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B W N e

Abstract: The Tabebuia alliance is widely planted in tropical and subtropical countries. However, the
lack of accurate taxonomic information for many commercial cultivars leads to commercial disputes.
We sought to clarify the background of commercial cultivars in China and to provide a robust basis
for patent protection. We collected 82 Tubebuia cultivars and 12 reference individuals, then developed
large-scale single nucleotide polymorphism (SNP) markers using genotyping-by-sequencing. We
obtained 73,219 SNPs from the test samples, which represented a substantial increase compared with
previous studies of Tabebuia species. Based on these SNPs and a clustering analysis, we detected
six species among the samples, as well as an uncertain population which may be a hybrid between
Handroanthus impetiginosus (Mart. ex DC) Mattos and H. heptaphyllus (Vell.) Mattos. An analysis
of genetic diversity to assess germplasm resources indicated that excessive heterozygosity of these
cultivars in China, which may explain the genetic basis of “novel-preferred” selection in ornamental
plants or a narrow genetic background. After rigorous selection, we identified numerous high-quality
molecular markers for cultivar identification, then constructed a concise fingerprint with 54 SNPs.
Our work clarifies the background information of commercial cultivars of Tabebuia in China and
provides information for cultivar identification. It will serve as an important technical resource for
genetic studies, and it will help to protect patents that involve Tabebuia species.

Keywords: Tabebuia alliance; genotyping-by-sequencing; molecular marker; species identification;
cultivar variation; fingerprints

1. Introduction

The Tabebuia alliance was once considered a genus in the family Bignoniaceae, which
occurs in Central and South America [1,2]. These plants exhibit a high degree of phenotypic
variation both within and among species, which has led to ambiguous taxonomic bound-
aries and a convoluted nomenclatural history [3]. Gentry in 1972 divided the alliance into
10 aggregations within the New World Tecomeae [2], and Grose further separated these
aggregations into three clades using molecular phylogenetic analyses [4]. Based on the
latest taxonomic revisions, the Tabebuia alliance temporarily includes 99 species and three
genera, including 30 species of Handroanthus, 67 of Tabebuia, and two of Roseodendron [5].

Species in the Tabebuia alliance, also regarded as ipe trees, are known for their high
density, pretty pattern, and fireproof heartwood [6]. The most recognizable species are tall
trees with large, showy inflorescences that bloom after leaf drop [7]. Species in the alliance
have become popular as ornamental plants over the past century; they have been widely
planted in tropical and subtropical countries for their showy flowers, thereby generating
considerable commercial interest and promoting breeding programs [8,9].

Tabebuia species were introduced to China more than 40 years ago, and novel cultivars
have been rapidly developed by horticultural businesses and entrepreneurs for ornamental
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use [10]. Numerous cultivars are sold in southern China; these cultivars vary in terms of
inflorescence, hardiness, flower color, and morphology [10,11]. However, the origins and
taxonomic background of commercial cultivars are unclear, which has created confusion
among consumers and led to commercial disputes [12]. Identification based on phenotypic
traits can be difficult in the Tabebuia alliance [3,13] and is presumably impractical for
cultivars. Currently, more than 20 non-standard species names are used for these cultivars,
whereas the actual background of the cultivars remains unclear and there is a lack of reliable
identification methods.

Molecular markers may be useful for tracing cultivar background. Previous studies
have identified several simple sequence repeats (SSR) and single nucleotide polymorphism
(SNPs) for the Tabebuia alliance [14-16]. However, few markers are available and current
markers may be inadequate for distinguishing species, as the background of these com-
mercial cultivars may be more complex that of their wild ancestors [17,18]. Genotyping-
by-sequencing (GBS) is considered the most convenient approach for large-scale SNP
detection [19]. Abundant SNPs covering the whole genome may be necessary to trace the
cultivars and such SNPs would facilitate the assessment of inheritance based on genome
composition [14,20], as well as the detection of potential introgression or hybridization at
the genome level [21,22].

China is enforcing strict laws regarding plant variety patents and requiring accurate
information for these commercial cultivars. Here, we collected 82 Tabebuia cultivars and
12 reference plants in China, then developed large-scale SNP markers using GBS. We sought
to clarify the species information for these commercial cultivars and provide a basis for
patent protection. The objectives of our analyses, which included stru combined with SNP
validation assays, were to reveal the potential taxonomic information of each cultivar and
determine the number of species represented by commercially available cultivars in China;
to evaluate the genetic diversity of the test samples; and to identify high-quality molecular
markers for use in rapid identification. Our results will serve as an important technical
resource for both genetic studies and judicial decisions involving Tabebuia species.

