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ABSTRACT

When related animals are mated to one another, ge-
netic defects may become apparent if recessive muta-
tions are inherited from both sides of the pedigree. The 
widespread availability of high-density DNA genotypes 
for millions of animals has made it possible to identify 
and track known defects as well as to identify and track 
previously unknown defects that cause early embryonic 
losses. Although the number of known defects has in-
creased over time, the availability of carrier information 
has been used to dramatically reduce the frequency of 
many disorders. The economic impact of known genetic 
defects in the US dairy cattle population has decreased 
by ~2/3 since 2016, due largely to the avoidance of 
carrier-to-carrier matings. Effective population manage-
ment requires robust systems for reporting new defects, 
identification of causal mechanisms, and development 
of commercially available tests. The United States and 
Canada depend on informal cooperation among many 
groups, including farmers, purebred cattle associations, 
genetics companies, and researchers, to identify emerg-
ing and causal defects. The structure of a collaborative 
system including all key sectors of the dairy cattle 
industry to support long-term population management 
is described. This review provides a comprehensive 
overview of the landscape surrounding genetic defects 
in dairy cattle. Topics covered include current defects 
of relevance to commercial dairy producers, trends in 
carrier frequencies over time, how best to manage these 

defects, strategies for detecting emerging diseases, and 
marketing and trade considerations.
Key words: genetic defects, lethal recessives, population 
management

INTRODUCTION

Genetic defects are an inevitable consequence of 
mammalian biology and the imperfect mechanisms that 
underlie DNA replication (e.g., Caldecott, 2022). Some 
defects can result in embryonic loss, whereas others re-
sult in abortions, stillbirths, and the birth of calves that 
must be euthanized or that do not survive their first year. 
These losses result in impaired animal welfare, reputa-
tional harm, emotional distress, and economic damage 
to livestock producers. The problem is especially pro-
nounced in animals with long generation intervals, such 
as cattle, where artificial insemination (AI) is used heav-
ily. In these populations, new defects can spread quickly 
before they are detected, and the loss of a calf represents 
the loss of several months of opportunity.

The understanding of genetic defects in livestock has 
come a long way since the early 20th century, with early 
publications showing limited but increasing, awareness 
of the issue. The more recent advent of genomics and 
the use of high-throughput genotyping technologies has 
dramatically improved our ability to identify and manage 
genetic defects in dairy cattle populations.

Genetic defects in dairy cattle can have profound ef-
fects on the health, productivity, and economic sustain-
ability of dairy farms. Most genetic defects follow an 
autosomal recessive mode of inheritance, and this review 
will focus on that class of traits. In North America, the 
Council on Dairy Cattle Breeding (Bowie, MD), pure-
bred dairy cattle associations, and genetics companies 
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publish test results for genetic defects for bulls used 
in AI. Although this promotes transparency and allows 
for effective population management, it also produces a 
large amount of highly technical data that can be difficult 
for farmers and government officials to interpret. As the 
number of identified genetic defects and diagnostic meth-
ods grows, so does the responsibility to communicate 
this information clearly. Using overly technical jargon 
risks creating confusion among nonexpert stakehold-
ers, who often play a crucial role in making decisions 
about the use of germplasm. In this review, we provide a 
comprehensive overview of the current landscape around 
genetic defects in dairy cattle. We outline known defects 
currently affecting the dairy industry, examine how car-
rier frequencies for various defects have changed over 
time, discuss current best practices for management of 
defects and strategies for identifying and managing new 
defects, and make recommendations for proper commu-
nication of carrier data.

GENETIC DEFECTS IN DAIRY  
CATTLE POPULATIONS

Historical Background

The 18th-century UK livestock breeder Robert 
Bakewell may have been the first person to system-
atically practice animal breeding as we recognize it 
today (Ernle, 1962), but he did so without knowledge 
of the nature of inheritance or of Mendel’s principles. 
Although the transmission of genetic defects in live-
stock families was not well known until linebreeding 
and inbreeding became common in cattle breeding, the 
astute breeder might have learned from the lessons of 
European royalty, which were entering the public con-
sciousness in the early 20th century (e.g., Guyer, 1927, 
p. 4). As noted by Lush (1945, p. 270), “The undesired 
recessive genes are there all the time, but homozygous 
recessive individuals appear more frequently when 
inbreeding begins.” A survey of general agricultural 
genetics texts found that some awareness of genetic 
defects was present in the early 1900s (Shaw, 1902, pp. 
66–70; Babcock and Clausen, 1918, pp. 264–268; Cole, 
1925, pp. 44-46), but detailed examples were scarce. 
As an example, Jones (1925, pp. 397–399) discussed 
a case of embryonic loss in mice as an example of a 
genetic defect. Although the biological understanding 
of genetics increased through the 20th century, many 
textbooks remained frustratingly vague on the topic of 
recessive defects. Rice (1934, p. 204) mentioned poll-
ing as an example of a mutation in cattle that follows 
a Mendelian mode of inheritance, although polled is 
dominant to horned and not generally considered to be 
harmful); Lush (1945, p.128) mentioned that many are 

known, but did not elaborate further; and Lasley (1978, 
pp. 411–413) provided only a handful of examples. The 
notable exception to this trend was Bogart (1959, pp. 
81–97), who provided an extensive list of genetic disor-
ders with accompanying photographs, which was later 
referenced by Legates and Warwick (1990, pp. 63–76) 
in their discussion. More recent texts (e.g., Bourdon, 
1999; Isik et al., 2017) have not markedly improved in 
this area. Most purebred dairy cattle associations (breed 
societies) around the world established population mon-
itoring programs in the 20th century to identify genetic 
defects, but practices are not uniform, and coordination 
among industry groups is sometimes poor.

Cole (2017) launched an initiative in the United States 
that provided modest infrastructure for defect reporting, 
biological sample collection, and causal variant identi-
fication, but it had little success. This is largely due to 
the project being limited to a single laboratory in one 
institution, rather than representing a collaboration of all 
the key stakeholders in the US industry. Personnel and 
funding also were limited, resulting in slow progress 
with no major successes to report. In retrospect, more 
time should have been spent recruiting collaborators be-
fore sample collection began.

Rate at Which Defects Are Identified

A perception exists among many dairy producers 
and industry professionals that genetic defects are be-
ing discovered more frequently than in the past, and 
some make the error of concluding these defects must 
be occurring at a higher rate. The first of these is true, 
but the second might not be. The number of Mendelian 
defects reported annually in taurine (Bos taurus taurus) 
cattle between 1893 and 2024 is shown in Figure 1 and 
is based on 168 unique entries in the Online Mendelian 
Inheritance in Animals database (Nicholas et al., 1995). 
The rate of reporting for defects identified in the field 
is fairly consistent over time, with about 1 (0.947) new 
defect reported each year before the widespread adoption 
of genomic testing. The increase in genotyping follow-
ing the introduction of genomic selection (Wiggans and 
Carrillo, 2022) permitted the identification of previ-
ously unobserved haplotypes affecting fertility using a 
deficiency-of-homozygotes approach (VanRaden et al., 
2011). These haplotypes resulted in embryonic loss, 
rather than developmental defects, and were not detect-
able without a combination of fertility data, pedigree in-
formation, and genotypes. Many breeds were screened as 
genotype data accumulated around the world, resulting in 
the annus mirabilis of 2013, in which 31 new haplotypes 
affecting fertility were published. After this initial surge 
in reports, the rate of discovery has slowed dramatically 
and returned to the historical baseline.

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS
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Known Defects in Contemporary Cattle Populations

As discussed above, there are many Mendelian 
defects known in taurine cattle (e.g., Nicholas et al., 
1995; VanRaden et al., 2011; Gentile and Testoni, 
2006; Gozdek et al., 2024; van den Berg et al., 2024). 
The most important of these in the major US dairy 
breeds are described in Table 1. Although haplotypes 
affecting fertility have received much attention in re-
cent years, several new defects affecting calves have 
also been reported, including cholesterol deficiency 
(Kipp et al., 2015; Charlier, 2016; Menzi et al., 2016; 
Schütz et al., 2016) and early-onset muscle weakness 
(Dechow et al., 2022; Al-Khudhair et al., 2024b) in 
Holsteins and neuropathy with splayed forelimbs 
(Al-Khudhair et al., 2022) in Jerseys. The recessives 
with the greatest impact are those that result in the 
birth of calves that die or must be euthanized (e.g., 
Ayrshire Haplotype I, Brown Swiss Haplotype 2, Hol-
stein cholesterol deficiency and early-onset muscle 
weakness, Jersey neuropathy with splayed forelimbs, 
Montbéliarde haplotype 2; Fritz et al., 2013; Besnard 
et al., 2024), and those with the lowest impact result in 
embryonic loss (e.g., Holstein Haplotypes 1–5, HH1–
HH5; Jersey Haplotype 1, JH1).

A second broad category of loci exists, which we 
might refer to as “conditions” rather than “defects” be-
cause, although they are Mendelian in nature, they do 
not have unfavorable effects. Examples include polled 
(more properly, horned; Medugorac et al., 2012), slick 
(Littlejohn et al., 2014), coat color (e.g., Joerg et al., 
1996), and milk protein variants (e.g., Sebastiani et al., 
2022). Animal genotypes based on causal variants and 
haplotype tests are often reported together for the sake of 
convenience (e.g., Al-Khudhair et al., 2024a).

Trends in Carrier Frequencies

The rapid and widespread adoption of genomic selec-
tion in the United States has enabled the detection of pre-
viously unknown genetic defects affecting fertility (e.g., 
VanRaden et al., 2011), as well tracking of other causal 
variants. Publication of these haplotypes (Al-Khudhair 
et al., 2024a) has allowed AI companies, breeders, and 
dairy producers to make informed decisions when se-
lecting mates. In the decade of 2012 to 2022, carrier fre-
quencies in the United States have decreased by 1/3 in 
Holsteins and 1/2 in Jerseys, while cumulative effects of 
these alleles on conception and death losses decreased 
by almost 1/2 in Holsteins and 7/8 in Jerseys. (Table 2). 
As a result, hundreds or thousands of other markers now 
have larger additive genetic effects than the haplotypes 
associated with fertility losses, which no longer have 
any measurable effects on fertility traits. By any reason-

able measure this is a success story that has increased 
animal welfare and improved farm profitability.

Ayrshire, Brown Swiss, and Jersey carrier frequencies 
in the United States are shown in Figure 2, and Holstein 
haplotypes are shown in Figure 3. Ayrshire breeders are 
somewhat limited in the portfolio of bulls from which 
they can select, but Ayrshire Haplotypes 1 and 2 (AH1, 
AH2) have decreased slightly over time, and Ayrshire 
Haplotype C (AHC) may be trending down. Brown 
Swiss breeders are doing very well, with frequencies 
decreasing for all known unfavorable haplotypes. The 
frequency of JH1 has decreased substantially since its 
discovery, whereas Jersey neuropathy with splayed 
forelimbs (JNS) is, unfortunately, increasing in fre-
quency. Trends in Holsteins are favorable in most cases, 
although HH5 remains essentially unchanged and HH6 
and early-onset muscle weakness (HMW) have in-
creased in frequency. Because the Holstein breed is so 
large, it is often possible to find bulls with desirable 
genetic values that are free of recessive defects.

