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ARTICLE INFO ABSTRACT

Keywords: The Caryophyllales includes 40 families and 12,500 species, representing a large and diverse clade of angios-
Caryophyllales perms. Collectively, members of the clade grow on all continents and in all terrestrial biomes and often occupy
Gene loss extreme habitats (e.g., xeric, salty). The order is characterized by many taxa with unusual adaptations including
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carnivory, halophytism, and multiple origins of C4 photosynthesis. However, deep phylogenetic relationships
within the order have long been problematic due to putative rapid divergence. To resolve the deep-level re-
lationships of Caryophyllales, we performed phylogenomic analyses of all 40 families of Caryophyllales. We
time-calibrated the molecular phylogeny of this clade, and evaluated putative correlations among plastid
structural changes and rates of molecular substitution. We recovered a well-resolved and well-supported phy-
logeny of the Caryophyllales that was largely congruent with previous estimates of this order. Our results
provide improved support for the phylogenetic position of several key families within this clade. The crown age
of Caryophyllales was estimated at ca. 114.4 million years ago (Ma), with periods of rapid divergence in the mid-
Cretaceous. A strong, positive correlation between nucleotide substitution rate and plastid structural changes
was detected. Our study highlights the importance of broad taxon sampling in phylogenomic inference and
provides a firm basis for future investigations of molecular, morphological, and ecophysiological evolution in

Caryophyllales.

1. Introduction Moore et al., 2010; Xi et al., 2012). Determining the accurate phylo-
genetic position of clades is often complicated by long branches

Over the past two decades, enormous progress has been made in (Whitfield and Lockhart, 2007; Philippe et al., 2011), where mutational
clarifying phylogenetic relationships among angiosperms (Soltis et al., saturation can lead to long-branch attraction (LBA) (Felsenstein, 1978;
1999; Soltis et al., 2011; APG, 2016; Zeng et al., 2017). However, the Bergsten, 2005). This problem is particularly acute when taxon sam-
establishment of the phylogenetic position of clades that have experi- pling is sparse. In addition, incomplete lineage sorting (ILS) typically
enced rapid radiation has been difficult (Whitfield and Lockhart, 2007; leads to the non-coalescence of haplotypes during rapid radiations,
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which may also obscure the underlying phylogenetic pattern (Galtier
and Daubin, 2008). Hence, ancient rapid radiations represent some of
the most difficult-to-resolve nodes in the Tree of Life.

The Caryophyllales are a large angiosperm clade containing ap-
proximately 12,500 species distributed among 749 genera and 40 fa-
milies (APG, 2016; Walker et al., 2018), whose early branching history
is characterized by multiple, nested rapid radiations that have proved
resistant to resolution using standard phylogenetic loci (Yang et al.,
2015; Walker et al., 2017; Walker et al., 2018). The clade occurs on
every continent, with representatives growing in all terrestrial habitats
and many aquatic habitats, including a fully aquatic species (Al-
drovanda vesiculosa, Droseraceae) (Herndndez-Ledesma et al., 2015).
Many subclades of Caryophyllales are famous for their adaptations to
extreme environments, including extreme drought/heat (e.g., Cacta-
ceae), extreme cold (e.g., Montiaceae), and areas of high salt stress
(e.g., Amaranthaceae). Specialized ecophysiological adaptations have
evolved in concert with these extreme environments, typically multiple
times across Caryophyllales. These include various forms of succulence
(Hernandez-Ledesma et al., 2015), as well as C4 and CAM (crassulacean
acid metabolism) photosynthesis (Stevens, 2001 onwards), with 63.9%
of the C4 plant lineages in eudicots belonging to this order (Sage et al.,
2011). In addition, a large and diverse clade of carnivorous plants falls
within Caryophyllales, including sundews (Drosera), Old World pitcher
plants (Nepenthes), and the Venus fly-trap (Dionaea). Most core Car-
yophyllales are characterized by the presence of betalain pigments that
are unique to Caryophyllales and of increasing economic interest due to
their antioxidant properties (Lopez-Nieves et al., 2018). Caryophyllales
also include many other economically important species, including
crops and culinary herbs (e.g., Chenopodium quinoa, Beta vulgaris, Fa-
gopyrum esculentum, Fallopia multiflora), edible fruits (e.g., Hylocereus
undatus), and numerous ornamentals (e.g., Dianthus caryophyllus).
Studying ecophysiological and biochemical evolution within the Car-
yophyllales, depends on a robust phylogenetic framework for the whole
clade.

Our understanding of the composition and relationships among
members of Caryophyllales has changed dramatically since the 1960s
(e.g., Behnke, 1976; Giannasi, 1992; Yang et al., 2015). Circumscription
and deep phylogenetic relationships of this order have been greatly
clarified by a series of molecular studies (e.g., Cuénoud et al., 2002;
Brockington et al., 2009; Schéferhoff et al., 2009; Crawley and Hilu,
2012a,b; Yang et al., 2015, 2018). The monophyly of Caryophyllales
sensu APG (2016) has been strongly supported in all previous analyses
based on one to many loci. Earlier analyses usually recovered two main
sister clades (Brockington et al., 2009; Crawley and Hilu, 2012a,b): (1)
the core Caryophyllales, which comprises a strongly supported clade of
betalain-producing families and their close anthocyanic relatives (e.g.,
Caryophyllaceae, Molluginaceae) that corresponds roughly to the
former Centrospermae (Caryophyllales s.s.), plus Rhabdodendraceae,
Simmondsiaceae, Physenaceae, and Asteropeiaceae; and (2) the non-
core Caryophyllales, which includes the carnivorous clade, as well as
the FTPP clade (including Plumbaginaceae, Polygonaceae, Tamar-
icaceae, and Frankeniaceae) (Cuénoud et al., 2002; Brockington et al.,
2009; Walker et al., 2018). Within both major clades of Caryophyllales,
several other well-supported deep-level clades exist, including the
carnivorous, FTPP, globular inclusion, phytolaccoid, Portulacineae, and
raphide clades, which have been circumscribed previously (Cuénoud
et al., 2002; Brockington et al., 2009; Crawley and Hilu, 2012a; Yang
et al., 2015; Table 1). Improved understanding of the relationships
among families required the breakup of several traditionally recognized
families, particularly Molluginaceae, Phytolaccaceae, and Portulaca-
ceae (Stevens, 2001 onwards; Hernandez-Ledesma et al., 2015; Liu
et al., 2015; APG, 2016).

