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Genetic diversity and population structure of wild lotus
( Nelumbo nucifera Gaertn.) in China
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Li Feng', Sun Ya-Lin', Ke Wei-dong'*
(1. Wuhan Academy of Agricultural Sciences, Wuhan 430074, China; 2. College of Horticulture,
Huazhong Agricultural University, Wuhan 430074, China)
Abstract. Lotus ( Nelumbo nucifera Gaertn.) is a special aquatic plant in China. However,
habitat destruction by both natural factors and human activity have impacted many wild
populations. Furthermore, the genetic diversity of these wild populations remains poorly
understood. In this study, the genetic diversity and structure of wild lotus in China were
evaluated based on 33 populations using 1 064 789 single nucleotide polymorphism ( SNP)
loci obtained by specific —locus amplified fragment sequencing ( SLAF). Cluster, principal
coordinate, and STRUCTURE analyses revealed that the northeast China populations were
genetically separated from those of the Yangtze River Basin. Thus, wild lotus from these two
regions represented two ecotypes of N. nucifera. Low genetic diversity within each population
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(average m™ = 1.04 x 107°) and a high degree of genetic differentiation among populations
(average Fq; = 0.42) were found. For the Yangtze River Basin populations, m ranged from
0.5 x 107 to 2.2 x 10™° among the various lakes. The Liangzi Lake area exhibited the highest
diversity, with 7 ranging from 3.13 x 10° to 2.3 x 107 among the small lakes, indicating that
lotus diversity was not evenly distributed. For populations in North China, mranged from 3.05
x 107 to 1.50 x 107°, with the Liangshan populations showing the highest diversity. Thus,
higher genetic diversity was observed in the Yangtze River Basin populations than in the North
China populations. The F4 value from comparison was 0.34, indicating a high degree of
genetic differentiation between the areas. Low genetic diversity within populations and high
differentiation among populations could be attributed to clonal reproduction within populations
and low genetic exchange among populations. Our results indicate that ex situ conservation
should be supplemented with in situ preservation for wild lotus conservation.

Key words: Nelumbo nucifera; Wild lotus population; Genetic diversity; Specific-locus ampli-

fied fragment sequencing (SLAF)
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x1 BVBNHEBHIXEMER
Table 1 Geographic information on 33 wild Nelumbo nucifera populations

WK R G5 W K P Fedh
Region Lake Population No. No. Source atltude and No. of
longitude samples

