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Abstract: Eucommia ulmoides Oliv. (2n = 34), native to China and of a monotypic family and genus, is
a multipurpose tree species with high economic, ecological, and social benefits. In this study, an F;
population of 109 progenies and tow parents were used to construct the first high-density genetic
map of E. ulmoides via genotyping-by-sequencing (GBS) with single-nucleotide polymorphism (SNP)
ﬁ':,e‘fla‘tf;’sr markers. A total of 191,095 SNPs were obtained, among which the available markers in F; population
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were types “hkxhk,” “nnxnp,” and “ImxIl” and the three polymorphic markers 35,699, 65,800, and
68,022, respectively. Finally, the map comprised 10,103 SNP markers distributed on 17 linkage groups
(LGs) that were consisted with the chromosome haploid number in E. ulmoides (n = 17). The interval
genetic map covered 90% of the E. ulmoides genomes, with total genetic distance of 4051.11 cM and
average distance between markers of 0.45 cM. The length of LGs varied from 70.42 to 495.49 cM, with
the mean size of 238.3 cM. On the other hand, 44 QTLs associated with growth traits were detected
on LG02, LG06, LG07, LGOS, and LG10, with phenotypical variance ranging from 10.0% to 14.2%. A
total of 33 candidate genes were identified, and most of them were related to energy storage, signal
transmission, hormones, and metabolic pathways. This study could provide a solid foundation for
chromosome assembly and refinement, and the localization of growth-trait QTLs will advance the
investigation of forestry breeding efforts in E. ulmoides.

Keywords: Eucommia ulmoides; genetic map; SNP markers; growth traits

1. Introduction

Eucommia ulmoides Oliv. (2n = 34) (E. ulmoides) is a tree native to China and of a single
family (Eucommiaceae) and genus. It is a dioecious and deciduous perennial tree that
can reach a height of more than 25 m [1,2]. It is widely used in landscaping and forestry
greening due to its flourishing leaves, straight trunk, wind-sheltering and sand-fixation
qualities, and positive impacts on water and soil conservation [3]. Because E. ulmoides is
resistant to cold and draught, tolerance to barren that can be widely distributed in not only
27 provinces of China also distributed in Japan, Korea, UK and American [4-6]. E. ulmoides
is an economically important tree that not only contains rubber but also various kinds
of pharmacological ingredients, such as flavonoids, lignans, iridoids, phenolics, steroids,
and other compounds [7]. Eucommia bark has been used as medicine for thousands of
years, which is recorded in Shennong’s Herbal Classics and Herbal Compendium. Eucommia
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bark is still used for medicinal purposes. Many studies showed that E. ulmoides leaves
and bark were a major medical source since they have similar chemical constituents and
pharmacological effects [5,8], which was also mentioned in the Chinese Pharmacopoeia (2015).

Conventional breeding has mainly concentrated on selecting excellent individuals
from the natural population of E. ulmoides, which often takes decades to evaluate and
screen new cultivars [9]. Breeding excellent varieties with high yield, high quality and
multiresistance is the goal of long-term breeding of E. ulmoides. The application of molecular
marker-assisted selection (MAS) breeding technology can improve breeding efficiency and
accelerate the breeding process, while efficient MAS technology depends on a saturated
genetic map and accurate location of agronomic traits. Therefore, attention has been
paid to the construction of a saturation genetic map and the development of accurate
genetic markers of E. ulmoides. With the development of next-generation sequencing (NGS)
technologies, a majority of plants have completed genome sequencing and assembly, which
also has laid a research foundation for MAS breeding studies. High-density genetic maps
have become an indispensable part of molecular breeding research for E. ulmoides, such as
mapping accurate quantitative markers and MAS breeding.

