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ABSTRACT

Disbudding and dehorning are commonly used cattle 
management practices to protect animals and humans 
from injury. They are unpleasant, costly processes sub-
ject to increased public scrutiny as an animal welfare 
issue. Horns are a recessively inherited trait, so one 
option to eliminate dehorning is to breed for polled 
(hornlessness). However, due to the low genetic merit 
and scarcity of polled dairy sires, this approach has not 
been widely adopted. In March 2018, only 3 Holstein 
and 0 Jersey active homozygous polled sires were reg-
istered with the National Association of Animal Breed-
ers. Alternatively, gene editing to produce high-genetic-
merit polled sires has been proposed. To further explore 
this concept, introgression of the POLLED allele into 
both the US Holstein and Jersey cattle populations 
via conventional breeding or gene editing (top 1% of 
bulls/year) was simulated for 3 polled mating schemes 
and compared with baseline selection on lifetime net 
merit (NM$) alone, over the course of 20 yr. Scenarios 
were replicated 10 times and the changes in HORNED 
allele frequency, inbreeding, genetic gain (NM$), and 
number of unique sires used were calculated. Gene ed-
iting decreased the frequency of the HORNED allele 
to <0.1 after 20 yr, which was as fast or faster than 
conventional breeding for both breeds. In the mating 
scheme that required the use of only existing homo-
zygous polled sires, inbreeding reached 17% (Holstein) 
and 14% (Jersey), compared with less than 7% in the 
baseline scenarios. However, gene editing in the same 
mating scheme resulted in significantly less inbreeding, 
9% (Holstein) and 8% (Jersey). Also, gene editing re-
sulted in significantly higher NM$ after 20 yr compared 
with conventional breeding for both breeds. Addition-
ally, the gene editing scenarios of both breeds used a 
significantly greater number of unique sires compared 

with either the conventional breeding or baseline sce-
narios. Overall, our simulations show that, given the 
current genetic merit of horned and polled dairy sires, 
the use of conventional breeding methods to decrease 
the frequency of the HORNED allele will increase in-
breeding and slow genetic improvement. Furthermore, 
this study demonstrates how gene editing could be 
used to rapidly decrease the frequency of the HORNED 
allele in US dairy cattle populations while maintain-
ing the rate of genetic gain, constraining inbreeding 
to acceptable levels, and simultaneously addressing an 
emerging animal welfare concern.
Key words: polled, gene editing, Holstein, Jersey, 
simulation

INTRODUCTION

Improved food animal welfare is of growing interest to 
consumers worldwide (Rutgers, 2003). Particularly, the 
practices of stopping horn bud growth (disbudding) or 
removing attached horns (dehorning) from cattle have 
garnered attention as animal welfare issues (Ventura et 
al., 2015). Horn removal is done to improve safety of 
human handlers, decrease risk of injury to other cattle 
through aggressive behaviors, and reduce the incidence 
of carcass wastage due to bruising (AVMA, 2014).

In the United States, 94% of dairy cattle producers 
report routine dehorning (20%) or disbudding (80%) 
(USDA, 2014). Calves less than 8 wk old are disbud-
ded, which destroys or removes the horn-producing 
cells, stopping horn development before skull attach-
ment. Older calves are dehorned, effectively amputating 
the fixed horn from the skull. Both procedures cause 
behavioral, physiologic, and neuroendocrine changes, 
indicating stressful or painful responses (Stafford and 
Mellor, 2011).

Alternatively, genetic selection can be used to breed 
for polled (hornless) cattle. Horns are inherited as an 
autosomal recessive trait (Long and Gregory, 1978). 
Three candidate POLLED mutations have been pre-
dicted in Bos taurus cattle on chromosome 1 (BTA1; 
Medugorac et al., 2012, 2017). One is an 80,128-bp 
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duplication of Friesian origin (PF; Rothammer et al., 
2014). The second is a simple allele of Celtic origin 
(PC) corresponding to a duplication of 212 bp in place 
of a 10-bp deletion. Recently, a third allele, a complex 
219-bp duplication–insertion (P219ID), and a 7-bp dele-
tion and 6-bp insertion (P1ID) were identified through 
admixed Mongolian yaks (Medugorac et al., 2017). The 
predominant POLLED mutation in Holsteins and Jer-
seys is PF (Medugorac et al., 2012).

