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Abstract: Surviving relict populations of species that were more widespread in ancient times can teach
us a lot, such as evolution and genetic differentiation. One such relict plant is Liriodendron, of which
populations remain in China (L. chinense (Hemsl.) Sarg.) and the USA (L. tulipifera L.). Studying
the genetic structure of these populations would give insight into the genetic differentiation and the
breeding strategy. In this work, we developed and characterized 29 novel simple sequence repeat
(SSR) markers based on expressed sequence tags (ESTs) from hybrid Liriodendron (Liriodendron chinense
× tulipifera) callus. In total, 29 SSRs with perfect primer-designed were used to assess genetic diversity
and differentiation. The set of polymorphic EST-SSR loci was identified in 48 Liriodendron individuals,
represented by 35 individuals sampled from 14 provenances of L. chinense and 13 individuals sampled
from 5 provenances of L. tulipifera. Our results indicated that L. chinense populations possess slightly
higher genetic diversity than L. tulipifera populations. Based on genetic distances, 48 Liriodendron
individuals clustered into three groups (the eastern China L. chinense, the western China L. chinense and
L. tulipifera), although the STRUCTURE analysis of the Liriodendron populations revealed just two
clear genetic clusters (L. chinense and L. tulipifera). Among these 29 novel markers, ESSR119 showed
an obvious species-specific characteristic which can be very useful in marker-assisted selection (MAS).
In general, all these EST-SSR markers may have agronomic potential and constitute a basis for future
studies on the identification, innovation, and even preservation of Liriodendron germplasms.

Keywords: Liriodendron chinense; Liriodendron tulipifera; EST-SSR; marker-assisted selection (MAS);
genetic diversity; genetic structure

1. Introduction

Liriodendron is a genus of the Magnoliaceae family, which is comprised of a pair of sister species
with a standard intercontinental disjunction distribution [1]. Both these populations suffered through
extinctions caused by Late Tertiary climate oscillations and the Pleistocene glaciations [2]. Liriodendron
tulipifera L. (L. tulipifera) is widely distributed in eastern North America broadleaf forests, while
Liriodendron chinense (Hemsl.) Sarg. (L. chinense) inhabits central-western and southern China, usually
in the mountains at elevations from 450 to 1800 meters [3]. Bio-geographers have regarded Liriodendron
as an ideal natural resource for research into the disjunctive distribution of flowering plants between
eastern Asia and eastern North America [2,4]. Generally speaking, the leaves of L. chinense are Chinese
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jacket-shaped with three lobes and both sepals and petals are green. L. tulipifera has goosefoot-shaped,
five-lobed leaves and yellow-green sepals and petals [5]. However, L. chinense is now an endangered
species due to changes in its ecosystem and geographical surroundings, as well as due to its biological
characteristics, such as a low germination rate and limited seed production [3,6]. To make matters
worse, the data showed that there might be less than 10 trees in over 70% of the natural population
of L. chinense, especially in eastern part of China. Even more serious is the lack of up-to-date and
detailed investigation reports [7,8]. Hybrid Liriodendron (L. chinense × L. tulipifera) was first cultivated
in 1963 and has been reported to show heterosis, such as a distinct growth advantage and good
adaptability [9]. Liriodendron wood is used in a diverse range of products, such as furniture and
farming equipment [10]. Many studies have shown that extracts from Liriodendron leave exhibit
potent cytotoxic effects on tumors cell lines [11,12] and inhibitory activity towards farnesyl protein
transferase (FPTase) and tumors cell growth [13]. Despite the significant value of Liriodendron and the
endangered status of L. chinense, information on their population genetic structure and geographic
variation are limited. Microsatellites or simple sequence repeats (SSRs) consist of tandem arrays of
short nucleotide motifs, which are randomly dispersed throughout eukaryotic genomes [14]. SSRs
offer several advantages for use as genetic markers, such as high reproducibility, a high degree of
polymorphism, co-dominant inheritance, and relatively high abundance across the entire genome [15].
These excellent characteristics make SSRs powerful high-resolution tools for the study of population
genetics, genetic variation, and marker-assisted selection (MAS) in plants [16–18]. However, there are
only a few SSR markers available which have been tested for polymorphism in Liriodendron [19–22].
Compared to other species, genomic resources for Liriodendron remain severely limited. In this study,
29 novel EST-SSR markers were isolated and characterized and subsequently used for preliminary
population genetic structure analyses.

2. Materials and Methods

2.1. Plant Materials and DNA Extraction

Young leaves were collected from 48 individuals representing fourteen provenances of L. chinense
and five provenances of L. tulipifera, respectively (Figure 1 and Table S1). All of them were collected from
the major planting areas of the species and now preserved at the Huzhua Mountain Forestry Station in
Hubei Province (31◦04′N, 112◦54′ E). These 48 samples were individually ground into fine powder with
liquid nitrogen, and total genomic DNA was extracted using the cetyltrimethylammonium bromide
(CTAB) method [23]. The quality and concentration of the DNA were determined by electrophoresis
on 1% agarose gels. All DNA samples were subsequently diluted to 50 ng/µL, which was the working
concentration for PCR.

