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WBE: LBk Carya cathayensis ¥t 4 € 209 ZF WA, L5 k@AY F R TR H R LI, L+ 5
BERGRSAT, RABKRG SZAEETE, GFEWTHEMHKAEEGQTLs), iQTLs 5 DNA WA /A X, 7 DNA VP i
st A AR LR R EEZGER, T TREGEDAL. PEARERYT I S S(MSAP)R AT PCRY ¥ % &
Mg DNA W R ALAem 7 ik, R T L MSAP ATtk 2 09 mh EaP R A 3 AR KR EFHG LM ERBFERIEITT
DM, HREA . LAEMNGEETRA, EEFERMALEIKTFRTEFT ALK, LHEEE EFEEF (Wilcoxon
Rank Sum # 3 P<<0.001), AW perZEwe ¥R KFZ R TFEFRMUAGAE, BHFERZFREZF(HTH £
DM RIRE S Ebd, P<0.001); R RJEREL AL AN g P4 2T R F &, 0 TR e af R R e dE R
feAn sy K F RARAT AL, RZFR; EHNALENTGRAEE L, TREFELETEHN, LI, LB
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A protocol for methylation-sensitive amplified polymorphism markers and

its application to a methylation analysis in Carya cathayensis

CHEN Wenchong, JIA Ning, DONG Ang, YAN Daoliang, ZENG Yanru
(State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China)

Abstract: In hickory (Carya cathayensis), an important non-timber species in Zhejiang Province, the existence
of apomixis, of imprinted quantitative trait loci (iQTLs), and of low DNA polymorphism in terms of cytobiology
and molecular markers, has recently been found. Since iQTLs (related to DNA methylation, an inheritable bio-
logical phenomenon) played a vital role in epigenetic regulation, methylation-sensitive amplified polymorphism
(MSAP), a Polymerase Chain Reaction (PCR)-based method of detecting DNA methylation, was used to estab-
lish a protocol in hickory. Then samples from three natural hickory populations were analyzed. Results showed
that methylation was prevalent in hickory with the non-methylation level significantly higher (Wilcoxon signed-
rank test, P<<0.001) than the total methylation level. Internal cytosine methylation had a relatively higher level
than semi-methylation, both of which were also significantly different from each other (Analysis of molecular
variance (AMOVA) followed by Duncan’s multiple comparison, P<<0.001). If hickory populations had a high
level of internal cytosine methylation, then levels of semi-methylation and non-methylation of these populations
were relatively low, and vice versa. Also, there was epigenetic differentiation among hickory populations, and
the main differentiation existed within a population. In conclusion, this work has laid a foundation for further
study of methylation in hickory; in fact, the MSAP protocol established in hickory could be used for pecan,
even though the loci and the number of loci for pecan were different from those of hickory. [Ch, 4 fig. 5 tab.
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1 #k Carya cathayensis J& Sk Bl Juglandaceae [ #Z k@ Carya T3 AR, & W7 71 X 3800 301 5. Y
Fra 2 TR, HREAC BB E W E RN EMA TR "o ARk ] 5T M A7 Ak Hh DX Ll AZ Bk
f, AR RLE, JFCRZ R REE LMo T IO SR a8, (H sk WAL T 37 2 |
PSS, BRI AN, IS B . 5 IRk RE 09 w58 IRk Carya illinoensis W) it il 4 L %
Z, 2R R w, HEREEAMGEH . WAk Fr /0N, SR, XUBRBRRE, T oS LA Bk U T
Ho, e, WA IR KU . B, B 20 40 60 AEACTRLG L 2 AR LSS I R B LA Bk S T
FWHRIE R, AR AR KR B RA M, HAEIERZE RS, K AR L
Y 5 EEAARL O, A LA AR R A TS, BRI EE R B: IRRAE AE R U T 2RO 40 i HLE
TASE A B G ) JC Rl AR B g SR 5 B4 ™, BEBLY 1S 2 2% DNA (random amplified polymorphic
DNAs, RAPD), ¥ #f H B K £ 7 (amplified fragment length polymorphism, AFLP), f&j /7 51 & & 5] fF
X (inter-simple sequence repeat, ISSR), J¥ %413 ¥ 3 £ 2 (sequence-related amplified polymorphism,
SRAP), fij 5751 84 (simple sequence repeat, SSR)ZF7rFARICHI T A B : IR Z S IEAM, R
FEAE— B Z A0 A0, H E BRI, HAR T A BR A AR 10 A 1L A% Bk v i B A A B 3 80 d MR A7 i
(imprinted quantitative trait loci, iQTLs)™, J& R4 E15E 5 DNA H Rk A 56", 1 DNA B Ak 5 gy (4
ZERMEM . /Ny RNA A A /AMAE I 2 3 i . BERIDUBRA RNA 4 45— i 7 A= 1K
W HEAT R G R FE R 1 3Ris , o DNA HUIEAL R F R Bl BT RS 5 2 — 1, IR
JEY 1 2 75 (methylation sensitive amplification polymorphism, MSAP) #5ic /& 1 AFLP £ AR Feali A7 A= i) 3k
T PCR ¢34 /) DNA H ALK i, ©FF AFLP b Mse T B4l 2 X FY LAk A o B0 RE B A 7 25 57
)R 240 Hpa 1L AN Msp 1, wTAG I 4= 55 P4 5 Bl 9 CCGG A A5 ) FE SRR B, TR B AN A AT DL RARE B
SAL s AL AL (1, 1), 3k AT RLARAS A 45 2 A A 55 (1, 0), AR AL A7 5 (0, 1), 8 P ALl R A2
f7 53 (0, O)TE N A 3L 4 EARICA fL . MSAP TE [6] A= 9y vh B 3l HIPE, 9™ 12 i T sh Al 95 5 45 0
AW R BBV . R EE S TR TS, JEC N T BRI Hevea brasiliensis™, F2AK
Cunninghamia lanceolata™, W-¥F5345 Ginkgo biloba var. epiphylla™', b ¥R Cupressus sempervirens™’,
7 A Larix™™ R 14 Populus tomentosa™ S MAR MR T o S T MARIC T7 180 X5 LU A Bk I JR IR AR5
AT S I A R Y MSAP (R 5, @ A T L A% Bk MSAP R &, 4 0 T R SR B A4 1y 1l %
BE, BT Ik L 2= BT S AR

