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Abstract
The construction of phylogenetic relationships is crucial for the classification and
evolutionary studies of angiosperms. For a long time, studies on angiosperm
phylogeny have predominantly utilized plastid genes, mitochondrial genes, or
a few conserved single-copy nuclear genes. In this study, we collected nuclear
gene sets from 88 angiosperm species (encompassing 58 orders) from annotated
genomes or transcriptomes; through orthologous gene clustering and removal of
paralogous genes, we obtained 5,993 one-to-one orthologous gene families (i.e.,
for each gene family, each species had at most one sequence, with a minimum of
50 species included); using DNA or amino acid sequences extracted from various
numbers of gene sets, we constructed a total of 20 phylogenetic trees using
both concatenation and coalescence methods. Comparing these phylogenetic
trees, although most results support the relationships among major angiosperm
clades as described in APG IV ((eudicots, monocots), magnoliids), there is a
significant difference in the evolutionary relationships among orders within the
eudicots compared to APG IV, specifically, this study suggests that Santalales
and Caryophyllales are sister groups to the rosids. Based on these phylogenetic
trees, we estimated the divergence times of various angiosperm orders, and the
results indicate that the origin time of angiosperms was 237.78 million years
ago (95% confidence interval: 202.6–278.08 Ma), which is consistent with the
mainstream view of 225–240 million years ago. This study provides a feasible
strategy for phylogenetic tree construction that allows for the use of a larger
number of genes while maintaining faster computational speed.

Full Text
Preamble
DOI: 10.11931/guihaia.gxzw201905048

chinarxiv.org/items/chinaxiv-202001.00109 Machine Translation

https://chinarxiv.org/items/chinaxiv-202001.00109
https://chinarxiv.org/items/chinaxiv-202001.00109


Title: Reconstruction of Angiosperm Phylogeny Based on 5,993 Nuclear Genes

Authors: JIN Xin¹,², CHENG Shu¹,², YANG Tuo³, YU Kang¹,², DUAN Xi-
aoxia¹,�, NI Xuemei¹,�, LI Shiming¹,², ZHANG Gengyun¹,�*

Affiliations: 1. BGI-Shenzhen, Shenzhen 518083, Guangdong, China 2. BGI
Institute of Applied Agriculture, Shenzhen 518120, Guangdong, China 3. China
National Gene Bank, Shenzhen 518120, Guangdong, China 4. Key Laboratory
of Genomics, Ministry of Agriculture, BGI-Shenzhen, Shenzhen 518083, Guang-
dong, China

Funding: National Science and Technology Support Program (2015BAD02B01-
7); Key Laboratory of Crop Core Resources Development and Application En-
terprises of Guangdong (2011A091000047); Science and Technology Program
of Shenzhen (JCYJ20150831201123287); Molecular Design and Polymerization
Breeding Engineering Laboratory of Shenzhen (Shenfagai[2015]946)

Corresponding Author: ZHANG Gengyun, Ph.D., Researcher. E-mail:
zhanggengyun@genomics.cn

Abstract
Construction of phylogenetic relationships is crucial for angiosperm classification
and evolutionary research. For a long time, angiosperm phylogeny has been an-
alyzed using plastid genes, mitochondrial genes, or a few conserved single-copy
nuclear genes. Here, we collected nuclear gene sets from 88 angiosperm species
(representing 58 orders) from annotated genomes or transcriptomes. Using a
combined homology- and phylogeny-based approach, we obtained a total of
5,993 one-to-one ortholog groups (with at most one sequence per species for
each ortholog group), each represented by at least 50 species. We then recon-
structed 20 species trees using different combinations of reconstruction methods
(concatenation-based and coalescence-based) and sequence types (nucleotide or
amino acid) for gene datasets with varying gene occupancy values. Most re-
sulting topologies support the relationships among major angiosperm clades as
described in APG IV, but present different deep relationships among major eu-
dicot clades, such as the placement of Santalales and Caryophyllales as sisters
to rosids. We estimated the divergence times of major angiosperm clades and
concluded that the origin of angiosperms occurred approximately 237.78 million
years ago (95% confidence interval: 202.6–278.08 Ma), consistent with the previ-
ously accepted timeframe of 225–240 million years ago. This study provides an
efficient strategy for building phylogenetic trees using thousands of genes with
ultrafast computation.

