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Abstract: Controlled pollination (CP) is an important method in tree breeding programs because CP quickly
generates desirable genotypes and rapidly maximizes genetic gains. However, few studies have evaluated the efficiency
and success rate of CP in the breeding program of Pinus densiflora. To evaluate CP and the management of control
pollinated progenies, we used 159 individuals in CB2 x KW40 or KW40 x CB2 populations that were established
in 2015. After genotyping microsatellite loci, we estimated whether the number of primers was sufficient or not. Then,
we performed pedigree analysis. The result showed that the number of primers was sufficient. By pedigree analysis,
we found out that 60 of 159 individuals had been generated by the mating between CB2 and KW40. In the maternity
analysis, there was evidence to indicate the possibility of management problems. Therefore, we excluded 54
individuals and repeated the pedigree analysis. In the second analysis, 47 of 105 individuals were generated by the
mating between CB2 and KW40. To increase the efficiency of CP in tree breeding programs, several precautions are
required. It is necessary to identify the exact clone names of the mother and father trees. In addition, CP processes
should be performed properly, including deciding on the schedule of CP and the isolation of female strobili or flowers.
Finally, the monitoring of hybrid progenies management after mating is important. Molecular markers should be used
to identify the clone names of the mother and father trees and for monitoring post hoc management. This study
provides a reference for tree breeding programs for the future control pollination of pine species.
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U5 (Pinus densiflora Siebold & Zucc.)= -2 Leto]
AYEal Q= =93t A4 = shtE(Han et al., 1991),
A7, B34, 87120 71217h ETHHan et al, 2007),
whebd] AR G SEATE Fas BAjo|n
ol I3l A9IF 0z SR o] Aol B AT
7L ARk Sefubere] AR 1950t 2ol
AJEFE Gt (Koo et al., 2006), ZAIA0] 9 F32] 4
To AWHoR £YB AW AFY 24, A3
g 5e AA daEm, gohagel gri 14
o) GAZPY EE A AEY 2O olof k.
ol SaE S50 AAAY HEUo| 24
- At E e AAE o]-8T = UthKang et
al., 2022).

AU 1A AEY 24 4 AFE AFH
oz Z3P=|rt Han and Kang(2004)o] w2 19594
of &t s A Bl 2 2ol AJRbE ATk 1A
Aol Antg ohpo] v o]l AAE =T,
Koo et al.(2006)7} Kim et al.(2019)2 =& Ak 1149
wheh F 42529 AU o] A = AR
ok AE SRS AW AFH | ol &= %le
H(Jang et al., 2016). AU 240 A2 2016 H-H
Z A= A THPark, 2015). 1 o)A o AT 2021 12€
3IL7HA] FAEILL e v 1A fFHe] & H4
2 120.6 haZ, X|gHZ = 7159 27.6 ha, QtHTof 77
ha, 0] 16 ha®] LU 1A 2Fo] FEskar it
(Republic of Korea open government data portal, 2022).

A AR A A= ARE QL o wheh %138
%3tk Koo et al.(2006)2 1980 o] o8] =59 F2
BEY 2Ao] F2 oL, AU FEMEUS
1980 d o] A% 9-S-S YFtt Jang et al.(2016)¢] ot
EWH AR 35 413820 digt FEEEY] 2=
Uk v g Holl A A A o] AAIE A=,
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Al AL 1A Aol vl 2247 SHollA
oF 7.5% 2 Ao FAEE o] m, 1970

20009 ej71A] 24E e an) AEY"Ee]l At
O] &= AThWoo et al., 2016). AF2IE v 2 HF
o 7NFo] ol FofFl=t, Jang et al.(2016)0] wh=rH F-vi
AR -] Addd 2aE vhge R 1A 5L

A12E A2E (2023)

o] AAIEAAL lgunl A a4 E el o7
= O 2 2Mtf AFHo] A=Ak

AEY Qe walEFE o8 Sd Attt 3hEY
TS WL, AR Yot S-S A= Aol
CHAllaby, 1998). 15l #7g-2 Sha A5 2 A7, 2L
v 297, QlEai, w5 AAe} sisdel=
/gEch o] wf, ¢FEo] 7] A, -kt HAE] Ad<55t]
Aol wje] w5 Aok s, Arihad =59 4
T W FFEE H97] Aol &S AAGS) Mk gt
(Kang et al., 2022).

e wgSE, A9 A=, A4 24 S
AREE L Colombo and Galmarini(2017)= HA&Fof A 1L
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9.9 7y 25kt E3E Li and Weir(1999)= ol
o s Aoje] fUTSES IosiE - 9
SAA| AEH(Genomic selection)of| A= Q13- H]
7} o] 8= 4= 9l=d], Mphahlele et al.(2020)-> genomic
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o @ o] el 4 th(Vidal et al., 2015). &4
oo Y= vAE AL 4 U=dl, Horsley et
al.(2010)2 ofejollA dFuHfE & wjo] StE e HE0]
Ao LHERY w5 4 Utk Eisgith
Madesis et al.(2013)9] w2

HHEEE AUR TS makerd Sojn], Jutdos
microsatellite ] HFE W)= 1~6719] 7|2 AHojEHh
CAZ} 179 WHEEE= A YG((CA)i7)©] microsatellite?] 3t
of|Alo]tHQueller et al., 1993). Microsatellite*= short tandem
repeats (STRs), simple sequence repeats (SSRs), simple
sequence length polymorphisms (SSLPs)& &&]7]%= gic}
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(Yun et al., 2011). #Lo]l&= SNP marker®] AR&-0]
3L Qe FAo] A4, microsatelliter= W@ -3-74 A
23, tggaRe) thAo] itk ARE 714 3
X (pedigree analysis)o] A% o]t tH(Flanagan and Jones,
2019). Z Lol %= microsatelliteS ©|-83F AFLE0| 235
1 QJth(Willows-Munro and Kleinhans, 2020; Ye et al.,
2020). YEE iAo =2 S A= ¢ 7HX] =T, de
Oliveira et al.(2023)2 X% ZE(hybrids of Vitis spp.)2]
Ho AEe 23] 21702 microsatelliteS  AF8-3HTH
Moreno-Sanz et al.(2020)2 22| E(Olea europaea L.)
Fo] Wjobg thatom BEAE I,
o] W] 117]9] microsatelliteE- ©]-83F EE 542 o]&3ich
Zulj Mihaljevié et al.(2020)-2 ul|E % (Vitis vinifera L.
subsp. sativa) =52 dF5EA4S 913l 20702] microsatellite S
AMgFHoB, BERAE vk £ 7+ WSV kinships)
T golgit) wabs] FEEA o 3o A microsatellite=

Sga ALSE|T olrk Beke & ok

AH4=9] el F ] &8-2 microsatellite S WO 2 3
7}, A% A= A3k Sun et al.(2017) Q2R
(Larix gmelinii var. principis-rupprechtii (Mayr) Pilg.) &
Y Q¥ wH] &8 H7I9 o Grattapaglia et al.(2014)
2 HlthaAUS(Pinus taeda L.) AZEQ2] ¢lZnH] 582,
Kumar et al.(2007)-2 2}t oletA U5 Pinus radiata D.Don)
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2. DNA £& 3 PCR

DNA X DNeasy® Plant Mini Kit (QIAGEN)Z} GeneAll®
ExgeneTM Plant SV kit (GeneAl)E o] &3} on, =
e 7 sake) A wth o 23S R
%ﬁﬂ TissueLyser 11 (QIAGEN)E AME-3}3ith —“?'_—JJ] 4
303], 1.5 ZZAOSZ lyser adapter?]
Y=t Qe w4llsh7] AR

= frequency 29
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2= Yo kitQ] bufferg *-2 A3 7@]77};(] oA
olgsto] e LES SIS 2E0] gag
% Nanovue Plus spectrophotometer with printer (GE
healthcare)& ©]-&3}0] DNAQ] =} &5 =AUk

