, insects such 

as cicadas, planthoppers, and shield bugs besides aphids (Polhemus et al., 2008). Aphids rely on 

their saliva to feed from a host plant’s phloem sap utilizing a piercing and sucking action. There 

are over 4,000 species of aphids, and many of them feed on multiple host plants (Jaouannet et al., 

2014).  In terrestrial plants, there is essentially no part of the plant that is not attacked by an 

aphid, either above or below ground. Feeding on leaves, roots, and even bark, aphids, such as 

Rhopalosiphum maidis (corn aphid) and Aphis glycines (soybean aphid), have evolved into 

significant agricultural pests (Minks et al., 1989). Aphids commonly studied in laboratory 

settings include Myzus persicae (green peach aphid), Diuraphis noxia (Russian wheat aphid) and 

Acyrthosiphon pisum (pea aphid) due to their sequenced genomes. 

Aphid species have host specificity ranging from strict monophagy, i.e., the grape 

phylloxera (Daktulosphaira vitifoliae), to polyphagy, i.e., the green peach aphid (Myzus 

persicae), whose summer generations can develop on an exceedingly wide range of host plant 

species (Dixon 1987). Host plants for pea aphids include some legumes such as alfalfa, pea, 

clover, and broad bean plants (Blackman et al., 2000). There are more than 20 legume genera 

known to host pea aphids, however the entire host plant range is undetermined. The fava bean, 

Vicia faba, is commonly used to maintain laboratory insects. 

Phloem sap is fed on by means of high pressure from within the sieve elements using an 

elongated stylet that pierces the plant tissues, probing to find the phloem sap while injecting 

saliva (Dinant et al., 2010). When the stylets have reached the phloem flow, the antennae fold 

back as an indication of feeding (Darcy et al., 2000). A cartoon diagram of a pea aphid feeding 

on a sieve element with its stylet is seen in Figure 2.1. 
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 Pea aphid: Acyrthosiphon pisum 

The pea aphid is significant scientifically because the genome is known (International 

Aphid Genomics Consortium, 2010) and due to its size. As the largest aphid commonly 

maintained in laboratories, it is able to be dissected more easily than other aphid species 

(Polhemus et al., 2008). It can be maintained easily in a laboratory setting. Although proteins 

that interact with plant defenses are well-characterized for pathogens such as bacteria, 

oomycetes, and nematodes, the equivalent molecules in aphids and other phloem-feeders are not 

well characterized but are being studied. For example in “Immunity and other defenses in pea 

aphids, Acyrthosiphon pisum,” Gerardo et al. (2010) researchers have initiated studies on heat 

shock proteins and proteins of immunity; however no lab has identified members of the UPR.  

Female pea aphids lay fertilized eggs in autumn that hatch the following spring. Of the 

hatched nymphs, they are all females, which undergo four molts before they reach sexual 

maturity (Simon et al., 2010). At sexual maturity, they begin to reproduce by viviparous 

parthenogenesis, like most aphids (Simon et al., 2010). Each adult female will give birth to 4-12 

female nymphs per day, totaling around a hundred in her life cycle (Simon et al., 2010). These 

develop into mature females in approximately 7-10 days. The life span of an adult is about 30 

days.  

Through predation and parasitism, the highest population density of aphids during early 

summer begins to decrease where the lengthening of night triggers the production of one 

generation of sexual males and oviparous females. Once inseminated, the females lay eggs in the 

autumn to restart the aphid life cycle (Simon et al., 2010). 

In pea aphids two morphs exist, winged and wingless. The winged morphs may be 

triggered by overcrowding and poor food quality and it is then that the winged aphids can 

colonize other host plants (Braendle et al., 2006). When pea aphids feed on crops such as alfalfa, 

they can act as vectors for plant viruses that may retard growth, reduce yield, and cause death in 

the host plant. Aphid feeding on crops such as alfalfa can significantly reduce feed value, where 

black fungus and sooty mold grows on the honeydew excreted by the aphid, which reduces 

palatability to livestock (Mulder et al., 2013). The pea aphid is considered the most agronomical 

detrimental aphid on pea and alfalfa crops (van Emden et al., 2007). 
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 Agricultural Threat and Current Pest Management Strategy 

According to the Division of Agricultural Sciences and Natural Resources at Oklahoma 

State University, pea aphids are a significant threat to alfalfa crops, causing toxic effects in the 

plant and monetary losses estimated at 100 million dollars a year worldwide (Blackman et al., 

2000, Mulder et al., 2013).  A loss estimate for aphid species throughout the world is 

approximately 1 billion dollars a year (Blackman et al., 2000). For pea aphids, infestations begin 

in early March and last through late May in areas that grow alfalfa. States such as Oklahoma, 

Kansas, Texas, Nebraska, and Iowa are affected by the pea aphid and damage to alfalfa crops 

range from stunted growth to death when insects are present for several weeks (Mulder et al., 

2013).  

A genetically modified organism (GMO), namely a wheat crop, to repel aphids has been 

attempted with failed result (Bruce et al., 2015). The GMO crop failed to repel aphids any more 

effectively than ordinary crops in a 3 million dollar trial. A wheat crop engineered to emit an 

odor that deters aphids in the hope of reducing the amount of pesticides required by plants, 

nicknamed “whiffy wheat,” were successful in lab tests, but succumbed to aphids when trialed in 

the field (Bruce et al., 2015).  At a significant cost, the experiment was conducted in the United 

Kingdom at the Rothamsted Agricultural Institution from 2012 to 2013. Although researchers 

had hoped to create a strain of wheat capable of deterring aphids from eating the crops and 

spreading plant viruses and infections, it failed (Bruce et al., 2015). 

Current strategies for mitigating pea aphid infestations, according to the 2015 Kansas 

State University Online Research and Extension Guide, include 12 insecticides and identifies the 

two most widely used, Chlorpyrifos and Dimate. Harmful pesticides may persist on harvested 

crops and in the environment, to the detriment of human health and environment. Because 

current aphid pest strategy is limited to early cutting of crops and population control by 

pesticides, any new potential pest mitigation solution would be desired. 

 The Unfolded Protein Response (UPR) 

Discovered by Peter Walter in 1994 in yeast, the UPR is an ER response to aggregation 

of proteins in the secretory pathway (Walter et al., 2011).  In eukaryotic cells, secretory and 

transmembrane proteins are folded and modified in the lumen of the ER (Alberts et al., 2002). 

Although it is unknown if the UPR is activated during normal protein synthesis, estimates 
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suggest approximately 30% of newly synthesized proteins are rapidly degraded when cells are 

not under ER stress, possibly as a result of improper protein folding (Schubert et al., 2000). 

Thus, an increase in the translation of secretory proteins would inflict a major problem for the 

cell in the absence of the UPR due to an increased aggregation of misfolded proteins. 

Contingent on proper folding, proteins are transported to the Golgi apparatus for 

secretion. Impairment of proper folding can be caused by various factors, such as chemical 

compounds, mutations in genes involved in ER quality control and increased secretion of 

proteins, resulting in the accumulation of unfolded or misfolded proteins in the ER, collectively 

called ER stress (Balch et al., 2008, Schroder et al. 2005). An estimate of the concentration 

threshold for apoptosis from ER stress due to unfolded proteins is approximately 100 mg/mL 

(Naidoo et al., 1999, Stevens et al., 1999). Prior to UPR mediated apoptosis at the estimated 100 

mg/mL threshold, an unknown concentration of protein aggregation “triggers” the UPR and 

activates a complex signal transduction pathway that conveys information about the protein 

folding status in the ER lumen and then deals with the situation.  

The UPR’s major function is to increase protein folding capacity, therefore decreasing 

unfolded protein load. However, if this major function cannot be achieved, and the cell is unable 

to re-establish ER homeostasis, the cells undergo death by UPR mediated apoptosis (Kimura et 

al., 2010). The activation threshold is unknown but if the claims of Schubert et al. (2000) are 

correct, and 30% of newly synthesized proteins in the ER are degraded due to improper folding, 

the value must be higher than 30%. The UPR is likely to be functioning constantly, adjusting in 

response to physiological conditions as suggested in the paper from Matus et al. (2008), "The 

Stress Rheostat: An interplay Between the Unfolded Protein Response (UPR) and Autophagy in 

Neurodegeneration." The authors suggest that the unfolded protein response is not activated in an 

on/off function but continually changes in regards to stress.  

I show a schematic of activation of the UPR in Figure 2.2 when the accumulation of 

unfolded or misfolded proteins in ER have stimulated the UPR pathway. Glucose-regulated 

protein 78 (GRP78) binds to the exposed hydrophobic surface area of unfolded or misfolded 

proteins and because it is no longer binding to its ER membrane-binding partners inositol 

requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase RNA-

like ER kinase (PERK), it triggers the downstream events (Schroder et al., 2005). The PERK 

pathway mediates cell cycle arrest and protein translation attenuation slowing the expression of 
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new non-UPR proteins (Schroder et al., 2005). When IRE1 is activated, it alternative splices 

xbox binding protein 1 (XBP1) and the spliced form translocates into the nucleus where it 

activates a set of target genes which increase production of protein disulfide isomerases (PDIs) 

and chaperones such as heat shock proteins (HSP) (Yoshida et al., 2001, Tigges et al., 2006). An 

active, Golgi translocated ATF6 is cleaved by proteases into a smaller fragment, called ATF6 

p50 (50kDa) (Haze et al., 1999, Ye et al., 2000, Bommiasamy et al., 2009). ATF6 p50, a 

transcription factor, is translocated to the nucleus, binds to an ERSE element and activates 

another set of genes such as itself (ATF6) that may or may not overlap with XBP1 target genes 

(Haze et al., 1999, Ye et al., 2000, Bommiasamy et al., 2009). Acting in a positive feedback 

loop, the UPR activated gene products include the UPR key regulators themselves such as 

glucose regulating protein 78 (GRP78), IRE1, ATF6, XBP1 and PERK in addition to proteins 

that are involved in protein folding, glycosylation, degradation and lipid synthesis, where 

examples of protein folding components are identified in Table 4 (Schroder et al., 2005). As 

previously stated, the activated UPR-specific target genes increase protein-folding capacity, 

however if the UPR cannot rescue the cell from the protein folding mediated ER stress, the cell 

will undergo apoptosis (Schroder et al., 2005). Of the three pathways, IRE1/XBP1 and ATF6 

pathways are UPR-specific, while the PERK pathway is shared with other cellular stress 

pathways including those involved in amino acid deprivation, infection with double-stranded 

RNA viruses, and mechanical stress. According to Schroder et al. (2005), the UPR pathway is 

centralized by the UPR-specific transcriptional events, where detection of the overall UPR-

specific transcriptional activation should provide a means to monitor or even quantify levels of 

UPR activation in cells under ER stress. 

Several subsystem processes such as transducers, chaperones, endoplasmic reticulum 

associated degradation (ERAD), and pro/anti apoptotic functions (Hetz et al., 2013) have been 

identified in the UPR, where the primary function of ER stress is to induce the expression of ER 

chaperones, decrease new protein synthesis, and enhance the degradation of proteins 

accumulated in the ER by way of ERAD within the cytosol.     

 Unfolded Protein Response Subsystems 

 Transducers of the UPR 
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 The UPR in mammals and invertebrates is initiated by three ER transmembrane sensors, 

IRE1, ATF6, and PERK (Sidrauski et al., 1997, Bertolotti et al., 2000, Ron et al., 2007). As seen 

in Figure 2.2, the three transducers of the UPR modulate downstream responses in an attempt to 

adapt to and avoid chronic ER stress and ultimately apoptosis. In yeast, IRE1 is the only 

transducer (Sidrauski et al., 1997, Ron et al., 2007).  

 Protein Folding & Chaperones of the UPR 

The most widely studied components of the UPR are chaperones including glucose 

regulating proteins, protein disulfide isomerases, calnexin, and calreticulin.  

Glucose regulating proteins (GRPs), namely GRP78 (also known as BiP and a HSP70), 

GRP94 (also known as HSP90B1), GRP170, and GRP75 are stress-inducible molecular 

chaperones that belong to heat shock protein (HSP) families (Lee 2014). GRPs are found in the 

ER and regulate protein quality control and metabolic balance (Lee 2014). As chaperones, these 

GRPs facilitate protein folding and assembly, as well as the export of misfolded proteins for 

degradation. A well-studied component with chaperone activity, known by multiple names 

including GRP78 (glucose regulated protein 78), BiP (binding immunoglobulin protein), and 

HSPA5 (heat shock 70 kDa protein 5) is located in the lumen of the ER (Ting et al., 1988, 

Hendershot et al., 1994). GRP78 has been shown to bind to newly synthesized proteins as they 

are translocated into the ER and assists them in subsequent folding. GRP78 is an essential 

component in translocation across the ER membrane of proteins destined for degradation by the 

proteasome (Delom et al., 2001). GRP78 is an abundant protein under all growth conditions but 

it is upregulated under ER stress (Delom et al., 2001). GRP78 can interact with another protein 

of the UPR, Armet, and can retain Armet in the ER lumen. It can also interact with the 

transducer IRE1 when the UPR is not yet initiated (Ryoo et al., 2007). Other chaperones that can 

bind unfolded proteins include GRP94 and GRP170, with the numbers associated corresponding 

to their molecular masses (Lee 2001). 

Both calnexin and calreticulin are ER associated modulators of calcium transport 

(Camacho et al., 2003), and they aid in maintaining the integrity and homeostasis of the ER 

under ER stress. Although the molecular mechanisms underlying ER stress-induced apoptosis 

are not completely understood, evidence suggests that ER and mitochondria cooperate to signal 

cell death. Calnexin and calreticulin aid in regulation of calcium transfer from the ER to the 
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mitochondria. This regulation is key in maintaining control of pro-survival or pro-death 

pathways (Malhotra et al., 2013).  

Calnexin, a molecular chaperone, aids in the translocation of nascent polypeptides and in 

the folding and quality control of newly synthesized proteins (Bukau et al., 2000, Fewell et al., 

2001, Williams, 2006). Structurally, calnexin is an ER transmembrane protein, with a large 

luminal domain, and a short cytosolic tail.  

Calreticulin is also a molecular chaperone located in the lumen of the ER and plays an 

important role in the folding of newly synthesized proteins in the ER lumen (Saito et al., 1999). 

Shown to be an important component in development, calreticulin deficient mice have 

embryonic lethality, and if the mice survive, possess heart defects (Mesaeli et al., 1999). 

Calreticulin is also associated with several cancer disease states; its expression is either up or 

down regulated in particular cancers such as metastatic melanoma, squamous cell carcinoma, and 

colon cancer (Dissemond et al., 2004, Ogino et al., 2003, Brunagel et al., 2003).  

 The recognition of misfolded or mutated proteins depends on the detection of 

substructures within proteins such as exposed hydrophobic regions or free cysteines (unpaired 

disulfide bonds) in the form of cysteine residues and immature glycans (Williams et al., 2006).  

In glycan processing, for example, the lectin-type chaperones calnexin/calreticulin provide 

immature glycoproteins the ability to reach their native conformation (Williams et al., 2006). The 

UPR has 21 mammalian protein disulfide isomerases, encoded by different genes, including 

components such as protein disulfide isomerase family member A3 (PDIA3) and CCAAT-

enhancer-binding protein homologous protein (CHOP also known as CEBP) which attempt to 

allow recovery of disulfide bonds to achieve the correct tertiary structure. The family of protein 

disulfide isomerases are important in maintaining function and structure in secreted proteins 

(Wilkinson et al., 2004). The UPR strives to return unfolded proteins back to their native state, 

and to eliminate the aggregation of misfolded proteins. The family of protein disulfide 

isomerases, as ER enzymes, catalyzes the formation and breakage of disulfide 

bonds between cysteine residues within proteins as they fold (Gruber et al., 2006). This allows 

proteins to refold until the correct arrangement of disulfide bonds occurs, forming the lowest 

energy minima in their fully folded state. Thus by catalyzing disulfides, protein disulfide 

isomerases (PDIs) can be considered to be chaperones. PDI functions together with ER 

oxidoreductase (Ero1) by using the oxidizing power of molecular oxygen to create de novo 
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disulfide bonds in a folding protein (Hatahet et al., 2007). An exchange of disulfide bonds takes 

place from Ero1 to PDI to the target folding protein, in conjunction with an electron flow in a 

reverse direction, from target protein to PDI to Ero1.  

This process of protein folding is vital to mitigating ER stress returning to homeostasis 

within the ER. The return of a target protein’s functional shape or conformation alleviates stress. 

Failure to fold back into native structure generally produces inactive proteins, and an over 

accumulation of these proteins trigger UPR mediated apoptosis (Schroder et al., 2005). 

 Pro-apoptotic and Anti-apoptotic Signal Induction from the UPR 

 In contrast to necrosis, which is a form of traumatic cell death that results from acute 

cellular injury, apoptosis generally confers advantages during an organism's life cycle except in 

UPR mediated cellular death (Alberts et al., 2008). For example, the differentiation of fingers 

and toes in a developing human embryo occurs because cells between the fingers apoptose; 

resulting in digit separation. Unlike necrosis, apoptosis produces cell fragments called apoptotic 

bodies that phagocytic cells are able to engulf, and quickly remove before the contents of the cell 

can spill out onto surrounding cells and cause damage (Alberts et al., 2008). While many 

components are anti-apoptotic, some of the UPR components such as ER nucleus signaling 2 

(Ern2), mitogen activated protein kinase 8 (MAPK8), and mitogen activated protein kinase 9 

(MAPK9) are involved in inducing apoptosis when the UPR is overwhelmed (Szegezdi et al., 

2006, Oslowski et al., 2015). 

 The UPR is a double edged sword when it comes to apoptosis. When the estimated 100 

mg/mL protein aggregation threshold is reached, the UPR can no longer maintain homeostasis, 

and the fate of the cell shifts towards apoptosis (Tsang et al., 2010). In other words, the UPR is a 

measurement and response tool for the homeostasis of protein aggregation. 