Biological Complexity

The genetic defects of greatest historical interest to cat-
tle breeders follow a Mendelian mode of inheritance and 
have a clear expression of the phenotype (e.g., embryonic 
loss, macroscopic congenital malformation). However, 
some conditions affect the health of animals while still 
permitting them to function normally for some or all of 
their lifespan. For example, Holsteins affected by bovine 
lymphocyte intestinal retention defect (BLIRD; Besnard 
et al., 2024) grow more slowly than unaffected calves 
and have higher mortality and premature culling rates, 

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS

Figure 1. The number of Mendelian diseases of taurine (Bos taurus 
taurus) cattle reported by year from 1893 to 2024. Defects were identi-
fied based on phenotypes (“phenotypes,” blue bars) reported from the 
field or using a deficiency-of-homozygotes approach (“haplotypes,” 
orange bars). Data were taken from the Online Mendelian Inheritance in 
Animals database (Nicholas et al., 1995).



3048

Journal of Dairy Science Vol. 108 No. 4, 2025

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS
Ta

bl
e 

1.
 G

en
et

ic
 d

ef
ec

ts
 in

 U
S 

da
iry

 c
at

tle
 a

nd
 th

ei
r c

ha
ra

ct
er

is
tic

s,
 in

cl
ud

in
g 

br
ee

d 
of

 o
rig

in
, O

nl
in

e 
M

en
de

lia
n 

In
he

rit
an

ce
 in

 A
ni

m
al

s 
da

ta
ba

se
 id

en
tif

ic
at

io
n 

nu
m

be
r (

O
M

IA
 ID

), 
ye

ar
 

of
 in

iti
al

 re
po

rti
ng

, h
ap

lo
ty

pe
 ID

, g
en

e 
as

so
ci

at
ed

 w
ith

 th
e 

de
fe

ct
 (i

f k
no

w
n)

, h
ap

lo
ty

pe
 fr

eq
ue

nc
y,

 c
hr

om
os

om
e 

on
 w

hi
ch

 th
e 

ge
ne

 is
 fo

un
d,

 a
nd

 c
oo

rd
in

at
es

 o
n 

th
e 

20
18

 A
R

S-
U

C
D

1.
2 

as
se

m
bl

y 
of

 th
e 

Bo
s 

ta
ur

us
 g

en
om

e 
(a

fte
r A

l-K
hu

dh
ai

r e
t a

l.,
 2

02
4a

)1,
2

B
re

ed
3

 
D

ef
ec

t
O

M
IA

 ID
4

Ye
ar

H
ap

lo
ty

pe

C
hr

om
os

om
e

Lo
ca

tio
n 

(b
p)

R
ef

er
en

ce
Id

en
tif

ie
r5

G
en

e 
na

m
e

Fr
eq

ue
nc

y 
(%

)

AY
 

A
H

1
00

19
34

20
14

A
H

1
PI

RM
/U

BE
3B

8.
23

17
63

,6
68

,3
80

C
oo

pe
r e

t a
l. 

(2
01

4)
; V

en
ho

ra
nt

a 
et

 a
l. 

(2
01

4)
 

 
A

H
2

00
21

34
20

17
A

H
1

RP
AP

2
6.

58
3

51
,0

86
,0

99
–5

1,
11

9,
14

6
N

ul
l e

t a
l. 

(2
01

7)
 

 
A

rth
ro

gr
yp

os
is

 m
ul

tip
le

x 
co

ng
en

ita
00

20
22

20
16

A
H

C
C

H
RN

B1
5.

81
19

27
,1

21
,9

39
–2

7,
13

1,
13

9
A

ge
rh

ol
m

 e
t a

l. 
(2

01
6)

B
S

 
B

ro
w

n 
Sw

is
s H

ap
lo

ty
pe

 2
00

19
39

20
11

B
H

2
TU

BD
1

2.
11

19
10

,8
33

,9
21

Sc
hw

ar
ze

nb
ac

he
r e

t a
l. 

(2
01

6)
 

 
B

ro
w

n 
Sw

is
s H

ap
lo

ty
pe

 1
4

00
25

18
20

21
B

H
14

M
RP

L5
5

—
7

2,
99

6,
43

6
H

äf
lig

er
 e

t a
l. 

(2
02

1)
 

 
Sp

in
al

 d
ys

m
ye

lin
at

io
n

00
12

47
19

93
B

H
D

SD
M

/S
PA

ST
0.

71
11

13
,2

46
,9

72
–1

4,
73

6,
87

6
H

af
ne

r e
t a

l. 
(1

99
3)

; T
ho

m
se

n 
et

 
al

. (
20

10
)

 
 

Sp
in

al
 m

us
cu

la
r a

tro
ph

y
00

09
39

19
89

B
H

M
SM

A/
K

D
SR

(F
VT

1)
0.

33
24

61
,6

20
,3

74
el

-H
am

id
i e

t a
l. 

(1
98

9)
; K

re
bs

 e
t 

al
. (

20
07

)
 

 
Sy

nd
ro

m
e 

of
 a

ra
ch

no
m

el
ia

 a
nd

 
ar

th
ro

gr
yp

os
is

00
00

59
19

75
—

SU
O

X
—

5
57

,3
16

,7
23

–5
7,

31
6,

72
4

Te
st

on
i a

nd
 G

en
til

e 
(2

00
4)

; 
D

rö
ge

m
ül

le
r e

t a
l. 

(2
01

0)
 

 
W

ea
ve

r
00

08
27

19
73

B
H

W
PN

PL
A8

0.
08

4
49

,3
39

,0
02

–4
9,

46
1,

34
2

M
cC

lu
re

 e
t a

l. 
(2

01
3)

; K
un

z 
et

 
al

. (
20

16
)

H
O

 
B

ov
in

e 
le

uk
oc

yt
e 

ad
he

si
on

 d
ef

ic
ie

nc
y 

(B
LA

D
)

00
05

95
19

83
H

H
B

IT
G

B2
0.

03
1

14
4,

77
0,

07
8

Sh
us

te
r e

t a
l. 

(1
99

2)

 
 

B
ov

in
e 

ly
m

ph
oc

yt
e 

in
te

st
in

al
 re

te
nt

io
n 

de
fe

ct
 (B

LI
R

D
)

00
28

72
20

23
—

IT
G

B7
—

5
26

,8
07

,0
79

B
es

na
rd

 e
t a

l. 
(2

02
3)

 
 

B
ra

ch
ys

pi
na

00
01

51
20

06
H

H
0

FA
N

C
I

0.
28

21
20

,7
75

,5
63

A
ge

rh
ol

m
 e

t a
l. 

(2
00

6)
; C

ha
rli

er
 

et
 a

l. 
(2

01
2)

 
 

C
ho

le
st

er
ol

 d
ef

ic
ie

nc
y

00
19

65
20

15
H

C
D

AP
O

B
0.

34
11

77
,8

72
,7

09
K

ip
p 

et
 a

l. 
(2

01
5)

; C
ha

rli
er

 e
t 

al
. (

20
16

); 
M

en
zi

 e
t a

l. 
(2

01
6)

; 
Sc

hü
tz

 e
t a

l. 
(2

01
6)

 
 

C
om

pl
ex

 v
er

te
br

al
 m

al
fo

rm
at

io
n

00
13

40
20

00
H

H
C

SL
C

35
A3

0.
25

3
43

,2
61

,9
46

A
ge

rh
ol

m
 e

t a
l. 

(2
00

1)
 

 
D

ef
ic

ie
nc

y 
of

 u
rid

in
e 

m
on

op
hp

os
ph

at
e 

sy
nt

ha
se

 (D
U

M
PS

)
00

02
62

19
83

H
H

D
U

M
PS

<0
.0

1
1

69
,1

51
,9

31
Sh

an
ks

 e
t a

l. 
(1

98
4)

 
 

Ea
rly

-o
ns

et
 m

us
cl

e 
w

ea
kn

es
s s

yn
dr

om
e

00
28

19
20

22
H

M
W

C
AC

N
A1

S6
2.

04
16

79
,6

13
,5

92
D

ec
ho

w
 e

t a
l. 

(2
02

2)
; A

l-
K

hu
dh

ai
r e

t a
l. 

(2
02

4b
)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 1
00

00
01

20
11

H
H

1
AP

AF
1

0.
40

5
62

,8
10

,2
45

A
da

m
s e

t a
l. 

(2
01

6)
 

 
H

ol
st

ei
n 

H
ap

lo
ty

pe
 2

00
18

23
20

11
H

H
2

IF
T8

0
0.

68
1

10
7,

17
2,

61
5

M
cC

lu
re

 e
t a

l. 
(2

01
4)

; O
rte

ga
 e

t 
al

. (
20

22
)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 3
00

18
24

20
11

H
H

3
SM

C
2

0.
65

8
93

,7
53

,3
58

D
ae

tw
yl

er
 e

t a
l. 

(2
01

4)
; M

cC
lu

re
 

et
 a

l. 
(2

01
4)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 4
00

18
26

20
13

H
H

4
G

AR
T

0.
09

1
1,

99
7,

58
2

Fr
itz

 e
t a

l. 
(2

01
3)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 5
00

19
41

20
13

H
H

5
TF

B1
M

2.
50

9
91

,8
47

,1
17

–9
1,

93
7,

00
3

C
oo

pe
r e

t a
l. 

(2
01

3)
; S

ch
üt

z 
et

 
al

. (
20

16
)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 6
00

21
49

20
18

H
H

6
SD

E2
1.

14
16

29
,0

15
,3

36
–2

9,
05

9,
67

3
Fr

itz
 e

t a
l. 

(2
01

8)
 

 
H

ol
st

ei
n 

H
ap

lo
ty

pe
 7

00
18

30
20

20
—

C
EN

PU
0.

80
27

14
,1

68
,1

30
–1

4,
16

8,
13

3
H

oz
é 

et
 a

l. 
(2

02
0)

 
 

H
ol

st
ei

n 
H

ap
lo

ty
pe

 8
00

18
31

20
13

—
—

2.
10

7
78

,8
00

,0
00

–8
0,

10
0,

00
0

Fr
itz

 e
t a

l. 
(2

01
3)

 
 

M
ul

ef
oo

t (
sy

nd
ac

ty
lis

m
)

00
09

63
19

49
H

H
M

LR
P4

<0
.0

1
15

76
,8

07
,9

60
El

dr
id

ge
 e

t a
l. 

(1
95

1)
; D

uc
he

sn
e 

et
 a

l. 
(2

00
6)

JE
 

Je
rs

ey
 H

ap
lo

ty
pe

 1
00

16
97

20
13

JH
1

C
W

C
15

3.
47

15
15

,4
49

,4
31

So
ns

te
ga

rd
 e

t a
l. 

(2
01

3)
 

 
Je

rs
ey

 n
eu

ro
pa

th
y 

w
ith

 sp
la

ye
d 

fo
re

lim
bs

00
22

98
20

22
JN

S
U

C
H

L1
4.

