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Abstract: Hollyhock (Alcea rosea (Linn). Cavan) is an herbaceous flowering plant with significant
applications in urban greening, soil remediation, and traditional medicine. However, its genetic
diversity and molecular characteristics at the population level have not been explored yet. Here,
the phenotypic and genetic diversity of 162 hollyhock accessions from China revealed extensive
variation among 11 traits and strong correlations between several quantitative traits. Whole-genome
re-sequencing of 32 randomly chosen accessions identified 10,468,760 core single-nucleotide poly-
morphisms (SNPs) distributed evenly across the genome, except for on chromosome 21, and the
average nucleotide diversity (π) was calculated to be 0.00397. Principal component analysis showed
that these 32 accessions could be divided into four subpopulations, which was in agreement with
the population structure analysis, and the subpopulations were strongly correlated with geographic
location. A neighbor-joining dendrogram displayed similar clusters, except for accessions HuB25
and HLJ28, which formed two separate clusters. Our findings illuminate the genetic diversity in
hollyhock and provide valuable information for hollyhock breeding.

Keywords: hollyhock; genetic diversity; population structure; whole-genome re-sequencing; SNP

1. Introduction

Hollyhock (Alcea rosea (Linn). Cavan) is an annual or perennial herbaceous ornamental
plant that originated from the Sichuan Province in southwestern China [1,2]. It has large
leaves and richly colored patterns in flowers similar to hibiscus (Hibiscus spp.) [3]. Holly-
hock performs best in growth under full sun in fertile soil and may tolerate light shade but
not wet soil [4]. Due to its strong adaptation to drought, cold, and saline environments,
hollyhock was one of the earliest flowers introduced into the West from China and is now
used as a landscape plant in tropical and warm temperate regions around the world [2].
In ancient China, hollyhock was depicted in murals in the Mogao caves and appears in
ancient Buddhist paintings as well [5,6].

Hollyhock can be used in a wide range of industries. For example, pigments ex-
tracted from its leaves and flowers are used to dye silk, cotton, and leather [7] and serve
as natural food additives in jam, jelly, and sausage products [2]. Hollyhock stems are
fibrous and used in papermaking [4]. In traditional Chinese medicine, hollyhock flowers,
roots, and seeds are used as antiurolithiatic [8], antimicrobial [9], hemostatic [10], detoxi-
fication, and anti-inflammatory agents [2,11]. In agriculture, due to its ability to tolerate
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and accumulate heavy metals [12–14], hollyhock has been used for phytoremediation of
cadmium-contaminated soils [1]. Furthermore, hollyhock is used in urban landscaping due
to its attractive flowers [15]. Despite its economic, commercial, and aesthetic importance,
hollyhock breeding and improvement have significantly lagged behind those of other
ornamental plants, such as roses (Rosa × hybrida L.) [16], lilies (Lilium spp.), and tulips
(Tulipa gesneriana L.) [17–19].

Germplasm resources, including local accessions, bred varieties, wild relatives, arti-
ficially created mutants, and near-isogenic lines [20], have played a fundamental role in
developing new varieties and crop improvement [21–23]. Currently, hollyhock research has
focused predominantly on identifying and characterizing its medicinal components and the
mechanisms underlying its abiotic stress tolerance [14,24]. However, little is known about
the genetic diversity of hollyhock germplasm resources, although understanding this diver-
sity is important for developing new cultivars and conserving germplasm resources. In this
study, we investigated phenotypic variation among 11 traits of a hollyhock population and
analyzed their genetic structures using high-coverage whole-genome re-sequencing data.
Our results provide valuable information for fundamental studies of hollyhock germplasm
resources and breeding.

