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Plastome structure and phylogenetic
relationships of genus Hydrocotyle (apiales):
provide insights into the plastome evolution
of Hydrocotyle
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Abstract

Background The genus Hydrocotyle Tourn. ex L. is a key group for further study on the evolution of Apiales,
comprising around 170 species globally. Previous studies mainly focused on separate sections and provided much
information about this genus, but its infrageneric relationships are still confusing. In addition, the genetic basis of its
adaptive evolution remains poorly understood. To investigate the phylogeny and evolution of the genus, we selected
ten representative species covering two of three diversity distribution centers and exhibiting rich morphology
diversity. Comparative plastome analysis was conducted to clarify the structural character of Hydrocotyle plastomes.
Positive selection analyses were implemented to assess the evolution of the genus. Phylogenetic inferences with
protein-coding sequences (CDS) of Hydrocotyle and 17 related species were also performed.

Results Plastomes within Hydrocotyle were generally conservative in structure, gene order, and size. A total of 14
regions (rps16-trnK, trnQ-rps 16, atpl-atpH, trnC-petN-psbM, ycf3-trnS, accD-psal-ycf4, petA-psbJ, rps12-rpl20, rpl16 intron,
rps3-rpl16 intron, rps9-rpl22, ndhF-rpl32, ndhA intron, and ycf1a) were recognized as hotspot regions within the genus,
which suggested to be promising DNA barcodes for global phylogenetic analysis of Hydrocotyle. The ycf15 gene was
suggested to be a protein-coding gene for Hydrocotyle species, and it could be used as a DNA barcode to identify
Hydrocotyle. In phylogenetic analysis, three monophyletic clades (Clade I, II, lll) were identified with evidence of rapid
radiation speciation within Clade |. The selective pressure analysis detected that six CDS genes (ycf1b, matK, atpf,
accD, rps14, and psbB) of Hydrocotyle species were under positive selection. Within the genus, the last four genes were
conservative, suggesting a relation to the unique evolution of the genus in Apiales. Seven genes (atpE, matK, psbH,
ycfla, ycf1b, rpoA, and ycf2) were detected to be under some degree of positive selection in different taxa within the
genus Hydrocotyle, indicating their role in the adaptive evolution of species.

Conclusions Our study offers new insights into the phylogeny and adaptive evolution of Hydrocotyle. The plastome
sequences could significantly enhance phylogenetic resolution and provide genomic resources and potential DNA
markers useful for future studies of the genus.
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Background

The genus Hydrocotyle Tourn. ex L., belonging to Apia-
les with approximately 170 species, is widely distributed
worldwide, with Australia, South America, and China
as three diversity distribution centers [1]. This genus is a
key group for further study on the evolution of Apiales.
Hydrocotyle was once classified in Apiaceae in the tra-
ditional taxonomic studies due to the herbaceous habit,
umbels, and two mericarps united fruits of species [2-5].
However, recent phylogenetic studies based on small
molecular data, mainly from nuclear ribosomal DNA
(nrDNA ITS and 26 S) and chloroplast DNA (cpDNA
matK and rbcL), showed that Hydrocotyle was clustered
with Araliaceae rather than Apiaceae [6—9]. Combining
phylogenetic results with morphological evidence (the
lignified endocarp, absence of tubing and carpel stalk in
Hydrocotyle species), the genus was subsequently trans-
ferred to the family Araliaceae [10-12].

Hydrocotyle species are creeping, rooted at nodes,
simple leaves with stipules, typically a single umbel inflo-
rescence with petals valvate, fruit globose or ellipsoid,
strongly flattened laterally [5, 12] (Fig. 1). This genus
comprises both annual and perennial herbs that occur in
variable habitat, such as mesic and aquatic environments
[13] or seasonally dry and arid environments [14]. The
genus was not given much attention in the early studies
of Apiales. Species of Hydrocotyle are easily overlooked
in the wild due to their short and prostrate growth, and
the potential value of these plants is rarely exploited at
present. With the transfer of Hydrocotyle to Araliaceae,
the particularity and importance of Hydrocotyle in Apia-
les have been highlighted. Species of this genus were tra-
ditionally recognized based on leaf morphology, but leaf
characters were widely variated and directly dependent
on age and ecological factors [15]. Given this, species
delimitation within Hydrocotyle is currently controver-
sial. In recent years, most of the studies on this genus
have focused on traditional taxonomic studies, and the
discussions on the relationship between species were
relatively few [16—22]. The reason was that few effective
molecular markers have been obtained to reconstruct the
phylogenetic relationship of this genus. The DNA bar-
code region (cpDNA truH-psbA) was identified through
extensive sampling and sequencing of a few Hydrocotyle
species [23]. This region has been utilized in a few phylo-
genetic studies of the genus [14, 24]. Other DNA barcode
regions, such as cpDNA truL-trnF and nrDNA ITS/ETS,
have also been employed in certain phylogenetic analyses
[14, 24, 25]. Most phylogenetic studies were restricted to
local groups with a small number of Hydrocotyle species,
but they helped lay the groundwork for future integrative

taxonomy [6, 11, 24, 25]. The study of Perkins (2019)
on Hydrocotyle species in Australia combined molecu-
lar phylogenetic inference with morphological analyses,
which set the boundaries among these species and pro-
vided new guidance for future systematic and taxonomic
research within the genus [14]. Previous studies have
shown that molecular phylogenetic studies were effective
in the comprehensive classification of the genus Hydro-
cotyle. Therefore, it is necessary and urgent to construct a
robust phylogenetic tree of this genus.

At present, plastome has been widely used in phylo-
genetic analysis of the order Apiales, especially for the
family Apiaceae and Araliaceae [26-33]. Phylogenetic
trees reconstructed by plastome data indicated improved
supports than those inferred from small DNA markers.
Plastome of nearly all Apiales has a highly conserved
quadripartite structure composed of two copies of an
inverted repeat region (IR) and two single copy regions,
termed the large single copy (LSC) and small single copy
(SSC). The phylogenetic location of Hydrocotyle has been
identified as more closely related to Araliaceae by a few
plastome studies, but the plastome of this genus has not
been fully understood, because only a few have been
reported until now [26, 34—36]. For the special phylo-
genetic position of Hydrocotyle in Apiales, it’s essential
to study the plastome of this genus. In addition, under-
standing the plastome of different species of Hydrocotyle
is helpful to screen out molecular markers suitable for
the reconstruction of interspecific relationships within
the genus.

