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Abstract

Opisthopappus taihangensis and Opisthopappus longilobus are endemic peren-
nial cliff herbs of the Taihang Mountains, important wild resources of the family
Compositae with high economic and ecological value. To determine suitable
whole-genome sequencing strategies for the two species, this study employed
flow cytometry and high-throughput sequencing technologies to analyze genome
size, heterozygosity, repetitive sequence content, and GC content. The results
showed: (1) Flow cytometry estimated the genome size of O. taihangensis at
2.1 Gb and O. longilobus at 2.4 Gb; (2) After correction by high-throughput
sequencing, the genome size of O. taihangensis was 3.13 Gb, with repetitive
sequences accounting for 84.35%, heterozygosity of 0.99%, and GC content of
36.56%; the genome of O. longilobus was 3.18 Gb, with repetitive sequences
accounting for 83.83%, heterozygosity of 1.17%, and GC content of 36.62%; (3)
Following preliminary assembly, abnormal GC content distribution and average
depth were observed, exhibiting stratification, which may be attributed to the
high heterozygosity of the two species’ genomes. From the perspective of genome
structure, both O. taihangensis and O. longilobus belong to complex genomes
characterized by high repetition, high heterozygosity, and large genome size; it
is recommended to use an Illumina + PacBio sequencing and assembly strategy
for whole-genome sequencing analysis.
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Abstract

Opisthopappus taihangensis and O. longilobus are perennial cliff herbs endemic
to the Taihang Mountains and represent important wild germplasm resources
in the Compositae family, possessing high economic and ecological value. To
determine appropriate whole-genome sequencing strategies for these two species,
this study employed flow cytometry and high-throughput sequencing technolo-
gies to analyze genome size, heterozygosity rate, repetitive sequences, and GC
content. The results showed: (1) Flow cytometry estimated the genome size of
O. taihangensis at approximately 2.1 Gb and O. longilobus at 2.4 Gb; (2) After
correction via high-throughput sequencing, the genome size of O. taihangensis
was 3.13 Gb, with repetitive sequences accounting for 84.35%, heterozygosity
at 0.99%, and GC content at 36.56%; for O. longilobus, the genome size was
3.18 Gb, with repetitive sequences at 83.83%, heterozygosity at 1.17%, and
GC content at 36.62%; (3) Following initial assembly, abnormal GC content
distribution and average depth with stratification phenomena were observed,
likely caused by the relatively high heterozygosity rates in both species. Based
on these genomic structural characteristics, both Opisthopappus species possess
large, complex genomes with high repetition and heterozygosity, suggesting that
an Illumina 4+ PacBio sequencing and assembly strategy should be employed for
whole-genome sequencing analysis.

Key words: Opisthopappus taihangensis, O. longilobus, genome survey, genome
size

Introduction

With the development and maturation of next-generation sequencing technology
and third-generation single-molecule sequencing technology, the time cost of se-
quencing has continuously decreased, providing conditions and convenience for
genome sequencing of different species (Aird et al., 2011; Shi et al., 2012; Li et
al., 2019). Whole-genome determination can provide reference clues for genomic
and evolutionary biology research, and lay the foundation for molecular biology,
transcriptomics, and bioinformatics studies. Analyzing plant growth, adapta-
tion, and evolution from the genomic level can greatly promote understanding
of plants and accelerate the discovery, mining, and utilization of new genes (Bi
et al., 2019; Li et al., 2020; Zhao et al., 2021). However, before large-scale deep
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sequencing, it is necessary to conduct genome surveys to estimate plant genome
size and complexity, understand basic genome characteristics in advance, reduce
sequencing blindness, and select appropriate sequencing strategies and assembly
software accordingly (Tang et al., 2015; Huo et al., 2018; Bi et al., 2019; Li et
al., 2019; Zheng et al., 2020).