1 AR5 7

1.1 ##

NI TLAS A0 M T I 2 XK R AR 4 F AT (7 #k, 30°21'N, 119°347E) , it 22 DX I It B AR AT A (17
Pk, 30°06'N, 118°58'E), 24 7 E mifill & 81 sk A1 (6 #k, 30°24'N, 119°17'E)3 A~ L8k KK J=
3 )R B S R AR PR B, T DNA B4R, SRAE BARR A% 1 18] AH B 2 /0 50 m,

W LB I B SR I TEA BN T AT XK AR AR A ROl Bl 2 0T 9 e S B4 RO BF 5 T o ok
B U AL IER1 e SR AT AR (R I (4 8, 30°18'N, 119°51'E),

12 A&

1.2.1 A28 DNA 6932 30 SR FAE0 4812V KA 175 Be 3 = F L9105 (CTAB) I 42 BU L Bk R 52 1
BBk ALK 2H DNA, A% R 25 11 573 Hr{X (ND-1000, NanoDrop, & [% )l % i 1< 260 F1 280 nm i (454 %
JEME[D(260), D(280) ] K e ek 4H DNA Fidt iy D(260)/D(280) 5 DNA ¥ B ; BT 70 80N 1% 19 3
I R S5 Je HL ARG I DNA A4 45 &

122 LAk MSAP 4k £ 693k 52 JEFULA S T2 RN MSAP 43R &, 78 LA ok v sk i D) % 4 i
] TP PR R R AR, YRR YR (R DNA I &% PCR B JCHEE (55 1 48 59 WG 3R 80 (45 2
BOMEATAL, & T LBk MSAP 434K & . DNA BRI PERGD) 58k 3R 1 i e LRl
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XA B A (4, 6 1 8 h)HEATSE , I Sk By WM BN SRy E 2%, A S
LR R SRR ST 52, RS AT —E M IRR . T B, 2% E A MAZAK MSAP 4 Fhrid
R ZLL KR Malus pumila™, Ji#8 Citrus sinensis™ 455 HoA 28 U5 Py i) MSAP VAR Z , W 3 FAS
[vi] F) T4 38 7= W s A5 4K (10, 20 1 40 %), [RIEHR 56 e B9 3 A B4R DNA & (2 1 4 pl) ., fi %
=M ARi# Akebia trifoliata ) MSAP JZ W& 222, X FEEY BRI (94 CZEPE 2 min: 55 1 % PCR 94 C
30s, 65 C30s, ANIEHEW 0.7 °C, 72 °C 1 min, 13 MEFH; 252 % PCR 94 °C 30 s, 56 C 30 s,
72 C 1 min; IgeJ5 72 CLEA 10 min) 55 2 48 PCR PGS (20, 25 130 %) K55 1 %8 PCR iR kil
JEE 11 336 US55 (R 30 0 S BRAIG 0.7, 1.0 Fn 1.3 CH AT iAb . DA BB AP k47, Femll 1 S50
PR 5 3 1 FRIEATIE 1 ASE L. B8 7= W 3 B0k 1935 B8 WEBE I fa Pk A . 39 7=
VKA A PG, HARHTIE T, WEAT 96 XFBIAL A (R DL, FIRBLI BN 6% 1 31 I 1t
JHE RIS L VK A B, R RS A T R AR e

&1 MSAP i ZF Y 5149+ 5

Table 1 Sequences of primers for selective amplification in MSAP

EcoR 1 (E)31#) J¥31(5'—3") Hpall/Msp 1 (HM) 75| ¥ J#31(5'—3")
E1 GACTGCGTACCAATTCCGT HM-1 GATGAGTCTAGAACGGTAG
E2 GACTGCGTACCAATTCCAC HM-2 GATGAGTCTAGAACGGTAC
E3 GACTGCGTACCAATTCAAC HM-3 GATGAGTCTAGAACGGTTG
E4 GACTGCGTACCAATTCAGA HM-4 GATGAGTCTAGAACGGTTC
ES GACTGCGTACCAATTCAAA HM-5 GATGAGTCTAGAACGGTGT
E6 GACTGCGTACCAATTCAAT HM-6 GATGAGTCTAGAACGGTGC
E7 GACTGCGTACCAATTCAGC HM-7 GATGAGTCTAGAACGGTCT
E8 GACTGCGTACCAATTCCTG HM-8 GATGAGTCTAGAACGGTCG
E9 GACTGCGTACCAATTCCAC
E10 GACTGCGTACCAATTCCTG
El1 GACTGCGTACCAATTCCAT
E12 GACTGCGTACCAATTCACG

123 RARER LM 47 ST 09 T IR MSAP J3 it 14 22 %8 KK Jm 1 LU AZ MR A a4 7 43
Brist, Hpall IMsp 1 SEFPEY 3G 51 917E 7 50 R 3 N2 ' 5'-FAM (G2 5226 R ) bric (b 5t & MR PR
FARATF]) o HFEMEY 3G 7 Pk Jb at & FOGRHAE PR BR S ) 3E4T 6 4048 10 kR DU (ABI 3730XL)
1.2.4 LAk MSAP -7 4k & 23 ooz bkeg & R fE N7 IL BBk MSAP 43 BT 14 22 8 76 1 B Bk DNA
AT, TR IL AR MSAP 43 A iR 20 & 18 F il o i sk .

