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Abstract 

The Androgen-binding protein (Abp) genes in the house mouse genome have undergone 

extensive duplications that produced 64 Abp paralogs.  Distinct sets of Abp genes are expressed 

in lacrimal and salivary glands.  This study examines the changes in a mouse line lacking two 

major salivary Abp genes, Abpa27 and Abpbg27 (a27/bg27 knockout line).  We observed no 

marked changes in lifespan or fecundity between the three genotypes.  We paired traditional 

PCR with quantitative PCR to measure changes in Abp paralog expression in both 

submandibular and lacrimal glands.  We observed a decrease in expression of a27 and bg27 

transcripts in the salivary glands of +/- mice and a complete absence of a27 and bg27 in the 

salivary glands of -/- mice.  We did not detect any changes in expression of any other Abp 

paralogs in salivary glands.  On the other hand, we saw variance in Abp expression between the 

three genotypes in the lacrimal glands including an increase in bg10 and bg20 expression in 

female -/- mice, and a3 in male -/- mice.  This study will be the first of many documenting the 

changes that occur in a knockout mouse line.   
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Introduction 

The Androgen-binding protein (Abp) genes in the house mouse are a unique family of 

proteins that have undergone extensive duplication.  Comprehensive studies have characterized 

this family of proteins through biochemical and behavioral investigations.  Recently, a paper 

identifying the expressions of Abps in lacrimal and submandibular glands was published, 

showing differential Abp expressions between the two glands (Karn, Chung et al. 2014).  In this 

study, we created a knockout line lacking two major salivary Abp genes.  Our goal was to 

evaluate the effects of eliminating two key genes that encode proteins that play a role in 

subspecies mediation.  Our aim was to identify any compensatory changes in other Abp paralogs 

by examining the expression levels of these paralogs in the lacrimal and submandibular glands 

with several techniques, including traditional PCR and quantitative PCR.  
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Literature Review 

General characterization/overview of the Androgen-binding protein genes 

The Androgen-binding protein (Abp) genes comprise a gene family that has undergone 

major expansion in the genomes of members of the genus Mus ancestor within the past seven 

million years (Laukaitis, Heger et al. 2008).  Located on chromosome 7 of the house mouse (Mus 

musculus), the Abp gene region is comprised of 64 paralogs, 30 Abpa genes encoding ABP alpha 

subunits, and 34 Abpbg genes encoding ABP betagamma subunits.  The encoded alpha and 

betagamma subunits belong to the secretoglobin family, a protein superfamily defined by a 

characteristic protein structure:  A four-helix bundle with a boomerang shape seen both in ABPA 

and ABPBG subunits (Callebaut, Poupon et al. 2000, Karn and Laukaitis 2003).  Functional 

ABPs exist in secretions as an alpha subunit disulfide bridged to a betagamma subunit.  This 

dimerization creates an internal cavity that allows the binding of small male sex-steroid ligands, 

such as testosterone, as the name suggests (Dlouhy, Nichols et al. 1986).  The 

ABPA27/ABPBG26 and ABPA27/ABPBG27 dimers found in saliva bind dihydrotestosterone to 

about the same extent, whereas the A27/BG27 dimer binds more testosterone than A27/BG26 

(Karn and Clements 1999).  The differential interaction of A27 with the different BG monomers 

may result in slightly different conformations of the binding pocket, changing the affinity for 

different ligands (Callebaut, Poupon et al. 2000, Karn and Laukaitis 2003; reviewed in Karn 

2013). 

The Abp genes and their region on chromosome 7 

The majority of the Abp paralogs are found in alpha/betagamma gene pairs, or modules, 

with the Abpa and Abpbg arranged in a 5’-5’ orientation.  Each module is numbered 1-27, and 

abbreviated as <Abpa-Abpbg> or <Abpbg-Abpa>, with the arrowheads pointing in the 3’ 
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direction (Emes, Riley et al. 2004, Karn and Laukaitis 2009).  In addition, there are three Abpa 

and seven Abpbg unpaired paralogs.  Some paralog sequences have accumulated sufficient 

mutations to designate them as pseudogenes, which are denoted with a p at the end of their gene 

name (e.g. Abpa1p).   

A calculation based on a phylogenetic tree of the Abpa paralogs in the genus Mus shows 

that older paralogs are found on the distal ends of the Abp gene region, whereas younger 

paralogs are in the interior portion of the region (Karn and Laukaitis 2009).  The 64 Abp paralogs 

are divided into five different ancestral clades.  Clade 1 is the oldest clade, which includes two of 

the oldest Abp pairs, <bg1-a1p> and <bg2p-a2>.  The majority of the Abp paralogs are found in 

Clade 2, the youngest and largest of the five clades.  Clade 3 and Clade 4 include <a24-bg24> 

and <a25p-bg25p>, respectively.  Clade 5 includes two Abp sets, <a26p-bg26>, <a27-bg27>, 

and a singleton paralog a30p (Laukaitis, Dlouhy et al. 2005).  Not all Abp paralogs are 

expressed, but those that are expressed involve different gene groups in the lacrimal than in the 

salivary glands of the mouse (Karn, Chung et al. 2014). 

Protein pheromones 

 ABP is one of three families of mouse proteinaceous pheromones.  The other two include 

the major urinary proteins (MUPs) and exocrine gland-secreting peptides (ESPs).  Each family 

has its own expression patterns in specific glands (Karn and Laukaitis 2009, Karn and Laukaitis 

2012).  The gene families encoding for these proteinaceous pheromones are similar in that they 

all have undergone extensive expansion to create large gene clusters in both the Mus musculus 

and Rattus norvegicus genomes (Kimoto, Haga et al. 2005, Kimoto, Sato et al. 2007, Laukaitis, 

Heger et al. 2008, Logan, Marton et al. 2008, Karn and Laukaitis 2009).   
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All three of these protein groups are thought to have a specific role in communication.  

Male mouse ESPs secreted from the exorbital lacrimal gland have been shown to stimulate 

female vomeronasal sensory organs (Kimoto, Haga et al. 2005, Kimoto, Sato et al. 2007).  

Mouse ESP1 enhances female sexual receptive behavior, lordosis (the position that some female 

mammals display when they are ready to mate), upon male mounting and copulation (Haga, 

Hattori et al. 2010).  MUPs are synthesized in the liver and other tissues and are secreted into 

urine.  Their function is apparently to mediate individual mouse recognition and they may play a 

role in male-male aggression (Hurst 2009).  Mouse salivary ABPs are deposited on the animal’s 

pelt via licking and grooming and can be detected on mouse pelts and isolated from the cage 

litter (Laukaitis, Critser et al. 1997, Karn and Laukaitis 2003, Laukaitis, Dlouhy et al. 2005).  

Since mice are nocturnal, the deposition of their ABPs on surfaces may serve as olfactory cues 

when mice roaming in the dark encounter each other.   