2. Materials and Methods
2.1. Study System

Tabebuia samples were collected in Guangdong, Fujian, Hainan, and Sichuan provinces
in China, where they are most frequently cultured. Cultivars were collected from urban
parks, greenbelts, and horticultural firms. Because commercial cultivars are typically
propagated by grafting in China, cultivar samples were identified from seedlings based on
the presence of grafting scars on the stem. We collected 729 samples from various sites, then
conducted a preliminary assessment of leaf and flower traits to avoid collecting duplicates
of any particular cultivar [11]. In total, 82 distinct cultivars were included in the analyses
(Table 1).
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Table 1. The test samples of 82 cultivars and 12 references.

Index Collection Site (Local, City, Province) Basal Color of Flower Index Collection Site (Local, City, Province) Basal Color of Flower
F3 Zhongxinhu Park, Canton, Guangdong Yellow F85 Tianhe Park, Canton, Guangdong Pink
F7 Haizhu Park, Canton, Guangdong Yellow F87 Tianhe Park, Canton, Guangong Pink
F8 Huanghuagang Park, Canton, Guangdong Yellow F89 Gangtou Park, Fujian, Fuzhou Yellow
F9 Huanghuagang Park, Canton, Guangdong Yellow Fo0 Gangtou Park, Fujian, Fuzhou Yellow
F10 Linjiang Road, Canton, Guangdong Yellow Fo1 Gangtou Park, Fujian, Fuzhou Yellow
Fl11 Horticultural Company, Canton, Guangdong Yellow F92 Chihu Park, Hui’an, Fujian Yellow
F12 Horticultural Company, Canton, Guangdong Yellow F93 Chihu Park, Hui’an, Fujian Yellow
F14 Liuhuahu Park, Canton, Guangdong Yellow Fo4 Minjiang Park, Fuzhou, Fujian Yellow
F17 Jianfeng Downtown Park, Ledong, Hainan Pink F95 Dongshan Park, Fujian Yellow
F34 Xigiao Park, Foshan, Guangdong Pink Fo6 Tashan Park, Ningde, Fujian Yellow
F38 Liwanhu Park, Canton, Guangdong Yellow F97 Tashan Park, Ningde, Fujian Yellow
F39 Liwanhu Park, Canton, Guangdong Yellow F98 Xigiao Park, Foshan, Guangdong Yellow
F40 Changban Park, Canton, Guangdong Yellow F100 Zhujiang Park, Canton, Guangdong Pink
F41 Changban Park, Canton, Guangdong Yellow F102 Horticultural Company, Canton, Guangdong Pink
F43 Zhongxinhu Park, Canton, Guangdong Yellow F103 Horticultural Company, Canton, Guangdong Pink
F44 University of Finance, Canton, Guangdong Yellow F104 Jichang Road, Canton, Guangdong Pink
F45 Huanghuagang Park, Canton, Guangdong Yellow F105 Jichang Road, Canton, Guangdong Pink
Cultivars F46 Huanghuagang Park, Canton, Guangdong Yellow F106 Zhujiang Park, Canton, Guangdong Pink
F47 Zhujiang Park, Canton, Guangdong Yellow F107 Horticultural Company, Canton, Guangdong Pink
F49 Tianhe Park, Canton, Guangdong Yellow F109 Zhonglun Park, Amoy, Fujian Pink
F50 Xinhua College, Canton, Guangdong Yellow F114 Around Houzhu Bridge, Quanzhou, Fujian Pink
F52 Lianrao Downtown Park, Raoping, Guangdong  Yellow F115 Around Houzhu Bridge, Quanzhou, Fujian Pink
F60 Dongshan Park, Dongshan, Fujian Yellow F116 Horticultural Company, Canton, Guangdong Pink
Fé61 Dongshan Park, Dongshan, Fujian Yellow F118 Xigiao Park, Foshan, Guangdong Pink
F62 Jinyunci Park, Putian, Fujian Yellow F120 Horticultural Company, Chengdu, Sichuan Pink
F63 Xueyuan Road, Putian, Fujian Yellow F121 Horticultural Company, Chengdu, Sichuan Yellow
F64 Beibinjiang Park, Quanzhou, Yellow F122 Tielu hospital, Fujian, Amoy Pink
F65 Around Houzhu Bridge, Quanzhou, Fujian Yellow F124 Ehu road, Guangdong, Huizhou Pink
F66 Amoy Botanical Garden, Amoy, Fujian Yellow F125 Ehu Guangdong, Huizhou Pink
F67 Lemin Park, Huizhou, Guangdong Yellow F127 Haiwan Park, Amoy, Fujian Pink
F68 Guangminggang park, Fuzhou, Fujian Yellow F128 Haiwan Park, Amoy, Fujian Pink
F69 Zhonglun Park, Amoy, Fujian Yellow F129 Houzhu Bridge Park, Quanzhou, Fujian Pink
F70 Qi’ao Road, Huizhou, Guangdong Yellow F130 Houzhu bridge Park, Fujian, Quanzhou Pink
F73 Xigiao Park, Foshan, Guangdong Yellow F131 Shouxi Park, Putian, Fujian Pink
F74 Tielu Convalescent Hospital, Amoy, Fujian Pink F132 Xigiao Park, Foshan, Guangdong Pink
F75 Zhujiang Park, Canton, Guangdong Pink F133 Tianhe Park, Canton, Guangdong Pink
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Table 1. Cont.