Here, the newly sequenced plastomes of Hydrocotyle
species, assembled from Illumina short reads, were pre-
sented. In combination with the previously released
plastomes of this genus and the closely related species
(belonging to Apiaceae and Araliaceae), we conducted
comparative genomics and phylogenetic analyses on
these data with the following aims: (1) to reveal the struc-
tural characteristics of Hydrocotyle plastome sequences;
(2) to screen highly variable fragments suitable for phylo-
genetic reconstruction within the genus; (3) to investigate
variations of the plastome structure among Hydrocotyle,
Apiaceae, and Araliaceae; (4) to reconstruct robust phy-
logenetic relationships within Hydrocotyle and among
Hydrocotyle, Apiaceae, and Araliaceae; (5) to investigate
adaptive evolution patterns of protein-coding genes in
Hydrocotyle. These results will provide insights into the
evolutionary history of Hydrocotyle and the order Apiales
as well as abundant information for future phylogenetic
and population genetic studies.
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Fig. 1 Morphological diversity of eight Hydrocotyle species. A, Hydrocotyle hookeri subsp. chinensis; B, H. dielsiana; C, H. pseudoconferta; D, H. nepalensis; E,
H. sibthorpioides; F, H. sibthorpioides var. batrachium; G, H. verticillata; H, H. leucocephala

Methods

Taxon sampling, DNA extraction, and genome sequencing
Six Hydrocotyle species were newly sequenced, which
included two world-widespread species [Hydrocotyle
sibthorpioides Lam. and Hydrocotyle sibthorpioides var.
batrachium (Hance) Hand.-Mazz. ex R.H.Shan], two
Pan-Himalaya endemic species [Hydrocotyle dielsiana H.
Wolff and Hydrocotyle hookeri subsp. Chinensis (Dunn ex
R.H.Shan & S.L.Liou) M.F.Watson & M.L.Sheh], and two
South American species (Hydrocotyle verticillata Thunb.
and Hydrocotyle leucocephalala Cham. & Schltdl.). These
species contained a rich morphological diversity of the
genus. The collections and voucher information for these
species are provided in Table S1. Fresh and fully devel-
oped leaves were collected from disease-free plants, and
timely dried in silica gel (Table S1). Total genomic DNA
was extracted from leaf material using the Plant Genomic
DNA Kit from Tiangen Biotech (Beijing) Co., Ltd., China.
The quality and quantity of DNA were tested using 1%
agarose gel electrophoresis, and the purity was detected
by Nanodrop (OD 260/280 ratio). The high-quality DNAs
were sequenced using the Illumina Novaseq 6000 plat-
form at Novogene (Beijing, China), with paired-end reads
2% 150 bp. DNA libraries were prepared using Rapid Plus
DNA Lib Prep Kit for Illumina (RK20208).

Plastome assembly and annotation

Qualities of raw reads were checked by FastQC v0.11.9
[37]. The plastomes were assembled using NOVOPlasty
v4.3.3 [38], a seed-extend-based de novo assembler and
heteroplasmy/variance caller for short circular genomes.
We used the Rubisco-bis-phosphate oxygenase (RUBP)
sequences from the plastome of Hydrocotyle pseudocon-
ferta Masam. (OK585058, which we reported early) as
seed for plastome assembly, which has generated good
results by the software developer [38]. The program
Geneious v11.1.5 [39] was used to annotate the whole
genomes, with gaps or degenerate bases that appeared
in assembled genomes corrected by Sanger sequenc-
ing. Each species was annotated by comparing it against
multiple reference genomes (Table S2) to obtain accu-
rate annotations. The plastome maps were drawn using
OGDRAW [40]. Raw data of the six newly obtained
plastomes have been submitted to GenBank at NCBI
(National Center for Biotechnology Information) BioPro-
ject PRINA1035162. The plastome sequences have the
accessions OR767307-OR767312 (Table 1).

Comparative analysis of plastomes

Ten plastome sequences of Hydrocotyle were adopted
for comparative analysis, the accession numbers of the
previously released Hydrocotyle sequences are shown
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Sequence divergence of ycf15 gene

Sequences of the ycfl5 gene in Hydrocotyle employed
a GTG start codon similar to those in Araliaceae along
with an intact open reading frame (ORF), which makes
the gene more likely to be functional in this genus. How-
ever, multiple internal stop codons or GCG/GTA ini-
tial codons were detected in many other species within
Apiaceae, suggesting that ycf15 may be disabled in these
species. These findings thus raised our interest in further
investigating the evolution of ycf15 in Apiales. Therefore,
we selected the ycf15 coding sequences of Araliaceae and
Hydrocotyle, and compared them to the sequences of the
same regions in Apiaceae for analysis of nucleotide and
protein-coding sequences.

Phylogenetic analysis

A total of 29 taxa were sampled for phylogenetic analy-
sis, comprising eight taxa from Apiaceae, ten taxa from
Hydrocotyle, nine taxa from Araliaceae, and two Torricel-
lia DC. species from Torricelliaceae serving as outgroups
(refer to Table S2). In total, 75 CDS sequences [except
for ycfla, which was very short in Schefflera delavayi
(Franch.) Harms due to an internal stop codon] were
extracted and used in phylogenetic analysis. Sequence
matrices were aligned under MAFFT v7 [46] and man-
ually adjusted in MEGA v7 [51]. The alignments were
concatenated using MEGA v7 forming a super sequence
matrix finally used for phylogenetic analysis. Two meth-
ods were adopted for phylogenetic analysis: Maximum
likelihood analysis (ML) and Bayesian inference (BI). The
best-fitting nucleotide substitution models were selected
in jModelTest v2.1.4 [52] and finally determined by phy-
logenetic analysis software requirements. The ML analy-
sis was performed with RAxML v8.2.4 [53] under the
GTRGAMMA model and 1000 bootstrap replicates. BI
analysis was executed under MrBayes v3.2 [54] to obtain
the posterior support of phylogenetic relationships

Apiaceae
Chloroplast genome
140,670~178,668 bp

Hydrocotyle

Chloroplast genome
152,663~153,960 bp
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among taxa with the GTR+G+I substitution model.
Two independent Markov chain Monte Carlo (MCMC)
runs were performed, each with one cold chain and three
heated chains for 10,000,000 generations. The first 25%
were discarded as burn-in. MCMC convergence was
reflected from the average standard deviation of split fre-
quencies to approach zero. We used posterior probability
(PP) and bootstrap support (BS) to measure the supports
of the phylogenetic tree implemented under BI and ML
methods, respectively. The final tree was viewed and
edited in FigTree v1.4 [55].