Despite our greatly improved understanding of the composition and
phylogeny of Caryophyllales, many of the relationships among families
of Caryophyllales remain uncertain, especially within the carnivorous,
phytolaccoid, and Portulacineae clades (Supplementary Figs. S1-S3).
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Several deep nodes have been only poorly to moderately supported in
both plastome-scale (Brockington et al., 2009; Arakaki et al., 2011;
Ruhfel et al., 2014), and transcriptome-based (Yang et al., 2015, 2018;
Walker et al., 2018) studies. Although these studies were all character-
rich, none included the comprehensive family-level sampling that is
essential for resolving rapid radiations.

Here we present a plastid phylogenomic analysis aimed at resolving
deep relationships within Caryophyllales and examining the molecular
and temporal diversification of the clade. Our dataset includes re-
presentatives of all families of Caryophyllales, with a sampling design
intended to test deeper relationships throughout the order. We also
evaluate the impact of different analytical methods on phylogenetic
inference of Caryophyllales, as well as evaluate plastome structural
evolution across the clade. We also provide new estimates of diversi-
fication times across the clade and evaluate the correlation between
rates of substitution and plastome structural changes.

2. Materials and methods
2.1. Taxon sampling

Plastomes of 95 species representing 80 genera within
Caryophyllales were newly sequenced for this project (Supplementary
Table S1). To these, we added sequences that were already available
from earlier studies: (1) sequences from the complete plastomes of 22
additional Caryophyllales (Schmitz-Linneweber et al., 2001; Logacheva
et al., 2008; Li et al., 2014; Sloan et al., 2014; Steflova et al., 2014; Cho
et al., 2015; Sloan et al., 2014; Kang et al., 2015; Sanderson et al., 2015;
Chaney et al., 2016; Dong et al., 2016; Fan et al., 2016; Gurusamy et al.,
2016; Ho et al. unpublished; Mardanov et al. unpublished; Park, un-
published; Xu et al. unpublished), (2) sequences of 83 plastid genes
from 13 more Caryophyllales species (Arakaki et al.,, 2011)
(Supplementary Table S1), and (3) sequence data for nine plastid genes
(atpB, matK, ndhF, psbB, psbT, psbN, rbcL, rpoC2 and rps4) and the in-
verted repeat (IR) region of the 27 Caryophyllales species from
Brockington et al. (2009) (Supplementary Table S1). In total, the final
matrix included 168 accessions representing all 40 Caryophyllales fa-
milies, 105 genera, and 141 species (Supplementary Table S1). All
Caryophyllales families were represented by multiple individuals in the
final matrix, except for 12 families that comprise three or fewer genera
(Supplementary Table S1). In larger families, we included re-
presentatives of several subfamilies or tribes. For outgroups, we in-
cluded 18 species of asterids and Berberidopsidales (representing 15
families and 7 orders; Supplementary Table S1) based on the previous
phylogenetic results of Moore et al. (2010) and Ruhfel et al. (2014).

2.2. DNA extraction, sample preparation, and sequencing

Total DNA was extracted from fresh leaves following the modified
CTAB method of Yang et al (2014). Four different methods were used
for sample preparation prior to sequencing, representing contributions
from the laboratories of different coauthors at different times (Table
S1): (1) unenriched genomic DNA sequencing (Zhang et al., 2017b); (2)
plastome amplification through long-range PCR (Yang et al., 2014); (3)
targeted enrichment (Stull et al., 2013); (4) transcriptome sequencing
(Walker et al., 2018). Paired-end 90-bp or 100-bp sequencing was
conducted using an Illumina GAIIx or HiSeq 2000 at the University of
Florida ICBR sequencing facility, or using a HiSeq 2000 at BGI-
Shenzhen following the manufacturer’s protocols. For each library, >
200 Mb (for the long-range PCR method) or > 2 Gb (for genomic DNA
sequencing) of DNA sequence data was obtained. The plastomes of
Aldrovanda vesiculosa (accession Moore 1652), Antigonon leptopus, and
Cerastium arvense were derived from transcriptome data; methods for
sequencing are described in Yang et al. (2015).
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Table 1
Family composition of deeper-level clades in Caryophyllales.
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Clade Families included

Reference

The carnivorous clade
The FTPP clade
The globular inclusion clade

Ancistrocladaceae, Dioncophyllaceae, Drosophyllaceae, Droseraceae, Nepenthaceae
Frankeniaceae, Plumbaginaceae, Polygonaceae, Tamaricaceae

Agdestidaceae, Aizoaceae, Anacampserotaceae, Barbeuiaceae, Basellaceae, Cactaceae,
Corbichoniaceae, Didiereaceae, Gisekiaceae, Halophytaceae, Kewaceae,

Crawley and Hilu (2012a,b)

Crawley and Hilu (2012a,b)

Cuénoud et al. (2002), Brockington et al.
(2009)

Lophiocarpaceae, Molluginaceae, Montiaceae, Nyctaginaceae, Petiveriaceae,
Phytolaccaceae, Portulacaceae, Sarcobataceae, Talinaceae

The phytolaccoid clade

The Portulacineae clade (or the
succulents clade)

The raphide clade

Portulacaceae, Talinaceae

Sarcobataceae

Agdestidaceae, Nyctaginaceae, Petiveriaceae, Phytolaccaceae, Sarcobataceae
Anacampserotaceae, Basellaceae, Cactaceae, Didiereaceae, Halophytaceae, Montiaceae,

Aizoaceae, Agdestidaceae, Gisekiaceae, Nyctaginaceae, Petiveriaceae, Phytolaccaceae,

Yang et al. (2015)
Crawley and Hilu (2012a,b)

Cuénoud et al. (2002), Brockington et al.
(2009), Crawley and Hilu (2012a,b)

