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Abstract

Background Hamamelidaceae, a family within the core eudicots and the order Saxifragales, represents a
characteristic lineage of the East Asian flora and holds considerable ecological and economic importance. However,
molecular phylogenetic studies based on single or a few genetic loci have failed to resolve certain phylogenetic
relationships among species, genera, and tribes within the family. Besides, less knowledge on the chloroplast genome
evolution of Hamamelidaceae has known to us so far.

Results and conclusion In this study, we first sequenced and de novo assembled the complete chloroplast genomes
of 37 representative species with comprehensive genus-level sampling within Hamamelidaceae. The whole length

of chloroplast genomes of the 37 Hamamelidaceae species ranged from 158,090 bp to 160,814 bp with typical
quadripartite structure. Minor visible divergences exhibited in the inverted repeat (IR)/single-copy (SC) boundary
regions, which leading to the size variations in Hamamelidaceae chloroplast genomes. Four DNA barcodes (ndh(/
rps18/trnT-GGU/trnR-UCU) and 6,084 chloroplast microsatellites were identified for Hamamelidaceae. Comparative
chloroplast genomes analysis revealed that the genome structure, gene arrangement, gene and GC content, codon
usage bias, and core genes of Hamamelidaceae species were highly conserved, while c/pP gene exhibited significant
positive selection (AN/dS > 1) in Hamamelidaceae. Chloroplast genome-based phylogeny of Hamamelidaceae
supported the monophyly of the majority of extant genera and all Hamamelidaceae species were divided into four
subfamilies with high resolution. Exbucklandioideae was the earliest-diverging lineage, followed by Mytilarioideae,
Disanthoideae, and Hamamelidoideae. Moreover, chloroplast capture events through hybridization or introgression
may lead to the cytonuclear discordance. Overall, our study not only illuminate the chloroplast genome evolution but
also provide a robust phylogenetic framework for constructing a more resolved “Tree of Life” of Hamamelidaceae.
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Introduction
Together with Altingiaceae, Cercidiphyllaceae, and
Daphniphyllaceae, Hamamelidaceae forms the woody
clade within the order Saxifragales [1, 2]. As currently
circumscribed, the extant family Hamamelidaceae com-
prises 28 genera and c. 120 species [3, 4]. Most of these
genera are monotypic or oligo-species (e.g., Chunia Hung
Ta Chang, Embolanthera Merrill, Molinadendron Peter
Karl Endress, Parrotia Carl Friedrich von Meyer, Shanio-
dendron Mao Bin Deng, Hong Tu Wei & Xi Qu Wang and
etc.), and many Hamamelidaceae species are categorized
as endangered species by the IUCN Red List or China
Species Red List [5, 6]. The Hamamelidaceae plants gen-
erally exhibit a pantropical intercontinental disjunct
distribution pattern. Among these regions, Asia—par-
ticularly South China—serves as the modern distribution
center and the diversification center of the family, as well
as the center of its origin and evolutionary differentiation
[7-9]. Fossil evidences indicated that Hamamelidaceae
were widely distributed in the Northern Hemisphere in
the Upper Cretaceous [10]. Most plants in the Hamame-
lidaceae family are trees or shrubs, typically inhabiting
environments such as mountainous regions, stream val-
leys, and rocky slopes. Besides, Hamamelidaceae plants
also present extensive morphological variation and
remarkable diversity in their structural characteristics,
for example, the inflorescence types (racemes, capitula,
and spikes) and pollination types (entomophilous, orni-
thophilous, and anemophilous) [11, 12]. Additionally,
the Hamamelidaceae species hold significant ecological
and economic value. Species in this family are key com-
ponents of forest subcanopy tree layers, often coexisting
with other species or serving as locally dominant taxa.
Members of the genera like Chunia Hung T. Chang, Par-
rotiopsis (Nied.) Camillo Karl Schneider, Exbucklandia
(Robert Brown ex Griffith) Robert Wight & George Ben-
tham, and Mytilaria Lecomte provide high-quality raw
materials for furniture and construction. Plants from
genera such as Hamamelis Gronovius ex Linné, Cory-
lopsis Siebold & Zuccarini, Mytilaria L., and Distylium
Siebold & Zuccarini have high medicinal value. Hama-
melis Gronov. ex L. species are also used in cosmetic
production; the tannins in H. virginiana L. hold the
function of cleansing, anti-bacterial, anti-inflammatory,
and skincare properties, making them common ingredi-
ents in personal care products. Moreover, most species
in this family are highly valued for ornamental purposes
because of their showy flowers, vibrant autumn foliage,
and distinctive exfoliating bark. They are widely planted
in landscape and urban greening projects across Eurasia
[7-9, 13].

Since the initiation of molecular phylogenetic studies
on Hamamelidaceae in the 1990s, considerable progress
has been made in establishing the family’s taxonomic
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framework [3, 4, 14—21]. However, the phylogenetic rela-
tionships among some species, genera, and tribes remain
unresolved and contentious. First of all, the sister-group
relationship between the monotypic genera Shanio-
dendron and Parrotia remains unresolved and debated
[22-24]. Using nuclear ribosomal DNA (nrDNA) inter-
nal transcribed spacer (ITS) sequences, Li et al. [15]
reconstructed a near-complete generic-level phylogeny
of Hamamelidaceae (excluding Chunia and Dicoryphe),
which provided moderate support (bootstrap, BS=74)
for the sister-group relationship between Shaniodendron
and Parrotia. In contrast, based on the chloroplast matK
gene, Li et al. [16] did not recover the sister-group rela-
tionship. The phylogenies inferred from the low-copy
nuclear gene GBSSI and ITS provided strong support
for the sister-group relationship between Shaniodendron
and Parrotia (BS=91) [3]. Meanwhile, the chloroplast
gene trees did not support the relationship and instead
recovered Shaniodendron as part of the monophyletic
group comprising Sinowilsonia, Distylium, and Parrotia
[3]. Using a combined dataset of six chloroplast markers
(atpB, matK, rbcL, atpB—rbcL, trnH—psbA, and trnl Y44
F&44) and nuclear ribosomal ITS sequences, Xiang et al.
[4] reconstructed a comprehensive genus-level phylogeny
of Hamamelidaceae and their analysis did not recover
Shaniodendron and Parrotia as sister taxa. On the con-
trary, Bobrov et al. [18], utilizing five chloroplast regions
(matK, rbcL, trul-trnF, psaA-ycf3, and psbA—trnH)
along with nrDNA ITS and 5.8S sequences, found high
support for the sister-group relationship between Sha-
niodendron and Parrotia (BS = 87). Additionally, Zhang et
al. [19] also fully supported the sister relationship of Sha-
niodendron and Parrotia (BS = 100) using 804 single-copy
nuclear genes.