Opisthopappus taihangensis and O. longilobus are both perennial herbs of the
genus Opisthopappus that grow exclusively in cliff crevices of the Taihang Moun-
tains, representing typical cliff plants with excellent drought and cold resistance
(Chai et al., 2018, 2020). As diploid plants (2n=18), they are relatively primitive
species in the subtribe Chrysantheminae (Ye et al., 2021) and important wild
germplasm resources in Compositae, likely containing numerous superior genes
for cold and drought tolerance, making them excellent gene sources for Com-
positae germplasm innovation. However, information on whole-genome size and
characteristics of these two species is lacking, hindering further genome sequenc-
ing work and related evolutionary biology research (Huo et al., 2018). Therefore,
conducting whole-genome sequencing of O. taihangensis and O. longilobus is es-
sential to reveal their adaptation, evolution, and resistance mechanisms at the
molecular level and provide scientific theoretical support for the comprehensive
and rational utilization of their economic value (Song et al., 2018).

Since the publication of the model plant Arabidopsis thaliana genome, more
than 400 plant genomes have been sequenced (Chen et al., 2018, 2019;
https://www.plabipd.de/index.ep), with many more species currently being
sequenced, providing abundant reference information for plant whole-genome
sequencing. Particularly, the completion of whole genomes for several Composi-
tae species in the subfamily Carduoideae, including Artemisia annua (Shen et
al., 2018), Chrysanthemum nankingense (Song et al., 2018), Helianthus annuus
(Badouin et al., 2017), Conyza canadensis (Peng et al., 2014), and Cynara
cardunculus (Scaglione et al., 2016), offers important insights for genome
analysis of Opisthopappus species.

Phylogenetically, the genus Opisthopappus together with most groups of Den-
dranthema and Ajania constitute the Chrysanthemum group, with its position
being closer to the subtribe Artemiisinae (Zhao et al., 2010; Zhao et al., 2010).
Both C. nankingense (Artemiisinae) (Shen et al., 2018; Song et al., 2018) and A.
annua (Artemiisinae) have complex genomes characterized by high repetition,
high heterozygosity, and large size. What are the genomic characteristics of
the two Opisthopappus species with close phylogenetic relationships? Do they
exhibit similar genome features?

Therefore, this study employed flow cytometry (Arumuganathan & Earle, 1991;
Dolezel et al., 2007) and high-throughput sequencing technology to address the
following questions: (1) estimate the genome sizes of O. taihangensis and O.
longilobus; (2) determine and evaluate the whole-genome size and characteristics
of both species. The results aim to comprehensively understand the genomic
features of these two species, provide a basis for subsequent de novo sequencing
and assembly strategies, and offer clues for mining drought- and cold-resistant
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genes and utilizing their potential genetic resources (Huo et al., 2018).

Materials and Methods

Sample Collection In October 2019, seeds of O. taihangensis and O.
longilobus were collected from Wangmangling (the growth site of O. tathangen-
sis) and Huguan (the growth site of O. longilobus) in Shanxi Province and
brought back to the laboratory. Germination was conducted in January 2020,
followed by pot cultivation. In June, healthy individuals with good growth
(three individuals per species) were selected, and intact leaves were collected,
snap-frozen in liquid nitrogen, and stored at -80°C for later use (Song et al.,
2018).

Flow Cytometry Detection For each species, 0.5 cm leaf samples were
placed in a flat-bottom culture dish, and 400 ul of OTTO extraction buffer
was added. The leaves were chopped vertically with a blade for 30-60 seconds,
incubated at room temperature for 30-90 seconds, filtered, and then 1.6 ml
of staining solution (staining buffer + PI + RNase stock solution) was added.
After incubating in the dark at room temperature for 30-60 minutes, samples
were analyzed using a Sysmex CyFlow® Cube6 flow cytometer.

Maize with a known genome size (approximately 2.3 Gb) was used as a control.
Maize, O. tathangensis, and O. longilobus were first analyzed separately to
detect the relative fluorescence intensity of each sample. Then, mixed samples of
maize with O. taihangensis and maize with O. longilobus were analyzed. Based
on the relative fluorescence intensity peaks of different samples and referencing
the control genome, the genome sizes of O. taihangensis and O. longilobus were
estimated.

