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The ancient partnership between people and dogs is struggling to meet modern day

needs, with demand exceeding our capacity to safely breed high-performing and healthy

dogs. New statistical genetic approaches and genomic technology have the potential

to revolutionize dog breeding, by transitioning from problematic phenotypic selection to

methods that can preserve genetic diversity while increasing the proportion of successful

dogs. To fully utilize this technology will require ultra large datasets, with hundreds of

thousands of dogs. Today, dog breeders struggle to apply even the tools available

now, stymied by the need for sophisticated data storage infrastructure and expertise in

statistical genetics. Here, we review recent advances in animal breeding, and how a new

approach to dog breeding would address the needs of working dog breeders today while

also providing them with a path to realizing the next generation of technology. We provide

a step-by-step guide for dog breeders to start implementing estimated breeding value

selection in their programs now, and we describe how genotyping and DNA sequencing

data, as it becomes more widely available, can be integrated into this approach. Finally,

we call for data sharing among dog breeding programs as a path to achieving a future

that can benefit all dogs, and their human partners too.
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INTRODUCTION

A successful working dog is healthy, physically fit, and able to perform at an exceptionally
high-level, with the behavioral, physiological, and structural characteristics required varying by
job (1) (Figure 1). Over the past 20 years, especially since the attacks of September 11, 2001, the
demand for high-quality working dogs around the world has soared, while the supply of these dogs
has either remained unchanged or declined, resulting in increasing costs even as the quality of
the dogs has suffered (2–4). With rates of visual impairment and blindness in the United States
anticipated to double by 2050 as populations age, requests for guide dogs, already often difficult to
access (5), will almost certainly increase further (6). To meet this increasing demand, organizations
that breed working dogs need to use scientifically proven, modern breeding best practices that can
increase the production of high-performing, healthy dogs (7).
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FIGURE 1 | Skills required of a high-performing guide dog. A high performing working dog is required to fulfill a demanding set of criteria that vary by working dog

type. While some, such as resilience, are required for nearly all working dogs, other skills are job-specific. To illustrate this, we describe some of the major

requirements for a guide dog, the working dog type bred by Guiding Eyes for the Blind. (A) A guide dog must not be frightened of or bark at things that typically alarm

other dogs. When working, they must ignore distractions such as other dogs or other animals around them. (B) They must be comfortable leading out with a steady

pace and pull when working in harness, while also remaining calm and focused in all situations. They must learn a wide range of commands, but also be able to ignore

commands when they are not safe, and problem-solve when a command is not possible. (C) When there are obstacles or dangers in the handler’s path, a guide dog

must alert the handler by stopping, or navigating their handler around the obstacles, and then resume walking in the target direction. When working, they should not

be distracted by other people. (D) A guide dog must resist chasing things while working, and ignore enticing scents, including food. (E) A guide dog needs to be

physically healthy, and matched to the stride and personality of their handler. Image credit: Kathleen Morrill.

Working dogs, in various forms and with various functions,
have been part of human societies for thousands of years. Sled
dogs were used in Eastern Siberia over 9,000 years ago (8, 9), and
ancient Romans had both livestock guarding dogs and hunting
dogs (10, 11). During this time, humans likely exerted postzygotic
selection by favoring the highest performing dogs, increasing the
prevalence of desirable traits among their offspring. Compared
to modern dog breeds, ancient working dog populations were
outbred and genetically diverse. Modern dog breeding started in
themid 1800s, and historical records and genomic studies suggest
modern dog breeders predominantly favored form and pedigree
over function (12, 13). The genomic loci most differentiated
between breeds have been implicated in physical traits like body
size, coat characteristics, and ear shape. While all dogs in a
modern dog breed may look similar to one another, behavior and
personality is highly variable.

Because the genetic variants that confer working dog traits
predate modern breeds, any dog, purebred or not, may, by
chance, inherit the genetic profile of a high-performing working
dog, although this probability may vary depending on the dog’s
breed ancestry. The goal of selective breeding is to increase
the average genetic merit of a population, thereby increasing
the likelihood that, in the next generation, more dogs will be
higher-performing than dogs in the current generation. To reach
this goal, successful breeding programs will also attempt to
optimize the environment in early puppyhood for long-term
success (14–17).

Implementing a successful working dog breeding program is
enormously challenging because of the complexity of the traits
themselves, and the risk of inbreeding and other inadvertent

consequences. Behavioral traits, difficult to breed for because
of their genetic complexity and environmental malleability,
may also be the most critical (18, 19). If not done with care,
selective breeding can significantly reduce genetic diversity of the
population, leading to increased rates of disease and shortening
lifespans (20). While using dogs from outside populations as
breeders can restore diversity, it risks lowering the success rate of
the importing breeding program for generations, if the imported
breeder is of lower genetic merit. Even successful selection
programs can have unexpected consequences. Selection for dogs
that are easy to control, for example, may increase the rate of
excessive body sensitivity.

To address the increasing demand for working dogs, canine
breeding programs need to utilize modern animal breeding
practices, including cutting-edge, and rapidly advancing,
genomic technologies. Here, we provide a roadmap for
implementing a modern canine breeding program, and describe
the synergistic collaboration between two non-profit projects to
support dog breeders transitioning from time-worn techniques
to modern, scientifically proven methods. The International

Working Dog Registry (IWDR) is a centralized database that
already contains uniformly coded records on over 64,000 dogs.
Uniformity in coding is accomplished using drop-down lists
of coding choices, from which one must be chosen, with very
little free-text permitted anywhere in a dog’s record. IWDR
implements modern animal breeding tools within the registry,
and it supports training for breeders seeking to employ genetic
selection. TheWorking Dog Project is an open-science initiative
for working dog genomics, designed to engage tens of thousands
of dogs in research studies to develop the next generation of
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genomic and medical technology for dogs. Working together,
the two aim to increase the supply of high-quality working dogs,
while supporting research to improve the health and welfare of
all dogs.

BREEDING WORKING DOGS

Managers of working dog breeding programs face the daunting
challenge of producing large numbers of puppies, often over 100
per year, while maintaining, or even increasing, the percentage
of successful dogs. There is almost always at least one plausible
reason not to breed a young female, or to avoid a particular
mate, especially when the goal is to avoid producing any disease-
affected puppies, but this has to be balanced against the need to
produce puppies that easily develop into behaviorally appropriate
adult dogs. To balance these competing forces, a production
plan needs to be followed that includes an objective method for
choosing young dogs to become parents of the next generation.
By following this plan, selection will change allele frequencies
in the population, and the puppies produced in each successive
generation will be healthier and endowed with more desirable
behaviors than those of their parents. This objective, science-
driven approach, proven to work by large guide dog breeding
programs (7), has clear advantages over today’s most common
approaches to dog breeding.

At conception, each future puppy inherits its genetic
foundation (genotype) from its parents. The local environment
in which each genotype develops into a working adult has
the potential to mold and shape that genotype in a myriad of
ways. The ultimate challenge of dog breeding is to wisely use
observed phenotypes to accurately predict the non-observable
underlying genotypes.

For centuries, dog breeders have used phenotypic selection

to influence observable traits or behaviors seen in a population.
This traditional process, where dogs are chosen to become
parents based on their individual phenotypes, has slowly molded
and shaped ancestral dogs into today’s modern breeds (21, 22).
Using this process to produce genetic change, however, is very
challenging because a dog’s own phenotype is often a rather poor
predictor of the dog’s true geneticmerit or genotype. Scientifically
advanced working dog breeding programs of today utilize a
data-driven method called estimated breeding values (EBVs) for
meeting this challenge. It incorporates statistics and phenotypes
to more accurately identify young dogs to be kept for breeding,
even before producing their first litter.

Just as in phenotypic selection, EBVs rely on trait
measurements made on individual dogs, but the calculation
process is objective, deterministic, and grounded in modern
statistical prediction theory. Furthermore, many people can
learn how to use EBVs, even if they do not fully understand the
process by which EBVs are calculated. For molecular geneticists,
it may be helpful to know that EBVs in the context of this
paper are very similar in concept to polygenic risk scores in
human genetics (23), but with one fundamental difference.
In the animal breeding world, the family structure of most
populations includes rather large half-sib and full-sib families.

The process for producing EBVs takes this family pedigree
structure into account.