- M E X1 aa,ab,ac,ad IR BRI R 47°02'N, 130°52'E 4

- HEFEE X2  ae,af,ag,ah BIpITA M RIETT = 46°00'N, 127°52'E 5

- {LiEYRE X3  aj,ak,al, BITAEASHPEZLT  47°55'N, 134°54'E 5

- HEARIERE X4 am BITAEASI AT 46°54'N, 130°32'E 5

] - [ATERE X6  aq,ar,as BRTAEASAFETY 47°54'N, 132°56'E 5

jég - IO X7 at,au WA RILHEILE  47°50'N, 132°53'E 3

- JETERE X9  ba,bb BIpITA M /RIETEIE 45°58'N, 128°50'E 4

- [ X10  bc,bd BIPITA M /RIETTEIMX. 45°44'N, 125°11'E 4

- IR X11  be,bf,bg EpITERRETJTIER  45°55'N, 128°55'E 4

Bl 7 it X8  av,aw,ax,ay T T8 Bl T ki B 42°31'N, 123°58'E 5

- Bk E X29  el,em,en,eo,ep,er  IIREFTHRILL 35°56'N, 116°29'E 7

FOU T X22 gﬁai%?f’dg’dh’di’ VLR e B 28°51'N, 116°47'E 9

W FUNREWEE  Xo4 g;’,‘jj?”‘zjtz’f’e“édv’dw’ WA 45 BT 111X 29°45'N, 112°51'E 10

s BN X20  or,cs,st A T T MR L 4 29°51'N, 113°30'E 8

b3 3 M L X36  fr,fs,ft,fu, WAL A L T v i A 29°57'N, 113°35'E 8

AP LU 2 X38 gd,ge,df,gg WA IR X 30°13'N, 114°26'E 10

PFW LT 3 X41  gp,gq,gr,gs,gt WAEA BT E X 30°13'N, 114°27'E 6

b s I e L X37  fx,fy,fz,ga,gb,gc WAEA BT E X 30°13'N, 114°27'E 6

P BT 2 X33 fl,fm,fn,fo,fp,fq WAEA BT E X 30°21'N, 114°26'E 6

BTW BRI 3 X23  dm,dn,do,dp,dq WL R AT R X 30°19'N, 114°25'E 6

R SR 4 X32  ff,fg,fh,fj,fk WHEA BT E X 30°16'N, 114°25'E 6

*‘T%" PEW S X14  bq,bp,br,bs,bt,bu  HILA WM T 30°30'N, 114°50'E 6

WX RTW LR EIELTE  X21 cw,cx,oy,cz WL B TR B 30°23'N, 114°53'E 8

T A 1 X24 g;”%i/”‘fjtz'f’:édv’dw’ LA R E X 30°33'N, 114°53'E 6

ZEF 7k X28 ee,ef,eg,eh,ei, ek WAL T Al 30°11'N, 114°21'E 8

PR T I X31 ey,ez fa,fb,fc,fd,fe  WIILH BT 29°59'N, 114°09'E 8

DU 0 X16  cb,cc,cd,ce,cf,cg  WIALE MBI 30°59'N, 113°52’E 6

VAU VAT e ] B S X17  ch,ci,cj,ck WAL AT DU T 30°58'N, 113°55'E 4

- NI B X12  bh,bi,bj WAL BT # A X 30°58'N, 113°53'E 6

- e UiLiga X18  cl,cm,cn,co,cp,cq  WHLARIAITE X 30°46'N, 114°28'E 6

- EUiL g X13  bk,bl,bm,bn,bo,bp  WdLE BRI ATHELX 30°40'N, 114°24'E 6

- T 1 3 X15  bv,bw,bx,by,bz,ca #dbE I EAw X 30°54'N, 114°01'E 6

- i1 97 3 X39 gn,go WA BT T AR RE T 29°58'N, 113°53'E 2




55 3 )

RUTEAZAE ;i [ B2 o e g A% 2 e SRR S5 40 20 b 281
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SR CTAB 75 #2241 DNA™ | DNA #ffh %
JH SLAF fii 4k 356 R 20 0 e 2 AR R4 7300 e A0 A0
EEROE = YT R 3] I 57 (4 27
Ji%E . XA DNA #EATEEUI RN 2 R lllumi-
na ¥ 5 Hiseq2500 #E 17 X 7y, I3 4 B
PE150, #Iitu€)m, MM SLAF £ R4 SLAF Fr
I %, KH Burrows-Wheeler Alignment Tool
(BWA. 1) BB 500 Lo 2 225 SR 4 |, # L
X 3] 35 R £ ] — o7 5 L v B2 ] S O o B Ry —
A~ SLAF B5%:, LA SLAF #3%8 Ry BEAitli R T GATK Fi
Samtools2.6.1 Wi J5 ik K 4d 2l & SNP £ 58, LA
RN E B SNP a5, AT — 20 AR5t
L2004
1.2.2 EERHEEESHFENERASEES N

FIFH veftools_0.1.13 B4 3158 AS [ 3 B 44 Y
() ZAEPEFR B o FIRFIAR B s A5 - L R B Fgr, 3
T perl AR ZSFE B &R (PIC) | A8 H i
WZe A (H,) MAEA RN MG E (H,) .
Nei’'s ZFEEHS%L . Shannon ZREVEFESL( ), W4T
B Z YT, SR PHYLIP 2R B 5/ NIk 3 125
W & 4 b B, &2 K% 1000 ¥,
MEGAG H e et At s FIH GCTA Btk 4T £
A (PCA) 28T, R 3421l PCA 8BS L, FIH
Admixture A TREARSE RS 5387 .
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2.1.1 MFEEHESHITS SNP 218

AT LA 742 992 4~ SLAF #5%5, SF-24i0
JPURBEIR S 12.47 x, SLAF AR e L4 34574
i, #i Rk ZH0X ) SLAF FRr%555 500 1~/Mb, 2345
P SLAF FR25 7 42.97%, UL SLAF pp%s g dknti, 3
A% 1 064 789 = BRI HEM SNP dRid (£ 2) . K
YL T el X B AN [R] JE A SNP 3528 667 824 ~
3 756 586, V146 511 594 /4~ JtiiHb X SNP
1065 979 ~2 075 500, V-4 4 578 593, Wi
FERNHIAEBEA ] 1.08% ~11.04%, 14 2.61%,
NFHER YN ERAREE, EE 34
PR L N A5 FE 53 il o 5.17%, 7.35% Fil

