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Abstract: Pitaya (Hylocereus undatus) is one of the most economic fleshy fruit tree crops. This study
aimed at producing a high-density linkage genetic map of pitaya based on the whole genome
resequencing (WGrS) approach. For this purpose, a bi-parental F1 population of 198 individuals was
generated and genotyped by WGrS. High-quality polymorphic 6434 single polymorphism nucleotide
(SNP) markers were extracted and used to construct a high-density linkage map. A total of 11 linkage
groups were resolved as expected in accordance with the chromosome number. The map length was
14,128.7 cM with an average SNP interval of 2.2 cM. Homology with the sequenced reference genome
was described, and the physical and genetic maps were compared with collinearity analysis. This
linkage map in addition to the available genomic resources will help for quantitative trait mapping,
evolutionary studies and marker-assisted selection in the important Hylocereus species.

Keywords: genetic map; pitaya; genome resources; crop improvement; marker assisted breeding

1. Introduction

The dragon fruit, commonly known as pitaya, belongs to the genus Hylocereus of
Cactaceae family [1]. The Hylocereus species are diploid with 22 (2n = 2X) chromosomes.
Due to its key characteristics, such as the attractive appearance and colors, great taste,
high nutrient content, antioxidant capacity and antiproliferative activities [2—4], pitaya is
emerging as an increasingly popular fleshy fruit worldwide. This is exemplified by the
increasing planting area and production of pitaya (http://faostat3.fao.org/, accessed on 26
September 2021).

Fifteen species in this genus have been identified, five of which are cultivated for
fruit production [5]. Among the cultivated pitayas, the red-skinned and red-fleshed pitaya
(Hylocereus monacanthus) and red-skinned and white-fleshed pitaya (Hylocereus undatus)
have been the focus of many studies. Hylocereus undatus is a perennial climbing plant
originated from tropical areas of the northern, central, and southern Americas [1] and
renowned for its attractive and nutritious fruits used as model for various studies on the
Hylocereus species [1,6,7]. It has an excellent commercial value and is produced at a large
scale as a new type of fruit crop [8,9]. The H. monacanthus has also been studied for its
potential to resist against fungal diseases [10]. It has been used as a model plant to evaluate
the effects of polyploidy in Hylocereus species. Recent, studies on pitaya have been reported
for pigmentation [11], antioxidant determination [12], drought response [1], metabolic
profiling [13] and post-harvest quality [14]. Genetic and genomic information-based
breeding of this emerging fruit crop is greatly required to speed up the crop improvement.
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Hence, there is a dire need to increase the genetic and genomic resources of this crop. The
genome of Hylocereus undatus was estimated on the basis of K-mer distribution assessment
up to 1.58 GB, while only 1.41 GB of the assembled genome was reported [5]. Recently, a
study revealed a genomic duplications and chromosomal co-localization of genes in dragon
fruit by a chromosome-level genome study [15]. Hence, the whole genome sequence has
yet to be completely sequenced and a complete genetic map is needed.

The development of linkage and/or association map is one of the major requirements
for the identification of quantitative trait loci (QTL), genes associated to traits of interest
and development of marker-assisted selection. The genetic mapping approaches and
techniques are based upon arranged genetic and genomic information [16].

The development of application of genetic markers especially co-dominant mark-
ers such as simple sequence repeats (SSRs) and single nucleotide polymorphism (SNPs)
are highly appreciated as they enable to estimate the (dominant and additive) allelic
effects [17,18]. Researchers have developed and used the SSR [19], inter simple sequence
repeats (ISSR) [20,21] and other types of molecular markers, such as random amplified
polymorphic DNA (RAPD) [22,23] and chromosome scale sequencing-based markers [5],
in Hylocereus species. Nonetheless, more markers and genetic maps are still needed for
QTL mapping and their application in breeding programs.

