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Abstract

Background Tribe Oenantheae consists mainly of aquatic species within the Apioideae. The unique morphology
and habitat distinguish this group from other Apioideae groups. However, the genomic information of these group
species has not been widely developed, and the molecular mechanisms of adaptive evolution remain unclear.

Results We provide comparative analyses on 30 chloroplast genomes of this tribe representing five genera

to explore the molecular variation response to plant adaptations. The Oenantheae chloroplast genomes presented
typical quadripartite structures, with sizes ranging from 153,024 bp to 155,006 bp. Gene content and order were
highly conserved with no significant expansion or contraction observed. Seven regions (rps16 intron—trnK, rpoB-

trC, trnE=trnT-psbD, petA-psbJ, ndhf-rpl32-trnL, ycfla—-rps15, and ycfla gene) were identified as remarkable candi-
date DNA markers for future studies on species identification, biogeography, and phylogeny of tribe Oenantheae.
Our study elucidated the relationships among the genera of tribe Oenantheae and subdivided the genera of Sium
and Oenanthe. However, relationships among the Oenanthe | clade remain to be further clarified. Eight positively
selected genes (accD, rbcl, rps8, ycfia, ycf1b, ycf2, ndhf, and ndhK) were persuasively detected under site models tests,
and these genes might have played roles in Oenantheae species adaptation to the aquatic environments.

Conclusions Our results provide sufficient molecular markers for the subsequent molecular studies of the tribe
Oenantheae, and promote the understanding of the adaptation of the Oenantheae species to aquatic environments.
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Background

Oenantheae Dumort is a special tribe of Apioideae
(Apiaceae) that is morphologically and ecologically
well-defined. Species of this tribe are generally aquatic
with clumped fibrous or tuberous-thickened roots (usu-
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primitive to evolutionary [8, 9]. The integration of mul-
tiple traits (morphological, phylogenetic, ecological,
and palynological) has shown that Oenantheae is the
key group in studying the evolutionary history of Api-
oideae. The tribe currently contains about 24 genera and
120 species: including 5 genera (Berula W. D. ]J. Koch,
Cicuta L., Cryptotaenia DC., Oenanthe L., and Sium
L.) distributed in both Eurasia and North America; 12
genera (Atrema DC., Ptilimnium Raf., Tiedemannia
DC., Harperella Rose, Limnosciadium Mathias & Con-
stance, Cynosciadium DC., Lilaeopsis Greene, Neogoezia
Hemsl.,, Trepocarpus Nutt. ex DC., Daucosma Engelm.
& A.Gray, Oxypolis Raf., and Perideridia Rchb.) [10-12]
endemic to North America; 3 genera [Caropsis (Rouy &
E.G.Camus) Rauschert » Lereschia Boiss., and Trocdaris
Raf] [5, 12] and one hybrid genus (X Beruladium
A.C.Leslie) [13] endemic to Europe; one genus (Helosci-
adium W.D.J.Koch) [14] distributed in both Eurasia and
Africa; one monotypic genus (Apodicarpum Makino) [3]
endemic to Asia; and one species (Peucedanum sand-
wicense Hillebr.) [12] endemic to Hawaii. There are 5 gen-
era and around 17 species distributed in China [15].

Previous studies have shown that Oenantheae was rec-
ognized as a monophyletic tribe of Apioideae, but the
relationships among the genera within this tribe have
not been completely resolved. Most of the previous stud-
ies on the phylogeny of Oenantheae were carried out
based on small molecular markers, including nrDNA
ITS [5, 10-12, 16-19], rpsl6 intron [20], trnQ-trnK
(18], psbI-°truk VU 111], and rps16—5'trnK(UUU) [12,
14]. The intergeneric relationships of most genera within
Oenantheae have been clarified, except for the genera
within the Sium alliance. Recently, a biogeographical
study on Oenantheae was implemented under compre-
hensive sampling using ITS and rps16—trnK markers [12].
The phylogenetic reconstruction results showed that
Oenantheae was well divided into four lineages and two
individual species, including the North American (NA)
endemic clade [10, 19], the Cicuta & Oenanthe group
[21], the Sium alliance [14], the Perideridia clade [22],
Caropsis verticillatoinundata (Thore) Rauschert, and
Trocdaris verticillatum (L.) Raf [12]. The relationships
among genera within the North American (NA) endemic
clade and the Cicuta & Oenanthe group were highly sup-
ported, but that of the Sium alliance (which was formerly
known as Old World endemics clade in Spalik et al.,
2009) were still controversial. The relationships among
genera within the Sium alliance were poorly supported.
Mostly, the insufficient informative sites of small molecu-
lar markers were suggested to be the main reason for the
depressed resolution of phylogenies [2, 6].

Chloroplast genomes have been widely used for the
reconstruction of plant phylogenies in recent years [6,
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23-28]. Compared with small molecular markers, chlo-
roplast genomes have sufficient information sites to meet
the needs of phylogenetic reconstruction. The unique
mode of inheritance ultimately reflected the “true” phy-
logenetic relationships of a given lineage. Nearly 2.2% of
the published chloroplast genomes (NCBI, September
2023) were generated from Apiales species [27], most
of which were from Apiaceae species. Apiaceae chloro-
plast genomes generally shared a typical quadripartite
structure including a larger single copy region (LSC), a
small single copy region (SSC), and two inverted repeat
regions (IRA and IRB). However, the characteristics of
genome structure varied among different species/gen-
era of Apiaceae [6, 29, 30]. Comparative genomic stud-
ies concerning the characteristics of genes or functional
groups of genes are of great importance in understand-
ing plastome evolution and phylogenetic inference [27,
29, 31-33]. The chloroplast genome data were success-
fully used for phylogenetic reconstruction of Apiaceae in
many studies [6, 24, 29, 30, 34—37]. However, the chlo-
roplast genome of Oenantheae has not been paid much
attention, and most of the chloroplast genome studies on
this tribe involved individual species [38—41] or specific
genus (for genus Sium) [42]. Regrettably, there was a lack
of plastid phylogenomic analysis conducted for this tribe,
and the genome differences of intergeneric plastids are
still unknown within Oenantheae.