Index Collection Site (Local, City, Province) Basal Color of Flower Index Collection Site (Local, City, Province) Basal Color of Flower
F76 Zhujiang Park, Canton, Guangdong Pink F135 Horticultural Company, Canton, Guangdong Yellow
F77 Tiyuxi Road, Canton, Guangdong Pink F136 Horticultural Company, Canton, Guangdong Yellow
F79 Jianchang Road, Canton, Guangdong Pink F139 Horticultural Company, Canton, Guangdong  Yellow
F82 Horticultural Company, Canton, Guangdong Pink F140 Horticultural Company, Canton, Guangdong Yellow
F83 Horticultural Company, Canton, Guangdong Pink SF25 Horticultural Company, Canton, Guangdong Pink
H. chrysanthus ~ F1 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Columbia by Germplasm Collection Project in 1980s)  Yellow
F2 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Columbia by Germplasm Collection Project in 1980s)  Yellow
F15 South China Agricultural University, Canton, Guangdong (Seeds from Brazil and Introduced by Horticultural Company) Yellow
Fl6 South China Agricultural University, Canton, Guangdong (Seeds from Brazil and Introduced by Horticultural Company) Yellow
gtlryso trichus F55 South China Agricultural University, Canton, Guangdong (Seeds from Brazil and Introduced by Horticultural Company) Yellow
Zp taphyllus F19 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Brazil by Germplasm Collection Project around 2005)  Pink
11';11;;76 tiginosus F29 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Brazil by Germplasm Collection Project around 2005)  Pink
F30 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Brazil by Germplasm Collection Project around 2005)  Pink
F84 South China National Botanical Garden, Canton, GuangDong (Seeds from US by cooperative project in 1970s) Pink
T. aurea F134 Canton International Biological Island, Canton, Guangdong (Seeds from Brazil by Germplasm Collection Project around 2005) Yellow
T. rosea F21 Tropical Arboretum of Chinese academy of forestry, Ledong, Hainan (Seeds from Brazil by Germplasm Collection Project in 1980s) Pink
SF36 Arboretum of Guangdong province, Canton, Guangdong (Seeds from Brazil by cooperative project) Pink

The chromosome number for most species are 2N = 40 expect H. chrysotrichus which is polyploidy with 2N = 80 [23,24].
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Twelve reference samples were also collected from a botanical garden, including six
species: Handroanthus chrysanthus (Jacq.) S. Grose, H. chrysotrichus (Mart. ex DC) Mattos, H.
heptaphyllus (Vell.) Mattos, H. impetiginosus (Mart. ex DC) Mattos, Tabebuia rosea (DC) Bertol,
and T. aurea S. Manso. These plants were cultivated by seeds from South America and the
US. Although some of them may not be from natural populations directly, they have been
certified by a taxonomist as representative of the species and were reported in some studies
as species samples.