Results

Structural characteristics of Hydrocotyle plastomes
Plastome of Hydrocotyle species shared a typical quadri-
partite structure, with two inverted repeats regions (IRA
and IRB), one large single copy region (LSC), and one
small single copy region (SSC). The sizes of ten Hydrocot-
yle plastomes ranged from 152,663 bp to 153,960 bp, and
their overall GC content ranged from 37.50 to 37.60%
(Fig. 2; Table 1). Each plastome contained 133 genes,
including 88 protein-coding genes, 37 tRNA genes, and
eight rRNA genes. A total of 18 genes have been detected
owning two copies. These duplicated genes included
seven protein-coding genes (rpl2, rpl23, ycf2, ycf15, ndhB,
rps7, and rps12), four rRNA genes (rrnl6, rrn23, rrn4.S,
and rrn5), and seven tRNA genes (trnA-UGC, trnl-GAU,
trnl-CAU, trnL-CAA, truN-GUU, trnR-ACG, and trnV-
GAC) (Fig. 2). The junction of the LSC/IRB, IRB/SSC,
SSC/IRA, and IRA/LSC were located on gene rpsl19, the
overlap of ycf1b (the copy of ycf1 gene was largely located
in IRB region) and ndhF, gene ycfla (the copy of ycfl
gene was largely located in IRA region), and 6 bp before
trnH, respectively (Fig. 3).

Araliaceae
Chloroplast genome

155,608~157,328 bp

Fig. 2 Circular gene maps for plastomes of Apiaceae, Hydrocotyle, and Araliaceae, representatives. Genes plotted outside the circle are transcribed coun-
terclockwise, inside genes—clockwise. Genes are colored according to their function
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Comparative genomic analysis within Hydrocotyle

The aligned plastome sequences of ten Hydrocotyle spe-
cies resulted in a matrix of 155,981 bp and showed high
sequence similarity with 98.00% pairwise identity and
147,751 identical sites. Distances analysis suggested
that identity among these species ranged from 96.49 to
99.97% (Table S3). Genes order was consistent without
rearrangement as verified by Mauve analysis (Fig. S1).
The mVISTA result revealed that coding regions (Exon)
showed more sequence conservation than non-coding
regions (CNS), and IR regions had less variation than the
other two regions (Fig. 4). The nucleotide diversity (Pi) of
ten Hydrocotyle plastome sequences has been calculated
to assess the sequence divergence level. The Pi values
ranged from 0 to 0.0351 across the ten plastomes, as indi-
cated by the sliding window analysis (Fig. 5, Table S4). A
total of 14 regions were recognized as hotspot regions
with Pi>0.0170. Most of these regions were located in the
LSC region, and these included rpsi16-truK, trnQ-rpsi6,
atpl-atpH, trnC-petN-psbM, ycf3-trnS, accD-psal-ycf4,

petA-psb], rps12-rpl20, rpll6 intron, rps3-rpll6 intron,
and rps9-rpl22. While the SSC region included ndhF-
rpl32, ndhA intron, and ycfla. The sequences within
IR regions displayed very low Pi values. The nucleo-
tide diversity of protein-coding sequences (CDSs) has
been detected, except for five sequences that are identi-
cal across different species (psbM, psaj, rpl36, rps7, and
rps12). A total of 76 CDS regions were analyzed, Pi values
ranged from 0.0006 to 0.0173, and CDS of ycfia gene and
atpE gene possessed Pi values more than 0.0150 (Table
S5). The GC contents varied from 29.70 to 46.70% (Table
S5).

Gene selective pressure analysis

Ka, Ks, and their ratios Ka/Ks (w) were also calculated to
evaluate the selection pressure of the 76 protein-coding
genes (Table S5, Fig. 6). The Ka values ranged from 0 to
0.0198, and all CDS genes possessed low Ka values with
six genes over 0.0100 (atpE, matK, petL, psbH, psal, and
ycfla). Ka=0 without any non-synonymous mutations
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Fig. 4 mVISTA comparison of ten Hydrocotyle plastomes (H. nepalensis as reference). The percentage identity ranging from 50 to 100% is represented by

the vertical scale.

appeared in a large proportion of CDSs (21 CDSs: atpH,
clpP, ndhB, ndhC, ndhE, petG, petN, psaC, psbD, psbE,
PpsbE, psbl, psb], psbK, psbL, psbT, psbZ, rpl32, rps4,
rps14, and ycf3). The Ks values ranged from 0 to 0.0682
and were generally distributed between 0.0100 and
0.0400, with eight genes over 0.0400 (rp/14, rpl32, rpl33,
petN, petL, psbL, psbT, and rps15). Ks=0 only with non-
synonymous mutations but no synonymous mutations
appeared in four genes (psal, rpl2, rpl23, and ycf15; Table
S6). The psal gene showed non-synonymous mutations
between South American species (H. verticillata and H.
leucocephala) and the others. For gene rp/2, non-synon-
ymous mutations were found between H. sibthorpioides
(and the variety H. sibthorpioides var. batrachium) and
the other species. The non-synonymous mutations of the
rpl23 gene only occurred between H. leucocephala and
other species, while those in the yc¢fI15 gene only appeared
between the newly sequenced H. verticillata and the

other taxa. These four genes (psal, rpl2, rpl23, and ycfI15)
should receive more attention in future expanded sam-
pling studies.

