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농촌진흥청 국립축산과학원 · 2제주대학교 동물생명공학과 · 3

전북대학교 동물생명공학과
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요 약

본 연구는 홀스타인 젖소, 923두에 대한 단일염기다형성 (SNP) 42,201개를 이용하여 국내 젖소

집단의 유전적 특성 및 유효집단크기를 조사하고자 실시하였다. 염색체별 인접 단일염기다형성간의

평균 연관불평형 (r2)은 0.22로 추정되었으며, 14번 염색체 (0.26)에서 가장 높은 반면, 27번 염색체

(0.17)에서 가장 낮게 나타났다. SNP간의 물리적 거리가 25Kb 미만인 경우에서 r2은 0.31±0.33으
로 추정되었으며, SNP간 물리적 거리가 증가할수록 r2은 현저히 감소하였다. SNP간 물리적 거리

가 2.5Mb 이상에서의 r2은 0.04로 25Kb 미만인 경우와 비교할 때 0.27 (87.1%) 감소하였다. 국

내 홀스타인 젖소의 유효집단크기는 세대수와 비례하여 감소하는 경향을 나타내었으며, 1∼5세대에서

110두로추정되었다.

주요용어: 단일염기다형성, 물리적거리, 연관불평형, 유효집단크기, 홀스타인.

1. 머리말

국내 젖소집단의 유전적 다양성을 유지하는 것은 경제적인 측면이나 생물학적 관점에서 매우 중요하

다. 생물학적으로 유전적 다양성의 감소가 지속적으로 일어날 경우에는 집단의 근교계수가 증가되고 근

교퇴화를 일으킴으로서 유효집단크기가 점차적으로 감소하여 종의 멸종을 가져올 수 있다 (Zenger 등,

2007). 집단내 근교계수의 증가는 경제형질과 관련된 개체의 성장, 유생산량, 번식능력 및 생존율 등

을 감소시킨다 (Wall 등, 2005; Welgeland와 Lin, 2002). 유효집단크기는 세대가 거듭되어도 집단내

의유전자빈도, 즉대립유전자의빈도가변하지않고유지되는개체수의최소숫자로정의되며 (Wright,

1938), 집단의 유전적 다양성은 가축개량의 척도를 판단할 수 있는 중요한 요인이다. Won 등 (2016)은

혈통자료를 이용하여 국내 홀스타인 젖소의 유효집단크기를 보고하였으나 최근 들어서 고밀도 단일염기

다형성 (single nucleotide polymorphism; SNP)칩이 상용화되면서 SNP의 물리적 위치를 이용하여 양

적형질유전자좌 (quantitative trait locus; QTL)를 탐색하거나 (Lee 등, 2007) 집단의 유전적 특성 및

연관불평형 (linkage disequilibrium; LD) 등을추정할수있다 (Cho 등, 2015). 따라서본연구의목적

은 국내 홀스타인 젖소집단의 유전적 특성 및 유효집단크기를 추정하여 젖소개량의 기초자료를 제공하

는데있다.
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이 논문은 농촌진흥청 공동연구사업 (과제번호: PJ01268003)의 지원에 의해 이루어진 것임.
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2. 재료 및 방법

2.1. SNP자료의 수집

SNP chip 분석을 위한 DNA 시료는 2013년부터 국내 보유 중인 동결정액 및 착유 중인 젖소의 비

강으로부터 PG-100 (DNA Genotek, Canada)으로 채취한 후, genomic DNA (gDNA)를 추출하였으

며, 추출된 DNA는 증폭하고 하루정도 인큐베이션 과정 후에 DNA를 잘게 조각내어 시료를 준비하였

다. 시료는 BovineSNP50 Genotyping BeadChip V2 (Illumina, USA)와혼합하고 probe와 DNA간에

연장/염색 반응을 거친 후에 스캔하여 이미지로 저장한 후에GenomeStudio 프로그램을 이용하여 감광

분석된 chip 정보를 염기로 구성된 유전자형으로 전환하였으며, 총 979두에 대한 54,609개의 SNP정보

를수집하였다.

2.2. 연관불평형 (linkage disequilibrium)

일반적으로 연관불평형의 크기는 서로 다른 두 대립유전자가 서로 연관되어 유전되는 정도를 나타내

는 값으로 D를 표준화시킨 D′ (Lewontin, 1964) 또는 r2 (Hill과 Robertson, 1968)로 추정할 수 있다.