These three gene families have all undergone extensive duplication in the mouse genome 

and some have expanded independently in other mammal genomes.  The method of gene 

expansion differs between these three gene families.  Evidence of gene conversion has been seen 

in the Esp family but not in the Mup and Abp gene families (Karn and Laukaitis 2012; reviewed 

in Karn 2013).  Purifying selection appears to explain the similarity of the Class B Mup family 

better than gene conversion (Karn and Laukaitis 2012).  The mechanisms that aided the Abp gene 

family expansion include retrotransposon elements meditating non-allelic homologous 

recombination, which will be explained in detail below.  Furthermore, several ABP and MUP 

protein sequences are thought to have undergone positive selection on certain sites of the 

sequence (Karn and Laukaitis 2012; reviewed in Karn 2013).  These gene families have all 

expanded at different times throughout mouse history.  There is evidence that the Esp gene 

7



family is much older than both Abp and Mup gene families because its duplication began before 

the divergence of Mus musculus and Rattus norvegicus (Kimoto, Sato et al. 2007).  Thus 

studying these three gene families in detail is imperative to understand how different 

mechanisms of gene expansion can contribute to such highly duplicated genes in the mouse 

genome.  

Function of mouse salivary ABP 

 There are three Mus musculus subspecies that form distinct peripatric populations, with a 

specific Abpa allele fixed in each (Abpaa in domesticus, Abpab in musculus and Abpac in 

castaneus) (Karn and Dlouhy 1991).  A hybrid zone found in Europe was formed by secondary 

contact between the domesticus and musculus subspecies (Laukaitis, Critser et al. 1997, 

Macholán, Munclinger et al. 2007).  The b-congenic mouse strain, bred to produce the Abpab 

allele on a Mus musculus domesticus background (C3H/HeJ strain), was created to better 

understand the function of ABPs.  When faced with choosing between male mice differing only 

in their Abpa allele, female mice preferred males with the same Abpa allele as their own 

(Laukaitis, Critser et al. 1997, Talley, Laukaitis et al. 2001).  Female mice were able to 

differentiate between territories of mice with different Abpa alleles and the preference towards 

males of the same Abpa allele was even more marked when males were physically present in the 

cage (Laukaitis, Critser et al. 1997).  Modeling this preference for Abp alleles across the hybrid 

zone has provided evidence that ABPs may play a role in incipient reinforcement in the region of 

the mouse hybrid zone in Europe, where M. m. musculus and M. m. domesticus make secondary 

contact (Laukaitis, Critser et al. 1997, Bimova, Macholan et al. 2011).  The concept is based on 

observations that hybrids formed in this region have reduced fitness, thus creating a 

reinforcement mechanism that reduces the loss of genetic potential from bordering subspecies 
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populations into the hybrid zone.  

Abp evolution & history 

 The Abp gene family has expanded independently in several distantly related mammals, 

while in most mammals the gene family is represented by a single alpha and beta-gamma gene 

pair (Laukaitis, Heger et al. 2008).  The mouse gene family is thought to have expanded recently 

under positive selection and occupies approximately 3 Mb of the mouse genome (Laukaitis, 

Heger et al. 2008).  The rat genome has also experienced an Abp expansion, containing three 

pairs of Abpa/Abpbg paralogs.  Furthermore, it appears that the mouse and rat Abp genes have 

undergone duplication events after the mouse-rat divergence (Emes, Riley et al. 2004).  By 

comparison, the single Abp gene pair in the Great Apes is nonfunctional, having been 

pseudogenized by the accumulation of disruptive mutations (Emes, Riley et al. 2004, Laukaitis, 

Dlouhy et al. 2005).   

The extensive gene duplication events in the mouse provide useful clues as to how genes 

can undergo rapid duplication under different mechanisms.  One outcome of creating novel Abp 

paralogs is that they are targets of mutation, creating genes that have been altered slightly, 

allowing for diversification of the function of ABP.  This may occur by either neo- or 

subfunctionalization which create either new functions or to partition existing functions of the 

Abp genes, altering the gene repertoire to perform a variety of distinct roles.  If mutations are 

deleterious, instead, a gene undergoes nonfunctionalization to become a pseudogene (Ohno 

1970).  Genes that have accumulated deleterious mutations are designated as putative 

pseudogenes and such mutations may include single nucleotide polymorphisms (SNPs) or indels 

leading to frame shifts.  A recent study has shown that the greatest number of mouse Abp 
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paralogs are pseudogenes (34/64, not including bg3 and bg10[15/17], which were shown to be 

expressed). 

Previous studies have sought to explain the rapid expansion of the Abp gene region in the 

mouse.  The oldest duplication event occurred approximately 7 million years ago (Laukaitis, 

Heger et al. 2008).  The original duplication of the single ancestral Abp gene into the first Abpa-

Abpbg module may have occurred via a tandem gene duplication event.  This type of duplication 

often results in an inverse orientation of the daughter paralogs, which are seen in the original 

Abpa-Abpbg pair (Katju and Lynch 2003).  The evolution of two subunit genes, Abpa and 

Abpbg, may have duplicated by this mechanism and so too the first modules, as suggested by the 

inverse orientation of modules 1 and 2 from all other modules (Karn and Laukaitis 2009).  

Subsequent duplications in the Abp gene region may have been the product of a different 

duplication mechanism that caused a shift from an inverse to a direct order of the products.  Parts 

of the Abp gene region, primarily in the center of the region (Clade 2), have been shown to 

undergo large and recent duplication events by non-allelic homologous recombination (NAHR).  

The high numbers of repeats of LINE1 retrotransposons, especially of the L1Md_T subfamily, 

throughout the Abp gene region suggest that NAHR plays a role in the large block duplications.  

The middle of the Abp gene region, which includes the most recently duplicated paralogs, is still 

volatile, with substantial gene birth and death, as indicated by copy-number variation (CNV) in 

common inbred strains (Karn and Laukaitis 2009).  Consequently, the process of gene family 

expansion may be ongoing and appears to have resulted in CNV of some paralogs in wild mice, 

which could explain CNV in some inbred mouse strains (Karn and Laukaitis 2009).  
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Other mammal secretoglobins 

Thus far, secretoglobins have been described primarily in mammals and are expressed in 

a variety of tissues and secretions.  Most importantly, proteins are placed into the secretoglobin 

family on the basis of a structural similarity:  The characteristic four-helix bundle with a 

boomerang shape that is seen in both the ABPA and ABPBG subunits (Callebaut, Poupon et al. 

2000, Karn and Laukaitis 2003).  Other proteins with similar structure include rabbit uteroglobin 

and cat Fel dI (Mornon, Fridlansky et al. 1980, Kaiser, Gronlund et al. 2003, Emes, Riley et al. 

2004).  Along with the secretoglobin fold, cat Fel dI and Abp both have three cysteine residues 

essential in dimer formation to keep monomers in an anti-parallel configuration through disulfide 

bridging.  

