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a b s t r a c t

Tropical lotus (Nelumbo) is an important and unique ecological type of lotus germplasm. Understanding
the genetic relationship and diversity of the tropical lotus is necessary for its sustainable conservation
and utilization. Using 42 EST-SSR (expressed sequence tag-simple sequence repeats) and 30 SRAP
(sequence-related amplified polymorphism) markers, we assessed the genetic diversity and inferred the
ancestry of representative tropical lotus from Thailand and Vietnam. In total, 164 and 41 polymorphic
bands were detected in 69 accessions by 36 EST-SSR and seven SRAP makers, respectively. Higher genetic
diversity was revealed in Thai lotus than in Vietnamese lotus. A Neighbor-Joining tree of five main
clusters was constructed using combined EST-SSR and SRAP markers. Cluster I included 17 accessions of
Thai lotus; cluster II contained three Thai accessions and 11 accessions from southern Vietnam; and
cluster III was constituted by 13 accessions of seed lotus. Consistent with the results from the Neighbor-
Joining tree, the genetic structure analysis showed that the genetic background of most Thai and Viet-
namese lotus was pure, as artificial breeding has been rare in both countries. Furthermore, these analyses
indicate that Thai and Vietnamese lotus germplasms belong to two different gene pools or populations.
Most lotus accessions are genetically related to geographical distribution patterns in Thailand or Viet-
nam. Our findings showed that the origin or genetic relationships of some unidentified lotus sources can
be evaluated by comparing morphological characteristics and the data of molecular markers. In addition,
these findings provide reliable information for the targeted conservation of tropical lotus and parent
selection in breeding novel cultivars of lotus.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lotus (Nelumbo Adans.), a perennial aquatic angiosperm with a
very long evolutionary history, has only two surviving species in
the world, the Asian lotus (N. nucifera Gaertn.), native throughout
Chen), dktian@cemps.ac.cn
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Asia and northern Australia (Li et al., 2014), and the American lotus
(N. lutea Willd.), distributed mainly in Central and North America
(Hall and Penfound 1944). The Asian lotus is widely used as food, an
ornamental plant, and medicine in Asia (Guo 2009; Sharma et al.,
2016; Chen et al., 2019; Lin et al., 2019), especially in China,
where it is one of the most economically important plants. Ac-
cording to its different agricultural uses, Nelumbo cultivars are
usually divided into three types: ornamental lotus, rhizome lotus,
and seed lotus (Wang and Zhang 2004; Guo 2009).

The wild Asian lotus is grouped into temperate and tropical types
(Zhang and Wang 2006), or temperate, subtropical, and tropical
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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types according to climate zone and morphological traits. In general,
the temperate lotus, mainly located in East and Northeast Asia, has a
short flowering period and obviously expanded rhizomes, whereas
the tropical lotus distributed in Southeast and South Asia has a
longer flowering period and thinner rhizomes (Zhang and Wang
2004, 2006; Li et al., 2010; Zhang et al., 2011; Liu et al., 2020b).
Coincidentally, flowering time and rhizome growth are crucial traits
for ornamental and rhizome lotus, respectively. Thus, the ever-
flowering tropical lotus is a good material for creating new culti-
vars with longer flowering lifespan than the temperate lotus. How-
ever, little is known about germplasm diversity of either the
subtropical or tropical lotus (Chaveerach et al., 2007; Tian et al.,
2019; Mekbib et al., 2020). Field surveys and assessment of genetic
background are required to understand the diversity of tropical lotus
in Southeast Asia (e.g., Thailand and Vietnam) and provide a refer-
ence for its conservation and utilization.

Common molecular markers such as random amplification of
polymorphic DNA (RAPD), inter-simple sequence repeats (ISSR),
sequence-related amplified polymorphism (SRAP), simple sequence
repeats (SSR), expressed sequence tag-simple sequence repeats (EST-
SSR), and amplified fragment length polymorphism (AFLP) have
been successfully employed to assess genetic diversity among lotus
cultivars (Chen et al., 2008; Tian et al., 2008) or wild populations
(Xue et al., 2006; Han et al., 2007, 2009) fromChina (Yang et al., 2011;
Zheng et al., 2019), Northeast Asia (Kim et al., 1998; Kubo et al.,
2009), and America (Li et al., 2015; Islam et al., 2020). Genetic
analysis has revealed close relationships between tropical lotus,
including 80 accessions of five populations in mainland Thailand
(Mekbib et al., 2020), 15 accessions of five populations from north-
eastern and central Thailand (Chaveerach et al., 2007), 21 accessions
of two Thai populations, and seven populations from Heilongjiang
Province, China (Yang et al., 2013). Interestingly, Thai and Indian
tropical lotus have often been used as outgroups for assessing Chi-
nese lotus diversity (Li et al., 2010; Pan et al., 2011; Hu et al., 2012; Xu
et al., 2015). Although our previouswork has surveyedwild lotus and
cultivars from Vietnam (Tian et al., 2019), the genetic diversity of
Vietnamese lotus remains unclear. Therefore, it is imperative to
conduct a comprehensive study on the diversity of tropical lotus,
both wild and cultivated, from Southeast Asia.

Thailand and Vietnam, two of the central distribution regions of
tropical lotus, might represent a center of origin for the Asian wild
lotus (Liu et al., 2020b). In this study, we aimed to clarify the genetic
relationships and identify the pure pedigrees of tropical lotus from
Thailand and Vietnam. For this purpose, we used highly poly-
morphic EST-SSR markers (Zhang et al., 2014; Xu et al., 2015; Liu
et al., 2018, 2020a) and SRAP makers to assess the genetic di-
versity and genetic structure of representative wild and improved
lotus from the two countries. This work provides insights into the
conservation and utilization of tropical lotus germplasms and
parent selection for breeding novel cultivars.