2.3. Plastome assembly and annotation

Raw sequence reads were filtered using NGS QC analyses within
CLC Genomics Workbench (http://www.clcbio.com/), using default
parameters. Filtered, high-quality reads were assembled de novo within
CLC Genomics Workbench using default parameters except that word
size was set to 60. For each individual, the correct position of assembled
contigs was determined by BLASTing contigs (Local BLAST: ncbi-blast-
2.2.30, using default parameters) against the complete plastome se-
quences of Rheum palmatum (NCBI accession NC_027728; Fan et al.,
2016), Silene chalcedonica (NC_023359; Sloan et al. 2014), and Spinacia
oleracea (NC_002202; Schmitz-Linneweber et al., 2001). For several
individuals, one to several gaps remained after the initial assembly. To
close these gaps, SOAPdenovo 1.0.4 (Li et al., 2010) was adopted, with
the kmer value set to 81. This approach allowed most plastomes to be
completely assembled. We also conducted assembly using a “reference-
architecture-free” strategy as implemented in the pipeline GetOrganelle
(https://github.com/Kinggerm/GetOrganelle). This strategy enriched
the chloroplast reads from raw reads using the “baiting and iterative
mapping approach” (Hahn et al., 2013), then assembled the reads into
contigs using SPAdes 3.9.0 (Bankevich et al., 2012). The contig graph
was then visualized, edited and exported as the complete or nearly
complete circular plastome using Bandage 0.7.1 (Wick et al., 2015).

Assembled plastome sequences were annotated using the online
program DOGMA (Wyman et al., 2004). Positions of start and stop
codons and the exon/intron boundaries were checked manually using
Geneious 7.1.4 (Kearse et al., 2012) against the annotated plastome of
Spinacia oleracea.

2.4. Phylogenetic dataset construction and analyses

Coding regions of all 83 plastid-coding genes (all 79 protein-coding
genes and four rRNA genes; Supplementary Table S2; Moore et al.,
2010) were extracted from the assembled plastomes and aligned using
MAFFT 7.221 (Katoh and Standley, 2013) with default settings, with
subsequent manual modifications in MEGA 7.0 (Kumar et al., 2016). In
the few cases where genes were absent, they were treated as missing
data.

To investigate the phylogenetic effects of character inclusion/ex-
clusion and to minimize systematic error due to poor alignment, seven
phylogenetic data matrices were constructed (Supplementary Table
$3), as follows: (i) basic combined-complete matrix, including all genes
for the 163 accessions that possessed complete or nearly complete
plastome data; (ii) combined-complete matrix, constructed based on the
basic combined-complete matrix, with the removal of poorly aligned
regions in accD, ycf1, and ycf2 using Gblocks 0.91b (Castresana, 2000)
and exclusion of gaps with > 50% missing data; (iii) combined-in-
complete matrix, constructed based on the combined-complete matrix,
with the inclusion of 27 additional individuals for which partial plas-
tome data were available (Supplementary Table S4); (iv) all-gapped
matrix, constructed based on the basic combined-complete matrix,
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excluding ambiguously aligned sites and including all gap positions; (v)
half-gapped matrix, constructed based on the basic combined-complete
matrix, excluding gaps with > 50% missing data; (vi) no-gapped ma-
trix, constructed based on the basic combined-complete matrix, ex-
cluding all gaps; and (vii) unsaturated matrix, constructed based on the
basic combined-complete matrix, excluding accD, ycfl, and ycf2 be-
cause DAMBE 5 (Xia, 2013) indicated that these loci were saturated.

For each dataset, Partitionfinder 1.0.1 (Lanfear et al., 2012) was
used to evaluate the optimal partitioning strategy, employing the Cor-
rected Akaike Information Criterion (AICc). We reconstructed trees
using maximum likelihood (ML) on all matrices using RAXML-HPC2
(8.1.24) (Stamatakis, 2006a) on the CIPRES cluster (Miller et al., 2010),
employing the GTR+TI model (Supplementary Table S3) and the de-
fault number of rate categories (C = 25). We conducted a rapid boot-
strap analysis using the GTR + I model (Stamatakis, 2006b) with 1000
pseudoreplicates. All tree files obtained were visualized and edited
using FigTree 1.4.0 (Rambaut, 2012).

2.5. Molecular dating

Recent empirical studies have suggested that missing data may have
little impacts on the accuracy of molecular dating analyses (e.g., Zheng
and Wiens, 2015; Pozzi, 2016). Considering that the phylogenetic po-
sitions of the 27 individuals with greater proportions of missing data
were well-resolved with strong support (see Results), we conducted the
dating analysis of Caryophyllales on the combined-incomplete matrix,
which includes the best taxon sampling. However, to minimize the
computational burden especially for the Bayesian analysis, we reduced
the combined-incomplete matrix by keeping a single individual per
species. Penalized likelihood (PL) dating analysis, which performs well
for large datasets (e.g., Xiang et al., 2016; Zhang et al., 2017b), was
conducted using treePL (Smith and O’Meara, 2012). Detailed proce-
dures of dating analyses follow Zhang et al. (2017b). We used a max-
imum age calibration of 125 Million years ago (Ma) for the root, based
on age estimates for the split between Berberidopsidales and the as-
terid + Caryophyllales clade (Wikstrom et al., 2001; Bell et al., 2010;
Zeng et al., 2017), and for crown group superasterids (Magallén et al.,
2015; Wikstrom et al., 2015). Moreover, 125 Ma represents the fossil-
based age of eudicots (Doyle and Hotton, 1991), within which Car-
yophyllales are nested. Ten fossils employed in previous studies were
used as minimum-age calibrations, including five from Caryophyllales
and five from asterids (Supplementary Table S5). A detailed discussion
of these fossil calibrations is provided in Supplementary Methods S1.

