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Abstract

Background: Taihangia rupestris is a perennial herb on the China species red list that is growing on the cliffs of Taihang
Mountain in China. However research on the genome of T. rupestris has not been carried out, which severely restricts further
research on it. The aim of this study was to conduct a first genome survey of T. rupestris and to develop SSR molecular
markers of it.

Methods: The genome size and characteristics of T. rupestris were estimated by Illlumina Hi-SegXTen and K-mer analysis.
We designed SSR primers in batches with Misa and Primer3, and T. rupestris from different populations were used to verify
the selected primers. Finally, datas were analysised by Cervus 3.0 and GenAlex 6.5 for genetic diversity.

Results: The genome size of T. rupestris was estimated to be 976.97 Mb with a heterozygosity rate of 0.726% and a
sequence repetition rate of 56.93%. The clean reads were assembled into 100973 contigs with the max length of 26073 bp
and an N50 value of 2607 bp. Based on the genome data of T. rupestris, a total of 805600 SSR markers were identified and
72769 pairs of primers were designed. In the present study, 100 primers were used to verify that 82 primers were
successfully amplified.

Conclusion: In general, the genome of T. rupestris is difficult to assemble genome with micro-heterozygosity and high
repetition. In this study, 15 pairs of primers with good polymorphism can effectively distinguish different populations of 7.
rupestris. These analyses laid a foundation for the subsequent whole genome sequencing of T. rupestris.

Introduction

Taihangia rupestris Yu et Li is a perennial herb native to the tribe Dryadeaeis that grows sporadically on cliff sides located in
the eastern Taihang Mountains [1] (Fig. 1). This species grows at altitudes of 600 to 1500 meters and prefers U-shaped
cliffs where there is little direct sunlight [2]. Taihangia rupestris is included on the China species red list as being threatened
with extinction in the wild [1]. However, current research in T. rupestris has primarily focused on artificial cultivation and
morphological differentiation [3], nucleotide diversity [4, 5], and the regulatory mechanisms of staminate and perfect flower
[6-8], but genome research has not yet been carried out.

Biological genetic information is intimately associated with physiological traits, according to the available research report
[9]. Research on the genome of T. rupestris has greatly aided the study of its genetic evolution and biodiversity conservation
[10]. Genome survey sequencing was utilized in this research to assess the genome size, repeat sequence, heterozygosity,
and other constituent properties of T. rupestris, laying the groundwork for genome deep sequencing. Simple sequence
repeats (SSRs), which have been frequently used as genetic markers, are tandem repeats consisting of 1 to 6 nucleotides
with high polymorphism and abundance [4, 10]. SSR markers were highly polymorphic and codominant, thus they are useful
for genetic research and gene resource usage.

In this paper, we will obtain genome size, repetiton rate, GC content, and other related information about 7. rupestris through
a genome survey, and develop SSR primers and systematically classify T. rupestris in different populations.

Materials And Procedures

Materials from plants and genome DNA extraction

Fresh leaves of T. rupestris for genome survey were obtained from Guanshan National Geopark (35°33'46"N, 113°31'31"E).
The CTAB (cetyl trimethyl ammonium bromide) approach was used to extract the genomic DNA [11]. The concentration of
DNA samples was determined by ultraviolet spectrophotometer, and purity was measured by an absorption ratio of 260 nm
to 280 nm. The T.rupestris samples of the two groups used to detect primers were from Guanshan National Geopark, which
were named population A (35°33'46"N, 113°31'31"E, n=24 ) and population B (35°33'54"N, 113°31'40"E, n= 21), respectively.
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Genome sequencing

DNA samples of the T. rupestris were sheared randomly by ultrasonicator (Covaris M200) to be about 350 bp in size. DNA
fragments of the required size were obtained by electrophoresis before end-repair, and then added sequencing adapters and
poly A-tail. Two paired-end DNA libraries were constructed using 350 bp fragments and then sequenced at a 2x150 bp read
length [12]. All clean reads for further analysis were obtained after removing signals that could interfere

with subsequent analysis, such as reads with N ratios greater than 10%, adaptor reads, amplification repeats from PCR
reaction, and reads of low-quality. Reads of high-quality have been contributed to the Sequence Read Archive in NCBI
(accession number: PRINA797565).