1.2.5 LAzt MSAP 47t by Hde o FARi2 agpbdx  7EIIAZAE MSAP 23 A7 45 8 v S8 O BT BE st A4 (07 A5
B, RS RAPD, AFLP, ISSR, SRAP, SSR 7;FHric 45 R T L

12,6 #4442 FAEBRIKENEY W5, PR SIER AN A H GeneMarker V2.0.0 #4774
AT BN LBR/NT 70 bp BIAL AL, &ALl BAT R YRy “17, Y S EE Sy (07, ] Ex-
cel, ¥t MSAP 434 2 41 EcoR 1 /Hpall #1 EcoR 1 /Msp 1 BV P~ ¥ i PCR O 5 1 (1) 45 FL 5% e i, MSAP 43
Braik (0, 0), (1, 0), (0, DF(L, 14 R S8, FET RIEF 1 msap ZAF 0 Mgl , G5 H
FAk BB A 25 (methylation sensitive locus, MSL) 5 JF B B4k S50 A7 &5 (non-methylation locus, NML), R
WAL FIT, JF o S0 sk, MSL %, NML %%, 23809 MSL £t H b, 235/ NML 2% H [
], MSL J NML £ 8 0 & 42 {5 5. 48 £ (Shannon diversity index, [), #&F Wilcoxon Rank Sum £ 5 (1] 1%
1R S MBI ZAEE R 22 7 BB, PR TERE0, 0), (1, 0), (0, DA, D4 Ffimis W
Fetsl, 373 56k MSL F1 NML #4743 5 75 22 73 B (AMOVA) | Jie J5 86 T 32 A8 A5 73 #7 (Principal coordinates
analysis, PCoA )l1¥Al MSL I NML 1) 431k o
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2 HERG M

2.1 W#sk MSAP Sk R By L

FEHUH SN 4] DNA 2Bl ok A I, 45 SR WISE | 60, PREBBLF . BREE B 5o A0 5
SELEN] . N4l DNA D(260)/D(280) % 1.80~2.10, 4fifFH e, ol T J5 L2 MSAP FRic /47

TR KB 500 ng FE[HZH DNA 1E 37 “CHYZK I8 o AUREDI- 12 i 4, 6 A1 8 h, Hr, 6 h R %
f, BEARIT DNACKE 1A) . H5 Y] 5 4 HAalb 4k 19 DNA =y BEAT 38, SpONR i A oG 00 Ft 3™ 7= o 7
100~1 000 bp S 5RHCIK (K 1B), BEWIHCREL:, wl VR T — RT3 B .

MR M MR M

1000 bp
500 bp 1000 bp
500 bp
100 bp
100 bp

MquMarker HAIM%) %I%TzéﬂiiEcaRI/HpaHﬁchoRI/MspIE’J@’EWJFE%

A 1 LAzbk DNA R Eby-i% 48 X (A) LA R B AL Ry 3% DNA #%& 0 (B)
Figure 1 Results of double enzyme digested DNAs in hickory (A) and different pre-amplified DNA samples(B)

TEP LA E, = AR 3 Bl R B RO R B, B W B 40 ik, Rk
iR AR (B 24) 0 BUAh, KRB WY 2 wL i, By 45 R e (& 2B) o i ik 1k
P 2 A PCRAIR BN 25 Ik S B ACR e 3 (B 2C) o 35255 2 4> PCR i 36 33 3R )2 9 -0.7 “CI
BV W AT B D s IR AR 1.0 “CIF, 35 M 2% R 2D 5 ARG R R AR 1.3 “Con Rt
il EEAZ A L (] 2D) o
SR 45 R HE A LA BE MSAP 23 iR R 40°F 500 ng DNA 75 37 COK s @ VI % 4% 6 h; B Ui

10X 20X 40X 2ulL 4L
MRMHMHMHMHMHMHMHMHMH MRMHMH M HMHMH M H
1000 bp 1000 bp
500 bp 500 bp
100 bp 100 bp
201K 251K 301k —0.7°C —1.0°C =1030E
MRMHMHMHMHMHMH MHMH MH MRMHMHMHMHMHMHMHMHMH
1000 bp| 1000 bp
500 bp 500 bp
100 bp 100 bp
MR i Marker. HFIMZ) 5] 3 78241 B EcoR 1/Hpa IIRIEcoR 1/Msp 1 B V) 7= 9 . A AN [ # B 435 5
TR HDNA) B $EVEY 34 &N 2408 s B 280 AN [W] Fil 4 7= ) A i (2F14 uL)am&%r 48 N K

Hs CoAS RV PR Kl i 28 6 R 7 18 S W 24CR 5 D 370 ks gk il J5E B 2 A 9 9 R0OCR
B2 RRE4# T DNA 69k 505 3 7w R

Figure 2 Result of selective amplification under different conditions
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eSO MR 10 A SR T P 1Y o EFEMEY IS SO AR R O 10xPCR ZZ vfiik 2.0 pL, dNTPs(10 mmol-L™,
AT TR CEE) Bh A RAE )OS wL, 25 mmol - L™ G ALEE 1.5 pl, FiFE 40 £5 89 B4~ 5 ™4 2.0
pL, YIS & 1.5 pl, Tag B (5x16.67 mkat-L™, i HREFE A YRHCA R A )05 pl, #b
KZ 200 wL, EFEPEY A PCR A7y 94 CHUZEME 2 min; 94 CAEH: 30 s, 65 CIR KK 30s, 72
CHEff 1 min, 13 DEI, BTGB KRB 1.3 C; 94 CA2ME 30 s, 56 CiRAE M 30s, 72
CHEAf 1 min, 3£ 25 WAEF; 72 CLEAH 10 min, 4 CLREF. M 96 XL £EIEY B 5 W4 & ik ih 1 RE
Pryh s A, EAEMLY, HIEH T IR MSAP #5148 5 %F, 43 %18 HM-2/E4, HM-3/E2, HM-
3/E11, HM-5/E8, HM-8/ES,

22 RAKBELZBE S

2.2.1 LAk MSAP 54 FIH EcoR 1 /Hpall 1 EcoR 1 /Msp 1 ANIE 0 EI 47 55, MSAP 43 #1455 4 Ff
5'-CCGG i mifi B o e B BHE AL A (1, DHpall 0 Msp 12 FhEGYREEAT R VT, 6 405 v Ik 21
H(EcoR 1 /Hpall §§ V1774 ) 5 M(EcoR 1 IMsp 1 B9) 774 ) W 5 ARG 5 (1, 0){ Hpa Il 8347 i
DI AP e s e Y AR 5 (0, D)IWAH B, AX Msp 1 BEFEATEGD); ik H A4 A2 52 (0, 0)2 i A fE
BEYT, MUk BRI, FUREE A A A ] 0 0] B SR HE W 30 AN ILAZBRAE S S R R RRE Y 51 A A
389 M, H 38T ML W Z BN, ZEMEKTH 99.48%, Hrhg|Wd & HM-3/E2 43 1) fi7 %L
(19 &%, 51W4H HM-3/ELL §" 851 2807 52 (18) i MSL 140 4>, 280 s% 65 1>, HI Ak
L AL AT ) N 46.42% 5 NML 249 4>, 22507 4 233 4>, JE W 3L 4L 8 15 2 38 07 s e il o8 93.57%
MSL F1 NML (%) 75 4 5 548 80 (D343 7 8 0.554 F10.173,

222 \LAEH MSAP 479t 55 ML AF 30 5 A7 4 R ogsbdk il T NML &G 5%, 765 Ik 4+
Frid (RAPD, ISSR, SRAP, AFLP, SSR)Zr#réh A0 b, kA NML % . 258358 MSAP 4rF
PRIC ) 2 MK (93.57%) ey, AR | 9 0 8. 285196 28005 0 E . BXxs
Py 3515 2 1 2 80 s B0 A T AR = T A A AR IS (R 2) .