2. Materials and Methods
2.1. Plant Materials

A total of 162 hollyhock (Alcea rosea (Linn). Cavan) accessions were collected from
seven provinces in China by the Germplasm Bank of Wild Species (Kunming, China):
Jiangsu (JS, 31◦56′ N, 119◦19′ E), Sichuan (SC, 31◦40′ N, 103◦51′ E), Hunan (HN, 28◦14′ N,
112◦55′ E), Shandong (SD, 36◦33′ N, 116◦44′ E), Hebei (HeB, 38◦15′ N, 114◦11′ E), Hubei
(HuB, 32◦19′ N, 109◦42′ E), and Heilongjiang (HLJ, 45◦12′ N, 127◦57′ E) (Figure 1). These
accessions were grown at the experimental field of the Agricultural Genomics Institute at
Shenzhen, Chinese Academy of Agricultural Sciences, from 2021 to 2022.
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2.2. Analysis of Phenotypic Traits

Phenotypic traits were analyzed in April 2022. Six qualitative (petal color, flower type,
petal margin, flower center color, petal structure, and leaf shape) and five quantitative
(plant height, internode length, petal length, petal width, and corolla diameter) traits were
evaluated. Plant height and internode length were recorded at the maturity stage, and
the remaining traits were documented at the full-bloom stage. For each of the qualitative
traits, numbers from 1 to 5 were used to describe the grading of the specific traits (Table 1).
R scripts and Excel were used to calculate the variation parameters, such as maximum,
minimum, mean, standard deviation (S.D.), coefficient of variation (C.V.), and Shannon
diversity index (H′ = −∑ Pi ln Pi). The phenotypic variation distributions of five quanti-
tative traits and the Pearson’s correlation coefficients were calculated with the R package
GGally v2.1.2.

Table 1. Descriptions and coding of six qualitative traits in hollyhock accessions.

Trait Trait Description (Grade) and Coding

Petal Color 1 = white, 2 = yellow, 3 = pink, 4 = red, 5 = crimson
Flower Type 1 = single flower, 2 = double flower
Petal Margin 1 = bilobed, 2 = multilobed, 3 = serrated
Flower Center Color 1 = white, 2 = red, 3 = yellow
Petal Structure 1 = fused, 2 = unfused
Leaf Shape 1 = cordate, 2 = palmate trilobed, 3 = palmate bifurcate, 4 = palmate trifurcate

2.3. DNA Extraction, Sequencing, and SNP Genotyping

A subset of 32 accessions from seven provinces of China were randomly selected to
have their genetic structure analyzed. The total genomic DNA of each sample was isolated
from young leaves using a cetyltrimethylammonium bromide (CTAB)-based method [25].
The DNA purity and quality were checked with 1% (w/v) agarose gel and a Nanodrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), and the concentration
was measured using a Qubit 4.0 fluorometer (Invitrogen, New York, NY, USA). Whole-
genome re-sequencing libraries were prepared with Tn5 transposase complexes according
to the manufacturer’s protocol (Vazyme, Nanjing, China, Cat. TD502) and sequenced on a
DNBSEQ-T1 system as paired-end 150 bp reads.

After obtaining of the sequencing data, FastQC v0.11.9 software was first used to check
the quality of the reads (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
(accessed on 20 November 2022)), followed by filtering of the low-quality reads to obtain
clean data according to the quality-filtering parameters reported previously [26]. Then, the
high-quality clean reads were mapped to the hollyhock reference genome (unpublished)
using the Burrows-Wheeler Aligner v0.7.17 (BWA-mem) [27] with default parameters. PCR
duplicates were removed with Picard tools v2.27.4 (http://broadinstitute.github.io/picard/
(accessed on 27 November 2022)), and a merged VCF file comprising all 32 samples was
obtained by successively employing the HaplotypeCaller, CombineGVCFs, and Genotype-
GVCFs modules embedded in the GATK v4.2.6.1 software [28]. Subsequently, low-quality
SNPs meeting the following parameters were filtered out using GATK and VCFtools
v0.1.16 [29]: QD < 2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRankSum < –12.5 ||
ReadPosRankSum < –8.0. Finally, a core SNP set was obtained using the following strict
filter parameters: (1) minor allele frequency (MAF) ≥ 0.05 and (2) missing data ratio <20%.
The resulting high-quality SNPs were used for subsequent analysis.

