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A B S T R A C T   

The tribe Hydrangeeae displays a unique, distinctive disjunct distribution encompassing East Asia, North 
America and Hawaii. Despite its complex trait variations and polyphyletic nature, comprehensive phylogenomic 
and biogeographical studies on this tribe have been lacking. To address this gap, we sequenced and characterized 
28 plastomes of Hydrangeeae. Our study highlights the highly conserved nature of Hydrangeaceae chloroplast 
(cp) genomes in terms of gene content and arrangement. Notably, synapomorphic characteristics of tandem 
repeats in the conserved domain of accD were observed in the Macrophyllae, Chinenses, and Dichroa sections 
within the Hydrangeeae tribe. Additionally, we found lower expression of accD in these sections using structure 
prediction and quantitative real-time PCR analysis. Phylogenomic analyses revealed the subdivision of the 
Hydrangeeae tribe into two clades with robust support values. Consistent with polyphyletic relationships, sect. 
Broussaisia was identified as the basal group in the tribe Hydrangeeae. Our study also provides insights into the 
phylogenetic relationships of Hydrangea petiolaris in the Jeju and Ulleung Island populations, suggesting the need 
for further studies with more samples and molecular data. Divergence time estimation and biogeographical 
analyses suggested that the common ancestors of the tribe Hydrangeeae likely originated from North America 
and East Asia during the Paleocene period via the Bering Land Bridge, potentially facilitating migration within 
the tribe between these regions. In conclusion, this study enhances our understanding of the evolutionary history 
and biogeography of the tribe Hydrangeeae, shedding light on the dispersal patterns and origins of this intriguing 
plant group with its unique disjunct distribution.   

1. Introduction 

The family Hydrangeaceae, belonging to the order Cornales, en-
compasses two subfamilies, Jamesioideae and Hydrangeiodeae [29]. 
With over 270 accepted species, including well-known ornamental 
shrubs, Hydrangeaceae is distributed across Asia, North America, and 
southern Europe [66]. Previous studies have employed both morpho-
logical and molecular phylogenetic analyses to propose a revised clas-
sification for the genus Hydrangea within Hydrangeaceae [13,23,28,29, 
70]. These studies have illuminated the relationships among species and 
yielded valuable insights into the evolutionary history of this diverse 

plant family. According to the molecular phylogenetic analyses con-
ducted using the matK marker [66], Hydrangea is polyphyletic to the 
eight groups of Hydrangeeae. More recent investigations, one utilizing 
13 highly variable plastid markers (trnK-trnH, trnK gene and intron, 
matK gene, rpS15-trnK intergenic sequence (IGS), rpS15 intron, 
trnV-ndhC IGS, psbJ-petA IGS, psbT-petB region, petB-petD region, rpl16 
intron, rpl32-ndhF IGS, trnL-rpl33 IGS, and ndhA intron) [23] and the 
other utilizing one nuclear internal transcribed spacer (ITS) marker with 
four plastid markers [13], further supported the presence of two clades, 
referred to as Hydrangea I and Hydrangea II, within the tribe Hydran-
geeae [13,23]. These analyses have enriched our comprehension of the 
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evolutionary relations within the Hydrangeaceae family and have pro-
posed a subdivision of the genus Hydrangea into 16 sections, including 
Asperae, Broussaisia, Calyptranthe, Cardiandra, Chinenses, Cornidia, 
Cecumaria, Deinanthe, Dichroa, Heteromallae, Hirtae, Hydrangea, Macro-
phyllae, Pileostegia, Schizophragma, and Sylosae. However, the position of 
H. arborescens [23] is not well supported and remains unresolved, and 
certain groups within the genus Hydrangea show polyphyly [13,23]. 

Recently, [13] proposed two possible strategies to address the 
polyphyletic nature of Hydrangea. The first option involves establishing 
new genera to accommodate these groups while keeping the eight sat-
ellite genera distinct. This approach would involve dividing Hydrangea 
into smaller units, potentially resulting in the creation of at least seven 
new genera, with two of them having only one species each. However, 
this would lead to the challenge of distinguishing morphologically 
similar taxa, especially within the split Hydrangea group. The level of 
division could vary depending on the acceptance of genera that have 
only one species or are paraphyletic. The second option involves 
incorporating the eight satellite genera into a broadly defined Hydran-
gea, resulting in a comprehensive monophyletic Hydrangea that includes 
all species. However, this approach would lead to a wide range of 
morphological variation within the newly formed Hydrangea genus, 
making it less practical to classify distinct-looking taxa as separate sat-
ellite genera. Additionally, this approach would require assigning new 
specific names to several taxa within the expanded Hydrangea. Addi-
tionally, [84] utilized 81 plastomes and extensively studied the phylo-
genomic position of the genus Hydrangea and revealed that some of the 
sections are paraphyletic. 

Hydrangea petiolaris is a species within Hydrangeaceae that is 
restricted to Jeju and Ulleung Islands of Korea, Japan, and Sakhalin 
(Russia) [9]. [36] conducted a study that divided H. petiolaris into two 
distinct groups: one comprising individuals from Jeju Island (excluding 
Mt. Halla) and the other including individuals from Ulleung, Mt. Halla 
(Jeju), and Japan. These findings highlight the genetic differentiation 
within H. petiolaris populations across different geographical regions. 

Over the past few years, there has been a growing utilization of cp 
genome sequences in the field of plant taxonomy to resolve phylogenetic 
implications [56,83,89]. The NCBI database now contains the published 
or deposited cp genomes of over ten Hydrangea species [18]. While cp 
genome analysis has provided insights into the phylogenomic relation-
ships and their evolution within the order Cornales, including the genus 
Hydrangea [17,18], a comprehensive analysis of multiple Hydrangea 
species is still lacking. 

Therefore, in this study, we aimed to contribute to the understanding 
of Hydrangea species by presenting the complete cp genomes of 28 in-
dividuals from 22 different Hydrangeeae species, two Philadelpheae 
species and one Jamesioideae species. Our objectives are as follows: (1) 
assess the utility of analyzed cp genome sequences for resolving phy-
logenomic relations between Hydrangeeae species with different data-
sets, such as the whole cp genome, protein-coding gene sequences 
(PCSs) and translated amino acid datasets, and a Bayesian tree; (2) 
compare the cp genomes of Hydrangeeae species and identify effective 
regions for phylogenetic analyses within the genus; (3) estimate the 
divergence times and biogeography of Hydrangea species; and (4) 
compare the H. anomala subsp. petiolaris populations of Jeju and Ulleung 
Islands of Korea. By undertaking these endeavors, our goal is to advance 
our comprehension of the evolutionary history and genetic distinctions 
within the Hydrangeaceae family, with a particular focus on the Hy-
drangea genus. 

2. Materials and methods 

2.1. Plant samples, sequencing and genome annotation 

A total of twenty-eight individuals representing 25 species, including 
twenty-two Hydrangea species, two Philadelpheae species and one 
Jamesioideae species as the outgroup species, were selected for this 

study. Voucher specimens were deposited in the Yeungnam University 
Herbarium (YNUH), Gyeongsan, Republic of Korea. To investigate 
intraspecific variability within the plastid genome, we sequenced four 
H. petiolaris individuals, including three from Jeju Island and one from 
Ulleung Island. Comprehensive information on the sampled species in 
this study is shown in Supplementary Table S1. 

Genomic DNA was extracted using the DNeasy Plant Mini Kit (Qia-
gen Inc., GmbH, Germany). The DNA samples were then sequenced on 
the HiSeq 2500 platform (Illumina, San Diego, CA, USA) at Phyzen Ltd., 
South Korea. The PE library (2 150 bp) was constructed using a TruSeq 
PCR-free kit, paired reads with a 550 bp insert size were sequenced, and 
~18 GB of raw data were generated. The PE reads were utilized for de 
novo assembly using the Velvet v1.2.10 assembler [88]. Multiple k-mers 
were applied during the assembly process. To evaluate the depth of 
coverage, the Illumina reads were mapped to the respective genome 
using Bowtie v7.2.1 [39] in Geneious Prime v2022.1. Annotation of all 
plastomes was carried out using the online program Geseq [78] and 
Geneious Prime v2022.1. The entire genomes were visually mapped 
using the OGDRAW program [24]. 

2.2. Divergence hotspot identification 

To examine the similarities and differences among the 40 Hydrangea 
chloroplast (cp) genomes, we performed an alignment using MAFFT 
software [34]. The mVISTA program was used to compare the complete 
28 plastomes utilized in this study with an additional 12 Hydrangea 
species retrieved from the NCBI [16] using Shuffle-LAGAN mode. In this 
analysis, H. arguta was chosen as the reference genome. To assess 
nucleotide diversity (pi) and genetic variation within the Hydrangeeae 
and Hydrangeaceae cp genomes, we calculated the total number of 
mutations (eta) and the average number of nucleotide differences (K) in 
the protein-coding genes and the intergenic and intron-containing re-
gions individually using DnaSP software v6 [64]. Gaps and missing data 
were excluded from this analysis. 

2.3. Analysis of substitution rate 

To analyze the synonymous (KS) and nonsynonymous (KA) substi-
tution rates, we separately compared the cp genomes of 40 Hydrangeeae 
and 50 Hydrangeaceae species. Specifically, we extracted the exons of 
individual functional protein-coding genes from these genomes and 
performed separate alignments using Geneious Prime v2022.1. 
Following alignment, we translated the aligned sequences into protein 
sequences. Subsequently, we employed DnaSP v6 software [64] to assess 
the KA and KS substitution rates, excluding stop codons from the 
analysis. 