Global animal health organizations strongly recom-
mend breeding for polled cattle whenever possible 
(AVMA, 2014; OIE, 2018). However, the frequency of 
the POLLED allele remains very low in dairy breeds, 
1.1% and 2.2% in US Holsteins and Jerseys, respec-
tively (Null et al., 2015). In March 2018, only 3 of 3,084 
Holstein and 0 of 520 Jersey sires registered with the 
National Association of Animal Breeders were active 
and homozygous polled (NAAB, 2018). Additionally, 
polled dairy sires are on average $100 lower on lifetime 
net merit (NM$) than horned dairy sires (Figure 1). 
However, it is important to note that horns do not 
have a cause and effect relationship with genetic merit; 
rather they came along as genetic hitchhikers when 
selecting for elite dairy genetics and often the observed 
differences between polled and horned cattle have been 
confounded by the intensities of selection placed on dif-
ferent traits (Goonewardene et al., 1999a,b; Windig et 
al., 2015). Thus, even crossbreeding within dairy breeds 
to increase the frequency of the POLLED allele would 
have to occur gradually to prevent major economic ef-
fects on genetic diversity and production (Tan et al., 
2012).

Gene editing to achieve an intraspecies PC allele intro-
gression (212-bp duplication replacing a 10-bp sequence 
on chromosome 1) has been achieved (Carlson et al., 
2016). Simulation studies have demonstrated that the 
use of gene editing is the most effective way to decrease 
the frequency of recessive alleles (e.g., HORNED), 
while minimizing detrimental effects on inbreeding and 
genetic merit (Cole, 2017a; Bastiaansen et al., 2018). 
However, neither study modeled the attributes of the 
current US dairy population (i.e., proportion of polled 
sires available or differences in genetic merit).

The objective of this study was to model the cur-
rent US Holstein and Jersey dairy cattle populations 
and simulate the introgression of the POLLED allele 
by conventional breeding compared with gene editing 
for 3 different polled mating schemes. The change in 
HORNED allele frequency, inbreeding, genetic gain 
(NM$), and the number of unique service sires used 
was determined for both introgression methods, and 
contrasted to conventional selection on NM$ alone, for 
a total of 7 scenarios analyzed.

MATERIALS AND METHODS

Computer simulation using geneedit.py (Cole, 2017b) 
was used to compare the introgression of the POLLED 
allele into the US dairy cattle population via conven-
tional breeding versus gene editing. The program simu-
lates gene editing applied to a dairy cattle population 
as an extension of Cole’s (2015) program to manage 
multiple recessives and was modified to include addi-
tional parameters for selection of polled sires.

Base Population

The base population for both breeds was 35,000 cows 
distributed over 200 herds and 350 bulls. These animals 
were assigned a birth year from −4 to 0 (cows) or −9 to 
0 (bulls) by sampling from a uniform distribution. True 
breeding values for NM$ were determined by randomly 
sampling from a normal distribution, with a mean of 
$0 for cows and $300 for bulls, and genetic SD of $200 
for both (Cole, 2015). The proportion of polled bulls in 
the Holstein base population was set to 2.1% heterozy-
gous and 0.5% homozygous. These polled Holstein bulls 
averaged 0.9 SD and 1.5 SD lower NM$, respectively, 
than horned bulls (NAAB, 2017). In the Jersey simula-
tions, the proportion of base population polled bulls 
was 5.4% heterozygous and 1.5% homozygous. These 
polled Jersey bulls averaged 0.5 SD and 1.3 SD lower 
NM$, respectively, than horned bulls (NAAB, 2018). 
The frequency of the HORNED allele in the whole 

Figure 1. Average lifetime net merit (NM$) of the top 50% polled 
and horned Holstein (black and white hatched bars) and Jersey (solid 
black bars) sires and the total number of each genotype and breed 
registered with the National Association of Animal Breeders under ac-
tive, foreign, genomic, or limited status in March 2018 (NAAB, 2018). 
Error bars represent SEM.
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base population was 0.993 for Holstein and 0.978 for 
Jersey (Null et al., 2015). An animal’s horned status 
was determined by randomly sampling sire and dam 
alleles using the corresponding breed HORNED allele 
frequencies. The population increased to a maximum of 
500 bulls and 100,000 cows over 20 yr, with overlapping 
generations.

Descendants

The true breeding values (TBV) for new calves were 
created by taking the parent average and adding a 
Mendelian sampling term (MS): TBVcalf = 0.5(TBVsire 
+ TBVdam) + MS, where TBVcalf, TBVsire, and  
TBVdam are the TBV of the calf, its sire, and its dam, 
respectively. The Mendelian sampling term was drawn 
from a normal distribution with a mean of 0 and a 

variance of 
1
2
1
1
2
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f fS D aσ , where fS and fD are the 

coefficients of inbreeding of the sire and dam, respec-
tively, and σa

2 is the additive genetic variance of NM$ 
(Cole, 2015). Sex was assigned randomly with a 50:50 
sex ratio. Calves were born in the same herd as their 
dams, and cows did not move between herds. To deter-
mine a new calf’s horned status, one allele was sampled 
at random from each parent and used to construct the 
progeny genotype. Recessive genotypes were simulated 
without error, and it was only necessary to simulate 
genotypes for recessive alleles because pedigrees were 
assumed to be free of errors. Allele frequencies were 
updated each year by counting alleles (Cole, 2015).

