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Abstract

Background: Deep-branching phylogenetic relationships are often difficult to resolve because phylogenetic signals
are obscured by the long history and complexity of evolutionary processes, such as ancient introgression/hybridiza-
tion, polyploidization, and incomplete lineage sorting (ILS). Phylogenomics has been effective in providing informa-
tion for resolving both deep- and shallow-scale relationships across all branches of the tree of life. The olive family
(Oleaceae) is composed of 25 genera classified into five tribes with tribe Oleeae consisting of four subtribes. Previous
phylogenetic analyses showed that ILS and/or hybridization led to phylogenetic incongruence in the family. It was
essential to distinguish phylogenetic signal conflicts, and explore mechanisms for the uncertainties concerning rela-
tionships of the olive family, especially at the deep-branching nodes.

Results: We used the whole plastid genome and nuclear single nucleotide polymorphism (SNP) data to infer the
phylogenetic relationships and to assess the variation and rates among the main clades of the olive family. We also
used 2608 and 1865 orthologous nuclear genes to infer the deep-branching relationships among tribes of Oleaceae
and subtribes of tribe Oleeae, respectively. Concatenated and coalescence trees based on the plastid genome,
nuclear SNPs and multiple nuclear genes suggest events of ILS and/or ancient introgression during the diversification
of Oleaceae. Additionally, there was extreme heterogeneity in the substitution rates across the tribes. Furthermore,
our results supported that introgression/hybridization, rather than ILS, is the main factor for phylogenetic discordance
among the five tribes of Oleaceae. The tribe Oleeae is supported to have originated via ancient hybridization and
polyploidy, and its most likely parentages are the ancestral lineage of Jasmineae or its sister group, which is a “ghost
lineage,"and Forsythieae. However, ILS and ancient introgression are mainly responsible for the phylogenetic discord-
ance among the four subtribes of tribe Oleeae.

Conclusions: This study showcases that using multiple sequence datasets (plastid genomes, nuclear SNPs and
thousands of nuclear genes) and diverse phylogenomic methods such as data partition, heterogeneous models,
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quantifying introgression via branch lengths (QuIBL) analysis, and species network analysis can facilitate untangling
long and complex evolutionary processes of ancient introgression, paleopolyploidization, and ILS.

Keywords: Ancient introgression, Gene tree conflict, Incomplete lineage sorting, Oleaceae, Phylogenomics, Rate

heterogeneity

Background

Understanding the evolutionary processes remains cen-
tral to addressing questions about diversification of life
on Earth. One of the most difficult challenges in system-
atics and evolution is inferring the deep-branching rela-
tionships during periods of incomplete lineage sorting
(ILS), ancient introgression/hybridization, polyploidi-
zation, and rapid radiation. Phylogenomic studies often
focus on resolving deep-branching relationships, such as
the root of angiosperms [1, 2], the backbone of animals
[3], the family relationships of asterids [4], the subfami-
lies of legumes [5, 6], and deep recalcitrant relationships
within a family [7, 8]. These studies have shown that such
relationships may remain unresolved even when large
genome-scale molecular sequencing data are used, due
to the discordant phylogenetic signals among genes from
different genomes (nuclear, plastid and mitochondrial
genomes) or different genomic regions [9-11]. However,
phylogenomic analyses can provide effective information
to gain insights into the complexity of evolutionary pro-
cesses and the underlying causes of the lack of phyloge-
netic resolution and conflicting phylogenetic results.

One of the most significant phenomena in phylog-
enomic analyses is gene tree and species tree discordance
in empirical studies. Gene tree discordance has numer-
ous causes, such as substitution rate variation [12], gene
duplication/loss, gene tree estimation errors, or random
noise from uninformative genes [13], as well as ILS and
introgression/hybridization [11, 14—17]. Among these
potential sources of gene tree discordance, ILS is rec-
ognized as the cause to explain conflicting genealo-
gies [17]. ILS or deep coalescence describes the pattern
due to stochasticity of the coalescent, representing the
retention of ancestral polymorphism and fixation in the
descendant lineages after speciation events due to sto-
chastic genetic drift. Meanwhile, introgression/hybridi-
zation can similarly result in gene tree discordance. More
recently, several methods have been developed to differ-
entiate between the two or infer phylogenetic networks
while accounting for ILS and introgression/hybridization
simultaneously [18-20], but they are most commonly
used at shallow phylogenetic scales, such as the spe-
cies level [21-23]. For deeper phylogenetic scales (such
as at the subfamily level or genus level), distinguish-
ing true discordance causes can be challenging because
the long history of evolutionary processes may obscure

phylogenetic signals [6, 24, 25]. To overcome these limi-
tations, comparing phylogenetic signals among genetic
markers with different inheritances (plastid and nuclear
genomes) and the use of multiple phylogenetic tools are
essential to disentangle causes of phylogenetic conflict
and provide insight into evolutionary histories.

The olive family (Oleaceae) is composed of 25 genera
and approximately 600 species of temperate and tropi-
cal shrubs or woody climbers and trees distributed from
the north temperate to the southern parts of Australia,
Africa, and South America. Oleaceae are important
components of temperate and tropical ecosystems [26,
27]. Moreover, many Oleaceae species are economically
important, e.g., olive (Olea europaea) is cultivated for its
fruit and oil, Jasminum, Forsythia, Osmanthus, Syringa,
and Ligustrum are cultivated extensively as ornamentals
and for fragrances, and ash trees (Fraxinus) are grown for
timber as well as ornamentals.

Within the Lamiales, Oleaceae is sister to the small
tropical Asian family Carlemanniaceae, and the clade is
the early divergent group in Lamiales [4, 28]. More than
two decades since the first molecular phylogenies of the
Oleaceae were inferred [26], the family has now been
supported to include five tribes (Myxopyreae, Fontane-
sieae, Forsythieae, Jasmineae, and Oleeae), and the tribe
Oleeae is divided into four subtribes (Schreberinae,
Ligustrinae, Fraxininae, and Oleinae). The evolutionary
history of Oleaceae is very complex, e.g., Oleeae origi-
nated from paleopolyploid events with one of the paren-
tal genome closely related to Jasminum [29], and some
of the recognized genera are polyphyletic [26, 30—37] or
paraphyletic [38]. Furthermore, phylogenetic incongru-
ence between plastid and nuclear data has been reported,
suggesting ILS and/or hybridization within several gen-
era [34, 39]. Heterogeneous evolutionary rates among
clades and genes might also account for conflicting rela-
tionships [35-37].

Previous molecular phylogenetic analyses did not well
resolve the origin and early evolution, including deep-
branching relationships among the five tribes and sub-
tribes of Oleeae (Fig. 1). Six and four possible topologies
among five tribes and four subtribes of Oleeae, respec-
tively, appeared in previous studies and showed obvi-
ous incongruence when using datasets from different
genomes. Moreover, previous olive phylogenies have
been heavily relied on chloroplast and mitochondrial
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Fig. 1 Phylogenetic hypotheses of Oleaceae from previous studies. a-f The six alternate topologies of the five tribes. g-j The four alternate
topologies of the four subtribes of Oleeae. a Dupin et al. [36] using the 80 concatenated plastid coding genes based on the maximum likelihood
(ML) method. b Dupin et al. [36] using the 37 concatenated mitochondrial genes based on the ML method. ¢ Dupin et al. [36] using the RY-coded
nrDNA based on the ML method. d Ha et al. [40] using six cpDNA sequence datasets (matK, rbcl, ndhf, atpB, rps16, and trnl-F) based on the
Bayesian inference (Bl) method and Dupin et al. [36] using the nuclear genes of phyB-1 and phyE-1. e Dupin et al. [36] using the nontransformed
nrDNA cluster based on the ML method. f Wallander and Albert [26] using two plastid genes, rps16 and trnl-F, based on maximum parsimony (MP)
methods. g Dupin et al. [36] using the 80 concatenated plastid coding genes, 37 concatenated mitochondrial genes, and RY-coded nrDNA based
on the ML method. h Dupin et al. [36] using the nuclear genes of phyB-1 and phyE-1.iVan de Paer et al. [41] using the nuclear mtpt4 based on
the ML method. j Dupin et al. [36] using the nontransformed nrDNA cluster based on the ML method. Myx, Myxopyreae; Fon, Fontanesieae; For,
Forsythieae; Jas, Jasmineae; Ole, Oleeae; Lig, Ligustrinae; Sch, Schreberinae; Fra, Fraxininae; Olei, Oleinae
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markers [39, 41], and a handful of nuclear genes have
shown different topologies [36]. Extensive sampling of
molecular datasets, especially unlinked nuclear genes,
which can account for different evolutionary histories of
individual genes, is preferable to infer species trees and
explore the causes of conflicts for deep branching.
Beyond resolving the complex history in the olive fam-
ily, our main objectives are to investigate the causes of the
lack of resolution, distinguish phylogenetic signal con-
flicts, and explore alternative scenarios for the uncertain-
ties concerning deep-branching relationships of the olive

family. First, we estimated the olive family relationships
using 180 samples from 24 genera representing all five
tribes based on the whole plastid genomes and nuclear
SNP datasets. These analyses were used to test whether
the markers of different inheritance caused the lack and/
or conflict of phylogenetic signals. We employed multiple
phylogenetic methods and data partitioning schemes to
resolve recalcitrant relationships at both deep and shal-
low nodes. Second, we analyzed thousands of nuclear
gene alignments harvested from whole genome sequenc-
ing and published complete genomes of representative
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species from the tribes or subtribe of Oleeae. Upon infer-
ring the most likely species tree, we analyzed and dis-
tinguished the signal of gene tree discordance produced
by ILS, introgression/hybridization, and hard polytomy
among deep branches and explored the implications for
understanding the early evolutionary diversification of
the olive family.

Results

Phylogenomic relationships based on plastid datasets

and molecular evolutionary rate variation among clades

of Oleaceae

To resolve the phylogeny of Oleaceae, we expanded
the taxon sampling (Additional file 1: Tables S1-S2),
employed extensive data from plastid genomes, and
used multiple methods to dissect the phylogenetic
signals (Table 1 and Table 2), and explore information
and conflicts among the phylogenetic trees. In total,
seven plastid datasets were constructed to infer the
phylogeny of Oleaceae (Table 1), and a total of 19 ML
(maximum likelihood) trees (Table 2) were constructed
based on different datasets and phylogenetic methods.
The ML tree from the 180s77Gaa dataset under a gene
partitioning scheme was used as our main reference
or summary tree for iterative topological concordance
analyses of the plastid gene trees (Fig. 2, Table 2, Addi-
tional file 2: Fig. S1, and the reason for using this tree
as the reference tree was shown in Additional file 3),

Table 1 Characteristics of data matrices of plastomes and SNP data
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which visualized the proportions of genes in each gene
tree supporting the alternative topologies. Our analyses
revealed all tribes as monophyletic with full support.
However, conflicting topologies were detected at sev-
eral nodes among different trees (see below). The rela-
tionships among the tribes were less robustly resolved,
with, in particular, the positions of Fontanesieae and
Forsythieae showed conflicts in some analyses (Fig. 2).
Myxopyreae, the first diverged lineage of the olive fam-
ily, was strongly supported in all analyses. The plastid
nucleotide sequence datasets and the 180s77Gaa based
on the posterior mean site frequency (PMSF) model
supported Forsythieae as sister to the clade compris-
ing Fontanesieae, Jasmineae, and Oleeae (topology a
(Myxopyreae (Forsythieae, (Fontanesieae, (Jasmineae,
Oleeae))) in Fig. 1). In contrast to the plastid nucleo-
tide sequence phylogeny, the analyses of the amino acid
sequence data (180s77Gaa) except under the PMSF
model showed that Fontanesieae was sister to the clade
comprising Forsythieae, Jasmineae, and Oleeae (topol-
ogy d (Myxopyreae (Fontanesieae, (Forsythieae, (Jas-
mineae, Oleeae))) in Fig. 1). However, this topology was
weakly supported by the 180s77Gaa and the bootstrap
support values were 25%, 32%, and 35% using the three
partitioning schemes (Table 3 and Additional file 1:
Table S3). This suggests that the topology a of the five
tribes in Fig. 1 is the most likely, as inferred from the
plastid data, with the high support values when using

Datasets Description Number of Alignment Variable sites Information
sequences length (bp) sites
Numbers % Numbers %

CPG-complete Complete plastome data 180 152,399 32,599 2139 22,461 14.74

CPG-trimAl-automated1  Complete plastome data trimmed by TrimAl using 180 126,241 29,945 2372 21324 16.89
atuomated1 method

CPG-trimAl-nogaps Complete plastome data trimmed by TrimAl using 180 83,647 16,189 1935 11,370 13.59
nogaps method

CPG-trimAl-strict Complete plastome data trimmed by TrimAl using 180 114,523 20,327 17.75 13434 11.73
strict method

CPG-trimAl-strictplus Complete plastome data trimmed by TrimAl using 180 108,581 18,774 1729 12477 1149
strictplus method

180s77Gnt The nucleotide sequences of all protein coding loci 180 55,296 10,120 1830 7047 12.74
including all taxa

180s77Gaa The amino acid sequences of all protein coding 180 18,742 2841 15.16 1605 8.56
loci including all taxa

91s77G A reduced sample set with nearly all representative 91 55,296 9111 16.48 5605 10.14
lineages of Oleaceae

SNP-olea SNPs identified using the Olea genome as refer- 180 186,053 186,053 100 183854 9882
ence

SNP-ash SNPs identified using the ash genome as reference 180 408,702 408,702 100 401,076  98.13

SNP-suspen SNPs identified using the Forsythia suspensa 180 91,534 91,534 100 88,936 97.17

genome as reference
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the whole plastome data. The phylogenetic signal in
the plastid data with regard to this topology appears to
be sufficient. The sister relationship of Jasmineae and
Oleeae was strongly supported in all analyses.