2.4. Analysis of the accD gene 

To evaluate the tandem repeats in the accD gene, all the accD genes 
from the Hydrangeaceae cp genomes were extracted, and multiple 
alignments were performed using the MAFFT alignment tool. On the 
basis of the multiple alignment analysis, species such as H. paniculata, H. 
febrifuga and H. hirsuta were selected for structure prediction and vali-
dation using real-time quantitative PCR (RT–qPCR). 

To understand the structure of the accD protein, the accD gene was 
translated into a protein, and AlphaFold was utilized for 3D structure 
modeling [32]. The modeling process involved template selection, 
alignment score and model quality factors in a fully automated process. 
The obtained model was validated using tools such as PROCHECK, 
ProSA, ProQ, Molprobity and ERRAT, which provided reliable scores for 
structural compatibility [12,32,40,8,80,82]. 

The accD gene-specific primer was designed using Geneious Prime 
v2022.1 and synthesized by SFCprobes Co. Ltd., Cheongju-si, Chung-
cheongbuk-do, South Korea (Supplementary Table S2). RNA was 
extracted from the three selected species, and first-strand cDNA 
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synthesis was performed using the GoScriptTM Reverse Transcription 
System kit from Promega Corporation (Madison, WI, USA) according to 
the instruction manual. The obtained cDNA was utilized as the template 
for the qPCR analysis, which was performed with the GoTaq qPCR 
Master Mix from Promega Corporation (Madison, WI, USA). Three 
technical replicates were set up for each sample, and the total reaction 
system volume was 20 µl, consisting of 10 µl of GoTaq qPCR Master Mix 
(2 ×), 7 µl of nuclease-free water, 1 µl of each forward and reverse 
primer, and 1 µl of cDNA. The Applied Biosystems StepOnePlus Real- 
Time PCR System from Thermo Fisher Scientific (Waltham, MA, USA) 
was used for the qPCR analysis. The relative expression of the target 
gene in the samples was obtained with the 2 –ΔΔCT calculation method. 
Statistical significance testing, such as t tests, was performed to analyze 
the obtained data and determine if there were significant differences in 
the expression levels of accD among the tested species. 

2.5. Codon usage 

The codon usage patterns were analyzed for all protein-coding genes 
in the cp genomes of Hydrangeaceae and Loasaceae. These patterns were 
visually represented as heatmaps for a total of 57 species from both plant 
families. Histograms were then created using the Heatmapper program, 
utilizing the relative synonymous codon usage (RSCU) values [3]. The 
RSCU values were determined by calculating the frequency of each 
codon relative to all codons encoding specific amino acids compared to 
their expected probabilities. A codon with an RSCU value below 1.0 
indicated less frequent usage than expected, while a value above 1.0 
indicated more frequent usage than expected. 

2.6. Analysis of RNA editing 

We utilized the online program PREPACT v2.0 for plants to identify 
potential RNA editing sites within the 57 protein-coding genes from 57 
cp genomes [45]. For this analysis, Nicotiana tabacum served as the 
reference species, with the following parameters: a cutoff expect (E) 
value of 0.001, a minimum value of 8, and a filter threshold value of 
70%. 

2.7. Analysis of tandem repeats and single sequence repeats (SSRs) 

To identify repeat sequences in the cp genomes of Hydrangea, we 
utilized REPuter software (Kurtz et al., 2001) with the following pa-
rameters: a Hamming distance of 3, a minimum sequence identity of 
90%, and a requirement for repeat sequences to exceed 30 base pairs in 
length. Additionally, we employed the MISA tool (Beier et al., 2017) to 
detect simple sequence repeats (SSRs) within the 25 Hydrangea cp ge-
nomes. For SSR identification, the following criteria were applied: a 
minimum sequence length of 10 bp for mononucleotide repeats; five 
repeat units for dinucleotide repeats; four repeat units for trinucleotide 
repeats; and three repeat units for tetra-, penta-, and hexanucleotide 
repeats. 

2.8. Phylogenetic analysis 

We performed phylogenetic reconstruction using both maximum 
likelihood (ML) and Bayesian inference (BI) methods according to the 
concatenation of 79 protein-coding gene sequences from 57 taxa. 
Among the 57 taxa, 50 species were from Hydrangeaceae, and seven 
species from Loasaceae were used as the outgroup. The analysis utilized 
various datasets, including the whole cp genome, protein-coding gene 
sequences (PCSs) and translated amino acid datasets. RAxML software 
with GTRI-based nucleotide substitution was employed to analyze all 
nucleotide datasets for the ML analysis [72]. To provide statistical 
support for the branches, we conducted rapid analysis with 1000 boot-
strap replicates. Additionally, BI analysis was carried out using MrBayes 
v3.2.6, employing 79 concatenated PCSs, the gamma model for rate 

variation, and the HKY85 substitution model [63]. 

2.9. Estimation of evolutionary rate 

To analyze the divergence times of the Hydrangeaceae lineages, a BI 
approach with MCMC sampling was performed using BEAST v2.5 with 
some modifications [6]. In the analysis, a relaxed-clock log-normal 
model was applied. The Markov chain Monte Carlo (MCMC) chain 
comprised 200 million steps, with sampling conducted every 1000 
generations, and a 10% burn-in phase was implemented. A GTR nucle-
otide substitution model was employed, featuring a gamma distribution 
with four rate categories. Divergence times and credibility intervals 
were estimated using a Yule prior. The assessment of the sample size was 
performed using Tracer v1.6 analysis software from the Institute of 
Evolutionary Biology at the University of Edinburgh, UK [61]. 

For the divergence time analysis, two calibration points were 
established. The first calibration point, marking the divergence of the 
Hydrangeaceae lineage, was set at 59.2 million years ago (Ma), with a 
95% confidence interval ranging from 39.8 to 78.8 Ma. The second 
calibration point, indicating the divergence of the Loasaceae lineage, 
was established at 70.2 Ma, with a 95% confidence interval spanning 
from 52.6 to 86.7 Ma, as reported by [18]. Both calibrations were 
incorporated using a log-normal distribution. After the MCMC analysis, 
a maximum clade credibility (MCC) tree was generated using TreeAn-
notator v2.1.2 [6]. 

2.10. Phylogenetic informativeness analysis 

To assess the phylogenetic informativeness (PI) of each protein- 
coding gene, we employed the online program PhyDesign [48]. For 
DNA sequences, we utilized the HyPhy substitution rates algorithm [58] 
with default settings. To mitigate phylogenetic noise and accommodate 
gene length disparities, we applied the per-site profile approach rec-
ommended by [48]. We constructed phylogenetic trees using the 
maximum likelihood (ML) method, following [72], according to 
concatenated alignments of 79 protein-coding sequences obtained from 
57 species of Hydrangeaceae and closely related species. Before input-
ting the ML trees into PhyDesign, we transformed them into rooted 
ultrametric trees using the "chronos" function from the ape package [57] 
implemented in R v.4.2.2. This involved calibrating the trees using an 
arbitrary time scale, with tips assigned a time of 0 and the root assigned 
a time of 1. Subsequently, the relative-time ultrametric tree and the 
alignment of 79 concatenated protein-coding genes served as the input 
files for PhyDesign to calculate phylogenetic informativeness values 
(PIVs). 

2.11. Reconstructing historical biogeography 

Biogeographic data for Hydrangeaceae and other Loasaceae out-
group species were obtained from the Plants of the World Online 
(POWO) database, maintained by the Royal Botanic Gardens, Kew, UK 
(https://powo.science.kew.org). The distribution range of Hydrangea-
ceae species was divided into five areas: Asia [A], South Africa [B], 
North America [C], Central America [D] and Oceania [E]. To conduct a 
more detailed analysis, Asia [A] was further subdivided into eastern Asia 
(A), southern Asia (B), southeastern Asia (C) and the Asian part of Russia 
(D). Additionally, North America [C] was divided into the subregions 
southeastern North America (F), southwestern North America (G), 
northeastern North America (H), western North America (I) and Canada 
(J), and Central America was divided into Mexico and Guatemala (K) 
and Peru and Chile (L), while South Africa (E) and Hawaii (M) were 
considered separate areas. 

To analyze ancestral areas and evaluate the spatial patterns of 
geographic diversification within Hydrangeaceae, we utilized a range of 
analytical methods. These methods included statistical dispersal- 
vicariance analysis (S-DIVA), the Bayesian binary method (BBM), 
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dispersal-extinction-cladogenesis (DEC), the recently modified statistic 
DEC (S-DEC), and BayArea analysis, all implemented within the 
Reconstruct Ancestral State in Phylogenies (RASP) v4.2 software [62, 
86]. Additionally, we utilized the BioGeoBEARS package to select the 
most appropriate model for our analysis. In these analyses, a dataset 
consisting of 79 plastid protein-coding genes was analyzed with BEAST 
software to generate a set of 100,000 trees from the MCMC output. 

3. Results 

3.1. General characteristics of the chloroplast genomes of 28 
Hydrangeaceae species 

In the present study, we sequenced a total of 28 individuals, 
including 25 individuals from 22 Hydrangea species and three outgroup 
species, to obtain their cp genomes using a de novo approach. The depth 
coverage of all the plastomes varied from 1186 × to 7806 × (Table 1). 
The complete cp genomes of the 28 species exhibited the typical circu-
lar, double-stranded structure and varied in length from 156,430 bp 
(Kirengeshoma koreana) to 157,974 bp (H. viburnoides) (Fig. 1). All 28 

Table 1 
General characteristics of 28 Hydrangeaceae plastomes.  

Sl. 
No. 