2.2. EST-SSR Development and Genotyping

In the previous research, an RNA-Seq experiment was conducted using Illumina HiSeq 2000.
Expressed sequence tags (ESTs) were sequenced from hybrid Liriodendron (L. chinense × L. tulipifera)
callus and screened for the presence of SSRs using microsatellite identification tool (MISA) (http/

/www.pgrc.ipk-gatersleben.de/misa). Four hundred eighteen unique sequences with at least one SSR
were yielded with the criteria of 20, 9, 6, 5, 4, and 3 repeat units for mono-, di-, tri-, tetra-, penta-,
and hexanucleotide motifs, respectively. Amplification primers which were ranging from 20 to 25
base pairs, and with moderate GC content flanking the SSR region, were designed using Primer5 [24]
(http://frodo.wi.mit.edu/primer5/). Microsatellite polymorphisms were initially assessed within four
individuals of L. chinense and four individuals of L. tulipifera from different provenances. PCR
amplification was performed in a 10 µL reaction solution, containing 75 ng genomic DNA, 1.0 µL 10×
PCR Buffer, 1.25 µl 2.5 mM·L−1 MgCl, 0.2 µL 10 mM·L−1 dNTP, 0.25 µL 10 µM·L−1 each of forward and
reverse primers, and 0.5 units of Taq polymerase (Takara Biotechnology, Dalian, China). A touchdown
PCR protocol was applied for all primers and performed on the SimpliAmp™ Thermal Cycler (Applied
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Biosystems, Foster City, CA, USA). Samples were incubated by Touchdown PCR at 95 ◦C for 5 min,
followed by 15 touchdown cycles, first at 94 ◦C for 15 s, 15 s at annealing temperature (61 ◦C in the
first cycle and decreased 1 ◦C every second cycle down to 47 ◦C), and 30 s at 72 ◦C. Next, the samples
were subjected to 15 cycles at 94 ◦C for 15 s, then at 52 ◦C for 15 s, and finally at 72 ◦C for 30 s [25].
Fragments resulting from PCR amplifications were separated by electrophoresis on 8% polyacrylamide
denaturing gels and visualized with silver nitrate staining. For further verification of the accuracy of
novel EST-SSR polymorphisms, PCR amplification was performed with Fluorescein-12-dUTP (Thermo
Scientific, Waltham, MA, USA), which can be enzymatically incorporated into the PCR product with
Taq DNA polymerase [26]. Then, we performed capillary electrophoresis using an ABI3730xl DNA
Automatic Analyzer with a GeneScan-500LIZ size standard (Applied Biosystems by life technology).
Based on these data, allele sizes were determined using PeakScanner (v1.0) software (Thermo Scientific,
Waltham, MA, USA).
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Figure 1. (a) Geographic distribution of the origin of 14 Liriodendron chinense (Hemsl.) Sarg. (L. chinense)
populations sampled in this study; (b) Geographic distribution of the origin of five Liriodendron tulipifera
L. (L. tulipifera) populations sampled in this study; (c) The UPGMA (unweight pair-group method
with arithmetic means) dendrogram generated cluster analysis based on the genetic diversity of eight
different provinces L. chinense samples. The L. tuilipifera plants were taken as a whole part. The
L. chinense plants in this study were grouped into three clusters (blue, Eastern China; Orange, Western
China; purple, Yunan Province). Bootstrap replicates = 1000. Note: LY: Liuyang; SN: Suining; YY:
Youyang; SY: Songyang; LP: Liping; HS: Huangshan; SZ: Sangzhi; LS: Lushan; XY: Xuyong; EX: Exi
region; ST: Songtao; ML: Mengla; WYS: Wuyishan; DBS: Dabieshan; NC: North Carolina; LA: Louisiana;
GE: Georgia; SC: South Carolina; MO: Missouri. Hunan (LY, SN, SZ); Jiangxi (LS, WYS); Zhejiang (SY);
Anhui (HS, DBS); Hubei (Exi); Sichuan (YY, XY); Guizhou (ST, LP); Yunan (ML); USA (NC, LA, GE,
SC, MO).



Forests 2019, 10, 334 4 of 15

2.3. Analysis of Genetic Diversity and Genetic Relationship

The number of alleles (Na), observed heterozygosity (Ho), expected heterozygosity (He),
Hardy-Weinberg equilibrium text (HWE), Shannon information index (I), F-statistics (Fst), and genetic
distance (Nei’s distance) were calculated using POPGEN (v1.32) [27]. Polymorphism information
content (PIC) was derived according to the formula [28]:

PIC = 1−
n−1∑
i=1

p2
−

n−1∑
i=1

n∑
j=i+1

2p2
i p2

j (1)

where n is the number of alleles at one locus; pi and pj are the frequencies of the ith and jth alleles at
one locus.

Clustering analysis is conducted by utilizing software NTSYS-pc (v2.2) [29], and the clustering
figure should be established with the method of UPGMA (unweight pair-group method with arithmetic
means). Population structure was determined using the model-based program, STRUCTURE
(v2.3.2) [26]. To identify the number of populations (K) capturing the major structure in the data,
we used a burn-in period of 100,000 Markov Chain Monte Carlo iterations and 100,000 runs, with
an admixture model following Hardy-Weinberg equilibrium, and correlated allele frequencies and
independent loci for each run. Twenty independent runs were performed for each simulated value
of K, ranging from 2 to 12. The true K value was determined using both an estimate of the posterior
probability of the data for a given K and the Evanno ∆K [30,31].

