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L YNDSA Y LANGSTON 
A Comparative Biology Study of the Relationship Between Salivary Proteins and Diet in 
the Phyllostomid Family of Bats 
(Under the direction of Douglas Dickinson) 

Critical proteins, contained within salivary gland secretions, are likely responsible 

for mediating many essential and protective functions within the oral cavity. However, in 

relation to oral health, the in vivo importance of these salivary proteins remains to be 

confirmed. This study examined the relationship between diet and specific salivary gene 

expression in a novel and comparative mammalian biology model system. Single 

submandibular glands were obtained from four species of phyllostomid bats: Desmodus 

rotundus, Phyllostomus hastatus, Carollia brevicauda and Artibeus obscurus. Sequence 

analysis of arrayed eDNA clones, representing abundant mRNAs (and therefore abundant 

proteins), identified several proteins that were highly expressed. The short palate and 

nasal epithelium clone, statherin!histatin, lipophilin, lipocalin and calcitonin gene related 

peptides were among the most abundant. The variation in abundance pattern of these 

proteins between species may be due to an adaptation to the particular diet of the bat or 

for immune modulation. 

INDEX WORDS: Salivary Proteins, Comparative Study, Diet, Statherin, Histatin, CGRP, 
SPLUNC, Lipophilin, Lipocalin, Bats. 
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Introduction 

Statement of the problem 
Xerostomia, the subjective feeling of dry mouth, is a common condition estimated to 

affect 30% of people over the age of65 in the United States (Sreebny,Valdini, 1987; 

Givens, 2006). As a result, xerostomia has a significant negative impact on the quality of 

life for many Americans. Xerostomia may be linked to several medical conditions and 

diseases, including Sjogren's syndrome (SS). SS is a systemic autoimmune disorder 

leading to the destruction of various exocrine glands. Damage to the salivary and lacrimal 

glands leads to a progressive reduction of the capacity to produce saliva and tears 

(Mignogna et al., 2005). Oral health consequences include severe dental caries, difficulty 

in swallowing, speech and impaired taste (Sutcliffe, 2006). Conventional methods for 

treating xerostomia are merely palliative and involve frequent sipping of water and the 

application of a variety of mouth rinses, sprays, and gels (Givens, 2006). 

The effects of salivary insufficiency suggest that saliva helps to provide protection 

against the multitude of challenges faced by the oral cavity resulting from direct exposure 

to the environment and ingested food. In vitro studies suggest that proteins secreted by 

the salivary glands are likely responsible for mediating many protective functions in the 

oral cavity. One example of this is the antimicrobial activity oflysozyme (Dodds et al., 

2004). There is also limited evidence consistent with the function of some proteins being 

related to the diet, which can contain potentially corrosive, abrasive, toxic or 

immunogenic food (Dale, Fredericks, 2005). It is presumed that a salivary deficiency 

leads to a decrease in salivary protein levels in the oral cavity which will cause 
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a reduction in protection.and lead to oral health problems and disease (Dodds eta/., 

2004). However, there is no direct in vivo evidence for a specific function of individual 

salivary proteins. For example, no genetic disorders involving salivary proteins have been 

identified, nor have the levels of these proteins required for clinical effect been 

deteimined. 

A classic comparative biology approach studies the distribution of biological traits 

across different organisms and the evolutionary origin of these traits. A study of the 

salivary composition in animals with different diets using a comparative biology 

approach may lead to further understanding of the interaction between salivary proteins 

and diet. To date, little is known about salivary proteins in species other than humans and 

rodents (only rats and mice). The phyllostomid family of bats provides an ideal animal 

model for a comparative biology study of the relationship between diet and the 

prevalence of various salivary proteins that can be used to make predictions about in vivo 

function. Four available species of bats in this family differ in their distinctive diets: 

sanguivorous (Desmodus rotundus), omnivorous (Phyllostomus hastatus) and frugivorous 

(Carollia brevicauda and Artibeus obscurus). 



Significance 
For many patients the current treatments for xerostomia and xeropthalmia are not 

satisfactory and are merely palliative. Current salivary substitutes do not resemble the 

protein composition of human saliva, and do not provide significant protection to the oral 

cavity. Parasympathomimetic drugs have been shown to be effective in stimulating 

salivary flow; however, many patients experience a number of adverse side effects that 

may limit the efficacy of these medications (Guggenheimer, Moore, 2003). 

With additional knowledge of the function of salivary proteins in vivo, the salivary 

substitutes could be altered to resemble the functionality of naturally occurring saliva and 

tears. The improved salivary (and tear) substitutes could better ameliorate xerostomia 

(and xerophthalmia). Importantly, understanding the function of salivary proteins may 

also lead to clues to identify any human oral diseases that result from defects in a salivary 

protein. 

3 
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Literature Review 

Xerostomia 
Xerostomia, the patient's perception of dry mouth, is often confused with 

hyposalivation. Normal salivary flow rates vary from 0:3-0.65 ml/min at rest to around 

1.5- 6.0 ml/min during chewing activity. Salivary hypofunction refers to the objective 

decrease in saliva and is diagnosed by a resting flow rate below 0.1 ml/min (Bardow et 

a!., 2001). Some patients experience the symptoms of dry mouth, although they have 

normal salivary flow rates, while others are clinically diagnosed with hyposalivation, but 

without xerostomic symptoms. (Biiltzingslowen eta!., 2007). This paradox may be due to 

the sensation of dryness being determined by the film thickness of saliva, rather than the 

total volume of saliva (Dawes, 2004). After swallowing, saliva flow coats the oral cavity 

and leaves a residual fluid film on structures throughout the mouth. The thickness of the 

film of saliva varies depending on the structure, with the tongue having a normal salivary 

film thickness of70 11m and 10 11m on the hard palate (Dawes, 2004). Further 

investigation of patients with resting salivary rates greater than 0.1 ml/min found they 

have xerostomic symptoms if the film thickness of saliva on the hard palate was less than 

10 11m (Dawes, 2004). Therefore, xerostomia is due to select oral dryness, notably on the 

palate (Wolff, Kleinberg, 1998). 

More than 400 medications are implicated as agents that can cause dry mouth as a 

possible adverse effect. These medications range from antihistamines to high blood 

pressure medications and antidepressants (ADA, 2005). Xerostomia can be caused by 

anxiety disorders, diabetes, Parkinson's disease, Alzheimer's disease, menopause, 



Sjogren's syndrome (SS) and radiation treatment for head and neck cancers (ADA, 

2005). 
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When the salivary glands are exposed to high doses of radiation, there can be 

significant consequences to the patient's oral health similar to the symptoms of chronic 

xerostomia (Hancock et al., 2003). Xerostomia due to therapeutic radiation for head and 

neck cancer is the result of apoptosis and/or necrosis of the highly radiosensitive acinar 

(fluid producing) cells in the glands (Sciubba, Goldenberg, 2006). The parenchyma of the 

salivary gland is affected as well, and radiation-induced inflammation, edema and 

vascular changes contribute to the salivary gland damage (Sciubba, Goldenberg,2006). 

The radiation dose-related damage to the glands reduces the salivary flow, changes the 

pH of the saliva and allows repopulation of cariogenic bacteria in the oral cavity 

(Sciubba, Goldenberg, 2006). 

Xerostomia affects between 14% to 40% of adults (Sreebny,Valdini, 1987; Diaz

Arnold, Marek, 2002). A true reduction of saliva may seriously impair the quality of life 

for the patient (Sreebny,Valdini, 1987). The common sequelae associated with chronic 

xerostomia and reduced salivary flow include: oral dryness, burning and soreness of the 

mucosa (especially the tongue), difficulty with mastication, swallowing and speech, an 

altered sense of taste, painful ulcers, rampant dental caries and increase in opportunistic 

infections such as oral candidiasis, and an increase in difficulty with wearing a removable 

dental prosthesis (Sreebny, Valdini eta/., 1987). There is also a psychological effect 

associated with the symptoms of chronic xerostomia. One patient's perspective was 

written in a letter to her doctor (Tala! eta/., 1987). She described the misery of her 

chronic dry mouth, preventing her from traveling without water in her purse, car and 
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pocket, and asking for water as soon as having been seated in a restaurant in order to have 

a conversation. The patient also mentioned the continual battle with caries and the 

dentist counseling her that in the event she lost her teeth because of the dry mouth, he 

was unsure if she could wear dentures without constant mouth sores (Tala! et al., 1987). 

This anecdote highlights effectively the way in which a reduction in saliva can negatively 

impact a patient's daily life. 

Xerophthalmia 
Xerophthalmia is a clinical condition of dryness of the eye, and can arise from 

multiple conditions including SS, rheumatoid arthritis and Stevens-Johnson syndrome 

(Paniello, 2007). The protein composition of tears is related to that of saliva. For 

example, mucins, lactoferrin and lysozyme are present and are thought to lubricate the 

eye and provide antimicrobial protection (Ohashi et al., 2006). Treatment for 

xerophthalmia involves artificial tears which have limited substantivity, and ophthalmic 

ointments which can blur the vision (Panie,llo, 2007). A radical new treatment on the 

horizon is the transfer of the submandibular gland to the eye to treat chronic 

xerophthalmia, due to the similarity between the submandibular gland saliva and tears 

(Paniello, 2007). 

Sjogren's syndrome 
Sjogren's syndrome (SS) is estimated to affect 1.5 million· people in the United States 

and may be a very debilitating disease for the patient (Neville et al., 1995; Tala! et al., 

1987). These patients have high costs for constant dental care to prevent and/or treat 

rampant decay and oral infections, along with the multiple psychological effects of losing 

their dentition, the constant xerostomia and the multiple systemic manifestations of SS. 



7 

Systemic problems include joint, liver, kidney and pulmonary involvement (Sutcliffe, 

2006). SS is a chronic inflammatory autoimmune disease characterized by exocrine gland 

dysfunction (Sutcliffe, 2006; Sreebny, Valdini, 1987). The pathological mechanism in SS 

which results in gland dysfunction is not entirely understood. Current research indicates 

that it is due to a progressive lymphocytic infiltration of the salivary and lacrimal glands, 

associated with autoantibody production, that gradually leads to loss of function and even 

destruction of the secretory acini of the glands (Guggenheimer, Moore, 2003; Mignogna 

et al., 2005). There are two forms of Sjogren's syndrome. Primary Sjogren's syndrome is 

defined by xerostomia and xerophthalmia and is not accompanied by another' 

autoimmune disease (Neville eta!., 1995). Secondary Sjogren's syndrome is associated 

with another autoimmune disorder such as rheumatoid arthritis or systemic lupus 

erythematosus (Sutcliffe, 2006). With secondary SS, typically the patients will suffer 

from the initial autoimmune disease, such as rheumatoid arthritis, for a number of years 

before developing dry eyes and dry mouth symptoms (Tala! et al., 1987). It is estimated 

that 15% of patients with rheumatoid arthritis, 25% of those with systemic sclerosis and 

30% of those with systemic lupus erythematosis may develop SS (Guggenheimer, Moore, 

2003). SS may occur at any age, but has an increase in incidence in the fourth and fifth 

decade of life and has a female predilection with a 9:1 female-to-male ratio (Sutcliffe, 

2006). 

Salivary flow rates cannot be used as the single diagnostic criteria for SS. As 

described previously, some patients have decreased flow rates but do not have xerostomia 

likely due to a film thickness greater than 10 f!m on the palate. Therefore, most widely 

accepted diagnostic measures for the diagnosis of SS involve satisfying several criteria to 
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include: dry eyes, dry mouth, decrease in tear production, presence of autoantibodies and 

presence oflymphocytic infiltrates in minor salivary glands upon a lip biopsy (Vitali et 

al., 2002). 

Treatment 
Current treatment of xerostomia and SS is merely symptomatic and attempts to 

increase the flow of saliva when possible (Sreebny, Valdini, 1987). It is recommended to 

increase the fluid intake during eating to help with swallowing food and keep the mouth 

moist. Artificial salivary substitutes currently on the market contain 

carboxymethylcellulose (for viscosity), fluoride (for anticaries) and sweeteners (for 

taste). These products attempt to moisten the oral cavity; however, they are not 

satisfactory for many patients because they lack substantivity and tend to have a poor 

taste (Levine, 1993). Sialagogues such as pilocarpine have been prescribed with some 

success, but this drug has multiple side effects, including tachycardia, blurred vision and 

excessive sweating (Givens, 2006). Interferon lozenges, cevimeline hydrochloride and 

acupuncture have also been studied with no definitive relief of symptoms 

(Biiltzingsltiwen et al., 2007). With further investigation of the function of salivary 

proteins, salivary substitutes could be improved to help alleviate xerostomia and prevent 

the detrimental sequelae of chronic xerostomia. 

The Role of Saliva and Salivary Proteins in the Protection of the 
Oral Cavity 

The oral cavity of necessity must be directly exposed to the diet. Thus, it is the first 

line of defense against challenges from the diet (such as abrasion and acidity) and 

bacteria that can receive nutrients from ingested food. The effects of the lack of saliva 

provide compelling evidence that this fluid is responsible for providing a critical 



protective function against many of these challenges (Tandler et al., 2001). Without this 

protection the patient suffers greatly, as seen in patients with irradiated salivary glands, 

SS and severe xerostomics. Tht:se patients suffer from rampant caries (particularly 

cervical decay), candidiasis, impairment of taste and difficulty swallowing (Sreebny, 

Valdini, 1987). 

9 

Saliva is a complex fluid, and the majority is a combination of the secretions from 

the three main pairs of salivary glands. The parotid gland secretes a serous fluid that has a 

relatively low viscosity, while the submandibular and sublingual glands have a more 

viscous saliva with a high mucin content (Scully, 2001 ). Seven percent of salivary fluid is 

produced by hundreds of minor salivary glands under the oral mucosa that secrete a 

mucin-rich fluid (Scully, 2001). Saliva serves to coat the surfaces of the oral cavity and 

prevent desiccation of the tissues. The lubrication provided by saliva allows for chewing 

and swallowing food, and is important for taste and speaking. Saliva also has 

antimicrobial properties, including controlling the natural oral flora and protecting 

against invading pathogens (Edgar, O'Mullane,1989). Salivary proteins may modulate 

the selective growth of benign oral bacteria by encouraging the adhesion of certain 

bacterial species, while agglutinating and eliminating other harmful bacterial species 

(Edgar, O'Mullane, 1989). Salivary proteins are also thought to function in 

remineralization of the teeth and buffering against acidic food (e.g. partially ripe fruit) by 

inhibiting the precipitation of calcium and phosphate ions from saliva and maintaining 

the ions in a state of supersaturation to encourage the remineralization of enamel (Levine, 

1993; Edgar, O'Mullane, 1989). Salivary glands produce multiple different proteins 



10 

thought to provide many of the protective functions described above. Based on in vitro 

assays, these proteins can be classified according to their proposed in vivo function: 

Lubricants 
The mucins are large glycoproteins produced predominantly by the 

submandibular and sublingual salivary glands. Due to the highly glycosylated 

structure of mucins, they have a high potential for hydration and are thought to 

prevent desiccation and provide lubrication for the oral cavity (Dodds et a!., 

2004). It is suggested by in vitro studies that the carbohydrate superstructure is 

responsible for the high elasticity, adhesiveness and low solubility of mucins 

(Tabak, 1990). Many functions of mucins in saliva have been suggested, either 

based on in vitro studies conducted on salivary substitutes that contain mucin that 

are evaluated for viscosity and wetting properties or in vivo studies of the enamel 

pellicle (Tabak, 1990). 

Antimicrobials and immunomodulatory proteins 
Mucins, lactoferrin, lysozyme, salivary peroxidase and histatins are proteins 

considered to be responsible for providing an antimicrobial function in the saliva. 

Mucins function to bind toxins and agglutinate bacteria, while competitively 

inhibiting the adhesion of certain bacteria to soft tissue surfaces (Edgar, 

O'Mullane, 1989; Dodds eta!., 2004). The inhibition of the adhesion of specific 

bacteria acts to give a selective advantage to benign oral bacteria whose adhesion 

is not blocked and hence to promote oral health. Lactoferrin functions as an 

antimicrobial by binding ferric ions in the saliva. As a result, the ferric ion (an 

essential dietary source for cariogenic bacteria) is in limited supply (Humphery, 
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Williamson, 2001). Lysozyme, an acidic protein, is secreted mainly (but not 

exclusively) by the submandibular and sublingual glands (Hannig et al., 2005). 

Lysozyme hydrolyzes the bonds within the peptidoglycan layer ofthe bacterial 

cell wall (Hannig et al., 2005). Thus, the bacterial wall becomes less rigid, 

allowing detrimental osmotic changes within the cell (Hannig et al., 2005). 

Lysozyme also functions to activate bacterial autolysins, causing the bacteria to 

self destruct (Hannig et al., 2005). Salivary peroxidase is secreted by the acinar 

cells of the salivary glands and may provide a defense mechanism against 

pathogenic bacteria (Hannig et al., 2005). Peroxidase functions not only to 

remove H20 2 , which can cause oxidative stress on the tissues, but it also reduces 

the H20 2 and oxidizes thiocyanate (Hannig et al., 2005). Thiocyanate ion is a 

normal constituent of human saliva, and when oxidized to hypothiocyanite 

(OSCN-) it prevents bacterial production of HzOz. In tum a negative feedback 

loop is created as the OSCN- produced is highly toxic to bacteria. (Ihalin et al., 

2006; Cherubini eta/., 2006). The proposed functions of salivary peroxidase are 

based on in vitro studies in which the interactions of peroxidases with biofilms or 

the adsorption of the enzyme to the enamel pellicle were investigated (Hannig et 

al., 2005). Histatins are histidine-rich salivary polypeptides that comprise 2.6% of 

total salivary proteins (Cai, Bennick, 2006). The histatin family is comprised of 

approximately 12 peptides, with the histatins 1, 3 and 5 contributing to 85% of the 

total histatin protein content (Dale, Fredericks, 2005). Histatins have been shown 

to have antimicrobial activity and strong anti-candida! effects in vitro (Dale, 

Fredericks, 2005; Dodds et al., 2004; Sabatini et al., 1993). Histatin 5 has been 
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found to have the strongest anti-fungal activity in vitro, and may play an effective 

role in binding dietary tannins, which can be toxic to animals (Dale, Fredericks et 

a!., 2005; Cai, Bennick, 2006). 

The innate immune system serves as the first line of defense for an animal 

when the epithelium has been breached. There are several antimicrobial peptides 

that are produced by the epithelium and neutrophils which kill bacteria, fungi and 

some viruses. In humans and mammals there are a well characterized group of 

antimicrobial proteins called the defensins. Defensins are divided in to a

defensins and ~-defensins based on size and structure. The ~-defensins are found 

primarily in association with epithelium, namely the gut, trachea, oral epithelium 

and gingival tissues, while the a-defensins are found in the azurophilic granules of 

neutrophils or in close association with neutrophils. The exact mechanism of the 

~-defensins is unkown, it is thought that they cause the bacterial cell wall to leak 

its cytoplasmic contents, leading to cell death. The ~-defensins are present within 

the oral and pocket epithelium around the teeth in tissue health and inflammation 

(gingivitis), although it is speculated that the levels of ~-defensins decreases in 

gingivitis. (Marshall, 2004)The ~-defensins have developed at a place in the oral 

cavity in which to protect the epithelium from inflammation/bacterial invasion. 

A P L UNC (Qalate lung nasal epithelium Qlone) gene was first discovered in 

developing mice, expressed in the palate and nasal.epithelium of the developing 

embryo and also remained with strong expression in the lungs of the adult mice 

(Weston, 1999). Since its discovery, human PLUNC genes have been 

characterized as having an amino acid sequence similar to that of parotid 
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secretory proteins (to be described later), and have anN terminal region which 

suggests they may be secreted peptides (Bingle, 2000). These genes are also 

limited to expression in the human upper airways and nasopharyngeal regions. 

(Bingle, 2000) The PLUNC genes have been discovered in several mammalian 

species such as human, mouse, rat, pig, chimpanzee, dog and cow. The alignment 

of these amino acid sequences revealed several regions of high homology (Larsen, 

2Q05). 

Based on 3D modeling of the protein structure, PLUNC demonstrates a 

significant structural similarity to bactericidal/permeability-increasing protein 

domain (BPI) and lipopolysaccharide binding protein (LBP) indicating that 

PLUNC may have secretory/antimicrobial functions in the innate immune system 

(Sung, 2002). LBP is an acute phase protein which is secreted by the liver and 

binds to lipopolysaccharides (LPS) on gram negative bacteria and is transferred to 

a membrane bound CD14 which then interacts with Toll-like receptors to initiate 

an immune response (LeClaire, 2003, Triantafilou, 2002). This pathway 

stimulates both an antimicrobial and a proinflammatory pathway (Hubacek, 

1997). The BPI pathway is in some ways antagonistic to LBP. BPI have a strong 

affinity for LPS and contribute to killing bacteria by envelope alterations of the 

bacteria and inhibition of growth; however it also attenuates the response to LPS 

(Hubacek, I 997, Gantz, 2002). BPI competes with LBP for LPS, blunting the 

immune response to low concentrations of LPS. Low concentrations of gram 

negative bacteria are constant in the oral cavity and salivary BPI could therefore 

inhibit proinflammatory signals that would provoke a potentially injurious 
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inflammatory response (Gantz, 2002). 

The PLUNC family of genes in humans is made of at least seven genes 

located on chromosome 20ql1.2. Bingle and Craven 2002 divided the PLUNC 

family into two sub groups based on size. One group, designated as the short 

PLUNC comprised ofSPLUNCI, SPLUNC 2 and SPLUNC3 ranging from 249-

256 amino acids. The second division is the long PLUNC, comprised of 

LPLUNCI, LPLUNC2, LPLUNC3 and LPLUNC4 and ranging in size from 463-

484 amino acids (Bingle, 2002). The SPLUNCs have homology only to theN-

terminal domain of the bactericidal/permeability-increasing protein (BPI), while 

the long proteins have homology to both the N and C-terminal domains of both 

BPI and lipopolysaccharide binding protein (LBP) (Bingle, 2004). TheN-terminal 

of BPI confers the bactericidal activity and lipopolysaccharide binding domains, 

while the C-terminal is involved with opsonization (Bingle, 2004). 

Parotid se«retory proteins (PSP) are similar in structure to the PLUNC 

proteins and have been described in rodents, pigs and cattle (Geetha, 2005). These 

proteins are found on the same human chromosome as the PLUNCs and exhibit a 

weak similarity in sequence to BPI (Geetha, 2005). A recent study by Geetha in 

2005 suggests that PSPs and PLUNCs may be proteolytically processed by 

metalloproteinase-9 during an inflammatory response and serve to control 

inflammation. However, the in vivo function of these proteins has yet to be 

confirmed. 

Mineralization 
Salivary carbonic anhydrases (notably carbonic anhydrase VI ) are secreted 
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from the serous acinar cells of the salivary glands and are thought to function in 

accelerating the neutralization of hydrogen ions and acidic metabolic by-products 

of bacteria (Hannig et al., 2005) . .The neutralization maintains the pH of the oral 

cavity in homeostasis, and prevents demineralization of the teeth and ensuing 

increase in caries (Hannig et al., 2005). The functions of salivary carbonic 

anhydrases are based on studies of the enamel pellicle, and through the 

observation that high levels of carbonic anhydrase activity are found in the saliva 

of caries-free children (Hannig et al., 2005). 

Statherin is a phosphoprotein that functions in vitro to inhibit spontaneous 

calcium phosphate precipitation and calcium phosphate crystal growth (Li et al., 

2004). Based on studies of the enamel pellicle, statherin binds hydroxyapatite and 

prevents precipitation of calcium salts by maintaining a supersaturation of the 

salts in the saliva (Sabatini et al., 1993; Oppenheim et al., 1988). Studies indicate 

that statherin may be a recently evolved protein due to an apparent lack of 

statherin-like proteins in rabbits, rodents and marsupials (Sabatini et al., 1993). 