In contrast to the problematic deep relationships of
the family, our analyses robustly supported relationships
among major clades within the tribe Oleeae. There was
100% support for the monophyly of each subtribe, and
the topology of (Schreberinae (Ligustrinae, (Oleinae,
Fraxininae))) (topology g in Fig. 1) was strongly sup-
ported by all the analyses, consistent with previous stud-
ies [35, 36]. Within the Oleeae, at least seven genera were
not monophyletic (i.e., Schrebera, Syringa, Chionanthus,
Olea, Osmanthus, Phillyrea, and Nestegis), and Chionan-
thus was the most complex polyphyletic genus (Fig. 2).
Three genera including Forestiera, Hesperelaea, Priogym-
nanthus, and the species Chionanthus ligustrinus formed
a highly supported clade and were sister to the rest of
the subtribe Oleinae. The internode certainty all (ICA)
value for the backbone of Oleinae was low (Fig. 2 and
Additional file 2: Fig. S1), indicating major incongruence
between species trees. The conflict can therefore, at least
partially, reflect incomplete sorting and/or introgression/
hybridization [33, 35].

The ML tree based on the plastid genome data showed
significant differences in branch lengths (Fig. 2 and
Fig. 3b) among the tribes and subtribes of Oleaceae. The
tribe Jasmineae and the Oleeae subtribe Ligustrinae had
the longest branch lengths, while Forsythieae and Oleeae
had relatively short branch lengths. Genetic distances
showed a similar pattern with branch lengths (Fig. 3a).

Branch model tests in Baseml/PAML indicated that
the results significantly departed from the null hypoth-
esis that all rates were equal among clades (“global clock”
model) (Table 4). Model M1, which allows a local clock
for Jasmineae, had a significantly better fit than MO0. The
rates for Jasmineae branches were 5.58 times higher
than the background (Table 4). Meanwhile, Model M2 (a
local clock for Jasmineae and the Oleeae subtribe Ligus-
trinae) had a better fit than Model M1, and the rates
for Jasmineae and the Oleeae subtribe Ligustrinae were
6.98 and 2.29 times higher than those for the remaining
Oleaceae species. According to the AICc comparison and
Bonferroni-corrected likelihood ratio tests, Model M3
was the best fitting model, which indicated that Oleaceae
had branch rate variation among the most clades.
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Phylogenomic relationships of Oleaceae based on nuclear
datasets

Following the methods of Olofsson et al. [35], we
obtained three nuclear SNP datasets using the oleaster
(Olea europaea var. sylvestris), ash (Fraxinus excelsior),
and Forsythia suspensa nuclear genomes as the reference
sequences (Table 1). Finally, six gene trees were recon-
structed using two phylogenetic methods (Table 2). Using
the SNP-ash dataset, 41 gene trees were reconstructed.
These results were showed in Fig. 4, Additional file 2: Fig.
S2 and Fig. S3, respectively.

All six gene trees from the three SNP datasets sup-
ported that all tribes and subtribes of Oleeae were mono-
phyletic groups, with concordant relationships among the
deep nodes in the six trees (Fig. 4 and Additional file 2:
Fig. S2). The topology of (Myxopyreae (Fontanesieae,
(Forsythieae, (Jasmineae, Oleeae))) (topology d in Fig. 1)
for the five tribes of Oleaceae and the topology of (Schre-
berinae (Ligustrinae, (Oleinae, Fraxininae))) (topology j
in Fig. 1) for the four subtribes of Oleeae were strongly
supported. The nuclear SNP datasets also inferred that
seven genera were not monophyletic in Oleeae. Most of
the backbone of Oleinae were resolved with high ICA
values. Furthermore, some nodes had major conflicts
among the gene trees, such as the backbone of Fraxinus
(Additional file 2: Fig. S2).

At the tribe level, the backbone relationships had low
support and showed conflicting phylogenetic signals
(Fig. 4) using the SNP dataset, indicating a complex
early evolutionary history. The four subtribes of Oleeae
were well supported, consistent with whole SNP dataset
results. The SNP dataset suggested that some shallow
nodes had conflicting phylogenetic signals, e.g. the spe-
cies relationship among Ligustrum, and Olea (Additional
file 2: Fig. S3).

Assessing phylogenetic relationships and conflicts

of phylogenetic signals

Half of the nodes had a consistent topology among the
25 gene trees (plastid and nuclear SNP dataset, Addi-
tional file 2: Fig. S4); however, the backbone of the
family was characterized by high levels of gene tree dis-
cordance. The most significant conflicting nodes are at
the tribe level, and our data supported two alternative
topologies (topology a and d in Fig. 1). The incongru-
ence was higher at the shallow branches, but generally,

(See figure on next page.)

Fig. 2 Maximum likelihood phylogeny of Oleaceae inferred from RAXML analysis of the plastid 77G180saa dataset based on the gene partition
models. Pie charts present the proportion of 19 plastid gene trees that support that clade (blue), or support the main alternative bifurcation (green),
or support the remaining alternative (red), and the proportion that have <80% bootstrap support (gray). Only pie charts for major clades are shown,
and Additional file 2: Fig. S1 shows pie charts for all nodes. Myx, Myxopyreae; Fon, Fontanesieae; For, Forsythieae; Jas, Jasmineae; Ole, Oleeae
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Table 3 Comparison of partition model from maximum likelihood analysis
Dataset Partition schemes No. partitions 2logelL No. free parameters AlCc
180s77Gnt Unpartitioned 1 -194843.878 366 390424.65
PartitionFinder 31 -192293.919 666 85936.101
Gene partitioned 31 -191926419 684 385238
Codon partitioned 3 -191946.283 389 384676.09
180s77Gaa Unpartitioned 1 -123709.795 357 248147.73
PartitionFinder 36 -120467.852 428 241811.76
Gene partitioned 31 -120518.104 418 241891.32
O. brachiata. Insufficient information could lead to
a spurious tree inference, thus producing noise and/or
0.06. conflict.
. Overall, the three types of datasets showed incongru-
ence in topology when compared with trees derived
2004. - from implicit (e.g., distance-based) analyses (Fig. 5a).
2 The nuclear SNP trees, in particular, had high support
£ values in the backbone branches. This high resolution
s is directly related to the larger sampling of parsimony-

0.00 <

0.06

0.04

root-to-tip branch length

| o

0.00

Myx For Fon Jas Sch Lig Fra Ole

Oleeae
Fig. 3 Variation in plastid substitution rates among clades of
Oleaceae. a Genetic distance among clades/branches of Oleaceae.
b Comparison of intratribal and intrasubtribal plastid branch lengths
among the Oleaceae based on the ML tree of the “77G180snt" dataset
using the gene partitioned model, as assessed by root-to-tip branch
lengths, from the common ancestor of each respective clade to each
sampled tip

most conflicting nodes had a majority uninformative
gene tree (Additional file 2: Fig. S4). For example, most
trees (17/25) were uninformative at the node of the sis-
ter group relationship between Olea javanica and the
clade consisting of O. neriifolia, O. parvilimba, and

informative sites (Table 1). On the other hand, the phy-
logenetic relationships recovered by the plastid data
were impacted by the robustness of the method. Mean-
while, the nuclear SNPs sampled across the genome are
probably unlinked, while the plastid genes constitute
just a single locus. These two types of datasets hence
track different evolutionary histories, leading to the
incongruence in topology.

To further evaluate the impact of heterogeneity of
sequence evolution across sites on relationships, we
used the heterogeneous model, PMSF, and general het-
erogeneous evolution on a single topology (GHOST),
which considers heterogeneity in the amino acid and
nucleotide substitution process. The impact of using
the GHOST model instead of homogeneous models on
the topology was small compared with the data types
(Fig. 5a). Meanwhile, the GHOST and PMSF trees con-
tinued to support a large portion of phylogenetic rela-
tionships among the deep nodes. The PMSF trees have
different topologies (topology a in Fig. 1) among the five
tribes compared to the trees from site homogeneous
models (topology d in Fig. 1). Gene partitioned analy-
ses using the two plastid gene datasets (180s77Gnt and
180s77Gaa) also produced fewer effective topologies.

The principal coordinates analysis (PCoA) (Fig. 5b)
showed that all nuclear SNP gene trees were clearly
separated from the plastid gene trees along the first and
the second axes. The three plastid gene trees were sepa-
rated along the second axis. Within the datasets, gene
trees obtained with different phylogenetic methods are
spread across the tree space.
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Table 4 Model comparisons of global vs local clocks using the baseml module of PAML

Model MO M1

M2 M3

Description Global Clock

No. parameters 188 189

No. branch parameters 0 1

AlCc 397616.0097 393910.5308
—log,L 198619.36 196765.6138
A Na 3707.492572
df Na 1

P-value/ Bonferroni corrected Na RE R
Clade rate parameters (relative Na Jas=5.58123

to background rate of 1)

Jasmineae (local) vs MO

Jasmineae and Ligustrinae
(each local) vs M1

Jasmineae, Oleeae, Forsythieae,
and Ligustrinae (each local) vs

M2
190 192
2 4
393526.1902 393391.5477
1965724365 196503.1014
386.354476 138670312
1 2
ok ok o
Jas=6.98256 Jas=4.90304
Lig=229322 Lig=1.61560
Ole=0.70533
For=0.42790

No. parameters, the total number of free parameters for a particular model
No. branch parameters, number of clades defined to evolve by a local clock
—log,L, the likelihood of the data, given the model

AICc, corrected Akaike Information, AlCc =-2(log,L) + 2K(n/(n-K-1)) and log,L is the likelihood function, n is the number of sites in the alignment, and K is the number

of free model parameters
A, the chi-square distributed, A =2 * the difference in log L between two models

df, degree of freedom, df =the difference in no. parameters between two models

P value, significance of log likelihood ratio test comparing fit of two models (including after Bonferroni correction where P=a/m, and m is the number of branch

parameters)
Na, not applicable

***P <0.001; Jas = Jasmineae; Lig = Ligustrinae; Ole = Oleeae; For = Forsythieae

Widespread introgression across the five tribes in Oleaceae
To further assess inherent conflicts between gene trees
and species trees across the five tribes in Oleaceae, we
estimated the plastid genome tree, individual nuclear
gene trees and a species tree based on the 2608 single-
copy orthologous genes among the five species represent-
ing the five tribes and the outgroup Origanum vulgare
(Fig. 6a, b). The plastid genome tree showed that Fon-
tanesieae was sister to a clade of Jasmineae and Oleeae,
while there was inconsistency with the species tree, and
the nuclear concatenated gene tree, which supported
Forsythieae, Jasmineae, and Oleeae forming a clade.
All branches in the species tree had low major quartet
scores (q1), gene concordance factor (gCF), and site con-
cordance factor (sCF) of <0.5 (Fig. 6b), and these three
branches received almost equal quartet scores for q1, q2,
and q3, suggesting that the gene trees yielded random

topologies with respect to the species tree, which was
also supported by the overlapping gene trees (Fig. 6¢).

All the frequencies of 105 possible topologies were
shown in Additional file 1: Table S4, and 103 possible
topologies appeared in the 2608 gene trees. The num-
ber of the eleven most frequent topologies (topol to
topo9) ranged from 6.02% to 2.57% (Fig. 6d), indicating
significant conflict among the gene trees. Only 6.02% of
these gene trees (topol) were consistent with the spe-
cies tree, and the plastid genome tree (topo3) was the
third most frequent topology, accounting for 4.29%.
The second most frequent topologies (topo2, account-
ing for 5.14%) showed that Jasmineae and Oleeae were
the first and second divergent groups, respectively, and
Forsythieae was sister to a clade of Myxopyreae and
Fontanesieae. One-way analysis of variance test showed
the branch lengths of all gene trees among the five
nodes had significant differences (P<0.05), indicating

(See figure on next page.)