In this study, we filled this gap with a comparative
analysis of the chloroplast genomes of 30 taxa (covering
five genera) within Oenantheae. We conducted compre-
hensive analyses (1) to reveal the chloroplast genome
characteristics and evolution of Oenantheae; (2) to iden-
tify suitable hotspot regions to use as candidate DNA
barcodes for genera identification within the tribe; (3) to
investigate the efficacy of chloroplast genome in resolv-
ing the relationships within the tribe. This is the first
comprehensive chloroplast genome analysis of the tribe
Oenantheae, which will provide genetic resources and
complete the phylogeny analysis of this tribe. This study
is crucial for reconstructing the phylogeny and evolution
of the global Oenantheae.

Materials and methods

Taxon sampling, DNA extraction, genome sequencing,
assembly, and annotation

Seventeen chloroplast genomes were newly sequenced,
covering 4 genera and eleven species within Oenantheae
(Fig. 1). The collections and voucher information for
these newly sequenced species are provided in Table S1.
Fresh and well-developed leaves were collected and dried
in silica gel. Total genomic DNA was extracted from the
leaf tissues using the Plant Genomic DNA Kit following
the manufacturer’s protocol (Tiangen Biotech, Beijing,
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Fig. 1 Morphological diversity of Oenantheae species. A, Oenanthe javanica; B, O. hookeri; C, O. thomsonii; D, Sium ventricosum; E, S. serra; F, S. suave;

G, Cicuta virosa; H, Cryptotaenia canadensis; 1, Cryptotaenia japonica

China), and the DNA quality and purity were further
determined with the agarose gel electrophoresis. The
high-quality DNA was used for library construction and
sequencing. Paired-end sequencing libraries were gener-
ated on the Illumina Novaseq 6000 platform at Novogene
(Beijing, China), with 2x 150 bp paired-end reads and an
insert size of 300 bp. DNA libraries were prepared using
Rapid Plus DNA Lib Prep Kit for Illumina (RK20208). We
sequenced 3G raw data for each sample.

Qualities of raw reads were checked by FastQC v0.11.9
[43]. The chloroplast genomes were assembled using
NOVOPlasty v4.3.3 [44]. The Rubisco-bis-phosphate
oxygenase (RUBP) sequences from multiple reference
genomes (Table 1) were extracted to serve as seed files for
different genera as appropriate. The assembled sequences
were checked and annotated under Geneious Prime
2023.2.1 (created by the Biomatters development team,
Ltd.), with gaps or degenerate bases corrected by Sanger
sequencing. The chloroplast genome maps were drawn
using OGDRAW [45]. All newly generated chloroplast
genomes have been uploaded to the National Center for

Biotechnology Information (NCBI) and are accompanied
by detailed accession numbers, as shown in Table 1.

Chloroplast genomes comparative analyses

A total of 30 chloroplast genomes from five genera of
Oenantheae have been adopted to implement compara-
tive analyses. Detailed accession numbers are listed in
Table 1. We investigated the chloroplast genome struc-
ture of Oenantheae taxa, including gene number, length,
and GC content of the whole genomes. Boundaries of
the large single copy (LSC), small single copy (SSC), and
inverted repeat (IR) regions among Oenantheae chlo-
roplast genomes were compared in Geneious Prime
2023.2.1 to detect the IR expansion/contraction. To
identify potential rearrangement and inversion events in
chloroplast genomes, we utilized the Mauve Alignment
[46] implemented in Geneious Prime.

To identify mutation hotspot regions among spe-
cies within Oenantheae, the whole chloroplast genomes
aligned matrix generated from MAFFT v7 [47] plug-in
Geneious Prime 2023.2.1 was used to calculate nucleotide
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diversity (Pi). The sliding window analysis was conducted
using DnaSP v6.10 [48], with a step size of 200 bp and
a window length of 600 bp. We performed additional
nucleotide diversity calculations for specific regions,
including fragments previously utilized in the phyloge-
netic analysis of Oenantheae, the protein-coding genes
(PCGs), their coding sequences (CDSs), and introns.

Positively selected analyses

To understand the process of evolution of chloroplast
protein-coding genes, we calculated the non-synonymous
(Ka) and synonymous mutations (Ks) of the CDSs. The
ratios between non-synonymous and synonymous muta-
tions (w=1XKa/Ks) can reveal the direction and strength of
nature selection acting on the protein. Values of w<1, =
1, > 1 indicate negative purifying selection, neutral evolu-
tion, and positive selection, respectively [49]. A total of
80 CDSs were extracted from 30 chloroplast genomes of
Oenantheae taxa, and the protein-coding sequence align-
ments were generated using Translation Align under the
MAFFT program with stop codons removed accordingly.
The petN and psbN genes were excluded due to their
identical nucleotide sequences among taxa. Thus, only
78 CDSs were included in the later analysis. The DnaSP
v6.10 was subsequently utilized to calculate the Ka and
Ks.

