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Abstract: [Objective] The study aimed to analyze genetic diversity and population structure of newly
collected 798 germplasm resources of 17 species of Malus Mill. native to China using fluorescent SSR
molecular markers in order to provide references for germplasm collection and preservation of Malus
and the study of the phylogenetic evolution of each species. [Methods] 19 pairs of polymorphic SSR
primers were screened to detect the polymorphism of 17 species of Malus Mill. GeneMapper3.0 was
used to collect fluorescent labeling SSR data, and GenAlEx 6.501 was used to calculate the indexes of
genetic diversity, such as number of polymorphic alleles (,), number of effective alleles (V.), observed
heterozygosity (H.,), expected heterozygosity (H.), fixed index () and shannon diversity index (/), and
to analyze the molecular variation (AMOVA) among populations. The genetic differentiation among
populations were analyzed by GenepopV4 and Fstat293. The Bayesian cluster was carried out using
STRUCTURE 2.3.4 to analyze the genetic structure of populations. The characteristic number of allele
variation frequency (population number) K = 1-20, burn in cycle 100 000 and MCMC repetition
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100 000 were set. The mixed model and related allele frequency were used to run different K values for
10 times, and the log function Lnp (D) of delta K and likelihood value was calculated. The optimal K
value was determined by modeling the number of gene pools (k). Clumpp 1.1.2 software was employed
to process the distribution coefficient Q value (the estimation coefficient between each individual in
each group) obtained by 10 independent runs, and Ddistract 1.1 software was used to optimize the
graph.[Results]1500 polymorphic alleles were detected by 19 pairs of SSR primers, with an average al-
lele number of 26.3 and effective allele number of 10.309. The average values of heterozygosity and ex-
pected heterozygosity were 0.681 and 0.886 respectively, and the Shannon index was 2.545. The genet-
ic diversity of 17 species of Malus was studied. The observed allele number of Malus baccata was
19.947. The effective allele number and Shannon index of Malus domestica subsp. chinensis were 9.585
and 2.418, respectively. The heterozygosity of all populations was higher than 0.5, indicating that the
new collection of germplasm resources of Malus had not been artificially selected with high intensity,
and the genetic diversity was relatively high. The first three species with the largest difference between
expected heterozygosity and observed heterozygosity were Malus yunnanensis, Malus ombrophila and
Malus honanensis, the next one was Malus baccata, and Malus hupehensis had the smallest difference.
The genetic diversity of Malus yunnanensis, Malus ombrophila and Malus honanensis was the highest,
while that of Malus hupehensis was the lowest. There were more heterozygotes in the populations of
Malus rockii, Malus hupehensis, Malus Komarovii, Malus transitoria, Malus toringoides, Malus yunna-
nensis, Malus ombrophila, Malus honanensis, Malus micromalus. The genetic diversity of 798 acces-
sions of Malus Mill. in this study (H~=0.886, /=2.545, N.=10.309) was higher, among which Malus siev-
ersii (H=0.814, I= 2.041, N=6.054), Malus baccata (H=0.848, [=2.350, N=8.652), Malus toringoides
(H~0.663, I=1.355, N=3.332) and Malus hupehensis (H=0.262 8, [=0.401 5, N=1.437 5) had higher
genetic diversity than those species in previous studies. Except for Malus honanensis, Malus yunnanen-
sis, Malus ombrophila and Malus komarovii with only one accession in every group, the genetic varia-
tion in the remaining 13 populations accounted for 93%, while the genetic variation among populations
accounted for only 7%, and the genetic variation was not significant (» > 0.001). Different groups had
different levels of gene exchange. The lowest genetic differentiation coefficient was 0.006 between Ma-
lus prunifolia and Malus domestica subsp. chinensis, followed by 0.007 between Malus prunifolia and
Malus asiatica, and the highest genetic differentiation coefficient was 0.253 between Malus toringoides
and Malus hupehensis. The analysis of population genetic structure of 798 accessions of 17 species
showed that when k = 2, A K got the maximum value, and when K = 5, the rise of Lnp(D) slowed
down, 5 was an important clustering point. The genetic sources of wild apple species in Malus sieversii,
Malus baccata, Malus rockii, Malus hupehensis, Malus halliana, Malus kansuensis, Malus Komarovii,
Malus transitoria, Malus toringoides, Malus yunnanensis, Malus ombrophila, Malus honanensis were
relatively narrow. Among the five cultivated species tested, only part of Malus domestica subsp. chinen-
sis contained a large number of genes from group 1, and the other four cultivated species contained a
small number of genes from group 1, but mainly from other wild species.[Conclusion]19 pairs of SSR
primers were highly polymorphic, and had high transferability between populations. They could be used
for the evaluation of genetic diversity and population structure of different species of Malus Mill. The
genetic diversity of 17 species of Malus was higher than that of previous studies. There are abundant ge-
netic variations among and within the species of Malus native to China, which was beneficial to the ad-
aptation of different species of Malus to various ecological environments. Genetic differentiation main-

ly existed in populations, and there was gene exchange among different populations, but at the same
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time, the genetic differentiation among populations was resisted by gene drift. Malus sieversii and Ma-

lus baccata might be involved in the evolution of some of Malus domestica subsp. chinensis. In addition,