Between 50 and 70 billion cells die each day due to apoptosis in the average human adult 

although it is unknown how many die due to overwhelming the UPR (Karam et al., 2010). It has 

also been shown that defective apoptotic processes have been implicated in an extensive variety 

of diseases. Hyperactive apoptosis can cause atrophy, whereas decreased rates result in 

uncontrolled cell proliferation, such as cancer (Karam et al., 2010). 

 ERAD Mediated by Ubiquitination 
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 By biochemically studying fractionated yeast cells, Brodsky and McCracken coined the 

now widely used term ERAD, while establishing the first in vitro system to study ERAD, 

(McCracken et al., 1996, Werner et al., 1996, Brodsky et al., 1999).  

 Ubiquitin is a small regulatory protein that has been found in almost all tissues 

of eukaryotic organisms, not a UPR member itself; however it is utilized by components of the 

UPR. Ubiquitin directs proteins to cellular compartments, including the proteasome used in 

ERAD where proteins are recycled and destroyed within the cytosol. Seen in Figure 2.2, the 

downstream activation of ERAD with IRE1/XBP1 pathway is in concert with the activation of 

chaperones. Ubiquitin consists of 76 amino acid residues with a C-terminal tail containing 

seven lysine residues. It is highly conserved among eukaryotic species, from human to yeast, 

with 96% sequence identity (Kimura et al., 2010). Ubiquination is an enzymatic, protein post-

translational modification process in which the carboxylic acid of the terminal glycine from the 

di-glycine motif in the activated ubiquitin forms an amide bond to the epsilon amine of the lysine 

in the modified protein (Amerik et al., 2000). The ubiquination of terminally misfolded proteins, 

caused by a cascade of enzymatic reactions, marks the protein for ERAD. Following successive 

addition of ubiquitin molecules to lysine residues of the previously attached ubiquitin, a 

polyubiquitin chain is formed. After the polyubiquinated protein is produced it is recognized by 

specific subunits in the 19S capping complexes of the 26S proteasome (Aravind et al., 1998). 

The protein and attached chain are fed into the central chamber of the 20S core region at the 

proteolytically active site. Ubiquitin is released for reuse by deubiquinating enzymes before 

degradation of the protein. However, the proteasomal degradation takes place in the cytoplasm. 

The ER membrane anchored RING finger containing ubiquitin ligases Hrd1, a UPR component, 

and non-component Doa10 are the major mediators of substrate ubiquination during ERAD 

(Vembar et al., 2008). The tail anchored membrane protein Ubc6 as well as Ubc1 and the Cue1 

dependent membrane bound Ubc7 are the ubiquitin conjugating enzymes involved in ERAD 

(Vembar et al., 2008). 

 Transcription & Translation Factors 

 To increase the protein folding capacity of the ER, UPR transcription factors such as 

XBP1, cAMP responsive element binding protein 3 (CREB3), and others, enhance the 

expression of genes encoding ER-resident chaperones and foldases and promote ER expansion 

(Bommiasamy et al. 2009, Sriburi et al., 2004). 
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 Translation factors such as eukaryotic translation initiation factor (EIF2A) also play a 

role in reduction of protein synthesis under ER stress. Protein synthesis is inhibited through 

PERK-induced phosphorylation of eIF2, a translation factor that when modified, leads to a loss 

of translation initiation complexes (DuRose et al., 2009, Harding et al., 2000).  

 Insect UPR Components, Including Armet 

Aphids deliver proteins in their saliva to host plants during feeding, and Armet is one of 

the components in Aphid salivary gland containing a signal secretion peptide (Carolan et al., 

2009). Aphid Armet is reported as having intracellular and extracellular roles as in its 

mammalian counterpart although not specifically in saliva. Wang et al. (2015) characterized the 

aphid protein, demonstrated that its promoter is responsive to ER stress, and that its extracellular 

role is as a secreted effector protein that facilitates successful aphid feeding on host plants. By 

interfering with the expression of Armet, Wang et al. (2015) undermined the compatible 

interaction between aphids and their host plants.  

Although Wang et al. (2015) identified the secretive function of Armet during feeding, 

they stress that the neurotrophic role of Armet is presumed present as well. In gene knockouts in 

another insect, namely D. melanogaster, it was shown that Armet was essential for development 

and was lethal to larvae, which may be attributed to the neurotrophic role of Armet (Palgi et al., 

2009).  

It has been shown that dsRNA injection into the hemolymph of the pea aphid is effective 

in transcript knockdown of protein C002 (Mutti et al., 2006). The knockdown studies in protein 

C002 and Armet indicate that the RNAi effect is present in aphids and give traction to possible 

studies involving dsRNA injections targeted at a UPR component’s mRNA. 

Working on D. melanogaster, UPR has centered on the three transducers. Investigations 

have shown that one transducer and its cofactor, IRE1 and XBP1, respectively, are essential 

genes during development of fly cell lines and in vivo (Ryoo et al., 2007). These studies while 

relevant used the ER stress inducer tunicamycin. Other studies have measured survival time also 

in the presence of the inducer tunicamycin, identifying natural variation among 114 drosophila 

lines that lend insights into the polymorphisms attributed to have putative roles in ER stress 

(Chow et al., 2013). One point to be made is that these studies use a compound to measure ER 

stress. 
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 UPR in C. elegans 

Transcriptional profiling in C. elegans revealed two aspects of the UPR (Shen et al., 

2005).  The inducible UPR pathway (i-UPR), directs cells to respond to acute environmental 

stress, whereas the constitutive UPR pathway (c-UPR) is an essential component for normal 

development (Shen et al., 2005). Components such as PDI and PDI-2 are members of the i-UPR, 

where IRE-1 and PERK, are members of the c-UPR (Shen et al., 2005). Researchers concluded 

that in the i-UPR pathway, IRE-1 and its cofactor XBP1 “act in a linear process that dominates 

transcriptional regulation to reshape the secretory pathway and adjust cellular functions involved 

in calcium and phospholipid homeostasis, cell proliferation and death, anti-oxidative stress, 

metabolism, energy generation, cytoskeletal structure, and mitochondrial function” (Shen et al., 

2005). The researchers suggest that work in C. elegans might provide a missing link between the 

yeast and the mammalian UPRs. 

A strain of mutant C. elegans, SJ17, has been identified as having a flaw in the UPR, 

characterized by expression of hsp-4 gene. Researchers show that the mutants are incapable of 

inducing hsp-4 when stressed with tunicamycin, a common UPR inducer (Glover-Cutter et al., 

2013). The mutants, when treated with DTT and tunicamycin, exhibit slow growth and do not 

progress beyond the L2 larval stage. The observed deficiency was attributed to the xbp-1, a 

transcription factor and UPR member (Glover-Cutter et al., 2013).  

 Cholesterol Regulation 

 Cholesterol regulation is important in the UPR in mammals. It has been shown that the 

change of cholesterol and lipid perturbation in biological membranes can influence and indeed 

activate the UPR (Xie et al., 2006, Volmer et al., 2013). Insects do not synthesize cholesterol and 

instead obtain it from their diet, where they may modify it, possibly with the components 

MBTPS1, INSIG1, and SREBF1. In humans, MBTPS1 is a serine protease that activates 

SREBF1 function. INSIG1 functions in humans by mediating feedback control of cholesterol 

synthesis and has been shown to block SREBF1 function. SREBF1 functions in humans as a 

transcriptional activator required for lipid homeostasis where it binds to the sterol regulatory 

element and effects cholesterol synthesis. Descriptions of these components were found at 

www.uniprot.org and are based solely on human function. In aphids, these components are may 

be involved with the modification of cholesterol obtained from diet. 
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 Materials and Methods: 

 Search for Pea Aphid Putative Orthologs of Human UPR Proteins 

The human UPR components studied in this chapter were found by literature review of 

the following papers: Bertolotti et al. (2000), Ron et al. (2007), Chakrabarti et al. (2011), Hetz et 

al. (2011), Oslowski et al. (2011), Kuny et al. (2012).  

Utilizing BLASTn, human UPR transcripts were used as query sequences to find the 

putative orthologous transcripts in the pea aphid. This search encompassed the 91 human UPR 

genes in Table 4 which are color coordinated by function. “Hits” from this search made up my 

pea aphid UPR list. Several gene duplications in human UPR components corresponded to single 

genes in the pea aphid. With duplications removed, the final component list for my studies 

totaled 74 components.  

 Dissections 

120 diet-fed insects and 120 plant-fed insects were dissected as follows by Dr. 

Chandrasekar Raman in the Reeck lab. Heads dissected were from wingless, asexual pea aphids 

from the clone LSR1 line. The location of the salivary glands in an aphid head is represented in 

the cartoon in Figure 2.1. Prior to dissection, the lab bench, dissection slides, and gloved hands 

of the researcher were cleaned with a solution of 0.1% DEPC treated water, followed by 

application of RNaseZap (Sigma-Aldrich #R2020). After all surfaces were allowed to dry, 5-10 

uL of RNALater was placed on top of a dissection slide. The dissections then followed the 

method of removing an aphid from its feeding state, placing it into the small amount of RNAlater 

on the surface of a microscope slide and immediately starting the dissection. Each subsequent 

aphid was dissected each time in a fresh droplet of RNAlater. The dissection was achieved by 

using a bent 22 ga needle. After grasping the aphid in forceps, antennae and eyes were removed 

followed by the decapitation from the exoskeleton and placement of the head into an 

RNase/DNase-free collection micro centrifuge tube containing 50 µL of RNAlater. Dissection 

with the head removal method averaged 1 h for 120 insects. 

 Diet Feeding 

Pea aphids were collected in sterile Petri dishes directly from faba bean plants, Vicia 

faba. These aphids were reared on Akey-Beck diet Table 5 (Akey and Beck, 1971, 1972) for 48 
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h. The feeding apparatus consisted of a 1 oz container (Dart#100PC) with a thinly stretched piece 

of Parafilm over the opening. Diet was spread on top of the Parafilm and another Parafilm piece 

was stretched over the top of the diet enclosing it. After approximately 70 aphids were inside the 

container was inverted over a yellow piece of paper to attract the aphids to the diet to feed. The 

feeding ensued by piercing the first layer of Parafilm with their stylets and sucking the diet from 

between the two layers of Parafilm.  A 48 h feeding was conducted, aphids were removed and 

dissections ensued as detailed above. 

 RNA Isolation for RNA-seq 

Following dissection, immediate RNA isolation was conducted. Prior to any RNA 

isolation, surface sterilization of all instruments and lab bench tops was performed with 

RNaseZap.  

To the dissected heads, 100 µL of QIAzol reagent (Qiagen #79306) was added to 120 

aphid salivary glands in 50 µL of RNAlater in a DNase/RNase free 1.5 mL Eppendorf 

microcentrifuge tube. A rotating pestle (USA Scientific, 1.5 mL microcentrifuge tube pestle) was 

used to homogenize the glands with a battery powered rotating tissue homogenizer (Argos 

Technology, Pestle Motor Mixer) for 2-3 min until no tissue remained intact. Following an 

addition of 900 µL of QIAzol, and the samples were allowed to stand for 3 min at room 

temperature. After 3 min, 1 µL of gDNA Eliminator from an RNeasy Kit (Qiagen #74104) was 

added to reduce genomic DNA contamination from the aqueous phase during phase separation. 

The sample was then subjected to vortexing several times with 200 µL chloroform to ensure 

even distribution of reagents in the sample. The sample was stored at room temperature for 10 

min, followed by centrifugation at 12000 x g for 15 min at 4°C.  

Two distinct layers within the sample formed after centrifugation; the top layer was a 

clear, aqueous layer, with a pink, organic layer on the bottom. The clear layer was transferred 

into a new, RNase/DNase free 1.5 mL Eppendorf micro-centrifuge tube, and the organic layer 

was discarded. 

Following the sample transfer into the new centrifuge tube, 500 µL of chilled isopropanol 

was added and was allowed to stand for 10 min at room temperature facilitating the precipitation 

of RNA. Centrifugation was then performed at 12000 x g for 15 min at 4°C, which formed a 

pellet of RNA. After removal of the liquid, the RNA pellet was washed twice with 500 µL of 
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chilled ethanol. After washing, a 15 min air drying at room temperature was utilized to evaporate 

excess ethanol in the sample. 

The dried RNA pellet was subsequently dissolved in 30 µL of RNase-Free water. 

(Qiagen #129112) Of that sample, 3 µL was removed for Bioanalyzer analysis to determine if 

the RNA quality was suitable for RNA-seq by the Illumina Mi-Seq platform. The reported RNA 

integrity number for the head RNA isolation for plant-fed and diet-fed states respectively were 

5.5 and 5.9. Although a good typical RNA integrity number is higher than 7 on a scale of 1 to 10 

with other eukaryotes, insect preparations do not follow that standard and are more closely 

evaluated by 18s rRNA and 28s rRNA peaks. For insects, the electropherogram as shown in 

Figures 2.3 and 2.4, the area under the 28s rRNA peak is about two times smaller than 18srRNA 

indicating good quality. The entire remaining sample was utilized in the generation of the cDNA 

library. 

 RNA Isolation from Heads for RNA-seq 

As with the salivary gland isolation, RNA was isolated in a similar fashion. After aphids 

were dissected by removing the antennae and eyes prior to decapitation and placement into 

RNAlater an additional homogenizing step was used increasing the time to 5 min prior to adding 

the final volume of QIAzol.  

 Thermal Cycler Programs for cDNA Library Preparation 

The synthesis of the cDNA library conducted at The Integrated Genomics Facility at 

Kansas State University followed the programs listed below in a thermal cycler: 

mRNA denaturation: 65°C for 5 min; hold at 4°C 

mRNA elution 1: 80°C for 2 min; hold at 25°C 

Elution 2-Frag-Prime: 94°C for 8 min; hold at 4°C 

1
st
 strand: 25°C for 10 min; 42°C for 50 min; 70°C for 15 min; hold at 4°C 

2
nd

 strand: 16°C for 1h; hold at 16°C 

End repair: 30°C for 30 min; hold at 4°C 

ATAIL70: 37°C for 30 min; 70°C for 5 min; hold at 4°C 

Ligation: 30°C for 10 min 

PCR: 98°C for 30 s; (15 cycles of) 98°C for 10 s, 60°C for 30 s, 72°C for 30 s, 72°C for 5 

min; hold at 10°C 
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 Purification and Fragmentation of mRNA 

The Kansas State University Integrated Genomics Facility generated cDNA libraries for 

RNA-seq analysis. To synthesize the cDNA library, a TruSeq RNA Sample Preparation Kit 

(Illumina #RS-122-2001) was used. For each feeding type, plant-fed and diet-fed, the total RNA 

isolated respectively was added to 50 µL of magnetic RNA Purification Beads that were 

intended to bind poly-A tails of the mRNA followed by mixing. Following incubation in the 

thermal cycler under the program mRNA denaturation, the sample was allowed to reach 4°C and 

then incubated at room temperature for 5 min.  

To discard the supernant, the tube was then placed on a magnetic stand for 5 min to 

isolate the RNA-bound magnetic beads. Following a wash with 200 µL of bead washing buffer, 

the sample tube containing the beads was placed back on the magnetic tube rack for 5 min. 

Again with another wash, the supernatant was removed from the sample and discarded in the 

same fashion.  

To the sample tube containing the beads, 50 µL of elution buffer was added and mixed, 

followed by an incubation in the thermal cycler with the program mRNA elution 1.  

Once the sample reached 25°C, 50 µL of bead binding buffer was added and mixed, incubation 

followed at room temperature for 5 min. Following the same method as before, the tube 

containing the sample and beads were placed in the magnetic tube stand for 5 min to allow the 

supernatant to be discarded. Another subsequent was with 200 µL of bead washing buffer, 

followed by another 5 min on the magnetic stand again allowed for the removal and discarding 

of the supernatant. To the beads containing the sample, 19.5 µL of Elute, Prime, Fragment mix 

was added and mixed. Incubation with the program Elution-2-Frag-Prime in the thermal cycler 

was utilized to elute RNA from the beads, and after the sample had reached 4°C, it was briefly 

centrifuged and placed back on the magnetic stand for 5 min. In similar fashion as previously 

discussed the supernant was removed but then placed into a fresh PCR tube. 

 Synthesis of First Strand cDNA 

To synthesize the first strand cDNA, 17 µL of the supernatant that contained the 

fragmented and primed mRNA was removed and placed in a new PCR tube. To this tube 1st 

Strand Master Mix (+SuperScriptII) was added and mixed and the thermal cycler incubation was 
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performed under the program 1st Strand. After the program had completed, the sample tube then 

contained single stranded cDNA. 

 Synthesis of Second Strand cDNA 

To achieve double stranded cDNA, the above sample was allowed to reach 4°C. To the 

sample, 25 µL of 2nd Strand Master Mix was added and mixed. Thermal cycler incubation under 

the program 2nd Strand was utilized and following incubation, the tube then contained double 

stranded cDNA. 

 Purification of Double Stranded cDNA 

  To purify the double stranded cDNA, it was allowed to reach room temperature, and it 

was transferred to a 1.7 mL tube containing 90 µL of AmpureXP beads with mixing. Thermal 

incubation for 15 min at room temperature was allowed prior to being placed on a magnetic 

stand for 5 min. The double strand cDNA was attached to the beads which allowed the 

supernatant to be removed and discarded. To the beads, 200 µL of 80% ethanol was added and 

care was taken to not disturb the beads in the tube during a 30 s incubation. The supernant was 

discarded in the same fashion previously described. A subsequent washing step was completed 

as previously described and following the wash the tube was dried for 15 min.  After drying an 

addition of 62.5 µL of Resuspension buffer was added and the sample was mixed when removed 

from the magnet. A 2 min incubation at room temperature was performed followed by 

replacement of the tube on the magnet for 5 min. The tube containing the sample was removed 

from the magnet and a 60 µL fraction of purified ds cDNA supernatant was transferred to a new 

tube. 

 End Repair and Reaction Clean-up 

Once purified double stranded cDNA was isolated, it was necessary to perform an end 

repair step as well as an overall reaction clean-up. To the purified double stranded cDNA, 40 µL 

of end repair mix was added and mixed. The thermal cycler program End Repair was utilized 

and the sample was transferred to a new tube. To this new tube, 160 µL of AmpureXP beads 

were added and mixed, followed by 15 min incubation at room temperature. Again the sample 

was placed on the magnetic stand for 5 min to allow the supernant to be removed and discarded. 