Age estimation was also conducted in BEAST 2.4.7 (Bouckaert et al.
2014), using a lognormal relaxed molecular clock and the birth-death
model of speciation. To minimize the computational burden and reduce
missing data, a combined matrix including only seven plastid genes
(atpB, matK, ndhF, psbB, rbcL, rpoC2, rps4; total length 14,202 bp) of
Brockington et al. (2009) was applied in the analysis. A constraint ML
topology derived from the reduced combined-incomplete matrix was
used. Lognormal distribution priors were used for all fossil constraints,
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with offsets set to the minimum fossil ages, a mean of 1.0 Ma and a
standard deviation of 0.5 Ma. We used a normal distribution around the
root, with mean of 125.0 Ma and SD of 1.0 Ma. Nucleotide model se-
lection was conducted for the combined matrix using the AICc in
jModelTest2 (Posada, 2008), yielding the GTR +1+TI model. The MCMC
analysis ran for 709,465,000 generations, sampling every 1000 gen-
erations, until a sufficient effective sample size (ESS) value (> 200) was
obtained for all relevant parameters. The first 10% of the trees was
discarded as burn-in, as determined using Tracer 1.6 (Rambaut et al.,
2014).

2.6. Correlation between substitution rate and plastome structural changes

Phylogenetic generalized least-squares (PGLS) regression (Martins
and Hansen, 1997), with the variance-covariance matrix approximating
Brownian motion, was used to test for the correlation between sub-
stitution and plastome structural change rates. The variance-covariance
matrix for the PL-dated tree was calculated using “corBrownian” as
implemented in the R package “ape” (Paradis et al., 2004). We fit the
regression by maximizing the restricted log-likelihood using “gls” as
implemented in the R package “nlme” (Pinheiro et al., 2016). The
substitution rate for each species from the combined-complete matrix
was characterized as the phylogenetic distance from root to tip along
the ML tree. We characterized the structural changes for each species as
the number of discrete events (where an event is a protein-coding gene
loss, intron loss, or pseudogenization) compared to the outgroup Cornus
capitata, which possesses the ancestral angiosperm plastome structure
(Fu et al.,, 2017). We mapped relevant structural changes onto the
phylogenetic tree using parsimony (Fig. 3). Inverted repeat (IR) region
expansion/contraction is commonly observed in angiosperms and in
many cases has resulted in multiple genes moving in or out of the IR
(Zhu et al., 2016). In Caryophyllales, however, IR expansion/contrac-
tion has only been observed in a few clades, and most shifts are small,
involving only 1-3 genes (see Results). Hence, changes in IR boundaries
were not included in the present analysis but are described and mapped
on the tree in Fig. 3.

3. Results
3.1. Plastome and dataset characteristics

Plastomes of 103 species (including outgroups) were newly se-
quenced for this study; voucher information and GenBank accession
numbers are provided in Supplementary Table S1. Complete plastomes
were obtained for most species, although one to a few small gaps
(< 1000 bp) were observed in 44 plastomes and the highly rearranged
plastomes of Droseraceae, Hypertelis, and Pharnaceum were not com-
pleted (Supplementary Table S1). These gaps were mostly located in
non-coding regions. Plastome sizes for completed or nearly completed
plastomes ranged from 129,601 (Physena sessiliflora) to ~170,974 bp
(Afrobrunnichia erecta). The length and proportion of missing data for
all genes included in this matrix are presented in Supplementary Table
S2. The proportion of missing data for each of the 27 accessions in-
cluded only in the combined-incomplete matrix is presented in
Supplementary Table S4. The combined-complete matrix had an
aligned length of 73,135bp with only 4.1% missing data, and the
combined-incomplete matrix had an aligned length of 73,207 bp with
14.6% missing data. Full statistics for all matrices are presented in
Supplementary Table S3. The optimal partitioning scheme for each data
matrix is provided in Supplementary Table S6.

3.2. Phylogenetic results
ML analyses of the combined-complete (shown in Fig. 1a and b) and

combined-incomplete (Supplementary Fig. S4) matrices yielded iden-
tical topologies. Almost all relationships among the major clades and
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families of Caryophyllales were well resolved and strongly supported in
analyses of these two major matrices. However, the first two nodes at
the base of the Centrospermae clade had low bootstrap support (BS)
(60-65%), and the sister clade of Barbeuiaceae also received low sup-
port (BS < 50%). Nearly identical topologies of Caryophyllales were
also recovered from ML analyses of the basic combined-complete ma-
trix (Supplementary Fig. S5) and the other modified matrices
(Supplementary Figs. S6-S9), except that analyses of the no-gapped
matrix (Supplementary Fig. S8) yielded alternative infrafamilial re-
lationships of Amaranthaceae and Cactaceae and of the placements of
Barbeuiaceae and Kewaceae within the globular inclusion clade. Highly
congruent levels of support were also obtained in ML analyses of the
partitioned (Supplementary Figs. S10a-g) and unpartitioned (Fig. la
and b; Supplementary Figs. S4-S9) matrices, except for two nodes
(Supplementary Table S7). Higher support was observed for some nodes
with the removal of sites with more gapped characters (Supplementary
Table S7).

Because highly congruent trees of Caryophyllales were obtained
across all analyses, we focus on describing phylogenetic relationships
using the combined-complete matrix tree (Fig. 1a and b). The mono-
phyly of Caryophyllales, core and non-core Caryophyllales, and all
major clades within the order (e.g., Centrospermae, the carnivorous
clade, the FTPP clade, the globular inclusion clade, the phytolaccoid
clade, the Portulacineae clade, and the raphide clade) was strongly
supported (all with BS = 100%, except the globular inclusion clade
with BS = 92%). Within core Caryophyllales, Aster-
opeiaceae + Physenaceae, Simmondsiaceae, and Rhabdodendraceae
were successively sister to the Centrospermae clade. Within the latter,
Microtea and Stegnosperma were successively sister to the remaining
members of the clade, with weak BS. The remainder of the Cen-
trospermae clade was resolved into two sister clades: (1) a clade in-
cluding Achatocarpaceae, Amaranthaceae, Caryophyllaceae, and Ma-
carthuriaceae (BS = 91%), and (2) a clade including all remaining taxa
(BS = 100%). Within the non-core Caryophyllales (Fig. 1b), Franke-
niaceae + Tamaricaceae appeared sister to Plumbaginaceae + Poly-
gonaceae, and this FTPP clade was sister to the carnivorous clade, all
with maximum support.