 All three ABP subunits found in saliva have four α-helices within the first 70 amino 

acids, and a fifth helix in the beta and gamma subunits (Karn and Laukaitis 2003).  A common 

residue found in most ABPs is the amino acid cysteine, which plays a role in disulfide-bridging 

to connect the alpha and betagamma subunits as dimers.  By contrast, the bg10/15/17 paralogs 

lack nucleotides that code for cysteine (Karn, Chung et al. 2014).  Although these paralogs are 

classified as pseudogenes because they cannot form the disulfide bonds necessary to dimerize 

with an alpha subunit, their RNA and protein are still found in lacrimal glands and tears (Emes, 

Riley et al. 2004, Laukaitis, Heger et al. 2008, Karn, Chung et al. 2014).  One interesting aspect 

of the Abp gene region is that there are many putative pseudogenes (34/64 paralogs, ~53%) 

containing missense or nonsense mutations or non-canonical splice sites.  

 The uteroglobin protein also has been studied to further understand ligand binding in 

secretoglobins.  The uteroglobin protein is a homodimeric structure that forms an internal 

hydrophobic cavity where ligands are able to bind to specific residues (Callebaut, Poupon et al. 
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2000).  The monomers are joined in an antiparallel manner by two disulfide bridges.  There are 

several highly conserved residues important for ligand binding inside the cavity of the 

uteroglobin dimer. 

 In contrast to the uteroglobin homodimer, the heterodimeric structure of ABP allows for 

differential ligand binding (Karn and Clements 1999).  Three residues that play a role in steroid 

binding differ between the BG26 and BG27 subunits (Karn and Laukaitis 2003).  These residue 

differences could contribute to the different affinities for the ligands bound by the two different 

dimers.  

Abp gene expansion and regulation 

 As previously noted, the Abp gene regions in the mouse and rat genomes 

expanded independently.  There is evidence for independent expansions of Abp genes in other 

mammals such as the European wood rat, rabbit, cattle and a marsupial Monodelphis (Laukaitis, 

Heger et al. 2008).  The construction of a phylogenetic tree along with gene order data suggests 

that only one Abp gene pair was present in the common ancestor of the rat and mouse (Emes, 

Riley et al. 2004).  Thus, the question arises regarding the mechanisms behind the extensive Abp 

expansion in the mouse.  Several driving forces can be taken into account when studying the 

expansion and evolution of the Abp gene family.  One of these is positive selection that occurred 

on specific sites in the coding regions of both Abpa and Abpbg genes (Emes, Riley et al. 2004).  

A high ratio of nonsynonymous to synonymous nucleotide substitution rates provides evidence 

for the effects of positive selection on the Abp region (Karn and Nachman 1999, Karn and 

Laukaitis 2003, Emes, Riley et al. 2004, Laukaitis, Dlouhy et al. 2005, Laukaitis, Mauss et al. 

2012).  Another trademark of positive selection seen in the gene sequences of Abp is an increase 
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in changes in the exons compared to the introns and 3’-untranslated regions (Laukaitis, Dlouhy 

et al. 2003, Emes, Riley et al. 2004). 

Abp/ABP expression 

 The genome mouse submandibular gland expresses three Abp genes, Abpa27, Abpbg26 

and Abpbg27, all of which are subsequently translated into their respective ABP subunits in 

mouse saliva (Dlouhy and Karn 1983, Dlouhy, Taylor et al. 1987, Laukaitis, Dlouhy et al. 2003, 

Laukaitis, Dlouhy et al. 2005, Karn, Chung et al. 2014).  It is interesting to note that all Abp 

transcripts expressed in the salivary gland come from Clade 5, which is one of the two oldest 

clades.   

A recent survey of the expression of all 64 paralogs in the lacrimal gland of C57BL/6 

mice using both conventional and quantitative PCR showed that there is differential expression 

compared to the salivary glands.  Both male and female mice express transcripts of paralogs a2, 

a20, a24, a27, bg2, bg7, bg20, bg24, bg26 and bg27 in lacrimal glands (Karn, Chung et al. 

2014), however, not every transcript found in the lacrimal glands has a corresponding protein 

detectable in tears, including a24, a27, bg26, and bg27 are found as transcripts in the lacrimal 

glands without any corresponding tear proteins.  The latter three paralogs, also found in salivary 

glands, had extremely low expression values, whereas a24 had an expression value similar to 

other paralogs that are translated into protein.  Furthermore, there is a male sex-limited 

expression pattern of several Abp paralogs, a3, a12, bg3p, bg12 and bg10p/15p/17p, all of which 

have corresponding proteins secreted in tears (Karn, Chung et al. 2014).  

At the transcript level, there was minimal overlap of Abp gene expression in lacrimal and 

salivary glands.  At the protein level, there was no overlap in ABP expression in tears and saliva.  

It may indeed be that the dramatic and recent expansion within the Abp gene region may have 
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allowed for more diversification of the functions of the genes.  A change in function may be 

indicated by a change in expression (Wagner 1998).  This gives rise to the notion that perhaps 

Abps have undergone neo- or subfunctionalization during their expansion.  

Advantages of creating a knockout line 

 Replacement vectors are commonly used to generate knockout mice.  Insertion of these 

vectors provides a positive marker for the deletion of the target gene.  It is necessary to isolate 

embryonic stem cells (ES cells) that express the drug resistance marker for neomycin (neo).  The 

stem cells are then inserted into a mouse blastocyst using homologous recombination to generate 

chimeric mice with the goal of obtaining a line whose germ line is derived from the knockout ES 

cells (Bradley, Evans et al. 1984, Hall, Limaye et al. 2009).  Ultimately, the progeny of these 

chimera will be bread to create a knockout mouse strain (Hall, Limaye et al. 2009). 

 A primary objective of creating a line of knockout mice is to observe the changes in gene 

expressions and in the physiology of the transgenic mice.  Homologous recombination was used 

to insert a drug resistance marker, in this case neomycin, to replace two target genes, Abpa27 and 

Abpbg27, in the ES cell genome producing a “loss of function” mutation.  In this study, the goal 

was to use quantitative PCR to determine whether upregulation of other, related genes can 

compensate for the loss of function of the targeted genes. 
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Materials and Methods 

 All animal manipulation was performed in accordance with University of Arizona 

IACUC procedures under protocol 08-138.  The C57BL/6 mouse strain was obtained from 

Jackson Laboratory (Bar Harbor, Maine), and the Abpa27/Abpbg27 (hereinafter a27/bg27) 

knockout mouse strain was created by the Genetically-Modified Mouse Model (GEMM) Core at 

the University of Arizona.  Mice used as breeders were at least 45 days old.  

Maintaining an a27/bg27 knockout line 

 A drug resistance marker, neomycin (neo) replaced the genes a27 and bg27 on mouse 

chromosome 7 to produce a transgenic hybrid knockout mouse.  Figure 1 shows the Abp gene 

region with neo replacing the a27/bg27 genes through homologous recombination.  To create a 

line of C57BL/6 x a27/bg27 knockout backcross breeders, we bred a C57BL/6 mouse with the 

hybrid 129/C57BL/6 knockout mouse heterozygous (+/-) for the a27/bg27 genes.  We repeated 

for a total of five backcrosses to create a strain of mouse essentially having a C57BL/6 genetic 

background and lacking a27 and bg27 genes.   