2.4. Genetic Diversity and Population Structure Analysis

The genetic diversity of the 32 hollyhock accessions was analyzed using the core SNP
set by calculating nucleotide diversity. The nucleotide diversity was defined as the average
number of nucleotide differences per site between two randomly chosen sequences from a

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard/
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population and evaluated as the π value [30], which was calculated with VCFtools v0.1.16
software [29].

The VCF file with the core SNP set of 32 hollyhock accessions was used as the input
file, and a pairwise distance matrix was calculated using the software VCF2Dis v1.47
(https://github.com/BGI-shenzhen/VCF2Di (accessed on 15 January 2023)) with the de-
fault parameters. The distance matrix was then used as input of FastMe v2.1.6.4 [31] to
generate an unrooted neighbor-joining phylogenetic tree with Felsenstein’s bootstrap re-
sampling approach [32]. The exported phylogenetic tree was optimized with the online tool
iTOL v6.6 (https://itol.embl.de/ (accessed on 15 January 2023)). After format transforma-
tion with VCFtools v0.1.16 [29], principal component analysis (PCA) was performed with
PLINK v1.9 software [33] and the first two eigenvectors were plotted in two dimensions. To
further understand the genetic compositions of these accessions, population structure anal-
ysis was performed using ADMIXTURE v1.3 [34] with the cross-validation procedure for
K = 2 to 10. The subpopulation number was determined with the lowest cross-validation
error. Additionally, statistics of genetic variation among these subpopulations, such as un-
biased expected heterozygosity, observed heterozygosity, and MAF, were mainly calculated
with the PLINK v1.9 software [33].

3. Results
3.1. Phenotypic Variations of Six Qualitative Traits

We investigated the phenotypic variations of six qualitative traits (petal color, flower
type, petal margin, flower center color, petal structure, and leaf shape) in a hollyhock popu-
lation comprising 162 accessions collected from seven provinces of China (Figures 1 and 2).
We recorded five types of petal color: crimson (31.5% of the population), pink (29.6%),
white (22.2%), red (11.1%), and yellow (5.6%) (Tables 1 and 2). We identified two flower
types (single flowers and double flowers), with roughly equal proportions in the popula-
tion, and three kinds of petal margins: multilobed (43.8%), bilobed (29.0%), and serrated
(27.2%). We observed three types of color at the center of each flower: yellow (67.9%),
red (27.8%), and white (4.3%). There were two types of petal structure, fused (80.9%) and
unfused (19.1%), and four types of leaf shape: palmate bifurcate (52.5%), palmate trifurcate
(40.1%), cordate (3.1%), and palmate trilobed (4.3%). Among these six qualitative traits,
an analysis of the Shannon diversity index (H′) revealed that the largest morphological
variation was observed in petal color, while flower type and petal structure showed the
least variation (Table 2).
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Table 2. Phenotypic variations of six qualitative traits in hollyhock accessions.

Trait
Distribution of Frequency (%)

H′
1 2 3 4 5

Petal Color 22.2 5.6 29.6 11.1 31.5 1.46
Flower Type 54.3 45.7 - - - 0.70
Petal Margin 29.0 43.8 27.2 - - 1.08