11.64%, ik TH R ERE,
2.1.2 BHLBEEEHSH

AHFFEFH 1 064 789 4~ SNP #3ic, %F 33 4~
HPESRAE 195 DA T RER . F Ko
BrABE s L 45 H 930 . RER T RERT, A
] X R o 2 NS (B A, 5
LR SR i N A O3 AR e S AN
PH | 3590 e ) e 0 S 3 A DA B A bW . 7T
W, BT B S SR R 23 A, Hi Rl AR
KIS R 56 2 D3O ARt
DXHFSE ARG TR0 B R L RSB IR VT4 A5 M g Y
FEFRRE 10 A4, [F— W0 AS ] S B A AE R — 3 2
b, HFE— B SEA R —ie, RUIEFERE
B A I, B T as RS R
RICE 1. B), FEA 1 F RS LRI H iz X B
FERARIL XS R B S 40, Lt (RGN T
L R X S54RI b IX B S R e 2 1], 5 H
SHAAE—E, AR TERHA B L LS oD, (BOE
KB N1 ~5, ZREI(E1. C), HK =
2, Rt Hh DX SRV T Ik X S TR R A A
2 AR A Sy, AR R IL R 5 KT
H T i L DX S S R R R A A A TR, I R Ly
ARG R T H T Vi X M 3 35 [R) 2 465 ) B M AT
MK = 30, Bl A SR i XY %
G3IF, AT R ALY | BRI A A VL
T 3 AR A B, Bt ARG R iR
i X7 3 55 2 G S ) S 2 A

ghih LR R, ARG rf B A L
b PR Y5 AT I 58 800 43 A W R, R YL AP R i
DX R I RN AR b b DB S, 3R BN ) DX 3
HERNHEAWHEZER, A AR,
ARG IX S B SR A3 A R RS, VT AP R Wi X T
TR, IDARP IR EAE BN E M
R BE BN FARICHEKIL P M X 2 E, #E
T Sy Y S I PR S ) o Y S
2.2 BERMBASHESHL
2.2.1 KIRBARMATERESHEESHIK

AT A WA 20 1 147
B SERE AT T B 2R i, SR R, BT
TR RS T = 2.3 x 107°, ZEHA
T PIC = 0.24, WMINZE R H, = 0.11, HIEES
A H,=0.29, Shannon Zt: 5%k 1 = 0.46,
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Table 2 SLAF sequencing and SNP information statistics

JEHE M B SLAF %% WP ERBE (X) SNP % FETE(%)
Population Total reads SLAF number Sequence depth SNP number Heter ratio
X1 9 657 604 672 644 11.62 1494 352 1.09
X2 16 448 889 1029 917 14.35 2 075 500 1.29
X3 5978 638 958 227 15.53 1885 211 1.25
X4 15 288 965 915 515 15.32 1818 765 1.52
X6 10 254 788 959 248 13.63 1518 992 1.13
X7 14 429 806 546 062 12.18 1065 979 1.27
X9 15 158 805 764 546 13.84 1507 490 2.10
X10 11 420 074 766 924 13.88 1510 405 1.31
X11 11 626 458 777 880 11.57 1532 641 2.14
X8 7 564 185 983 838 14.04 1936 558 2.81
X29 22 916 957 1434 401 14.37 2 808 082 3.48
X22 23 789 726 1817 598 11.67 3 538 024 1.31
X24 23 860 084 1913 100 11.30 3 756 586 2.43
X20 18 604 875 1271252 13.11 2 505 962 2.1
X36 11 321 819 906 781 11.21 1790 639 1.98
X38 22 526 196 1760 593 11.54 3 490 356 5.17
X41 13 775 102 878 698 14.32 1821 681 11.64
X37 14 206 289 1048 713 12.26 2 139 516 7.35
X33 15918 143 1175078 12.28 2 294 042 1.79
X23 13 691 229 1101 653 11.28 2180 074 2.09
X32 13 139 044 932 602 13.09 1844 652 1.76
X14 16 362 893 1168 523 12.76 2 279 635 1.89
X21 22 214 039 1575 291 12.48 3 118 487 5.53
X24 15 382 972 1 090 936 12.91 2169 379 1.08
X28 16 362 514 1238 245 11.91 2 449 971 1.82
X31 18 048 312 1352 236 12.20 2671337 3.57
X16 17 380 072 1262742 12.38 2 420 424 2.28
X17 14 843 282 1 096 565 12.25 2 151 928 2.46
X12 17 424 319 1147 007 13.79 2 245 083 1.82
X18 12 042 022 1188 437 9.03 2 336 056 2.96
X13 13 888 515 1207 961 10.28 2 368 729 2.30
X15 12 911 283 1159 006 10.06 2 286 228 1.90
X39 5 738 536 340 039 15.34 667 824 1.62