Keywords: phylogeny, angiosperms, nuclear genes, ortholog coalescence, di-
vergence time inference, concatenation
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Introduction
Accurate reconstruction of phylogenetic trees is essential for plant classification
and evolutionary studies. The accuracy of phylogenetic tree construction is pri-
marily influenced by two factors. First, the type and size of the dataset used:
trees built from morphological traits, plastid genes, mitochondrial genes, and
nuclear gene sequences differ significantly from one another (Endress & Doyle,
2009; Ruhfel et al., 2014; Soltis et al., 2011; Zeng et al., 2014). Additionally,
trees constructed using full-length nucleotide sequences, specific codon positions,
or amino acid sequences also show substantial variation (Wickett et al., 2014).
Second, the tree-building methods and models employed: the two main ap-
proaches are concatenation and coalescence. Concatenation methods treat all
genes as a single supermatrix and use software such as RAxML (Stamatakis,
2014) or IQ-TREE (Nguyen et al., 2015) to construct phylogenetic trees. Co-
alescence methods first build individual gene trees and then use software like
ASTRAL (Zhang et al., 2017) to infer a consensus species tree from all gene
trees (Wickett et al., 2014). A wide variety of evolutionary models are avail-
able, including nucleotide models (GTR, HKY, JC, F81, K2P, K3P, K81uf) and
protein models (LG, Poisson, cpREV, mtREV, Dayhoff, mtMAM, JTT, WAG)
(Nguyen et al., 2015).

Angiosperms represent the most advanced and diverse group in the plant king-
dom, dominating Earth’s vegetation. Currently, 352,000 angiosperm species
have been reported (http://www.theplantlist.org/), belonging to 416 families
and 64 orders. The evolutionary relationships among these orders have long
been a focus of research and debate. Except for the three most basal orders
—Amborellales, Nymphaeales, and Austrobaileyales (collectively known as the
ANITA grade)—the remaining 99.95% of angiosperms can be divided into five
major clades: magnoliids, monocots, eudicots, Chloranthaceae, and Ceratophyl-
laceae. The phylogenetic topology among these five groups remains controver-
sial. Zeng et al. (2014) summarized five major topologies published to date
(Figure 1 [Figure 1: see original paper]: A–E), with Topology A being the
most widely accepted and representing the APG IV classification (THE AN-
GIOSPERM PHYLOGENY GROUP, 2016). Studies using 17 concatenated
genes (including plastid, mitochondrial, and nuclear genes) for 640 species (Soltis
et al., 2011) and 78 concatenated plastid genes for 360 species (Ruhfel et al.,
2014) support Topology A. In contrast, phylogenies based on 674 nuclear genes
for 92 species (Wickett et al., 2014) and 59 nuclear genes for 61 species (Zeng et
al., 2014) support Topology B. Additionally, Qiu et al. (2010) used four mito-
chondrial genes for 380 species to support Topology C; Endress & Doyle (2009)
used morphological traits to support Topology D; and Zhang et al. (2012) used
five nuclear genes for 91 species to support Topology E.

After removing Chloranthaceae and Ceratophyllaceae, three possible relation-
ships exist among magnoliids, monocots, and eudicots: ((eudicots, monocots),
magnoliids); ((eudicots, magnoliids), monocots); and ((monocots, magnoliids),
eudicots). Lu et al. (2018) analyzed 5,864 Chinese angiosperm species (covering
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nearly all Chinese angiosperms) using four plastid genes and one mitochon-
drial gene, supporting the ((eudicots, monocots), magnoliids) topology. Chen
et al. (2019) published the magnoliid Liriodendron genome and used 502 nuclear
genes with coalescence methods for 18 species, also supporting ((eudicots, mono-
cots), magnoliids). Chaw et al. (2019) published another magnoliid genome
(stout camphor tree) and used 211 nuclear genes for 13 species, supporting ((eu-
dicots, magnoliids), monocots). Li et al. (2019) reconstructed a high-resolution
angiosperm phylogeny using 80 plastid genes from 2,881 species, supporting
((eudicots, monocots), magnoliids). From these studies, we observe that concate-
nation methods using nuclear genes generally support ((eudicots, magnoliids),
monocots), while coalescence methods using nuclear genes and studies using
plastid/mitochondrial genes typically support ((eudicots, monocots), magnoli-
ids).