3. Results

3.1. Microsatellite Development

A total of 82,933 new ESTs were identified, using hybrid Liriodendron (L. chinense × L. tulipifera)
callus as sequencing material. Four hundred and eighteen contigs with at least one SSR were identified
using criteria demanding the presence of at least 20, 9, 6, 5, 4, and 3 repeat units for mono-, di-, tri-, tetra-,
penta-, and hexanucleotide motifs, respectively. Perfect trinucleotide motifs in the present study were
found to be the most abundant, with a frequency of 25% of the total, followed by hexanucleotide motifs
(24.8%; Figure S1), which may be attributed to lower tolerance for frame-shift mutation within coding
regions [32]. Mononucleotide and pentanucleotide motifs occurred with a much lower frequency
(Figure S1). Two hundred and ten SSR loci with available primer-designed sites were selected in this
study. We designed primers of 20 to 25 base pairs in length with moderate GC content, flanking the SSR
region. Overall, 29 of the 210 primer pairs amplified clear, stable, and polymorphic products on eight
individuals, including four L. chinense plants (from Sangzhi, Hunan Prov.; Youyang, Sichuan Prov.;
Xuyong, Sichuan Prov.; Lushan, Jiangxi Prov.) and four L. tulipifera plants (from North Carolina, USA;
Georgia, USA; South Carolina, USA; Missouri, USA). To further verify the authenticity of novel EST-SSR
polymorphisms after polyacrylamide gel electrophoresis (data not shown), we selected 48 Liriodendron
plants to perform PCR amplification then capillary electrophoresis. Thirty-five individuals belonged
to 14 different L. chinense provenances, distributed over eight Chinese provinces and the remaining 13
individuals belonged to five different L. tulipifera provenances (Figure 1a,b and Table S1).

To gain more insight into the putative functions of the 29 unique SSR-associated genes, we
searched their sequences against the NCBI databases (nr/nt, refseq_rna, refseq_genomes, est, and
refseq_genomic) using the BLASTN program, with a threshold E-value of 1.00 × 10−5, resulting in
10 sequences showing significant similarities to previously annotated genes (Table 1).
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Table 1. Characteristics of 29 microsatellite primers developed for L. chinense and L. tulipifera.

Locus Primer Sequences (5′–3′) Repeat Motif Product Size BLAST Top Hit Description (Organism) BLAST Top Hit
Accession No. E-Value

ESSR8 F ACAGAATCCTCGCTCGCA (CCTCTC) 4 398
NO hit none none

R ACGGTAACCAAACCCCCA
ESSR12 F ATTCCTCGCACCCTAAACCTAGCC (GACTCC) 4 407 PREDICTED: Nelumbo nucifera carbon catabolite repressor

protein 4 homolog 2-like (LOC104597619), mRNA XM_010259268.2 4 × 10−56
R CGATCTCTCCCTCTCTTTCACTCC

ESSR26 F GGTTGTGCCACCTCTCCCTCC (TAA) 8 207
NO hit none none

R TGCATTTCCCCAAATTCCTGA
ESSR27 F GTGGTGGGTTTGATTTTCTTT (CCA) 9 209

NO hit none none
R TGATCGTGGATGCTACCTGAT

ESSR77 F GCAACTTACGCAACAACACG (GT) 10 368
NO hit none none

R CACTGCACAAAGGCCATCTA
ESSR92 F TTTACTAATTTGTCCGCAAT (AGC) 7 314

NO hit none none
R CCTTCTTCTCCTTCTCTCCT

ESSR118 F CGCCCCCAGCTTCTATATCCT (CA) 10 289
NO hit none none

R TTCTTCCTTTCAAGTCCTCCA
ESSR131 F TTGGATTTCCATATCTGGGA (CTTT) 5 419 PREDICTED: Asparagus officinalis uncharacterized

LOC109826068 (LOC109826068), mRNA XM_020393028.1 4 × 10−56
R ACAATAACTTTGGTGTGCCT

ESSR10 F AATTCCTCGCACCCTAAACCTAGCC (GACTCC) 4 409 PREDICTED: Nelumbo nucifera carbon catabolite repressor
protein 4 homolog 2-like (LOC104597619), mRNA XM_010259268.2 4 × 10−56

R TCGATCTCTCCCTCTCTTTCACTCC
ESSR39 F CCACCTCTCGCAAAATCTCC (AAGGA) 4 262

NO hit none none
R CCTGCAACGTCTCCCTCCTT

ESSR51 F GGGAATGAGGGATCAAACCT (GCA) 10 363 PREDICTED: Nelumbo nucifera uncharacterized LOC104596120
(LOC104596120), transcript variant X2, mRNA XM_010257158.2 5 × 10−21

R ATGCACTCCTTCACACGGAA
ESSR54 F CCTCCCAAAAATCAAACAGA (TGT) 7 368

NO hit none none
R AGCCAGAGTAGTCCAAGCAC

ESSR72 F GACCATCCTTCACATTACAACA (AGA) 10 256
NO hit none none

R AGAACAGAACCTCGCAACCACT
ESSR82 F GGGAAAAAATGAGAATACCAAG (AAAG) 5 350

NO hit none none
R CAGTAGAAACCATCTGAAAGCA

ESSR87 F CTATCTATTCATCTCCCCCG (GA) 12 313
NO hit none none

R ATGTCGTCCAACACACCTTC
ESSR90 F AAGAGAGATAAAGAGAGGGA (TCCCCT) 4 446 PREDICTED: Nelumbo nucifera GDP-L-galactose phosphorylase