T JEfEm SRR 1, FIE,

Note: Numbers corresponding to populations are shown in Table 1. Same below.
R FE Ju e it 6 SRR, SRR WO bR, S 190 BH ) e dhe i 1 22
HIREZHMERRHEE A . Bl S ST ST PR (3R 3) o &> I ) - B B4R 73 1k R 5k
FEWI S B, G 7R R R A 2R R . For= 0.41, BB ZE KPR FH ]S i 2 W
MARYE 2 & E B &, WG Shannon 1§ Er#Eit LR, Fo= 0.63, R1H5it
BEFBAL ZARIESR, A0 BEW . TREWERE IR RE AR, Fer= 0.09,
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A: PEBFEEREARIM T, B: PCA ERUHT; LLm AR I HF R Jm i, ORI s B S e,
mw’c‘%ﬁﬁfﬁﬁo C. BEHMANI(K=1 ~ 4); AR 1 ANEELRERR, B TEELR S PO RN A LR
HERY LA

A Cluster analysis of wild Nelumbo populations in China. B Principal component analysis; blue, red, and green dots indi-
cate wild Nelumbo populations from North China, Yangtze River Basin, and Shandong Province, respectively. C. Popula-
tion genetic structure (K = 1-4); each sample is represented by a vertical line, and line color indicates ancestral popula-
tion proportion.

B 1 hEFEEFEEEESN

Fig. 1 Population structure analysis of wild Nelumbo nucifera

®3 KiIPTHtXEZHAHFERRENEESHLE

Table 3 Parameters of genetic diversity among wild Nelumbo nucifera populations in Yangtze River Basin

EIESS N Ho H, PIC ™ Nei’ s /
el 4935 0.649 0.439 0.341 4.40x1078 0.585 0.629
AL 31660 0.213 0.350 0.280 1.61x107° 0.367 0.525
I E 1 23 748 0.302 0.359 0.286 1.22x1075 0.382 0.534
e 18 15 120 0.360 0.372 0.294 8.33x1070 0.413 0.550
i 32919 0.177 0.357 0.282 1.69x107° 0.369 0.526
HLG 22 690 0.355 0.398 0.312 1.34x107° 0.441 0.580
B 51397 0.130 0.317 0.260 2.23x107° 0.320 0.488
I BH 1 12 644 0.278 0.268 0.219 4.98x107° 0.286 0.421
e 21 416 0.320 0.364 0.290 1.14x107° 0.403 0.542
/N 23 041 0.240 0.373 0.297 1.26x107° 0.413 0.553

W N, ZE0EEG H,, WERGE; H,, TliZBE,; PIC, Z8FEEA&HE; m, BHREFEME; Ne’s, Nei’ s ZHMA85L; 1,
Shannon ZFHEHEE, TR,

Notes: N, Number of poly markers; H,, Observed heterozygosity; H,, Expected heterozygosity; PIC, Polymorphism information
content; 7, Nucleotide diversity; Nei’ s, Nei’ s diversity index; /, Shannon diversity index. Same below.
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WA B 24 /K AHE AR AR /N AR, an
T, AL TRIC R R, SRS O, i
AL 3260 km?, A=), PRZEW, =1, %
S U, B A LR TR X
B, ZXEETERES | R, AW DR
X3 7 AN/ N 1 AP S A oA, X B SR
FRs e 2R T T o0 (3R 4) . S45REW, &/)
WS- A AT IR TE B m Eoh 1.30 x 107°, |
Wilism, A iEt, Al F i e A
JE SIS BRI AHIE, Hoe /N5 ]
W T A5 BE o /NI B S R AT 34 0 Ak R K
Fsr= 0.40, RIS /N [a] $F 3 Sl = FE A2,
SRR BE R o

25 A BT /NI N A () B 5 s B 22 e (e

KIER), LW 3 AE#Em Eh 2.03 x 107° ~
2.49 x 107°, &} 8.4x10° ~1.13 x 107°, &
BH ) — /NI P AS [) S8 A () B Rt 1 2R M A e 22
5, HESB/N, W, SN ERE Y5010
FAE P39 0.29 F110.32, /N T /N i )
5 R %L
2.2.3 IkAHERHENEESHNE