Assessment of genome size, heterozygosity, and repetition rate

Before genome assembly, GENOMESCOPE software was used to assess the genome characteristics, including genome size,
repeat content, and heterozygosity rate of T. rupestris based on K-mer analysis (k=17) [13]. GC content and sequencing
depth were calculated along the assembled sequence using a 10 kb non-overlapping sliding window.

Design and analysis of SSRs characteristics

The MISA program was used to find SSR markers. The following were the criteria: four repeat units with Hexa-, penta- and
tetranucleotides, five with trinucleotide, six with dinucleotide, and ten with mononucleotides. Primer pairs for SSRs flanking
area were designed using the Primer 3 program.

Validation of SSR markers

To verify the primers, a total of 100 pairs of primers were synthesized and PCR was carried out for amplification in 6
individuals of T. rupestris. The number of individuals from A and B was 3 and 3 respectively. The optimized PCR was carried
out in a mixture of 0.25 pM forward and reverse primers, 5 pul PCR Mixture, and 20 ng genomic DNA in a 10 pl volume. The
procedure was set to denaturation at 94°C for 5 min, then go through 30 cycles with 50 s at 94°C, 45 s at 60°C and 1 min at
72°C, and final extension at 72°C for 10 min [12]. The amplification product resolves the silver stain from a 10% PAGE
(polyacrylamide gel electrophoresis). The pBR322 DNA/Mspl marker (Tiangen, Beijing, China) was used to compare each
SSR-PCR product.

Principal coordinate analysis

Fifteen pairs of SSR primers with good polymorphism were selected to conduct the genetic analysis of the 45 individuals
from the two populations (A and B). The amplified data were analysised with Cervus 3.0 and GenAlIEx 6.5. The principal
coordinate analysis (PCoA) was performed based on Nei’s genetic distance of the individuals in different populations [14].

Results And Discussion
Genome sequencing data statistics and genome estimation

The lllumina paired-end library was used to obtain a total of 108.97 Gb of raw data for T. rupestris in this study (Table 1).
After filtering and rectification, there were 107.83 Gb of clean bases generated. Quality value is an important indicator of
second-generation sequencing, which is obtained by sequencing every base in the genome. The higher it is, the more
accurate the sequencing will be. The Q20 was 95.98% and the Q30 was 90.39% in this experiment. This suggests that the
sequencing was of high quality. Twenty thousand clean reads were randomly selected and compared to NT (Nucleotide
Sequence Database) database with BLAST in NCBI. The first five matched species were Geum rupestre (15.14%), Rosa
chinensis (1.51%), Fragaria vesca (0.74%), Rosa praelucens (0.64%) and Prunus pedunculata (0.44%). The first number was
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higher than the others because it was also Rosaceae the same as T. rupestris. The results showed no contamination from
other species.

All clean data in this study was analyzed with a K-mer 17 (Fig. 2). The x-axis and y-axis in Fig. 2 represent the depth of k-mer
and the number of corresponding depths, respectively. Then the expected genome size was obtained with the following
formula: Genome size = K-mer num/K-mer depth [15]. The estimated genome size is 976.97 Mb. We determined that the
gene heterozygosity rate of T. rupestris was 0.726% while the repetition rate was 56.93%. It belongs to the genome with
micro-heterozygosity and high-repetition. The results showed that assembling a genome for T. rupestris is difficult.

Genome GC analysis and genome assembly

The assembled sequences of T. rupestris genome were subsequently studied for GC analysis (Fig. 3). The density points
were mostly found in areas with a GC content of 20—50%, with an average of 33.75%. It is similar to Apocynum venetum
(32.91%) [16] and Macaranga indica (33.83%) [17], but lower than Cydonia oblonga (38.66%) [18], Rosa multiflora (38.9%)
[19], Fragaria nilgerrensis (39.22%) [20] and Rosa rugosa (39.30%) [21]. Above all, the genome of T. rupestris has a mid-GC
content.

As shown in Table 1, the total number of contigs was 100973. In total, 91276077 bp contigs were generated from the T.
rupestris genome, with the largest contig length of 26073 bp, a N50 contig length of 2607 bp and a N90 contig length of
1189 bp.

