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Abstract
Background: Valued for trainability in diverse tasks, dogs are the primary service animal used to assist individuals
with disabilities. Despite their utility, many people in need of service dogs are sensitive to the primary dog allergen,
Can f 1, encoded by the Lipocalin 1 gene (LCN1). Several organizations specifically breed service dogs to meet
special needs and would like to reduce allergenic potential if possible. In this study, we evaluated the expression of
Can f 1 protein and the inherent variability of LCN1 in two breeds used extensively as service dogs. Saliva samples
from equal numbers of male and female Labrador retrievers (n = 12), golden retrievers (n = 12), and Labradorgolden crosses (n = 12) were collected 1 h after the morning meal. Can f 1 protein concentrations in the saliva were
measured by ELISA, and the LCN1 5′ and 3′ UTRs and exons sequenced.
Results: There was no sex effect (p > 0.2) nor time-of-day effect; however, Can f 1 protein levels varied by breed
with Labrador retrievers being lower than golden retrievers (3.18 ± 0.51 and 5.35 ± 0.52 μg/ml, respectively,
p < 0.0075), and the Labrador-golden crosses having intermediate levels (3.77 ± 0.48 μg/ml). Although several novel
SNPs were identified in LCN1, there were no significant breed-specific sequence differences in the gene and no
association of LCN1 genotypes with Can f 1 expression.
Conclusions: As service dogs, Labrador retrievers likely have lower allergenic potential and, though there were no
DNA sequence differences identified, classical genetic selection on the estimated breeding values associated with
salivary Can f 1 expression may further reduce that potential.
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Plain english summary
Dogs are valued for their trainability in diverse tasks and
have a significant role as service animals used to assist
individuals with disabilities. Despite their utility, many
people in need of service dogs are sensitive to the primary dog allergen, Can f 1. Organizations that breed service dogs to meet special needs would like to reduce the
allergenic potential of their dogs, if possible. In this
study, we evaluated the expression of Can f 1 in two dog
breeds frequently used for service dogs, the golden retriever and the Labrador retriever. Our goal was to
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compare salivary Can f 1 expression between the two
breeds as well as determine if the Can f 1 gene (LCN1)
differed at the molecular level and whether a genetic test
could be developed to reduce the allergenic potential of
service dogs. Males and females had the same levels of
the allergen in their saliva however Labrador retrievers
had lower Can f 1 levels overall compared to golden retrievers. The genetic sequence for the Can f 1 protein
was examined with no breed-specific sequence differences detected. Thus, Labrador retrievers likely have
lower allergenic potential than golden retrievers as service dogs because of their lower expression of the primary allergen that evokes human allergies to dogs.
Although this difference in expression was not a result
of altered DNA in the coding gene, there was inherent
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variability detected in the expression of the Can f 1 protein among the dogs of a given breed. This difference in
expression suggests that classical genetic selection on the
estimated breeding values associated with salivary Can f 1
expression may be useful to reduce allergenic potential.