Phylogenetic relationships within eudicots also remain debated (Figure 1: F–K).
Besides the basal orders Ranunculales, Proteales, Trochodendrales, Buxales, and
Gunnerales, the remaining eudicots comprise two major clades: rosids and aster-
ids. The phylogenetic relationships among six orders at the base of these clades—
Dilleniales, Saxifragales, Vitales, Santalales, Berberidopsidales, and Caryophyl-
lales—are particularly contentious. Zeng et al. (2017) summarized six major
topologies (Figure 1: F–K), with Topology K representing the APG IV con-
sensus. Moore et al. (2010) used 83 plastid genes for 86 species to support
“Dilleniales as sister to rosids,”while Soltis et al. (2011) using 17 concatenated
genes and Moore et al. (2011) using plastid IR sequences supported“Dilleniales
as sister to asterids.”Worberg et al. (2007), Moore et al. (2011), and APG IV
supported“Dilleniales as sister to both rosids and asterids.”Most studies support
“Vitales and Saxifragales as sisters to rosids, and Chilean vine order, Santalales,
and Caryophyllales as sisters to asterids”(Moore et al., 2011, 2010; Worberg et
al., 2007; Yang et al., 2015). Zeng et al. (2017) used 504 nuclear genes for 100
species to support “Santalales and Berberidopsidales as sisters to rosids.”

The origin and evolution of angiosperms have long been hotly debated topics
in botany. In paleobotany, the earliest fossil record of angiosperms was long
considered to be from the Cretaceous, 125 million years ago, which is also the
earliest eudicot fossil record (Herendeen, 1995). Fu et al. (2018) discovered
Nanjinganthus from Early Jurassic strata (~175 million years ago), which pos-
sesses sepals, petals, pistils, a distinct cup-shaped receptacle, epigynous flowers
with superior ovaries, and arborescent styles. Its seeds/ovules are completely
enclosed, with ovary walls fully isolating seeds from the external environment,
meeting all criteria for angiosperm identification. This discovery pushed the
earliest angiosperm fossil record back by approximately 50 million years and
filled the “Jurassic gap”between the fossil record (125 million years ago) and
molecular clock estimates (225–240 million years ago) (Li et al., 2019). Most
current molecular dating studies based on phylogenetic trees place angiosperm
origins in the Triassic, 225–240 million years ago (Magallon, 2010; Mandel, 2019;
Smith et al., 2010; Zeng et al., 2014), consistent with the origin time of polli-
nating Lepidoptera insects (~230 million years ago) (Li et al., 2019; Zeng et al.,
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2014).

This study analyzed the phylogenetic relationships of 88 angiosperm species
(representing 87 families and 58 orders) using over 5,000 nuclear genes and
both nucleotide and protein sequences with two tree-building methods, and
estimated divergence times for all major clades (overall workflow shown in Figure
2 [Figure 2: see original paper]). To obtain accurate and reliable angiosperm
phylogenies, we partitioned the >5,000 nuclear genes into multiple datasets
containing different numbers of genes, constructed phylogenetic trees from each
dataset, and compared the consistency among the resulting 20 phylogenetic
trees.

1. Materials and Methods
1.1 Materials

We collected one gymnosperm genome (Ginkgo biloba as outgroup), 43 an-
giosperm genomes (primarily from NCBI and Phytozome databases), 43 assem-
bled angiosperm transcriptomes (http://www.onekp.com/public_data.html),
and two angiosperm RNA-seq datasets (including Petrosavia sakurai, sequenced
in this study). The angiosperm samples comprised 87 families across 58 orders
(Table 1 ).