Since the 1940s, livestock breeders have used some form
of EBVs and genetic selection to obtain genetic change in
economically important production traits (24, 25). For example,
breeders of American Angus cattle increased average weaning
weight of bull calves by about 4 pounds per year between 1972
and 2021 (26). Similarly, between 2000 and 2016, US dairy
cattle breeders, by applying selection pressure to increase the
productive life, achieved an increase of about 10 months (27).
Using exactly the same techniques as the livestock breeders, the
dog breeding program at The Seeing Eye improved trainability
for working as a guide while reducing the frequency of
phenotypes that impact working longevity, including poor hip
quality (7). After eight generations of selection, the percentage
of dogs with an excellent hip quality score (as assessed by an
extended view hip score) increased from 34 to 93% in German
Shepherd Dogs and from 43 to 94% in Labrador retrievers.

Phenotype selection, when carefully implemented, can be
effective for altering the prevalence of single traits. In Sweden,
phenotype selection alone reduced rates of moderate to severe
hip dysplasia in at-risk breeds by one third (28). However,
genetic selection results in more improvement than phenotype
selection (29), allows for continuing improvement even after
phenotype selection has reduced the frequency of undesirable
characteristics, and makes it possible to select on multiple traits
in parallel (28).

The advent of inexpensive whole-genome genotyping and
sequencing technology could allow relative genetic merit to be
predicted more accurately from genotype in the future (23).
These powerful approaches are not yet possible, but offer the
potential to further improve on EBV selection.

BEST PRACTICES FOR GENETIC
IMPROVEMENT IN A BREEDING
POPULATION

Working dog programs and breeders using only phenotype
selection will find it difficult, if not impossible, to maintain and
improve the health and performance of their dogs over many
generations. The vast majority of traits are complex, with tens
or hundreds of different genes shaping a dog’s inherited genetic
potential, which is further influenced by their environment. To
increase the frequency of a phenotype in a population, dogs
should be selected for breeding based on the likelihood that their
progeny will exhibit that phenotype. While adult phenotype is
a reasonable proxy for this likelihood for a simple genetic trait,
like coat color or hair type, for complex traits (e.g., behavior,
or susceptibility to diseases like cancer) the correlation is much
less clear.

Using phenotype selection, genetic improvement will be, at
best, slow. Selecting dogs for breeding based solely on their
adult phenotype is an inefficient way to increase the frequency
of polygenically inherited desired traits in the next generation
and is likely to lead to reduced genetic diversity and increased
rates of disease (20, 30, 31). Breeders will often invest significant
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time and resources in attempting to identify genetically superior
dogs by studying pedigree databases for evidence of the desired
trait in related dogs, but this approach lacks a systematic
means of ranking an individual’s genetic merit based on its
family relationships.

EBV selection is far more powerful than phenotype selection.
The EBV for a given trait on a specific dog is calculated using
phenotype data, both from that dog and from all related dogs
in the population, when those data are available. Because most
breeding plans are focused on improving more than one trait,
each dog will have a set of EBVs, one for each trait. This set of
EBVs for multiple traits can then be combined into one overall
selection index that weights each trait based on its importance to
the breeding program (32–34). This overall selection index value
then reflects each young dog’s overall relative geneticmerit, which
is also an indication of the dog’s ability to produce offspring with
all the phenotypes included in the breeding goal. By using an
overall selection index, breeding program managers can identify
a genetically diverse cohort of young dogs most likely to confer
desired traits in their offspring.

Despite its utility, EBV selection has not been widely used
in dog breeding because it requires large, accurate pedigrees
and phenotypes assembled into one uniformly coded database,
as well as expertise in statistical genetics and data processing.
These requirements have hindered adoption of EBVs by smaller
breeding programs, and programs without access to the required
expertise. To address this need, IWDR includes EBV calculation
and data management tools that are accessible to all dog
breeders. Through the IWDR database, breeders can obtain
EBVs, allowing them to objectively identify which young dogs
are most likely to produce puppies that move the population’s
average phenotypic merit closer to the breeding goals defined by
the breeding manager.

SIX STEP APPROACH TO EBV SELECTION

Implementing an EBV-based selection program can be daunting.
Here, we distill the process into six steps (Figure 2). Using

this approach, breeding programs can systematically apply the
scientific principles of population genetics and genetic selection
to their dog populations.

Step 1. Define the Goal(s) of Selection
Before applying any selection in a breeding program, it is critical
to establish clear goals, such as improving success rates. With
the goals defined, the program can then identify measurable
phenotypic traits relevant to achieving those goals.

Step 2. Collect Phenotype Data
A protocol must be developed to uniquely identify each dog
and to uniformly and accurately measure each trait of interest
on all breeding dogs and on all or most of their progeny over
successive generations. For behavioral traits, this might be the
Behavior CheckList (35), while for a trait like hip dysplasia, the
PennHIP (36, 37) or extended view radiograph (OFA, BVA, FCI)
scores could be used (38). All data should be stored in a secure,
uniformly coded, electronic database like IWDR.

Step 3. Identify Heritable Traits
Using the phenotype data and pedigrees stored in the database,
the heritability of each phenotypic trait measured in step 2
must be calculated. The more heritable a trait is, the bigger the
response will be to one generation of selection (39). Traits with
a heritability of at least 15% are considered good candidates for
genetic selection. With accumulating knowledge derived from
genomic information, genetic improvement in traits with even
lower heritability may eventually be feasible.

Step 4. Calculate EBVs
For the traits selected in Step 3, EBVs can be calculated using
specialized software that combines phenotype data with the
pedigree structure (25, 40, 41). Models fitted with this software
can accurately account for overlap in the genetic background
influencing different traits and for external, non-genetic factors
that produce variation in phenotypes, such as the season of year
or age of the dog when the phenotype was measured. Access to
EBVs calculated using this software is available through IWDR.

FIGURE 2 | Six-step approach to EBV selection. Implementing an EBV-based selection program can be daunting. By distilling it down to just six steps, each

supported by tools and training available through IWDR, this method of making breeding decisions can be made accessible to both working dog breeders and hobby

breeders.
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Step 5. Select Breeder Candidates
Young dogs with high genetic merit from the EBV analysis
in Step 4 should be evaluated in detail to assess their
suitability as breeders, with a focus on the whole dog.
Metrics considered will typically include suitable conformation,
reproductive capacity, health screening typical for the breed and
a performance assessment.

Step 6. Match Breeders and Produce the
Next Generation
From among the candidate dogs identified in Step 5, mating pairs
are chosen, such that weaknesses in one dog are complemented
by strengths in the mate. In addition, it is important to choose
pairs that maximize the genetic diversity of the breeder pool,
minimize inbreeding in litters, and limit the number of progeny
any single individual produces in their lifetime (31). A practical
guideline is to attempt to limit the average increase in the
coefficient of inbreeding to no more than 2% per generation.

To achieve this goal, an easily implemented strategy is to limit
the number of litters produced by any single parent (42). While
inbreeding could be kept to a minimum by allowing each parent
to produce only a single litter, this isn’t operationally feasible, and
thus tradeoffs must be made. One practical solution is to restrict
each male to siring no more than 8 litters and each female to
producing no more than 3 or 4 litters. In a population producing
∼200 puppies per year, this will limit the rate of inbreeding
increase to no more than 2% per generation. We note that, as the
rate of inbreeding increase is related to effective population size
(39), chapter 4, p. 65], any workable strategy for maximizing the
effective population size will limit inbreeding.

IMPLEMENTING AN EBV SELECTION
PROGRAM

While the six steps described above provide a high-level
perspective on EBV selection, the reality of starting such a
program can be daunting. Here, we describe how Guiding Eyes
for the Blind (Guiding Eyes, hereafter), implemented their EBV
selection program, and highlight some of the challenges they
needed to overcome. Guiding Eyes have shared their breeding
program data to illustrate this process (43). Their experience
illustrates the dynamic nature of any breeding program. The
outcome of each of the six steps is not fixed, and often must
be revisited and revised based on information acquired as the
process evolves over time.

The Guiding Eyes for the Blind breeding colony collectively
produces about 520 weaned puppies (about 90% Labrador
retrievers and 10% German shepherds) each year. Dogs who do
not succeed as guide dogs are eithermoved to other organizations
or adopted out to pet homes, depending on their testing results
(44). Currently, Guiding Eyes has 120 active Labrador retriever
breeders (82 female and 38 male) and 13 active German shepherd
breeders (10 female and 3 male), as well as frozen semen from
20 Labrador retrievers and 13 German shepherds with high
selection indexes.