Fig. 4 Maximum likelihood phylogeny of Oleaceae inferred from RAXML analysis of the SNP-ash dataset. The left and the right pie charts presented
the proportion of nine SNP data trees and the proportion of 41 gene trees based on the dividing method using the SNP-ash dataset, respectively.
The pie charts indicate support for that clade (blue), or support for the main alternative bifurcation (green), or support for the remaining alternative
(red), and the proportion that have <80% bootstrap support (gray). Only pie charts for major clades are shown, and Additional file 2: Fig. S2 and S3
shows pie charts for all nodes. Myx, Myxopyreae; Fon, Fontanesieae; For, Forsythieae; Jas, Jasmineae; Ole, Oleeae
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Fig.5 Comparison of topologies of multiple gene trees. Twenty-five gene trees were reconstructed based on the 77 plastid coding genes,
plastome data, and SNP datasets. a Matrix of Robinson-Foulds (RF) distance, which measures the overall topological discrepancy between two trees.
The numbers in the x-axis and y-axis represented the gene trees, and the information was showed in Table 2. b PCoA of the RF distance matrix

that there was rate variation among the tribes in the
nuclear data (Fig. 6e). The ASTRAL polytomy tests
resulted in the same bifurcating species tree for the
nuclear gene dataset and rejected the null hypothesis
that any branch was a polytomy (P<0.01).

To further assess whether the observed gene tree
incongruences were mainly due to hybridization/gene
flow, we calculated the D-statistic, which uses the ABBA-
BABA test for introgression between species. The D-sta-
tistic showed that D was significant in all the triplets
(P<0.002, Z > 3; Additional file 1: Table S5). A mean value
of absolute D for a species pair was calculated from all
triplets (Fig. 6f and Additional file 1: Table S5). The abso-
lute D was significant in most of the pairwise species
comparisons (six out of ten pairwise comparisons) and
varied from 0.09 to 0.41 (Fig. 6f). The highest D value
was among Forsythieae, Oleeae, and Fontanesieae, which
could explain the phylogenetic relationships of topo4,
topo7, topo8, and topoll in which Fontanesieae was sis-
ter to Forsythieae or Oleeae. For Oleeae and Jasmineae,
D was not significantly different from zero, and Myxo-
pyreae showed little or no gene flow with the other four
tribes. Considering the lower support value and the D
value of the five tribes, gene flow might have contributed
to the observed phylogenetic discordance.

Phylogenetic incongruences can be potentially asso-
ciated with both ILS and introgression, and the quartet
scores (QS) values for q1, q2, and q3 were almost equal,
indicating a high level of ILS [42]. We used a recently

developed tree-based method, QulBL [19], to distinguish
these two processes. The QulBL analysis revealed that
most of the triplets showed significant evidence for intro-
gression (26 of 30 triplets, dBIC < — 10, Additional file 1:
Table S6). The mean value of the proportion of trees aris-
ing via introgression for a species pair was calculated
from all triplets (Additional file 1: Table S7). We found
a strong signal for gene flow among all ten species pairs
(Fig. 6f), suggesting widespread introgression across the
ancestral region of the five tribes.

Furthermore, we inferred the phylogenetic networks to
visualize gene flow among the five tribes. The PhyloNet
analyses identified extremely complicated and statisti-
cally significant signals for gene flow across the five tribes
(Fig. 6g—i). When reticulation events were set to 1, 2,
and 3, all corresponding optimal networks supported the
hybrid origin of the tribe Oleeae (n=46) between tribe
Forsythieae and tribe Jasmineae. The tribe Oleeae was
connected to Forsythieae by an inheritance probability of
0.76, 0.73, and 0.73, respectively, under the three different
reticulation scenarios. In each of the three reticulation
events, large portions of the genome were exchanged.
The other two reticulations are between the ancestral
lineage of Jasmineae/Forsythieae/Oleeae (inheritance
probability: 0.35) and Myxopyreae (0.65) and between
Forsythieae (0.31), and Myxopyreae (0.69). These reticu-
lation events were all supported by the D-statistic or
QuIBL.
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Fig. 6 Phylogeny and tests for gene introgression of five tribes of Oleaceae. a Plastome concatenated tree inferred from a 76-coding gene
supermatrix. b ASTRAL species tree and the nuclear concatenated phylogeny inferred from 2608 nuclear genes. Pie charts in the nodes present the
proportion of gene trees that support the main topology (red), the first alternative (blue), and the second alternative (green). Gene concordance
factor (gCF)/site concordance factor (sCF) values are shown above the branches. ML bootstrap/astral local posterior probabilities are shown below
branches. ¢ Cladograms of the coalescent-based species tree (heavy black lines) and 500 gene trees (in green) randomly sampled from 2608
inferred gene trees. d The most common topologies in gene trees, sorted by frequency of occurrence, as shown in brackets. @ Comparison of
branch length of five tribes. The root-to-tip branch length of each gene tree and each sample were assessed. f Pairwise D per species pair (lower
diagonal) and the mean total proportion of introgressed loci per species pair inferred through QuIBL analysis (upper diagonal). 0 values correspond
to nonsignificant values. More details were provided in Table S5. g-i Phylogenetic network analysis using PhyloNet. Numerical values next to curved
branches indicate inheritance probabilities for each hybrid node. Myx, Myxopyreae; Fon, Fontanesieae; For, Forsythieae; Jas, Jasmineae; Ole, Oleeae

Collectively, our results suggested that introgression/
hybridization, rather than ILS, was the main factor con-
tributing to the phylogenetic discordance among the five
tribes. Oleeae is especially evident with its origin sup-
ported by ancient hybridization and polyploidy, with the
ancestral lineages of Jasmineae and Forsythieae as the
most likely parentages .

Comparison of genome collinearity between Oleeae

and two putative parental tribes

In order to further identify the parentages of tribe
Oleeae, we compared the genome collinearity among
Oleeae, Jasmineae, and Forsythieae (Fig. 7). After the
BLAST searches, for transcripts of O. europaea, there
were 20,040 sequences that were successfully mapped
to the genome of J. sambac while 34,542 sequences were
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Fig. 7 Comparisons of genome synteny of Oleeae with that of Forsythieae and Jasmineae. Two genome synteny plots were generated for Olea
europaea and Fraxinus excelsior of Oleeae with Jasmimum sambac and Forsythia suspensa, respectively. a Synteny of Olea europaea with the putative
parental lineages: there were 303 synteny blocks found with Forthysia suspensa while there were 173 synteny blocks found with Jasmimum sambac.
b Synteny of Fraxinus excelsior with the putative parental lineages: there were 470 synteny blocks found with Forsythia suspensa while there were
388 synteny blocks found with Jasmimum sambac. Top 5% of most similar syntenic blocks'ribbons were marked as green. ¢ Bar plot of numbers
of synteny blocks from different synteny combinations. The numbers in parentheses represent the number of syntenic sequences. For, Forsythia
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mapped to the genome of Forthysia suspensa. For tran-
scripts of Fraxinus excelsior, there were 38,240 sequences
that were mapped to the genome of J. sambac, while
47,590 for Forthysia suspensa. The genome synteny com-
parison of O. europaea and Fraxinus excelsior with their
putative parental lineages showed that there were 173
synteny blocks found between genomes of O. europaea
and J. sambac, fewer than the synteny blocks between O.
europaea and Forthysia suspensa (303). The same result
was found in comparisons between Fraxinus excelsior
and the putative parent lineages: 388 synteny blocks with
J. sambac and 470 synteny blocks with Forthysia suspensa
(Fig. 7). Hence, the two gene copies in Oleeae from the
putative ancestral lineages (Jasmineae and Forsythieae)
showed unequal inheritance. Alternatively, Jasmineae
may not be the direct parental lineage.

ILS and introgression as the main sources of phylogenetic
discordance of the four subtribes in tribe Oleeae
The plastid genome data, nuclear concatenated gene
tree, and species tree based on 1865 single-copy ortholo-
gous genes had identical topologies, supporting Schre-
berinae as the first divergent group, and Ligustrinae
forming a clade with Oleinae and Fraxininae. Gene tree
concordance factors (QS, gCF, and sCF) showed that the
nodes of the clades of Ligustrinae, Fraxininae, and Olei-
nae were supported by only small fractions, and the QS,
gCF, and sCF values were 0.44, 39.57, and 49.29, respec-
tively, whereas the sister group of Fraxininae and Olei-
nae had higher support values and concordance factors
(Fig. 8a and b).

All 15 possible topologies appeared in the 1865 gene
trees (Additional file 1: Table S8), and three topologies were
the most frequent (>15%). A total of 30.03% of these gene



Dong et al. BMC Biology (2022) 20:92 Page 14 of 25
ASTRAL
a Nuclear concatenated b c
Plastome concatenated
Olea europaea Oleinae
66.11/55.89 0.20
@
<9
39.57/49.29 Fraxinus excelsior Fraxininae § 0.15
<0
2
Syringa pubescens Ligustrinae §' 0.10 E
)
-
- 0.05
Schrebera swietenioides Schreberinae ]
V4
0.00 0 8 0
Forsythia suspensa Sch Lig Fra Olei
f ,
Olei Fra
Olei 043 | 0 0
Fra Olei
Sch Lig Fra Olei Lig Sch Fra Olei 0.42
o o Fra @ 0 0 0
topo1 (30.03%) topo2 (18.28%)
Lig Lig
Sch

Lig | 012 | 047 0 058
Sch
Sch + 0 0 0

Lig Sch Fra Olei Sch Olei Lig Fra
topo3 (17.80%) topo4 (4.83%)

Fig. 8 Phylogeny and tests for gene introgression of four subtribes of Oleeae. a Plastome concatenated tree inferred from 76-coding gene
supermatrix, ASTRAL species tree and the nuclear concatenated phylogeny inferred from 1865 nuclear genes. Pie charts in the nodes present the
proportion of gene trees that support the main topology (red), the first alternative (blue), and the second alternative (green). Gene concordance
factor (gCF)/site concordance factor (sCF) values are shown above the branches. ML bootstrapping with chloroplast genes and nuclear genes and
astral local posterior probability are shown below branches. b Cladograms of the coalescent-based species tree (heavy black lines) and 500 gene
trees (in green) randomly sampled from 1,865 inferred gene trees. ¢ Comparison of branch length of four subtribes. The root-to-tip branch length
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of each gene tree and each sample were assessed. d The most common topologies in gene trees, sorted by frequency of occurrence, as shown
in brackets. e Pairwise D per species pair (lower diagonal) and the mean total proportion of introgressed loci per species pair inferred through

QuIBL analysis (upper diagonal). 0 values correspond to nonsignificant values. More details were provided in Table S9. f, g Phylogenetic network
analysis using PhyloNet. Numerical values next to curved branches indicate inheritance probabilities for each hybrid node. Lig, Ligustrinae; Sch,

trees (topol) were consistent with the species tree. The sec-
ond and third most frequent topologies (topo2 and topo3,
accounting for 18.28% and 17.80% gene trees, respectively)
showed Schreberinae as sister to the Fraxininae—Oleinae
clade, and forming a clade with Ligustrinae, respectively
(Fig. 8d). There was significant branch length variation
among the four subtribes of Oleeae (Fig. 8c, one-way analy-
sis of variance test, P<0.05), indicating that heterotachous
evolution, such as the rate variation of the lineages, was a
likely factor affecting tree discordance. The ASTRAL poly-
tomy test results also rejected the null hypothesis that any
branch is a polytomy (P<0.01) in the four subtribes.
D-statistics showed no or little gene flow among the
four subtribes (Fig. 8e¢). Gene flow was only identified
between Ligustrinae and Oleinae, as well as Ligustri-
nae and Fraxininae, but the D values were much lower
than most in the five tribes (Additional file 1: Table S9).
QulBL analysis revealed that only one of the six species

pairs showed significant evidence for introgression
(Fig. 8e, and Additional file 1: Tables S10-S11), suggest-
ing that ILS was the main factor behind gene tree dis-
cordance among the four subtribes. PhyloNet analyses
supported two reticulation events, between Ligustri-
nae and the ancestral lineage of Fraxininae and Olei-
nae, and between Fraxininae and Oleinae (Fig. 8f and
Fig. 8g). These two reticulation events were also sup-
ported by the D-statistic or QulBL.

In summary, our results revealed that ILS and ancient
introgression had both contributed to phylogenetic
discordance among the four subtribes of tribe Oleeae.
Two introgression events were supported: one between
Ligustrinae and the ancestral lineage of Fraxininae and
Oleinae and the other between Fraxininae and Oleinae.
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Timescale for the Oleaceae tree of life

Using the 91s77G dataset and four calibration priors
(Additional file 1: Table S12), we inferred the diver-
gence times of Oleaceae (Additional file 2: Fig. S5).
The Oleaceae stem node dated back to the Paleocene
(62.59 Ma, 95% highest probability density, HPD: 60.63—
64.53 Ma) and the crown node was 60.51 Ma (95%, HPD:
56.01-64.07 Ma). From the late Paleocene (60.51 Ma) to
the early Eocene (52.47 Ma), an approximately 8 Ma inter-
val, five ancestral lineages corresponding to the tribes
became genealogically divergent. The crown ages of Myx-
opyreae, Forsythieae, Jasmineae, and Oleeae were dated
to 29.47Ma during the early Oligocene, 19.22Ma dur-
ing the early Miocene, 37.78 Ma during the late Eocene,
and 46.66 Ma during the middle Eocene, respectively.
The four subtribes of Oleeae diverged from 46.66 Ma to
39.43 Ma during the middle Eocene, and the crown ages
for the four subtribes were 22.51 Ma, 34.06 Ma, 27.69 Ma,
and 33.78 Ma, respectively.