Microsatellite ZZ2to]H = Chung et al.(2019)0] AU-E
of i3l et 197] Zatoln] % Lee et al(2021)0] <1
) FI A eH(EE23 <7402 B ZF 9405 xF-523) 3t

225, 74050 AAPAS shelats] 9ls) Mgt
67 =Zz}o|H(CPDE 0039, CPDE 0057, CPDE 0076,
CPDE 0077, CPDE 0106, CPDE 0137)& /\}-9—’3]-@11]-
(Table 1). Lee et al.(2021)2 8235, 71405, 2235
o 24050} 24 WEOR SRlE AfBES o] g3
of %2 AT} F3 WA WA F Aol mefoluis
& A teb 225, 794059 ArEe] A%
TAA YeRE 4= Q= microsatellite THH-7-%
Eohs ZefolEo] A-E T Aol AHEE Zeto]
MO FEARE A7) ¥ fl(size range)7} A-Farul] Hehe]
microsatellite T+ (fragment)52] Z oS ZS|A] Qoli
o|5 FAsto] ARERT

PCRS ¢l8f 5% DNA 8945 5 ng/ul= 343813l ch
H-3-200.0 DNA 4.00 pl, 32} Z5F5= 8.60 ul, 10X reaction
buffer (BIOFACT) 1.60 pl, 10mM dNTP (BIOFACT) 0.32
ul, A-Star Taqg DNA polymerase (BIOFACT) 0.20 ul (5
unit), forward/reverse primer (Macrogen) Z} 0.32 ul, M13
primer (Macrogen) 0.64 pl2 LA E AT} Bioer LifePro
Thermal Cycler (Bioer Techonology)E ©]-83}¢] PCR&
A3YsHATE S, 95°C2 oA 27] RS o ths, 30
%, 95°C ¥ A(denaturing), 302 56°C ©]'d ¥ (annealing),
15 72°C ZZ(extension)S 103] AA5HIch 71 ThS 30
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%, 95°C 94, 30% 52°C ojdd, 18 72°C ZZ& 23
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PCR Whg-o| & A& = ABI 3730x1 Genetic Analyzer
(Life Technologies™)& o]-&3}o] T A4S 233}
t}. 71 5 Geneious Prime® ver.2021.2.2. (Biomatters, https:/
www.geneious.com)E ©]-&3sto] Z+ ME9] A& &
213}k Null allele, stuttering®} large allele dropout2 2}
Q13}7] 93l Micro-Checker ver.2.2.3 (Van Oosterhout et
al,, 2004) Z=0HS o]-g-sto] A4S HPselrh 1
Aol AFHE-E Microsatellite Zefo]w 7H4=9] HHd4d&
B7117] Y3l GenAlEx 6.51b2 (Peakall and Smouse,
2006)2} GenClone 2.0 (Arnaud-Haond and Belkhir, 2007)
S 0]-83}9th GenAlEx 6.51b25 E3f PI %12} Plsib %t

31, GenClone 2.02 AFE-3 P df2 =531
Pﬂ—J Feho] 9l 7ol GenClone 2.00f 4

=% o gleng, B5olstA fAE ol
=7 Alejstar £A45 PPt
npAute 2, dgiA Ao it FAAES A
CERVUS ver.3.0.7 (Kalinowski et al., 2007) o]-&3}th
CERVUSE o]&3t EA4L allele frequency analysis,
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Ze¥Act.  Simulation of parentage analysis THA ol A
number of offspring Z}-2 100,000, proportion of candidate
047262 AF&-3Tl. Maternity
analysisE ¢3¢t simulationo]A]+= number of candidate
mothers 7} 22 &}
Z|-G-A)ZiT}. Parent pair analysis (sexes known)E 9|3t

mothers sampled ZH-

.11, test for self fertilization 3412

Table 1. Characteristics of 6 microsatellites selected for control-pollinated F1 population.

Locus (GenBank

accession no.) Primer sequences (5'-3") Repeat motif Size range (bp) Tm (°C)
KYD605  ROGGAACAGGTCCTCATTICT (anis e 2 56
KYD60)  RCOGTAGTGACGAAAGTAGAACG  (AADIE 138 =207 56
KYD510)  RAAGGTICAGGTIGGCATC | @ 18820 56
KYSE1)  ROTGCOATATCOTIGEATGTC USTRE 56
KYD  RCACCTAAGTTGCCACAATGC aDI e 1% 56
KYD619)  RACCATIGACACTIGATGCTC (o 160 1% 56

Size ranges and the Tm of this table is different from original values from Chung et al.(2019).
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simulation]| A= number of candidate parents Z}-2 2% A
Ao, proportion of candidate mothers sampled2}
proportion of candidate fathers sampled 7}-2 0.4726-2 Ab
a9t & 24 oAl proportion of loci typed Zh-e
0.99, proportion of loci mistyped FF 0.01, 1&]31
minimum number of typed loci 452 5= SFAt} Delta Ff
< ©]-83f simulation PO A FFE 95%2
80%= AME-IUCt. Parent pair analysisES & W] maternity
analysisol| Al R4V 2 E25 %, 7FP405 %= ofd AoR
A1HE A= A 25T}, Parent pair analysis 23}, LOD
ol 02 k= delta gho] 02= o= A7} At
, AF=E LOD g}t critical delta 4h2& o83l 24 &4
At
SRS T 2A19 7hsAdol (e sS4l AtEE Al
QR F U A] 105S7HAE o] &3l 22 &4 ThA] X138
shoick 23} RERAS 13} RERAT D2 simulation

of parentage analysis I}&o]|A] proportion of candidate

g:\x

o &

2l

L

5

32

mothers sampled, proportion of candidate fathers sampled
e 071422 At AAIF.

o s
Zn Y D

olFwH] AHE F 1590 td}le] Micro-Checker
ver.2.2.3-& o]-&3sfto] EA43% A} PCROJ A Q] large allele
dropout©] orgtom, DNA polymerase2]
slippageo]] 9J&] WHEo]% stutter sequence®= GIITH
CPDE0077 3Ze}o]t]o]| ] null alleleo] o} Ao =
AE U =H(p<0.001), ThE b4l 7 Zefo]m o Al= null
alleleo] §l= Aoz Fol% 9 thp>0.05).

GenAlEx 6.51b2¢] 2l3) PI ZF2 1.8x107°, Plsib ZF>
9.3x10° 0.2 AEE| 9k Pl 99]9] = HA7F 2e &
ARES b B, Plsibe 9Jole] T w A7} 7
TR 7 2Eolth PI 3k Plsib g 328 S
ol-g38 JMAES AHst=d Bagt FHARY s
T o] 7|Eo 2 AREE 4~ QIti(Waits et al., 2001).
= ATtollAl 1 PI 9 Plsib2 of2] At vlsf &2

ZFS R olth(Eusemann and Liesebach, 2021; Zadrapova et

A5

o 4

al., 2020; D’Amico et al., 2019; Tarroux et al., 2014;
Hasenkamp et al., 2011).