K2 WSS FIRCT BERMLR

Table 2 A comparison among the amplification results of various molecular markers in hickory

G AN PHAM SHCHEY YA 28T 2B X )5

Ric 2 ) . . o

) SIS RSB YRR B 11/% Bl/% 32 300 R R
MSAP 5 5 249 49.80 233 100.00 93.57 46.60
RAPD 16 12 121 7.56 25 75.00 20.66 1.56
ISSR 17 9 143 8.41 20 52.94 13.99 1.18
SRAP 15 9 173 11.53 27 60.00 15.61 1.80
AFLP 11 8 32 72.72 291
SSR 30 0 30 1.00 0 0.00 0 0

223 WA/ T RACARK R AT T MSAP HORF BT TG 2 Fi R R Hpa [LFT Msp T 29 ANBEA 2L
Hu IR 5'-CCGG AL s 14 0 g I Y £ 0 P A0 J s e 0 Y 6 1y 57-CCGG iz i ™, HL(0, O) i mi 7
SR BB IR OLA, WORHEBR O RLBRG BT, TR i MSAP S ) 4 AL £ 5 8 L SE PR Y
PG o A2 S P HE AL 2 R 5 A {00 i i e PR R A S R A6 i 8 2 R Ay PR A A 8, I — A A il L
PER A —AJEHE. 2T MSAP AT 45 R wT LI . LA BE B SR A AR NS 7K A2 52 R AUTE 20% /64, 6l
AEARXT AP AR B AR XS K53 5310 25.99%+2.42% Fi1 33.38%+3.66% , I Y K& A AH X /K - 2R T8 5k
PERERS A, H P 8] 22 R 2 25 (P<<0.001) 5 i PR Al rr 2 B R AR AT 7K 1 1T pAY A0 e 1 1 Y A AR X
IKAF-93 53R 7.89%+1.53% A1 18.10%:+3.94% , - Al i W Wi HFY 5 A0 A Xof 7K - a2 K 2f F AR X K-, HL
P 8] 22 S A R 2 (P<<0.001) (3% 3) o X 3 AN i LA Bk = 18] 4 F SR AR S 64T U, R AR A B
FEALAR X K- (28.009% ) AT PRy 6 ifd 1 e FEY B A0 A Xk /K- (21.33%) e i, i e~ YR AR AR X /K SF- (6.66% ) Al
AR BEALAR XS 7K F- (29.16% ) B A5 1 5K A 14 2F F AR A X 7K SF- (9.60% ) F AR Y E A 7K (35.61% ) fie i
S R LA X 7K - (23.319% ) M PRy 0 i v e Y R AR AR Xk /K S (137190 ) e i 5 415 R A 45 TAR XS 7K1 i o
SEAIE S F L A A P A X A - R PRy 00 i 5 W Y R A ARG K 1, U2 PR S A A X 7K P A T Al
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F3 RABBKWLZHEEREZA DNA BELBE KT

Table 3  Relative methylation levels in hickory

LAY B hR e 72/ % A 5 2 EU % e K AE/% e /ME/%
JE AL (1,1) 33.38 + 3.66 10.96 35.61 29.16
2 B AR (1,0) 7.89 + 1.53 19.32 9.60 6.66
PR 0 e s e PR 4 (0,1) 18.10 + 3.94 21.76 21.33 13.71
M 3EAR (1,0)(0,1) 25.99 + 2.42 9.29 28.00 2331
4 H AL B A S5 2K (0,0) 40.96 + 2.95 7.19 43.84 37.96

AR 7K WA XS AL, [ Z 8K (3) 6

224 LA Fe R LA SRS R4 AT 8RR IR S 2R M (0.17620.053 ) TR0
15 Z M (0.591+0.099) #f fe 5, LU O sk A 19 1Lk (0.163+0.070 Fi1 0.588+0.089) , ARATAF 1l 4%
Mgt 1% 2 FE P (0.145+0.035) F1 3 W35t 15 2 FE P (0.541£0.130) Fe ik o 72 53 7 st 8 2 4F 7 24.16%~
42.81%, FWistth ZHEMER 15.12%~24.071% , KW st ZFREVER 0 Ja e, R E Z AW A X 8,
Ut B R AR 5 535 1% A48 AT BB AR AR — 2 I ORI, H ORS8O T 28 st A% o 3 NS A R 1A 3R WL ast A%
ZREME (0.57420.011 )35 K T3 (K 1) 38t 1% 2 RE 1 (0.162+0.052) , 22 Wilcoxon &k FlIAS 36 43 #7 (W=16 656.5,
P<<0.000 1)3:H], P& BAM 25

R4 LEBEMXABERIEEREESHENE

Table 4  Genetic (NML) and epigenetic (MSL) diversities assessed by Shannon diversity index in three natural populations

e IR AL L 53 AE H E AL A 51
E PSR AR S A% E PSR AR S A%
kA 0.588 + 0.089 15.12 0.163 + 0.070 42.81
AL 0.591 + 0.099 16.78 0.176 + 0.053 30.15
AT RS 0.541 + 0.130 24.07 0.145 + 0.035 24.16
YIE 0.574 = 0.011 18.73 0.162 + 0.052 32.39