Guiding Eyes started using genetic selection with EBVs in
their Labrador retrievers in 2003. Their German shepherd colony
is too small to calculate EBVs, but Guiding Eyes is working with
IWDR to address this through collaboration and data sharing
with other guide dog breeding colonies.

Implementing Step 1. Define the Goal of
Selection
Guiding Eyes made the decision to move toward implementing
EBV selection in 1995 with the goal of improving health and
behavior traits, while preserving genetic diversity. At that early
stage, they did not have the data infrastructure needed to identify
which traits were most correlated with those outcomes, and thus
might be the targets of selection. The collection of phenotype data
(Step 2) was critical in making this determination.

Implementing Step 2. Collect Phenotype
Data
Guiding Eyes first had to set up a data management system
(a relational database) for collecting phenotype, health, and
pedigree information, and populate it with information on their
dogs. Using this database, Guiding Eyes identified hip quality,
elbow quality, soft trachea and allergic/atopic dermatitis as top
health reasons for dogs failing out of the program. Although
nearly twice as many dogs failed for temperament or behavioral
reasons, rather than health reasons, Guiding Eyes did not initially
have a useful system for scoring non-health traits. Behavioral trait
data was being collected using the Canine Behavioral Assessment
and Research Questionnaire (C-BARQ), but the estimates of
heritability for C-BARQ measured traits were very low, and
insufficient for driving genetic improvement (45).

It took a global collaboration of working dog breeders
10 years to develop a tool for assessing behavioral traits
with the standardized terminology, inter-rater reliability, and
score resolution needed for genetic selection. The Behavior
CheckList, which is the tool recommended by IWDR, is an
optimized version of the scoring tool originally used to validate
construct validity of the C-BARQ, and incorporates measures
known to affect guide dog performance, including noise
sensitivity, harness sensitivity, and body sensitivity (Figure 3A;
Supplementary Material) (45). Behavior CheckList scores are
assigned by trained personnel with experience in behavioral
coding. At Guiding Eyes, behavioral coding has been correlated
with behavioral information captured by ECG, accelerometry
and gyroscope data on∼2 month old puppies (46).

The Behavior CheckList was originally designed for assistance
and guide dogs, but it may be generalizable to other types of
working dogs, such as detection dogs, when augmented with
additional job-specific phenotypes (e.g., hunt drive, indication,
bite) (47).

Implementing Step 3. Identify Heritable
Traits
Traits included in an EBV selection program need to be both
relevant to the high-level goals of the program, and sufficiently
heritable to respond to selection. For each trait measured in
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FIGURE 3 | Implementing EBV selection at Guiding Eyes for the Blind. (A) The behavioral phenotypes are collected using the Behavior CheckList scored by trained

observers during standardized tests and assessments starting at 2 months of age, and continuing through training until about 26 months of age. (B) The selection

index, which weights each trait based on its importance to the breeding program, has changed over time to include more behavioral phenotypes. (C) The current

index includes about 50% behavioral and 50% health traits. (D) The rate of genetic improvement can be monitored by reviewing the selection index scores for the

current population of dogs. Here, dogs not used for breeding have, on average, the lowest scores, while active breeders, including those nearing retirement, have the

highest scores, consistent with the increasing genetic improvement expected in a successful breeding program. If genetic improvement plateaus or worsens, the

genetic model, data quality, change in testing protocols or criteria, weighting in the index and other influences are reviewed and corrective action taken. (E) Inbreeding

is minimized by selecting mate pairs that maximize diversity, and by limiting the number of progeny produced by any single individual. Between generation 8 and 16,

average inbreeding coefficient increased from 3.4 to 16%, corresponding to an increase of 1.6% per generation. (F) To produce high-performing working dogs,

environmental factors that influence success must also be addressed. At Guiding Eyes for the Blind, for example, kennels with nursing puppies are enriched with

different surface textures, noises, novel objects, and other experiences the puppies will need to be familiar with as working dogs. Image credits (A,F): Elinor K.

Karlsson.

the Guiding Eyes population, and collected in the database, the
heritability was estimated using statistical models that considered
sex, age, weight, and other features when appropriate (Table 1).

Implementing Step 4. Calculate EBVs
Guiding Eyes started calculating EBVs in 2003 for two traits:
elbow quality and hip quality (Table 1). EBVs were estimated
using MTDFREML (MTGSAM for binary threshold traits) (48,
49). By 2010, they had collected sufficient data to develop their
first overall selection index, combining and weighting EBVs for
five health traits, selected because they were most responsible for
dogs failing prior to beginning training, and a binary measure
of training success (Figure 3B). The emphasis (relative weight)
placed on each health trait was proportional to the percent of
rejections caused by that trait. The standardized weight was
calculated by dividing the relative weight by the genetic standard
deviation of the trait. To calculate the overall selection index
value for each dog, the EBV for each trait was multiplied by the
standardized weight for that trait, and the weighted EBVs for all
traits then added together.

Selection by EBVs is an inherently dynamic process, because
the selection itself changes the frequency of traits in the
population, so the selection index is reviewed and revised

regularly to focus on traits of highest priority in the current
population (Table 1). By 2014, Guiding Eyes had sufficient
Behavior CheckList data to incorporate EBVs for behavioral
phenotypes, starting with thunderstorm phobia and harness
sensitivity. Before adding a new behavioral EBVs into the overall
index, its utility is assessed by someone knowledgeable about the
colony, to confirm that dogs are ranked generally as expected.
This less quantitative “sniff test” is important for affirming the
real world relevance of the EBV.

Today, behavioral and health traits are equally represented in
the Guiding Eyes selection index (Figure 3C). Each dog’s score on
the selection index is the primary tool used to decide which young
dogs should be considered as breeders (step 5). EBVs, and the
overall selection index score for each dog, are recalculated every
2 weeks to coincide with the selection of new breeder candidates,
ensuring that all phenotype data are included in the calculations.

Implementing Step 5. Select Breeder
Candidates
Typically, Guiding Eyes replaces about one third of its breeding
colony each year. An increase in average genetic merit means
that animals in the next generation will have more desirable
genetic potential than their parents (Figure 3D). While Guiding
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TABLE 1 | Heritability and genetic selection at Guiding Eyes.

Trait Estimate of

heritability (%)

No index Weighting in index Software used

2003 2005 2010 2014 2016 2019

Success 46 20% 23% 35% 8% R

Health 44 – – – – R

Health-related measurements

Elbow quality 63 EBV EBV 14% – – – R

Epilepsy 62 15% 12% 8% R

Soft trachea (STEBV) 61 – – – – R

Tricuspid valve dysplasia (TVD) 56 – – – – R

Hip quality 52 EBV EBV 14% – – 8% R

Skin (Allergic/atopic dermatitis, otitis, etc.) 39 EBV 18% 21% 21% 25% BLUPF90

Mast cell cancer (age of onset) 28 19% 11% 14% 12% R

Behavior-related measurements

Activated by stress (puppy test) 56 – – – – BLUPF90

Noise sensitivity (puppy test) 54 – – – 7% BLUPF90

Thunderstorm phobia 50 – 15% – – R

Inhibited by stress (puppy test) 48 – – – – BLUPF90

Harness sensitivity (2-trait with IFT EBV) 47 – 18% 10% 7% BLUPF90

Body awareness (3-trait with IFT EBV) 36 – – 12% 19% BLUPF90

Self-modulation (puppy test) 34 – – – 7% BLUPF90

Object fear (puppy test) 32 – – – 7% BLUPF90

Genetic selection with EBVs will be most effective on traits that have a heritability > ∼15%. Heritability measures are specific to a particular population and a particular environment,

requiring them to be estimated for each breeding population. Here, we show heritability estimates for the Guiding Eyes for the Blind Labrador retriever population, which range from a

low of 28% (mast cell tumor) to a high of 63% (elbow quality). “Puppy test” indicates testing done at ∼2 months of age, and IFT (In For Training) indicates testing done at ∼16 months

of age. We also show how traits were weighted in the overall selection index, and how those weightings change over time. “EBV” indicates traits for which EBVs were calculated prior

to the development of the selection index. A dash indicates a trait not included in the selection index.