The development and application of next-generation sequencing tools made SNPs as
a widely available marker for high throughput genotyping. The detection, genotyping and
selection of thousands of SNPs in various individuals through whole genome resequencing
(WGrS) has become a common practice for higher crops [16]. The WGrS-based SNP
markers allow for the detection and genotyping, resulting in an unparalleled and reduced
cost per datapoint when mining for co-dominant polymorphisms in huge panels and
for development of high-density genetic maps [16,24,25]. The aim of present study was
to design a highly saturated linkage map to deal with the limitations in screening and
identifying genomic regions linked to agronomical and commercially important traits of
interest in H. undatus using the WGrS method.

2. Materials and Methods
2.1. Materials

The hybridization of white-fleshed H. undatus as the diploid male parent (4-09) and the
red-fleshed H. monacanthus as the diploid female parent (13-7) was performed to develop
the F; mapping population (Figure 1). The crossing was performed at the Hylocereus
planting resources nursery in Nanning, Ministry of Agriculture, China. A population of
a total of 198 F; individuals along with the parents was maintained in the nursery and
used for subsequent analysis. The standard cultural practices such as watering, fertilizer
applications and optimum temperature (20-25 °C) were kept constant [5].

Figure 1. Fruit appearance of the red-fleshed H. monacanthus as the diploid female parent (13-7) (A)
and white-fleshed H. undatus as the diploid male parent (4-09) (B) were crossed to develop the F;
mapping population.
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2.2. Genomic DNA Extraction and Genotyping of Population by Whole Genome Resequencing

The tender stems and buds were selected from two-year-old Hylocereus parental plants
and F; progeny. The samples were collected on 30 March 2021 and preserved in liquid
nitrogen immediately after harvest. The samples were then stored in ultra-low temperature
(—80 °C) refrigerator. The DNA secure Plant Kit (Tiangen Biotech, Beijing, China) was
employed to extract the total genomic DNA from collected samples of pitaya. The quality
of the isolated DNA was checked using agarose gel electrophoresis and used for processing
the genome libraries. DNA samples qualified after inspection were broken into fragments
of 350 bp length randomly by a Covaris breaker (Covaris Incorporation, 14 Gill Street, Unit
H Woburn, MA, USA). The libraries were constructed by TruSeq Library Construction Kit
(IIumina, San Diego, CA, USA). The use of reagents and consumables was performed
as recommended in the instructions. The DNA fragments were prepared through end
repair, addition of polyA tail, addition of sequencing adapters, purification and PCR
amplification to complete the entire library. The constructed library was sequenced by
INlumina HiSeqTM PE150 for each sample. The parental DNA samples were replicated to
ensure the detection of SNPs and high-quality parental information to estimate the marker
segregation types. The sequences were saved in fastq format [26]. The adapters were
trimmed by Cutadapt v1.9 [27].

The original sequencing data generated contain connector information, low-quality
bases, such as very low minor allele frequency, low read depth, undetected bases, etc. Strict
filter threshold was applied to get clean reads from the raw sequences. The filter criteria
include the following: (1) filter out reads pairs containing joint sequences; (2) if N-content
in a single-ended sequence read exceeds 10% of the total length proportion of the read,
the pair of paired reads was removed; and (3) if the base count of low-quality (Q < 5
quality value) bases in a single-ended sequencing read were more than 50% of the length
proportion of the read, this pair of paired reads was removed. After the above strict filtering
of sequencing data, high-quality clean reads data were obtained. The sequencing data of
all samples of parents and offspring were counted and analyzed for quality parameters
including the number of sequencing reads, data yield, sequencing error rate, Q20, Q30, GC
content, etc.

2.3. SNP Calling and Filtering

The SNPs were called by the process_reseq.1.0.py (python2) program and filtered
by the site pre-filtering option in the VcfPreFilter.1.0.py (python2) program with default
parameters. Both of these programs are the components of Vcf-Hunter package [28] (avail-
able at https:/ /github.com/SouthGreenPlatform/VcfHunter/, accessed on 26 September
2021). A comparative analysis of the sequencing data against the reference genome [5] was
performed, and coverage depth and coverage percentage were evaluated. The valid se-
quencing data were further compared to the available reference genome by using Burrows-
Wheeler Aligner (BWA) software, and the comparison results were removed by Samtools.
The Genome Analysis Tool Kit (GATK) program was used to detect the population SNP on
the filtered bam file. The obtained SNPs were thus named in accordance to their respective
position in the reference genome [5].

