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Abstract: Cinnamomum micranthum (Hayata) Hayata is
a tree species that is often confused with Cinnamomum
kanehirae Hayata, which is an endemic species in Tai-
wan and the sole natural host of the valuable medicinal
fungus Antrodia cinnamomea. However, the two species
are highly similar in morphology and difficult to distin-
guish based on traditional vegetative structures or wood
anatomical methods. The aim of the present study was to
identify of these two species by DNA and chemical analy-
sis. The complete chloroplast genome of C. micranthum
has been determined and compared with that of C. kane-
hirae. The leaf methanol extracts of these species were
also analyzed by ultra-performance liquid chromatogra-
phy (UPLC). The length of the C. micranthum chloroplast
genome was 152675 bp, i.e. 25 bp shorter than that of C.
kanehirae. In phylogenetic analysis, C. micranthum was
more closely related to C. kanehirae than other six Laura-
cea species. Six validated insertion/deletions of bases in
the DNA (InDels) are suitable for differentiation of the two
species. Moreover, high amounts of linalool and sesamin
were present in the leaves of C. kanehirae, but not in C.
micranthum. Overall, this study provided new insight for
distinguishing the two species on the basis of the chemi-
cal composition of the leaves and the InDel markers.
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Introduction

Cinnamomum is a genus in the Lauraceae family that is
composed of about 250 species mainly distributed in
tropical and subtropical Asia, Australia, and the Pacific
islands (Wuu-kuang 2011; Cheng et al. 2015). Cinnamo-
mum kanehirae is an endemic tree species and is one of
the five most precious broadleaf wood species in Taiwan.
Its wood is in high demand as it is the original host of the
parasitizing fungus Antrodia cinnamomea, which is very
expensive (US$10 000 per kilogram) and known to have
anti-oxidative, anti-inflammatory, and anti- carcino-
genic effects (Liao et al. 2010; Lin et al. 2011; Tzeng and
Geethangili 2011). The health-promotion functions of the
fungus are specifically connected to C. kanehirae as the
growing substrate (Chang and Chou 1995, 2004; Lin et al.
2011) and produce ergostane-type triterpenoids and ben-
zolics (Shen et al. 2004; Lin et al. 2011). If A. cinnamomea
is cultivated on other wood species, different metabolites
are present. The chemical extract of C. kanehirae leaf also
has anti-microbial activities and inhibitive effects on the
hepatoma cell line (Cheng et al. 2015; Liu et al. 2015).
This tree is difficult to find in the wilderness because of
its unrestrained illegal logging (Lin et al. 1997; Hung et al.
2014). Thus, C. kanehirae is an endangered wood species,
which also plays an important economic and ecological
role in Taiwan (Liao et al. 2010; Cheng et al. 2015).
Cinnamomum kanehirae and C. micranthum have differ-
ent fruits, but otherwise they are difficult to differentiate due
to their similar morphologies. Both species grow in similar
habitats, at 2002000 m elevation throughout the island of
Taiwan (Lin 1993; Liu et al. 2000; Huang 2003). Their wood
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anatomical features are also very similar (Cai 2013). However,
their essential oils contain deviating major components,
i.e. they could be differentiated by chemotaxonomy (Fujita
1952, 1960). Moreover, their allozyme analysis reveals very
different allele patterns (Lin 1993; Lin et al. 1997). The use of
DNA markers for the identification of similar wood species
was intensively discussed in the last decade, and obviously,
this approach is also suited for tracing the origin of trees
from illegal logging or for the identification of endangered
species (Degen and Fladung 2007; Michael et al. 2012; Jiao
et al. 2014, 2015; Sandak et al. 2015; Yu et al. 2016).

The DNA markers and chemical profiles of C. micran-
thum and C. kanehirae have not been subjected to a com-
parative analysis. The goal of this study was to fill this gap
and to provide useful molecular and chemical methods for
identifying the two species in focus. The intention was to
determine the complete chloroplast (cp) genome sequences
of these species and to extract their leaf material with meth-
anol and to compare the corresponding data under consid-
eration with the data in “GenBank accession No. KR014245”
(Wu et al. 2016). A phylogenetic tree should be constructed
under consideration of the species in Magnoliidae including
Laurales, Magnoliales, and Canellales (outgroup) in order
to validate the relationship to C. micranthum cp genome
sequence. Finally, the insertion/deletion of bases in the cp
DNA (InDel markers) should be developed to identify the
wood and leaf samples of these two species.