Eyes prioritizes dogs with a high selection index values as
breeder candidates, the decision to keep a dog for breeding
is not based on those scores alone. Each month, 9 females
and 3 males (usually 15–17 months old) are selected as
breeding candidates and undergo additional behavioral, health
and reproductive screenings. Dogs may be excluded based
on weight, heritable conditions not captured in the selection
index, reproductive abnormalities (e.g., cryptorchidism), primary
persistent anestrus or abnormal estrus patterns, or undesirable
conformation. In addition, they consider the individual dog’s
longitudinal behavioral scores and behavioral trends in the
litter. Finally, they consider how closely related the candidate
is to other dogs in the breeding colony, favoring the less
related dogs.

Implementing Step 6. Match Breeders and
Produce the Next Generation
When Guiding Eyes matches dogs for breeding, it tries to balance
weaknesses in one dog with strengths in the mate. It assesses each
potential pairing using three primary criteria: (1) the dogs have
not been previously bred together; (2) their progeny would have
a lower predicted coefficient of inbreeding compared to pairings
with other dogs; (3) neither dog is affected by a genetic disease
caused by a known mutation, and, at most, only one of the pair is
a carrier. In order to avoid popular sire effects, Guiding Eyes tries
to use all stud dogs equally.

GENETIC CHANGE DUE TO SELECTION IN
THE GUIDING EYES BREEDING PROGRAM

Overall, the breeding program at Guiding Eyes has been
very effective, illustrating the power of EBV selection. Most
importantly, Guiding Eyes was able to reduce the number of
puppies born each year, from 4.8 to 3.6 pups born, for each
successful dog (Figures 4A–C). Given the enormous resources
required to train even a single dog, this achievement has allowed
Guiding Eyes’ to more efficiently fulfill its mission of providing
high-performing dogs to people with vision loss.

Guiding Eyes saw an improvement in the EBVs for every trait
included in the selection index (Figures 4C,F). Elbow quality,
and scores for behavioral traits, including harness and body
sensitivity, and noise sensitivity, all improved (Figures 4D,E) The
incidence of allergic/atopic dermatitis, idiopathic epilepsy and
soft trachea all dropped. When using phenotype based selection,
the number of dogs diagnosed with allergic/atopic dermatitis,
elbow dysplasia, and idiopathic epilepsy had varied widely from
year to year, but once EBVs were employed, a consistent genetic
improvement was evident. Throughout the breeding program,
inbreeding coefficients slowly increased at an average rate of 1.6%
per generation (Figure 3E).

Several interesting features are evident in the data. First,
environment matters (Figure 3F). In 2017 there is a sharp rise in
dogs exhibiting moderate and severe noise fear (Figure 4E). This
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FIGURE 4 | Behavioral and health traits change in response to EBV selection. Eight traits under selection in the Guiding Eyes for the Blind population show varying

responses to the onset of selection using EBVs. Vertical black lines show when EBV selection for each trait was started. (A) Change in fraction of dogs successfully

placed as guide dogs per year, starting in 2000, when the current assessment criteria were implemented. (B) With improving success rates, the number of puppies

produced by Guiding Eyes for each successful dog has dropped over time. (C) The EBV scores for success, as a trait, have increased over the last 17 generations

(Continued)
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FIGURE 4 | of selection, indicating an improvement in genetic merit with each successive generation, even if just the animals selected as breeders are considered

(orange line). (D) Change in relative frequency per year of different phenotypes, starting with the year the phenotype data started being collected. (E) Change in the

fraction of dogs with a disqualifying phenotype (red lines). (F) The EBV scores for each trait over the last 17 generations of selection show increasing EBVs, indicating

an improvement in genetic merit with each successive generation. A similar trend in the median EBV scores is seen if just the animals selected as breeders are

considered (orange line).

coincides with an outbreak of parvovirus in the breeding facility,
which shut down the early socialization program for puppies.
This program was designed specifically to expose dogs to a wide
range of stimuli, including different noises, during a critical
period of development, and its curtailment was detrimental.

Second, how traits are defined for the selection index can
lead to unexpected consequences. Between 2010 and 2011, before
the Behavior CheckList was in use, the only behavioral metric
used in the selection index was a binary trait reflecting whether
or not a dog successfully completed the guide dog training
program. Selecting for this trait inadvertently increased the
incidence of excessive body sensitivity in the population. A closer
look revealed that using success as a metric favored dogs who
were easy to control, and many of these dogs had heightened
body sensitivity. Once the Behavior CheckList measurements of
body sensitivity were incorporated into the selection index, the
increasing trend in body sensitivity was reversed.

IMPLEMENTING EBV SELECTION WITH
IWDR

While the experiences of Guiding Eyes illustrate the potential
of EBV selection and how to effectively implement this six-step
approach, EBVs have not been widely adopted by working dog
breeding organizations because most programs, on their own,
have neither the dog population size nor the staff expertise to
implement it successfully. To make EBV selection accessible to
all working dog breeding programs, regardless of the size of
their breeding colony or the expertise of their staff, a different
approach is needed. IWDR supports both working dog and
hobby breeders of any breed interested in using EBVs to achieve
genetic improvement. It offers state-of-the-art tools, expertise,
and training that, until now, were accessible to only the largest
canine breeding colonies.

Database
For breeding programs, establishing and maintaining a database,
andmanaging data storage, is costly and difficult. IWDR provides
a secure, uniformly coded, electronic database accessible through
a paid subscription (International working dog registry—
dogs serving humanity1) from anywhere in the world. IWDR
facilitates storing phenotypes, pedigrees, and genetic data.

Phenotyping
Many breeding programs still use non-standardized phenotype
scoring approaches that are not ideal for EBV selection.
IWDR provides expert training and resources for standardized

1Available online at: http://www.iwdr.org (accessed May 31, 2021).

phenotype scoring, including for behavioral traits via the
Behavior CheckList (35).

Tools to Estimate Heritabilities and
Calculate EBVs
Breeding programs are often too small to use EBV selection,
or lack the required expertise. IWDR stores phenotypes using
a standardized codebook, making it possible to pool data from
many organizations. Using pooled data, IWDR can estimate
heritability and calculate EBVs using all dogs of a specific breed,
while keeping the detailed data for each organization secure and
private. EBVs calculated by IWDR will be far more accurate than
those from a single, small breeding program, because they are
based on many more observations, thus enabling all breeding
programs, regardless of colony size, to utilize EBVs. With these
values, breeding managers can assess which are the genetically
most desirable dogs within their colony to keep for breeding, and
they can compare their organization’s EBVs to the population
average, thus quantifying where their dogs rank relative to all
dogs of that breed in the database.

To calculate EBVs, IWDRuses the BLUPF90 suite of programs
(40, 41). Most health and behavior phenotypes are categorized
into five classes, ranging from one (least desirable) to five (most
desirable), and are modeled as linear mixed models, with fixed
effects included to adjust for the presence of environmental
effects known to produce phenotypic variation. IWDR can also
calculate EBVs for binary traits by analyzing them as threshold
traits using the Gibbs sampling methodology implemented in
the BLUPF90 program suite. Once EBVs are calculated and
stored into IWDR, they are presented with both an assessment
of accuracy and each dog’s percentile ranking amongst all dogs
from that breed in the database.

Pairing Dogs for Breeding
Selecting dogs for breeding is a complicated task, as EBV
scores, predicted inbreeding, and health are all considered.
IWDR provides an easy-to-use tool that calculates the predicted
inbreeding for a potential litter before themating is actually done,
and summarizes both the phenotype data and the genetic test
data available on possible mates. IWDR can also compare EBVs
between breeding programs, enabling the exchange of breeding
stock with less risk of damaging short term outcomes for dogs.
This is critical for balancing selection goals with breeding for
improved genetic diversity and population health.

Integrating Genomic Relatedness
Genomic data from either marker genotyping or whole genome
sequencing can more precisely define the exact degree of genetic
relatedness that exists among pairs of dogs than a pedigree alone
(50). IWDR is developing tools that will incorporate the use of
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genomic data into the EBV calculations, thus enabling breeders
to work with EBVs estimated with higher accuracy.

BUILDING THE NEXT GENERATION OF
GENOMIC TOOLS

Today, it is not possible in dogs to accurately predict health
or behavioral traits from genome sequence data alone. For
a small number of single-gene diseases, genetic tests are
available, allowing carriers of disease risk factors to be identified
[although with some important caveats (51)]. Single-gene
diseases, however, are just a tiny fraction of heritable diseases,
and don’t include cancer and other common diseases that are the
major causes of death in dogs (52).