2.2. DNA Extraction

DNA was extracted from the 94 samples (82 cultivars and 12 reference samples)
using a modified cetyltrimethylammonium bromide method. First, 30 mg of dry leaf
tissue and an equal weight of polyvinylpyrrolidone were ground to a powder in liquid
nitrogen, then mixed with 1 mL of cetyltrimethylammonium bromide-free buffer and
10 pL of B-mercaptoethanol (1%). Next, samples were vortexed to completely disperse the
tissue, then incubated at 65 °C for 10 min. Samples were cooled to 0 °C for 10 min, then
centrifuged at 7000 g for 10 min. The supernatant was discarded. Subsequently, 600 uL of
cetyltrimethylammonium bromide buffer were added and the samples were incubated at
65 °C for 1.5 h. Each sample was mixed with 600 puL of chloroform:isoamyl alcohol (24:1),
vortexed and centrifuged at 10,000x g for 10 min. The supernatant was transferred to a
fresh tube to precipitate the DNA using 300 pL of 5 M NaCl solution and 600 pL of isoamyl
alcohol (—20 °C). Samples were then centrifuged to pellet the DNA. The pelleted DNA was
washed twice using 1 mL of 70% ethanol. The DNA was centrifuged and resuspended in
200 pL of Tris—ethylenediaminetetraacetic acid buffer solution.

2.3. Library Construction

The genomic DNA was incubated at 37 °C with Msel (New England Biolabs, Ipswitch,
MA, USA), T4 DNA ligase (New England Biolabs), adenosine triphosphate (New England
Biolabs), and Msel Y adapter N containing a barcode. Restriction ligation reactions were
heat inactivated at 65 °C, then digested at 37 °C using the restriction enzymes Msel + Nlalll
The restriction ligation samples were purified with Agencourt AMPure XP (Beckman Coul-
ter, Brea, CA, USA), then subjected to polymerase chain reaction. Fragments of 375-400 bp
(with indexes and adaptors) were isolated using a gel extraction kit (Qiagen, Hilden,
Germany). These fragment products were then repurified and diluted for sequencing.

2.4. Genome Sequencing and SNP Identification

The library was sequenced using an Illumina HiSeq PE150 sequencing platform
(IIlumina, San Diego, CA, USA). Reads with missing-rate lower than 10% of sequence
length or with high quality bases (>5) and more than 50% of the sequence length were
retained. Adapter sequences and low-quality reads were trimmed using TASSEL-GBS, and
clean data were aligned against the reported H. impetiginosus genome [25] using Burrows-
Wheeler Aligner software with the parameters “mem-t4-k32-M"”. SNPs were identified
using the mpileup function in SAMtools [26]. Quality filtering was performed using VCF
Tools, with a missing rate of <30%, a minor allele frequency of >0.05, and retention of only
loci with two alleles [27]. Loci with more than 50% heterozygous, significant negative
fixation index (1-Ho/He) and not in Hardy-Weinberg Equilibrium (HWE) are filtered out
to diminished influence of paralogous fragments [27].

2.5. Species Identification

To clarify the genetic structure of the tested cultivars, we estimated the “best” value
for K, the number of species, using a burn-in period of 100,000 steps and 10,000 Monte
Carlo steps. The analysis was performed in “admixture” [28]. The best-fit probability for
each value of K was determined based on cross-validation error, and the K-value with the
lowest cross-validation error was accepted. Identification of all cultivars were conducted
by comparison with reference samples. All samples were classified based on the ancestry
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values. Additionally, principal component analysis was performed to validate the results
of the species analysis, with R version 4.1.1 using the “hierfstat” package [29].

2.6. Genetic Diversity Analysis

After species classification, we conducted an analysis of molecular variance with
10,000 permutations to assess the hierarchical partitioning of genetic variance using the
“poppr” package in R. The genetic diversity parameters of each taxon were calculated
using VCF Tools, by loci with missing-rate <30%. These parameters included the Pi value,
observed heterozygosity (Ho), unbiased expected heterozygosity (He), fixation index (F;
F=1— Ho/He). The pairwise fixation index (Fst) was calculated for each taxa pair to
assess genetic correlation using the “adegenet” package in R software [30].