Background
Allergies to dogs have increased in prevalence presumably
as a result of increased dog ownership and sensitization
[1–3]. A US Inner City Asthma Study reported that 21 %
of asthmatic children also showed allergic reactions when
exposed to dog allergens [4]. Dog allergens are present in
oral epithelial tissue, hair, dander and urine [5]. Dog allergens produced in oral epithelium can be transferred to the
dog’s fur and skin when the dog grooms itself, or into the
environment when the dog sheds (reviewed in [6]). These
allergens have aerodynamic properties, easily becoming airborne on small dust particles, and can remain suspended
in the air for long periods of time [4] or spread throughout
the environment even in the absence of the dog [5].
The primary allergen in dog dander and saliva is the
protein Can f 1, a member of the lipocalin superfamily
that represents the majority of allergens associated with
pets (reviewed in [7, 8]). Lipocalins represent the largest
mammalian allergen family [9] and comprise the major respiratory allergens from dogs, rats, horses, mice, and cows
[10]. Lipocalin family members share several biological
properties, including binding and transporting of small
hydrophobic molecules such as pheromones, retinol and
other steroids, and odorants [9]. As a family, lipocalins
consist of 160–230 amino acid residues with a 20 % predicted average amino acid sequence identity [11], sharing
three-dimensional structurally conserved regions, despite
low amino acid sequence identity [10]. Interestingly, even
with conserved structure, each lipocalin protein has
unique capacity to induce IgE production [11].
In a previous study done by de Groot et al. [12], 70 % of
people allergic to dogs had allergenic reactions to Can f 1,
and antibodies against Can f 1 were found in 50–90 % of
people who were clinically diagnosed as allergic to dogs
[13]. Dander is the predominant cause of mammal-induced
allergies in humans [11] because dander contains both sebaceous gland and salivary secretions, including lipocalins.
The expression of Can f 1 in saliva is known to differ
across dog breeds. A recent study assessed saliva Can f 1
concentration in single dogs from various dog breeds
[14]. In that study, the golden retriever and Dogue de
Bordeaux had lower Can f 1 than other breeds. In another study, Can f 1 measured in dander extracts also
varied across breeds of dogs: Can f 1 in dander was
lower in golden retrievers and Labrador retrievers, and
higher in breeds purported to be hypoallergenic [15].
Canine Companions for Independence (CCI), a nonprofit organization accredited by Assistance Dogs
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International, purposely breeds service dogs to assist individuals with disabilities. Since its founding in 1975, nearly
4800 service dogs have been teamed with individuals
(http://www.cci.org/site/c.cdKGIRNqEmG/b.4011133/k.
787E/Facts_and_FAQs.htm accessed 1/6/2016). CCI has
focused, as have many service dog organizations, on the
golden retriever and Labrador retriever breeds because
of their docile nature, trainability, physical size, and
public acceptance (http://www.assistancedogsinterna
tional.org/faq-category/dog-breeds-behaviour/ accessed
1/6/2016). Published research underscores the psychological, social, and physical value of service dogs for
people with disabilities [16]. In some cases, disabled individuals may be sensitized to dogs yet wish the benefits
of a service dog thereby creating a demand for service
dogs with lowered allergenic potential.
The study was done using the golden retrievers, Labrador retrievers, and Labrador-golden crosses bred by CCI
to serve as assistance dogs to people with disabilities. To
more clearly define expression of the Can f 1 protein in
the golden retriever and Labrador retriever, the present
study measured its abundance at discrete time points
throughout the day. The presence of polymorphisms in
Lipocalin 1 (LCN1), the gene that encodes Can f 1, was
also evaluated. The goal of this study was to assess if
selective breeding approaches could be employed to
reduce the allergenic effect of Can f 1 in service dogs.
Reducing Can f 1 levels in service dogs could enable
quality partnership between the assistance dog and a
disabled person who may be sensitive to the Can f 1
allergen. The objective of this study was to quantify Can
f 1 protein levels in the CCI dogs, sequence LCN1
noting any single nucleotide polymorphisms (SNPs),
annotated or novel in the CCI breeds and other selected
breeds implicated in allergic responses, and then evaluate if there is a correlation between SNPs and protein
levels that could allow for the directed selection of dogs
with reduced potential to evoke allergic responses.

Methods
Animals

All dogs sampled were owned by CCI. To assess whether
a single saliva sample would be representative of Can f 1
expression, saliva was collected from five Labrador retrievers, two golden retrievers, and four Labrador-golden
crosses at 7:00, 8:30, 12:00, and 16:00. These times were
chosen to be prior to the morning meal, an hour after
the morning meal, mid-day, and prior to the evening
meal. To assess genetic variation in the LCN1 gene, buccal epithelial cells were collected for DNA extraction
from an initial cohort of 4 golden retrievers, 4 Labrador
retrievers, and 4 Labrador-golden crosses. An additional
36 dogs (12 golden retrievers, 12 Labrador retrievers,
and 12 Labrador-golden crosses with equal numbers of
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males and females from each breed) were used for saliva
and buccal swab epithelial cell collection sampled at
8:30. This time point was selected because it was after
the morning meal (one hour) thereby avoiding dietary
contamination of the sample and while the dogs were
still housed in their kennels prior to daily service training activities at the facility. Overall, 72 % of sampled
dogs were neutered and all dogs were over one year of
age. Existing DNA samples collected as part of our
ongoing studies to identify the genetic basis of canine
health disorders were also used to assess genetic variation in the LCN1 gene for standard poodles (n = 12),
labradoodles (n = 12), and two long-haired, double
coated breeds (Belgian shepherds and bearded collies, n
= 14) selected because of reports that hair can be a
major reservoir of Can f 1 and longer-haired dogs may
have reduced Can f 1 levels in hair and dander [12, 17].
The genomic sequence of the pug, made available by TGen [18], was also compared. All samples were collected
in accordance with the approved protocol from the
Institutional Animal Care and Use Committee at University
of California, Davis and CCI.
Can f 1 in saliva