Approximately 13-15 days after each litter was born, we used ear punches to number 

each pup.  We followed an overnight extraction protocol to isolate genomic DNA from the ear 

punches to determine the pups’ genotypes as +/+ or +/- for the a27/bg27 genes.  Techniques 

utilized to amplify and visualize the gene products from each sample include polymerase chain 

reaction (PCR) and gel electrophoresis.  We created a duplex PCR reaction with two sets of 

primers, the a27 primer and the neo gene primer.  Each reaction contained 1 µl of genomic DNA 

template along with 1 µl of the duplex primer mix.  The a27 primers amplified a 1019 bp 

fragment, whereas the neo primer amplified a 493 bp fragment.  These were easily distinguished 
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on a 1% agarose gel (Fig. 2).  Each PCR run also included a positive C57BL/6 control, a control 

for each genotype (+/+, +/-, -/-) and a negative water control.  

Using two heterozygous (+/-) mice from the fifth generation backcross, we created an 

intercross breeding line that produced pups with all three genotypes (+/+, +/-, -/-).  The same 

methods were used as previously described to determine the genotypes of pups from the fifth 

generation intercross litters.   

RNA extraction and cDNA library synthesis  

 We harvested the lacrimal and submandibular glands from three 45-day old mice of each 

genotype and sex for RNA extraction and cDNA library synthesis.  A total of 18 mice were used 

from the fifth generation intercross for the tissue extraction.  We euthanized mice in a CO2 

chamber for 30 seconds after the last expiration.  We extracted RNA from one lacrimal gland 

and one submandibular gland of each mouse using an RNA extraction kit from ZYMO research 

according to the manufacture instructions.  Approximately ¼ of a salivary gland or an entire 

lacrimal gland was placed in a 1.5 ml microfuge tube with lysis buffer provided and 

homogenized with a VWR pellet mixer.  Non-nucleic acids were removed and nucleic acids 

loaded onto a spin column.  We treated the samples using RNase-free DNase before washing and 

the final RNA product was eluted in 50 µL water.  Each RNA sample was checked for 

concentration and quality by measuring the A260/280 values using a spectrophotometer.  The 

samples were stored in a -80º freezer.  

 We used the Thermo Scientific Revert-Aid First Strand cDNA Synthesis Kit according to 

manufacturer’s instructions to create a cDNA library for each sample.  Approximately 1 µg of 

starting RNA was reverse-transcribed into cDNA using the RevertAid reverse transcriptase.  The 

final cDNA concentration was approximately 50 ng/µL.  We verified the integrity of the cDNA 
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libraries using standard PCR by amplifying a control gene (GAPDH) and the three salivary Abp 

transcripts (a27, bg26 and bg27).  The PCR products were visualized using a 2% agarose gel 

electrophoresis.  Any bands found on the gel were sequenced to confirm the paralog identity.   

Transcript analyses 

 We used primers created to specifically amplify each Abp paralog, with each primer 

checked for correct amplification using both genomic DNA and cDNA in traditional PCR 

reactions (Supplement File 1).  We verified the amplification products of each primer set by 

Sanger sequencing at the Bio5 institute at the University of Arizona.  The forward and reverse 

primer sequences for each paralog can be seen in Supplemental File 1.  Any primers that did not 

accurately amplify a paralog were omitted from using for further studies. 

A survey using all of the verified Abp primers was performed with both lacrimal and 

salivary cDNA libraries from the three intercross genotypes as templates to determine whether 

any changes in gene expression had occurred in any of them.  We used salivary and lacrimal 

gland cDNA libraries from C57BL/6 mice as references.  Each PCR reaction contained 

approximately 10 ng of starting cDNA template and a forward and reverse primer mix at a 2.5 

µM concentration.  We ran the PCR reactions on a thermocycler at a 60º annealing temperature 

and visualized the PCR products on a 2% agarose gel.  Any unexpected bands were sequenced to 

verify correct amplification.   

Quantitative PCR analyses 

 Quantitative PCR (qPCR) was performed on an ABI Prism 7000 machine using the 

Maxima SYBR green qPCR kit from Thermo Scientific.  The primer sets used were the same as 

standard PCR, and the primer-to-template ratio was previously optimized, as described in the 

Karn et al 2014 paper.  Only primers that accurately amplified expressed Abp genes were used in 
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qPCR analyses.  We produced a standard curve for each primer using a male lacrimal C57BL/6 

as template, because it expresses more Abp paralogs than do the salivary glands.  Male salivary 

C57BL/6 cDNA template was used to produce standard curves only for three Abp paralog 

primers (a27, bg26 and bg27).  To create a standard curve, we made a serial dilution spanning 

five orders of magnitude for each cDNA template.  The cDNA template concentrations ranged 

from 10 ng to 0.001 ng and we included a no-template control for each primer set.  The standard 

curves were plotted on Microsoft Excel as graphs of the threshold cycle (Ct) values vs. log ng 

total RNA.  We obtained the line of best fit using the trendline function on Excel.  We used the 

slope generated from each line to calculate the efficiency (E) of the primer.  The Ct value was 

assigned as the cycle number that crossed a threshold line using the ABI Prism 7000 Sequence 

Detector Software.  This was arbitrarily set in the linear portion of the amplification plot because 

the linear section correlates to the region of exponential amplification of the template.  The 

correlation coefficient (R2 value), which measures the linear relationship between the two 

variables, was obtained from the line of best fit using the built-in graphing function in Excel.  

We used the slope obtained from the trendline to calculate the efficiency, which indicates the rate 

at which a PCR amplicon is produced.  An efficiency of 100% indicates that a PCR amplicon is 

doubling for every cycle.  This is also a measure of the overall performance of the primers and 

PCR assay.   

The equation used to calculate the efficiency is:  

E= (10-1/slope-1) x 100. 

We excluded any primer sets with either an efficiency< 70% and/or R2 < 0.97.  Supplemental 

File 1 shows each primer used in this qPCR analysis, along with the optimal annealing 

temperature of each primer.  The cDNA templates used in conventional PCR were used for 
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qPCR analysis.  Each reaction contained approximately 10 ng of cDNA template.  GAPDH was 

included as a control primer for each sample.  qPCR ran optimally with 5pmol of a forward and 

reverse primer mix.  