Table 1

Assembled sequencing results data statistics for
T. rupestris

Features Number or ratio

Total number of bases (Gb)  108.97
Clean reads (Gb) 107.83

Clean read proportion (%) 98.95%

Q20 95.98%
Q30 90.39%
GC content 33.75%
heterozygosity rate 0.726%
repetition rate 56.93%
Total number of contigs 100973

Total length of contigs (bp) 91276077

Max length (bp) 26073
N50 (bp) 2607
N90 (bp) 1189

SSR identification and validation

Compared with the traditional design methods, using genomic data to develop SSR molecular markers is simple and
effective [12]. Data showed that 805600 SSRs were discovered in this study, and the frequency of SSR repeats was

Page 4/15



significantly different (Fig. 4). As shown in Fig. 5, the most common form of repeat was mononucleotide (63.70%), followed
by dinucleotide (18.77%), tetranucleotide (11.63%), trinucleotide (3.25%), hexanucleotide (2.43%), and pentanucleotide
(0.22%). SSR markers with both mononucleotide and dinucleotide sequences accounted for 82.47% of the total. A/T ratios
were bigger than G/C ratios among mononucleotide repeats, accounting for 97.01% of the total (513158). The biggest
number of dinucleotide was AG/CT (83998, 55.56% ), followed by AT/AT (59954, 39.66%), AC/GT (7134, 4.72%) and CG/CG
(94, 0.06%).The highest number among the trinucleotides was AAG/CTT repeats (7871, 30.03%), followed by ACC/GGT
(4948,18.88%), AAT/ATT (3679, 14.04%) and AAC/GTT (2889, 11.02%). The most dominant tetranucleotide is AGAG/CTCT
among the 36 tetranucleotide types, which accounted for 58.22%, followed by ATAT/ATAT (33277, 35.51%), ACAC/GTGT
(3096, 3.30%) and AAAT/ATTT (1210, 1.29%).

Validation of SSR markers

In the present study, 562246 SSR-containing sequences were used to construct primers, resulting in a total of 72769 primer
pairs for use. We synthesized 100 primer pairs to detect these SSR markers, and the results showed there were 82 primer
pairs successfully amplified achieving the desired size (Fig. 6). We selected 15 pairs of primers with good polymorphism to
perform cluster analysis on 45 individuals from two populations, and the result was shown in Fig. 7.

Information about these 15 primer pairs is provided in Table 2. The results showed that the average allele (Na) of the 15
SSR loci was 3.67, the minimum observed heterozygosity (HO) and expected heterozygosity (HE) were 0.095 and 0.167, and
the maximum HO and HE were 1.000 and 0.788, respectively. The average PIC (polymorphic information content) value was
0.44, with four highly polymorphic loci (TH17, TH25, TH31 and TH58) having PIC values higher than 0.5.

Page 5/15



Genetic characteristic statistics generated by 15 SSR markers on 45 T. rupestris individuals.

Table 2

Locus

TH4

TH17

TH22

TH25

TH28

TH31

THA41

TH44

TH49

THS50

THS53

THS58

TH67

TH80

TH92

Mean

Motif
(ATTT)7

(ATGAG)5

(GAT)9

(GAA)S

(GCCA)5

(AGAAGA)5(AGA)10

(M13(TT)6

(TTC)7

(AT)13(ATAT)6

(ACC)7

(CTT)9

(CAAAA)5

(ATGGTG)5

(GAAGAT)5

(TTTGT)5

Primer sequence
TGGGCTACGACGATTGAACA
GCATGTACTAGCAAACTCGCA
GTGTGCAAGTGGTTGGTTGG
CTGCACCGTACCATCATGGA
TGTCTGATTCGGGCCCTAGA
TGGCATGTGATTCGCCTTCT
TGGCATAAAGAGTGGTCTGAGG
AACGGTCTCTCCTCCTCCTC
TCTGTTTTGTTTAAGGCGTGCA
ACACGTGTCATCTCGTCATTGA
CGTGCGATTGGTGTACCTCT
AGAGGTCATTACGATTTACAACCA
GCTAGCCAACACACCACTCT
ACCCTAGGTGGCTACGAGTT
ACTCGATCCTCTCCCTAAAGGA
CATAGGAGACGAGCAGAGGC
GTTGTACTAGGTGGCTGCCC
GCTGATGGCTAGGATTCACT
ACGACGTCACCTCCGTAAAC
AGATTGAAGAGGCGGTGGTG
CCTACTGGCATCGAGACACC
GGGATCTCCACTCCAACAGC
TCATTCTCTGCACCAACCCC
GGACGTGGAGGCATTCTTGA
CACAATCTTCCCTAAAAAGGCACA
GAACCAAACCGCCCGAATTC
TTGTCATCTTCCGCGGTGAA
TCCACACCCTCATGATCGGA
TGAATGGGCAAAGGTCAACT
ACCATACAAAGTTTTTGCATCCT