However, sequence divergence during evolution limits the ability to detect 

orthologs by hybridization techniques. 

Saliva and Diet 
Proline-rich proteins (PRPs) account for approximately 70% of all proteins secreted 

from the human parotid ghind (Lu, Bennick, 1998). PRPs can be classified as acidic, 

basic or glycosylated proteins (Bennick, 2002). The proportion of the 

acidic:basic:glycosylated PRPs in saliva is 5:4:3 (Ferguson, 1991). Proline, glycine and 

glutamine comprise 70-88% of the amino acid residues in human PRPs (Ferguson, 1991). 
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Proline alone makes up 20-40% of the residues (Ferguson, 1991). The human salivary 

PRPs are determined by six closely linked genes on chromosome 12pl3.2 (Azen, 1993). 

Through analysis of the genomic DNA the PRP genes can be divided into two genes that 

code for acidic PRPs and four genes that code for basic and glycosylated PRPs (Azen, 

1993). Multiple PRPs can be produced from a single PRP gene through allelic variations 

and posttranslational cleavages (Azen, 1993). In vitro, they are multifunctional proteins, 

responsible for inhibiting calcium precipitation from the saliva onto teeth, selective 

binding to specific bacteria and precipitation of dietary tannins (Hay eta!., 1988; Dodds 

eta!., 2004 ). Four of the acidic PRPs have been associated with a high propensity for 

binding hydroxyapatite surfaces (Oppenheim et a!., 1982). The proposed functions of 

PRPs are derived from studies of their configuration and distribution within the enamel 

pellicle (Gibbons, Hay, 1988). 

Salivary PRPs, histatins and dietary tannins are examples of the potential link 

between diet and adaptation of salivary proteins to provide a protective function. Tannins 

are polyphenols commonly found in plant-derived foods, such as raspberries and 

legumes, as well as several beverages and herbal medications (Cai, Bennick, 2006; Cai et 

a!., 2006). Tannins cause the plant to have a very bitter taste, and animals tend to avoid 

these plants (Cai, Bennick, 2006). If ingested, tannins can produce a decreased activity of 

digestive enzymes and reduced growth in animals. Research conducted on rats and 

hamsters fed tannins demonstrated a decreased growth rate, which continued with the 

hamsters as long as they were kept on the tannin-rich diet (Lu, Bennick, 1998). The rats, 

however, returned to normal growth and this coincided with the induction of PRPs in 
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saliva (Lu, Bennick, 1998). The PRPs precipitate tannins and form insoluble complexes, 

preventing absorption of the toxic polyphenols (Cai, Bennick, 2006). 

Histatins and PRPs have been shown to share the same property of precipitating 

tannins (Cai, Bennick, 2006). Histatin 5 has also been discovered to act potentially as a 

scavenging molecule to prevent the transport of tannins across the intestinal epithelial cell 

membrane (Cai, Bennick, 2006). However, this has yet to be tested in vivo. 

The amylase enzyme is the most abundant enzyme in human saliva and is secreted 

from the parotid, submandibular and sublingual glands (Hannig et al., 2005). Amylase 

functions to catalyze the hydrolysis of bonds in dietary starch (Hannig et al., 2005). 

Interestingly, amylase activity can be inhibited by dietary tannins, and histatins 

potentially have the function of protecting salivary amylase from inhibition by tannins 

(Hannig et al., 2005). 

Another intriguing possibility is that high fruit consumption could explain the 

evolution of primate salivary proteins, such as statherin and histatin, to combat the acidity 

and prevent opportunistic fungal infections in the oral cavity. However, this link remains 

to be investigated. 

Co-evolution of Oral Microflora !Diet/Immune Response 
The tannins and PRPs are excellent examples of how the diet and salivary protein_s are 

closely related. However, there is evidence that the diet has an influence on the bacteria 

that predominate and immune response as well. It has been shown in a study by van 

Houte in 1982, in children with nursing bottle caries due to a high sucrose diet there is an 

increase in cariogenic bacteria, Streptococcus mutans and Streptococcus salivarius, on the 

teeth in contact with the sucrose, namely the anterior teeth. The influence of diet on the 
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immune response is evident in patients that have long periods of starvation, as in anorexia 

nervosa. These patients tend to be more fastidious in their oral hygiene, however it was 

found that these patients have an increased incidence of inflammation of the 

periodontium, gingivitis, as compared to healthy controls (Toyyz et al., 1993). It is 

reasonable to consider that the microflora, salivary proteins and the immune response 

have evolved to maintain homeostasis with the changing diet (see Figure I). 



Figure 1: Influence of diet, bacteria and salivary proteins on oral health. 
Demonstrates the influence of diet, bacteria and salivary proteins in the maintenance of 
oral health 
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Evolution of the Human Diet and Salivary Proteins 
Up until the past 100 years, human death was most commonly due to trauma or 

infection. Today, diseases such as coronary heart disease, hypertension and diabetes are 

major causes of death, and it is thought that they may be, at least in part, diet related. The 

human diet has changed drastically with industrialized society. Research suggests that 

early Homo sapiens obtained over 50% of their diet from fruits and vegetables, with meat 

consumption added later in evolution (Eaton et al., 1988). These diets were high in fruit, 

and therefore high in natural sugars which lead to caries formation. Contributing to the 

caries formation the diet also contained unripe fruit which are very acidic, and leads to 

demineralization of the teeth. It is reasonable to speculate that early human saliva was 

adapted to the natural acidic and sugar- and tannin-rich diets associated with fruits and 

vegetables by producing protective proteins. The modem diet may often exceed the 

saliva's ability to provide functional protection. For example, children that are given high 

sucrose diets in their bottles or coated on their pacifiers have a distinctive decay pattern, 

noted as baby bottle caries. The diet in these children has overwhelmed the protective 

function of the antimicrobial proteins in the saliva and caries has ensued. 

Evidence for the Function of Salivary Proteins 
The functions of salivary proteins outlined above are strictly hypothetical, in that they 

are based primarily on in vitro studies of isolated proteins and/or studies of the enamel 

pellicle, or through deductive reasoning, as in the function of carbonic anhydrase in 

caries-free children. These studies are conducted in a manner attempting to replicate the 

natural environment. However, there are several aspects of these studies that cannot 
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reproduce the biologic environment of the oral cavity. For example, antifungal properties 

attributed to histatin are derived from in vitro studies. In one such study, human parotid 

saliva was collected, and the histatins were purified and plated on lawns of laboratory C. 

albicans. The efficacy of the histatin proteins was evaluated by the percent of colonies 

killed (Oppenheim et al., 1988). An in vitro study often examines a protein in isolation 

and the experiment occurs in a relatively sterile mono-cultured environment. The oral 

cavity is not by any means a sterile environment, and the proteins function with and 

among several other proteins and various bacteria. In vitro studies also are unable to 

replicate the challenges of the diet and digestion which are occurring. Overall, the oral 

cavity is a very dynamic environment, while an in vitro study is generally static. There 

may be multiple significant functions biologically, but they cannot be tested for in this 

static environment. 

In vitro research has indicated that redundancy exists in the salivary proteins (Levine, 

1993). That is, each protein apparently has multiple functions that overlap with those of 

other proteins. For example, it has been suggested that if a patient has low statherin 

concentrations, the salivary glands might compensate for this deficiency by producing 

high levels ofPRP to have the same clinical effect (Levine, 1993). A complication of 

functional redundancy in a group of proteins is the reduction of selective pressure acting 

on any one member. This can lead to the encoding gene becoming a pseudo gene, a 

nonfunctional gene which has lost protein coding ability. Thus, although in vitro studies 

indicate that salivary proteins are multifunctional, there is no direct in vivo evidence to 

support this claim. It is more likely that in vivo, different salivary proteins have specific 
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critical functions acted on by selective pressure that cannot be readily identified by in 

vitro studies. 

Evolution of Mammals 
Placental mammals evolved around 129 million years ago and represent the most 

numerous living mammals (Wible et al., 2007). The fossil record and molecular biology 

provide conflicting evidence about the lineages of the different orders of placental 

mammals (Bininda-Edmonds et al., 2007), and there are multiple possibilities for. 

mammalian phylogenetic supertrees. Two examples of adapted supertrees are 

represented in figure 2. Using molecular biology (as proposed in this study) to identify 

the presence of orthologous proteins in the saliva of different mammalian species may 

help to provide a better indication of the phylogeny of extant placental mammals. For 

example, if statherinlhistatin are present in primates and chiroptera, perhaps these orders 

evolved from a common ancestor. However there is a caveat: if the statherinlhistatin gene 

is present in both orders, it may have evolved independently within each order and 

resulted in similar genes. 



Figure 2: Supertrees. Two different supertrees illustrating the multiple possibilities for 
mammalian evolution 
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Phyl/ostomidae, an Animal Model for the Relationship Between 
Evolution and Diet 

Comparative biological studies are a powerful approach to examine relationships 

between phenotypes, environment and evolution. Such an approach in mammalian 
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species would allow for an in vivo investigation of the possible relationship between the 

function of salivary proteins and diet. It is hypothesized that during mammalian evolution 

animals evolved to have different diets and in tum specific proteins were produced to 

provide protection against certain dietary components. Chiroptera (bats) have evolved 

relatively recently (over the past 64 million years) and have a known phylogeny (Teeling 

et al., 2005). The phyllostomid family of bats presents a unique animal model to study 

the possible phylogenetic link between diet and the in vivo function of salivary proteins. 

The Phyllostomidae exhibit the greatest diversity in diet of any mammalian family: 

sanguivory (Desmodus rotundus), omnivory (Phyllostomus hastatus) and frugivory 

(Carollia brevicauda and Artibeus obscurus) (Cruz-Neto et al., 2001). The phyllostomid 

family of bats has served as an animal model in previous research. One study investigated 

diet, phylogeny and basal metabolic rate in phyllostomid bats (Cruz-Neto et al., 2001 ). 

The diet as it relates to the evolution of digestion and renal function in phyllostomid bats 

has also been published previously (Schondube et al., 200 I). 
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This leads to the hypothesis that salivary proteins abundantly produced in the 

submandibular glands of species representing each of the three diets will relate in part to 

the diet. For the frugivorous bats, based on in vitro salivary protein studies, high levels of 

statherins/histatin-like proteins are anticipated, to protect against the highly acidic, sugar 

laden diets and reduce the incidence of fungal infections. On the other hand, the 

sanguivorous bats may have high levels of anticoagulants to facilitate feeding, while the 

carnivorous group is expected to have high levels of proteins potentially related to 

antimicrobial activity, such as iron chelators. 



Purpose 
The purpose of this project is to perform a comparative biology study of the 

relationship between diet and the prevalence of specific salivary proteins. The 

phyllostomid bats provide an ideal model system to study the interaction of diet and the 

prevalence of salivary proteins. Four available species have evolved relatively recently, 

and have a defined phylogeny. Analyzing the abundant submandibular proteins through 

eDNA cloning and sequencing in these four species will more clearly define the 

relationship between unique diets and specific proteins as well as provide clues to the 

function of these proteins in vivo. 
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Hypothesis 
Due to the adaptation to different diets during the evolution of mammals and the need 

for protection from dietary components, the presence of certain abundant salivary 

proteins will correlate with diet. 
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Specific Aims 
1.) Sequence eDNA clones representing abundant submandibular gland mRNAs of 

the species Artibeus obscurus (fruit bat) and compare to known salivary gland (and 

other) protein sequences. Perform a phylogenetic analysis of any gene family found 

using any known mammalian orthologs as out-groups. 

2.) Isolate and sequence any genes from three other species (Desmodus rotundus, 

Phyllostomus hastatus and Carollia brevicauda) orthologous to select Artibeus genes 

(identified in Specific Aim 1) and relate the genes to Artibeus obscurus and to diets. 

3.) Isolate and sequence select eDNA clones representing abundant submandibular 

gland mRNAs from these three species and perform a phylogenetic analysis. 

4.) Conduct a virtual Northern blot analysis of the most abundantly expressed 

mRNAs in the submandibular gland from four available species of the phyllostomid 

bats and relate species distribution to diets. 
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Research Design 
The hypothesis leads to the prediction that species of Phyllostomidae will have salivary 

proteins orthologous to some human proteins, as well as proteins unique to the species, 

and presence of certain abundant salivary proteins in different species of the 

Phyllostomidae will correlate with diet. This hypothesis was tested using a comparative 

biology approach. The ideal animal model must have a known phylogeny, and have 

adapted to different diets. Of the multiple species of phyllostomidae, four species were 

selected due to their diverse diets and availability. The sanguiverous bat, (Desmodus 

rotundus), feeds exclusively on blood. The sanguiverous diet consists of 80% water and 

20% protein with little to no carbohydrates or fats (Harlow, Braun, 1997). The 

omnivorous species, (Phyllostomus hastatus), consumes a large amount of arthropods and 

some fruit, while Carollia brevicauda and Artibeus obscurus are frugivorous bats 

(Aguirre et a/.,2003). With each diverse diet it is expected that the salivary proteins will 

differ to cope with the diet. In the frugivorous bats, lower levels of proteinases were 

expected in the saliva, compared to the omniverous species, while sanguiverous species 

were expected to have low, if any, levels of amylase considering the diet does not consist 

of starch. 
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The function of amylase is to catalyze the hydrolysis of glucosidic linkages in 

starch (Hannig eta/., 2005). If amylase was present in sanguiverous species, it may have 

indicated a different function of amylase, such as antimicrobial as has been suggested by 

an in vitro study, albeit by an indirect mechanism (Mellersh eta/. 1979; Gregory eta/., 

1983). Certain abundant salivary proteins in the fruit eating bats were hypothesized to 

resemble those of humans, as historically the human diet was very high in fruits and 

vegetables. The first species to be studied was the frugivorous bat, (Artibeus obscurus) 

because of the similarity of the diet to ancestral humans. 
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Preliminary Data 
Previous research by Dickinson eta!. (unpublished) has provided initial preliminary 

data for this project. Due to the small glands, and the lack of a proteomics database, 

complementary DNA (eDNA) cloning techniques were used to begin a characterization 

ofPhyllostomidae salivary proteins. This same approach will be continued in this project. 

The central dogma of biology is that genes encoded in DNA are transcribed into 

messenger RNAs (mRNAs) that are then translated to form proteins. As an 

approximation, the abundance of different mRNAs in a tissue parallel the abundance of 

the corresponding proteins produced within the tissue. Using recombinant DNA 

techniques, full-length eDNA copies of the mRNAs can be produced. The amount of a 

given eDNA sequence in the mixture (representing a particular mRNNprotein) will be 

roughly proportional to the original mRNA abundance. These cDNAs can be cloned 

directly, or amplified through the polymerase chain reaction (PCR) to provide bulk 

amounts of a eDNA mixture representing the original limited amount of mRNA. This 

allows analytical techniques such as gel electrophoresis and hybridization to be used (so-

called virtual Northern blotting) that would not have been possible with the small original 

amount of glandular RNA. 

Preliminary studies formed an interest in eDNA clones representing abundant 

mRNAs in submandibular glands, since these are likely to represent abundant proteins in 

saliva. By synthesizing a radioactive hybridization probe from the glandular eDNA 

mixture, the resulting hybridization signal with a single target sequence will be 

proportional to the abundance of that sequence in the eDNA mixture. Therefore, using 

this probe to screen a eDNA library gave a strong signal with clones representing 
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abundant mRNAs. This strategy has been used with success in other studies of glandular 

mRNAs (Dickinson eta/., 1987; Dickinson eta/., 1989; Dickinson, 1995(A); Dickinson, 

1995 (B)). Clones identified by this strategy were then characterized by restriction and 

sequence analysis, and used as probes for virtual Northern analysis and to identify 

orthologous clones in libraries constructed from other species. 

Single submandibular glands were obtained from the four species of bats; total RNA was 

extracted from the glands and eDNA was synthesized using reverse transcriptase and a 

specialized technique to enrich for full-length molecules. This eDNA was then amplified 

by PCR. To begin to gain knowledge ofthe.general similarity/dissimilarity of the protein 

profiles encoded by abundant mRNAs in the submandibular glands of the four available 

species ofphyllostomidae, the glandular eDNA mixtures were analyzed by agar.ose gel 

electrophoresis (which separates according to size), and visualized by staining with 

ethidium bromide. Results are shown in Figure 3. Each lane has one or more bands 

representing at least one highly abundant mRNA (or a mixture ofmRNAs of the same 

size) in the corresponding gland. The pattern of bands forms the mRNA profile of the 

gland. The mRNA of an accessory salivary gland in the vampire bat was compared to the 

submandibular gland in the vampire bat, and the mRNA profiles were identical. 

Therefore the accessory gland was not investigated further. In comparing the mRNA 

profiles of the four species, there appears to be abundant mRNAs specific to each species, 

based on size. A. obscurus (fruit bat) has mRNAs of ca. 1.4kb and 0.8-0.85kb, while C. 

brevi cauda (fruit bat) has two bands of abundant mRNA in the ca. 0.9kb region. The 

vampire bat (D. rotundus) has several abundant 0.9-l.Okb mRNAs, and P. hastatus has 

abundant mRNA in the 1.3kb region. Interestingly, C. brevicauda, P. hastatus and D. 
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rotundus all share a commonality of abundant mRNAs in the 0.5-0 .6kb range, while A. 

obscurus does not. Also, only I abundant band of 1.0-I.lkb mRNAs is common to all 

four species. To further characterize the relationships between the mRNAs in the 

different species, four replicate gels were blotted onto nylon membranes and each blot 

hybridized under low stringency conditions (to maximize hybridization between related 

but divergent sequences) with a eDNA mixture probe prepared from each species (Figure 

4). 



Figure 3: Full-length eDNA Profile of Submandibular Glands from Four Species of 
Phylostomid bats. mRNA was isolated from the submandibular glands of four species 
of bats (and an accessory salivary gland from Desmodus) and eDNA synthesized using a 
technique that enriches for full-length copies. Alquots of eDNA (300 ng) were separated 
according to size and visualized by staining with ethidium bromide. Lane I: size markers 
Lanes 2-5: eDNA from submandibular glands of designated species (the numbers refer to 
sample number); Lane 6: eDNA from the accessory gland ofDesmodus, Lane 7: mouse 
submandibular gland eDNA; Lanes 8-9: empty; Lane 10: Size marker. Bands in each 
lane represent one or more abundant eDNA (mRNA) sequences. Artibeus obscurus has a 
prominent set of bands grouped around ca. 800 base pairs. All species have a band (or 
set of similarly sized bands) around 1.1 kb in size. 
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Figure 4: Virtual Northern·blot analysis of abundant submandibular gland cDNAs 
using eDNA mixtures as probes. Replicate gels identical to Fig. 3 were blotted onto 
nylon membranes and hybridized with probes prepared from a eDNA mixture 
synthesized from the submandibular gland RNA of each species (denoted above each gel 
image). The first lane of each virtual Northern blot corresponds to Artibeus obscurus, 
lane 2 Carollia brevicauda, lane 3 Phyllostomus hastus, lanes 4 and 5 Desmodus 
rotundus and lane 6 Mus musculus. Panel A shows autoradiographs of the blots after 
washing at low stringency (4X sse, 60°C). Weak bands of about 1.1 kb were detected in 
the lanes of Carol/ia and Phy/lostomus using the Artibeus probe, indicating the presence 
of orthologous mRNAs in the three species. The weakness of the band could be the 
result of relative abundance, sequence divergence, or both. No cross-hybridization was 
detected in Desmodus (or the mouse), indicating the absence of abundant cDNAs 
(mRNAs) with sufficient homology for detection. Various other cross-hybridizing bands 
could be detected with different probes. Panel B shows the same blots washed at high 
stringency (O.IX SSe, 68°C). Hybridization with the ca. I kb band persists across three 
species, indicating relative sequence conservation. Bands of ca. 600 base pairs also 
persist between Caro/lia, Phy/lostomus and Desmodus. 
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As expected, each species probe gave a strong hybridization pattern with the 

corresponding species eDNA that matched the profile seen in the stained agarose gel (i.e., 

abundant sequences in the probe matched the same abundant sequences in the eDNA). 

However, in a species-dependent manner, some probes hybridized to one or more bands 

in lanes corresponding to heterologous species. For example, the C. brevicauda probe 

hybridized relatively strongly to abundant mRNAs in all three other species. In contrast, 

A. obscurus only gave a significant signal with itself, although weak bands were seen in 

two other species. (It should be noted that the hybridization kinetics (and signal) are not 

linearly proportional to abundance, in part due to divergence, so results with different 

probes are not symmetric. That is, the same band may not be strongly represented when 

reciprocal probes are used.) Overall, the preliminary data is consistent with abundant 

mRNAs which are unique to each of the four species. However, it is important to note 

that orthologous mRNAs may be present on one or more additional species, just not at 

high levels. In addition, there also appear to be candidate orthologous mRNAs 

represented in two or more species. 

eDNA libraries of all four species submandibular glands were constructed from 

glandular RNA, and clones pooled (25,000 clones/pool) and stored as frozen stocks. 

Hybridization screening of the A. obscurus library with an A. obscurus eDNA mixture 

probe identified clones giving different signal strengths. Clones (12) representing strong 

signals were picked at random, and a preliminary characterization carried out by 

re_striction analysis. Four unique clones were identified that represented highly abundant 

mRNAs in the 1.15kb and 0.8-0.9kb ranges and were sequenced. The analysis revealed 

that the clones corresponded to known mammalian salivary or exocrine gland proteins. 
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The 1.15kb eDNA (clone Ao B24) corresponded to a palate, lung and nasal epithelium 

clone (PLUNC) homolog, the 0.85kb eDNA (clone Ao B25) and the 0.84kb (clone Ao 

C12) had similarity in the 5' end to human and bovine statherin and the 0.80kb eDNA 

(clone Ao B22) was homologous to the salivary proline-rich proteins. A virtual Northern 

blot analysis was performed to confirm the identification of the clone with the 

corresponding abundant mRNA bands (Figure 5 ). A virtual Northern blot was performed 

by electrophoresis of glandular cDNAs on an agarose gel and transfered to a nylon 

membrane. The membranes were prepared for hybridization. Radiolabeled probes 

prepared from the AoB24 or AoB25 clones were hybridized, confirming the 

identification of the clones with the 1.15 kb or the 0.85 kb abundant mRNAs. The 

PLUNC clone hybridized to an mRNA in three species, confirming the existence of 

orthologs. In contrast, the statherin clone appeared to hybridize to an mRNA sequence 

specific to A. obscurus. To provide resources for the analysis of abundant mRNAs in the 

submandibular glands of all four species, eDNA mixture hybridization probes were used 

to screen all four eDNA libraries. Clones giving strong, medium or weak strength signals 

were picked (see figure 6), arrayed in 9.6 well microtiter plates, and stored frozen at-

80°C. Replication of theA. obscurus array onto nylon filters and screening with the 

AoB24 or AoB25 clones (filter colony hybridization) confirmed that these clones 

corresponded to eDNA clones highly represented on the arrays. Hybridization of the 

original library filters with these probes also confirmed high numbers of clones in the 

library. 