225 L EALE AR S R AEE SRR S A AR EE AL (NML) ) AMOVA Z3Hr W] . 1l pE R 28
JEBE LT BT AT 1 3848 A8 SEARAE TR REN (98.76% ), H 1.24% A7 16 FIa R, Ja#ER b A 83 (e R
B $,=0.012, P=0.235, P>0.05, % 5), W EALBUEALA (MSL) Y AMOVA 73 Hr W1 - IIAZBE R SR e
76.70% ) F W iet 4 78 S A7 AL TS HE N, TT 23.30% 2 W iet 4 742 S A7 7 T e e a] L 3 1) 0 Ak 22 S i 2
% (9,=0.233, P<0.000 1, £ 5), i FAFRHT: 258 REE AR AT DURBUL R AL —d2, Ui JE#F
1778 B S 9 28 A S04, HL Ao A Jo 10 20 J31) -5 4 R o B R SRS i R =2 T 77 A /D o0 5 5,
T TR i B0 5 3 oA S B ) A L S (BT 3) o i R IR 1 2 W is A% A R %50 (0.233 ) 328 Ok 7 i e 1) 419 38t % 70
A% (0.012) , KT8 B L1 A4 O AR T A 1) R W 338 1 70 AL A 88 228 1y Tt A% 7 AL AR o Mantel £ 56 (4 5¢ &
Br=0.125, P>0.05)% B, BALF SRS LA T 1R R A B2
2.3 itk MSAP 4k R 7E i 5% WLk BRI R A

ML 0 56 1) 51 90 41 45 (HM-3/E2, HM-3/E11, HM-5/E8, HM-8/E8) X} 4 4~ 7c thi A% kA~ 1A ik
1 MSAP 3 #r & Bl : HA 1 X5 A& HM-5/E8 A 9738 7=y, H A A3 B i B0 55 I bk A7 7 22 57

®5 WAk RABEIEREMA S (NML) 5B EL G = (MSL) ) AMOVA 4347

Table 5 Analysis of molecular variance (AMOVA) for both non-methylated (NML) and methylated loci (MSL) in three natural populations

o785, R 3 F B -5 ¥ 5 E- J5 225y E 53 %
A F LAk 38 % 107 A JE ] 2 22.94 11.47 0.129 4 1.24
JE R 27 279.00 10.33 10.330 0 98.76
Mt 29 302.00 10.41
AR S 1 T 2 78.93 39.47 32730 23.30
JE T 27 290.80 10.77 10.770 0 76.70

Bt 29 369.80 12.75
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2019 456 H 20 H

(B 4), HoAtl 3 X519 ¥8A 7388, Ul ARk MSAP (& 2R i I T3 52 sk, (5 i T8 [A) 4 b

Z IR ek, W7 LA BRE 9 MSAP 5] Hyid 7 E— 25 i 1

3 ik

ABEFE ) MSAP J3 A 2 W]« LA Bk v il S5 47 A W JE 4k
H A5 A% B b A i 2 AR iC e B R B, MSAP 3 47 45 %) 5
PRI AL AL S R XTSI 2 S0 s 238
Yri e ) 22 35 00 R LL R e s A0 SRR T MSAP 43 #t
DA AT RE B A5 3k 28 38 A5 07 i A 0 8L, T3 T Y Ak A% kgt
AL B R B S5 AR IO 52 o LAy AR i fE I sk 235
PEARAE, S 1 I B B AL oA o 7 a5 Y AR S A5 G 1
JRASFS S B, H2 i DNA Y IE % BEYT, DA 4 3 o Al
RAFE 2 Z2 BARICH) AFLP 2087 (L AZ Ak s P A £ o
PRY TS Y A A T RSP G2 DR T TR A A XK, B
LU AZ B LA PA o M e e P A O 32, RS L Ak o e PR A
RN F BT . xF T8 AL s AR, AR A
AARFER L, AL 5N GO A R IR hr 5
3t Hp VAR Cupressus sempervirens ), A SEHF 58 N b3 F H:
MR TEAE B 5 HAB AL FRiC A b, I S8 kL B
RASNL ARSI FoR Y M AL S, HEBRTEY AL Z
o XA DR AT REAR S P B s R, AT

o

N -~
T 1

(R 15 12.6%)
()

|
)

—2 0 2 4
TR AF2 (R R JE24.1%)

A VEKA BORRIA; COMATH
B3 3 ALtk R R BB AT
(MSL) s #y £ A 47 (PCoA) 4 #7
Figure 3 Principal coordinate analysis (PCoA) for
epigenetic  (MSL) differentiation among

three natural populations

WE— 20T o LA A R 45 J A P B it A 2R PR K Tt 2 Re 5 AR 22 Ho b 4 b B 1 2 0
WMAEWFF SR —3, W Viola cazorlensis™, H AW —Fh AMZAEY) S5 . FERUA DT 57 45 - [A) BE P AE — Lk

BRI ) R S E ST R

3 A TE AR B IR AL A XA HEP 58 2 AR HE T W O B &, (R ZREvkm i e, R

i

8000 % %
= ¢ ook 1Ly 4% HHIA fif ]

4000

2000 \
A LM A

o - N e TIONTY P

50 100 150 200 250
8000 )

L AZ HEM S

3 ¢ 000l AL

4000

2000

0
50 100 150 200 250 300 350

8000 A 27 ) me IR
= ¢ oool 1 51 111 B {1 P
4000
2000

0
50 100 150 200 250 300 350

A RT3
(=)
[=
'

A X 5%

i JiE

SR 9

10000 7 5 11 % B £ P

AR 556

50 100 150 200 250 300 350
T 3/ bp

400 450 500 550 600
400 450 500 550 600
400 450 500 550 600

w2 5000F l ﬂ
0

400 450 500 550 600

A4 s &L MSAP 247 F 4w & k£ mE ik A
Figure 4  Fluorescence capillary electrophoresis of PCR products from MSAP analysis in both hickory and pecan