Flower Center Color 4.3 27.8 67.9 - - 0.75
Petal Structure 80.9 19.1 - - - 0.49

Leaf Shape 3.1 4.3 52.5 40.1 - 0.95

3.2. Phenotypic Variation and Correlation Analyses among Five Quantitative Traits

We evaluated five quantitative traits (plant height, internode length, petal length, petal
width, and corolla diameter) in the 162 accessions, all of which showed strong variation.
The average plant height was 130.3 ± 49.7 cm (mean ± standard deviation (S.D.)) and
ranged from 30.0 to 250.1 cm (Figure 3 and Table 3). The average internode length was
5.3 ± 1.5 cm and ranged from 2.1 to 10.0 cm. Petal length showed the least variation,
ranging from 5.0 to 8.0 cm with a mean length of 5.7 ± 0.6 cm. Petal width ranged from 2.5
to 7.6 cm, with a mean of 4.4 ± 0.8 cm. The average corolla diameter was 10.0 ± 1.1 cm
and ranged from 7.5 to 14.0 cm. Of these five quantitative traits, plant height displayed the
strongest variation, as demonstrated by the C.V. (38.2%) and the Shannon diversity index
(H′ = 2.18), followed by internode length and petal width, which had similar Shannon
indices, while petal length and corolla diameter showed minimum variation (Table 3).
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curves on the diagonal show the phenotypic distribution of each trait. The plots below the diagonal
are scatterplots of pairwise comparisons between traits, and the values above the diagonal are the
corresponding pairwise Pearson’s correlation coefficients between the traits. * p < 0.05; ** p < 0.01;
*** p < 0.001.

We assessed the relationships among these quantitative traits by calculating their
Pearson’s correlation coefficients. This analysis detected the most significant positive
correlation between corolla diameter and petal length (r = 0.81), followed by internode
length and plant height (r = 0.59), petal length and width (r = 0.56), and corolla diameter
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and petal width (r = 0.54). We observed few weak negative correlations, such as petal length
and internode length (r = −0.07), although this correlation was not significant (Figure 3).

Table 3. Phenotypic variations of five quantitative traits in hollyhock accessions.

Trait Max. Min. Mean S.D. C.V. (%) H′

Plant Height (cm) 250.1 30.0 130.3 49.7 38.2 2.18
Internode Length (cm) 10.0 2.1 5.3 1.5 27.9 1.88

Petal Length (cm) 8.0 5.0 5.7 0.6 10.9 1.47
Petal Width (cm) 7.6 2.5 4.4 0.8 18.9 1.85

Corolla Diameter (cm) 14.0 7.5 10.0 1.1 11.2 1.52

3.3. Single-Nucleotide Polymorphism Detection and Nucleotide Diversity

We totally obtained 1111.68 Gb of re-sequencing data for 32 randomly chosen acces-
sions out of the initial list of 162, ranging from 17.50 Gb (~17.43×) for accession JS79 to
55.64 Gb (~55.43×) for accession JS65, with an average of 35.9 Gb (Table S1). When we
aligned the clean sequencing reads to the hollyhock reference genome, we obtained good
genome coverage (86.9–98.35%) for each sample (Supplementary Table S1) and further
identified 32,112,622 single-nucleotide polymorphisms (SNPs) that were distributed across
all 21 chromosomes in these samples. After applying filter steps for the MAF and the
missing data ratio, we finally obtained a core set of 10,468,760 SNPs with a density of
1 SNP per 90 bp for follow-up analyses. Chromosome 8 harbored the most SNPs, while
chromosome 21 contained the fewest (Table S2). Except for on chromosome 21, these SNP
markers were distributed evenly across the remaining 20 chromosomes, with telomeric
regions tending to have more SNPs than centromeric regions (Figure 4).
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Nucleotide diversity (π) is a commonly used index to measure the nucleotide diversity
within a population [30]. Using our core SNP set, we calculated the π value across the
whole genome, and the mean values ranged from 0.00133 on chromosome 21 to 0.00489 on
chromosome 17 (Figure 4 and Table S3). In general, π varied slightly along the chromosomes,
except for on chromosome 21, which showed high nucleotide diversity on the telomeric
ends of the chromosome but low diversity in the middle regions.