The vast majority of diseases, and behavioral traits, are
genetically complex, shaped by changes in hundreds, and even
thousands of genes, as well as non-heritable environmental
factors (53–55). For these traits and diseases, applying selection
is difficult without using some aids to improve the accuracy of
selection decisions. Active selection of desired genetic variation
can lead to unintentional accumulation of deleterious genetic
variation due to “hitchhiking” of deleterious alleles physically
linked in the genome (56), and unintentional, undesired effects if
the genetic variants under selection are pleiotropic, or have effects
on multiple traits. Without understanding the genetic basis
underlying desired or undesired phenotypes, artificial selection
for specific traits in domestic dog breeds can increase deleterious
genetic variation (57).

The Working Dog Project and IWDR are working together
to build the next generation of genomic tools for dogs, in
partnership with dog breeders willing to share de-identified
genomic data and phenotypes from their dogs. Genomic
technologies have the potential to substantially improve selective
breeding in dogs, but it will require extremely large datasets
to develop robust, high-quality tools. By working together, and
pooling data and expertise, we can develop two new approaches
to dog breeding that could dramatically improve the supply of
high-quality, healthy working dogs: genomically enhanced EBVs

(sometimes abbreviated to gEBVs) and genomic breeding values

(genomic EBVs).

Genomically Enhanced EBVs
EBVs that incorporate genomic data are known as genomically
enhanced EBVs. Compared to traditionally calculated EBVs,
genomically enhanced EBVs can increase accuracy of genetic
merit predictions by as much as two-fold, because genomic
information complements pedigree information (27). In practical
terms, this means that the accuracy of well-estimated genomically
enhanced EBVs for young dogs can be, in some situations,
as accurate as if those dogs had already produced 20
progeny who have already matured to acquire their own
phenotypes. Compared to EBV selection, genomically enhanced
EBV selection is more effective, especially for traits with low
heritability (58, 59).

Using genomically enhanced EBVs can make dog breeding
programsmore efficient. Generating high accuracy EBVs (>0.80)

requires phenotypes for both parents and their progeny, a
challenge for late age onset conditions, like cancer and epilepsy.
The addition of DNA marker information in the form of
genomically enhanced EBVs should increase the accuracy of
genetic merit prediction in young puppies, thus enabling
more accurate selection decisions to be made before they
produce progeny. This reduces the generation interval and costs
associated with waiting for animals to mature. In addition, a
DNA sample collected from a young puppy could identify, at a
very young age, dogs that should not be further developed for a
particular line of work, but rather should become beloved pets,
avoiding costly care and training.

Genomic Breeding Values
A genomic EBV is a prediction of a dog’s relative genetic merit
based solely on its genome sequence. No pedigree information
is required. With genomic EBVs, a decision could be made to
keep a young dog for breeding as soon as a DNA sample can be
collected, a method known as genomic selection (60). Selecting
animals based on their genome sequence, rather than waiting to
measure phenotypes later in life, can accelerate genetic gain by
reducing the generation interval.

While genomic selection offers promise for assessing relative
genetic merit among young puppies, literally thousands of whole
genome sequenced dogs with their well-measured phenotypes
will be needed in one dataset in order to develop the prediction
equations (61, 62). Once developed for a particular breed, these
prediction equations should enable even the prediction of relative
genetic merit of dogs from outside breeding programs or dogs
living in shelter populations (63, 64). If sufficiently large datasets
of full genome sequences and phenotypes from many breeds
can be assembled, prediction equations that work in any dog,
regardless of breed, may be feasible (60).

Very Large Sample Sizes Are Essential
The key to developing genomically enhanced EBVs and genomic
breeding value technology for working dogs will be assembling
very large datasets. Both approaches require studies with tens,
or even hundreds, of thousands of dogs, each with phenotype
information for traits of interest (60, 65), and coordination
between working dog breeders, statistical geneticists, and data
scientists. The partnership between IWDR and theWorking Dog
Project is designed to address this challenge. IWDR is a platform
for obtaining both whole genome sequences and uniformly coded
phenotypes for tens of thousands of dogs. With consent from
the dog breeder, these data, once de-identified, can be shared
with scientists with expertise in complex trait mapping and
statistical genetics through the Working Dog Project. All data
contributed to the Working Dog Project will be part of an open
data repository, encouraging even scientists unfamiliar with dog
breeding to contribute their skills. No breeding program, on
its own, has either enough dogs or the expertise to solve this
challenge, but by pooling resources, all working dog breeders
can benefit.
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CONCLUSION

Large-scale genomic studies, such as those we propose for
working dogs, have much broader ramifications outside of
improved breeding practices. Genomically enhanced EBVs, for
example, can predict which dogs are likely to be high-performing
working dogs before the investment of significant resources into
their training. With big enough datasets, we’ll be able to make
these predictions in any dog, including shelter dogs, some of
whommight be more suited to a high-energy working dog career
than life as a pet—thereby opening up new sources for these
high-demand dogs.

Ultra-large-scale dog genomics can also support advances in
veterinary medicine. In human medicine, genomically enhanced
EBVs are known as polygenic risk scores (23), and are already
used to predict risk of heart disease at a young age, when risk
reduction through environmental changes is still feasible (66).
Similarly, given enough data, we should be able to develop
risk scores for complex diseases like cancer and heart disease
for veterinary medicine, identifying which dogs should be
most carefully monitored, or when interventions should be
more aggressive.

Finally, large-scale genomics is the first step in discovering
the fundamental genetic basis for health and behavioral traits
(67, 68). Aging and disease in dogs show strong similarities
to humans, and finding the cellular mechanisms responsible
in dogs could provide new clues for treating humans as well
(69), ultimately resulting in better diagnostics, therapeutics, and
lifestyle interventions for dogs and humans alike.

For complex traits like behavior, which reflect the interaction
of genes with the environment, predictions based on genomic
data alone will never be perfect. Environment, especially early
in life, has a profound effect on the development of the brain.
If a mother is not able to perform intrinsic nesting behaviors,
or escape from her pups for a while, this stress can lead to
aberrant working behaviors in her pups (70). While still in
the breeding kennels, working dog puppies develop vision,
fear, social behavior, and cognitive abilities, and how these
characteristics develop reflects environmental cues. A breeding
program that does not provide positive early exposure to a variety
of sounds, scents, textures, and visual stimuli will leave their dogs
more fearful of the world around them, and less able to perform

their job. On the other hand, breeding programs that do provide
puppies with a wide range of novel, and positive, experiences in a
developmentally appropriate way will maximize the return on an
investment in improved breeding practices.

Collaboration and data sharing are essential if we hope to
improve the supply of high performing working dogs. Sharing
the details, and outcomes, of ongoing breeding programs,
including both successes and failures, will help develop better
genetic selection techniques for dogs. Furthermore, no single
organization can hope to reach the massive sample sizes required
to develop the next generation of genomic tools. When searching
for the genetic causes of a complex trait, the bigger, the better,
and there is no clear upper bound on how many samples are
enough (65). By working together, IWDR and the Working Dog
Project will promote innovation and collaboration via advanced
genomic technologies and open science, and provide the practical
tools dog breeders need to implement these advances. This
collaborative strategy is the only practical path for realizing the
potential of genomics to transform working dog breeding, and to
address health challenges in both dogs and humans.

AUTHOR CONTRIBUTIONS

EK, EL, and FLC equally contributed to the formation of
the manuscript’s conceptual ideas and framework. All authors
contributed to writing and editing the manuscript.