Mating Scheme Designs

Four mating schemes, 1 baseline (A) and 3 polled 
(B–D) were modeled (Table 1). To establish a baseline 
and model current practice, scheme A used NM$ as the 
sole sire selection criterion and each bull was limited 
to 5,000 matings per year (5% of the total offspring/
year) to prevent the overuse of any one sire (Cole, 
2015). Additionally, 3 polled mating schemes (B–D) 
were modeled where polled sires were preferentially 
or obligatorily selected over horned sires, regardless of 
the difference in NM$. In scheme B, polled bulls (both 
heterozygous and homozygous) were preferentially se-
lected and mated with a mating limit (5,000 matings 
per year) for each bull. If the maximum number of mat-
ings was reached for all polled bulls before all cows were 
bred, horned sires were used until all of the cows were 
allocated mates. In scheme C, only homozygous polled 
bulls were preferentially selected until the mating limit 
(5,000 matings per year) was reached, and then both 
heterozygous polled and horned sires were used for the 

remaining matings when necessary. In contrast to these 
2 polled preference scenarios, in scheme D only homo-
zygous polled bulls could be used and no annual mating 
limit was set for each bull. This scheme models what 
might be expected if producers are prohibited from us-
ing genetics that results in horned offspring.

Mate Allocation

All scenarios used the modified Pryce (pryce_r) 
scheme to allocate bulls to cows (Cole, 2015). The 
pryce_r scheme penalizes the parent average NM$ to 
account for matings that would result in increased in-
breeding (Pryce et al., 2012) and the economic costs 
of horned and carrier offspring (Cole, 2015; Mueller et 
al., 2018a,b). The inbreeding depression penalty associ-
ated with a 1% increase in inbreeding was calculated to 
be $25 (Cole, 2015). Inbreeding was estimated without 
error based on pedigree relationships (Aguilar and 
Misztal, 2008) using the program INBUPGF90 (Agui-
lar and Misztal, 2012). The average expected cost of 
disbudding is estimated to range from $6 to $25 per 
animal, depending on the method used and the cost of 
labor, equipment, and veterinary treatments for infec-
tions/blood loss (Thompson et al., 2017). Therefore, 
to additionally account for breeders’ preferences and 
premium marketing opportunities, horned and carrier 
calves were penalized $40 and $20, respectively, in all 
schemes.

Gene Editing

The 3 polled mating schemes (B–D) described above 
were also simulated with the addition of gene editing 
for polled, which, when combined with the baseline sec-
tion on NM$ alone, made a total of 7 scenarios. In these 
scenarios (Edit-B, Edit-C, and Edit-D), gene editing 
was modeled as an added step to the production system 
proposed by Kasinathan et al. (2015), which combines 
the use of advanced reproductive technologies and so-
matic cell nuclear transfer cloning with embryo transfer 
to produce elite sires. In the Edit- scenarios, the bulls 
were sorted on NM$ in descending order, and the top 
1% of heterozygous polled and horned bulls were cloned 
and then edited to be homozygous polled.

Data Analysis and Visualization

Each scenario was replicated 10 times using a dif-
ferent seed for the random number generator. The 
actual values used were saved to an output file so that 
results could be replicated if necessary. The change in 
HORNED allele frequency, inbreeding, NM$, and the 
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number of unique service sires used was compared 
between (1) conventional breeding (B–D) versus gene 
editing (Edit-B, Edit-C, and Edit-D) scenarios within 
a mating scheme and (2) each scenario versus the base-
line (A). Significance of the change in HORNED allele 
frequency, inbreeding levels, and the number of sires 
used was determined using 2-tailed, unpaired student 
t-tests. Linear regressions of true breeding value for 
NM$ on birth year were used to determine significance 
of change in the rate of genetic gain (NM$). P-values 
of ≤0.05 were considered to be significantly different 
for all analyses. The results (Figure 2–4) presented are 
the means of the 10 replicates for each scenario and 
the variation between the replicates is represented by 
standard error of the mean bars (Figure 2). Addition-
ally, the efficiency of each scenario was calculated in 
terms of rate of genetic gain (NM$) achieved per 1% of 
genetic variance lost (NM$/I; Table 1).

