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1 | INTRODUCTION

Abstract

Poor phylogenetic resolution and inconsistency of gene trees are major complica-
tions when attempting to construct trees of life for various groups of organisms. In
this study, we addressed these issues in analyses of the genus Carpinus (hornbeams)
of the Betulaceae. We assembled and annotated the chloroplast (cp) genomes (plas-
tomes) of nine hornbeams representing main clades previously distinguished in this
genus. All nine plastomes are highly conserved, with four regions, and about 158-
160 kb long, including 121-123 genes. Phylogenetic analyses of whole plastome se-
quences, noncoding sequences, and the well-aligned coding genes resulted in high
resolution of the sampled species in contrast to the failure based on a few cpDNA
markers. Phylogenetic relationships in a few clades based only on the coding genes
are slightly inconsistent with those based on the noncoding and total plastome data-
sets. Moreover, these plastome trees are highly incongruent with those based on bi-
parentally inherited internal transcribed spacer (ITS) sequence variations. Such high
inconsistencies suggest widespread occurrence of incomplete lineage sorting and

hybrid introgression during diversification of these hornbeams.
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chemicals extracted from this genus, including flavonoids and phe-

ophorbides from leaves, have potential anti-carcinogenic activities

Poor phylogenetic resolution and inconsistency of gene trees are
major complications when attempting to construct trees of life for
various groups of organisms, as illustrated by numerous authors
(e.g., Mallet, Besansky, & Hahn, 2016; Ren, Conti, & Salamin, 2015;
Xu, Wu, Gao, & Zhang, 2012; Zeng et al., 2017; Zhang & Li, 2011).
In this study, we addressed these issues in analyses of the genus
Carpinus L. (hornbeams), subfamily Coryloideae, of the Betulaceae.
The genus includes more than 40 recognized species (Grimm &
Renner, 2013; Li & Skvortsov, 1999), most of which are distributed
in China (Li & Skvortsov, 1999). The species of this genus are usually
small trees or shrubs (Grimm & Renner, 2013), and most of them are
used as important ornamental plants due to their lush foliage, grace-
ful form, clustered fruits, and high stress resistance. In addition,

(Cieckiewicz, Angenot, Gras, Kiss, & Frederich, 2012; Sheng et al.,
2016). Despite the importance of this genus, phylogenetic relation-
ships of its major clades remain unresolved. Previous phylogenetic
analyses based on three chloroplast (cp) DNA fragments (matK,
trnL-trnF, and psbA-trnH) and the nuclear internal transcribed spacer
(ITS) region have identified four and five major clades in this genus,
respectively. Moreover, resolutions of phylogenetic trees based on
the two datasets are generally low, and the phylogenetic relation-
ships they indicate are incongruent (Yoo & Wen, 2007). Similar prob-
lems have been encountered in phylogenetic analyses of the closely
related genus Ostrya (Lu et al.,, 2016). The poor resolution of the
cited cpDNA phylogeny was probably at least partly due to insuf-
ficient informative sites in the sampled sequences, and clearly full
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plastome sequencing would improve the resolution (e.g., Hu et al.,
2015, 2016). Furthermore, well-resolved cpDNA phylogenies would
greatly facilitate clarification of reticulate evolution during species
diversification (Jansen et al., 2007; Xu et al., 2012).

With the development of high-throughput sequencing tech-
nology, it is becoming much cheaper and easier to sequence whole
plastomes of plants (Hu et al., 2016; Zhang & Li, 2011) and thus
increase the resolution of previously ambiguous phylogenetic rela-
tionships based on several cpDNA markers (Hu et al., 2016; Jansen
et al., 2007). For example, Zeng et al. (2017) used whole plastome
sequences and coding genes to construct phylogenetic trees of
Rehmannia, both of which indicated four nearly identical clades and
had high levels of phylogenetic resolution. The noncoding regions in
a plastome usually have higher variation rates than the coding genes
(Hu et al., 2016; Zhang & Li, 2011). However, it is not known whether
phylogenetic trees based on noncoding sequences and coding genes
of plastomes of the genus Carpinus would be consistent. Thus, in this
study, we sequenced plastomes of nine species representing four
major clades of the genus identified in a previous study (Yoo & Wen,
2007). We examined structural variations of the plastomes among
the species, extracted three sets of sequences (whole plastomes,
noncoding sequences, and coding genes), for phylogenetic analyses
and compared the resulting trees with the ITS trees. We specifically
addressed the following three questions. Does use of the three plas-
tomic datasets covering more informative sites provide greater phy-
logenetic resolution of the sampled clades than use of a few cpDNA
markers? Are phylogenies based on the three datasets consistent?
Are phylogenies based on plastome datasets consistent with those
based on nuclear ITS sequences?