To collect saliva samples, a Salimetrics Children’s Swab
(Salimetrics State College, PA) was cut in half to create
two ~ 2″ long swabs. Swabs were held on the inside bottom of the cheek pocket for one minute, one swab on
the left side and one on the right side. A treat was held
in front of the dog to encourage salivation. The swabs
from each dog were then placed in a 2 ml Swab Storage
Tube (Salimetrics, State College, PA) and placed on ice
until all saliva samples were collected. Saliva was released from the swabs by centrifugation for 20 min at
3000 rpm and 10 °C. Saliva was pipetted from each sample into a 2 ml low retention tube (Sigma-Aldrich Corp.,
St. Louis, MO). The entire saliva sample was diluted 1:4
with sterile ddiH2O. These were further diluted 1:100
and 1:250 with sterile ddiH2O and refrigerated at 4 °C
until the next day for analysis.
Total protein in saliva samples was measured using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA) according
to the manufacturer’s directions. Samples were assayed in
triplicate. The Canis familiaris allergen, Can f 1, was determined using an ELISA kit (Indoor Biotechnologies,
Charlottesville, VA), according to the manufacturer’s directions, and 100 μl of the saliva sample (either diluted
1:100 or 1:250, depending on the concentration of total
protein in the saliva sample). These samples were assayed
in duplicates.
DNA collection

Three cytology brushes (Medical Packaging Corporation,
Camarillo, CA, USA) were used for each dog for
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collection of buccal epithelial cells as a source of genomic DNA [19]. Buccal samples were collected an hour
after the dog ate or drank to prevent potential particulate contamination from the diet. After swabbing, cytology brushes were placed in their original packaging
until DNA was extracted as previously described [20].
Lipocalin 1 gene

Primer pairs were designed using Open Primer 3 (http://
Frodo.wi.mit.edu/primer3/) based on the Boxer reference
genome (http://uswest.ensembl.org/Canis_familiaris/Info/
Index) and Canfam3.1 assembly. The six exons and 5′ and
3′ UTR regions of the LCN1 gene were sequenced as separate amplicons. Amplicons for each sequenced region/
exon also contained intronic sequences (Additional file 1:
Table S1). The PCR reaction for each sample contained
1× Applied Biosystems taq polymerase buffer II (Applied
Biosystems, Carlsbad, CA), 2.5 mM MgCl2 (Applied Biosystems), 200 μM dNTPs (Promega, Madison, WI), 1 unit
of Amplitaq DNA polymerase (Applied Biosystems) and
0.2 μM of each forward and reverse primer (Fisher Scientific). Correctly sized amplicons were gel purified using
the QIAquick Gel Extraction Microcentrifuge Protocol
(Qiagen, Redwood City, CA) or ExoSAP-it (USB ExoSAPIT PCR Product Cleanup, Santa Clara, CA). Purified DNA
from the amplicons was sequenced by SimpliSeq DNA
sequencing at Quintara Biosciences (South San Francisco,
CA).
Statistical analysis

R software (R Core Team, 2013) was used for the first
part of the statistical analyses. Fisher’s Exact Test was
used to identify significant breed differences in genotypes among any of the SNPs in the LCN1 gene. Allelic
differences by breed were determined by Chi-squared
using Yates continuity correction for datasets with few
degrees of freedom. Least squares analysis of variance
(PROC GLM, Procedure General Linear Model, SAS
version 9.1; SAS Institute Inc., Cary, NC) was used to
detect significant differences in the levels of total protein
and Can f 1 across the three breed groups, using breed,
sex, genotype, and age of dogs as the main effects. Statistical significance was defined as p < 0.05 and all data are
expressed as mean ± standard error of the mean.

Results
Time course

Total protein in saliva samples did not significantly differ
by time of sampling (2.35 ± 0.22 mg/ml; p > 0.08). Similar
observations were made for Can f 1 content of saliva
collected, which did not significantly differ over the
course of 9 h (Table 1). Power calculations demonstrated
that the 11 dogs assessed in the present study permitted
detection of differences on the order of 3.3 μg/ml, a
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value consistent with reports of Can f 1 differences [21],
indicating a single sample would be sufficient to assess
individual Can f 1 levels. When comparing breed contributions, Labrador retrievers had the lowest concentration of Can f 1 both when expressed as total Can f 1 or
as Can f 1 corrected for total protein in the sample
(Fig. 1 and Table 2, respectively).
Can f 1

There was no sex difference in salivary Can f 1 expression: 4.32 ± 0.39 and 3.88 ± 0.43 μg/ml for males (n = 18)
and females (n = 18), respectively. There was also no sex
difference in total protein measured (1.36 ± 0.10 and
1.08 ± 0.11 mg/ml for males and females, respectively).
When comparing the three dog breeds, golden retrievers
(n = 12), Labrador retrievers (n = 12), and Labradorgolden crosses (n = 12), Labrador retrievers had significantly lower Can f 1 concentrations (p < 0.05) in their
saliva than golden retrievers, with Labrador-golden
crosses having intermediate levels (Table 3). There were
no significant differences in volume of saliva produced
by the different breeds.
Canine Lipocalin 1