3.4. Principal Component Analysis of Hollyhock Accessions

To explore the relationships of the 32 re-sequenced hollyhock accessions collected
from seven provinces of China, we conducted a principal component analysis (PCA)
using the genome-wide core SNP set defined above. The first two principal components
(PCs) explained the largest portion (29.8%) of the total variation (Figure 5). Specifically,
PC1 accounted for 22.1% of the standing variation, separating the Jiangsu accessions
from the others. PC2 explained 7.7% of the variation and clearly classified the remaining
accessions into three groups. In general, accessions collected from the same location, such
as the Hunan, Sichuan, Shandong, and Jiangsu provinces, were tightly clustered into one
subgroup, indicating that these clustered accessions had similar genetic compositions. The
accessions from the seven locations displayed significant divergence, especially the Hunan
and Jiangsu samples, which occupied the upper left corner and the right side of the PCA
plot, respectively, with no overlap with the other subgroups (Figure 5).
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3.5. Phylogenetic Tree and Population Structure Analyses

To investigate the phylogenetic relationships among these 32 hollyhock accessions, we
constructed a neighbor-joining (NJ) tree based on the genetic distance matrix generated from
the core SNP set. With the exceptions of HuB25 and HLJ28, these accessions mainly formed
four clusters (Figure 6a). The accessions collected from Hunan were closely clustered into
one branch, denoted as Cluster 1, which was consistent with the PCA plot. The accessions
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from Sichuan and Jiangsu were clustered into two distinct branches, denoted as Cluster
2 and Cluster 3, respectively; those from Shandong and Hebei were clustered together
and denoted as Cluster 4. The evolutionary distances calculated between the 32 samples
ranged from 0.000 to 0.550, with an average of 0.321. We detected the largest evolutionary
distance between JS79 and HeB22, indicating that these two accessions possessed the
greatest genetic variation.
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To assess the population genetic structure of these hollyhock accessions, we used
ADMIXTURE along with PLINK and tried different K values (from 2 to 10). The K value
with the lowest cross-validation error rate was 4 (Figure 6b), indicating that these holly-
hock accessions could be divided into four subpopulations (Pop 1–4). Pop 1 consisted
of 10 samples from Hunan, which was in good agreement with the results from the NJ
tree. Pop 2 contained five hollyhock lines and had the highest level of admixture. Pop
3 and Pop 4 comprised ten and seven accessions, respectively (Figure 6c). The results
from the ADMIXTURE grouping analysis roughly conformed to the findings of the NJ tree
and the PCA. Genetic diversity parameters were calculated for the four subpopulations
(Table S4). Of the four subpopulations, the expected heterozygosity (He) and the effective
number of alleles (Ae) of Pop 3 were the highest, though lower than that of the whole
population, which means that the genetic diversity of Pop 3 was higher than those of the
other subpopulations. Additionally, the He values of Pop 3 and Pop 4 were all higher than
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the observed heterozygosity (Ho), indicating that there were more homozygous sites in
these two subpopulations.

4. Discussion

In this work, we observed a wide range of phenotypic diversity for 11 morphological
traits of a hollyhock population comprising 162 accessions and detected a significant
positive correlation between some quantitative traits. We randomly chose a subset of
32 samples to analyze the genetic diversity using high-coverage re-sequencing data and
obtained over 10 million core SNPs distributed throughout the hollyhock genome. Using
these high-quality SNPs, we established that (1) the nucleotide diversity (π value) varied
slightly across the genome, except on chromosome 21; (2) the PCA plot clearly classified
the 32 hollyhock accessions into four clusters corresponding to four geographic regions,
and the samples showed greater variation among clusters than within the same cluster;
(3) in the NJ tree, accessions from Hunan, Sichuan, and Jiangsu were clustered into three
distinct branches and accessions from Shandong and Hebei were grouped together into
one branch; and (4) the population structure analysis divided these samples into four
subpopulations, which was roughly consistent with the results of the PCA and the NJ tree.
The strong correlation between geographical location and genetic diversity suggests that
hollyhock has experienced localized adaptation, giving rise to distinct germplasm resources
in each region. Therefore, to expand the genetic variation in breeding resources, hollyhock
germplasms will need to be gathered from many regions.