2.7. Obtain High-Quality Loci and Constructed Fingerprints

Selected high-quality loci consisted of three components. The first component was
used to identify groups that comprised closely related species (based on the Fst), whereas
the second component distinguished among species within groups. These loci should only
contain homozygotes which are different in paired-groups or paired-species and missing
rate = 0. The third component included loci with diversified genotypes in each taxon
(missing rate = 0). We calculated the no-majority genotype rate (1—proportion of most
genotypes), which may reflect discrimination efficiency, for each locus.

We constructed the fingerprint as a demonstration of the use of these high-quality loci.
Based on the objectives of maximizing discrimination efficiency and minimizing loci, we
randomly selected two loci from each pair of groups and three loci from each of pair of
species, with different numbers among taxa.

3. Results
3.1. GBS Library Sequencing and SNP Calling and Filtering

In total, 271,195,300 reads were generated, with a total length of 39,137,772,672 bp.
The mean number of reads per sample was 2.83 million (range: 2.08 million to 4.83 million;
Figure 1). The DNA sequence quality was high (Q20 > 94.01%, Q30 > 85.12%), and the GC
content ranged from 35.97% to 40.27%. Based on SNP calls, 1,709,912 SNPs were identified,
of which 73,219 met the quality requirements and were used in further analyses.

3.2. Species Identification

The best-fit probability for each value of K is shown in Figure 1. The cross-validation er-
ror was lowest at K = 6, indicating that six species are likely represented among the samples.

The cross-validation error with K-values of 2-11 is shown in Figure 2. AtK = 6, the
12 reference individuals could be classified according to species, and the cultivars were
gathered with same basic flower colors. When K = 7-8, 4 references of H. chrysanthus were
separated into three different subgroups, while the other groups show few changes. As
there are three taxonomic subspecies in H. chrysanthus, we speculate that the test sample
may contain different subspecies in H. chrysanthus and the subspecies with F2 and F15 have
the most cultivars in H. chrysanthus. At K =9, 10, and 11, new taxa replaced individuals with
mix bar between H. impetiginosus and H. heptaphyllus. Unstable subgroups are observed in
H. chrysotrichus and the suspected hybrids, suggesting that k =9, 10, 11 may have further
separated individual genotypes within species.
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Figure 1. The probability of best fit into each number of assumed clusters (K).

Based on the reference samples, the cultivars were mostly classified into seven taxa,
which included 22 samples with total references of H. chrysanthus, 21 samples with H.
chrysotrichus, 13 samples with H. impetiginosus, four samples with H. heptaphyllus, four
samples with T. aurea, and seven samples with T. rosea. Eleven samples shared the genotype
of H. impetiginosus and H. heptaphyllus (K = 5 to 8), which may represent hybrids between
these two species or a new introduced species not reported in China (Table 2).

These results were confirmed by principal component analysis, in which the first four
principal components explained 67.35% of the variance among samples (Figure 3). The first
two principal components indicated that seven taxa were grouped into five clusters. H.
impetiginosus, H. heptaphyllus, and the hybrid were clustered in the lower left-hand quadrant
with abscissa values below zero. Groups were separated along the abscissa in the third
and fourth principal components. In terms of graph regions, H. heptaphyllus was clustered
in the upper part, H. impetiginosus was clustered in the bottom part, and the hybrid was
clustered near the middle.
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Figure 2. A structure plot of the 94 individuals from K = 2 To K = 11. (r) represent the reference
samples with clear species information. HAS is abbreviation of H. chrysanthus, HSO is abbreviation of
H. chrysotrichus, HPT is abbreviation of H. heptaphyllus, HIP is abbreviation of H. impetiginosus, HHP
is abbreviation of Mixed traits population, TA is abbreviation of T. aurea, TR is abbreviation of T. rosea.
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Table 2. The result of species identification of 82 cultivars.
Group Taxa Reference Cultivars
1 H. impetiginosus F29 F30 F74 F77 F79 F82 F83 F85 F87
F84 F118 F127 F128 F129 F131 F132
2 Hybrids/Unknow species F17 F100 F102 F103 F104 F105 F122
F124 F125 F130 F133
3 H. heptaphyllus F19 F75 F76 F106 F107
4 T. aurea F134 F135 F136 F139 F140
5 T. rosea F21 SF36 F34 F109 F114 F115 Fl16 F120 SF25
6 H. chrysotrichus F55 F39 F40 F41 F43 F44 F45 F46
F47 F49 F50 F89 Fo0 Fo1 Fo2
Fo3 F94 F95 Fo6 F97 Fo8 F121
7 H. chrysanthus F1 F2 F3 F7 E8 F9 F10 F11 F12
F15 F16 F14 F38 F52 F60 Fo61 F62 F63
Fo4 F65 Fé66 F67 F68 F69 F70
F73
04 R
03fF ‘
03t .
02F 02F H.chrysanthus
.f H.chrysotricha
__oif N . @ H.impetiginosus
c\c 2 0.1 .
® :'3 @ H.heptaphylius
=T - @ Hybrids
~ s’ . (Unknown species)
G-t ot S o ‘ Taurea
= -
Trosea
-02 ol
—03f “l
-02F ‘