1-like (LOC104609968), mRNA XM_010276420.2 2 × 10−19
R TTAGAAACTACGGTAGGAAC

ESSR93 F CACAAAAAAGTCACGCCAATC (AAAG) 5 391 PREDICTED: Vitis vinifera protein FAM133A (LOC100265155),
transcript variant X3, mRNA XM_010662230.2 3 × 10−68

R TTTCACAACAGTCCATCCATC
ESSR96 F TTCCCCACACACCCCGTCAA (GCT) 7 486

NO hit none none
R CGAATCCCCCCATCATCCCT

ESSR97 F CTTTCTGTATGGGAGTGGGT (CTT) 7 432 PREDICTED: Gossypium raimondii DEAD-box ATP-dependent
RNA helicase 13 (LOC105800653), mRNA XM_012631890.1 3 × 10−47

R TGACGAGTCGGAGTATGGTT
ESSR107 F CATATACGCATTTTTTCGCCC (CTTT) 5 485

NO hit none none
R ACCTCACCTACATTCGGACCG

ESSR110 F CCTTGTCTTGGTTTCTGTTCT (CTT) 8 253
NO hit none none

R GTTTATTTTTGTGGAGGGGCT
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Table 1. Cont.

Locus Primer Sequences (5′–3′) Repeat Motif Product Size BLAST Top Hit Description (Organism) BLAST Top Hit
Accession No. E-Value

ESSR116 F CTGGATATCTACGAGTCACGACT (TC) 10 280
NO hit none none

R AACAAAAGGACATAAAAGACCAT
ESSR119 F TACCATCCGTTAGTGCTTCCGCTCCTG (TCCTTC) 4 126 PREDICTED: Nelumbo nucifera TIP41-like protein

(LOC104611680), mRNA XM_010278853.2 2 × 10−43
R CTTAGAATCGGGCATTCCACGCATCCA

ESSR124 F AGGAAAAAAAGGGTTTGAAGCGGATGA (GAA) 7 480
NO hit none none

R AATGAGGAGCCATGTACTTCGCATTGC
ESSR127 F TGTCATAACAGTTCCTACCAAAAGCAG (TGC) 7 463

NO hit none none
R TGTATTAGAGACGGAGTAGAAGATGCG

ESSR132 F AATGGGCTAGAGAATCCAAAAAACT (CACCAG) 4 281 PREDICTED: Elaeis guineensis dnaJ homolog subfamily B
member 13-like (LOC105043518), transcript variant X2, mRNA XM_010921102.2 4 × 10−56

R CCCGATAAAAACCCTAATAACAAAA
ESSR133 F CGCTCGTCTCCTTCCATTGCTCT (AGA) 7 387

NO hit none none
R GCTGTGTTCTGGGGTGTGTTTGC

ESSR149 F AGCACTTTTCTGTCTCTCTCC (CAGGAG) 4 319
NO hit none none

R CCAAGCTGTTCACTCTTTCAC
ESSR197 F GGGCTGTGATTAGAAAGAGAGAGG (TTTC) 6 234 Spirodela polyrhiza strain 9509 chromosome 2 sequence CP019094.1 5 × 10−4
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3.2. EST-SSR Polymorphism and Genetic Diversity

Among the tested 35 L. chinense plants, the number of alleles (Na) per locus ranged from 2 to 17,
with an average of 6 alleles, while the Na per locus ranged from 2 to 7 (mean = 4.137) among the 13
L. tulipifera plants. The observed heterozygosity (Ho) within these two species both ranged from 0.000
to 1.000 with the average Ho being 0.696 within L. chinense and 0.724 within L. tulipifera. He (expected
heterozygosity) ranged from 0.056 to 0.939 (mean = 0.678) within L. tulipifera and from 0.464 to 0.862
(mean = 0.653) within L. tulipifera. Further, the PIC values in L. chinense trees ranged from 0.054 to 0.921
with an average of 0.615. Similar observations were made in L. tulipifera with PIC values changing
from 0.361 to 0.836 and a lower average PIC value of 0.554 (Table 2). Based on Shannon’s information
index (I) analyzed by SSR markers, the highest genetic diversity was present in population Songyang,
Zhejiang Prov. (I = 1.0789) (Table S5), followed by populations Liuyang, Hunan Prov. and Youyang
Sichuan Prov., with a high level of diversity at the species level (I = 0.9855 and 0.9543). Population
North Carolina, USA had the highest genetic diversity among L. tulipifera. Populations in Sangzhi,
Hunan Prov. and Lushan, Jiangxi Prov. showed the lowest genetic diversity index (I = 0.4541).

Table 2. Results of primer screening in L. chinense and cross-species amplification in L. tulipifera.