RESULTS AND DISCUSSION

HORNED Allele Frequency

The baseline results (A) support findings by Cole 
(2015), which concluded that a horned economic pen-
alty ($40) in the selection index alone is not effective 
at decreasing the HORNED allele frequency in the US 
dairy population (Figure 2a-b). In this scenario, the 
POLLED allele frequency was so low that carriers were 
unlikely to be one of the top-ranked bulls based on 
adjusted NM$, so almost all sires used were horned 
(Figure 3). In contrast, when polled sires were pref-
erentially selected in scheme B, the HORNED allele 
frequency decreased significantly (P ≤ 0.01) compared 
with scheme A for both breeds when modeling conven-
tional breeding. The addition of gene editing (Edit-B) 
resulted in a significantly faster (P ≤ 0.01) decrease 
in HORNED allele frequency after 20 yr (Holstein and 
Jersey = 0.09) as compared with conventional breeding 
(Holstein = 0.23; Jersey = 0.22).

Scheme C resulted in the largest difference between 
breeds in HORNED allele frequency after 20 yr. In Hol-
stein, after 20 yr of conventional breeding the HORNED 
allele frequency was 0.97, which was not significantly 
different (P = 0.71) than A, whereas in Jersey the fre-
quency was 0.59, which was significantly lower (P ≤ 
0.01) than A. In this mating scheme, only homozygous 
polled sires were preferentially selected and the sire 
mating limit was in place. This resulted in ~1 homo-
zygous polled sire and several horned sires being used 
in both breeds in yr 1. However, the frequency of the 
POLLED allele was higher in Jersey, so by chance a few 
(~3–4) heterozygous polled sires were also used based 
only on their NM$, whereas only ~1 Holstein heterozy-T
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gous polled sire was used (Figure 3). These differences 
in yr 1 sire choices resulted in more Jersey polled sires 
being available in subsequent years as compared with 
the Holstein scenario. However, the Jersey results were 
quite variable (SEM = 0.15) between replicates, driven 
by the polled sire availability in yr 1. In contrast, us-
ing gene editing (Edit-C) rapidly increased the number 
of high NM$ homozygous polled sires in both breeds, 
so no horned sires were used after yr 2. As a result, 
HORNED allele frequency in the Edit-C scenarios of 

both breeds decreased significantly faster (P ≤ 0.01) 
than conventional breeding in the same scheme (Figure 
2a, 2b).

Only homozygous polled sires were used in scheme D, 
so both conventional breeding and gene editing resulted 
in the same (P > 0.10) rapid change in HORNED allele 
frequency in both Holstein and Jersey. Overall, gene 
editing decreased HORNED allele frequency as fast, 
or faster, than conventional breeding in each mating 
scheme for both breeds (Figure 2a, 2b).

Figure 2. Effect of each mating scenario on (a, b) HORNED allele frequency, (b, c) inbreeding, and (e, f) genetic merit for Holstein (a, c, 
d) and Jersey (b, d, f). Scenario A is a dashed line, polled conventional breeding scenarios (B, C, D) are dotted lines, and polled gene editing 
scenarios (Edit-B, Edit-C, Edit-D) are solid lines. Error bars represent SEM.
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Figure 3. Effect of each mating scenario on the number of unique sires used in yr 1, 5, 10, 15, and 20 by genotype on the primary y-axis 
and the average lifetime net merit (NM$) of all sires per scenario on the secondary y-axis for (a) Holsteins and (b) Jerseys. Genotypes are rep-
resented by a color scale from darkest (homozygous polled) to lightest (horned). The average NM$ of the sires for scenario A are represented by 
plus signs, polled conventional (Conv.) breeding scenarios (B, C, D) by blue triangles, and polled gene editing scenarios (Edit-B, Edit-C, and 
Edit-D) by red diamonds.
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Inbreeding

For all scenarios, inbreeding was estimated without 
error based on pedigree relationships (Aguilar and 
Misztal, 2008). After 20 yr of scheme A, inbreeding 
reached ~6.6% for both breeds, which is within in-
dustry norms. In Jersey, the polled preference mating 
schemes (B and C) resulted in lower inbreeding than 
A (Figure 2c). In contrast, preferentially selecting for 
polled in Holstein resulted in higher inbreeding than A 
in all scenarios except for C with conventional breeding 
(Figure 2d). It should be noted that in this Holstein 
C scenario, conventional breeding was not effective 
for decreasing the HORNED allele frequency, whereas 
this scenario in Jersey did significantly decrease (P ≤ 
0.01) the HORNED allele frequency compared with A. 
In both breeds, the polled preference mating schemes 
used an additional selection criterion in the breeding 
objective, so herds used a wider variety of sires than A 
(Figure 3). However, due to the difference in POLLED 
allele frequency in the base populations, fewer polled 
Holstein sires were available compared with the Jersey 
population in the early simulation years, which resulted 
in higher inbreeding levels in Holstein. Both simulations 
assumed that all base population animals were initially 
unrelated, which is unlikely in a commercial setting.