Figure 5: Virtual Northern blot analysis of glandular cDNAs using Artibeus 
SPLUNC and statherin probes. Replicate blots of gels identical to Fig. 3 were 
hybridized with the Artibeus SPLUNC (panel A) or B25 statherin (Panel B) probes, and 
washed at low stringency. Panel A- A ca. 1.1 kb band was detected with the PLUNC 
probe inArtibeus (the parent species of the clone) and Carollia, and Phyllostomus but not 
Desmodus. This is consistent with the I kb band detected with the eDNA mixure probes 
(Figure 4) containing abundant SPLUNC cDNAs, and the presence of relatively abundant 
SPLUNC transcripts in Artibeus, Carollia, and Phyllostomus. Panel B- A broad strong ca. 
800 base pair band in Artibeus seen with the statherin probe is consistent with multiple 
transcripts of similar, but different sizes (indicative of a multigene family, differential 
splicing, or both). The lack of cross-hybridization with other species suggests either lack 
of statherin expression, high sequence divergence, or both. 
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Figure 6: Filter colony screening ofArtibeus eDNA clones with anArtibeus eDNA 
mixture probe. About 500 independentArtibeus eDNA clones were plated on a 
selective nutrient agar plate and replicated onto a nitrocellulose filter. After lysis, tbe 
filter was hybridized witb an Artibeus eDNA mixture probe, and washed at low 
stringency. A large number of clones (50-60%) gave a strong to modest signal, while the 
remainder gave a weak or no signal (black ink dots mark the position of some well 
separated clones that gave no signal). Strong to modest signal clones (158) were arrayed 
in a 96 well microtiter plate format, as well as 16 weak clones as negative controls. 
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About 2.6% of the clones corresponded to PLUNC. The pattern for statherin was 

more complex, with a remarkable 18% of the clones hybridizing with a range of signal 

strengths that could be distinguished by altering the wash stringency (which removes 

probe from more divergent, but not from highly similar sequences), indicative of 

abundant paralogous sequences. An astonishing ca. 50% of the arrayed clones cross

hybridized with the statherin clone. 



Materials and Methods 
The overall strategy employed in this project is represented in the flow chart shown in 

Figure 7. One hundred and seventy six clones (plus controls) were arrayed in microtiter 

plates for each species. Sequencing 176 clones from each of the four species would be 

very costly. It was anticipated that there would be several clones with the same sequence, 

due to the pre-selection for abundant clones, and therefore extensive redundancy. 

Therefore, strategies to reduce the amount of redundant sequencing were evaluated. The 

clones were prepared and candidate duplicate clones were identified through restriction 

analysis. The-·restriction analysis allowed for categorization of the 'clones by the size and 

site of the restriction cut(s). Separately, hybridization of the arrays with total eDNA 

mixture probes and scoring of each clones signal (a measure of abundance of the 

sequence in the mixture) was performed. Similar clones were grouped together and only 

a few of the clones were selected for sequencing. Select probes· were made to identify the 

presence of a homologous sequence in the other species through virtual Northern 

analysis. The abundance of the homologous sequence was then estimated by filter colony 

hybridization in the same species and in the other species if a homologous gene was 

identified through virtual Northern analysis. A phylogenetic analysis of the sequenced 

genes was performed to compare with known genes in other manunals. Initially, it was 

anticipated that "back screen" of the libraries (i.e., using one clone from the species to 

rescreen that species library) might be required to identify paralogous sequences, and 

screening of heterologous libraries might have been required to identify homologs 

demonstrated by virtual Northern analysis. This proved to be unnecessary. 
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Figure 7: Flow chart describing the materials and methods. The clones were 
characterized through restriction analysis and sequencing. Orthologous sequences were 
isolated, and virtual northern blots were completed to confirm the presence/absence of 
the clone in the original cDNAs representing the four species. Select clones were then 
fully sequenced. Finally, select gene families were characterized (example 
statherinlhistatin) and specific gene families were sequenced. A phylogenetic analysis 
was performed on the sequenced gene family to compare to known genes in other 
mammals. 



Clones of interest were 
sequenced 5'-3' 

Perform sequencing on the 
complementary strand 

using a reverse primer on 
select clones 

Perform a phylogenetic 
analysis 

192 clones per species 
were arrayed on micotiter 
plates (previous research) 

Candidate duplicate clones 
within each species were 

identified through 
restriction analysis and 

~ hybridization (if ~ed) ) 

Virtual northern blots to 
identify the presence of 

orthologous sequences in 
the other species 

Filter colony hybridization 
to estimate the abundance 
of the cloned sequence in 

the library 

49 

Characterize multigene 
families 

Sequence select gene 
families including 

designing internal primers 
to confirm the sequences 

Perform a phylogenetic 
analysis 

j 



Specific Methods 

1) Synthesis of eDNA 
Double-stranded eDNA was synthesized from 1jlg of total RNA under conditions 

that maximized the yield of full-length eDNA (SMART ™ PCR eDNA Synthesis Kit, 

BD Biosciences Clontech, Palo Alto, CA). Briefly, first-strand eDNA was synthesized 

using a modified oligo(dT) primer and reverse transcriptase. The enzyme's terminal 

transferase activity added a few deoxycytidine nucleotides to the 3 '-ends of full-length 

cDNAs: truncated cDNAs produced by pausing on the mRNA template were much less 

efficiently extended. A second primer (SMART II A) with a 3' oligo(G) sequence was 

used to base pair to the oligo(dC) extension, allowing the reverse transcriptase to extend 

the eDNA after template switching. The resulting eDNA contained 5' and 3' sites for 

amplification by the long distance polymerase chain reaction (LD-PCR), using only 18 

cycles to maintain representation. ds eDNA was accurately quantified using the 

Picogreen stain (Molecular Probes, Inc., Eugene, OR) and a Biotek fluorescence 

microplate reader. 

2) Preparation of eDNA mixture hybridization probes: 
Total eDNA hybridization probes were prepared by labeling about 40 ng of ds eDNA 

with 32P-dCTP using a random-priming kit (Ready-To-Go DNA Labeling Beads, 

Amersham Biosciences, Piscataway, NJ), followed by purification using a G-25 spin 

column. Probes (ca. 109 cpm/j.!g) were denatured just before use by heating at !00°C for 

5 min. 
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3) Filter colony hybridization: 
To screen the original eDNA libraries, cells from the library stocks were plated at a 

density of about approximately 1,000 cfu on 15 em LB agar plate containing 30 Jlg/ml 

chloramphenicol. After overnight growth, duplicate filter replicates were prepared using 

nylon-reinforced nitrocellulose filters. These were placed on fresh plates and grown until 

colonies were just visible. The original plates were also grown for several hours to 

restore the colonies. Filter replicates were subjected to alkaline lysis to release plasmid 

DNA in situ. After immobilization of the DNA by baking, filters were hybridized with 

the appropriate probes in 4X SSC, 2X Denhardts, 0.1% SDS, typically at low stringency 

(60°C). After washing the filters in a stringency series (4XSSC, 0.1 o/oSDS, 60°C to 

O.IXSSC, 0.1 o/oSDS, 68°C, depending on the application) clones containing homologous 

sequences were detected by autoradiography. 

4) Plasmid preparation, restriction analysis and sequencing. 
To prepare plasmid DNA, bacteria containing eDNA clones of interest were 

inoculated into 2 ml of LB broth containing 3 0 Jlgfmi chloramphenicol. After overnight 

growth at 37°C with shaking, plasmid DNA was isolated using either the Qiagen 

mini prep kit or the Zippy mini prep kit. To determine the size of inserts, aliquots of the 

plasmids were restricted using Eco RI and Hind III, (which excise the insert from the 

vector), and the digests were separated on 1% agarose-T AE gels containing 5 Jlgfml 

ethidium bromide. DNA was visualized by illumination with 300nm UV light and 

photographed. Clone inserts were then characterized by size and the presence of internal 

Eco RI and Hind III sites. If needed for use as a hybridization probe, the clone was 
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prepared on a larger scale using the Sigma maxi-prep kit and then restricted with Sfii. 

The insert bands were then excised from the gel and recovered using a Qiagen gel 

recovery kit. Probe was prepared as described above. 

For sequencing, 150ng of DNA in 5 J.!L or less was sent to the MCG core facility. 

Typically, DNA concentration was estimated by gel electrophoresis of an aliquot of the 

plasmid and comparison to a loading control. Several of the DNA concentrations were 

calculated using the Picogreen assay. Initially, only the 5'-end of the insert was 

sequenced (i.e., the end containing the initiation codon). As warranted, additional 

sequences were generated by sequencing the complementary strand, from the vector 

priming site, and multiple internal primers were designed to allow full double-strand 

coverage. 

5) Primer preparation: 
Several primers were ordered through Invitrogen, and designed by the Oligo 

Perfect software (www.invitrogen .com). The primers were then diluted with sterile water 

to make a 100 mM solution. 30J.!L of the solution was then added to 170J.!L of sterile 

water to make a primer that was 15 pmol/J.!L for sequencing. The sequencing lab was 

then given !SOng of DNA in 5 J.!L or less and 2J.!L of the diluted primer. For a list of the 

primer sequences used in this study see table I. 



Table I: Primer sequences used in this study. The M-13 F primer was provided by the 
MCG Genomics Core Facility. All other primers were designed using the Invitrogen, 
Oligo Perfect program. The scale of the synthesis was 25nmol and the purity was 
de sal ted (7 -40 bases). 
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Sequence Nnme Direction of primer Primer sequence 
sequence 

M-13 Forward (supplied by 5'-3' GTAAAACGACGACGGCCAGT 
Core Facility) 

Reverse Primer 5'-3' on complementary GGAAACAGCTATGACCATG 
strand 

AOA8GIF350 5'-3' ATCCTAAAAACTGGAAATAGTTCTGAT 

AOA8GIR749 5'-3' on complementary TTAGTCAAGATATTGACGAGCTTATT 
strand 

AOA8GIF550 5'-3' CAACCTACGTCTGTTAAAGTTGTCTG 

AOA8GIR850 5'-3' on complementary CAGATTCTCAGCAATGGATTG 
strand 

CBA2AR650 5'-3' on complementary AACAGGCCTAGTTTGGCTATG 
strand 

CBA2AF550 5'-3' GTTGGCCTTACGCCGAGT 
CBA2AR854 5' -3' on complementary CAGCTTAGGAATGGCTTTACTCA 

strand 

CBA2AR950 5'-3' on complementary TATCCTTCTGAGGGATCAGTGTG 
strand 

CBB7AF349 5'-3' AGTTGAAATTGTGACTAAAAAACTGAA 
CBB7AR650 5' -3' on complementary CAGGGAAAGCTTCAGGTCAG 

strand 

CBB7AF550 5'-3' CTTCTGATGGCGCAGCAC 

CBB7AR850 5'-3' on complementary ATGGGCATATCTTCGCCTC 
strand 

PHA7HF350 5'-3' GGGGGTCTGTTGGATAATGTC 

PHA7HR650 5'-3' on complementary GAATGAGTTCTATAGTGGCATTTAGCT 
strand 

PHA7HF550 5'-3' CAACATCCCTCTGAGCCTC 
PHA7HR850 5'-3' on complementary AGCACACCATTGACCAGAGAG 

strand 

cgrpAIA250F 5'-3' GAGGGGAAGTTCAAAGGGC 
cgrpA I A450F 5'-3' TAGAGACCTTCAGGCCTGAGC 

cgrpAIA650F 5'-3' AGCTAATTCCATATTTGTTGTGCA 

cgrpA I A550R 5'-3' on complementary TCTCACCAAGTTGTTGTCAGC 
strand 

cgrpAIA350R 5'-3' on complementary ACACAGGTGGCAGTGTTGC 
strand 

cgrpAIA750R 5'-3' on complementary AGGACCTGTTTGCCACCA 
strand 
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6) Virtual Northern Blots: 
Aliquots (300 ng) of eDNA prepared from RNA as above was separated by 

electrophoresis on replicate l.I% agarose gels containing I x T AE buffer and 5 flg/ml 

ethidium bromide. After photography (example shown in Fig. 3), the DNA was 

transferred to a charged nylon membrane (Zeta-Probe, Biorad, Hercules, eA) by alkaline 

transfer. 

Blots were hybridized overnight at 6ooe in I5 ml of hybridization mixture (4X sse, 

IX Denhardts, O.I% SDS, O.I% pyrophosphate, IOO f.!g/ml denatured salmon sperm 

DNA) containing 8-I6 ng of probe. Unbound probe was removed by several washes with 

4XSSe, 0.1% SDS. Stringency washes were performed for 30 min., using successively 

4X SSe, 60°e; IX SSe, 60oe; O.IX SSe, 60oe; and O.lX SSe, 65°e. Blots were 

autoradiographed after each wash. To reuse blots (to conserve material), they were 

stripped by washing twice (20 min. each) with O.IXSSe, 0.5% SDS at 95°e. 

7) Analysis of DNA sequences 
Orthologs of sequenced isolated clones were identified using the basic local 

alignment search tool (BLAST) programs provided at the NeB I web site 

(http://www.ncbi.nlm.nih.govQ. The BLAST settings were the default settings with the 

filtering off for an initial screening of the sequence. If a match was not found by a direct 

DNA search, open reading frames in the forward direction were identified, and the 

predicted protein sequence was used in a BLAST search. This approach was more 

sensitive for the detection of divergent orthologs. Homologous sequences were aligned 

using the elustal X software package. 
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8) Acquisition of orthologous sequences 
Protein sequences were compiled from the identified database sequences or by 

translation of corrected mRNAs using ORF finder in the Sequence Manipulation Suite 

software package (Stothard, 2000). 

For preliminary analysis, alignments of either protein (SPLUNC, PSP, CGRP) or 

nucleotide (statherin/histatin) sequences were generated using the Clustal X program 

(Larkin 2007) on a Macintosh iMac GS. The Clustal X algorithm performs pairwise 

alignments of sequences and calculates distances (the number of substitutions) for all 

pairs. A guide tree is then constructed by using Neighbor-Joining (an iterative algorithm 

that builds the tree beginning with most similar sequences, i.e., shortest distances) (Saitou 

1987). Sequences are then aligned beginning with the leaves ofthe guide tree. Clustal X 

has several advantages, including ease of use and direct production of a phylogenetic tree 

based on the final alignment. However, it does have several limitations that limit the 

accuracy of the alignment, such as sequences of different lengths leading to erroneous 

guide trees, and the difficulty of choosing gap penalties. 

Visual inspection was used to identify potential issues in the Chiropteran sequences, 

such as sequencing errors, etc., which were resolved before proceeding further. For the 

Chiropteran statherinlhistatin and SPLUNC sequences, Clustal X was used to generate a 

simple tree by Neighbor-Joining. This tree was then used to identify groups of highly 

similar sequences (differing by only a few bases). The sequence traces at these positions 

were examined for any problems. For the statherinlhistatin sequences the differences 

between sequences and between groups were compiled in an Excel spreadsheet. If a pair 

of differences at a site was found within a highly related group, and if each variant was 

represented by two or more clones with a good trace, the differences were considered to 
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be candidate allelic polymorphisms. (Other differences could have been due to 

polymorphisms, but the possibility of sequencing errors cannot be excluded without more 

detailed analysis.) Chimeric genes resulting from unequal cross-over of gene conversion 

between members of the gene family can occur naturally, however the PCR process can 

also lead to synthetic chimeric sequences during the reannealing process, making these 

sequences difficult to analyze (Brakenhoff eta!., 1991). Representative sequences from 

each group (excluding candidate chimeric transcripts, which would confound tree 

construction) with a minimum of potential sequencing errors were then chosen for 

complete sequencing. Finalized sequences with congruence between both strands were 

compiled for phylogenetic analysis. 

Orthologous sequences in other mammals were identified using the Homologene 

NCBI database and by BLAST searches in NCBI databases (e.g., protein, expressed

sequence tag (EST), non-redundant nucleotide, etc.). First, the Chiropteran sequences 

were used to screen the databases. Candidate orthologs from distantly related species 

were then used to re-screen the databases. A preliminary alignment of sequences was 

performed and an initial phylogenetic tree was constructed using the Neighbor-joining 

algorithm implemented in Clustal X, without exclusion of gaps and with correction for 

multiple substitution. Sequences that showed extensive divergence (indicated by long 

branch length), or unexpected branch position relative to known species phylogeny were 

further investigated for errors, especially if the mRNA or protein sequence was based on 

gene prediction, rather than direct eDNA cloning. First, the alignments were inspected 

for regions of high and low similarity between well established and predicted sequences. 

Then, the human intron/exon organization was used as a guide to map predicted 
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orthologous mRNAs and coding sequences from a species onto the corresponding 

genome compilation. Points of divergence to low similarity to the human gene in the 

predicted gene products were localized. These points can arise from gaps in the genome 

compilation that the exon prediction software did not recognize, leading to skipped exons 

and frame shifts in the predicted mRNA, or to truncation of the C-terminal coding region 

and missing protein information. Searches for genomic sequences not yet included in the 

genome build were performed, and any found were used to fill in gaps. 

Candidate orthologs to Chiropteran sequences were compiled in files of sequential 

FAST A format strings representing mRNA or protein sequences. In addition, the 

PLUNC datafile described in Bingle 2004 was downloaded. This file contains protein 

sequences of various members of the PLUNC superfamily. 

For a preliminary analysis of the similarity ofChiropteran SPLUNC-like sequences to 

other mammalian gene products, the mammalian sequences compiled by Bingle et al., 

were aligned using Clustal X, and grouped as a profile. The Chiropteran sequences were 

aligned as a second profile, and then the two profiles aligned to each other. A 

phylogenetic tree was constructed using the Neighbor-joining algorithm implemented in 

Clustal X, and an estimate of node confidence obtained by bootstrap replication (1000 

replicates). In an experiment, confidence in the result is determined by repeat 

measurements from replicate experiments. For sequence data, there is only one 

'experiment'. In bootstrapping, the original data set is randomly sampled with 

replacement to create multiple 'pseudo-datasets' the same size as the original (Soltis, 

Soltis, 2003). Each of theN pseudo-datasets is then used to create a tree. If a specific 

branching order is found in X of the trees, that node (the branch point) is given the 
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bootstrap support value of 1 00* XIN %. Values over 70% are considered to represent 

very reliable grouping. This approach allowed the identification of which type ofPLUNC 

was represented by the Chiropteran sequences. 

9) Generation of alignments 
The goal of protein sequence alignment is to organize ancestrally related sequences 

such that homologous positions in each sequence are aligned in columns, as a prelude to 

subsequent phylogenetic analyses. Differences in the alignment at each position for pairs 

of sequences are presumed to result from divergence from a common ancestor: either 

during speciation (orthologs), gene duplication (paralogs), or both. That is, the alignment 

is the result of the evolutionary history of the sequences. Inferring this history accurately 

to produce a reliable (i.e., biologically meaningful) alignment is non-trivial. 

Two protein sequences can be aligned by comparing each possible sequential pair 

of positions, and computing an alignment score based on a substitution cost related to the 

amount of difference between an amino acid pair, and a penalty for opening a gap in the 

alignment. Alignment of more than a few sequences this way becomes computationally 

impossible. A common solution is to use a heuristic approach in which groups of 

sequences are progressively assembled via several pairwise alignment steps to maximize 

their similarity (Notredame, 2007). Assembly involves estimating a phylogenetic guide 

tree, and then incorporating the ind.ividual sequences into a multiple sequence alignment 

using a pairwise alignment algorithm, typically beginning with the most similar sequence 

pairs. The process can be reiterated until convergence. 

The scoring scheme used by the pairwise alignment algorithm is the major 

variable in the progressive algorithm. Schemes can be divided into two categories. 
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Matrix-based algorithms, such as that used by Clustal X, use an empirically-derived 

substitution matrix (e.g., JTT, PAM, GONNET, BLOSUM), but gap penalties generally 

rely on trial and error. Further, (in the simplest case) these algorithms only examine the 
' 

cost of matching pairs of amino acids in a column. An alternative approach is to use a 

consistency-based strategy that incorporates more information. Pairwise global and local 

alignments can be gathered, e.g., using mathematical tools such as hidden-pair Markov 

models, into a position-specific substitution matrix that can then be used to produce a 

final multiple sequence alignment most consistent with the gathered alignments. 

Bayesian statistical tools can be used to estimate substitution costs. Bayesian analysis is 

based on the notion of posterior probabilities. These are probabilities that are estimated 

based on a specified model (the prior expectations) after some data has been examined. 

For example, consider a collection of coins in which 80% are true (equal probability of a 

toss giving heads or tails), and 20% are biased (giving heads 90% oft)le time). The prior 

probability of a randomly selected coin being biased would be 0.2. After tossing the 

selected coin 10 times, the probability of the coin being biased, the posterior probability, 

can now be estimated, and it will be more reliable than the prior estimate obtained with 

no knowledge. 

To further investigate the Chiropteran protein sequences, and to provide the basis 

for a maximally reliable alignment, protein sequences were obtained from representative 

fully sequenced clones and aligned with the most closely related manunalian sequences 

identified above using ProAlign (Loytynoja, Milinkovitch, 2003). This program uses an 

algorithm employing hidden Markov models for probabilistic sequence alignment. The 

posterior probability for each aligned site (a measure of the reliability) can be displayed, 
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and the proportion of sites below a user set limit determined. A ProAlign guide tree was 

constructed for the multiple alignment, and the bandwidth setting was incrementally 

increased until the traceback path was no longer too close to the band edge due to 

different sequence lengths. Ambiguous alignment regions were identified by setting the 

posterior probability filter to different values, and examining the effect on the proportion 

of ambiguous sites. In general, the lowest posterior probability (e.g., 40%) that gave a 

sharp change in the number of affected sites was selected. Next, the effect of removing 

sequences with either large gaps spanning affected sites or fragmented alignments was 

tested. If the sequence was a major determinant of the ambiguity in a region of the 

multiple sequence alignment, the posterior probability for the region would increase. 

Problem sequences were re-examined for errors, and if unresolved, were removed from 

the dataset. 

Different alignment algorithms produce multiple sequence alignments that differ to 

varying degrees, and their performance varies depending on the similarity of the 

sequence to be aligned. In general, the alignment accuracy falls considerably when 

s~;quence identity decreases below 30%. Thus, no single alignment program can be relied 

upon. Comparisons using different tests sequences demonstrate that Probcons (Do et al., 

2005; available online at http://probcons.stanford.edu) T-COFFEE, DIALIGN, and 

Probalign perform well, with DIALIGN in certain cases best for alignments with low 

sequence identity (Lassmann, Sonnharnmer, 2002; Boujenfa et al., 2008). 

The basis for the PROBCONS algorithm is the computation of pairwise posterior 

probability matrices, P(xi- yj I x, y), which give the probability that one should match 

letters xi and yj when aligning two sequences x andy. PROBCONS uses a simple 



probabilistic model that allows for efficient computation of these probabilities. Given 

these posterior matrices, PROBCONS applies the probabilistic consistency 

transformation to incorporate evidence from intermediate sequences. Finally, 

PROBCONS performs progressive alignment using a sum-of-pairs maximum 
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expected accuracy objective function. PROBCONS is available online 

(http://probcons.stanford.edu/). It was run using the default parameters (Consistency 

reps=2; Iterative refinement reps= I 00; Pre-training reps=O). T -Coffee generates 

alignments through an online server ( www.toffee.org). Alignments were generated in 

regular mode. DIALIGN assembles pair-wise and multiple alignments from local 

fragment alignments, creating a mixture of global and local alignments. A server running 

Dialign-TX is available online 

((http://bibiserv.techfak.unibielefeld.de/dialign/submission.html). It was used with the 

default settings (length of a low scoring region =4; maximum fragment length allowed to 

contain regions of low quality =40; sensitivity= unlimited). Coffee-T provides color

coded output of alignment quality at each site, and an overall score for alignment quality. 

The four different alignment programs were then used with default setting to create 

alignments for each FAST A file set. A server running PROBALIGN is available 

(Chikkagoudar et al., 2007; http://probalign.niit.edu/probalignllogin ). This program 

computes mamimum expected accuracy alignments of multiple sequences from partition 

function posterior probabilities, and displays the posterior probability support 

graphically. 

Output files for each program were edited for compatibility with downstream 

programs using a combination of TextEdit, Readseq 
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http:/ I searchlauncher. bern. tmc.edu/seq -util/readseq .html, and eBioX 

(www.ebiomatics.org). The four alignment files were converted to the Pearson (.pir) 

format and then compared using the SOAP program. The Probcons alignment file was 

used as the reference alignment. The aim was to identity a compromise between the 

aligned positions with the shortest ambiguous/unstable regions and the most remaining 

sequence for phylogenetic analysis. Visual inspection and the proportion of affected sites 

were used to choose the final cutoff value selected (typically 40-50%). 