ACKNOWLEDGMENTS

We thank Guiding Eyes for the Blind for access to their data, and
for sharing their expertise. We also thank the Theriogenology
Foundation, AKC Reunite, and the Manton Foundation for
their support in establishing this collaboration, the Annenberg
Foundation for providing funds to contribute to the open-access
publication of this manuscript, and the worldwide community of
working dog breeders for their input and advice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.662429/full#supplementary-material

REFERENCES

1. Lazarowski L, Waggoner LP, Krichbaum S, Singletary M, Haney P, Rogers B,
et al. Selecting dogs for explosives detection: behavioral characteristics. Front
Vet Sci. (2020) 7:597. doi: 10.3389/fvets.2020.00597

2. Otto CM. Dogs of DHS: how canine programs contribute to homeland
security. In: Hearing before the committee on homeland security and

governmental affairs, United States Senate 114th Congress, Hrg S, editor. (2016)
p. 114–673. Available online at: https://www.hsgac.senate.gov/hearings/dogs-
of-dhs-how-canine-programs-contribute-to-homeland-security

3. Leighton EA, Hare E, Thomas S, Waggoner LP, Otto CM. A
solution for the shortage of detection dogs: a detector dog center of
excellence and a cooperative breeding program. Front Vet Sci. (2018)
5:284. doi: 10.3389/fvets.2018.00284

4. Passarella JD, Ocampo RPB. Research and analysis of the American domestic
government working dog industry. In: Finkenstadt DJ, Muir WA, editors.
Graduate School of Defense Management. Monterey, CA: Naval Postgraduate
School (2020). Available online at: https://dair.nps.edu/bitstream/123456789/
4297/1/NPS-AM-21-008.pdf

5. Walther S, Yamamoto M, Thigpen AP, Willits NH, Hart LA. Geographic
availability of assistance dogs: dogs placed in 2013-2014 by ADI-
or IGDF-accredited or candidate facilities in the United States and
Canada and non-accredited US facilities. Front Vet Sci. (2019)
6:349. doi: 10.3389/fvets.2019.00349

6. Varma R, Vajaranant TS, Burkemper B, Wu S, Torres M, Hsu C, et al.
Visual impairment and blindness in adults in the United States: demographic
and geographic variations from 2015 to 2050. JAMA Ophthalmol. (2016)
134:802–9. doi: 10.1001/jamaophthalmol.2016.1284

Frontiers in Veterinary Science | www.frontiersin.org 11 September 2021 | Volume 8 | Article 662429

https://www.frontiersin.org/articles/10.3389/fvets.2021.662429/full#supplementary-material
https://doi.org/10.3389/fvets.2020.00597
https://www.hsgac.senate.gov/hearings/dogs-of-dhs-how-canine-programs-contribute-to-homeland-security
https://www.hsgac.senate.gov/hearings/dogs-of-dhs-how-canine-programs-contribute-to-homeland-security
https://doi.org/10.3389/fvets.2018.00284
https://dair.nps.edu/bitstream/123456789/4297/1/NPS-AM-21-008.pdf
https://dair.nps.edu/bitstream/123456789/4297/1/NPS-AM-21-008.pdf
https://doi.org/10.3389/fvets.2019.00349
https://doi.org/10.1001/jamaophthalmol.2016.1284
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chen et al. Advancing Working Dog Genetics

7. Leighton EA, Holle D, Biery DN, Gregor TP, McDonald-Lynch MB,
Wallace ML, et al. Genetic improvement of hip-extended scores
in 3 breeds of guide dogs using estimated breeding values: notable
progress but more improvement is needed. PLoS ONE. (2019)
14:e0212544. doi: 10.1371/journal.pone.0212544

8. Pitulko VV, Kasparov AK. Archaeological dogs from the Early Holocene
Zhokhov site in the Eastern Siberian Arctic. J Archaeol Sci. (2017) 13:491–
515. doi: 10.1016/j.jasrep.2017.04.003

9. Sinding M-HS, Gopalakrishnan S, Ramos-Madrigal J, de Manuel M, Pitulko
VV, Kuderna L, et al. Arctic-adapted dogs emerged at the Pleistocene-
Holocene transition. Science. (2020) 368:1495–9. doi: 10.1126/science.aaz8599

10. Coppinger L, Coppinger R. Dogs for herding and guarding livestock. In:
Grandin T, editor. Livestock Handling and Transport. CAB International
(1993) 179–196.

11. Gehring TM, VerCauteren KC, Landry J-M. Livestock protection dogs in the
21st century: is an ancient tool relevant to modern conservation challenges?
Bioscience. (2010) 60:299–308. doi: 10.1525/bio.2010.60.4.8

12. Boyko AR, Quignon P, Li L, Schoenebeck JJ, Degenhardt JD, Lohmueller KE,
et al. A simple genetic architecture underlies morphological variation in dogs.
PLoS Biol. (2010) 8:e1000451. doi: 10.1371/journal.pbio.1000451

13. Worboys M, Strange J-M, Pemberton N. The Invention of the Modern Dog:

Breed and Blood in Victorian Britain. Baltimore: JHU Press (2018).
14. Pfaffenberger CJ, Scott JP. The relationship between delayed

socialization and trainability in guide dogs. J Genet Psychol. (1959)
95:145–55. doi: 10.1080/00221325.1959.10534251

15. Gazzano A, Mariti C, Notari L, Sighieri C, McBride EA. Effects of early
gentling and early environment on emotional development of puppies. Appl
Anim Behav Sci. (2008) 110:294–304. doi: 10.1016/j.applanim.2007.05.007

16. Duffy DL, Serpell JA. Effects of early rearing environment on
behavioral development of guide dogs. J Vet Behav. (2009)
4:240–1. doi: 10.1016/j.jveb.2009.04.003

17. Serpell JA, Duffy DL. Aspects of juvenile and adolescent environment predict
aggression and fear in 12-month-old guide dogs. Front Vet Sci. (2016)
3:49. doi: 10.3389/fvets.2016.00049

18. Graham LT, Gosling SD. Temperament and personality in working dogs. In:
Helton WS, editor. Canine Ergonomics: The Science of Working Dogs. New
York, NY: CRC Press (2009) p. 63–81.

19. Sinn DL, Gosling SD, Hilliard S. Personality and performance in military
working dogs: reliability and predictive validity of behavioral tests. Appl Anim
Behav Sci. (2010) 127:51–65. doi: 10.1016/j.applanim.2010.08.007

20. Yordy J, Kraus C, Hayward JJ, White ME, Shannon LM, Creevy KE, et al.
Body size, inbreeding, and lifespan in domestic dogs. Conserv Genet. (2020)
21:137–48. doi: 10.1007/s10592-019-01240-x

21. Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, Kamal M,
et al. Genome sequence, comparative analysis and haplotype structure of the
domestic dog. Nature. (2005) 438:803–19. doi: 10.1038/nature04338

22. Akey JM, Ruhe AL, Akey DT, Wong AK, Connelly CF, Madeoy J, et al.
Tracking footprints of artificial selection in the dog genome. Proc Natl Acad
Sci USA. (2010) 107:1160–5. doi: 10.1073/pnas.0909918107

23. Wray NR, Kemper KE, Hayes BJ, Goddard ME, Visscher PM.
Complex trait prediction from genome data: contrasting ebv in
livestock to PRS in humans: genomic prediction. Genetics. (2019)
211:1131–41. doi: 10.1534/genetics.119.301859

24. Lush Jay L. Animal Breeding Plans (Chapters 13, 14 and 15). Ames: Iowa State
College Press (1958).

25. Mrode RA. Linear Models for the Prediction of Animal Breeding Values, 3rd

Edn (chapters 3, 4 and 5). CABI (2014).
26. American Angus Association. Adjusted Weights and Measurements by Year.

AHIR Averages. American Angus Association (2021). Available online at:
https://www.angus.org/Nce/AHIRAvg (accessed May 24, 2021).

27. García-Ruiz A, Cole JB, VanRaden PM, Wiggans GR, Ruiz-López FJ,
Van Tassell CP. Changes in genetic selection differentials and generation
intervals in US Holstein dairy cattle as a result of genomic selection.
Proc Natl Acad Sci USA. (2016) 113:E3995–4004. doi: 10.1073/pnas.15190
61113

28. Hedhammar Å. Swedish experiences from 60 years of screening and breeding
programs for hip dysplasia-research, success, and challenges. Front Vet Sci.
(2020) 7:228. doi: 10.3389/fvets.2020.00228

29. James HK, McDonnell F, Lewis TW. Effectiveness of canine hip dysplasia and
elbow dysplasia improvement programs in six UK pedigree breeds. Front Vet
Sci. (2019) 6:490. doi: 10.3389/fvets.2019.00490

30. Farrell LL, Schoenebeck JJ, Wiener P, Clements DN, Summers KM. The
challenges of pedigree dog health: approaches to combating inherited disease.
Canine Genet Epidemiol. (2015) 2:3. doi: 10.1186/s40575-015-0014-9

31. Chu ET, Simpson MJ, Diehl K, Page RL, Sams AJ, Boyko AR. Inbreeding
depression causes reduced fecundity in Golden Retrievers. Mamm Genome.