L. chinense (Hemsl.) Sarg. (n = 35) L. tulipifera L. (n = 13)
Locus Na Ne I Ho He Nei PIC Na Ne I Ho He Nei PIC

ESSR8 5 2.786 1.151 1 0.651 0.641 0.576 7 5.143 1.772 1 0.841 0.81 0.779
ESSR12 4 2.396 0.998 1 0.592 0.583 0.494 4 2.396 0.998 1 0.610 0.58 0.494
ESSR26 3 2.820 1.067 0 0.655 0.645 0.571 2 1.800 0.637 0 0.464 0.44 0.346
ESSR27 5 3.568 1.378 0 0.731 0.720 0.671 3 1.946 0.824 0 0.507 0.49 0.424
ESSR77 17 13.462 2.712 1 0.939 0.926 0.921 7 4.173 1.639 1 0.791 0.76 0.728
ESSR92 4 2.409 0.987 0.143 0.593 0.585 0.498 3 2.153 0.829 0.923 0.557 0.54 0.428

ESSR118 13 8.942 2.321 0.486 0.901 0.888 0.878 7 4.881 1.745 0.167 0.830 0.80 0.768
SSR131 7 3.379 1.440 1 0.714 0.704 0.656 2 2.000 0.693 1 0.520 0.50 0.375
ESSR10 4 2.649 1.103 1 0.632 0.622 0.547 6 2.748 1.229 1 0.662 0.64 0.568
ESSR39 4 2.503 1.045 1 0.609 0.600 0.518 2 2.000 0.693 1 0.520 0.50 0.375
ESSR51 7 2.418 1.133 0.882 0.595 0.587 0.516 4 2.504 1.054 1 0.627 0.60 0.524
ESSR54 8 5.518 1.845 1 0.831 0.819 0.795 3 2.253 0.898 0.923 0.579 0.56 0.477
ESSR72 10 3.796 1.666 1 0.748 0.737 0.699 5 4.390 1.530 1 0.803 0.77 0.734
ESSR82 9 7.595 2.094 1 0.883 0.868 0.854 4 3.200 1.256 1 0.717 0.69 0.630
ESSR87 7 4.111 1.625 1 0.768 0.757 0.721 5 4.225 1.487 0.923 0.794 0.76 0.722
ESSR90 5 4.562 1.560 0.371 0.792 0.781 0.745 4 2.683 1.119 0.308 0.652 0.63 0.556
ESSR93 4 2.288 0.995 0.4 0.571 0.563 0.505 2 1.899 0.666 0.615 0.492 0.47 0.361
ESSR96 6 2.955 1.292 1 0.671 0.662 0.606 2 2.000 0.693 1 0.520 0.50 0.375
ESSR97 3 2.110 0.845 0.114 0.534 0.526 0.436 2 1.899 0.666 0.462 0.492 0.47 0.361

ESSR107 5 2.934 1.243 0.441 0.669 0.659 0.605 5 4.299 1.520 0.25 0.801 0.77 0.729
ESSR110 11 8.892 2.269 0.882 0.901 0.888 0.877 7 6.857 1.936 1 0.891 0.85 0.836
ESSR116 2 2.000 0.693 1 0.507 0.500 0.375 6 3.714 1.483 1 0.760 0.73 0.687
ESSR119 2 2.000 0.693 1 0.507 0.500 0.375 2 2.000 0.693 1 0.520 0.50 0.375
ESSR124 3 2.080 0.837 0 0.527 0.519 0.431 4 3.130 1.237 0.333 0.710 0.68 0.622
ESSR127 4 2.802 1.156 0.941 0.653 0.643 0.578 3 2.315 0.911 0.923 0.591 0.57 0.472
ESSR132 8 4.867 1.838 1 0.806 0.795 0.774 7 5.828 1.838 1 0.862 0.83 0.806
ESSR133 8 6.806 1.977 1 0.865 0.853 0.835 4 2.361 0.980 1 0.601 0.58 0.485
ESSR149 2 1.059 0.130 0 0.056 0.056 0.054 4 2.683 1.119 0 0.652 0.63 0.556
ESSR197 8 3.977 1.673 0.514 0.759 0.749 0.721 4 2.195 0.935 0.154 0.566 0.54 0.462

mean 6 4.058 1.371 0.696 0.678 0.668 0.615 4.1379 3.092 1.141 0.724 0.653 0.63 0.554
St.Dev 3 2.723 0.568 0.398 0.174 0.172 1.7672 1.343 0.406 0.385 0.131 0.13

Both L. chinense and L. tulipifera groups showed a relatively high population differentiation index
(Fst) of more than 0.15 [33], which means the genus has a rich genetic diversity. However, L. chinense
having a higher population differentiation index than L. tulipifera is likely due to the former having
been sampled across 14 provenances while the latter only had five provenances sampled (Fst = 0.2958
vs. 0.2214; Table S2). 20%–30% genetic variation exists among Liriodendron provenances, and about
70% genetic variation exists within provenance, which accounts for a greater part of the whole genetic
variation, there out, the variation of genetic diversity, of these 17 Liriodendron provenances mainly exist
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in populations. Gene flow (Nm) mainly reflects the communication frequency of gene among most
individuals within the population and populations [34]. Moreover, the gene flow of these L. chinense
provenances is 0.59521 (Nm of L. tulipifera provenances = 0.8790). When gene flow (Nm) >1, gene flow
can prevent genetic difference among populations effectively caused by genetic drift, and thus we can
find that specific gene flow exists among them, but the level is relatively low.