Genes with either Ka=0 or Ks=0 were excluded when
calculating the ratio w=Ka/Ks. The w values ranged
from 0.0388 to 1.1224, with most genes below 0.5, indi-
cating purifying selection. Eight genes were identified
with w>0.5 (atpE, ccsA, matK, psbH, rpoA, ycfla, ycf1b,
and ycf2). The atpE gene had v>1 (1.1224) (Fig. 6, Table
S5, §7). A total of seven genes (atpE, matK, rpoA, ycfib,
rpll6, rpl20, and rpsi6) exhibited Ka/Ks>1 between
certain taxa, atpE and rpoA showed some Ka/Ks values
equal to 1 between taxa (Table S5). The details of the Ka
and Ks for these genes were presented in Table S7 and
Table S8. For the gene atpE, w values between H. verti-
cillata and the other species (except H. leucocephala)
were greater than 1, indicating that the atpE gene might
undergone positive selection in H. verticillata. »>1 were
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Fig. 5 The nucleotide diversity (Pi) of the ten Hydrocotyle plastomes. Regions with high Pi values (above 0.0170) were marked out.

Fig. 6 The curves of the average Ka, Ks and Ka/Ks values of protein-coding regions (CDS) within Hydrocotyle plastomes in this study. CDSs with Ka/Ks > 0.5

were marked out with red circles in the Ka/Ks curve
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found in gene atpE, rpl20, and ycflb between H. leuco-
cephala and H. sibthorpioides var. batrachium. The ®
values of atpE gene sequences between H. leucocephala
and H. sibthorpioides were also detected greater than 1.
For the matK gene, w>1 only existed between H. leuco-
cephala and H. verticillata. H. nepalensis, H. dielsiana,
H. pseudoconferta, and H. hookeri subsp. chinensis had a
similar gene structure. Here, we defined them as Clade L.
w>1 found in the rp/16 gene were between Clade I and
H. sibthorpioides (Table S8). For the ycf1b gene, w>1 also
existed between H. leucocephala and Clade I, as well as
between H. leucocephala and the newly sequenced H.
verticillata. For the rpoA gene, o values between Clade I
and H. verticillata were greater than 1, and w=1 existed
between Clade 1 and H. sibthorpioides var. batrachium.
»>1 for the gene rpsi6 existed between H. sibthorpioi-
des and the newly sequenced H. verticillata population
(Table S8).

A total of 15 CDSs (Ks=0 or with pairwise Ka /Ks>1)
were selected for testing positive selection. When H.
leucocephala was specified as the foreground branch,
matK was certified as the positively selected gene, with
both LRT P-value<0.05 and positively selected sites
present (Table S9). When the clade including H. leuco-
cephala and two taxa of H. verticillata was designed as
foreground branch, the LRT P-values of gene atpE and
ycf2 were greater than 0.05. However, the BEB analysis
detected several positively selected sites with a high pos-
terior probability (>95%) for both genes (Table S9).

To detect sites under positive selection in the CDS
genes in the plastome of genus Hydrocotyle, a branch-
site model analysis was conducted within Apiales. Six
genes (yc¢f1b, matK, atpF, accD, rpsi4, and psbB) were
tested LRT P-value<0.05, among which four genes
(ycf1b, matK, rpsi4, and psbB) exhibited some positively
selected sites with a high posterior probability (>95%).
One positively selected site was detected in gene ndhJ
with a high posterior probability (>95%), but the LRT
P-value of this gene was above 0.05 (Table S10).

The distribution of the ycf15 gene among Hydrocotyle
apiaceae and araliaceae

The results showed that the ycfI5 gene of Hydrocotyle
species employed a GTG start codon and possessed a
complete intact ORF with a nucleotide sequence length
of 204 bp (Fig. 7). We have conducted an investigation
and tallied the specifics of the ycfI5 gene in Apiaceae,
Hydrocotyle, and Araliaceae. In most Araliaceae groups,
the length of the nucleotide sequence of the ycf15 gene
was 303 bp. However, a few were 330 bp (NC_028810)
or 309 bp (NC_049886 and NC_049888). All sequences
had intact ORF and were annotated locating between the
ycf2 and trnL-CAA gene. Sequences of the same position
(between ycf2 and trnL-CAA gene) in Apiaceae species
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were extracted and translated to protein sequences.
Aligned protein sequences from 27 taxa were generated
and displayed in Fig. 7B. This suggested that the ycfI5
gene was highly conserved within Hydrocotyle and Ara-
liaceae. The length of the ycfI5 pseudogene varied in the
subfamily of Apiaceae due to different insertion locations
of stop codons (Fig. 7B). The ycfI5 gene of subfamily
Saniculoideae (Apiaceae) and the basal group of sub-
family Apioideae had no internal stop codons inserted.
Whether these genes are functional needs further study
for the lack of start codons. Dickinsia hydrocotyloides
Franch. was the only taxa with normal yc¢fI5 genes in all
the released data of Apiaceae. The ycf15 gene of D. hydro-
cotyloides employed a GTG start codon along with an
intact ORF, which made it more likely to be functional.
The length of this ORF was 195 bp, shorter than that of
Hydrocotyle, and the insertion and deletion of a single
base in the terminal sequence led to large changes in
the protein-coding sequence (Fig. 7B). Whether these
changes will cause functional changes remains to be
studied.

Phylogenetic analysis

The phylogenetic tree constructed based on 75 protein-
coding genes exhibited a clear evolutionary history of
Hydrocotyle. Hydrocotyle was determined to be mono-
phyletic in both ML and BI analyses with strong supports
(BS=100, PP=1.00). This genus formed the closest sister
group to Araliaceae (Fig. 8). Within Hydrocotyle, three
monophyletic sister clades were recognized with high
supports (BS=100, PP=1.00). Clade I comprised four
species, including three Pan-himalaya endemic species
(H. dielsiana, H. pseudoconferta, and H. hookeri subsp.
chinensis) and one globally distributed species (H. nep-
alensis), which was consistent with the definition in the
former section. Within this clade, two secondary clades
were recognized: H. nepalensis and H. hookeri subsp.
chinensis were gathered with high supports (BS=89,
PP=0.99), while H. dielsiana was clustered with H. pseu-
doconferta with weak supports (BS=69, PP=0.71). The
ML analysis showed clades within Clade I with very short
branch lengths (Fig. 8). Clade II included H. sibthorpioi-
des and the variant of this species (H. sibthorpioides var.
batrachium). Two taxa of H. sibthorpioides were gath-
ered with high supports (BS=100, PP=1.00), and then
highly supported (BS=100, PP=1.00) to split with H.
sibthorpioides var. batrachium. The two remaining South
American species (H. verticillata and H. leucocephalala)
constituted Clade III. These two species were strongly
supported for separation (BS=100, PP=1.00). After sepa-
rating with Hydrocotyle, the family Araliaceae rapidly dif-
ferentiated into several genera with very short internal
branches (Fig. 8). Phylogenetic relationships among Api-
aceae taxa were highly supported (BS=100, PP=1.00).
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1. Torilis scabra