Genetic linkage mapping is also the basis for obtaining accurate quantitative trait locus
(QTL) and QTL analysis, which is the most effective way to excavate QTL markers and
locate complex multieffect genes [10,11]. The growth traits are influenced by multiple genes,
which also results in multiple single genes showing significant impact on a trait [12]. The
first draft genetic map was constructed by an F; population of 122 plants using amplified
fragment length polymorphism (AFLP) markers, of which 127 markers were mapped
on 14 linkage groups (LGs) with a total length of 1116.1 CM in the maternal map and
108 markers being mapped on 12 linkage groups with a total field of 929.6 cM in the
paternal map. The average distances between maternal and paternal markers were 8.61
and 8.78 cM, respectively [13]. Subsequently, Li et al. [9] and Jin et al. [3] reconstructed the
genetic distance of 2133 cM and 1913.29 cM based on the full-sib family using sequence-
related amplification polymorphism (SRAP), amplified fragment length polymorphism
(AFLP), inter-simple sequence repeat (ISSR) and simple sequence repeat (SSR) markers,
and the average genetic distance between markers was 3.1 cM and 2.2 cM, respectively.
The density of the E. ulmoides genetic map was increased, but the number of markers was
still lower than other plants and further research is needed in E. ulmoides. Before high-
throughput sequencing technologies were widely used, AFLP, SRAP, ISSR, and SSR markers
were used as dominant molecular markers in plants. However, they were not enough to
develop a E. ulmoides high-density linkage map. Compared with the microsatellite sequence
marker, the single-nucleotide polymorphism (SNP) marker has shown rapid progress and is
widely available from advanced technology and lower-cost services [14]. Thousands of SNP
markers can be identified at the same time and used to analyze plenty of accessions by NGS
technology in recent revolutionary genetic diversity assessment [15]. The development of
SNP can easily be combined with the construction of a reduced representation library (RRL)
using several methods [16]. Genotyping by sequencing (GBS) can obtain a large number of
SNP markers and has become one of the most widely used sequencing methods, due to
such advantages as relatively simple operation, low cost, and high-throughput SNP [17].

In this study, we used the genotyping-by-sequencing (GBS) approach, sequencing 109
F; progenies and two parents for construction of the high-density genetic map of E. ulmoides.
The SNP markers were used for the first time to construct high-density genetic maps, and
the genetic map with 17 linkage groups was consistent with chromosome numbers. At
the same time, combined with three growth traits, QTL mapping was performed for three
important growth traits, identifying the key QTLs controlling growth traits of E. ulmoides.
Preliminary screening of growth trait-related candidate genes laid the foundation for later
molecular-assisted breeding and map cloning of E. ulmoides.
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2. Materials and Methods
2.1. Plant Materials and DNA Extraction

The two cultivated varieties "Huazhong 8" and ‘Huazhong 12’ were chosen as female
and male parents independently. Cross-breeding was completed in March to April 2015
and planting seeds in February 2016 in Yuanyang county Henan province (34°55'-35°11’ N,
113°36'-114°15’ E) under the same nutrition, field soil, and irrigation conditions for prepar-
ing to build an F; population. The tender leaves of parents and F; progenies of saplings
growing at least as high as 35 cm were collected and all samples frozen in liquid nitrogen
immediately and stored at —80 °C. Whole genomic DNA was extracted by a DNeasy Plant
minikit (Qiagen, Hilden, Germany) [1]. DNA purity and concentration were determined by
the NanoPhot ometer® spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. DNA Library Preparation and High-Throughput Sequencing

Genotyping-by-sequencing (GBS) is an efficient method of large-scale genotyping,
which is based on reduced-representation libraries and high-throughput sequencing [17].
Firstly, we performed a GBS predesign experiment for selecting enzymes and evaluating
sizes of restriction fragments according to the reference genome of E. ulmoides (accession:
PRJNA357336) [18,19]. Here, two restriction enzymes were selected for DNA digestion
and 0.1-1 pg of genomic DNA was incubated at 37 °C with Msel (New England Biolabs;
NEB) and then heat-inactivated at 65 °C. To further decrease the complexity and increase
the sequencing depth and genome coverage, the additional restriction enzyme Nialll was
added to the Msel digestions to further digest the fragments at 37 °C. Then, the restriction
ligation samples were purified with Agencourt AMPure XP (Beckman), PCR performed
using purified samples, with Phusion Master Mix (NEB) universal primer and index primer
to add index and complete i5 and i7 sequence. The PCR productions were purified using
Agencourt AMPure XP (Beckman) and pooled, then run on 2% agarose gel. Fragments
of 350—400 bp (with indices and adaptors) in size were isolated using a gel extraction
kit (Qiagen). Then, pair-end sequencing was performed upon the selected tags using an
Ilumina HiSeq PE150 sequencing platform.