2 59| P19} Plsib gho] Adii=Zol BlsjA] &A1
Atol AR Zeto]w o] 4x(67l)= 2 A5}t D’ Amico
et al.(2019)2 3x10°9] Plsib gk A|AIGHAA, o170 4]
ARG ol o] (977 A Aol ARE- 7hs St 4
Folgtal FAALE P =Y (Fagus sylvatica L.)
Hilchenbach &t AL At og2 =& Plsib 7
(4x10°)7FR A, S etoll A Gt o] SUgt AR
2w Aol £33, Pl gho] 1.6x107%17] o]
67 Zefo|HE o] &= AH o] FE3YtH(Hasenkamp
et al., 2011). Waits et al(2001)& AR T4 S-S 4]
Ak o PL gro] 1x107-1x10* A FEstehal Agsick

2 o729 Plsib ZH2 9.3x10° 2.2 D’Amico et al.(2019)
o] Azpo} 2L 1075 5.2) Frolck. Pl gke] A% 18x10°
©.2 Waits et al2001)°] AIAI 7)) Rakeiet & o
T AAYTES PO R o] Fol A gk7]o] Waits
et al200)9) AES T2 8]0l ol 5 9
Agk 3 A0) PI gro] 1x10*mr} 2e: grolgleks
FAAR 0] FUT ARRF WHES L5 AT
Soithe Ae R v, B AT Pl gl A4
ezeolebT WL 4 Qo

Waits et al.(2001)0] AGPH AAYt} 2] & A+
= dFun) gohkE e R OouR Poghs S8l =
gholm 9] AHHE F7H o= H7H3k GenClone
2.00] oJsf =EF PeghS HF 0.052 T AQITh Pedl
ARl A2 A7 S vt AEEE GeR
0.05 50} 242 P k-2 dA-tol| AHe-E Zeto|H 5 v
o2 & tpddol tig ekt =40] 7Fe e vt
T Arnaud-Haond et al., 2005). GenClone 2.0-2 20| o}
d o] dA-tol= AHE- 7Hs517] ofl(Araud-Haond and
Belkhir, 2007) o]¥ ¢1Lof Psexgh2 &8 7s3lch Pl
2 Plsib 2k, P 3t0] A4S B2, 2 o] A8H
matolu) 467 AAsirta & 4 gl

CERVUS ver.3.0.7-& ©]-&3 maternity analysis 2 1}o]|
X|(Table 2) critical delta Zr-2 95% Ao A 1.26,
80% X120 4] 0.000] 0t} 95% AlZ]grol| A Bt

Table 2. Result of the first matemity analysis by CERVUS ver.3.0.7.

CB2 KWw40 Total
Number of samples (95% confidence level) 53 2 159
Proportion to total sample (%) (95% confidence level) 33.3 1.3 100
Number of samples (80% confidence level) 71 55 159
Proportion to total sample (%) (80% confidence level) 44.7 34.6 100
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FE2S T Y4052 WA= F 557H(34.6%) 2
80% AlZ|pol A Bt SR2T B 740220 ZHA
L 2 1267§(79.2%)%ict. CERVUS ver.3.0.72 LOD 3+
oj g8l A MAER 4 7o) 7MY & FEE
ARSI CERVUS ver3.0.723 36 w4 2 714k 715
dol w2 B4 A AR YA e 370
(1.9%)9] A5 7t S5 5%, 79405 = ofd
Aoz Uehdth E3h 74h405 71 24 ssAo] 7ht
=2 AN F 3070(18.9%) 2] A EEE 74057 ma
7bopd Aoz FAEY. Bapvt ST B AhH40
T2 FHE 2E MAES Y 2o Y &
AA7F A3

FE4059F FARE Y] EUA7E AT 4057
L7} ofyetal A E 307) AdiEo] 49, 54 B4z
+ 2 AA BpTt 405 THsA e EARITE o)&
A3 CERVUS ver.3.0.70| 4] ARg-3l= A4S 2Held
Zazt Qe sk AR S Res B9
analysisol] AF§-%= LOD A4HA2 th3} et

IR

73-%- maternity

P(gm){(1 = £)’T(golgm) + 2e(1 — €)P(go) + £*P(g,)}

LOD = loge =5 (4 V(= 2P (3. + 21 — DP,) + £2P(3,)}

o] w} P(gw)2} P(go)= SH-HRRIM| == Y2 & 7H RS
o] wopet o Aej=e] G2 wEolth T(a/z)
2% B50) YFoE, By SANBE RS
1) Ao ofa) ol Ao SAAFo| e Shgol
t}h = SAAE AlHo o7 FEo]tk(Kalinowski et al.,
2007).

FE235.9] % CPDE01379 A%t 5@ HeAto|H 744
4035.0) 7% CPDE00T6OIA R 58 HeAolc. ufetq
Lpof Wil A E7E B o] HAAR] A-E AR
A3 4 gtk A Sol, mael fAAFo] AB, )
Aeje] §HARo] BCakiL s, tR44) A, B, C2)
AR W] a, b, o2l Ak o] 1) Tz TS
a7t BE E0FE SE(12)1 koA tigf7da C7t

o
kil

A12E A2E (2023)

A= FE(0)9] F2 ¢/27} EltiMarshall et al., 1998).
P(g)= stH-vRIvl== o] o84 2be7} Hrth
LOD Al4HAof] =™ T(go|gm) 2 P(20) 9] &7 H
& 745 LOD o] &= yehd 4= Qlrk LOD Ahk4 o
A P(gn)P(go) 2 0] EAHe}E 1S U T(golgm)©]
P(g)Eth & 749 LOD gke] 7h H™, T(gigm)©l P(g)
wrt 2 A9 LODZko]l 847 H A% & 4 9t
(Additional file 1). €] Ao A ¢/2 Zko] 2bec KT} 2o
LOD glo] &7} ). &, b2 g(B thH 4] ti™
AR HIE)o] 1/4 Hep & 79 LOD gho] &7} itk
2 At ) A E oS o= ZPES]
on, B4 St RAXY EYA7E Yl A EE HA|
] 98.1%0°] Gt whebr FE25.0F ZF4057F 7FA| AL
U= HH AR S - AR R=rt =4 Yehd
o} wheba] 919] djxle} o] shte] Y FAAE RSt
= 2ot wulf AETE EAE o, o] HY 2Tt oY
At ol A eo] e the-FaAke] Wlert 1/4 Hop
EZ A7 EARITL olef B, 4ol f3R1E Aol
7F EAIBHA = AollA] LOD g2 &2 Wes 215
(Additional file 2)o] Z}atA et Athso] 29 FAE
HollH 7940571 warh ofd Aoz tehd 4 Qe
= (false-negative) 9] 7Fs/do] UANE, FAA =
FTE2T B 74057t Bl Alow AHE ARyt
0]-8-3}0] parent pair 42 A A|gITtH(Table 3). Critical
delta gt 95% AlZ|pEo Al 3.86, 80% AlZ|g=<oll 4]
0.000]%ict. 12671 7RA| = 6071(47.6%) 7RA|7F 82359}
73 405.0] 22 dF o= AE ek E3E 8704(6.3%)
7F 28235, 270A|(1.6%) 7} 7+-L403 0] A& ko]
A FA R FR250} 405 1 WEow
FHE A SPHG44-100)% F4059} 474
o] B} 1] EARC FE25e] AR wHEoR]
Aoz 245 Am 5 SiG46-2b)0 FH250] A
£ MRS W fAAe] BAXTL 1) E2gon, 5

N345-5a, 3-54-4) 5225 S RS o A

Table 3. Result of the first parent pair analysis by CERVUS ver.3.0.7.

Made by CB2 and

Offspring by Offspring by

KW40 selfing (CB2)  selfing (KW40) Total
Number of samples (95% confidence level) 36 6 1 126(159)
Proportion to total sample (%) (95% confidence level) 28.6(22.6) 4.8(3.8) 0.8(0.6) 100(100)
Number of samples (80% confidence level) 60 8 2 126(159)
Proportion to total sample (%) (80% confidence level) 47.6(37.7) 6.3(5.0) 1.6(1.3) 100(100)

The values in bracket are about all samples, the values out of bracket don’t contain samples which mother tree is neither