To the sample tube, 200 µL of 80% ethanol was again added without disturbing the beads with a 
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30 s incubation. Once the supernant was removed an ethanol was repeated again followed by air 

drying for 15 min. Again 20 µL of Resuspension buffer was added and mixed with room 

temperature incubation for 2 min. Once incubation was complete, the sample was placed in the 

magnetic stand for 5 min allowing for a 17.5 µL fraction of the supernatant to be removed and 

placed in a fresh PCR tube. 

 Adenylation of 3’ Ends, Adapter Ligation, and Reaction Clean-up 

Following the end repair steps and reaction clean up, adenylation of 3’ ends and ligation 

and more clean-up steps were needed post ligation.  To begin the adenylation of the 3’ end of the 

cDNA library, 12.5 µL of A-Tailing Mix was added to the sample and mixed. Thermal cycling 

program ATAIL70 was utilized and when the sample had reached 4°C, it was removed. 

For the Illumina Mi-Seq platform, adapters must be ligated onto the cDNA library so that 

sequencing can be performed. This ligation was achieved by adding 2.5 µL of Resuspension 

buffer and 2.5 µL of ligation mix to the sample tube with mixing. Following the thermal cycler 

program Ligation, it was removed, and a 5 µL aliquot of Stop ligation buffer was added and 

mixed to the sample tube. 

For clean-up of the reaction mixture, another use of 42 µL of AmpureXP beads was added 

to the sample followed by mixing and a15 min incubation at room temperature. Following the 

established procedure the tube was placed on a magnetic stand and the supernatant was removed 

and discarded. Again without disturbing the beads, 200 µL of 80% ethanol was added, incubated 

for 30 s prior to discarding of the supernatant. In the same previously describe fashion, the ethanol 

wash was repeated followed by a 15 min sample drying time. Post drying, 62.5 µL of 

Resuspension buffer was added, mixed, incubated at room temperature for 2 min prior to being 

placed on a magnetic stand for 5 min. Removal of the 50 µL supernatant into a new 1.7 mL 

centrifuge tube followed with the addition of 50 µL of AmpureXP beads. A second clean-up was 

performed in the same fashion and the sample was then incubated for 15 min at room temperature 

prior to being placed back on the magnetic stand for 5 min.  Samples were again washed twice 

with 200 µL of ethanol and incubated for 30 s prior to drying at room temperature for 15 min. To 

the sample tube, 22.5 µL of Resuspension Buffer was added and incubated for 2 min. Separation of 

the supernatant was performed by placing the tube on the magnetic stand for 5 min and removing a 

20 µL sample of the supernatant for transfer to a new fresh PCR tube. 
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 DNA Fragment Enrichment 

Now that the purified cDNA was 3’ polyadenylated and ligand adapted, the cDNA library 

was enriched by PCR. To the newly formed library, 5 µL of PCR primer cocktail and 25 µL of 

PCR master mix were added with mixing. The subsequent thermal cycling program PCR allowed 

for amplification of the cDNA library. 

 PCR Product Clean-Up 

Post enrichment, the tube was removed from the thermal cycler and clean-up steps were 

again performed to purify the PCR product. To the tube, 50 µL of AmpureXP beads were added 

and mixed, followed by 15 min incubation at room temperature prior to being placed on a 

magnetic stand. Removal of the supernant allowed the beads to be washed with 200 µL of 80% 

ethanol, and incubated for 30 s. Again the supernatant was removed, and the ethanol wash was 

repeated. A 15 min air drying at room temperature preceded the addition of 32.5 µL of 

Resuspension Buffer with mixing and 2 min incubation at room temperature. Following 

incubation the sample was placed on a magnetic stand for 5 min and 30 µL of the supernatant 

was transferred to a new 1.7 mL centrifuge tube. This final volume of the supernatant would be 

the final cDNA library that was to be sequenced by RNA-seq on the Illumina Mi-Seq platform. 

 RNA-seq Library Validation and Sequencing 

Prior to sequencing, the cDNA libraries were verified by an Agilent Bioanalyzer 2100. 

Equilibrated at room temperature for 30 min, 25 µL of DNA dye was added to DNA gel matrix. 

This solution was centrifuged at 1500 x g for 10 min post mixing of the two components. The 9 

µL sample of Gel-Dye Mix was loaded into a specific well denoted as “G” on a DNA 7500 chip 

on the priming station. 

Subsequent sequencing of the cDNA libraries at IGF-KSU on the Illumina Mi-Seq 

platform generated the following results: 

RNA isolation: dissected head tissues 

19,998,120 paired-end reads for the plant-fed cDNA library 

10,516,022 paired-end reads for the diet-fed cDNA library.  

All reads were 250 bases in length. 
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 RNA-seq Read Mapping 

To map the RNA-Seq reads the Assemble program in the software package Geneious was 

utilized. A full list of the mRNA transcripts used as a “reference genome” has been listed in 

Table 6. The assemblies of reads were mapped to the reference genome under the Medium-Low 

Sensitivity setting, which allows 10 gaps per read, and requires 18 consecutive bases to be 

identical to match a read to the genome. The allowed mismatch percentages for single bases are 

up to 20%.  

 RPKM Calculations 

For the following calculations of reads per kilobase of exon per million reads mapped 

(RPKM) are listed below. RM is the number of reads mapped to a reference sequence, LT is the 

length of the reference transcript, and RT is the total number of RNA-seq reads. Multiplying by 

109 is a normalization factor. This factor is the mean length of a transcript in the transcriptome 

(1,000 base pairs) times one million.   

 

���� = � �	
 ��1,000� 
 ��1,000,000��	 
 

���� = 10� ∗ � �	�� ∗ ��� 

 An RPKM calculation from a diet fed aphid by head dissection is outlined below for the 

UPR component Armet. 

�����	����	���	���� = 14.53	 = 10� ∗ � 2331,525 ∗ 10,516,022	� 

 Results: 

In Figure 2.5 alignments of the amino acid sequence of GRP78 and Armet with their 

respective human orthologs show the level of amino acid residue conservation in two pairs of 

orthologs. The protein alignment of GRP78/BiP has a pairwise identity of 80.3% and the Armet 
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alignment has an identity of 46.5%. The e-value from the ortholog BLASTp pea aphid putative 

ortholog searches for GRP78 and Armet are 0.0 and 5e-42 respectively.  

RNA isolated from heads of plant-fed and diet-fed pea aphids was isolated and submitted 

to the Integrated Genomics Facility at Kansas State University (IGF-KSU) for quality analysis 

by Agilent 2100 Bioanalyzer. 

Bioanalyzer electropherograms of plant and diet-fed aphid RNA, Figure 2.3 & Figure 2.4, 

respectively, showed RNA isolations with good quality, suitable for RNA-seq cDNA library 

synthesis. The genomics facility then generated cDNA libraries, analysis of which is shown in 

Figures 2.6 and 2.7.  

Table 4 indicates gene names and descriptions of the 91 human UPR components 

included in this research. In later tables, the pea aphid putative orthologs maintain the human 

gene names and descriptions. Some components have been identified by multiple gene names 

and for this dissertation, only one gene name is provided. An exception to this naming scheme is 

the identification of 4 canonical component names, which include GRP78, GRP94, PERK, and 

IRE1 where these identifications are located within the description in later tables. 

RNA-Seq validation of transcripts from salivary gland dissections are shown in Table 6 

from the combined plant and diet fed libraries. The validation of transcripts showed 

identification of UPR putative orthologs in pea aphids were present. 

Head dissections validated with RNA-Seq reads from plant-fed and diet-fed salivary 

gland libraries were assembled for each of the 74 pea aphid UPR mRNA transcripts, using each 

transcript as a “reference genome.” Table 7 shows the 74 mRNA transcripts that were utilized. 

Table 7 also reports the number of reads for each feeding state, transcript length, RPKM, and 

RPKM fold change as calculated by division of the plant-fed RPKM by the diet-fed RPKM. 

Transcripts reported by mRNA reference number in Table 7 are organized by the RPKM fold 

change ratio. The fold changes range from 4.92 to 0.52, with an average of 1.98 and standard 

deviation of 0.85, with only three ratios being less than 1. The C-terminal 4 residues are shown 

in Table 7 for each encoded pea aphid protein and those that are known to be ER retention motifs 

are indicated in yellow.  

In Figure 2.8, the RPKM fold change for plant versus diet feeding for the entire pea aphid 

gene set is shown, as well as the RPKM fold change for UPR components. The mean RPKM 

fold change value for the entire gene set was 1.61 while the UPR components mean was 1.98. A 
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student's unpaired T test was utilized to compare the two means and at a 95% confidence interval 

and the difference was significant using the following data.  

   Gene Set     UPR Components   

Mean     1.6100  1.9800 

SD    0.9085  0.8520  

SEM    0.0062  0.1026 

 N    21501          74   

Unpaired t test results 

P value and statistical significance:  

  The two-tailed P value equals 0.0007 

  By conventional criteria, this difference is considered to be extremely statistically significant 

indicating that there is a difference between the means.  

Confidence interval: 

  The mean of Gene Set minus UPR Components equals -0.37 

  95% confidence interval of this difference: From -0.6 to -0.2  

 Figure 2.9 aligns the nucleotide sequences of GRP78 and Armet and the nucleotide e-

values after BLASTn pea aphid putative ortholog searches for GRP78 and Armet are 1e-156 and 

4e-91 respectively and are used to show examples of putative orthology and locations for 

possible dsRNA generation. 

 Discussion: 

 UPR Activation and “Triggering” 

Many literature sources indicate that the UPR is “triggered” when a certain threshold is 

reached, but my view of the UPR mirrors that of Matus et al. (2008) that the UPR is always on 

and is not "triggered," although not always functioning at 100% capacity. In other words, there is 

never a time when the UPR is simply on or off like a light switch but it functions like a rheostat 

always changing in regards to need. 

 Statistical Comparison of UPR Components versus the Entire Gene Set 

Utilizing a t-test, the comparison of RPKM fold change means from the gene set (1.61) 

and UPR components (1.98) show that the difference is statistically significant at a 95% 
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confidence. At 1.61, the gene set's RPKM mean indicates that the entire gene set is upregulated 

as previously defined in all transcripts in plant feeding versus diet feeding. Until further 

replication is pursued, this phenomenon may be attributed to the mediation of plant defenses. 

The importance of this comparison of means is that the UPR components' expression is different 

from the overall population of the gene set. The increased mean value of RPKM fold change in 

UPR components confirms the hypothesis that the UPR is upregulated during plant feeding in 

aphids.  

 The Presence and Lack of ER Retention Signals 

As seen in Table 7, a number of UPR components contain ER retention motifs targeting 

the encoded protein for the ER lumen. Because the UPR has a wide reach within the cell, not all 

UPR components must contain an ER retention motif. Components of the UPR occur not only in 

the ER, some are translocated to the nucleus for signaling and the cytosol for ERAD. It makes 

sense that many of the components do not possess an ER retention motif when addressing the 

entirety of the UPR, in comparison to just protein folding which does occur within the ER. This 

is seen in Table 7 where the chaperone proteins that are found within the lumen of the ER indeed 

possess a ER retention signal in the pea aphid. It is also apparent that transducers IRE1, PERK, 

and ATF6 do not contain an ER retention signal, which is logical because they are anchored to 

the ER membrane. 

 Analysis of RPKM Ratios 

The head is comprised of roughly 50% neural tissue and 50% salivary gland. Because the 

UPR is present in all tissues, the data derived from head dissections presumably lowers the 

RPKM ratios from the values that would occur in salivary glands alone. While it is assumed that 

the salivary gland UPR components are upregulated, the neural tissues should not be affected 

since there are relatively few signaling components in comparison to saliva components. In other 

words, I assume that all changes in RPKM values in head RNA stem from salivary gland RNA in 

plant feeding versus diet feeding.  

For an example, if a component of the UPR had a RPKM ratio of 2 in salivary glands, in 

the presence of 50% neural tissue from a head dissection, the value would be 1.5 for head RNA 

assuming that neural tissue UPR transcript levels remain unchanged. Therefore, the ratio of 
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plant-fed to diet-fed RPKM in salivary gland RNA is presumably higher than reported in this 

work, that is, for RPKM ratios different from 1.0.  

 Upregulation of the UPR in Plant Feeding 

I hypothesized transcripts of the UPR are upregulated in the salivary gland. The use of 

heads versus salivary glands for this work was performed to lessen RNA degradation. During 

plant feeding, the increase of UPR RPKM values is attributed to the increased secretion of saliva 

proteins that activate the UPR. With insights from chapter 3 of this dissertation, upregulation of 

the UPR and saliva proteins go hand in hand.  

All but 3 of the pea aphid transcripts studied had higher expression in plant-fed than in 

diet-fed heads. The range of the fold change was 4.92 to 0.52 in head RNA isolations. The five 

highest fold changes were for TOR1A, PPIA, BAX, CALR, and PFDN5 proteins. The 

components TOR1A, PPIA, CALR, & PFDN5 are chaperones that solidify the hypothesis that 

the increased secretion of saliva proteins requires further activation of UPR components, namely 

chaperones. The component BAX is associated with apoptosis and may be increased due to cells 

activating UPR mediated apoptosis. Because feeding on plants is much more complex than 

feeding on artificial diets and hence may require more saliva proteins requiring more UPR 

induction. Plants have defense mechanisms that protect them from invading pathogens or insect 

pests (Fürstenberg-Hägg et al., 2013), and some pea aphid saliva proteins may help circumvent 

these systems. In addition to mitigating plant defenses, the proteins of saliva themselves may aid 

in digestion of host plant proteins, facilitating absorption of nutrients (Fürstenberg-Hägg et al., 

2013). 

Of the 4 PDI transcripts found, each had a higher RPKM in RNA from plant feeding 

versus diet feeding giving support to the idea that the UPR is upregulated during plant feeding. It 

makes sense that the upregulation of PDI transcripts occurs to promote proper disulfide 

formation in proteins within the ER. As seen in all but three transcripts, the data presented here 

also coincides with the idea of the UPR being upregulated during plant feeding. 

 A New Method for Measuring UPR Upregulation 

In contrast to studies outlined previously in C. elegans (Shen et al., 2005) and D. 

melanogaster (Palgi et al., 2009) using the compound tunicamycin as a method for inducing ER 

stress, here I have used a natural method of measuring upregulation in UPR components, namely 
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plant feeding versus diet feeding. This upregulation indicates the presence of ER stress and 

therefore upregulation of the UPR.  

While many studies have been completed with mutant nematodes and variant lines of 

flies with altered UPR components, I have not found a similar natural induction and 

measurement of the UPR by feeding. This coupled without the use of tunicamycin induced ER 

stress may lead to new avenues UPR research in other Hemiptera insects which use saliva to feed 

on plants with this experimental method. 

 Comparison of UPR Components versus C. elegans 

A comparison to C. elegans indicates that feeding of aphids on plants versus diets can 

mimic the induction of the UPR in nematodes induced with tunicamycin. Fold changes seen for 

my natural method of UPR induction via plant feeding range from 4.92 to 0.52 with an average 

fold change of 1.98. The non-natural tunicamycin UPR induction measured in Shen et al. (2005) 

possesses a range of fold changes from 4.94 to 0.98 with an average of 1.67. When comparing 

these means by T-test, the difference of means is statistically significant, however the ranges of 

upregulation are extremely close indicating that this method of natural induction of the UPR by 

feeding is valid and comparable to established ER stress induction methods. 

Although the list from Shen et al. (2005) contained different components from my list, 

their measurement of induction was similar to my studies. There was a small overlap of 

components in both of our lists including 12 inducible UPR components and 2 constitutive 

components identified as putative orthologs in the pea aphid.   

 Silencing UPR Components and Pesticide Free Pest Mitigation 

The long term goal of this research is to gain insight into reducing pea aphid fecundity or 

causing pea aphid death without the use of pesticides.  Documentaring UPR components in the 

pea aphid may be an important aspect for future dsRNA silencing studies, reducing the viability 

of the pea aphid. 

Obviously the most promising goal is using genetically modified crops to combat the pest 

without the use of pesticides. Transforming a plant to produce dsRNA against an insect 

component for transcript knockdown is something that has been achieved (Todd et al., 2008, Liu 

et al., 2015).   
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Using genetically modified crops targeting insects is not a new idea. For example, Bt 

corn does not use dsRNA, but combat pests without the use of pesticides. In Bt corn, a Bacillus 

thuringiensis toxin was inserted which encodes a protein targeting coleopteran or lepidopteran 

insect pests (Gordon et al., 2007).  

Allowing a plant to combat insects with dsRNA is promising, but there might be 

challenges to be addressed such as the identification of the sequence similarity of targeted UPR 

components in pea aphids versus humans. Reported on Monsanto's research and development 

products page (http://www.monsanto.com/products/pages/corn-pipeline.aspx) an example of a 

dsRNA producing corn crop, knockdowns a target in a rootworm. This corn has been engineered 

specifically to produce a double-stranded RNA, in this case to inactivate a gene called Snf7 that 

is essential for moving proteins around in the rootworm (Bolognesi et al., 2012). 

A nucleotide alignment shown in Figure 2.9A of the human and pea aphid putative 

orthologs of the canonical component GRP78/BiP showed a 65.8% pairwise identity between the 

two sequences. But choosing a region of sequence targeted toward pea aphids without targeting 

humans can be achieved as indicated in the figure in red boxes. The typical length of dsRNA is 

19-22 nucleotides long. In off target mRNA transcripts, if 2 or more nucleotides are mismatched 

with the dsRNA, no off target effects will be seen. This alignment and evaluation of nucleotide 

sequences is crucial in ensuring that researchers do not target human or non-target insect 

transcripts with transgenic crops. While a transgenic crop could theoretically naturally evolve to 

target a human or another insect over thousands or hundreds of thousands of years, it is not 

likely. 