2. Material and methods

2.1. Plant materials

A total of 69 Nelumbo accessions were used in this study
(Table 1; Fig. 1), among which, 27 accessions were collected from
Thailand in 2015, and 29 accessions were collected from Vietnam in
2016 (Fig. 2a). The remaining 13 accessions (Fig. 2b), including the
antique Asian lotus, wild lotus and cultivars, were used as reference
materials, which were collected from the International Nelumbo
Collection (certified by the International Waterlily & Water
Gardening Society in 2016) in Shanghai Chenshan Botanical Gar-
den. The young leaves of each accessionwere picked and then dried
immediately by silica gel desiccant in zipped plastic bags stored at
70
room temperature. The voucher specimens of most sampled ac-
cessions were deposited at the Herbarium of Chenshan Botanical
Garden (CSH).

2.2. DNA extraction

Genomic DNA was isolated from the dried leaves of each indi-
vidual following the modified cetyltrimethyl ammonium bromide
(CTAB) protocol (Doyle and Doyle, 1987), in which sugar removal
was performed three times. DNA quality and concentration were
measured by a NanoDrop 2000c and Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, USA). All DNA samples were
stored at 4 �C after dilution to 50 ng$mL�1.

2.3. EST-SSR and SRAP analysis

Based on our previous studies (Zhang et al., 2014; Xu et al., 2015;
Liu et al., 2018, 2020a), 42 pairs of EST-SSR primers producing high-
ratio polymorphic bands inNelumbowere screened to amplify DNA.
The PCR reaction was performed in a 10 mL mixture consisting of
5 mL 2 � ES Taq mix (Kangwei Biotech, Beijing, China), 1.0 mL DNA
template, 0.5 mL each primer (10 mM), and 3.0 mL ddH2O. PCR
conditions were as follows: initial denaturation at 94 �C for 5 min,
30 cycles of denaturation at 94 �C for 30 s, annealing at 52 �C for
30 s, and extension at 72 �C for 30 s, with a final elongation step at
72 �C for 5 min.

Thirty SRAP primer combinations from five forward and six
reverse primers of the SRAP markers (Li and Quiros, 2001) were
used (Table 1). Reactions were performed in a 10 mL PCR reaction
system: 5 mL 2 � ES Taq mix (Kangwei Biotech, Beijing, China),
2.0 mL DNA template, 0.5 mL each primer (10 mM), and 2.0 mL ddH2O.
PCR conditions were as follows: initial denaturation at 94 �C for
5 min; first five cycles of 1 min at 94 �C, 1 min at 35 �C, and 70 s at
72 �C; then the annealing temperature was raised to 50e52 �C for
another 35 cycles; followed by 7 min at 72 �C.

PCR products were electrophoresed on 6% denaturing poly-
acrylamide gels, followed by silver staining and sodium hydroxide-
formaldehyde staining.

2.4. Data statistics and analysis

Clear and polymorphic bands were scored with a present (1),
absent (0), or missing data (-9) approach for each pair of EST-SST
and SRAP primers. Bands of both makers were then combined
into a binary matrix. The percentage of polymorphic bands (PPB)
and the polymorphism information content (PIC) value were
determined to measure the informativeness of a genetic marker.
For the co-dominant EST-SSR marker, PIC was computed with
Cercus 3.0.7 (Kalinowski et al., 2007), and the dominant SRAP
marker with the formula PICi ¼ 2Gi (1-Gi), where fi is the frequency
of bands presence for locus i (Rold�an-Ruiz et al., 2000; Serrote et al.,
2020). EST-SSR and SRAP marker data were put into POPGENE 32
software (Yeh et al., 1999) to calculate the following genetic di-
versity parameters: the observed number of alleles (Na), the
effective number of alleles (Ne), observed heterozygosity (Ho), ex-
pected heterozygosity (He), the Shannon information index (I), and
Nei's gene diversity (H). The genetic distance matrix of the 69 ac-
cessions was calculated by POPGENE 32 and then used to construct
the dendrogram by the ‘Neighbor-Joining tree’ clustering procedure
of MEGA 7.0.14 software (Kumar et al., 2016).

The films of EST-SSR PCR products were digitally scanned after
the staining process, and the molecular mass of DNA bands was
calculated using the Quantity One software (Bio-Rad, USA). Based
on those molecular masses, the genetic structure of all accessions
was assessed using the Bayesian clustering model implanted in the



Table 1
Characterizations of 69 lotus accessions from Thailand, Vietnam and the reference.

No. Sampling locality Flower form Flower color Accession type Longitude and latitude Voucher specimen