Malus robusta might also be involved in the evolution of some of Malus domestica subsp. chinensis.
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Table 1 798 accessions of 17 species of Malus Mill. germplasm resources
Fre e K P AR S
Code Species Origin Number || Code Species Origin Number
1 HERETSE R Malus sieversii ik Xinjiang 267 13 R MPIT Heilongjiang 2
2 WL3HT Malus baccata Hl Gansu 4 Z ?Z;j;mewca subsp. K Jilin 23
4k Hebei 58 P53 Inner Mongolia 1
SBIJEVT. Heilongjiang 92 111745 Shandong 1
Ak Jilin 19 174 Shanxi 10
117" Liaoning 1 BT Xinjiang 9
NS Inner Mongolia 44 14 LT Malus asiatica Hl Gansu 1
11174 Shanxi 15 T3t Hebei 42
B Shaanxi 1 MIPIT Heilongjiang 7
3 WHYLILFR T Malus rockii ZF Yunnan 2 4 Yunnan 1
4 GRS Malus hupehensis 4t Hebei 1 15 T Malus prunifolia H#t Gansu 4
Z® Yunnan 1 4t Hebei 21
5 2205 Malus halliana Hlt Gansu 12 SEJEVT Heilongjiang 5
6  BEAVEEE Malus kansuensis H 7t Gansu 4 FHK Jilin 5
7 I 5 Malus komarovii TAL Jilin 1 1L Liaoning 5
8 TE % Malus transitoria U1 Sichuan 10 P51 Inner Mongolia 1
9 RS Malus toringoides P9J1| Sichuan 21 11175 Shanxi 9
Z M Yunnan 1 PPh Shaanxi 1
10 VS Malus yunnanensis Z<Fj Yunnan 1 Hri Xinjiang 3
11 VIS Malus ombrophila ZcFj Yunnan 1 16 SR 3 Malus robusta it Hebei 54
12 EGESE Malus honanensis 1175 Shanxi 1 TR Jilin 1
13 R HIl Gansu 4 1175 Shanxi 1
Malus domestica subsp. chinensis  iJdt. Hebei 26 17 VIR 352 Malus micromalus 74t Hebel 4
#&2 193 SSR 3 RAMAL KM
Table 2 19 pairs of SSR primers and optimum conditions
SRR ERSEAGTS ) RIS 3 AR
Primer name Forward primer sequence Reverse primer sequence Annealing temperature/‘C
GD 12 TTGAGGTGTTTCTCCCATTGGA CTAACGAAGCCGCCATTTCTTT 58
GD 15 CGAAAGTGAGCAACGAACTCC ACTCCATCATCGGGTGGTG 59
GD 96 5’CGGCGGAAAGCAATCACCT GCCAGCCCTCTATGGTTCCAGA 51
GD 100 ACAGCAAGGTGTTGGGTAAGAAGGT TGCGGACAAAGGAAAAAAAAAAGTG 60
GD 142 GGCACCCAAGCCCCTAA GGAACCTACGACAGCAAAGTTACA 56
GD 162 GAGGCAAGTGACAAAGAAAGATG AAAATGTAACAACCCGTCCAAGTG 58
CHO1h01 GAAAGACTTGCAGTGGGAGC GGAGTGGGTTTGAGAAGGTT 56
CHO1f02 ACCACATTAGAGCAGTTGAGG CTGGTTTGTTTTCCTCCAGC 58
CH02d08 TCCAAAATGGCGTACCTCTC GCAGACACTCACTCACTATCTCTC 55
CHO01d08 CTCCGCCGCTATAACACTTC TACTCTGGAGGGTATGTCAAAG 60
CHO1f07a CCCTACACAGTTTCTCAACCC CGTTTTTGGAGCGTAGGAAC 58
COLa AGGAGAAAGGCGTTTACCTG GACTCATTCTTCGTCGTCACTG 59
CHO05¢e03 CGAATATTTTCACTCTGACTGGG CAAGTTGTTGTACTGCTCCGAC 60
CHO02d12 AACCAGATTTGCTTGCCATC GCTGGTGGTAAACGTGGTG 60
CHO02b10 CAAGGAAATCATCAAAGATTCAAG CAAGTGGCTTCGGATAGTTG 56
CHO01d09 GCCATCTGAACAGAATGTGC CCCTTCATTCACATTTCCAG 56
NH009b CCGAGCACTACCATTGA CGTCTGTTTACCGCTTCT 58
NHO15a TTGTGCCCTTTTTCCTACC CTTTGATGTTACCCCTTGCTG 59
NZ28f4 TGCCTCCCTTATATAGCTAC TGAGGACGGTGAGATTTG 57
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Table 3 The characteristics of genetic diversity of different
SSR loci

o B AMEG BREE WS R
o EEC OREE MEH 4 AR
N, N. 1 H, H.
GD12 37.000 9.517 2.618 0.612 0.895
GDI15 24.000 4.747 1.831 0.742 0.789
GD96 31.000 11.700 2.720 0.761 0.915
GD100 21.000 9.875 2.493 0.706 0.899
GD142 28.000 13.181 2.764 0.596 0.924
GD162 24.000 11.283 2.721 0.773 0.911
CHO1hO1 21.000 8.462 2.472 0.526 0.882
CHO1{02 23.000 11.294 2.666 0.637 0.911
CH02d08 26.000 6.514 2.292 0.707 0.846
CHO01d08 36.000  21.983 3.264 0.791 0.955
CHO1f07a 23.000 11.228 2.700 0.756 0.911