1 0) Phylogenetic analysis 
The accuracy of construction of a phylogenetic tree depends, in part, on the 

evolutionary model selected for amino acid substitution, and also on the distribution of 

different rates of change along the sequences (the among-site rate variation). This 

distribution can be approximated by the ganuna curve, with a shape parameter (gamma 

distribution parameter) alpha. To select a model, the alignment file generated by SOAP 

was imported into Model Generator v8.5 (Keane eta/., 2006). This program compares 

the likelihood ratio score of a neighbor-joining tree based on the alignment and different 

evolutionary models employing various corrections for gamma, amino acid frequency, 

and the number of invariant sites (Pinvar).. A gamma category parameter of 4 was used. 

The program evaluates 3 types of information criterion (I C) score for each model, and 

ranks the models from the lowest IC score to the highest. The lower the score, the better 

the model fit. The combinations of substitution model, alpha and Pinvar with the best 

likelihood scores from the 3 criteria were selected for testing. 

Maximum likelihood is one method for producing phylogenetic trees by searching for 

the single most-likely tree (branching order and branch lengths) that maximizes the 
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likelihood of observing the data (the alignment) given that tree and the evolutionary 

model. Programs search the tree landscape looking for the highest peak (likelihood) 

amongst the hills imd valleys. Since the entire landscape cannot be searched 

systematically,_ various strategies are implemented in different programs in an effort to 

find the best (highest likelihood) tree. However, for any given search with any given 

program, there is always the risk of the search getting trapped on a suboptimal hill. 

Typically, multiple searches using more than one program can be used to gain confidence 

in the predicted best tree. Two maximum likelihood programs, PhyML and Garli, were 

used in this study. 

The model parameters were then entered into the PHYML program (Guindon et al., 

2005). The robustness of the predicted tree was estimated using 100 bootstrap replicates 

of the data to provide an assessment of the reliability of a clade (a node (branchpoint) on 

the tree representing a common ancestor and all the descendants of that ancestor on the 

tree), i.e., a confidence value, based on the proportion of bootstrap trees containing the 

same clade. PhyML provides a bootstrap consensus tree output. For Garli, the program 

was set to provide a Phylip format output of the bootstrap replicate trees, and this file was 

used to generate a consensus tree with the program Consense in the Phylip package. 

The predicted trees obtained by maximum likelihood were converted into the Nexus 

format using Mesquite (Version 2.5 http://mesguiteproject.org), rooted using the most 

phylogenetically divergent species, if appropriate, and then further formatted for printing 

using FigTree vl.2 (FigTree v1.2 2006-2008, Andrew Rambaut, Institute of Evolutionary 

Biology, University of Edinburgh). 

In a second approach to analyzing the phylogeny of the Chiropteran proteins, the 
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MrBayes 3.1.2 program was used (Huelsenbeck, Ronquist, 2001), downloaded from 

http://mrbayes.csit.fsu.edu/. This program searches for the best set of trees that maximize 

the probability of the tree given the data and the evolutionary model. It is not 

computationally possible to calculate the posterior probability of all of the possible trees 

from a typical alignment. MrBayes uses the Metropolis-coupled Markov Chain Monte 

Carlo method (in effect, a set of independent searches that occasionally exchange 

information) to sample trees from the distribution of posterior probabilities. This allows 

the program to occasionally leap a "valley" in the landscape of tree posterior probabilities 

so the search does not get trapped on a suboptimal hill in the search for the highest peak. 

Three main sets of parameters must be specified for a MrBayes run. The first set is 

lset, the likelihood model terms. These establish the rate variation across sites (e.g., !set 

rates=gamma for gamma-distributed; the number of categories (Ngarnmacat=)has a 

default of 4). The second set is prset, which specifies the prior probability distribution. 

Aamodelpr= chooses the rate matric for amino acid substitution (e.g., jones for JTT) 

brlenspr= chooses the prior probability distribution for branch lengths (the default is 

unconstrained). The third set (mcmc or mcmcp) governs the Markov chain parameters. 

Nchain= determines how many independent chains will be run in a search. Two is 

minimum. Ngen= determines how many generations (cycles) the search will run for, and 

samplefreq how often the chain will be sampled. Each time the chain is sampled a tree is 

produced. Savebrlens=yes saves the branch lengths to the tree (.t) file. The program 

requires the alignment to be in Nexus format, and the various settings were put in the 

alignment file as a command block. 
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A critical decision is the number of generations to run. Early on, the log likelihood of 

the 'cold' chain increases rapidly, and then reaches a plateau where it fluctuates 

stochastically within a range. The early phase is called the burn-in, and the late stage is 

called stationarity. In this region, the chain samples parameter values (e.g. trees) in a 

proportion that approximates the posterior probability, and the program has converged on 

a set of statistically indistinguishable trees. The results of the samplings are stored in a .p 

file visualized using the Tracer program (vi .4. I) from the BEAST program package. As 

the runs converge on the stationary distribution, the average standard deviation of the 

split frequencies at each sampling will converge on zero. MrBayes provides this value as 

a convergence diagnostic: a value of <0.05 is acceptable, and <O.OI indicates high 

confidence of convergence. 

A consensus tree derived from the sampled trees was produced using the sumt 

command, with a humin value (i.e. the number of excluded trees from the beginning) 

conservatively set to 25% of the total number of trees (given by the number of 

generations/sample frequency). 

Where warranted, more divergent sequences were added to the initial sequence 

dataset (e.g.latherins to mammalian and Chiropteran SPLUNCI proteins) and the 

sequences were realigned, filtered for poorly supported sites, and analyzed by maximum 

likelihood. All available sequences are not routinely gathered together for analysis 

immediately, because large datasets can take days to run, and it is important to confirm 

that predicted relationships do not depend on the particular species/genes used to compile 

the dataset. 
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Data Curation 

Sequence data, i.e., a viewable output trace file from the sequencer and a text 5'-to-3' 

sequence file was curated digitally in files organized into subfolders by species, array 

plate (A or B), row (A-H) and finally column 1-12 (see Figure 8). Thus, each column 

folder contains data (at least forward sequence) from just one clone. Where obtained, 

reverse and any internal sequences were also saved in the appropriate folders, as well as 

compilations of sequences (e.g., aligned forward and reverse sequences). For select 

clones (e.g., statherins), where the sequencer could not accurately call a base (i.e., N in 

the text file) the trace was manually scanned and interpreted. Compilation files also 

contain a text block of the corrected sequence deduced from all aligned sequences and the 

traces, with vector sequences removed manually. 

Each forward sequence was used in a BLAST search. All of the information found 

by the BLAST searches was maintained in a paper file, while all of the virtual northern 

and filter colony hybridization autoradiographs were scanned and maintained digitally on 

a CD. 



Figure 8: File structure of curated sequence data. Example of the file structure made to 
organize and easily recall the clones that were sequenced and the sequence data. All 
species subfolders are identical to Artibeus, seen here. 
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Results 

Preliminary Screening of Arrayed Clones Representing 

Abundant SMG mRNAs 

As described in the Preliminary Data, eDNA libraries constructed from A. 

obscurus, C. brevicauda, P. hastatus and D. rotundus submandibular glands (SMG) had 

been screened previously with orthologous eDNA hybridization probes to identifY clones 

representing abundant mRNAs, and nearly 176 clones per species had been arrayed on 

two 96 well plates and stored (i.e., a total of nearly 704 clones). Thus, these arrays likely 

contained many copies of the same mRNA. To eliminate redundancy and reduce the 

amount and cost of sequencing, two strategies were employed initially for the A. 

obscurus library. In the first, the arrays were replicated onto nylon filters and clones 

rehybridized with eDNA mixture probes. The hybridization signal for each clone, a 

measure of the abundance of the corresponding mRNA, was then given a score from 0-4. 

This allowed clones to be sorted based on relative abundance of the corresponding 

mRNA. Clones giving a relatively low signal were not analyzed further. In the second 

strategy, small scale plasmid preparations ("mini-preps") were made for several clones 

from each hybridization signal strength category (i.e., "4's" "3's", etc.), and aliquots 

restricted with a combination of Eco RI and Hind III. This excised the insert from the 

vector, producing at least one insert DNA fragment (or more if there was one or more 

internal restriction sites). The fragments were analyzed by gel electrophoresis and 

ethidium bromide staining. A representative gel is shown in Figure 9. A comparison of 

the clone restriction patterns revealed many clones in each library that gave a similar 
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restriction pattern, and a total insert size corresponding to one of the abundant mRNA 

bands previously identified (Fig. 3). Further, these clones generally had similar 

hybridization scores. This was consistent with multiple similar or identical clones 

representing the mRNA(s) in that band. In some cases, mixtures of cloned sequences 

were evident as one major band and a second band not in equimolar proportion (i.e, too 

weak for the relative size)(e.g., lane 8 Fig 9). For each restriction pattern, about half of 

the clones showing no evidence for contamination were selected for initial sequencing 

with the vector forward primer, which would give data from the 5'- (coding) end of the 

cloned mRNA sequence. In total, I 02 A. obscurus clones were analyzed by restriction. 

Of these, 59 were selected for sequencing. This strategy established that there was 

considerable overlap in the hybridization categories with regards to related mRNAs, and 

that restriction analysis was an inexpensive, efficient way to eliminate excessive 

redundancy that allowed more clones to be sequenced within the budget. Therefore, most 

of the clones in the other libraries giving a positive hybridization signal were analyzed by 

restriction, together with some additional A. obscurus clones. Altogether, 491 clones 

were analyzed by restriction (69.7% of the total). This strategy reduced the number of 

clones selected for initial sequencing to 59 from A. obscurus, 126 from C. brevicauda, 49 

from P. hastatus and 51 from D. rotundus, for a total of 285, or a reduction of about 

59.5% from the original number. That is, only about 2/5ths of the original number of 

clones were sequenced. 



Figure 9: Artibeus obscurus restriction analysis. Clones from Artibeus obscurus were 
plasmid prepped and restricted with Eco RI and Hindi III. The restrictions were run on a 
I% agarose gel stained with ethidium bromide. The vector band is identified by the red 
arrow, and candidate duplicate clones are identified by yellow circle. 
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Sequence Analysis of Selected Clones. 
The selected clones· from each species were sequenced using the vector forward 

primer. On average, only 19% of the clones failed to give a clear sequence. In some 

cases, this was likely to· have been due to a mixture of clones that masqueraded as a 

single clone with internal restriction sites because of the relative band intensities. A 

preliminary identification of the protein encoded by each clone was made by BLAST 

searches of the non-redundant protein sequences (nr) database using BLASTX. The 

results are summarized in tables II, III, IV and V. It is important to note that because only 

fractions of clones with a given restriction pattern were sequenced, the sequencing 

abundance (i.e., the proportion of clones sequenced representing a given mRNA) is only 

an estimate of the abundance of that sequence in the array. Moreover, because the 

arrayed clones were preselected as representing abundant sequences, the abundance in the 

array not directly relate to the exact abundance of mRNA produced by the gland. 

However, the relative number of each type of clone in the array does give a rough 

estimate of the abundance of the mRNAs relative to each other. 

Significantly, no novel sequences were found in clones from any of the four species 

that gave good quality sequence; that is, all clones gave a BLAST hit with an e-value (a 

statistical measure of the significance of the match) consistent with good identity. 

The preliminary sequence analysis identified a wealth of candidate salivary proteins 

for analysis; too many for the scope of this project. Therefore, certain proteins were 

selected for detailed analysis consistent with the original hypothesis and specific aims, 

others were subject to a more superficial screening, and the remainder were not examined 

further. Two sets of proteins were selected for a more detailed analysis. The SPLUNC 

proteins were chosen because (1) they represented proteins present in more than one 
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Chiropteran species; (2) they have previously been shown to be present in the saliva of 

other manunals; and (3) they have potential antimicrobial and immunomodulatory 

activity. The A. obscurus statherinlhistatin-like proteins were selected because (I) initial 

data suggested they could be limited to just A. obscurus; and (2) they are well 

characterized in human saliva and have several potentially valuable protective properties 

that would be consistent with a role involving diet. 



Table II: Artibeus sequencing results. The table represents the number of clones sequenced 
in Artibeus, and the relative abundance of the protein from the number sequenced. 



Artibeus obscurus 
#of Clones Statherin!Histatin Clones SPLUNC SMR3B Prolactin Clones of non-
Sequenced Clones Clones Clones secreted proteins I 

poor sequencing 

59 36 I 4 1 6/11 

% Sequencing 61% 1.7% 7% 1.7% 
Abundance 

% Abundance in 40.5% 7.4% Not hybridized Not hybridized 
the Library 

-- L_ ___ 
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Table III: Carollia sequencing results. The table represents the number of clones 
sequenced in Carollia, and the relative abundance of the protein from the number 
sequenced. 



Carollia brevicauda 
#of Clones Lipophilin Lipocalin SPLUNC n-2 Prolactin PSP Statherin!Histat Poor 
Sequenced Clones Clones Clones Glycoprotein Clones in Clones sequencing 

Clones 

126 49 33 8 1 2 1 0 32 

% Sequencing 39% 26% 6.3% 0.8% 1.6% 0.8% 0% 
Abundance 

% Abundance in Not Not 3.8% Not Not Pursued in 2% . 
the Library hybridized hybridized hybridized hybridized future 

studies 
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Table IV: Phyllostomus sequencing results. The table represents the number of clones 
sequenced in Phy/lostomus, and the relative abundance of the protein from the number 
sequenced. 



Pltvllostomus /1 ·--------
#of Clones Lipophilin Clones SPLUNC a-2 Glycoprotein Clones of non-
Sequenced Clones Clones secreted proteins 

/poor sequencing 

49 23 13 3 1/9 

% Sequencing 47% 26.5% 6% 
Abundance 

% Abundance in Not hybridized 13.2% Not hybridized 
the Library 
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Table V: Des modus sequencing results. The table represents the number of clones 
sequenced in Desmodus, and the relative abundance of the protein from the number 
sequenced. 



Desmodus rotundus 
#of Clones Lipophilin Lipocalin TNF-a Calcitonin gene PSP Statherin!Histatin Clones of non-
Sequenced Clones Clones Clones related peptide Clones secreted proteins I 

Clones poor sequencing 

51 18 T I 16 0 0 217 

% Sequencing 35% 14% 2% 31% 0% 0% 
Abundance 

% Abundance in Not hybridized Not hybridized Not hybridized 13% 1.3% 0.5% 
the Library 

' 
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Short Palate Lung and Nasal Epithelium Clone 

Chiropteran orthologs of the mammalian short palate lung and nasal epithelium 

clone (SPLUNC) protein (encoded by the SPLUNCI gene) were tentatively identified by 

BLAST searches in three of the four species of bats during the first pass of sequencing. 

SPLUNCI-like sequences corresponded to 1.7% of the arrayed clones inA. obscurus, 

6.3% in C. brevicauda, and a remarkable 26.5% in P. hastatus. Sequencing did not 

identify a SPLUNC ortholog in the arrayed clones derived from the submandibular gland 

of Desomodus rotundus. No significant differences in the forward sequence were noted 

between SPLUNC clones from a single species, implying a single gene, rather than a 

multigene family. Therefore, one clone from each species (AOA8G I from A. obscurus, 

CBA2A from C. brevicauda and PHA7H from P.hastatus) that gave high quality 

sequence (a long read with few N's) was selected for further study. 

The insert size of these clones (estimated from the initial restriction analysis) was 

about 1.1 kb. A preliminary alignment of the forward sequences (representing a little over 

half of the clone inserts, and a large proportion of the coding regions) using the NCB! 

'Blast two sequences' option showed a 81% identity between A. obscurus and C. 

brevicauda, 84% with P.hastatus, and 80% between C.brevicauda and P.hastatus (see 

Figure 10 for an alignment of all three complete sequences). Virtual Northern blotting 

was used to confirm that the 3 selected clones corresponded to an abundant mRNA of a 

similar size in each species (consistent with the clones being full-length or near full

length), and to investigate the presence oflower abundance SPLUNC mRNAs in D. 
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rotundus. Hybridization with a probe at low stringency, followed by low stringency 

washes (e.g. 4X SSC, 60degC), can typically detect sequences with about 70% identity. 

Therefore, given the high percent identity between the sequences, only 2 probes 

(AOA8G I and PHA 7H) were used. A 1.1 kb band, very similar in size to the clone 

inserts, was detected with both probes in A. obscurus, C. brevicauda and P. hastatus 

(Figs 11 and 12). The hybridization signal of the SPLUNC cDNAs in each species 

differed according to the probe used and the· relative abundance of the cDNAs: as 

expected, the corresponding species gave the strongest signal, but there was significant 

cross-hybridization. D. rotundus did not give a hybridization signal with either probe, 

even at prolonged exposure times (riot shown). Therefore, either a SPLUNC gene is not 

expressed in the SMG of DR, or the mRNA sequence is so divergent from the other 

species (i.e. <ca. 70% identity) that it fails to hybridize. 

The abundances of SPLUNC clones in the A. obscurus, C. brevi cauda and P. 

hastatus eDNA libraries (determined by filter colony hybridization with the probes) were 

7.4%, 3.8% and 13.2% respectivt;ly, corresponding to very highly abundant mRNAs, and 

confirming the sequencing results from the arrayed clones. 

Each of the representative SPLUNC clones from each species was fully 

sequenced on both strands using the reverse and internal primers, and all ambiguities 

resolved. The complete sequences are shown in Figure 13, and an alignment generated 

by T-Coffee is shown in Fig 14. Consistent with the preliminary sequence analysis and 

the significant cross-hybridization of the probes with SPLUNC eDNA from each species, 

the SPLUNC rnRNA sequences are very similar along their entire lengths: there is an 



81% identity between A. obscurus and C. brevicauda, 84% with P. hastatus, and 81% 

between C. brevicauda and P. hastatus. 
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Figure 10: Alignment of the confirmed SPLUNC sequences. Using the Clustal X 
program an alignment was constructed using the confirmed sequences from A. obscurus 
AOA8Gl, C. brevicauda CBA2A and P. hastatus PHA7H. 
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Figure II: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Art(beus SPLUNC clone A8Gl as a probe. A replicate gel blot was hybridized with the 
Artibeus SPLUNC probe, and washed at low stringency. A strong ca. 1.1 kb band was 
detected with the SPLUNC probe in Artibeus and Carollia, and Phyllostomus but not 
Desmodus. This is consistent with the prominent!.! kb band detected in these species 
with the eDNA mixture probes and visualized by ethidium bromide staining (Figure 3) 
representing abundant SPLUNC mRNAs. 
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Figure 12: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Plzyllostomus SPLUNC clone PHA7H as a probe. A replicate gel blot was hybridized 
with the Plzyllostomus SPLUNC probe, and washed at low stringency. A strong ca. 1.1 
kb band was detected with the SPLUNC probe in Artibeus and Carollia, and 
Phyl/ostomus but not Desmodus. This is consistent with the prominentl.l kb band 
detected in these species with the eDNA mixture probes and visualized by ethidium 
bromide staining (Figure 3) representing abundant SPLUNC mRNAs. 
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Figure 13: Chiropteran SPLUNC sequences. The three SPLUNC sequences obtained 
by complete sequencing of the selected clones are shown in FAST A format. The 
flanking vector sequences, but not the poly A tail, have been removed. 



>AOA8Gll027 bp 
AGGAGAGGTAAGAGGAGACCAGGACAACCGCCAGGACCTCTGAAAAGCCCAGGCACCAAG 
GAGAGAAGATGTTTCAAACTGGGGGCCTCATTGTCTTCTGTGGGCTGCTGGCCCTGCCTC 
TGCCGGTGGACCTGGCTTCAAGTCCTACAGATATTGCTGGACAGTTGACAGGTGCTCTCA 
GCAATGGCCTGCTCTCTGGGGGTCTGTTGGATACCATCAAAAACCTTCCACTCTTGGACA 
TCCTAAAAACTGGAAATAGTTCTGATGGCCTGCTTGGCAGGCTGCTTCAGCAACTGCTCA 
ATCCTCTGGAAAGCCTCACTGGTATAGAGATCACTAAACCCAAACTACTGGAAATTGACC 
TTACGCCGAGCGAAGATGGCCATCGCCTCATCGTCAACATCCCTCTGGGCTTTGACGTCA 
ATTTTCGAGTGCCCGTAGTCAACCTACGTCTGTTAAAGTTGTCTGTGAAGCTAAATGTCT 
CTGTAGAAGTCTATCCTCAGAAAGATGAGAATGGGATCCACTTGGTCCTTGGCGGCTGCT 
CTCAATCCCCTGCCGATGTGAAAATCGCCCTGCTTGATGGAACTCAAACCTTCCTCATTC 
AACGCCTTATTAATAAGCTCGTCAATATCTTGACTAACACCATTCCTAAGTTTGTGCTGG 
GTGAGGTGTGCTCTATAGTCAATGGAGTTCTCAGCCAGTTGGATGTGACCATAGTGCAAT 
CCATTGCTGAGAATCTGATTCCGGGAAAGAATATTAGCATTTCGGTCTAAATGTTCCAGG 
AAGGGACCTGGTCTCTCCTGAGCTGAACCACTTCCTGCTGCTCAATCCATTCCCTGCCCA 
GCTCCGAGGATTCACAGAATGCTGCCCATGTCCTGAACAATTACACAACCACTGTTTGGG 
GCCAACAGCAGTCTTCTCTCCAAGGAAACTGCTTCCCCTCTTTTTCCACCAGGCATGTGT 
TACATTCCACACTTCCTCACTAAATAAAATTGCTCTTGTCTGCTAAAAAAAAAAAAAAA 
AAAAAAA 
>CBA2A 1034 bp 
AGGCGCGAGAGGTAAGAGGAGACCAGGACAGCCGCCGGGACCTCTGAAAAAGCCCAGGCA 
CCAAGGAGAGAAGATGTTTCAAATTGGGGGCCTCATTGTCTTCTGTGGGCTGCTGGCCCT 
GCCTTTGCCCGGGGCCCTGGCTCAGGCCCTGACTTTGCCCGGGGGCCTGGCTTTGAATCC 
CACAGATCTGGCTGGACAGTTGACAGGTGCTCTCGGCAGTGGCCTGGTCTCTGGGGGTCT 
GTTGGATAGCATCCAAAACCTTCCACTCTTGGACACCCTGAAAACTGATGGAGATACTTC 
TGGTGGCCTGATTGGCAAGCTGCTTCAGCAAGTGATCAATCCTCTGAAAGACTTCACTGG 
TGTAGAGATCACTACACCCAAACTACTGGAAGTTGGCCTTACGCCGAGTGAAGATGGCCA 
GAGCCTCTTCCTCAATGTCCCTCTGAGCTTCGACATCAAGTTGCGTTCGCCCATAGCCAA 
ACTAGGCCTGTTAAAGCTGTCTGTGAAGCTAAATGCCTCTGTAGAAGTCTATCCTGAGAA 
AGATGATGATGGGGTTCACTTGGTCGTTGGCGACTGCTCTCAAGCCCCTGCCAATCTGGA 
AATCGCCCTGCTTGATGGAAAACAATCCTTCCTCACTGAACGCATTGTTAATGGCCTCAT 
CAGTGCCTTGAGTAAAGCCATTCCTAAGCTGGTGCTGAGTGAGGTATGCTCTGGAGTCAA 
TGGACTTCTCAGCCAGTTGGATGTGTCCCTTGCGAAAACCATTGTCGACACACTGATCCC 
TCAGAAGGATATTACCCTCAACCTCTAAACCTTCCAGGAAGGGACCTGGCCTCTCCTGAG 
CGGAACCACTTCCTGCTGCTCAATCCATTCCCTGCCCAGCTTCCGAGGAGTCACAGAATG 
CTGCCCACGTCCTGAACAATGACACAGCCACTGTTTTCTCTCCAAGGAAACTGCTTCCCC 
TCTTTTGCCACCAGGCGCGTGTGACATTCCATAGTTCCTCACGAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAA 
>PHA7H 103lbp 
AAGCAGGAGAGGTAAGAGAAGAGCAGGACAGCTACCAGGACCTCTGAAAAGCCCAGGCAC 
CAAGGAGAGAAGATGTTTCAAATTGGGGGCCTCATTGTCTTCTGTGGGCTGCTGGCCCTG 
CCTTTGCCCGTGGACCTGGCTCTGATTCCCACAGATCTTGCTGGAAATTTGACAGATGCT 
GTCAAGAATGGCCTGCTCTCTGGGGGTCTGTTGGATAATGTCAAAAACCTTCCACTCGTG 
AACATCCTGAAAACTAAAGGAGATAATTCTGGTGGCCTGATTGGCAAGCTGCTTCAGCAA 
GTGGTCAATCCTCTGAGCGGCCTCACTGGTATAGAGATCACTAAACCCAAACTTCTGGAA 
ATTGGCCTTGTGTCAAGTGAGGATGGTCACAGCCTCTTCCTCAACATCCCTCTGAGCCTC 
GACATCAAATTGCCATCGCTCATGAGCAAACTACGTCAGTTAACGCTGTCTGTGAAGCTA 
AATGCCACTATAGAACTCATTCCTAAGAAAGATGAGGATGGAGTCCACTTGGTCCTTCAT 
GACTGCTCTCAATCCCCTGTCAATCTGGAAATCTCCCTGCCTACTGGAACTCAAACCATC 
TTCATTGAACAGTTTATTAATAACCTCACCAATACCTTGACTAAAGACCTTCCTAAGATG 
CTGCTGATTCCGGTGTGCTCTCTGGTCAATGGACTTCTCAGCCAGTTGGATGTGTCCTTA 
GTGCAAAGCATTGTCAACACACTGATCCCTGGGGAGAGTATTACCATCAACTTGTAAACC 
TTCCAGGAAGGGACCTGGCCTCTCCTGAGCTAAACCACTTCCTGCTGCTCAATCCATTCC 
CTGTTCAGCCTCAGACGATTCACAGAATGCTGCCCATGTCCTGCACAATGACACAACCAC 
TGTTCGGGGCCAACAGCAGTCTTCTCTCCAAGGAAACTGCTTCCCTTCCTTTCCCACCAG 
GTGTGTGTTACATTCCATAGTTCCTCGCCAAATAAAATTGCTCTTGTCTGAAAAAAAAAA 
AAAAAAAAAAA 
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Figure 14: Sequence alignment ofSPLUNC sequences. Three clones from each of the 
three species were aligned using T -Coffee. The sequence alignment is over 80% 
sequence identities. 
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Phylogenetic analysis of Chiropteran SPLUNC sequences 

(i) Identification of orthologous and closely related sequences 
Based on the preliminary identification of the Chiropteran proteins as orthologs of 

mammalian proteins encoded by the SPLUNCl gene, mammalian SPLUNCl proteins 

were gathered from the NCBI databases. The homologene database lists 6 SPLUNC1 

protein orthologs under the designation PLUNC, Homologene 7895: Homo sapiens 

(NP _057667.1 ); Pan troglodytes (Chimpanzee) (XP _ 514582.2); Canis lupus familiaris 

(dog) (XP _852441.1), Bos taurus (cow) (NP _776851.1); Mus musculus 

(mouse)(NP_035256.1); and Rattus norvegicus (rat) (NP_742028.1). These sequences 

were screened for anomalies by examination of the protein multiple alignment on the 

Homologene page, and BLAST searches for highly similar mRNA sequences using the 

megablast algorithm, paying particular attention to consistency in any EST sequences 

covering the open reading frame. 