Based on the genotype detection results of the Hylocereus parent genotypes, the de-
velopment of polymorphic markers between the parents was carried out, and SNPs were
filtered against the strict filters (including 10 < sequencing depth > 500, <20% missing data
per site, <40% missing data per individual, >10% minor allele frequencies per site and
>3 minimum read counts for heterozygous genotypes) to avoid false positives. The sites
with missing data on parents and/or segregation patterns in offspring, which were not
in accordance with the parental genotypes, were excluded as well. The filtering and then
formatting of dataset were imported into the R environment by VcfR 1.5.0 package [29]
and coded in R 3.4.4 [30].


https://github.com/SouthGreenPlatform/VcfHunter/
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2.4. Analysis of Linkage and Construction of Genetic Map

SNPs with Mendelian segregation ratio 1:1 (in case of segregating in one parent only)
and 1:2:1 (in case of segregating in both parents) were used for linkage analysis. The
significance of segregation deviation within families was tested by x2 test (p < 0.001), and
the significantly deviated SNPs were eliminated. Finally, the SNP markers were mined
to maintain a 100 bp marker to marker minimum spacing. The cross-pollinated model
in JoinMap 4.1 software was used for linkage analysis and map constructions separately
for each parent by population [31]. The LOD value was set in the range of 2~30, the
severely unlinked markers were removed and the remaining markers were divided into
linkage groups.

3. Results
3.1. Genotyping by Whole Genome Resequencing and Sequencing Quality Assessment

Overall, 200 genotypes including two parental genotypes, H. undatus as the male
parent and H. monacanthus as the female parent, along with 198 progenies from the F;
mapping population, were sequenced and genotyped. The minimum 6879.5 to maximum
11,338 million clean reads in progeny were obtained with an average 97% and 91% of
the Q20 and Q30, respectively. For the female parent, the maximum was 29,982 million,
while for male parent, 28,362.97 million clean reads were obtained with average of 96.45%
and 90.8% Q20 and Q30, respectively (Table 1). The GC contents in the parental genome
were 38.7%, while in the offspring population they were 38%. A recently reported genome
sequence for Hylocereus undatus was used as reference genome [5]. The total length of the
reference genome was 1,387.3 million bases with 36.9% GC contents and 0.5509% gap rate,
while the length of N50 and N90 was 127.146 million and 108.398 million bases, respectively.
An average 98% mapping rate on reference genome was observed with 82.47% 1X coverage
rate and 5.1X average depth in the population. The average mapping depths 15.36X and
17.56X with 1X coverage of 89.45% and 90.26% were observed for male and female parents,
respectively, while the average 4X coverage rate was 83.86% in both parents. The total
mapping error rate was <0.03% (Table 1).

Table 1. Genotyping summary for sequence filtering data set of Hylocereus species.

Male Parent, H. Female Parent, H. F; Progeny
undatus monacanthus Average Maximum Minimum
Raw bases (bp) 28,362,977,400 29,982,174,300 7,853,867,311 11,374,635,600 6,902,555,400
Clean bases (bp) 28,167,050,700 29,898,491,400 7,827,082,255 11,338,035,600 6,879,546,300
Clean reads 187,780,338 199,323,276 52,180,548.36 75,586,904 45,863,642
Mapped reads 185,486,093 194,135,772 51,026,958.15 73,621,450 44,944,080
Effective rate (%) 99.31 99.72 100 99.86 99.04
Error rate (%) 0.03 0.03 0 0.04 0.03
Q20 (%) 96.02 96.89 97 97.84 95.37
Q30 (%) 89.82 91.78 91 93.62 88.17
GC content (%) 38.81 38.63 38 4031 37.28
Mapping rate (%) 98.78 97.40 98 0.9838 0.9652
Average mapping depth 15.36 17.65 5.102 7.5 4.43
Coverage 1X 89.45 90.26 82.468 86.32 77.87
Coverage 4X 83.74 83.97 39.579 60.44 28.64
Total SNPs 12,343,419 2,962,195 4,161,067.303 8,070,891 2,369,880
Homozygous SNP 570,172 338,723 26,448.22222 85,498 15,662
Heterozygous SNP 11,773,247 2,623,472 4,134,619.081 8,025,401 2,349,592
Heterozygosity rate (%) 95.3808 88.5651 99.36101263 99.5461 98.3093
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Table 2. Allelic segregation