DNA Extraction and Sequencing Genomic DNA was extracted from
leaves of both species using a modified CTAB method. The purity, concentra-
tion, and integrity of the extracted DNA were assessed using a spectrophotome-
ter and agarose gel electrophoresis (Zhao et al., 2020). DNA samples from both
species (three samples each) were sent to Hangzhou Lianchuan Biotechnology
Company for sequencing. DNA was randomly fragmented using a Covaris
ultrasonic crusher, and the entire library was prepared through end repair,
A-tailing, sequencing adapter ligation, purification, and PCR amplification.
The constructed libraries were subjected to paired-end (PE) sequencing using
Illumina Hiseq. Raw reads containing low-quality sequences with adapters can
affect subsequent analysis, so raw reads were carefully filtered to obtain clean
reads for subsequent analysis of genome size, heterozygosity, GC content, etc.
Q20 and Q30 were used as quality metrics; when Q20 90% and Q30 80%, the
sequencing data quality was considered good.

Contamination Assessment Contamination in genomic DNA samples not
only reduces effective data volume but also affects the accuracy of genome sur-
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vey analysis results, leading to errors in genome assessment and deviations
in assembly strategies that impact subsequent genome assembly effectiveness
(Zhao et al., 2020). To determine whether the extracted genomic DNA of O.
tathangensis and O. longilobus was contaminated, 10,000 clean reads were ran-
domly extracted from the filtered high-quality data and compared against the
NCBI nucleotide database (NT) using Blast software. If homologous alignment
was found, the sample was considered free of exogenous contamination.

Genome Characterization Estimation The K-mer method was used to
estimate genome size (Liu et al., 2013; Chen et al., 2015). A K-mer depth-
frequency distribution curve was plotted with K-mer depth on the x-axis and
frequency on the y-axis to estimate K-mer depth values and predict genome
size. Oligonucleotide sequences of length K extracted from sequencing data
were analyzed with K=17 for both species. Genome size was calculated using
the formula: Genome size = Total base pairs / Average sequencing depth =
Total K-mer number / Average K-mer depth (Huo et al., 2018; Zhao et al.,
2020).

A Bayesian model was used to iteratively correct heterozygosity and repetitive
sequences based on K-mer frequency and depth values. Heterozygosity was cal-
culated based on the percentage of heterozygous types, homozygous types, and
total types. The percentage of repetitive sequences was calculated by compar-
ing the area difference between the standard Poisson distribution and the actual
data curve after the peak.

Genome Assembly Soapdenovo software (Vurture et al., 2017) was used to
assemble clean reads into contigs and scaffolds with K=41. Assembled genome
sequences were compared with raw reads to analyze GC content, contig coverage
depth, length, and quantity distribution. Based on the GC depth distribution
map of genome sequencing sequences, GC bias was analyzed. Generally, high
or low GC regions show significant differences in sequencing depth compared
to normal regions, with lower coverage. In this study, 10 kb non-overlapping
windows were used to calculate GC content for both species.

Results

Flow Cytometry Estimation of Genome Size Individual analysis of
maize, O. tathangensis, and O. longilobus showed relative fluorescence intensity
peaks at 58, 56, and 41, respectively (Figure 1: A-C). Mixed samples of maize
with O. taihangensis and maize with O. longilobus both showed peaks around
40 (Figure 1: D, E). Based on these results, the genome size of O. taihangensis
was estimated at 2.1 Gb and O. longilobus at 2.4 Gb.

Seencing and Analysis Results Sequencing Yield Statistics Library
construction yielded 99.94 Mb raw data for O. taihangensis, with 22.67 Mb
high-quality data after filtering; for O. longilobus, raw data was 109.74 Mb,
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with 80.49 Mb high-quality data after filtering. For both species, Q20 was
above 97.42% and Q30 above 92.53%, with a sequencing error rate of 0.04%
(normal range <0.05%), indicating good sequencing quality suitable for further
analysis.