In order to test the hypothesis that genetic variability exists, Labrador retrievers (n = 4), golden retrievers (n = 4),
and Labrador-golden crosses (n = 4) were initially selected for LCN1 sequencing. Sequencing confirmed the
36 SNPs recorded in the Ensembl database and identified an additional five novel SNPs detected within the
LCN1 gene, where four of the annotated SNPs exhibited
breed-specific differences (p < 0.05) in two discrete regions. One region included the 5′ UTR end of the gene
and the other was in the 3′ UTR. Thirty-six dogs, for
which salivary Can f 1 levels were determined, were then
sequenced. Alignment of the sequences showed that
LCN1 is highly conserved across dogs, with none of the
SNPs having significantly different allele frequencies
for the Labrador and golden retrievers (Table 4). For
four SNPs, rs24546658, rs24546659, and rs24546660,
rs24565406, Labrador retrievers were fully homozygous,
whereas four dogs contributed minor alleles to these
SNPs in the golden retrievers (with frequencies of 0.067
for two SNPs and 0.076 for the other two SNPs in
golden retrievers). The Labrador–golden crosses were

Fig. 1 Can f 1 expression over time in three breeds of dogs.
Asterisks denote significant differences in mean (± standard error)

predominantly midpoint in their allele frequencies for all
the SNPs, reflecting the combination of the two parental
lines. Five novel intronic SNPs were identified in the
Labrador and golden retrievers relative to the reference
boxer sequence with none having significantly different
allele frequencies (Additional file 1: Table S1).
The genotype for each SNP was tested for an association with the expressed level of Can f 1 and no significant relationship was observed. Can f 1 levels in golden
retrievers contributing the minor allele to significant
SNPs were not statistically different from the mean
golden retriever value (4.25 ± 0.14 μg/ml).
Conservation of LCN1 was assessed in other breeds,
including the standard poodle, labradoodle, Belgian
shepherd, bearded collie, and pug. In all cases there
were few substantive sequence differences identified
in the gene or immediate intronic regions. Exons 3, 4,
5, and 6 were conserved in all breeds with the exception of a single bearded collie that had a synonymous
SNP in exon 4. Another bearded collie was homozygous for adenosine at CFA 9:49709939 coding for a
threonine instead of a proline in exon 1 (c.T21P).
The four pugs differed from the remaining breeds in
exon 2, at CFA9:49709499, introducing a leucine in
place of a serine (c.L52S).

Table 2 Can f 1 concentration in saliva (μg/mg ± standard
error) over time in Labrador retriever, golden retriever, and
Labrador-golden crosses

Table 1 Can f 1 levels in saliva (μg/ml ± standard error) over
time (n = 11 dogs)

Time of collection

Labrador
(n = 4)

Golden
(n = 2)

Time of collection

Can f 1

7:00

1.97 ± 0.47a

3.15 ± 0.75

7:00

6.81 ± 1.19

8:30

2.36 ± 0.47

3.48 ± 0.75

3.07 ± 0.53

8:30

7.44 ± 1.00

12:00

1.70 ± 0.47b

5.22 ± 0.75

2.83 ± 0.53

12:00

6.75 ± 1.46

16:00

2.04 ± 0.47

2.58 ± 0.75

2.16 ± 0.53

16:00

4.90 ± 0.64

a

Labrador-golden
cross (n = 4)
4.10 ± 0.53

Labrador value significantly different from the Labrador-golden cross
b
Labrador value significantly different from the golden retriever
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Table 3 Can f 1 protein in saliva and volume of saliva in
Labrador retrievers, golden retrievers, and Labrador-golden
crosses. Data are presented as mean ± standard error; means
carrying different superscripts differ (p < 0.05)

would benefit the individual with disabilities who may be
allergic to dogs, and others in contact with assistance
dogs. Defining Can f 1 protein in the saliva may permit
certain breeds or individuals within a breed to be designated as having lower allergenic potential. In this study,
the relationship between genetic variability and protein
expression of the major allergen found in dog saliva, Can f
1, was investigated to assess the possibility of genetically
selecting for reduced expression of Can f 1.
The results from this study corroborate other studies
that report equivalent expression of Can f 1 between
male and female dogs [15]. The expression profile of
Can f 1 did not significantly vary throughout the day nor
in relationship to feeding, indicating that a single assessment of salivary protein would be representative of a
dog’s propensity to evoke allergies through Can f 1.
The present study did find significant variation in salivary Can f 1 expressed in the two breeds of service dogs
used by CCI and their crosses. Another study that used
dog saliva to measure Can f 1 levels in golden retrievers,
cocker spaniels, and Doberman pinchers also reported
great variability of salivary Can f 1 quantities [14], with
golden retrievers having the least allergenic protein
levels when compared to the other dog breeds assessed.
That study, however, evaluated only single individuals
from the different breeds and did not include a Labrador
retriever.
A study measuring Can f 1 levels in dander extracts
from Labrador retrievers, Labradoodles, poodles, Spanish waterdogs, Airedale terriers, and a control group of
non-hypoallergenic dog breeds and crossbreds, showed
significant differences in variability of Can f 1 both