 To analyze the qPCR results, the threshold for each reaction was set within the linear 

portion of the curve using the ABI Prism 7000 Sequence Detection System software.  As 

previously stated, the linear portion indicates an exponential amplification of the template.  After 

setting the threshold, any samples with a Ct value greater than 35 were designated as non-

detectable.  We calculated the relative quantity of RNA using the Ct value from each sample run 

and plotting the value on the standard curve specific for each primer.  First, we input the 

equation for the standard curve in an online graphing calculator, Desmos (desmos.com).  The Ct 

value (an x-value) generated from each sample was found on the standard curve graph to 

determine the log ng RNA value (y-value) that we converted into ng of total RNA using the 

following formula, provided by the ABI quantitative PCR guide: 

ng RNA=10-log ng RNA 

  After obtaining the ng of RNA per sample using the above formula, we normalized each 

primer sample to the reference gene, GAPDH, and this ratio served as a test sample.  The ratio of 

the Abp primer to GAPDH primer using a C57BL6 submandibular or lacrimal gland cDNA 

library template was treated as a calibrator sample.  We calculated the fold difference of each 

paralog amplified in the each of the various cDNA libraries by taking the ratio of the test sample 

to the calibrator sample.  Using the graphing function of Excel, we plotted the fold differences 

for the libraries of each genotype and gland on a bar chart to visualize the changes of paralog 

expression across the submandibular and lacrimal glands.   
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Results 

Production of an Abp knockout mouse line 

 We created a loss-of-function (knockout) mouse line lacking two major salivary Abp 

genes, Abpa27 and Abpbg27, by replacing them with the neomycin resistance gene (neo).  

Figure 1 shows the entire Abp gene region including the genes that were replaced by 

homologous recombination with the target vector.  The knockout mice were backcrossed with 

the genome mouse, C57BL/6, for five generations to produce a line that essentially has the 

C57BL/6 background with the a27 and bg27 genes knocked out.   

Genotype determination 

 Figure 2 shows three typing gels used to determine knockout genotypes: a backcross (top 

panel); an intercross (middle panel); a homozygous knockout x homozygous knockout (bottom 

panel).  We made a heterozygous x heterozygous (+/- x +/-) intercross using animals from the 

fifth generation backcross as breeders.  We determined the genotype for each of the progeny 

using PCR and visualized the products with agarose gel electrophoresis.  Mice of all three 

genotypes (+/+, +/-, -/-) were present in the litters from these intercrosses (Fig. 2 middle panel).  

A total of 149 pups were born from 23 litters.  Litter sizes ranged from two to ten pups, with an 

average litter size of seven pups.  A total of 79 mice were male and 70 mice were female (χ2, 

P=0.76).  The genotypes of the mice were 43 +/+ (29%), 65 +/- (44%) and 41 -/- (27%); χ2, 

P=0.48.  A consolidation of the data for litter sizes and genotypes can be seen in Table 1.   

Knockout line progeny viability 

 Mice of all three genotypes survived until adulthood, and there was no appreciable 

difference in lifespan between mice of each genotype up to 250 days of age, suggesting that 

viability is not affected by the lack of two salivary Abp genes.  Crosses of homozygous knockout 
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(-/-) males and females produced only -/- homozygous knockout progeny (Fig. 2 bottom panel), 

all of which survived to adulthood.  Thus the viability of mice lacking one or both copies of two 

major salivary Abp genes, a27 and bg27 does not seem to be reduced.  Crosses with -/- x -/- were 

able to produce normal sized litters (average seven pups), suggesting that the absence of the 

salivary a27 and bg27 paralogs does not reduce the fecundity of the knockout mice in captivity.   

Qualitative expression patterns 

Approximately equal quantities of mRNA were used to create the many different cDNA 

libraries used in this study.  We tested all of the cDNA libraries with conventional PCR 

amplification of a housekeeping gene, GAPDH, to ensure that the cDNA synthesis was 

successful.  Using primers that specifically amplified as many different Abp transcripts as 

possible, (Karn, Chung et al. 2014) detected 15 different Abp transcript expressed in lacrimal and 

salivary glands of C57BL/6 mice.  We began our study using the same array of Abp primers to 

perform preliminary PCR amplifications in cDNA libraries from intercross progeny produced by 

backcross generation 3 parents.  We observed only the same 15 Abp expressions, as determined 

by DNA sequencing of the products (not shown) and so we proceeded to test intercross progeny 

from backcross generation 5 parents with those primer sets in lacrimal and salivary gland 

libraries. 

Variation in the intensity of the PCR products (DNA bands) on the agarose gels occurred 

between libraries of the same genotype, as well as between different genotypes, as seen in 

Figure 3.  For all lacrimal gland samples, the amplification of the reference gene, GAPDH, 

produced very strong bands, indicating successful cDNA library synthesis.  The amplification of 

paralogs expressed in lacrimal glands showed more variation in the intensity of the bands than 

those expressed in salivary glands.  PCRs using male and female lacrimal gland cDNA libraries 
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as sources of templates showed bands for the three different salivary Abp paralogs (a27, bg26 

and bg27), as reported earlier (Karn, Chung et al. 2014).  These had intensities that ranged from 

faint, weak bands to bands with similar intensity to those obtained from amplifications using 

salivary gland libraries as sources of templates.   

Amplification of the three salivary Abp transcripts in +/+ and +/- salivary glands do not 

show appreciable changes.  Several -/- knockout cDNA libraries also showed faint bands for one 

or both of the knocked out salivary genes (a27, bg27), suggesting the presence of a transcript in 

the gland.  The observation of a27 and bg27 in salivary and lacrimal glands of knockout mice (-/-

) was surprising and we followed up with quantitative PCR as described below.  

Quantitative analysis of salivary and lacrimal Abp transcription 

 We used quantitative PCR (qPCR) in addition to conventional PCR to verify expression 

of genes, as well as to determine the relative expression of paralogs between different genotypes.  

The submandibular and lacrimal cDNA libraries from mice with the three different genotypes of 

the a27/bg27 knockout line were analyzed along with the cDNA libraries of the genome mouse 

(C57BL/6) as a control.  To determine the fold-difference of transcripts found in either +/- or -/- 

genotypes relative to the +/+ genotype, we normalized the qPCR data in two steps.  The first step 

involved dividing each Abp transcript value by the GAPDH value, and the second step involved 

obtaining the ratio of +/- and -/- values to the +/+ genotype value.  

 The expression levels of Abp paralogs in the salivary gland can be seen in Figure 4 and 

Figure 5.  Total results from qPCR analysis including standard error values can be found in 

Supplemental File 2.  Both a27 and bg27 paralogs are expressed in the salivary glands of +/+ 

and +/- mice but not in the -/- knockout mice.  When comparing the three genotypes, the fold-

difference of the -/- mice was essentially zero for both a27 and bg27 paralogs, suggesting the 
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absence of these transcripts in the salivary glands of -/- knockouts as would be expected.  In 

females, the salivary glands of the +/- genotype produce half as much a27 and bg27 transcript 

compared to that of the +/+ genotype, as seen by the 2-fold difference between +/+ and +/-.  This 

holds true to the female +/- salivary glands in a27 and bg27, but not bg26.  Comparatively, the 

+/- male salivary glands seem to produce even less of a27 and bg27, as the fold difference is 

much lower.  With regard to the other salivary Abp paralog, bg26, both +/- and -/- males seem to 

make approximately one-fifth of the amount of transcript in comparison to the +/+ males.  

Although the fold difference of transcript expressed is strikingly different between salivary 

glands of +/+ and +/- males, the fold difference in +/- males seem to be similar between the three 

salivary Abp genes expressed.   