2 | MATERIALS AND METHODS

2.1 | Plant materials, DNA extraction, and ITS
sequencing

We chose nine species (i.e., C. fangiana, C. cordata, C. betulus, C. car-
oliniana, C. fargesiana, C. tschonoskii, C. putoensis, C. tientaiensis, and
C. viminea) to represent the four clades based on ITS sequence varia-
tion (Yoo & Wen, 2007). According to Kuang and Li (1979), based on
characters of bracts and nutlets, C. fangiana and C. cordata belong to
section Distegocarpus, and the other seven species belong to section
Carpinus. As C. betulus and C. caroliniana are distributed in Europe
and North America, respectively, it was difficult for us to obtain
fresh leaves of these species from the field. We therefore used a
specimen of C. betulus collected in Dagestan in 1987 and a specimen
of C. caroliniana collected in USA in 1996. Fresh leaves of the remain-
ing seven species were collected in the field and dried immediately
in the presence of silica gel (Table S1). We could not get any samples
of the three species included in one of the ITS clades identified by
Yoo and Wen (2007): C. monbeigiana, C. pubescens, and C. turzani-
nowii. However, our initial analysis of ITS sequences suggested that
C. fargesiana is closely related to C. turczaninowii and thus could be
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used to represent this ITS clade. We selected Corylus fargesii as an
outgroup. We used the modified CTAB method to extract total DNA
from the dried leaves (Doyle & Doyle, 1987). ITS sequences of four
Carpinus species (C. betulus, C. caroliniana, C. putoensis, and C. tien-
taiensis) and the outgroup species (Corylus fargesii) were downloaded
from GenBank, while we sequenced samples from 5 to 10 individuals

of each of the other species to obtain their ITS sequences (Table S2).

2.2 | Plastome sequencing, assembly, and
annotation

Following well-established protocols (van Dijk, Jaszczyszyn, &
Thermes, 2014), we prepared end-repaired, phosphorylated and A-
tailed DNA fragments ligated with index adapters. We amplified the
ligated fragments and constructed paired-end libraries (2 x 150 bp),
which we sequenced using a Hiseq Platform (lllumina, San Diego,
CA). We filtered adapters from the sequence data and extracted
high-quality reads (MINLEN > 36, Q = 5) using Trimmomatic v.0.32
(Bolger, Lohse, & Usadel, 2014) and the Ostrya rehderiana plastome
as areference (Li et al., 2016). We separated the plastome reads using
Bowtie2 v.2.2.9 (Langmead & Salzberg, 2012) and utilized SAMtools
v.1.3.1 (Li et al., 2009) to convert the SAM file to a BAM file. We then
used bam2fastq v1.1.0 (Lindenbaum, 2015) to extract and map the
short reads to the reference genome in order to generate a FASTQ
file for subsequent plastome assembly by Velvet v.1.2.10 (Zerbino &
Birney, 2008). We used BWA v.0.7.12 (Li & Durbin, 2009) to build an
index and map all of plastome sequences to the reference plastome
via the mem algorithm. The output files were converted and sorted
using SAMtools v.1.3.1 (Li etal., 2009). We used Geneious v.10
(Kearse et al., 2012) to visualize the assembled results, and Plann
v.1.1.2 (Huang & Cronk, 2015) to annotate plastomes and Sequin
v.15.10 (http://www.ncbi.nlm.nih.gov/Sequin/) to map the predicted
genes to the reference annotation. Visual images of the annotations
were generated by OGDRAW v.1.1 (http://ogdraw.mpimp-golm.
mpg.de/; Lohse et al. 2013). To graphically display interspecific vari-
ations, the alignments with annotations of nine plastomes were plot-
ted using mVISTA (Mayor et al., 2000).