In both breeds, scheme B used a mixture of sire 
genotypes as a result of preferred selection on both 
heterozygous and homozygous polled sires and having 
the mating limit in place (Figure 3). The addition of 
gene editing to this mating scheme (Edit-B) resulted 
in similar inbreeding levels compared with B scenarios 

of both breeds after 20 yr. In contrast, including gene 
editing in the Edit-C scheme increased inbreeding rates 
in both breeds compared with conventional breeding, 
due to using only homozygous polled sires after yr 2. 
However, in Jerseys the Edit-C inbreeding level at yr 
20 was still below the inbreeding level of scenario A 
(Figure 2d).

Scheme D limited herds to the use of only homozy-
gous polled sires. Inbreeding in the conventional breed-
ing scenarios was significantly higher (P ≤ 0.01) than 
the A scenarios of both breeds. The Edit-D scenarios 
of both breeds resulted in significantly less (P ≤ 0.01) 
inbreeding than conventional breeding for this mating 
scheme. In fact, inbreeding in the Edit-D Jersey sce-
nario was not significantly different (P = 0.09) from 
the A scenario.

Genetic Gain (NM$)

Selection of polled sires in the conventional breeding 
scenarios resulted in significantly slower (P ≤ 0.01) rates 
of genetic gain (NM$) compared with the A scenarios 
of both breeds (Figure 2e, 2f), which is consistent with 
previous findings by Spurlock et al. (2014). Based on 
2018 NAAB sire records, the currently available natu-
rally polled sires of both breeds are, on average, $100 
lower NM$ than their horned counterparts (NAAB, 
2018). Therefore, genetic gain is slowed when herds 
primarily use sires based on polled status rather than 
NM$ alone.

Of the 3 polled conventional breeding scenarios (B–
D), scenario C resulted in the fastest genetic gain for 

Figure 4. The number of unique gene-edited and conventionally (Conv.) bred sires used per year in the Edit-D Holstein scenario. Gene-edited 
sires are represented by black bars, and conventionally bred sires are represented by gray bars.
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both breeds, although it was still significantly slower (P 
≤ 0.01) than the A scenarios (Figure 2e, 2f). Recall that 
in this mating scheme only homozygous polled sires 
are preferentially selected, and the mating limit is in 
place so horned and heterozygous polled sires were also 
selected based only on their NM$ (Figure 3). However, 
in both breeds the C conventional breeding scenarios 
resulted in the smallest decrease in HORNED allele fre-
quency after 20 yr (Holstein = 0.97; Jersey = 0.59) of 
all the polled mating scenarios (Figure 2a, 2b). This C 
scenario demonstrates the trade-offs between the abil-
ity to rapidly decrease the HORNED allele frequency 
and maintain genetic gain when only using conventional 
breeding methods. On the other hand, including gene 
editing in this same mating scheme for both breeds 
(Edit-C) resulted in the greatest genetic gain at yr 20 
(>$3,300) of all the polled mating schemes (B–D) while 
still decreasing the HORNED allele frequency to ≤0.01 
after 20 yr.

For both breeds, the greatest difference in NM$ 
(>$550) within a mating scheme after 20 yr was ob-
served between the D conventional breeding versus 
gene editing (Edit-D) scenarios (Figure 2e, 2f). In this 
mating scheme, only homozygous polled sires were used 
with no mating limit. In yr 1, ~1 homozygous polled 
sire was used for both the conventional breeding and 
gene editing scenarios with approximately the same 
NM$. However, by year 5 the average NM$ of the sires 
used in the Edit-D scenarios were $150+ greater than 
the sires used in the conventional breeding scenarios 
(Figure 3). In the conventional breeding D scenarios, 
the homozygous polled sires continually lagged behind 
horned sires in terms of NM$, so genetic gain was 
slowed. In contrast, gene editing (Edit-D) resulted in 
the top ranked NM$ bulls also being homozygous polled 
in just a few years, so rates of genetic gain could be 
maintained while still rapidly decreasing the HORNED 
allele frequency.

Results for the B mating scheme were intermediate 
to the C and D schemes discussed above. Overall, gene 
editing resulted in significantly faster (P ≤ 0.01) rates 
of genetic gain than conventional breeding in all polled 
mating schemes of both Holsteins and Jerseys (Figure 
2e, 2f).

Number of Unique Sires Used

Scenario A of both breeds used the lowest number of 
unique sires at yr 20 (Figure 3) due to only including 
one selection criterion (NM$) in the breeding objective. 
Therefore, in this mating scheme polled sires were only 
used if they also were top-ranked in NM$. As a result, 

in the Holstein population, which had the lower base 
population POLLED allele frequency, 0 polled sires were 
used in yr 1 and after 20 yr 0 homozygous polled sires 
and only 2 heterozygous polled sires were used (Figure 
3a). The Jersey A scenario used 0.3 homozygous polled 
and 1 heterozygous polled in addition to the 21 horned 
sires in yr 1 and after 20 yr included 3 heterozygous 
polled sires (Figure 3b).