1 Chiang Mai, THN Double White ACL 98.990321, 18.706555 TDK-2781
2 Chiang Mai, THN Single White WAL 98.990321, 18.706555 TDK-2782
3 Chiang Mai, THN Single Purple red WAL 98.990321, 18.706555 TDK-2783
4 Phitsanulok, THN Single/semi-double Purple red WAL 100.266139, 16.821678 TDK-2786
5 Phichit, THN Single Purple pink WAL 100.334412, 16.275754 TDK-2787
6 Phichit, THN Single Purple pink WAL 100.334412, 16.275754 TDK-2790
7 Phichit, THN Single White WAL 100.334412, 16.275754 TDK-2791
8 Lat Bua Luang, THN Single Purple pink WAL 100.372013, 14.159977 TDK-2771
9 Lat Bua Luang, THN Single White WAL/ACL 100.372013, 14.159977 TDK-2772
10 Suburb of Bangkok, THN Single Purple red WAL 100.699929, 13.735650 TDK-2793
11 Suburb of Bangkok, THN Double Purple pink ACL 100.699929, 13.735650 TDK-2795
12 Suburb of Bangkok, THN Double Purple pink ACL 100.699929, 13.735650 TDK-2797
13 Suburb of Bangkok, THN Single Purple red WAL/ACL 100.699929, 13.735650 TDK-2798
14 Suburb of Bangkok, THN Single White WAL/ACL 100.699929, 13.735650 TDK-2799
15 Bang U Bon, Bangkok, THN Single Unavailable Asian-American hybrid 100.399616, 13.660761 TDK-2800
16 Bang U Bon, Bangkok, THN Double Purple pink Asian-American hybrid 100.399616, 13.660761 TDK-2801
17 Bang U Bon, Bangkok, THN Double Purple pink ACL 100.399616, 13.660761 TDK-2802
18 Bang U Bon, Bangkok, THN Single Purple pink WAL/ACL 100.399616, 13.660761 TDK-2803
19 Bang U Bon, Bangkok, THN Single Purple red ACL 100.399616, 13.660761 TDK-2804
20 Bang U Bon, Bangkok, THN Single Purple red WAL/ACL 100.399616, 13.660761 TDK-2806
21 Bang U Bon, Bangkok, THN Double Green white ACL 100.399616, 13.660761 TDK-2807
22 Bang U Bon, Bangkok, THN Single White WAL 100.399616, 13.660761 TDK-2808
23 Bang U Bon, Bangkok, THN Single Purple red WAL 100.399616, 13.660761 TDK-2809
24 Waterlily and Lotus Research Station, Chonburi, THN Double Purple pink ACL 101.008100, 13.367195 TDK-2756
25 Waterlily and Lotus Research Station, Chonburi, THN Single Purple red WAL 101.008100, 13.367195 TDK-2757
26 Waterlily and Lotus Research Station, Chonburi, THN Double Purple pink ACL 101.008100, 13.367195 TDK-2758
27 Waterlily and Lotus Research Station, Chonburi, THN Single White WAL 101.008100, 13.367195 TDK-2760
28 Tu Son, Bac Ninh, VIE Double White ACL 105.956301, 21.115495 TDK-2921
29 Thuan Thanh, Bac Ninh, VIE Single Purple red ACL 106.089394, 21.068686 TDK-2920
30 Ba Vi, Hanoi, VIE Single Purple pink ACL 105.366647, 21.059721 TDK-2913
31 Ba Vi, Hanoi, VIE Single Purple pink ACL 105.366647, 21.059721 TDK-2914
32 Tay Ho, Hanoi, VIE Double Purple red ACL 105.819585, 21.055710 TDK-2922
33 Ninh Giang, Hai Duong, VIE Single Purple red ACL 106.333802, 20.753897 TDK-2919
34 Kim Dong, Hung Yen, VIE Single Purple red ACL 106.058175, 20.745049 TDK-2917
35 Tien Lu, Hung Yen, VIE Single Purple red ACL 106.118613, 20.699408 TDK-2916
36 Phong Dien, Hue, VIE Single Purple red ACL 107.352916, 16.587165 TDK-2930
37 Phong Dien, Hue, VIE Single Purple red ACL 107.352916, 16.587165 TDK-2931
38 Phong Dien, Hue, VIE Single White ACL 107.352916, 16.587165 TDK-2933
39 Tinh Tam, Hue, VIE Single Purple red ACL 107.578089, 16.469898 TDK-2924
40 Tinh Tam, Hue, VIE Single White ACL 107.578089, 16.469898 TDK-2925
41 Tinh Tam, Hue, VIE Single Purple red ACL 107.578089, 16.469898 TDK-2926
42 Huong Tra, Hue, VIE Single Purple red ACL 107.397759, 16.420760 TDK-2928
43 Cu Chi, Ho Chi Minh, VIE Double Purple pink ACL 106.484975, 10.969396 TDK-2935
44 Hoc Mon, Ho Chi Minh, VIE Single Purple pink WAL/ACL 106.590185, 10.880188 TDK-2934
45 Tram Chim, Dong Thap, VIE Single White WAL 105.556006, 10.686478 TDK-2947
46 Thap Muoi, Dong Thap, VIE Single Purple red ACL 105.812741, 10.610979 TDK-2945
47 Thap Muoi, Dong Thap, VIE Single Purple red WAL/ACL 105.812741, 10.610979 TDK-2946
48 Cao Lanh, Dong Thap, VIE Single/semi-double Purple pink ACL 105.605958, 10.438341 TDK-2940
49 Cao Lanh, Dong Thap, VIE Double White ACL 105.605958, 10.438341 TDK-2941
50 Cao Lanh, Dong Thap, VIE Double Purple pink ACL 105.605958, 10.438341 TDK-2942
51 Tan Thanh, Long An, VIE Single Purple pink ACL 106.402622, 10.602170 TDK-2943
52 Tan Thanh, Long An, VIE Single White WAL/ACL 106.402622, 10.602170 TDK-2944
53 Nga Bay, Hau Giang, VIE Single Purple pink WAL 105.818866, 9.812718 TDK-2937
54 Chau Thanh, Soc Trang, VIE Single Purple pink ACL 105.895327, 9.706268 TDK-2938
55 Chau Thanh, Soc Trang, VIE Single White ACL 105.895327, 9.706268 TDK-2939
56 Chiba, Japan (Introduced from VIE) Single Purple pink WAL/ACL 140.108646, 35.610691 NA
57 Wanning, Hainan, CHN Single Purple pink WAL 110.396703, 18.805035 TDK-3870
58 INC (Hong Lake, Hubei Province, CHN)#1 Single Purple red WAL 113.353481, 29.898918 TDK-3571
59 INC (Pulandian, Liaoning Province, CHN) Single Purple red WAL; antique 121.954225, 39.407456 TDK-1977
60 INC (Tongjiang, Heilongjiang Province, CHN) Single Purple red WAL 132.527569, 47.670510 NA
61 INC (Nelumbo 'China Antique', CHN)#2 Single Purple red WAL; antique 121.481001, 31.220305 NA
62 INC (Nelumbo 'Dan Sajin', CHN) Single Variegated ACL 121.481001, 31.220305 NA
63 INC (Nelumbo 'Feng Bao', CHN) Double Multicolor ACL 121.481001, 31.220305 NA
64 INC (Nelumbo 'Jing Nü', CHN) Double Purple pink ACL 121.481001, 31.220305 NA
65 INC (Nelumbo 'Jianxuan 35', CHN) Single Pink white ACL 121.481001, 31.220305 TDK-2076
66 INC (The Mary River, AUS) Single Purple red WAL 131.651030, -12.800220 NA
67 INC (Kanchipuram, Chennai, Tamil Nadu, IND) Single Purple pink WAL 79.690339, 12.870549 TDK-3236
68 Chiba, Nelumbo ‘Ohga’, JPN Single Purple pink WAL; antique 140.108646, 35.610691 NA
69 INC (N. lutea, introduced from Florida, USA) Single Light yellow Wild American lotus �80.819244, 26.921052 TDK-642