2.3 | Phylogenetic analyses

We aligned the plastome and ITS sequences of the nine selected
Carpinus species and the outgroup using MAFFT v.7 (Katoh,
Misawa, Kuma, & Miyata, 2002) and MEGA v.6 (Tamura, Stecher,
Peterson, Filipski, & Kumar, 2013). The aligned sequence matrix
was then manually examined and corrected. To assess the consist-
ency of phylogenetic constructions based on different plastome
regions, we extracted three datasets from the finally aligned plas-
tome matrix. These included sequences of: (a) the whole plasto-
mes, (b) noncoding regions, and (c) protein-coding genes (PCGs)
present in all nine Carpinus species and the outgroup. We con-
verted FASTA files to NEXUS or PHYLIP format using ClustalW
v.2.1 (Larkin et al., 2007). All alignment positions containing gaps
in one or more taxa were removed before phylogenetic analyses.
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We used Prank v. 6.864b (Loytynoja & Goldman, 2010) to align
coding genes. We estimated constant sites, parsimony informative
sites, and variable sites of the three plastome datasets and ITS
matrix using MEGA v.6 (Tamura et al., 2013). For ITS sequences,
we only retained one haplotype if multiple identical haplo-
types existed within each species for the phylogenetic analyses.
MrBayes v.3.2.4 (Huelsenbeck & Ronquist, 2001) was used to re-
construct phylogenetic trees. We repeated the MrBayes analyses

three times for each of the datasets (i.e., the whole plastomes,
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eter set to 0.1. We determined convergence by examining trace
plots of the log likelihood values for each parameter in Tracer v.1.6
(Rambaut, Xie, & Drummond, 2014). Maximum-likelihood (ML)
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FIGURE 1 Gene map of the Carpinus betulus plastome, as an example of the nine investigated plastomes. Genes drawn outside of the
circle are transcribed clockwise, while those inside the circle are transcribed counterclockwise. The typical small single copy (SSC), large

single copy (LSC), and inverted repeats (IRa, IRb) are indicated
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3 | RESULTS

3.1 | Plastome features

We found that the nine Carpinus plastomes have highly conserved
features (Figures 1 & 2), including a typical quadripartite structure
consisting of a pair of inverted repeats (IRs; 52,117-55,134 bp) sepa-
rated by large single copy (LSC; 84,605-84,966 bp) and small single
copy (SSC; 17,167-18,825 bp) regions (Table 1). Sizes of the plastomes
ranged from 158,626 bp (in C. putoensis) to 160,583 bp (in C. betu-
lus), and numbers of annotated genes from 121 to 123 (Tables 1, S3).
Most genes occurred in single copy, including 75-77 unique protein-
coding genes in the genomes and 18 unique tRNA gene sequences,
but there were two copies of all ribosomal RNA genes. Thirteen of
the genes were duplicated in the IR regions: four rRNA genes (4.5S,
5S, 16S, and 23S rRNA), four PCGs (rpl2, ycf2, ndhB, rps7), and five
tRNA genes (trnl-CAT, trnL-CAA, trnV-GAC, trnR-ACG, and trnN-
GTT). There were also three copies of one gene: trnN-GTT. The rps12
gene was a unique trans-spliced gene with three exons. Of the anno-
tated genes, 10 contained a single intron (e.g., atpF CDS, rpoC1 CDS,
and trnN-GTT tRNA), and four protein-coding genes had two introns
(clpP, ycf3, rpl2, and rps12). The rps19 gene was located in the bound-
ary region between LSC/IRb. Two copies of ycfl gene were located
at the junctions of IRb/SSC and SSC/IRa.

In plastomes of each of the nine species, the overall GC content
was about 36.5%, and 55% of the plastomes were coding regions
(Table 1). All plastomes showed similar features in terms of gene
content, gene order, introns, intergenic spacers, and AT content.
However, some coding genes were pseudogenized or lost. For exam-
ple, the ndhF gene was lost in C. cordata, C. fargesiana, C. putoensis,
C. tientaiensis, and C. viminea and ndhl was absent in the latter two
species. The intergenic spacers between several pairs of genes var-
ied greatly, for example, between matK & rps16, atpH & atpl, and
trnS-GCT & trnR-TCT (Figure 2).