1.2 Ortholog Identification from Genomic Sequences

We performed homologous gene clustering on gene sets from 43 plant genomes
using the method reported by Yang & Smith (2014). First, we conducted all-
by-all BLASTN v2.6.0+ comparisons on CDS sequences from the 43 gene sets,
retaining the top 1,000 hits per query. We removed alignments shorter than one-
third of the total sequence length and trimmed unaligned terminal regions. We
then used MCL software (Van, 2000) for homologous gene clustering (inflation
value = 1.4), removed gene families with fewer than 20 species, and performed
multiple sequence alignment using MAFFT v7.310 (Katoh & Standley, 2013)
with maximum iterative refinement cycles set to 1,000. We trimmed sites with
>90% missing data using PHYLIP v2.2.6 (Smith & Dunn, 2008) and estimated
phylogenetic trees using RAxML v8.2.11 (Stamatakis, 2014) with the GTRCAT
model. Finally, we removed all paralogous branches from the resulting trees,
including branches >0.6 in length, terminal branches ten times longer than their
sister branches, and all but one branch from monophyletic groups composed
entirely of the same sample. We also trimmed internal branches with lengths
exceeding the expected substitution rate by 0.3, then applied the MO method
(Yang & Smith, 2014) to remove any remaining paralogous branches, yielding
one-to-one ortholog families (at most one sequence per sample). Only gene
families with >20 samples were retained.
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1.3 Transcriptome and Outgroup Data Processing

We de novo assembled RNA-seq data from two families (Petrosavia sakurai
from Petrosaviaceae and Cyanotis arachnoidea from Commelinaceae). First,
we filtered raw reads using Trimmomatic v0.38 (Bolger et al., 2014) with
parameters: HEADCROP:15 LEADING:20 TRAILING:20 SLIDINGWIN-
DOW:5:20 MINLEN:50 AVGQUAL:20. We then assembled transcripts
using Trinity v2.6.6 (Grabherr et al., 2011) (minimum contig length = 150
bp) and predicted CDS and protein sequences using TransDecoder v5.5.0
(https://github.com/TransDecoder/TransDecoder/releases/tag/TransDecoder-
v5.5.0) with Swissprot and Pfam-A as reference databases. We merged gene
sets from these two species, 43 angiosperm transcriptomes from the 1KP
database, and one gymnosperm (Ginkgo biloba) into the ortholog families
obtained from genomic data using HaMStR v13.2.6 (Ebersberger et al., 2009),
retaining only gene families with >50 samples.

1.4 Phylogenetic Tree Construction

We employed two methods—concatenation and coalescence—using both CDS and
amino acid sequences. Both sequence types were aligned using PRANK v.170427
(http://wasabiapp.org/software/prank/), trimmed for sites with >70% missing
data using PHYLIP v2.2.6 (Smith & Dunn, 2008), and filtered for length (CDS
sequences <300 bp and protein sequences <100 amino acids were removed).

Coalescence method: We first constructed individual gene trees using
RAxML v8.2.11 (default parameters) (Stamatakis, 2014), then processed all
gene trees using ASTRAL v5.5.9 (Zhang et al., 2017) to obtain a consensus
tree. Parameters were set to “-t 1 –gene-only”to obtain bootstrap values
and gene support scores. Branch lengths were obtained using IQ-TREE v1.5.5
(Nguyen et al., 2015).