Discussion

Variation in substitution rates among the clades

of Oleaceae

Our study clearly suggests faster rates of genome evolu-
tion in tribe Jasmineae and some branches of the Oleeae
subtribe Ligustrinae than in the other clades of Oleaceae,
as evidenced by longer branch lengths and larger genetic
distances in Jasmineae and Oleeae subtribe Ligustrinae
as well as branch model tests. The branch model test in
baseml/PAML, e.g., the M1 model (Table 4) shows a 5.5-
fold average variation among Jasmineae and the rest of
the clades in Oleaceae.

In comparison to previous results, we here report
that the lower phylogenetic signal of the deep branch-
ing is related to extreme variation in substitution rates in
Oleaceae. We sampled representatives of nearly all genera
and inferred broad relationships of tribes and subtribes of
Oleeae using heterogeneous models (e.g., PMSE, GHOST)
and multiple partitioning schemes; however, the deep
nodes had low support values and showed conflicts with
species trees (Fig. 2 and Additional file 1: Table S3 see
below for more details), suggesting that rate heterogeneity
severely obscured plastid relationships [43].

Variations in substitution rates among different lin-
eages have long been studied in plants [44-47]. A
hypothesis commonly invoked to explain rate variation
is generation time, i.e., nucleotide substitution rates are
negatively correlated with generation time. This hypoth-
esis has been supported in plants by comparing the rates
of long-lived woody plants and short-lived herbaceous
plants [44, 45]. Our results also support the generation
time hypothesis, as Jasmineae species are woody climb-
ers, shrubs, and herbs, while the remaining Oleaceae
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species are mostly woody. However, the mechanism
behind the influence of generation time on the substitu-
tion rate is unclear in plants because different from ani-
mals, plants do not sequester their germ line, and somatic
mutations can be passed down. Lanfear et al. [48] found
a consistently negative relationship between plant height
and substitution rate across angiosperms. Differences in
the rates of mitosis in the apical meristem can account
for the observed differences in rates of molecular evolu-
tion among plants of different heights [48]. Taller, long-
lived woody plants accumulate more mutations per
generation, and the chances of deleterious mutations are
increased. A way to avoid this is for them to have fewer
opportunities for DNA replication errors to occur than
the short-lived plants [49].

Species diversification in angiosperms is positively cor-
related with substitution rates [49, 50]. In the results of
Oleaceae, this correlation is also supported, as Jasmineae
is the most species rich (with approximately 220 species
throughout the Old World tropics and warm temperate
regions) in comparison with the other major clades in the
family [27].

Approximately 20% of angiosperm species have bipa-
rental plastid inheritance [51, 52], and plastid genome
rearrangement events are associated with this inherit-
ance [53-57]. Jasminum is a group with biparental plas-
tid inheritance, and the plastid genomes of Jasminum
and Menodora show several distinctive rearrangements,
including inversions, gene duplications, insertions,
inverted repeat expansions, and gene and intron losses
[58]. Meanwhile, the substitution rate is correlated with
plastid genome rearrangements [46, 59, 60]. A possible
explanation for this is that the biparental inheritance of
plastomes influences both substitution rates and plastid
genome rearrangements. A scenario may be aberrant
DNA repair/recombination/replication (RRR) by bipa-
rental inheritance responsible for the increase in substi-
tution rates and highly rearranged plastomes [59, 61].

Strong discordance among gene trees
The results showed strong discordance of gene trees
among different datasets and phylogenomic methods.
Exploration of gene tree discordance is fundamental to
unravel recalcitrant backbone relationships of Oleaceae,
and multiple types (whole plastomes, nuclear SNPs, and
multiple nuclear genes) of data were used to tease apart
alternative hypotheses concerning the source of gene tree
heterogeneity along the backbone phylogeny of Oleaceae.
Although the plastid analyses largely resolved relation-
ships of the olive family, we identified multiple instances
of strongly supported conflicts among datasets, sequence
types (nucleotide vs. amino acid), and phylogenetic
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models. In the 19 gene trees based on the plastid data-
sets, we recovered conflicting or uninformative sup-
port at ~33% of nodes (Additional file 2: Fig. S2). The
sources of conflict in plastid genome phylogenies remain
unclear and poorly understood, and several factors have
demonstrated their relevance, such as phylogenetic sig-
nals, rapid radiation, and rate heterogeneity [6, 62]. In
Oleaceae, the rate heterogeneity among the clades likely
explains the deep-branching node conflict, and using the
amino acid dataset to reduce the observed conflict and
rapid radiation may explain the conflict of shallow nodes
[35, 37]. Nevertheless, heteroplasmic recombination
deserves consideration in light of supported conflict [6].

Our analyses clearly show that the plastid gene tree
conflicts with the nuclear SNP gene tree among termi-
nal branches, as well as in some deeper nodes (Fig. 5a).
Cytonuclear discordance is well known in plants and
has been traditionally attributed to chloroplast capture.
Recently, ILS, organellar introgression, positive selection,
branch length, and geography have largely explained the
widespread cytonuclear discordance in closely related
taxa [10, 16, 63]. For the deep nodes, the majority of the
incongruences within the olive family can be explained
by ancient introgression. For intraspecific or intrageneric
relationships, these discordances probably mirror the
differences in evolutionary processes (e.g., differences in
effective population size and different rates of pollen and
seed gene flow) [22, 63]. Nevertheless, allopolyploidiza-
tion likely explains a portion of the observed discordance.
Several species (e.g., Fraxinus chinensis, subspecies of O.
europaea) have been demonstrated to be of recent hybrid
origin [29, 64, 65].

Based on the phylogenetic analyses, ancient intro-
gression and ILS were mainly responsible for the phy-
logenetic discordance observed in the deeper nodes.
However, the phylogenetic results had similar phyloge-
netic information/signals, and it is difficult to differenti-
ate ancient introgression and ILS [66], especially with
deep divergence as the earliest dichotomy. Indeed, gene
tree discordance caused by ILS is thought to be common
when internodes are short owing to rapid diversification
[5, 13, 25], and this is often a main factor to explain gene
tree discordance at all taxonomic levels. Using the D-sta-
tistic, QuIBL, and phylogenetic network, we attempted
to differentiate the deep coalescence and post-speciation
gene glow at the tribe level and the subtribe level, respec-
tively. The D-statistic showed the signal of introgression
in seven possible locations, and QulBL was detected in
all possible locations among the five tribes of Oleaceae
(Fig. 6f). The inferred introgression events agreed with
the reticulation scenarios from the phylogenetic net-
work analysis (Fig. 6g—i). The signal of D-statistic may be
lost or distorted, when there were multiple or “hidden”
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reticulations [67], was the cause that no introgression
was detected between Oleeae and Jasmineae, but it was
detected in QulBL and phylogenetic network analy-
sis. Our phylogenetic tree also exhibited short internal
branches at deep branching (Fig. 2), and the distribution
of gene tree frequency supports the presence of polyto-
mous topology (Additional file 1: Table S4); however, the
polytomy test in ASTRAL rejected a polytomous topol-
ogy in the five tribes. Indeed, ancient introgression, not
ILS, is consistent with our findings and with the extensive
discordance we identified in our phylogenetic analyses of
the five tribes.

The level of post-speciation gene flow inferred with the
D-statistic and QuIBL test was very low (Fig. 8e), and ILS
was the main cause of the gene tree discordance within
the subtribes of Oleeae. Ancient admixture of ancestral
lineages is a powerful means for rapid radiation to occur
[68]. The results of our phylogenetic analyses, QulBL
tests, and phylogenetic networks support that Oleeae is
likely to be the result of ancient allopolyploidization and
rapid radiation.

Early evolutionary history of Oleaceae

We propose two scenarios for the early diversification of
Oleaceae based on the results of this study (Fig. 9). The
species tree from the nuclear genes and the gene tree
from SNPs supported the relationships among the five
tribes of the olive family as (Myxopyreae (Fontanesieae,
(Forsythieae, (Jasmineae, Oleeae))). Oleaceae originated
in the Paleocene, and the first divergence of Myxopy-
reae from the remaining clades was at c. 60.5 Ma; within
approximately eight Ma, five major lineages correspond-
ing to the five tribes became diversified. During these
times, there was frequent reticulate evolution. The basic
chromosome number [27, 69] and the phylogenomic
results [29, this study] support that the tribe Oleeae orig-
inated via ancestral allopolyploidization at c. 52.5 Ma. All
plastid datasets showed Jasmineae as sister to Oleeae,
supporting that the ancestral Jasmineae was the mater-
nal parentage (left scenario in Fig. 9); however, phylo-
genetic network results did not support the inheritance
probability of potential parents (Jasmineae and Forsyth-
ieae) of approximately 50%, also consistent with low-level
gene flow using the D-statistic and QulBL test (Fig. 6f—
i). Moreover, the results from genome synteny analyses
revealed both O. europensa and Fraxinus excelsior of
tribe Oleeae showed higher genome synteny to tribe For-
sythieae (Forthysia suspensa) than to tribe Jasmineae (J.
sambac), indicating the ancestral lineages of Jasmineae
may not be the direct ancestors (Fig. 7). We hence pro-
pose an alternative scenario in which there was a “ghost
lineage,” which was sister to Jasmineae, and this extinct
“ghost lineage” was the likely maternal parent of the tribe
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Ole, Oleeae; Lig, Ligustrinae; Sch, Schreberinae; Fra, Fraxininae; Olei, Oleinae
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Fig.9 Two alternative models of the evolutionary diversification of Oleaceae. Myx, Myxopyreae; Fon, Fontanesieae; For, Forsythieae; Jas, Jasmineae;

Oleeae. Phylogenetic network analysis strongly support
that the ancestral Forsythieae was the paternal parentage.
The allopolyploid Oleeae experienced a rapid radiation,
and the most likely species tree of the four subtribes is
(Schreberinae, (Ligustrinae, (Fraxininae, Oleinae))). ILS,
together with the limited introgression, is the most likely
driving force for the divergences of the four subtribes of
Oleeae.

Conclusions

In this study, we employed multiple genomic datasets to
resolve the phylogenetic relationships, especially the deep
nodes of the olive family Oleaceae. Analyses of the whole
plastid genome and the nuclear genes provide evidence
for extreme heterogeneity of plastid substitution rates
among the different clades, and these findings have impli-
cations for systematics of the family. Although our phy-
logenetic results confirm support for monophyly of the
family and each of the five tribes and the four subtribes
of tribe Oleeae, we have also detected strong conflicts in
relationships inferred from the plastid and nuclear SNP
datasets, as well as the nuclear gene trees. By evaluat-
ing conflicting phylogenetic signals, we have resolved
the backbone phylogeny of Oleaceae and have detected
ancient introgression and ILS in the deeper nodes. More
generally, this study adds valuable genomic data of the
economically important olive plant family and explores
gene tree discordance in detail, providing a strong case

study on exploring the complexity of the plant tree of life
in the genomic age.

Methods

Taxon sampling, plant material, and the deposition

of vouchers

We sampled 179 ingroup samples, including 140 spe-
cies and one outgroup (Carlemanniaceae, Carlemannia
griffithii), which was the sister family of Oleaceae. The
ingroup included species representing all currently rec-
ognized tribes (five), subtribes (four), and genera (24)
(except the genus Dimetra, which only included one spe-
cies, Dimetra craibiana), in Oleaceae according to the
classifications of E Wallander and VA Albert [26] and PS
Green [27]. Eighty-four samples were obtained in this
study (Additional file 1: Table S1), and 96 samples were
from GenBank (Additional file 1: Table S2).

The 84 samples obtained in this study were mainly col-
lected from the field and herbarium specimens. All sam-
ples were identified based on morphological characters.
Leaf material from the field was dried using silica gel, and
the voucher specimens were deposited in the herbarium
of the Institute of Botany, Chinese Academy of Science
(PE). The herbarium materials were obtained from PE,
and the specimens were selected using the two criteria
according to the results of Xu et al. [70]: (1) the collec-
tion date for the specimen was as close to today as possi-
ble and (2) the specimen was from a healthy plant. Every
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specimen was inspected under a dissecting microscope
to ensure that there were no visible fungal infections.
All the samples were collected according to the local,
national, or international guidelines and legislation.

DNA isolation and sequencing

Leaf material was ground using the mechanical lapping
method, and the total DNA was isolated using a modi-
fied CTAB protocol (mCTAB) [71]. DNA concentration
was measured with the Qubit 2.0 Fluorometer (Thermo
Fisher Scientific), and the length of the DNA fragments
was quantified on an agarose gel for a subset of the sam-
ples. Total DNA concentrations >1pg were chosen for
[llumina sequencing.

Genome skimming was used to obtain plastid genome
data and nuclear SNPs and to identify multiple nuclear
genes [35, 72]. Total DNA was fragmented by sonication
into 350bp fragments except for some herbarium materi-
als that had degraded to less than 350bp. The DNA was
constructed as 350-bp insert libraries, and the degrada-
tion DNA of herbarium material was used to construct
200-bp insert libraries using Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA) and was
then used for sequencing. Each sample was paired-end
sequenced (150bp) on the Illumina HiSeq X-ten at Novo-
gene in Tianjin, China. Most samples yielded approxi-
mately 5 Gb of 150-bp paired-end reads. The samples were
used to sequence whole genomes, yielding 35 Gb of data.