3.3. Molecular dating

Results from PL analyses revealed that age estimates for most nodes
within Caryophyllales were affected strongly by the presence or ab-
sence of the long branch leading to the clade of
Hypertelis + Pharnaceum in Molluginaceae (Supplementary Table S8),
which may result from the fact that the PL method uses a global
smoothing value for all rate shifts. Excluding this clade resulted in the
estimated ages for most nodes in the PL analysis being largely con-
sistent with those in the BEAST analysis, especially for major clades
within Caryophyllales (Supplementary Table S8). The ages estimated
(with the Hypertelis + Pharnaceum clade excluded) for the stem and
crown of Caryophyllales were ca. 122.4Ma (age interval:
123.1-122.0 Ma), 114.4 Ma (115.8-113.2 Ma) in the PL analysis and ca.
124.4Ma [95% highest posterior densities (HPD): 127.2-121.3 Ma],
116.5Ma (121.4-111.1 Ma) in the BEAST analysis, respectively. The
95% HPD obtained from the BEAST analysis were much broader than
the age intervals obtained from the PL analysis (Supplementary Table
S8). Because of the problems resulting from the long branch to the
Hypertelis + Pharnaceum clade, we mainly discuss results from the PL
analysis with this clade excluded (Fig. 2; Supplementary Table S9).

The earliest divergences within the order were dated to the mid-
Cretaceous (especially from the Albian to the Turonian period,
113.0-89.8 Ma), with most modern families estimated to have been
present by the end of the Cretaceous (ca. 66.0 Ma), although the earliest
divergences in several families of the phytolaccoid and Portulacineae
clades were dated to the Paleocene and Eocene. The early divergence of
the Centrospermae clade was estimated to have occurred extremely
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Fig. 1. Maximum likelihood tree of Caryophyllales inferred from the combined-complete matrix. Asterisks and numbers associated with nodes are ML bootstrap
support. Asterisks indicate that the support is 100% BS and dashes denote that the support is < 50% BS. The crown node of Centrospermae and Caryophyllales are
shown by the hollow and solid arrowhead, respectively. (a) Phylogeny of the core Caryophyllales, (b) phylogeny of the non-core Caryophyllales and outgroups.

rapidly, over a time span as short as 3.5 million years (95.5-92.0 Ma) in
the mid-Cretaceous near the Cenomanian-Turonian boundary (Fig. 2;
ca. 93.9 Ma). Absolute ages estimated for Caryophyllales are shown in
Supplementary Table S9.
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3.4. Plastome structure and molecular evolution

No large-scale rearrangements were detected across Caryophyllales,
with the exception of eight highly rearranged plastomes: Aldrovanda
vesiculosa, Dionaea muscipula, Drosera indica and D.

rotundifolia
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Fig. 1. (continued)

(Droseraceae), Physena madagascariensis and P.  sessiliflora
(Physenaceae), and Hypertelis spergulacea and Pharnaceum aurantium
(Molluginaceae). A small inversion (represented by pentagon in Fig. 3),
involving only accD, was detected in Sarcobatus (Sarcobataceae). The
evolutionary rate was elevated significantly in the Hy-
pertelis + Pharnaceum clade (Fig. 3), with an average accumulation of
molecular changes (calculated in the same way as Smith and Donoghue
2008) approximately seven times higher than that of its sister clade. IR
expansion (represented by red rectangle in Fig. 3) was detected in a
number of clades (Fig. 3). The IR has expanded to include all of the ycf1
gene in Polygonaceae and most Plumbaginaceae, except for Limonium.
The IR has expanded to include all of ycfI and rps15 and also a portion
of ndhH in Silene noctiflora (Caryophyllaceae), and has expanded to
include all of rps19, rpl22, rps3, rpll6, and rpll4 in Afrobrunnichia
(Polygonaceae), yielding a total IR length of 34,631 bp. Other IR ex-
pansions were detected in Anacampseros (Anacampserotaceae) and
Rhabdodendron (Rhabdodendraceae; expanded to include 2340 bp of
ycf1). Small IR contractions (represented by purple rectangle in Fig. 3)
were detected in Drosophyllum (Drosophyllaceae; contracted to include
only 186 bp of ycf1) and Pisoniella (Nyctaginaceae; contracted to ex-
clude rps19 and all but the first 47 bp of rpl2), and the IR is absent
(represented by blue rectangle in Fig. 3) in Carnegiea gigantea (Cacta-
ceae; Sanderson et al., 2015).

Various gene and intron losses (represented by circle and square in
Fig. 3, respectively) were observed throughout Caryophyllales (Fig. 3).
Pseudogenization of the rpl23 gene was rampant, with a minimum of 11
independent losses. Other individual genes were also found to have
been pseudogenized or deleted in various Caryophyllales, as for ex-
ample infA in Caryophyllaceae and ccsA in Simmondsia. However, the
most significant gene alterations were associated with Droseraceae,
Physenaceae, and Molluginaceae (Hypertelis and Pharnaceum) (Fig. 3).
The ndh complex of 11 plastid genes was also found to be lost/pseu-
dogenized in six different clades: Cactaceae subfam. Cactoideae (re-
presented by Blossfeldia, Carnegiea and Weingartia in the present study),
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Anacampseros (Anacampserotaceae), Pharnaceum (Molluginaceae),
Simmondsia (Simmondsiaceae), Droseraceae, and Drosophyllum (Droso-
phyllaceae). Intron losses displayed less homoplasy, although the rpl2
intron was lost twice, once at the base of the clade of Centrospermae
and Physenaceae + Asteropeiaceae, and once in Droseraceae (Fig. 3).
Intron loss was most common in the rearranged plastomes of Physena,
Droseraceae, Hypertelis, and Pharnaceum (Fig. 3).

A significant positive relationship between substitution rates and
plastome structural change rates was detected by PGLS regression
(coefficient: 2.813E-3, p-value < 1.0E— 3); full results are provided in
Supplementary Table S10.