(2019) 30:166–72. doi: 10.1007/s00335-019-09805-4
32. Hazel LN, Dickerson GE, Freeman AE. The selection index–

then, now, and for the future. J Dairy Sci. (1994) 77:3236–
51. doi: 10.3168/jds.S0022-0302(94)77265-9

33. Fuerst-Waltl B, Fuerst C, Obritzhauser W, Egger-Danner C. Sustainable
breeding objectives and possible selection response: finding the balance
between economics and breeders’ preferences. J Dairy Sci. (2016) 99:9796–
809. doi: 10.3168/jds.2016-11095

34. Cole JB, Dürr JW, Nicolazzi EL. Invited review: the future of selection
decisions and breeding programs: what are we breeding for, and
who decides? J. Dairy Sci. (2021) 104:5111–24. doi: 10.3168/jds.2020-
19777

35. Foster M, Brugarolas R, Walker K, Mealin S, Cleghern Z, Yuschak
S, et al. Preliminary evaluation of a wearable sensor system for heart
rate assessment in guide dog puppies. IEEE Sens J. (2020) 20:9449–
59. doi: 10.1109/JSEN.2020.2986159

36. Smith GK, Biery DN, Gregor TP. New concepts of coxofemoral joint stability
and the development of a clinical stress-radiographic method for quantitating
hip joint laxity in the dog. J Am Vet Med Assoc. (1990) 196:59–70.

37. Smith GK, Gregor TP, Rhodes WH, Biery DN. Coxofemoral joint laxity
from distraction radiography and its contemporaneous and prospective
correlation with laxity, subjective score, and evidence of degenerative joint
disease from conventional hip-extended radiography in dogs. Am J Vet Res.

(1993) 54:1021–42.
38. Soo M, Worth A. Canine hip dysplasia: phenotypic scoring and the

role of estimated breeding value analysis. N Z Vet J. (2015) 63:69–
78. doi: 10.1080/00480169.2014.949893

39. Falconer DS, Mackay TFC. Introduction to Quantitative Genetics. 4th edn.
London: Pearson Education (1996) p. 187–208.

40. Misztal I, Tsuruta S, Strabel T, Auvray B, Druet T, Lee DH, et al. BLUPF90
and related programs (BGF90). In: Proceedings of the 7th World Congress on

Genetics Applied to Livestock Production.Montpellier (2002) p. 743–4.
41. Misztal I, Tsuruta S, Lourenco D, Aguilar I, Legarra A, Vitezica Z.Manual for

BLUPF90 Family of Programs. Athens: University of Georgia (2014).
42. Leighton EA. Secrets for producing high-quality working dogs. J Vet Behav.

(2009) 4:212–5. doi: 10.1016/j.jveb.2009.10.002
43. Karlsson EK, Zimmermann M, Russenberger J, Leighton EA.

Broadinstitute/workingdogs: data release for paper (Version v1.0).
Advancing Genetic Selection and Behavioral Genomics of Working
Dogs through Collaborative Science (2021). doi: 10.5281/zenodo.
4884819

44. Wijga S, Russenberger J, van den Berg SM, Havlena B, Heuven HCM. Genetic
parameters for guiding ability in purpose bred dogs. Anim Genet. (2009)
40:1004–5. doi: 10.1111/j.1365-2052.2009.01947.x

45. Schiefelbein KM. Estimation of Genetic Parameters for Behavioral Assessment

Scores in Labrador Retrievers, German Shepherd Dogs, and Golden Retrievers.
(2012). Available online at: https://krex.k-state.edu/dspace/bitstream/handle/
2097/13660/KellySchiefelbein2012.pdf (accessed May 27, 2021).

46. Mealin S, Foster M, Cleghern Z, Bozkurt A, Roberts DL. Using inertial
measurement unit data for objective evaluations of potential guide dogs. In:
Proceedings of the Seventh International Conference on Animal-Computer
Interaction ACI’2020. New York, NY: Association for Computing Machinery
(2020). p. 1–11.

47. Lazarowski L, Rogers B, Krichbaum S, Haney P, Smith JG, Waggoner P.
Validation of a behavior test for predicting puppies’ suitability as detection
dogs. Animals. (2021) 11:993. doi: 10.3390/ani11040993

48. Boldman KG, Kriese LA, Van Vleck LD, Van Tassell CP, Kachman SD. A
Manual for Use of MTDFREML. A Set of Programs to Obtain Estimates

of Variances and Covariances. US Department of Agriculture, Agricultural
Research Service (1995). p. 114.

Frontiers in Veterinary Science | www.frontiersin.org 12 September 2021 | Volume 8 | Article 662429

https://doi.org/10.1371/journal.pone.0212544
https://doi.org/10.1016/j.jasrep.2017.04.003
https://doi.org/10.1126/science.aaz8599
https://doi.org/10.1525/bio.2010.60.4.8
https://doi.org/10.1371/journal.pbio.1000451
https://doi.org/10.1080/00221325.1959.10534251
https://doi.org/10.1016/j.applanim.2007.05.007
https://doi.org/10.1016/j.jveb.2009.04.003
https://doi.org/10.3389/fvets.2016.00049
https://doi.org/10.1016/j.applanim.2010.08.007
https://doi.org/10.1007/s10592-019-01240-x
https://doi.org/10.1038/nature04338
https://doi.org/10.1073/pnas.0909918107
https://doi.org/10.1534/genetics.119.301859
https://www.angus.org/Nce/AHIRAvg
https://doi.org/10.1073/pnas.1519061113
https://doi.org/10.3389/fvets.2020.00228
https://doi.org/10.3389/fvets.2019.00490
https://doi.org/10.1186/s40575-015-0014-9
https://doi.org/10.1007/s00335-019-09805-4
https://doi.org/10.3168/jds.S0022-0302(94)77265-9
https://doi.org/10.3168/jds.2016-11095
https://doi.org/10.3168/jds.2020-19777
https://doi.org/10.1109/JSEN.2020.2986159
https://doi.org/10.1080/00480169.2014.949893
https://doi.org/10.1016/j.jveb.2009.10.002
https://doi.org/10.5281/zenodo.4884819
https://doi.org/10.1111/j.1365-2052.2009.01947.x
https://krex.k-state.edu/dspace/bitstream/handle/2097/13660/KellySchiefelbein2012.pdf
https://krex.k-state.edu/dspace/bitstream/handle/2097/13660/KellySchiefelbein2012.pdf
https://doi.org/10.3390/ani11040993
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chen et al. Advancing Working Dog Genetics

49. Van Tassell CP, VanVleck LD.Multiple-trait Gibbs sampler for animalmodels:
flexible programs for Bayesian and likelihood-based (co)variance component
inference. J Anim Sci. (1996) 74:2586–97. doi: 10.2527/1996.74112586x

50. Wang J. Pedigrees or markers: which are better in estimating
relatedness and inbreeding coefficient? Theor Popul Biol. (2016)
107:4–13. doi: 10.1016/j.tpb.2015.08.006

51. Moses L, Niemi S, Karlsson E. Pet genomics medicine runs wild. Nature.
(2018) 559:470–2. doi: 10.1038/d41586-018-05771-0

52. Fleming JM, Creevy KE, Promislow DEL. Mortality in north american dogs
from 1984 to 2004: an investigation into age-, size-, and breed-related causes
of death: mortality of dogs in north America. J Vet Intern Med. (2011)
25:187–98. doi: 10.1111/j.1939-1676.2011.0695.x

53. Hayward JJ, Castelhano MG, Oliveira KC, Corey E, Balkman C, Baxter TL,
et al. Complex disease and phenotype mapping in the domestic dog. Nat
Commun. (2016) 7:10460. doi: 10.1038/ncomms10460

54. Meuwissen T, Hayes B, Goddard M. Genomic selection: a paradigm shift in
animal breeding. Anim Fron. (2016) 6:6–14. doi: 10.2527/af.2016-0002

55. Timpson NJ, Greenwood CMT, Soranzo N, Lawson DJ, Richards JB. Genetic
architecture: the shape of the genetic contribution to human traits and disease.
Nat Rev Genet. (2018) 19:110–24. doi: 10.1038/nrg.2017.101

56. Fay JC, Wu CI. Hitchhiking under positive Darwinian selection. Genetics.
(2000) 155:1405–13. doi: 10.1093/genetics/155.3.1405

57. Marsden CD, Ortega-Del Vecchyo D, O’Brien DP, Taylor JF, Ramirez O,
Vilà C, et al. Bottlenecks and selective sweeps during domestication have
increased deleterious genetic variation in dogs. Proc Natl Acad Sci USA. (2016)
113:152–7. doi: 10.1073/pnas.1512501113