CB2 nor KW40.
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Figure 1. LOD distribution of the first parent pair analysis for CB2xXxKW40 or KW40xCB2.
Aol B} 27 EA, Aol upEt 4 Qlek WYEBe] FEY 0Fr]e] FP5A
1 *HA| parent pair analysis 2 ¥HFigure 1) LOD score”} T QAN =3t QXS FG5l= ] MA7F 235t
05 de= AthEE 60-20]81.2H, LOD score”} 00]5}<1 = AS S o, e 2A b AEE A
At H= 66+0] RUTh. o] w] LOD score7} 0 H= Ak = gtk webA olef & FAIZE EAshHE A (AA
HE EF delta gro] 02 H Atk 1598 5 54&)S AlLJstal thA] 45 AAFH
2 294 SEEH= AAE RS 7R WAL of uff, #efFe] A Lo & olF= ot &2 A=
A N AR A WA vt ol FEBFU0 o] WAT 5 onR Felt Yt wF FA £
5 Aeh} U053 R2E Uto] Aol oo T2 B o wek ARE mavl AAE QAR i Tl B
A7} Qb SRS AAE AAEE A A ol 5 9 2e ASolE ok ZA} gicky wAY 4 glk
olth 3-47-89] AL, 7o AR oA EI} A A U=t Adams et al.(1988)= Ql-5-uujo] o 2|7} A=A ghrfet
olE Bal Belel EAMe] Arki WO & ek = welae] BAPE 9l 4 918 AR, shEed
Maternity analysis A3}l A= EA7} Uelgth 2~3- 07 gtEo|z zfo] §HxtFH o] Luj7f BAe sk
1o 4ol AThE % B4l 4e40ER 24E AAE S5 uloR o3 Jbse AR ek shs Aol
3578 2Rt B3 AT 2004, SEEE Q1A Utk whEpA 2A; d3om 2olE Aoy FolAe ShE

VA A 247 T A9/ AR, o

0], 3-45-12a2} 3-45-12b W& W7k ZF405 2
sick P4 2 vjef 2ol, Fsl A
A= A 7t w

4 M2 thad gapy olgdeat
27t 22 4271 glth(Table 4). Grattapaglia et al.(2014)
of M= YFH 24 FAIY 2 2370 9sf o

il

S
mlm i&
ro o

egow urgolzl RS £ 4 Atk B, vl
Abo] BARo] A FH250} 494050] $4
L vlgro 72 oA} 7153 A &
7hedE EA
Qlgan] Aojw
ver.2.2.3& o]-&35}o] EA3]

GOl tergd

o

105&0] th&}o] Micro-Checker
5 A3} PCROJ A 9] large allele

Table 4. Logically possible cases in the subpopulation2 which deduced by the assumption that there is no problems except mixing

two populations (CB2xKW40 and KW40xCB?2).

One out of a labeling pair (with a)

(e.g. 3-45-12a)

One out of a labeling pair (with b)
(e.g. 3-45-12b)

Possible mother tree combinations

CB2
Kw40

KWw40
CB2

In case of 3-47-8a, 3-47-8b and 3-47-8c, the existence of three 3-47-8 labeling is a problem itself.
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dropouto] ZAY31A] kS, DNA polymerase2] slippage
o 93l "= A stutter sequence= AT} CPDE0077
szeto|m ol A null alleleo] EAsH= A2 == 3=H
(p<0.001), t}-2 T4l 7 Zeto|w ol A= null alleleo] §li=
Aoz FAHEATHp>0.05).

GenAlEx 6.51b20] 2l3) PI ZF2 1.4x107°, Plsib ZF
8.9x10° 0.2 Ar=E| It} o] ZHS D’Amico et al.(2019)9]
Plsib Z}21 3x10°3} b4 10°712.2] Zroth E3L PI 4r2
1.4x10°2 Waits et al.(2001)0] AA|3F 7]Z(1x10°-1x107)
Hop gon, g0l FUT AT THHES B+
SATA | ASeh wEbA 2 Ao 67l Zetolm =
Hasenkamp et al.(2011)¢] -3 =2 -5 Hilchenbach 3]
ol 283t 67 Zefo]m el =gt 2o siFErh

12} 5847} ulzk7 A 2, Waits et al.(2001)0] zF
Actol] gt 7|&& AXFchs EAI-e] 2 gt wat
Al PexBl= ©]-83t Zefo|m =9] A4 H7HE 2P
t}. Genclone 2.09] 2J3] AF&%E P gre X% 0.05XChH
Zkokeh. whebA 2 AtoA] 67 ZefolHE ARERE A
Adsicta wdEh

CERVUS ver.3.0.7% AR&3t maternity analysis 23}
(Table 5), critical delta ZF-2 95% AlZ|4=23} 80% A4
Z B4 0.000]90th 95% AlF 2T}t 80% AlF|42
oAl Hrh SE2T T 40520 ThAl= F 817
(77.1%)8ck 71 7Fs/do] 2 5 H4of fHX1 9
EUA7E = 371Q2.9%) Y] A =ES 2R BT S5
235%, 7405 % obd Ao vehyith 7194057} o
Y 7hsAol 7P =2 7HAl 5 2170(20.2%) 9] Ao

A12E A2E (2023)

i

= 294057} B} obd Aom AMEgrh mavt
2% EE U40EE W ATEEe B
=LA 7F A
734050} FARR O BEUX|TF AN SA A oA
734057t ) opd A& UeRd 21704 2] 7 $-
+/3(false-negative)d 7Fs7do] Stk oI5 S0, 12} 24
ol FE2350} ZRU0E T} Bk ol Ao SRIE 8
7 ANAI(3-45-10a, 3-45-11a, 3-50-2, 3-51-7, 3-52-5, 3-53-8,
3-53-9, 3-54-10)= 23} Ao 4] @27} 73405 2 Lhe}
Shth B4 7E A1 ATie] Aol 13} BAe|A B4}
AE Ao Lt 13 B0l 38257} 1)
o2 Yt A F Al AA(3-44-11a, 3-47-Ta, 3-53-7)
22} Ao A ZFR408 7t gl Ao ® UEETh

27} EA oA BpTE SE2EU Zld0E = A At
50 083} 2} parent pair 42 AA]FICH Table 6).
Critical delta ZF2 95% AlZF] g0 A 2.20 18] 80%
AlZaeEoll A 0.000] ATk 817 7HA F- 4771(58.0%) 7 F-
259} 7H¢405.0] 12 dgow AHE QT E3F 374
A2.9%)7F F5 23.0] A= vhsoiXl JHA 2 4=
o, 271 A)(1.9%) 7} ZF¥402.0] A= 5ol Xl JHA| =
FRESA 2R EE, FE250 Al W AU405.9] &
Hi 2 THEofRl A om AHE AiEE HF FELO|
A =9A7F flsd

I= HHA)| parent pair analysis A3IKFigure 2) LOD score”}
08 = A HE= 477192 LOD score”?} 00]3}21 =}
2= 347099tk o] o LOD score7} 02 W& A HE
E5 delta Frol 02 @itk

T3
ol 09{_1.

O

oo

Table 5. Result of the second maternity analysis by CERVUS ver.3.0.7.

CB2 KW40 Total
Number of samples (95% confidence level) 54 27 105
Proportion to total sample (%) (95% confidence level) 514 25.7 100
Number of samples (80% confidence level) 54 27 105
Proportion to total sample (%) (80% confidence level) 514 25.7 100

Table 6. Result of the second parent pair analysis by CERVUS ver.3.0.7.

Made by CB2

Offspring by Offspring by

and KW40  selfing (CB2) selfing (KW40) Total
Number of samples (95% confidence level) 37 3 2 81(105)
Proportion to total sample (%) (95% confidence level) 45.7(35.2) 3.7(2.9) 2.5(1.9) 100(100)
Number of samples (80% confidence level) 47 3 2 81(105)
Proportion to total sample (%) (80% confidence level) 58.0(44.8) 3.7(2.9) 2.5(1.9) 100(100)

The values in bracket are about all samples, the values out of bracket don’t contain samples which mother tree is neither

CB2 nor KW40.
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Figure 2. LOD distribution of the second parent pair analysis for CB2XKW40 or KW40xCB2.