Sample Contamination Assessment Homology comparison of 10,000
randomly extracted clean reads against the NT database showed that for
O. taihangensis, alignments to Artemisia frigida, Chrysanthemum indicum,
Helianthus mazimiliani, and Chrysanthemum x accounted for 1.56%, 0.72%,
0.54%, and 0.27% of reads aligned to NT, respectively. For O. longilobus,
alignments to these four species accounted for 1.09%, 0.48%, 0.31%, and 0.09%,
respectively. A. frigida and C. indicum belong to the same subtribe as the
Opisthopappus species, with A. frigida being more closely related, resulting
in higher alignment proportions. Due to the unknown genome information
and minimal gene annotation for Opisthopappus species in the NT database,
alignment proportions to other species were low. No abnormal alignments to
animals or microorganisms were detected, indicating that the sequencing data
were not contaminated and could be used for survey analysis.

Genome Size Estimation The K=17 curves for both species showed severe
tailing, suggesting high proportions of repetitive sequences (Figure 2). A main
peak appeared near depth=28 for O. taihangensis, yielding an estimated genome
size of approximately 3.15 Gb using the formula Kmer-number /depth. The cor-
rected genome size was 3.13 Gb, with heterozygosity at 0.99% and repetitive
sequences at 84.35% (Table 1). For O. longilobus, the main peak appeared at
depth=26, with an estimated genome size of 3.20 Gb, corrected to 3.18 Gb, het-
erozygosity at 1.17%, and repetitive sequences at 83.83% (Table 1). Both species
thus possess genomes characterized by high repetition and heterozygosity.

Preliminary Assembly Results For O. tathangensis, assembly yielded
4,148,869 contigs with a total length of 1.19 Mb, Contig N50 of 445 bp, N90
of 114 bp, and maximum sequence length of 24,674 bp. Further assembly
produced 3,885,802 scaffolds with a total length of 1.22 Mb, maximum length
of 24,674 bp, Scaffold N50 of 510 bp, and N90 of 118 bp (Table 2). For O.
longilobus, there were 4,776,945 contigs totaling 1.30 Mb, with Contig N50 of
408 bp, N90 of 113 bp, and maximum length of 24,198 bp. Scaffold assembly
produced 4,453,317 sequences totaling 1.34 Mb, with maximum length of 24,198
bp, Scaffold N50 of 477 bp, and N90 of 116 bp (Table 2). The short Contig N50
and Scaffold N50 lengths may be due to heterozygosity rates above 0.99% in
both species. The distribution plots showed clear peaks, with pre-main peaks
representing heterozygous peaks and post-main peaks representing repetitive
peaks. Both species showed homozygous peaks at approximately 20x depth,
indicating complex genomes.

GC Content and Distribution GC content in both species fell almost en-
tirely within 20-60%, concentrated around 30%. Specifically, GC content was
36.56% for O. tathangensis and 36.63% for O. longilobus (Table 1). No obvious
abnormalities were observed, and GC content showed no significant bias. The
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GC depth distribution could be divided into three layers: high, medium, and low
depth regions (Figure 4). The medium depth region was approximately 50% of
the high depth region, possibly related to heterozygosity in both species. During
assembly, heterozygosity may cause single-assembly of homologous chromosome
heterozygous regions, leading to stratification in GC content.

Discussion

This study preliminarily surveyed the genome size, heterozygosity rate, and
GC content of the Compositae cliff plants O. taihangensis and O. longilobus
using flow cytometry and high-throughput sequencing K-mer analysis (Song et
al., 2018). The preliminary estimated genome sizes were 2.1 Gb and 2.4 Gb,
respectively, which were corrected to 3.13 Gb and 3.18 Gb after sequencing
analysis.