genetic characteristics.

3.2. SNP Markers Detection and Evaluation

Based on the genotype detection results of the dragon fruit parents, the development
of polymorphic markers between the parents was carried out. We filtered out the sites with
missing parental information, screened the sites with polymorphisms between the parents,
and screened out sites that meet the mapping marker type of the population. Among
them, the main marker types used for F1 population mapping were “hkxhk”, “nnxnp”
and “ImxIl”. Resultantly, a total of 4,601,639 polymorphic sites were obtained, of which
the maximum available marker types for the F; population were “hkxhk”, “nnxnp” and
“Imx1l”, with 1,117,173, 482,398 and 3,001,321 total polymorphic markers, respectively
(Table 2). The genome evaluation for the whole population and the SNP filtering based
on genomic information quality (such as allele frequency and sequencing depth) revealed
4.16 million SNPs in F1, while there were 2.96 and 12.34 million SNPs in male and female
parents, respectively (Table 1). Among the parental genotypes, the female parent showed
more heterozygosity (95.38%) than the male parent (88.57%). Thinning the SNPs at the rate
of one SNP per 100 bp length reduced the SNP dataset. Thus, 6434 SNPs were used for
linkage analysis in the population. The missing data threshold was kept constant for all
progeny in the population.

and number of loci in each segregant type among F; progeny considered in this study and their

Se%}e};geant Cross Type Count % t Female Parent = Male Parent D?tlel:tl:ljle Dlll’c:z:;)(;e
Type 1 ImxI1 3,001,321 65.15 Heterozygous  Homozygous 2 1:1
Type 2 nnxnp 482,398 10.47 Homozygous  Heterozygous 2 1:1
Type 3 hkxhk 1,117,173 24.25 Heterozygous  Heterozygous 2 1:2:1,3:1,1:3
Type 4a abxcd 1 0.00002 Heterozygous  Heterozygous 4 1:1:1:1
Type 4b efxeg 746 0.02 Heterozygou  Heterozygous 3 1:1:1:1
Type 5 aaxbb 5,146 0.11 Homozygous = Homozygous 2
Type 6 abxcc 186 0.0040 Heterozygous = Homozygous 3 2:1:1, 1:1
Type 7 ccxab 15 0.0003 Homozygous  Heterozygous 3 2:1:1, 111

t Percentage of each segregant type with respect to total mapped loci.

3.3. Genetic Linkage Analysis and Construction of Maps

The linkage analysis was performed by a total of 6434 unique SNPs, covering a total
distance of 14,128.7 cM. As the mapping population was developed from same parents, the
SNPs were well distributed among each linkage group with a maximum of 1341 SNPs on
the linkage group 4 with a total length of 1986.08 cM and a minimum of 159 SNPs on linkage
group 8 with a total length of 255.81 cM (Table 3). Markers were mainly heterozygous in
both parents (hk x hk), which represented a 99.36% heterozygosity rate in the population
(Table 1). The genetic map with consensus of genotypic information from parental and
offspring was built. Based on the linkage among markers, 11 linkage groups were clearly
observable and were confidently defined (Supplementary Figures S1 and S2). This was the
same as the base chromosome number (i.e., 2n = 2x = 22) [5]. The map of the population
was dense as the maximum number of gaps (85.4%) were less than 5 cM, while only 0.12%
of gaps were above 20 cM of distance. The average marker density ranged from a minimum
of 0.65 cM per marker on linkage group 10 to a 3.39 cM length per marker on linkage
group 6 (Table 3).
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Table 3. Summary of genetic markers and mapping of 11 linkage groups of Hylocereus species.