2.3. SNP Calling and Genotyping

The sequence data from each sample were sorted according to the barcodes in the raw
reads. To make sure the raw reads were reliable and without artificial bias in following anal-
yses, raw reads were in fastq format and processed through a series of quality control (QC)
tests with Perl scripts as per Zhang et al. [18]. Then, a BWA (Burrows—Wheeler Aligner) [20]
was used to align the clean reads of each sample against the reference genome (settings:
mem d -t 4 -k 32-M -R). Alignment files were converted to BAM files using SAMtools
software [21] (-bS-t). If multiple read pairs had identical external coordinates, only the pair
with the highest mapping quality was retained. Variant calling was performed for both
parents and progenies using GATK (Genome Analysis Toolkit) software. ANNOVAR was
used to annotate SNP based on the GFF3 files for the reference genome [22]. In order to
reduce the detection error rate of SNPs, the SNP filtering conditions in this study were as
follows: support number of reads not less than 4; sites with MAF (minor allele frequency
cutoff) less than 0.01 excluded; sites with SNP typing higher than 20% excluded.

The SNP markers between two parents were classified into eight segregation patterns
(aa x bb, ab x cc, ab x cd, cc x ab, ef x eg, hk x hk, Im x 1I, and nn x np). Then,
unqualified SNP markers were further removed based on abnormal base detection, in-
tegrity filtration (marker genotype covering at least 90% of all progenies), and significant
segregation distortion (chi-square test, p value < 0.01). Considering the results of several
parameter combinations, the call parameters of SNP were determined and a reliable mark
provided for the following experiments.



Forests 2022, 13, 1479

40f 15

2.4. Growth Traits and Statistical Analysis

Growth traits included tree height (TH), basal diameter (BD) and node spacing (NS).
The TH was measured from the ground to the top of a single plant with a tape measure.
NS value was obtained by measuring the average distance of 15-25 buds. The diameter of
each tree at three centimeters height above the ground was measured with a Vernier caliper,
and the average value was taken as BD after repeating the measurement three times. In
order to reduce the error, all growth traits were measured at least three times per sample on
30 August 2016. Statistical analysis was performed with SPSS 22.0 SPS520.0 for Windows
SPSS, Chicago, IL, USA for generating descriptive statistics, and Pearson correlations
between three traits and frequency distribution of the F; progenies were calculated by R
(X64 4.0.3) software.

2.5. High-Density Genetic Map Construction and QTL Analysis

Linkage analysis and map construction were carried out using JoinMap 4.1 with the
cross-pollinator population type [23]. JoinMap 4.1 was used to filter significantly distorted
segregation (p < 0.001), integrity (>90%) and abnormal bases. Based on the results of filtering
markers with missing parental information and screening the genotypes with polymorphic
loci between parents, the types of markers that could be used for F; population mapping
were “hk x hk”, “nn x np”, and “Im x 11”. The regression mapping algorithm was selected
for map construction and the Kosambi function used to process ordering markers. The
logarithm of odds (LOD) value was set to 2-20 for the integrated map of two parents,
computed by Mergemap software [24]. Perl script was used to visualize exported maps,
and heat maps were constructed to evaluate the maps.

QTL analysis of the three growth traits for E. ulmoides was performed by MapQTL 6.0
with composition interval mapping (CIM) model [25]. To identify significant QTLs at the
95% confidence level, the significant LOD threshold was set at 2.5. Markers located at the
peak LOD value of a QTL were identified as QTL-associated markers [26].

2.6. Prediction of Candidate Genes and Functional Annotation

In order to further determine the accuracy of QTL, we performed functional annota-
tion and screening of genes in the 3 kb interval of trait-related QTLs. The putative function
of the candidate genes was annotated by Gene Ontology (GO: http://geneontology.org/,
accessed on 3 December 2021), Kyoto Encyclopedia of Genes and Genomes (KEGG:
https:/ /www.kegg.jp/, accessed on 3 December 2021), SwissProt, and NCBI Nr (https:
/ /www.ncbinlm.nih.gov/, accessed on 3 December 2021) databases [27]. The RNA-seq
data of development stages of fruit, leaves, and bark from April to September were down-
loaded from NCBI under accession number PRJNA357336 [1].