Plastome assembly and annotation

Raw reads were cleaned and filtered as follows: Illumina
adapter artifacts, low-quality reads and low-quality
bases at the read ends were trimmed with Trimmomatic
0.39 (using settings: ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10:1:true LEADING:20 TRAILING:20 SLID-
INGWINDOW:4:15) [73]. Two methods were used
to assemble the plastomes. First, the whole plastomes
were assembled using GetOrganelle [74]. with a range
of k-mers of 65, 75, 85, 95, and 105. If GetOrganelle was
unsuccessful at assembling complete plastomes, we used
the second method to assemble it.

For the second successive assembly method, clean
data from Trimmomatic were assembled de novo into
contigs using SPAdes version 3.13.1 [75]. The plas-
tome contigs were extracted directly by BLAST search
from the de novo assembled contigs against Fraxinus
excelsior, Jasminum nudiflorum, and Olea europaea
plastome reference sequences using custom Python
scripts. The extracted contigs were further assembled
using Sequencher v5.4.5 (Gene Code Corporation,
Ann Arbor, MI, USA). The gaps between the contigs
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were filled using clean reads that were mapped to the
contigs. The plastomes were further checked by map-
ping the paired reads to the assembled plastomes and
scanned by eye to confirm appropriate mapping using
Geneious Prime version 2020.0.5 [76].

Finished plastomes were annotated using the Perl
script Plann [77], and the missing or incorrect genes
were checked in Geneious. The physical maps of the
Oleaceae were drawn using OrganellarGenomeDRAW
[78]. Finally, the newly assembled plastomes and the
raw Illumina data were deposited in GenBank (Addi-
tional file 1: Table S1).

Nuclear SNP calling
Olofsson et al. [35] described a reference-based approach
to call SNPs using low-depth whole genome sequencing
data. This method used the quality filtered reads to map
onto a reference genome and extracted the high-quality
SNP positions from uniquely mapped reads taking differ-
ences in sequencing depth between samples into account
[35] and then bioinformatically reconstructing geno-
types from uniquely mapped reads using a series of bio-
informatic pipelines. Three whole genomes of Oleaceae
were used as the reference genomes for SNP calling.
The oleaster (Olea europaea var. sylvestris) [79] and ash
(Fraxinus excelsior) [80] both belong to tribe Oleeae, and
Forsythia suspensa [81] belongs to tribe Forsythieae.
Raw reads were first subjected to quality control using
the NGS QC toolkit version 2.3.3 [82]. Reads with more
than 20% of bases with quality scores below 20 were
removed, and low-quality bases (Q<20) were trimmed
from the 3’ end of each read. Quality-controlled reads
of all 180 samples were mapped to the four reference
genomes using Bowtie 2 [83], and uniquely mapped reads
in proper pairs were identified using SAMtools version
1.3.1 [84] and Picard tools version 1.92 (http://broadinsti
tute.github.io/picard/). The high-quality nuclear SNPs
were called in SAMtools [84] using the “mpileup” mod-
ule. The individual genotypes were merged in BCFtools
version 1.3.1 [85] filtered in VCFtools version 0.1.14
according to the following criteria: (1) quality value > 20;
(2) for each sample, the raw genotyped SNPs were fil-
tered, and the sites with coverage between 0.5 and two
times the median coverage; (3) a minor allele count of
at least three; and (4) SNPs with > 20 missing genotypes
within the 180 samples were removed.

Plastid gene/genome alignment and data matrix
construction

Whole plastid genome datasets

In total, 180 whole plastomes were aligned (excluding
one copy of the inverted repeat) using Mauve Version
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1.1.1 [86] to identify potential genome rearrangements
such as inversions. The genome rearrangements were
adjusted manually according to the gene order of Frawxi-
nus excelsior. The alignment was done using MAFFT
version 7.313. As regions of introns and spacers can be
difficult to align at high taxonomic levels, we used Tri-
mAl version 1.3 [87] to explore the effect of inferring
phylogenetic relationships based on the four automated
trimming methods (Table 1).

Protein coding loci

GenBank files were generated in Sequin for all the newly
assembled plastomes, and other Oleaceae plastome data
were downloaded from GenBank. The coding genes were
extracted from the annotated plastomes using a custom
Python script. Each gene was aligned with the codon-
based alignment model in the MAFFT version 7.313
plugin in PhyloSuite version 1.2.2 [88]. The ycfI and ycf2
genes were excluded from the following analyses because
of the greater number of indels in the alignment. Align-
ments were visualized and concatenated in PhyloSuite
version 1.2.2. The resulting matrix comprised 77 protein-
coding genes, 180 samples, and 55,296 aligned bp.

Three separate protein-coding matrices were analyzed:
(1) “180s77Gnt;” the nucleotide sequences of all protein
coding loci including all taxa; (2) “180s77Gaa,” the amino
acid sequences of all protein coding loci including all
taxa; (3) “91s77G, a reduce sample set from 180s77Gnt
with nearly all representative lineages of Oleaceae used
for divergence time analyses.

Orthologous nuclear gene identification

Eight species from Oleaceae (one species represented
each tribe or subtribe) and Origanum vulgare from
Lamiaceae were used to identify orthologous gene fami-
lies. Four species (Myxopyreae: Myxopyrum hainanense,
Fontanesieae: Fontanesia phillyreoides, Jasmineae: Jas-
minum mesnyi, and Oleeae subtribe Ligustrinae: Syringa
pubescens) were subjected to whole genome sequenc-
ing, and the sequencing depth was approximately 30X.
The raw data of Schrebera swietenioides (Oleeae subtribe
Schreberinae) were downloaded from the SRA database
(SRR8247314). Three sequenced genomes of Oleaceae
plants, including Fraxinus excelsior (Oleeae subtribe
Fraxininae), and Olea europaea (Oleeae subtribe Olei-
nae), Forsythia suspensa (Forsythieae), and the outgroup
Origanum vulgare (Lamiaceae), were downloaded from
the published database.

The raw data were subjected to Trimmomatic 0.39 for
quality control and assembled de novo into contigs using
SPAdes 3.6.1 [75]. The completeness of the assembled
genome was estimated by BUSCO 4.0 [89]. Groups of
orthologous sequences were defined using OrthoFinder2
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[90] under the parameters S=diamond. Each single-
copy orthogroup was aligned via MAFFT version 7 [91]
with the setting “--auto,” and all alignments were further
trimmed using TrimAl version 1.2 [87] with the “auto-
matel” method.

To reveal the evolutionary history of Oleaceae at dif-
ferent levels, two nuclear datasets were constructed at
the tribe and subtribe levels. The tribe nuclear dataset
included five ingroups (one species representing each
tribe, i.e., Myxopyrum hainanense, Fontanesia phillyre-
oides, Forsythia suspensa, Jasminum mesnyi, and Fraxi-
nus excelsior) and one outgroup species (Origanum
vulgare). A total of 2,608 single-copy orthologous genes,
which were more than 300bp in length, were identified.
The nuclear dataset of subtribe Oleeae includes four
ingroups (one species representing each subtribe, i.e.,
Schrebera swietenioides, Syringa pubescens, Fraxinus
excelsior, and Olea europaea) and one species of For-
sythia suspensa. A total of 1865 single-copy orthologous
genes were identified using OrthoFinder2.

Gene tree reconstruction based on plastid and SNP
datasets

Gene trees were reconstructed using the maximum like-
lihood (ML) methods as implemented in the programs
RAXML-NG [92] and IQ-TREE 2 [93]. RAXML-NG is a
from-scratch reimplementation of the established greedy
tree search algorithm of RAxML/ExaML, and it offers
improved accuracy and speed [92]. IQ-TREE is a user-
friendly and widely used software package for phyloge-
netic inference using maximum likelihood and supports
more evolutionary models.

Each analysis used the best fit models, which were
selected using ModelFinder [94]. For the datasets
180s77Gnt and 180s77Gaa, we used the following
partition schemes: (i) unpartitioned, (ii) partitioned
according to results from PartitionFinder 2 [95] with
predefined partitioning by genes, (iii) partitioned
by genes, and (iv) partitioned by codons (only in
77G180snt dataset). All partitioning analyses were run
in PartitionFinder 2 [95] under the model selection
Akaike Information Criterion criteria (AICc) and with
branch length linked. RAXML-NG [92] was run for the
ML tree with 500 bootstrap replicates. In order to inves-
tigate phylogenetic incongruence within the SNP data,
we used the dividing method, thereby avoiding to sim-
ply include concatenation-based ML analyses based on
the GTR+G model. The SNP-ash dataset was used for
this analysis, because of this dataset included the most
number of SNPs. Each 10kb of the SNPs were divided
into a new data matrix and used for tree reconstruction.

Many studies have shown that heterotachous evolu-
tion, i.e., rate variation across sites and lineages, may
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mislead phylogenetic inference [11, 96, 97]. The pos-
terior mean site frequency (PMSF) model [98] and
general heterogeneous evolution on a single topol-
ogy (GHOST) model [99] were used to reconstruct
alternative trees. The PMSF model implemented in
IQ-TREE considers mixture classes of rates and sub-
stitution models (here, the LG model) across sites as a
rapid approximation to the CAT model in PhyloBayes
[100]. The dataset 180s77Gaa was used for PMSF phy-
logenetic reconstruction because this method only
supported the amino acid data. Specifically, we used
the LG+ C60+G+F model for PMSF phylogenetic
reconstruction. PMSF requires a guide tree, which we
obtained from RAXxML-NG analysis. Nodal support
was assessed with 1000 replicates of the ultrafast boot-
strapping (UFBoot) method [101].

GHOST is an edge-unlinked mixture model consist-
ing of several site classes, each having a separate set of
model parameters and edge lengths on the same tree
topology. All nucleotide datasets were used to infer
phylogenetic relationships using this model imple-
mented in IQ-TREE. Branch support values were com-
puted using the UFBoot method.

Comparison of multiple trees

The normalized Robinson-Fould’s distance (RF) was
used to examine the topological congruence between
each gene tree. The RF distance was calculated using
IQ-TREE. Principal coordinates analysis (PCoA) based
on the RF distance was used to assess the clustering
pattern of multiple trees, which calculates the best
reduced-spaced visualization of the distances between
trees. PCoA performed using R.

Concordance among the trees generated from
the plastid datasets and SNP datasets was analyzed
using PhyParts [102] and visualized using PhyParts_
PieCharts (https://github.com/mossmatters/M]JPyt
honNotebooks; last accessed August 13, 2021). Both
internode certainty all (ICA) values and conflicting/
concordant bipartitions were calculated. For these anal-
yses, branch support values less than 80% were cut off,
and this node was regarded as uninformative for the
reference tree node.

Assessment of discordance between gene trees

and the species tree

For the nuclear single-copy orthologs, we used
RAXML-NG to infer the best ML trees from unparti-
tioned alignments for each locus using a GTR + G
substitution model, and the branch support value was
computed with 200 bootstrap replicates.
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Species trees were reconstructed by summariz-
ing gene trees using ASTRAL-III [42]. Local posterior
probabilities (LPPs) were calculated for branch support
[103]. We further used the quartet scores (QS), gene
concordance factor (gCF), and site concordance fac-
tor (sCF) to measure the amount of gene tree conflict
around each branch of the species tree. The QS was cal-
culated in ASTRAL to examine the number of gene tree
quartets supporting the primary (ql), second (q2), and
third (q3) alternative topologies. gCF and sCF represent
the percentage of decisive gene trees and sites support-
ing a branch in the reference trees [104], respectively.
gCF and sCF were computed in IQ-TREE.

To further visualize conflict, we built a density tree
from 500 gene trees randomly sampled using the
Toytree Python toolkit (https://github.com/eaton-lab/
toytree; last accessed August 13, 2021). All gene trees
were converted to ultrametric trees in TreePL [105].

We also used topological weighting to reduce the
complexity of the six-taxon phylogeny of the Oleaceae
and the five-taxon phylogeny of the tribe of Oleeae.
Ignoring the branch length, there are 105 and 15 types
of topologies within a rooted binary tree of six and five
terminal branches. We calculated the frequency of the
alternative topologies using the Python script (twisst.
py;  https://github.com/simonhmartin/twisst;  last
accessed August 13, 2021).

D-statistic

We analyzed the D-statistic in the form D = (nABBA-
nBABA)/(nABBA+nBABA) in a rooted tree (((P1, P2),
P3), O) to assess whether species P1 or P2 had gene
flow with P3. The null hypothesis about no gene flow
between the species is rejected when the D-statistic
significantly deviates from 0 [106, 107]. We used a
threshold Z > 3 to reject the null hypothesis, which cor-
responds to P<0.002. In the outcome of the D-statistic
analysis, P2 and P3 had gene flow if a Z-score >3 and a
D-score >0, and P1 and P3 had gene flow if a Z-score
>3 and a D-score <0. All possible combinations of the
four-taxon topology were subjected to the D-statistic
analyses using the evobiR package in R (https://github.
com/coleoguy/evobir; last accessed August 13, 2021).