22F Ao AE 13 B4} vz A =2, 3w 18] &
& Bprh Q405 2 A 2AI7F 2R 45

204 SEE JIAEE 7= A 22 B4E 7L
A= A Al A5k QIAET} 3-47-80] 31 E Al ZHA|
= 22k BA o AREE|R] eRgto B R A JHAI7F 2 Q14
HE 7= BAES §lG o9t 22 JHAIES AlYst
o, AA| 1597) AHE F 68714)(42.8%) 7 Aol FA|
7F A=A oA, FE2T B FH 4037 HEgR
A E QI ok, R S RE SAR ] EUXTE &
k= A2 A 1592 5 35(1.9%)ol EaF3ict E3h
12} dsoletar A E A E F Bkl A7 oA
2] o= A= AA 1597] AR 5 447HA1(27.7%) K
th 2 7o) T uwH] EL&LS 27.7%= wrhEch

2 Ao QlF ] &8-S Aot vlstr] 93]
AFATN=Z A stz ghet A Aol A=
24 o] &3 B, 3R
= Hlusto] Qlg bl J-8-S AFIch
A& Ff B 7SR T o] A82 47.9%
(123/257), 3pE4=2 7|20z & wo FLL 43.6%
(112/257)FEHSun et al., 2017). HthAUTE YJEHS o
Ayo 2 3F Aol A= 200592 ¢lFarle} 20061 9] ol
Hjo] F-8-2 W7t 2005W 2] QlFmE) E8S
7102 & o 56.9%(91/160), B9} SHEAE 1
A 0] 21.3%(34/160)0] 1 2006 2] QlFiwH] &
$2 7|20 7 T uff 80.0%(112/140), 249} 3Hi
BT 78S 4 67.1%(94/140) % tH(Grattapaglia
et al., 2014). Kumar et al.(2007)2] 2}t]o}efati: HAto
ReE 7|E0RE S "o QFuHl &L

=1} microsatellite

=

2 o 41 4 ol
i

2 o rlo Kl il

fr

>

72.1%(165/229) %tk

2 Aol FE2EE 74027} mapolw, el te
EAZE A E A o= AFHES] H]5(42.8%) Sun et
al.(2017)9] A+te} vl gholefal & 4= UA|NE thE
Atol BlshA = RS kS YERdTh & dAtof|A 9 ¢l
aH] E827.7%)& R4 3HEE nE 133 20053
HohAUE AE5Y Ad3wE] 5-8(21.3%)2NGrattapaglia
et al,, 2014) B]=BEA|TE TF2 =250l H|siA= B2 4
< 23t

o] o, Sun et al.(2017)2] Ao RE wu|Zglo] Q1
SuH G&o] 2 AL oty AU wHjEd F
59x1200] 7P =&l 9l & Kot 59x1209] 2;
= 770 S 27 5991 A= e (0.0%), T A}
tf=o] SHESut 12008 AlEEQrH(14.3%). 77x989] 7
- Z 10719 A& 5 7k 7720 WA= ST
(50.0%) SHE=7} 9891 A= 270A] A FTH20.0%). ©]
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gt Anpghe] Iy THedE Fs] A

= AT 2aE v 7HAE AdsiE o ok WA,
HEH 24 GA AFFY A E7E ARE NS 7
EARITE R AR A=) FEo] 5 1A
H 7AS FARREA o) A lFukf A HEY] 1
F7F QlEur 7S48 maeeh gepd AUt
Grattapaglia et al.(2014)2 & QA% 27 E XA
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B9le}. B LS A
Zo BA7) uryer 2

mo] Q4% 279 23] o]
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ARG WO R T dAE BANA 237} o A
o] % 64/1R40.3%, B BA 7Hso] EAFHE 67
A 5 el EAZE 25 Al 7RAI(3-47-8a, 3-47-8b,
347-80) A2l ZAT B ATl HE SR, 7240
To] SAAYUS o galo] AL AL, e Ao
el BAE Q= 6A7NAE B AR A o4
£ 050 o3| BEolAE Kol Stk

shRo.qo] ofalA B A Azeh A 7|8
Ae) BH47) kR Qg Aj)Bol wEold 4 gtk
Sun et al.(2017)2 QJZH I ol Ll A] SHEo o] 93]

& A, A U G5l s A5
A= HE WV} FEYS Ao F ) Adams et al
(1988)> ke ¢o] dojif= AUES AR ]
g S AQF 7ls, oA ¢ SHE £3o] IHEed
dod o Qe ATl E St Eot wuje iHi—’F
7F obd o d&olA & 3HES Fshe A folx 2
Qo] dojd 4= Qlrh E3h, e Ak e
2 Y=g £23F 240|t) Grattapaglia et al.(2014)2
2005 dofli= e Q1o welE-FE Al A AR FA|
gt 2006 90l= A |2 Shts =AY 4 Sl wHlER
S AR Yok AR o2 o3k Zpo| 7t Qlaal
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= EAYcE o]gt A wZe] SR goe] WS 4~
Utk E3F 3HE B4 /\1714 U wZoll, dEFulE
L1l A3 E ol FE229F 7F40% 99 AFof A
HAHE SHEol 4lo] Q& 7He & wiAlE = it

shte ol HQlole Az 71t Tt*ﬂ 2=
ZA 3ttt Adams et al.(1988)-2 Q&= x] ok SIE @ & 9]
T2 U F shrE A W ASEL A% eRetal
2| 23t} Grattapaglia et al.(2014)HA] 342 AREH
AEE0] AAE LF7F SRt Al o/E WEol W
7Fsd = A71skzdl, ol dAE EAI7E Sl e
oA BHEE AHFF7] wioltt 20053 9] H|rhaE Q1
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oA o] AF =S 7Hs/dol EAR ool whet o}
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paReih=] 9_1/\1—§ u}aoi 3} oﬂ/\m} 57:]]—‘%'—/51 ﬁ47}

EH”E —?— 7H—4 EHHJZ—“‘OI

iPEHHE Eral OPL oA S5

220403 sw %_ 055525 Yeol At
A egket. 34782 4 E%_‘?‘SJ :

e A A Hxﬂﬂ Sk wrebd = A
574 ool the Pelate] BA| FHsAE EAfa.
ZAT mf FE2Tx7F405, Y4051 FE2T 9101] 0
225 Fu) A el05 Fo) AuE go]
S A7 sk Zpchu ko] 4o = A
£ o7l & ok

Ao 2 hp Y eF FAb A 2ol A o ZA|7F EA
3t 4= 9Jth Kumar et al.(2007)-& QlZ ] & Lu} 23
oA Full S AHFH s A s 2] &
A7F BZA 4= kil XA gt Grattapaglia et al.(2014)
wejE 7F FA7E Aol ZAIE wiAISHA = dem
Sun et al.(2017)& E22 2273} u] Zoj7} B gttty
AT B ATINE 73 AR 1 BAT B
At AGe MRS AT S ok

2 Qo) QB Aol ehn REE St gAY

F e A e] 2§ s/l HisiA wh= et Jé
27 itk 2005of] AAE Erhauh QoA
88.1%(141/160)2] AT H.o] m4=7} Qlgawufo]] ARE-E =
Zw o7 AYLQich E3l 49l StEyF HE olTn
o] ARSE AFEEQ A H L] H]S-2 64.4%(103/160) %
o B, 20059 FA9] AT 712G |EOR AL
H T wH] 882 HEE VR0 R LS o 56.9%, B4
o BHRAE BT MRS u) 213%dck S o
ALE 233l IS EARA w2 BLE J|F0

Qg AR Aee] B8 Hse na o
o) SR & A EE G434
o2 AR WY ATAE
ol gl Aist o] AHgE
FA N Grattapaglia et al., 2017).