08
6

60
,1

58
,9

01
A

l-K
hu

dh
ai

r e
t a

l. 
(2

02
2)

 
 

Li
m

be
r l

eg
s

—
19

71
—

—
—

—
—

La
m

b 
et

 a
l. 

(1
97

1,
 1

97
6)

 
 

R
ec

to
va

gi
na

l c
on

st
ric

tio
n

00
08

50
19

75
—

—
—

—
—

Le
ip

ol
d 

an
d 

Sa
pe

rs
te

in
 (1

97
5)

1 A
lth

ou
gh

 g
en

et
ic

 c
on

di
tio

ns
 h

av
e 

be
en

 o
bs

er
ve

d 
in

 th
e 

G
ue

rn
se

y 
(e

.g
., 

K
en

dr
ic

k 
et

 a
l.,

 1
95

7)
 a

nd
 M

ilk
in

g 
Sh

or
th

or
n 

(e
.g

., 
Sc

hi
ld

 e
t a

l.,
 1

99
3)

 b
re

ed
s,

 n
o 

ge
ne

tic
 c

on
di

tio
ns

 o
r g

en
om

ic
 h

ap
lo

ty
pe

s 
ar

e 
un

de
r 

ac
tiv

e 
m

an
ag

em
en

t i
n 

ei
th

er
 b

re
ed

 a
t t

hi
s 

tim
e.

2 A
 ta

bl
e 

en
try

 o
f “

—
” 

in
di

ca
te

s 
an

 u
nk

no
w

n 
or

 m
is

si
ng

 v
al

ue
.

3 AY
 =

 A
yr

sh
ire

, B
S 

= 
B

ro
w

n 
Sw

is
s,

 H
O

 =
 H

ol
st

ei
n,

 a
nd

 J
E 

= 
Je

rs
ey

.
4 O

nl
in

e 
M

en
de

lia
n 

In
he

rit
an

ce
 in

 A
ni

m
al

s 
(O

M
IA

) i
de

nt
ifi

ca
tio

n 
nu

m
be

r f
or

 B
os

 ta
ur

us
 (N

at
io

na
l C

en
te

r f
or

 B
io

te
ch

no
lo

gy
 In

fo
rm

at
io

n 
sp

ec
ie

s 
co

de
 9

91
3)

.
5 A

 v
al

ue
 o

f “
—

” 
in

 th
e 

“I
de

nt
ifi

er
” 

co
lu

m
n 

in
di

ca
te

s 
th

at
 th

er
e 

is
 n

ot
 c

ur
re

nt
ly

 a
 h

ap
lo

ty
pe

 te
st

 fo
r a

 d
ef

ec
t i

n 
th

e 
U

ni
te

d 
St

at
es

.
6 Th

e 
ca

us
al

 v
ar

ia
nt

 fo
r e

ar
ly

-o
ns

et
 m

us
cl

e 
w

ea
kn

es
s 

sy
nd

ro
m

e 
ap

pe
ar

s 
to

 b
e 

in
co

m
pl

et
el

y 
pe

ne
tra

nt
, s

o 
ca

rr
ie

r s
ta

tu
s 

fo
r C

AC
N

A1
S 

al
on

e 
is

 n
ot

 s
uf

fic
ie

nt
 to

 p
re

di
ct

 a
n 

an
im

al
’s

 p
he

no
ty

pe
.



Journal of Dairy Science Vol. 108 No. 4, 2025

3049

and Normande cattle carrying a frameshift in the RP1 
gene lose their vision as they age (Michot et al., 2016). 
The early onset of muscle weakness defect in Holsteins 
(Dechow et al., 2022; Al-Khudhair et al., 2024b) appears 
to be incompletely penetrant, as is BLIRD (Besnard et al., 
2024), meaning the gene test or haplotype status alone is 
insufficient to predict an individual’s phenotype. Cattle 
of several breeds are affected by progressive posterior 
paralysis (commonly referred to as “crampy”; Becker et 
al., 1961), which results in premature culling. Its mode 
of inheritance remains unclear after many years of re-
search, with support for both monogenic (possibly with 
incomplete penetrance) and polygenic (Condello, 2024) 
models. Recent results suggest that the CACNA1A gene 
is associated with the crampy phenotype (Neustaeter et 
al., 2023), whereas a related gene, CACNA1S, is associ-
ated with early-onset muscle weakness (Dechow et al., 
2022; Al-Khudhair et al., 2024b).

Economic Impact

The economic impact of genetic load in the US dairy 
cattle population using haplotype data was estimated by 
Cole et al. (2016) to be ~$11 million, but new defects 
have been discovered since then, and selection pressure 
has been applied against known loci. The current value 
of genetic load is ~$4.1 million (Supplemental Table S1; 
see Notes), a substantial reduction that is due principally 
to the rapid decrease in frequency for many haplotypes. 
However, these estimates do not account for indirect 

costs to producers or potential effects on social license to 
operate (e.g., Wolf et al., 2016).

INDUSTRY PARTICIPANTS  
AND CURRENT PRACTICES

There are many different participants in the US dairy 
industry, and many of them play roles in the genetics sec-
tor. Some of these organizations are described in Cole et 
al. (2021), but operational details relevant to each group’s 
involvement in the management of genetic defects are 
provided herein. Each of these entities plays a specific 
role in the reporting, identification, and testing of genetic 
defects, although roles are often poorly defined and fre-
quently overlap. 

New genetic defects are typically reported when a 
dairy producer reports 1 or more cases to a breed associa-
tion or their AI representative, but reports are sometimes 
made directly to veterinarians, university researchers, or 
USDA scientists. Notably, there is currently no single 
organization that serves as a universal point of contact or 
shared protocol for responding to these reports.

After a potential defect is reported, research is needed 
to determine whether the cause is genetic or environ-
mental, and to identify causal mechanisms for genetic 
diseases. Although many defects follow the classical 
Mendelian model, not all do, and mechanisms such as 
incomplete penetrance can complicate this task. Parties 
involved in the identification process can include pure-
bred cattle associations, university and USDA research-

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS

Table 2. Changes in carrier frequencies and effects on conception and death losses between 2012 and 2022 for haplotypes tracking deleterious 
mutations in US Holstein and Jersey cattle1,2

Breed   Haplotype name

Data used for tracking

 

Carrier frequency (%)   Conception or death loss (%)

Haplotype Causal variant Both 2012 2022 2012 2022

Holstein   HH0 X   4.3 0.7 0.046 0.001
    HH1 X   3.7 1.0 0.034 0.002
    HH2 X   3.6 1.4 0.032 0.005
    HH3 X   6.2 1.7 0.096 0.007
    HH4 X   0.8 0.2 0.002 0.000
    HH5 X   3.7 6.0 0.034 0.091
    HH6 X   1.1 1.8 0.003 0.008
    HHB X   0.5 0.1 0.001 0.000
    HHC X   2.4 0.6 0.014 0.001
    HHD X   <0.1 <0.1 0.000 0.000
    HHM X   0.2 <0.1 0.000 0.000
    HCD X   6.2 0.8 0.090 0.006
    HMW X   0.3 3.2 0.000 0.031
Jersey   JH1 X   24.8 7.7 1.538 0.147
    JNS X   4.2 5.7 0.044 0.082
1Carrier frequencies are based on all animals (bulls and cows) in the US National Cooperator Database.
2HH0 = Holstein Haplotype 0 (brachyspina/FANCI), HH1 = Holstein Haplotype 1 (APAF1), HH2 = Holstein Haplotype 2 (IFT80), HH3 = Holstein 
Haplotype 3 (SMC2), HH4 = Holstein Haplotype 4 (GART), HH5 = Holstein Haplotype 5 (TFB1M), HH6 = Holstein Haplotype 6 (SDE2), HHB = 
bovine leukocyte adhesion deficiency (ITGB2), HHC = complex vertebral malformation (SLC35A3), HHD = deficiency of uridine monophosphate 
synthase (UMPS), HHM = mulefoot (syndactyly; LRP4), HCD = cholesterol deficiency (APOB), HMW = early-onset muscle weakness (CACNA1S), 
JH1 = Jersey haplotype 1 (CWC15), and JNS = Jersey neuropathy with splayed forelimbs (UCHL1).
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ers, and veterinary diagnostic laboratories. The lack of a 
standardized reporting process is also felt in this stage, 
because a wide variety of biological samples may be 
provided, and phenotyping can range from a short de-
scription to a detailed report that includes a veterinary 
diagnosis, as well as photographs and video recordings. 
Biological samples and other information are also some-
times provided without a proper animal identification 
number, meaning that pedigree information may be miss-
ing, incomplete, or incorrect.

After the cause of a defect has been identified, tools 
for testing must be developed and information about the 
disorder shared with allied industry groups. Commercial 
genotyping laboratories provide both genotypes used 
for haplotype carrier determination and results from 
individual gene tests for putative causal variants. The 
Council on Dairy Cattle Breeding computes haplotypes 
for genetic conditions, which are distributed to genetics 
companies and purebred cattle associations. Interna-
tional organizations and standards bodies are sometimes 
involved in this process, and National Association of 
Animal Breeders members are affected by trade policies 
related to the importation of germplasm from known car-
riers of genetic conditions.

National Association of Animal Breeders

The National Association of Animal Breeders (NAAB; 
Madison, WI; https:​/​/​www​.naab​-css​.org/​) is the official 
trade organization for the US bovine AI industry and 
represents US tax-paying organizations engaged in the 
artificial insemination of cattle and other livestock. Un-
der the NAAB umbrella, member organizations come 
together to provide a unified approach to cattle improve-
ment. Together, NAAB’s membership accounts for 
about 95% of the US dairy cattle semen produced, sold 
in, and exported by the United States. Their Inherited 
Biochemical Defects Committee reviews reports of new 
genetic disorders and makes recommendations to NAAB 
members about nomenclature and publication. In their 
position as the official trade association, NAAB resolves 
international trade barriers that arise from concern or 
misunderstanding of genetic disorders.

Purebred Dairy Cattle Associations

As the official herd book registrars, dairy cattle breed 
associations were the first organizations to develop 
procedures for the identification and reporting of ge-
netic defects (breed-specific information is discussed 
subsequently). In addition to providing guidelines for 
reporting of defects, these policies ensure that pedigrees 
include accurate information about carrier status. Na-
tional organizations for each breed exist in many coun-

tries, sometimes operating under international umbrella 
groups. In the United States, the breed associations are 
the authorities for naming and labeling genetic defects, 
and farmers are asked to report calf abnormalities to 
these organizations. However, participation in reporting 
programs is voluntary.

Some genotyping laboratories have elected, for their 
own legal protection, to report genetic test results only to 
the owner or controller of the animal. Forwarding genetic 
test results to a third party, such as a breed association, 
requires the owner to opt in (i.e., check a box on the sub-
mission form, requesting that the genetic test result be 
sent to the respective breed association). This can result 
in selective reporting; however, it is our experience that 
most animal owners and controllers realize that the legal 
and financial consequences of not disclosing a genetic 
test result when it is known would exceed short-term 
profits from the sale of a genetic product. We know of no 
legal cases of a buyer suing a seller over an undisclosed 
genetic test result.