그러나 D′
를 통한 연관불평형 추정은 집단의 크기가 작거나 대립유전자빈도가 작을 경우 과대 추정될

수있기때문에 (Hayes, 2007; McRae 등, 2002) r2을이용하여연관불평형의크기를추정하였다. 동일

염색체에 존재하는 두 개의 대립유전자가 존재하는 서로 다른 두 좌위 (biallelic) A, B의 연관불평형의

크기 (r2)은 0에서 1의값을가지며, 다음과같이계산하였다.

r2 =
D2

P (A1)× P (A2)× P (B1)× P (B2)
. (2.1)

여기서, P (A1)과 P (A2) 및 P (B1)과 P (B2)는 집단 내 A 또는 B 두 좌위의 각 대립유전자 빈도를 나

타내며, D는다음과같다.

D = P (A1B1)× P (A2B2)− P (A1B2)× P (A2B1). (2.2)

여기서, P (A1B1)과 P (A2B2) 및 P (A1B2)와 P (A2B1)은 집단 내 A 및 B 두 좌위의 각 대립유전

자로 구성된 일배체형 (haplotype)의 빈도를 나타낸다. 두 좌위가 각각 동형이거나 두 좌위 중 하나

의 유전자형이 동형일 경우 일배체형의 빈도를 계산할 수 있으나, 두 좌위 모두 이형일 경우 (double

heterozygotes)는 DNA chip의 분석 결과로는 상인상태 (A1B1/A2B2), 상반상태 (A1B2/A2B1)를 구

분하기 어렵다. 따라서 보이지 않는 잠재 변수에 의존하는 확률모형에서 모수들의 최대우도 추정치를

찾는 EM (Expectation Maximization) 알고리즘 (Dempster 등, 1977)을 이용하여 (A1B1/A2B2)와

(A1B2/A2B1)의 조건부 확률을 계산하고 변화량이 일정량 이하 (10−5) 감소할 때까지 반복 연산하여

연관불평형의값을추정하였다 (Excoffier와 Slatkin, 1995).

2.3. 유효집단 크기 (Effective population size)

연관불평형은돌연변이및재조합 (recombination)에의해발생되며, 재조합의경우염기서열간의거

리가 먼 좌위쌍 (locus pair)에서 발생할 확률이 높기 때문에, 거리와 연관불평형의 값 (r2)을 안다면 돌

연변이가 없다는 가정하에 세대에 따른 유효집단의 크기를 추정할 수 있으며 (Sved, 1971), 1cM (유전

적거리)과 1Mb (물리적거리)는동일하다고가정하였다 (Uimari과 Tapio, 2011).

r2 =
1

4cNϵ + 1
일때, Nϵ =

(
r2
)−1 − 1

4c
. (2.3)
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여기서, r2=연관불평형 크기, Nϵ=유효집단 크기, c는 재조합 빈도 (Morgan 단위에서 SNP간 거리)이

며, 세대별 유효집단의 크기 (NϵT )는 T = 1/2c의 함수식을 이용하여 추정하였다. 즉, 표지인자간 거리

가 보다 가까운 위치에서 발생한 연관불평형 값은 보다 더 오래전 세대에 발생했음을 나타낸다고 할 수

있다 (Hayes 등, 2003; Sargolzaei 등, 2008). 따라서 젖소의 세대별 유효집단 크기 (NϵT )는 세대별 간

격을설정한후, 해당세대내에서얻어진유효집단크기 (Nϵ)를평균하여추정하였으며, 아래의계산식

에의해세대 (generation)당감소율을계산하였다.

세대당감소율(Decreasing rate / generation) =
(b− a)/a ∗ 100

n
. (2.4)

여기서 a = 이전세대의 유효집단 크기이고 b = a세대에서 n세대 지난 후의 유효집단의 크기이며, n =

a와 b간의세대간격이다.

3. 결과 및 고찰

3.1. SNP자료의 수집

BovineSNP50 Beadchip (V2)으로부터 54,609개의 SNP에 대한 유전자형 정보를 수집하였으며, 이

들 중 성염색체상에 존재하는 SNP (1,171개)와 염색체상의 위치정보가 확인되지 않은 SNP (552개)를

제거하고 총 52,886개의 SNP를 이용하여 품질평가를 실시하였다. 품질평가에서 각 SNP별 결측률이

10% 이상, 다형성이없는 SNP (모두동형이거나이형인경우), 소수대립유전자빈도가 1% 이하인경우

와 하디-와인버그 평형 (Hardy-Weinberg equilibrium) 검사에서 χ2 > 23.93 이상인 SNP (10,685개)

는 삭제하였으며, 삭제된 SNP수의 전체의 약 20.2%였다. 염색체별 유효하지 않은 SNP의 수 (%)는

27번 염색체에서 162개 (16.5%)로 가장 적은 반면, 16번 염색체는 402개 (23.3%)로 가장 높게 나타났

다. 또한 염색체별 인접 SNP간의 물리적 거리 (physical distance)는 평균 59.3Kb였으며, 4번 염색체

의 경우 68.1Kb로 SNP의 조밀도가 가장 낮은 반면, 25번 염색체 (52.4Kb)에서 조밀도가 가장 높게 나

타났다 (Figure 3.1).