4. Discussion
4.1. Caryophyllales phylogeny

Our results provide yet another example of using phylogenomics to
disentangle relationships of many angiosperm clades that have ex-
perienced rapid radiations (e.g., Moore et al., 2010; Xi et al., 2012; Ma
et al.,, 2014). In general, our data improved resolution and support
throughout Caryophyllales compared with previous studies, with al-
most all nodes supported with > 90% BS. These improvements include
several key nodes that were poorly resolved in past studies, most no-
tably the relationships within the phytolaccoid clade and the Portula-
cineae clade (positions of Agdestidaceae and Halophytaceae; Fig. 1a).
However, while the resolution may be high, some relationships may
still be uncertain. It is important to emphasize that at deeper phylo-
genetic levels the plastome represents a single, non-recombining locus,
albeit one with numerous informative characters. Although the vastly
increased number of characters in plastid phylogenomic studies reduces
some of the stochastic error inherent in phylogenomic studies, it may
exacerbate other sources of systematic error (Jeffroy et al., 2006;
Philippe et al., 2011) and cannot account for complex reticulate evo-
lution. Hence we must remain cautious in any conclusions based solely
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on plastome data.

largely congruent with the plastid tree presented here, but there are

The only other available phylogenomic study of Caryophyllales with several well-supported differences in regions of short branches that may
comparable taxon sampling to that employed here is the transcriptome- reflect true incongruence of nuclear vs. plastid data. For example, early
based analyses of Walker et al. (2018). Their nuclear-based topology is divergences in the Centrospermae differed between the current study
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Fig. 3. Maximum likelihood tree of Caryophyllales inferred from the combined-complete matrix, with plastid structural changes (protein-coding gene loss, intron
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and that of Walker et al. (2018): (1) Macarthuria (Macarthuriaceae) was
recovered as sister to Stegnosperma in Walker et al. (2018) rather than as
sister to the clade of Achatocarpaceae, Amaranthaceae, and Car-
yophyllaceae; (2) Basellaceae were recovered as sister to all Portulaci-
neae families except Montiaceae, rather than as sister to Didiereaceae;
(3) Anacampserotaceae were sister to the Portulacaceae + Cactaceae
rather than to Cactaceae alone; and (4) Chenopodiaceae in the
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traditional sense were monophyletic. However, as mentioned in Walker
et al. (2018), it is evident that there is quite a bit of conflict within the
nuclear data, especially for those nodes conflicted with the plastid to-
pology, such as relationships within the non-core Caryophyllales and
also within Chenopodiaceae. There are many possible explanations for
the conflict among gene trees, including ILS and ancient hybridization
(including paleoallopolyploidy; Yang et al., 2018). At this point, given
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current data, it is difficult to sort between ILS and/or hybridization. To
more confidently sort between these possibilities will require complete
nuclear genomes from many lineages of Caryophyllales, which will
allow for analyses of synteny.

Other sources of systematic error in phylogenomic studies may re-
sult from insufficient or biased taxon sampling, inaccurate alignment,
improper phylogenetic reconstruction methods, and/or incorrect
models of sequence evolution (Jeffroy et al., 2006; Rodriguez-Ezpeleta
et al., 2007; Philippe et al., 2011). The influence of broad taxon sam-
pling and missing data on the accuracy of phylogenetic inference has
been highlighted in previous studies (e.g., Wiens, 2005; Jeffroy et al.,
2006; Pick et al., 2010); we made an effort to develop a broad, re-
presentative sampling across Caryophyllales to minimize such pro-
blems. The nuclear phylotranscriptomic study of Walker et al. (2018)
also has good taxonomic coverage, but is missing several small, rare
families due to lack of fresh tissue for transcriptome analysis; their in-
clusion might have altered the best topology recovered for the Car-
yophyllales backbone. In our own study, we included 27 accessions
with large amounts of missing data (Supplementary Table S4), because
previous studies have demonstrated that including such taxa may im-
prove support and alter topology (Wiens, 2003; Jiang et al., 2014). Our
combined-incomplete matrix resolved the position of these 27 taxa with
high support (Supplementary Table S4; Fig. S4), and it appears that
including these taxa helped improve support for several key nodes, such
as the sister relationship of Droseraceae to Nepenthaceae, which in-
creased from BS = 91% in the ML analysis of the combined-complete
matrix (Fig. 1b) to 98% in the combined-incomplete matrix
(Supplementary Fig. S4).

Phylogenetic reconstruction is also dependent on accurate sequence
alignment (Morrison and Ellis, 1997; Ogden and Rosenberg, 2006). The
removal of problematic sequence regions has been suggested as an ef-
fective way to reduce alignment artifacts and improve the robustness of
phylogenomic reconstruction (Goremykin et al., 2010; Zhong et al.
2011; Parks et al., 2012; Som, 2015), although removal of sites based
on level of variability alone has been shown to be misguided, at least
when taxon sampling is not limited (Drew et al., 2014). However, re-
sults from our study indicate that the topology is largely immune to
removal of highly variable sites (including analyses of the all-gapped,
half-gapped, no-gapped and unsaturated matrices), although some
portions of the tree with short branches were affected (Supplementary
Figs. S5-S9, Table S7). These included the sister relationships of Base-
llaceae and Didiereaceae, Droseraceae and Nepenthaceae, and Amar-
anthaceae s.s. and the Beta + Spinacia clade, as well as some infra-
familial relationships in Cactaceae.

82

4.2. Evolutionary and taxonomic implications

The broad congruence of our results with those from previous stu-
dies (e.g., Schaferhoff et al., 2009; Brockington et al., 2009), and
especially with those of Walker et al. (2018), suggests that the Car-
yophyllales phylogeny has mostly come into focus. This higher con-
fidence in Caryophyllales relationships will serve as an excellent
foundation for evaluating evolutionary questions and revising tax-
onomy throughout the clade. It also allows for greater confidence in
assessing putative morphological synapomorphies. For example, the
sister relationship of Droseraceae and Nepenthaceae is supported by
pollen morphology; both families have inaperturate pollen grains
united in tetrads (Halbritter et al., 2012; Yu et al. 2018). Within the
phytolaccoid clade, both our plastome analyses and Walker et al.
(2018) recover a monocarpellate Nyctaginaceae + Petiveriaceae clade
sister to a multicarpellate (Phytolaccaceae s.s., (Agdestida-
ceae + Sarcobataceae)) clade with strong support (Fig. 1a). Fruits of
the two monogeneric families Agdestidaceae and Sarcobataceae are
characterized by winged achenes, in contrast to the berries present in
their sister-clade, Phytolaccaceae (Nienaber and Thieret, 2003; Welsh
et al., 2003). These morphological differences, as well as the extreme
differences in floral characters, habit, and habitat between Agdestis and
Sarcobatus, support the breakup of Phytolaccaceae s.L into Agdestida-
ceae, Petiveriaceae, and Phytolaccaceae s.s. (Hernandez-Ledesma et al.,
2015; APG, 2016; Walker et al., 2018).