Species name GenBank 
accession 
number 

Depth 
coverage 
(×) 

Total 
length 
(bp) 

LSC 
(bp) 

SSC 
(bp) 

IR 
(bp) 

GC 
content 
(%) 

Total 
number of 
genes 

Unique Genes (Duplicated) 

Protein- 
coding 

tRNA rRNA No. of 
introns 

1 Hydrangea 
alternifolia 

OR268908  2509  157806  86784  18770  26125  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

2 Hydrangea arguta OR268909  3136  156827  85893  18708  26113  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

3 Hydrangea obtusifolia OR268910  3300  157715  86819  18702  26097  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

4 Hydrangea barbara OR268911  2363  157715  86819  18702  26097  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

5 Hydrangea 
formosana 

OR268912  7806  157335  86398  18763  26087  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

6 Hydrangea caerulea OR268913  2669  157721  86804  18757  26080  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

7 Hydrangea 
damingshanensis 

OR268914  7254  157749  86828  18645  26138  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

8 Hydrangea bifida OR268915  2576  157826  86883  18749  26097  37.7  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

9 Hydrangea febrifuga OR268916  2741  157646  86727  18675  26122  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

10 Deutzia paniculata OR268917  4933  157126  86372  18564  26095  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

11 Hydrangea 
luteovenosa 

OR268918  5054  157494  86596  18646  26126  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

12 Hydrangea hirsuta OR268919  2626  157652  86745  18644  26132  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

13 Hydrangea 
arborescens 

OR268920  2171  157898  86898  18792  26104  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

14 Hydrangea paniculata OR268921  4933  157823  86838  18739  26123  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

15 Hydrangea 
petiolaris 

jjch OR268922  1896  157714  86722  18774  26109  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

16 jjaw OR268923  2659  157714  86722  18774  26109  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

17 jjsr OR268924  3170  157714  86722  18774  26109  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

18 ul OR268926  1186  157693  86722  18753  26109  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

19 Hydrangea 
quercifolia 

OR268925  4308  158163  86868  18393  26451  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

20 Hydrangea scandens OR268927  3692  157525  86635  18638  26126  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

21 Jamesia americana OR268928  3049  157882  87047  18691  26072  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

22 Kirengeshoma 
koreana 

OR268929  3950  156430  86941  18563  25963  37.5  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

23 Hydrangea 
viburnoides 

OR268930  1275  157974  85106  18702  27083  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

24 Hydrangea 
platyarguta 

OR268931  2245  156716  85706  18734  26138  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

25 Hydrangea 
schizomollis 

OR268932  1949  157630  86744  18688  26099  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

26 Hydrangea 
hydrangeoides 

OR268933  1383  157554  86710  18706  26069  37.8  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

27 Hydrangea 
macrophylla 

OL944390  4619  157617  86672  18697  26124  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5) 

28 Hydrangea serrata OL944391  2868  157743  86834  18701  26104  37.9  135 79 (8) 30 
(8) 

4 (4) 21 (5)  
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sequences exhibited a quadripartite structure, which included a large 
single copy (LSC) region, a small single copy (SSC) region, and a pair of 
inverted repeat (IR) regions. The LSC region varied in length from 
85,106 to 87,047 bp, with a GC content ranging from 35.6% to 36.1% 
(Table 1). The SSC region displayed a length distribution of 
18,393–18,792 bp, with a GC content ranging from 31.2% to 31.8%. The 
IR region in the 28 Hydrangeaceae species ranged from 25,963 to 
27,083 bp in length and exhibited a GC content of 42.8–43.2%. The 

complete cp genome sequences of these 28 Hydrangeaceae species have 
been deposited in GenBank under the accession numbers 
OR268908–OR268933 and OL944390–OL944391. 

Despite variations in the lengths of the cp genomes among the 28 
species, genetic composition analyses revealed commonalities. The gene 
positions are illustrated in Fig. 1. In total, 135 functional genes were 
predicted in all 28 Hydrangeaceae species, comprising 113 unique 
genes, including 79 protein-coding genes, 30 transfer RNA (tRNA) 

Fig. 1. Circular chloroplast genome map of 28 Hydrangeaceae species. In the diagram, distinct colors indicate genes with distinct functional groups. The genes in the 
circles are transcribed clockwise, and the genes outside the circles are transcribed counterclockwise. A large single copy (LSC) region, small single copy (SSC) region 
and two inverted repeat (IRa and IRb) regions are indicated in the inner circles. The light gray circles signify the A/T content, and the dark gray circles show the 
GC content. 
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genes, and four ribosomal RNA (rRNA) genes (Supplementary Fig. S1). 
These genes in the Hydrangeaceae species can be broadly categorized 
into photosynthesis-related genes, cp self-replication genes, and other 
genes (Supplementary Table S3). Of these genes, 18 intron-containing 
genes (ICGs) were identified, encompassing both protein-coding genes 
and six tRNA genes (Supplementary Fig. S1). Among the ICGs, ycf3 and 
clpP possessed two introns each, while the remaining ICGs contained 
only one intron. The rps11 gene underwent trans-splicing, with its 3′-end 
duplicated in the IR region, while its 5′-end was present in the LSC 
region. 

3.2. Comparative cp genome analyses of Hydrangeaceae 

We conducted a comparative analysis of the cp genomes of 12 
Hydrangeeae and 22 Hydrangeaceae species, in addition to the 28 ge-
nomes utilized in this study. The average genome size of the Hydran-
geeae species was determined to be 157,592 bp, slightly larger than that 
of the Hydrangeaceae species, which had an average size of 157,413 bp 
(Fig. 2A-i). Similarly, the size of the LSC region in the Hydrangeeae 
species was measured at 86,594 bp, while in the Hydrangeaceae species, 
it was slightly larger, at 86,769 bp (Fig. 2A-ii). Additionally, both 
Hydrangeeae and Hydrangeaceae encoded the same size SSC region 
(18,680 bp) in their genomes (Fig. 2A-iii). In contrast, the IR region in 

the Hydrangeeae species (26,155 bp) was found to be slightly longer 
than that of the Hydrangeaceae species (26,119 bp) (Fig. 2A-iv). Both 
Hydrangeeae and Hydrangeaceae exhibited a similar GC content of 
37.8% (Fig. 2A-v). 

3.3. Analysis of Hydrangea cp genome boundary regions 

The borders of the SC and IR regions in the cp genomes of Hydrangea 
were compared with other genomes, and according to the gene loca-
tions, we categorized the SC and IR region borders into three types 
(Supplementary Fig. S2). The boundaries of these regions exhibited a 
high level of consistency within the genus. In Type A, rps19 was found to 
straddle the border between the LSC and IRb regions in most of the 
Hydrangea cp genomes (Supplementary Fig. S2A). However, there were 
exceptions in H. quercifolia, H. caerulea, H. viburnoides and Deutzia pan-
iculata. In Type B, the rps19 gene in H. quercifolia, H. caerulea and D. 
paniculata completely shifted to the LSC region (Supplementary 
Fig. S2B). In Type C, both the rps19 and rpl22 genes of H. viburnoides 
extended into the IR region, leading to the shift of the rps3 gene from the 
LSC into the boundary region between the LSC and IRb (Supplementary 
Fig. S2C). 

Additionally, in Types A and C, at the boundary regions between IRb 
and SSC, the pseudogene ycf1 and the ndhF gene overlapped in all the cp 

Fig. 2. Comparison of both Hydrangeeae and Hydrangeaceae cp genomes. A. (i) Total genome size. (ii) LSC region length. (iii) SSC region length. (iv) IR region 
length. (v) GC content. B. Nucleotide variation of protein-coding genes and intergenic regions and intron regions between Hydrangeeae and Hydrangeaceae. C. The 
KS, KA and KA/KS nucleotide substitution values of Hydrangeeae and Hydrangeaceae. 
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genomes of Hydrangea, except in H. quercifolia, in H. caerulea and D. 
paniculata. In these three genomes, the pseudogene ycf1 shifted to the IR 
region, while the ndhF gene was relocated to the SSC region. Conversely, 
the genes situated in the SSC/IRa and IRa/LSC regions exhibited a 
notable degree of conservation throughout the cp genome of the Hy-
drangea genus. 

3.4. Identification of divergent sequence hotspot regions in the 
Hydrangeaceae chloroplast genomes 

To examine the extent of sequence polymorphism, we employed the 
mVISTA and DnaSP6 programs to assess the genetic distinctions within 
the complete cp genomes of species within the Hydrangeeae and 
Hydrangeaceae families. During mVISTA analysis, we observed that the 
variation in the IR regions of the Hydrangeeae cp genome was notably 
less than that in the single-copy regions (Supplementary Fig. S3). In the 
coding region, including accD, atpF, matK, ndhI, psbC, rbcL, rpoC2, ycf1 
and ycf2, substantial differences were identified, indicating distinct 
evolutionary patterns for these genes. Additionally, intergenic sequence 
(IGS) regions with pi values greater than 0.25, such as trnK–rps15 
(0.284), psbK–psbI (0.261), psbI–trnS (0.264), trnG–trnfM (0.336), 
rps4–trnT (0.259), trnT–trnL (0.342), ndhC–trnV (0.257), petD–rpoA 
(0.282), rpl22–rps19 (0.266), ndhF–rpl32 (0.286), rpl32–trnL (0.275), 
ccsA–ndhD (0.32), ndhE–ndhG (0.295), ndhG–ndhI (0.268) and 
rps14–ycf1 (0.297), displayed high variability. 

Concerning nucleotide variation (pi) in the protein-coding genes of 
Hydrangeeae and Hydrangeaceae, the ranges were 0.007–0.147 and 
0.014–0.262, respectively, with average values of 0.047 and 0.093 
(Fig. 2B). Similarly, the pi values for introns and intergenic regions of 
both Hydrangeeae and Hydrangeaceae ranged from 0 to 0.336 and 
0–0.492, respectively, with average values of 0.156 and 0.269 (Fig. 2B). 
Additionally, within Hydrangeeae, the average pi value was 0.153 for 
the SSC region, 0.107 for the LSC region, and 0.024 for the IR region 
(Fig. 2B). Likewise, within Hydrangeaceae, the average pI value was 
0.248 for the SSC region, 0.192 for the LSC region, and 0.048 for the IR 
region (Fig. 2B). 