We tested positive selection on site (codon) based
models. Five (petN, psbL, psbN, rps7, and ycf3) were
excluded from the testing due to having identical amino
acid sequences. A total of 75 CDSs were employed to test
positive selection. Firstly, 75 aligned CDSs were manu-
ally concatenated into a supermatrix in MEGA v7 [50]
and subsequently used to infer an unrooted ML tree
under RAXxML v8.2.12 [51]. The unrooted ML tree and
each CDS alignment served as input files in EasyCodeML
analysis [52]. Site models in CodeML [53—55] executed in
EasyCodeML were utilized to detect positively selected
sites of PCGs in Oenantheae chloroplast genomes. These
models treat the o ratio for any site (codon) in the gene
as a random variable from a statistical distribution, thus
allowing o to vary among codons [53, 54, 56]. Two pairs
of particularly effective site models were adopted in our
study: M1a (Nearly Neutral) vs. M2a (Positive Selection)
and M7 (beta) vs. M8 (beta&w). For these two tests, M1a
and M7 are null models that do not allow for any sites
with w>1, and the M2a and M8 are alternative models
that allow some sites with w>1. These tests were widely
used for positive selection [32, 57-62]. The presence
of some sites at which w>1 was used to define positive
selection [56]. Likelihood ratio tests (LRTs) [54] were
performed to compare the null models against the alter-
native models. The P-values were calculated to measure
the significance level of positive selection. If the LRT
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favors M2a or M8 (P<0.05), we will identify sites in the
genes that are under positive selection [56]. The Bayesian
Empirical Bayes (BEB) method [57] was adopted and per-
formed for the identification. A gene with LRT P<0.05
and positively selected sites was considered a positively
selected gene.

Phylogenetic reconstruction

A total of 32 taxa were sampled for phylogenetic analy-
sis, including five genera from Oenantheae and two
species from Scandiceae (Apioideae) as outgroups. The
outgroups [Anthriscus sylvestris (L.) Hoffm., and Torilis
scabra (Thunb.) DC.] were selected according to Wen
etal., 2021, the NCBI accession numbers were MT561042
and MT561029, respectively. The 30 Oenantheae taxa
contain 11 taxa from each genus Sium and Oenanthe,
four taxa from Cryptotaenia species, three taxa from
Cicuta, and one taxon from Tiedemannia. The five gen-
era cover three lineages of Oenantheae (except for the
Perideridia clade): including the sium alliance (Sium and
Cryptotaenia), Cicuta & Oenanthe group, and Nouth
American endemics clade (Tiedemannia). Eight datasets
were adopted for reconstructing the phylogenetic tree.
Five intergenic regions, including three small fragments
previously used [1), psbi-truK, 2), rps16—trnK, and 3),
trnQ-trnK] [11, 12, 14, 18], 4), the noncoding region
of the total genome, and 5), one dataset concatenated
nine introns extracted from the corresponding PCGs
(excluded introns of the rpl2 and ndhB genes due to the
very small Pi). Two protein-coding sequences (CDSs)
matrixes: 6), one dataset concatenated eight CDSs with
high nucleotide diversity value, and 7), another concat-
enated 78 CDS from the whole genome. 8), The entire
genome matrix was also used for analyses.

Two methods were employed to conduct phylogenetic
analysis: maximum likelihood (ML) and Bayesian infer-
ence (BI). The ML analysis was performed by RAxML
v8.2.4 [51], under the GTRGAMMA model as suggested
in the manual. Rapid bootstrap analysis was implemented
using 1000 bootstrap replicates to search for the best-
scoring ML tree. MrBayes v3.2.7a [63] was employed
to conduct the BI analysis under the best-fit model
GTR+I1+G recommended by jModelTest v2.1.4 [64].
Two independent Markov chain Monte Carlo (MCMC)
runs were performed, each with three heated chains and
one cold chain for 10,000,000 generations. The average
standard deviation of split frequencies should approach
zero, otherwise generations will be added to continue
the analysis. Each run started with a random tree, sam-
pling trees every 1000 generations, with the initial 25%
discarded as burn-in. The bootstrap support (BS) and
posterior probability (PP) were used to measure the sup-
ports of the phylogenetic tree implemented under ML
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and BI methods, respectively. The final tree was viewed
in FigTree v1.4 [65].

Results and discussion

Gene characteristic diversity in Oenantheae chloroplast
genomes

Among the seventeen newly sequenced plastid genomes,
seven species were first reported. The size of Oenantheae
chloroplast genomes ranged from 153,024 bp [Sium
ventricosum (H.Boissieu) Li S.Wang & M.FWatson,
NC_070095] to 155,006 bp (Sium ninsi L.) (Table 1).
Chloroplast genomes of Oenantheae species shared a
typical quadripartite structure, which was consistent
with that of most other Apioideae species [6, 29, 30, 36,
42], possessing two copies of IR regions (IRA and IRB,
24,970-26,510 bp) separated by the LSC region (83,451—
85,036 bp) and SSC region (16,931-18,790 bp). The total
GC content ranged from 37.30 to 37.60% roughly compa-
rable to that in some other chloroplast genomes of Api-
oideae distal clades species [6, 66—70]. The IR region held
the highest GC content (42.6—43.1%) when compared to
LSC (35.4-35.8%) and SSC (30.4-31.3%) (Table 1, Fig.
S1). The North American endemics Tiedemannia fili-
formis subsp. Greenmannii (Mathias & Constance) Feist
& S.R.Downie showed the lowest GC content among
the 30 Oenantheae chloroplast genomes in all regions
(the total genome, LSC, SSC, IR regions) (Table 1). For
the remaining species, GC contents of the total genome,
LSC, and SSC were highest in the Oenanthe species,
and lowest in the Sium species. The GC contents of IR
regions were basically the same among species except
S. ventricosum, which possessed a unique extra high
GC content of 43.1%. We hypothesized that it might be
related to the high-altitude habitat of this species. We
reviewed the chloroplast genomes of Apioideae species,
the GC content of IR regions of some high-altitude plants
(e.g. Pleurospermum s. 1.) did have high GC values (42.7—
45.4%) [24], while others (e.g. Tongoloa H. Wolff) did not
(40.5-42.4%) [37]. Therefore, the higher GC content may
be related to the more complex evolutionary history of
this species, which needs to be further studied.