The combination of multiple SSR markers can not only evaluate the population differentiation in
general but also which with specific polymorphism give a compelling basis for marker-assisted selection
in the early breeding stage, making the breeding cycle shortened. We used PeakScanner software
(ThermoFisher Scientific) to analyze our capillary electrophoresis data, which detected a total of two
alleles across both L. chinense and L. tulipifera trees for the ESSR119 marker. All L. chinense individuals
showed one main peak at a length of 114 bp, while in all L. tulipifera individuals the ESSR119 peak
located at 126 bp (Figure 2a). Gel screening also showed similar results. PCR amplification products
from all L. chinense individuals showed the same size fragment located at 110–120 bp, while those
from all L. tulipifera individuals showed the fragment longer than 120 bp (Figure 2b). In 2006, we also
conducted a cross experiment. Pollen from L. tulipifera (South Carolina) was pollinated on the stigma of
L. chinense (Lushan) with removing stamens and then treated flowers (L. chinense) protected by bagging.
After that, F1 plants were successfully obtained. In this condition, hybrid Liriodendron individuals
consistently were heterozygous for both ESSR119 alleles, one being from the L. chinense parent and the
other being from the L. tulipifera parent. ESSR131 was composed of five different alleles in L. chinense
individuals, while in L. tulipifera only one allele was detected, which located at 422 bp. ESSR96
presented similar characteristics in that alleles showed more consistency in L. tulipifera individuals
(only 194/200 bp) than in L. chinense individuals showed six kinds of polymorphic forms (206/212 bp,
212/218 bp, 216/218 bp, 222/228 bp, 212/216 bp, 212/222 bp). By contrast, ESSR116 showed consistency
only in L. chinense individuals (Figure S2). Although these two species separated 10–16 million years
ago [31], they are quite similar morphologically and reproductively compatible [1,35], with hybrids
showing a heterosis effect [36]. It is difficult to distinguish this pair of Liriodendron species in the early
stages of growth [20]. However, the EST-SSR markers presented in this study, especially species-specific
ESSR119 should facilitate this process through marker-assisted selection.
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Figure 2. PCR products amplified by expressed sequence tag-simple sequence repeat (EST-SSR) marker
(ESSR119) by two methods. (a) Peakscanner analysis showed one main peak located at 114 bp in
one of the L. chinense individuals and one main peak located at 126 bp in one of the L. tulipifera
individuals. (b) Representative gel showing amplification profiles of ESSR119 marker and its fragment
length polymorphism among four individuals of L. chinense and four individuals of L. tulipifera.
The amplifications are resolved in 3% agarose gel along with 50 bp DNA size standard. Note: lane
1–3 are standard samples. 1, L. chinense (114 bp); 2, L. tulipifera (126 bp); 3, Hybrid Liriodendron (L.
chinense (Lushan) X L. tulipifera (South Carolina)) (114 and 126bp); 4–7, four plants of L. chinense come
from Sangzhi, Hunan Prov.; Youyang, Sichuan Prov.; Xuyong, Sichuan Prov.; Lushan, Jiangxi Prov.,
respectively. They all showed one main 114 bp band; 8–11, four individuals of L. tulipifera come from
North Carolina, USA; Georgia, USA; South Carolina, USA; Missouri, USA, respectively. They all
showed one main 126 bp band.
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3.3. Population Genetic Structure of Liriodendron

The population structure was analyzed using a Bayesian approach on 19 provenances implemented
in the STRUCTURE software. Following the method of Evanno, the K values were plotted and had
a peak of 2 (Figure S3). So, the maximum K occurred at K = 2 for the EST-SSR markers. Nineteen
provenances (48 individuals) could be divided into two main groups, one consists of all L. chinense
populations with one lobe on each side of a blade, and other consists of left L. tulipifera populations
with two pairs of lobes on a blade (Figure 3b and Figure S3). After then, we also analyzed the genetic
structure of 13 provenances with a sample size greater than three individuals. K was tested from two
to twelve with 20 independent replications. The ∆K values computed for these populations indicated
a strong signal for K = 2 (Table S6), which is the same as the previously estimated populations. This
result implied that 13 provenances under study were grouped into two clusters (Figure 3b and Figure
S4). Due to long-term geographical isolation between those two Liriodendron species, we assumed that
geographic difference should mainly contribute to the current genetic structure of populations.
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Figure 3. The UPGMA dendrogram based on Nei’s (1978) genetic distance. Bootstrap replicates = 1000.
Nine L. chinense populations and four L. tulipifera populations were analyzed with a population sample
size of more than three individuals. The L. chinense plants grouped into five clusters (green, Eastern
China; yellow, Songtao, Guizhou Province; Orange, Sichuan Province; blue, Liping, Guizhou Province;
purple, Yunan Province.). The dark lines represent the movement of the major mountain chains. The
information comes from https://zh.wikipedia.org/zh-cn/, and the mountain chains chart are redrawn
based on http://m.sohu.com/n/484766869/?wp=2. The population structure based on 13 provenances at
K = 2 as determined using the ∆K method of Evanno et al.