3.5. Positive selection analysis in the Hydrangeaceae cp genomes 

The ratio of nonsynonymous (KA) to synonymous substitution (KS), 
KA/KS, was calculated for 79 protein-coding genes in both the Hydran-
geeae and Hydrangeaceae cp genomes (Fig. 2C). The results indicated 
that all protein-coding genes of Hydrangeeae displayed very low KS 
values (<0.05), with an average of 0.021. Similarly, the KA values were 
also comparatively low (<0.02), with an average of 0.004. The KA/KS 
substitution ratio of all protein-coding genes ranged from 0 to 0.522, 
with an average of 0.173. The substitution analysis was expanded across 
all Hydrangeaceae genomes to gain a comprehensive understanding of 
the substitution patterns in these genomes. The KS and KA substitution 
rates ranged from 0.002 to 0.075 and 0.0002–0.032, respectively, with 
average values of 0.033 and 0.006 (Fig. 2C). The KA/KS substitution 
ratio revealed that except for accD (with a KA/KS ratio of 1.209), all of 
the other 78 protein-coding genes exhibited relatively low substitution 
values (< 0.6), with an average value of 0.192. The KA/KS ratio of accD 
in Hydrangeeae and Hydrangeaceae ranged from 0 to 1.818 and 
0–5.0286, respectively. 

3.6. Analysis of accD 

The accD genes of all Hydrangeaceae species were compared and 
identified to be identical copies of 18 bp tandem repeats in the Hy-
drangea II clade excluding H. arguta. We categorized the species into 
three groups depending on whether they had a tandem repeat in the 
acetyl-CoA carboxylase beta subunit D domain of accD (Fig. 3A). H. 
arguta (Group A) did not exhibit any copy of the 18 bp tandem repeat in 
Hydrangea clade II. Group B comprised five Hydrangea species (H. 

scandens, H. luteovenosa, H. serrata, H. macrophylla and H. aspera) and 
one H. febrifuga sample that contained two copies of the 18 bp tandem 
repeat. Group C included H. febrifuga, H. daimingshanensis and H. hirsuta 
with four copies of the 18 bp tandem repeat (Fig. 3B). The protein 
reading frame was not disrupted in any of the species due to the repeated 
region being comprised of six amino acid codons (Fig. 3C). This event 
occurred in the common ancestor of the sections Macrophyllae, Chinenses 
and Dichroa (Fig. 3D). 

We analyzed the protein structure of accD in each of the three groups 
of genomes. For each group, one representative species was selected. 
The accD protein structure was successfully retrieved from the Alpha-
Fold database using the id A0A481XL48.1, which showed a sequence 
identity of 92.7% with the structure A_9ERIC. To ensure the reliability of 
the obtained protein structures, we conducted several validation tests 
demonstrating the quality of the structures, with the Ramachandran plot 
indicating that 81.7% of residues were in the most favored region, 
10.6% in the additional allowed region, 4.5% in the generously allowed 
region, and 2.0% in the disallowed region. Moreover, the clash score 
revealed that only 0.25% of atomic coordinates had unfavorable in-
teractions, confirming a lack of significant clashes in the protein struc-
ture. Additionally, the all-atom structural annotation obtained from 
MolProbity showed a root mean square deviation of 1.57 Å. The overall 
quality factor of the protein structures was assessed using the ERRAT, 
ProSA, and ProQ scores, which were found to be 95.3%, − 7.11 and 
− 0.3, respectively. These scores fell within statistically significant 
ranges, indicating high-quality protein structures [59]. We considered 
specific insertions in regions 241–246 and 241–259 of the annotated 
structures for further analysis. These insertions were investigated to 
decipher potential conformational changes related to functional 
activity. 

The presence of tandem repeats in the accD protein, specifically at 
positions 241–246, resulted in the introduction of extended α-helices in 
the C-terminal region (516− 526) and loops in the central region 
(260− 270) (Fig. 3D, E). On the other hand, the insertion at position 
241–259 led to the loss of α-helices in the C-terminal region (511− 515) 
and the appearance of extended coils (260− 266) in the central region of 
the protein (Fig. 3D, E). 

According to the protein structure analysis, we conducted qPCR ex-
periments to analyze the expression pattern of accD in the three groups. 
One representative species from each group was chosen, with Group A 
serving as the control. The qPCR analysis revealed that the CT value of 
H. paniculata (Group A) was 27.80933 ± 1.203. In contrast, the CT 
values of H. febrifuga (Group B) and H. hirsuta (Group C) were 19.181 
± 0.157 and 22.80767 ± 0.084, respectively (Supplementary Fig. S4). 

3.7. Analyses of amino acid abundance and codon usage in the 
Hydrangeaceae cp genomes 

In the cp protein-coding genes of the 50 species within Hydrangea-
ceae, a total of 62 codons were identified, with the protein-coding genes 
encompassing a range of 25,777 (H. densifolia) to 27,012 (H. quercifolia) 
codons. We carried out a comparative analysis of amino acid distribu-
tion within the protein-coding genes of both the Hydrangeeae and 
Hydrangeaceae cp genomes (Supplementary Fig. S4). Within these co-
dons, leucine (L) was the most abundant amino acid at 10.475%, fol-
lowed by isoleucine (I) at 8.616%, while cysteine (C) was the least 
prevalent amino acid, accounting for only 1.159% (Supplementary 
Fig. S5). Notably, all amino acids were represented by a minimum of two 
synonymous codons, except for tryptophan (UGG), which had the lowest 
codon usage preference at 1.842% since it had only one coding codon. 
To further investigate synonymous codon preference, we calculated the 
relative synonymous codon usage (RSCU) values, which were catego-
rized into three groups: high preference (RSCU > 1.0 – denoted with 
green); no preference (RSCU = 1.0 – denoted with black) and low 
preference (RSCU < 1.0 – denoted with red) (Supplementary Fig. S6). 
The analysis identified 16 codons with RSCU values greater than 1.0. Of 
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Fig. 3. Analysis of accD gene. A. The gray rectangular arrow box depicts the overview of accD gene; the box within the accD gene indicates the acetyl-CoA 
carboxylase beta subunit conserved domain (coral pink), and the blue box indicates the location of 18 bp tandem repeat. B. Comparison of accD gene in Hydran-
gea clade II; the rectangular box indicates the distribution of 18 bp tandem repeats in Hydrangea clade II. C. Amino acid sequences of accD gene from three 
representative groups. D. The phylogenetic tree shows the presence of single, two and four copies of 18 bp tandem repeats. E. Sequential and structural differen-
tiation of the accD protein. The rectangular box 1 represents the tandem repeats; the rectangular boxes 2 and 3 denote the structural aberration of secondary 
structural elements after insertion in the region. Red, helices; turquoise, sheets; gray, loops; green, turns. F. Quantitative PCR (qPCR) analysis of accD gene expression 
in the species Hydrangea petiolaris (control, one copy of tandem repeat), H. febrifuga (two copies of tandem repeats) and H. hirsuta (four copies of tandem repeats). 
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these, 14 were codons ending in A or T. Among the A/T-ending codons, 
37.5% terminated with A, while the remaining 62.5% ended with T. 
Conversely, there were 43 codons with RSCU values less than 1.0, and 
30 of them concluded with G or C. Among the G/C-ending codons, 50% 
were C-ending, and the other 50% were G-ending. 

3.8. RNA editing 

We employed PREPACT to predict RNA editing modifications in 79 
protein-coding genes of 57 Hydrangeaceae and closely related species. 
Out of the 79 protein-coding genes analyzed, 22 protein-coding genes 
did not exhibit any RNA editing process. However, in the remaining 57 
protein-coding genes, all the species displayed a consistent pattern of C 
to U RNA editing sites within their sequences (Supplementary Fig. S7). 
The majority of RNA editing events were observed in the gene ycf1, with 
39–49 editing sites accounting for 15.02–19.522% of the total edits. 
Additionally, significant numbers of editing sites were identified in ycf2 
(26–30 editing sites, 9.40–12.39%), matK (10–28 editing sites, 
3.968–11.067%) and accD (8–16 editing sites, 2.35–5.46%) (Supple-
mentary Fig. S7). 

3.9. Repeat sequence analyses 

We utilized REPuter to analyze the presence of interspersed repeti-
tive sequences with a repeat unit length exceeding 30 bp in the cp ge-
nomes of 50 Hydrangeaceae species. We identified four types of repeats, 
including forward repeats (F), palindromic repeats (P), inverted repeats 
(R) and complementary repeats (C) (Fig. 4). The results revealed vari-
ations in the number of repeats, ranging from 18 (H. petiolaris) to 30 (H. 
crassifolia). Specifically, the repeat analysis showed 11–20 forward du-
plications, 5–9 palindromic repeats, and 0–1 inverted duplications in the 
Hydrangeaceae species. Notably, H. moellendorffii and H. crassifolia each 
contained one complementary repeat, which was absent in the 
remaining species. Most of the repeats observed were forward repeats, 
with sizes ranging from 30 to 39 base pairs. 

Additionally, we conducted an analysis of simple sequence repeats 

(SSRs) within the cp genomes of the 50 Hydrangeaceae species. The total 
number of SSRs ranged from 40 in H. hydrangeoides to 71 in both H. 
petiolaris_JJAR and H. petiolaris_JJSR. Among these SSRs, A/T mono-
nucleotide repeats were the most prevalent, constituting 76.608% of the 
total (Supplementary Fig. S8). We identified six types of SSRs, encom-
passing mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats. 
Mononucleotide SSRs exhibited variations in the number of repeat units, 
ranging from 31 to 59, while dinucleotide SSRs varied from two to eight 
units, and trinucleotide SSRs ranged from one to five units (Supple-
mentary Fig. S9). Notably, H. petiolaris displayed a higher number of 
SSRs than other Hydrangea species. The first four types of SSRs collec-
tively represented 98.78% of the identified repeats. Furthermore, we 
observed that a significant majority of the SSRs were situated in the LSC 
region of the cp genome (83.02%), followed by the SSC region (13.64%), 
and finally the IR regions (3.34%) (Supplementary Fig. S10). 