075 06 045 03 015 0 0I5
PC3 (16.86%)

-0.5 04 -03 -02 -0.1 0 01 02 03 04

PC1(30.08%)

Figure 3. PCA analysis of the first four component of the 7 species/populations.

3.3. Genetic Diversity

The genetic diversities of the taxa are shown in Table 3. More than 24,000 SNPs were
lost in T. rosea and T. aurea. Pi values ranged from 0.0262 to 0.1671, with the highest values
observed in H. chrysotrichus and the lowest values observed in T. aurea. Ho values, which
are of interest in population analyses and selection dynamics, varied from 0.0327 to 0.2894,
whereas F values ranged from —0.2599 to —0.7864. Tajima’s D values were positive for all
seven taxa, suggesting strong selection effects in cultivars.
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Table 3. Genetic diversity of the 7 taxa.
Taxa Individuals SNPs Pi Ho He F
H. chrysanthus 26 73,204 0.1404 0.2421 0.1361 —0.7788
H. chrysotrichus 22 73,137 0.1671 0.2894 0.1620 —0.7864
T. rosea 9 48,767 0.0350 0.0522 0.0321 —0.6262
T. aurea 5 42,206 0.0262 0.0327 0.0190 —-0.7211
H. heptaphyllus 5 71,518 0.0465 0.0587 0.0399 —0.4712
H. impetiginosus 16 72,890 0.0756 0.0986 0.0725 —0.3600
Hybrids/ Unknown 11 73,185 0.0870 0.1018 0.0808 ~0.2599
species
Significant differences were observed among taxa (p < 0.01). The most genetic variation
was observed among species, with a mean F value of 0.950 (Table 4).
Table 4. AMOVA of the test samples and the variance components.
df. Sun Square Mean Square Sigma Components (%) P
Among taxa 6 53,331.060 8888.511 697.632 94.964 ** 0.950
(populations)
Within taxa 87 3218.540 36.995 36.995 5.036
(populations)
Total 93 56,549.600 608.060 734.627 100.000
@ is average fixation index, df. Mean the degree of freedom; ** mean p < 0.01.
The lowest Fst value was observed for H. heptaphyllus and the hybrid/unknown
species population (Fst = 0.0755), whereas the highest Fst value was observed for H.
chrysotrichus and T. aurea (Fst = 0.8177). H. impetiginosus and H. heptaphyllus had lower Fst
values compared with other pairs. T. aurea and T. rosea also had comparatively lower Fst
values (Table 5).
Table 5. Pairwise genetic differentiation (Fst) values among 7 taxa.
HIP HPT HHP TA TR HAS HSO
HIP 0.0755 0.1295 0.3012 0.5025 0.4848 0.5503
HPT 0.0755 0.0760 0.2681 0.4666 0.4334 0.4943
HHP 0.1295 0.0760 0.2593 0.4496 0.4083 0.4662
TA 0.3012 0.2681 0.2593 0.2111 0.5021 0.5629
TR 0.5025 0.4666 0.4496 0.2111 0.7423 0.8177
HAS 0.48438 0.4334 0.4083 0.5021 0.7423 0.5485
HSO 0.5503 0.4943 0.4662 0.5629 0.8177 0.5485

HAS is abbreviation of H. chrysanthus, HSO is abbreviation of H. chrysotrichus, HPT is abbreviation of H. heptaphyl-
lus, HIP is abbreviation of H. impetiginosus, HHP is abbreviation of hybrid /unknow species population, TA is
abbreviation of T. aurea, TR is abbreviation of T. rosea.