The Homologene alignment showed good agreement between all protein 

sequences except for Pan troglodytes XP _514582.2, which was missing a C-terminal 

region. The chimpanzee sequence is predicted from a predicted mRNA (XM_514582.2) 

derived from genomic sequence assembly NW _001230497. The human SPLUNCl gene 

consists of 9 exons. The coding sequence begins in ex on 2, and ends in exon 8. 

Inspection of the P. troglodytes assembly in NCBI Sequence Viewer showed a gap in the 

sequence downstream of the last predicted coding exon. The P. troglodytes PLUNC 

Entrez Gene link from the Homologene site linked to an 8118 bpr region of contig 

assembly NW _001230497, equivalent to region 30229588 .. 30237705 of the P. 

troglodytes chromosome 20 reference assembly NC_006487. Alignment of the human 



98 

SPLUNC1 mRNA with the Pan genomic and predicted mRNA sequences showed that 

exons 6 and 7 were missing. A BLAST search of P. troglodytes genomic sequences in 

other databases using the predicted P. troglodytes mRNA failed to identify clones 

covering the gap. However, a search using human SPLUNCl mRNA identified whole 

genome shotgun sequences AACZ02193591.1 and AADAOI336631.1 carrying exons 6 

and 7 (by reference to the human gene). These clones were identical through the region 

of overlap that covered exons 6 and 7. Their sequences were aligl).ed with the genomic 

sequence from NC_006487, leaving a gap in intron 5 (between exons 5 and 6), but with 

complete overlap through exon 8. A P. troglodytes mRNA sequence spanning the entire 

coding sequence was compiled from this alignment. 

The canine protein sequence XM_847348.1 is derived from a predicted mRNA 

sequence, XM _ 852441.1 based on the reference assembly NC _ 006606.2. The bovine 

protein sequence NP _776851.1 is based on a predicted mRNA sequence NM_174426 

derived from the reference assembly NC_007311.3. The mRNA sequence is identical to 

that of two cloned mRNA sequences, BC_114803 and AF488706. The protein sequences 

of both species show close alignment with the human protein sequence. 

The mouse protein NP _ 035356 is based on the predicted mRNA sequence 

NM _011126 derived from the reference assembly NC _ 000068.6. This sequence in 

identical to that of two mRNA clones (BC054375.1 and U69172.1). The rat protein 

NP _742028.1 is based on a predicted mRNA sequence NM_172031 derived from the 

genomic sequence NC_005102.2. The mRNA sequence is identical to the cloned mRNA 

sequence AF393750.1. 
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BLAST searches of the nr nucleotide database identified a predicted SPLUNCl 

mRNA (XM_001104307) in the rhesus monkey, Macaca mulatta, derived from the 

chromosome 10 contig assembly NW _001095144. Alignment with the human mRNA 

showed that the Macaca sequence terminated before exons 7 and 8, which contain the C

terminal region. The Entrez Gene site for the predicted SPLUNCl gene linked to a 3840 

bpr reference assembly genomic sequence NC_007867.1. This sequence aligned closely 

with the human SPLUNCl genomic sequence NC_000020, but terminated in exon 6. To 

complete the Macaca gene through the coding sequence, the human SPLUNCl mRNA 

was used to search other genomic databases for Macaca sequences. This identified a 

high throughput genomic sequence (htgs) clone sequence AC196589.5 with extensive 

reverse complement overlap through exon 8. The human mRNA sequence was aligned 

and used to obtain a predicted Macaca mRNA sequence. 

Additional SPLUNCl sequences from other species were found by BLAST 

searches of the non-redundant nucleotide and protein databases. The predicted protein 

sequence from the horse (Equus caballus)(XP _001498756) is based on the predicted 

mRNA XM_001498706, derived from the genome contig NW _001869140. Alignment 

of the predicted mRNA and genomic sequence indicated an intron-exon structure 

identical to the human gene, with no evidence for missing sequences. 

The predicted protein sequence from the pig (Sus scrofa)(NP _00105727) is based 

on the predicted mRNA NM_001005727 derived from the genome contig NC_Ol0459.1. 

Six other EST sequences (AY733063, AK238296.1, AK238161, AK238256, AK238135 

and CJ0022518) were aligned with this Entrez Gene reference mRNA sequence. 

AK238296.1 had several differences in the 3' region, suggesting sequencing errors. 
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AK238161 had a 21 bpr insertion in the 5' -untranslated region. AK238135 and 

AK238296.1 had a 58 bpr insertion in the 3'-untranslated region (although they also 

differ slightly in sequence). This insertion creates a frameshift, and in AK238135 an in

frame stop codon. The only other difference between the clones in the coding region was 

that the second codon was TTT (phenylalanine) in NM_001005727 and AY733063, and 

TCT (serine) in all other clones. 

A protein BLAST search identified a candidate SPLUNCl in Monodelphis 

domestica, the gray short-tailed opossum. The protein (XP _ 0013 81797.1) was derived 

from a predicted mRNA (XM_001381760.1) based on the contig assembly 

NC_008801.1. A preliminary phylogenetic analysis using the ClustalX package grouped 

this sequence with SPLUNCl, but at the base of a clade that included more divergent 

SPLUNC sequences (not shown). ClustalX was used to align the opossum protein 

sequence to human SPLUNCl, using a BLAST alignment of the mRNAs to guide gap 

placement. There was excellent alignment from exon 3 to exon 8, and identical 

positioning of the stop codon. The only region of poorer alignment, due mainly to 

various gaps, was in theN-terminal region; this region is highly variable amongst the 

mammalian SPLUNCl proteins. A further database search identified 5 brain ESTs 

(EC285333, EC291250, EC284844, EC284015 and EC279007) from Trichosurus 

vulpecula (the silver-gray brushtail opossum) that were used to assemble a complete 

SPLUNCl ortholog coding sequence terminating with a stop codon. 

Significant SPLUNCl similarity to a predicted protein, XP _001520746, from the 

platypus (Ornithorhyncus anatinus) was found by a BLAST search. The protein 

sequence was derived from an mRNA sequence (XM_001520696) obtained from the 
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contig assembly NW _001736871.1. This protein grouped with mammalian SPLUNCl in 

a preliminary phylogenetic analysis. However, it was substantially longer than other 

SPLUNCl proteins. BLAST alignment with the human protein sequence revealed two 

large regions of similarity to the human protein corresponding to exons 3-7, consistent 

with a tandem duplication. Inspection of the genomic sequence at the end of the first 

SPLUNCl domain did not reveal any obvious issues (e.g., unsequenced regions), but it 

was not possible to identify an equivalent to human exon 8 containing a stop codon. The 

region corresponding the second domain is encoded about 15 kb downstream. Although 

this could be a single gene encoding two SPLUNCl-like domains, as predicted, it is 

possible that there are two related tandem genes that the gene recognition software has 

not distinguished. This protein awaits further characterization, and was not used for 

phylogenetic analysis. 

Two more distantly rodent proteins, designated as SPLUNC5, were found: mouse 

mRNA sequence NM _ 025990, encoding protein NP _ 080266, derived from a eDNA 

clone; and a predicted rat mRNA sequence NM _ 0011 07792, encoding the predicted rat 

SPLUNC5 protein NP _001101262. 

To further define the relationship of the various identified SPLUNCl proteins, 

and to identify other more distantly related proteins, a further search of the database was 

performed using the Monodelphis protein sequence. This identified Equus latherin 

protein (AAM09530), a sequence derived from translation of the mRNA sequence 

AF491288. This sequence is identical to the protein predicted from the horse genome, 

NP _001075328, translated from the predicted mRNA NM_001081859. Latherin is a 

major component of horse sweat with strong surface-active properties, and peptide 
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fragments are allergenic. A non-redundant protein database BLAST search with the 

Equus latherin protein sequence identified significant similarity to a protein called BASE 

(breast cancer and salivary gland expression) protein in Macaca mulatta 

(NP _001035505.1), Homo sapiens (Q86YQ2.1, AY180924) and Bas taurus 

(ABG29432.1 ). The human protein sequence is confirmed by independent eDNA 

sequences and a match to the genome sequence. 

(ii) Generation of an alignment of mammalian SPLUNC1-Iike proteins 

The three Chiropteran SPLUNCi-like proteins (as identified by BLAST searches 

and preliminary phylogenetic analyses; AOA8GJ from A. obscurus, PHA7H from P. 

hastatus, and CBA2A from C. brevicauda, were initially aligned with 14 mammalian 

SPLUNCl and 4latherin protein sequences using PROALIGN. This showed that the 

bovine latherin sequence, which is truncated at both ends, contributed significantly to 

ambiguity in theN- and C-terminal regions. Similarly, the human latherin sequence, 

which is truncated at the C-terminal, affected the C-terminal alignment. These sequences 

were therefore excluded from further analyses. The two identified swine sequences are 

almost identical to each other in the majority of their sequence, and different principally 

in the C-terminal region. Alignments using AK238135 and A Y733063 indicated that 

AK238135 was uninformative, and therefore Sus AY733063 was selected for the 

subsequent alignment and phylogenetic analyses. The resulting collection of 13 

mammalian SPLUNCl proteins, 2latherins and 3 Chiropteran proteins was then 

realigned using Proalign (bandwidth set to 130). This found 85 out of282 sites with a 

posterior probability <60%. Of these, 59 were in theN-terminal gap region, which is 

highly variable in the SPLUNC superfamily (Bingle eta/., 2004). 
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The alignment and posterior probability score for each position obtained using Probalign 

are shown in Fig I 5. Aside from an unstable alignment region near theN-terminal 

involving variable length gaps, the majority of the protein sequences aligned with high 

confidence. Alignments were also generated with Probcons, T -Coffee and Dialign-TX, 

and these four alignments were then compared using the SOAP program with the 

Probcons file as reference to generate a consensus on remaining unstable alignment 

regions. Of the 286 positions in the alignment, 43 had a posterior probability <50%, 

while 66 had a posterior probability <60%. An alignment file in which positions with 

<50% posterior probability were eliminated was generated for phylogenetic analysis (Fig 

16). 



Figure 15: ProbAlign alignment of SPLUNCl orthologs and latherins. The 
Chiropteran and ortho1ogous mammalian SPLUNC1 protein sequences, and select 
latherin sequences were aligned using the default setting ofProbalign. The posterior 
probablility score at an alignment column position is represented by the number above 
the amino acid (e.g., 9 =90% posterior probability, etc.), and by coloration (red is high, 
pink low). The aligned protein sequences are in order displayed (note, various programs 
limit the number of name letters that can be displayed): Homo (Homo sapiens, human) 
NP _057667.1; Pan (Pan troglodytes, chimpanzee) XP _514582.2; Macaca (Macaca 
mulatta, rhesus monkey) compiled data; Canis (Canis lupusfamiliaris, domestic dog) 
XP _852441.1; Bos (Bos Taurus, cow) NP _776851.1; Mus (Mus musculus, mouse) 
NP _035256.1; Mus SPLU (Mus musculus, mouse SPLUNC5) NP _080266; Rattus 
(Rattus norvegicus, rat) NP _742028.1); Rattus_SP .. (Rattus norvegicus, rat SPLUNC5) 
NP _001101262; Equus (Equus caballus, horse) XP_001498756; Equus lat .. (Equus 
caballus, horse latherin) AAM09530; Macaca_la .. (Macaca mulatta, rhesus monkey 
latherin (BASE)) NP _001035505.1; Sus_AY73 .. (Sus scrofa, pig) AY733063; Monodep .. 
(Monodelphis domestica, grey short-tailed opossum) XP _ 001381797.1; Trichosurus 
(Trichosurus vulpecula, silver-gray brushtail possum) compiled data; AOA851 f (Artibeus 
obscurus); PHA7Hf(Phylostomus hastatus) and CBA2Af(Carollia brevicauda). 
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Figure 16: SPLUNC and latherin alignment edited for nnreliable regions. The 
program SOAP was used to identify and delete alignment positions with <50% posterior 
probability. The edited Probcons alignment is displayed using the eBioX program, which 

· color codes residues according to R group type. 
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(iii) Phylogenetic analysis of aligned SPLUNC1-Iike and latherin 

sequences 

108 

Modelgenerator was used to test the SOAP alignment for the best evolutionary 

model. The best score with the AICI measure (10005.15) was with the JTT substitution 

matrix, a gamma distribution parameter alpha of2.7, and a correction for the observed 

amino acid frequencies. The AIC2 and BIC measures both gave a best score (10146.27 

and 10163.04 respectively) for the JTT matrix with an alpha value of2.97, and no 

correction for frequency. 

Two different maximum likelihood programs, PhyML and Garli, and a Bayesian 

probability program, MrBayes, were used to examine the evolutionary relationships 

between the SPLUNC1-like proteins and the latherins. All three programs produced 

consensus trees with identical topology and high support values for most branches, 

suggesting good reliability (Figure 17). Very good support (100% posterior probability, 

and 66-72% bootstrap proportions) was found for a group that includes all placental 

mammal SPLUNC1-like proteins, including the three new Chiropteran proteins, with the 

opossum SPLUNC1 proteins forming an outgroup, consistent with the known species 

phylogeny. Therefore, this confirms the identification of the Chiropteran proteins as 

SPLUNC1 orthologs. Excellent support (100% posterior probability, 97-99% bootstrap 

proportions) from all 3 programs was found for the Chiropteran group, with P. hastatus 

and C. brevicauda predicted to be the most closely related species. The primate 

SPLUNC1 proteins were very similar (indicated by the short branch lengths) and strongly 

supported as a group (100/911100%), consistent with the relatively recent divergence of 

the three species and a slow rate of evolutionary change in primates. Similar support was 
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found for the Bos-Sus (Artiodactyla) group and the rodent (Rodentia) group. Strong 

support was found for a grouping of the rodent SPLUNC5 genes with the rodent 

SPLUNCI genes, consistent with an ancestral gene duplication in the rodent lineage. 

That is, orthologs of the SPLUNC5 genes are not predicted to exist in other mammals. 

As typically seen in phylogenetic analyses of mammals, lower support values were seen 

deeper in the tree, due to the rapid divergence of genera 55-65 million years ago. The 

latherin proteins form a strongly supported (I 00/1 00/96) outgroup. 

Assuming a constant rate of mutations, branch lengths form a measure of time 

since divergence. For most mammalian SPLUNCI proteins the branch lengths are of 

similar, relatively short lengths. This is consistent with a relatively modest rate of protein 

change following the rapid divergence of mammals from a common ancestor ca. 65 

million years ago. However, branch lengths for the Equus and Chiropteran SPLUNCI 

proteins, and the rodent SPLUNC5 proteins, are considerably longer, consistent with a 

more rapid rate of mutation. 



Figure 17: SPLUNCI and latherin protein phylogenetic tree. The Probcons generated 
alignment, edited using the SOAP program to remove site with a posterior probability 
support value <50% in comparison to three other alignments, was used to generate a 
phylogenetic tree using three different programs. The Bayesian analysis was performed 
using MrBayes set to use two Markov chains for 1000000 generations, with the JTT 
model and four gamma rate categories. This gave a standard deviation of the split 
frequency of 0.003758, indicating convergence. Trees were sampled every 100 
generations, and a consensus tree built from the trees excluding the first 2500 bum-in, 
corresponding to the first 25% of the samples. The final mean gamma value was 3.3789. 
The Garli maximum likelihood analysis was performed using the JTT model, with the 
program set to estimate gamma (with 4 rate categories) and amino acid frequencies (i.e., 
F+), with 5 replicate runs. Bootstrap replicates (100) were sampled, selecting the best 
tree from each set of replicates. The gamma was estimated to be 2.9906. A 50% 
majority rule consensus tree was derived from the bootstrap replicates using the program 
Sumtrees in the DendroPy package (Sukumaran, 2008). The PhyML maximum 
likelihood analysis was performed using the JTT model, with the program set to estimate 
gamma ( 4 rate categories, the proportion of invariant sites, and the amino acid 
frequencies set to the model. The estimated proportion of invariant sites was 0.011, and 
the gamma as 3.289. A consensus tree was obtained from 100 bootstrap replicates. The 
three consensus trees generated by the programs had identical topologies. The figure 
shows the unrooted MrBayes tree, with the values for support of each of the branches 
shown as MrBayes posterior probability %/Garli bootstrap %/PhyML bootstrap %. 
Branches marked with an asterisk had poorer support: *, 65/<50/<50; **, 84/<50/<50%. 
The Chiropteran protein branches are shown in red, primate in blue, rodent in green, 
opossum in orange, and latherin protein branches in yellow. The arrow indicates a 
plausible position for the root; that is, the point of origin from the most recent common 
ancestor of all the proteins in the tree. Branch lengths represent an estimate of genetic 
distance; that is, the number of evolutionary events between nodes (branch points) or 
leaves (branch termini). The scale bar corresponds to a distance of 0.3, equivalent to 3 
substitutions every 10 sites (note: this also includes multiple substitutions at the same 
site). 
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Parotid Secretory Protein 
Sequence screening in C. brevi cauda gave a preliminary identification of a clone, 

CBB7 A, as encoding a SPLUNC-related salivary protein called parotid secretory protein 

(PSP). This clone's insert was used as a probe with a virtual Northern blot. The probe 

hybridized with a ca. 1.1 kb band in C. brevicauda, consistent with its origin and insert 

size, but it also detected a 1.1 kb band in D. rotundus Figure 18). Artibeus and P. 

hastatus did not give a hybridization signal with the C. brevicauda PSP clone, due either 

to a Jack of orthlogous PSP mRNA, and/or to sequence divergence. Screening of the D. 

rotundus eDNA library with the CBB7 A probe gave an abundance of ca. 1.3%; far lower 

than the abundance of other salivary protein clones in the library, and therefore unlikely 

to be present in the array. 

The C. brevicauda candidate PSP clone was fully sequenced (Figure 19). The 

insert size (excluding flanking vector sequence) corresponds to the size of the band 

detected by virtual Northern blotting. To determine the sequences to be obtained for 

phylogenetic analysis of the C. brevicauda PSP candidate, the predicted CBB7A protein 

was aligned against the Bingle SPLUNC superfamily profile alignment using ClustalX. 

This gave a weak clustering with human SPLUNC2 (human PSP), bovine SP30A and B, 

and a 77% support for a group comprised of rat SMGB, mouse SPLUNC4 (mouse 

SMGB), and mouse and rat PSPs (data not shown). These proteins were therefore 

downloaded from the NCB! site. Other mammalian orthologs were identified by BLAST 

searches of the NCB! non-redundant protein database using the default parameter 

settings, as described above for SPLUNCI. 
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Predicted proteins were identified from Macaca mulatta (rhesus monkey, XP 

001106102.1) and Pan troglodytes (chimpanzee, XP 001156872.1). Proteins confirmed 

by ESTs or cDNAs were found for Homo sapiens (human, NP 542141.1), Equus cabal/us 

(horse, NP 001075389.1), Sus scrofa (pig, AAQ72928.1), Rattus norvegicus (rat, NP 

434695.1; NP 542953.1, SMGB), Mus musculus (mouse, NP032979.1), and Mesocricetus 

auratus (hamster, AA025650.1). Three predicted canine PSP-like proteins 

(XP _851034.1, XP _862847.1 and XP _862971.1, designated respectively as isoform 1, 2 

and 3) were identified during these searches. A Clustal X alignment showed that these 

isoforms were identical to each other in the coding regions that aligned with other 

mammalian PSPs, and differed only in the predicted N- and/or C-terminal extensions. 

Therefore, only isoform 1 was used for subsequent alignments. Similarly, in addition to 

the two bovine PSPs confirmed by cDNAs (BSP30A, NP _777228.1; BSP30B, 

NP _777227.1), a predicted form d (XP _001253666.2) was found. Form d has a predicted 

N-terminal extension and differences from forms a and b elsewhere in the sequence. 

Pilot alignments using Prealign showed that inclusion of form d considerably reduced the 

overall confidence of the alignment. It was therefore excluded from the dataset. 

A match was also found in Ornithorhyncus anatinus (platypus, 

XP _001520746.1), the two-domain protein previously detected by BLAST searches 

using SPLUNC1 protein as the probe. The hamster (Mesocricetus auratus) PSP protein 

also detected a two-domain protein in the chicken (Gallus) with similarity to other 

mammalian two-domain proteins called bactericidal/permeability-increasing protein-like 

3. Exploration of the relationship ofPSP and SPLUNC1 proteins to these proteins was 

beyond the scope of this project. 