ACL, Asian cultivated lotus (not necessarily cultivar). AUS, Australia. CHN, China. INC, the nursery of International Nelumbo Collection, Shanghai, China. JPN, Japan. NA, Not
Available. THN, Thailand. USA, the United States of America. VIE, Vietnam.WAL, wild Asian lotus. Single flower, tepal number usually�30without petaloid tepals. Semi-double
flower, tepal number between 30 and 60. Double flower >60 tepals. #1, #2 INCwas the nursery where the leaves of reference lotus were collected, andwhere the accession lives
or its name was placed in the brackets.
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Fig. 1. Flowers and rhizome from 46 of the 69 accessions. The number on each image corresponds to the accession No. in Table 1. Accession 55 is a rhizome type lotus with a single
white flower.
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Fig. 2. Sampling sites in Thailand, Vietnam (a), and the 13 reference accessions except for Nelumbo lutea (b). Accession 69 N. lutea from America is not displayed on the map. Blue
triangles represent Thai lotus; green circles represent Vietnamese lotus; red squares represent the reference lotus. The blue box in panel b shows the location of panel a. *, Accession
56 was originally introduced from Vietnam to Japan.
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software STRUCTURE v.2.3.4 (Pritchard et al., 2000). To determine
fine-scale genetic relationships, we assessed the genetic structure
of Asian accessions while excluding the American lotus. The pop-
ulation number K was run from one to seven, with a burn-in time
period of 100 000 followed by 1000 000Markov chainMonte Carlo
(MCMC) iterations. Fifteen independent runs were performed for
each simulated value of K. Then, the true K value, representing the
most likely number of clusters or subpopulations (Evanno et al.,
2005), was identified following the procedure of STRUCTURE
Harvester based on the highest value of DK (Earl and vonHoldt,
2011). The OriginPro software (https://www.originlab.com/) was
used to draw Cluster Images for K-1 and K.
3. Results

3.1. Marker efficiency

Out of the 42 EST-SSR and 30 SRAP primers tested, 36 EST-SSR
and seven SRAP primers (Table 2) produced clear and poly-
morphic bands and were chosen for genetic analysis. In all 69 lotus
accessions, 180 and 52 bands were amplified by EST-SSR and SRAP
makers, respectively, which contained 164 and 41 polymorphic
bands, with average PPBs of 91.1% and 78.8%, and average PICs of
0.487 and 0.215, respectively (Table 2). For the 36 EST-SSR markers,
the PPBs ranged from 60% to 100%, and 23 of them reached 100%,
and all 36 PICs varied from 0.080 to 0.778. According to PIC clas-
sification for co-dominant maker (Botstein et al., 1980), 15 EST-SSR
primers were very informative (0.531e0.778), 18 were medium
(0.357e0.454), and three was not very informative (0.080e0.207)
(Table 2). By contrast, among the seven SRAP makers only the me1-
em5 primer had a high PIC value (0.305), and the remaining six
produced medium PIC values ranging from 0.117 to 0.268 (Table 2).
3.2. Genetic diversity

Thai and Vietnamese lotus was classified into five geographic
regions to assess genetic diversity. Based on that, higher values of
73
most indices for genetic diversity were observed in Thai lotus than
in Vietnamese lotus, regardless of whether we used EST-SSR or
SRAP markers (Table 3), suggesting that Thai lotus contain higher
levels of genetic diversity than the latter. In the EST-SSR assess-
ment, the effective number of alleles (Ne) varied from 1.4563 in
southern Vietnam to 1.9082 in central and northern Thailand.
Similarly, the heterozygosity levels, Ho and He, ranged from 0.1852
and 0.2602 in southern Vietnam to 0.3495 and 0.4462 in Thailand.
Although the Shannon information index (I) showed no significant
difference between the lotus of southern Thailand (0.6934) and
those of central and northern Thailand (0.6824), they increased in
lotus resources from southern to northern Vietnam (southern:
0.4427; central: 0.5133; northern: 0.5466) (Table 3). Whenwe used
SRAP markers to calculate genetic diversity parameters, the values
were lower (e.g.,Na,Ne, and I) and showed different patterns (e.g.,H
and I) in some cases. This may be due to the small SRAP number and
poor PCR amplification stability.
3.3. Cluster analysis