3. Results
3.1. Analysis of Growth Traits

All data recorded were used for analyses, as no outlier data were detected (Table S1).
Three traits were in concordance with the normal distribution (Kolmogorov-Smirnov test,
asymptotic significance > 0.05; Figure 1). Variation analysis of the three traits is shown in
Table S2 and Figure 1. The distribution range of tree height (TH) was 23.2-74.5 cm, base
diameter (BD) 0.56-2.1 cm, and node spacing (NS) 2.0-6.2 cm. The average values of TH,
BD, and NS were 49.50, 1.45, and 4.39 cm and the coefficients of variation 18.93%, 22.23%,
and 22.34%, respectively. The results of correlation analysis showed that the correlation of
the three traits was extremely significant: the significant coefficient was more than 0.7, and
the significant coefficient of BD and NS reached 0.87, which also proved that there was a
certain correlation among the three growth traits.
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Figure 1. Scatterplots (lower triangle) and correlations (upper triangles) among three growth traits in
the F; mapping population. Note: TH, BD, and NS represent tree height, basal diameter, and node
spacing, respectively. *** indicates extreme significance.

3.2. GBS Sequencing Results and Analysis

In this study, GBS technology and Illumina HiseqPE150 were used to sequence the
DNA library, in which the two parents were sequenced in 16-fold tags and 109 progenies
sequenced in 8-fold tags. The library was constructed by the combination of Msel + Nlalll
restriction endonuclease enzyme and the average enzyme capture rate was up to 98.5%
(Table S3). The sequencing data of two parents and offspring samples were counted,
including sequencing data yield, sequencing error rate, mapping data, Q20, Q30, and GC
content (Table S3). The total sequencing amount was 41.8 G, in which output data of
female and male parents were 2,738,575,008 bp and 276,254,409 bp, with Q20 (mass fraction
above 20) and Q30 (mass fraction above 30) 95.96% and 90.06% and guanine—cytosine
(GC) content 38.40% and 38.15%, respectively. The average output data of progenies were
383,576,806 bp with Q20 and Q30 were 96.42% and 90.86%, respectively, with GC content
38.73%. The mapping rates between two parents (male and female) with the E. ulmoides
reference genome [1] were 98.32% and 99.64%, and the coverage rate of 4X (covering at
least four bases) was greater than 1.56% (Table S3). After strict filtering of the sequencing
data, high-density clean data were obtained. In addition, upon comparing clean data with
the nucleotide database of NCBI, no DNA contamination from other sources was found.

3.3. SNP Marker Detection and Genotyping

SNP marker detection of two parents and F; progenies was performed by GATK and
other software [28]. In total, 456,630 and 373,429 SNPs were detected in male and female
parents, respectively, and the average number of SNPs detected in F; progenies was 147,077
(Table S4). The average heterozygosity of F1 progenies (59%) was higher than the average of
two parents (41%) (Table S4). The average percentage of heterozygosity of two E. ulmoides
parents was similar in other studies using GBS [29].

A total of 191,095 polymorphic SNP markers were obtained after filtering out the
isolated and significantly distorted segregation SNP markers of two parents (Figure 2). The
numbers of aa x bb, ab x cc, ab X cd, cc x ab, ef X eg, hk x hk, Im x 1I, and nn X np
segregation-pattern SNP markers between two parents were 21,132, 62, 0, 50, 330, 35,699,
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68,022, and 65,800, respectively. Although the number of “aa x bb” segregation-pattern
markers was 21,132 (11.06%), this was not suitable for construction of the genetic map of
F; population. Only three segregation-pattern markers—hk x hk, Im x 1, and nn X np—
accounting for 88.71% of the total number of markers, could be used to construct the genetic
map for the F; population. After completing the development of parental markers, marker
detection was performed in F; population. By comparing the SNP loci of parents and
offspring, 16,687 markers were obtained after abnormal detection and removing marker
genotypes covering less than 90% of all progenies. Then, significant segregation distortion
(chi-square test, p value < 0.01) was conducted on these 16,687 candidate markers, and
3040 segregation distortion markers were filtered out. Finally, a total of 13,675 effective
markers were used to construct the linkage map.