3.10. Phylogenetic analysis 

In the phylogenomic studies, we utilized at least one species each 
from the Schizophragma, Decumaria, Pileostegia, Heteromallae, Cardian-
dra, Deinanthe, Calyptranthe, Asperae, Hydrangea, Dichroa, Chinenses, 
Macrophyllae, and Broussaisia sections of the Hydrangeeae tribe. 
Consequently, we sequenced 22 Hydrangeeae species (25 individuals), 
two Philadelphia species and one Jamesioideae species as the outgroup 
species, in addition to 29 species retrieved from NCBI. For the present 
study, we employed three datasets for ML tree construction, including (i) 
whole cp genome sequences (WCP; Supplementary Fig. S11), (ii) 79 
concatenated protein-coding genes (PCS; Supplementary Fig. S12) and 
(iii) translated amino acid sequences (AA; Supplementary Fig. S13), 
along with one Bayesian tree using PCS (Bayesian PCS; Fig. 5), to infer 
the phylogenetic position of the Hydrangea genus within the Hydran-
geaceae family. 

We obtained similar topologies across all the datasets, WCP, PCS, AA, 
and Bayesian PCS, with slight variations in bootstrap values for all 
phylogenomic analyses. All the phylogenomic trees displayed paraphyly 
within the Hydrangeeae tribe (Fig. 5; Supplementary Figs. S11-S14). 

Fig. 4. The distribution of complementary (C), forward (F), palindromic (P) and reverse (R) repeats in the Hydrangeaceae cp genomes.  
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Within the Hydrangeeae tribe clade, all sections formed a monophyletic 
group, except for three sections, namely, Asperae, Chinenses and Decu-
maria, which remained nonmonophyletic in all phylogenomic analyses. 
The section Broussaisia was identified as the basal group in the 
Hydrangeeae tribe. Most sections showed higher bootstrap values, 
except for Calyptranthe, Chinenses, and Macrophyllae. 

Across all datasets, the 33 Hydrangea species could be divided into 
two clades: Hydrangea I, consisting of 23 species (30 individuals), and 
Hydrangea II, consisting of 10 species. The Hydrangea I clade comprised 
the sections Schizophragma, Decumaria, Pileostegia, Heteromallae, Car-
diandra, Deinanthe, Calyptranthe, Asperae and Hydrangea, while the Hy-
drangea II clade consisted of the sections Dichroa, Chinenses, 
Macrophyllae and Broussaisia. Within Clade I, the sect. Decumaria con-
tained two species (H. obtusifolia and H. barbara) that exhibited mono-
phyly with strong bootstrap values. Notably, within the Hydrangea I 
clade, the species H. davidii (NC_050783) belonging to the Chinenses 
section clustered with H. strigosa (Asperae section) with a strong boot-
strap value. On the other hand, within the Hydrangea II clade, the species 
H. aspera (MG524992) from the Asperae section clustered with H. 
febrifuga. 

Furthermore, we collected four samples of H. petiolaris, with three 
samples from Jeju Island and one sample from Ulleung Island (Korea), 
and one sample retrieved from NCBI (Ulleung Island). According to the 
phylogenomic analyses, these five individual samples were divided into 
two groups: two samples (UL) from Ulleung Island + one sample (JJCH) 
from Jeju Island (Mt. Halla) and two samples (JJAW and JJSR; 
excluding Mt. Halla) from Jeju Island. However, the bootstrap values of 
UL01 and JJCH were observed to be very low in all phylogenetic 
analyses. 

3.11. Divergence time analysis 

Utilizing sequence data from 79 cp protein-coding genes, our 
divergence time analysis indicated that the initial divergence of the 
Hydrangeaceae family stem lineage occurred approximately 59.49 

million years ago during the early Paleocene epoch. This estimation had 
a 95% highest probability density (HPD) range of 48.33–71.9 million 
years ago (Fig. 6A). Within the subfamily of Hydrangeoideae, the Phil-
adelpheae and Hydrangeeae tribes diverged at approximately 56.49 Ma, 
with a 95% HPD of 45.7–68.21 Ma. 

The disjunction between the Ulleung Island (UL01) and Jeju Island 
(Mt. Halla; JJCH) samples of H. petiolaris, as well as between the Jeju 
Island (JJAW and JJSR) samples of H. petiolaris, occurred in the Pleis-
tocene epoch and was estimated to be 0.27 Ma (95% HPD =

0.08–0.65 Ma). The crown nodes of UL01 and JJCH were estimated to 
have formed approximately 0.13 Ma (95% HPD = 0.03–0.31 Ma). 
Similarly, the crown nodes of JJSR and JJAW were likely to have orig-
inated approximately 30,000 years ago (95% HPD = 0–0.16 Ma). 

3.12. Phylogenetic informativeness 

The per-site phylogenetic informativeness (PI) profiles were deter-
mined for 79 protein-coding genes obtained from 57 species, including 
those from the Hydrangeaceae family and closely related species, using 
PhyDesign software. Among all the protein-coding genes, the ycf1 gene 
displayed the maximum per-site PI, followed by ndhF, rps15, matK, 
rpoC2, rpoB, ccsA, psbK, ycf2, psbM, ndhK, rpl22, rpl20, ndhD, rpl33, rpoA, 
rps16 and accD (Fig. 6B). 

3.13. Ancestral area reconstruction 

The biogeographical history of the Hydrangeaceae family was 
inferred using various ancestral area reconstruction methods, including 
S-DIVA (Supplementary Fig. S14), DEC, S-DEC, BBM, BioGeoBEARS 
(BGB), and BayArea (BA) analyses. The results of the DEC (Fig. 7), S-DEC 
(Supplementary Fig. S15), and BGB (Supplementary Fig. S16) analyses 
suggested that the origin of Hydrangeaceae was in America, with North 
America (C) and South America (D) being the potential areas of origin, 
followed by numerous events of vicariance and dispersal into the Asia 
(A) region. However, the BBM (Supplementary Fig. S17) and S-DIVA 

Fig. 5. Bayesian Markov chain Monte Carlo (MCMC) inference of the MrBayes phylogenetic tree. The gamma model of rate variation and the HKY85 substitution 
model were utilized for this analysis. The Bayesian tree is depicted with the Bayesian inference posterior probability value given for each node. 
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(Supplementary Fig. S14) analyses presented different scenarios. BBM 
suggested the possibility of the origin being in North America (C) and 
Asia & North America (AC), while S-DIVA indicated that Asia was the 
likely place of origin for the Hydrangeaceae family (Supplementary 
Fig. S14). Regarding the Hydrangeoideae subfamily, both S-DIVA and 
BBM analyses consistently pointed to Asia as the origin of the Hydrangea 
genus (Supplementary Figs. S14 and S17). In contrast, DEC, S-DEC, BGB 
and BayArea analyses yielded somewhat conflicting results, suggesting 
that Hydrangea could have originated in Asia or North America (Fig. 7, 
Supplementary Figs. S15-S16 and S18). 

Further in-depth analyses revealed variable origins for the genus 
Hydrangea. The S-DIVA (Supplementary Fig. S19), DEC (Supplementary 
Fig. S20) and BBM (Supplementary Fig. S22) analyses pointed to the 

possibility of East Asia (A) as a potential area of origin. On the other 
hand, BGB analysis indicated the possibility of a combined ancestral 
area comprising East Asia (A) and Hawaii (M) (Supplementary Fig. S21). 
Interestingly, the S-DEC (Fig. 8) and BA (Supplementary Fig. S23) an-
alyses proposed an ancestral area that includes East Asia (A) and 
Southeast North America (F) as the possible origin for the genus 
Hydrangea. 

4. Discussion 

The chloroplast (cp) genome of angiosperms has played a crucial role 
in studying phylogeny and analyzing evolutionary relationships [41]. 
The comparative analysis of plastomes has found widespread 

Fig. 6. A. The BEAST program is used to construct a molecular clock tree. The distribution of age estimates (in millions of years) is shown in the branches. Blue bars 
represent the 95% posterior density creditability intervals for node ages. B. Net phylogenetic informativeness plotted against the ultrametric phyletic tree constructed 
on 79 protein-coding genes. 

G. Raman et al.                                                                                                                                                                                                                                 



Computational and Structural Biotechnology Journal 21 (2023) 5073–5091

5084

Fig. 7. The DEC method for inferring ancestral geographical ranges within the Hydrangeaceae family relies on utilizing simplified BEAST and MrBayes phylogenetic 
trees. At various nodes in the phylogeny, pie charts are employed to visually convey the relative likelihoods of different ancestral area reconstructions. Additionally, a 
rectangular diagram is used to depict the potential dispersal pathways of Hydrangeeae species during the late Oligocene epoch, with geographical regions repre-
sented by letters: A, Asia; B, South Africa; C, North America; D, Central America; and E, Oceania. 
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Fig. 8. The in-depth S-DEC method for inferring ancestral geographical ranges within the Hydrangeaceae family relies on utilizing simplified BEAST and MrBayes 
phylogenetic trees. At various nodes in the phylogeny, pie charts are employed to visually convey the relative likelihoods of different ancestral area reconstructions. 
A, eastern Asia; B, southern Asia; C, southeastern Asia; D, the Asian part of Russia; E, South Africa; F, southeastern North America; G, southwestern North America; H, 
northeastern North America; I, western North America; J, Canada; K, Mexico and Guatemala; L, Peru and Chile; M, Hawaii. 
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application across various taxa, including the Hydrangeaceae family 
within the Cornales order [18]. Previous studies have compared 13 cp 
genomes of Hydrangea species to establish phylogenetic relationships 
within the Cornales order [18]. However, this study signifies the first 
comprehensive comparative analysis within the Hydrangeaceae family, 
focusing on the Hydrangeeae tribe. In the present study, we sequenced 
25 individuals from 22 Hydrangea species and used three outgroup 
species, two from Philadelpheae and one from Jamesioideae, to under-
stand the phylogenomic relationship within the Hydrangea genus 
(Fig. 1). 