Breed

Can f 1 (μg/ml)

Volume of Saliva (ml)

3.18 ± 0.51a

1.23 ± 0.15

b

Labrador retriever (n = 12)
Golden retriever (n = 12)

5.35 ± 0.52

1.18 ± 0.15

Labrador-golden cross (n = 12)

3.77 ± 0.48ab

1.40 ± 0.15

Discussion
Dog allergens are found in hair, dander, urine, and saliva
[5], and may evoke asthmatic and allergic rhinitis responses [13], as well as histamine release [22] in humans.
Dander is an imprecise term that includes any tissue
sloughed from the body and associated molecules [2] yet
dander is often targeted when assessing human exposure
to dog allergens because of the deposition of allergens in
dander and the accumulation of dander in house dust [2].
The present study focused on salivary Can f 1 because of
its abundance in saliva [22] and its contribution to dander.
Early studies of dander and salivary sources of dog allergens found both to be potent and equivalent stimulants of
human allergic responses [23].
In the Americans with Disabilities Act (ADA) policy related to governmental programs, public areas, and private
businesses, the dog is the only recognized service animal
(http://www.ada.gov/service_animals_2010.htm [accessed
08.19.15]). With estimates of 8 to nearly 20 % of the human population in the United States self-reporting as being afflicted with dog allergies [24–26] having assistance
dogs with reduced capacity to evoke an allergic response

Table 4 Variations in Labrador and golden retrievers sequenced for the two LCN1 regions that had shown initial genomic variation.
No variation was determined for SNPs that were fixed for a single allele within the population and have been denoted NA
SNP

CFA location

Alleles (frequency)

Genotypic P-values (n = 36)

Allele frequency P-values (n = 36)

rs24546658

9:49713020

C/G (0.933/0.067)

0.0996

0.1071

rs9027939

9:49712904

C/T (0.417/0.583)

0.5272

0.4580

rs24546659

9:49712853

C/G (0.933/0.067)

0.0996

0.1071

rs24546660

9:49712772

A/G (0.067/0.933)

0.0996

0.1071

rs24546661

9:49712734

A/G (0.583/0.417)

0.2689

0.2580

rs24546662

9:49712702

C/T (1/0)

NA

NA

rs8828486

9:49707408

A/C (0.581/0.419)

0.3466

0.2740

rs8828487

9:49707388

A/G (0.565/0.435)

0.3504

0.3412

rs8828488

9:49707260

A/G (0.536/0.464)

0.4022

0.3189

rs24565404

9:49707194

C/T (0.589/0.410)

0.7844

0.7129

rs8828489

9:49707164

C/T (0.482/0.528)

0.5182

0.4514

rs8828490

9:49707115

C/T (0.500/0.500)

0.4127

0.3679

rs24565406

9:49707104

A/G (0.089/0.911)

0.0978

0.0970

rs24565408

9:49707103

A/T (0.054/0.946)

0.2222

0.2217

rs8828491

9:49707082

C/T (0.446/0.554)