(b)

35,699
I 21,132
-

330

nnxnp, 65804
(39%)

0

abxcc  hkxhk  ofxcg  aaxbb  abxcd  ccxab
Segregating pattern

Figure 2. Genotype distribution and number of SNP markers. Note: (a), distribution of eight types
markers; (b), the proportion of three segregation patterns in linkage population.

3.4. High-Density Genetic Map Construction

The effective markers were used to construct the genetic map by using a regression
mapping algorithm and Kosambi’s mapping function in JoinMap 4.1 software. On the
female map, 5689 SNP markers were mapped on 17 linkage groups (LGs) and the total
genetic length was 3880.84 cM with average marker interval of 0.68 cM and gap <5 cM
(percentage of gap with genetic distance less than 5 cM) among the markers was 87.5-99.3%
(Table S5, Figures 3 and S1). On the male map, 5816 SNP markers were mapped on
17 LGs spanning 3828 cM with average marker interval of 0.66 cM and <5 cM gap among
the markers of 84.6-99.6% (Table S5, Figures 3 and S2). On the final integrated map,
10,103 SNP markers were also mapped on 17 LGs, consistent with the chromosome number
of E. ulmoides (Table 1, Figure 4). The interval map spanned 4051.11 cM with an average
marker interval of 0.45 cM, and the map covered over 90% of the E. ulmoides genome, which
also indicated that our sequencing quality was reliable. Between the detected markers in
the integrated map, 10,087 gaps were detected. Among them, 9973 (98.87%) were less than
5cM, 92 were 5 to 10 cM, and 22 were 10 to 20 cM. The distribution of markers and length
of 17 LGs were not consistent. Among the 17 LGs, LG03 was the shortest group with a
genetic distance 70.42 ctM and 51 markers. LG08 was the longest group with 495.49 <M and
768 markers. However, LG17 had the largest number of markers with a genetic length of
310 cM.
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Figure 3. The percentage of gap numbers with genetic distance less than 5 cM (gap < 5 cM) between
markers in female, male, and integrated maps. The abscissa represents linkage group and the vertical
axis represents gap <5 cM number.

Table 1. Characteristics of the integrated genetic map derived from the F; population (‘Huazhong 8’
and ‘Huazhong 12’).

Linkage Group Number of Markers Genetic Length (cM) A;s::ljgveai\/:;/l[()er Maximum Gap (cM) <5cM
1g01 681 252.09 0.37 8.45 678
1g02 554 152.24 0.27 8.04 548
1g03 51 70.42 1.38 12.35 47
1g04 606 187.31 0.31 12.86 600
1g05 499 311.53 0.62 10.41 483
1g06 909 335.37 0.37 14.16 900
1g07 785 304.16 0.39 14.89 776
1g08 768 495.49 0.65 12.44 743
1g09 718 334.9 0.47 18.69 707
1g10 680 281.36 0.41 10.31 673
lg11 629 223.26 0.35 5.48 626
1g12 562 124.84 0.22 12.75 558
1g13 513 279.42 0.54 15.99 506
lg14 487 141.04 0.29 5.49 484
1g15 461 156.59 0.34 154 455
1g16 252 90.94 0.36 7.73 248
1g17 948 310.14 0.33 11.41 941

Average 594 238.3 0.45 / 587
Total 10,103 4051.11 / / /

Note: <5 cM indicates the number of genetic distances between markers less than 5 cM.

3.5. QTL Mapping of Growth Traits

The QTL analysis of three growth traits were performed by using MapQTL 6.0 with
an SNP-based high-density integrated linkage map. Combining with three growth traits
and the integrated genetic map, a total of 44 QTLs were detected by CIM and phenotypic
variance explained (PVE) of QTLs 10.0-14.2%. The detected QTLs were distributed in
28 scaffolds and five LGs, which were LG02, LG06, LG07, LG08, and LG10, and LOD score
varied from 2.60 to 5.23 (Figure 5, Tables 2 and 57).
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Figure 5. Growth trait-associated QTLs in E. ulmoides among all linkage groups. The threshold was
set to LOD = 2.5.

Table 2. QTLs detected for node spacing using integrated genetic map.