(iv) Generation of an alignment and phylogenetic analysis of 
mammalian PSP-Iike proteins 
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The final list of sequences used for analysis of the PSP proteins is summarized in 

the legend to Figure 20, which shows an alignment of these sequences generated with 

Probalign. As weak matches were also found to the Mondelphis SPLUNCl protein 

previously identified during BLAST searches, the opossum SPLUNCl proteins were 

included as an outgroup. The Macaca and Equus latherins identified above were also 

included as a second outgroup. A Proalign-generated alignment with this dataset 

(Traceback set to 101) showed that only 50/251 positions had a posterior probability 

<50%, and these were mostly localized in theN-terminal region found to be very variable 

in the SPLUNCI proteins. Therefore, this dataset was used for subsequent detailed 

alignment and phylogenetic analysis. Alignments were generated with Probcons, T-

Coffee and Dialign-TX, and these alignments were then compared with the one generated 

by Probalign using the SOAP program with the Probcons file as reference. Of the 251 

positions in the alignment, 32 had a posterior probability <40% and 50%. The unstable 

alignments were clustered as two blocks after the leader sequences, and a block of gaps in 

the C-terminal. Increasing the posterior probability to <60%, gave 47 sites, with an 

addition of another C-terminal region near the end and an expansion of theN-terminal 

unstable region. An alignment file in which positions with <50% posterior probability 

were eliminated was generated for phylogenetic analysis (Fig 21 ). 
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Modelgenerator was used to test the SOAP alignment for the best evolutionary model. 

The AICl, AIC2 and BIC measures all ranked as the best model (scores of 10627.7, 

10783.7 and 10800.5 respectively) the JTT substitution matrix with a gamma distribution 

( 4 categories; alpha =3.4 I for all three models), a correction for the observed amino acid 

frequencies, and proportion of invariant site (I) of 0.06. 

PhyML and Garli were used to examine the evolutionary relationships between 

the PSPs and the Iatherins. Both programs produced consensus trees with identical 

topology (Figure 22). There is excellent support (96- I 00% bootstrap values) for a group 

comprised of the placental mammal PSPs, including the C. brevicauda protein CBB7A; 

this protein is therefore a true PSP. Although there is strong support for primate, rodent 

and Artiodactyl (Sus and Bos) PSP groups (81-100% bootstrap values), there is 

insufficient information in the alignment to resolve branches in the deeper levels of the 

tree, which is presented in Figure 22 as a polytomy (a star-like radiation from a common 

ancestor). The rat SMGB protein is firmly grouped with the rodent PSPs, indicting it 

most likely evolved by gene duplication of an ancestral PSP gene during the speciation of 

rodents, and is therefore probably specific to this order. The opossum PSPs form a well 

supported outgroup, consistent with the known species phylogenies, and the latherins 

form a second well supported outgroup to all the PSPs. Within the PSPs there is 

considerable variation in branch lengths between the groups, consistent with different 

rates of evolution. This is particularly prominent in the Rat SMGB protein, but rodent 

and bovine PSPs all show longer branch lengths compared to other placental mammals. 

The C. brevicauda PSP branch length is intermediate. 



(vi) Generation of an alignment and phylogenetic analysis of 
mammalian SPLUNC1 and PSP-Iike proteins 

To analyze the overall phylogenetic relationship between the SPLUNC1-like 
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proteins, PSPs and latherins, the separate sequence files were combined and alignments 

generated with Proalign. This identified 81/256 sites in the alignment with <40% 

posterior probability support, and 113/286 with <SO% support. Thus, aligning all three 

sets of proteins somewhat reduced the available number of sites with a reliable alignment, 

but the remaining number was still over half of the total. Figure 23 shows a Probalign 

generated alignment. Most of the unreliable alignment positions are localized to theN-

terminal region, with a second smaller block at the C-terminal. Alignments were also 

generated with Probcons, T-Coffee and Dialign-TX, and these four alignments were then 

compared using the SOAP program with the Probcons file as reference to generate a 

consensus on remaining unstable alignment regions. Of the 299 positions in the 

alignment (a different number than obtained with Proalign due to differences in gap 

assignments), 114 had a posterior probability <40%. An alignment file in which 

positions with <40% posterior probability were eliminated was generated for 

phylogenetic analysis (Figure 24). Model Generator predicted the same best evolutionary 

model with the AIC1, AIC2 and BIC criteria (log likelihood score of 14007.59, 14247.59 

and 14265.22 respectively); the JTT substitution matrix with 5 categories (proportion of 

invariant sites 0.05 and a gamma alpha value of3.59) and correction for amino acid 

fregquencies (+F). The edited alignment was then used to generate phylogenetic trees 

using MrBayes, Garli and PhyML. The MrBayes consensus tree is shown in Figure 25. 
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The three types of protein (SPLUNCl-like, latherin and PSP) were clearly resolved as 

monophyletic groups (i.e., all the members are descended from a common ancestor) with 

high levels of support, consistent with the trees obtained using subsets of sequences. The 

opossum proteins are strongly supported as an outgroup (any taxon used to help resolve 

the polarity of characters, and which is hypothesized to be less closely related to each of 

the taxa under consideration than any are to each other) to the other mammalian 

SPLUNCI-like proteins, consistent with the known phylogeny of the marsupials. 

Importantly, the Chiropteran proteins remained in the protein group previously identified 

(i.e., AOA8Gl, CBA2A, PHA7H with SPLUNCI, CBA7A with PSP), indicating their 

assignment was unlikely to be due to a bias in sequences selected for the alignment. As 

before, excellent support (1 00%) from all three programs was found for the Chiropteran 

SPLUNCI group in the larger alignment, with P. hastatus and C. brevicauda again 

predicted to be the most closely related species. However, support for the position of 

Chiropteran SPLUNC I proteins relative to those of other species was weaker than found 

using SPLUNCI proteins alone (Figure 16), likely due to removal of informative 

positions due to their poorer support in the overall alignment. 

The PSPs were also strongly supported as a monophyletic group in the larger 

alignment. However, there was still no strong support for any specific evolutionary order 

to the major placental mammal groups, and they branched from a polytomy. Only the 

rodent and primate groups were well supported. 



Figure 18: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Carollia parotid secretory protein clone CBB7 A as a probe. A replicate blot gel was 
hybridized with the Carollia PSP probe, and washed at low stringency. A strong ca. 1.1 
kb band was detected with the PSP probe in Carollia, and a more modest band is 
Desmodus. No hybridization was detected with Artibeus or Phyl/ostomus, even after 
prolonged aurtogradiographic exposure (data not shown). 



3kb-

2kb-

1.6 kb-

lkb-

0.51 kb-

r:..:l 
~ 
!\... 
~ 
\..) 
r:..:l 
~ 
0 
r:..:l 
~ 
~ 
~ ...... ...... 

:.... 
~ 

~ 
~ 
~ 
.~ 

;:::.. 

~ 
~ 

.~ 
::::::: e 
c3 

119 

r:..:l 

.2! r:..:l s ~ ~ ~ 
~ ~ 
~ 0 ~ :.... ~ 
~ ~ r:..:l \..) 

.8 ~ ~ r:..:l 
..8 0 ~ ~ ~ r:..:l 
~ r:..:l 

~ ~ ~ Q 

....__ 1.1 kb 



Figure 19: Carollia brevicauda PSP sequence. The PSP clone CBB7A was fully 
sequenced. 



>CBB7A 1023bp 
AGGAGACCGTGCAGGGAAACTAGGATTCGTGAGGATCCTCCTCCAAACCTGTATCAAGAC 
AAGATGCTTCAGCTTTGGAAACTTGTTCTCTTGTGCGGCCTGCTCACTGGGACCTCAGCA 
TCGCTTTTTGGGGACCCTGGCAGCCTGAAAAATATTATTGATAAAGGACATGAGCTCTCT 
GTGAATGCAGTTGAAATTGTGACTAAAAAACTGAAGGAAGACCTTATCAGGCTCCAGGAC 
TCCAAGATTTGGCAACTGCCCGGGAAGGCGTTAGAGAAAGCTGATGATCTGCTTGATAGT 
GCTTTTTCTAAAGTCTTGGAAATTCAGAAGGCCATTTTGGGGTTGAGAATCAGTAATGTC 
CAACTCCTGGATGTCAAAACTAACCTGACTTCTGATGGCGCAGCACTTGACCTGAGCCTC 
CCCATCAGCGCCGATATAGAACTGGACCTGCCTCTCATTGGAAAGACAGCTGACCTGAAG 
CTTTCCCTGGACCTCCTGAGCAATCTCAAAATTGAAACCCAGGACGGCAACTCCAAAGTG 
GCCGTGACAAAATGCGTCAGCAACCCAGCTAGCCTCTCATTGAGCTTGTCGGACGAACGC 
AGTAAACTGGCCAACGGACTCGTAGACGCTGCCTCCAGCTTCGTGAGCCAGTCATTGTTC 
ACCCTGGTGGAGGCGAAGATATGCCCATTGGTCAGACTGTTTGCTGGCACACTGGGTGTG 
GATTTTGTTCAGGCTGCCATCGATGAACTTAAGAATGGATCCCAGCAGCAATCGTCTGCC 
TAAAGAGGGCATATCAGAAGGACTGCTGTGATGATCCCTGCTGACTACTTCCCCGTTGTT 
TGGCCTTGGTTCCTCACAGCAGCTCCCTCGGGAAGATGCTGCCACCATCTGACTGGAGTG 
AAAGCCTGAGTCCAGCCAGAAGTTCCCCTCTCAGCTACTCTTTGGCTTCACGGTCGACAC 
AGAAATCTCTATGCTTGTCCCCCTCCACCCTCAGCAATTAAAGCTATTTCTACAAAAAAA 
AAA 

121 



Figure 20: ProbAlign alignment of mammalian PSP orthologs and Iatberins. The C. 
brevicauda candidate PSP CBB7 A predicted protein sequence, orthologous mammalian 
PSP protein sequences, and select latherin sequences were aligned using the default 
setting ofProbalign. The posterior probablility score at an alignment column position is 
represented by the number above the amino acid (e.g., 9 =90% posterior probability, 
etc.), and by coloration (red is high, pink low). The aligned protein sequences are, in the 
order displayed (note, various programs limit the number of name letters that can be 
displayed): Pan (Pan troglodytes, chimpanzee) XP _001156872.1; Macaca (Macaca 
mulatta, rhesus monkey) XP _0011 06102.1; Homo (Homo sapiens, human) 
NP _542141.1; Equus (Equus cabal/us, horse) NP _001075389.1; Canis! (Canis lupus 
familiaris, domestic dog, isoform 1) XP _851034.1; Sus (Sus scrofa, pig) AAQ72928.1; 
BosPSP30a (Bos Taurus, cow) NP _777228.1; BosPSP30b (Bos Taurus, cow) 
NP _777227.1; Rattus (Rattus norvegicus, rat) NP _ 434.695.1; Mus (Mus musculus, 
mouse) NP _032979.1; RattusSMGB ((Rattus norvegicus, rat) NP _542953.1; Mesocrice .. 
(Mesocricetus auratus, hamster) AA02566550.1; CBB7 A 23 ... (Carollia brevi cauda 
clone CBB7A); Monodelp ... (Monodelphis domestica, grey short-tailed opossum) 
XP _ 001381797.1; Trichosurus (Trichosurus vulpecula, silver-gray brushtail possum) 
compiled data; Equus lat.. (Equus cabal/us, horse latherin) AAM09530; Macaca_la .. 
(Macaca mulatta, rhesus monkey latherin (BASE)) NP _001035505.1. 
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Figure 21: Mammalian PSP and latherin protein alignment edited for unreliable 
regions. The program SOAP was used to identify and delete alignment positions with 
<50% posterior probability. The edited Probcons alignment is displayed using the eBioX 
program, which color codes residues according to R group type. 
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Figure 22: Phylogenetic tree of PSPs. Phylogenetics trees were prepared by Garli and 
PhyML maximum likelihood programs using the SOAP edited alignment file of PSPs and 
latherins. Garli was set to perform I 00 bootstrap replicates using the JTT model with an 
estimation of amino acid equilibrium state frequencies, the gamma alpha parameter and 
an invariant site category. The estimated alpha (4 categories) was 3.5742 and I was 
0.0167. A 50% majority rule consensus tree was derived from the bootstrap replicates 
using the program Sumtrees in the DendroPy package (Sukumaran, 2008). The PhyML 
maximum likelihood analysis was performed using the JTT model, with the program set 
to estimate gamma ( 4 rate categories, the proportion of invariant sites, and the amino acid 
frequencies set to the model. The estimated proportion of invariant sites was 0.032, and 
the gamma as 4.055. A consensus tree was obtained from 100 bootstrap replicates. The 
consensus trees generated by the programs had identical topologies. 

The figure shows the unrooted Garli tree, with the values for support of each of 
the branches shown as Garli bootstrap %/PhyML bootstrap %. The deeper branches in the 
PSPs were unresolved (<50% support) and are shown as a polytomy. The Chiropteran 
protein branches are shown in red, primate in blue, rodent in green, opossum in orange, 
and latherin protein branches in yellow. The arrow indicates a plausible position for the 
root; that is, the point of origin from the most recent common ancestor of all the proteins 
in the tree. Branch lengths represent an estimate of genetic distance; that is, the number 
of evolutionary events between nodes (branch points) or leaves (branch termini). The 
scale bar corresponds to a distance of 0.4, equivalent to 4 substitutions every I 0 sites 
(note: this also includes multiple substitutions at the same site). 
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Figure 23. Probalign generated alignment of SPLUNCl-like, PSP and Iatherin 
proteins. The same sequences used to generate the alignments shown in Figures 13 and 
18 were aligned with Proba1ign. The posterior probab1i1ity score at an alignment column 
position is represented by the number above the amino acid (e.g., 9 =90% posterior 
probability, etc.), and by coloration (red is high, pink low). 
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Figure 24: Mammalian SPLUNCI-Iike, PSP and Iatherin protein alignment edited 
for unreliable regions. The program SOAP was used to identify and delete alignment 
positions with <40% posterior probability using a Probcons alignment as the reference 
file. The edited alignment is displayed using the eBioX program, which color codes 
residues according to R group type. 
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Figure 25: SPLUNC and PSP phylogenetic tree. The Probcons generated alignment, 
edited using the SOAP program to remove site with a posterior probability support value 
<40% in comparison to three other alignments, was used to generate a phylogenetic tree 
using three different programs to identify the ancestral relationship between the proteins. 

The Bayesian analysis was performed using MrBayes set to use two Markov 
chains for 600000 generations with 4 runs, with the JTT model and four gamma rate 
categories. This gave a standard deviation of the split frequency of0.010552, indicating 
convergence. Trees were sampled every 100 generations, and a consensus tree built from 
the trees excluding the first 1500 bum-in, corresponding to the first 25% of the samples. 
The final mean log likelihood was -7003.9, ganuna value 4.944 and proportion of 
invariant sites 0.04944. The Garli maximum likelihood analysis was performed using the 
JTT model, with the program set to estimate ganuna (with 4 rate categories) and amino 
acid frequencies (i.e., F+), with 5 replicate runs. Bootstrap replicates (100) were 
sampled, selecting the best tree from each set of replicates. The gamma was estimated to 
be 4.485, with a proportion of invariant sites of 0.0291. A 50% majority rule consensus 
tree was derived from the bootstrap replicates using the program Sumtrees in the 
DendroPy package (Sukumaran, 2008). The PhyML maximum likelihood analysis was 
performed using the JTT model, with the program set to estimate ganuna (4 rate 
categories, the proportion of invariant sites, and the amino acid frequencies set to the 
model. The estimated proportion of invariant sites was 0.05, and the gamma as 3.59. A 
consensus tree was obtained from 100 bootstrap replicates. The three consensus trees 
generated by the programs had nearly identical topologies. The tree shown is the 
MrBayes consensus tree. Branch support is shown as MrBayes posterior 
probability/Garli bootstrap %/PhyML bootstrap%. * denotes <50% support. To avoid 
crowding, values for some highly supported terminal branches are not shown. Branches 
to chiropteran proteins are shown in red, artiodactyl magenta, primate blue, rodent green 
and opossum orange. The latherin branches are shown in yellow. The scale bar shows 
the proportion of sites with substitutions (including multiple substitutins/site) relative to 
branch length. The arrow denotes a plausible location for the root of the tree. 
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Statherin!Histatin 
Many clones giving BLAST hits (low complexity region filtering off) with human 

statherin and histatins were found through sequence analysis of the arrayed A. obscurus 

clones. Virtual Northern blot analysis using clone AOAlC insert as probe detected an 

intensely hybridizing ca. 800 bpr band in A. obscurus, consistent with high abundance of 

the corresponding mRNA/cDNA. This probe also detected somewhat more weakly 

hybridizing bands of a similar size in C. brevicauda and D. rotundus, but not P. hastatus 

(Figure 26). The percent abundance based on filter colony hybridization was a 

remarkable 40.5% of the eDNA clones in the A. obscurus library, indicating these clones 

represent the most abundantly produced mRNAs in this species of bat. The percent 

abundance of statherinlhistatin-like clones was 2% in the C. brevi cauda and 0.5% in the 

D. rotundus libraries, consistent with moderately high levels of expression, but below the 

levels of abundance for incorporation in the arrays. A second A. obscurus 

statherin/histatin probe, AOB3B, only detected an mRNA/cDNA band in A. obscurus 

(Figure 27), suggesting sufficient sequence divergence from the C. brevicauda and D. 

rotundus statherin/histatin mRNA/cDNA sequences to fail to hybridize. The weak signal 

in these two species detected by the AOAlC probe is therefore likely to have been due in 

part to divergence, as well as lower abundance relative to A. obscurus. 

A total of 34 statherinlhistatin-like clones were sequenced on the complementary 

strand using the reverse primer, and each insert sequence compiled. This resulted in 70-

80% of the insert sequence being confirmed on both strands, and about I 0-15% at each 

end being covered on only one strand. A provisional alignment of the A. obscurus 
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statherin/histatin-like clone nucleotide sequences was performed and a neighbor-joining 

tree constructed using ClustalX (not shown). An Excel spreadsheet was then prepared 

cataloging all differences between the clones. This allowed the identification of 4 clones 

that were truncated in the 3' region by internal priming at a A-rich stretch, and 3 chimeric 

sequences (an artifact of PCR amplification of a mixture of similar sequences). Other 

specific differences (single nucleotide substitutions or insertion/detections (indels)) seen 

only in one clone were checked by examining the raw sequence trace; this allowed 

several single base indels to be eliminated as software read errors, but most unique single 

base substitutions (56) and 6 single base indels remained (with many confirmed on both 

strands), consistent with the accuracy of automatic sequencers. The preliminary 

alignment also identified a deletion of the first 3 bases in four clones likely resulting from 

either termination during reverse transcription or the use of alternative initiation sites 

during transcription. In addition, various differences (both substitutions and length) were 

seen in the few bases flanking the 3' end junction with the oligo-dT priming sequence. 

Some of these could have been the result of cloning. 

The chimeric clones were removed from the dataset, and the first three bases of 

the 5'-end (otherwise identical in all clones, thus non-informative for evolution), and up 

to the last 5 bases of the 3 '-end were trimmed off, and a new alignment generated using 

ClustalX (not shown). This alignment was used to produce a tree by neighbor-joining 

(Figure 28). Full (100%) bootstrap support for five major groups of sequences (A-E) was 

found, indicating a minimum of five different genes. The two members of group A have 

much longer branch lengths than those of other group members, indicating greater 

divergence. Inspection of their sequences identified 40 substitutions (ca. 5%) and 5 
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indels. These two sequences are therefore unlikely to represent alleles of the same gene, 

and most likely represent two different genes. There is bootstrap support for at least 3 

subgroups within group B: the subgroup consisting of clones 6 _AOAB5B and 

20_AOB2G (Subgroup Bl) has 74.9% bootstrap support; and the subgroup comprising 

all clones besides 2_AOA9F, 3_AOA9F, and ll_AOAIH has 51.4% support. 

Comparison of the differences between the clones in group B (figure 29) identified two 

subgroups each supported by two clones with no shared differences (Subgroups B 1, B3) 

and one subgroup supported by three clones (Subgroup B2). Group Bl had good (74.9%) 

bootstrap support. If we assume two subgroups represent alleles of one gene, then 3 

subgroups must represent at least two B-like genes, but the differences may actually 

represent three genes. Although clone #10 (AOA3C) could be a true representation of an 

mRNA, it could a chimera between a 5'end region of subgroup B3 and a 3' end sequence 

with A at position 477 (e.g., clones 4, 12 or 16). This still leaves 8 clones with at least 

two differences from any other clone. If we accept these differences, then there must be 

at least another 4 closely related genes (with two different alleles each). Thus, Group B 

appears to consist of at least 6 (2+4) genes, but possibly more. 

To examine the relationship between the clone groups at the protein level, the 

ORFs were translated and the protein sequences aligned using Proalign (figure 30). All 

clones had a short ORF beginning with ATG 63-72 bases from the 5'-end of the mRNA. 

The 17 clones in Group B all encoded the same polypeptide. Thus, all polymorphisms in 

the ca. 60-250 base region of the alignment must have created an alternative codon for 

the same amino acid (e.g., they were in the third codon position), consistent with the 

alterations representing neutral mutations; any other alterations would have altered the 
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coding sequence and presumably been subject to negative selection pressure. This 

observation is also consistent with the observed base differences being real, since errors 

would have been randomly distributed. All clones in Group C also encoded identical 

proteins, while in Group E, three gave the same protein sequence, and one (23-AOASA) 

differed by one amino acid. The two clones in group A each encoded the same 

polypeptide (but different from those encoded by the other groups), even though their 

overall nucleotide sequence differed by ca. 5%. This implies the particular protein 

sequence is subject to negative selection pressure, consistent with the homogeneity of 

protein sequence in group B. The proteins encoded by the two clones in group D are 

identical through their N-terminal regions, but differ in the length and composition of 

their C-termini. This is due to a one base deletion in 17-AOA2H at position 275 of the 

edited alignment, which creates a frame shift in an otherwise identical sequence. 

Although this deletion was confirmed on both strands, it might be a cloning artifact, or a 

subtle sequencing error. 

All proteins have a very similar N-terminal region representing a secretory 

peptide leader sequence (a positively charged lysine adjacent to the initiation methionine, 

and a 17 residue hydrophobic domain ending with an alanine residue). The protein 

alignment clearly identifies 2 distinct types of following (i.e., secreted) protein: clone 

Groups A, C and E (Figure 28) encode proteins rich in tyrosine (5/45 residues, 11 %), 

while groups Band D encode proteins rich in histidine (4/40 residues, 10%). That is, 

Groups A, C and D encode statherin-like proteins, while Groups B and D encode histatin

like proteins. 
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Human statherin and histatins were previously shown to be derived from a 

common ancestral sequence by gene duplication (Dickinson et al., 1987). The proteins 

are very similar in the leader peptide region, but diverge after'the two N-terminal residues 

of the secreted proteins due to indels creating frameshifts in the ORFs. A similar pattern 

of frameshifts in the alignment of the two main families of A. obscurus mRNAs was not 

seen (not shown). A TBLASTN search (which used the predicted A. obscurus statherin 

and histatin protein sequences to search the translated nr nucleotide database) was 

performed with the Expect threshold increased to 200, which allows more matches to be 

identified from the relatively short search sequences, albeit with less reliability in the 

alignment. This identified matches of the leader peptide region to a canine hypothetical 

protein (XM_856876) and to the leader peptide region of human statherin. The canine 

protein in tum gave a relatively good match to the leader peptide of bovine statherin 

(AAN85581 ), human statherin (NP _ 003145), a predicted chimpanzee statherin 

(XP _001161059), a predicted rat protein XP_001071338, and human (NP _002150) and 

predicted chimpanzee (XP _001143678) histatin 1. A Proalign alignment of these 

proteins with the bat histatin-like clone 1_AOA7B and the statherin-like clones 

2l_AOA2A and 27_AOA9D is shown in Figure 30. There is excellent agreement in the 

leader peptide sequence (consistent with strong selection pressure for function). All 

proteins share anN-terminal Asp residue, followed by 1-2 serines, 1-3 acidic residues, 

and with the exception of the canine protein, a1-2 positively charged residues. Both 

serine residues in human statherin are phosphorylated (Ramasubbu eta/., 1993) and the 

Netphos 2.0 server (http://www.cbs.dtu.dk/services/NetPhos/; which produces neural 

network predictions for serine, threonine and tyrosine phosphorylation sites), in 
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conjunction with the enzyme prediction site (http://www.cbs.dtu.dk/services/NetPhosK/) 

gives >threshold value support for phosphorylation of theN-terminal serine of clone 

27_AOA9D6 and l_AOA7B6, but not 2l_AOA2A6, by casein kinase II. The alignment 

over the rest of the peptide sequences is consistent, but modest. Curiously, the positions 

ofhistidines and tyrosines (the abundance of which originally characterized these 

proteins) are poorly conserved. 