A non-canonical component, Armet in a similar nucleotide alignment shown in Figure 

2.9B shows a pairwise identity of 48.8% It too could be utilized as a good target for pest 

mitigation with a sequences identified in the figure that could be used for pea aphid silencing. 

Both examples above for knockdown studies do not account for any other off target 

silencing effects, and further nucleotide (BLASTn) searches of the final dsRNA would need to 

be completed. This search ensures that the nucleotides that are chosen for the dsRNA do not 

share sequence similarity to other human mRNA sequences.  

Another challenge to address is the uptake of the dsRNA itself. It is unclear if a dsRNA 

in a crop would have uptake into the hemolymph by way of the gut. A major hurdle to first 

address is the delivery of dsRNA by feeding measuring its efficacy. Without uptake into the 
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hemolymph dsRNA will not have any effect on tissues other than the gut which may not kill or 

reduce aphid fecundity. 

To choose a component for knockdown studies, multiple approaches may be used. The 

least economical method is to test all 91 components with dsRNA feeding studies, where each 

dsRNA is contained within a diet evaluating fecundity and longevity.  A better method may be to 

knockdown chaperones, evaluating aphid fecundity and lifespan for the components of the UPR 

that have been the most widely researched in other organisms. Lastly, I would propose a method 

that encompasses some of the earlier two methods. Knockdown of chaperones and at least one 

component from each subsystem individually or in concert with other targets, may give the best 

insights into future targets for silencing experiments and transgenic plant production. In any 

case, my work presented here in conjunction with any of the above methods could give good 

insight into the importance of the UPR on plant feeding insects.  
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Figure 2.1 Cross section of pea aphid feeding on phloem element 

Image obtained from D'Arcy et al. (2000) from a Google image search, originally originating 

from The American Phytopathological Society retrieved at: www.apsnet.org, modified for this 

dissertation. The location of dissection for head removal in RNA isolations is indicated by the 

red dotted line. 
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Figure 2.2 Schematic of the UPR pathway activated by the accumulation of unfolded or 

incorrectly folded proteins, by sequestering BiP  

Reprinted with permission from Du, Z., Treiber, D., McCoy, R.E. Unfolded Protein Response 

(UPR) During CHO Cell Production Culture. Developments in Biotechnology and 

Bioprocessing. American Chemical Society. Copyright (2013) American Chemical Society. 
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Table 4 List of 91 human UPR components with descriptions 

List of 91 Human UPR gene names & descriptions. Color coordinated by function. 

 
ERAD Brown 

Ubiquination Purple 

Cholesterol Gray 

Transducers Green 

Apoptosis Red 

Transcription Blue 

Translation Orange 

Protein Folding Yellow 
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Gene Name Description 

AMFR Autocrine motility factor receptor, E3 ubiquitin protein ligase 
ARMET Mesencephalic astrocyte derived neurotrophic factor 
ATF4 Activating transcription factor 4 
ATF6A Activating transcription factor 6 alpha 
ATF6B Activating transcription factor 6 beta 
BAX BCL2-associated X protein 
CALR Calreticulin 
CANX Calnexin 
CCT4 Chaperonin containing TCP1 subunint 4 
CCT7 Chaperonin containing TCP1 subunint 7 
CEBPD CCAAT/enhancer binding protein 
CREB3 cAMP responsive element binding protein 3 
CREB3L3 cAMP responsive element binding protein 3-like 3 
DDIT3 DNA damage inducible transcript 3 
DERL1 Derlin 1 
DERL2 Derlin 2 
DNAJB2 DnaJ (Hsp40) homolog subfamily B member 2 
DNAJB9 DnaJ (Hsp40) homolog subfamily B member 9 
DNAJC10 DnaJ (Hsp40) homolog subfamily C member 10 
DNAJC3 DnaJ (Hsp40) homolog subfamily C member 3 
DNAJC4 DnaJ (Hsp40) homolog subfamily C member 4 
EDEM1 ER degradation enhancer, mannosidase alpha-like 1 
EDEM3 ER degradation enhancer, mannosidase alpha-like 3 
EIF2A Eukaryotic intiation factor 2 alpha  
EIF2AK3 Eukaryotic intiation factor 2 alpha kinase 3 (PERK) 
EIF2B Eukaryotic intiation factor 2 beta  
ERN1 Inositol-requiring enzyme 1 (IRE1) 
ERN2 Endoplasmic reticulum to nucleus signaling 2 (IRE1B) 
ERO1 Endoplasmic oxidoreductin 1 
ERO1L Endoplasmic oxidoreductin 1 like 
ERO1LB Endoplasmic oxidoreductin 1 like beta 
 
ERAD Brown 

Ubiquination Purple 

Cholesterol Gray 

Transducers Green 

Apoptosis  Red 

Transcription Blue 

Translation Orange 

Protein Folding Yellow 
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Gene Name Description 

ERP44 Endoplasmic reticulum protein 44 
FBXO6 F-box protein 6 
GANAB Glucosidase alpha neutral AB 
GANC Gulcosidase alpha neutral C 
GRP78 Glucose regulating protein 78kDa  
GRP75 Glucose regulating protein 75kDa  
GRP170 Glucose regulating protein 170kDa  
HERPUD1 Homocysteine-inducible ER stress-inducible, ubiquitin-like domain member 1 
HSP90B1 Heat shock protein 90kDa beta (GRP94) member 1 
HSPA1B Heat shock protein 1B 
HSPA1L Heat shock 70kDa protein 1-like 
HSPA2 Heat shock 70kDa protein 2 
HSPA4 Heat shock 70kDa protein 4 
HSPA4L Heat shock protein 4-like 
HSPH1 Heat shock 105kDa/110kDa  protein 1 
HTRA2 HtrA serine peptidase 2 
HTRA4 HtrA serine peptidase 4 
INSIG1 Insulin induced gene 1  
INSIG2 Insulin induced gene 2 
MAPK10 Mitogen activated protein kinase 10 
MAPK8 Mitogen activated protein kinase 8  
MAPK9 Mitogen activated protein kinase 9  
MBTPS1 Membrane-bound transcription factor peptidase, site 1 
MBTPS2 Membrane-bound transcription factor peptidase, site 2 
NPLOC4 Nuclear protein localization 4 homolog 
NUCB1 Nucleobindin 1 
OS9 Osteosarcoma amplified 9 
PDIA Protein disulfide isomerase 
PDIA3 Protein disulfide isomerase A, member 3  
PDIA5 Protein disulfide isomerase A, member 5 
PDIA6 Protein disulfide isomerase A, member 6 
  
ERAD Brown 

Ubiquination Purple 

Cholesterol Gray 

Transducers Green 

Apoptosis Red 

Transcription Blue 

Translation Orange 

Protein Folding Yellow 
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Gene Name Description 

PFDN2 Prefoldin subunit 2 
PFDN5 Prefoldin subunit 5  
PPIA Peptidylprolyl isomerase A  
PPP1R15A Protein phosphatase 1, regulatory subunit 15A  
PRKCSH Protein kinase C substrate 80K-H 
RNF139 Ring finger protein 139 
RNF5 Ring finger protein 5, E3 ubiquitin protein ligase 
RPN1 Ribophorin 1 
SCAP SREBF chaperone 
SEC62 SEC62 homolog (S. cerevisiae) 
SEC63 SEC63 homolog (S. cerevisiae) 
SEL1L Sel-1 suppressor of lin-12-like 
SELS VIMP VCP-interacting membrane protein 
SERP1  Stress-associated endoplasmic reticulum protein 1 
SIL1 SIL1 homolog, ER chaperone (S. cerevisiae) 
SREBF1 Sterol regulatory element binding transcription factor 1 
SREBF2 Sterol regulatory element binding transcription factor 2  
SYVN1 Synovial apoptosis inhibitor 1  
TCP1 T-complex 1 
TOR1A Torsin family 1, member A 
TRAF2 TNF receptor-associated factor 2 
UBE2G2 Ubiquitin-conjugating enzyme E2G 2  
UBXN4 UBX domain protein 4 
UFD1L Ubiquitin fusion degradation 1 like 
UGGT1 UDP-glucose glycoprotein glucosyltransferase 1 
UGGT2 UDP-glucose glycoprotein glucosyltransferase 2 
USP14 Ubiquitin specific peptidase 14 
VCP Valosin containing protein 
XBP1 X-box binding protein 1 
 
ERAD Brown 

Ubiquination Purple 

Cholesterol Gray 

Transducers Green 

Apoptosis Red 

Transcription Blue 

Translation Orange 

Protein Folding Yellow 
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Table 5 Artificial diet (Akey and Beck 1971, 1972) 

Pea aphids were fed for 48 h on this artificial diet, which is referred as the Akey/Beck diet 

throughout this dissertation.  

L-Arginine HCl 12.5 mM Cupric chloride 14 µM

L-Histidine 7.5 mM Ferric chloride 49 µM

L-Isolucine 7.5 mM Magnesium (II) chloride 40 µM

L-Leucine 7.5 mM Zinc sulfate 30 µM

L-Lysine HCl 7.5 mM

L-Methionine 2.5 mM Calcium citrate 0.175 mM

L-Phenylalanine 2.5 mM Cholesterol benzoate 50 µM

L-Threonine 7.5 mM Potasium phosphate 18.37 mM

L-Tryptophan 2.5 mM Sodium chloride 0.127 mM

L-Valine 7.5 mM Magnesium chloride 9.837 mM

Choline chloride 3.579 mM

L-Alanine 5 mM

L-Asparagine 12.5 mM p-Aminobenzoic acid 0.73 mM

L-Aspartic acid 12.5 mM Ascorbic acid 5.68 mM

L-Cysteine HCl 2.5 mM D-Calcium pantothenate 0.21 mM

L-Cysteine 0.2 mM Folic acid 22 mM

L-Glutamic acid 7.5 mM Inositol (meso) dihydrate 1.39 µM

L-Glutamine 15 mM Nicotinc acid 0.812 mM

Glycine 1 mM Pyridoxine HCl 0.21 mM

L-Proline 5 mM Thiamine HCl 74 µM

L-Serine 5 mM

L-Tyrosine 0.5 mM Sucrose 0.5 mM

Gamma amino butyric acid 2 mM

Sugars:

Vitamins:

Nonessential amino acids:

Salts, Buffers, and Sterol:

Trace Metals:Essential Amino acids:
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Figure 2.3 Bioanalyzer electropherogram of plant-fed aphid RNA 

RNA isolated from plant-fed reared pea aphids were analyzed on an Agilent 2100 Bioanalyzer 

for determination of RNA quality. 
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Figure 2.4 Bioanalyzer electropherogram of diet-fed aphid RNA 

RNA isolated from diet-fed reared pea aphids were analyzed on an Agilent 2100 Bioanalyzer for 

determination of RNA quality. 
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Table 6 Verification of reads with salivary gland dissections 

Reads generated by RNA-seq were mapped to each individual transcript open reading frame as a 

“reference genome.” The number of salivary gland reads and RPKM values, calculated as 

described in the text are given for each transcript. Color coding of each transcript is continued. 
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ERAD Brown 

Ubiquination Purple 

Cholesterol Gray 

Transducers Green 

Apoptosis Red 

Transcription Blue 

Translation Orange 

Protein Folding Yellow 

Reads 

Mapped
RPKM

Reads 

Mapped
RPKM

XM_003242736.1 AMFR 4407 3893 5.93 XM_001952362.2 MBTPS1 4002 3988 6.61

XM_003247466.1 ATF4 2337 13714 33.75 XM_001950402.2 MBTPS2 2577 1553 4.15

XM_003245077.1 ATF6A 1935 1238 3.66 XM_001951793.2 NPLOC4 2487 3671 9.46

XM_001948762.2 BAX 1626 1105 4.18 XM_001946280.2 NUCB1 2921 6620 14.23

XM_003240040.1 BiP 2911 104431 203.28 XM_001944320.2 OS9 1374 13251 59.09

XM_001945770.2 CALR 2299 104161 231.58 XM_008184943.1 PDIA 2931 27463 67.27

XM_001948045.2 CANX 5205 21792 27.53 XM_001950371.2 PDIA3 2212 28283 76.73

XM_001948927.2 CCT4 2594 9451 22.81 XM_008188836.1 PDIA5 824 21005 2424.06

XM_003246689.1 CCT7 2500 11122 27.01 XM_001948267.2 PDIA6 2357 21648 873.39

XM_001949174.2 Cebpd 4415 2822 4.50 XM_003245614.1 PERK 3862 2503 4.29

XM_001951715.2 CREB3 2970 18938 42.35 XM_003240262.1 PFDN2 1478 21 0.10

XM_003246689.2 DDIT3 1954 21 0.10 XM_001162260.2 PFDN5 1236 3137 14.01

XM_001951549.2 DERL1 1625 10438 35.45 XM_001945068.2 PPIA 1029 22085 104.79

NM_001162746.2 DERL2 3033 8328 17.57 XM_001945556.3 PPP1R15A 1291 21 0.10

XM_003247556.1 DNAJB2 1226 6176 28.04 XM_001948968.2 PRKCSH 2174 9543 29.80

XM_001949024.1 DNAJB9 1954 5960 17.26 XM_001943758.2 RNF139 4454 2757 4.30

NM_001162097.2 DNAJC3 3137 19279 38.80 XM_001950468 RNF5 1352 21 0.10

XM_001946233.1 DNAJC4 1010 1199 6.56 XM_003243279.1 RPN1 3911 10474 17.25

XM_001945860.2 EDEM1 3269 7187 14.61 XM_003242865.1 SCAP 4722 4680 6.75

XM_003245436.1 EIF2A 1947 2831 8.38 XM_001949921.2 SEC62 2131 10387 30.93

XM_001942883.2 EIF2B 1267 8658 38.06 XM_003242649.1 SEC63 3199 13884 27.25

XM_001951459.2 ERO1 1425 2224 9.99 XM_003240171.1 SEL1L 3841 15650 28.40

XM_001950428.2 ERP44 3318 26043 50.78 XM_003248234.1 SELS 3849 1017 1.79

XM_001943249.2 FBXO6 2466 2178 5.29 XM_001946233.1 SERP1 3269 7775 15.58

XM_003244000.1 GANAB 4148 8493 13.93 XM_001943931.2 SIL1 2255 10602 32.68

XM_001946431 GRP170 4478 16031 25.70 XM_001947517.2 SREBF1 4166 2920 4.75

XM_001948031 GRP75 3605 68637 1810.51 XM_001943033.2 TCP1 2077 7795 24.61

XM_001950766.2 HERPUD1 2335 8970 25.16 XM_001946078.2 TOR1A 3134 927 2.03

XM_001948902.2 HSP90B1 3358 65238 126.68 XM_001948320.2 TRAF2 2299 2308 6.41

XM_001951172.2 HSPA1L 3316 206274 333.89 NM_001162605.1 UBE2G2 985 12436 46.50

XM_001951757.2 HSPA4 3376 14161 26.41 XM_003241322.1 UBXN4 3255 4478 8.55

XM_001945735.2 HTRA2 1706 4923 17.77 XM_001945406.2 UFD1L 1616 1981 8.23

XM_003242717.1 HTRA4 1438 157 0.67 XM_001948648.2 UGGT1 21726 20929 6.74

XM_001944194.2 INSIG1 1797 459 1.54 XM_001944664.2 UGGT2 5251 11437 14.69

XM_001943638.2 IRE1 3782 21515 35.27 XM_003244618.1 USP14 2362 5532 13.97

XM_001949506.2 MANF 1525 9752 44.09 XM_001948341.2 VCP 2787 1844 4.32

XM_003242827.1 MAPK8 2740 6248 14.26 XM_003248521.1 XBP1 4027 16392 28.47

NCBI mRNA 
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Table 7 Comparative analysis of 74 UPR in diet and plant-fed libraries by RNA-seq 

Reads generated by RNA-seq were mapped to each individual transcript open reading frame as a 

“reference genome”. Salivary gland RPKM values as well as head RPKM and fold changes 

values, calculated as described in the text. ER retention motifs are indicated in yellow if 

possessed by the pea aphid proteins encoded by the represented mRNAs. 
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Reads 

Mapped
RPKM

Reads 

Mapped
RPKM

Reads 

Mapped
 RPKM

XM_003248234.1 SELS sel-1 suppressor of lin-12-like 3849 1017 1.79 0 0.00 483 6.27 ∞ MRER

XM_001946078.2 TOR1A torsin family 1, member A (torsin A) 3134 927 2.03 14 0.42 131 2.09 4.920 SNLI

XM_001945068.2 PPIA peptidylprolyl isomerase A (cyclophilin A) 1029 22085 104.79 1091 100.82 9901 481.14 4.772 GQLS

XM_001948762.2 BAX BCL2-associated X protein 1626 1105 4.18 25 1.46 172 5.29 3.618 SVFR

XM_001945770.2 CALR Calreticulin 2299 104161 231.58 2067 85.50 13497 293.57 3.434 HDEL

XM_001162260.2 PFDN5 prefoldin subunit 5 1236 3137 14.01 118 9.08 755 30.54 3.365 TENK

XM_001951793.2 NPLOC4 nuclear protein localization 4 homolog 2487 3671 9.46 98 3.75 627 12.61 3.364 RDIN

XM_001949024.1 DNAJB9 DnaJ (Hsp40) homolog, subfamily B, member 9 1954 5960 17.26 251 12.22 1536 39.31 3.218 DTLP

XM_003246689.1 CCT7 chaperonin containing TCP1 subunit 7 2500 11122 27.01 398 15.14 2341 46.82 3.093 GRPM

XM_001948267.2 PDIA6 protein disulfide isomerase family A, member 6 2357 21648 65.93 517 20.86 3010 63.86 3.062 KEEL

XM_001950371.2 PDIA3 protein disulfide isomerase family A, member 3 2212 28283 76.73 920 39.55 4876 110.23 2.787 KHEL

XM_008188836.1 PDIA5 protein disulfide isomerase family A, member 5 824 21005 183.00 599 69.13 3105 188.43 2.726 KHEL