Group Position 1 Locus Type LOD Variance PVE% Traits Scaffold Position 2 Genes
LG07 192.873 1m3422 <Imxll> 2.97 83.9875 11.8 NS Super-Scaffold_31 430,546 EUC26133-RA
LG07 192.873 Im3466 <Imxll> 2,97 83.988 11.8 NS Super-Scaffold_102 2,268,088 EUC18364-RA
LG07 106.208 Im5491 <ImxlI> 2.95 84.0443 11.7 NS Super-Scaffold_58 2,488,749 EUC19299-RA
LG07 121.688 Im5514 <IlmxIl> 2.63 85.1833 10.5 NS Super-Scaffold_58 7,131,719 EUC12085-RA
LG07 88.094 Im790 <Imxll> 2.63 85.2124 10.5 NS Super-Scaffold_5 657,894 EUC11205-RA
LG07 89.954 Im798 <Imxll> 2.63 85.212 10.5 NS Super-Scaffold_5 812,651 EUC19303-RA
LG07 66.34 Im812 <IlmxIl> 2.95 84.0437 11.7 NS Super-Scaffold_5 1,939,567 EUCI12116-RA
LG07 183.599 np3236 <nnxnp> 2.96 84.0324 11.7 NS Super-Scaffold_31 1,620,296 EUC18384-RA
LG07 191.476 np3308 <nnxnp> 2.75 84.7757 11 NS Super-Scaffold_31 4,766,453 EUC16568-RA
LG07 191.014 np744 <nnxnp> 2.97 83.9873 11.8 NS Super-Scaffold_5 4,487,860 EUC18378-RA
LG07 192.403 np748 <nnxnp> 2.99 83.9021 11.9 NS Super-Scaffold_5 4,819,249 EUC16566-RA
LG07 107.224 Im1549 <IlmxIl> 297 83.9757 11.8 NS Super-Scaffold_10 5,318,207 NA
LG02 8.042 1m972 <Imxll> 2.79 85.042 11.1 NS scaffold63068_obj 7897 EUC20037-RA
LG02 8.424 np3071 <nnxnp> 2.76 82.424 11 NS scaffold352_obj 165,986 NA
LG07 188.762 np3234 <nnxnp> 3.7 188.762 12.6 NS Super-Scaffold_31 1,609,846 NA
LG07 189.163 np752 <nnxnp> 3.82 189.163 134 NS Super-Scaffold_5 5,878,641 NA
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For BD (Table S7), there were 29 QTLs detected, among which two were located
on LGOS, three on LG02, and 24 QTLs on LG07, among which two QTLs—np752 and
Im5495—had the highest LOD value (5.23). Seventeen QTLs were associated with NS
and distributed in LG07 and LGO02 (Table 2). Among these, two QTLs were located in
LGO02 and rest in LG07, with the highest LOD score being 3.52. Ten QTLs were associated
with TH (Table S7): one each on LG06 and LGO08 and the others on LG07. The phenotypic
variance explained by each marker for BD, TH, and NS was 10.0%-14.2%, 10.0%-12.3%,
and 10.5%-13.4%, respectively.

3.6. Expression and Annotation of the Candidate Genes

Since 44 QTLs were located on five LGs and 28 scaffolds (Tables 2 and S7), the regions
responsible were used to scan the candidate genes. In order to avoid omissions, we per-
formed functional annotation and screening of genes in the 3 kb interval of trait-related
QTLs. A total of 33 candidate genes were identified by scanning (Tables 2 and S6), among
which four (EUC12115-RA, EUC19303-RA, EUC26113-RA, EUC20164-RA) related to two
traits, which also indicated growth traits were regulated by multiple genes. To verify
whether these candidate genes were differently expressed in different tissue and develop-
ment stages, the expressed patterns were analyzed using previously reported RNA-seq data.
In the expression results showed in Figure 6, 28 genes were clustered in three groups. Gene
expression in group I was generally lower, while gene expression in group Il was higher
in the development stages. However, genes of group II had irregular expression, which
may be caused by the involvement of various hormones in plant growth and development.
According to annotation as per GO, KEGG, SwissProt, and NCBI, most candidate genes
were related to energy storage, signal transmission, hormones, and metabolic pathways
(Table S6), e.g., abscisic aldehyde oxidase was related to growth development, auxin re-
sponse factor and auxin-induced protein were related to hormone regulation [30,31], and
tyrosine-specific transport protein interacted with a diverse group of proteins, leading to
combinatorial variations in signal-response specificity [32].
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Figure 6. Expression profiles of 28 candidate genes during development of three tissue types. EuL,
EuF, and EuB indicate leaf, fruit, and bark, respectively. The following numbers indicate the collection
date. The clustering tree was constructed by hierarchical clustering using average linkage method.
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4. Discussion
4.1. Population Selection for Map Construction