 The lacrimal gland expression shows more variability in the fold-differences, as seen in 

Figure 7.  A few of the paralogs expressed in female lacrimal gland showed striking changes in 

fold-difference between the three genotypes including bg10, which has a 14-fold increase in 

expression and bg20 that is increased four-fold. 

 Expression of Abp paralogs in the lacrimal glands of males also seems puzzling because 

the +/- males consistently express a substantially overall lower amount of transcripts compared 

to both +/+ and -/- (Figure 6).  Once again, there were several striking observations in male -/- 

mice.  The most impressive increase occurred in a3 in male -/- mice, which was increased more 

than two-fold.   
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Discussion 

 After three decades of population genetic, biochemical and behavioral studies of the 

mouse salivary Androgen-binding protein (ABP), we produced a knockout mouse line missing 

two major paralogs of the gene.  Before subjecting these animals to functional and behavioral 

analyses, we need to characterize the effects of eliminating the Abpa27 and Abpbg27 genes.  In 

this study, we have described the final steps in breeding the knockout mouse line and the effect 

on longevity and fecundity in the knockout mice we produced.  We evaluated the effects of 

knocking out these two genes on the RNA that they encode.  We assessed compensatory changes 

in the expression of the 64 closely related and contiguously located Abp genes.   

Viability and fecundity of the knockout line 

 By assessing the growth and reproduction of mice with none, one or two copies of the 

a27 and bg27 genes, we conclude that the viability of a mouse is not affected by the lack of two 

major Abp salivary genes.  Homozygous knockout mice (-/-) produced normal sized litters 

(averaging seven pups per litter) suggesting that fecundity is not affected.  Although 

reproduction is normal in laboratory cages, it is still unknown if these homozygous mice would 

be able to distinguish between mice with different a27/bg27 alleles, or vice versa, in a natural 

environment.  It is also not clear whether there may be more subtle problems with mating under 

natural conditions in the wild.  Further studies on the behavioral aspects of the knockout line will 

help provide more information on the consequences of knocking out two major salivary Abp 

genes. 

Analysis of qPCR results using normalization 

 Both conventional and quantitative PCR (qPCR) are sensitive to changes in starting 

template, thus results from qPCR can be skewed as a consequence of slightly different quantities 
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of input template.  Although we controlled for this during cDNA synthesis, it is useful to 

normalize the data when comparing expression levels between glands of mice of different 

genotypes to facilitate comparison during data analysis.  In this study, we normalized each 

paralog expression to GAPDH, a gene with relatively stable expression in tissues.  Normalization 

to a reference gene also allows for comparison of expression between studies.  In some cases, 

normalization reduced variability between samples, in others, it did not.  In future work, we will 

evaluate the use of other reference genes to find the most appropriate for submaxillary and 

lacrimal glands.  

Transcription levels of Abps in the submandibular gland 

A previous transcript analysis with qPCR showed only bleed-through levels of the three 

salivary Abp transcripts (a27, bg26 and bg27) in lacrimal glands even though a product still 

appeared on a gel from conventional PCR amplification (Karn, Chung et al. 2014).  In this study,  

-/- knockout salivary cDNA libraries also showed faint bands for one or both of the knocked out 

salivary genes (a27, bg27) on conventional PCR analysis, suggesting the presence of a transcript 

in the gland.  However, qPCR analyses of transcript levels suggests that this is not the case 

because they showed transcript levels of a27 and bg27 in -/- animals many orders of magnitude 

below those seen in +/+ and +/-.  Performing conventional PCR along with qPCR is 

advantageous because these two methods complement each other, allowing for verification of the 

presence of significant transcript levels and therefore more dependable results.   

 In the salivary glands of the three genotypes, we see that transcript levels of a27 and 

bg27 of the +/+ genotype are about half those of the +/- genotype, consistent with the 

haploinsufficiency of these genes.  These transcripts are undetectable in the -/- line by qPCR (i.e. 

4-5 orders of magnitude lower), as expected for a knockout.  Both male and female -/- mice have 
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bg26 expressions approximately half that of the +/+ genotype.  Even though two copies of this 

gene are present, we cannot explain the lower levels of bg26 we obtained compared to those 

obtained by (Karn, Chung et al. 2014), they are nonetheless comparable values among all three 

genotypes as would be expected given that bg26 was not knocked out in the original transgenic 

mouse.  

We did not detect any changes in the expression of the other 61 Abp paralogs in salivary 

glands, which is surprising given that a2, for example, shows bleed-through expression at the 

transcript level in those glands (Karn, Chung et al. 2014).  One explanation for the lack of 

compensation by other Abp paralogs in salivary glands could be due to neo- or 

subfunctionalization of the Abp paralogs following gene duplication as proposed by (Karn, 

Chung et al. 2014, see Fig. 4 in that paper).  They based their model on their observation of 

essentially complete partitioning of expression of 11 paralogs from Abp ancestral clads 1-3 in 

lacrimal glands and 3 paralogs in ancestral clade 5 in salivary glands.  That would have required 

an alteration of control regions of the paralogs in the progenitors of those clades to effect the 

partitioning of expression.  If that is true, it is puzzling that a3 in male lacrimal glands appears to 

be upregulated in -/- males. 

Transcription levels of Abps in the lacrimal gland 

Although we controlled for the quantity of transcript used in each reaction, we still 

observed a dramatic decrease in expression of paralog transcripts in the male +/- lacrimal glands, 

at least 10 times less than in the +/+ genotype.  The lacrimal glands of the male +/- samples 

expressed a higher amount of GAPDH compared to either +/+ or +/-.  The average quantity (ng 

RNA) of GAPDH in the +/- line was approximately ten-times higher than the other two (+/- with 

0.14 ng RNA, +/+ expressing 0.03 ng RNA and -/- expressing 0.04 ng RNA), thus when 
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normalizing the Abp paralogs to GAPDH, the resulting expression in +/- was lower.  This 

discrepancy between GAPDH expressions in the three genotypes may indicate that the 

expression of this housekeeping gene is not always constant in the lacrimal glands of mice.  We 

are exploring the use of other housekeeping genes and are repeating dissections to determine 

whether this is reproducible.   

Sex-limited Abp expressions in the lacrimal gland 

A previous study that surveyed both lacrimal and salivary glands for Abp transcripts 

detected five male-specific Abp expressions in the lacrimal gland (a3, a12, bg3, bg12 and bg10 

[15/17]) (Karn, Chung et al. 2014).  When we compare levels of Abp transcripts in the knockout 

genotypes to levels in the C57BL67 mice (Karn, Chung et al. 2014), we do not see any changes 

in the sex-limited expression of male specific paralogs in the lacrimal glands.   

In contrast, the female -/- lacrimal gland transcript expression showed a significant 

increase in the amount of bg10 and bg20 transcript being produced (18-fold and 10-fold higher 

than +/+, respectively).  These could possibly be compensating for the loss of bg27 and lower 

bg26 in the -/- genotype.  It is interesting to note that the upregulation of bg10 occurs in the 

lacrimal gland, where the two Abp genes that were knocked out are not normally expressed.  