QuIBL

QuIBL is based on the analysis of branch length distribu-
tions across gene trees to infer putative introgression pat-
terns, which can be used to test hypotheses of whether
phylogenetic discordance between all possible triplets is
explained by ILS alone or by a combination of ILS and
gene flow [19]. QulBL uses the distribution of internal
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branch lengths and calculates the likelihood that the dis-
cordant gene tree is due to introgression rather than ILS.
The Bayesian information criterion (BIC) was used to test
whether the gene trees discordant from the species tree
were more similar to introgression or ILS. We used a
stringent cutoff of dBIC < — 10 to accept the ILS +intro-
gression model, as suggested by the author [19]. The sin-
gle-copy orthologous genes were used for QuIBL analyses.

Species network analysis

We inferred a species network to assess the effect of gene
tree conflicts due to hybridizations. A species network
based on the gene trees from the single-copy ortholo-
gous genes was carried out using the maximum pseudo-
likelihood method InferNetwork MPL included in the
package PhyloNet [108]. We carried out three network
searches by allowing one to three reticulations and per-
formed 10 independent searches for each reticulation
setting to avoid local optima. The optimal networks were
displayed in Dendroscope 3 [109].

Polytomy test

To test whether the gene tree discordance could be
explained by polytomies instead of bifurcating nodes,
quartet-based polytomy tests were carried out in
ASTRAL-III following Sayyari and Mirarab [110]. Quar-
tet frequencies for all branches were inferred using the
gene trees to determine the presence of polytomies,
where P<0.05 was considered to reject the null hypoth-
esis of a polytomy. The analysis was run second to mini-
mize error due to gene tree error (collapsing branches
with <50% bootstrap support).

Genome synteny analysis
We downloaded four genomes: Forsythin suspensa
(Accession Number: GCA_020510225.1) of tribe For-
sythieae [111], Jasmimum sambac (Accession Number:
GCA_018223645.1) of tribe Jasmineae [112], and Olea
europaea (Accession Number: GCA_002742605) and
Fraxinus excelsior (Accession Number: GCA_019097785)
of tribe Oleeae [79, 113]. Transcripts of O. europaea and
E excelsior were downloaded as well. We first ran BLAST
search of transcript of O. europaea against genomes of
E suspensa and J. sambac, respectively. We used whole
transcripts of O. europaea and Fraxinus excelsior sepa-
rately as cut-offs for BLAST matches, max e-value was set
to le~® during the analysis. When one cut-off matched to
multiple locations, we retained the match with the high-
est hit-score and removed the rest to ensure that one cut-
off matched to only one position on the genome.

We compared genome synteny among O. europaea, J.
sambac, and F suspensa, based on the results from the
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BLAST search. Genome synteny between E excelsior and
the putative parental lineages was analyzed with the same
method. Local BLAST database construction and BLAST
search were run by Geneious Prime [76], while genome
synteny plots were constructed following the MCscan
pipeline from Tang et al [114].

Time calibration of the phylogeny

We used BEAST v2.5.1 [115] to estimate the divergence
times of Oleaceae using the 91s77G dataset. Four calibra-
tion priors were utilized in this study (Additional file 1:
Table S12). According to the results of Zhang et al. [4],
the average age of the most recent common ancestor
(TMRCA) of the Oleaceae and Carlemanniaceae (the
root of the tree) was 62.23Ma. The samaras of Fraxi-
nus wilcoxiana Berry were described from the Middle
Eocene Claiborne Formation of western Tennessee, USA
[116]. Following Besnard et al. [39] and Hong-Wa and
Besnard [33], we implemented this age as a lower bound
of the TMRCA of subtribe Fraxininae and subtribe Olei-
nae. These fossil priors were given a lognormal distribu-
tion with offset values of 40 Ma and a standard deviation
of 3Ma. Fossils of Olea subgenus Olea occurred before
23 Ma [117-119] and were used to calibrate the crown of
Olea subgenus Olea>23Ma. A pollen of Fraxinus prae-
dicta Heer from the upper Miocene in Europe (12 Ma)
representing the extant taxon Fraxinus angustifolia was
used to set the minimum age for the living European
ashes (set to the crown of E angustifolia and E excelsior)
[117]. For these two priors, we used lognormal distribu-
tions with offset values of 23 and 12 Ma, respectively, and
a mean of 1 Ma and a standard deviation of 0.5Ma, allow-
ing for the possibility that these nodes are considerably
older than the fossils themselves.

We ran analyses with the GTR+ G site model, relaxed
clock lognormal to account for rate variability among
lineages, Yule tree speciation models, and 500,000,000
generations with the MCMC method. The sampling fre-
quency was 50,000 generations, and the adequacy of the
parameters was checked using Tracer 1.6 [120] to evalu-
ate convergence and to ensure a sufficient and effective
sample size (ESS) surpassing 200. A maximum clade
credibility tree was computed after discarding 10% of the
saved trees as burn-in using TreeAnnotator v2.4.7.

Plastid substitution rate analyses and inference of rate
changes

To assess variation in substitution rates among clades
among the Oleaceae, node-to-tip branch lengths from
the rooted species of each sample were calculated for
the ML tree of 180s77gnt based on the gene partition
model. Branch lengths were counted using the Toytree
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Python toolkit. The genetic P-distances between the Car-
lemannia griffithii (the outgroup species) and Oleaceae
samples were calculated using MEGA 7.0 [121]. The ¢
test was performed using R to test differences in branch
lengths and genetic distance among clades.

We used the baseml module of PAML v.4.8 [122] to
test the null hypothesis that Oleaceae evolve via a “Global
Clock” (all rates equal among the clades/branches). The
different “branch models” were tested, allowing rates to
vary in prespecified regions of the tree corresponding to
clades, as opposed to a “background” rate. Four models
were used to test different rates among the clades (tribe
or subtribe) in Oleaceae. Model MO specified a global
clock for all Oleaceae; Model M1 allowed Jasmineae to
evolve via a local chock; Model M2 allowed local clocks
for Jasmineae and Oleeae subtribe Ligustrinae; and
Model M3 allowed the four clades of Jasmineae, Oleeae
subtribe Ligustrinae, Oleeae, and Forsythieae to have
independent local clocks. To evaluate significant dif-
ferences in model fit, we used likelihood ratio tests and
corrected Akaike information criterion comparisons fol-
lowing the method of Barrett et al. [123].
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Additional file 1: Table S1. Taxa included in this study with locality
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including the accession number of chloroplast genome sequences and
Sequence Read Archive (SRA). Table S3. Branch support values of the
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sible tree topologies from five species at the subtribe level of tribe Oleeae.
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the subtribe level of tribe Oleeae. Table $11. Average total introgression
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BEAST analysis.

Additional file 2: Fig. S1. The maximum likelihood tree estimated from
the 77G180saa based on the gene partition models used as a reference
to evaluate conflict and concordance among the 19 plastid datasets trees
(Table 2). Pie charts depict conflict amongst the input trees, with the
blue, green, red, and gray slices representing, respectively, the proportion
of input bipartitions concordant, conflicting (supporting a single main
alternative topology), conflicting (supporting various alternative topolo-
gies), and uninformative (BS < 80) at each node. The numbers below each
branch are ICA values. Fig. S2. The maximum likelihood tree estimated
from the SNP-ash dataset used as a reference to evaluate conflict and
concordance among the six SNP gene trees (Table 2). Pie charts depict
conflict amongst the input trees, with the blue, green, red, and gray slices
representing, respectively, the proportion of input bipartitions concord-
ant, conflicting (supporting a single main alternative topology), conflicting
(supporting various alternative topologies), and uninformative (BS < 80)
at each node. The numbers below each branch are ICA values. Fig. S3.
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The maximum likelihood tree estimated from the SNP-ash dataset used

as a reference to evaluate conflict and concordance among the 41 gene
trees using the dividing methods. Pie charts depict conflict amongst

the input trees, with the blue, green, red, and gray slices representing,
respectively, the proportion of input bipartitions concordant, conflicting
(supporting a single main alternative topology), conflicting (supporting
various alternative topologies), and uninformative (BS < 80) at each node.
The numbers below each branch are ICA values. Fig. S4. The maximum
likelihood tree estimated from the 77G180saa based on the gene partition
models used as a reference to evaluate conflict and concordance among
the 24 trees (plastid datasets and SNP datasets, Table 2). Pie charts depict
conflict amongst the input trees, with the blue, green, red, and gray slices
representing, respectively, the proportion of input bipartitions concord-
ant, conflicting (supporting a single main alternative topology), conflicting
(supporting various alternative topologies), and uninformative (BS < 80) at
each node. The numbers below each branch are ICA values. Fig. S5. The
divergence time of Oleaceae was estimated by BEAST according to age
calibrations of four nodes based on the concatenated 76-coding gene
dataset.

Additional file 3:. Note. The reason for using the ML tree from the
180s77Gaa dataset under a gene partitioning scheme as the reference
tree.

Acknowledgements
We thank Bo Xu for assistance with PAML analysis and the DNA Bank of China
for providing materials.

Authors’ contributions

WD: supervision, conceptualization, methodology, formal analysis, investiga-
tion, writing—original draft, writing—review and editing. EL: methodology,
software, data curation. YL: data curation, investigation; CX: resources, writ-
ing—original draft. YW: data curation, methodology. KL: investigation, meth-
odology, software. XC: resources, methodology, data curation. JS: supervision,
resources, funding acquisition. ZS: resources, investigation. ZZ: supervision,
investigation. JW: conceptualization, writing—original draft, writing—review
and editing; SZ: supervision, writing—review and editing, writing—original
draft. The authors all read and approved the final manuscript.

Funding

This research was supported by CACMS Innovation Fund (No.CI2021A03909)
and the Science and Technology Basic Resources Investigation Program of
China (No. 2021FY100200).

Availability of data and materials

lllumina sequence reads generated in this study have been deposited

at NCBI's short sequence read archive (SRA) under accession number
PRINA820313 [124] and PRINA704245 [125]. The samples and the voucher
specimens used in this study are deposited at the PE herbarium. Information
on the samples can be found in Additional file 1: Table ST.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Laboratory of Systematic Evolution and Biogeography of Woody Plants,
School of Ecology and Nature Conservation, Beijing Forestry University, Bei-
jing 100083, China. *State Key Laboratory of Systematic and Evolutionary Bot-
any, Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China.
3State Key Laboratory Breeding Base of Dao-di Herbs, National Resource
Center for Chinese Materia Medica, China Academy of Chinese Medical


https://doi.org/10.1186/s12915-022-01297-0
https://doi.org/10.1186/s12915-022-01297-0

Dong et al. BMC Biology

(2022) 20:92

Sciences, Beijing 100700, China. “Department of Botany, National Museum
of Natural History, Smithsonian Institution, Washington, DC 20013-7012, USA.

Received: 2 December 2021 Accepted: 13 April 2022
Published online: 25 April 2022

References

1.

2.

20.

Goremykin WV, Nikiforova SV, Cavalieri D, Pindo M, Lockhart P. The root
of flowering plants and total evidence. Syst Biol. 2015;64(5):879-91.
Albert VA, Barbazuk WB, Depamphilis CW, Der JP, Leebens-Mack J, Ma
H, et al. The Amborella genome and the evolution of flowering plants.
Science. 2013;342(6165):1241089.

Morgan CC, Foster PG, Webb AE, Pisani D, Mclnerney JO, O'Connell

MJ. Heterogeneous models place the root of the placental mammal
phylogeny. Mol Biol Evol. 2013;30(9):2145-56.

Zhang C, Zhang T, Luebert F, Xiang Y, Huang C-H, Hu Y, et al. Asterid
phylogenomics/phylotranscriptomics uncover morphological evolu-
tionary histories and support phylogenetic placement for numerous
whole-genome duplications. Mol Biol Evol. 2020;37(11):3188-210.
Koenen EJM, Ojeda D, Steeves R, Migliore J, Bakker FT, Wieringa JJ, et al.
Large-scale genomic sequence data resolve the deepest divergences in
the legume phylogeny and support a near-simultaneous evolutionary
origin of all six subfamilies. New Phytol. 2020;225(3):1355-69.

Zhang R, Wang YH, Jin JJ, Stull GW, Bruneau A, Cardoso D, et al. Explora-
tion of plastid phylogenomic conflict yields new insights into the deep
relationships of Leguminosae. Syst Biol. 2020,69(4):613-22.

Ma Z-Y, Nie Z-L, Ren C, Liu X-Q, Zimmer EA, Wen J. Phylogenomic rela-
tionships and character evolution of the grape family (Vitaceae). Mol
Phylogenet Evol. 2021;154:106948.

Watson LE, Siniscalchi CM, Mandel J. Phylogenomics of the hyperdi-
verse daisy tribes: Anthemideae, Astereae, Calenduleae, Gnaphalieae,
and Senecioneae. J Syst Evol. 2020;58(6):841-52.

Feng C, Wang J, Harris AJ, Folta KM, Zhao M, Kang M. Tracing the
diploid ancestry of the cultivated octoploid strawberry. Mol Biol Evol.
2021;38(2):478-85.