XM_001943033.2 TCP1 t-complex 1 2077 7795 24.61 384 17.58 1981 47.69 2.713 AGEL

XM_001949506.2 MANF Armet 1525 9752 44.09 233 14.53 1190 39.02 2.686 KEEL

XM_003245077.1 ATF6A Activating transcription factor 6A 1935 1238 3.66 34 1.67 171 4.42 2.645 LPSY

XM_001948341.2 VCP valosin containing protein 2787 1844 4.32 61 2.08 304 5.45 2.621 APRS

XM_001948927.2 CCT4 Chaperonin containing TCP1 subunit 4 2594 9451 22.81 402 14.74 1989 38.34 2.602 TRGY

XM_001951757.2 HSPA4 heat shock 70kDa protein 4 3376 14161 26.41 553 15.58 2728 40.41 2.594 GNDA

XM_001948031 GRP75 glucose regulating protein 75 3605 68637 136.68 2924 77.13 12801 177.56 2.302 KDEL

NM_001162746.2 DERL2 degradation in endoplasmic reticulum protein 2 3033 8328 17.57 252 7.90 1074 17.71 2.241 RQND

XM_001948902.2 HSP90B1 heat shock protein 90kDa beta (Grp94), member 1 3358 65238 126.68 1326 37.55 5646 84.08 2.239 HDEL

XM_001942883.2 EIF2B eukaryotic translation initiation factor 2 beta 1267 8658 38.06 464 34.82 1919 75.74 2.175 QLQL

XM_001948045.2 CANX Calnexin 5205 21792 27.53 962 17.58 3939 37.84 2.153 TRKD

XM_001946280.2 NUCB1 nucleobindin 1 2921 6620 14.23 312 10.16 1236 21.16 2.083 NKNQ

NM_001162097.2 DNAJC3 DnaJ (Hsp40) homolog, subfamily C, member 3 3137 19279 38.80 413 12.52 1611 25.68 2.051 FNFN

XM_003241322.1 UBXN4 UBX domain protein 4 3255 4478 8.55 149 4.35 581 8.93 2.050 TQQL

XM_003244000.1 GANAB Glucosidase, Alpha; Neutral AB 4148 8493 13.93 331 7.59 1289 15.54 2.048 ITLL

XM_001952362.2 MBTPS1 membrane-bound transcription factor peptidase, site 1 4002 3988 6.61 160 3.80 619 7.73 2.034 GYNL

XM_003247466.1 ATF4 Activating transcription factor 4 2337 13714 33.75 804 32.71 3028 64.79 1.980 GLLN

XM_003240040.1 BiP glucose regulating protein 78 2911 104431 203.28 2058 67.23 7726 132.72 1.974 KDEL

XM_001950766.2 HERPUD1 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 12335 8970 25.16 193 7.86 714 15.29 1.945 PDII

XM_003243279.1 RPN1 ribophorin I 3911 10474 17.25 352 8.56 1287 16.46 1.923 TQKN

XM_001950468 RNF5 ring finger protein 5, E3 ubiquitin protein ligase 1352 21 0.10 190 13.36 681 25.19 1.885

XM_001945406.2 UFD1L ubiquitin fusion degradation 1 like 1616 1981 8.23 117 6.88 409 12.66 1.838 TKKN

XM_003242827.1 MAPK8 mitogen-activated protein kinase 8 2740 6248 14.26 296 10.27 999 18.23 1.775 QPIR

XM_001946233.1 DNAJC4 DnaJ (Hsp40) homolog, subfamily C, member 4 1010 1199 6.56 96 9.04 322 15.94 1.764 IVKK

XM_001946431 GRP170 glucose regulating protein 170 4478 16031 #REF! 330 7.01 1104 12.33 1.759 HTEL

XM_003247556.1 DNAJB2 DnaJ (Hsp40) homolog, subfamily B, member 2 1226 6176 28.04 337 26.14 1116 45.52 1.741 AYGH

XM_003240171.1 SEL1L Sel-1 suppressor 3841 15650 28.40 417 10.32 1359 17.69 1.714 PQNV

XM_003242649.1 SEC63 Translocation protein SEC63 3199 13884 27.25 573 17.03 1866 29.17 1.712 DVED

XM_001944320.2 OS9 osteosarcoma amplified 9, endoplasmic reticulum lectin 1374 13251 59.09 202 13.98 657 23.91 1.710 NKYY

XM_001950428.2 ERP44 Thioredoxin domain containing protein 4 3318 26043 50.78 592 16.97 1921 28.95 1.706 KEEL

XM_001945556.3 PPP1R15A protein phosphatase 1, regulatory subunit 15A 1291 21 0.10 9163 674.93 29578 1145.65 1.697

XM_001949174.2 Cebpd CCAAT/enhancer binding protein delta 4415 2822 4.50 317 6.83 1016 11.51 1.685 PHLQ

XM_001950402.2 MBTPS2 membrane-bound transcription factor peptidase, site 2 2577 1553 4.15 50 1.85 160 3.10 1.683 KIIN

XM_001947517.2 SREBF1 sterol regulatory element binding transcription factor 1 4166 2920 4.75 91 2.08 291 3.49 1.682 SVTD

XM_001951172.2 HSPA1L heat shock 70kDa protein 1-like 3316 206274 333.89 11929 342.09 37005 558.03 1.631 EEVD

XM_003242865.1 SCAP sterol regulatory element binding transcription factor chaperone 4722 4680 6.75 152 3.06 466 4.93 1.612 TKED

XM_001943249.2 FBXO6 F-box only protein 6 2466 2178 5.29 117 4.51 358 7.26 1.609 AAEA

XM_001948968.2 PRKCSH protein kinase C substrate 80K-H 2174 9543 29.80 297 12.99 884 20.33 1.565 HDEL

XM_001949921.2 SEC62 Translocation protein SEC62 2131 10387 30.93 669 29.85 1957 45.92 1.538 AQDT

XM_003245436.1 EIF2A Eukaryotic translation initiation factor 2 alpha 1947 2831 8.38 145 7.08 419 10.76 1.520 NEEE

XM_003248521.1 XBP1 X-box binding protein 1 4027 16392 28.47 584 13.79 1677 20.82 1.510 PMQT

XM_001943758.2 RNF139 ring finger protein 139 4454 2757 4.30 144 3.07 408 4.58 1.490 ADNS

XM_001951715.2 CREB3 cAMP responsive element binding protein 3 2970 18938 42.35 883 28.27 2484 41.82 1.479 SESY

XM_003244618.1 USP14 ubiquitin specific peptidase 14 (tRNA-guanine transglycosylase) 2362 5532 13.97 374 15.06 1041 22.04 1.464 SVSS

XM_001943931.2 SIL1 SIL1 nucleotide exchange factor 2255 10602 32.68 111 4.68 302 6.70 1.431 PVLE

XM_003242736.1 AMFR autocrine motility factor receptor 4407 3893 5.93 289 6.24 764 8.67 1.390 SKTD

XM_003246689.2 DDIT3 DNA-damage-inducible transcript 3 (CHOP) 1954 21 0.10 343 16.69 903 23.11 1.384

XM_001945735.2 HTRA2 HtrA serine peptidase 2 1706 4923 17.77 285 15.89 750 21.98 1.384 HSTI

XM_001951459.2 ERO1 ER oxidoreductin 1425 2224 9.99 130 8.68 332 11.65 1.343 QLFA

XM_008184943.1 PDIA protein disulfide isomerase family A, member 2931 27463 #REF! 2778 90.13 7050 120.28 1.335 KEEL

XM_001946233.1 SERP1 Stress-associated endoplasmic reticulum protein 1 3269 7775 15.58 185 5.38 444 6.79 1.262 IRSA

NM_001162605.1 UBE2G2 ubiquitin-conjugating enzyme E2G 2 985 12436 46.50 1400 135.16 3228 163.87 1.212 PTSK

XM_001948648.2 UGGT1 UDP-glucose glycoprotein glucosyltransferase 1 21726 20929 6.74 3580 15.67 8233 18.95 1.209 FWKQ

XM_001945860.2 EDEM1 ER degradation enhancer, mannosidase alpha-like 1 3269 7187 14.61 193 5.61 443 6.78 1.207 LGAI

XM_001943638.2 IRE1 Inositol requiring enzyme 1 3782 21515 35.27 1611 40.51 3379 44.68 1.103 TSEQ

XM_001944664.2 UGGT2 UdP-glucose glycoprotein glucosyltransferase 2 5251 11437 14.69 450 8.15 938 8.93 1.096 HTEL

XM_003242717.1 HTRA4 HtrA serine peptidase 4 1438 157 0.67 17 1.12 35 1.22 1.083 RKMV

XM_001948320.2 TRAF2 TNF receptor-associated factor 2 2299 2308 6.41 117 4.84 232 5.05 1.043 IVAV

XM_001951549.2 DERL1 degradation in endoplasmic reticulum protein 1 1625 10438 35.45 642 37.57 1245 38.31 1.020 GQQQ

XM_003245614.1 PERK Eukaryotic translation initiation factor 2 alpha kinase 3 3862 2503 4.29 196 4.83 297 3.85 0.797 KLQK

XM_001944194.2 INSIG1 insulin induced gene 1 1797 459 1.54 18 0.95 22 0.61 0.643 GRKS

XM_003240262.1 PFDN2 prefoldin subunit 2 1478 21 0.10 3 0.19 3 0.10 0.526 VNRD
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Figure 2.5 Human and pea aphid protein alignments of the proteins Armet and GRP78.  

A. Protein alignment of human and pea aphid GRP78/BiP 

B. Protein alignment of human and pea aphid Armet
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Figure 2.6 Bioanalyzer electropherogram of plant-fed aphid cDNA library 

Generated cDNA library from isolated RNA from faba bean reared pea aphids analyzed on an 

Agilent 2100 Bioanalyzer. 
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Figure 2.7 Bioanalyzer electropherogram of diet-fed aphid cDNA library 

Generated cDNA library from isolated RNA from diet reared pea aphids analyzed on an Agilent 

2100 Bioanalyzer. 
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Figure 2.8 RPKM fold change ratio, plant versus diet feeding in the entire gene set and 

UPR components 

RPKM fold change in both UPR components and the entire gene set with a minimum 100 read 

threshold for UPR components measured by RNA-seq.  
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Figure 2.9 Human and pea aphid nucleotide alignments of the proteins Armet and GRP78.  

A. Nucleotide alignment of human and pea aphid GRP78/BiP with red boxes indicating 

location for RNAi effect by generation of dsRNA. 

• The first box identifies a segment of RNA with 5 identities and 14 non-identities 

out of 19 

• The second box identifies a segment of RNA with 8 identities and 11 non-

identities out of 19 

B. Nucleotide alignment of human and pea aphid Armet with red boxes indicating location 

for RNAi effect by generation of dsRNA 

• The first box identifies a segment of RNA with 3 similarities out of 19 

• The second box identifies a segment of RNA with 1 similarities out of 19 
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Chapter 3 - Saliva Protein Transcripts in the Pea Aphid 

 Literature Review: 

Aphid saliva is pivotal to the feeding of aphids on host plants (Miles 1999; Tjallingii 

2006). The aphid’s salivary gland secretome and saliva proteome has been sought after by 

several laboratories (references given below under Proteomics and Transcriptomics sections). 

The salivary gland secretome is all proteins that are secreted from the salivary gland, whereas the 

saliva proteome is proteins that are found within saliva. The saliva proteome is a subset of the 

salivary gland secretome. Researchers have used two primary modes of research, proteomics and 

transcriptomics, to identify the salivary gland secretome and saliva proteome. Therefore this 

literature review is divided into these two approaches. Within each, papers are organized by date, 

but researchers who worked in the pea aphid are listed first. 

  Proteomics 

 Carolan et al. 2009 - Acyrthosiphon pisum (Pea Aphid) 

 In "The Secreted Salivary Proteome of the Pea Aphid Acyrthosiphon pisum Characterized 

by Mass Spectrometry," Carolan et al. (2009) identified a total of 9 proteins in pea aphid saliva 

using a proteomic GE-LC-MS/MS and LC-MS/MS approach. 40,000 aphids were allowed to 

feed on diet contained in Parafilm sachets. The 200 mL of diet was diluted to 250 mL with PBS. 

The diluted diet was concentrated and treated with a clean-up kit to prepare for gel 

electrophoresis.  Using two analytical replicates of 6 pooled collections for SDS-PAGE, the 

proteins were visualized via silver nitrate based stains in semi-reducing conditions.  Bands were 

excised from the gel and subjected to digestion with trypsin. The separated tryptic peptides were 

subjected to LC-MS/MS and utilizing a TurboSEQUEST algorithm in BioWorks v3.2 

identifying transcripts in NCBI's non-redundant database of the pea aphid genome. 

 Carolan et al. 2011 - Acyrthosiphon pisum (Pea Aphid) 

 In Carolan et al. ( 2011), (Predicted Effector Molecules in the Salivary Secretome of the 

Pea Aphid (Acyrthosiphon pisum): a Dual Transcriptomic/Proteomic Approach), the authors 

utilized a parallel analysis of proteins and transcripts to identify a large list of salivary secretome 

members. For the proteomic analysis identifying 20 proteins, Carolan utilized aphid salivary 
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gland dissection and mirrored his previous publication in 2009 with one dimensional analysis, 

and added the use of two dimensional SDS-PAGE gels with MALDI-TOF mass spectroscopy 

coupled with MASCOT searches on salivary gland homogenates. Although the proteins 

identified were from salivary gland homogenates, the proteins reported were previously observed 

in saliva or to an effector that was secreted by other phytopathogenic organisms such as 

nematodes and fungi. 

 The transcriptomic approach was by Reeck's group and will be discussed in the transcriptomic 

section under Reeck 2011.  

 Harmel et al. 2008 - Myzus persicae (Green Peach Aphid) 

 In Harmel et al. ( 2008), “Identification of Aphid Salivary Proteins: a Proteomic 

Investigation of Myzus persicae,” the authors identified 9 proteins and reported the putative 

orthologs in the pea aphid by accession number, two of which, maltase 2-like (ACYPI009042) 

and 3-hydroxyacyl-CoA dehydrogenase type-2 (ACYPI56654) were newly identified saliva 

components. Researchers' primary use of proteomics to identify these components came by 

either directly in-solution digesting or utilizing a two dimensional SDS-PAGE before trypsin 

digestion coupled with mass spectroscopy. The use of silver staining allowed visualization of the 

bands to be digested and analyzed by first excision, destaining, and digestion. After digestion 

and subsequent LC MS/MS analysis, the Mascot search engine was used to obtain peptide 

sequences.  BLAST searches through pea aphid ESTs allowed the identification of the 

aforementioned saliva proteins. 

 Cooper et al. 2010 - Diuraphis noxia (Russian Wheat Aphid) 

 In Cooper et al. (2010), “Salivary Protein of Russian Wheat Aphid (Hemiptera: 

Aphididae,)” the authors identified four saliva proteins which were identified as the putative 

orthologs of pea aphid RNA Helicase (ACYPI007670), pathogen-associated molecular pattern 

(PAMP) (ACYPI005439), Zinc binding dehydrogenase (ACYPI009182), and Unknown Protein 

23 (ACYPI005882). They used three different diets consisting of a pure water diet, amino acid 

diet, and a sucrose diet. Approximately 450 aphids were placed in each plate to collect saliva. 

Stylet sheaths remained in the parafilm after rinsing. 25 Plates were pooled which total 11000-

11500 aphids and the pooled collections were concentrated. For analysis, both one dimensional 
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SDS-mass spectrometry analysis and two dimensional SDS-mass spectrometry analysis were 

used in conjunction with Bradford Assays.  

 Using three diet compositions, including a pure water diet, a 15% sucrose diet, and an 

amino acid diet (100 mM serine, 100 mM methionine, 100 mM aspartic acid) in 15% sucrose. 

There was a significant difference in protein amount produced on each diet as indicated below. 

  Pure water diet: 0.052 +/- 0.02 ng/aphid 

  Sucrose diet: 0.66 +/- 0.09 ng/aphid 

  Amino acid diet: 0.14 +/- 0.01 ng/aphid 

 Alkaline phosphatase activity was only detectable in aphid probed sucrose diets but not 

water, amino acid, or control diets. In gel digests followed by mass spectroscopy and subsequent 

analysis using MASCOT software led to the determination from fragments of proteins of the four 

protein's amino acid sequences in the Russian wheat aphid which led to BLAST analysis against 

the pea aphid EST database, in turn identifying the pea aphid putative orthologs. 

 Rao et al. 2013 - Sitobion avenae & Metopolophium dirhodum (Grain Aphids)  

In Rao et al. ( 2013), “Proteomic Profiling of Cereal Aphid Saliva Reveals Both 

Ubiquitous and Adaptive Secreted Proteins,” the saliva identified proteins β-galactosidase 

precursor (ACYPI007650), actin-related protein 3-like (ACYPI000064), unannotated protein 

(ACYPI000113), and glucose dehydrogenase (ACYPI005582) were identified in saliva from S. 

avenae and M. dirhodum. 40,000 aphids' saliva was collected by pooling protein concentrates 

from 50 diet preparations. Non protein contaminants were removed from the final concentrate 

using a two dimensional clean-up kit followed by one dimensional SDS-PAGE and visualized 

with silver staining. Visible protein bands were excised and digested overnight with trypsin, and 

processed with LC MS/MS. Using the TurboSEQUEST algorithm in BioWorks v3.2 protein 

sequences were derived which allowed BLAST searches to correlate with pea aphid proteins and 

subsequent identification of the accession numbers. Of the proteins identified, the four listed 

above were the only proteins that had not been previously identified in other studies. 

 Transcriptomics 

 Reeck et al. in Carolan et al. 2011 - Acyrthosiphon pisum (Pea Aphid) 
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 Utilizing Sanger sequencing, BLAST2GO, and an R-statistic for salivary gland 

enrichment, transcripts were identified that were enriched in salivary glands and encoded 

proteins with a signal secretion sequence. The R-statistic is a method developed by Stekel et al. 

(2000) to identify EST contigs that are abundant in individual tissues, in this case the salivary 

gland.  Transcripts which contain an R-statistic value greater than 7 identify the transcript as 

enriched in salivary glands. Following BLASTx searches, ACYPI accession numbers were 

identified for each transcript. In total, 42 components were reported in Carolan et al. (2011) and 

were considered to be saliva proteome.  