0.5066

0.4113
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between dog breeds and across individuals within the
same breed. Labrador retrievers had the lowest Can f 1
concentration and Poodles had the highest Can f 1 concentration [15] consistent with results of the current
study. Another study [21] also using dander extracts
likewise demonstrated that golden retrievers had higher
Can f 1 concentrations than Labrador retrievers.
Although significant differences in Can f 1 protein expression were detected for golden and Labrador retrievers, there
were no significant differences in the underlying gene sequence at either the genotypic or allelic frequency that could
account for protein differences. There were also no substantive sequence differences for the additional breeds that were
sequenced with the exception of the pug and a single
bearded collie. For all but the pug breed, exons 2 through 6
were fully conserved with the reference boxer sequence. The
single bearded collie was homozygous at CFA9:49709939
(corresponding to amino acid 21) introducing a polar threonine in place of the hydrophobic proline in the nonconserved region of exon 1, which serves as the signal peptide. Alterations in this region could possibly affect processing of the mature protein, thereby affecting expression. Pugs
were heterozygous for a SNP that would substitute a leucine
for a serine in exon 2. Numerous β-strands are encoded by
exon 2, but the pug mutation, at amino acid 52, was not part
of the protein’s conserved tertiary structural elements.
Whether this sequence variant would impact Can f 1 expression in the pug was not determined. However, no substantive
sequence deviations were associated with differential protein
levels in the CCI dogs measured; the same was true for the
other breeds reported to have variable Can f 1 expression
levels [15, 21]. Thus, no detected underlying sequence variation in LCN1 accounted for the variability in Can f 1 expression observed in the Labrador and golden retrievers.
An attempt was made to estimate heritability of Can f
1 expression in the studied dogs (data not shown), but
the number of related Labrador and golden retrievers
having Can f 1 expression values precluded reliable estimation. Given the observed breed differences, a larger
number of related dogs with phenotypic expression data
may reveal a moderate heritability of Can f 1 that could
facilitate classical selection approaches (the need for
large sample sizes for effective heritability estimates is
reviewed in [27]). Environmental influences could possibly affect the detected Can f 1 concentration, although
that seems unlikely given the commonalities of husbandry including diet, housing, and exposures of the
dogs at CCI.
Distant non-coding elements of LCN1 need to be
assessed to rule out the role of LCN1. Differential LCN1
expression may be controlled at the level of gene transcription and genetic variability above the level of the
LCN1 gene itself and reflect alterations in the expression, binding, or stability of transcription factors. For
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example, the 5′ UTR of LCN1 contains cis-sequences associated with the Pax-4, FoxD3, and CP2 transcription
factors [28–30]; the Pax-4 transcription factor has been
characterized as promoting development and differentiation of the pancreas [31], FoxD3 is a transcriptional repressor [32] and CP2 has been implicated in the
regulation of genes associated with allergy pathways
[33]. An additional consideration is the cross reactivity
of mammalian lipocalin proteins with IgE assay antibodies [34, 35]. Although the present study used a
monoclonal antibody ELISA method specific for Can f 1,
there may exist potential cross-reactivity with a different
canine lipocalin [36].
In a comprehensive review of pet allergies [2], the literature suggests a threshold response in humans to dog
allergens with low exposure being correlated with increased sensitization and elevated exposure being possibly protective. Although selective breeding may reduce
allergenic potential in dogs by lowering Can f 1, a
greater challenge may be in the human response to the
allergen and his/her propensity to mount an allergic
response [37, 38]. Another key factor in dog allergies is
the human perception of allergy symptoms. Data from a
cross-sectional study of children in a metropolitan
United States city failed to show an association between
levels of dog specific IgE and self-reported allergy symptoms [39] and, in a recent study of dogs described as
hypoallergenic, Can f 1 levels were actually higher but
the vast majority of owners who self-reported as being
allergic to dogs believed their allergy symptoms were reduced with the hypoallergenic dogs [15]. This desire for
a hypoallergenic dog has driven the establishment of
commercial companies marketing dogs with reduced
Can f 1 expression (reviewed in [6]) though the scientific
evidence does not support that purported hypoallergenic
dogs have lower Can f 1 [15, 40]. Because dog allergens
are found on hair [2], dogs that shed less are predicted
to have lower allergen contribution to their environment
and owners often view hair length as a contributor but
the data do not support that supposition [17]. Unfortunately, there is little research that assesses owner perceived allergies with clinician verified pet allergy.

Conclusions
For agencies partnering assistance dogs with disabled individuals, Labrador retrievers may have a reduced potential to evoke allergies because the breed has significantly
lower levels of Can f 1 in saliva and have more compact
fur than golden retrievers leading owners to view the
dogs as potentially less allergenic. These combined attributes may favor a lower spread of dander and respiratory allergens. Interestingly, the sequence of the LCN1
gene is highly conserved across individuals within and
between breeds. Although no genetic differences were
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detected for the major dog allergen, individual dogs
within a given breed show significant variability in Can f
1 content in saliva and hair [17], suggesting that classical
selective breeding approaches using saliva Can f 1 levels
as the selection index may be useful in reducing the
allergenic potential of service dogs.

Additional file
Additional file 1: Table S1. Primer sets used for PCR with their
corresponding product size and annealing temperature. (DOC 46.5 kb)
Competing interests
KL and PM are employed by Canine Companions for Independence. The
other authors declare no competing interests.
Authors’ contributions
JMB, PM, TRF, AMO conceived and designed the study. CB, JMB, KL
coordinated the study, collected and assayed samples. CB, JMB, VF, LG
generated and interpreted sequence data; CB, TRF, AMO analyzed data, AMO
drafted manuscript with substantive editing by all. All authors read and
approved the final manuscript.
Acknowledgements
We would like to thank all owners and dogs who participated in the study.
We would also like to express our gratitude to Canine Companions for
Independence for their contributions of dog samples, time and funding. We
gratefully acknowledge the infrastructure support of the Department of Animal
Science, College of Agricultural and Environmental Sciences, and the California
Agricultural Experiment Station of the University of California, Davis.
Author details
1
Department of Animal Science, University of California, One Shields Ave,
Davis, CA 95616, USA. 2Canine Companions for Independence, Santa Rosa,
CA, USA.
Received: 28 November 2015 Accepted: 3 March 2016