RIS AE [ AR b KRB A T, (HAY
FESRIEIT . MBS R BUKE T WERENTE S
A, IKIBEASAE B8, R A 90K TR AR 1 B 3
B, BIIL, L7, AR HLAY 10 A BF 3% 5 B
G Z TR (R 5), AR TR A
(m=15x10")> L THBETE (T = 1.21 x
107°) > MBIy iR B (™ =6.33 x 10°) , 1M
FEFREILHS, RE SN LT, WFER A 2
BT

x4 RFEHXBU/NEFEERENEESEE

Table 4 Parameters of genetic diversity among wild Nelumbo nucifera populations in Liangzi Lake region

G X 3N
Small lakes in N H, H, PIC T Nei’s /
Liangzi Lake region

=] 25 952 0.185 0.324 0.262 1.23 x 107° 0.336 0.494
A1 7154 0.340 0.297 0.244 3.13 x 107® 0.330 0.462
PR 37 539 0.290 0.319 0.260 1.73 x 107° 0.345 0.490
=1l 20 931 0.277 0.371 0.295 1.14 x 107° 0.410 0.550
331 18 133 0.263 0.280 0.230 7.92 x 107® 0.306 0.439
L] 32 950 0.229 0.341 0.277 1.69 x 107° 0.371 0.515
SR 20 43 149 0.188 0.368 0.294 2.32 x 107° 0.379 0.548
Sy 25 335 0.243 0.341 0.274 1.30 x 107° 0.375 0.514

x5 RELMHXEZNRAFEEFERESHEESH

Table 5 Parameters of genetic diversity among wild Nelumbo nucifera populations in North China

Pop%lﬁion N Ho He PIC T Nei' s /
e 1 B 3 5838 0.429 0.353 0.284 3.38 x 1078 0.415 0.531
H SIS 7843 0.402 0.317 0.258 3.90 x 1078 0.357 0.487
Pt iz B 3 16 391 0.191 0.353 0.286 9.18 x 107° 0.397 0.533
FEAST T 32 10 254 0.412 0.383 0.303 6.28 x 107® 0.433 0.564
) 7T 3% 6310 0.418 0.332 0.269 3.36 x 1078 0.374 0.505
EvAN]iiEiH 4320 0.524 0.396 0.313 3.05 x 1078 0.491 0.581
30 Y] 3 10 608 0.481 0.392 0.310 6.79 x 107° 0.458 0.575
0 (0 B 5563 0.459 0.362 0.290 3.36 x 1078 0.426 0.541
75 1E 9 BT 3 13 221 0.410 0.408 0.320 8.86 x 107° 0.480 0.594
BRI BT 20 842 0.366 0.367 0.293 1.21 x 107° 0.413 0.546
Z il 29 334 0.315 0.344 0.277 1.50 x 107° 0.375 0.518
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2.2.4 KIREMILMRFERFEEZSHEN
b4 #T
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BEFE S RVTIRI ., 2R A6 X B % 0] 35 O rh S5
WAL (F {43512 0.20, 0.29), HE5KITH
SRR/, RIS L A R W At P
R, HEER AT R TRIT R E,, KITRES
RILH X Z A8 AE b R B Fsr = 0.34, srfbf)E
BRE(RT),

*6 AEREBEIFEMEESHESH

Table 6 Parameters of genetic diversity among wild
Nelumbo nucifera populations in different areas of China

IX 3

H H ¥
Region b o PIC T Nei’ s /

JLERHLIX 31914 0.114 0.348 0.280 1.6x107° 0.353 0.523
KITHisE 59829 0.116 0.287 0.288 2.3x107° 0.288 0.450

R7 FARXBHEEESUSE(Fs)
Table 7 Parameters of genetic differentiation
among wild Nelumbo nucifera populations

X35, B MESEL
Region Fsr
KL I B ] 0.41
A0 b X ] 0.59
ARk vs KITH 0.34
21 vs RALHLX 0.29
P EARE vs KT ek 0.20
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AT LI, BFE RN S 2 ARG, X
5ETACKEH SSR #ric 43 i BRI KILH R UiF
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B, IR AR E 1 S S A A A )
3.2 BEASINSS

MYERK R, R b A RS
R LI AN ] XSS 25 . HET,  MEPH AR S
R F8A 2 2%, 2 A mlEl 3 Rl A5 ) 2005
A, TSR AR A6 S e B DU XA A K
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FEAEFR EAL S K B BB T AR B3, KRBTSRI IX
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VLI IR B g BF A DU A PR IR R, &
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