3.2 | Phylogenetic analyses

The whole plastome matrix (156,583 bp long) consisted of 1,865
variable sites and 262 parsimony informative sites, while the
noncoding dataset (69,308 bp long) included 1,308 variable sites
and 190 parsimony informative sites. The coding-gene dataset
(68,058 bp long) comprised only 506 variable sites and 66 par-
simony informative sites. The aligned ITS sequence dataset was
623 bp long with 76 variable sites and 53 parsimony informative
sites (Table 2).

The ML and Bayesian analyses of each chloroplast dataset re-
sulted in similar topologies, but there were discrepancies between
those obtained using the plastome and ITS datasets (Figure 3).
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Phylogenetic analyses of the whole plastome and noncoding
datasets (Figure 3a) identified the same topological divergences
for all nine species. Five of the seven selected species of section
Carpinus (C. tientaiensis, C.viminea, C. putoensis, C. fargesiana, and
C. tschonoskii) and the two species of section Distegocarpus (C. cor-
data and C. fangiana) formed two well-supported clades, and to-
pological relationships of these species were the same in all three
plastome trees (Figure 3). In the phylogenetic trees derived from
analyses of the whole plastomes and noncoding sequences, one
of the other species of section Carpinus (C. caroliniana) was sister
to those five species of the section, with high support, while the
seventh member (C. betulus) was placed sister to the remainder of
section Carpinus with high posterior probability in the Bayesian
analysis, but not the ML analysis (bootstrap values < 70; Figure 3a).
The two sections were well separated in these two trees. However,
in the trees derived from protein-coding sequences, C. carolini-
ana and C. betulus were grouped together in the ML analysis, but
not the Bayesian analysis and clustered with section Distegocarpus
(Figure 3b), conflicting with the phylogenetic trees based on the
other two plastome datasets.

Although the ITS phylogenetic tree also showed high resolution,
the topology was mostly incongruent with the phylogenetic trees
derived from the plastome datasets (Figure 3b). In the ITS tree,
C. betulus, C. tientaiensis, C. putoensis, and C. tschonoskii clustered as
one clade, while C. caroliniana grouped with C. viminea, but with low
support in both analyses. This pattern of phylogenetic relationships
among these seven species is completely incongruent with the pat-
terns in the plastome phylogenetic trees (Figure 3b). Positions of the
remaining two species were congruent with the phylogenetic trees
based on the whole plastome and noncoding genes datasets, but not

the coding genes tree.

4 | DISCUSSION

Our comparative analyses of plastomes of nine species represent-
ing clades identified by Yoo and Wen (2007) suggest that plastid
genomes across the genus Carpinus are relatively conserved and all
have the typical quadripartite structure found in most angiosperm
plastomes, including LSC, SSC, and a pair of inverted repeats (IRa
and IRb). Total lengths of the nine plastomes range from 158 to
160 kb, and numbers of genes we annotated in them range from 121
to 123. The gene orders and orientations across the nine plastomes
are also highly conserved. They all include 75-77 unique protein-
coding genes, 18 unique tRNA gene sequences, and eight ribosomal
RNA genes. In addition, the interspecific variations are clearly higher
in the noncoding regions, including the intergenic spacers between
genes, than in the coding genes (Figure 2), as found in other groups

FIGURE 2 Visualization of alignment of the nine Carpinus chloroplast genome sequences. VISTA-based identity plots showing sequence
identity between six sequenced cp genomes of Carpinus. Arrows above the alignment indicate genes with their orientation. A cutoff of
70% identity was used for the plots, the Y-scale indicates the percent identity (50-100%), and the X-axis indicates the coordinate in the
chloroplast genome. Exons, rRNA/tRNA, and conserved noncoding sequences (CNS) are marked in purple, blue, and pink, respectively
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TABLE 1 The Chloroplast assembly and annotation information for nine species of Carpinus