Growp  Number  Coverd  Lengtn | Gap | C<sM GRLC O NS Gupr20eM  Rati
LGO1 708 2070.07 292 23.05 568 100 39 1 80.23
LGO02 483 987.5 2.04 33.31 430 39 13 1 89.03
LGO03 667 1828.85 2.74 20.05 540 94 32 1 80.96
LG04 1341 1986.08 1.48 12.84 1233 103 5 0 91.95
LGO05 566 1459.75 2.58 14.12 448 100 18 0 79.15
LGO06 255 864.52 3.39 15.44 184 59 12 0 72.16
LGO07 836 1954.33 2.34 15.35 694 97 45 0 83.01
LGO08 159 255.81 1.61 12.45 150 8 1 0 94.34
LG09 457 1049.96 23 26.89 382 58 15 2 83.59
LG10 390 255.1 0.65 7.46 382 8 0 0 97.95
LG11 572 1416.76 248 26.08 485 67 17 3 84.79
Total 6434 14128.7 22 33.31 5496 733 197 8 85.42

3.4. Consensus Map and Collinearity Analysis of Genetic and Physical Map

In order to reveal the conserved gene order in genetic and physical maps, a collinearity
analysis was performed by the position of the marker on the reference genome and the
genetic map. Linkage groups were numbered as per the reference genome. A fairly accurate
map integration was revealed by a good collinearity between the homolog linkage groups
from the genetic and physical maps (Figure 2).

o 4

s

500
TN

!

enetic_distance(cM
1500 s ‘100000( )

2000

Figure 2. Integration map collinearity analysis based on markers’ positions on the physical map (bp)
indicated in blue bars mapped to the positions on the genetic map (cM) indicated in red bars.
4. Discussion

The current study aimed at constructing a high-density genetic linkage map for
H. undatus in order to facilitate further QTL/gene mapping and genome assembly-related
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studies. Therefore, a mapping population of contrasting parents was first designed.
Meanwhile, the polymorphic markers were identified, and a high-density linkage map
was constructed with 6434 SNP markers spanning the 14,128.7cM genetic distance on
11 linkage groups.

The whole genome resequencing and genotyping are important steps to accelerate
the genetic improvement of various traits in commercially and agronomically important
species. Nevertheless, although H. undatus is an important economic fleshy fruited tree, few
studies have been designed to investigate its genome [1,5,19]. In a recent study, the PacBio
sequencing was performed and an assembled 1.41 Gb of genomic data were generated
to design a reference genome for H. undatus [5]. The high ratio of repetitive/redundant
sequences caused difficulties in the assembly procedure, and relatively short N50 contigs
and scaffold sizes were achieved. Therefore, it may need deeper sequencing to get the
maximum genome coverage. A high ratio of repetitive sequences with whole genome du-
plication and triplication has also been reported [5]. In this study, the comparative analysis
of our genetic map with the recently reported reference genome showed 98% of sequence
coverage with a very low gap rate, indicating the high quality of our sequenced data.

A maximum of 12,343,419 SNPs (Table 1) was revealed in the current study, accounting
for only 0.875% of the total genome sequence as per a previously reported total genome size
(1.41 Gb) [5]. Among the extracted SNPs, the discovered polymorphic markers were 6434
(Table 3). The ease to use transferability of SNP markers between different linkage maps
and labs is their major advantage over amplified fragment length polymorphism (AFLP)
and RAPD markers [32]. Each of the markers developed in the present study covered an
average genetic distance of 2.2 cM. Therefore, it might be useful in the genome assembly
and genomic evaluation studies.