A Neighbor-Joining (NJ) tree, building on the genetic distance
matrix from the combined DNA bands of EST-SSR and SRAP makers
(Table S1), was constructed and grouped the 69 accessions into five
main clusters (Fig. 3). Cluster I included 17 accessions, all from
Thailand, which accounted for 63% of accessions in the country.
Cluster II contained 15 accessions: one reference lotus (accession 66
from northern Australia), three Thai lotus (5, 10, 11), and 11 lotus
from southern Vietnam (Fig. 3; Table 1). On the opposite side of
those two clusters was cluster III, which was composed of two
reference lotus from China (57, 65), one Thai lotus (19), and 11
Vietnamese lotus. All 14 of these accessions were the type of seed
lotus (Table 1), including accession 57, a possibly wild seed lotus
from Hainan Province, China, which is geographically close to the
sampling sites of the 11 Vietnamese lotus (central and northern
Vietnam) (Fig. 3).

Between cluster I/II and cluster III were positioned several
scattered branches, Cluster IV, and cluster V (Fig. 3). Cluster IV

https://www.originlab.com/


Table 2
Characteristics and polymorphism of 36 EST-SSR and seven SRAP markers in the 69 lotus accessions.

Marker code Forward primer (50-30) Reverse primer (50-30) TNB NPB PPB (%) PIC

EST-SSR
NNFB_83 CAGCACCATTCTGTAATCGC GTGTGAGCGTATTTGGATCG 5 5 100 0.705
NNFB_197 GGCTTTTTCCCCATTTTAGC AGCCAGGGTCCTTTTGTTCT 3 3 100 0.385
NNFB_334 CAAGGCAACTCCTCTTCTGC CCACGTTTCATCATCAGGTG 4 3 75.0 0.405
NNFB_398 TTCTGCAAGGAGTAGGTGCC ATCGATTCCGCATCTCAAAG 5 5 100 0.584
NNFB_510 CCAGAGCCGTAAGCGTAGTC GCCCCGAACTCAATTACTCA 4 4 100 0.417
NNFB_702 AAGGAAAAGTGACGTGGGTG AGGGGGTTATCTTCTGTGGG 8 6 75.0 0.387
NNFB_750 ACTTTGAGCTTGATCGGCAC CAGCTGAACGGAACTGAGAA 5 5 100 0.454
NNFB_797 CTTCCGTTTTCCTTTCCCTC GCCTGCTCTGACAGTAACCC 7 7 100 0.638
NNFB_866 ATGCGCTGGGAAGATAGAGA AAGTGAGACGGAGTGATGGG 6 6 100 0.534
NNFB_984 AGCACCGACTGATCGAGATT AGTCCGTTCCGTTGAAAATG 9 9 100 0.778
NNFB_985 CCAACCAGAGACAGAGGAGG GACCGGGTTTGATGGTTAAA 6 6 100 0.700
NNFB_1115 TTTTTCTCTTGTCTGTTTCTTGG TGTCACTAGGCATCATCCCA 2 2 100 0.080
NNFB_1127 GGAGGAGTAGGGAAAGGCAG ATTCGATGCCAGGTGAAAAG 4 3 75.0 0.406
NNFB_1130 AGCAAGCTCAGATGATGGGT GTGGAACCGAAACCAGAAAA 4 4 100 0.435
NNFB_1140 CCTGGGGTTTAAGTTGTGGA TTGGGATTTAGACCCAGCAG 3 3 100 0.374
NNFB_1142 TTTGATGTTCCCGTGTTTCA CTGAGCGACCGATGTATTGA 7 7 100 0.609
NNFB_1211 TGGTCTCGACAGCATTGAAG GGTCAATCATCCCACTTGCT 3 3 100 0.371
NNFB_1237 GCTGTCCCACTCCGTACAAT GCGTCAAAGCTTGATTCTCC 6 6 100 0.748
NNFB_1296 TATTTCAACGGCGAAAGAGG TGAATCCAACGCACACATCT 4 3 75.0 0.207
NNFB_1333 TGCTCTTTCTCATGTCGTCG TGCTGCTACTGCTTCCTTCA 6 6 100 0.748
NNFB_1390 ACATGTTGCAAGTGAGCCTG CCAGCAGCTGTAGTCCCTTC 3 2 66.7 0.357
NNFB_1454 TCATCACGCAGGGTATCGTA GGCAGCTGATTTGTGATTTCT 5 5 100 0.409
NNFB_1491 CGAAGTTGAGAACAGGGCTC GAGAGGAAATGGAAACGCAG 8 7 87.5 0.618
NNFB_1507 GAGTAAACCTTTTTCGGCCC TGACAGCACTGCATCAACTG 5 4 80.0 0.406
NNFB_1524 TTCGAATTGTACTCGTGTTTCG GTGGACAGGAATCCGAGAAA 5 4 80.0 0.450
NNFB_1557 GTAGCACGATGACCTGCTGA TCGTTGACAAAAGGCTTTGC 5 4 80.0 0.553
NNFB_1727 CAAAAGGGCCTAAAACACCA GGCCCACAAGTGAAAGTGAT 4 3 75.0 0.415
NNFB_1814 TGAACTGATGTTCATGGGGA GCAACCCTGCAACTACTGCT 5 5 100 0.402
NNFB_1971 TGGTGTGTCATCTTTGCCAT GAGATGTAGGAGGGAGGGCT 5 3 60.0 0.384
NNFB_2026 CCTATCATGCCAATGGGTCT AACTGCCCCTCTCTCTCTCC 5 3 60.0 0.587
NNFB_2107 CAAAACAGAAAAACGGATCACA CAGGAATATGGACGCAACCT 4 3 75.0 0.442
NNFB_2332 CATGGGAATGAAACAAACCA GGGACTAGGAGGGCGTTTAG 6 6 100 0.720
NNFB_2646 CTTTGCTGCTACTCCGAACC TCCTTCATGCATCTGGTGAG 4 4 100 0.531
NNFB_2720 ATGCTCCAATAACTGCACCC AAAACGCCACTTGGATTACG 5 5 100 0.386
NNFB_2779 TTACGAGGCCAAGGTTCATC AACTCCTTGCAATCCATTCG 4 4 100 0.194
NNFB_2820 GGCATACATAACATAGCGTGC GGGTGCTTTCATTGGTGTTT 6 6 100 0.719
Total/average 180 164 91.1 0.487
SRAP
me1eem2 TGAGTCCAAACCGGATA GACTGCGTACGAATTTGC 9 8 88.9 0.173
me1eem5 TGAGTCCAAACCGGATA GACTGCGTACGAATTAAC 8 7 87.5 0.305
me1eem6 TGAGTCCAAACCGGATA GACTGCGTACGAATTGCA 7 6 85.7 0.256
me3eem2 TGAGTCCAAACCGGAAT GACTGCGTACGAATTTGC 9 6 66.7 0.117
me3eem3 TGAGTCCAAACCGGAAT GACTGCGTACGAATTGAC 4 2 50.0 0.268
me4eem1 TGAGTCCAAACCGGACC GACTGCGTACGAATTAAT 8 7 87.5 0.242
me4eem2 TGAGTCCAAACCGGACC GACTGCGTACGAATTTGC 7 5 71.4 0.142
Total/average 52 41 78.8 0.215