Entire

No. of tRNA

genes

No. of rRNA

genes

Overall GC
content (%)

plastid

No. of PCGs

No. of genes

IR (two copies)

LSC SSC

Raw base (G)  Clean base (G) size (bp)

GenBank

Species

29

84
84
85

122
122
123
123
122
123
121
121
123

36.5

52127
52117
55134

158865 87938 18800
18825
17167
18513

159222
160583

29

3.2
6.1

MF977769

C. cordata

29
29
29
29
29
29
29
29

36.5

88280
88282
88555
87679
88711

5.6
29

MF977770

C. fangiana
C. betulus

36.4

3.2
2.8

MF977767

85

36.3

53083
52150
52134
52134
52129
52149

160151

2.5

MF977768
KX695124

C. caroliniana

84
85

36.5

18797
18795

158626
159640
158681
159505
159484

4.6

5.0
5.6

C. putoensis

36.4

5.2
5.1

KY117036

C. tientaiensis

83
83
85

36.5

18810
18760
18816

87808
88616
88519

5.4
6.6

MF977773

C. viminea

36.4

6.1

MF977772

C. tschonoaskii

36.4

5.6

5.8

MF977771

C. fargesiana

Note. LSC: long single copy; SSC: small single copy; PCGs: protein-coding genes.
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(Hu et al., 2016; Zhang, Ma, & Li, 2011). The conserved and well-
aligned plastomes across different species therefore facilitate the
further phylogenetic analyses and comparisons based on the whole
plastomes, their coding regions, and noncoding regions.

Previous studies of the genus Carpinus or related genera based
on a few cpDNA markers have consistently failed to resolve phylo-
genetic relationships of the major clades (Lu et al., 2016; Yoo & Wen,
2007). In contrast, we obtained well-supported clades and all inter-
specific relationships were well resolved except for those of C. bet-
ulus (Figure 3) by analysis of the whole plastome datasets with more
informative sites. It should be noted that we obtained identical topo-
logical relationships using the whole plastomes or noncoding data-
sets. However, results based solely on the coding genes suggested
different phylogenetic positions for C. betulus and C. caroliniana
(Figure 3), presumably because the whole plastome and noncoding
datasets provided more detailed signals for these two species (Hu
etal., 2016; Zeng et al., 2017). These findings suggest that it is es-
sential to assess the consistency of phylogenetic relationships based
on whole plastomes and both their coding and noncoding regions, as
well as their correspondence to phylogenies derived from analyses
of nuclear genes or genomes.

The ITS sequences (623 bp) had a much shorter total length than
the coding genes in the plastomes (623 and 68,058 bp, respectively),
but included a similar number of parsimony informative sites (53 and
66, respectively). Clearly, the difference in mutation rates implies
this may influence estimates of interspecific relationships obtained
from analyzing these sets of sequences. The relatively rapid mu-
tation and lineage sorting of the ITS sequence may be helpful for
discriminating interspecific relationships for genera such as Carpinus
(e.g., Luetal., 2017; Wang, Yu, & Liu, 2011), but in other genera, the
ITS sequences may have lower discriminatory power than the chlo-
roplast genes (Hu et al., 2015; Ren et al., 2015). It should be noted
that both a single nuclear gene (e.g., ITS) and the plastome (which
ultimately represents a single locus) have limited power for resolving
a “true” species tree. Multiple, independent nuclear loci or whole
genomes would be needed to identify phylogenetic relationships re-
flecting a “true” species tree, especially when reticulate evolution
may have occurred (Hughest, Eastwood, & Bailey, 2006).