 Ramsey et al. 2007 - Myzus persicae (Green Peach Aphid) 

 In Ramsey et al. (2007), “Genomic Resources for Myzus persicae: EST sequencing, SNP 

Identification, and Microarray Design,” the authors sequenced from 16 M. persicae cDNA 

libraries to generate 26,669 expressed sequence tags (ESTs). Of those ESTs 3233 were from the 

salivary gland library, encoding 2242 unigenes of the green peach aphid salivary gland. 

To identify proteins of saliva, sequences expressed in the salivary glands that were 

predicted to have signal peptides were more closely examined.  Of the 45 such proteins derived 

from salivary glands, 15 proteins were predicted to contain an anchor sequence, and therefore 

excluded from the list of possible saliva proteins. The authors thus proposed 30 proteins of the 

saliva proteome. 

 Bos et al. 2010 - Myzus persicae (Green Peach Aphid) 

In Bos et al. (2010), “A Functional Genomics Approach Identifies Candidate Effectors 

from the Aphid Species Myzus persicae (Green Peach Aphid),” a pipeline to identify candidate 

effectors is approached. One such protein, newly identified, was Mp42 (ACYPI010222) using 

the following methodology.  A 5919 EST library from M. persicae salivary glands was processed 

through gene annotation software yielding 3233 protein coding sequences. These sequences were 

subjected to signal peptide prediction (SignalP3.0) reducing the proteins to 304 which contained 

a signal peptide.  Of those containing signal peptides, a blastp analysis was performed and it 

removed redundant sequences bringing the total proteins containing a signal peptide to 134.  

Those peptides were checked for the presence of transmembrane domains (TMHMM v2.0) 

reducing the results down to 115 predicted secreted proteins. After full length sequences were 

identified and the presence of polymorphisms within M. persicae and other species were 
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analyzed, the similarities of predicted secreted A. pisum salivary gland proteins were compared 

identifying homologs yielding a pool of 46 candidate effectors. Of those 46 candidates, two were 

not found in the A. pisum indicating that they are unique to M. persicae.  Multiple candidates 

were removed because they were exclusive to head dissections, leaving the remaining candidates 

Mp1, Mp2, Mp10, Mp30, Mp42, Mp47, Mp50, and MpC002. Of those candidates, Mp42 was the 

only orthologous component that had not already been discovered in other laboratories. 

 Atamian et al. 2012 - Macrosiphum euphorbiae (Potato Aphid) 

In Atamian et al. (2012), “In Planta Expression or Delivery of Potato Aphid 

Macrosiphum euphorbiae Effectors Me10 and Me23 Enhances Aphid Fecundity,” interactions 

between two candidate effectors were found to affect aphid fecundity when overexpressed in the 

host plant. The authors identify 5 pea aphid putative orthologs from saliva. This line of research 

establishes another important aspect that could be useful when targeting UPR components in the 

pea aphid by dsRNA. Both effectors Me10 and Me23 were shown to increase fecundity 

suggesting that they possess the ability to suppress the host plant defenses on the feeding aphid 

and both were identified as glutathione peroxidases. While the research focused on Me10 and 

Me23 due to their ability to elucidate changes in aphid fecundity, Me13, Me17, Me14, Me20, 

and Me25 had not been previously identified as salivary gland proteins. To achieve these 

putative orthologs, 200 M. euphorbiae salivary glands were dissected and evaluated with RNA-

seq. With reciprocal TBLASTX analysis, 551 M. euphorbiae contigs were identified with 

sequences orthologous to 460 A. pisum transcripts. Of those, signal peptide prediction 

(SignalP4.0) reduced the number to 125 and of which they were further reduced due to being 

previously identified by Carolan et al. (2011). There were components that were unable to be 

identified and Atamian et al. attribute that to gaps in the sequencing of the salivary gland. 

 Materials and Methods: 

 Dissections 

Aphids head dissections were from wingless, asexual pea aphids from the clone LSR1 

line. Previously indicated in Chapter 2, aphids were allowed to feed in the diet-fed and plant-fed 

states.  
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To test whether transcripts were found in salivary glands of the pea aphid, dissections of 

salivary glands were also performed. Salivary gland dissections were completed in the following 

manner by Dr. Raman Chandrasekar. Prior to dissection, the bench, dissection slides, and gloved 

hands of the researcher were cleaned with a solution of 0.1% DEPC treated water, followed by 

application of RNaseZap (Sigma-Aldrich #R2020). After all surfaces were allowed to dry, 100-

200 uL of RNALater was placed on top of dissection slide. The insect was again placed in the 

RNAlater on the surface of the slide; grasping the aphid with forceps at the abdomen, the 

antennae were removed with a small 22ga needle. To remove the exoskeleton from the head of 

the aphid, a bent 22ga needle was used. With the exoskeleton removed, both pairs of primary and 

accessory salivary glands were exposed. The isolated pairs of primary and accessory salivary 

glands from 120 aphids were removed and placed in RNase/DNase-free centrifuge tubes 

containing 50 µL of RNAlater. Approximately 30 aphids were dissected in the solution of 

RNAlater before switching to another new slide. Collection of salivary glands took place over 3 

or more hours and aphids were placed into sterile petri dishes beside the microscope and not 

removed directly from their respective feeding state. 

 RNA Isolation and Sequencing of Heads on Plant & Diet-fed States: 

After feeding and dissection, RNA isolations described in chapter two were used to 

purify RNA. RNA-seq using the same platform as previously indicated through the Integrated 

Genomics Facility was then utilized to measure and quantify the transcriptional levels of UPR 

components in both fed states.  

 Results: 

Overall the goal of this study was to identify components predicted to be in pea aphid 

saliva utilizing all available proteomic and transcriptomic data from other aphid species. It is 

important to note that annotations from previous researchers were carried over in this study. The 

term “unannotated protein1” is ambiguous and would be better stated as “unknown protein.” 

However, at this point any manipulation of the annotations would remove the ties to the 

originating research for each component. This study identifies those putative orthologs by 

AphidBase identification number, and a compiled list from the proteomic approaches is outlined 

in Table 8 and transcriptomic approaches in Table 9. With duplications removed, Table 10 shows 

the entire list from both approaches.  
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RNA isolated from isolated heads or salivary glands of plant-fed and diet-fed insects was 

isolated and submitted to the Integrated Genomics Facility at Kansas State University (IGF-

KSU) for quality analysis by Agilent 2100 Bioanalyzer. The bioanalyzer profiles for plant-fed 

and Akey-Beck diet-fed states are shown in Figure 2.3 and Figure 2.4, and showed good quality 

RNA, suitable for RNA-seq cDNA library synthesis. The cDNA library synthesis bioanalyzer 

profiles are shown in Figure 2.5 and Figure 2.6.  

RPKM values on RNA from salivary gland dissections establishing that the transcripts 

were indeed found within the salivary gland are reported in Table 11. Reported in Table 12 are 

the RPKM values and RPKM plant-fed to diet-fed ratios from head dissections. 

Signal secretion peptides are short N-terminal peptides present in the majority of newly 

synthesized proteins that are destined towards the secretory pathway. According to statistics 

available at the SignalP 3.0 website, the average eukaryotic signal peptide is 22 amino acids in 

length. Anchor peptides function as one would assume, anchoring the newly produced protein to 

a membrane. The encoded proteins for all studied transcripts were analyzed to predict the 

presence of a signal secretion peptide, anchor, and ER retention signal. All sequences were 

processed through the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP-3.0/), and the 

probabilities that a signal peptide or anchor existed were calculated through the Hidden Markov 

model within the program. These results indicated in Table 13, show the accession number, 

description, SignalP3.0 result with cleavage site, and predicted anchor probability, as well as ER 

retention signals for the encoded proteins. All transcripts are shown to encode a signal peptide 

which would indicate probable secretion into saliva or other extracellular fluids such as 

hemolymph. 

Analysis of means of RPKM fold change for plant versus diet feeding for the entire pea 

aphid gene set and salivary components was completed with a T-test. The mean RPKM fold 

change value for the entire gene set was 1.61 while the salivary components mean was 1.95. A 

student's unpaired T test was utilized to compare the two means and at a 95% confidence interval 

and the difference was significant using the following data. A plot representing the gene set and 

salivary component data is shown in Figure 3.1. 

   Gene Set     Salivary Components   

Mean     1.6100  1.9500 

SD    0.9085  0.8824 
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SEM    0.0062  0.0802 

 N    21501          121   

Unpaired t test results 

P value and statistical significance:  

  The two-tailed P value equals 0.0001 

  By conventional criteria, this difference is considered to be extremely statistically significant 

indicating that there is a difference between the means.  

Confidence interval: 

  The mean of Gene Set minus UPR Components equals -0.34 

  95% confidence interval of this difference: From -0.5 to -0.2  

 Discussion: 

 Multifaceted Approach to Identify Salivary gland Secretome Proteins 

Work from enzyme assays to the more recent proteomic and transcriptomic approaches 

have been used to identify secretome components, although no one lab has used all methods and 

available data coupled with RNA-seq data to attempt to define the full saliva proteome of an 

aphid. Here I attempt to complete the saliva proteome for the pea aphid. It is important to note 

that although the proteins represented here are assumed to be in saliva that may not be the case. 

The only components that can be definitively shown as saliva proteins are those that were 

studied by analysis of saliva or as in the case of protein C002 and Armet, have been found in 

plants after aphid feeding. In other words, this work does identify some proteins of saliva, but 

may be better portrayed as a secretome of the salivary gland, where most of the studied 

transcripts are likely to be in saliva. 

Throughout this chapter one important realization is that this work is a compilation of 

many researchers that work in different species. By utilizing the sequence data that each 

researcher has procured whether by proteomic or transcriptomic means, I have been able to build 

a comprehensive saliva proteome in the pea aphid.  

 Analysis of Saliva Proteins 

After reads were mapped, with the Geneious software suite, RPKM values for each 

transcript were calculated. These RPKM values were used to generate ratios of plant-fed to diet-
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fed RPKM which indicate trends in up and down regulated transcripts. The results of these 

analyses are found in Table 12. As in Chapter 2, the majority of the transcripts studied had 

higher expression in plant-fed salivary gland libraries. The range of the fold change was 5.970 to 

0.209 in head isolations. The five highest fold changes were for ACYPI54712 (unknown 

protein), ACYPI009182 (Zinc binding dehydrogenase), ACYPI009625 (EMP24), ACYPI56654 

(3-hydroxyacyl-CoA dehydrogenase type-2), and ACYPI007677 (Calreticulin) proteins in head 

isolations.  

In Feng et al. (2014), “Characterization of an Aphid-specific, Cysteine-rich Protein 

Enriched in Salivary Glands,” a pea aphid transcript was studied which was first identified by 

Carolan et al. (2011). Reported as enriched in salivary glands, the protein was not included in the 

Carolan et al. (2011) studies as a saliva protein but as a possible member of the salivary gland 

secretome. This component, identified as the aphid specific cysteine rich protein (ACYPI39568) 

was analyzed using both a proteomic and transcriptomic approach. The transcript's message was 

expressed, the protein was purified, and antibodies were also synthesized. The protein sequence 

was analyzed via SignalP3.0 and was found to contain a signal peptide. Immunohistochemistry 

via the antibodies produced were able to locate the high expression of the transcript/protein in 

the salivary glands. Double stranded RNA for ACYPI39568 was produced for feeding and 

injection studies in live aphids. It was discovered that aphids had increased transcript levels 

when feeding on plants than when feeding on an artificial diet. Interestingly the interference of 

ACYPI39568 expression did not affect the survival rate of aphids on plants. 

In Feng et al. (2012), “Polymorphisms in Salivary-gland Transcripts of Russian Wheat 

Aphid Biotypes 1 and 2,” saliva secretome components were analyzed. Although those 

components were first identified by Carolan et al. (2011), further analyses including non-

synonymous and synonymous mutations were analyzed. Of the 17 sequences, 2 were not able to 

be annotated. For four transcripts (those encoding a coated-vesicle membrane protein, a 

peroxidase and the two non-annotatable proteins) there was no polymorphism detected. The 

other 13 transcripts all had observable polymorphisms between the biotypes at the nucleotide and 

predicted protein level. 
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 Armet as a Saliva Protein 

One of the transcripts that has been studied as a saliva component is Armet, an aphid 

ortholog addressed in Chapter 1, represented at 2.54 fold higher in plant-fed head libraries in 

comparison to diet-fed libraries. Armet is secreted into plants during pea aphid feeding (Wang et 

al., 2015). 

 Statistical Comparison of Salivary Secretome Components versus the Entire Gene Set 

Utilizing a t-test, the comparison of RPKM fold change means from the gene set (1.61) 

and UPR components (1.95) show that the difference is statistically significant at a 95% 

confidence. The importance of this comparison of means indicates that the salivary secretome 

component's expression is different from the overall population of the gene set. The increased 

mean value of RPKM fold change in salivary components confirms the hypothesis that proteins 

of saliva are upregulated during plant feeding in aphids.  

After close inspection of the top 20 RPKM fold change values in the gene set, an 

interesting component which appears to be an alternative gene to a component in the saliva 

component list was discovered. This component, β-galactosidase, putatively identified to a 

human ortholog of β-galactosidase, was identified by AphidBase ID ACYPI001373. In 

comparison to the component identified as β-galactosidase (ACYPI007650) in this dissertation 

as a saliva protein, ACYPI007650 and ACYPI001373 showed a 54.49% identity at the protein 

level.  

 Diet-fed Upregulation of Some Saliva Proteins 

A total of 15 transcripts were found to have a RPKM fold change ratio under one 

indicating higher expression in diet-fed aphid heads than in plant-fed heads. The values of 

RPKM ratio for those 15 components range from 0.209 to 0.985. Those transcripts which 

expressed RPKM ratios less than one are Unannotated Protein 2, Unannotated Protein 3, M1 zinc 

metalloprotease, Dipeptidyl carboxypeptidase, Peptidase M1, MCO1, Unknown protein 11, 

Glucose Dehydrogenase, CLIP-domain serine protease, Zinc-dependent Phospholipase C, 

Unknown protein 34, Me25, Cadherin, Maltase 2-like, and AHNAK nucleoprotein 

(desmoyokin).  
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 Protein Disulfide Isomerases 

Another interesting point is the presence of protein disulfide isomerases. As reported in 

Chapter 2, each PDI transcript found, had a higher RPKM in RNA from plant feeding versus diet 

feeding giving support to the idea that the UPR is upregulated during plant feeding due to 

increased secretion of salivary proteins. While it doesn’t give insight as to the importance or 

presence of PDIs in saliva, it does show that they are found in salivary gland tissues.  

 Expectations of Results and Generation of the Largest Saliva Proteome 

Data corroborates the expectation that nearly all transcripts would upregulate in plant-fed 

states due to the fact that aphid feeding on plants is a much more complex method than their 

feeding on artificial diets. Whereas plants have numerous defense mechanisms that protect them 

from invading pathogens or insect pests, many pea aphid saliva proteins may help circumvent 

these systems. As for feeding, it is logical that the fold change is higher in plant-fed states versus 

diet feeding on many levels. Initially one can assume that the complexity of feeding on another 

living organism with defense mechanisms versus a petri dish is paramount. Although some 

components have been found to be inducible under the plant-fed state, it isn’t difficult to attribute 

that increase to mitigation of plant defenses or the digestion of complex nutrients.  

One question that may not be answered is why 15 components are not upregulated during 

plant feeding. While one may assume that all transcripts should be upregulated in plant feeding 

due to mitigation of plant defenses or the digestion of complex nutrients, there may be instances 

where some components are not needed for plant feeding versus diet feeding. An example of this 

may be seen in the component glucose dehydrogenase (ACYPI000986). It is possible that the 

sugar concentration, 0.5 mM, in the Akey & Beck diet is higher than the physiological sugar 

levels in the host plant accounting for the increased transcript level in diet fed aphids. This one 

example is an idea that does not entirely answer the above question, but it may give way for 

other lines of thought on the diet fed upregulation of the 15 components. 

Identification of this “master list” of pea aphid saliva proteins will no doubt continue. My 

list is by no means a final list of the proteins that encompass saliva. It is also a good starting 

point for other aphid species. For instance the Russian wheat aphid would be another aphid 

which is easy to maintain in laboratory settings and although the size of the insect is much 



105 

 

smaller than the pea aphid, it would be a good target species for pest mitigation due to its 

agricultural impact worldwide.  

Obviously the goal outlined in Chapter 2 to produce genetically modified crops is also 

viable with this set of saliva transcripts. As previously indicated in Chapter 2, the most 

informative yet the least economical approach would be to test fecundity and lifespan 

knockdown studies with each identified component of this saliva proteome.  

The production of a crop targeted at either UPR or saliva components that reduces aphid 

fecundity or increases mortality would be an agricultural benefit. It is unclear which system, the 

UPR or saliva proteins will provide the best set of targets for knockdown studies. It may be a 

combination of both because the UPR is upregulated during the production of the salivary 

proteins in plant feeding. Ultimately this chapter has laid the groundwork for a comprehensive 

saliva proteome in a model aphid species which may allow identification of these components 

and other species. 
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Carolan 2009 (pea aphid) 

ACYPI000733 – Dipeptidylcarboxy peptidase 
ACYPI008911 – Dipeptidylcarboxy peptidase 
ACYPI009427 – M1 Zinc metalloprotease 
ACYPI010198 – Unknown protein 
ACYPI007868 – Unknown protein 
ACYPI000113 – Glucose dehydrogenase [FAD quinone]-like 
ACYPI003308 – Regucalcin-like 
ACYPI009881 – Unknown protein 
ACYPI005582 – Centrosomal protein of 104kDa 
 
Harmel 2008 (green peach aphid) 

ACYPI000986 – Glucose dehydrogenase 
ACYPI56654 – 3-Hydroxyacyl-CoA dehydrogenase type-2 
ACYPI009042 – Alpha-amylase 
 
Cooper 2010 (Russian wheat aphid) 

ACYPI005766 – unknown protein 
ACYPI009182 – Zinc binding dehydrogenase 
ACYPI005439 – Phosphatase activator protein phosphatase 2A activator 
ACYPI007670 – RNA helicase 
 
Rao 2013 (grain aphid) 

ACYPI000113 – Glucose dehydrogenase 
ACYPI000288 – Glucose dehydrogenase 
ACYPI000817 – Peroxidase  
ACYPI002298 – Trehalase  
ACYPI23752 – Carbonic anhydrase 
ACYPI007650 – Beta-galactosidase precursor 
ACYPI001857 – Yellow e-3 like protein 
ACYPI000064 – Actin  
 
Table 8 List of salivary proteins identified by proteomics 

Organized by source and identified by AphidBase accession number, transcripts found by 

ortholog search in the pea aphid with confirmed in the salivary gland tissue. Duplications 

removed between multiple researchers with the component that was duplicated placed with the 

researcher who first identified the component. 
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Table 11 Verification of transcripts by salivary gland dissection 

Reads generated by RNA-seq were mapped to each individual transcript open reading 

frame as a “reference genome”. The number of salivary gland reads and RPKM values, 

calculated as described in the text are given for each transcript. 