Secondly, the monophyly of the genus Distyliopsis Peter
Karl Endress remains controversial. Based on nrDNA ITS
sequences, Li et al. [25] failed to resolve the monophyly
of the genus Distyliopsis, and suggested that further stud-
ies with expanded sampling were necessary. Research of
Xiang et al. [4] showed that one representative species
of Distyliopsis, D. tutcheri, formed a monophyletic clade
with Sycopsis, while Distyliopsis itself did not constitute
a monophyletic group. Bobrov et al. [18] included two
Distyliopsis species—D. tutcheri and D. dunnii—but they
did not cluster together; instead, both were nested within
a monophyletic clade along with Distylium species. In
contrast, Zhang et al. [19] strongly supported the mono-
phyly of Distylium and Distyliopsis based on phylogenetic
analyses of 804 single-copy nuclear genes. Thirdly, due to
the scarcity of available material, the genus Embolanthera
has been excluded from many molecular phylogenetic
studies of Hamamelidaceae. To date, only the studies
conducted by Xiang et al. [4] and Zhang et al. [19] have
included this genus, and their results all supported that
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Embolanthera clustered within a monophyletic group
corresponding to the tribe Eustigmateae, rather than
being placed in the tribe Loropetaleae suggested by Li [3].

Chloroplast is an important and dynamic energy con-
verter organelle in plants and some algae, and it has
independent genome system (chloroplast genome) with
a circular double-stranded DNA molecule [26]. Besides,
chloroplast genome is characterized by structural conser-
vation, uniparental inheritance, low recombination rate,
and evolves slowly in most angiosperms, which make it
widely used in studies of molecular evolution and phylo-
genetics [26—28]. In recent years, with the rapid advance-
ment of high-throughput sequencing technologies and
significant reduction in sequencing costs, chloroplast
phylogenomics based on genome skimming or deep
genome skimming approaches has developed rapidly.
Therefore, the resolution of many previously intractable
phylogenetic relationships has been increased remark-
ably [29-32].

In this study, we adopted the classification system of
Li [3] as the taxonomic framework of Hamamelidaceae
and first sequenced and de novo assembled the complete
chloroplast genomes of 37 representative species with
comprehensive genus-level sampling within Hamameli-
daceae. We subsequently investigated the mechanism of
chloroplast genome evolution of Hamamelidaceae and
developed genetic markers such as microsatellites and
DNA barcodes for the family. Finally, we reconstructed
the phylogenetic relationships of Hamamelidaceae based
on the above 37 complete chloroplast genomes selected
as ingroups and the 13 species from six genera of closely
related families in the order Saxifragales used as out-
groups. Our study will give a deep insight to the genome
evolution and provide a robust phylogenetic frame-
work for constructing a more resolved “Tree of Life” of
Hamamelidaceae.

Results

Genome resequencing and chloroplast genome assembly
results

Based on the Illumina HiSeq XTen platform, genome
resequencing was performed on 49 newly-sequenced
woody taxa within the order Saxifragales, generating a
total of approximately 531.71 Gb of high-quality clean
data (150 bp paired-end reads). For all samples (Supple-
mentary Table 1), the percentage of bases with a Phred
quality score>20 (Q20), corresponding to a sequencing
error rate<1%. The GC content of the sequencing reads
was also relatively high across all samples, indicating
that the sequencing data were of excellent quality. For
the two representative specimens, Embolanthera spicata
and Dicoryphe viticoides, approximately 30 Gb of clean
data were obtained for per individual, with Q20 values
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of 97.53% and 97.70%, and GC contents of 43.95% and
43.48%, respectively.

Chloroplast genome de novo assembly for all 49 newly-
sequenced woody Saxifragales taxa was conducted
using a combination of GetOrganelle v.1.4.3 and CLC
Genomics Workbench v.8.1. As a result, complete cir-
cular chloroplast genome sequences were successfully
reconstructed for all individuals and subsequently used
for downstream analyses. The above 49 newly-sequenced
complete chloroplast genomes of woody Saxifragales
(including 37 representative species of Hamamelida-
ceae) generated in this study were deposited in the Gen-
Bank with accession numbers ON693853, ON729341 to
ON729387 (Supplementary Table 2).

Chloroplast genome characteristics of Hamamelidaceae
The complete chloroplast genomes of 37 species repre-
senting all 28 genera of Hamamelidaceae exhibited a typ-
ical quadripartite circular structure (Fig. 1). The genome
sizes ranged from 158,090 bp (Disanthus cercidifolius var.
longipes) to 160,814 bp (Exbucklandia tonkinensis) (Sup-
plementary Table 2). The length of the large single-copy
(LSC) region varied between 87,057 bp (Disanthus cer-
cidifolius var. longipes) and 89,413 bp (Mytilaria laosen-
sis), while the small single-copy (SSC) region ranged from
18,094 bp (Rhodoleia championii) to 18,911 bp (Exbuck-
landia populnea). The length of the inverted repeat (IR)
regions spaned from 26,158 bp (Parrotiopsis jacquemon-
tiana) to 26,429 bp (both Exbucklandia tonkinensis and
Neostrearia fleckeri). The overall GC content across these
plastomes ranged from 37.7% (Rhodoleia championii)
to 38.2% (Matudaea trinervia and Molinadendron sina-
loense) (Supplementary Table 2).