5536 B4 3 WROCTEAE - LA M 2 AL U 8 22 25 IR AR A st S 5 P A 300 28 0 475

e ZAEPE A B, DLW S 5L A S T BEAFAE — Y SR, A — L AT T 5E . Ieoh, W&
WA S EEAAE T RN, HIRRERER B, DU IR B S 2 S BT Je e e ik Pkl W
BEACTE R X PR35 0 R B R HEE AR, W RDER SR AR A 252 DNA HJEfL, {H DNA HJE £k AR
SEDIALED L | A 77 S DR YT R DR K 1 1 AR S R AR TS o LA Al R R R A L A5 A BE A 4
I & B TR, BN R & eI 4] DNA AL K7 EAFTE R R 22 52 (R Bk i 22 1) ik 4l
KW AU DNA P51 9 2 Wit 1% 5 B AT LAFE tEAQ TRl 4 100 SRS B 31 s iy A= W 14, DNA H kAL
P8 3 Jek T 5 1 A D RN S BB B AR 45 AN, AERr AN A RO DIRE™, AR W e B 2 R W%
W TR R B R AR A sk B 2 DN IER RUKFE Oryza sativa BBFFRE R : A —E L
P11 DNA W B AL e R I RURR A 1, 5 HRRL I s AL 17 oA — 20 R AR T £ b 3R U D R v 24 B
TILA BATEE H A A i 0 a5, AT AR o i R R AT 0 e WLt L bR ac s 72 R ALK 2= Cymbidium hy-
bridium™ KRG PP A BT 2 KRR BALAL AT, Horp— SRR AR ERFFAAL, 055 —F N AR K T B B
sl R ) A S A B H R i e, — 5 LU B R A AL R T AL Y o R, L MSAP FRic i
R B AL AR AE B, AU T I Bkas A% 20 A7, o AT S A% 7 s 5 8 — ke T a8t 4% T3 o g e,
XHEAT QTL B X 2 BV FIHAT — 5 138 S0 DNA FY B AL i 4 i i1 33 1% W 58 8 T S 24k, 9 n T F
FERIMERE .

A PERL T E P BOR B 2 SRR R O A R R A PR AR SR I 0 A7, T 3 M i A A
EAR B — R AR S R A TR R A — MR T I N R, R AR S R AR TR
AFE A G R, SR AL ML DX oA M T Rl A L SR OGBS, LR AR A R T B
ToR S AR R R AL TR A B A B IR MU A 3 e AE Y LI Ag SR Hieracium ) % 8
FIEA TR s B K B, 2 0o AR A AL A 32 B, EL SRS S LR R
TE Rl R T B A AR A OIS ARG DNA &G540 B S hnSE g2 ™, e LR D) 7= R e e o [ I
FEAR TR L B AR B B g 2 Tl A 447 B v AT AR 2 ) JH P8 R AR A P S T R A O
RS R G AR I A 5, SRR A S IR, IRk I B AL i 00 28 20 B 2 9 b 14 )i SR R A
WFFEAT T 1 2t

4 5F ik

(1] Zfe, wiAc, Shaic (RS R S MR L 5 e [J ], &2z 4, 2015, 5(2): 51 - 56.
LI Xinwei, XIE Shiyou, MA Yan. Analysis of pecan nutritional value and planting economic benefit [J]. J A gric, 2015,
5(2): 51 - 56.

(2] 2B, WAL B X R A LD AZ AR 22 T8 R4 o0 A L ). B “#id 4l , 2014, 20(13): 57 - 60 .
LI Xinwei, XIE Shiyou. Analysis on the economic benefit of walnut plant in rocky desertification area [J]. Anhui Agric
Sct Bull, 2014, 20(13): 57 - 60.

(3] #WRgK, wiRAR, RgME, % WSS SRR WA ] WAk P4, 2001, 18(2): 111 -
114.
HUANG Jiangin, ZHANG Binsen, LU Jianwei, et al. Anatomical observation in graft union of Carya cathayenisis [J]. J
Zhejiang For Coll, 2001, 18(2): 111 - 114.

(4] FErd, femed, my TR, IZBRGEE B UG R0 [T ] WL aksBesa 4, 2002, 19(3): 231 - 234.
WANG Baipo, CHENG Xiaojian, YU Weiwu. Inquiry into survival rate of Carya cathayensis seedlings in grafting [J].
J Zhejiang For Coll, 2002, 19(3): 231 — 234.

[5] mikw, RIS, WAskS5 e kA iy or e [T Aol Bk2E, 1965, 10(1): 50 - 56.
YE Maofu, WU Houjun. Hybridization in hickory (C. cathayensis)and peacan (C. illinoensis) [J]. Sei Silv Sin, 1965,
10(1): 50 - 56.

(6] ok, sk, ®cln, . (0 BBkS 3¢ B A Bk OE B 5 R 92 Kl PR 20 A [0 ] T 0 RO KA A A,
2009, 31(5): 885 — 891.
SHEN Lin, ZHANG Hui, ZENG Yanru, et al. Analysis of fruit, seed and juvenile traits resulting from reciprocal cross-
es between C. cathayensis and C. illinoensis [J]. Acta Agric Univ Jiangxi, 2009, 31(5): 885 — 891.



476 WO R M k% 2% R 2019 4F 6 J1 20 1
(7] E, B R LR R BTSR[], S5 Mg, 2012, 30(1): 138 - 142.

(8]

[10]

[18]