Lee-Yaw JA, Grassa CJ, Joly S, Andrew RL, Rieseberg LH. An evaluation
of alternative explanations for widespread cytonuclear discordance in
annual sunflowers (Helianthus). New Phytol. 2019,221(1):515-26.

Kapli P, Yang Z, Telford MJ. Phylogenetic tree building in the genomic
age. Nat Rev Genet. 2020;21(7):428-44.

Mendes FK, Hahn MW. Gene tree discordance causes apparent substi-
tution rate variation. Syst Biol. 2016;65(4):711-21.

Cai L, Xi Z, Lemmon EM, Lemmon AR, Mast A, Buddenhagen CE, et al.
The perfect storm: gene tree estimation error, incomplete lineage
sorting, and ancient gene flow explain the most recalcitrant ancient
angiosperm clade, Malpighiales. Syst Biol. 2021;70(3):491-507.

Degnan JH, Rosenberg NA. Gene tree discordance, phyloge-

netic inference and the multispecies coalescent. Trends Ecol Evol.
2009;24(6):332-40.

Philippe H, Roure B. Difficult phylogenetic questions: more data, maybe;
better methods, certainly. BMC Biol. 2011;9:91.

Hodel RGJ, Zimmer E, Wen J. A phylogenomic approach resolves the
backbone of Prunus (Rosaceae) and identifies signals of hybridization
and allopolyploidy. Mol Phylogenet Evol. 2021;160:107118.

Dong W, LiuY, Li E, Xu C, Sun J, Li W, et al. Phylogenomics and biogeog-
raphy of Catalpa (Bignoniaceae) reveal incomplete lineage sorting and
three dispersal events. Mol Phylogenet Evol. 2022;166:107330.

Blischak PD, Chifman J, Wolfe AD, Kubatko LS. HyDe: a Python package
for genome-scale hybridization detection. Syst Biol. 2018;67(5):821-9.
Edelman NB, Frandsen PB, Miyagi M, Clavijo B, Davey J, Dikow RB,

et al. Genomic architecture and introgression shape a butterfly radia-
tion. Science. 2019;366(6465):594.

Solis-Lemus C, Ané C. Inferring phylogenetic networks with maxi-
mum pseudolikelihood under incomplete lineage sorting. PLoS
Genet. 2016;12(3):e1005896.

Wang G, Zhang X, Herre EA, McKey D, Machado CA, Yu W-B, et al.
Genomic evidence of prevalent hybridization throughout the evolu-
tionary history of the fig-wasp pollination mutualism. Nat Commun.
2021;12(1):718.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

42.

Page 23 of 25

Rose JP, Toledo CAP, Lemmon EM, Lemmon AR, Sytsma KJ. Out of
sight, out of mind: Widespread nuclear and plastid-nuclear discord-
ance in the flowering plant genus Polemonium (Polemoniaceae) sug-
gests widespread historical gene flow despite limited nuclear signal.
Syst Biol. 2021;70(1):162-80.

Wang K, Lenstra JA, Liu L, Hu Q MaT, Qiu Q, et al. Incomplete lineage
sorting rather than hybridization explains the inconsistent phylogeny
of the wisent. Commun Biol. 2018;1(1):169.

Zhu Q, Mai U, Pfeiffer W, Janssen S, Asnicar F, Sanders JG, et al. Phylog-
enomics of 10,575 genomes reveals evolutionary proximity between
domains Bacteria and Archaea. Nat Commun. 2019;10(1):5477.
Morales-Briones DF, Kadereit G, Tefarikis DT, Moore MJ, Smith SA,
Brockington SF, et al. Disentangling sources of gene tree discordance
in phylogenomic data sets: testing ancient hybridizations in Amaran-
thaceae s.I. Syst Biol. 2021;70(2):219-35.

Wallander E, Albert VA. Phylogeny and classification of

Oleaceae based on rpsi16 and trnl-f sequence data. Am J Bot.
2000;87(12):1827-41.

Green PS: Oleaceae. In: Flowering Plants - Dicotyledons: Lamiales
(except Acanthaceae including Avicenniaceae). Edited by Kadereit
JW. Berlin, Heidelberg: Springer Berlin Heidelberg; 2004: 296-306.

Xia Z, Wen J, Gao Z. Does the enigmatic Wightia belong to Paulowni-
aceae (Lamiales)? Front Plant Sc. 2019;10:528.

Julca I, Marcet-Houben M, Vargas P, Gabaldén T. Phylogenomics of the
olive tree (Olea europaea) reveals the relative contribution of ancient
allo- and autopolyploidization events. BMC Biol. 2018;16(1):15.

Yuan W-J, Zhang W-R, Han Y-J, Dong M-F, Shang F-D. Molecular
phylogeny of Osmanthus (Oleaceae) based on non-coding chloroplast
and nuclear ribosomal internal transcribed spacer regions. J Syst Evol.
2010;48(6):482-9.

Guo S-Q, Xiong M, Ji C-F, Zhang Z-R, Li D-Z, Zhang Z-Y. Molecular
phylogenetic reconstruction of Osmanthus Lour. (Oleaceae) and related
genera based on three chloroplast intergenic spacers. Plant Syst Evol.
2011;294(1):57-64.

Besnard G, Green PS, Bervillé A. The genus Olea: molecular approaches
of its structure and relationships to other Oleaceae. Acta Botanica Gal-
lica. 2002;149(1):49-66.

Hong-Wa C, Besnard G. Intricate patterns of phylogenetic relationships
in the olive family as inferred from muilti-locus plastid and nuclear

DNA sequence analyses: a close-up on Chionanthus and Noronhia
(Oleaceae). Mol Phylogenet Evol. 2013,67(2):367-78.

Hong-Wa C, Besnard G. Species limits and diversification in the Mada-
gascar olive (Noronhia, Oleaceae). Bot J Linn Soc. 2014;174(1):141-61.
Olofsson JK, Cantera |, Van de Paer C, Hong-Wa C, Zedane L, Dunning
LT, et al. Phylogenomics using low-depth whole genome sequencing: a
case study with the olive tribe. Mol Ecol Resour. 2019;19(4):877-92.
Dupin J, Raimondeau P, Hong-Wa C, Manzi S, Gaudeul M, Besnard

G. Resolving the phylogeny of the olive family (Oleaceae): Confront-
ing information from organellar and nuclear genomes. Genes.
2020;11(12):1508.

Dong W, Sun J, LiuY, Xu C,Wang Y, Suo Z, Zhou S, Zhang Z, Wen J: Phy-
logenomic relationships and species identification of the olive genus
Olea (Oleaceae). J Syst Evol. 2021:doi: https://doi.org/10.1111/jse.12802.
Li J, Alexander JH, Zhang D. Paraphyletic Syringa (Oleaceae): evidence
from sequences of nuclear ribosomal DNA ITS and ETS regions. Syst
Bot. 2002;27(3):592-7.

Besnard G, Rubio de Casas R, Christin P-A, Vargas P. Phylogenetics

of Olea (Oleaceae) based on plastid and nuclear ribosomal DNA
sequences: tertiary climatic shifts and lineage differentiation times. Ann
Bot. 2009;104(1):143-60.

Ha Y-H, Kim C, Choi K, Kim J-H. Molecular phylogeny and dating of
Forsythieae (Oleaceae) provide insight into the Miocene history of Eura-
sian temperate shrubs. Front Plant Sc. 2018;9:99.

Van de Paer C, Bouchez O, Besnard G. Prospects on the evolutionary
mitogenomics of plants: a case study on the olive family (Oleaceae).
Mol Ecol Resour. 2018;18(3):407-23.

Zhang C, Rabiee M, Sayyari E, Mirarab S. ASTRALHII: polynomial time
species tree reconstruction from partially resolved gene trees. BMC
Bioinformatics. 2018;19(Suppl 6):153.


https://doi.org/10.1111/jse.12802

Dong et al. BMC Biology

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2022) 20:92

Zhong B, Deusch O, Goremykin VV, Penny D, Biggs PJ, Atherton RA,

et al. Systematic error in seed plant phylogenomics. Genome Biol Evol.
2011;3:1340-8.

Smith SA, Donoghue MJ. Rates of molecular evolution are linked to life
history in flowering plants. Science. 2008;322(5898):86-9.

Amanda R, Li Z, Van de Peer Y, Ingvarsson PK. Contrasting rates of
molecular evolution and patterns of selection among gymnosperms
and flowering plants. Mol Biol Evol. 2017;34(6):1363-77.

Schwarz EN, Ruhlman TA, Weng M-L, Khiyami MA, Sabir JSM, HajarahNH,
et al. Plastome-wide nucleotide substitution rates reveal accelerated
rates in Papilionoideae and correlations with genome features across
legume subfamilies. J Mol Evol. 2017,84:187-203.

Choi K, Weng M-L, Ruhlman TA, Jansen RK. Extensive variation in
nucleotide substitution rate and gene/intron loss in mitochondrial
genomes of Pelargonium. Mol Phylogenet Evol. 2021;155:106986.
Lanfear R, Ho SYW, Jonathan Davies T, Moles AT, Aarssen L, Swenson
NG, et al. Taller plants have lower rates of molecular evolution. Nat
Commun. 2013;4(1):1879.

Bromham L, Hua X, Lanfear R, Cowman PF. Exploring the relationships
between mutation rates, life history, genome size, environment, and
species richness in flowering plants. Am. Nat. 2015;185(4):507-24.
Barraclough TG, Savolainen V. Evolutionary rates and species diversity in
flowering plants. Evolution. 2001;55(4):677-83.

Corriveau JL, Coleman AW. Rapid screening method to detect potential
biparental inheritance of plastid DNA and results for over 200 angio-
sperm species. Am J Bot. 1988;75(10):1443-58.

Zhang Q, Liu Y. Sodmergen: Examination of the cytoplasmic DNA in male
reproductive cells to determine the potential for cytoplasmic inheritance
in 295 angiosperm species. Plant Cell Physiol. 2003;44(9):941-51.

Wicke S, Schaferhoff B, Depamphilis CW, Muller KF. Disproportional
plastome-wide increase of substitution rates and relaxed purifying
selection in genes of Carnivorous Lentibulariaceae. Mol Biol Evol.
2014;31(3):529-45.

Sabir J, Schwarz E, Ellison N, Zhang J, Baeshen NA, Mutwakil M, et al.
Evolutionary and biotechnology implications of plastid genome varia-
tion in the inverted-repeat-lacking clade of legumes. Plant Biotechnol J.
2014;12(6):743-54.

Nevill PG, Howell KA, Cross AT, Williams AV, Zhong X, Tonti-Filippini J,

et al. Plastome-wide rearrangements and gene losses in Carnivorous
Droseraceae. Genome Biol Evol. 2019;11(2):472-85.

Rabah SO, Shrestha B, Hajrah NH, Sabir MJ, Alharby HF, Sabir MJ, et al.
Passiflora plastome sequencing reveals widespread genomic rear-
rangements. J Syst Evol. 2019;57(1):1-14.

Shrestha B, Weng M-L, Theriot EC, Gilbert LE, Ruhlman TA, Krosnick SE,
et al. Highly accelerated rates of genomic rearrangements and nucleo-
tide substitutions in plastid genomes of Passiflora subgenus Decaloba.
Mol Phylogenet Evol. 2019;138:53-64.

Lee H-L, Jansen RK, Chumley TW, Kim K-J. Gene relocations within
chloroplast genomes of Jasminum and Menodora (Oleaceae) are due to
multiple, overlapping inversions. Mol Biol Evol. 2007;24(5):1161-80.
Guisinger MM, Kuehl JNV, Boore JL, Jansen RK. Genome-wide

analyses of Geraniaceae plastid DNA reveal unprecedented pat-

terns of increased nucleotide substitutions. Proc Nat Acad Sci USA.
2008;105(47):18424-9.

Weng M-L, Blazier JC, Govindu M, Jansen RK. Reconstruction of the
ancestral plastid genome in geraniaceae reveals a correlation between
genome rearrangements, repeats, and nucleotide substitution rates.
Mol Biol Evol. 2014;31(3):645-59.

Barnard-Kubow KB, Sloan DB, Galloway LF. Correlation between
sequence divergence and polymorphism reveals similar evolutionary
mechanisms acting across multiple timescales in a rapidly evolving
plastid genome. BMC Evol Biol. 2014;14(1):268.

Dong W, Xu C, Wu P, Cheng T, Yu J, Zhou S, et al. Resolving the system-
atic positions of enigmatic taxa: manipulating the chloroplast genome
data of Saxifragales. Mol Phylogenet Evol. 2018;126:321-30.

Xu L-L, Yu R-M, Lin X-R, Zhang B-W, Li N, Lin K, Zhang D-Y, Bai W-N:
Different rates of pollen and seed gene flow cause branch-length and
geographic cytonuclear discordance within Asian butternuts. New
Phytol 2021; n/a(n/a).

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 24 of 25

Besnard G, Rubio de Casas R, Vargas P: Plastid and nuclear DNA poly-
morphism reveals historical processes of isolation and reticulation in
the olive tree complex (Olea europaea). J Biogeogr 2007, 34(4):736-752.
Wright JW. New chromosome counts in Acer and Fraxinus. Morris Arbo-
retum Bull. 1957;8:33-4.