The chloroplast genomes of the 37 species represent-
ing all 28 genera of Hamamelidaceae exhibited highly
conserved gene content and order. Based on the annota-
tion results, these genomes can be categorized into three
types (Table 1 and Supplementary Table 2): 1) Type I: the
plastomes of 23 species from 18 genera contained a total
of 133 genes, including 115 unique genes and 18 dupli-
cated genes. The 115 unique genes comprise 80 protein-
coding genes (PCGs), 30 tRNA genes, 4 rRNA genes, and
one pseudogene (YycfI). The pseudogene VycfI arises due
to incomplete duplication of the ycfI gene, which spaned
the SSC/IRa boundary, resulting in a truncated copy in
the corresponding IRb region. 2) Type II: the plastomes of
14 species from 11 genera contained 134 genes, consist-
ing of 116 unique genes and 18 duplicated genes. The 116
unique genes include 80 PCGs, 30 tRNA genes, 4 rRNA
genes, and two pseudogenes (Yycfl and Yrps19). The for-
mation of YrpsI9 is similarly attributed to incomplete
duplication of the rps19 gene, which spaned the LSC/IRb
junction, leading to a partial, non-functional copy in the
IRa region. 3) Type III: the plastome of Chunia Hung T.
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Fig. 1 Gene map of chloroplast genomes of 37 species of Hamamelidaceae. Genes shown on the outside of the circle are transcribed clockwise, and
genes inside are transcribed counter-clockwise. Genes belonging to different functional groups are color-coded. The darker gray in the inner corresponds

to GC content, and the lighter gray corresponds to AT content

Chang also contained 133 genes, with 115 unique genes
and 18 duplicated genes. However, its 115 unique genes
included 78 PCGs, 30 tRNA genes, 4 rRNA genes, and
three pseudogenes (one YycfI and two YycfI5). The ycf15
gene is pseudogenized due to the presence of premature
stop codons within its sequence, leading to two Yycfi5
copies. In summary, variation in chloroplast genome
gene composition within Hamamelidaceae was mainly
attributable to differences in the number and type of
pseudogenes.

In addition, a total of 18 intron-containing genes were
identified in the chloroplast genomes of Hamamelidaceae
species. Among them, 15 genes contained a single intron,
including nine protein-coding genes (atpE ndhA, ndhB,
petB, petD, rpl2, rpl16, rpoCl, and rps16) and six tRNA
genes (trnG-GCC, trnK-UUU, trnL-UAA, trnV-UAC,
trnl-GAU, and trnA-UGC). Only three protein-coding
genes (ycf3, clpB and rpsi2) were found to contain two
introns. Notably, rpsI2 is a trans-spliced gene, with its
5" exon located in the LSC region and its 3’ exons and
introns located within the IR regions (Table 1).

Comparative chloroplast genome analysis of
Hamamelidaceae

Global chloroplast genome sequence comparisons within
37 congeneric Hamamelidaceae species were conducted
using the mVISTA software under the Shuffle-LAGAN
mode and with Exbucklandia tonkinensis as the refer-
ence. The visualization results indicated that Hamameli-
daceae chloroplast genomes were conserved with a high
degree of similarity and synteny at the genome-scale
level. However, we also found the sequence mutations
between Exbucklandioideae and the other sub-families
were relatively larger. Subfamilies Disanthoideae and
Hamamelidoideae, and the tribe Hamamelideae and
Fothergilleae had a higher degree of similarity in genome
sequences, indicating the close phylogenetic relationships
among those taxa. Overall, the IR regions were more con-
served than the LSC and SSC regions, and the sequence
variation in the non-coding regions was higher than that
of genes in coding regions (Supplementary Fig. 1). Syn-
teny analysis using the Mauve software revealed rela-
tively conserved chloroplast genome structures within
Hamamelidaceae, while few re-arrangements in the LSC
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Table 1 Gene list of chloroplast genomes of 37

Hamamelidaceae woody taxa

Groups of genes Names of genes

Ribosomal RNAs 16 (x2), rr23 (X 2), rrn4.5 (X 2), rrn5 (X 2)
trnK-UUUR, trnQ-UUG, trnS-GCU, trnG-GCC?,
trnR-UCU, trnC-GCA, trnD-GUC, trnY-GUA,
trnE-UUG, trnT-GGU, trnS-UGA, trnG-UCC,
trnfM-CAU, trnS-GGA, trnT-UGU, trnl-UAA®,

Transfer RNAs trnF-GAA, trnV-UAC?, trnM-CAU, trnW-CCA,
trnP-UGG, trnH-GUG (X 2), trnl-CAU (X 2),
trnl-CAA (X 2), trnV-GAC (x 2), trnl-GAU? (X 2),
trnA-UGC? (X 2), trnR-ACG (X 2), trnN-GUU
(x2),
trnl-UAG

Photosystem | psaB, psaA, psal, psal, psaC

Photosystem Il psbA, psbK, psbl, psbM, psbD, psbC, psbZ,
psbJ, psbl, psbF, psbE, psbB, psbT, psbN, psbH

Cytochrome petN, petA, petl, petG, petB?, petD?

ATP synthase atpA, atpF?, atpH, atpl, atpE, atpB,

Rubisco rbcl

NADH dehydrogenase ndhJ, ndhK, ndhC, ndhB? (x 2), ndhf, ndhD,
ndhE,
ndhG, ndhl, ndhA®, ndhH

ATP-dependent protease  clpP®

subunit P

Chloroplast envelope cemA

membrane protein

large units pl33, rpl20, rpl36, rpl 14, rpl16°, rpl22, rpl2®
(x2), rpl23 (x2), rpl32
small units 1ps16° rps2, rps14, rps4, rps 18, rps 12° (x2),

rps11,rps8, rps3, rps19, rps7 (X 2), rps15
poC2, rpoCI1%, rpoB, rpoA

matK, accD, ccsA

ycf3b, ycf4, ycf2 (x 2), ycfi

RNA polymerase
Miscellaneous proteins
Hypothetical proteins &
conserved reading frames
Pseudogenes Yyef15 (x2), Yycf68 (x 2), YinfA
2indicates the genes containing a single intron

Pindicates the genes containing two introns

(x2) indicates genes duplicated in the IR regions; pseudogene is represented
by ¥

regions of the chloroplast genomes across 37 Hamameli-
daceae species (Supplementary Fig. 2).