A color key indicated below identify transcript names as follows: purple (with white 

text): pea aphid transcripts corresponding to transcripts studied in Russian wheat aphids (Cui et 

al., 2012), blue (with white text): transcripts of proteins identified in (Bos et al., 2010), red: pea 

aphid transcripts of proteins identified in green peach aphid (Harmel et al., 2008), dark green 

(with white text): pea aphid transcripts of proteins identified in Russian wheat aphids (Cooper et 

al., 2010), blue (with black text): pea aphid transcripts of proteins identified in English grain 

aphid, rose grain aphid, and pea aphid (Rao et al., 2013), light green: pea aphid salivary gland 

enriched transcripts (Carolan et al., 2011), yellow: pea aphid salivary gland enriched transcripts 

(Balthazor et al., 2015), tan: green peach aphid transcripts corresponding to transcripts in the pea 

aphid (Ramsey et al., 2007), and peach: potato aphid transcripts corresponding to transcripts in 

the pea aphid (Atamian et al., 2012).  

 

Color Key: 
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Reads 

Mapped
RPKM

Reads 

Mapped
RPKM

ACYPI54712 unknown protein 13 728 7947 78.37 ACYPI005838 unknown protein 27 1901 21730 82.06

ACYPI009182 Zinc binding dehydrogenase 2328 2369 7.31 ACYPI002976 Tetras panin 29Fa 2624 8390 22.95

ACYPI009625 EMP24 l i ke 1782 9189 37.02 ACYPI002497 Tra nsmembrane 87B-l i ke 2568 3146 8.79

ACYPI56654 3-hydroxyacyl-CoA dehydrogenase type-2 1244 864 4.99 ACYPI000768 Ma lta se-A1 2164 3603 11.95

ACYPI007677 Cal reticul in 2299 50573 157.92 ACYPI005882 Unknown prote in 23 2064 4454 15.49

ACYPI002622 Cal reticul in 2014 105539 376.19 ACYPI008224 Me10 1047 644020 4415.81

ACYPI21412 Me20 1966 24413 89.14 ACYPI009919 Una nnotated Prote in 22 1056 31803 216.20

ACYPI52702 Catheps in B 1020 765 5.38 ACYPI000119 Di sul fi de is omeras e 2637 25745 70.09

ACYPI009585 unknown protein 10 387 8322 154.37 ACYPI088277 unknown protein 7 2070 142 0.49

ACYPI000490 Una nnotated Protein 5 1162 708258 4375.65 ACYPI48849 unknown protein 15 3085 55 0.13

ACYPI008926 Di sulfi de i someras e 2357 25591 77.94 ACYPI26959 Peroxidase 3947 19175 34.88

ACYPI005818 Una nnotated Protein 24 832 62152 536.28 ACYPI004198 Li pophori n precurs or 8748 72165 59.22

ACYPI008667 Una nnotated Protein 17 933 122762 944.58 ACYPI002476 Inos itol  Monophosphata se 1667 1755 7.56

ACYPI010222 Mp42 1130 36220 230.11 ACYPI46095 unknown protein 17 1742 4023 16.58

ACYPI005594 Di sulfi de i someras e 2013 28542 101.79 ACYPI003780 unknown protein 29 5947 20553 24.81

ACYPI53825 Me17 1017 19676 138.89 LOC100575164 DPC 2410 307969 917.38

ACYPI002172 Una nnotated Protein 18 1306 237379 1304.84 ACYPI001152 Una nnotated Prote in 30 2941 167450 408.74

ACYPI45769 ma jor royal  jel ly protei n (ye l l ow-g2) 2257 4140 13.17 ACYPI003602 unknown protein 30 3688 33264 64.75

ACYPI56566 Me13 856 13487 113.11 ACYPI010151 unknown protein 22 7345 9179 8.97

ACYPI45001 Una nnotated Protein 10 1330 629606 3398.40 ACYPI000852 Una nnotated Prote in 11 694 25929 268.22

ACYPI001887 Una nnotated Protein 26 976 34090 250.75 ACYPI004591 chroma tin STP2 1979 242781 880.70

ACYPI007406 Una nnotated Protein 9 1046 433606 2975.92 ACYPI009881 Putati ve Sheath Prote in 1348 1942185 10343.28

ACYPI24281 unknown protein 19 1430 8831 44.33 ACYPI002258 M1 zinc metal loproteas e 2966 30394 73.57

ACYPI010168 s imi la r to CG5861-PA 884 3478 28.24 ACYPI006974 Catheps in L 2102 42488 145.11

ACYPI008001 Armet 1525 9530 44.86 ACYPI003917 SCP GAPR-1 2172 154603 510.99

ACYPI003695 Una nnotated Protein 25 612 16635 195.13 ACYPI001445 unknown protein 32 7423 2103 2.03

ACYPI000002 Sucras e 1293 25596 142.11 ACYPI51013 unknown protein 14 2382 476 1.43

ACYPI001541 Una nnotated Protein 13 887 99919 808.69 ACYPI007300 Endori bonucleas e 5838 3438 4.23

ACYPI004866 s imi la r to CG11699-PA 4277 3451 5.79 ACYPI008182 Juveni le  Hormone Binding Protein Homolog 1349 20561 109.42

ACYPI089376 CG2839 687 254246 2656.77 ACYPI001099 Una nnotated Prote in 19 1350 124758 663.43

ACYPI38240 ApGPx2 1921 16006 59.82 ACYPI009755 Di sul fi de is omeras e 2931 100086 245.14

ACYPI45597 unknown protein 18 1754 39522 161.76 ACYPI006775 s imi la r to CG2471-PA 4478 6186 9.92

ACYPI001523 Chorin Peroxidas e H6 2322 2537 7.84 ACYPI22506 unknown protein 20 1057 445 3.02

ACYPI001719 Una nnotated Protein 15 1202 387130 2312.12 ACYPI002298 Trehal ase 2637 25095 68.32

ACYPI42782 s imi la r to CG9849-PA 1520 8049 38.02 ACYPI080156 unknown protein 21 2086 10366 35.67

ACYPI56502 Una nnotated Protein 20 1198 233257 1397.77 ACYPI000797 unknown protein 33 3080 2025 4.72

ACYPI39568 Aphi d specific cys tei ne ri ch protei n 1387 1018208 5270.08 ACYPI38795 Una nnotated Prote in 31 1080 472 3.14

ACYPI55147 Una nnotated Protein 12 1617 901 4.00 ACYPI001843 Una nnotated Prote in 23 2647 43443 117.82

ACYPI55148 Una nnotated Protein 27 3484 256238 527.99 ACYPI080546 Gl utathi one S tra ns feras e D10 1055 9630 65.53

ACYPI001271 Una nnotated Protein 7 1018 169536 1195.56 ACYPI000422 unknown protein 35 9393 636939 486.80

ACYPI081664 unknown protein 12 1941 8997 33.28 ACYPI000288 Gl ucos e Dehydrogenas e 2335 269427 828.35

ACYPI003247 s imi la r to CG6583-PA 1027 1030 7.20 ACYPI007553 Una nnotated Prote in 29 1076 260383 1737.23

ACYPI005439 PAMP 1605 2070 9.26 ACYPI28317 unknown protein 9 2760 5600 14.57

ACYPI43360 Una nnotated Protein 28 867 42955 355.67 ACYPI003601 Una nnotated Prote in 16 3067 24380 57.07

ACYPI007065 Contig_37 1787 12008 48.24 ACYPI000558 Una nnotated Prote in 21 2936 75216 183.91

ACYPI004394 unknown protein 28 1181 104363 634.39 ACYPI000472 Una nnotated Prote in 3 1439 627952 3132.73

ACYPI001706 s imi la r to Der1-l i ke  domai n fami ly 1602 9964 44.65 ACYPI009427 M1 zinc metal loproteas e 1548 48018 222.68

ACYPI008617 C002 1020 528171 3717.34 ACYPI008911 Di peptidyl  carboxypeptidas e 2722 201696 531.94

ACYPI56620 cuticular protei n 1207 40683 241.97 ACYPI071951 Peptidase  M1 3458 144814 300.64

ACYPI21663 Me14 1489 4724 22.78 ACYPI082770 MCO1 (Laccas e) 2154 1290 4.30

ACYPI007387 s imi la r to ring fi nger prote in 185 1654 3572 15.50 ACYPI063417 unknown protein 11 285 96368 2427.42

ACYPI003327 unknown protein 31 5941 10623 12.84 ACYPI000986 Gl ucos e Dehydrogenas e 3596 235771 470.68

ACYPI001606 Una nnotated Protein 14 1030 143828 1002.45 ACYPI008370 CLIP-domai n serine protea se 2771 13495 34.96

ACYPI006124 unknown protein 26 3228 17917 39.85 ACYPI071317 Zinc-dependent Phos phol i pas e C 1151 8595 53.61

ACYPI007650 Beta -galactos ida se  precurs or 2140 248 0.83 ACYPI000707 unknown protein 34 2961 4892 11.86

ACYPI007022 unknown protein 25 1161 2950 18.24 ACYPI006300 Me25 2744 6706 17.54

ACYPI005041 unknown protein 8 1782 1186 4.78 ACYPI002891 Cadheri n 2956 11450 27.81

ACYPI002439 ApGPx1 2467 76627 222.98 ACYPI009042 Ma lta se  2-l ike 2574 56911 158.72

ACYPI48356 unknown protein 16 3058 11370 26.69 ACYPI073648 AHNAK nucl eoprotein (des moyoki n) 12789 3503 1.97

ACYPI006346 Una nnotated Protein 6 925 707062 5487.48

ACYPI23752 Carboni c anhydras e II 1125 32652 208.36

ACYPI007670 RNA Hel ica se 3944 4719 8.59

Accession Identification
Transcript 

Length

Salivary Gland Isolation

Saliva Proteins

Accession Identification
Transcript 

Length

Salivary Gland Isolation

Saliva Proteins
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Table 12 Comparative analysis of 121 saliva proteins in diet and plant-fed libraries by 

RNA-seq 

Reads generated by RNA-seq were mapped to each individual transcript open reading 

frame as a “reference genome”. The number of head reads, RPKM, and head RPKM fold 

changes were calculated as described in the text. Each transcript encodes a protein that contains a 

signal peptide and determination was achieved using SignalP 3.0. 

A color key indicated below identify transcript names as follows: purple (with white 

text): pea aphid transcripts corresponding to transcripts studied in Russian wheat aphids (Cui et 

al., 2012), blue (with white text): transcripts of proteins identified in (Bos et al., 2010), red: pea 

aphid transcripts of proteins identified in green peach aphid (Harmel et al., 2008), dark green 

(with white text): pea aphid transcripts of proteins identified in Russian wheat aphids (Cooper et 

al., 2010), blue (with black text): pea aphid transcripts of proteins identified in English grain 

aphid, rose grain aphid, and pea aphid (Rao et al., 2013), light green: pea aphid salivary gland 

enriched transcripts (Carolan et al., 2011), yellow: pea aphid salivary gland enriched transcripts 

(Balthazor et al., 2015), tan: green peach aphid transcripts corresponding to transcripts in the pea 

aphid (Ramsey et al., 2007), and peach: potato aphid transcripts corresponding to transcripts in 

the pea aphid (Atamian et al., 2012).  

 

Color Key: 

  

Atamian et al.

Balthazor et al.

Bos et al.

Carolan et al.

Cooper et al.

Feng et al.

Harmel et al.

Ramsey et al.

Rao et al.
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Reads 

Mapped
RPKM

Reads 

Mapped
 RPKM

ACYPI54712 unknown protein 13 728 17 2.22 193 13.26 5.970

ACYPI009182 Zinc binding dehydrogenase 2328 49 2.00 528 11.34 5.666

ACYPI009625 EMP24 l ike 1782 184 9.82 1309 36.73 3.741

ACYPI56654 3-hydroxyacyl -CoA dehydrogenase type-2 1244 28 2.14 196 7.88 3.681

ACYPI007677 Calreticul in 2299 2067 85.50 13497 293.57 3.434

ACYPI002622 Calreticul in 2014 2084 98.40 13582 337.22 3.427

ACYPI21412 Me20 1966 257 12.43 1558 39.63 3.188

ACYPI52702 Catheps in B 1020 1 0.09 6 0.29 3.155

ACYPI009585 unknown protein 10 387 76 18.67 455 58.79 3.148

ACYPI000490 Unannotated Protein 5 1162 5731 469.00 33954 1461.15 3.115

ACYPI008926 Disul fide i somerase 2357 518 20.90 3011 63.88 3.057

ACYPI005818 Unannotated Protein 24 832 949 108.47 5283 317.52 2.927

ACYPI008667 Unannotated Protein 17 933 1320 134.54 7152 383.32 2.849

ACYPI010222 Mp42 1130 172 14.47 920 40.71 2.813

ACYPI005594 Disul fide i somerase 2013 931 43.98 4899 121.70 2.767

ACYPI53825 Me17 1017 197 18.42 1007 49.51 2.688

ACYPI002172 Unannotated Protein 18 1306 1704 124.07 8636 330.66 2.665

ACYPI45769 major roya l  jel ly protein (yel low-g2) 2257 55 2.32 272 6.03 2.601

ACYPI56566 Me13 856 155 17.22 763 44.57 2.589

ACYPI45001 Unannotated Protein 10 1330 4392 314.02 21587 811.62 2.585

ACYPI001887 Unannotated Protein 26 976 518 50.47 2543 130.29 2.582

ACYPI007406 Unannotated Protein 9 1046 3650 331.83 17724 847.31 2.553

ACYPI24281 unknown protein 19 1430 61 4.06 296 10.35 2.552

ACYPI010168 s imi lar to CG5861-PA 884 129 13.88 623 35.24 2.540

ACYPI008001 Armet 1525 233 14.53 1124 36.86 2.537

ACYPI003695 Unannotated Protein 25 612 282 43.82 1343 109.73 2.504

ACYPI000002 Sucrase 1293 453 33.32 2139 82.72 2.483

ACYPI001541 Unannotated Protein 13 887 589 63.15 2773 156.33 2.476

ACYPI004866 s imi lar to CG11699-PA 4277 105 2.33 489 5.72 2.449

ACYPI089376 CG2839 687 1258 174.13 5821 423.69 2.433

ACYPI38240 ApGPx2 1921 355 17.57 1634 42.53 2.420

ACYPI45597 unknown protein 18 1754 505 27.38 2297 65.49 2.392

ACYPI001523 Chorin Peroxidase H6 2322 170 6.96 773 16.65 2.391

ACYPI001719 Unannotated Protein 15 1202 5358 423.88 24358 1013.32 2.391

ACYPI42782 s imi lar to CG9849-PA 1520 157 9.82 701 23.06 2.348

ACYPI56502 Unannotated Protein 20 1198 1076 85.41 4803 200.48 2.347

ACYPI39568 Aphid specifi c cys teine rich protein 1387 12071 827.59 53699 1935.98 2.339

ACYPI55147 Unannotated Protein 12 1617 2149 126.38 9533 294.80 2.333

ACYPI55148 Unannotated Protein 27 3484 2149 58.66 9533 136.82 2.333

ACYPI001271 Unannotated Protein 7 1018 2052 191.68 9015 442.82 2.310

ACYPI081664 unknown protein 12 1941 29 1.42 126 3.25 2.285

ACYPI003247 s imi lar to CG6583-PA 1027 66 6.11 285 13.88 2.271

ACYPI005439 PAMP 1605 86 5.10 371 11.56 2.268

ACYPI43360 Unannotated Protein 28 867 346 37.95 1478 85.24 2.246

ACYPI007065 Contig_37 1787 237 12.61 1010 28.26 2.241

ACYPI004394 unknown protein 28 1181 917 73.84 3838 162.50 2.201

ACYPI001706 s imi lar to Der1-l ike domain fami ly 1602 281 16.68 1171 36.55 2.191

ACYPI008617 C002 1020 5129 478.17 21300 1044.22 2.184

ACYPI56620 cuticular protein 1207 3774 297.33 15639 647.91 2.179

ACYPI21663 Me14 1489 64 4.09 265 8.90 2.177

ACYPI007387 s imi lar to ring finger protein 185 1654 180 10.35 734 22.19 2.144

ACYPI003327 unknown protein 31 5941 521 8.34 2122 17.86 2.142

ACYPI001606 Unannotated Protein 14 1030 1557 143.75 6308 306.24 2.130

ACYPI006124 unknown protein 26 3228 382 11.25 1547 23.96 2.130

ACYPI007650 Beta-ga lactos idase precursor 2140 28 1.24 113 2.64 2.122

ACYPI007022 unknown protein 25 1161 280 22.93 1111 47.85 2.086

ACYPI005041 unknown protein 8 1782 46 2.45 176 4.94 2.012

ACYPI002439 ApGPx1 2467 1198 46.18 4583 92.89 2.012

ACYPI48356 unknown protein 16 3058 299 9.30 1128 18.45 1.984

ACYPI006346 Unannotated Protein 6 925 6959 715.41 25754 1392.24 1.946

ACYPI23752 Carbonic anhydrase I I 1125 407 34.40 1493 66.36 1.929

ACYPI007670 RNA Hel icase 3944 212 5.11 761 9.65 1.888

RPKM Fold 

Change

Accession Identification
Transcript 

Length

Head Isolation

Diet Fed Plant Fed

Saliva Proteins
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Reads RPKM Reads  RPKM