A E Q1A S} FHSHA, At Al= 13429 A}
THH(84.3%, 12} EA oA a7t APEE 1268, 12} 24

oA mar} AHEA WEARE 23 BAA W)
AP E 8i)7F FE2T s Y40 E B TSl
o Au} bt E3 B 156208.1%)2] ZEt
S A 7P sl - et A 2
A7 A A FAS 7|Eo® AHFE o, 60+

¢

Ao o
e B

_1
Bel

kg

M

E,

e



£
Sl
o

o] At E(37. 7%)7} FTE25.9} 74050 wHiE v
o] Ft}. 37.7%2= 42| 7} Grattapaglia et al.(2017)0] A|
A 644% B TH WAl B4 7208 o Ho) v)
go] Hjatn g B Aol gl A HuE 29

o=t Abgo] s 4 itk BE o Be G405

Fe A7 flEiMe o w2 e 5go] dasieh
3, F5259} 4050 A BER AT 4 9l
A A EABIEE, ol ATE FISME © &
< Qg Fgol Basih

MicrosatelliteS ©]-83}0] 28235 %7} 40359} 714405
xZ2H25 71 A0l Acte| tigt EEEHS X
W) 7|23} Agele ZIES AT 2H 428%) B
A&} 27.7%2] Qs B8-S 1T 4= U o=
32 15l Egi‘l} S AR o] A
€ BeR ARE QEEY X E ZA|, HEed A4,
Tk A W A Helo] AR wuf A ] ZAf
ofsff A 4= Sk o5 At fIsiA AFH W
AE=0] 1A A 24, EHS IS T Ue
sl 71 ARE B e TR} A Al A4S Eole=
Wo] aqtEh Adead 2o ol dAtolA Ao
A 7 e 5 Z3she Ay W A1 AV 4
UL wWebA] wF o] 5-9] SHkE AR Tl Q1)

2] f8ll Sasiek Qs Fsf vhHso

2 AR EEL 50 {8 A, wSF ol ARET:

E3F Qi AriRe AAAN LS 245t

AREEE, /g0 AR Qlgraal AiEEo] AT AL

of oJsff 2go] AAJECE o]23t Qo] B-S ARt
2l G

X8Y5}ta, Qlgnl

=
FHOR G 4 YEE G4 FH Y
X

s sfjoF sith.

HREAFA(FTIS 2020185D10-2022-AA02)2] A oj 2J3}
o] o]0l AYYrth A& YF ot Y A Sofl =&
& FA SEiEES a9 Aedieta dEAL 5
= WAAEA A=Y

£ ATE ARA@RAAATY) AR AT
=]
=

N

i

References

Adams, W.T., Neale, D.B. and Loopstra, C.A. 1988. Verifying
controlled crosses in conifer tree-improvement programs.
Silvae Genetica 37(3-4): 147-152.

IZnl] xR ko)A Microsatellite marker EE-54S- 0|83 olgwy] a8 9

2|

ot

7} 167

e

Allaby, M. 1998. A dictionary of plant sciences (2nd ed.).
Oxford University Press. New York, U.S.A. pp. 508.

Arnaud-Haond, S. and Belkhir, K. 2007. GENCLONE: a
computer program to analyse genotypic data, test for
clonality and describe spatial clonal organization.
Molecular Ecology Notes 7(1): 15-17.

Arnaud-Haond, S., Alberto, F., Teixeira, S., Procaccini, G.,
Serrao, E. and Duarte, C. M. 2005. Assessing genetic
diversity in clonal organisms: low diversity or low
resolution? Combining power and cost efficiency in
selecting markers. Journal of Heredity 96(4): 434-440.

Chung, H. et al. 2019. Development of polymorphic SSR
markers from Pinus densiflora (Pinaceae) natural
population in Korea. Plant Breeding and Biotechnology
7(1): 67-71.

Colombo, N. and Galmarini, C.R. 2017. The use of genetic,
manual and chemical methods to control pollination in
vegetable hybrid seed production: a review. Plant Breeding
136(3): 287-299.

D’Amico, 1., Vilardi Juan, C., Saidman Beatriz, O., Ewens,
M. and Bessega, C. 2019. Pollen contamination and mating
patterns in a Prosopis alba clonal orchard: impact on seed
orchards establishment.
Forestry 12(3): 330-337.

de Oliveira, G.L., Niederauer, G.F., de Oliveira, F.A.,
Rodrigues, C.S., Hernandes, J.L., de Souza, A.P. and
Moura, M.F. 2023. Genetic diversity, population structure
and parentage analysis of Brazilian grapevine hybrids after

iForest-Biogeosciences and

half a century of genetic breeding. Scientia Horticulturae
311: 111825.

Eusemann, P. and Liesebach, H. 2021. Small-scale genetic
structure and mating patterns in an extensive sessile oak
forest (Quercus petraea (Matt.) Liebl.). Ecology and
Evolution 11(12): 7796-7809.

Flanagan, S.P. and Jones, A.G. 2019. The future of parentage
analysis: From microsatellites to SNPs and beyond.
Molecular Ecology 28(3): 544-567.

Grattapaglia, D., do Amaral Diener, P.S. and Dos Santos, G.A.
2014. Performance of microsatellites for parentage
assignment following mass controlled pollination in a
clonal seed orchard of loblolly pine (Pinus taeda L.). Tree
Genetics & Genomes 10(6): 1631-1643.

Han, S.U. and Kang, K.S. 2004. Current situation of Korean
red pine (Pinus densiflora) breeding. The edition of Forest
and Culture 12: 203-210. (in Korean)

Han, S.U., Oh, C.Y., Kim, C.S., Kim, Y.J., Kang, K.N. and
Lee, S.M. 2007. Time trends for genetic parameters of
growth traits in open-pollinated progenies of Pinus



168 BREILAMRRIZ2 S5

densiflora. Korean Journal of Breeding Science 39(4):
457-463.

Han, S.U., Sohn, S.I., Kim, J.H. and Jhun, G.S. 1991.
Determination of age-age correlation and optimum
selection age through juvenile selection efficiency in Pinus
densiflora S. et Z. Korean Journal of Breeding 23(2):
67-72.

Hasenkamp, N., Ziegenhagen, B., Mengel, C., Schulze, L.,
Schmitt, H.-P. and Liepelt, S. 2011. Towards a DNA
marker assisted seed source identification: a pilot study
in European beech (Fagus sylvatica L.). European Journal
of Forest Research 130: 513-519.

Horsley, T.N., Johnson, S.D. and Myburg, A.A. 2010.
Comparison of different control-pollination techniques for
small-flowered eucalypts. New Forests 39(1): 75-88.

Jang, K.H. et al. 2016. Tree breeding studies. pp.30-143. In:
Jang, K.H. et al. 60 years of tree breeding in Korea
1956~2016. National Institute of Forest Science. Seoul,
Republic of Korea. (in Korean)

Kalinowski, S.T., Taper, M.L. and Marshall, T.C. 2007. Revising
how the computer program CERVUS accommodates
genotyping error increases success in paternity assignment.
Molecular ecology 16(5): 1099-1106.

Kang, K.S., Kang, J.W., Eo, S.H., Cheong, E.J. and Choi,
M.S. 2022. Forest Genetics and Tree Breeding. Life
Science. Seoul, Republic of Korea. pp. 339. (in Korean)

Kim, L.S., Lee, K.M., Shim, D.H., Lee, I.H., Kim, J.J. and
Kang, H.I. 2019. Studies on improvement and genetic
testing of major timber tree species. National Institute of
Forest Science. Seoul, Republic of Korea. pp. 174. (in
Korean)

Kumar, S., Gerber, S., Richardson, T.E. and Gea, L. 2007.
Testing for unequal paternal contributions using nuclear
and chloroplast SSR markers in polycross families of
radiata pine. Tree Genetics & Genomes 3(3): 207-214.

Koo, Y.B. et al. 2006. Breeding of timber tree species. pp.
11-156. In: Choi, W.Y. et al. 50 years of tree breeding
in Korea. National Institute of Forest Science. Seoul,
Republic of Korea. (in Korean)

Lee, CH. and Kim, K.S. 2007.
control-pollinated progenies of Pinus thunbergiixP.