Comparative analysis of IR boundaries indicated that
border genes were identical among 37 Hamamelidaceae
chloroplast genomes, but slight differences existed in
length of these genes (rps19, ndhF and ycfl) and relative
positions of these genes to the boundaries (Fig. 2). Spe-
cifically, in the junction of the LSC/IRb (JLB), the genes
rps19 and rpl2 were located. Gene rps19 with 279 bp in
length exhibited two patterns among the 37 Hamamelida-
ceae species: (1) in 15 species, rps19 extended into IRb by
2 bp, with exception of Dicoryphe viticoides (29 bp) and
Maingaya malayana (66 bp); (2) in 22 species, rps19 was
entirely in the LSC region with 1-19 bp away from the
JLB. Gene rpl2 was placed completely in the IRDb region.
Regarding the IRb/SSC junction (JSB), the truncated ycfI
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(pseudogene: Yycfl) and ndhF were adjacent. The major-
ity of Yycfl pseudogenes (985-1,155 bp in length) was
located in the IRb region, with 1 bp apart from the /SB
boundary. The ndhF gene (2,231-2,240 bp in length) dis-
played two configurations: one was the joint location in
the SSC region; the other was the existence of overlap
between ndhF and Yycf1, with which ndhF expanded into
the IRDb region (0-22 bp). In the JSA boundary, the gene
ycfl crossed over the JSA with a length of 4,439-4,594
bp and 986-1,156 bp in the SSC and IR region, respec-
tively. The IRa/LSC junction (JLA) was located between
the other rpl2 and truH-GUG. This rpl2 gene completely
located in the IRa region and the gene truH-GUG with
74 bp in length was 7-228 bp away from the /LA bound-
ary. Besides, some truncated rps19 (pseudogene: Yrps19)
exhibited in the /LA boundary in some species of Hama-
melidaceae (Fig. 2).

Enrichment of chloroplast genetic resources of
Hamamelidaceae

A total of 6,084 chloroplast simple sequence repeats
(cpSSRs) including 5,293 mononucleotide (A, C, T, G),
321 dinucleotide (AT, AG, TA, TC, CT, CG), 160 trinu-
cleotide (GAA, TTA, ATA, AAT, ATT, TCA, TAA, TAT,
CAG, TTC), 247 tetranucleotide (ATAC, TGAA, TTCT,
TTTC, AAAT, ATAA, TTTA, AGAA, ATCT, TAAA,
TTAA, GAAA, AATA, CAAA, TTGA, ATTT, TTGT,
GATA, TATT, AAAG, TTAT, AGAT, CAAT, TCTA,
ATAG, TAAT), 56 pentanucleotide (TATTT, TTCTA,
TCATA, TTCTA, TTCTT, TATAA, AAATG, ATTTT,
ATATA, TAGAA), and 7 hexanucleotide (CTTTTT,
CTAAGA, TCTCGG, ATCTTA, GAGAAG, TCCTTC)
repeats were identified within the 37 Hamamelidaceae
species (Fig. 3A, Supplementary Table 3). The major-
ity of cpSSRs were located in the LSC regions (76.6%,
Fig. 3B, Supplementary Table 3), with mononucleotide
cpSSRs (predominantly A/T repeats) comprising 87.0%
of the total. The number of cpSSRs per species ranged
from 136 (Disanthus cercidifolius) to 179 (Dicoryphe viti-
coides) (Supplementary Table 3). Notably, most cpSSR
loci were located in the IGS regions (81.7%), followed
by CDS (5.6%) and introns (12.8%) (Fig. 3C). Analysis
of the scattered sequence repeats via REPuter identified
1,443 scattered repeats totally across the 37 Hamameli-
daceae species, ranged from 28 long repetitive sequences
in Ostrearia australiana to 144 in Dicoryphe viticoides
(Supplementary Table 4). Specifically, 661 forward repeat
sequences (49.3%), 29 reverse repeat sequences (2.2%), 3
complementary repeat sequences (0.2%), and 648 palin-
dromic repeat sequences (48.3%) (Fig. 3D).

Nucleotide variability (m) within the 37 Hamame-
lidaceae species was analyzed by sliding window analysis
using multiple-sequence alignment. A total of 195 gene
fragments were detected in the chloroplast genomes of
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37 Hamamelidaceae species, with a mean nucleotide
diversity value of 0.01646. Four nucleotide polymorphism
hotspots (DNA barcodes) were discovered in four genes
(ndhC/rps18/trnT-GGU/trnR-UCU) with 1t values above
0.045, which were located in single-copy regions (Fig. 4
and Supplementary Table 5).

Evolutionary mechanism and pan-genomic analysis of
Hamamelidaceae

We calculated the relative synonymous codon usage
(RSCU) value of 37 Hamamelidaceae chloroplast
genomes. The results revealed that the Hamamelidaceae
chloroplast genomes shared 59 codons, among which 29
codons had RSCU values greater than 1, predominantly
ending with adenine (A) and uracil (U). Specifically, 20
codons (UUA, AUU, GUU, GUA, UCU, CCU, ACU,
GCU, CAU, CAA, AAU, AAA, GAU, GAA, UGU, CGU,
CGA, AGA, GGU, GGA) exhibited RSCU values>1.3,
five codons (UUU, UUG, CUU, UCA, ACA) had RSCU
values between 1.2 and 1.3, and three codons (AGU,
CCA, GCA) displayed RSCU values ranging from 1.0 to
1.2 (Supplementary Fig. 3).

The analysis of selection pressure on 76 protein-cod-
ing genes in the plastomes of Hamamelidaceae using
CODEML revealed that the clpP gene was under positive
selection (adaptive selection, dN/dS>1) (Supplementary
Fig. 4, Supplementary Table 6). Apart from this gene, the
others may be subject to neutral or purifying selection.