Each of the 30 chloroplast genomes contained 133
genes, consisting of 86 PCGs, eight rRNA genes, 37
tRNA genes, and two pseudogenes. A total of 19 genes
have been detected duplicated, including seven protein-
coding genes (rpl2, rpl23, ycf2, ndhB, rps7, rpsl2, and
ycfl), four rRNA genes (rrn4.5, rruS, rrnl6, and rrn23),
seven tRNA genes (trnA-UGC, trnl-GAU, trnl-CAU,
trul-CAA, truN-GUU, trnR-ACG, and trnV-GAC), and
the pseudogene ycf15. Fifteen genes were owning some
introns: 11 genes (atpF, ndhA, rpoCl, petB, petD, rpl16,
rpsl6, and two copies of ndhB and rpl2) contained one
intron, four genes (clpP, ycf3, and two copies of rpsi2)
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contained two introns. No significant expansion or con-
traction has been detected in Oenantheae chloroplast
genomes (Table S2), so did the rearrangement and inver-
sion events (Fig. S2). Each of the LSC/IRA junctions (J; »)
and SSC/IRA junctions (Jg,) in the Oenantheae chloro-
plast genomes were at the same positions. The J; , was
located between the rpl2 and trnH-GUG genes, and the
Jsa was at the ycfla gene (the copy of the ycfl gene was
largely located in the IRA region). The junction of LSC/
IRB (J; ) was located at the rpsI9 gene, except for Cicuta
virosa L. (no. LHM1252, intergenic region of rps19 and
rpl2), which was consistent with that mentioned in Wen
et al,, 2021. The junction of SSC/IRB (J¢z) was located
at the ycf1b gene (the copy of the ycfl gene was largely
located in the IRB region) or the overlap region of ycf1b
and ndhF.

Mutation hotspot regions among species of Oenantheae

Gene sequences with high nucleotide diversity (Pi) were
suggested to be mutation hotspot regions. The slid-
ing window analyses across the 30 Oenantheae chloro-
plast genomes showed that the Pi ranged from 0.0000
to 0.0663 (Fig. 2, Table S3). Overall, 188 sequences
were owning Pi>0.015. Among them 89 sequences
with Pi>0.02 (highlighted with red dots in Figs. 2), 22
sequences with Pi>0.03, and six sequences with Pi>0.04
(Table S3). The results showed that the sequences with
Pi>0.02 were all located in LSC and SSC, and sequences
in IR regions generally had significantly lower Pi (Fig. 2).
The sequences with high Pi were identified. Sequences
with Pi>0.02 were located at 30 regions, including
matK-psbA, rpsl6-matK, rpsl6 intron-trunK, rpslé
intron, rpsl6 intron-psbK, psbK-psbl, psbl-trnS-trnG,
trnG-atpA, atpH-atpF intron, atpl-atpH, rpoB—trnC—
petN, petN-psbM, trnD—trnY—trnE—trnT—psbD, ycf3—
trnS-rps4, rpsd—trnT-trnL, truL—trnF-ndh], rbcL—accD,
accD, petA—psbJ-psbL, psbE-petL, clpP intron, clpP
intron—psbB, rpll6 intron, rps3-rpll6 intron, ndhF-
rpl32—trnL—ccsA, ccsA-ndhD, ndhl-ndhG, ndhA intron,
ycfla—rps1S—ndhH, ycfla gene. Among these regions,
14 were formerly used or identified to reconstruct the
phylogeny of Apiaceae groups [2, 42, 71-77]. Our study
provides more alternative molecular markers for the
phylogenetic studies of Apiaceae groups (especially for
Apioideae major clades). Sequences with 0.03 < Pi<0.04
were identified at seven regions, including ycfla gene,
trnE—trnT-psbD, ndhF-rpl32—trnL, rpoB-trnC, ycfla—
rps1S, petA—psb], and rps16 intron—truK regions. Among
these regions, the ycfla gene, truE—trnT-psbD, ndhF-
rpl32—trnL regions also contained the sequences with
Pi above 0.04 (Table S3, Fig. 2). Sequences with Pi>0.02
were mostly distributed in intergenic regions or introns
of genes, with only three CDSs of the PCGs (rpl32, rps16,
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and ycfla) owning Pi>0.02 (Table S3, S4). In addition
to the three, there were a few PCGs (accD, ccsA, matK,
ndhF, and rps15) with Pi greater than 0.015 in their CDS
regions. The remaining PCGs possessed generally low Pi
(Table S4, Fig. 3A).