Figure 26: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Artibeus Statherin/Histatin clone AOAlC as a probe. A replicate gel blot was 
hybridized with the A. obscurus statherinlhistatin probe AOAl C, and washed at low 
stringency. An intense ca. 800 bpr band was detected with the probe inA. obscurus, and 
substantially weaker bands in C. brevicauda, and D. rotundus, but not P. hastatus. This 
is consistent with the prominent 800 bpr band detected with the total eDNA mixture 
probes (Figure 3). 
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Figure 27: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Artibeus Statherin!Histatin clone AOB3B as a probe. A replicate blot gel was 
hybridized with the Artibeus Statherin!Histatin probes, and washed at low stringency. A 
ca. 800 bpr band was detected with the Statherin!Histatin probe in Artibeus but not in 
Carollia, Phyllostomus or Desmodus. This is consistent with the 800 bpr band detected 
with the eDNA mixture probes (Figure 3). 
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Figure 28: Artibeus obscurus statherinlhistatin-like clone phylogenetic tree. A Clustal 
X alignment was made of the Artibeus obscurus statherin/histatin clone sequences 
(excluding three chimeric clones and end sequences). Clustal X dafault settings were 
used. A neighbor-joining tree was then constructed with correction for multiple 
substitutions and with bootstrap estimation. The unrooted tree shows bootstrap values for 
branches 50% or greater. Major groups (designated A-E), and subgroups identified by 
manual sequence comparisons (and in some cases, bootstrap support), are colored for 
easier visualization. Five major groups are readily distinguished. The scale bar 
represents the branch length equivalent to a fraction of site replacements (including 
multiple replacements at a site of0.02. 





Figure 29: Base differences between Artibeus obscurus Group B clones. The sequences 
of Group B clones in the eDNA alignment used to generate Figure 28 were inspected for 
differences, and an Excel spreadsheet compiled. Clones sharing similar substitutions were 
grouped, using the tree as a guide (the same color coding was used). 
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Figure 30:. Alignment ofArtibeus obscurus statherin and histatin proteins Proalign 
was used to align the ORFs of the A. obscurus statherin-Iike clones and histatin-like 
clones. 
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Figure 31: Alignment of select Artibeus obscurus and mammalian statherin and 
histatin proteins. Proalign was used to align the ORFs of the A. obscurus statherin-like 
clones 21 AOA2A and 27 AOA9D and histatin-like clone 1 AOA7B to human - - -
histatinl (NP _002150; homo_hisl), predicted chimpanzee histatinl (XP_001143678, 
Pan_hisl), a predicted rat protein (XP _001071338, rat), human (NP _003145, 
Homo_stath), predicted chimpanzee (XP _001161059, Pan_stath), bovine statherin 
(AAN85581, Bos_stath), and a canine predicted protein (XM_856876, Canis_sta). 
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Calcitonin Gene Related Peptide 

Initial sequencing of arrayed Des modus rotundus clones showed that 31% had 

similarity to calcitonin gene related peptide (CGRP). No CGRP-like sequences were 

found in the other arrays. Virtual Northern blot analysis using a CGRP candidate clone 

insert detected a 1 kb band in D. rotundus RNA/eDNA in both the main SMG and an 

accessory gland (fig 32). Several CGRP clones were sequenced in the forward direction 

and found to be almost identical. Therefore, only 4 clones were sequenced in the reverse 

direction. The compiled alignment of these sequences showed few differences (fig 33). 

Clone DRASB had a one base insertion, and DRA7G two one base insertions, clustered 

near the middle of the sequence. Such errors are typical of the sequencing trace read 

several hundred bases from the primer, as in this case. There were differences in the last 

few bases at the C-terrninal: these could also be read errors close to the primer site, or 

they could be due to PCR priming effects during cloning. Taking these differences into 

account, there was no evidence for any polymorphism in the clones that could indicate a 

multigene family. Therefore, only one clone (DRAlA) was selected for full sequencing 

using internal primers (Figure 34). 

Phylogenetic analysis of candidate CGRP clone DRAIA sequence 

An initial alignment and phylogenetic analysis was performed using the protein sequence 

from the longest open reading frame obtained from DRAlA. Multiple BLAST hits to 

CORP-related proteins were obtained from species ranging from fish to mammals, 

indicating considerable sequence conservation during evolution. Several issues were 
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identified during this search. In both fish and mammals, a gene encoding calcitonin (in 

fish, CGRP I, in mammals, the calcitonin/calcitonin-related polypeptide alpha gene; 

given the symbol CALCA, CALC I or CGRPI) can give rise to CGRP alpha by alternate 

splicing (Ogoshi eta!. 2006). As a result, CGRP alpha is identical to calcitonin in theN

terminal half of the protein. Fish have a second copy of this dual-function gene. 

Mammals also have a second copy of the gene that evolved independently; however, this 

copy only encodes CGRP beta, not a calcitonin. The CGRP alpha and beta sequences are 

very similar. Thus, tbe only ways to distinguish the two mammalian proteins reliably is 

to compare transcripts oftbe genes to the calcitonin transcript from the same species, or 

equivalently, to compare the transcripts to the sequence of the gene carrying tbe 

calcitonin exon 4. In addition, several mammalian species have one or more related 

genes described as calcitonin receptor stimulating peptide (CRSP), although they have 

confusingly also been called CGRP II, or calcitonin-related peptide. The initial 

alignment found some misidentification of genes/proteins in the databases. Surprisingly, 

the phylogenetic analysis grouped primate CGRP alpha and beta proteins in one group, 

rodent alpha and beta proteins in another, and groups canine alpha witb horse beta, and 

vice versa. This distribution does not accord with tbe known phylogeny of the species. 

One possible explanation was that the tree produced was dominated by a few changes in 

tbe peptide sequences due to tbe high conservation and relatively short sequence. 

Therefore, subsequent aligrunents and trees were produced from the sequences of the 

mRNA open reading frames (ORFs). 
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Assembling a set of reliable sequences was non-trivial, for the reasons indicated 

above. The non-redundant nucleotide and the EST databases were searched exhaustively, 

and individual genome databases were also searched. This identified a pseudogene in the 

horse genome, but produced no useful hits in other genomes. Sets of CGRP alpha and 

beta coding sequences were only obtained from a limited number of species. Where 

possible, the identification of CGRP alpha was confirmed by comparison to the calcitonin 

mRNA sequence of the same species: theN-terminal regions should be identical. Clustal 

X and manual editing were used to produce an alignment of the ORFs of37 different 

CGRP-like sequences after elimination of duplicate sequences with different accession 

numbers (not shown). Some duplicates were mRNA processing variants that had no 

effect on the ORF. A large gap present in most sequences in the center of the alignment 

spans the splice site between exon 3 and the alternative downstream exon in CGRP alpha. 

Sequences filling the gap in a few CGRPs may be the result of the use of alternate splice 

sites. For the GCRP alpha ORFs from species with a known calcitonin sequence (human, 

mouse), the 5 '-half of the CGRP sequence is identical to the calcitonin sequence. Some 

of the CRSP sequences have 3 '-end extensions due to frameshifts that result in a 

downstream stop codon being employed. 

A phylogenetic tree was generated from this alignment by maximum likelihood 

using PhyML with bootstrap support estimation (Fig 35). The DRAIA CGRP sequence 

was contained within a group with strong (93%) bootstrap support that included a dog 

(Canisfamiliaris) EST, pig (Sus scrofa) CGRP beta, and horse (Equus caballus) CGRP 

beta. This is consistent with the recent grouping of these species into the Pegasoferae, 

with ( cet)artiodactyls (e.g. cattle, Bos Taurus) as a sister group within the Laurasiatheria, 
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although the order of CGRPs in the tree is inconsistent with the predicted speciation 

within the Pasaoferae (Nishihara et al. 2006). Most likely, the bat CGRP is a beta-type 

CGRP. However, at the mRNA level, rodent alpha and beta transcripts grouped together 

with good (90%) bootstrap support. Similarly, primate alpha and beta transcripts grouped 

together with 80% support. This would seem to imply each pair of genes evolved after 

the divergence of the species, which is unlikely, but complicates the assignment of a 

CGRP-type to a gene without being able to compare to the species calcitonin gene. The 

rabbit (Oryctolagus cuniculus) has two CGRP-like sequences identified from ESTs. It is 

likely that one is an alpha, and the other a beta CGRP, but there is presently no way to 

make the assignment. Horse CGRP alpha (confirmed by comparison to the calcitonin 

gene) grouped together with the CRSP protein family present in dog, goat, pig, sheep and 

cattle, although its relationship to the family was not resolved. This is consistent with the 

recent proposal that the CRSP genes evolved from an ancestral duplication of a 

calcitonin/CGRP alpha gene (Osaki et al. 2008). 



Figure 32: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Desmodus CGRP clone DRASE as a probe. A replicate gel blot was hybridized with 
the D. rotundus CGRP probe, and washed at low stringency. A ca. I kb band was 
detected with the CGRP probe in D. rotundus only in both the major SMG and the 
accessory gland (compare Figure 3) .. 
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Figure 33: CGRP sequence alignment. The T-Coffee program was used to align the 
sequences of the four CGRP clones that were sequenced in the forward and reverse 
directions. 
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Figure 34: CGRP sequence. CGRP clone DRAIA sequence was fully confirmed on both 
strands with internal sequencing. 



>DRAlA 991bp 
ACAGCAGGAGTTGTGTCCATCCGGGTGGACCGGCCGCTTGCACTCTCCCGCAACTCAAGC 
CTCCAGAGAAGCATCATGGGCTTCAGAAAGTCCTCCCCCTTCTTGGCTTTCAGCATCTTG 
GTCCTGTGCCAGGCAGGTGGCCTCCAGGCAACACCACTCAGGTCATCGGACTTGGAGAGC 
CGCAGGGACACCACTGCACTCGCTGAGAACAAGTGCCTCCTACTGGCTGCACTGCTGAAG 
GCCTATATAGAGGGGAAGTTCAAAGGGCTGGAGAAGGAGGAGCAGGGGGAGCAGGAGACA 
GAGAACAGTGTCAATGTCGAGAAGAGATCCTGCAACACTGCCACCTGTGTGACACACCGG 
CTGGCAGGCCTTCTGAGCAGATCTGGGGGTGTGCTGAGCAGCAACTTCAATTCCACTGAC 
ACAGGTGCCAATTCCTATGGTCGTCGCCGTAGAGACCTTCAGGCCTGAGCTGCTAACTCA 
CTCCAGGAAGGTTACCATGAAGCTGAACTCACCACTTCCATTCACTTCTGCTGACAACAA 
CTTGGTGAGAAGGCCCCATGGAAGATACACATGTTTGCATCCTAATAGATAACAACACCA 
ACAAAAAGCACCCTTGTCAATCAAAAGGAATGAAATTGAATGCAAAACAAGCTAATTCCA 
TATTTGTTGTGCATCCCTTTTGTATTTGATTCCATGTGTAGTAAATGTGATGGCATCTCT 
CATCAGCTCTTCTGGTGGCAAACAGGTCCTTTGAGAGAGCTATCCGTTGACCATGGCAGC 
TTTGCCAACCCGTAGGGGGACATGAAATCATCACCTCTGTGGCCTCTGTGTTGATGCTAT 
GCTCTGTGGTAATGGTGATGCTATGCCTTGCTGTCTAAGAACCTGATTGTATAATTTGTT 
TAAGGAAATGTCAATATTGTGCCATTTGTGAACCTCATCAAGATTAAAAACATATTTTGG 
ATT"""""""'"'"'"'"'"'""'"'"'"'"'"'""'"'"'"'"'"'""' 
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Figure 35: CGRP Phylogenetic tree. A phlyogenetic tree was constructed using PhyML with 
the ClustalX generated alignment of the CGRP-related ORF sequences and the D. rotundus 
CGRP ORF sequence derived from DRAIA. The nucleotide substitution model used was the 
HKY85 model, with a discrete gamma model comprising 4 categories and a proportion of 
invariant sites, and an estimate of nucleotide frequencies. The estimated gamma was 2.053, and 
the proportion of invariant sites as 0.049. Bootstrap support for branches was estimated with 100 
replicates, and DendroPy used to summarize the replicates as a 50% majority rule tree. Sequences 
used for the alignment (where possible, the NCB! gene id and name is given) were: Macaca 
fascicularis (EST DC646037); Macaca mulatta (predicted calcitonin-related polypeptide beta, 
CGRP beta, XM_001092199); Pan CGRP beta (Pan troglodytes predicted calcitonin-related 
polypeptide beta, XM_529390); Homo CGRP beta (Homo sapiens CALCB, calcitonin-related 
polypeptide beta, CGRP beta, NM_000728); Homo CGRP alpha (Homo sapiens CALCA, 
calcitonin-related polypeptide alpha, CGRP alpha, variant 3, NM_OOJ033953); Oryctolagus I 
(Oryctolagus cuniculus, calcitonin gene-related peptide variant I, EST EB377284); Oryctolagus 2 
(Oryctolagus cuniculus, calcitonin gene-related peptide EST EB373688); Mus CGRP beta (Mus 
musculus, CALCB, calcitonin related polypeptide beta, NM_054084); Rattus CGRP beta 
(CALCB, rat calcitonin-related polypeptide beta, NM_138513); Peromyscus CGRP beta 
(Peromyscus spp., similar to calcitonin-related polypeptide beta, EST EV 469302); Rattus CGRP 
alpha var2 (Rattus norvegicus CALCA, calcitonin/calcitonin-related polypeptide alpha transcript 
variant 2, NM_OOJ033955); Rattus CGRP alpha var3 (Rattus norvegicus CALCA, 
calcitonin/calcitonin-related polypeptide alpha transcript variant 3, NM _ 00 I 033956); Mus CGRP 
alpha (Mus musculus, CALCA, calcitonin related polypeptide alpha, transcript variant 2, 
NM_OOJ033954); Canis CRSP3 (Canisfamiliaris, calcitonin receptor-stimulating peptide 3, 
NM_OOJ 134976); Canis CRSP4 (Canisjamiliaris, calcitonin receptor-stimulating peptide 4, 
NM_OOJ 134977); Canis CRSP2 (Canisfamiliaris, calcitonin receptor-stimulating peptide 2, 
NM_OOJ002947); Canis CRSPI (Canisfamiliaris, CALCB (erroneous assignment in database), 
calcitonin related polypeptide beta, more accurately calcitonin receptor-stimulating peptide I 
NM _ 00 I 002948); Equus caballus CGRP alpha, CALCA, calcitonin isoform CGRP, 
NM_OOJ085424); Bos CRSPI isoform b (CALCB (erroneous designation), also CRSPI 
calcitonin receptor-stimulating peptide I, isoform b, NM_OOIOOII49); Bos CRSPJ isoform a 
(CRSPJ calcitonin receptor-stimulating peptide I, isoform a, NM_OOJ 134662); Capra CRSPI 
(Capra hircus (goat), calcitonin receptor-stimulating peptide I, EST AB364646); Ovis aries 
CRSPJ (sheep CALCB (erroneous designation), also calcitonin receptor-stimulating peptide I, 
NM_OOII30155); Sus scrofa CRSPI (pig, NM_213742); Sus scrofa CRSP3 (pig, NM_213746); 
Sus scrofa CRSP2 (pig, NM_213747); Capra CRSP2 (EST AB364647); Bos CRSP3 (Bos taurus, 
calcitonin related peptide 3, NM_OOJ076340); Bos CRSP (beta type CGRP (erroneous 
designation; phylogenetically a CRSP) XM _ 00125311 0); ·Sus scrofa CGRP beta (NM _ 00 II 02); 
DRAIA (Desmodus rotundus clone); Equus CGRP beta (Equus cabal/us, calcitonin gene related 
peptide II, NM _ 00 I 081928); Canis familiaris (EST DN354483 (most similar to human CGRP 
beta by BLAST); Monodelphis domestica (similar to CGRP, XM_OOJ378907); Phyllomedusa 
bicolor (two-colored leaf frog, prepro-skin-calcitonin gene related peptide, Yl8495); Xenopus 
tropicalis (Western clawed frog, EST CN075363); Ornithorhyncus anatinus (similar to CGRP, 
XM_001510930); Gallus gallus (chicken, compiled from ESTs BU485355, BU268429, 
BU26562!, BU213401, BU203257, BU423617 and BU262345). 
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Other proteins identified 
. Through the sequencing analysis several other proteins were identified. In 

Phy/lostomus, C. brevicauda and D. rotundus lipophilin proteins were identified. The 

lipophilins contributed to a significant percentage of the clones identified through 

sequencing representing 47%, 35% and 39% sequencing abundance in P. hastatus, D. 

rotundus and C. brevi cauda respectively. The lipophilins are represented by a band in the 

51 0 kb region of the virtual northern blots using D. rotundus and C. brevi cauda probes 

(Figures 36 and 37). As detected on the virtual Northern blots, lipophilins were present in 

all four species. 

Lipocalins were identified in C. brevicauda and D. rotundus through sequencing 

analysis. These proteins were very abundant in these species with 26% abundance in the 

sequences in C. brevicauda and 14% in D. rotundus. A virtual northern blot was made 

using C. brevicauda and D. rotundus probes (Figures 38, 39). They revealed that 

homologous clones were present in all four species. 

Another protein found in the P. hastatus and C. brevicauda arrays through 

sequencing was a2-glycoprotein. This protein was found to represent 6% of the clones 

sequenced in P. hastatus and 0.8% in C. brevicauda. On further analysis with a virtual 

northern blot, using a Phy/lostomus a2-glycoprotein probe, orthologous clones were 

identified through hybridization in all four species. The clone is represented by a band 

present in the 1.2 kb region of the blot (Figure 40). Several other clones were discovered, 

and will be further investigated in future studies. These clones were TNF-a, prolactin, 

andSMR3B. 
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Figure 36: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Carol/ia Lipophilin clone CBASF as a probe .. A replicate gel blot was hybridized with 
the C. brevicauda lipophilin probes, and washed at low stringency. A ca. 510 bpr band 
was detected with the lipophilin probe in all of the bat species. 
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Figure 37: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Desmodus Lipophilin clone DRB4H as a probe. A replicate blot gel was hybridized 
with the D. rotundus lipophilin probe, and washed at low stringency. A ca. 5 I 0 bpr band 
was detected with the lipophilin probe in all of the bat species. 
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Figure 38: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Carollia Lipocalin clone CBAlOA as a probe. A replicate gel blot was hybridized with 
the C. brevicuada lipocalin probe, and washed at low stringency. A ca.' 510 bpr band was 
detected with the lipocalin probe in all of the bat species. 
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Figure 39: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Desmodus Lipocalin clone DRA 7 A as a probe. A replicate gel blot was hybridized with 
the D. obscurus lipocalin probe, and washed at low stringency. A ca. 510 bpr band was 
detected with the lipocalin probe in all of the bat species 
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Figure 40: Virtual Northern blot analysis of Chiropteran SMG RNA using the 
Plryllostomus a2-glycoprotein clone PHB12G as a probe. A replicate blot gel was 
hybridized with the P. hastatus a2-glycoprotein probe, and washed at low stringency. A 
ca. 1.2 kb band was detected with the u2-glycoprotein probe in all of the bat species. 
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Discussion 
The overall strategy employed in this project to identify clones representing abundant 

salivary proteins-a combination of eDNA library hybridization screening and restriction 

analysis--was highly successful: a substantial majority of the sequenced clones (217/285, 

76%) represented secreted proteins. The lack of novel protein sequences found by 

sequencing cDNAs from the four species contrasts with earlier work in rodents. While it 

is possible that further sequencing of clones representing lower abundance mRNAs might 

identify novel Chiropteran salivary proteins, these results suggest that a significant 

proportion of the major mammalian salivary proteins may have been identified. 

Short Palate and Nasal Epithelium Clone 
The PLUNC family of proteins are divided based on size into LPLUNCs (long) 

and SPLUNCs (short). There are at least five different SPLUNC proteins identified in 

various species, with SPULNC1 being the founding member of the PLUNC family of 

putative innate immune molecules (Bingle eta/., 2007). One of the orthologous genes 

identified in the submandibular glands of the bats were the SPLUNCs. SPLUNCs were 

discovered as abundant mRNAs in A. obscurus, C. brevicauda and Phyllostomus. D. 

rotundus, however lacks an orthologous SPLUNC clone to both A. obscurus and 

Phyllostomus which was confirmed through virtual northern blot analysis. At this time, 

we cannot rule out the possibility that the D. rotundus SMG expresses a highly divergent 

SPLUNC protein at modest abundance, which would have gone undetected by 

sequencing and by virtual Northern analysis. A more comprehensive sequencing survey 

(employing 4-5000 clones) could address this question. 

175 
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The function of the SPLUNC protein has yet to be confirmed. However it has 

been speculated that it may function as an immunomodulatory protein. In reference to the 

supplement to the Bingle, 2004 paper, the bat SPLUNC proteins, not only align most 

closely with the mammalian SPLUNCl genes, but are also found in the same general 

anatomic location as the human SPLUNC I proteins. SPLUNCI mRNAs and proteins 

have been found in human tracheal epithelium and in submucosal glands of the 

oropharynx, as the bat SPLUNCs were identified in the submandibular glands (Bingle et 

al., 2007). Research conducted by Bingle and colleagues indicate that the short PLUNCs 

have a structural similarity to BPI in the N terminal region, and within the mammalian 

family there appears to be some variability within theN terminal region (Bingle eta/., 

2004). The PLUNC family of proteins are, to date, found only in air-breathing 

vertebrates, while BPis are found in vertebrates and invertebrates alike including worms 

and even plants (Bingle eta/., 2004). 

It has been shown in previous research that the PLUNC proteins are rapidly 

evolving, a characteristic of proteins involved in host defense (Bingle eta/., 2004). This 

rapid evolution is also evident in the Chiropteran SPLUNCs as the tree displays a long 

branch length, indicating an increased mutation rate. 

Phylogenetic analysis ofSPLUNCl-like proteins predicted clustering of 

Chiroptera, Equus (Perissodactyla), Artiodactyla and Canis (Carnivora) in one group, and 

Primates and Rodentia in another (Figure 17). This is consistent with the division of these 

two groups into the Laurasiatheria and Euarchontoglires respectively, as found in other 

studies (Nishihara eta/., 2006). The latherins likely evolved by gene duplication from a 

common ancestor that gave rise to the SPLUNCI-like proteins. The more rapid rate of 
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mutation seen in the Chiropteran SPLUNC1 group (as well as the Equus SPLUNC1 and 

rodent SPLUNC5 group), as shown in Figure 17, would be consistent with a loss of 

negative selection and/or the effect of positive selection. Loss of negative selection could 

occur if the protein was no longer (or at least less) essential to survival, and in the 

limiting case the gene would eventually convert to a nonfunctional pseudogene. D. 

rotundus does not express a SPLUNC1-like protein in the SMG, indicating that for this 

species, SPLUNC1 is not required. However, an alternative explanation consistent with 

the hypothesis under test is that the cases of rapid SPLUNC1 (and SPLUNC5) evolution 

are the result of adaptation due to selection pressure in each species, and that this 

selection pressure, directly or indirectly, is the result of adaptation to a particular diet. 