Based on the 0/1 matrix of chloroplast genes from 37
species (totaling 137 gene loci), the pan-core accumula-
tion analysis revealed rapid saturation of the chloroplast
gene pool. Specifically, the pan gene number converges
rapidly to 137 with increasing sample size, while the
core gene number converges to 131. The strict core gene
proportion is 95.6% (131/137), with only five genes—
rps19_copy2, trnE-UUC_copy2, trnE-UUC_copy3, trul,
and trnl_copy2—being accessory (present in 2—36 spe-
cies) and trnH-GUG_copy2 being unique (present only in
the species Maingaya malayana) (Supplementary Fig. 5).
These findings suggested that the chloroplast gene con-
tent of this family is highly conserved overall, with the
gene pool approaching a “closed” state.

Phylogenetic relationships of Hamamelidaceae

The complete chloroplast genome sequences were
aligned using MAFFT v.7 [33], and ambiguously aligned
regions were trimmed. The final concatenated alignment
matrix comprised 176,275 bp. Substitution saturation
was assessed using DAMBE v.5.3.74 [34], and the results
indicated that the dataset is not saturated (Iss<Iss.c,
P=0.0000<0.001), supporting its suitability for subse-
quent phylogenetic analysis. In addition, 76 concatenated
protein-coding genes (PCGs) were aligned with MAFFT
v.7 [33], and ambiguous sites were removed, resulting in
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an alignment matrix of 69,090 bp. Substitution satura-
tion testing with DAMBE v.5.3.74 [34] similarly showed
that the sequences were not saturated (Iss<Iss.c,
P=0.0000<0.001), indicating that this dataset is also
appropriate for phylogenetic reconstruction.
Phylogenetic trees were reconstructed using both
Maximum Likelihood (ML) and Bayesian Inference (BI)
methods based on the two datasets (complete chloro-
plast genomes and 76 concatenated PCGs). The result-
ing four phylogenetic trees shared identical topologies,
with high support values at nearly all nodes (Fig. 5 and

Supplementary Fig. 6). For the complete plastome data-
set, the median bootstrap support (BS) and posterior
probability (PP) values were 100/1, the average values
were 98/1, and the standard deviations were 5.74 for BS
and 0.002 for PP. For the PCG dataset, the median BS/PP
values were also 100/1, with average values of 99/1 and
standard deviations of 2.66 for BS and 0.003 for PP. These
results indicated that both datasets provided highly con-
sistent and strongly supported phylogenetic signals,
validating their reliability for resolving evolutionary rela-
tionships within Hamamelidaceae.
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Regarding the phylogenetic relationships among
woody lineages within Saxifragales, the above-mentioned
topologies strongly supported Hamamelidaceae and
Altingiaceae as sister groups (whole plastome tree:BS/

PP=96/1; PCGs tree: BS/PP=100/1). Daphniphyllaceae
and Cercidiphyllaceae formed a monophyletic clade
(whole plastome tree BS/PP=96/0.99; PCGs tree BS/
PP=100/1), which showed a closer relationship with
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Paeoniaceae. The majority of extant genera of Hamameli-
daceae formed a well-supported monophyletic clade, and
the intrafamilial classification was largely congruent with
the system proposed by Li [3]. All major clades received
strong support (whole plastome tree: BS/PP=100/1;
PCGs tree: BS/PP =100/1). The four subfamilies of Ham-
amelidaceae were each recovered as monophyletic clades.
Exbucklandioideae was the earliest-diverging lineage, fol-
lowed sequentially by Mytilarioideae, Disanthoideae, and
Hamamelidoideae.

Within Hamamelidoideae, the phylogenetic relation-
ships among tribes and genera showed several incon-
gruences compared with the classification system of Li
[3], as detailed below: 1) Embolanthera Merr. formed a
monophyletic clade with members of tribe Corylop-
sideae (whole plastome tree: BS/PP=91/1; PCGs tree:
BS/PP=98/1), rendering tribe Loropetaleae, as circum-
scribed by Li [3], paraphyletic; 2) Among the five genera
endemic to the Southern Hemisphere, Trichocladus Pers.
and Dicoryphe Thouars formed one clade (BS/PP=91/1
for whole plastome tree; 97/1 for PCGs tree), while
Ostrearia Baill,, Noahdendron PK. Endress, B. Hyland
& R. Tracey, and Neostrearia L.S. Sm. formed another
well-supported clade (BS/PP=100/1 for both datasets).
Within this latter group, Neostrearia and Ostrearia con-
stituted a monophyletic subclade (BS/PP=100/1 for both
datasets). These two major clades were themselves sister
groups (BS/PP=100/1 for both trees); 3) Fothergilla L.
was not placed within tribe Fothergilleae, contradicting
its position in Li’s [3] classification (BS/PP=100/1 for
both datasets); 4) Shaniodendron M.B. Deng, H.T. Wei &
X.Q. Wang and Parrotia C.A. Mey. did not form a sister
relationship (BS/PP=100/1 for both datasets); instead,
Shaniodendron groups within a monophyletic clade
alongside Distylium, Parrotiopsis, and Distyliopsis (BS/
PP =99/1 for both datasets); 5) Representatives of Disty-
lium Siebold & Zucc. and Distyliopsis P. K. Endress did
not each form monophyletic groups.