EST-SSR, expressed sequence tag-simple sequence repeats. SRAP, sequence-related amplified polymorphism. TNB, total number of amplified bands. NPB, number of poly-
morphic bands. PPB, percentage of polymorphic bands. PIC, polymorphism information content.

Table 3
Genetic diversity of five sampling regions for Thai and Vietnamese lotus.

Origin and accession No. Value EST-SSR SRAP

Na Ne Ho He I Na Ne H I

Central and northern Thailanda Mean 2.5278 1.9082 0.3495 0.4462 0.6824 1.4186 1.2744 0.1573 0.2324
1e7 St. Dev 1.0278 0.6745 0.3102 0.2169 0.3660 0.4992 0.3762 0.2032 0.2918
Southern Thailand Mean 3.2500 1.8357 0.2743 0.3865 0.6934 1.6977 1.3217 0.1966 0.3039
8e27 St. Dev 1.1802 0.7877 0.3397 0.2061 0.3746 0.4647 0.3429 0.1872 0.2649
Northern Vietnam Mean 2.3333 1.6627 0.3051 0.3441 0.5466 1.3488 1.1849 0.1114 0.1699
28e35 St. Dev 0.9258 0.7237 0.3250 0.2101 0.3537 0.4822 0.3126 0.1750 0.2556
Central Vietnam Mean 2.2500 1.6232 0.1852 0.3291 0.5133 1.4419 1.2305 0.1396 0.2141
36e42 St. Dev 0.8742 0.7746 0.3360 0.2284 0.3600 0.5025 0.3341 0.1826 0.2660
Southern Vietnam Mean 2.4167 1.4563 0.2332 0.2602 0.4427 1.4651 1.2658 0.1551 0.2326
43e55 St. Dev 0.8062 0.5117 0.3528 0.1977 0.3095 0.5047 0.3627 0.1980 0.2841
Reference Mean 3.5833 2.6301 0.3274 0.6003 1.0188 1.8837 1.4413 0.2588 0.3960
57e69 St. Dev 1.3390 1.0625 0.3087 0.1290 0.3288 0.3244 0.3793 0.1866 0.2465

H, Nei's gene diversity. Ho and He, observed and expected heterozygosity. I, Shannon's information index. Na, observed number of alleles. Ne, effective number of alleles.
a The accessions from central and northern Thailand were combined due to their small numbers. The Vietnamese accession 56 introduced to Japan was not analyzed due to

its unknown location.
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Fig. 3. Neighbor-joining dendrogram of 69 lotus accessions based on the combined EST-SSR and SRAP markers. Most Thai and Vietnamese accessions tested in this study were
classified into cluster I, II, and III.
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consisted of five reference accessions (58e61, 68) which were wild
Asian lotus or the antique lotus, while cluster V consisted of
reference accession 69 (American lotus) and two other accessions
(15, 16) collected from Thailand but introduced from Europe
(Table 1). For the scattered branches, they were three reference
accessions (62e64, cultivars from China), three tested accessions
with double flowers (17 from Thailand, and 28, 32 from Vietnam),
and eight accessions (from Thailand and Vietnam) with single
flowers.