Ayrshire Cattle. No mention of a genetic defects policy 
currently appears in the Ayrshire Breeders Association 
Rules (https:​/​/​web​.archive​.org/​web/​20240721155943/​
http:​/​/​www​.usayrshire​.com/​PDF/​abarules​.pdf) or on the 
website of the World Ayrshire Federation (https:​/​/​www​
.worldayrshirefederation​.com/​).

Brown Swiss Cattle. The Brown Swiss Cattle Breed-
ers’ Association of the USA publishes a pamphlet, “Ge-
netic Conditions in Brown Swiss Cattle,” that provides 
information about known genetic defects in the breed and 
includes procedures for reporting defects, designating 
carrier status, and interpreting test results (Brown Swiss 
Association, 2021; A. Horn, Brown Swiss Association, 
Beloit, WI, personal communication). In addition, the 
European Brown Swiss Federation has as one of its goals 
the development of a “Common system of declaration of 
hereditary defects and common data bank” (https:​/​/​www​
.brown​-swiss​.org/​about​-us).

Guernsey Cattle. No formal policies are presently 
listed on the American Guernsey Association (Columbus, 
OH; https:​/​/​www​.usguernsey​.com/​) or World Guernsey 
Cattle Federation (Myrtleford, Victoria, Australia; https:​/​
/​www​.worldguernseys​.com/​) websites. However, Article 
IV, Section D, of the American Guernsey Association 
Bylaws includes the following provision: 

The Executive Secretary or the Executive Board 
shall make such investigations of genetic factors 
occurring in Guernsey animals as they believe 
necessary or advisable and shall report the results 
of their investigations to the Board of Directors. 
Each member and non-member of the Association 
shall cooperate fully in any such investigation. The 
Board of Directors shall determine what genetic 
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information is considered to be undesirable in the 
Guernsey breed and shall take whatever action it 
may consider appropriate to control and limit such 
undesirable genetics.

(R. Alden, American Guernsey Association, Columbus, 
OH, personal communication; emphasis added.)

Holstein Cattle. Holstein Association USA (Brattle-
boro, VT) provides information about recessives and 
other Mendelian traits in its “Genetic Conditions in 
the Holstein Breed” (https:​/​/​www​.holsteinusa​.com/​
programs​_services/​genomics​.html​?tab​=​1) document, 
as well as guidance for use of haplotype informa-
tion (“Interpreting and Utilizing Haplotype Informa-
tion”; https:​/​/​www​.holsteinusa​.com/​pdf/​Interpreting​
_and​_Utilizing​_Haplotype​_Information​_1218​.pdf). 
The World Holstein Friesian Federation (WHFF; Rick-
mansworth, Hertfordshire, UK) has guidelines cover-
ing “Genetic Traits” (https:​/​/​whff​.info/​genetic​-traits/​
), which refers to “verified or suspected [monogenic] 
conditions in the Holstein breed, not quantitative traits 
such as milk yield or productive life.” These guidelines 

are more nuanced than those provided for other breeds, 
and recognize that some monogenic traits are undesir-
able, some have small or no apparent phenotypic ef-
fects, and others are desirable. Criteria for inclusion of 
genetic conditions on the WHFF Master List include 
the frequency of the variant (>5% in 2 or more coun-
tries), identification of the causal variant, availability 
of diagnostic SNP, proportion of phenotypic variance 
explained (≥5%), independence from environmental ef-
fects, monogenic inheritance free from epistasis, high 
penetrance, and publicly available peer-reviewed docu-
mentation. These criteria provide an evidence-based 
framework for both listing and delisting genetic defects 
as population management programs are successful.

Jersey Cattle. The American Jersey Cattle Asso-
ciation (Reynoldsburg, OH) describes its approach 
to genetic defects in “Policies Regarding Undesir-
able Genetic Factors” (https:​/​/​www​.usjersey​.com/​
AJCA​-NAJ​-JMS/​AJCA/​FromTheExecutiveSecretary/​
PolicyUndesirableGeneticFactors​.aspx), and the section 
“Statement of Policy” very clearly outlines the Asso-
ciation’s goals: “Every effort should be made within the 
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Figure 2. Haplotype frequencies by year (2008–2023) for recessive genetic defects in US Ayrshire, Brown Swiss, Holstein, and Jersey cattle, 
tracked by the Council on Dairy Cattle Breeding, that are under control (Al-Khudhair et al., 2024a). Vertical red lines indicate the year each haplotype 
was first published. AH1 = Ayrshire Haplotype 1 (PIRM/UBE3B), AH2 = Ayrshire Haplotype 2 (RPAP2), BH2 = Brown Swiss Haplotype 2 (TUBD1), 
BHD = spinal dysmyelination (SDM; SPAST), BHM = spinal muscular atrophy (SMA; KDSR/FVT1), BHW = Weaver (PNPLA8), HCD = cholesterol 
deficiency (APOB), HH0 = Holstein Haplotype 0 (brachyspina/FANCI), HH1 = Holstein Haplotype 1 (APAF1), HH2 = Holstein Haplotype 2 (IFT80), 
HH3 = Holstein Haplotype 3 (SMC2), HH4 = Holstein Haplotype 4 (GART), HHB = bovine leukocyte adhesion deficiency (ITGB2), HHC = complex 
vertebral malformation (SLC35A3), HHD = deficiency of uridine monophosphate synthase (UMPS), HHM = mulefoot (syndactyly; LRP4), and JH1 
= Jersey haplotype 1 (CWC15). The year the haplotype test was introduced is not the time of initial discovery of a genetic defect; some defects were 
discovered decades before haplotype tests became available.

https://www.holsteinusa.com/programs_services/genomics.html?tab=1
https://www.holsteinusa.com/programs_services/genomics.html?tab=1
https://www.holsteinusa.com/pdf/Interpreting_and_Utilizing_Haplotype_Information_1218.pdf
https://www.holsteinusa.com/pdf/Interpreting_and_Utilizing_Haplotype_Information_1218.pdf
https://whff.info/genetic-traits/
https://www.usjersey.com/AJCA-NAJ-JMS/AJCA/FromTheExecutiveSecretary/PolicyUndesirableGeneticFactors.aspx
https://www.usjersey.com/AJCA-NAJ-JMS/AJCA/FromTheExecutiveSecretary/PolicyUndesirableGeneticFactors.aspx
https://www.usjersey.com/AJCA-NAJ-JMS/AJCA/FromTheExecutiveSecretary/PolicyUndesirableGeneticFactors.aspx
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breed to identify those animals that carry undesirable ge-
netic factors.” Similarly, the World Jersey Cattle Bureau 
(Beganne, Brittany, France; http:​/​/​www​.worldjerseycattle​
.com/​Pedigree​-Registration) recommends that “Member 
organisations require owners of genomic test results to 
declare the lethal recessive and genetic defect status of 
males and females for publication on pedigree certifi-
cates, proof lists and marketing information.”

Milking Shorthorn Cattle. No written policy for 
genetic defects is currently provided on the Ameri-
can Milking Shorthorn Society website (https:​/​/​
milkingshorthorn​.com/​). However, the Society does 
monitor the cholesterol deficiency (HCD) and complex 
vertebral malformation (CVM) haplotypes in the breed, 
and carrier status is provided on the registration form (S. 
Lee, American Milking Shorthorn Society, Beloit, WI, 
personal communication).

United States Department of Agriculture

The Agricultural Research Service, USDA’s in-house 
research arm, has a nationwide team of scientists dedi-
cated to addressing production agriculture challenges, 
including genetic diseases. The team at the National 
Animal Disease Center in Ames, Iowa, identified the 
CD18 causal variant linked to bovine leukocyte adhe-
sion deficiency (Shuster et al., 1992). Researchers at 
the US Meat Animal Research Center (Clay Center, NE) 
and the Animal Genomics and Improvement Laboratory 
(AGIL; Beltsville, MD) are involved in all aspects of 
livestock genomics, including the construction of refer-
ence genomes for cattle (Bovine Genome Sequencing 
and Analysis Consortium, 2009), sheep (Davenport et 
al., 2022), and goats (Bickhart et al., 2017), and were 
key contributors to the original bovine SNP chip (Ma-
tukumalli et al., 2009). Additionally, AGIL created the 
deficiency-of-homozygotes method to identify hap-
lotypes affecting fertility (VanRaden et al., 2011) and 
several causal variants (Cooper et al., 2013, 2014; Mc-
Clure et al., 2013; Sonstegard et al., 2013; Lawlor et al., 
2014; Adams et al., 2016; Null et al., 2017; Al-Khudhair 
et al., 2022, 2024a; Ortega et al., 2022). Staff at AGIL 
also manage the Collaborative Dairy DNA Repository, an 
important storehouse for DNA from dairy animals.

University Research Groups and State  
Veterinary Diagnostic Laboratories

Historically, researchers at universities and veterinary 
schools have played important roles in the identification 
and characterization of genetic defects. For many years, 
Dr. Horst W. Leipold of the Department of Pathology, 
Kansas State University College of Veterinary Medicine, 
was the leading authority on congenital defects of cattle 

in the United States (e.g., Leipold et al., 1972; Cotton, 
1989). Scientists at the University of Illinois were respon-
sible for identifying the deficiency of uridine monophos-
phate synthase (DUMPS) defect in Holsteins (Shanks et 
al., 1984). More recently, a team at Penn State led the 
effort to characterize early-onset muscle weakness and 
develop a gene test (Dechow et al., 2022). Universities 
and research centers could serve as contacts for produc-
ers to report abnormalities, due to their often-expansive 
networks of scientists, extension personnel, and dairy 
producers. Collaborations with private industry to secure 
data are common, and intellectual property generated by 
university teams is often used to develop gene tests (e.g., 
Dechow et al., 2022).

Although most discussion has focused on North 
American institutions, important work is also being 
done in several European countries. One of the oldest 
national programs is the Danish Bovine Genetic Dis-
ease Programme (Agerholm et al., 1993), which was 
organized in 1988. Their successes include the identi-
fication of several diseases in Danish cattle, including 
epitheliogenesis imperfecta, spinal muscular atrophy, 
and syndrome of arthrogryposis and palatoschisis. In 
France, L’Observatoire National des Anomalies Bovines 
(l’ONAB; Grohs et al., 2016) was established in 2002 
as a national center for population monitoring. The 
partnership includes representatives from government, 
university, and industry organizations, and covers both 
dairy and beef cattle. Many causal variants associated 
with recessive genetic defects have been identified by 
l’ONAB and its collaborators. Although more limited in 
scope, the Belgian Blue cattle breed (Sartelet, 2013) also 
has a population surveillance and causal variant identi-
fication that have been used to notably reduce carrier 
frequencies. The Irish Cattle Breeding Federation (Ball-
incollig, County Cork, Ireland) launched a program for 
the reporting of genetic diseases that includes compre-
hensive educational materials (McClure and McClure, 
2016) which could serve as a model for others to follow. 
It is clear from the success of these programs that having 
a single organization to coordinate surveillance, discov-
ery, and reporting is a great advantage.