Characteristics of

densiflora. Korean Journal of Plant Resources 20(5):
442-445. (in Korean)

Lee, D.Y., Lee, HJ., Kim, Y.G., Kim, S.B., Kim, S.J. and
Kang, K.S. 2021. Selection of microsatellite markers for
paternity testing in control-pollinated Pinus densiflora
Siebold et Zucc. The collection of papers of the 2021

of the Society of

Autumn Conference Korean

A12E A2E (2023)

Environmental Restoration Technology pp. 77-78. (in
Korean)

Li, B., McKeand, S. and Weir, R. 1999. Tree improvement
and sustainable forestry—impact of two cycles of loblolly
pine breeding in the USA. Forest Genetics 6(4): 229-234.

Liu, B.H. 1998. Statistical genomics: linkage, mapping, and
QTL analysis. CRC Press. Florida, U.S.A. pp. 611.

Lynch, M. and Walsh, B. 1998. Genetics and analysis of
quantitative traits. Sinauer. Massachusetts, U.S.A. pp. 980.

and Tsaftaris, A. 2013.

Microsatellites: Evolution and Contribution. pp.1-13. In:

Madesis, P., Ganopoulos, I.

Kantartzi, S.K. Microsatellites: methods and protocols.
Springer. New York, U.S.A.

Marshall, T.C., Slate, J., Kruuk, L.E.B. and Pemberton, J.M.
1998. Statistical confidence for likelihood-based paternity
inference in natural populations. Molecular Ecology 7(5):
639-655.

Moreno-Sanz, P., Lombardo, L., Lorenzi, S., Michelotti, F.
and Grando, M.S. 2020. Genetic resources of Olea
europaea L. in the Garda Trentino olive groves revealed
by ancient trees genotyping and parentage analysis of drupe
embryos. Genes 11(10): 1171.

Mphahlele, M.M., Isik, F., Mostert-O’Neill, M.M., Reynolds,
S.M., Hodge, G.R. and Myburg, A.A. 2020. Expected
benefits of genomic selection for growth and wood quality
traits in Eucalyptus grandis. Tree Genetics & Genomes
16(4): 49.

Park, S.H. 2015. The start of a second generation seed orchard.
https://www.forest.go.kr/kfsweb/cop/bbs/selectBoard Artic
le.do?bbsId=BBSMSTR_1036&mn=NKFS 04 02 01&n
ttld=3052125. (2015. 04. 01). (in Korean)

Peakall, R.O.D. and Smouse, P.E. 2006. GENALEX 6: genetic
analysis in Excel. Population genetic software for teaching
and research. Molecular Ecology Notes 6(1): 288-295.

Queller, D.C., Strassmann, J.E. and Hughes, C.R. 1993.
Microsatellites and kinship. Trends in Ecology & Evolution
8(8): 285-288.

Republic of Korea open government data portal. 2022. Korea
forest service national forest seed and variety center seed
orchards area by species current situation. https://www.
data. go.kr/data/15032182/fileData.do. (2022. 07. 20). (in
Korean)

Sun, W., Yu, D., Dong, M., Zhao, J., Wang, X., Zhang, H.
and Zhang, J. 2017. Evaluation of efficiency of controlled
pollination based parentage analysis in a Larix gmelinii
var. principis-rupprechtii Mayr. seed orchard. Plos One
12(4): e0176483.

Tan, B., Grattapaglia, D., Wu, H.X. and Ingvarsson, P.K. 2018.



AU olg ] xPficto| A Microsatellite marker E554-2 o|85) olyw] &8 9

Genomic relationships reveal significant dominance effects
for growth in hybrid Eucalyptus. Plant Science 267: 84-93.

Tarroux, E., DesRochers, A. and Tremblay, F. 2014. Molecular
analysis of natural root grafting in jack pine (Pinus
banksiana) trees: how does genetic proximity influence
anastomosis occurrence? Tree Genetics & Genomes 10(3):
667-677.

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P. and Shipley,
P. 2004. MICRO-CHECKER: software for identifying and
correcting genotyping errors in microsatellite data.
Molecular Ecology Notes 4(3): 535-538.

Vidal, M., Plomion, C., Harvengt, L., Raffin, A., Boury, C.
and Bouffier, L. 2015. Paternity recovery in two maritime
pine polycross mating designs and consequences for
breeding. Tree Genetics & Genomes 11(5): 105.

Waits, L.P., Luikart, G., and Taberlet, P. 2001. Estimating
the probability of identity among genotypes in natural
populations: cautions and guidelines. Molecular Ecology
10(1): 249-256.

Willows-Munro, S. and Kleinhans, C. 2020. Testing
microsatellite loci for individual identification of captive
African grey parrots (Psittacus erithacus): a molecular tool
for parentage analysis that will aid in monitoring legal
trade. Conservation Genetics Resources 12: 489-495.

2|

ot

7} 169

e

Woo, K.S., Han, S.U., Na, S.J., Kim, J.J. and Lee, W.Y. 2016.
Selection and genetic testing for major timber tree species.
National Institute of Forest Science. Seoul, Republic of
Korea. pp. 122. (in Korean)

Ye, H., Wei, Z., Xuehui, K., Chunmei, Y., Zhongqiang, L.,
Huiji, L., Xiuying, L., Peng, L. and Weiqgiang, C. 2020.
Parentage analysis of chum salmon (Oncorhynchus keta)
in Tumen River based on microsatellites. South China
Fisheries Science 16(4): 84-89.

Yun, Y.E., Yu, JN,, Lee, B.Y. and Kwak, M.H. 2011. An
introduction to microsatellite development and analysis.
Korean Journal of Plant Taxonomy 41(4): 299-314. (in
Korean)

Zadrapova, D., Korecky, J., Dvorak, J., Faltinové, Z. and Bily,
J. 2020. Microsatellite analysis of genetic diversity in
Czech populations of European beech (Fagus sylvatica
L.). Forestry Studies 73(1): 64-76.

Zulj Mihaljevi¢, M., Maleti¢, E., Preiner, D., Zduni¢, G.,
Bubola, M., Zyprian, E. and Peji¢, 1. 2020. Genetic
diversity, population structure, and parentage analysis of

Croatian grapevine germplasm. Genes 11(7): 737.

Manuscript Received : April 12, 2023
First Revision : June 1, 2023
Accepted : June 2, 2023



170 BREILAMRRIZ2 S5

Additional File 1

By Kalinowski et al.(2007), the equation for paternity

analysis when mother is unknown is:

P(ga){(l_g)zT(gu|ga)+25(1_5)P(90)+82P(90)}
¢ P(g){(1-£)2P(go)+2e(1-€)P(go)+£2P(go)} M

LOD = log

In here, P(g,) is the probability of alleged father’s
genotype under Hardy—Weinberg equilibrium assumptions.
P(g,) is the probability of offspring’s genotype under
Hardy—Weinberg equilibrium assumptions. T(g,|g.) is a
Mendelian transition probability. ¢ is genotyping error rate.
Kalinowski et al.(2007) said that equation 1 can be used
for mother in exactly same way. So, the equation for

maternity analysis when father is unknown is:

P(gm){(1-£)2T(golgm) +2e(1-£)P(go) +£2P(go)}

LOD =loge = 4 Sia=erp(gorzea-op(go+e2P@o) )

In here, P(g.) is the probability of mother’s genotype
under Hardy—Weinberg equilibrium assumptions. T(go|gm)
is a Mendelian transition probability. If the denominator
and the numerator in the antilogarithm are divided by

P(gm)P(g,), then the equation 2 is became like that:

_~2T(golgm) _ 2
{(1 g A +2:1 £)+£}

LOD = loge {(1-€)2+2e(1—-€)+£2} 3

_ 2TWolgm) | - _ 2 .
(1 -e)? Tl 4 2601 e)+s}) is

If the numerator ({ larger

than the denominator({(1 —&)*+2e(1 —¢) +£%}), then the

antilogarithm is larger than 1. Therefore, LOD is larger than
0. If the denominator is larger than the numerator, then the
antilogarithm is smaller than 1. Therefore, LOD is smaller
than 0.