WANG Jing, LU Fangde. Advances in research on Carya Nutt. in China [J]. Nonwood For Res, 2012, 30(1): 138 —
142.
BOFE, WL, sk B IR R R A R A [T ). TR AR Be s 4, 2002, 22(1): 47 - 49.
LU Fangde, YANG Fan, ZHANG Riqing. Karyotypes of three Carya Nutt. species [J]. J Central South For Univ, 2002,
22(1): 47 - 49.
ZHANG Bin, WANG Zhengjia, JIN Songheng, et al. A pattern of unique embryogenesis occurring via apomixis in hi-
chory (Carya cathayensis) [J]. Biol Plant, 2012, 56(4): 620 — 627.
Ak, a8, 2, . BT AFLP 2387 #9 LA SR RE R 4 4l S st 1% Z2 R PE [T ], fa Aol B 42, 2009, 36
(4): 84 - 86.
SHEN Lin, GUO Jinjian, LI Yang, et al. Population structure and genetic diversity of Carya cathayensis revealed by
AFLP analysis [J]. J Fujian For Sci Technol, 2009, 36(4): 84 — 86.
BIUE, LAk, WA, LBk SRAP (K R (1 £ 37 K 5 RAPD 1 ISSR AR ic i L 85 [T ]. WiV AR bk K 2% 2% 4l
2011, 28(3): 505 - 511.
LI Yuanchun, SHEN Lin, ZENG Yanru. Establishment of a SRAP analysis protocol in Carya cathayensis and a com-
parison among SRAP, RAPD, ISSR analysis protocols [J]. J Zhejiang A &F Univ, 2011, 28(3): 505 — 511.
LI Juan, ZENG Yanru, SHEN Dengfeng, et al. Development of SSR markers in hickory (Carya cathayensis Sarg.) and
their transferability to other species of Carya [J]. Curr Genomics, 2014, 15(5): 357 — 379.
YIN Danni, ZHU Xuli, JIANG Libo, e al. A reciprocal cross design to map the genetic architecture of complex traits
in apomictic plants [J]. New Phytol, 2015, 205(3): 1360 — 1367.
AUSIN I, FENG S H, YU C W, et al. DNA methylome of the 20-gigabase Norway spruce genome [J]. Proc Nat Acad
Sci, 2016, 113(50): 1 - 8.
BAROUX C, RAISSIG M T, GROSSNIKLAUS U. Epigenetic regulation and reprogramming during gamete formation
in plants [J]. Curr Opin Genet Dev, 2011, 21: 124 - 133.
WANG Wensheng, HUANG Fei, QIN Qiao, et al. Comparative analysis of DNA methylation changes in two rice
genotypes under salt stress and subsequent recovery [J]. Biochem Biophys Res Commun, 2015, 465(4): 790 — 796.
FABAE, Ei. DNA B3 BT BORTE ShAL s e B A g i AT L], A= Bk, 2013, 25(4): 435 - 441.
WANG Zhonghua, WANG Di. Application of DNA methylation analysis in genetics and breeding of plants and ani-
mals [J]. Chin Bull Life Sci, 2013, 25(4): 435 — 441.
AR, REK, FYEE. WP ER DNA HIL{LRg MSAP 3 #r[J ). 2» FHY & F, 2011, 9(1): 69 - 73.
LI Hailin, WU Chuntai, LI Weiguo. Analysis on DNA methylation of rubber by mehylation sensitive amplification
polymorphism [J]. Mol Plant Breed, 2011, 9(1): 69 - 73.
WA, MR, B, & EAEAR AR LI H DNA AR W s i 25 (1] 7 TR F
2009, 7(3): 591 - 598.
HONG Zhou, SHI Jisen, ZHENG Renhua, et al. Epigenetic inheritance and variation of DNA methylation in Chinese
Fir(Cunninghamia lanceolata) intraspecific hybrids [J]. Mol Plant Breed, 2009, 7(3): 591 — 598.
FURE, APRLL, WA, 5. N Sk kAR AT DNA HJE (L MSAP 73 #r[J]. 2» A & Fi, 2013, 11
(4): 551 - 558.
WANG Congcong, LI Jihong, XING Shiyan, et al. Analysis on DNA methylation of Ginkgo biloba L. var. epiphylla
Mak. by MSAP [J]. Mol Plant Breed, 2013, 11(4): 551 — 558.
AVRAMIDOU E V, DOULIS A G, ARAVANOPOULOS F A. Determination of epigenetic and genetic inheritance,
and estimation of genome DNA methylation in a full-sib family of Cupressus sempervirens L. [J]. Gene, 2015, 562:
180 — 187.
AT, RV, B, S TR AN IG K A i B v DNA H AR A 2 i [T ], AR AL ARl e 2 4
R, 2011, 39(2): 33 - 37.
WEI Huali, WU Tao, YANG Wenhua, et al. DNA methylation pattern changes during somatic embryogenesis of Larix
[J1. J Northeast For Univ, 2011, 39(2): 33 - 37.
Hrug, skiER, EMEE, 4. B MSAP (AR (AL 2 DNA WAL i) 28 20 [J ). AR AL polk R~ 4l



5536 B4 3 WROCTEAE - LA M 2 AL U 8 22 25 IR AR A st S 5 P A 300 28 0 471

[24]

[27]

2012, 40(12): 1 -17.

MA Kaifeng, ZHANG Zhiyi, WANG Siqi, et al. Optimization of MSAP system and preliminary analysis of DNA
methylation in Populus tomentosa [J]. J Northeast For Univ, 2012, 40(12): 1 — 7.

G IAZBR RS 1 S ZAEPER DR (D ] BT . WA, 2008.

GUO Jinjian. Study of Population Structure and Diversity in Carya cathayensis Sarg. [D]. Hangzhou: Zhejiang A&F
University, 2008.

XK. S5 AR A DNAH S AL BURA 3 2251 (MSAP) 23 #r [D ] i ferp ARl k2, 2013.

LIU Bing. Methylation Sensitive Amplification Polymorphism (MSAP) Analysis of Mainly Cultivated Oyster Mush-
room [D]. Wuhan: Huazhong Agricultural University, 2013.

Fbels, BEME, R, S5 PR MSAP EORK R SR [T sh E&0b@ e, 2012, 28(22): 287
- 292.

LU Xiaoting, ZHAO Chunmei, WANG Aihua, et al. Optimization and establishment of MSAP reaction system for ap-
ple [J]. Chin Agric Sci Bull, 2012, 28(22): 287 — 292.

PR, XRF5 . I MSAP FA X RS i A AT DNA HUEEAL 23 A [T ). o B RME AL, 2005, 38(11): 2301 -
2307.

HONG Liu, DENG Xiuxin. Analysis of DNA methylation in navel oranges based on MSAP marker [J]. Sci Agric Sin,
2005, 38(11): 2301 - 2307.

R, ORER, R, A =R MSAP SN IR R AR K| ik [T ). th 2y, 2012, 43(3): 572 - 576.
GAO Huan, ZHANG Zheng, ZHOU Ting, et al. Optimization of MSAP reaction system for Akebia trifoliata and
primers screening [J]. Chin Tradit Herbal Drugs, 2012, 43(3): 572 — 576.

PEREZ-FIGUEROA A. msap: a tool for the statistical analysis of methylation-sensitive amplified polymorphism data
[J]. Mol Ecol Resour, 2013, 13(3): 522 - 527.

FLETCHER H, HICKEY I. BIOS Instant Notes in Genetics [M]. 4th Ed. Boca Raton: CRC Press, 2013.

GUPTA V, BIJO A J, KUMAR M, et al. Detection of epigenetic variations in the protoplast-derived germlings of Ulva
reticulata using methylation sensitive amplification polymorphism (MSAP) [J]. Marine Biotechnol, 2012, 14(6): 692
- 700.