3.4. Cluster Analysis Using EST-SSR Markers

The tested SSR markers gave us some information about the genetic identity and genetic distance,
which can accurately assess the similarity among Liriodendron populations. The genetic identity (GI) of
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these 19 provenances changes from 0.1487 to 0.9567 (Table S3b), the average genetic identity is 0.5302,
and the genetic distance (D) varies from 0.0443 to 1.9057, and the average genetic relationship is 0.7527,
hence, it can be deduced that these 19 Liriodendron provenances have significant genetic variation,
and remote genetic relationship. Among which, the maximal genetic identity of the Exi region and
Youyang is 0.9567, which shows that the genetic relationship of these two populations is closer than
other populations. However, the minimum genetic relationship of Mengla and Louisiana (USA) is
0.1478, which indicates that the genetic relationship of these two populations is farther than other
populations. Moreover, the genetic distance of these two populations is 1.9057 (Table S3b), which was
the highest among all comparisons. Furthermore, many loci (93% among L. chinense and 68.97% among
L. tulipifera) significantly deviated from Hardy–Weinberg proportions in all independent sample groups
originating from a single provenance, possibly due to insufficient sample size. So, in the preliminary
view of genetic distance, we took the provinces of China as units and individuals from USA as a whole.
A UPGMA dendrogram dependent on Nei’s genetic distance (Table S3a) showed that the 35 L. chinense
plants collected from eight different provinces were grouped into three distinct clusters (Figure 3).
In the first cluster, all members belonged to eastern China (Hunan, Jiangxi, Anhui, and Zhejiang).
The second cluster consisted of plants from Hubei, Sichuan, and Guizhou, all located in western
China. The third cluster contained plants coming exclusively from Yunan, which has been described as
one of the main refugia for plants that suffered the quaternary glacial period [37]. Moreover, Nei’s
genetic distance of Yunan cluster was the farthest from populations of L. tulipifera (1.3302; Table S3a).
After we removed population samples of insufficient size (numbering less than three individuals),
13 populations were left, comprising nine L. chinense populations and four L. tulipilfera populations.
Using this data, we constructed a new and robust UPGMA dendrogram. Nine L. chinense populations
grouped into five main clusters (Figure 3). In the first cluster, all populations were located in eastern
China (Liuyang, Songyang, Sangzhi, Lushan). The second cluster contained only one population
from Songtao, Guizhou Provinces. The third cluster contained two populations mainly distributed in
Sichuan Province, over western China. Plants from Liping, belonging to another Guizhou Province
population, were taken as the fourth cluster. What is more, the population was originating from
Mengla, Yunnan Province was still an independent branch from other L. chinense populations, similar
to its position in the previous UPGMA dendrogram (Figure 3).

4. Discussion

Many genomic resources have been developed for L. tulipifera, even whole genome sequencing
of L. chinense has been completed [36,38]. However, only a few L. tulipifera SSR markers have been
tested for their degree of polymorphism by polyacrylamide denaturing gels [19,21]. Compared to other
species, a sufficient collection of polymorphic and informative SSR markers within Liriodendron is still
lacking. A large number of EST-SSRs were developed, which will allow a better understanding of the
genetic diversity and facilitate the application in breeding programs. Traditional cultivar identification
and classification depended on morphological characters like leaf blade, flower color and so on [5],
but the accuracy was often affected by environmental factors. The molecular markers developed
from our study were efficient alternatives to morphological identification, especially for hybrids,
which will lay a foundation for Liriodendron breeding in the future. Previous studies did report the
presence of a handful of species-specific SSR markers used to genotype L. tulipifera, L. chinense, and
hybrid Liriodendron. One such reported marker is LT008 (Figure S5), which is a species-specific primer
pair. With the LT008, a 190 bp fragment from L. chinense, 180 bp fragment from L. tulipifera, and a
190 bp and a 180 bp fragment from hybrid Liriodendron were respectively amplified [20]. Compared
to LT008, ESSR119 shows some advantages for species-specific identification. ESSR119 contains a
tetranucleotide motif, making it easier and more precise to genotype using a 3% agarose gel with a
12 bp size difference (Figure S5). Nowadays, Next-Generation-Sequencing technologies are constantly
developing. Third generation sequencing platform has the advantage of longer reading length,
including SMRT (single-molecule real time) sequencing, single-molecule nanopore DNA sequencing,
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and others. They are being considered as effective methods for developing SSR markers and other
molecular markers such as SNP [39,40].

Based on the study of the whole genome sequence of Liriodendron, the whole-genome single
nucleotide polymorphism (SNP) analysis and structure analysis showed that 20 Liriodendron accessions
formed three distinct phylogenetic groups [39]. In our study, we also used similar samples except for
one L. tulipifera accession, Tennessee (USA). However, just based on transcriptome data, we could
classify this population into two clusters by ∆K values. This difference indicates that the variation from
transcriptome is more conservative than that from genome, and the SNP may provide more genetic
information that suffered from the natural selection [41].

We find that there are north-south direction mountain chains between the eastern L. chinense
populations (Liuyang, Songyang, Dabieshan and Lushan) and the western ones (Songtao, Youyang,
Xuyong, Liping and Mengla) (Figure 3), therefore, based on combination with UPGMA dendrogram
results and geographic information, there may be a correlation between the trend of clustering of
different populations and the distribution of mountain chains. Furthermore, the L. chinense populations
in the Mengla, Songtao, and Liping areas cluster into relatively independent branches and which in
Mengla areas are relatively independent to L. tulipifera groups, even to L. chinense (Nei’s distance =