2. Bupleurum chinense

3. Chamaesium spatuliferum
4. Heteromorpha arborescens

! o 2» » o 5
BGGAAACGCTTGTTTCTTCCATATTTTGGACCT TAGCTCCBTGGAACAAT
GBGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT

GEGGAAACGCTTGTTTCTTCCATATTTTGGACCT TAGCTCCATGGAACAAT

5. Eryngium campestre BGGAAACGCTTGTTTCTTCCBTATTTTGGACCT TAGCTCCATGGAACAAT
6. Sanicula orthacantha var. stolonifera GEGGAAACGCTTGTTTCTTCCATATTTTGGACCT TAGCTCCATGGAACAAT
7. Centella asiatica GTHGAAAIGCTTGT TTCTTCCATATTTTGGACCT TAGCTCCATGGAACAAT
8. Dickinsia hydrocotyloides GTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT
9. Hydracotyfz dielsiana GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTBCATGGAACAAT
10. Hydr le hookeri subsp. chinensis GTGGAAACGCTTGTTTCTTCCATATTTTGGANCTTAGCTI

11. Hydr le I hale GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTICATGGAACAAT
12. Hydy le nepalensis GTGGAAACGCTTGTTTCTTCCATATTTTGGARCT TAGCTBCATGGAACAAT
13. Hyd) I doconfe GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTBCATGGAACAAT
14. Hydr le iode GTGGAAACGCTTGTTTCTTCCATATTTTGGABCTTAGCTBCATGGAACAAT
15. Hyd) le sibth ide GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTBCATGGAACAAT
16. Hydr le des var. batrach TGGAAACGCTTGTTTCTTCCATATTTTGGARCT TAGCTBCATGGAACAAT
17. Hydr I GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTBCATGGAACAAT
18. Hydr le GTGGAAACGCTTGTTTCTTCCATATTTTGGANCT TAGCTBCATGGAACAAT
19. Panax ginseng GTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT
20. Aralia elata GTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT
21. Eleutherococcus senticosus GTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT
22. Fatsia japonica GTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCATGGAACAAT

GTGGAAACGCTTGT TTCTTCCATATTTTGGACCT TAGCTCCATGGAACAAT
GTGGAAACGCTTGT TTCTTCCATATTTTGACCT TAGCTCCATGGAACAAT
GTGGAAACGCTTGT TTCTTCCATATTTTRGACCT TAGCTCCATGGAACAAT

23. Hedera nepalensis var. sinensis
24. Dendropanax dentiger
25. Panax. ]ap{:iniculs var. bipinnatifidus
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1. Torilis scabra CCAG TTCATATATTCACGACCAAGAAAAAAGTACTGGATTITCTTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCCAAAGTCACTGA

2. Bupleurum chinense CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTITCTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCAACAGGCGTCTATTATT GAAT TBACCCGACCCGACAGTACCCATTTGGGGAACGTCGAGTGCC AAAGTCACTGA

3. Chamaesium spatuliferum CCAG TTCATATAT TCACGACCAAGAAAAGAAGTACTGGATTIIT CTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

4. Heteromorpha arborescens CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTHITCTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCAACAGGCGTCTATTATTGAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

5. Eryngium campestre CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAAT GCCABCAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

6. Sanicula orthacantha var. stolonifera CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCABCAGGCGTCTATTATTGAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

7. Centella asiatica CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCAACAGGCGTC- - - - == TGAATTCACCCGACCGGACAGTACCCATTTTGGGAACGTCCAGTGIC AAAGTCACTGA

8. Dickinsia hydrocotyloides CCAGTTCATATATTCACGACCAAGAAAAGAAGTACTGGA-TCTCTTTCGGATAG

9. Hydrocotyle dielsiana CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

10. I'rvdrncaiyle hookeri subsp. chinensis CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

11. Hydrocotyle leucocephala CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

12. Hyd I lensis CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

13. Hydrocolyle pseudoconferta CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

14. Hydrocotyle sibthorpioides CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

15. Hydrocotyle sibthorpioides CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

16. Hydrocotyle sibthorpioides var. batrachiumccaG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

17. Hydrocotyle verticillata CCAG TTATATAT TCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

18. Hydrocotyle verticillata CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGATTCTCTTTCGGATAG

19. Panax ginseng CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA- TTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

20. Aralia elata CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA- - - - ~TTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATTGAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

21. Eleutherococcus senticosus CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA- TTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

22. Fatsia japonica CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA- TTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

23. Hedera nepalensis var. sinensis CCAG TTCATATAT TCACGACCAAGAAAAGAAGTACTGGA= TTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAATGCCAACAGGCGTCTATTATTGAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

24. Dendropanax dentiger CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA= TTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

25. Panax japonicus var. bipinnatifidus CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA- TTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATT GAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA

26. Raukaiia edgerleyi CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA= TTTCGGATAGGCCC TGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGC GTCTATTATTGAATTCACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC  AAAGTCACTGA

27. Schefflera delavayi CCAG TTCATATATTCACGACCAAGAAAAGAAGTACTGGA---- - TTTCGGATAGGCCCTGAAAGCGAAGGAAGGCTGGAAT GCCAACAGGCGTCTATTATTGAATT CACCCGACCCGACAGTACCCATTTTGGGAACGTCCAGTGCC AAAGTCACTGA
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8. Dickinsia hydrocotyloides METLVSS | FWTLAPWNNML L LKHG-~~ LDQNTMYG= -~ -WYEL - =-BF LN~ - S EQP VSYHIHD - -QEKKYWHS F G .
9. Hydrocotyle dielsiana METLVSS | FWHLATWNNML L LKHG- -~ LDQNTMBG- -~ -WYELPKQEFLN--SEQPVHIFTT--KKRSTGFSFG* T

. Hydr le hookeri subsp. chinensis METLVSS | FWHLATWNNML L LKHG- -~ LDQNTMBG- - - FTT--KKRSTGFSFG*
11. le le halc METLVSS | FWHILATWNNML L LKHG- - - LDQNTMBG- - - FTT--KKRSTGFSFG*