Amaranthaceae and Chenopodiaceae have been traditionally ac-
cepted as separate families based on their different bracteole, filament,
and sepal morphologies (Kung and Tsien, 1979; Kubitzki et al., 1993).
However, molecular phylogenetic studies have typically found that
Chenopodiaceae are not monophyletic. Studies based on a few genes
have tended to recover a paraphyletic Chenopodiaceae that includes
Amaranthaceae s.s. (Kadereit et al., 2003; Miiller and Borsch, 2005;
Hernandez-Ledesma et al., 2015). Based on these studies, many authors
(Cuénoud et al., 2002; Crawley and Hilu, 2012a), including APG
(2016), have advocated a broad Amaranthaceae including Chenopo-
diaceae. The recent phylotranscriptomic study of Walker et al. (2018)
found some support for a monophyletic Chenopodiaceae (including
subfam. Polycnemoideae) that was sister to Amaranthaceae s.s., but
also found alternative trees with a paraphyletic Chenopodiaceae. In our
own plastome tree, Chenopodiaceae were not monophyletic (Fig. 1a;
Supplementary Figs. S4-S7, S9). However, no genomic-scale analyses of
the Amaranthaceae s.I. (neither here nor in Walker et al., 2018) have
included full representation of early-diverging lineages. For example,
we lack Polycnemoideae, Bosea, and Charpentiera, and it is possible that
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inclusion of these taxa would alter the plastome and/or nuclear
topologies.

4.3. Origin and diversification of Caryophyllales

Our study provides the first comprehensive family-level molecular
dating analysis of Caryophyllales (Fig. 2; Supplementary Table S9). The
stem age (ca. 122.4Ma) and crown age (ca. 114.4Ma) of Car-
yophyllales estimated here are largely congruent with those reported
recently (e.g. ca. 121.2Ma and 107 Ma, respectively, from the PL
analysis of Magallon et al., 2015). Furthermore, ages estimated for the
stem nodes of some families within the order are also largely consistent
with those reported by Magallon et al. (2015), although our estimates
for the crown group age of Cactaceae (ca. 53 Ma) are somewhat older.

Our results imply rapid diversification within the Caryophyllales
near the Aptian —Albian boundary during the mid-Cretaceous, giving
rise to much of the family-level diversity in the order, with continued
diversification before and after the Cretaceous-Paleogene (K-Pg)
boundary (ca. 66.0Ma). Similar radiations have been documented
among the asterid (Wikstrom et al., 2015) and rosid (Wang et al., 2009)
clades, and similar K-Pg boundary diversifications have been suggested
in Menispermaceae (Wang et al., 2012), Orchidaceae (Givnish et al.,
2015), and Meliaceae (Koenen et al., 2015). Evidence from the fossil
record also indicates a significant increase in generic-level richness in
angiosperms during the Albian-Turonian period (113.0-89.8 Ma) in the
mid-Cretaceous, and once again near the K-Pg boundary (Lidgard and
Crane, 1988).

Some have suggested that a decrease in atmospheric CO, con-
centration may have triggered the ecological radiation and phyloge-
netic diversification of angiosperms in the mid-Cretaceous (McElwain
et al., 2005). Brodribb and Feild (2010) have suggested that changes in
angiosperm vein architecture that occurred during the mid-Cretaceous
may provide a mechanistic link between climate change and angios-
perm radiation during this period. Furthermore, Feild et al. (2011)
noted a striking escalation of angiosperm vein densities in mid-Cre-
taceous fossils and again in fossils near the K-Pg boundary. Angiosperm
pollen characters also evolved rapidly during the mid-Cretaceous (e.g.,
Luo et al., 2015; Zhang et al., 2017a). The mass extinction that occurred
near the K-Pg boundary (Schulte et al., 2010) may have also produced
vacant niches for angiosperm diversification (Wang et al., 2012). Our
molecular dating results for Caryophyllales are consistent with these
fossil studies in suggesting that the mid- to late Cretaceous and early
Paleogene were important periods for angiosperm diversification.

4.4. Plastome structural evolution

Our broad taxon sampling provides unprecedented insights into
plastome structural evolution throughout Caryophyllales (Fig. 3), in-
cluding several putative structural synapomorphies (Supplementary
Table S11). For example, previous studies have suggested that the rpl2
intron might be absent throughout the Centrospermae (Palmer et al.,
1988), which our study strongly supports. Furthermore, we detected
rpl2 intron loss in the Asteropeiaceae + Physenaceae clade, which is
sister to the Centrospermae, providing an important structural syna-
pomorphy to support the sequence-based phylogenetic results. Previous
studies have also detected the pseudogenization of rpl23 in Car-
yophyllales, including in members of Amaranthaceae (Schmitz-
Linneweber et al., 2001), Caryophyllaceae (Raman and Park, 2015),
and Polygonaceae (Logacheva et al., 2008), suggesting the possibility
that rpl23 may be a pseudogene throughout Caryophyllales. Somewhat
unexpectedly, we found that many taxa outside of these three eco-
nomically important families have full-length, apparently intact rpl23
genes (Fig. 3). Our results instead imply that rpl23 has become a
pseudogene repeatedly (at least 11 times) throughout the order. Func-
tional gene transfer to the nucleus has been found in most cases of
plastid gene alteration in autotrophic plants (the ndh complex excepted;
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Ruhlman and Jansen, 2014; Daniell et al., 2016). The propensity for
pseudogene formation across Caryophyllales may suggest that a func-
tional copy of rpl23 was transferred to the nucleus early on in Car-
yophyllales evolution, perhaps even in the common ancestor of all ex-
tant Caryophyllales, which would allow for the subsequent loss of the
plastid copy throughout the clade in a pattern similar to that observed
here.