Discussion

Chloroplast genome evolution of Hamamelidaceae
Chloroplast genome is crucial for disentangling and
advancing our understanding of the plant evolutionary
mechanisms and adaptation [26-28]. In this study, we
investigated and charactered the chloroplast genomes
of 37 Hamamelidaceae species at the whole genus level
to capture the intergenus/intragenus variation and evo-
lution of Hamamelidaceae chloroplast genomes. Our
results showed a generally conserved genome structure,
gene arrangement, gene and GC content, codon usage
bias, and core genes in Hamamelidaceae. Nevertheless,
differences in pseudogenes and positive selections in the
chloroplast genome evolution of Hamamelidaceae were
identified. We will discuss them below:

Page 9 of 15

1. Pseudogenes evolution in Hamamelidaceae.

Pseudogenes possess biological functions and serve as
raw material for the emergence of new genes and func-
tions, playing important roles in gene expression regula-
tion and species evolution [35-38]. The identification of
three pseudogenes (YycfI, Yrps19 and Yycf15) in Hama-
melidaceae’s cp genomes provides a unique perspective
on the genomic evolutionary dynamics of this family.
Specifically, pseudogene ¥ycfI was found in 16 genera of
Hamamelidacea, Yrps19 was detected in 11 genera, while
Yy¢f15 only spotted in the genus of Chunia, indicating a
genus specificity of pseudogenes among Hamamelida-
cea’s species.

In this study, YycfI and Yrps19 were identified as pseu-
dogenes due to the presence of a premature stop codon,
while Yy¢f15 contained multiple internal stop codons. The
ycfl gene is crucial for plant growth and reproduction as
it encodes the Tic214 protein in the chloroplast genome
[39, 40]. The rpsI9 is involved in the self-replication of
chloroplasts and vital for ribosome biogenesis, impact-
ing proper gene expression and cell growth [41]. The
ycf15 gene belongs to a group of chloroplast genes with
unknown function, yet due to its distinct sequence struc-
ture and abundance of phylogenetically informative sites,
y¢f15 holds considerable value in plant phylogenetics and
species identification [42-44]. Recent review pointed
that pseudogenes could be functionally reactivated under
specific conditions to exert regulatory roles in shaping
species-specific adaptations [45]. We therefore inferred
that pseudogenes of Hamamelidacea may possess certain
functionalities and could acquire new functions through
evolutionary processes. However, more study should be
conducted to demonstrate the above hypothesis.

2. Positive selection of c/pP in Hamamelidaceae.

In this investigation, our analysis revealed that among the
protein-coding genes of Hamamelidaceae, clpP gene was
found to be under positive selection (dAN/dS>1), indi-
cating ongoing adaptive evolutionary processes within
Hamamelidaceae.

The clpP gene encodes a chloroplast protease subunit
that regulates protein homeostasis and photosystem
repair, which may be related to the plant’s ability to adapt
to environmental stresses such as drought and salinity
[46]. Given the heterogeneous habitats of Hamamelida-
ceae, the clpP gene's positive selection-driven variation
optimizes photosynthetic efficiency under adverse condi-
tions, providing a better understanding of the molecular
mechanisms of plant adaptive evolution of this family.
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Chloroplast genome-based phylogeny of Hamamelidaceae
Accurate phylogenetic relationships among clades pro-
vide a fundamental basis for understanding species
evolution and the formation of floristic, and they are
essential for conducting interdisciplinary and integrative
research [47, 48]. As a representative component of the
East Asian flora, Hamamelidaceae possesses significant
ecological and economic value. Its origin and evolution-
ary history have long been of great interest to evolution-
ary biologists.

In this study, we reconstructed—for the first time—the
phylogenetic relationships among all genera of Hamame-
lidaceae and other woody families within Saxifragales,
based on the complete chloroplast genome sequences.
With regard to the intrageneric phylogenetic relation-
ships within Hamamelidaceae, our results supported the
monophyly of the majority of extant genera in the family.
The four subfamilies, as well as the major tribes within
Hamamelidoideae, are largely consistent with the classi-
fication framework proposed by Li [3]. However, certain
phylogenetic relationships inferred in this study con-
flicted with previous findings, and these inconsistencies
were discussed in detail below:

1. Evidence from this study indicated that tribe
Loropetaleae, as circumscribed by Li [3], was not
monophyletic. Specifically, Embolanthera Merr.,
originally assigned to Loropetaleae, was strongly
supported as forming a monophyletic clade with
members of tribe Corylopsideae (whole plastome
tree: BS/PP=91/1; PCGs tree: BS/PP=98/1). Our
findings were consistent with those of Xiang et al.
[4] and Zhang et al. [19]. Morphological evidence
further supported our results: all other members of
Loropetaleae (except Embolanthera) possess disc-
shaped lobes that produce nectar [49], a trait not
observed in Embolanthera. Moreover, species of
Corylopsis and Loropetalum (both in Corylopsideae)
share several morphological features, including
being deciduous shrubs or small trees, having
alternate, ovate to obovate leaves, spathulate petals,
five stamens with two-loculed anthers, and a single
pendulous ovule per locule. Based on both molecular
and morphological evidences, we suggested that
the tribal placement of Embolanthera should be
re-evaluated.

2. The phylogenetic reconstruction of the five genera
endemic to the Southern Hemisphere in this study
differed from the results of previous studies [3, 4,

15, 18], but was consistent with Zhang et al. [19]
based on 804 single-copy nuclear genes, all of which
strongly supported a sister-group relationship
between Neostrearia and Ostrearia (whole plastome
tree: BS/PP =100/1; PCGs tree: BS/PP =100/1). Given
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that the sister relationship between Neostrearia and
Noahdendron had received low support with limited
phylogenetic signals in most earlier studies, and in
light of morphological evidence—particularly the
similarity in pollen morphology between Neostrearia
and Ostrearia [50]—this study likewise concluded
that the phylogenetic relationships among these
three genera remain unresolved.

. Our results showed that the representative species

of Fothergilla, Fothergilla gardenii, did not fall within
tribe Fothergilleae as defined in the classification
system of Li [3]. However, this finding revealed

a clear case of cytonuclear discordance when
compared with the results based on nuclear genomic
data [19]. The tetraploid hybrid origin of Fothergilla
gardenii [51] may explain this discrepancy.
According to the research of Qi et al., a chloroplast
capture event during ancient hybridization could
have led to the anomalous placement of this genus
in the chloroplast-based phylogenetic tree [51].
However, more direct and roboust evidences should
be provided to accurately explain the chloroplast
topology in the future study.