k
3

3.67

HO
0.289

0.444

0.289

0.409

0.182

0.682

0.295

0.095

1.000

0.605

0.128

0.622

0.200

0.089

1.000

0.42

HE
0.461

0.672

0.508

0.788

0.581

0.714

0.255

0.304

0.506

0.499

0.167

0.773

0.388

0.401

0.564

0.51

PIC
0.378

0.623

0.481

0.746

0.484

0.653

0.22

0.268

0.375

0.372

0.155

0.729

0.349

0.36

0.46

0.44

HW
ND

ND

*kk

ND

ND

*k%k

NS

ND

ND

ND

*k%k

F(Null)
0.2225

0.183

0.3385

0.3146

0.5428

0.0189

-0.0764

0.5373

-0.333

-0.1015

0.1229

0.1122

0.3055

0.6677

-0.3011

0.17
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k: the number of alleles, HO: Observed heterozygosity, HE: Expected heterozygosity, PIC: Polymorphism information content,
HW: Significance of deviation from Hardy-Weinberg equilibrium. NS = not significant, *** = significant at the 0.1% level, ND =
not done. These significance levels include a Bonferroni correction if the Bonferroni correction option was selected. F (null):
Null allele frequency.

The results in Fig. 7 showed that the SSR markers could distinguish genetic differences among populations based on
different geographical locations. Since the two populations sampled were only one kilometer apart, there was gradual
genetic penetration between the populations. Two coordinates explain 15.73% and 13.14% of the overall genetic variation,
respectively.

Numerous genome-wide SSR loci have been identified, paving the way for the creation of high-density genetic maps and
research into the regulatory mechanisms of 7. rupestris therapeutic components. It also serves as a useful reference for
future genomic in vestigations and molecular markers.

Discussion

T. rupestris belonging to ancient relic species is rosaceae herb fairy, wooden race's most original diploid plants
(chromosome 2n=14). It has great significance that the flower structure changed from bisexual to unisexual by sexual
evolution, which holds a special place in the fairy wooden race evolution for illuminating the origin and evolution of
Rosaceae some taxa problems.

To measure the genome size of a species before genome sequencing can provide data support for the depth of genome
sequencing. In this paper, after removing the K-mer mistake, the corrected genome size of T. rupestris was 976.97 Mb. These
estimates were greater than the populations of Fragaria vesca (240 Mb) [22], Pyrus bretschneideri (527 Mb) [23], Ficus
erecta (341 Mb) [24] and Cydonia oblonga (686 Mb) [18], smaller than Arachis duranensis (1.25 Gb) [25], Lupinus
angustifolius (1.15 Gb) [26] and Prunus fruticose (1.2 Gb) [27], but are close to Begonia fuchsioides (935 Mb) [28] and
Quercus suber (953 Mb) [29]. According to the heterozygosity and repetition, the genome was divided into low-
heterozygosity (=50%), micro-heterozygosity (0.5% 0.8%) , high-heterozygosity (=0.8%) and high-repetition (repeated
ratio=50 %), which directly reflects the difficulty of assembling the subsequent sequencing data [12,30]. The gene
heterozygosity rate of T. rupestris was 0.726% while the repetition rate was 56.93%. It showed that assembling a genome for
T. rupestris is difficult. The result has laid a solid platform for T. rupestris whole-genome sequencing.