Commercial Genotyping and Genetic  
Testing Laboratories

Several commercial laboratories in North America 
provide SNP genotyping and genetic testing services. 
The genotypes are used to predict breeding values and 
haplotype carrier status, and specific gene tests also 
can be included on arrays when the causal variants are 
known. In some cases, testing laboratories play an es-
sential role in translating discovery science into practice. 
Labeling of tests and haplotypes across organizations is 

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS

http://www.worldjerseycattle.com/Pedigree-Registration
http://www.worldjerseycattle.com/Pedigree-Registration
https://milkingshorthorn.com/
https://milkingshorthorn.com/


Journal of Dairy Science Vol. 108 No. 4, 2025

3053

not consistent today, causing substantial confusion, par-
ticularly internationally.

International Organizations and Standards Bodies

Interbull. The International Committee for Animal 
Recording (ICAR; Utrecht, the Netherlands) is a global 
provider of guidelines, standards, and certification for 
animal identification, recording, and evaluation. The 
International Bull Evaluation Service (Interbull; Up-
psala, Sweden) is a permanent subcommittee of ICAR 
focused on the conversion of international genetic evalu-
ations for economically important traits of dairy cattle to 
support valid comparisons of genetic predictions across 
countries. Interbull collaborates with WHFF and uses 
their codes and nomenclature for genetic tests when 
sharing Holstein information (World Holstein Friesian 
Federation, 2024). This is an excellent example of how 
cooperation among organizations can promote beneficial 
uniformity and avoid unnecessary duplication of effort.

DNA Working Group. In addition to genetic evalua-
tion services, ICAR also certifies laboratories that pro-
vide microsatellite- and SNP-based genotyping services 
for cattle through its DNA Working Group. This group 

has as one of its priorities for 2024 to continue work 
on guidelines for standardization of causal mutation 
SNP for genetic defects. This is straightforward when 
the causal variant can be tracked by a single SNP (e.g., 
is the result of a transition or transversion) but is more 
challenging when a causal variant is an insertion, dele-
tion, copy number variant, or other structural change that 
can be difficult to track with a SNP. In the absence of 
standardization multiple approaches could be used to call 
the same variant, resulting in potential confusion across 
testing laboratories and genetic evaluation centers.

MANAGING GENETIC DEFECTS  
AT THE POPULATION LEVEL

Historical Management of Genetic Defects

Our knowledge of genetics has increased significantly 
in recent years, primarily due to advancements in whole-
genome sequencing and access to genomic testing, which 
allows us to make early and accurate genomic predic-
tions for quantitative traits and test for known causative 
variants for various genetic diseases (e.g., VanRaden et 
al., 2011; Liu et al., 2022; Guinan et al., 2023). Purebred 
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Figure 3. Haplotype frequencies by year (2008–2023) for recessive genetic defects in US Ayrshire, Holstein, and Jersey cattle, tracked by the 
Council on Dairy Cattle Breeding, which have unfavorable trends (Al-Khudhair et al., 2024a). Vertical red lines indicate the year the haplotype test 
associated with each defect was first published. AHC = Ayrshire Haplotype C (CHRNB1), HH5 = Holstein Haplotype 5 (TFB1M), HH6 = Holstein 
Haplotype 6 (SDE2), HMW = early-onset muscle weakness (CACNA1S), and JNS = Jersey neuropathy with splayed forelimbs (UCHL1). The year 
the haplotype test was introduced is not the time of initial discovery of a genetic defect; some defects were discovered decades before haplotype 
tests became available.
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dairy cattle associations and genetics companies have 
long-standing interests in the management of undesirable 
recessive defects, consistent with their mission of breed 
stewardship. The Holstein Association USA launched a 
program in 1957 to record carriers of defects, and ad-
ditional policies were established in 1961 and 1977 to 
discourage the use of carrier bulls and routinely publish 
carrier lists (Mansfield, 1985, pp. 113–114). At their 1958 
annual convention, NAAB adopted a resolution encour-
aging breed associations to “report inherited defects of a 
deleterious nature” (Herman, 1981, p. 170). These long-
term efforts to improve breeding programs have ushered 
in an era in which it is generally agreed that identifying 
and reporting defects is a good thing. Opportunity exists 
to further strengthen breeding programs through a formal 
surveillance program for emerging genetic defects, as 
discussed later in this paper.

Historically, genetic defects were investigated by 
evaluating patterns of nonaffected versus affected ani-
mals. Different patterns of segregation for a single ge-
netic variant are often referred to as Mendelian ratios, in 
honor of the early scientist Gregor Mendel. These ratios 
provide evidence of different modes of inheritance, such 
as dominant, recessive, sex-linked, or mitochondrial 
inheritance (Smith, 1971). Livestock industries have 
benefited from the significant amount of research into 
heritable human diseases because of biological similari-
ties among disparate-seeming species. The first step for 
many agricultural scientists when investigating a new 
disorder is to search databases funded by the National 
Human Genome Research Institute, such as Online Men-
delian Inheritance in Man (OMIM; https:​/​/​omim​.org/​) 
and the Gene Ontology Resource (https:​/​/​geneontology​
.org/​). The number of Mendelian disorders in humans 
where the causative variant has been identified has 
steadily increased in the genomic era, from approxi-
mately 800 in the year 2000 to about 4,900 today (https:​
/​/​omim​.org/​statistics/​paceGraph).

Currently, there are approximately 5,000 known 
Mendelian disorders in OMIM for which the causative 
variant has been identified. Knowledge of causal vari-
ants provides valuable information on the biological 
mechanisms involved, understanding of relevant path-
ways, and lifestyle changes that might reduce harmful 
effects, and can aid in the development of targeted treat-
ments. As technology evolves, some genetic diseases 
are now treatable. For example, the Medicus Genomics 
“Treatments for Genetic Disorders” database (https:​/​/​
rx​-genes​.com; Bick et al., 2021) provides information 
about the treatment of genetic disorders. At the time of 
its most recent update (Aug. 20, 2024), the database 
includes comprehensive entries for 800 diseases. Al-
though the focus of these treatments is on human dis-

ease, treatments for important livestock diseases could 
become available in the future.

In the pre-genomics era, genetic disorders were mostly 
rare and catastrophic (e.g., bovine leukocyte adhesion 
deficiency [BLAD], CVM, DUMPS). The common prac-
tice of the time was to eliminate defects by removing 
suspected family members from the herd. Although breed 
associations understand the financial hardship that this 
can impose on an individual breeder, most of them have 
rules and bylaws that require disclosure. For example, 
Holstein Association USA states, “It is the duty of all 
persons who are subject to the Bylaws, rules, and regula-
tions of the Association to report promptly to the Execu-
tive Secretary any manifestation of one or more declared 
recessive genes” (Holstein Association USA, 2024). 
Breeders feared the discovery of a new genetic defect 
in their breed and, more importantly, in their own herd. 
The culling of afflicted animals was often a small part 
of the financial burden compared with the reputational 
loss. Without the aid of genetic testing, a whole family or 
perhaps the whole herd would be shunned by others. As a 
result, some breeders preferred to quietly remove the af-
fected animal and perhaps some of its relatives from their 
herd. Although producer concerns remain about negative 
consequences of reporting new defects, the growing use 
of genomic testing means that it is increasingly difficult 
to conceal such problems. Confusion about to whom re-
ports should be made remains common.

Contemporary Management of Genetic Defects

A population’s breeding structure, practices, and size 
can have a significant influence on the ability to de-
tect genetic defects. Before widespread use of AI and 
genomics, the discovery of genetic defects relied on a 
pedigree analysis of observational data on closely related 
family members. As the use of AI has grown, and DNA 
technologies improve, the search for genetic defects has 
moved from an observational science of within-herd fam-
ily members to population-based analysis of molecular 
information. Heavy use of prominent bulls creates large 
subpopulations of related animals (Steyn et al., 2023). 
The US Holstein population is also often used in modern-
day studies, as researchers look for data sets that will 
give them the statistical power to prove the inheritance of 
a defect (e.g., Besnard et al., 2023; Kelson et al., 2024).

The challenge for modern cattle breeders is how to 
manage genetic information in an open and transpar-
ent way to reduce the frequency of undesirable genetic 
defects and minimize financial hardship to individual 
owners. Proper management of genetic defects can in-
crease the frequency of the desirable alleles, reduce the 
frequency of undesirable alleles, and preserve genetic di-
versity. A good example of the positive economic effects 
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of a carrier bull with high genetic merit is Pawnee Farm 
Arlinda Chief (040HO02025; HOUSA000001427381); 
the positive global contribution of extra milk production 
from this bull is 70 times higher than the financial losses 
attributable to HH1, of which he was a carrier (P. M. Van-
Raden, USDA Agricultural Research Service, Beltsville, 
MD; personal communication). Genomic testing and 
embryo transfer provide ways to screen many full- and 
half-sib animals, cull carriers at a young age before a 
large financial investment has been made in them, and 
retain noncarriers for breeding purposes.

Figure 2 shows haplotype frequency trends for 17 
recessive genetic defects in US Ayrshire, Brown Swiss, 
Holstein, and Jersey cattle, which demonstrate successful 
population management. In all cases, carrier frequencies 
have decreased substantially over time, in some cases to 
as close to zero as is feasible. This demonstrates the abil-
ity of the dairy cattle community to reduce the frequency 
of harmful defects and emphasizes the value of strong 
surveillance programs that identify emerging problems 
before they have an opportunity to spread through the 
population. The availability of precision mating tools 
(discussed in the next section), continuous growth in the 
number of cows genotyped, and widespread availability 
of genetic testing allow us to manage genetic diseases 
without automatically culling carriers. This increases the 
likelihood that new defects will be reported, because be-
ing a carrier no longer automatically eliminates an elite 
animal’s marketability.

The precise way in which carrier status for new de-
fects will be reported is still evolving, and more nuanced 
approaches to categorizing emerging defects may be 
needed. The World Holstein Friesian Federation recently 
published its “WHFF Guidelines for Interpreting New 
Evidence on Potential Monogenic Traits” (World Hol-
stein Friesian Federation, 2024), which classifies mono-
genic variants into 5 categories, based on the phenotypic 
effects of a trait. For purposes of this discussion, classes 
1 (“Traits with Distinctive Characteristics”), 2 (“Hap-
lotypes Impacting Fertility”), and 4 (“Reduced Fitness 
and Health”) are most relevant. The distinction between 
classes 1, 2, and 4 are particularly important. Class 1 
includes “physical deformities,” such as those caused by 
CVM and HH0. Class 2 includes the haplotypes affecting 
fertility, which generally cause early embryonic losses 
but which can also have effects late in gestation or fol-
lowing birth. Class 4 covers undesirable conditions, such 
as BLIRD, which can result in reduced animal health 
or fitness but often have times of onset beyond typi-
cal working lifespans. These categories recognize that 
genetic conditions can have different effects on health, 
welfare, and profitability. Figure 3 shows some recent 
examples of conditions in classes 1 and 2; in each case, 
the frequency of the undesirable haplotype is expected 

to decrease rapidly. This is an appealing model for clas-
sification because nothing about it is inherently breed-
specific and it provides nuance that is currently lacking 
from this discussion.