. 'The sister-group relationship between

Shaniodendron and Parrotia was not supported

by the chloroplast genome phylogeny in this study.
Instead, Shaniodendron was strongly supported

as forming a monophyletic clade with Distylium,
Parrotiopsis, and Distyliopsis. This result was
consistent with previous studies based on chloroplast
DNA fragments [3, 16]. Li [3] also proposed a
possible inference for this pattern, assuming that
Shaniodendron may have undergone ancient
hybridization, leading to a chloroplast capture

event from the ancestral lineage of the Distylium—
Parrotiopsis—Distyliopsis clade. In contrast, nuclear
phylogenomics fully supported the sister relationship
of Shaniodendron and Parrotia (BS =100) using

804 single-copy nuclear genes [19] exhibiting a
pronounced cytonuclear discordance. Therefore,
more roboust evidences should be collated to resolve
their sister-group relationship in the future study.

. To explain the non-monophyly observed for

Distylium and Distyliopsis in our plastome
phylogenetic analyses, we proposed that these two
genera were closely related, as indicated by the
short evolutionary branch lengths between them
in the chloroplast genome phylogeny. Moreover,
most species of both genera exhibit sympatric
distributions, which increases the likelihood of
hybridization and introgression events. Meanwhile,
the phylogenetic analysis based on 804 single-copy
nuclear genes strongly supported the monophyly
of Distylium and Distyliopsis [19]. This result was
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incongruent with the topology inferred from our
chloroplast genome data and also represented a
typical case of cytonuclear discordance. We inferred
that the likely cause of this discordance was the close
phylogenetic relationship between the two genera,
which may have facilitated chloroplast capture
events through hybridization or introgression.
However, more direct and roboust evidences should
be provided to correctly understand the chloroplast
topology in the future study.

Overall, in this study, while plastome-scale data substan-
tially improve phylogenetic resolution compared to sin-
gle- or few-locus analyses, they may still be insufficient
to completely resolve backbone relationships in cases of
rapid radiations or ancient divergences. We therefore
proposed that integrating nuclear genomic data and mor-
phological evidence would likely provide greater power
to disentangle the deeper phylogenetic and evolution-
ary relationships within Hamamelidaceae in the future
research.

Materials and methods
Hamamelidaceae taxon sampling, DNA extraction and
genome resequencing
A comprehensive taxonomic sampling of 50 accessions
was conducted for the phylogenomic study of Hamameli-
daceae, including 37 species representing all 28 currently
recognized genera within the family [2]. These species
were selected as ingroups. Additionally, 13 species from
four closely related families in the order Saxifragales
served as outgroups. Specifically, 12 newly-sequenced
woody taxa belonged to the families of Altingiaceae, Cer-
cidiphyllaceae, and Daphniphyllaceae. Besides, the one
chloroplast genome data of Paeonia suffruticosa (Paeo-
niaceae) was downloaded from NCBI (NC_037879) [1,
2]. The voucher specimens were identified by David Yue
Ping Ting and Pan Li, and had been deposited at the Her-
barium of Nanjing University (HNU), with deposition
numbers provided in Supplementary Table 1.
High-quality genomic DNA of 49 newly-sequenced
woody taxa within the order Saxifragales was extracted
from the silica-gel-dried leaves using a modified CTAB-
based method [52]. The extracted DNA was then used to
construct paired-end sequencing libraries with an insert
size of 500—600 bp, following the Illumina library prepa-
ration protocol. Genome resequencing (150 bp paired-
end reads) was performed on the Illumina HiSeq XTen
platform at the Beijing Genomics Institute (BGI, Shen-
zhen, China). The raw sequencing data underwent trim-
ming and filtering to remove adapters, low-quality reads,
undersized inserts, and duplicate reads. This was done
using TRIMMOMATIC v.0.39 [53], with a sliding win-
dow size of 4 and a minimum phred score of 20.
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Chloroplast genome de novo assembly and annotation
Chloroplast genomes of the above 49 newly-sequenced
species were de novo assembled from clean sequencing
data using GetOrganelle v.1.7.6.1 [54], with Shanioden-
dron subaequale plastome (GenBank ID: NC_037243.1)
as the reference genome. Before de novo assembly, we
filtered and removed the adapter sequences, low-qual-
ity reads (Q<20, 0.01 probability error), low cover-
age regions or ambiguous bases using NGS QC Tool
Kit v.2.3.3 [55]. The core command used in GetOr-
ganelle v.1.7.6.1 was: get_organelle_from_reads.py -s
NC_037243.1 fasta -1 Species_1.fq.gz -2 Species_2.fq.gz
-0 Species_plastome_output -R 15 -k 21,45,65,85,105
-F embplant_pt. Additionally, the chloroplast genomes
of Embolanthera spicata Merr. and Dicoryphe viticoi-
des Baker were further de novo assembled using CLC
Genomics Workbench v.8.1 (http://www.clcbio.com;
CLC Bio, Denmark).

The assembled chloroplast genome sequences of 49
newly-sequenced species were then annotated using
the Plastid Genome Annotator (PGA) pipeline [56]. The
presence and structure of transfer RNA (tRNA) genes
were further verified using tRNAscan-SE [57]. The anno-
tated genomes were then imported into Geneious Prime
(http://www.geneious.com/; Biomatters Ltd., Auckland,
New Zealand), where manual adjustments were made
based on Shaniodendron subaequale plastome (GenBank
ID: NC_037243.1) to refine the positions of start and stop
codons, as well as exon—intron boundaries of each gene.

To visualize the circular genome maps, the annotated
sequences were submitted to Organellar Genome DRAW
v1.3.1 [58] (http://ogdraw.mpimp-golm.mpg.de/). Finally,
the annotated plastome sequences were submitted to the
NCBI GenBank database (Supplementary Table 1).

Comparative chloroplast genome analysis of
Hamamelidaceae

To clarify the level of sequence divergence of Hamameli-
daceae, we conducted the chloroplast genomes compari-
son across 37 Hamamelidaceae species using mVISTA
program (http://genome.lbl.gov/vista/mvista/, accessed
on 18 November 2023) [59] under the Shuffle-LAGAN
mode with the annotation of Exbucklandia tonkinensis
plastome as a reference. To further investigate the pres-
ence of large-scale structural re-arrangements or genome
structural variations among chloroplast genomes, Mauve
[60] was employed to analyze 37 Hamamelidaceae
species.