ACYPI005838 unknown protein 27 1901 225 11.26 804 21.15 1.879

ACYPI002976 Tetraspanin 29Fa 2624 131 4.75 458 8.73 1.838

ACYPI002497 Tra nsmembra ne 87B-l ike 2568 109 4.04 381 7.42 1.838

ACYPI000768 Ma lta se-A1 2164 240 10.55 809 18.69 1.773

ACYPI005882 Unknown protein 23 2064 479 22.07 1552 37.60 1.704

ACYPI008224 Me10 1047 8707 790.81 28095 1341.82 1.697

ACYPI009919 Una nnotated Protein 22 1056 383 34.49 1234 58.43 1.694

ACYPI000119 Disul fide i someras e 2637 590 21.28 1894 35.92 1.688

ACYPI088277 unknown protein 7 2070 477 21.91 1485 35.87 1.637

ACYPI48849 unknown protein 15 3085 1 0.03 3 0.05 1.578

ACYPI26959 Peroxida se 3947 188 4.53 561 7.11 1.569

ACYPI004198 Lipophorin precursor 8748 804 8.74 2394 13.68 1.566

ACYPI002476 Inos i tol  Monophospha ta se 1667 124 7.07 369 11.07 1.565

ACYPI46095 unknown protein 17 1742 124 6.77 368 10.56 1.561

ACYPI003780 unknown protein 29 5947 171 2.73 505 4.25 1.553

LOC100575164 DPC 2410 4165 164.34 12281 254.82 1.551

ACYPI001152 Una nnotated Protein 30 2941 6662 215.41 19617 333.54 1.548

ACYPI003602 unknown protein 30 3688 847 21.84 2493 33.80 1.548

ACYPI010151 unknown protein 22 7345 350 4.53 1026 6.98 1.541

ACYPI000852 Una nnotated Protein 11 694 486 66.59 1412 101.74 1.528

ACYPI004591 chromatin STP2 1979 2802 134.64 7968 201.33 1.495

ACYPI009881 Putative Sheath Protein 1348 27662 1951.38 78099 2897.12 1.485

ACYPI002258 M1 zinc meta l loprotease 2966 1317 42.22 3683 62.09 1.471

ACYPI006974 Ca theps in L 2102 2906 131.47 8052 191.55 1.457

ACYPI003917 SCP GAPR-1 2172 3921 171.67 10738 247.21 1.440

ACYPI001445 unknown protein 32 7423 118 1.51 319 2.15 1.422

ACYPI51013 unknown protein 14 2382 19 0.76 50 1.05 1.384

ACYPI007300 Endoribonuclea se 5838 195 3.18 511 4.38 1.378

ACYPI008182 Juveni le Hormone Binding Protein Homolog 1349 2240 157.90 5802 215.07 1.362

ACYPI001099 Una nnotated Protein 19 1350 1072 75.51 2766 102.45 1.357

ACYPI009755 Disul fide i someras e 2931 2779 90.16 7051 120.29 1.334

ACYPI006775 s imi lar to CG2471-PA 4478 1166 24.76 2937 32.80 1.325

ACYPI22506 unknown protein 20 1057 71 6.39 176 8.33 1.304

ACYPI002298 Treha la se 2637 632 22.79 1522 28.86 1.266

ACYPI080156 unknown protein 21 2086 147 6.70 352 8.44 1.259

ACYPI000797 unknown protein 33 3080 141 4.35 329 5.34 1.227

ACYPI38795 Una nnotated Protein 31 1080 58 5.11 135 6.25 1.224

ACYPI001843 Una nnotated Protein 23 2647 398 14.30 921 17.40 1.217

ACYPI080546 Glutathione S transferase D10 1055 76 6.85 174 8.25 1.204

ACYPI000422 unknown protein 35 9393 9779 99.00 22339 118.92 1.201

ACYPI000288 Glucose Dehydrogenas e 2335 4424 180.17 9454 202.46 1.124

ACYPI007553 Una nnotated Protein 29 1076 1961 173.31 4127 191.79 1.107

ACYPI28317 unknown protein 9 2760 180 6.20 370 6.70 1.081

ACYPI003601 Una nnotated Protein 16 3067 833 25.83 1710 27.88 1.079

ACYPI000558 Una nnotated Protein 21 2936 932 30.19 1746 29.74 0.985

ACYPI000472 Una nnotated Protein 3 1439 9779 646.22 17826 619.45 0.959

ACYPI009427 M1 zinc meta l loprotease 1548 256 15.73 449 14.50 0.922

ACYPI008911 Dipeptidyl  ca rboxypeptidas e 2722 199 6.95 347 6.37 0.917

ACYPI071951 Peptida se M1 3458 2312 63.58 3998 57.81 0.909

ACYPI082770 MCO1 (Lacca se) 2154 370 16.33 623 14.46 0.885

ACYPI063417 unknown protein 11 285 1368 456.45 2239 392.84 0.861

ACYPI000986 Glucose Dehydrogenas e 3596 4629 122.41 7543 104.89 0.857

ACYPI008370 CLIP-doma in s erine protea se 2771 3653 125.36 5545 100.06 0.798

ACYPI071317 Zinc-dependent Phos phol ipas e C 1151 162 13.38 229 9.95 0.743

ACYPI000707 unknown protein 34 2961 1009 32.40 1418 23.95 0.739

ACYPI006300 Me25 2744 332 11.51 461 8.40 0.730

ACYPI002891 Ca dherin 2956 424 13.64 523 8.85 0.649

ACYPI009042 Ma lta se 2-l ike 2574 1496 55.27 756 14.69 0.266

ACYPI073648 AHNAK nucleoprotein (desmoyokin) 12789 813 6.05 323 1.26 0.209

Saliva Proteins Cont.
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Table 13 Saliva proteome components secretion and anchor probability with ER retention 

signals 

Listed in ascending order by AphidBase accession number, signal peptide prediction with 

cleavage site is identified with membrane anchor probability. ER retention signals are indicated 

with a yes followed by the four C-terminal amino acid residues in each encoded protein.  
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ACYPI000002 Sucrase 0.948 21-22 0.000 no ACYPI007670 RNA Hel icas e 0.999 19-20 0.000 no

ACYPI000119 Dis ul fide i someras e 0.753 32-33 0.080 Yes (KEEL) ACYPI007677 Ca l reticul in 0.995 23-24 0.005 no

ACYPI000288 Glucose Dehydrogenas e 0.938 24-25 0.043 no ACYPI008001 Armet 0.993 20-21 0.005 no

ACYPI000422 unknown protein 35 0.999 19-20 0.000 no ACYPI008182 Juveni le Hormone Binding Protein Homolog 0.989 20-21 0.001 no

ACYPI000472 Unannotated Protein 3 0.999 26-27 0.000 no ACYPI008224 Me10 0.608 27-28 0.142 no

ACYPI000490 Unannotated Protein 5 0.970 22-23 0.003 no ACYPI008370 CLIP-domain serine proteas e 0.942 19-20 0.025 no

ACYPI000558 Unannotated Protein 21 0.975 25-26 0.010 no ACYPI008617 C002 0.909 23-24 0.046 no

ACYPI000707 unknown protein 34 0.981 31-32 0.000 no ACYPI008667 Unannotated Protein 17 0.938 28-29 0.017 no

ACYPI000768 Maltase-A1 0.896 20-21 0.000 no ACYPI008911 Dipeptidyl  carboxypeptidas e 0.994 25-26 0.006 no

ACYPI000797 unknown protein 33 0.888 18-19 0.000 no ACYPI008926 Dis ul fide i s omerase 0.997 18-19 0.000 Yes (KEEL)

ACYPI000852 Unannotated Protein 11 1.000 25-26 0.000 no ACYPI009042 Maltas e 2-l ike 0.991 21-22 0.002 no

ACYPI000986 Glucose Dehydrogenas e 0.983 22-23 0.004 no ACYPI009182 Zinc binding dehydrogenas e 0.999 20-21 0.000 no

ACYPI001099 Unannotated Protein 19 0.981 22-23 0.010 no ACYPI009427 M1 zinc meta l loproteas e 0.992 19-20 0.000 no

ACYPI001152 Unannotated Protein 30 0.999 23-24 0.001 no ACYPI009585 unknown protein 10 0.963 20-21 0.001 no

ACYPI001271 Unannotated Protein 7 0.999 23-24 0.001 Yes (KEDK) ACYPI009625 EMP24 l ike 0.939 39-40 0.059 no

ACYPI001445 unknown protein 32 0.890 18-19 0.000 no ACYPI009755 Dis ul fide i s omerase 0.998 18-19 0.000 YES (KDEL)

ACYPI001523 Chorin Peroxidase H6 1.000 34-35 0.000 no ACYPI009881 Putative Sheath Protein 0.992 25-26 0.000 no

ACYPI001541 Unannotated Protein 13 0.798 27-28 0.161 no ACYPI009919 Unannotated Protein 22 0.853 22-23 0.050 no

ACYPI001606 Unannotated Protein 14 0.977 24-25 0.000 no ACYPI010151 unknown protein 22 0.879 25-26 0.000 no

ACYPI001706 simi lar to Der1-l ike domain family 0.718 32-33 0.040 no ACYPI010168 s imi lar to CG5861-PA 0.981 23-24 0.015 no

ACYPI001719 Unannotated Protein 15 0.982 18-19 0.017 no ACYPI010222 Mp42 0.508 22-23 0.448 no

ACYPI001843 Unannotated Protein 23 0.924 25-26 0.012 no ACYPI063417 unknown protein 11 0.895 24-25 0.054 no

ACYPI001887 Unannotated Protein 26 0.763 20-21 0.201 no ACYPI071317 Zinc-dependent Phos phol ipase C 0.901 15-16 0.000 no

ACYPI002172 Unannotated Protein 18 0.536 25-26 0.245 no ACYPI071951 Peptidase M1 0.826 28-29 0.160 no

ACYPI002258 M1 zinc meta l loproteas e 1.000 19-20 0.000 no ACYPI073648 AHNAK nucleoprotein (des moyokin) 0.798 17-18 0.000 no

ACYPI002298 Treha las e 0.973 20-21 0.002 no ACYPI080156 unknown protein 21 0.697 24-25 0.947 no

ACYPI002439 ApGPx1 0.905 28-29 0.016 no ACYPI080546 Glutathione S transferase D10 0.778 28-29 0.769 no

ACYPI002476 Inos i tol  Monophos phatas e 0.944 19-20 0.000 no ACYPI081664 unknown protein 12 0.883 42-43 0.934 no

ACYPI002497 Trans membrane 87B-like 0.966 21-22 0.008 no ACYPI082770 MCO1 (Laccas e) 0.988 27-28 0.700 no

ACYPI002622 Ca l reticul in 1.000 23-24 0.000 Yes (HDEL) ACYPI088277 unknown protein 7 0.908 18-19 0.001 no

ACYPI002891 Cadherin 0.957 18-19 0.018 no ACYPI089376 CG2839 0.912 25-26 0.069 no

ACYPI002976 Tetraspanin 29Fa 0.899 61-62 0.880 no ACYPI21412 Me20 0.996 25-26 0.001 no

ACYPI003247 simi lar to CG6583-PA 0.999 23-24 0.000 no ACYPI21663 Me14 0.747 19-20 0.132 no

ACYPI003327 unknown protein 31 0.894 43-44 0.239 no ACYPI22506 unknown protein 20 0.801 36-37 0.000 no

ACYPI003601 Unannotated Protein 16 0.994 19-20 0.005 no ACYPI23752 Carbonic anhydras e I I 0.995 21-22 0.000 no

ACYPI003602 unknown protein 30 0.919 18-19 0.000 no ACYPI24281 unknown protein 19 0.959 25-26 0.021 no

ACYPI003695 Unannotated Protein 25 0.830 19-20 0.000 no ACYPI26959 Peroxidase 0.999 19-20 0.000 no

ACYPI003780 unknown protein 29 0.817 31-32 0.000 no ACYPI28317 unknown protein 9 0.959 26-27 0.018 no

ACYPI003917 SCP GAPR-1 0.996 23-23 0.004 no ACYPI38240 ApGPx2 0.533 18-19 0.175 no

ACYPI004198 Lipophorin precurs or 0.999 19-20 0.000 no ACYPI38795 Unannotated Protein 31 0.992 16-17 0.000 no

ACYPI004394 unknown protein 28 0.909 29-30 0.085 no ACYPI39568 Aphid s peci fi c cys teine rich protein 0.828 28-29 0.039 no

ACYPI004591 chromatin STP2 0.985 28-29 0.001 no ACYPI42782 s imi lar to CG9849-PA 0.547 29-30 0.432 no

ACYPI004866 simi lar to CG11699-PA 0.918 50-51 0.483 no ACYPI43360 Unannotated Protein 28 0.997 22-23 0.000 no

ACYPI005041 unknown protein 8 0.902 18-19 0.009 no ACYPI45001 Unannotated Protein 10 0.585 28-29 0.291 no

ACYPI005439 PAMP 0.996 24-25 0.000 no ACYPI45597 unknown protein 18 0.999 20-21 0.000 no

ACYPI005594 Dis ul fide i someras e 0.999 20-21 0.001 YES KHEL ACYPI45769 major roya l  je lly protein (yel low-g2) 0.522 16-17 0.000 no

ACYPI005818 Unannotated Protein 24 0.998 21-22 0.000 no ACYPI46095 unknown protein 17 0.501 24-25 0.262 no

ACYPI005882 unknown protein 27 0.989 21-22 0.000 no ACYPI48356 unknown protein 16 0.601 18-19 0.000 no

ACYPI006300 Unknown protein 23 0.998 23-24 0.000 no ACYPI48849 unknown protein 15 0.645 18-19 0.000 no

ACYPI006346 unknown protein 26 0.999 19-20 0.000 no ACYPI51013 unknown protein 14 0.598 24-25 0.000 no

ACYPI006300 Me25 0.998 23-24 0.000 no ACYPI52702 Catheps in B 0.997 20-21 0.000 no

ACYPI006346 Unannotated Protein 6 0.999 19-20 0.000 no ACYPI53825 Me17 0.999 24-25 0.001 no

ACYPI006775 simi lar to CG2471-PA 0.997 18-19 0.000 no ACYPI54712 unknown protein 13 0.983 19-20 0.000 no

ACYPI006974 Catheps in L 0.999 19-20 0.000 no ACYPI55147 Unannotated Protein 12 1.000 18-19 0.000 no

ACYPI007022 unknown protein 25 0.998 21-22 0.001 no ACYPI55148 Unannotated Protein 27 1.000 18-19 0.000 no

ACYPI007065 Contig_37 0.917 25-26 0.058 Yes (HTEL) ACYPI56502 Unannotated Protein 20 0.730 28-29 0.147 no

ACYPI007300 Endoribonuclease 1.000 21-22 0.000 no ACYPI56566 Me13 0.996 22-23 0.004 no

ACYPI007387 simi lar to ring finger protein 185 0.799 18-19 0.000 no ACYPI56620 cuticular protein 0.997 18-19 0.002 no

ACYPI007406 Unannotated Protein 9 0.998 22-23 0.001 no ACYPI56654 3-hydroxyacyl -CoA dehydrogenas e type-2 0.997 32-33 0.008 no

ACYPI007553 Unannotated Protein 29 0.957 22-23 0.012 no LOC100575164 DPC 0.993 23-24 0.003 no

ACYPI007650 Beta-ga lactos idas e precursor 0.996 23-24 0.003 no
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Figure 3.1 RPKM fold change ratio, plant versus diet feeding in the entire gene set and 

predicted transcripts of saliva 

RPKM fold change in both predicted saliva transcripts and the entire gene set with a minimum 

100 read threshold for salivary components measured by RNA-seq.  
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Appendix A - CD Reference Spectrum plus Ligand & Difference 

NMR Spectra of Armet with Select Ligands 

 

 

 

 

 

 

Idealized circular dichroism secondary structure 

Image modified and obtained by Google image search from 

http://www.proteinchemist.com/cd/cdspec.html  
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM minocycline. 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

minocycline is shown in green. Changes in residues are determined by their movement in either 

the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM minocycline 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM chlortetracycline 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

chlortetracycline is shown in green. Changes in residues are determined by their movement in 

either the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM 

chlortetracycline 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM demeclocycline 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

demeclocycline is shown in green. Changes in residues are determined by their movement in 

either the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM demeclocycline 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM DTT 

The protein without ligand is indicated in red while the spectrum containing the 5 mM DTT is 

shown in green. Changes in residues are determined by their movement in either the hydrogen or 

nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM DTT 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM cefoperazone 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

cefoperazone is shown in green. Changes in residues are determined by their movement in either 

the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM cefoperazone 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM mitoxanthrone 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

mitoxanthrone is shown in green. Changes in residues are determined by their movement in 

either the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM mitoxanthrone 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR overlay spectrum of human Armet protein and Armet plus 5 mM rolitetracycline 

The protein without ligand is indicated in red while the spectrum containing the 5 mM 

rolitetracycline is shown in green. Changes in residues are determined by their movement in 

either the hydrogen or nitrogen ppm, F2 and F1 respectively. 
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NMR difference spectrum of human Armet protein and Armet plus 5 mM rolitetracycline 

The signal indicated in red is indicative of an increased signal without ligand present and a blue 

signal indicates an increased signal with the ligand present. These changes are identified and 

qualified in table 1.  Changes in residues are determined by their movement in either the 

hydrogen or nitrogen ppm, F2 and F1 respectively. 
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Appendix B - Human UPR List 

List of human UPR genes which indicate description, human and aphid gene ID, alternative 

names, and official gene name of the 91 components utilized in Chapter 2. 
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