Furthermore, that only females show this increase in transcript is noteworthy, since it is a male-

sex limited expression in C57BL6.  The bg10 gene is interesting in that there are multiple lesions 

(both SNPs and indels) throughout the gene that gives rise to a BG10 protein lacking the cysteine 

residues needed for disulfide bridging (Karn, Chung et al. 2014).  It is unclear why there is an 

increase in the expression of this paralog, so it will be beneficial to perform protein chemistry on 

the tears of the knockout line to determine whether these changes in transcript expression are 

reflected in the ABP proteins expressed in tears and saliva.   
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Table 1. Summary of genotypes produced in a heterozygous (+/- x +/-) intercross line from fifth 
generation backcross breeders. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 

36



Figure 6. 

37



Figure 7. 

38



Figure 1. Replacement of the Abpa27 and Abpbg27 genes with a neomycin resistance gene. 

(a) A gene map of the 64 Abp paralogs in the house mouse.  Red triangles represent Abpbg 

paralogs and blue triangles represent Abpa paralogs.  Pseudogenes are marked with unfilled 

triangles. (b) The targeting vector, pMC1neo, was used to insert a gene conferring neomycin 

resistance (neo) in place of the Abpbg27/Abpa27 gene using homologous recombination.  

Figure 2. Gel electrophoresis used to determine the genotypes of the offspring of newborn 

litters.  The two bands with different electrophoretic mobilities represent the products of the 

duplex PCR reaction used to genotype animals (see Methods).  The band with faster mobility 

(493 bp) corresponds to the presence of neo.  The band with slower mobility (1019 bp) 

corresponds to the presence of the a27 gene.  Samples with only the smaller PCR product 

indicate homozygous knockout (-/-) samples, those with only a larger band indicate homozygous 

wildtype (+/+), and those with both bands are heterozygous for the knockout and 

Abpa27/Abpbg27 gene (+/-). 

Figure 3. Gel electrophoresis used to determine paralog expression.  An example of agarose 

gel electrophoresis showing PCR products representing Abp paralogs producing using 

submandibular and lacrimal cDNA from a +/+ male as template.  The specific primer sets 

amplified a product of different sizes (primer sequences are shown in Supplemental File 1.) 

Figure 4.  Expression of Abp transcripts in the submandibular gland.  Expression levels of 

the three salivary Abp paralogs were determined by qPCR, and their values were normalized to 

GAPDH.   
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Figure 5. Fold-difference of Abp transcripts in the submandibular gland.  Expression levels 

were determined by qPCR, and expression of Abp paralogs were normalized to GAPDH.  Fold-

difference was determined by taking the ratio of the test genotype, either +/- or -/-, to the 

calibrator genotype, +/+.  A fold-difference greater than one indicates higher expression of the 

paralog, and a fold-difference less than one indicates decreased expression. 

Figure 6.  Expression of Abp transcripts in female (Panel A) and male (Panel B) lacrimal 

gland.  Expression levels were determined by qPCR and normalized to GAPDH to show 

differential expression levels between transcripts of paralogs found in the lacrimal gland.  The 

+/+ genotypes are in blue, +/- in red and -/- in green.  Paralogs with sex-limited expression are 

marked with asterisks.  

Figure 7. Fold-difference of Abp transcripts in female (Panel A) and male (Panel B) 

lacrimal gland.  Expression levels were determined by qPCR, and expression of Abp paralogs 

were normalized to GAPDH.  The +/- and -/- paralog expressions were normalized to the +/+ 

paralog expressions to demonstrate changes in paralog expression within genotypes.  The +/+ 

genotypes are in blue, +/- in red and -/- in green.  Paralogs with sex-limited expression are 

marked with asterisks.  
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Supplemental File 1. Primer sequences and amplification sizes 

Paralog Fwd*primer RC*primer*(5'43') genomic*size

Specific*in*
genomic*
DNA?

a1p CATGATGTCCAACTATTTCTTTATG GCAAGTAACCAGGCAAGTGGC 1027*bp Y
a2*(Abph) CAGAAGAGTATGTTAATTATGTGGAG AAAGATGTAGCCATCAACATAACGG 934*bp Y
a3 CTGCAAAAATCAAGCAATGTG TAGCGGGCTGGCTTCTATT 876*bp N
a4p GCTTGCTGGTGCTGTGGTTC CTTAGACACCTGGAGGGAAGGGA 1269*bp 4
a5p GCTGTGGTGATTCTAGGTGCT CTGGGCAAATGGCACAAT 184*bp N
a6p TTGCCCAGCTATAAAAGAGGATA GGCTTCTATTTTTTCCTGCGT 981*bp Y
a7_29 ACCTTGACAGAGGAAGACAAGATAC CAAAGTTGTAGCCATCAACATAGC 867*bp Y
a8_13p TCCTCGGGGCTGCCCTGT CATAGTCTTATGAAAAAGAATAATAC 1235*bp 4
a9_14_16p CAGCTATAAAAGAGGATGTTTGTCTC CCATCGACATAGCAGCCTGT 992*bp Y
a10_15_17 CCTGCTCCTCCTCTCTTCAT AAATGGCTTCCTTGAGAGCAG 1176*bp Y
a11_18 GGTTGTTATTACCGTGTGGGT CACCTGGAGAGAAGGACTGT 1200*bp Y
a12 GAAACAATACAAAGATGACCCTGTAAC CCTAGAGGGAAAGACTATAATCTGCC 1002*bp Y
a19 ATGAAGCTTGCTGGTGCTG CATAGTGGGCTGGCTTCTATC 1228*bp N
a20 ACCTTGACAGAGGAAGACAAGATAC CCAAAATTGTAGCCATCAACATATC 873*bp Y
a21p AGGATGTTCACCTATTTTTAAACAG GCTGGCTGGCTTCTATTTTTC 968*bp Y
a22p GCTGTGGTGATCCTCAGGC TCATCTATGCAGATGAGCAGAA 1225*bp Y
a23p CTGGTGCTTTGATGATCCTTGA GTGGCCATCAACATGCCGTG 1171*bp Y
a24 GATGTTCATCTATTCTTTCACAGG AAGATGCAAACATCAACATGCTGGT 987*bp Y
a25p GCTGCACTGCTCCTGACTG TGACTTCCTTCAGAGCTTCCT 1135*bp Y
a26p AAGAGTATGTTGAGTACCTGAAAC CTGGTGAGCAGGCAAATGG 988*bp Y
a27 ACAGAGAAAAGTTGATTTATTTTTGAATG GGAGGCAATTGGTTTCCG 1019*bp Y
a28p GAGGAGGTTCGTCTATTTTTAAACG AAGTTAGAGCCATCAACATAGTGT 981*bp Y
a30p AACAATACAATAATGACCCTCTCG ACTGGTGAGCAGCTAAGTGGC 968*bp Y

Paralog Fwd*primer RC*primer*(5'43') genomic*size

Specific*in*
genomic*
DNA?