E. ulmoides is a multipurpose tree species with high economic, ecological, and social
benefits and it is widely used. The whole tree of E. ulmoides can be comprehensively
utilized. The bark and seed coat can be used to produce rubber, male flowers and seeds
to produce functional health products, wood to produce furniture, and leaves to extract
active ingredients and produce functional feed and edible fungi [4]. Generally, segregating
populations obtained from crosses between inbred lines used to construct genetic linkage
maps are not available for forest trees with long generation constraints [33]. Like other tree
species, E. ulmoides also has a long generation cycle. As a key step in genetic linkage map
construction, the mapping population is very important and the fertility and genotype
separation within the hybrid offspring should be taken into account [34]. At present,
Fi1, F,, backcross populations and haploid populations can be used for forest genetic
mapping [35]. In summary, the F; population is an ideal mapping population for trees,
and can be obtained by one-generation hybridization between individuals with high
heterozygosity and individuals with relatively distant genetic relationships [36]. This is
also convenient and time-saving for many tree species to construct the map. Most of the
genetic maps of many trees have been constructed based on the F; population, e.g., research
on hawthorn (Crataegus spp.) [34], Poncirus trifoliata (L.) Raf [37], Fraxinus pennsylvanica
Marshall [38], Ziziphus jujuba Mill. [26], Vitis [39] and Osmanthus fragrans Lour., 1790 [40]
used F; populations to construct genetic maps. In this study, we also used two elite
cultivars to construct the F; population with 109 progenies of E. ulmoides. Although our
individual number is less than Crataegus and Vitis, it is more than Ziziphus jujuba and
Fraxinus pennsylvanica.

4.2. The Advantage of SNP-Marker and GBS Technology

SNPs can be converted into detectable genetic markers because they are single-base
differences of different individuals [41]. Studies have shown that SNP loci are ubiquitous
in the genome and the most abundant forms of genetic variation between individuals of
the same species [42]. Compared with traditional markers, such as RFLP, AFLP, and SSR,
SNPs are the most abundant and stable genetic variation in most biological genomes [43].
Therefore, SNP markers were used to construct a genetic map of E. ulmoides, which greatly
increased the density of the genetic map. Finally, 10,103 SNP markers were obtained,
11 times that of previous studies [3]. For traditional low-throughput SNP genotyping
methods, time spent and low efficiency of specific primers are challenges.

With the development of an NGS platform, large-scale marker discovery and genotyp-
ing have been widely applied in the construction of high-density genetic maps. However,
GBS technology stands out in NGS technology for being novel and flexible, with high
throughput and enough density, with the principle reason being low cost [44]. GBS tech-
nology makes it possible to generate more saturated genetic maps and facilitates more
accurate identification of QTL [29].

In this study, we obtained 456,630 and 373,429 SNPs in male and female parents,
respectively, by a GBS approach, much higher than traditional marker numbers. A total of
191,095 polymorphic SNP markers were obtained after filtering, of which the F; population
can be labeled "hkxhk,” “nnxnp,” and “Imxll” types with polymorphic markers numbering
35,699, 65,800, and 68,022, respectively, similar to previous studies [18,26,40]. Our genetic
map is significantly better than existing maps for total distance and average interval, and
therefore our map is denser than previous maps.