1.3302, Table S3b). Since the genetic identity (GI) of Exi region and Sichuan Province populations
(Youyang and Xuyong) are all more than 0.9, we made a further analysis based on the combination
of them. The result indicates there is probably high geographic variation among the populations of
western China (Yunan-Guizhou region, Sichuan Province, and Exi region). Previous studies [38,42]
have shown that the L. chinense populations in western China have higher genetic diversity. However,
the genetic diversity of L. chinense in this area as shown by our EST-SSR markers is relatively lower
than others. Analysis based on trend lines of He and the proportion of polymorphic loci showed
populations in Yunan regions has the lowest genetic diversity (Figure 4). Also, the results of Shannon’s
index and Nei’s expected heterozygosity also indicated that the genetic diversity of the western
China L. chinense populations was lower than which of the eastern China ones (1.1214 and 1.2021
vs. 1.2764, Table S4). Compared to previous studies, the selected populations in this paper cover
larger distribution regions of L. chinense and represent the typical groups of the existing populations.
Therefore, we hold the view that there is still a particular controversy to evaluate the genetic diversity
of the eastern and western populations based on a single kind of molecular marker. In future studies,
the number of samples should be expanded as much as possible under funds taken into account, so
that relatively more reliable results could be obtained through combining multiple markers. On the
other hand, there are many mountains in the Yunnan–Guizhou region which are natural barriers
hindering further communication between population, making them distributed like many small
isolated islands. Most populations there are small [3,43], limiting the flow of genes (Nm = 0.7797) from
one population to another, so the geographical variation is very high in this area, meanwhile, low-level
genetic variation of L. chinense is prone to be influenced by habitat destruction, as the potentials of
adaptation to environmental changes of the species [43]. In addition, from Figure 4, we also found that
the genetic diversity of populations is higher in the middle and lower reaches of the Yangtze River
(Liuyang; Sangzhi; Lushang; Songyang), which may be closely related to the direction of mountains
and rivers which benefits communication between different populations (Figure 3). Overall, based on
information provided by SSR, such as Nei’s genetic information (GI), F-statistics (Tables S2 and S5),
we found that the genetic diversity of L. chinense is higher than that of L. tulipifera, which is consistent
with the results obtained by Nucleotide diversity analysis reported in the paper about genome of
Liriodendron [38]. This may be related to numbers of suitable shelters in East Asia [44]. However, we
also need to consider the reproduction system. Considering that the population number and size
of L. chinense is decreasing gradually, the inbreeding probability in the population increases greatly,
which will inevitably increase the homozygous probability of harmful genes, thus possibly aggravate
inbreeding depression, affecting diversity and increasing the degree of endangerment. Due to the
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lack of up-to-date data on the population survival status of L. chinense in natural state, our research
conclusions still have some limitations.
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5. Conclusion

In conclusion, the novel 29 EST-SSRs developed in this study will be useful tools for future
applications, such as prediction of genetic gain, Tree breeding based on molecular markers, and
molecular phytogeography. The results of this study revealed a higher level of genetic differentiation
among populations of L. chinense than those of L. tulipifera. Based on genetic distances, L. chinense
individuals clustered into two main groups (the eastern China L. chinense and the western China
L. chinense). According to such a clustering result, the genetic diversity of provenance in eastern China is
higher than that in western China. Such information can be useful in the protection of this endangered
species. The most urgent measure is to preserve existing populations and individuals, since small
and isolated populations with high possibility of low-level genetic diversity are more vulnerable to
the change of climate or habitat. Therefore, whether in the protective process or the utilization of
L. chinense, we must pay attention to maximize the genetic diversity of L. chinense, endangered species.
Furthermore, in-depth study of inbreeding depression and loss of genetic diversity can provide a
basis for the protection of genetic resources of L. chinense. It should not be neglected that we must
take necessary measures to conduct a detailed and comprehensive survival status investigation of
L. chinense.

Further studies are needed to expand the samples as much as possible. For a more consolidated
conclusion, genetic diversity of provenance was further assessed by combining multiple genetic
markers in consideration of cost. There is no doubt that these novel EST-SSR markers will be helpful
for future research on cultivar identification, population structure, and QTL analysis for Liriodendron.
Also, the analysis of genetic diversity is a prerequisite for its exploration and utilization.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/4/334/s1.
Figure S1a: Frequencies of the various 418 EST-SSR motifs. S1b: PCR amplification results separated by
electrophoresis on 8% polyacrylamide denaturing gels and visualized with silver nitrate staining based on random
eight Liriodendron individuals. Figure S2: PCR products amplified by EST-SSR marker (ESSR116). Figure S3:
Structure clustering results of 14 L. chinense and 5 L. tulipifera provenances based on EST-SSR markers. Figure
S4: The population structure based on 13 provenances whose sample greater than three individuals at K = 2 as
determined using both an estimate of the posterior probability of the data for a given K and the Evanno ∆K. Figure
S5: PCR products amplified by two EST-SSR markers (a. ESSR119; b. LT008.) within the same set of samples.
Table S1: Provenances information for the L. chinense and L. tulipifera samples used in this study. Table S2: Fixation
index and F-statistics in L. chinense and L. tulipifera. Table S3a: Nei’s (1978) unbiased Measures of Genetic Identity
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and Genetic distances between L. chinense trees from eight provinces and L. tulipifera trees from the USA. S3b: Nei’s
(1978) Unbiased Measures of Genetic Identity and Genetic distance based on 19 populations provenances. Table S4:
Genetic diversity analysis in three different L. chinense populations (Eastern China region, Sichuan Provinceand Exi
region, Yunan-Guizhou region) and L. tulipifera populations. Table S5: Shannon’s information index (I) analysed
by SSR markers. Table S6: The true K value was determined using both an estimate of the posterior.
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Abbreviations

L. chinense Liriodendron chinense
L. tulipifera Liriodendron tulipifera
EST-SSR Expressed Sequence Tag/Microsatellites or simple sequence repeats
MAS Marker-assisted selection
CTAB Cetyltrimethyl Ammonium Bromide
Na Number of alleles
Ho observed heterozygosity
He expected heterozygosity
HWE Hardy-Weinberg equilibrium text
I Shannon index
PIC Polymorphism Information Content
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