bg1 GGGTGTCGTCTCTGGATACA CAAGACTTCTTTGGTATAATATGACT 1203*bp Y
bg2*(Abpe) TTTGGGTATTCTCTCTGGAAACA AGAATGTTCTTCAAGACTTCTTTG 1213*bp Y
bg3p TTGAGCACTGTCTCTGGGAAAA CATCCATTTCTTGGTAATCACAC 1211*bp Y
bg4p AAACATACTTCTGGAACGCAAAA GCCCCTTCTATAGTGTGACTGG 1065*bp N
bg5p GGGCTGCTATAGAGAGGAAAGAT CGGTGTCCCTTCTATAGTGTGC 1092*bp N
bg6p GGACACTTCTTCTGCTGACCTT GTCTGGAGTTCTTGATACAATCTTTTC 594*bp Y
bg7 GCATGTTTTCCTTTCTTTGAAGC CCATAGTATGACAGGCATTCAGG 1212*bp Y
bg8_13p TTTAATGGTTTATAAAGAAGAGGAGCTT TCCTCTGTAGCAGCCACAGA 712*bp N
bg9_14_16p GGGCTGCTATAGAGAGGAAAGAT CGGTGTCCCTTCTATAGTGTGC 1103*bp N
bg10_15_17p TAAAGGTGGCCTTGGAAAAA GCTGGCAATCATGGCTTC 1089*bp Y
bg11_18 GGAGAACTGAGCTTCCAGACAT CTTGCATAGCCTTCAAAGAAAGA 523*bp Y
bg12 ACTCTTCACCATGAAGGGGAT GAAATAAAGTCTAAAATGGATCTAAAATTGTC 1779*bp Y
bg19 CAGGGTTGCTACAGAGAGGAA AGGTTGGAAATAAAGTCTAAAATGGA 1125*bp Y
bg20*(Abpd) TGTCTTCCTTTCTTCGAAGGC CCATAGTATGACAGGCATTCAGG 1207*bp Y
bg21 TGCAAGTGTTGTCTCTGGAAGT GTCCTAATAGCTTCGAAAGAAGG 1237*bp Y
bg22p 4 4
bg23p 4 4
bg24*(Abpz) GCTGGTGTTATCTCAGGAAGCA CGTAAAGGTTTCTTCGGAATAGT 1202*bp Y
bg25p GCAGTACTCTCTGGACTTAAGAT CCATGTCTTGATAAATAGAAGCC 4 Y
bg26 CGGAGCAATACTTACTCTAAGG CTTTAAGAGGTCATTGCCATAGT 1217*bp Y
bg27 TAAAATACTGGGTGGAAATAGGC CCGCCATTTTGTTTACAGAATCT 1208*bp Y
bg28 CAAACTTCTGGAACCCAAAATTA AGTGCCCCTTTATAGTGTGACTG 1041*bp Y
bg29_31_32p CACTGTGAGGAGCATTTAGCACT ATAGCCTTTGAAGTAAGGAACACATT 588*bp Y
bg30_33p GCTACAGAGAGGAAAAATTAAGAAACA GGTTGGAAATAAAGTCTAAAATGGAT 1126*bp Y
bg34p 4 4

4*didn't*amplify*anything
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Supplemental file 2. Total qPCR data 

Mean%
normalized%
to%GAPDH St%Dev SEM

Mean%
normalized%
to%GAPDH St%Dev SEM

Mean%
normalized%
to%GAPDH St%Dev SEM M%+/+ M%+/8 M%8/8

Salivary a27 10.96 4.80 3.39 3.91 2.54 1.47 0.00 0.00 0.00 1.00 0.36 0.00

Salivary bg26 0.07 0.01 0.00 0.02 0.03 0.02 0.03 0.02 0.01 1.00 0.35 0.43

Salivary bg27 6.64 2.00 1.41 5.94 7.29 4.21 0.00 0.00 0.00 1.00 0.90 0.00

Lacrimal a2 4.92 3.85 2.22 0.87 0.15 0.09 5.94 5.39 3.81 1.00 0.18 1.21

Lacrimal bg2 0.93 0.58 0.41 0.11 0.03 0.02 0.81 0.79 0.56 1.00 0.12 0.87

Lacrimal a3* 0.68 0.28 0.16 0.13 0.01 0.01 1.71 1.40 0.99 1.00 0.20 2.52

Lacrimal bg3* 4.01 3.36 1.94 0.47 0.06 0.04 2.23 1.49 1.05 1.00 0.12 0.56

Lacrimal bg7 0.42 0.30 0.18 0.06 0.01 0.00 0.53 0.45 0.32 1.00 0.14 1.26

Lacrimal bg10* 0.74 0.18 0.11 0.15 0.03 0.02 1.07 0.76 0.54 1.00 0.21 1.44

Lacrimal bg12* 1.67 0.57 0.33 0.14 0.07 0.04 0.51 0.70 0.50 1.00 0.09 0.30

Lacrimal bg20 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 1.00 0.06 0.48

Lacrimal a24 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.19 0.49

Lacrimal bg24 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 1.00 0.06 0.48

Lacrimal bg26 UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal a27 0.03 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.07 0.04

Lacrimal bg27 0.00 0.00 0.00 0.00 0.00 0.00 UND UND UND 1.00 0.02 0.00

Mean%
normalized%
to%GAPDH St%Dev SEM

Mean%
normalized%
to%GAPDH St%Dev SEM

Mean%
normalized%
to%GAPDH St%Dev SEM Fe%+/+ Fe%+/8 Fe%8/8

Salivary a27 21.40 21.83 12.61 9.90 7.04 4.06 n/a n/a n/a 1.00 0.46 0.00

Salivary bg26 0.05 0.02 0.01 0.09 0.06 0.03 0.02 0.02 0.01 1.00 1.69 0.44

Salivary bg27 10.03 6.25 3.61 4.07 2.88 1.66 0.00 0.00 0.00 1.00 0.41 0.00

Lacrimal a2 7.28 4.63 2.67 10.72 0.42 0.24 28.29 35.93 20.75 1.00 1.47 3.89

Lacrimal bg2 0.47 0.34 0.20 0.33 0.31 0.22 1.55 2.09 1.20 1.00 0.69 3.26

Lacrimal a3* 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 1.00 1.18 5.51

Lacrimal bg3* UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal bg7 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 1.00 0.67 1.59

Lacrimal bg10* 0.01 0.00 0.00 0.01 0.01 0.01 0.09 0.12 0.07 1.00 2.65 18.01

Lacrimal bg12* UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal bg20 0.09 0.01 0.01 0.15 0.06 0.04 0.88 1.32 0.76 1.00 1.69 9.76

Lacrimal a24 0.20 0.02 0.01 0.14 0.07 0.04 0.04 0.07 0.04 1.00 0.69 0.22

Lacrimal bg24 UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal bg26 UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal a27 UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Lacrimal bg27 UND UND UND UND UND UND UND UND UND 0.00 0.00 0.00

Gland Paralog

Fe%+/+ Fe%+/8 Fe%8/8 Fold%difference

Gland Paralog

M%+/+ M%+/8 M%8/8 Fold%difference
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