12. Hyd le nepalensis METLVSS | FWILATWNNML L LKHG LDQNTMBG WYELPKQEFLN--SEQPVHIFTT--KKRSTGFSFG*

13. Hydy le d METLVSS | FWHLATWNNML L LKHG LDQNTMBG WYELPKQEFLN--SEQPVHIFTT--KKRSTGFSFGx Hydrocotyle
14. Hydj I METLVSS| NNML L LKHG- LDQNTMBIG- -~ -WYELPKQEFLN--SEQPVHIFTT--KKRSTGFSFG*
15. Hyd) I METLVSS | FWIILATWNNML L LKHG- LDQNTMBIG- -~ -WYELPKQEFLN--SEQPVHIFTT--KKRSTGFSFG*
16. Hydr i ioides var. TLVSS | FWIILATWNNML L LKHG - LDQNTMBG- - - FTT--KKRSTGFSFG*
17. icill METLVSS | FWHLATWNNML L LKHG- LDQNTMBG- - - FTT--KKRSTGFSFG*
18. Hyd) le verticillata METLVSS | FWHILATWNNML L LKHG - LDQNTMBG- - - FTT--KKRSTGFSFG* -
19. Panax ginseng METLVSS | FWTLAPWNNML L LKHG- LMQNTMY G- -~ -WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREIGPESEGRLECQQAS | |EFTRPDSTH--FGNVQCQS-Hx ]
20. Aralia elata METLVSS | FWTLAPWNNML L LKHG- LDQNTMYG-~~-WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREIGPESEGRLECQQAS | | EFTRPDSTH=~FGNVQCQS-Hx*
21. Eleutherococcus senticosus METLVSS | FWTLAPWNNML L LKHG- LDQNTMYG-~---WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREMIGPESEGRLECQQAS | IEFTRPDSTH--FGNVQCQS-H*
22. Faisia japonica METLVSS | FWTLAPWNNML L LKHG- LDQNTMYG- -~ ~SEQPVHIFTT--KKRSTGFREIGPESEGRLECQQAS I | EFTRPDSTH--FGNVQCQS -Hx .
23. Hedera nepalensis var. sinensis METLVSS | FWTLAPWNNML L LKHG- {DQNTMYG- - - ~WYELPKQEF LN-~SEQPVH | FTT--KKRSTGFRIIGPESEGRLECQQAS | |EFTRPDSTH--FGNVacas-H« |Araliaceae
24. Dendropanax dentiger METLVSS | FBTLAPWNNML L LKHG- ILDQNTMYG- -~ -WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREIGPESEGRLECQQAS | | EFTRPDSTH=--FGNVQCQS -H*
25. Panax japonicus var. bipinnatifidus METLVSS | FIBTLAPWNNML L LKHG- | LDONTMY G-~ - ~WYELPKQEFLN-~SEQPVHI FTT--KKRSTGFRIIGPESEGRLECQQAS | | EFTRPDSTH-~FGNVQCQS - Hx
16-“""“"“‘;;9'15)" METLVSS | FWTLAPWNNML L LKHG R1EILDQNTMYG WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREIGPESEGRLECQQAS | IEFTRPDSTH--FGNVQCQS-H*
27. Schefflera delavayi METLVSS | FWTLAPWNNMLLLKHG=-===--=-=-----~ RIEILDQNTMYG----WYELPKQEFLN--SEQPVHIFTT--KKRSTGFREGPESEGRLECQQAS | IEFTRPDSTH=--FGNVQCQS-H+

Fig. 7 Alignment of the ycf15 gene and translated sequences from the Apiaceae, Hydrocotyle, and Araliaceae species. (A) Alignment of the ycf15 gene

sequences; (B) Alignment of the ycf15 translated sequences.

Discussion

Comparison of Hydrocotyle apiaceae and araliaceae
plastomes

In this study, a comprehensive comparative analysis of 10
plastomes from Hydrocotyle was implemented. The result
indicated that plastomes of Hydrocotyle were highly iden-
tical in their structural organization, gene order, and gene
content. Due to the special systematic position of this
genus in Apiales, we have made a comparative analy-
sis of the plastome of this genus and its close relatives,
Apiaceae and Araliaceae. Plastome sizes of Hydrocotyle
were smaller than those of Araliaceae, while sizes of the
Apiaceae plastomes varied in a large scan (Fig. 2). There
seemed to be no specific rule in plastome sizes among the

three groups. We subsequently investigated the gene con-
tent of these taxa and found that the ycfI5 gene greatly
varied among Hydrocotyle, Apiaceae, and Araliaceae.

The ycfl5 gene has long been questioned to encode
protein [56—58]. Not all species contained the intact
ycf15 gene, in some groups, the gene was disabled in case
of separating by multiple internal stop codons [56, 59, 60]
or even wholly lost [61, 62]. The intact copy of the ycfI5
gene remains present in many species, e.g. Mognolia,
Piper, and Camellia (61, 63—65]. The ycf15 gene was ini-
tially identified in the Nicotiana plastome, with GTG as
the start codon [66, 67]. The expression information for
the ycfIS gene in Nicotiana tabacum L. and Amborella
trichopoda Baill. indicated that the GTG start codon in
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Hydrocotyle

Araliaceae

Apiaceae

I Outgroup

Fig. 8 Phylogenetic relationships inferred from 29 species based on 75 shared CDSs. Support values marked above the branches follow the order Bayes-
ian inference (PP, posterior probability)/ maximum likelihood (BS, bootstrap support), * represent the best support (100%). Species with “*”in the right

hand indicated these species were newly sequenced

ycf15 was not edited into standard ATG [63]. In recent
years, an ATG initial codon was detected in the Camel-
lia ycf15 gene, which was suggested co-transcribed with
ycf2 and antisense trnL-CAA [63]. Most studies have sug-
gested that the ycf15 gene was located between y¢f2 and
trnL-CAA employing GTG or ATG as initial codons [33,
63, 68, 69].