MW, EF, 8, % LERMNA R ST AR 4] DNA FIEAL 1 MSAP 4387 [J]. A% 4), 2011, 31
(10): 2846 — 2853.

DU Yaqiong, WANG Zicheng, LI Xia, et al. MSAP analysis of DNA methylation in Arabidopsis (Arabidopsis
thaliana) under Oxytetracycline stress [J]. Acta Ecol Sin, 2011, 31(10): 2846 — 2853.

SCHULZ B, ECKSTEIN R L, DURKA W. Scoring and analysis of methylation-sensitive amplification polymorphisms
for epigenetic population studies [J]. Mol Ecol Resour, 2013, 13(4): 642 — 653.

HERRERA C M, BAZAGA P. Epigenetic differentiation and relationship to adaptive genetic divergence in discrete
populations of the violet Viola cazorlensis [J]. New Phytol, 2010, 187(3): 867 — 876.

YEGNASUBRAMANIAN S, LIN X, HAFFNER M C. Combination of methylated-DNA precipitation and methylation-
sensitive restriction enzymes (COMPARE-MS) for the rapid, sensitive and quantitative detection of DNA methylation
[J]. Nucleic Acids Res, 2006, 34(3): e19. doi: 10.1093/nar/gnj022.

MASSICOTTE R, ANGERS B. General-purpose genotype or how epigenetics extend the flexibility of a genotype [J].
Gene Res Int, 2012, 2012: 1 - 7. doi:10.1155/2012/317175.

WANG Jun, FAN Chuanzhu. A neutrality test for detecting selection on DNA methylation using single methylation
polymorphism frequency spectrum [J]. Genome Biol Evol, 2015, 7(1): 154 — 171.

KEUNG A J, KHALIL A S. Single-cell tracking reveals a common “algorithm”  of operation used by chromatin reg-
ulators [J]. Science, 2016, 351(6274): 661 — 662.

g, HITERE, SKAKEE, 4. BT ISSR 2 FARICEOR B I AZ B4 I DNA H A0 20 BF 52 [T ] @i T AR AR R
e dk, 2014, 31(4): 521 - 527.

LI Shunfu, HU Hengkang, ZHANG Qiulu, et al. ISSR analysis of DNA methylation variety on immature embryos of
Carya cathayensis [J]. J Zhejiang A&F Univ, 2014, 31(4): 521 — 527.

SAILER C, SCHMID B, GROSSNIKLAUS U. Apomixis allows the transgenerational fixation of phenotypes in hybrid



478

LN /N NI S 2019 46 H 20 H

(53]

plants [J]. Curr Biol, 2016, 26: 331 — 337.
NISHIYAMA A, YAMAGUCHI L, NAKANISHI M. Regulation of maintenance DNA methylation via histone ubiqui-
tylation [J]. J Biochem, 2016, 159(1): 9 — 15.
ZHONG Silin, FEI Zhangjun, CHEN Yunru, et al. Single-base resolution methylomes of tomato fruit development re-
veal epigenome modifications associated with ripening [J]. Nat Biotechnol, 2013, 31(2): 154 - 160.
WANG Wensheng, PAN Yajiao, ZHAO Xiugqin, et al. Drought-induced site-specific DNA methylation and its associa-
tion with drought tolerance in rice (Oryza sativa 1.) [J]. J Exp Bot, 2011, 62: 1951 — 1960.
Mroheik, EEE, 52, . RIEE 2T H R ATG 2R 4] DNA i e P AR ZS 19 MSAP 734 [J ], =
T PF5E, 2008, 30(4): 464 — 470.
CHEN Xiaoqgiang, WANG Chunguo, LI Xiulan, et al. Analysis of DNA cytosine methylation between the non-polli-
nated and pollinated ovaries of Cymbidium hybridium (Orchidaceae )based on MSAP []J]. Acta Bot Yunnan, 2008, 30
(4): 464 — 470.

s, SR K. WA TE Oryza nivara F1 O. rufpogon DNA H Ak 2R [T ], AW 24, 2010, 18(3). 227
- 232.
CUI Yingying, ZHANG Daming. Surveying DNA methylation diversity in the wild rice, Oryza nivara and O. rufipogon
[J]. Biodiversity Sci, 2010, 18(3): 227 — 232.
BOKLL, E8#, IR, 5. s WAL ESE A, B AR & A . B REA R e B () ). P RO
B2, 2012, 45(18): 3699 — 3708.
DUAN Yonghong, WANG Ming, SUN Yi, et al. Construction of methylation linkage groups A and B in sorghum with
MSAP and SSR markers and analysis of methylation sites and patterns [J]. Sci Agric Sin, 2012, 45(18): 3699 -
3708.
OZIAS-AKINS P, CONNER J A. Regulation of apomixis [C]//ALTMAN A. Plant Biotechnology and A griculture -
Prospects for the 21st Century. Pittsburgh: Academic Press, 2011: 243 — 254.
HAND M L, KOLTUNOW A M G. The genetic control of apomixis: asexual seed formation [J]. Genetics, 2014, 197:
441 - 450.
RODRIGUEZ-LEAL D, VIELLE-CALZADA ] P. Regulation of apomixis: learning from sexual experience [J]. Curr
Opin Plant Biol, 2012, 15: 549 — 555.
GRIMANELLI D. Epigenetic regulation of reproductive development and the emergence of apomixis in angiosperms
[J]. Curr Opin Plant Biol, 2012, 15: 57 — 62.
ABDI S, SHASHI, DWIVEDI A, et al. Harnessing Apomixis for Heterosis Breeding in Crop Improvement [M].
Beilin: Springer-Verlag, 2016: 79 — 99.
SHIRASAWA K, HAND M L, HENDERSON S T, et al. A reference genetic linkage map of apomictic Hieracium
species based on expressed markers derived from developing ovule transcripts [J]. Ann Bot, 2015, 115(4): 567 —
580.
MAUA M, LOVELL J T, CORRAL J M, et al. Hybrid apomicts trapped in the ecological niches of their sexual an-
cestors [J]. Proc Nat Acad Sci, 2015, 112(18): E2357-65. doi: 10.1073/pnas.1423447112.