3.4. High-Quality Loci and Fingerprints

The pairwise Fst values indicated that the six species could be separated into three
groups for SNP detection. Group 1 included H. chrysanthus and H. chrysotrichus, Group 2
included H. impetiginosus and H. heptaphyllus, and Group 3 included T. aurea and T. rosea.
The 11 hybrid samples were not included in this analysis, but the loci within popula-
tions were estimated. Strict selection revealed 111 available loci between Groups 1 and 2,
197 available loci between Groups 1 and 3, and 226 available loci between Groups 2 and 3
(Figure 4A and Table S1). Selection also revealed three available loci between H. chrysan-
thus and H. chrysotrichus, 16 available loci between H. impetiginosus and H. heptaphyllus,
and 619 available loci between T. aurea and T. rosea (Figure 4B and Table 52). Available
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T.aurea  H.impetiginosu.

T.rosea

H.chrysanthus H.chrysotrichus

loci within each species/population ranged from 65 in T. aurea to 1237 in H. impetiginosus
(Figure 4C and Table S3-59). High-quality loci with a high rate of non-majority genotypes
are needed for fingerprint construction.

Group1 VS Group2 (B) H.chrysanthus VS H.chrysotrichus

142 619

395/
©

Group1 VS Group3 Group2 VS Group3 H.heptaphyllus VS H.impetiginosus T.rosea VS T.aurea

©ooo0o00
P ik A

o o
H~ O
1 1

Loci with different genotype and without-lost in each species/population

Figure 4. High-quality loci could be used for fingerprint construction. (A) The number of selected
loci available to distinguish different groups; (B) The number of selected loci available to distinguish
different species; (C) Description of polymorphic loci available to genetic study within each species.

As an example of their utility, the most concise fingerprint constructed consisted of
54 SNPs from the 94 individuals (Figure 5 and Table 510). Species information is shown



12 of 16

Within Species

based on the first 15 loci, indicating that the first six loci distinguish different groups and the
next nine loci distinguish species within groups. Noticeably, some locus combinations could
we used 39 loci to identify 94 the cultivars in each taxon. We have listed alternative loci in

the cultivars display heterozygous or combined genotypes of these two species. Finally,
Tables S1-59 for use in future studies with more samples.

also distinguish the hybrids/unknow species from H. impetiginosus and H. heptaphyllus, as

Between Species

Groups
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An understanding of cultivar background is essential for protecting commercial rights
and may be more reliably achieved via molecular markers than via phenotypic meth-

ods [31,32]. Tabebuia species have great commercial value, and numerous cultivars are

1scussion

.

Figure 5. A fingerprint with only 54 SNPs of 94 sample individuals.
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grown and sold in China [6,11]. However, the identification of these cultivars is largely
unsatisfactory and a comprehensive analysis from a genomic perspective remains lacking.

We used GBS to detect 73,219 SNPs in 94 samples. Our results suggest that GBS can be
used to clarify genome-wide SNPs in Tabebuia. In general, the number and distribution of
molecular markers can substantially impact the accuracy of genetic analyses [33]. Whereas
previous studies of the Tabebuia alliance used phylogenetic analyses to develop 402 SNPs
and 30 simple sequence repeats [12,34-36], our analyses substantially increased these num-
bers. GBS is a robust technique for sequencing randomly distributed restriction fragments.
Thus, SNPs cover the whole genome and may represent an even distribution of fragments.
Combined with previous work [14,35], our analyses revealed that the genome of H. impetig-
inosus is approximately 557 Mbp, and we may be able to obtain SNP loci for a mean of
7.6 Kbp. SNPs obtained via GBS may provide a high-resolution representation of the whole
genome. Analyses using these markers provide comprehensive information regarding
genetic variation [37] and increase the reliability of species identification, the background
tracing, the evaluation of diversity, and the detection of high-quality molecular markers.

Commercial cultivars of Tabebuia species tend to be given eye-catching names that
describe their distinctive traits, rather than reflecting the cultivar’s taxonomic informa-
tion [11]. Species identification via genome comparison was an effective approach for
species identification [20], which may provide important information how many species
are traded and which species cultivars belong to. In this study, we included a reference
group that comprised 12 positively identified samples representing six species, with the
expectation that other species would phenotypically differ from these reference species.
The reference samples were clearly delineated based on distinct genetic boundaries, thereby
emphasizing the effectiveness of our SNPs. All cultivars corresponded to the references.
Thus, we can assume that the cultivars grown in China belong to these six species and
an uncertain population with mixed information from both H. impetiginosus and H. hepta-
phyllus. To be honest, the result of clustering analysis may only be reliable in China due
to the lack of reference species from natural distribution. While for a booming non-native
market in the world, constructing a rough identification system and acknowledging the
background information of the commercial material is necessary in dealing with disputes
concerning variety and could be helpful to further studies and the application of Tabebuia
species outsides the natural distribution.