We calculated the Pi of genes, introns, and coding
sequences (CDS) of the 11 genes that had introns (except
the rps12 gene). Compared with the genes and coding
regions, the introns each possessed a high Pi, except for
the case of rpsi16 and ndhB. The Pi of these two genes
are displayed as CDS>Gene>Intron (Fig. 3B). Over-
all, introns of five genes (including rpl16, ndhA, rpslié,
clpP, and petB) possessed Pi>0.015, among them rpli6
(0.0227) and ndhA (0.0213) with Pi above 0.02 (Table S5).
The Pi of the 11 CDSs were very low, except for the rpsi6
CDS (0.0215). The rps16 intron has been used to infer
the phylogeny and evolution of Apiaceae, the subfamily,
and their major clades for a long time [2, 71-75, 77]. Our
study found that both the CDS and intron of the rpsi6
gene possessed Pi>0.015. The Pi of other three small
fragments previously used (psbI-truK, rpsl6-trnK, and
trnQ-trnK) in phylogenetic analyses of the Oenantheae
group [11, 12, 14, 18] were also calculated with values
above 0.02 (Table S6). Based on previous studies, all
these fragments (rpsl6 intron, psbl-trukK, rpsl6-trnk,
and trnQ-trnK) provided a certain resolution in the phy-
logenetic analysis of Oenantheae, but could not com-
pletely resolve all relationships within the tribe. Thus,
we proposed that sequence regions with Pi greater than
0.03 (ycfla gene, trnE-trnT-psbD, ndhF-rpl32-trnL,
rpoB—trnC, ycfla—rpsl5, petA-psb], and rpsl6 intron—
trnK regions) can be considered as candidate barcodes
for the phylogenetic analyses. We extracted the seven
regions with Pi>0.03 and aligned. All sequences are free
of alignment ambiguities. A comparison of the number of
variable sites, parsimony-informative positions, and the
percent of parsimony-informative across these regions
and the four previously used fragments have revealed
that regions with Pi>0.03 were identified as candidate
DNA markers (Table S6).

Phylogenetic relationships among Oenantheae species
inferred from multiple datasets

The robust phylogenetic trees were reconstructed from
eight concatenated matrices, which exhibited clear rela-
tionships among genera within the tribe Oenantheae
(Figs. 4 and 5). Our phylogenetic results strongly sup-
ported (BS=100, PP =1.00) that Oenantheae was divided
into three clades: the Cicuta & Oenanthe group, the
Sium alliance, and the NA endemics clade. The latter
two clades formed the closest sister group (Figs. 4 and 5).
This was basically consistent with previous studies [11,
12, 14]. The Sium alliance clade includes two genera, the
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Sium and the Cryptotaenia. Within the Cryptotaenia, the
populations of Cryptotaenia japonica Hassk. gathered a
branch, and subsequently formed a sister group to the
Cryptotaenia canadensis (L.) DC. The Sium genus here
was highly supported to be split into three branches:
Sium 1, Sium 11, and Sium III. Two high-altitude species
[Sium crispulifolium (H.Boissieu) Jing Zhou and S. ventri-
cosum)] clustered together to form the Sium I clade. Three
species [S. ninsi, Sium tenue (Kom.) Kom., and Sium serra
(Franch. & Sav.) Kitag.] gathered Sium II. The Sium III
consist of Sium suave Walter and Sium medium Fisch. &
C.A.Mey. Among these three branches, Sium I and Sium
II were supported to be the closest sister (Figs. 4 and 5a—
f), gathering the southern Palearctic clade. This topology
structure was consistent with the previous studies that
combined nrDNA ITS and cpDNA fragments (rpsi6—
trnK) with improved support [12, 14]. Although an alter-
native result [((Sium 1, Sium 111), Sium 11)] was proved in
the phylogenetic analyses inferred from rpsi6—trnK and
trnQ-truk, this topology was moderately supported at
the key nodes (Fig. 5g-h).

For the Cicuta & Oenanthe group, the taxa of Cicuta
and Oenanthe each formed a nature branch. The genus
Oenanthe was strongly supported to be divided into
three branches. The relationships among these branches
were incontrovertible with Oenanthe 1 and Oenanthe
II forming the closest sister group with high supports
inferred from the whole genome, 78 CDSs, 8 CDSs, and
psbi-trnK (Figs. 4 and 5). Although the results inferred
from the remaining four datasets have only moder-
ate support, the topology is consistent. Two tuber-
ous geophyte species [Oenanthe pimpinelloides L. and
Oenanthe virgata Poir.] were gathered together to form
Oenanthe 111. The Oenanthe 11 consisted of populations
of Oenanthe javanica (Blume) DC. and divided into two
branches. The populations of high-altitude and low-alti-
tude clustered separately (Table S1, Fig. 4). The Oenanthe
I contained four taxa with narrow leaf blades, two alpine
taxa (Oenanthe hookeri C.B.Clarke and Oenanthe thom-
sonii C.B.Clarke), Oenanthe linearis Wall. ex DC., and
Oenanthe linearis subsp. rivularis (Dunn) C.Y.Wu &
ET.Pu. The interspecific relationships within Oenanthe
I were ambiguous due to the extremely short differenti-
ated branches of the Oenanthe 1 clade and the depress
supports within the clade. Three topologies have been
inferred from the eight datasets. Two populations of O.
linearis subsp. rivularis formed a stable branch within
Oenanthe 1. The first topology (il) reconstructed based
on the whole genome, non-coding region, and 9 introns
was very stable with the alpine branch well supported
to form the closest sister group with O. linearis subsp.
rivularis (Fig. 5a—c). The phylogenetic tree inferred from
78 CDSs has a unique topology (i2) of the Oenanthe I:



Wen et al. BMC Plant Biology ~ (2024) 24:1140

0.07
0.06

0.05 1rnE-psbD
peiN-psbM
0.04 | mpst6amK

1ps16 intron

PsOE-rps16
PSbIMG

poB-trnC
natk-psbA — trnD-trnT
atpl-atp]

0.03 imG-aip

1poB-petN
ps16-matk ap-apF

nT-psbD

0.02

Nucleotide diversity (Pi)

0.01

PpsbE-psbl

Page 8 of 16

yef3-trnS-rpsd

petA-psbI
rpst-traL. petapet
aced clpP intron-psbB.

PSOE-perl

YefHmS. 1ps3-1pl16 intron
trnL-ndhJ cbintren »
1pl16 intron

0.07
0.06 [
0.05 ndhF-rpl32-trnL
0.04

trnL-ccsA

0.03

ndhF-rpl32

Nucleotide diversity (Pi)

cesA-ndhD

ndhI-ndhG

LSC

yefla

yefla-rpsls

ndhA intron

IRB

the alpine branch and O. linearis were the closest sister
groups with very lower supports (BS=39, PP=0.85).
The remaining datasets shared the third topology (i3),
the O. linearis and its subspecies clustered together, but
the supports were not high (Fig. 5e—h). The interspecific
relationships of the genus have been unresolved for a
long time, and phylogenetic relationships based on small
fragments (nrDNA ITS, cpDNA rps16—truK) have often
received poor support in previous studies [1, 11, 12, 14].
Our study provides a basis for resolving the phylogenetic
relationships within the genus, to better solve the prob-
lem within Oenanthe I, we recommend obtaining rich
nuclear genes for comprehensive analyses. Populations of
the S. suave, C. japonica, and C. virosa were divided with
very short branch lengths, with moderate node supports
in the four large datasets (whole genome, noncoding
region, 9 introns, and 78 CDSs) and very low supports in
the four small datasets (Fig. 5).

Our results provided stable phylogenetic relation-
ships among species of Oenantheae except the Oenanthe
I clade. Molecular data with sufficient non-coding
sequences appear to be effective in resolving interspe-
cific relationships within the Oenanthe I clade (Fig. 5a—c).
However, some additional data may need to be adopted
into the study to clarify the relationships between species
within the Oenanthe 1 clade. At present, many molecu-
lar data have been proposed to resolve generic-level

e IRA
Fig. 2 The nucleotide diversity (Pi) of 30 Oenantheae chloroplast genomes. Regions with high Pi (above 0.02) were marked out

phylogenies, such as single-copy nuclear genes (SCG),
low-copies nuclear genes, and SNPs extracted from
transcriptome or genome [78-82]. Despite the discord-
ance between nuclear-based and plastid-based phyloge-
netic trees, sufficiently stable topologies can support a
more comprehensive interpretation of taxa evolution [6,
83-85]. The previous phylogenetic analyses of the tribe
Oenantheae rarely involved taxa distributed in China [11,
12, 14]. Our research contributes in part to the replenish-
ment of Oenantheae’s global resources.

Positively selected gene responses to the adaptive
evolution of Oenantheae

We calculated the Ka, Ks, and their ratio Ka/Ks (o)
to evaluate the selection pressure of the 78 PCGs
(Table S4). The results showed that the Ka values
ranged from 0 to 0.0246 and the Ks values ranged from
0 to 0.0594. Thirteen PCGs (atpH, clpP, ndhC, petG,
petL, psal, psbD, psbE, psbF, psbl, psbL, rps7, and ycf3)
have Ka=0, which indicated these PCGs without any
non-synonymous mutations. Only one PCG (psaJ) with
Ks=0, which suggested this gene has non-synonymous
mutations but no synonymous mutations. The Ka/
Ks (o) value of psaJ was not calculated because Ks=0
and the o value tended to infinity. The o values for the
remaining PCGs ranged from 0 to 1.0161 (Table S4). A
total of 12 PCGs were identified with w values above 0.5
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(ccsA, matK, psbK, psa], rbcL, rpl20, rpoA, rpsi4, rpsl5,
ycfla, ycflb, and ycf2) (Fig. 6). Among these genes, psaJ
and ycf2 possessed w values greater than 1. The results
suggested ten PCGs might be under relaxed selection
with 0.5<w<1 and two genes have undergone strong
positive selection.

To detect sites under positive selection in each PCG,
we performed tests by comparing null models (M1a and
M7) against alternative models (M2a and M8). We have
calculated several parameters to estimate the positive
selection, including the LRT P-values of the compared
models (M1a vs. M2a, M7 vs. M8), the detailed log-likeli-
hood values and free parameters of M7 and M8, and the
positively selected sites calculated under BEB method
(Table S7). The calculation of LRT P-values showed that
eight PCGs (accD, rbcL, rps8, ycfla, ycflb, ycf2, ndhF,
and ndhK) were significant (P<0.05) for both Mla-M2a
and M7-MS8, two PCGs (ndhH and rpslI) were not sig-
nificant (P>0.05) for the M1a-M2a comparison but sig-
nificant under the M7-M8. Based on BEB analysis, sites
had probability > 50% for the positive-selection class with
o >1 were detected in 44 PCGs (Table S7). Among these
genes, 14 PCGs (rpoC2, rpl20, psbT, psaj, and the ten
PCGs significant under M7-M8 mentioned above) have
some positively selected sites with a probability>95%
(Table 2). The LRT of the four PCGs (rpoC2, rpl20,
psbT, and psaj) were not significant (P>0.05) for both

comparisons although their positively selected sites prob-
ability greater than 95%. Sites that had probabilities > 99%
were presented in seven PCGs (rbcL, rps8, ycfla, ycflb,
ycf2, ndhF, and rpsl1I).