SSR markers have been widely used to analyze genetic characteristics in plants due to the advantages of co-dominant and
stability. Wang et al. [31] obtained 10 SSR markers, which were extracted through microsatellite-enriched library
construction, enzymolysis and probe retrieval. Wang et al. [32] amplified the nuclear genome DNA of 220 T. rupestris using
12 pairs of ISSR primers (from the University of British Columbia) to study the genetic diversity and genetic characteristics
of this species. Sun et al. [2] claimed that DNA barcodes of two subspecies of Taihangia were constructed using five single
loci from chloroplast, ITS and ITS2 from the nuclear genome. Cheng et al. [4] found that six chloroplast DNA loci and five
mitochondrial DNA loci were used well to distinguish two subspecies of Taihangia and to study the genetic diversity among
them. All of the design patterns as mentioned above were developed through enrichment libraries or molecular markers
based on organelle DNA, but the number of molecular markers developed was so limited. With the development and
widespread application of high-throughput sequencing technology, we developed SSR molecular markers of T. rupestrisin
large quantities. In this study, the total number of sequences examined was 4684186, the total number of identified SSRs
was 805600, the number of SSR containing sequences was 562246, thus the occurrence frequency of SSR is 12%, the
average distribution frequency was 824.59 SSRs per Mb, which was much higher than other plants such as Schima
superba (644 SSRs per Mb) [33], Fagopyrum tartaricum (114.07 SSRs per Mb) [34], Cunninghamia lanceolate (1307.24
SSRs per Mb) [35], Platostoma palustre (12.8 SSRs per Mb) [36]. This result is inconsistent with the idea that genome size is
negatively correlated with SSR distribution frequency [37]. Mononucleotides and dinucleotides were the majority of the
SSRs. The percentage of A/T was higher than C/G. Among dinucleotides and trinucleotides, the proportion of AG/CT and
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AAG/CTT were the highest that it was consistent with the results of most plants, such as E.gunnii[38], E.camaldulensis [39],
Pyrus pyrifolia [40] and Taxus fauna [41]. In this study, 15 SSR markers were used for detection, which could reflect the
genetic diversity of T. rupestris population to a certain extent. The expected heterozygosity range of these microsatellite loci
was 0.167 0.788, and the mean value was 0.51, indicating that the genomic microsatellite of T. rupestris had moderate
heterozygosity and genetic diversity [14]. Polymorphic information content (PIC) is the probability that an offspring acquired
an allele marker from the same allele in its parent value, and PIC>0.5, it is a highly polymorphic site; 0.25<PIC<0.5, it was a
moderately polymorphic site; PIC>0.25, it is a low degree polymorphic site. In this study, the PIC values of the 15
microsatellite loci ranged from 0.155 to 0.746, and the average value was 0.44, indicating that these microsatellite loci
contained moderately genetic information in the genome of T. rupestris, which were suitable for genetic analysis and
application of T. rupestris.

Conclusion

Prior to this study, there were no reports to evaluate the genomic associated characteristics of T. rupestris. Results showed
that T. rupestris had a genome size of 976.97 Mb, with gene heterozygosity and duplication rates of 0.726% and 56.93%
respectively. The average percentage of GC in the sample was 33.75%. A total of 805600 SSR markers were created, along
with three sets of primers. Through the synthesis and verification of 100 pairs of primers in 45 T. rupestris individuals, it is
provided that the SSRs obtained in this experiment can effectively distinguish different populations. The findings pave the
way for further genomic research and molecular breeding of T. rupestris.
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Figure 1

Leaves and inflorescences of T. rupestris in the Guanshan National Geopark (35°33'46"N,113°31'31"E)
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Figure 2

K-mer distribution curve (k=17) of T. rupestris
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GC analysis of T. rupestris genome data
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Distribution of SSR motif repeats.
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Figure 5

Identification and characteristics of SSR motif. a Percentage of different SSR types. b Percentage of major dinucleotide SSR
motifs. ¢ Percentage of major trinucletide SSR motifs. d Percentage of major pertranucletide SSR motifs
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Figure 6

SSR-PCR amplication profile of marker 22 for 45 T. rupestris individuals. 1-24 individuals from the first population (POP1)
and 25-46 individuals from the second population (POP2), M is the DNA marker pBR322 DNA/Mspl.
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Figure 7

PCoA of genetic distance for 45 T. rupestris individuals from populations A (pop 1) and B (pop2)
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