The boundary regions of the chloroplast genomes of
the 37 Hamamelidaceae plants were visualized and com-
pared using IRscope [61] (https://irscope.shinyapps.io/
irapp/) to screen a macroscopic view of the chloroplast
genome structure of the section and trace the size varia-
tion in the boundary regions of chloroplast genomes
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among inverted repeat regions (IRs), small single copy
region (SSC) and large single copy region (LSC).

Identification of microsatellites, repeats, and DNA
barcodes of Hamamelidaceae

We used MIcroSAtellite (MISA) perl script [62] to iden-
tify chloroplast microsatellite markers (cpSSRs) within
the cp genomes of the 37 Hamamelidaceae individuals,
setting the parameters with thresholds of ten repeat units
for mononucleotide SSRs, six repeat units for dinucleo-
tide SSRs, five repeat units for tri-, tetra-, penta-, and
hexa-nucleotide SSRs were employed. Family-targeted
polymorphic SSRs across the 37 Hamamelidaceae indi-
viduals were further selected by the following three cri-
teria: (1) cpSSRs located in the homologous regions;
(2) cpSSRs possessed the same repeat units; and (3) the
number of repeat units was variable.

REPuter [63] was used to count four types of scattered/
dispersed sequence repeats (complement repeats, for-
ward repeats, reverse repeats, and palindromic repeats)
within 37 Hamamelidaceae chloroplast genomes, with
the following parameter: the minimum repeat size of
50 bp and a hamming distance of eight.

DnaSP v.6.0 [64] (http://www.ub.edu/dnasp/) was used
to find the DNA barcodes of Hamamelidaceae. Specifi-
cally, we calculated the nucleotide variability () of both
coding regions and non-coding regions such as intergenic
spacers and introns with aligned length>200 bp and
mutation site>0 after sequence alignment via MAFFT
v.7 [33] (https://mafft.cbrc.jp/alignment/software/) by
DnaSP v.6.0. The calculated nucleotide variability values
(7r) were then plotted in R v.4.0.2 (https://www.r-project
.org/).

Evolutionary mechanism and pan-genomic analysis of
Hamamelidaceae

We employed the RSCU-Plot tool [65-68] (https://pcg-la
b.shinyapps.io/RSCU-Plot/) for visualization and interpr
etation of codon usage patterns of Hamamelidaceae.

The synonymous (dS), non-synonymous (dN) nucleo-
tide substitution rates and the dN/dS ratio (») of Hama-
melidaceae chloroplast genomes were calculated using
the CODEML program of PAML v.4.9 [69]. The pairwise
dN and dS substitution rates between different taxa were
calculated based on the custom selection model by set-
ting CodonFreq prior as F3 x 4 model [70].

To estimate the pan-genome and core genome sizes
of Hamamelidaceae, we utilized a custom Python script
(pan_core_from_matrix.py) with a method based on
random resampling [71]. All genomes were randomly
shuffled and sequentially incorporated into the analysis
to avoid the influence of genome inclusion order on the
results. For each genome size, the pan-genome size and
core genome size were calculated separately. Analysis was
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repeated 1,000 times, and the average values were used to
construct the cumulative curves of the pan-genome and
core genome [71].

Phylogenetic analysis of Hamameliadaceae

Based on two datasets—the complete chloroplast
genome sequences and the shared chloroplast protein-
coding genes (PCGs) among the sampled taxa—phy-
logenetic analyses were conducted using Maximum
Likelihood (ML) and Bayesian Inference (BI) methods.
The workflow was as follows:

(1) For the complete chloroplast genome sequences,
multiple sequence alignment was performed using
MAFFT v.7 [33]. The aligned sequences were then
manually trimmed in Geneious Prime to remove
poorly aligned and ambiguous regions. Substitution
saturation of the aligned sequences was assessed
using DAMBE v.5.3.74 [34]. Only sequences that
showed no signs of substitution saturation were
retained for subsequent phylogenetic reconstruction.

(2) For the chloroplast PCGs, gene sequences were
first extracted for each species using Geneious
Prime. Due to gene loss and/or the presence of
pseudogenes identified during chloroplast genome
annotation, only 76 PCGs were found to be shared
among all 50 species. These 76 PCGs from each
species were concatenated in Geneious Prime and
aligned using MAFFT v.7 [33]. Poorly aligned and
ambiguous regions were removed to generate a high-
quality PCG data matrix for phylogenetic analysis.
Substitution saturation of the aligned sequences
was evaluated using DAMBE v.5.3.74 [34], and only
sequences without saturation were retained for
downstream phylogenetic reconstruction.

(3) ML analyses were performed using IQ-TREE v.1.6.12
[72]. The best-fit nucleotide substitution models
were selected using ModelFinder [73] implemented
in IQ-TREE, based on the Akaike Information
Criterion (AIC). The best-fit model for the complete
chloroplast genome dataset was TVM + F + R7, while
that for the PCG dataset was GTR + F + R6. Node
support was evaluated using 1,000 bootstrap (BS)
replicates.

(4)For BI analyses, the best-fit substitution model was
determined using MrModeltest v.2.3 [74], with
GTR +1+G selected as the optimal model for both
datasets. BI trees were constructed in MrBayes
v.3.1.2 [75] under the GTR + [+ G model (Iset nst=6,
rates = invgamma; prset statefreqpr = dirichlet
(1,1,1,1)). Two independent Markov chain Monte
Carlo (MCMC) runs were conducted, each for
10,000,000 generations, with sampling every
1,000 generations. Convergence was assessed by
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ensuring that the average standard deviation of split
frequencies fell below 0.01. The first 25% of sampled
trees were discarded as burn-in, and the remaining
trees were used to construct a majority-rule
consensus tree to estimate posterior probabilities
(PP).

All resulting phylogenetic trees were visualized and
edited using FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/soft
ware/figtree/).
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