References
1. Sly RM. Changing prevalence of allergic rhinitis and asthma. Ann Allergy
Asthma Immunol. 1999;82:233–52.
2. Morris DO. Human allergy to environmental pet danders: a public health
perspective. Vet Dermatol. 2010;21:441–9.
3. Linneberg A, Nielsen NH, Madsen F, Frølund L, Dirksen A, Jørgensen T.
Increasing prevalence of specific IgE to aeroallergens in an adult
population: two cross-sectional surveys 8 years apart: the Copenhagen
Allergy Study. J Allergy Clin Immunol. 2000;106:247–52.
4. Zahradnik E, Raulf M. Animal allergens and their presence in the
environment. Front Immunol. 2014;5(76):1-21.
5. Kamata Y, Miyanomae A, Nakayama E, Miyanomae T, Tajima T, Hoshi H.
Characterization of dog allergens Can f 1 and Can f 2. 1. Preparation of their
recombinant proteins and antibodies. Int Arch Allergy Immunol.
2007;142:291–300.
6. Smallwood J, Ownby D. Exposure to dog allergens and subsequent allergic
sensitization: an updated review. Curr Allergy Asthma Rep. 2012;12:424–8.
7. Hilger C, Kuehn A, Hentges F. Animal lipocalin allergens. Curr Allergy
Asthma Rep. 2012;12:438–47.
8. Nilsson OB, van Hage M, Grönlund H. Mammalian-derived respiratory
allergens–implications for diagnosis and therapy of individuals allergic to
furry animals. Methods. 2014;66:86–95.
9. Mattsson L, Lundgren T, Everberg H, Larsson H, Lidholm J. Prostatic kallikrein: a
new major dog allergen. J Allergy Clin Immunol. 2009;123:e363–8.
10. Virtanen T, Zeiler T, Mäntyjärvi R. Important animal allergens are lipocalin
proteins: why are they allergenic? Int Arch Allergy Immunol. 1999;120:247–58.
11. Díaz-Perales A, González-de-Olano D, Pérez-Gordo M, Pastor-Vargas C.
Allergy to uncommon pets: new allergies but the same allergens. Front
Immunol. 2013;4.

Page 7 of 8

12. De Groot H, Goei K, Van Swieten P, Aalberse R. Affinity purification of a
major and a minor allergen from dog extract: serologic activity of
affinity-purified Can f I and of Can f I-depleted extract. J Allergy Clin
Immunol. 1991;87:1056–65.
13. Konradsen JR, Fujisawa T, van Hage M, Hedlin G, Hilger C, Kleine-Tebbe J,
Matsui EC, Roberts G, Rönmark E, Platts-Mills TA. Allergy to furry animals:
new insights, diagnostic approaches, and challenges. J Allergy Clin
Immunol. 2015;135:616–25.
14. Polovic N, Wadén K, Binnmyr J, Hamsten C, Grönneberg R, Palmberg C,
Milcic‐Matic N, Bergman T, Grönlund H, Hage M. Dog saliva–an important
source of dog allergens. Allergy. 2013;68:585–92.
15. Vredegoor DW, Willemse T, Chapman MD, Heederik DJ, Krop EJ. Can f 1 levels
in hair and homes of different dog breeds: lack of evidence to describe any
dog breed as hypoallergenic. J Allergy Clin Immunol. 2012;130:e907–9.
16. Winkle M, Crowe TK, Hendrix I. Service dogs and people with physical
disabilities partnerships: a systematic review. Occup Ther Int. 2012;19:54–66.
17. Heutelbeck AR, Schulz T, Bergmann K-C, Hallier E. Environmental exposure
to allergens of different dog breeds and relevance in allergological
diagnostics. J Toxic Environ Health A. 2008;71:751–8.
18. Corneveaux J, Kingsley C, Richhold R, Siniard A, Allen A, Barber R,
Schartzberg S, Huentelman M. An indel in major histocompatibility
complex, class II, DP beta 1 is the putative functional variant in pug dogs
with necrotizing meningoencephalitis. Advances in Canine and Feline
Genomics and Inherited Diseases 2012, May 30, 2012, Visby Sweden.
19. Rincon G, Tengvall K, Belanger JM, Lagoutte L, Medrano JF, André C,
Thomas A, Lawley CT, Hansen MS, Lindblad-Toh K. Comparison of
buccal and blood-derived canine DNA, either native or whole genome
amplified, for array-based genome-wide association studies. BMC Res
Notes. 2011;4:226.
20. Oberbauer A, Grossman D, Eggleston M, Irion D, Schaffer A, Pedersen
N, Belanger J. Alternatives to blood as a source of DNA for large-scale
scanning studies of canine genome linkages. Vet Res Commun.
2003;27:27–38.
21. Ramadour M, Guetat M, Guetat J, El Biaze M, Magnan A, Vervloet D.
Dog factor differences in Can f 1 allergen production. Allergy. 2005;60:
1060–4.
22. Konieczny A, Morgenstern J, Bizinkauskas C, Lilley C, Bond J, Aalberse R,
Kasain M. The major dog allergens, Can f 1 and Can f 2, are salivary lipocalin
proteins: cloning and immunological characterization of the recombinant
forms. Immunology. 1997;92:577–86.
23. Viander M, Valovirta E, Vanto T, Koivikko A. Cross-reactivity of cat and dog
allergen extracts. Int Arch Allergy Immunol. 1983;71:252–60.
24. Yang JJ, Burchard EG, Choudhry S, Johnson CC, Ownby DR, Favro D, Chen J,
Akana M, Ha C, Kwok P-Y. Differences in allergic sensitization by self-reported
race and genetic ancestry. J Allergy Clin Immunol. 2008;122:820–7. e829.
25. Meggs WJ, Dunn KA, Goodman PE, Davidoff AL. Prevalence and nature of
allergy and chemical sensitivity in a general population. Arch Environ
Health. 1996;51:275–82.
26. Krueger WS, Hilborn ED, Dufour AP, Sams EA, Wade TJ. Self‐Reported Acute
Health Effects and Exposure to Companion Animals. Zoonoses Public
Health. 2015. http://dx.doi.org/10.1111/zph.12233.
27. Visscher PM, Hill WG, Wray NR. Heritability in the genomics era—concepts
and misconceptions. Nat Rev Genet. 2008;9:255–66.
28. Matsushita T, Yamaoka T, Otsuka S, Moritani M, Matsumoto T, Itakura M.
Molecular cloning of mouse paired-box-containing gene (Pax)-4 from an
islet β cell line and deduced sequence of human Pax-4. Biochem Biophys
Res Commun. 1998;242:176–80.
29. Yaklichkin S, Steiner AB, Lu Q, Kessler DS. FoxD3 and Grg4 physically interact
to repress transcription and induce mesoderm in Xenopus. J Biol Chem.
2007;282:2548–57.
30. Swendeman SL, Spielholz C, Jenkins NA, Gilbert DJ, Copeland NG, Sheffery
M. Characterization of the genomic structure, chromosomal location,
promoter, and development expression of the alpha-globin transcription
factor CP2. J Biol Chem. 1994;269:11663–71.
31. Napolitano T, Avolio F, Courtney M, Vieira A, Druelle N, Ben-Othman N,
Hadzic B, Navarro S, Collombat P. Pax4 acts as a key player in pancreas
development and plasticity. Seminars in cell & developmental biology. 2015;
44:107-114.
32. Pohl BS, Knöchel W. Overexpression of the transcriptional repressor FoxD3
prevents neural crest formation in Xenopus embryos. Mech Dev.
2001;103:93–106.