Concatenation method: We used PartitionFinder v2.1.1 (Lanfear et al.,
2009) to detect optimal partitioning schemes and evolutionary models for the
concatenated sequences. For CDS sequences, we tested four partitioning strate-
gies (Table 2 ): no partitioning, partitioning by codon position (three partitions),
partitioning by gene, and partitioning by codon position within each gene. For
protein sequences, we tested two strategies: no partitioning and partitioning by
gene. Parameters were set as: branch lengths = linked; model_selection = aicc;
search = user; models = GTR, GTR+G, GTR+I+G (for CDS) or models =
LG+G, LG+I+G, WAG+G, WAG+I+G (for proteins). We then constructed
trees using IQ-TREE v1.5.5 (1,000 ultrafast bootstrap replicates (Von Haeseler
et al., 2013), with“-spp”specifying the optimal partitioning scheme). Gene sup-
port values were obtained using ASTRAL v5.5.9 (-t 1). All trees were visualized
using Evolview v2 (He et al., 2016).
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1.5 Divergence Time Estimation

We estimated divergence times using the MCMCTREE program in PAML v4.9
(Yang, 2007). The input topology was the best topology from our 20 trees
(concatenation-based tree using CDS sequences from 742 genes), and input se-
quences were CDS sequences from the 742 genes. We first estimated divergence
times for each gene separately, then integrated results across all 742 genes (tak-
ing the mean value for each node) to obtain the final chronogram.

Branch lengths were obtained using the JONES+gamma substitution model;
rgene gamma was set to G(1, 4.5); sigma2 gamma was set to G(1, 4.5); clock
was set to 3; MCMC parameters were burnin = 50,000, sampfreq = 100,
nsample = 10,000. For each gene, we ran two independent MCMC chains
(with different random seeds) and assessed convergence using Tracer v1.7
(https://github.com/beast-dev/tracer/releases/tag/v1.7.1), ensuring all nodes
and parameters had effective sample sizes >200. Nine fossil calibration points
were used: Ginkgo biloba divergence at 290–310 Ma (Gao et al., 1989); monocot-
eudicot divergence at 130–200 Ma (Kumar et al., 2017); eudicot crown age
(earliest eudicot fossil record) at 125 Ma (Herendeen, 1995; Zeng et al., 2014);
Proteales crown at 108.8 Ma (Crane et al., 1996); Vitales-rosids divergence
at 105–115 Ma (Fawcett et al., 2009; Kumar et al., 2017); A. thaliana–P.
trichocarpa divergence at 97–109 Ma (Kumar et al., 2017); Fabales-Fagales
divergence at 93.5 Ma (Friis et al., 1996); Cornales crown at 85.8 Ma (Takahashi
et al., 2002); and Lamiales crown at 44.3 Ma (Call et al., 1992).

2. Results
2.1 Ortholog Identification

We performed homologous gene clustering on CDS sequences from 44 plant
genomes and 45 assembled transcriptomes, applying the paralog removal method
of Yang & Smith (2014) to obtain 5,993 one-to-one ortholog families with >50
samples (Figure 3 [Figure 3: see original paper]:A). Gene coverage across species
ranged from 33.57% to 97.85%, with an average of 80.40% (Figure 3:B).

2.2 Phylogenetic Tree Construction

We constructed 20 phylogenetic trees using concatenation and coalescence meth-
ods to assess topological stability (Figure 4 [Figure 4: see original paper]). Both
CDS and protein sequences were analyzed using five datasets each, yielding 20
total trees (5 CDS concatenation, 5 CDS coalescence, 5 protein concatenation,
and 5 protein coalescence). The five datasets contained 5,928 orthologs (�50 sam-
ples), 3,384 orthologs (�70 samples), 1,791 orthologs (�80 samples), 742 orthologs
(�85 samples), and 42 orthologs (�89 samples).

These 20 trees primarily aimed to resolve relationships among the five major
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angiosperm clades and relationships among orders within eudicots. Most trees
were highly consistent with the concatenation-based tree constructed using CDS
sequences from 742 genes (4,069,848 sites) (Figure 5 [Figure 5: see original
paper]) (the concatenation-based trees using 3,384 and 1,791 protein genes also
yielded this optimal topology).

2.2.1 Relationships Among Magnoliids, Monocots, and Eudicots Re-
gardless of sequence type (nucleotide or protein) or method (concatenation or
coalescence), most trees supported the topology ((eudicots, monocots), magno-
liids) (Figure 4).