In summary, our study unveiled consistent patterns in gene ar-
rangements and the overall gene count within the plastomes of both the 
Hydrangea genus and the broader Hydrangeaceae family within the 
Cornales order (Table 1) [18,27,43]. We emphasize the conservation of 
coding regions compared to noncoding regions and the relatively higher 
conservation of IR regions compared to single-copy regions in both 
Hydrangeeae and Hydrangeaceae cp genomes (Fig. 2B). Notably, the 
intergenic sequence (IGS) regions, such as trnK–rps15, psbK–psbI, 
psbI–trnS, trnG–trnfM, rps4–trnT, trnT–trnL, ndhC–trnV, petD–rpoA, 
rpl22–rps19, ndhF–rpl32, rpl32–trnL, ccsA–ndhD, ndhE–ndhG, ndhG–ndhI 
and rps14–ycf1, exhibited high variability (Fig. 2B, Supplementary 
Fig. S3). These discoveries offer valuable insights into the genetic di-
versity and evolutionary characteristics of cp genomes within Hydran-
geeae and Hydrangeaceae species. Understanding these patterns may 
enable the application of highly variable regions in intergenic sequences 
for DNA barcode encoding and phylogenetic analysis of Hydrangeeae 
[53]. 

The substitution analysis revealed relatively low substitution values 
in 78 protein-coding genes. Our study demonstrated that KS was 
significantly higher than KA, indicating a relatively low evolutionary 
rate for both Hydrangeeae and Hydrangeaceae species compared to 
other angiosperm lineages. Moreover, the KA/KS ratio was found to be 
very low for most genes, suggesting that purifying selection is the 
dominant force maintaining the functionality and sequence conserva-
tion of these genes (Fig. 2C). However, accD displayed a higher KA/KS 
ratio, indicating a different evolutionary pattern and possible functional 
implications. In the common ancestor of the Hydrangea clade II sections 
Macrophyllae, Chinenses and Dichroa, excluding the species H. arguta, an 
interesting event occurred involving the insertion of an identical 18 bp 
tandem repeat sequence (Fig. 3B, D). Notably, the Macrophyllae and 
Chinenses sections had two copies of the 18 bp tandem repeat, while the 
Dichroa section had four copies, except H. febrifuga (two copies). This 
synapomorphic character might be attributed to replication slippage 
during DNA replication. Despite the insertion of 36 and 72 bp tandem 
repeats in the accD gene, the reading frame was not disrupted in any of 
the species (Fig. 3C), and the GC content of these repeats was very low 
(27.8%). Tandem repeat sequences were also identified in the accD and 
rpl2 genes of other angiosperms (Pisum sativum, Lathyrus sativus, 
Capsicum annuum and Medicago truncatula) and gymnosperms (cupres-
sophytes) [25,31,47,50]. However, the repetitive elements in these 
species exhibited no similarity, indicating a species-specific nature. 
However, the occurrence of tandem repeats in angiosperms did not 
occur in the common ancestor [47]. In contrast, in the present study, we 
identified that the synapomorphy feature occurred in the common 
ancestor of Hydrangea clade II except H. arguta, similar to cupresso-
phytes [47]. Structural analyses validated the presence of tandem re-
peats in accD and revealed disruptions in folding conformations, 
potentially affecting the protein’s functional activity by altering α-he-
lices in both the N- and C-termini due to the replication slippage 
mechanism (Fig. 3C, E). 

Furthermore, qPCR analysis confirmed slightly lower expression 
levels in species with two (CT value = 19.181 ± 0.157) and four copies 
(22.80767 ± 0.084) of tandem repeats compared to the species with a 
single-copy tandem repeat (27.80933 ± 1.203) (Supplementary 
Fig. S4). This decrease in gene expression might be linked to the loss of 
α-helices in the C-terminal region (511− 515). Despite these structural 

changes, the acetyl-CoA carboxylase beta subunit D domain of the accD 
gene in Hydrangea clade II is presumed to be functional, and the repet-
itive elements observed in these species could potentially have a regu-
latory role in modulating protein function. 

The exploration of codon usage bias has aided in the comprehension 
of the interplay between the cp and nuclear genomes [85]. Previous 
studies have shown that codons encoding leucine and isoleucine occur 
most frequently in the cp, whereas codons for cysteine are the least 
frequent [2,60,68,85]. This feature is consistent in the cp genomes of all 
Hydrangeaceae and the closely related Loasaceae species (Supplemen-
tary Figs. S4 and S5). These results are consistent with other angiosperm 
cp genomes, with most codons showing a higher A/T preference in the 
third position [60,65,71,74]. Our analysis also demonstrated that co-
dons ending with A or T at the 3′ end have a higher frequency of 
occurrence than those ending with C or G (Supplementary Fig. S6). 
Codons ending with A/T at the 3′ position typically exhibit an RSCU 
value greater than 1, while codons ending with C or G at the 3′ position 
have an RSCU value ≤ 1. This pattern has been observed in other an-
giosperms [60,71], and it may be linked to the prevalence of A or T in 
the IR region [7,60]. 

RNA editing is a posttranscriptional modification process that en-
compasses an indel or the conversion of cytidine (C) to uridine (U) 
nucleic acid bases within the plastids of angiosperms [19]. In this study, 
it was observed that the ycf1 gene exhibited the highest number of 
editing sites among the plastid genomes of the Hydrangeaceae family 
(Supplementary Fig. S7). This observation may be attributed to the 
length of the gene. The identified RNA editing sites exclusively involved 
C-to-U conversions and affected a single site per editing event. Notably, 
all modifications appeared in the first or second nucleotides of the codon 
[60]. Among the diverse amino acid conversions attributed to RNA 
editing sites, the change from serine to leucine represented one-third of 
the total conversions [71]. Notably, all species shared similar RNA 
editing sites, indicating that these sites likely originated in a common 
ancestor before the species diverged. In general, the codon preferences 
of RNA editing targets and the inclination toward greater protein hy-
drophobicity and site distribution exhibited parallel trends throughout 
the Hydrangeaceae family. 

The repeat units were found to be widely distributed and signifi-
cantly contributed to the evolution of cp genomes [71]. Among the fifty 
Hydrangeaceae plastomes examined, the number and types of repeat 
units varied (Fig. 4). Prior research has reported that the variability in 
repeat number and diversity plays a pivotal role in shaping the structural 
organization of plastomes. However, these large repeat regions did not 
exhibit any correlation with rearrangement endpoints [11]. Further-
more, the distribution of SSRs within the plastome is considered a 
valuable marker for population genetics and phylogenetic analysis [73]. 
In our study, the number of SSRs detected across the 50 Hydrangeaceae 
species ranged from 40 to 71, with the LSC region displaying a higher 
density of SSRs in comparison to the IR and SSC regions (Supplementary 
Fig. S10). This observation is consistent with earlier research on cp ge-
nomes in angiosperms [71]. The SSR analysis conducted in this study 
revealed that single-nucleotide SSRs, particularly A/T repeats, had the 
highest abundance among the 50 Hydrangeaceae species (Supplemen-
tary Fig. S8), with a total count of 2073. Mono-, di-, tri-, and tetranu-
cleotide repeats collectively accounted for 98.78% of all SSRs, while 
penta- and hexanucleotide repeats were rare (Supplementary Fig. S9). 
Notably, the plastomes of these 50 Hydrangeaceae species exhibited a 
higher AT content than GC content, and SSRs exhibited a strong AT bias, 
a common characteristic observed in the plastomes of higher plants [38, 
44]. Repetitive sequences play a crucial role in generating insertion and 
substitution mutations. Previous studies have provided evidence of 
widespread substitutions and deletions occurring in the LSC and SSC 
regions of plastomes [1,51]. 