In yr 1 of mating scheme B, 24 horned and 2 hetero-
zygous polled sires were used in the Holstein population 
(Figure 3a). In contrast, due to the higher base popula-
tion POLLED allele frequency, enough polled Jersey 
sires were available, so no horned sires had to be used 
even in yr 1 (Figure 3b). In Holstein, including gene ed-
iting (Edit-B) resulted in horned sires only being used 
for the first 2 yr, whereas with conventional breeding 
horned sires continue to be used for 6 yr.

Similarly, in mating scheme C more polled Jersey sires 
were available to use in yr 1 compared with Holsteins. 
In this mating scheme, only homozygous polled sires 
were preferentially selected, so heterozygous polled sires 
were only used if selected based on their adjusted NM$. 
As a result, in the conventional breeding scenarios most 
horned sires continued to be used in both breeds for all 
20 yr. However, 55 homozygous polled Jersey sires were 
used at yr 20 compared with only 1 homozygous polled 
Holstein sire. In both breeds, including gene editing 
(Edit-C) resulted in only homozygous polled sires being 
used after yr 3 (Figure 3).

In mating scheme D of both breeds, only 1 homozy-
gous polled sire was available and used in yr 1 of both 
the conventional breeding and gene editing scenarios. In 
yr 2 of the conventional breeding scenarios, ~2 homozy-
gous polled sires were available and used. In contrast, 
by yr 2 of the gene editing scenarios (Edit-D) over 10-
fold more homozygous polled sires were available and 
used (Figure 3). The largest number (>200) of unique 
sires used in 1 yr was observed in yr 5 of the Edit-D 
scenario. Due to the mate allocation process penalizing 
increased inbreeding, even though homozygous polled 
sires were allowed unlimited matings, a large number 
of sires were used instead to manage the steep inbreed-
ing increase from yr 1 when only 1 homozygous polled 
sire was available and mated to all cows. Conventional 
breeding took several years to produce many homozy-
gous polled sires, but gene editing allowed for the rapid 
production of multiple homozygous polled sires in just 
a few years.

Overall, the gene editing scenarios of both breeds 
used a significantly greater (P ≤ 0.01) number of unique 
sires as compared with either the conventional breeding 
or A scenarios. Additionally, after only 2 yr of each 
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of the gene editing scenarios, enough polled sires were 
available to remain within the mating limit for each sire 
without using any horned sires (Figure 3).

Although significantly more unique sires were used 
in the gene editing scenarios, after yr 2 the majority 
of service sires themselves have not been gene edited; 
rather they were the offspring of gene-edited sires from 
the previous years (Figure 4). At ~15 yr, no gene-edited 
sires were used because all of the highest-ranking NM$ 
bulls were already homozygous polled based on inheri-
tance from their parents, so gene editing for this trait 
was no longer required.

Scenarios

Recently, Thompson et al. (2017) conducted a 
cost-benefit analysis of traditional disbudding versus 
breeding for polled animals. They estimated the cost 
for disbudding, with the addition of treatment prob-
ability and costs included, to range from $6 to $25 per 
head, with a mean economic cost around $12 to $13 
per head. Additionally, they estimated the expected 
cost of incorporating polled genetics to range from $0 
to $26 per head, depending on the additional cost, or 
premium, associated with polled genetics. Combined, 
these estimates indicate that on average, producers 
could spend up to $5.95 per head and $11.90 per head 
more for heterozygous and homozygous polled genetics, 
respectively, compared with conventional horned genet-
ics. However, this analysis ignored the difference in 
genetic merit and relatedness of polled sires compared 
with horned sires.

Factoring in the difference in genetic merit of cur-
rently available polled dairy sires, Spurlock et al. (2014) 
compared several conventional breeding strategies for 
incorporating polled genetics at the individual herd 
level for 10 yr and estimated the effect of each strategy 
on the overall genetic merit of the herd. Although a 
100% polled calf crop could be achieved by using only 
homozygous polled bulls, they demonstrated that this 
is not a cost-effective strategy. After 10 yr of using only 
homozygous polled bulls each cow earned $252 less in 
lifetime earnings than a herd using horned sires. Spur-
lock et al. (2014) highlighted the trade-offs that dairy 
producers must consider when evaluating the use of 
currently available polled genetics in their herds. Simi-
lar situations were reported in the Netherlands (Windig 
et al., 2015) and Germany (Scheper et al., 2016).