In the present study, the uncertain population with mixed information H. impetigi-
nosus and H. heptaphyllus may be evidence of interspecific hybridization in Tabebuia species.
Interspecific hybridization has an important role in plant adaptive evolution and specia-
tion [23,38,39], processes that are often used in artificial breeding [40,41]. In previous study,
hybridization between pink and yellow Tabebuia species was observed in Argentina [42]. To
our knowledge, there is still no reported demonstration of interspecific hybridization in the
Tabebuia alliance by molecular markers. H. heptaphyllus are used considered as a subspecies
of H. impetiginosus [13], suggesting a close relationship between these two species. Al-
though it is unclear whether the mixed information belongs to another species and occurs
naturally, our results increased the possibility of interspecific hybridization. Moreover, our
results may attract attention from scientists working in evolutionary studies and breeding
programs, and may explain the complex phenotypic variation of commercial variety in the
Tabebuia alliance.

Cultivars are also important sources of germplasm for further breeding. Here, we
assessed the genetic diversity of each taxon, thus providing the first evaluation of breeding
resources in the Tabebuia alliance in China. The taxonomic system of Tabebuia is very
complex and the subspecies information has never been taken seriously in China. In this
study, we can find distinct subgroups within species, which provides some important
information. For example, there may be different subspecies of H. chrysanthus trading in
China, and most cultivars belong to the subgroups as references samples of F2 and F15.

The genetic diversities of natural populations of T. aurea, T. rosea, and H. chrysotrichus
have been reported. In previous reports, the F-values (fixation index) in Southern American
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populations usually range from —0.05 to 0.12 [14,43]. In our analyses, F-values for all taxa
were negative and much lower (—0.2599 to —0.7864) than in previous reports, suggesting
excessive heterozygosity due to negative assortative mating or artificial selection [44,45],
or a breeding result with a very low number of individuals derived from the different
Chinese cultivars. China is located outside of the native range of Tabebuia species and lacks
material for phylogenetic studies. Although the classified samples could potentially be used
to simulate natural populations for species-level comparisons, studies in phylogenetics
require confirmation based on analyses of additional samples that include more species
and are collected from within the native range of Tabebuia. Our work only explained the
genetic status of the commercial plants and the findings also emphasize the importance of
continuous introduction for further study or breeding programs in China.

Fingerprints can often effectively distinguish plant germplasms, a process that may
be automated via custom arrays [19,46]. The identification of loci suitable for finger-
print construction may be beneficial for design patents and the resolution of commercial
disputes [47,48]. We identified high-quality molecular markers and indicated their avail-
abilities at different levels. Based on rigorous selection, 466 loci can be used to separate
pairs of groups, whereas 738 loci can be used to separate species pairs within groups.
Moreover, the combination of these loci can distinguish the six study species. Additionally,
SNPs describing intraspecific diversity have rarely been reported for Tabebuia species, and
no quality evaluations have been conducted. Our analyses provided numerous optional
markers for species tracing and for fingerprinting of the varieties. The concise fingerprint
sets an example of practical applications, which could be extended by adding selected loci
when more cultivars are included.

5. Conclusions

Our study represents the first attempt to identify Tabebuia cultivars from a genome-
wide perspective. We identified 73,219 SNPs using GBS, analyzed the phylogenetic back-
ground of 82 cultivars, and obtained abundant high-quality molecular markers for fin-
gerprinting. We clarified the background of commercial cultivars in China, as well as
a suspected hybrid between H. impetiginosus and H. heptaphyllus. We observed obvious
excessive heterozygosity in China, which may explain the genetic basis of “novel-preferred”
selection in ornamental plants or the narrow genetic background. Finally, we obtained
numerous high-quality molecular markers for cultivar identification. Our results will serve
as an important technical resource for both genetic studies and judicial decisions involving
Tabebuia species.
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