58. Wolc A, Stricker C, Arango J, Settar P, Fulton JE, O’Sullivan NP, et al. Breeding
value prediction for production traits in layer chickens using pedigree or
genomic relationships in a reduced animal model. Genet Sel Evol. (2011)
43:5. doi: 10.1186/1297-9686-43-5

59. Jenko J, Wiggans GR, Cooper TA, Eaglen SAE, Luff WG, de Luff WG,
et al. Cow genotyping strategies for genomic selection in a small dairy cattle
population. J Dairy Sci. (2017) 100:439–52. doi: 10.3168/jds.2016-11479

60. Hayes BJ, Lewin HA, Goddard ME. The future of livestock breeding: genomic
selection for efficiency, reduced emissions intensity, and adaptation. Trends
Genet. (2013) 29:206–14. doi: 10.1016/j.tig.2012.11.009

61. Daetwyler HD, Villanueva B, Woolliams JA. Accuracy of predicting the
genetic risk of disease using a genome-wide approach. PLoS ONE. (2008)
3:e3395. doi: 10.1371/journal.pone.0003395

62. Goddard M. Genomic selection: prediction of accuracy and
maximisation of long term response. Genetica. (2009) 136:245–
57. doi: 10.1007/s10709-008-9308-0

63. Guo G, Zhou Z, Wang Y, Zhao K, Zhu L, Lust G, et al. Canine hip
dysplasia is predictable by genotyping. Osteoarthr Cartil. (2011) 19:420–
9. doi: 10.1016/j.joca.2010.12.011

64. Warren M. The approach to predictive medicine that is
taking genomics research by storm. Nature. (2018) 562:181–
3. doi: 10.1038/d41586-018-06956-3

65. Zhang Y, Qi G, Park J-H, Chatterjee N. Estimation of complex
effect-size distributions using summary-level statistics from genome-
wide association studies across 32 complex traits. Nat Genet. (2018)
50:1318–26. doi: 10.1038/s41588-018-0193-x

66. Levin Michael G, Rader Daniel J. Polygenic risk scores
and coronary artery disease. Circulation. (2020) 141:637–
40. doi: 10.1161/CIRCULATIONAHA.119.044770

67. Visscher PM, Wray NR, Zhang Q, Sklar P, McCarthy MI, Brown
MA, et al. 10 Years of GWAS discovery: biology, function, and
translation. Am J Hum Genet. (2017) 101:5–22. doi: 10.1016/j.ajhg.2017.
06.005

68. Graham DB, Xavier RJ. Pathway paradigms revealed from
the genetics of inflammatory bowel disease. Nature. (2020)
578:527–39. doi: 10.1038/s41586-020-2025-2

69. Hoffman JM, Creevy KE, Franks A, O’Neill DG, Promislow DEL. The
companion dog as a model for human aging and mortality. Aging Cell. (2018)
17:e12737. doi: 10.1111/acel.12737

70. van Bodegom M, Homberg JR, Henckens MJAG. Modulation of the
hypothalamic-pituitary-adrenal axis by early life stress exposure. Front Cell
Neurosci. (2017) 11:87. doi: 10.3389/fncel.2017.00087

Conflict of Interest: EL was contracted by IWDBA for IWDR development. FLC
was employed by the company Cellular Longevity, Inc. dba Loyal.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Chen, Zimmermann, Hekman, Lord, Logan, Russenberger,

Leighton and Karlsson. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 13 September 2021 | Volume 8 | Article 662429

https://doi.org/10.2527/1996.74112586x
https://doi.org/10.1016/j.tpb.2015.08.006
https://doi.org/10.1038/d41586-018-05771-0
https://doi.org/10.1111/j.1939-1676.2011.0695.x
https://doi.org/10.1038/ncomms10460
https://doi.org/10.2527/af.2016-0002
https://doi.org/10.1038/nrg.2017.101
https://doi.org/10.1093/genetics/155.3.1405
https://doi.org/10.1073/pnas.1512501113
https://doi.org/10.1186/1297-9686-43-5
https://doi.org/10.3168/jds.2016-11479
https://doi.org/10.1016/j.tig.2012.11.009
https://doi.org/10.1371/journal.pone.0003395
https://doi.org/10.1007/s10709-008-9308-0
https://doi.org/10.1016/j.joca.2010.12.011
https://doi.org/10.1038/d41586-018-06956-3
https://doi.org/10.1038/s41588-018-0193-x
https://doi.org/10.1161/CIRCULATIONAHA.119.044770
https://doi.org/10.1016/j.ajhg.2017.06.005
https://doi.org/10.1038/s41586-020-2025-2
https://doi.org/10.1111/acel.12737
https://doi.org/10.3389/fncel.2017.00087
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chen et al. Advancing Working Dog Genetics

GLOSSARY

Coefficient of inbreeding: A measure, ranging between 0 and
100%, of the degree of homozygosity present in the genome of
an individual. Animals with low (<10%) or no inbreeding are
more genetically diverse than individuals with higher inbreeding
coefficients. Animals that are 100% inbred are genetically
identical, to the point that tissue like skin grafts transferred from
one to another are readily accepted by the body.
Complex trait (or complex disease):Any trait whose inheritance
cannot be explained by variation in a single gene. Complex
traits (like behavior traits) and diseases (like cancer) are
polygenic, shaped by variation in hundreds of genes, and by the
environment, and tend to show a continuous range of variation.
Estimated breeding value (EBV): Statistical measure of relative
genetic merit of an individual compared to others in the
population for a given heritable trait. To obtain an EBV for each
member of a breeding population requires collecting pedigrees
and an accurately measured trait on at least several hundred or
more genetically related animals.
Genetic merit: Animal breeding term describing how an
animal ranks relative to other individuals being considered as
prospective parents of the next generation of offspring in a
selective breeding program.
Genomically enhanced EBV (gEBV): Produced by
incorporating genomic (DNA-based) information into the
statistical model that generates an EBV; either by improving
estimates of relatedness using genomic data and/or by associating
genomic data with variations in the desired trait.
Genomic breeding value (genomic EBV): Measure of genetic
merit of an individual relative to others in the population using
only DNA based information.
Genomic selection: Selection that uses DNA based information;
in animal breeding this specifically refers to methods using
genomic data (such as SNPmarkers or whole genome sequencing
data) associated with specific trait(s) to directly estimate the
genetic merit without first observing the trait in that animal.
Genotype: The genetic complement of an individual inherited
from its parents. This term is also used to describe the pair of
alleles observed at a single locus in an individual.
Phenotype: The observable characteristics, or traits, of an
individual that result from the interaction of genetics with

environment. A single phenotype can reflect the influence of
many different genes (see complex trait).
Phenotypic selection: Traditional method of selecting which
individuals breed based on whether or not they display
desired traits.
Polygenic risk scores: a measure of the likelihood that a
person’s genetic makeup will eventually lead to expression
of a particular disease or human health anomaly. Polygenic
risk scores are widely used in human medicine and human
genetics. The underlying statistical methods for calculating these
scores are mathematically equivalent to the methods used for
calculating estimated breeding values or genomically enhanced
breeding values.
Postzygotic selection: Selection that occurs after fertilization
(for example, by providing some adult animals with extra
food resources). In contrast, prezygotic selection includes
deciding which individuals will mate, and is common in modern
dog breeding.
Selection index: Method for determining an individual’s overall
genetic merit. It is best used for making selection decisions with
respect to multiple traits at once by weighting each trait based on
its importance to the breeding program.
Heritability: The percent of total variation observed in a
trait within a population that is genetically transmitted from
parents to their offspring. Heritability can range from 0 to
100%. If a trait is highly heritable, like coat color, it suggests
a dog’s phenotype is determined largely by genetic factors.
Heritability measures are specific to a particular population and a
particular environment.
International Working Dog Registry (IWDR): A nonprofit
resource consisting of a secure online database storing uniformly
coded phenotypic and genotypic information on working dogs.
IWDR was formed by experts in the working dog breeding field
whose goal is to provide data driven genetic selection tools for
dog breeders. Website: www.iwdr.org.
Working Dog Project: Part of the non-profit Darwin’s Ark
Foundation (DarwinsArk.org), the Working Dog Project
promotes ultra-large-scale dog genetic research following
an “open-science” model. This approach will advance our
understanding of complex behavioral traits and diseases in all
dogs, and enable the development of powerful genomic tools for
working dog breeders. Website: https://workingdogproject.org/.
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