Class 1 also includes physical characteristics of animals, 
which follow a Mendelian mode of inheritance but which 
are not detrimental to animal performance. As can be seen 
in Figure 4, some of these conditions are selected against 
(for example, red coat color), whereas others are desirable 
(such as polledness), but the effectiveness of this selec-
tion is often limited because of limited sire availability 
due to low frequency of the desirable haplotype.

One critique of this classification system is that it 
does not account for the potential economic losses from 
defects in different classes that farmers in different pro-
duction systems may face. The costs of defects in class 
4 have the potential to be much larger than those in class 
1 or 2, particularly when culling rates are low and aver-
age cow ages are high. Cole (2015) proposed a simple 
method for managing recessive defects by deducting 
the expected cost of genetic load from parent averages 
when allocating mates. Haplotype frequencies decreased 
at rates similar to those found using the approach of 
Pryce et al. (2012), which penalized parent averages 
for increases in genomic inbreeding, and some loss of 
cumulative genetic gain was observed. Other schemes 
that consider genetic merit and harmful defects exist 
(e.g., Van Eenennaam and Kinghorn, 2014; Segelke et 
al., 2016), but the principal challenges to their adoption 
in the United States are increasing herd sizes, rising la-
bor costs, and reproductive management programs that 
preclude the routine use of individual mate allocation in 
favor of portfolios of bulls used at random.

The Path Forward

The scientific community now has the tools to iden-
tify many putative genetic defects. Confirmed genetic 
defects, especially those with a known causative genetic 
variant, should be provided to the curators of the Online 
Mendelian Inheritance in Animals (https:​/​/​omia​.org/​
home/​) database so this information will be available 
to others. Individual defects should be managed using 
a local surveillance and reduction program, because a 
defect that is present in one population may be absent 
from another. For example, within the international 
Holstein breed, 38 haplotypes affecting fertility have 
been identified, but only 7 of them possess the char-
acteristics determined by the WHFF (discussed previ-
ously) to warrant routine testing (e.g., Häfliger et al., 
2022). It is important for both breed stewardship and 
genetic progress that these conditions be monitored and 
managed when necessary, but not used as an excuse to 
establish barriers to trade.
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MANAGING GENETIC DEFECTS  
AT THE FARM LEVEL

A key challenge faced by breeders is that we know 
inbreeding is increasing, and at a faster rate than ever 
before, but we do not know when—or whether—that 
might become a problem (Cole, 2024). The continuous 
culling on performance practiced by dairy producers may 
help eliminate the sublethal alleles that are thought to ac-
count for much inbreeding depression (e.g., Maltecca et 
al., 2020). Cole (2024) recently showed that inbreeding 
depression in US Holsteins is modest, which is consistent 
with an earlier study of Bjelland et al. (2013), and that an-
nual rates of gain exceed losses from inbreeding in almost 
all cases. However, hoping that rates of genetic gain con-
tinue to exceed losses from inbreeding depression is not 
a viable strategy for long-term population management. 
The rule of thumb that inbreeding should not increase by 
more than 6.25% each generation appears to trace back 
to Jay L. Lush, who wrote, “Fragmentary evidence of 
various kinds indicates that inbreeding rates as high as 
six percent per generation under favorable circumstances 
may be pursued for many generations without noticeably 

harmful consequences” (Lush, 1937, p. 224). Regardless 
of the recommendation given, inbreeding will continue to 
increase, with a concomitant increase in the frequency of 
undesirable alleles in the population. These alleles must 
be managed to avoid unacceptable welfare, economic, and 
social costs, and it is important to remember that “One of 
the potent features of the curse of the lethal recessive is 
that the number of cases (offspring homozygous for the 
lethal recessive) can give a misleading impression of the 
number of carriers” (Oldenbroek, 2017, p. 34). A situation 
may appear okay when it really is not.

Mating Programs

Every cow in a herd must be bred, and the use of 
computerized mating programs can ensure that each 
animal is matched with the bull that produces the best 
possible offspring. The mating program combines in-
formation from many sources, including parental PTA 
for dozens of traits, carrier status for recessive genetic 
defects, and genomic or pedigree inbreeding resulting 
from a mating. Additional constraints can be imposed, 
such as limits on the number of matings permitted per 
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Figure 4. Haplotype frequencies by year (2008–2023) for physical characteristics in US Brown Swiss, Holstein, and Jersey cattle, tracked by 
the Council on Dairy Cattle Breeding (Al-Khudhair et al., 2024a). Vertical red lines indicate the year each haplotype was first published. BHP = 
polledness (POLLED) in the Brown Swiss breed, HBR = black/red coat color (MC1R/MSHR), HDR = dominant red coat color, HHP = polledness 
(POLLED) in the Holstein breed, HHR = red coat color (MC1R/MSHR), and JHP = polledness (POLLED) in the Jersey breed. The BHP, HHP, 
and JHP haplotypes are different from the others included in this figure because the desirable allele (polled) is dominant to the undesirable allele 
(horned). The year the haplotype test was introduced is not the time of initial discovery of a genetic defect; some defects were discovered decades 
before haplotype tests became available.
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sire, a maximum threshold for (genomic) inbreeding, or 
the allocation of complex portfolios, including sexed, 
conventional, and beef semen. A comprehensive review 
of mate allocation tools is beyond the scope of this pa-
per, so the following discussion will focus on tools that 
explicitly support management of deleterious alleles as 
part of the process.

Although not presented as a formal scheme, Charlier et 
al. (2008) were perhaps the first to demonstrate that SNP 
genotypes can be used to identify many recessive de-
fects. They proposed the avoidance of carrier-to-carrier 
matings, rather than culling of all carriers, and discussed 
the use of such a strategy to virtually eliminate 2 de-
fects—congenital muscular dystony types 1 and 2—from 
the Belgian Blue breed. They also recommended the 
establishment of surveillance centers to detect emerging 
defects, centralize collection of samples from affected 
animals, and identify causal variants, which will be dis-
cussed further herein.

Gebreyesus et al. (2020) computed the total risk of calf 
mortality from polygenic and lethal allele components, 
allowing consideration of information about both reces-
sive defects and polygenic traits such as calf livability. 
Accuracies were higher when both were considered, as 
were correlations of predicted with observed calf mortal-
ity. Although this is not an example of a mating program 
as such, integrating the effect of each defect into the 
breeding value for a particular trait accounts for both the 
polygenic and the recessive lethal allele components, and 
the resulting values can be included in a selection index 
with no need to assign weights for each lethal.

Linear programming can also be used to optimize the 
economic value of matings within a herd. Bengtsson et 
al. (2023) developed such a model, which included ge-
netic merit, pedigree and genomic relationships, semen 
cost, economic impact of genetic defects, polledness, 
and β-casein. They concluded that it is possible to both 
reduce genetic relationships and dramatically reduce the 
number of offspring affected by genetic defects, with 
minimal effects on genetic merit. They did note that 
A2A2 bulls were less likely to carry the polled allele, 
which can be overcome by providing economic weights 
for both traits. This could be problematic in situations 
where farmers want to proactively select for a trait for 
which they are not currently being paid.

As the size of dairies in the United States increases, 
fewer farms are using individual mate allocation ap-
proaches because of the labor needed to identify a cow, 
select and thaw the matching semen, load the AI gun, and 
breed the cow. Instead, herds that use timed AI typically 
select one or a few bulls that are bred to the cows in estrous 
on a given day. In such situations, the use of bulls free of 
known genetic defects is the simplest strategy to adopt, 
but it may not produce the highest rates of genetic gain.

Selection Indices

Although the selection index is intended for ranking 
animals for selection, not for managing genetic defects 
in a population, its ubiquity has led some authors to in-
vestigate how it might be adapted to that purpose. Pryce 
et al. (2012) showed that the use of a sequential mate al-
location scheme in which parent averages were penalized 
for inbreeding in the offspring was effective at reducing 
pedigree and genomic inbreeding, as well as the propor-
tion of shared runs of homozygosity. They also demon-
strated that controlling inbreeding reduced the frequency 
of homozygous minor alleles.

Building on this work, Cole (2015) proposed a sequen-
tial mate allocation scheme in which the parent average 
of each potential mate pair was penalized for inbreeding 
effects and the potential embryonic losses from carrier-
to-carrier matings. Simulation showed that this approach 
successfully reduced undesirable allele frequencies, 
although cumulative genetic gains were slightly lower 
when using this adjustment, and effects on inbreeding 
rates were minimal. Bérodier et al. (2021) applied this 
approach to data from Montbéliarde herds in France and 
found that the use of genomic information in place of 
pedigree data maximized genetic gain and reduced the 
risk of producing affected offspring.

Segelke et al. (2016) also investigated ways to ac-
count for monogenic traits in breeding programs using a 
“genetic index” constructed using the major and minor 
allele frequencies and economic value of each trait. 
In the baseline scenario all animals were selected on 
their breeding values, and in the alternative scenario 
females were ranked for selection on their genetic index 
whereas mates were ranked on their breeding values. 
They concluded that the use of this genetic index in the 
female path of selection successfully reduced undesir-
able allele frequencies while sacrificing only a modest 
amount of genetic gain.

A tool that predicts the probability that offspring of a 
mating will be affected by at least one known genetic de-
fect, called pANO, has been used by Montbéliarde breed-
ers working with the GEN’IAtest AI company (Roulans, 
France) to reduce the risk of genetic defects. Brochard 
et al. (2018) reported that the rate of affected progeny 
was reduced by 25% when used on ~97,000 planned mat-
ings, with potential for much larger reductions if stricter 
criteria are used.

Culling of Carriers

Dairy cattle populations differ from many others in 
that a relatively small number of males are sires of the 
next generation through AI. Although this increases 
risk of spreading genetic defects before they have been 
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identified, it also provides a relatively easy way to avoid 
propagation of undesirable alleles once they have been 
identified through the culling of carriers. However, it 
is important to recognize that avoidance of carrier-to-
carrier matings does not reduce the frequency of unde-
sirable alleles in the population, but it is a short-term 
strategy to avoid undesirable outcomes while making 
long-term changes to population management. More 
sophisticated strategies that balance the desire to main-
tain high rates of genetic gain against the interest in 
reducing frequencies of harmful alleles are available, 
if not widely adopted. Van Eenennaam and Kinghorn 
(2014) showed that selection of mates that minimized 
the number of homozygous progeny, rather than selec-
tion against carrier offspring, maximized genetic gain 
(~94% of unconstrained progress) and minimized the 
number of affected offspring. Similarly, Upperman et 
al. (2019) concluded that the most profitable breeding 
strategy was always simultaneous selection and mate 
allocation to avoid homozygous offspring, rather than 
the complete avoidance of carriers as parents. Hjortø et 
al. (2021) recommended a pre-selection step for lethal 
recessive alleles that cause animal suffering, in which 
carriers were excluded. When used in conjunction with 
optimal contribution selection schemes, inbreeding was 
controlled, and minimal loss of genetic gain occurred, 
along with substantial reductions in the frequency of 
lethal recessives in subsequent generations. Genet-
ics companies are understandably reluctant to adopt a 
blanket policy of culling all carriers, and the ubiquity 
of on-farm computers makes it feasible to make routine 
use of more complex mate allocation strategies.