Breitenbuecher et al. Canine Genetics and Epidemiology (2016) 3:3

Page 8 of 8

33. Toda M, Ono SJ. Genomics and proteomics of allergic disease. Immunology.
2002;106:1–10.
34. Rytkönen-Nissinen M, Saarelainen S, Randell J, Häyrinen J, Kalkkinen N,
Virtanen T. IgE reactivity of the dog lipocalin allergen Can f 4 and the
development of a sandwich ELISA for its quantification. Allergy Asthma
Immunol Res. 2015;7:384–92.
35. Jensen‐Jarolim E, Pacios L, Bianchini R, Hofstetter G, Roth‐Walter F.
Structural similarities of human and mammalian lipocalins, and their
function in innate immunity and allergy. Allergy. 2015.
http://dx.doi.org/10.1111/all.12797.
36. Saarelainen S, Rytkönen‐Nissinen M, Rouvinen J, Taivainen A, Auriola S,
Kauppinen A, Kinnunen T, Virtanen T. Animal‐derived lipocalin allergens
exhibit immunoglobulin E cross‐reactivity. Clin Exp Allergy. 2008;38:374–81.
37. Ober C, Yao TC. The genetics of asthma and allergic disease: a 21st century
perspective. Immunol Rev. 2011;242:10–30.
38. Fagerberg E, Wide L. Diagnosis of hypersensitivity to dog epithelium in
patients with asthma bronchiale. Int Arch Allergy Immunol. 1970;39:301–9.
39. Ezell JM, Wegienka G, Havstad S, Ownby DR, Johnson CC, Zoratti EM. A
cross-sectional analysis of pet-specific immunoglobulin E sensitization and
allergic symptomatology and household pet keeping in a birth cohort
population. Allergy and Asthma Proceedings. 2013; 34:504-510.
40. Nicholas CE, Wegienka GR, Havstad SL, Zoratti EM, Ownby DR, Johnson CC.
Dog allergen levels in homes with hypoallergenic compared with
nonhypoallergenic dogs. Am J Rhinology Allergy. 2010;25:252–6.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