Increasing the frequency of the POLLED allele in the 
US dairy population through conventional breeding has 
several trade-offs. Spurlock et al. (2014) demonstrated 
these trade-offs on an individual herd basis, whereas 
our study evaluates the trade-offs from a population 

level. The scenarios were developed to represent poten-
tial situations that might arise if no, small, or drastic 
(i.e., prohibited production of horned calves) market 
pressure is placed on the US dairy industry to eliminate 
dehorning.

The optimal conventional breeding scenario in this 
study for both breeds was B, based on the criteria of 
an acceptable rate of NM$ improvement per 1% in-
crease in inbreeding (NM$/I: Holstein = 442; Jersey = 
479) and decreasing the HORNED allele frequency to 
<0.25 by yr 20. Scenario B preferentially selected and 
mated both heterozygous and homozygous polled sires 
with the mating limit in place, so horned sires could 
also be used. This polled preferential mating resulted 
in a significant decrease in HORNED allele frequency, 
whereas the mating limit constrained inbreeding and 
maintained genetic gain to baseline levels.

Scheme D models a case where consumer and mar-
ket expectations force the dairy industry to eliminate 
dehorning immediately, thereby requiring the exclusive 
use of homozygous polled sires. The rate of NM$ in-
crease per 1% increase in inbreeding was significantly 
lower for the conventional breeding D scenario (NM$/I: 
Holstein = 147; Jersey = 225) as compared with all 
others (Table 1), because this scenario forced the use 
of related polled homozygous sires irrespective of their 
NM$ or relationship to each other. If this scenario were 
to play out, it would have very deleterious effects on 
dairy cattle genetic improvement programs. In this 
case, gene editing (Edit-D) could provide an alterna-
tive approach to avoid long-term detrimental effects 
on the inbreeding level and genetic merit of the US 
dairy industry as it allowed for an intermediate rate of 
NM$ increase per 1% increase in inbreeding (NM$/I: 
Holstein = 366; Jersey = 413), while still achieving 
the goal of reducing the HORNED allele frequency to 
<0.01 by yr 20.

Producing high-genetic-merit polled sires through 
gene editing could mitigate many of the economic and 
inbreeding trade-offs associated with increasing the 
POLLED allele frequency. In Jerseys, the optimal gene 
editing scenario was Edit-C, based on the rate of NM$ 
improvement per 1% increase in inbreeding (NM$/I: 
414) of the scenarios that decreased HORNED allele 
frequency to <0.01 by yr 20. This scenario preferentially 
selected and mated only homozygous polled sires with a 
sire mating limit in place, so both heterozygous polled 
and horned sires could also be used. Scheme C could 
represent a situation where some producers choose to 
only use homozygous polled sires, whereas others might 
continue to select sires based only on NM$. In the first 
few years when only a limited number of homozygous 
polled sires were available, having the mating limit in 
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place kept inbreeding from increasing above baseline 
levels, and having the flexibility to continue to use both 
heterozygous and horned sires based on NM$ resulted 
in a rate of genetic gain similar to the baseline. In this 
Edit-C scenario, gene editing resulted in the rapid 
production of several high-genetic-merit homozygous 
polled sires, which ultimately resulted in the lowest 
HORNED allele frequency of 0.01 and highest genetic 
merit at 20 yr.

In Holsteins, a slightly better rate of NM$ improve-
ment per 1% increase in inbreeding (Table 1) was 
obtained with the Edit-B scenario (NM$/I: 526). How-
ever, the HORNED allele frequency was only reduced 
to 0.09 at 20 yr. For only a slight increase in inbreeding 
and therefore decrease in the rate of NM$ improvement 
per 1% increase in inbreeding (NM$/I: 478), scenario 
Edit-C decreased the HORNED allele frequency to 0.01 
at 20 yr and resulted in the fastest rate of genetic gain. 
Ultimately the best scenario depends upon the weight-
ing and priority placed upon each of the competing 
goals of increasing NM$, minimizing inbreeding, and 
reducing the HORNED allele frequency.

Model Limitations

There are some limitations of the simulation model 
used in this study. Most notably, pedigrees and geno-
types are modeled without error, and it is assumed 
that the true QTL for each trait modeled is known. In 
reality, haplotype tests are used for many monogenic 
traits for which the true causal variant is unknown, 
and recombination can break down the association 
of the true causal variant with tag SNP in the hap-
lotype, resulting in a loss of accuracy in prediction of 
true carrier status. The simulation also models only a 
small number of individual loci, rather than complete 
genotypes. This means that the inbreeding estimates, 
although estimated without error, are based only on 
pedigree relationships rather than shared DNA. It also 
means that more complex situations, such as the pres-
ence of 2 or more loci on the same chromosome, cannot 
be modeled properly. Finally, the selection objective 
included in the model is a total merit index, rather 
than individual traits, which precludes examination of 
interesting scenarios in which there is a favorable as-
sociation of a Mendelian trait with one phenotype, and 
an unfavorable association with another.