Plastid genome sequences have proven effective in elucidating the 
phylogenetic relationships of plants across various taxonomic levels and 
within diverse taxa [30,46,5,52,55]. In prior research, the relationships 
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within the Hydrangeaceae family were elucidated using morphological 
traits and a limited set of molecular markers, leading to the classification 
of three major clades: Jamesioideae, Philadelpheae, and Hydrangeeae, 
as determined through phylogenomic analyses [13,66]. Earlier in-
vestigations have revealed that the Hydrangeeae tribe clade encom-
passes eight smaller genera that are nested within the polyphyletic 
larger genus Hydrangea [13,66]. [66] used five plastid markers but did 
not completely resolve the phylogenetic position of seven Hydrangea 
clades despite each clade being well supported by morphological data. 
[66] also identified two strongly supported clades within the tribe 
Hydrangeeae. The first of these, referred to as Hydrangea I, included 
Cardiandra, Decumaria, Deinanthe, Pileostegia, Schizophragma, and 
several members of the Hydrangea genus, albeit with some unresolved 
relationships. The second significant clade, termed Hydrangea II, 
comprised Broussaisia and Dichroa. [66] proposed that these clades 
might possess synapomorphic characters or unique combinations of 
morphological traits, some of which could be ancestral. [23] conducted 
a study testing the effectiveness of 13 plastid markers with a reduced 
sample size, aimed at resolving the core relationships within the tribe 
Hydrangeeae (excluding Broussaisia). Their findings suggested that the 
Hydrangea genus is not monophyletic, consistent with the conclusions of 
[66]. In 2015, [13] utilized four plastid and ITS sequences in an 
extensive dataset to ascertain the phylogenetic placement of the 
Hydrangeeae tribe. The analysis revealed that H. arguta clustered with 
the Hydrangea I clade, in contrast to the findings of [66] and [23]. 
Additionally, within Hydrangea I, H. arborescens and H. quercifolia were 
grouped in a weakly supported clade and were sisters to the rest of 
Hydrangea I. More recently, [18] used entire plastid genomes of 74 
species from all families of the order Cornales to understand their 
phylogenetic relationships. Specifically, Fu et al. [18] used 13 species 
from nine genera of the tribe Hydrangeeae, and the results were 
consistent with those of [13]. In 2015, De Smet et al. introduced a new 
infrageneric classification proposal, cautioning that adopting a splitting 
approach to create numerous new genera within Hydrangeeae could 
introduce complexities into the taxonomy of the group. This could lead 
to either a proliferation of genera with only one species each or the 
emergence of multiple taxa with significant morphological variation, 
potentially making them difficult to identify reliably. As a result, they 
recommended a broader definition of Hydrangea that encompasses 
Broussaisia, Cardiandra, Decumaria, Deinanthe, Dichroa, Pileostegia, Pla-
tycrater, and Schizophragma. Therefore, in the present study, we 
configured all the genera of Hydrangeeae into the genus Hydrangea. 
Hence, we used 25 individuals from 22 species of the Hydrangeeae tribe 
in five different ML datasets and one Bayesian analysis to resolve their 
phylogenetic relationships. All the datasets showed consistent and 
similar topologies, and the tribe Hydrangeeae was classified into two 
major clades: Hydrangea I and Hydrangea II (Fig. 5; Supplementary 
S11-S13). The Hydrangea I clade comprised sections Broussaisia, Mac-
rophyllae, Chinenses and Dichroa, while the Hydrangea II clade contained 
sections Hydrangea, Asperae, Calyptranthe, Deinanthe, Cardiandra, Het-
eromallae, Pileostegia, Decumaria and Schizophragma. In our analyses, the 
genera exhibiting morphological diversity were generally found to be 
monophyletic, except for sect. Chinenses and sect. Asperae, which were 
situated within the larger, polyphyletic Hydrangea. These outcomes 
were largely consistent with prior research, and the majority of the 
clades received robust support through strong bootstrap values [13,18, 
66]. In contrast, within clade I, sect. Decumaria comprised just two 
species and emerged as a monophyletic group with robust support in our 
phylogenomic investigation. This finding deviated from the results re-
ported by [18] and [84]. Recently, [84] utilized 79 PCSs, and a phylo-
genetic study showed that sect. Decumaria formed a paraphyly. In 
addition, the sect. Hydrangea, H. quercifolia and H. arborescens formed 
the polyphyletic group and were only partly resolved (with low boot-
strap values) by [18], corroborating earlier studies [13]. Additionally, 
H. obtusifolia, which belongs to sect. Decumaria, clustered with sect. 
Schizophragma with a strong bootstrap value (100%). 

We used plastid genome datasets from Fu et al. [18] in our phylo-
genomic analyses. In our study, the species H. obtusifolia (NC_044833) 
was found to belong to sect. Decumaria, which clustered with sect. 
Schizophragma, and H. aspera (MG524992) was found to belong to sect. 
Asperae (Hydrangea I clade) and clustered with sect. Dichroa (Hydrangea 
clade II) (Fig. 5; Supplementary S11-S13). Similarly, H. davidii 
(NC_050783) belonged to sect. Chinenses (Hydrangea II) and clustered 
with sect. Asperae (Hydrangea I). These findings were consistent across 
all our analyses. To confirm these findings, we collected additional 
specimens of these three species and generated separate phylogenetic 
trees using the plastid genes matK and rbcL (Supplementary Figs. S24 
and S25). Interestingly, we obtained better resolution and bootstrap 
values with the matK gene compared to rbcL. This is consistent with prior 
research, which has noted that the matK gene is recognized for its sub-
stantial variability among cp genes, attributed to elevated substitution 
rates in all codon positions [29]. Nevertheless, phylogenetic tree ana-
lyses revealed that the H. obtusifolia (NC_044833), H. aspera 
(MG524992) and H. davidii (NC_050783) species were not clustered 
with their respective species/clades. Instead, H. aspera and H. davidii 
(NC_050783) individuals were clustered with H. strigosa with a strong 
bootstrap value (84%) (Supplementary Fig. S24). Furthermore, the 
sequence similarity between H. aspera (excluding MG524992), H. davidii 
(NC_050783) and H. strigosa was 100%. Similarly, the other H. davidii 
species were clustered with H. ampla. Correspondingly, H. obtusifolia 
(OL537854) was clustered with the H. obtusifolia species used in this 
study and other species of the sect. Decumaria with a strong bootstrap 
value (0.95). In contrast, H. obtusifolia (NC_044833) utilized by [18] 
clustered with sect. Schizophragma rather than sect. Decumaria (Sup-
plementary Fig. S24). According to these results, we suggest that the 
species H. obtusifolia (NC_044833), H. aspera (MG524992) and H. davidii 
(NC_050783) could have been misidentified by [18]. It is noteworthy 
that the plant flower and leaf morphology of H. obtusifolia vs. H. 
hydrangeoides and of H. aspera vs. H. davidii are very similar. To support 
our analyses, the phylogenomic studies conducted by [84] revealed that 
H. aspera clustered wit sect. Asperae (Clade I), while H. davidii clustered 
with sect. Chinenses (Clade II). However, in contrast to [84] phyloge-
nomic studies, H. obtusifolia (sect. Decumaria) exhibited a paraphyletic 
relationship. In our studies, all species belonging to sect. Decumaria 
formed a monophyletic group with strong BS value. Therefore, more 
individuals are required to understand the position of these three species 
in the Hydrangeeae clade. 

In our current investigation, our primary focus was on H. petiolaris, a 
species with a restricted distribution in the southern regions of the 
Korean peninsula, encompassing Jeju and Ulleung Islands, as well as 
Japan and Sakhalin, Russia [9,36]. We collected three samples from Jeju 
Island: one from the 1100-meter highland of Mt. Halla (JJCH), another 
from Aewol (JJAW; 714 m), and a third from Saryeoni-Supgil (JJSR; 
520 m). Additionally, we obtained one sample from Ulleung Island 
(UL01; 940 m). Our analysis compared these samples with a previously 
reported H. petiolaris individual from Ulleung Island (NC_034936). Our 
phylogenomic analyses revealed interesting patterns. The H. petiolaris 
sample from Mt. Halla (JJCH) showed a closer genetic affinity to the 
Ulleung Island populations than to the other Jeju Island populations 
(JJAW and JJSR). However, the support for this relationship, as indi-
cated by the bootstrap value, was relatively low (Fig. 5; Supplementary 
Figs. S12-S13). On the other hand, H. petiolaris individuals from the 
remaining Jeju Island populations (JJAW and JJSR) formed a distinct 
clade. In contrast, the analysis of the entire cp genome suggested that 
UL01 from Ulleung Island was clustered with Mt. Halla (JJCH) on Jeju 
Island and another individual from Ulleung Island (Supplementary 
Fig. S11). However, the bootstrap value for the relationship between 
UL01 and JJCH was only 15%. As a result, our phylogenetic analysis, 
including PCS, AA, and Bayesian analyses, suggested that Mt. Halla 
populations might have dispersed to Ulleung Island; it is essential to note 
that the data do not strongly support the evidence for this hypothesis. 

To enhance our understanding of the molecular age of these 
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populations, we estimated the divergence times between the Ulleung 
Island (UL01) and Mt. Halla, Jeju Island (JJCH) populations of H. 
petiolaris, as well as between the populations on Jeju Island (JJAW and 
JJSR). The separation between Ulleung Island and Mt. Halla took place 
during the Pleistocene epoch and was estimated to have occurred 
approximately 0.27 million years ago (Ma), with a 95% highest posterior 
density (HPD) ranging from 0.08 to 0.65 Ma. The emergence of the 
crown nodes for UL01 and JJCH was estimated at approximately 
0.13 Ma (95% HPD = 0.03–0.31 Ma). Likewise, the crown nodes for 
JJSR and JJAW were estimated to have originated approximately 
30,000 years ago (95% HPD = 0–0.16 Ma) (Fig. 6A). Additionally, we 
performed in-depth analyses using biogeographical methods (BGB, S- 
DIVA, BBM, and DEC), which suggested that H. petiolaris from Mt. Halla 
(JJCH) likely dispersed relatively recently, approximately 0.13 Ma, 
followed by JJSR and JJAW approximately 30,000 years ago. However, 
despite the recent dispersal, the origin of H. petiolaris remains uncertain 
due to the absence of populations from Japan and Sakhalin, Russia, in 
the present study. 

In our earlier studies, we analyzed cp and ITS regions from several H. 
petiolaris individuals from Jeju and Ulleung Islands and Sapporo, Hok-
kaido, Japan [36]. The results showed two distinct clades: one 
comprising Mt. Halla, Ulleung, and Japan populations and the other 
comprising the Aewol and Saekdal populations of Jeju Island. These 
findings support our present hypothesis that H. petiolaris may have 
dispersed from Mt. Halla, Jeju. Previous studies have speculated on the 
migration of plants from the Korean peninsula to Japan through Ulleung 
Island during the glacial era (<2 Ma) [37]. Japan’s separation from the 
Korean Peninsula occurred in the Pleistocene era (1.6–0.01 Ma) [79], 
while Ulleung Island’s volcanic formation took place at approximately 
2.7–0.01 Ma [35]. Jeju Island emerged relatively recently from the 
Korean Peninsula during the 0.01–1.2 Ma period [33]. Seed dispersal 
from the Korean peninsula to the Japanese archipelago, including 
Ulleung and Dokdo islands, is likely facilitated by prevailing winds, 
water and animals [10,67]. Ocean currents, such as the East Korean 
warm and Tsushima currents, also contribute to potential seed dispersal 
from the Korean peninsula to Ulleung Island and Japan [42]. However, 
based on the phylogenomic, molecular clock and biogeographical ana-
lyses, we could not definitively conclude the origin of H. petiolaris in the 
present study. Given these results, our forthcoming research endeavors 
will encompass additional populations from the islands of Jeju and 
Ulleung, as well as Japan and Sakhalin, Russia. This approach aims to 
provide more comprehensive insight into the evolutionary origin pat-
terns of H. petiolaris. 