Furthermore, two NJ dendrograms were also separately con-
structed from 36 EST-SSR (Fig. S1) and seven SRAP markers
(Fig. S2). Comparing the three NJ dendrograms, a pattern was
shown that higher marker numbers increased the resolution of the
dendrograms, that is, the branching and clustering was more
distinct. The seven SRAP markers generated a ‘jellyfish-shaped’
dendrogramwith short branches among the clusters, and only two
distinguishable clusters: cluster 1 and cluster 2 (Fig. S2). When 36
EST-SSR markers were used to construct the dendrogram, two
clusters (cluster A and cluster B) were separated clearly, branching
at both sides of the tree (Fig. S1). However, in cluster A, which was
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composed of most Thai lotus and a small number of Vietnamese
accessions, and Thai accessions 22 and 23 were still undifferenti-
ated. In fact, the two accessions were only identified in the
dendrogram generated by combined EST-SSR and SRAP markers
(Fig. 3). Furthermore, seven accessions (30, 35, 38, 40, 41, 42, 57)
clustered together in all three dendrograms: cluster 1 in SRAP-tree
(Fig. S2), cluster B in EST-SSR-tree (Fig. S1), and cluster III in the
combined tree (Fig. 3), which indicated a close genetic relationship
among these seven accessions.

3.4. Inferred ancestry of individuals

STRUCTURE analysis based on DK of both all 69 lotus accessions
and the 66 Asian accessions without Nelumbo lutea inferred that
the lotus clustered optimally into three gene pools (Fig. 4), which
was highly consistent with the NJ dendrogram (Fig. 3). In general,
the genetic background of most lotus germplasms in Thailand and
Vietnam was pure and belonged to two different gene pools or
populations. The 11 accessions from southern Vietnam (cluster II)
and most Thai lotus (cluster I) were assigned to gene pool A;



Fig. 4. Neighbor-joining dendrogram and inferred ancestry of 69 lotus accessions. Each individual was represented by a single cylinder and composed of one to three inferred
ancestries in different proportions. Three gene pools or populations were the most reasonable assignation for 69 accessions and 66 accessions when Nelumbo lutea accessions 15, 16,
69, were removed based on the most likely value of K identified by STRUCTURE, which was observed at K ¼ 3 (Fig. S3).
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cluster III, with 12 Vietnamese lotus as the majority, fell into gene
pool B; Nelumbo lutea, one of the only two species of the genus,
was assigned to gene pool C (Fig. 4). For the five Vietnamese lotus
(accessions 28, 32, 45, 49, 56) and all the reference lotus except
accessions 57, 66, and 69, at least two gene pools were obviously
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observed (Fig. 4), which suggest they are heterozygous. In other
words, they are the offspring of gene flow among the three gene
pools. This fits perfectly with their distribution on the NJ tree
(Fig. 3), where they were allocated discretely in the branches
between groups A and B.
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4. Discussion

4.1. Overview on genetic relationship of lotus resources in Thailand
and Vietnam

In this study, we investigated more than ten locations from
Bangkok to Chiang Mai, covering the land of Central and Western
Thailand, and finally 27 representative lotus accessions from seven
sites were selected for genetic diversity analysis. NJ tree classified
20 of them into cluster I/II, belonging to the same gene pool (Fig. 4).
Previous research has shown that genetic similarity values of five
lotus populations (three accessions per population) from north-
eastern and central (near Bangkok) Thailand ranged from 84.1% to
95.0% (Chaveerach et al., 2007). Another study classified 11 pop-
ulations from America, northeastern China, and Thailand (Bangkok
and its suburbs), into a monophyletic cluster (Yang et al., 2013).
Although the sampling sites of our study partially overlapped with
those of previous studies (e.g., Bangkok), it is not clear whether the
samples were duplicated. Regardless, the data mentioned above all
showed that Thai lotus resources were closely related each other,
which was supported by our finding that the genetic background of
the major lotus germplasms in Thailand was highly consistent. It is
likely due to the widespread cultivation for both flower and seed
production in Thailand before crossbreeding was conducted. The
two well-known Asian lotus cultivars commonly used as cut-
flowers production in Thailand, ‘Roseum Plenum’ (double pink)
and ‘Album Plenum’ (double greenewhite), very possibly origi-
nated via natural selection long time ago. If so, it is easily under-
stood that most cultivated lotuses in Thailand were pure wild type
plants, and were only translocated by the farmers fromwild habitat
to the field for agricultural purposes.

In previous work, we systematically surveyed Vietnamese lotus
resources (Tian et al., 2019). Its lotus industry, particularly seed and
flower production, was highly developed, and lotus was planted
nearly everywhere from the north to the deep south of Vietnam.
However, naturally growing wild lotus was rare (Tian et al., 2019).
Furthermore, the diversity of cultivated lotus in Vietnam is rich.
Lotus is primarily grown in Vietnam for seeds, fresh cut flowers, and
vegetable runners (stolons). Therefore, in our study, we examined
these three types of accessions, focusing especially on seed-lotus
type cultivated on a large scale. However, only a small number of
seed-lotus cultivars were recognized in Vietnam, and the seed yield
was lower than that of those in China (Tian et al., 2019).

In this study, seed-lotus accessions from central and northern
Vietnam were grouped together (Fig. 3) and exhibited a genetic
background different from that of the lotus in southern Vietnam
and Thailand (Figs. 2 and 4). These findings imply that these seed-
lotus germplasms have undergone genetic differentiation, which
makes them excellent parents for future breeding programs.
Similar to Thailand, the majority of Vietnamese lotus germplasms
are pure wild type, suggesting that agricultural activities, which
have been conducted with scant artificial breeding, have had little
influence on gene flow between lotus accessions.

4.2. Relationship of seed lotus, wild lotus and some unknown
identities

Previous studies on 292 cultivated and wild lotus accessions in
Asia led to the speculation that seed lotus and rhizome lotus had
not originated from a single source but instead had a more complex
multi-source origin (Liu et al., 2020b). We found that seed lotus
from central and northern Vietnam clustered together and
possessed a gene pool different from other wild or cultivated lotus
from Thailand and southern Vietnam. Thus, our findings support
the independent origin of seed lotus and rhizome lotus.
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In addition, we also found that ‘Jianxuan 35’ (65) and a seed
lotus (57) from Hainan, China, were closely related, and both
clustered with the lotus accessions from northern Vietnam. It is
likely due to a short geographical distance between northern
Vietnam and Hainan Island of China. However, further study is
needed to determine whether the two Chinese accessions are
native to China or were introduced from northern Vietnam. A
similar situation was seen in the close relationship between the
lotus of southern Vietnam and Australian lotus. To clarify the nature
of these relationships, future studies should expand lotus sampling
to South Asian countries, particularly in regions between Vietnam
and Australia.