Figure 3.1 Number of SNPs and average distance between adjacent SNPs after quality control (QC) processes in

each chromosome

또한 SNP의 결측률이 10% 이상인 개체들 (56두)은 분석에서 제외하였으며, 품질평가 후 결측된

SNP 유전형은 Beagle genetic analysis software를 이용하여 결측값을 대체 (imputation) 하였으며,



600 Kwang-Hyun Cho · Kyoung-Tag Do · Kyong-Do Park

실제로분석에이용된두수와 SNP의수는각각 923두와 42,201개였다 (Table 3.1).

Table 3.1 Quality control of single nucleotide polymorphism (SNP) dataset

Description No. of heads and SNPs

Total number of animals 979

Animals with missing rate over 0.10% 56

Selected animals 923

Total number of SNPs 54,609

SNPs with unknown position 552

SNPs on sex chromosome 1,171

SNPs on autosome 52,886

Outlier SNPs 10,685

Useful SNPs 42,201

3.2. 연관불평형 (Linkage disequilibrium)

총 34,226,209개의 표지인자쌍을 이용하였으며, 염색체별 SNP쌍의 수는 1번 염색체 (3,807,420개)

에서 가장 크고 28번 염색체 (318,003개)에서 가장 적게 나타났다. 염색체별 인접 표지인자간의 평균

연관불평형 (r2)은 0.22로 추정되었으며 (Table 3.2), 이는 독일 홀스타인종에서 보고된 0.21과 일치하

였다 (Qanbari 등, 2010).

염색체별 r2의 크기는 14번 염색체 (0.26), 7번 염색체 (0.25), 16번 염색체 (0.25)순이었으며, 27번

염색체 (0.17)에서 가장 낮았다 (Table 3.2). 또한 염색체별 SNP간 물리적 거리가 5Mb이하인 SNP쌍

은총 3,515,551개였으며, SNP간거리에따른 r2의감소경향을알아보기위하여물리적거리별구간을

정하고이들간의 r2을추정하였다.

SNP간의 물리적 거리가 25Kb 미만인 경우 r2은 0.31±0.33으로 독일 홀스타인종에서 보고된

0.30±0.32과 일치하였다 (Qanbari 등, 2010). 반면 SNP간 물리적 거리가 75Kb에서 100Kb미만의

구간에서의 r2은 0.16±0.21로 25Kb 미만인 경우에 비하여 약 48.4% 감소하였고 물리적 거리가 2.5Mb

이상에서의 r2은 0.04로 25Kb 미만인 경우와 비교할 때 0.27 (87.1%) 감소하였으며 (Table 3.3),

SNP간 물리적 거리가 증가할수록 r2은 확연히 감소하는 경향을 나타내었다 (De Roos 등, 2008; Flury

등, 2010).

3.3. 유효집단크기 (Effective population size)

유효집단크기란 세대가 거듭되어도 집단내의 유전자빈도, 즉 대립유전자의 빈도가 변하지 않고 유지

되는 개체수의 최소 숫자로 정의된다 (Wright, 1938). 서로 물리적 거리가 가까운 SNP 사이의 연관불

평형의 값 (r2)이 작은 경우, 매우 오랜 세대 이전에 그 좌위에서 유전자 재조합이 발생한 것이며, 거리

가 먼 SNP 사이의 r2값이 작은 경우 이 좌위에 유전자 재조합이 최근에 발생하였을 것으로 예상할 수

있다 (Hayes 등, 2003; Sargolzaei 등, 2008). 이러한 유전자 재조합량은 집단의 크기에 의하여 찾을 수

있으며, 따라서 물리적 거리별 LD를 고려하면 세대별 유효집단의 크기를 추정할 수 있다 (Sved, 1971;

Uimari과 Tapio, 2011).

국내 홀스타인 젖소의 유효집단크기는 세대수와 비례하여 감소하는 경향을 나타내었으며, 1∼5세대

에서 110두로 추정되었다 (Figure 3.2). 이러한 결과는 SNP자료에 의하여 추정된 독일 홀스타인종의

103두 (Qanbari 등, 2010)와 북미 홀스타인종 약 100두 (Kim과 Kirkpatrick, 2009)와 거의 일치하였

다. 혈통자료를 이용한 경우, 국내 홀스타인종의 평균 유효집단크기는 50.2두 (Won 등, 2016)이며, 북
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Table 3.2 Number of SNPs, map length, number of SNP pairs, average linkage disequilibrium (r2) and adjacent