Crossing Within Large Populations

Steyn et al. (2023) used US national data to identify 
clusters of Holstein bulls that were genetically similar. 
They identified 7 groups of males that may be present in 
the population. In a follow-up study, k-means clustering 
was used to group animals into 5 “families” that were 
shown to have different allele frequency distributions, 
reflecting group-specific selective sweeps, polygenic 
changes, hitchhiking, and epistasis. When SNP effects 
were computed separately for each family and applied 
to other families reranking of genomic PTA occurred, 
and genetic correlations differed across groups. These 
results suggest that unrecognized pools of variation 
exist within large breeds, which can be used to reduce 
within-family homozygosity while maintaining rates of 
genetic gain. Crossing breeds, rather than distinct lines 
within breeds, is not a solution to the problem of genetic 
diseases. The risk of carrier-to-carrier matings may be 
lower in rotational crossing programs, but purebred 
lines must still be maintained.

Crossbreeding has not been adopted in dairy cattle to 
the extent that it has been in beef, poultry, and swine 
production (e.g., McAllister, 2002). Notably, there are no 
terminal dairy populations that need to be supplied from 
multiplier herds, estimates of dominance variance are 
stubbornly low for most traits, and maternal and paternal 
lines for crossing have not been developed. This leaves 
us with rotational crossbreeding systems as the only vi-
able path forward, and crossbred cows accounted for only 
6.2% of the animals enrolled in US milk recording pro-
grams in 2023 (Council on Dairy Cattle Breeding, 2024; 
https:​/​/​webconnect​.uscdcb​.com/​#/​national​-performance​
-metrics). Even if crossbreeding were an attractive tool 
for managing genetic defects, that is unlikely to drive 
higher rates of adoption.

Germplasm Exchange

As the North American AI market has consolidated 
into a small group of large companies and breeders have 
been able to better leverage the value of their elite cow 
families through genomics and advanced reproductive 
technologies, AI company portfolios increasingly re-
semble distinct subpopulations. Recent work by Steyn 
et al. (2023) supports this latter idea, and they identified 
5 distinct clusters of families within the US Holstein 
breed that have different allele frequency distribu-
tions, opposing directions of SNP effects, and fixation 
of different quantitative trait loci. The within-family 
selection strongly favored by the animal model (Ver-
rier et al., 1993) interacts with commercial incentives 
that result in the creation of dozens or even hundreds of 
full-sib progeny of successful AI bulls. Due to limited 
capacity for producing, genomically testing, and rearing 
young bulls, this often results in portfolios with very 
narrow genetic bases.

Lozada-Soto et al. (2024) recently used simulation 
to study the effects of exchanging germplasm across 
AI companies on population diversity and rates of ge-
netic gain. Across many scenarios some general patterns 
emerged: germplasm exchange across programs does 
increase cumulative genetic gain, but several rounds 
of exchange are needed. The larger the group of bulls 
exchanged, the greater the effects on long-term genetic 
diversity. One-time exchanges are unlikely to make a 
notable difference in either genetic gain or accumulation 
of homozygosity. Although the exchange of germplasm 
between programs is desirable in principle, real-world 
effects of such exchanges are likely small.

Gene Editing

Because many recessive defects are caused by single-
base mutations, gene editing has been proposed as a 
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potential solution to the increased risks associated with 
greater genetic homozygosity (Johnsson et al., 2019). 
However, the use of gene editing introduces a time lag 
between the original genotype and the edited genotype 
because of the time it takes to establish a cell line, per-
form the edits, screen for outcomes, and create a cloned 
individual that carries the edits. Because the current 
genetic trend is so high, it is difficult to close resulting 
gaps using conventional or genomic selection. Concep-
tually, a more intensive program that uses gene editing 
to both eliminate defects and introduce desirable alleles 
for economically important traits could overcome these 
problems (e.g., Hickey et al., 2016), although regulatory 
and technical challenges make commercialization chal-
lenging at this time. However, there is reason for opti-
mism: it is now feasible to “stack” multiple edits in the 
same animal, and marketing approval has been granted 
for gene-edited cattle in several countries (Sonstegard et 
al., 2024). If the technology needed to enable in vitro 
breeding schemes (Goszczynski et al., 2019) comes to 
fruition, it would be more feasible to make routine use of 
gene editing in livestock breeding programs.

THE FUTURE OF POPULATION MONITORING  
AND MANAGEMENT

In the following discussion, “population monitoring” 
refers to the process of surveilling a population to quickly 
identify emerging genetic defects and developing haplo-
types and gene tests to track them. “Population manage-
ment” covers genetic testing capacity, designation and 
publication of carriers, and trade-related issues. Manage-
ment of individual animals is the responsibility of dairy 
producers and AI companies and is discussed above.

Population Monitoring

We Need a Coordinated System. The current system 
for identifying and managing genetic defects in the 
United States, such as it is, is largely ad hoc and loosely 
coupled. A conceptual model of the existing framework 
shown in Figure 5, and its most notable features are the 
lack of a central point of contact for dairy producers and 
the absence of accountability. Each of the participants 
shown has a role on the identification and management 
of genetic defects, as described earlier, but there is no 
central coordination of these activities. This is problem-
atic for several reasons: farmers do not know who to con-
tact to report new defects, provide, and share biological 
samples with clear provenance and assignment of rights; 
researchers do not always know who to contact to request 
access to resources such as the Collaborative Dairy DNA 
Repository; industry personnel do not know who can 
speak with authority about defect names, haplotypes, or 

gene tests; nobody is responsible for protecting the free-
dom to operate of all participants in the system; and no 
party is accountable to dairy producers. This system has 
undeniably been functional, but it lacks the flexibility 
and responsiveness to meet today’s needs. Farmers and 
breeders have also have to pay high prices for tests for 
putative causal variants, which they helped develop by 
providing phenotypes and biological samples. Charlier et 
al. (2008) were perhaps the first to propose that national 
programs be established for population monitoring and 
variant discovery, and such systems could avoid many 
problems of the current status quo.

One solution to this problem is shown in Figure 6, 
which outlines a potential national program for defect 
identification and management. Key features of this ap-
proach include a single point of contact, which simplifies 
reporting for dairy producers; shared governance, which 
protects the interests of all parties involved; structured 
access to scientific and data resources; properly managed 
agreements; and coordinated communications. This na-
tional program would operate in a precompetitive space 
and protect the freedom to operate of all participants 
by documenting samples, managing agreements, and 
ensuring that predatory institutions do not claim own-
ership of tools developed using community resources. 
It would also coordinate naming of genetic defects and 
communications with industry participants about the 
status of haplotypes and gene tests. In addition to these 
activities, this would be the logical place to locate a 
population surveillance program, which would involve 
routine sequencing of important animals in the popula-
tion and reverse-screening (as will be discussed shortly) 
to monitor for emerging new defects before they have a 
chance to spread, functional validation of putative new 
recessive defects, and automated monitoring for detec-
tion and management of genetic risks. The goal is not 
to exclude historical participants—they are critical to 
the success of any system for identifying and tracking 
genetic defects—but to develop a framework that is ac-
countable to dairy producers. It is critical that any new 
system is easy to use, that the system is not perceived as 
blaming individuals for biological processes over which 
they have no control, and that all stakeholders actively 
help disseminate accurate information.

In Canada, a large project on monitoring systems for 
rapidly identifying, understanding, and managing detri-
mental haplotypes in the dairy population has been fund-
ed, and a comprehensive system is under development. In 
addition to ongoing surveillance, this program will allow 
for monitoring of genomic diversity in the population. 
The project aims to develop a rapid-response feedback 
system in which detrimental haplotypes are identified 
before their frequency in the population increases. This 
feedback system will be implemented with the help of a 
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centralized independent database, into which various or-
ganizations input data using application programming in-
terface calls or similar methods. Simultaneously, patterns 
of inheritance (chromosomal segments inherited more 
frequently than others, as well as common recombination 
points within the genomes of the dairy population) us-
ing both actual and simulated data sets will be explored. 
Bulls used most frequently in the population and trios in 
which potential detrimental alleles are suspected will be 
sequenced using long-read technology on a routine basis. 
These results will be integrated to develop educational 
and extension materials for training of those involved in 
dairy production, stakeholders, and potentially the wider 
public. Lessons learned during the implementation of the 
Canadian monitoring system also can be incorporated 
into a US program.

Historical DNA Resources. The Collaborative Dairy 
DNA Repository (Ashwell and Van Tassell, 1999), which 
now includes materials originally deposited in the Dairy 
Bull DNA Repository (Da et al., 1994), was an essential 
resource for the development of genomic selection in the 
United States (e.g., VanRaden et al., 2009) because it 
provided DNA for high-reliability, progeny-tested bulls. 
It has also served as a valuable source of genetic material 
for use in causal variant discovery (McClure et al., 2013, 
2014; Sonstegard et al., 2013; Adams et al., 2016; Null 
et al., 2017; Al-Khudhair et al., 2022, 2024b). The Na-
tional Animal Germplasm Program, operated by USDA’s 
Agricultural Research Service, maintains a collection of 
viable animal germplasm that includes 310,871 samples 

from 8,585 dairy animals. The 1000 Bull Genomes Proj-
ect (Hayes and Daetwyler, 2019) and the Bovine Pange-
nome Consortium (https:​/​/​bovinepangenome​.github​.io/​) 
also use a community-based model to assemble data re-
sources that are used to support many different projects.

Reverse Genetic Screening. As whole-genome DNA 
sequence databases grow, they can be used for popu-
lation-wide screening to detect previously unknown 
defects. Reverse screens work by scanning the genomes 
of sequenced animals to identify differences between 
these individuals and the reference genome. The effects 
of these variants on gene function are assessed using a 
tool such as the SIFT (“sorting intolerant from tolerant”) 
score (Ng and Henikoff, 2003), with which changes likely 
to produce changes in phenotypes associated with a gene 
are flagged. Several such studies have been reported in 
cattle (Charlier et al., 2016; Michot et al., 2016; Bour-
neuf et al., 2017; F. Besnard, Université Paris-Saclay, 
INRAE, Jouy-en-Josas, France, unpublished data), and 
their value is likely to grow as annotation of the bovine 
genome improves. These screens can be automated and 
run periodically as part of a national population monitor-
ing program; their value increases as the database size 
grows. However, guidelines for the interpretation of ge-
netic variants are needed to ensure that appropriate meth-
ods and standard terminology are used (e.g., Richards et 
al., 2015), to minimize the likelihood of false positives.

Routine Sequencing of Genetically Important Ani-
mals. In addition to reverse screens of the population in 
general, genetically important animals, such as AI bulls 

Cole et al.: INVITED REVIEW: MANAGEMENT OF GENETIC DEFECTS

Figure 5. Current contact points and data flows for reports of genetic 
defects in the US dairy cattle population. Reports flow from farms to 
initial points of contact, who then may engage with researchers, who 
have access to resources needed for variant identification and haplotype 
development. 1000 Bulls = 1000 Bull Genomes Project, AI = genetics 
companies, CDDR = Collaborative Dairy DNA Repository, NAAB = 
National Association of Animal Breeders, NAGP = National Animal 
Germplasm Program, SVMDL = state veterinary medical diagnostic 
laboratories, and USDA = US Department of Agriculture.