We can compare the values of the numerator and the

denominator using subtraction. Let’s see inequation 1 and 2:

{a- 5)2% +2e(l—e)+ e} - {(1-el +2e(1—) +£%) >0 (inequation 1)

{(1 - 5)2% +2e(1—e) + 52} —{(1-9?+2:(1-e)+¢2} <0 (inequation 2)

A12E A2E (2023)

If the numerator is larger than the denominator, then
inequation 1 is true. If the numerator is smaller than the
denominator, then inequation 2 is true. When inequation
1 is true, the antilogarithm is larger than 1 and LOD is
larger than 0. When inequation 2 is true, the antilogarithm
is smaller than 1 and LOD is smaller than 0. Inequation 1
and 2 can be simplified by erasing common 2g(1 —¢€) + €.
Inequation 1 is simplified to inequation 3 and inequation
2 is simplified to inequation 4:

(1—¢)? {T(yolgm) _ 1} >0

P(go) (inequation 3)

(1—5)2{”"“—'9"1)—1}<0

P(g0) (inequation 4)

Here, (1-g)* is larger than 0. So, we can know the logical
T(golgm)

values of inequation 3 and 4 by comparing P(g,) and

1. It can be visualized in inequation 5 and 6. Let’s divide

both sides of inequation 3 and 4 by (1-e)*

T(golgm)
P (Ogosn =1 (inequation 5)
T(golgm) ) )
P(9o) =1 (inequation 6)
T(golgm)
If P, is larger than 1, then inequation 5, 3 and

1 are true. In that case, the antilogarithm is larger than 1

T(golgm)
and LOD is larger than 0. If  P(g,)

is smaller than 1,
then inequation 6, 4 and 2 are true. In that case, the
antilogarithm is smaller than 1 and LOD is smaller than
0. Furthermore, we can find out the logical value of
inequation 5 and 6 by comparing T(g,/gm) and P(g,). Let’s
multiply both sides of inequation 5 and 6 by P(g,).

T(golgm) > P(go) (inequation 7)

T(golgm) < P(go) (inequation 8)

If inequation 7 is true, then inequation 5, 3 and 1 are
true. Therefore, the antilogarithm is larger than 1 and LOD
is larger than 0. If inequation 8 is true, then inequation 6,
4 and 2 are true. Therefore, the antilogarithm is smaller
than 1 and LOD is smaller than 0. Here, the conclusion
is that “if T(go|gm) is larger than P(g,), then LOD is larger
than 0.” And “if T(g/gm) is smaller than P(g,), then LOD

is smaller than 0.”
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Additional File 2

From Additional file 1, we deduced the conclusion that
we can know whether a LOD value is larger than 0 or
smaller than 0 by comparing T(g,/gm) and P(g,). By using
that conclusion, we’re going to figure out the conditions
that can make a LOD value smaller than 0 without genotype
mismatch to a candidate mother tree. In this file, we’ll
check one locus. And we don’t see the case that a candidate
mother tree and an offspring share no allele. So, there must
be at least one common allele between a candidate mother

tree and an offspring.

1. A candidate mother and an offspring are
homozygotes at the locus

A candidate mother’s genotype is AA and an offspring
genotype is AA. And let the allele frequency of A in the
population is a.

The probability that a candidate mother tree gave A to
an offspring is 1. And the probability that an offspring is
gave the other A from the father is a. So, T(ggm) is a.
Under Hardy-Weinberg assumptions, P(g,) is a’.

Let’s compare two values.

T(golgm) a 1

P(g,) @

LLOD >0 ("0 <a<l)

So, the condition that a candidate mother and an offspring
are homozygote dosen’t decrease LOD value. (By the
assumption in the page 1, a candidate mother and an
offspring have same allele. So, their genotypes are same
AA)

2. A candidate mother is a homozygote but an
offspring is a heterozygote at the locus

A candidate mother’s genotype is AA and an offspring
genotype is AB. And let the allele frequency of A and B
in the population are a and b respectively.

The probability that a candidate mother tree gave A to
an offspring is 1. And the probability that an offspring is
gave B from the father is b. So, T(go|gm) is b. Under
Hardy-Weinberg assumptions, P(g,) is 2ab.

Let’s compare two values.

T(Golgm) _ b _ 1
P(g,) 2ab  2a

Case 1) 2a < 1

T(golgm) _ .
P(g,) ~

- LOD > 0
Case 2) 2a > 1

T(golgm)
P(g,)

- LOD <0

<1

So, if a > 1/2, a LOD score can be smaller than 0 without

mismatch to a candidate mother tree.

3. A candidate mother is a heterozygote but an
offspring is a homozygote at the locus

A candidate mother’s genotype is AB and an offspring
genotype is AA. And let the allele frequency of A and B
in the population are a and b respectively.

The probability that a candidate mother tree gave A to
an offspring is 1/2. And the probability that an offspring
is gave the other A from the father is a. So, T(go|gm) is
a/2. Under Hardy-Weinberg assumptions, P(g,) is a’.

Let’s compare two values.

T(golgm) _a/2 _ 1

P(g,) a2~ 2a

Case 1) 2a < 1

T(golgm)
P(g,) z1

- LOD >0
Case 2) 2a > 1

T(golgm)
P(g,)

- LOD <0

<1

So, if a > 1/2, a LOD score can be smaller than 0 without

mismatch to a candidate mother tree.
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4. A candidate mother and an offspring are
heterozygotes at the locus., And only one allele
is shared by two trees

A candidate mother’s genotype is AB and an offspring
genotype is AC. And let the allele frequency of A, B, and
C in the population are a, b, and c respectively.

The probability that a candidate mother tree gave A to
an offspring is 1/2. And the probability that an offspring
is gave the other C from the father is c. So, T(go|gm) is
¢/2. Under Hardy-Weinberg assumptions, P(g,) is 2ac.

Let’s compare two values.

T(Golgm) _ /2 _ 1
P(g,) 2ac  4a
Case 1) 4a < 1

T(Golgm)
P(g) =

. LOD >0

Case 2) 4a > 1

T(9olGm)
P(90)

- LOD <0

<1

So, if a > 1/4, a LOD score can be smaller than 0 without

mismatch to a candidate mother tree.

5. A candidate mother and an offspring are
heterozygotes at the locus. And both alleles are
shared by two trees

A candidate mother’s genotype is AB and an offspring
genotype is AB. And let the allele frequency of A and B
in the population are a and b respectively.

The probability that a candidate mother tree gave A to
an offspring is 1/2. And the probability that an offspring
is gave the other B from the father is b. The probability
that a candidate mother tree gave B to an offspring is 1/2.
And the probability that an offspring is gave the other A
from the father is a. The sum of two probability is (a+b)/2. So,
T(golgm) is (atb)/2. Under Hardy-Weinberg assumptions,
P(g,) is 2ab.

Let’s compare two values.

A12E A2E (2023)

T(golgm) _ (a+b)/2 _ (a+b)

P(g,) 2ab 4ab

Case 1) 4ab < (atb)

T(golgm)
P(g,) =

- LOD >0

Case 2) 4ab > (ath)

T(golgm)
P(go)

- LOD <0

<1

So, if 4ab > (at+b), a LOD score can be smaller than 0
without mismatch to a candidate mother tree.

We found out conditions that decrease a LOD value for
one locus. However, several primers are used in a parentage
analysis. So, effects of these conditions can be offset by
effects of other loci. As an example, let us assume that we
use 6 loci in our parentage analysis. At first locus, a
candidate mother’s genotype is AB and an offspring’s
genotype is AC (allele frequencies of A, B, and C at the
population is a, b, and ¢ respectively). And a is larger than
1/4. At the other loci, the candidate mother and the
offspring are heterozygotes. And two trees share only one
allele (like DE and EF). All of these allele frequencies of
the candidate mother tree’s alleles are less than 1/4 (total
five alleles). In this case, the LOD score might be larger
than 0. So, we think that we should see each study’s
specific context. But we think that finding these conditions
bring us more understanding for SERVUS ver.3.0.7 LOD

equation.
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