4.3. High-Density Genetic Maps

High-density genetic maps are valuable tools in genetic and genomic studies, illumi-
nating genetic and molecular mechanisms of plants and providing the necessary framework
for QTL analyses, gene cloning, and molecular breeding [26,38]. Several genetic maps of
E. ulmoides have been constructed using AFLPs, SRAP, SSR, and ISSR markers [3,9,13].
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However, traditional molecular markers yield less stable results and construct genetic
maps with low efficiency [45]. An SSR genetic linkage map containing 869 markers was
recently published with 19 linkage groups, 1913.29 cM length, and an average marker
density of 2.20 m [3]. As marker numbers and linkage groups are still limited for genomic
and genetic studies, their implementation cost is relatively high and operation cumbersome.
We constructed a high-density genetic map for E. ulmoides using GBS technology made
up of 17 linkage groups consistent with the haploid chromosome number. The integrated
genetic linkage map comprised 10,103 SNP markers and spanned 4051.11 cM, with an
average marker interval of 0.45 cM. Compared with previously published genetic maps, we
achieved longer genetic distance and higher density [3,9,13]. With advancements in molec-
ular marker technology, marker-assisted selection (MAS) has been increasingly applied in
E. ulmoides breeding programs. High-density genetic maps with widely adaptable markers
are needed to improve the efficiency and transformation of MAS breeding [46]. In this
study, the first high-density genetic map based on SNP markers with high polymorphism
and strong stability has been constructed for E. ulmoides. This lays a good foundation for
the location of important quantitative traits and molecular marker-assisted breeding of
E. ulmoides.

4.4. QTL Mapping and Candidate Genes

Growth traits are typical quantitative traits that are influenced by multiple genes,
and perhaps no single gene shows significant impact on a trait [47]. In recent years, it
has become increasingly common to use SNP markers for high-density genetic maps
and important trait-related genes. In our study, composite interval mapping (CIM) was
used to map the QTLs associated with growth traits. This method has also been used in
QTL analyses for fiber quality, yield, and morphological traits in Gossypium hirsutum [46],
Poncirus trifoliata [37], and Elymus sibiricus [48]. We found twelve QTLs that were related
to more traits and located in the same region, such as markers Im5495 and 1m3422, which
were related to both BD and NS traits. One QTL related to more traits was also found
in previous studies, such as QTL analysis in Populus [49], Catalpa bungee [36], and Prunus
salicina [29]. Wang et al. constructed a new high-density genetic map of Ziziphus jujuba by
GBS technology, and based on this map detected 30 potential QTLs that related to both leaf
traits and needling length [26]. Our genetic map constructed by GBS technology with SNP
makers was used to detect growth-related QTLs. Only two QTLs showed high LOD values
(>5.0), while a majority were near the threshold. This may be due to the map needing
to be saturated and the reference genome assembly not reaching the chromosomal level.
The detected QTLs and candidate genes of growth traits will provide a scientific basis for
growth and development research of E. ulmoides.

5. Conclusions

This study demonstrated that GBS sequencing based on NGS is an efficient strategy
for constructing a high-density genetic map in E. ulmiodes, which can be effectively applied
to QTL analysis of growth traits. A total of 10,103 SNPs were assigned to 17 LGs, agreeing
with the chromosome haploid number in E. ulmoides and spanning 4051.11 cM genetic
length with an average marker interval of 0.45 cM. To our knowledge, this is the first
genetic map with SNP-based genetic linkage of E. ulmoides. A total of 44 growth-related
QTLs were detected by MapQTL 6.0 with CIM, and the phenotypic variance explained
(PVE) of QTLs ranged 10.0-14.2%. The results showed that most candidate genes were
related to energy storage, signal transmission, hormones, and metabolic pathways. This
study could provide a solid foundation for chromosome assembly and refinement, and the
localization of growth-trait QTLs will advance the investigation of forestry breeding efforts
in E. ulmoides.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/£13091479 /51, Figure S1: Female ('Huazhong 8’) genetic
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map of E. ulmoides; Figure S2: Male (‘Huazhong 12) genetic map of E. ulmoides; Table S1: Data of three
growth traits of 109 progenies; Table S2: Description of three growth traits of 109 progenies; Table S3:
Summary of Genotyping by Sequencing data of Two parents and 109 progenies; Table S4: Detection
result of SNP markers; Table S5: Summary statistics of parent linkage map of E. ulmoides; Table Sé6:
Annotation of 33 candidate genes related growth traits of E. ulmoides; Table S7: QTLs detected for two
growth traits (basal diameter and tree height) by using integrated genetic map.
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