Figure 6. An alternative system for reporting of genetic defects in the 
United States that is centered on a national program, with governance 
from breed societies, the AI sector, and genotyping laboratories. This 
organization would operate in a precompetitive manner to ensure that 
the financial and intellectual property interests of all participants are 
protected. Providing a single point of contact for farmers encourages 
participation in the system and allows for uniform procedures. AI = 
genetics companies, BLRC = Bovine Long-Reads Consortium, BPGC 
= Bovine Pangenome Consortium, CDCB = Council on Dairy Cattle 
Breeding, CDDR = Collaborative Dairy DNA Repository, FAANG = 
Functional Annotation of Animal Genomes, NAGP = National Animal 
Germplasm Program, SVMDL = state veterinary medical diagnostic 
laboratories, and USDA = US Department of Agriculture.
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that are being used as sires of sons, should be sequenced 
to identify potential harmful mutations before they are 
spread throughout the cow population. This is not a 
hypothetical situation; the Holstein bull Pawnee Farm 
Arlinda Chief (040HO02025; HOUSA000001427381) 
is the founder for HH1, an embryonic lethal mutation 
in the gene APAF1 (Adams et al., 2016). Chief pro-
duced 16,000 daughters, 500,000 granddaughters, and 
more than 2 million great-granddaughters. The high 
rates of embryo transfer from genetically elite females 
in current commercial breeding programs means that 
screening of bulls alone is not sufficient to protect the 
health of the population, and influential embryo donors 
should also be sequenced. Information about new puta-
tive deleterious mutations will be shared back to the 
animal owners so they can make appropriate manage-
ment decisions. However, the likelihood of false posi-
tive results is high, and sequencing efforts should be 
part of an integrated system that includes functional 
validation of putative causal variants.

Functional Validation. A notable challenge to effec-
tive population management is the lack of functional 
validation of putative causal variants, which are typically 
identified using a combination of statistical and bioin-
formatics approaches. In some cases, a clear biological 
relationship exists between the variant identified and 
the phenotype (e.g., Shanks et al., 1984; Schwenger et 
al., 1993), but in others, such as haplotypes affecting 
fertility, mechanisms are sometimes only statistical asso-
ciations, with limited biological evidence underlying the 
correlation. This is driven in part by the relatively low 
quality of the annotation of the bovine genome (Rosen 
et al., 2020), and in part by the high cost of performing 
functional genomics studies in large ruminants (e.g., Liu 
et al., 2022). The functions of most genes in the bovine 
are known by homology with other species, such as the 
mouse, but cows are not large mice. Ortega et al. (2022) 
recently demonstrated that gene editing can be used to 
confirm the functional effects of putative causal variants 
associated with haplotypes affecting fertility. A similar 
approach should be used in concert with organoids (e.g., 
Lee et al., 2021; H. Tinning, Leeds Institute of Cardio-
vascular and Metabolic Medicine, University of Leeds, 
Leeds, UK, unpublished data) or other tissue culture sys-
tems to validate putative variants that act later in life, and 
is much less expensive than working with live animals. 
Such research could be supported as part of the “precom-
petitive open science” process shown in Figure 6, and 
considered in both the “identification of research team” 
and “access to resources” stages of project development. 
In the absence of functional validation, putative causal 
variants are just that—speculation.

Automated Reporting of Genetic Risks. The cost of 
whole-genome sequencing means that it will likely be 

used routinely only for high-valued animals, such as 
top-ranking young bulls or elite heifers used as embryo 
donors. However, the number of genotyped animals in 
North America continues to increase, and haplotypes can 
be monitored in an automated fashion, raising a signal 
when specific genomic regions are associated with lower 
conception rates, higher abortion rates, or increased calf 
mortality rates. In the United States, the Council on 
Dairy Cattle Breeding automatically screens haplotypes 
to identify genomic regions showing a deficiency of ho-
mozygotes using the method of VanRaden et al. (2011). 
However, a more comprehensive system that routinely 
estimates haplotype effects for embryonic loss, abortion, 
and stillbirth or early calf mortality could detect addi-
tional loci with important effects, such as incompletely 
penetrant alleles, so that they can be investigated.

Population Management

Availability of Genetic Tests. Although laboratory tests 
are available for many genetic disorders, not every test is 
available at every facility. This reflects both operational 
costs and business relationships of laboratories and as-
sociated companies. The adoption of timely genetic test-
ing is affected when licensing costs are high because of 
encumbrance with intellectual property, particularly in 
low- and middle-income countries. Research findings 
on genetic defects also are sometimes kept intention-
ally secret to provide some countries with competitive 
advantages over others when it comes to testing. As a 
result, farmers and AI organizations are often reluctant 
to cooperate in research efforts because they feel they 
are expected to provide the materials needed to develop 
tests for free, only to be charged for them later. Although 
there are real costs to laboratory testing, the growing 
number of available tests makes comprehensive screen-
ing prohibitively expensive. Laboratories also may be 
pressured to exclusively license intellectual property to 
differentiate their services from competitors, and novel 
defects can be promoted as essential management tools 
even when associated risks are minimal.

There is a clear need for a policy, with which all indus-
try participants comply, about the communication and 
publication of genetic information. The advertisement of 
genetic tests before official national or international rec-
ognition of a novel genetic defect causes considerable 
problems for the export market by causing confusion 
and anxiety on the part of policymakers. Widespread 
promotion of new tests gives the impression that a de-
fect is more widespread or severe than it is, particularly 
in places where genetic defects are poorly understood. 
Heightened concern attracts the attention of trade au-
thorities, which can lead to the swift inclusion of new 
defects in import regulations and genetic requirements. 
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Ideally, the advertisement of new testing services would 
follow the publication of information about prevalence, 
phenotypes, and structure of defects by reputable na-
tional or international organizations.

Defects Identified Using Only Genomic Data. Newly 
discovered defects for which no gene tests yet exist can 
be tracked using only genomic data, although such tests 
may not be accepted as valid when exporting semen or 
embryos. Cole et al. (2009) showed that approximate 
location of causal variants for Mendelian traits (BLAD, 
CVM, and red coat color) can be identified using only 
genotypes and phenotypes. The deficiency-of-homozy-
gotes approach (VanRaden et al., 2011) described earlier 
identifies defects using only genotype information, and 
requires no phenotypes, although phenotypes are useful 
for validation. Biscarini et al. (2016) showed that SNP 
genotypes may be used to track defects with high accu-
racy and low misclassification rates.

How Are Haplotypes Different from Gene Tests? The 
critical difference between haplotype and gene tests is 
that haplotypes track segments of DNA presumed to 
contain the causal variant, whereas the gene test inter-
rogates the genotype at the causal location directly. This 
means that the gene test should have higher sensitivity 
and specificity than a corresponding haplotype test. For 
example, the haplotype used by AGIL and the Council 
on Dairy Cattle Breeding to track the HH2 haplotype 
has changed over time (Ortega et al., 2022), and 2 cho-
lesterol deficiency haplotypes have identical SNP fin-
gerprints, but only 1 carries the causal variant. A related 
source of confusion is that original haplotype names, 
such as HH2, often are retained even after a gene test 
is available and a diagnostic SNP is widely available 
on genotyping arrays. This is problematic because hap-
lotype calls can sometimes change, whereas gene test 
results should not, and it can be difficult for farmers and 
international authorities to understand when an animal 
has only a haplotype call and when they have an actual 
gene test. As a result, test results are sometimes inter-
preted and used inappropriately.

Designation and Publication of Carrier Status. In 
the past, genetic information was primarily distrib-
uted through bull catalogs, certified pedigrees, and other 
trusted sources. With the rise of on-farm genomic testing, 
however, laboratories now play a much more prominent 
role in the communication of genomic values. Through 
sheer volume of product, they have effectively become 
the primary voice in the dissemination and interpretation 
of genomic information, especially regarding genetic 
defects. There is currently no national or international 
body responsible for the standardization and coordina-
tion of genetic defect carrier statuses. As discussed pre-
viously, purebred dairy cattle associations do coordinate 
some harmonization across countries within breeds, but 

a notable lack of standardization exists across breeds and 
different sectors of the industry. The fragmented nature 
of data delivery and lack of standardization have serious 
consequences; different companies present the same data 
in different ways, creating confusion for both producers 
and global authorities. This inconsistency, combined 
with the complexity of the information, often leads to 
anxiety and misunderstandings, especially when criti-
cal decisions about genetic defects are involved. This, 
in turn, often leads to a blanket approach where carrier 
animals are not managed but culled, and germplasm of 
carrier animals is restricted from export.

An additional complication is the varying prevalence 
status of genetic defects. Genetic defects can linger in 
official trade regulations long after they have been ef-
fectively eradicated from a population. These regulations 
often serve as barriers to trade, but governments are 
often reluctant to change them because populations in 
other countries can act as reservoirs for defects that have 
been eliminated locally. The importation of germplasm 
or live cattle also can bring defects into countries where 
genomic testing is not routinely available, and testing 
requirements help to protect local populations. It can be 
difficult to prove that a defect is not segregating in a par-
ticular population, particularly as its frequency decreases, 
which increases the temptation to use ever-growing lists 
of genetic defects as trade barriers. For example, some 
countries require that imported animals and germplasm 
have negative tests for factor XI deficiency (Gentry and 
Black, 1980), even when it has effectively been elimi-
nated from most populations and few laboratories even 
offer a test for the condition. In practice, this requirement 
limits access to high-quality genetics without clear evi-
dence that it protects local cattle against genetic diseases.

CONCLUSIONS

Congenital defects, whether genetic in nature or the 
result of errors in development, have been an unfortunate 
fact of life since cattle were domesticated. The develop-
ment of the first generation of effective genetic rankings 
in the 1960s laid the foundation for today’s extremely 
efficient genomic selection programs and produced 
bulls such as Carlin-M Ivanhoe Bell (007HO00543; 
HOUSA000001667366) that drove the Holstein breed 
forward and, unfortunately, spread many undesirable al-
leles through the population. The global dissemination 
of these genes, and others, poses a challenge to all dairy 
cattle breeds. Consumers and the public are increasingly 
concerned about the welfare of the animals used to pro-
duce their food, and social license to operate depends 
on acceptance of industry practices. The new genera-
tion of genomic tools, paired with computerized mating 
programs, provide the tools needed to avoid carrier-to-
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carrier matings, but, as Jay Lush presciently noted, “Se-
lection is abundantly able to make an undesired gene rare 
but is almost powerless to eliminate it entirely from the 
population” (Lush, 1945, p. 124). Perhaps gene editing 
tools will one day allow for the elimination of all known 
deleterious alleles in a single generation of selection, but 
that may be far in the future. In the interim, the North 
American dairy industry needs to build systems that help 
manage the risks posed by intensive within-family selec-
tion in populations with small effective population sizes.
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