Thus, in the Chiroptera, the branches for C. brevicada and P. hastatus SPLUNC1 are 

longer than the branch to A. obscurus, even though they evolved from a common 

ancestor, perhaps reflecting adaptations to different diets. 

Although the exact functions of the SPLUNCs are unknown, it may be possible 

that the one of the functions may be related to diet. Why is it that after childhood, when 

the body is fully immunocompetent, we do not have allergic reactions to new food in our 

diet? The SPLUNCs may serve to blunt the body's response to not only bacteria, but also 

to food that is consumed. The varying diets of the bats serve as an example of this 

hypothesis. While the fruit eating and omnivorous bats (A. obscurus, C. brevicauda and 

P. hastatus) have variety in their diet and need to prevent an immune response to all of 

these foods, the vampire bat has only one food source, blood. The diet of the vampire bat 

is exclusive to a single food source and therefore would not need immunomodulation to 
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prevent anaphylactic events from the food it consumes. This hypothesis would explain 

the Jack of SPLUNC protein production in the submandibular gland of the vampire bat. 

The SPLUNCs have been shown to be upregulated in humans with chronic 

inflammatory disease and are present in areas of infection. Bingle in 2007, reported that 

SPLUNCI is significantly increased in the epithelium of patients with cystic fibrosis, a 

disease of chronic inflammation and infection. The study also hypothesized that the 

upregulation was due to phenotypic alterations in the epithelium, and not due to 

inflammatory mediators (Bingle et al., 2007). However, other studies have indicated that 

SPULNCI binds to LPS in nasal lavage fluid and was identified as the only protein of all 

of the proteins in the nasal lavage to bind to LPS (Ghafouri et al., 2004). Zhou in 2006, 

found that SPLUNCI was found in co-localization with nanobacteria in nasopharyngeal 

carcinoma epithelia HNEI cells (Zhou et al., 2006). Furthermore, after the BPI domain 

was eliminated from the SPLUNCI proteins the co-localization was absent, indicating 

that the BPI domain is critical for the protein to function in bacterial defense (Zhou et al., 

2006). The host defense function of the SPLUNCs is evident in the lungs, however 

limited studies have been done on the epithelium, and salivary glands in the oral cavity. 

The oral cavity is continually inundated with commensal and pathogenic bacteria, and 7-

15% of all adults experience severe periodontal disease, a progressive loss of bone and 

tissue around the teeth mediated by bacteria and the host response (Johnson et al., I 988). 

Therefore it would be critical to have SPLUNCI proteins present in abundance to 

mediate the host defense. There is a push to diagnose the severity of gingival 

inflammation and periodontal disease based on the clinical phenotype of the patient 

which includes not only multiple environmental and medical history influences, but the 



179 

diagnosis is also influenced by the biologic phenotype of the patient, the cellular and 

molecular response along with the inflammatory biomarkers. The influence of SPLUNCs 

with chronic oral infections, such as periodontits, has not been investigated to date, 

however it may warrant further investigation (Offenbacher eta/., 2008). 

Parotid Secertory Protein 
The parotid secretory protein (PSP), is a major salivary protein expressed in the 

mouse, rat and human parotid glands (Geetha eta/., 2003). The PSPs are related to the 

PLUNC, BPI and LBP family of anti-bacterial and anti-inflammatory peptides 

structurally and are located on the same chromosome 20q11 (Geetha et al., 2005). The 

phylogentetic tree (fig 25) also indicated an ancestral relationship between the PSPs, 

SPLUNC1-like proteins and the latherins. A plausible position for the root of the tree is 

near the divergence ofthe latherins and PSPs, suggesting these proteins evolved early 

during the mammalian radiation. As seen with the SPLUNC!-like proteins the 

evolutionary rates of PSP proteins vary considerably between species consistent with 

positive selection for change. The predicted divergence of bat SPLUNC1 proteins before 

the radiation of other placental mammalian SPLUNCI proteins (Figures 17 and 25) 

would imply that the Chiroptera diverged early during the mammalian radiation (Figure 

17). The PSPs were not informative in this regard, as the predicted tree contained a 

polytomy for all placental mammal groups (Fig 22). The three types ofPLUNC-related 

protein (SPLUNC1-like, latherin and PSP) comprise a complex superfamily with varied 

expression patterns between species, and within the tissues of any one species (Geetha et 

a/., 2003, Bingle eta/., 2007). One plausible position for the root of their phylogenetic 

tree (i.e., the position of the last common ancestor for all of the sequences) is at or near 
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the node for all three protein groups (arrow, Figure 25). That is, all three types of protein 

would be expected to be found in most, if not all species of mammals, and the lack of a 

gene for a particular protein would be the result of a loss during evolution. Therefore, 

detection of expression (or lack of expression) of a given gene in the Chiropteran 

submandibular glands, as seen for both SPLUNCl and PSP, would be the result of 

selection pressure for the presence of the protein in saliva. 

The Chiropteran SPLUNCl branch lengths are somewhat longer than those of the 

other placental mammals, suggesting a more rapid rate of evolution (Fig 25). This could 

indicate positive selection for changes related to diet-induced challenges to the oral 

cavity. The latherins also have long branch lengths. Together with their relatively poor 

alignment in some regions of the bovine and human proteins, this suggests these the 

latherins are undergoing rapid evolution. Protein structure modeling combined with 

statistical tests of the rate of change of individual residues (e.g., using the SELECTON 

program) could be used to examine these possibilities. 

The PSPs that have been detected in human submandibular glands have been 

termed SPLUNC2 (Geetha eta/., 2003). As with the SPLUNCs the function of the PSPs 

has not been fully elucidated, although by extension may share the same host defense 

function as the SPLUNCs. Geetha in 2005, compared the LPS binding region of BPI and 

the predicted PSP structure, and three cationic peptides were identified. The three novel 

peptides were synthesized and shown to inhibit the action ofLPS. The presence ofPSP 

was identified through sequencing in C. brevicauda and interestingly, through virtual 

Northern screening in D. rotundus. Based on other studies, it is hypothesized that PSPs 
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may participate in antimicrobial functions in D. rotundus and C. brevicauda. The reason 

for the lack of othologous sequences in the other species is unkown. 

Statherin!Histatin 
Statherin is a small, abundant phosphoprotein found in the saliva and excreted by 

the sublingual and submandibular glands in humans (Gilbert, Stayton 1999). The primary 

function of statherin is to inhibit precipitation of calcium phosphate salts on to the teeth 

from the supersaturated solution in the mouth (Gilbert, Stayton 1999). If the calcium 

phosphate salts precipitate on the teeth they can form pathological mineralized tissues, 

known as calculus, which harbor bacteria and are considered secondary etiologic factors 

of periodontal disease (Kani eta!., 1983). The statherins are also important in 

remineralization of the teeth with hydroxyapatite after an acidic insult to the teeth. 

Statherin is too large of a protein to penetrate enamel pores, therefore statherin remains 

on the tooth surface and binds to hydroxyapatite. This aids in crystalline growth of the 

enamel by allowing minerals to penetrate in to the enamel (Humphrey, Williamson, 

2001 ). Histatins are histidine-rich proteins which serve to function as anticandidal, 

antimicrobial and as major wound closing factors in human saliva (vanderSpek eta!., 

1989, Oudhoff eta!., 2008). The statherin and histatin genes are localized to human 

chromosome 4q13, and comprise a mutigene family (Sabatini eta!., 1987, vanderSpek et 

al., 1989, Rijnkels eta/., 2003). ). Dickinson eta!., (1987) showed that the human 

statherin and histatin genes evolved from a common ancestor by duplication followed· by 

insertion/deletion events that created frameshifts in the coding sequences, resulting in 

very different protein sequences downstream of the leader peptide and N-terminal 

regions. In the species A. obscurus, many abundant clones were identified, representing 
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statherinlhistatin m RNAs. The statherinlhistatin clones represented 6 I% of all the A. 

obscurus clones sequenced, and had an astounding 40.5% abundance in the library. These 

results indicate that statherinlhistatin mRNAs, and therefore proteins are abundantly 

produced by the submandibular glands. Orthologous statherinlhistatin clones were also 

found through virtual northern blot analysis in C. brevicauda and D. rotundus. These 

orthologous genes were not identified through the first pass of restriction analysis and 

sequencing, and the reason for this is evident when the hybridization with the library 

revealed only 0.5% abundance and 2% abundance in D. rotundus and C. brevicauda 

respectively. Two different A. obscurus statherinlhistatin probes failed to detect an 

mRNA in P. hastatus, and no clones were detected by sequencing. It is therefore 

possible that P. hastatus fails to express a statherin/histatin-like gene in the SMG. 

However, since one of the two A. obscurus probes also failed to detect mRNAs in C. 

brevicauda or D. rotundus, the possibility that P. hastatus expresses modest levels of a 

highly divergent statherin-histatin-like protein cannot be excluded. More extensive 

sequencing of P. hastatus clones would be required to address this issue. 

The difference in the presence/abundance of these proteins may be related to diet. 

Both C. brevi cauda and A. obscurus are frugivorous, and therefore have a diet that is high 

in sugar, namely figs which are notoriously high in cariogenic sugars. Also it may be 

possible that the bats are unable to locate fresh fruit and may consume fruit which may 

have fungus or is unripened and has a high acidic content. It seems logical the oral cavity 

of these bats would require significant amounts of a protein that was critical for 

remineralization of the teeth and prevent oral fungal overgrowth, such as 

statherinlhistatin. In A. obscurus, the statherinlhistatin gene family is very complicated, 
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so a full analysis of the genes will require a future study. The discovery of D. rotundus 

statherinlhistatin orthologous gene is surprising, as the diet of this species does not 

directly indicate a need for remineralization. This perhaps indicates that in D. rotundus, 

the statherin!histatin genes participate in a different function. The function of this protein 

in Desmodus will require further investigation. 

Calcitonin Gene Related Peptide 
Calcitonin gene realted peptide (CGRP) is a 37 amino acid neuropeptide that was 

identified in 1982 by molecular biological techniques, and is in the family of peptides 

with calcitonin (Brain, Grant, 2004). CGRP has been recognized as a potent arterial and 

vasodilator, with 10-fold greater effects than prostaglandin and 100-1,000 fold greater 

effects than the classic vasodilators (acetylcholine, substance P and adenosine) (Brain, 

Grant, 2004). The duration of action of action is longer as well, with a half life of7-10 

minutes in circulation. As expected, CGRP is found in coronary arteries and veins, 

notably at the adventitial-medial border and when injected intravenously can cause a 

decrease in blood pressure and an increase in heart rate (Brain, Grant, 2004). The 

vascular dilation is due to the direct CGRP action on the smooth muscle, causing the cells 

to release adenylate cyclase (cAMP). The rise in cAMP then activates protein kinase A, 

which in turn phosphorylates and opens K+ channels leading to relaxation (Brain, Grant, 

2004 ). There are two isoforms of CGRP for most species, a and ~ ( a CGRP also known 

as CGRP I and ~ CGRP is the same as CGRP II) which have a 94% structural similarity 

(Zaidi eta!., 1990). The primary structure of CGRP is known to have one disulfide chain 

that links Cy2 to Cys7 and this structure is evolutionarily conserved between sequences 

and is found in the sequences of humans, rats and chickens. The two isoforms differ only 
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by three amino acids and these minor differences do not affect the affinity or the biologic 

activity of CGRP (Taylor, 2002). 

The vampire bat, D. rotundus, is absolutely dependant on a diet of fresh blood, 

which is obtained through inflicting a wound on their victim. The victims continue to 

ooze for a period of several hours after the bite has occurred. This oozing allows the 

vampire bat time to feed as the bat does not suck the blood, but rather laps the blood. The 

interference with the clotting mechanism is due to salivary secretions (Cartwright, 1974). 

This research identified an abundant mRNA, represented as CGRP in the submandibular 

glands of D. rotundus. CGRP gene sequence comprised 31% ofthe sequencing 

abundance in D. rotundus with 13% abundance in the library. As this protein is directly 

related to diet, it is not surprising that orthologous sequences were not identified in the 

three other species. 

The protein encoded by the D. rotundus clone DRA1A groups with Pagasoferae 

CGRP beta proteins, indication it is also most likely a beta type. However, it is difficult 

to confidently assign a CGRP from a given species as either an alpha or a beta type 

without the availability of the corresponding calcitonin. An ancestral gene duplication 

prior to speciation results in each subsequent species acquiring a copy of each gene 

(absent deletion events). Due to divergence being related to the amount of time elapsed, 

the two types of gene in each species formed from each ancestral gene tend to be less 

related to each other within a species than to the same type of gene between species. 

That is, when considering both genes together, two sets of trees typically arise from a 

common root: on tree terminating in the different species possessing one gene, the other 

tree for the species with the other gene. For the CGRPs at either the protein or mRNA 
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level, this was not the case: rodent alpha and beta genes, and primate alpha and beta 

genes, were grouped within the same genera, implying recent, not ancient (i.e., before the 

manunalian radiation) evolution. One possible explanation for this mixing is exchange of 

exon 4 between the alpha and beta genes, converting a beta into an alpha gene (i.e., 

expresses calcitonin) and vice versa. Analysis of more species will be required to clarify 

this. Thus, at this time, we cannot be fully certain that the D. rotundus CGRP is a beta 

type. 

Other Proteins Identified 
Several other proteins were identifie,d through sequencing analysis of the four 

species. The mRNAs identified as lipocalins and lipophilins were very abundant 

representing a large percentage of the sequencing abundance, and found in each species 

on virtual northern analysis. As with the other salivary proteins, the functions of these 

proteins have not been fully characterized to date, however there have been several 

studies which give an insight into their proposed functions. The lipocalins are a family of 

ligand binding proteins, with a diverse range of functions. The lipocalins have been 

shown to be produced in the boar submandibular glands, bind steroidal sex pheromones 

and have a role in chemical communication (Loebel et a!., 2000). Lipocalins are also 

present in the tears of several species of manunals and have been hypothesized to 

function as critical for the integrity of the tear film by transporting lipids, or participate in 

the cellular defense against the effects of oxidative stress (Azzarolo et a/., 2004). Another 

interesting function of the lipocalin family is the binding of siderophores. Bacteria must 

derive their nutrition from their host, and of all of the nutrients required for growth of the 

microorganism, iron is the most difficult for the bacteria to obtain. The host has several 
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protein which limit the amount of free iron available, but the bacteria also posses 

mechanisms for obtaining the iron form the host, including the production of 

siderophores. Siderophores are chelating agents, which have a stronger affinity for 

binding iron than the host iron-containing compounds. The siderophore route of iron 

acquisition is the major route in which the bacteria attain the necessary iron. The 

lipocalins are significantly elevated in an infection, and have been shown to physically 

remove the siderophores from the bacteria, which in turn limits the growth of bacteria 

(Ratledge, 2007). 

The lipophilins are "lipid-loving" proteins which are major constituents of several 

mammalian secretions (Lehrer, 2000).The functions oflipophilins may include an ability 

to bind androgens and other steroids, and the expression of the lipophilins has been 

associated with secretory epithelia such as the lung, mammary glands, salivary glands 

and prostate (Zhao et al., 1999; Sjodin et al., 2005). Although the functions are unknown 

in the bats, the abundance suggests an importance in the oral cavity. It may be 

hypothesized that the lipocalins and lipophilins function in pheromone chemical 

communication, or in lipid binding as these are animals with fur, and participate in 

grooming practices. Another possibility, notably with D. rotundus, the lipocalins may 

function in the removal of siderophores. In human saliva, lactoferrin is thought to bind 

free iron to restrict its availability. The diet of D. rotundus is high in iron, and it would 

have been expected that there would be a high concentration of lactoferrin production 

from the submandibular gland. Although the lactoferrin may be produced by the parotid 

gland in this species, it was not detected in the SMG. The abundance of lipocalin may 
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microbial growth in the oral cavity of D. rotundus. 
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Another protein found as abundant mRNA in all four species was a2-

glycoprotein, also known as Zn-a2-glycoprotein (ZAG). This protein is a soluble protein 

present in the prostate gland, mammary glands, sweat glands, salivary, tracheal and 

bronchial glands, pancreas, liver and kidneys (Sanchez et al., 1999; Tada et al., 1991). 

ZAG is capable of binding hydrophobic molecules and has been shown to be 

downregulated in human obesity (Delker et al., 2004; Marrades et al., 2008). The ZAG 

proteins were abundant in all four species and may function in lipid breakdown, however 

to fully characterize this protein, further investigation is required. 



Summary 
This project was based on the hypothesis that due to the adaptation to different 

diets during the evolution of mammals and the need for protection from dietary 

components, the presence of certain abundant salivary proteins will correlate with diet. 

This hypothesis initially derived from predicted functions of statherin!histatins and the 

PRPs involving direct interaction with dietary factors or their effects (low pH, tannins). 

The results of this study iden~ified several abundant proteins within each species, and a 

group of proteins, statherins/histatins, potentially linked to diet. The statherinlhistatin-like 

proteins were encoded by the most abundant clones present in Artibeus obscurus, 

representing 61% of the clones sequenced in this species. Artibeus obscurus consumes a 

high sugar diet of figs. These proteins may serve to remineralize the teeth from the insults 

of highly cariogenic bacteria utilizing the sugars. Sequences homologous to 

statherin!histatins were also detected in Carollia brevicauda, a fruit eating bat, although 

at lower levels than in A. obscurus. This may reflect the more diverse diet of C. 

brevicauda. Therefore it could be predicted that in species other than bats, diets high in 

sugars may result in a salivary composition high in statherinlhistatins to reduce the 

incidence of caries in the animal. Consistent with this, higher primates (including 

humans) also consume figs and have high statherinlhistatin levels. 

The PRPs were initially expected to be abundant proteins in the fruit eating bats, 

to prevent the absorption of dietary tannins. However this was not found to be the case. It 

is possible that the low abundance ofPRPs observed is due to the consumption of fruits 

low in (or without) tannins, indicating little need for protection from the diet. The 
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CORPs found in Desmodus rotundus represent a specialized adaptation of the salivary 

proteins to a feeding mechanism, not a response to the diet per se. 
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Other abundant clones found inA. obscurus encoded SPLUNC, SMR3B, 

prolactin, lipocalin, lipophilin and a2-glycoprotein proteins. Carollia brevicauda had 

high abundances oflipophilin, lipocalin and SPLUNC clones, representing 39%, 33% 

and 6.3% of the clones sequenced, respectively. In C. brevicauda, less abundant clones 

for a2-glycoprotein, prolactin, parotid secretory peptide, and statherin!histatin were also 

found. In Phyllotomus hastatus the lipophilins and SPLUNCs were the most abundant 

clones sequenced in this species, representing 47% and 26.5% of the clones sequenced, 

respectively. Lipocalins and a2-glycoproteins were also identified. Desmodus rotundus 

had an abundance oflipophilins, lipocalins and calcitonin gene related peptide clones. 

Other less abundant clones identified in D. rotundus were the parotid secretory peptides, 

TNF-a, and statherin!histatin. It seems that the majority of the abundant salivary proteins 

found in this study are either directly antimicrobial, or indirectly, via activation of the 

innate immune system. Taken together with information from human and rodent salivary 

proteins, it appears that the bulk of the salivary proteins produced appear to be dedicated 

to modulation of the microflora, rather than direct interaction with the diet. 

Bacterial species likely vary in their susceptibility to different antimicrobials, and 

different salivary proteins may provide preferential adherence of some species, favoring 

colonization of some and clearance of others. During the evolution of species with 

different diets from a common ancestor, new dietary components would cause potential 

shifts in the composition of the microbiome by providing new nutrients leading to 

potential challenges to oral health. Co-adaptation of salivary proteins could suppress 
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potentially hazardous genera/species, and favor colonization by benign species supported 

by the new diet, giving them a significant advantage over less benign species. This 

would result in the composition of the microbiome being dictated primarily by the overall 

salivary protein composition. That is, the natural diet has led to an antimicrobial salivary 

composition that dictates the broadly permitted microbial flora. This in turn predicts a 

correlation between the distribution of microbial genera and the salivary proteins in 

different animal species, driven by the evolutionary history of the animal's diet. There is 

no evidence for significant changes in human salivary composition due to changes in diet. 

Therefore if salivary protein composition dictates the micro flora, then the composition of 

the microflora should be relatively similar throughout the world. Consistent with this, a 

recent study of the microbiome of the oral cavity in individuals from around the world 

has shown that the variation in microbial genera is much greater within an individual 

(86%) than between individuals (13%). The variation between individuals from different 

locations across the world is only 1.8% (Nasidze et al., 2009). That is, geography (and 

presumably diet) contributes little to the composition of the microbiome at the genera 

level. This raises the possibility that individual variation in salivary proteins (in 

conjunction with innate immunity) may be the dominant factor in dictating the 

composition of the microbiome in the oral cavity. 

Within microbial genera and species there is often considerable genetic variation, 

and some species or strains could be less tolerable than others. Polymorphism in salivary 

proteins might serve to balance the microbial variation at the level of the animal 

population, rather than the individual. A particular protein variant might be good at 

preventing colonization by one aggressive strain, but poor at preventing colonization by 
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other less aggressive (but still potentially detrimental) strains. This leads to the interesting 

speculation that some individuals might inherit a particularly good combination of 

protein variants for their particular microbial exposure/inoculation, conferring excellent 

oral protection and health, even in the absence of good oral hygiene. Other individuals 

could inherit a poor combination, with the consequence of possible overgrowth of 

gingival plaque, predisposing the individual to gingivitis and periodontal disease. These 

individuals would have a genetic susceptibility to oral disease. If this is true, once 

relevant salivary protein gene polymorphisms are identified, relatively straightforward 

genetic testing could be used to identify those at most risk, and preventive therapy 

implemented to reduce the incidence of disease. 



Glossary of Significant Terms 
eDNA Library: Represents all of the mRNA present in a particular tissue. 

Colony Hybridization: is the screening of a library with a radio lab led probe to identify a 

specific sequence of DNA, RNA or protein. 

Complementary DNA (eDNA): DNA that is synthesized in a reaction from mRNA 

using an enzyme called reverse transcriptase. 

In Vitro: an experiment performed outside a living organism. 

In Vivo: an experiment performed in a living tissue. 

Northern Blot Analysis: A technique for identifying specific sequences of RNA in 

which RNA molecules are separated by electrophoresis, transferred to nitrocellulose, and 

identified with a suitable probe. 

Orthologous genes: genes in different species that are similar to each other because they 

originated from a common ancestor. 

Paralogous genes: genes that are duplicated to occupy two different positions in the 

same genome. The genes may have a similar function. 

Phylogenetics: is the study of the evolutionary relatedness among a group of organisms. 

Plasmid: Typically found in bacteria, is a DNA molecule that is separate from the 

chromosomal DNA and can self replicate. 
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Reverse transcriptase: DNA polymerase enzyme that transcribes single stranded RNA 

into double stranded DNA 

Sjogren's syndrome (SS) : Systemic autoimmune disorder leading to the destruction of 

various exocrine glands. There are two forms of SS. Primary SS is defined by xerostomia 

and xerophthalmia (dry eyes) and is not accompanied by another autoimmune disease. 

Secondary SS is associated with another autoimmune disorder such as rheumatoid 

arthritis or lupus. 

Virtual Northern Blot Analysis: A technique used when there is a limited amount of 

RNA for a Northern Blot. eDNA is amplified by polymerase chain reaction and is 

electrophoresed, transferred to nylon membranes and probed with a radio labeled eDNA 

probe corresponding to the mRNA of interest. 

Xerostomia: The subjective feeling of dry mouth. 

Xerophthalmia: The subjective feeling of dry eyes. 
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