The genomic studies always subjected to reduce the genotyping error rate and to
enhance the read depth. The error rate could be ignored with the increasing read depth
up to 12 [33]. For the generated raw data, the overall read depth of all revealed makers
ranged from 4.43-fold to 17.65-fold, which was higher than the previously reported linkage
map (16.3-fold) [5]. Therefore, to enhance the read depth of markers selected to construct
the linkage map, data were filtered, and the makers with low read depth markers were
removed prior to genotyping and mapping. Consequently, a high accuracy of marker-based
genotyping was ensured by an optimum read depth.

There were 11 linkage groups in the linkage map constructed in this study, which
was consistent with the karyotype of H. undatus. In various studies, the linkage maps
constructed by SSR and/or AFLP markers revealed a different number of linkage groups
than the actual chromosome numbers [34]. This might be due to the limited intermediate
markers that linked the groups on same chromosome. In the present study, a sufficient
number of (6,434) markers, which were randomly distributed across the genome, were
mapped to 11 linkage groups and facilitated the complete map coverage. As a higher num-
ber of markers was used to genotype the 198 offspring, the clustering of several markers at
one position was the result of limited meiotic events. The clustered markers may refer to
as the “bin signatures”. A bin signature comprises the consensus segregation pattern of
marker loci that do not have any recombination and, thus, a marker interval of zero [35]. In
the “bin signatures”, the markers are normally known to cluster together; nonetheless, their
orientation remains unknown, which may influence the scaffold orientation in genome
assembly. The markers can be separated in “bin signatures” by genotyping the higher
number of families and their progenies.

Using the polymorphic SNP markers from the two Hylocereus species only highlights
the contrasting regions. This results in relatively uneven markers distribution along the
linkage groups. Moreover, the screened SNPs covered only 0.875% of the total genome.
The incomplete coverage or missing regions might be another limiting factor affecting the
marker distribution. Even in this situation, more than 85% of marker interval spaces (gaps)
were less than 5 cM. The larger gaps might be caused by the large number of repeated
sequences in the Hylocereus genome. In the present study, the average distance between
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adjacent markers was 2.2 ¢M in the linkage map, which is comparable to previous linkage
maps [5,32,36-40]. Hence, this linkage map can be considered a high-density map for
Hylocereus. The inter-marker distance compared to other previously reported linkage maps
developed by using next-generation sequencing (NGS) technology for other species was
also shorter [36-39].

The number of total SNPs in the male parent was much higher (12.343 million) than
that of the female parent (2.962 million). As reported in previous linkage mapping studies,
a limited number of common SNPs between the maps constructed from the male and
female genome could be caused by the sex-linked genomic regions and have influenced the
estimation accuracy of the male to female recombination ratios [16]. In the present study, a
large number of common markers between the male and female genomes improved the
estimated recombination frequency.

Integration of a high-density linkage genetic map with reference genome is beneficial
for the improvement of genome assembly [5,16]. In the linkage map constructed in this
study, the majority of markers were anchored to the physical map (Figure 2) and their
relative distance between them was known. Collinearity analysis can reveal the conserved
order of genes in genetic linkage and physical maps. The higher level of collinearity of
anchored markers in this study will be helpful for future genome assembly and genomic
studies, which may be further helpful for fine mapping of various parts of genome.

Above all the results related to genome assembly and the markers’ integration, a
preliminary arrangement of sequences along the physical length of chromosomes of Hylo-
cereus was obtained. The level of integration also verified the accuracy of the linkage map
constructed in this study. The markers that grouped together were also anchored to the
scaffold with the same physical orientation, which partially validated the high accuracy
of the linkage map. QTL mapping of traits of interest is one of the major applications of
genetic maps. We anticipate that future studies will take advantage of our genetic map to
uncover the genomic regions governing many growth and economically important traits
in Hylocereus.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/horticulturae7120534/s1, Figure S1: Consolidated map marker distribution map, X-axis:
linkage group number; Y-axis: genetic distance (cM); blue lines indicate markers, Figure S2: Consoli-
dated map marker distribution map, X-axis: chromosome number; Y-axis: genetic distance (cM); the
left end of the horizontal line: marker genetic distance; the right end of the horizontal line: the name
of the marker.
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