2.2.2 Chloranthaceae and Ceratophyllaceae Our study identified Cer-
atophyllaceae as sister to eudicots, consistent with previous research (Figure 4).
However, Chloranthaceae was resolved as the basal sister to all angiosperms ex-
cept the ANITA grade, differing from APG IV’s placement of Chloranthaceae
as sister to magnoliids.

2.2.3 Relationships Among Orders Within Eudicots Our results sup-
port Dilleniaceae as sister to both rosids and asterids, and Saxifragales as sister
to rosids, both consistent with APG IV (Figure 4).

APG IV proposes that “Santalales and Caryophyllales are sisters to asterids,”
but our study rejects this conclusion. All 20 trees support “Caryophyllales as
sister to rosids.”Most trees support “Santalales as sister to rosids,”consistent
with Zeng et al. (2017), while a minority support “Santalales as sister to both
rosids and asterids”(Figure 4).

APG IV considers“Berberidopsidales as sister to asterids,”but only a minority of
our trees support this. Protein-based trees (both concatenation and coalescence)
support“Berberidopsidales as sister to both rosids and asterids,”while nucleotide-
based trees increasingly support“Berberidopsidales as sister to asterids”as gene
number increases, aligning with APG IV (Figure 4).

2.3 Divergence Time Estimation

Based on the concatenation tree from 742-gene CDS sequences, we estimated
angiosperm divergence times (Figure 6 [Figure 6: see original paper]). We
estimate the origin of angiosperms at 237.78 million years ago (95% CI: 202.6–
278.08 Ma), consistent with the mainstream view of 225–240 million years ago
(Magallon, 2010; Smith et al., 2010; Zeng et al., 2014). The divergence between
magnoliids and the monocot-eudicot lineage occurred approximately 166.11 Ma;
Dilleniaceae diverged from rosids and asterids at ~124.23 Ma; rosids and asterids
diverged at ~116.98 Ma; and lamiids and campanulids diverged at ~102.37 Ma.
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3. Discussion and Conclusion
Traditionally, angiosperm phylogenetic reconstruction has relied on plastid
genes, mitochondrial genes, or a few conserved single-copy nuclear genes. Yang
& Smith (2014) reported a phylogeny-based method for homologous gene
clustering and paralog removal. We applied this approach to nuclear gene sets
from 88 plant species, obtaining 5,993 one-to-one ortholog families. We then
subsampled this dataset to create various-sized subsets for tree reconstruction
to assess stability.

After obtaining a large nuclear gene dataset, computational resources and time
become limiting factors. Phylogenetic construction typically requires bootstrap
resampling (100–1,000 replicates), which is computationally intensive. Nguyen
et al. (2015) introduced IQ-TREE with ultrafast bootstrap approximation (UF-
Boot), which is 10–40 times faster than traditional RAxML methods while pro-
viding more accurate bootstrap values (Von Haeseler et al., 2013).

Our phylogenies based on 5,993 one-to-one ortholog families differ from APG IV
primarily in the placement of Santalales and Caryophyllales. Our study places
both orders as sisters to rosids, whereas APG IV positions them as sisters to
asterids. Two potential reasons may explain this discrepancy: first, the substan-
tial increase in gene number; second, our dataset comprises approximately equal
numbers of genome and transcriptome sequences, with transcriptomes typically
exhibiting substantial gene missingness (i.e., many unexpressed genes).

Overall, this study not only clarifies phylogenetic relationships among an-
giosperm orders but also explores a feasible strategy for building trees with
more genes and faster computation: using the homolog clustering and paralog
removal method of Yang & Smith (2014) to obtain numerous one-to-one
ortholog families, followed by rapid and accurate tree construction with
IQ-TREE (concatenation) and ASTRAL (coalescence). As more plant genomes
are sequenced and gene clustering and phylogenetic methods continue to im-
prove, angiosperm phylogenetic relationships will become increasingly resolved,
enabling more precise determination of the relationships of Santalales and
Caryophyllales with other angiosperm lineages.
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