Our Ka and Ks calculation results have suggested ten
PCGs (ccsA, matK, psbK, rbcL, rpl20, rpoA, rpsi4, rpslS,
ycfla, and ycf1b) under relaxed selection and two (psaJ
and yc¢f2) undergone strong positive selection. Among
these PCGs, four (rbcL, ycfla, ycflb, and ycf2) have
detected significant positive selection in some sites. The
LRTs of these PCGs were significant at a 1% level under
both M7-M8 and M1la-M2a tests. Also, the BEB calcu-
lation provided strong evidence for sites under positive
selection as the posterior probabilities for w>1 were
high (Table 2). Together, these results suggested strong
evidence for sites under positive selection in these four
PCGs (rbcL, ycfla, ycflb, and ycf2). The BEB calculation
also provided some evidence for sites under positive
selection in PCGs rpl20 and psaJ as the posterior prob-
abilities for w>1 were high (probability>0.95). How-
ever, the LRTs of these two PCGs were not significant
(P>0.05) for both M7-M8 and M1la-M2a comparisons
(Table 2). These situations also existed in the rpoC2 and
psbT genes. These results suggested some weak evidence
for sites under positive selection in the four PCGs (rp/20,
psal, rpoC2, and psbT). For the remaining six PCGs (ccsA,
matK, psbK, rpoA, rpsi4, and rps1S5), the LRT P-values
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were above 0.05 for both two comparisons, and the BEB
calculation only provided weak evidence for sites under
positive selection as the posterior probability for w>1
was low (<95%) and the posterior distribution for o was
diffuse at every site (Table S7). All these suggested that
these six PCGs might be under weak positive selection.
Site models have detected extra four PCGs (accD, rpsS,
ndhF, and ndhK) possessing significant positively selected
sites. Both the LRT and BEB calculations have provided
strong evidence. The tests for sites under positive selec-
tion in the ndhH and rpsll genes were equivocal with
the M1a-M2a and M7-M8 comparison giving conflicting
results. We tend to accept the test of M1a-M2a because
this test is noted to be more stringent when the evidence
for positive selection exists but is not very strong [56, 86].
These results together suggested some evidence for sites
under positive selection in the ndhH and rpsll genes,
although this evidence was not very strong.

Tribe Oenantheae has a high proportion of bog and
water species relative to terrestrial members. The occu-
pation of the aquatic environments indicates that
Oenantheae species have adapted to conditions of damp,

represent the best support (100%). Species names

marshy, or truly aquatic habitats. Compared with ter-
restrial species, emergent aquatic plants occupy stress-
ful ecological habitats characterized by low light, and
reduced carbon and oxygen availability [87]. Survival in
aquatic habitats has resulted in adaptations specific to low
oxygen concentrations. Plants of the tribe Oenantheae
exhibit various adaptations to these habitats, such as
clusters of fibrous or tuberous roots and corky-thickened
fruits [7, 11]. Here possible evidence of positive selec-
tion in chloroplast coding genes was detected to reveal
the adaptation of Oenantheae species to aquatic envi-
ronments at the molecular level. Based on our results, a
total of eight genes (accD, rbcL, rps8, ycfla, ycf1b, ycf2,
ndhF, and ndhK) are considered positive selection genes.
Gene accD encodes the beta carboxyl transferase subu-
nit of ACCase and has been verified to affect several bio-
logical processes such as storage compound metabolism,
leaf and seed development [88—-91]. The two significantly
positively selected sites we detected in the accD gene var-
ied mainly between the Cicuta & Oenanthe group and
the other species. We identified these genes as possibly
associated with the unique traits Cicuta & Oenanthe
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topologies of the Oenanthe | clade

group owned particularly in leaf and seed development.
We have found statistically that the leaf and fruit mor-
phology of Oenanthe and Cicuta are different from other
groups. The leaf blades of these two genera species always
have one or more pinnates. The fruits of them are overall
ovoid with thick and corky fruit ribs, with vittae solitary
in each furrow and 2 on commissure [7, 18, 92-95]. The
chloroplast ribosomal proteins act as important con-
stituents of protein synthesis machinery and participate
in various processes of plant growth, and development
as well as reaction to unfavorable conditions [96—99].
Adaptive evolution of the rps8 gene may be helpful for