The size of the simulated population in this study 
was 100,000 cows and 500 bulls, whereas the US dairy 
cow population is approximately 90 times larger (i.e., 
9 million cows). Scaling up the number of gene-edited 
bulls/year to represent the number of bulls needed for 
the US dairy population would entail editing multiple 
AI sires. One limitation of the simulation modeled 

in this study was that the gene editing rate (1% of 
bulls/year) remained constant throughout the whole 
simulation, even when gene editing for this trait was 
no longer required. Irrespective, for any of the gene 
editing scenarios, multiple unrelated high-merit bulls 
would need to be edited for each dairy breed to prevent 
an unacceptable increase in inbreeding.

Regulatory Considerations

The regulatory status of gene-edited animals will 
need to be clarified before it will be possible to intro-
duce the POLLED allele into the top 1% of genetically 
elite bulls as was modeled in this study. The global 
status of gene-edited animals is uncertain and is a 
primary concern for further investment and develop-
ment of gene-edited animals (Maxmen, 2017; Heller, 
2018). Scientists have urged lawmakers and regulators 
to adopt a regulatory process based on novel product 
risks and benefits rather than the use of the gene edit-
ing in the breeding program (Wells, 2016; Carroll et 
al., 2016; Van Eenennaam, 2018). In March of 2018, 
the USDA announced that it would not require any ad-
ditional pre-market regulations for gene-edited plants 
that could have been developed through traditional 
breeding techniques as long as they are not plant pests 
or developed using plant pests (Anonymous, 2018). 
Under this ruling genetic deletions, single base-pair 
substitutions, and the introgression of nucleotide se-
quences from related plants that could potentially have 
come about through cross-breeding, analogous to the 
PC intraspecies allele substitution, would all be outside 
the scope of additional pre-market USDA regulation 
(Anonymous, 2018). The USDA approach differs mark-
edly from the Court of Justice of the European Union 
2018 ruling, which states that gene-edited crops will be 
subject to the same regulations as conventional geneti-
cally modified organisms (Callaway, 2018).

When it comes to gene-edited food animals, the 2017 
US Food and Drug Administration draft guidance 
declares that all animals whose genomes have been 
intentionally altered will be regulated as new animal 
drugs (FDA, 2017). As such, gene-edited polled ani-
mals would meet the definition of a veterinary drug. 
However, animals carrying the exact same POLLED 
allele sequence obtained by introgression or crossbreed-
ing would not trigger regulatory oversight. In October 
2018, the National Technical Biosafety Commission 
(CTNBio) in Brazil concluded that semen from an 
edited bull carrying the PC POLLED intraspecies al-
lele substitution (Carlson et al., 2016) would not be 
considered a “genetically modified organism” under 
their regulatory schema (MCTIC, 2018). In the absence 
of regulatory harmony, breeders in some countries will 
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have the ability use gene editing in agricultural breed-
ing programs, whereas those in other countries will not, 
resulting in disparate breeder access to these tools, and 
ultimately the potential for trade disruptions.

Consumer Acceptance

Consumers may be more accepting of gene editing in 
food animals if the technology focus is on animal health 
and welfare rather than on productivity (Frewer et al., 
2013; Van Eenennaam and Young, 2018). Additionally, 
consumers may have fewer objections to gene editing of 
animals that involve genetic variants already naturally 
occurring in the species (e.g., polled in cattle) rather 
than if the genetic variant is inserted from a different 
species (Croney et al., 2018; Schultz-Bergin, 2018). An 
ethical review of genetically modified and gene-edited 
animals concluded that gene editing for polled “may be 
one of the least controversial applications” (Eriksson et 
al., 2018).

CONCLUSIONS

Consumer concerns regarding improved animal wel-
fare, specifically eliminating dehorning and disbudding, 
will likely continue to grow. Polled genetics are an op-
tion to replace dehorning. However, our simulations 
show that given the current availability and genetic 
merit of horned and polled dairy sires, conventional 
breeding to decrease the frequency of the HORNED 
allele will significantly increase inbreeding and slow 
genetic improvement. These resulting economic consid-
erations are hindering the dairy industry’s ability to 
address this animal welfare concern through currently 
available genetics. Although long-term progress can be 
made through conventional breeding, the negative ef-
fect on inbreeding and genetic merit would largely be 
ameliorated if gene editing could be used to introgress 
the PC allele into elite dairy genetics. Overall, this 
study demonstrates how gene editing could be used to 
rapidly decrease the frequency of the HORNED allele 
in US dairy cattle populations while maintaining the 
rate of genetic gain, constraining inbreeding to accept-
able levels, and simultaneously addressing an emerging 
animal welfare concern.
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