Germplasm resources are the foundation of identifying desirable alleles and breed-
ing elite varieties to cope with adverse environmental conditions [35,36]. Here, we used
162 hollyhock accessions collected from seven provinces of China to examine phenotypic
and genotypic diversity, in which 11 morphological traits showed extensive variation.
Molecular markers, such as random amplified polymorphic DNA (RAPD), amplified frag-
ment length polymorphisms (AFLPs), simple sequence repeats (SSRs), SNPs, and even
insertions/deletions, have been applied in many studies to reveal genetic diversity among
diverse populations [37–41]. Among these DNA markers, RAPD and AFLP markers have
some obvious disadvantages, including less reproducibility [42,43], failing to detect het-
erozygotes’ loci [44], etc. As for SSR markers, the main shortcoming is labor-intensive wet
experiments where silver staining steps are usually necessary before recording of the DNA
polymorphisms [45]. On the other hand, due to the increasingly growing throughput, the
decreasing cost [46], and the ability to detect tens of thousands of genome-wide and evenly
distributed SNP markers, high-throughput sequencing technology has been extensively
applied in population genetics and thus provided us an unprecedented comprehensive
spectrum of plant genetic diversity [47–49]. Here, using high-throughput whole-genome
re-sequencing on 32 hollyhock accessions, we obtained up to ~35.7× depth and ~91.5%
genome coverage on average, which helped identify 10,468,760 core SNPs across the hol-
lyhock genome, with a density of 1 SNP every 90 bp. This SNP density is similar to that
obtained in maize (Zea mays; 93 bp/SNP, 350 lines [50]) but lower than those in rice (Oryza
sativa; 22 bp/SNP, 3010 accessions [47]) and tomatoes (Solanum lycopersicum; 44 bp/SNP,
838 accessions [51]). Chromosome 21 had the fewest SNPs and the lowest nucleotide di-
versity, which may be attributed to (1) large differences in genome architecture between
the 32 accessions and the reference genome and/or (2) fewer polymorphisms on this chro-
mosome among these germplasm resources. Thus, more attention should be paid to this
genomic region in future studies.

Population structure analysis is particularly helpful in understanding genetic diversity
and the genetic basis underlying phenotypes and involves PCA, phylogenetic analysis,
and ancestral population analysis [52–54]. Here, the 32 hollyhock accessions were mainly
divided into four subpopulations according to PCA, the NJ tree, and the ADMIXTURE
analysis, which were significantly correlated with geographical location. The accessions
from Hunan and Jiangsu were grouped into two distinct subpopulations, while the sam-
ples from Sichuan and Hubei, located in South-Central China, were grouped into one
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subpopulation. In Pop 4, one accession (HLJ28) from Heilongjiang was grouped closely
with the accessions from Shandong and Hebei, all of which are located in Northern China.
The population structure in hollyhock is similar to that of jute (Corchorus spp.), another
member of the Malvaceae family, which can also be divided into four subgroups based on
genetic structure analysis [55]. Considering that accessions within the same subpopulation
shared similar geographical locations, it could be inferred that the population structure of
hollyhock might be correlative to its geographical regions.

Overall, our study presents the first assessment of genetic diversity within hollyhock
germplasm resources at both the molecular and population levels using high-throughput
sequencing technology. The extensive whole-genome SNP dataset coupled with the eluci-
dation of distinct genetic structures holds immense value for the advancement of holly-
hock breeding research. Furthermore, the advent of advanced whole-genome genotyping
techniques, such as all-in-one sequencing [56] and simultaneous foreground and back-
ground integrated genotyping by sequencing [57], will further enhance the significance
of our current study, marking a pivotal stride toward molecular marker-assisted breeding
in hollyhock.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9060662/s1, Table S1: Summary of sequencing reads
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hollyhock genome, Table S3: Nucleotide diversity (π value) calculated in the hollyhock genome,
Table S4: Genetic diversity parameters calculated for the four subpopulations.
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