We focused on the ycfI5 gene because there were two
annotation locations of this gene in Apiaceae species:
one between the gene ycf2 and truL-CAA [49], and the
other between the gene rps7 and truV-GAC [31, 70-72].
The nucleotide sequences of two kinds of ycfI5 gene were
extracted and compared. The comparison revealed signif-
icant variation between the sequences. Regardless of the
annotation position, the gene was annotated as a pseu-
dogene due to the absence of a start codon, except in the
case of D. hydrocotyloides, which possessed a GTG start
codon (Fig. 7A). The previous studies have shown that

the ycf15 gene of Araliaceae species had intact ORF [61,
63]. Therefore, when annotating the gene of Hydrocotyle
species, the annotation information of the ycfI5 gene
in these species was selected as reference. In our study,
both Hydrocotyle and Araliaceae had intact ORF in the
ycf15 gene and employed GTG as the start codon. How-
ever, the length of the former was significantly shorter
than that of the latter. Due to the different gene lengths
and non-synonymous mutations in multiple locations,
the amino acid sequence encoded by the gene in the two
groups varied (Fig. 7). Which indicated that ycfI5 gene
might undergone strong selection pressure during the
evolution of Hydrocotyle and Araliaceae. The ycf15 genes
in Apiaceae were special in that they had two annotation
locations, one of which was the same as that in Hydro-
cotyle/Araliaceae, and the other was between rps7 and
trnV-GAC. The latter was supported by some other
findings [24, 31, 73], but this annotation has not been
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validated by transcription studies. Therefore, we focused
on the former annotation results in this study. The ycfI5
gene was re-annotated between ycf2 and trnL-CAA in all
released sequences of Apiaceae and indicated high vari-
ability of this gene in Apiaceae. Unlike the ycfI5 gene in
Hydrocotyle/Araliaceae, this gene of Apiaceae employed
GCG or GTA at the initial position instead of GTG/ATG
(excepted D. hydrocotyloides), which suggested that they
were pseudogenes and nonfunctional. Lengths of these
ycf15 pseudogenes varied upon the position of internal
stop codons, with the shortest being ~ 81 bp, indicating
that the ycf15 pseudogene had undergone genetic degen-
eration in Apiaceae. Distribution of the ycf15 gene in the
three groups further supports the evolutionary status of
Hydrocotyle, which is more closely related to Araliaceae
but independent of the transitional groups outside the
two families. However, such a conjecture still needs fur-
ther studies to clarify. In addition, the conservation of the
ycf15 gene sequence within Hydrocotyle species and its
difference between Hydrocotyle and Araliaceae indicated
that this gene could serve as a DNA barcode for identify-
ing Hydrocotyle and Araliaceae.

Promising DNA barcodes

Many efforts have been made to construct a robust phylo-
genetic framework of Hydrocotyle [14, 23-25]. The DNA
fragments currently used in phylogeny reconstruction of
Hydrocotyle included ITS, ETS, truH-psbA, and trnL—
trnF. The fragments trnK-rps16, rps16—trnQ, atpH-atpl,
yef3—trnS, ndhF-rpl32, petN-psbM, rpl16 intron, and ycfI
gene have previously been considered useful in resolv-
ing low-level relationships of Apiaceae and Araliaceae
due to the high pi value [31, 33, 34, 68, 74]. In addition to
these loci, we found that a total of six regions held rela-
tively higher Pi values for Hydrocotyle: accD-psal-ycf4,
petA-psb], rps12-rpl20, rps3-rpll6 intron, rps9-rpl22, and
ndhA intron. All the fragments had higher pi values than
the two plastid genes [trnH-psbA (0.01556) and trnl—
trnF (0.00791)] that were previously used to construct
the phylogeny of Hydrocotyle. Therefore, we speculated
that these fragments would play an important role in
plant identification and reconstructing the global phylo-
genetic framework of Hydrocotyle.

Adaptive evolution

The Ka/Ks ratio (w) is used to assess the selective pres-
sure on protein-coding genes. A w>1 indicates that
this gene has undergone strong positive selection. Such
genes, which have been rapidly evolving recently, are of
great significance to the evolution of species. The Ka/Ks
calculating results in this study suggested that the gene
atpE might be undergoing strong positive selection in the
evolution of Hydrocotyle. The atpE gene encodes ATP
synthase CF1 epsilon subunit [75], which produces ATP
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from ADP in the presence of a proton gradient across
the membrane. The w>1 or Ka>0 / Ks=0 for this gene
existed between clade III species and other species, sev-
eral high posterior probability positively selected sites
also have been detected in the clade. These indicated that
the atpE gene has experienced positive selection in clade
III species (H. verticillate and H. leucocephala). Com-
bined with the function of this gene and the life habits
of the two species, we hypothesized that the atpE gene
under positive selection in H. verticillata and H. leuco-
cephala might contribute to highly adaptive to tempera-
ture changes.

There was also a sort of relaxed selection with
0.5<w<1 according to several studies [76-79]. Seven
genes had 0.5<w<1 and were considered to be under
relaxed selection. The seven genes comprised one cyto-
chrome synthesis gene (ccsA), one RNA polymerase sub-
units gene (rpoA), one photosynthesis maturase gene
(matK), one gene (psbH) associated with photosystem II,
and three conserved open reading frames (ycfla, ycflb,
and ycf2). The ccsA gene encodes a protein required for
heme attachment to c-type cytochromes [80]. The pre-
vious study suggested this gene was related to the geo-
graphical location of species [81]. However, the study of
species allopatric distribution was not involved in our
study, and there was no evidence to support such a con-
clusion. There was no significant positive selection in
this gene among species according to the result of posi-
tive selection analysis. The rpoA gene encodes the alpha
subunit of RNA polymerase in the plastome [66, 82]. The
previous studies suggested that RNA polymerase could
facilitate species to respond to changing environmental
conditions by keeping the essential metabolic process
to survive and regulating the process of gene transcrip-
tion and expression [83, 84]. The rpoA gene with 0.5<w
mainly existed between Clade I and other taxa, and
two positively selected sites were detected in this clade
although the LRT P-value was not significant. Consid-
ering the possible rapid differentiation within the clade,
we suggested that the rpoA gene might be related to the
internal species differentiation of Clade I. The matK gene
is usually encoded in the trnK tRNA gene intron, which
probably assisted in splicing its own and other chloro-
plast introns. This gene was proven to act on the photo-
synthesis pathway [26]. Although the w value of this gene
did not exceed 1, we found that it has an LRT P-value
below 0.05 in the branch-site testing (H. leucocephala as
foreground), and multiple positively selected sites were
detected. These results suggested that matK should be
experiencing strong positive selection in the H. leuco-
cephala. Another gene involved in the photosynthesis
pathway is the psbH gene, which obtained two positively
selected sites with posterior probability exceeding 0.90
in H. sibthorpioides. The codings of ycfI and ycf2 were
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enigmatic and their functions remained unclear for a
long time [85]. Recent studies have proved that these two
can encode proteins and are closely related to photosyn-
thesis [79, 86, 87]. There was significant positive selec-
tion in yc¢fla (LRT P-value<0.05), even if the posterior
probability of the site was not high. Although the LRT
P-values of ycflb and ycf2 were greater than 0.05, the
positive selection sites of these two were with high pos-
terior probability (>0.90). Thus, these genes with a 0.5<w
were necessary for photosynthesis. Species of Hydrocot-
yle were mainly distributed in grassy places or wet val-
leys, such an environment usually resulted in insufficient
light for plants. The relaxed selective genes (rpoA, matK,
psbH, ycfla, ycf1b, and ycf2) may function in the growth
of Hydrocotyle species in adaptation to a poor light
environment.