Among currently published Compositae genomes, the smallest is Conyza
canadensis (Astereae) at only 335 Mb (Peng et al., 2014), while the largest is
an Anthemideae species at approximately 138.88 Gb (Garcia et al., 2013). The
closely related A. annua and C. nankingense have genome sizes of 1.74 Gb
(Shen et al., 2018) and 3.07 Gb (Song et al., 2018), respectively. The genome
sizes of Opisthopappus species align with Compositae genome characteristics
(Garcia et al., 2013). The relationship between evolution and DNA content is
complex, with larger genomes associated with higher endangerment levels (Vino-
gradov, 2003). Compared with C. nankingense and A. annua, Opisthopappus
species grow in harsh cliff environments and are listed as national second-class
endangered species.

Flow cytometry estimates were approximately 1 Gb smaller than K-mer analysis
results, possibly due to using maize with a relatively small genome (2.3 Gb) as
the control, whereas K-mer analysis based on mathematical calculations may
be more comprehensive and accurate (Dolezel et al., 2007; Wang et al., 2018).
In C. nankingense genome analysis, flow cytometry yielded larger estimates
than K-mer analysis (Song et al., 2018), while other plant genome surveys have
also shown inconsistent results between the two methods, such as in Ipomoea
pes-caprae (Huo et al., 2019) and Hydrangea macrophylla (Chen et al., 2021).

GC content in most published plant genomes ranges from 30-47% (Deng et al.,
2013; Song et al., 2019; Yu et al., 2019). The GC contents of O. taihangensis
(36.56%) and O. longilobus (36.63%) fall within this range. The GC content of
Cynara cardunculus (same subfamily) is 32% (Scaglione et al., 2016), A. annua
is 31.5% (Shen et al., 2018), and C. nankingense is 37.2% (Song et al., 2018).

Based on heterozygosity levels, genomes are classified as micro-heterozygous
(0.5% heterozygosity < 0.8%), highly heterozygous (heterozygosity 0.8%),
and highly repetitive (repetitive sequence proportion 50%) (Wu et al., 2014;
Zhou et al., 2017; Wang et al., 2018). O. tathangensis and O. longilobus showed
heterozygosity rates of 0.99% and 1.17%, respectively, with repetitive sequence
proportions of 84.35% and 83.83%. Plant heterozygosity is affected by breed-
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ing systems, with self-pollinating species generally showing lower heterozygosity
than outcrossing plants (Wang et al., 2018; Du et al., 2019). Opisthopappus
species are self-incompatible (Hu and Zhao, 2008) and can reproduce both sexu-
ally through seeds and asexually through new branches at stem nodes, resulting
in certain heterozygosity levels. A. annua has heterozygosity of 1.0-1.5% and
repetitive sequences of 61.57% (Shen et al., 2018), while C. nankingense also
shows high heterozygosity with 69.6% repetitive sequences (Song et al., 2018).
High proportions of repetitive sequences are a common feature of large-genome
Compositae species ( 3 Gb) (Garcia et al., 2013), which contributes to the large
genome sizes of Opisthopappus species.

In summary, both O. taihangensis and O. longilobus possess complex genomes
characterized by high repetition, high heterozygosity, and large size.

Preliminary assembly using K-mer=41 yielded Contig N50 of 445 bp and Scaf-
fold N50 of 510 bp for O. taihangensis, with maximum scaffold length of 24,674
bp. For O. longilobus, Contig N50 was 408 bp and Scaffold N50 477 bp, with
maximum scaffold length of 24,198 bp. Based on these survey results, we rec-
ommend that future studies employ combined second- and third-generation se-
quencing technologies for genome sequencing and assembly, supplemented with
Hi-C for chromosome-level assembly to obtain high-quality whole-genome maps
for both species.

The genome size and characteristic information obtained in this study for
Opisthopappus species lays the foundation for future fine genome mapping and
provides reference for research and utilization of wild Compositae germplasm
resources (Zhao et al., 2020).
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