linkage disequilibrium by chromosome

Chromosome No. of Chromosome No. of SNP Adjacent SNP pairs

SNPs length (Mb) pairs Distance (Kb) r2

1 2,760 158 3,807,420 57.30 0.24

2 2,220 137 2,463,090 61.58 0.24

3 2,050 121 2,100,225 59.12 0.23

4 2,043 121 2,085,903 59.07 0.21

5 1,779 121 1,581,531 68.10 0.23

6 2,083 119 2,168,403 57.18 0.24

7 1,818 113 1,651,653 61.84 0.25

8 1,948 113 1,896,378 57.97 0.23

9 1,667 106 1,388,611 63.30 0.22

10 1,777 104 1,577,976 58.66 0.24

11 1,825 107 1,664,400 58.76 0.22

12 1,390 91 965,355 65.47 0.21

13 1,453 84 1,054,878 57.76 0.23

14 1,467 85 1,075,311 56.72 0.26

15 1,418 85 1,004,653 59.59 0.20

16 1,324 81 875,826 61.38 0.25

17 1,304 75 849,556 57.47 0.21

18 1,093 66 596,778 59.89 0.20

19 1,133 64 641,278 56.11 0.21

20 1,306 72 852,165 54.86 0.23

21 1,151 71 661,825 61.82 0.23

22 1,052 61 552,826 58.25 0.21

23 884 52 390,286 59.15 0.20

24 1,041 63 541,320 59.71 0.22

25 818 43 334,153 52.39 0.21

26 905 52 409,060 56.36 0.21

27 819 45 334,971 55.42 0.17

28 798 46 318,003 57.95 0.18

29 875 51 382,375 58.18 0.19

Overall 42,201 2,509 34,226,209 59.29 0.22

Table 3.3 Frequency and mean r2 estimated for SNP pairs in different distance compared with the frequency

matched SNP pairs

Distance No. of r2 r2≥0.25

(Mb) SNP pairs Median Mean ± SD Frequency (%)

< 0.025 6,412 0.16 0.31 ± 0.33 2,570 (40.1)

0.025-0.050 21,424 0.12 0.24 ± 0.29 6,976 (32.6)

0.050-0.075 19,456 0.08 0.19 ± 0.24 4,887 (25.1)

0.075-0.100 19,306 0.07 0.16 ± 0.21 4,047 (21.0)

0.10-0.25 113,809 0.05 0.12 ± 0.17 16,266 (14.3)

0.25-0.50 186,146 0.04 0.09 ± 0.13 18,064 ( 9.7)

0.5-1.0 366,556 0.03 0.08 ± 0.11 25,910 ( 7.1)

1.0-2.5 1,069,430 0.03 0.06 ± 0.09 46,811 ( 4.4)

2.5-5.0 1,713,012 0.02 0.04 ± 0.06 33,595 ( 2.0)

아프리카산 에이셔종, 건지종, 홀스타인종과 저지종에서 유효집단크기는 각각 148두, 165두, 137두와

108두라보고되었다 (Maiwashe 등, 2006).
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Figure 3.2 Trends on the effective population size and the decreasing rate of Holstein dairy cattle by generation

(truncated at 50 generations)

4. 결론

2014년 기준 국내산 보증씨수소가 생산한 정액은 약 347천 건으로 연간 정액 사용량의 약 50%를 차

지하고 있고 나머지는 미국과 캐나다에서 수입한 정액을 활용하고 있다. 이와 같이 제한된 정액을 장기

간사용할경우국내젖소집단의근교계수가증가하고유효집단크기는감소하게된다. 본연구에서국

내 홀스타인 젖소의 유효집단크기가 110두로 추정되었으며, 세대가 지날수록 점차 감소하는 추세로서

국내 젖소 집단의 유전적 다양성 유지를 위한 씨수소의 선발 및 교배방법에 대한 검토가 필요할 것으로

생각된다. 따라서, 국내 젖소집단의 유전적 다양성의 안정적 유지를 위해 향후 근교계수의 증가를 방지

하고, 세대간격의단축으로유효집단크기를높일수있는방안의모색이필요한것으로판단되었다.
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Abstract

In this study, we investigated the genetic characteristics and the effective popula-

tion size of domestic dairy cattle using 42,201 SNPs for 923 heads of Holstein cattle.

The estimate for the average linkage disequilibrium (r2) among the adjacent SNPs by

chromosome was 0.22, and it was highest (0.26) in chromosome 14 and lowest (0.17)

in chromosome 27. When the physical distance among SNPs was less than 25Kb, the

estimate for the average r2 was 0.31±0.33 and it was markedly decreased as the physical

distance increased. When the physical distance among SNPs was larger than 25Mb,

the estimate for the average r2 was 0.04, and it decreased by 0.27 (87.1%) compared

with case of physical distance of less than 25Kb. There was a trend that the effective

population size in Holstein dairy cattle decreased over generations and the estimate

for the effective population size in the first 5 generations (1∼5th generation) was 110

heads.

Keywords: Effective population size, Holstein, linkage disequilibrium, physical distance,

single nucleotide polymorphism (SNP).
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