the normal growth and development of Oenantheae spe-
cies in aquatic environments. The remaining six positive
selection genes are functionally associated with pho-
tosynthesis. The rbcL gene encodes the Rubisco large
subunit, which catalyzes the assimilation of atmospheric
CO2 during photosynthesis [100-102]. Positive selec-
tion of this gene has been detected in some plants and
suggested adaptation to low CO2 concentration, shade-
tolerant, and aquatic environments [32, 60, 103, 104], but
not prevalent in the Apiaceae. We detected ten positive
selection sites in the rbcL gene, the increased amino acid
replacement may reflect the continuous fine-tuning of
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Rubisco under varying species’ ecological conditions. The
ndh genes (ndhF and ndhK) encode NADH-dehydroge-
nase subunits of the Ndh1-complex bound to the thyla-
koid membrane, which were fundamental to the electron
transport chain for the generation of ATP, and photosyn-
thesis of plants [105-108]. Positive selection of these two
ndh genes may reflect the adaptation to aquatic environ-
ments stress, such as low light and reduced oxygen avail-
ability. Positive selections of these two genes in Apiaceae
have been detected commonly [24, 36, 109]. Essential
genes ycfl and ycf2 in plant chloroplast genomes encode
proteins that are indispensable for cell survival and pho-
tosynthesis [110-112]. Overall, positive selection of the
eight chloroplasts protein-coding genes (accD, rbcL, rps8,
ycfla, ycflb, ycf2, ndhF, and ndhK) may be responses to
aquatic environment adaptation of Oenantheae species.
There may be partial positive selection in six genes that
with positive selection sites (posterior probability above
95%), including rpl20, psaJ, rpoC2, psbT, ndhH, and
rpsll, but it is not statistically significant. Nevertheless,
we suggest that these genes still require attention because
they may be potential positive selection genes.

Conclusion

In conclusion, we generated the complete chloroplast
genomes of 17 Oenantheae species. A deep compara-
tive analysis of 30 Oenantheae chloroplast genomes has
been conducted to create an accurate map of the genomic
structure of hydrophytic umbellifers. A total of 30 regions
(matK-psbA, rpsl6-matK, rpslé intron—trnK, rpsl6
intron, rpsl6 intron—psbK, psbK—psbl, psbI-trnS—trnG,
trnG-atpA, atpH-atpF intron, atpl-atpH, rpoB—trnC-
petN, petN-psbM, trnD-trnY—trnE—trnT—psbD, ycf3—
trnS—rps4, rpsd—trnT-trnL, trnL—-trnF-ndh], rbcL-accD,
accD, petA—psb]-psbL, psbE-petL, clpP intron, clpP
intron-psbB, rpll6 intron, rps3-rpll6 intron, ndhF-
rpl32—trnL—ccsA, ccsA—ndhD, ndhl-ndhG, ndhA intron,
yefla—rpsl15-ndhH, and ycfla gene) have been identi-
fied with high nucleotide diversity (Pi>0.02), which sug-
gested to be mutation hotspot regions among Oenantheae
species. Among these, the ycfla gene, trnE—trnT-psbD,
ndhF-rpl32—trnl, rpoB—trnC, ycfla-rpsl5, petA—psb],
and rps16 intron—trnK regions were considered as candi-
date barcodes for the phylogenetic analyses of Oenantheae
due to well aligned and rich informative sites. Eight genes
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Table 2 Positive selected sites identified in the chloroplast genomes of Oenantheae
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Gene name LRT P-value

Positively selected sites (BEB, *: PP >95%; **: PP >99%)

sites number

28 D 0.974*91 A 1.000**,95 N 0.997**97 Y 0.998**,225 1 0.997** 309 |
0.998*%,328 S 1.000%*,354 1 0.956%,355 A 0.972* 443 E 0.998**

469 R 0.960%, 795V 0.982%,1014 K 0.971%,1085 1 0.969%,1092 K 1.000**,1093 |

103 F 1.000**,503 Q 0.996**,746 L 0.996**,833 R 0.955* 915 P 0.950%,1025 Q

2005 0.976%,205 K 0.994**,206 Y 0.980%,215 R 0.975%217 S 0.975% 244 N

M7 (beta) vs. M1a (nearly neutral) vs.
M8 (beta&w) M2a (positive selection)
accD 0.000004515  0.000000015 100 H 0.983%,207 K 0.954*
rbcl 0.000000000  0.000000000
1ps8 0.000000000  0.000000000 57 D 1.000**
ycfla 0.000000000  0.000000000
0.965%,1094 L 0.986*,1111Y 0.962*
ycf2 0.000000000  0.000000000
0.951*
ycf1b 0.000000888  0.000000131
0.971*,270 K 1.000**
ndhF 0.000004851  0.000065086 465 Q 0.988%655 N 0.952*,663 C 1.000**
ndhH 0.003524280  0.082768146 198 10.960%
ndhK 0.011201551  0.022716790 181 F 0.964* 218 K0.957*
rps11 0.012214628  0.054106065 14 G 0.993**
rpoC2 0.082830660  0.347241769 23910.969*
pl20 0.096456032  0.117651549 12 R 0.964*
psbT 0.225892513  0.225960517 33K0.972*
psal 0422979316 0423014425 10V 0.977*141L0.977*36 A0.977*

10

(accD, rbcL, rps8, ycfla, ycflb, ycf2, ndhF, and ndhK) with
strong signatures of positive selection were convincingly
detected. Two (accD and rps8) are related to plant growth
and development, and the remaining are mainly related to
the photosynthesis system. Such a comparative genomic
analysis of the Oenantheae chloroplast genomes offers
us an unprecedented opportunity to reveal footprints of
the adaptive evolution of chloroplast genes that make
Oenantheae species adapt to aquatic environments. Our
phylogenetic analyses also recovered reliable relationships
among species of Oenantheae except within the Oenanthe
I clade. Phylogeny and evolution of the genus Oenanthe
may be further clarified by incorporating more nuclear
genes in further studies. In addition, expanding species
sampling of North American endemic species will con-
tribute to a deeper understanding of the molecular adap-
tive evolution of Oenantheae. Our research only serves as
an introduction, and we urge other researchers to join us
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