COLa 22.000 9.056 2.512 0.647 0.890

CHO05e03 29.000 13.190 2.793 0.506 0.924
CHO02d12 26.000 12.406 2.736 0.779 0.919
CHO02b10 31.000 9.299 2.527 0.706 0.892
CHO01d09 29.000 8.781 2.574 0.543 0.886
NH009b 29.000 13.943 2.827 0.726 0.928
NHO15a 21.000 5.469 2.003 0.708 0.817

NZ28f4 19.000 3.944 1.851 0.722 0.746
FH5{H Mean  26.316  10.309 2.545 0.681 0.886

3.264, V¥ N 2.545,
22 ERBUIANMBBEESHEES

X3 IR 17 AN Fh i 18 4% 22 FE MR IEAT B AT
(R, T I R H R %, 09 19.947; 7h
]3P S () s o e R O B R 2 AR AR o =
530N 9.585 F1 2.418; & P RE I R G Y & T
0.5, Ui BH B USCAR 1 5 SR A P o o B R A RHS R 22
o R A BN Tk R, 8L Z R R R . AR
B FE IR S, A A T WLINARL AN A A5 U 2B A8 1) A
1 A% A R DA 2 PR (8 A% 2 RE I, e AT BB R
P PR AR 2 R R o IV L 3R 5 2
PR, N 0.8165 HHESE R PR A & FE e, N
0.875; W I & B 5 WL 5% & 5 22 {8 f KR 3 A Fh
MUK EELI0G 5E YVL I S AN B g 5 , L0 L 3
T BN AR . IRV S R R AL 2 R i
A T YL R B Y VT 9 S N T v S A A 22
1R 50X 3R BRI A 1AL, Ui X 3 /S Fl
AR AT R A AR, Bk 3 AN P2 b, 8% 2
PR o o [ $8 CE RN VL L3R L
V5 LR I S AR I B AR IR S VR



1616 3 i)

S 4

37 4%

x4 FERE1TAMEEES S
Table 4 The genetic diversity among the 17 species of Malus Mill.

SR 17 SN ARSI FREZAEMREL WSRAE WIERAE Bl
17 species of Malus Mill. N, N. 1 H, H. F
BRI S Malus sieversii 17.526 6.054 2.041 0.687 0.814 0.154
1387 Malus baccata 19.947 8.652 2.350 0.612 0.848 0.275
WYL LR T Malus rockii 3.263 3.119 1.106 0.816 0.632 -0.296
WALHESE Malus hupehensis 2.789 2.579 0.912 0.579 0.539 -0.050
24 5 Malus halliana 9.737 6.590 2.013 0.768 0.824 0.072
B 2R ¥ 5 Malus kansuensis 4.158 3.324 1.267 0.592 0.674 0.120
L5 Malus komarovii 1.368 1.368 0.255 0.368 0.184 -1.000
ACM g 5E Malus transitoria 5.526 3.485 1.379 0.732 0.685 -0.079
S35 Malus toringoides 6.316 3332 1.355 0.785 0.663 -0.165
WIS Malus yunnanensis 1.737 1.737 0.511 0.737 0.368 -1.000
WL Malus ombrophila 1.684 1.684 0.474 0.684 0.342 -1.000
T G5 Malus honanensis 1.526 1.526 0.365 0.526 0.263 -1.000
TPE 3R Malus domestica subsp. chinensis  17.526 9.585 2418 0.699 0.875 0.202
A Malus asiatica 14.474 7.710 2.230 0.715 0.853 0.159
WkF Malus prunifolia 17.421 9.019 2412 0.732 0.870 0.153
J\BZ 5 Malus robusta 15.263 7.453 2.240 0.774 0.854 0.090
VU5 Malus micromalus 4.526 3.814 1.370 0.776 0.706 -0.117
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Table S Analysis of molecular variance for 13 populations

of Malus Mill.

i S5 15553 A A
I e TR BE S RRED
Source of variation  df’ Sum of Mean Percentage

square square error of variation/%
ol ) 12 827.298 68.942 7
Among populations
e 1575 12538359  7.961 93
Within populations
JAA Total 1587 13 365.657 100

T REGR 6) , 7R 3 F 8 %5 P (8] (1) 38 4% 22 7
BRI . 13 AN Bl 8] P 38 AR A RECR
0.006~0.253 , H A k7 AT e ] S SR 0] 1 st 4% 2 4k &
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$57(0.007) , 75 -k 55 R0 AL VA 552 18] (R 384 Ak R 2
e, N 0.253,
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RS K )\ S I L 3R < L A 22 i
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