This study also showed that accessions 58 to 61, 68, which have
previously been considered wild type in China and Japan, were not
pure genotypes but had signs of obvious genomic introgression.
Specifically, they formed a branch with close relationships which
matched the morphology similarity and adjacent geographic dis-
tribution (Figs. 3 and 4). Accession 28 (white double flower-lotus
from Bac Ninh, Vietnam) and 32 (pink double seed-lotus from
Hanoi of Vietnam) were closely related and formed a small branch
with accession 56 (collected from Chiba of Japan but originally
introduced from Vietnam possibly in 2013 based on communica-
tion with Dr. T.N. Hoang) and 62 (‘Dan Sajin’, a traditional cultivar
commonly seen in both China and Japan). All these four accessions
were cultivars with heavy genomic introgression. However, it re-
mains unknown on their origin from either China or Vietnam.

In both Thailand and Vietnam, several morphologically similar
cultivars of double-flower lotus is used for flower production,
which have pink (accessions 11, 12, 17, 24e26 from Thailand, and
43, 50 from Vietnam) and greenewhite tepals (1, 21 from Thailand,
and 49 from Vietnam). However, these germplasms were separated
by country. Both double flower lotus from Thailand, ‘Roseum
Plenum’ (12) and ‘Album Plenum’ (1, 21), formed a small clade with
accession 8 (pink single), indicating they share an origin (Figs. 3 and
4).While accession 11, a cut-flowers lotus collected from the suburb
of Bangkok, was separated from ‘Roseum Plenum’ although both
share a high morphological similarity in flower. Vietnamese
accession 43 (pink double) and 44 (pink single), collected from the
same site of Ho Chi Minh, had the closest relationship, indicating
that one possibly originated from the other. A similar situation was
also seen on Thailand accession 24 (double), 25 (single), and 26
(double), which were collected at the same site in Thailand
(Waterlily and Lotus Research Station, Chonburi), implying that one
may originate from the other. According to the records of Dr.
Nopchai Chansilpa, accession 25 originated from the seedling of
either accession 24 or 26.

Two unidentified accessions (15, 16) were collected from Pang U
Bon Waterlily Garden, Nonthaburi, Thailand, but were previously
introduced from Europe. Based on leaf morphology only, we
tentatively identified them as an American lotus or hybrid, which
was supported by molecular data in this study (Figs. 3 and 4).

4.3. Conservation implications

Population structure analysis of 58 Asian wild lotus based on
29,7974D SNPs have indicated that when Kwas set from two to six
two pure pedigrees were consistently represented by the nine Thai
wild lotus from Chiang Mai, Chonburi, and Bangkok (Liu et al.,
2020b). Consistent with that, Thai lotus accessions 19 and 22e23
in our study also exhibited a pure genetic background, respectively,
regardless of whether American lotus was used as an outgroup.
These findings suggest that these three accessions and their pop-
ulations might have originated fromwild lotus, and, therefore, their
conservation should be prioritized. However, our findings contrast
with a previous report that examined genetic diversity of 15 lotus
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populations containing India and America lotus and found that the
five populations (Uttaradit, Chon Buri, Phetchaburi, Kalasin, and
Ratchaburi) formed a genetic cluster (Mekbib et al., 2020). One
explanation for this discrepancymay be the sample selection of this
earlier study. Compared with Thai lotus, there were more lotus
accessions with pure pedigrees from Vietnam (22/29, 75.9%),
including cluster II and cluster III, which represented two separate
gene pools. Conservation priority should be given to these
germplasms.

In this study, 13 wild Asian and American lotus, and the antique
Asian lotus were selected as a reference group, which guaranteed
the geographic span of three continents (Asia, Oceania, America)
and a time scale of at least one thousand years (accessions 59 and
68) (Godwin andWillis 1964; Shen-Miller, 2002). However,11/13 of
these accessions showed evidences of multiple gene pools,
implying that they might be the offspring of gene exchanges be-
tween different populations. By contrast, three Thai accessions, 22
Vietnamese accessions, and one Hainan accession from southern
China possessed a single gene pool, suggesting that Southeast Asia
may be one of the origin centers of wild lotus, which is in agree-
ment with the inference that wild lotus likely originated in tropical
regions (Liu et al., 2020b).

5. Conclusion

The genetic backgrounds of most lotus resources collected from
Thailand and Vietnam are uniform, containing one and two gene
pools, respectively. This finding implies that the genetic back-
grounds of these lotus was less affected by human activities such as
artificial breeding and introduction of the cultivars from other
countries. Thai accessions 19, 22, 23 and the populations they were
introduced from should be prioritized for conservation. In addition,
the origin of seed lotus possibly differs from that of rhizome and
flower lotus; furthermore, one of the centers of origin of the sur-
viving Asian lotus germplasms may be in Southeast Asia. Thai and
Vietnamese lotus germplasms are genetically related to
geographical distribution patterns, and the accessions from the
same or close location usually show the closest genetic relation-
ships. The origin or genetic relationship of some unidentified lotus
sources could be evaluated by comparing morphological charac-
teristics and molecular marker analysis.
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