The most surprising finding in this study is that the well-resolved
phylogenetic relationships based on plastomes substantially differ
from those inferred from the nuclear ITS sequences. Interspecific
relationships between all the species except the two members of
the basal subclade, C. cordata and C. fangiana, are inconsistent with
those inferred from the three plastome datasets. Such discordance
of gene trees derived from nuclear and organelle markers is common
and may be due to two nonexclusive factors (Stenz, Larget, Baum,
& Ane, 2015; Suh, Smeds, & Ellegren, 2015; Zwickl, Stein, Wing,
Ware, & Sanderson, 2014). First, hybridization and introgression are
very common in numerous plants (Mallet, 2007), especially wind-
pollinated genera (Abbott, Hegarty, Hiscock, & Brennan, 2010) such
as Carpinus, in which chloroplast DNA is transmitted solely mater-
nally, via seeds, while nuclear DNA inheritance is bi-parental, medi-
ated by both pollen and seeds. Long-distance pollen dispersal and


info:ddbj-embl-genbank/MF977769
info:ddbj-embl-genbank/MF977770
info:ddbj-embl-genbank/MF977767
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Locus cp genome LSC SSC PCGs

Constant sites 154718 84115 16575 67552

Parsimony 262 193 49 66
informative sites

Variable sites 1865 1395 321 506

Total sites 156583 85510 16896 68058

% Parsimony 0.17 0.23 0.30 0.10

informative sites

TABLE 2 Summary of length and

fohjcedine ITS variability across different data partitions
68000 547

190 53

1308 76

69308 623

0.27 8.5

Note. LSC: long single copy; SSC: small single copy; PCGs: protein-coding genes.

C. putoensis

(a)

C. fargesiana

C. caroliniana

1/100

Choroplast genome ~ 6-0E-4

. . C. putoensis
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« « C. viminea

Coovimimea ++ e

B C. betulus ~ - -

Corylus fargesii

—

1/90

0.99/66

0.001 Noncoding

..C. far

C. betulus
17100

Protein-coding genes 4.0E-4

C. caroliniana;

Corylus fargesii

0.005 ITS

FIGURE 3 Phylogenetic trees of nine Carpinus species based on the three plastome datasets and nrITS sequences, with branch lengths
based on results of the Bayesian analyses. Bayesian posterior probabilities (left) and maximum-likelihood bootstrap values (right) are

shown on each node. Different taxa of Carpinus and Corylus are marked by different colors. (a) Trees based on the chloroplast genome and
noncoding regions; (b) trees based on protein coding genes and ITS sequences. *Indicates inconsistent topology based on ML and Bayesian

analyses; vertical bars represent different species in the ITS tree

potential hybridizations may have led to the concerted evolution
of the ITS sequences towards the introgressing species (Alvarez &
Wendel, 2003), while introgressions of the maternally inherited plas-
tomes can only occur when closely related species are geograph-
ically close enough (McCauley, Stevens, Peroni, & Raveill, 1996).
Both scenarios could distort original phylogenetic relationships of
the introgressed species or populations. For example, C. tschonoskii
and C. fargesiana are parapatrically distributed in central China, and
introgression events may have caused the observed incongruence
between the plastome- and ITS-based trees of the two species.
Furthermore, C. putoensis, a 14-ploidy species (Meng, He, Li, & Xu,
2004), is clustered with C. viminea in the plastome trees (Figure 3),
implying that C. viminea or a closely related species was the maternal
progenitor during the formation of C. putoensis. Its paternal progen-
itor may be closely related to C. tschonoskii according to the inter-

specific relationships in the ITS tree, but further studies involving

more samples and genetic data are needed to better understand the
reticulate evolution of C. putoensis.

The other factor that could lead to inconsistency between gene
trees derived from nuclear and organelle markers is incomplete lin-
eage sorting (ILS) through retention of ancestral polymorphism in
different species or populations. This may also lead to inconsistent
phylogenies based on different markers with contrasting inheritance
(Sousa & Hey, 2013; Suh et al., 2015). When the same ancestral al-
lele is sampled from two distantly related species without complete
lineage sorting, the resulting phylogeny will be inconsistent with
that based on genes or other DNA sequences following speciation
events. The incongruent relationships of C. betulus and C. caroliniana
inferred from the plastome and ITS sequences are probably due to
ILS, as these two species occur in Europe and North America, re-
spectively. Thus, they are unlikely to have hybridized with the spe-

cies in China due to the extreme geographical isolation. Therefore, it
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is likely that both ILS and hybrid introgression may have been com-
mon features of diversifications of the hornbeams. In the future, the
genetic evidence from the nuclear genome at the population level
will be needed to elucidate the two factors’ precise contributions to
the inconsistent phylogenies observed here.
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