Similar to H. petiolaris, H. luteovenosa is distributed on Jeju Island, 
Korea and Japan and diversified at approximately 2 Ma (Pleistocene 
Epoch). Our hypothesis suggests that the propagules of Hydrangeeae are 
small in size and could have been dispersed by wind, water, or animals. 
Throughout the Pleistocene era, climate played a pivotal role in 
impacting the level of the East Sea due to the cyclic glacial and inter-
glacial periods, leading to fluctuations and alterations in sea levels [26]. 
These dynamic environmental shifts likely facilitated the formation of 
dispersal corridors between Jeju Island, Korea and the Japanese Islands, 
making gene flow and migration among these regions possible for 
Hydrangeeae. 

The analysis of divergence times indicated that the initial divergence 
of the Hydrangeaceae family stem lineage was estimated to have 
occurred approximately 59.49 million years ago during the early 
Paleocene (95% HPD 48.33–71.9 Ma) (Fig. 6). The phylogenetic infor-
mativeness profile for the ycf1 gene peaks at 73.25, a point that occurs 
subsequent to the divergence of the tribe Hydrangeeae tribe at time 
27.57, and other genes, such as ndhF, matK, rpoC2 and rpoB, reach 
higher informativeness (Fig. 6B). The remaining plastid genes exhibit 
shallower, more gradual profiles, steadily gaining informativeness as 
they extend toward more ancient nodes in the phylogenetic tree [13]. 

Our biogeographical analyses, employing various ancestral area 
reconstruction methods, such as S-DIVA, DEC, S-DEC, BBM, 

BioGeoBEARS (BGB), and BayArea (BA), have provided valuable in-
sights into the evolutionary history and origin of the Hydrangeaceae 
family, particularly the tribe Hydrangeeae (Fig. 7; Supplementary 
Figs. S14-S18). Through this comprehensive set of analyses, we explored 
the potential ancestral areas and dispersal patterns of these plant groups. 
Consistent findings from DEC, S-DEC, and BGB analyses suggest that the 
potential areas of origin of the Hydrangeaceae family were in North 
America, whereas the origin for Loasaceae was in South America. This 
indicates that the diversification of the Hydrangeaceae family likely 
began in North America, with subsequent events of vicariance and 
dispersal leading to its expansion into other regions, including Asia and 
Africa. This is in contrast to the BBM and S-DIVA analyses that present 
different scenarios regarding the origin of the Hydrangeaceae family. 
BBM suggests a possible origin in North America and a combined area of 
Asia & North America, while S-DIVA indicates that Asia was the likely 
place of origin for the Hydrangeaceae family. To strengthen our analysis, 
we considered previous studies that also suggested that the origin of the 
Hydrangeaceae family was North America and Asia [18]. 

Regarding the tribe Hydrangeeae, both S-DIVA and BBM consistently 
point to East Asia as the origin of the Hydrangea genus (Supplementary 
Figs. S14, S17, S19, and S22). However, the DEC, S-DEC, and BGB an-
alyses suggest that Hydrangea originated in East Asia and North America 
(Figs. 7 and 8, Supplementary Figs. S15, S16, S20, S21, and S23). For 
instance, the species H. arborescens, H. barbara, and H. quercifolia are 
distributed in eastern North America, while H. arguta is restricted to an 
isolated geographical location, being the only member of the Hydran-
geeae tribe endemic to the Hawaiian Islands [13]. The remaining 
Hydrangeeae tribes are distributed on the Asian continent. This may 
arise from the complexities of the biogeographical processes involved in 
Hydrangeeae tribe evolution. Hence, drawing upon our findings, we 
hypothesize that the tribe Hydrangeeae most likely had its origins in 
East Asia and North America during the middle Oligocene epoch. Sub-
sequently, this group experienced substantial diversification, primarily 
within East Asia. An earlier study also proposed that climate fluctuations 
among continents during the Tertiary period, coupled with geographic 
dispersals followed by isolation and habitat distinctions, probably 
played a pivotal role in instigating the divergence of the Hydrangeaceae 
family. This divergence, in turn, led to variations in characteristics such 
as habit/ecology, morphology, and geographic distribution, as 
described by [87]. In the contemporary era, the majority of Hydran-
geaceae members are characterized as temperate herbs or shrubs, pri-
marily found in northern regions. In contrast, Loasaceae members are 
typically herbaceous plants thriving in xeric regions of the Americas 
[18]. 

The Cretaceous period played a pivotal role in the emergence and 
proliferation of major angiosperm lineages, as more than half of existing 
plant families can trace their origins back to this era, notably the mid- 
and late Cretaceous periods [15,4,49,69,81]. Our data support the 
notion that the Hydrangeaceae and Loasaceae families also originated in 
the late Cretaceous period. In this epoch, paleontological evidence 
suggests that Eurasia, North America, and Africa were in closer prox-
imity, facilitating the possibility of migration between these regions 
[20]. The eventual fragmentation of the supercontinent Laurasia most 
likely took place during the Paleocene epoch. Following this event, 
migration between Eurasia and North America persisted via the Bering 
Land Bridge (BLB) and the North Atlantic Bridge (NALB) [21,22,54,75]. 

Throughout the Paleocene to the Miocene epochs, the BLB served as 
a connecting link between Asia and North America, facilitating the 
expansion of temperate plant taxa [21,75]. Simultaneously, since the 
early Paleocene, the NALB extended from North America and Greenland 
to northeastern Europe, primarily serving as the pathway for tropical 
plant taxa migration [76,77]. Consequently, it is reasonable to speculate 
that the BLB played a pivotal role in enabling intercontinental floristic 
exchanges involving Hydrangeeae during the early Miocene epoch. The 
initial dispersal event between East Asia and North America, followed by 
the divergence of H. arguta in the late Oligocene or early Miocene epoch, 
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likely transpired through a combination of long-distance dispersal and 
vicariance, eventually leading to colonization on the Hawaiian Islands. 
Importantly, previous studies have indicated that the BLB, or potentially 
some disjunct islands, may have served as a viable conduit for species 
dispersal, possibly extending into the Pliocene epoch or beyond [22]. 
Even in the absence of a continuous land connection between North and 
South America until the formation of the Isthmus of Panama approxi-
mately 3 million years ago, it is probable that plant migration between 
these continents occurred over the course of the past 50 million years 
[14]. Our DEC, S-DEC, and BGB reconstruction (Figs. 7 and 8, Supple-
mentary Figs. S15, S16, S20, S21, and S23) support the notion that East 
Asia and North America constitute the ancestral area of the Hydrangeeae 
tribe. Therefore, we propose that the tribe Hydrangeeae most likely 
originated in East Asia and North America, subsequently diversifying 
into East Asia via the BLB during the Oligocene period. 

In summary, our study makes a substantial contribution to eluci-
dating the evolutionary history of the Hydrangeaceae family. The newly 
assembled plastid genomes and the phylogenomic analysis offer valu-
able insights into the systematic relationships within the Hydrangeeae 
tribe. Nevertheless, to enhance our understanding of the phylogenetics 
and biogeography of H. petiolaris and other Hydrangeaceae family 
members, further research involving a broader sampling of populations 
and increased molecular data is warranted. 

5. Conclusion 

Our study presented 28 newly assembled plastomes belonging to the 
Hydrangeaceae family. Furthermore, we established an evolutionary 
framework aimed at assessing the systematic and biographical history of 
the Hydrangeeae tribe. Distinct from previous research, which mainly 
focused on the phylogenetic relationships within the Cornales order, this 
study represents the first phylogenomic analysis specifically targeting 
the Hydrangeeae tribe. We observed a significant degree of conservation 
in both gene content and arrangement across all the plastid genomes. 
Nonetheless, we also detected supplementary 18 bp tandem repeats 
within the Macrophyllae and Chinenses sections, with four copies present 
in the Dichroa section, except for H. febrifuga, which exhibited two 
copies. Further structural validation and qPCR analyses revealed the 
likely functional role of accD with lower expression. The comprehensive 
phylogenetic analyses, encompassing the whole cp genome, concate-
nated 79 protein-coding genes, translated amino acids, and Bayesian 
datasets, provided strong support for the polyphyletic nature of the 
Hydrangeeae tribe. This finding led to its division into two distinct 
sections, supported by high bootstrap values. Furthermore, we explored 
the phylogenetic relationships of H. petiolaris between the Jeju and 
Ulleung Island populations. Our findings suggest the need for additional 
studies incorporating more samples and molecular data to gain a 
comprehensive understanding of the phylogenomics of H. petiolaris. 
Through the estimation of divergence times and the implementation of 
biogeographical analyses, our study suggests that the common ancestors 
of the Hydrangeeae tribe probably originated from North America and 
East Asia, experiencing diversification primarily within East Asia during 
the Paleocene epoch. Consequently, we posit East Asia and North 
America as the principal centers of origin for taxa found in these regions. 
We hypothesize that the Bering Land Bridge played a crucial role in 
facilitating the migration of the Hydrangeeae tribe between East Asia 
and North America. 
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