Meleshko O, Martin MD, Korneliussen TS, Schrock C, Lamkowski P,
Schmutz J, Healey A, Piatkowski BT, Shaw AJ, Weston DJ. Extensive
genome-wide phylogenetic discordance is due to incomplete lineage
sorting and not ongoing introgression in a rapidly radiated bryophyte
genus. Mol Biol Evol. 2021;38(7):2750-66.

Leo Elworth RA, Allen C, Benedict T, Dulworth P, Nakhleh L: Dgyii @

test statistic for detection of general introgression scenarios. bioRxiv.
2018:348649.

Marques DA, Meier JI, Seehausen O. A combinatorial view on speciation
and adaptive radiation. Trends Ecol Evol. 2019;34(6):531-44.

Taylor H. Cyto-taxonomy and phylogeny of the Oleaceae. Brittonia.
1945;5(4):337-67.

Xu G, Dong W, Shi'S, ChengT, Li C, Liu Y, et al. Accelerating plant DNA
barcode reference library construction using herbarium specimens:
improved experimental techniques. Mol Ecol Resour. 2015;15(6):1366-74.
LiJ,Wang S, Jing Y, Wang L, Zhou S. A modified CTAB protocol for plant
DNA extraction. Chin Bull Bot. 2013;48(1):72-8.

Dong W, LiuY, Xu C, Gao Y, Yuan Q, Suo Z, et al. Chloroplast phylog-
enomic insights into the evolution of Distylium (Hamamelidaceae).
BMC Genomics. 2021;22(1):293.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics. 2014;30(15):2114-20.

Jin J-J, Yu W-B, Yang J-B, Song Y, de Pamphilis CW, Yi T-S, et al. GetOr-
ganelle: a fast and versatile toolkit for accurate de novo assembly of
organelle genomes. Genome Biol. 2020;21(1):241.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,

et al. SPAdes: a new genome assembly algorithm and its applications to
single-cell sequencing. J Comput Biol. 2012;19(5):455-77.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious Basic: an integrated and extendable desktop software plat-
form for the organization and analysis of sequence data. Bioinformatics.
2012,28(12):1647-9.

Huang DI, Cronk QCB. Plann: a command-line application for annotat-
ing plastome sequences. Appl Plant Sci. 2015;3(8):1500026.

Greiner S, Lehwark P, Bock R. OrganellarGenomeDRAW (OGDRAW) ver-
sion 1.3.1: expanded toolkit for the graphical visualization of organellar
genomes. Nucleic Acids Res. 2019;47(W1):W59-64.

Unver T, Wu Z, Sterck L, Turktas M, Lohaus R, Li Z, et al. Genome of

wild olive and the evolution of oil biosynthesis. Proc Natl Acad Sci.
2017;114(44):E9413.

Sollars ES, Harper AL, Kelly LJ, Sambles CM, Ramirez-Gonzalez RH, Swar-
breck D, et al. Genome sequence and genetic diversity of European ash
trees. Nature. 2017;541(7636):212-6.

Li L-F, Cushman SA, He Y-X, Li Y. Genome sequencing and population
genomics modeling provide insights into the local adaptation of weep-
ing forsythia. Horm. Res. 2020;7(1):130.

Patel RK, Jain M. NGS QC Toolkit: a toolkit for quality control of next
generation sequencing data. PLOS ONE. 2012;7(2):e30619.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods. 2012;9(4):357-9.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. Genome
Project Data Processing S: The Sequence Alignment/Map format and
SAMtools. Bioinformatics. 2009;25(16):2078-9.

Li H. Improving SNP discovery by base alignment quality. Bioinformat-
ics.2011;27(8):1157-8.

Darling AE, Mau B. Perna NT: progressiveMauve: multiple genome
alignment with gene gain, loss and rearrangement. PLOS ONE.
2010,5(6):11147.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T: trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 2009, 25(15):1972-1973.

Zhang D, Gao F, Jakovlic I, Zou H, Zhang J, Li WX, et al. PhyloSuite: an
integrated and scalable desktop platform for streamlined molecular
sequence data management and evolutionary phylogenetics studies.
Mol Ecol Resour. 2020;20(1):348-55.



Dong et al. BMC Biology

89.
90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

106.
107.

108.

113.

(2022) 20:92

Seppey M, Manni M, Zdobnov EM. BUSCO: assessing genome assembly
and annotation completeness. Methods Mol. Biol. 1962,2019:227-45.
Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol. 2019;20(1):238.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. RAXML-NG: a fast,
scalable and user-friendly tool for maximum likelihood phylogenetic
inference. Bioinformatics. 2019;35(21):4453-5.

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD,
von Haeseler A, et al. IQ-TREE 2: new models and efficient meth-

ods for phylogenetic inference in the genomic era. Mol Biol Evol.
2020;37(5):1530-4.

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates.
Nat Methods. 2017;14(6):587-9.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. PartitionFinder
2: new methods for selecting partitioned models of evolution for
molecular and morphological phylogenetic analyses. Mol Biol Evol.
2017;34(3):772-3.

Wang H-C, Susko E, Roger AJ. The relative importance of modeling site
pattern heterogeneity versus partition-wise heterotachy in phylog-
enomic inference. Syst Biol. 2019,68(6):1003-19.

Philippe H, Brinkmann H, Lavrov DV, Littlewood DT, Manuel M, Wor-
heide G, et al. Resolving difficult phylogenetic questions: why more
sequences are not enough. PLoS Biol. 2011;9(3):e1000602.

Wang H-C, Minh BQ, Susko E, Roger AJ. Modeling site heterogene-

ity with posterior mean site frequency profiles accelerates accurate
phylogenomic estimation. Syst Biol. 2018;67(2):216-35.

Crotty SM, Minh BQ, Bean NG, Holland BR, Tuke J, Jermiin LS, et al.
GHOST: recovering historical signal from heterotachously evolved
sequence alignments. Syst Biol. 2020,69(2):249-64.

Rodrigue N, Lartillot N. Site-heterogeneous mutation-selection models
within the PhyloBayes-MPI package. Bioinformatics. 2014;30(7):1020-1.
Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol.
2018;35(2):518-22.

Smith SA, Moore MJ, Brown JW, Yang Y. Analysis of phylogenomic
datasets reveals conflict, concordance, and gene duplications with
examples from animals and plants. BMC Evol Biol. 2015;15(1):150.
Sayyari E, Mirarab S. Fast coalescent-based computation of local branch
support from quartet frequencies. Mol Biol Evol. 2016;33(7):1654-68.
Minh BQ, Hahn MW, Lanfear R. New methods to calculate concordance
factors for phylogenomic datasets. Mol Biol Evol. 2020;37(9):2727-33.
Smith SA, O’'Meara BC: treePL: divergence time estimation using
penalized likelihood for large phylogenies. Bioinformatics 2012,
28(20):2689-2690.

Green RE, Krause J, Briggs AW, Maricic T, Stenzel U, Kircher M, et al. A

draft sequence of the neandertal genome. Science. 2010;328(5979):710.

Martin SH, Davey JW, Jiggins CD. Evaluating the use of ABBA-BABA
statistics to locate introgressed loci. Mol Biol Evol. 2015;32(1):244-57.
Than C, Ruths D, Nakhleh L. PhyloNet: a software package for analyzing
and reconstructing reticulate evolutionary relationships. BMC Bioinfor-
matics. 2008;9:322.

Huson DH, Scornavacca C. Dendroscope 3: an interactive tool for
rooted phylogenetic trees and networks. Syst Biol. 2012,61(6):1061-7.
Sayyari E, Mirarab S. Testing for polytomies in phylogenetic species
trees using quartet frequencies. Genes. 2018,9(3)132.

Li L-F, Cushman SA, He Y-X, Li Y. Genome sequencing and population
genomics modeling provide insights into the local adaptation of
weeping forsythia. Horm Res. 2020;7(1):1-12. %* 2020 The Author(s) %U
https://www.nature.com/articles/s41438-41020-00352-41437.

Xu S, Ding Y, Sun J, Zhang Z, Wu Z, Yang T, Shen F, Xue G: A high-quality
genome assembly of Jasminum sambac provides insight into floral
trait formation and Oleaceae genome evolution. Mol Ecol Resour. 2022,
22(2):724-739 %U https://onlinelibrary.wiley.com/doi/abs/710.1111/
1755-0998.13497.

Sollars ESA, Harper AL, Kelly LJ, Sambles CM, Ramirez-Gonzalez RH,
Swarbreck D, Kaithakottil G, Cooper ED, Uauy C, Havlickova L et al.
Genome sequence and genetic diversity of European ash trees. Nature

114.

116.

118.

119.

Page 25 of 25

2017; 541(7636):212-216 %U http://www.nature.com/articles/natur
e20786.

Tang H, Bowers JE, Wang X, Ming R, Alam M, Paterson AH. Synteny and
collinearity in plant genomes. Science 2008; 320(5875):486-488. %U
https://www.science.org/doi/410.1126/science.1153917.

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, et al. BEAST 2:
a software platform for Bayesian evolutionary analysis. PLoS Comp Biol.
2014;10(4):e1003537.

Call VB, Dilcher DL. Investigations of angiosperms from the Eocene of
southeastern North America: samaras of Fraxinus wilcoxiana Berry. Rev.
Palaeobot. Palynol. 1992;74(3):249-66.

Palamarev E. Paleobotanical evidences of the Tertiary history and
origin of the Mediterranean sclerophyll dendroflora. Plant Syst Evol.
1989;162(1/4):.93-107.

Muller J. Fossil pollen records of extant angiosperms. Bot Rev.
1981;47(1):1-142.

Terral JF, Badal E, Heinz C, Roiron P, Thiebault S, Figueiral I. A hydraulic
conductivity model points to post-neogene survival of the mediterra-
nean olive. Ecology. 2004;85(11):3158-65.

Rambaut A, Suchard M, Xie D, Drummond A. Tracer v1. 6. In.; 2014:
Available from http://beast.bio.ed.ac.uk/Tracer.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33(7):1870-4.
Yang ZH. PAML 4: Phylogenetic analysis by maximum likelihood. Mol
Biol Evol. 2007;24(8):1586-91.

Barrett CF, Baker WJ, Comer JR, Conran JG, Lahmeyer SC, Leebens-
Mack JH, et al. Plastid genomes reveal support for deep phylogenetic
relationships and extensive rate variation among palms and other
commelinid monocots. New Phytol. 2016;209(2):855-70.

Dong W, Li E, Liu Y, Xu C, Liu K, Cui X, et al. Genome skimming data for:
Phylogenomic approaches untangle early divergences and complex
diversifications of the olive plant family. NCBI BioProject. 2022. https://
identifiers.org/bioproject:PRINA820313.

Dong W, Li E, Liu Y, Xu C, Liu K, Cui X, et al. Genome skimming data for:
Phylogenomic approaches untangle early divergences and complex
diversifications of the olive plant family. NCBI BioProject; 2022. https://
identifiers.org/bioproject: PRINA704245.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC



https://www.nature.com/articles/s41438-41020-00352-41437
https://onlinelibrary.wiley.com/doi/abs/710.1111/1755-0998.13497
https://onlinelibrary.wiley.com/doi/abs/710.1111/1755-0998.13497
http://www.nature.com/articles/nature20786
http://www.nature.com/articles/nature20786
https://www.science.org/doi/410.1126/science.1153917
http://beast.bio.ed.ac.uk/Tracer
https://identifiers.org/bioproject:PRJNA820313
https://identifiers.org/bioproject:PRJNA820313
https://identifiers.org/bioproject
https://identifiers.org/bioproject

	Phylogenomic approaches untangle early divergences and complex diversifications of the olive plant family
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Phylogenomic relationships based on plastid datasets and molecular evolutionary rate variation among clades of Oleaceae
	Phylogenomic relationships of Oleaceae based on nuclear datasets
	Assessing phylogenetic relationships and conflicts of phylogenetic signals
	Widespread introgression across the five tribes in Oleaceae
	Comparison of genome collinearity between Oleeae and two putative parental tribes
	ILS and introgression as the main sources of phylogenetic discordance of the four subtribes in tribe Oleeae
	Timescale for the Oleaceae tree of life

	Discussion
	Variation in substitution rates among the clades of Oleaceae
	Strong discordance among gene trees
	Early evolutionary history of Oleaceae

	Conclusions
	Methods
	Taxon sampling, plant material, and the deposition of vouchers
	DNA isolation and sequencing
	Plastome assembly and annotation
	Nuclear SNP calling
	Plastid genegenome alignment and data matrix construction
	Whole plastid genome datasets
	Protein coding loci

	Orthologous nuclear gene identification
	Gene tree reconstruction based on plastid and SNP datasets
	Comparison of multiple trees
	Assessment of discordance between gene trees and the species tree
	D-statistic
	QuIBL
	Species network analysis
	Polytomy test
	Genome synteny analysis
	Time calibration of the phylogeny
	Plastid substitution rate analyses and inference of rate changes

	Acknowledgements
	References