We also detected at least six independent losses of the ndh complex
(Fig. 3). The 11 plastid ndh genes encode subunits of the plastid NDH
(NADH dehydrogenase-like) complex, which plays an important role in
mediating cyclic electron flow around photosystem I and facilitates
chlororespiration (Martin and Sabater, 2010). However, the loss of the
ndh genes has been widely reported throughout plants and is often
associated with unusual trophic status. Examples include heterotrophic
and autotrophic orchids (Kim et al., 2015), mycoheterotrophic Erica-
ceae (Braukmann and Stefanovi¢, 2012), and many parasitic plants
such as Aneura (Aneuraceae; Wickett et al., 2008), Cuscuta (Con-
volvulaceae; Funk et al., 2007), and Orobanchaceae (Wicke et al.,
2013). The gene family has also been lost in carnivorous Lentibular-
iaceae (Wicke et al., 2014), conifers (Braukmann et al., 2009), Erodium
(Geraniaceae; Blazier et al., 2011), Najas (Hydrocharitaceae; Peredo
et al., 2013), and Carnegiea gigantea (Cactaceae; Sanderson et al., 2015)
— the last representing the first report of ndh family loss in Car-
yophyllales. We detected ndh gene family loss in two additional cacti
(Blossfeldia and Weingartia; Fig. 3), suggesting that the gene family may
be absent throughout subfamily Cactoideae.

Earlier studies have hypothesized that the absent/truncated plastid
ndh genes may have been transferred to the nuclear genome, retaining
their function there (Sanderson et al., 2015). Alternatively, the ndh
function may have been assumed by the AA-sensitive CEF pathway
(Hertle et al., 2013). Other authors have suggested that the NDH
complex may be dispensable under mild, non-stressing environmental
conditions (Martin and Sabater, 2010; Barrett et al., 2014). Two of the
six ndh family losses that we found in Caryophyllales correspond to the
carnivorous Droseraceae and Drosophyllaceae, but not the carnivorous
Nepenthaceae (Fig. 3). Previous studies suggested that carnivorous
plants may have much lower maximal photosynthetic rates than those
of non-carnivorous species (Méndez and Karlsson, 1999; Ellison and
Gotelli, 2001) because to some extent they may make use of organic
carbon obtained from their prey (Wicke et al., 2014). In a study of
Droseraceae and Lentibulariaceae, Méndez and Karlsson (1999) sug-
gested that the differences of photosynthetic rate between carnivorous
and non-carnivorous plants may be connected with the anatomy of their
leaves. Nepenthaceae species have much larger, often greener leaves
than many other carnivorous plants, and are similar in size to many
other non-carnivorous plants. This may indicate that Nepenthaceae
have a higher photosynthetic rate compared with other carnivorous
plants, which may explain the retention of the ndh genes.

Both structural rearrangement and gene/intron loss (including
pseudogenization) were strongly correlated with increases in the rate of
molecular evolution (Fig. 3; Supplementary Table S10). The greatest
increases in evolutionary rate occurred in Droseraceae (especially
Drosera) and the clade of Hypertelis + Pharnaceum (Molluginaceae),
associated with highly rearranged plastomes. The case of Mollugina-
ceae is most instructive in demonstrating the correlation between
structural rearrangements and evolutionary rates. All members of
Molluginaceae have similar habits (typically herbs) and grow in similar
habitats (typically open, sunny, semiarid regions) (Thulin et al., 2016).
However, the clade of Molluginaceae that includes Hypertelis and
Pharnaceum, as well as Adenogramma, Coelanthum, Polpoda, Psammo-
tropha, and Suessenguthiella, possesses a rate of plastid molecular evo-
lution 4-8 times faster than remaining Molluginaceae (Thulin et al.,
2016; Smith et al., 2018), suggesting that all members of this rapidly
evolving clade, and not just Hypertelis spergulacea and Pharnaceum
aurantium, may possess highly rearranged plastomes. Importantly,
phylotranscriptomic studies of Molluginaceae (Yang et al., 2015;
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Walker et al., 2018) have not detected a similarly highly elevated rate
of sequence evolution in nuclear transcriptomes of Hypertelis, Pharna-
ceum, or Suessenguthiella, suggesting in this instance little connection in
molecular rates of evolution among genomic compartments as a whole.
Similar correlations between extensive plastome rearrangement and
elevated mutation rates have also been observed elsewhere (Jansen
et al., 2007), including in Campanulaceae (Cosner et al., 2004), Ger-
aniaceae (Chumley et al., 2006), and Fabaceae (Cai et al., 2008). The
causes of the correlation between structural changes and increased
substitution rate in plastomes are unclear, although recent work in
Geraniaceae is consistent with a hypothesis that changes in plastid-
targeted DNA replication, recombination, and repair mechanisms play
an important role (Zhang et al., 2016).

5. Moving forward

Our results improve resolution and support for deep-level relation-
ships in Caryophyllales through comprehensive family-level sampling,
and hence provide a solid basis for future evolutionary studies within
the order. As with many large phylogenomic datasets, our analyses
resolve many of the outstanding relationships within Caryophyllales.
However, significant conflict may underlie these relationships, and
further understanding of Caryophyllales evolution will require addi-
tional sampling and analyses of key clades using genomic-scale data,
including plastomes, transcriptomes, and whole genomes. The
Caryophyllales represents an important system for understanding
plastome evolution, providing important new insights into how gene
loss and structural rearrangement influence and are influenced by in-
teractions with other genomic compartments. This is especially true
given the burgeoning availability of transcriptomic (e.g., Walker et al.,
2018) and genomic data across Caryophyllales (Dohm et al., 2014;
Jarvis et al., 2017). Together, these datasets will allow for further in-
vestigation of the levels of gene transfer from the plastome to the nu-
cleus, and will also facilitate an understanding of the causes of phylo-
genetic incongruence between plastid and nuclear loci.
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