The results of positive selection analyses indicated that
six CDS genes (ycf1b, matK, atpF, accD, rps14, and psbB)
of Hydrocotyle species were under significant positive
selection. Within the genus, the two genes (ycf1b, and
matK) experienced positive selection again in different
taxa. Gene accD, rps14, atpF, and psbB were conservative
within the genus, which indicated that these genes may
be related to the unique evolution of this genus in Api-
ales. The ycf2 gene in Hydrocotyle species or within the
genus species always experienced weak positive selection
(LRT P-value>0.05, with positive selection sites). These
genes are likely to be extremely important in the evolu-
tion of Hydrocotyle, and we will pay more attention to
them as we expand our sample in the future to get more
statistically significant results.

Phylogenetic relationships among Hydrocotyle species

In recent years, several molecular studies on Hydrocotyle
have been carried out [14, 24, 25]. Many studies have sug-
gested that Hydrocotyle was a monophyletic group, but
the relationships among species within the genus remain
unsolved [6, 11, 88]. Low supports always existed in some
clades no matter what kind of DNA fragment was used.
In this study, plastome data was used for phylogenetic
analysis of Hydrocotyle. A giant concatenated protein-
coding sequence matrix was obtained, which contained
richer information loci than the previous studies. A
phylogenetic tree with significantly improved supports
was constructed despite some short branches within the
genus. Taxa of Hydrocotyle provided in this study were
used in phylogenetic studies for the first time, except for
H. sibthorpioides, H. nepalensis, and H. verticillata. The
genus was strongly supported to divide into three clades.
The short branch length and relatively low supports (PP/
BS<1/100) might indicate rapid radiation speciation of
species within Clade I. In this clade, the leaf shapes of H.
nepalensis, H. hookeri subsp. chinensis and H. pseudocon-
ferta are highly similar (Fig. 1A, C, D). These species are
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challenging to differentiate in the absence of flowers and
fruits. The leaf of H. dielsiana is palmately 5-7-divided
and can be easily distinguished from the other three spe-
cies. Morphological characteristics of the fruit and flower
of this species are similar to those of H. hookeri subsp.
chinensis (Fig. 1A, B). Both H. nepalensis and H. pseudo-
conferta have extremely shortened peduncles. However,
the umbels of H. nepalensis are several fascicled in axils
and stem tips, which of H. pseudoconferta are usually sol-
itary at the nodes (Fig. 1C, D). Species of Clade I include
rich morphological diversity, differentiation in this clade
still needs to be further studied by sampling. Clade II
consists of H. sibthorpioides and the variety. Leaves of
species in this clade are glabrous or distally pubescent,
the leaves and inflorescence are small, and each umbel
is 5-8-flowered (Fig. 1E, F). Clade III contains two South
American species and is geographically separated from
the other two clades (Fig. 1G, H). Perkins (2019) has
reconstructed the phylogenetic relationships among the
annual species of Hydrocotyle and concluded that the life
histories (annual and perennial) and presence/absence
of floral bracts could be used to classify the genus [14].
These traits were not available in our study, because all
of the taxa we used were perennially bracteate taxa. The
systematic study of this genus still needs more taxa and
more abundant evidence, including but not limited to
morphological and molecular evidence.

Conclusions

Our work revealed that (1) the Hydrocotyle plastomes
had similar structures. (2) The ycfI5 genes of Hydrocot-
yle plastomes had intact open reading frames (ORF) and
showed conservation within the genus. In Hydrocotyle
plastomes, the length of the gene was 204 bp, which was
shorter than those of ycf15 genes in Araliaceae plastomes
(303 bp, 309 bp, and 330 bp). Within Apiaceae plastomes,
ycfl5 was suggested to be pseudogenes with variable
lengths, with the exception of D. hydrocotyloides. The
characteristics of the ycf15 gene indicated that it could be
used as a DNA barcode to identify Hydrocotyle. (3) Six
genes (yc¢flb, matK, atpF, accD, rpsl4, and psbB) have
been identified as evolving under positive selection in the
genus Hydrocotyle. Among these, four genes (atpF, accD,
rpsl4, and psbB) were conservative within the genus.
This indicates that these four might be related to the
unique evolution of the genus in Apiales. (4) Seven genes
(atpE, matK, psbH, ycfla, ycf1b, rpoA, and ycf2) were sug-
gested to be under some degree of positive selection in
different taxa within the genus Hydrocotyle, possibly con-
tributing to species’ adaptability to the environment. (5)
A total of 14 regions (rps16-trunK, trnQ-rpsl6, atpl-atpH,
trnC-petN-psbM, ycf3-trnS, accD-psal-ycf4, petA-psb],
rps12-rpl20, rpl16 intron, rps3-rpl16 intron, rps9-rpl22,
ndhF-rpl32, ndhA intron, and ycfla) were recognized
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as promising DNA barcodes for phylogeny analyses of
Hydrocotyle. (6) A phylogenetic tree with strong sup-
port has been reconstructed using plastome sequences.
Many remain to be investigated on the phylogenetic rela-
tionships of Hydrocotyle species, notably improving the
sampling.
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