Materials and methods

Plant material and DNA extraction: During winter (October-Janu-
ary) in Taiwan, 23 fresh leaf samples of C. micranthum were collected
for chemical analyses from Taipei, Ilan, and Natou, while 23 C. kane-
hirae samples were collected from 13 sites throughout the Taiwan
island, including sampling areas covered by previous studies (Lin
1993; Liao et al. 2010). Wood materials (with height over 3 m) were
collected from 12 individuals from Fushan Botanical Garden in Ilan
and Liouguei Research Center in Kaohsiung city of Taiwan. The diam-
eters of wood discs collected were over 60 mm. The C. micranthum
wood samples were fresh or air-dried for 2 years; the C. kanehirae
wood samples were air-dried for 2 or 4 years.

The DNA extraction of leaf samples followed the CTAB method
(Doyle and Doyle 1990). The extraction of sapwood DNA followed the
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) protocol according
to Jiao et al. (2014). The 2-ug DNA sample was subjected to quality
checks before next-generation sequencing (NGS) using a Qubit fluo-
rometer with a Quant-iT dsDNA BR assay kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) and agarose gel electrophoresis assay.

Next-generation  sequencing and  chloroplast genome
assembly: Genomic DNAs were sequenced with the Illumina Miseq
system platform ([llumina, San Diego, CA, USA) and a MiSeq Rea-
gent Kit V3 (600 cycles) at National Yang-Ming University, Taiwan.
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The paired-end libraries were prepared with Illumina TruSeq DNA
polymerase chain reaction (PCR)-free sample preparation (550 bp
insert size). The adapter sequences and low-quality score of the raw
reads were trimmed by the CLC quality trimming tool with default
parameters, and all the trimmed reads were used for de novo assem-
bly with the CLC genome assembler (Genomics Workbench 8.0.1,
CLC, Rarhus, Denmark). The assembled contigs were then submitted
to BLASTn (cut-off e-value=1e-5) with the reference cp genome (C.
kanehirae, KR01425), (Wu et al. 2016). The contigs, which have high
similarity to the C. kanehirae cp DNA, were manually assembled into
a circular genomic sequence. Validations of the overlapping regions
between contigs were done by PCR and all of the primers and PCR
conditions are described in Supplementary Table S1. BWA v0.6.2 (Li
and Durbin 2009) and IGV v2.3.25 (Robinson et al. 2011) were also
consulted for mapping all raw reads onto the final assembly and
visually inspected the genome coverage levels.

Genome annotation: Protein coding, ribosomal (r)RNA, and trans-
fer (t)RNA genes of the cp genome were predicted with DOGMA
(Wyman et al. 2004) and CpGAVAS (Liu et al. 2012). The start and
stop codons of all predicted genes were manually corrected. The C.
kanehirae cp genome (KR014245) served as a reference to adjust the
gene annotation. Eventually, a complete C. micranthum cp genome
was obtained and deposited in the NCBI database (KT833081). The
cp genome circle map was drawn with OGDRAW (Lohse et al. 2007).

Comparative analysis within the chloroplast genomic sequence: A
WebSat online analysis (Martins et al. 2009) was used to find sim-
ple sequence repeat (SSR) regions, with the repeat units being 12 for
mono-nucleotides, six for di-nucleotides, five for tri-ncleotides, and
three for tetra-, penta-, and hexa-nucleotides. A repetitive structure
analysis was conducted with REPuter (Kurtz et al. 2001), (minimum
size of repeat event was 20 bp). InDel events were calculated with the
DNaSP 5.0 software (Librado and Rozas 2009). Long InDel regions
were found with MEGA 6.0 by alignment (Tamura et al. 2013).

Phylogenetic tree construction: Sixteen complete cp genome
sequences related to C. micranthum served for constructing the
phylogenetic tree, including all available complete cp genomes in
Lauraceas. The complete cp sequences were aligned with MAFFT
(Katoh and Standley 2013) with default setting. A maximumlikeli-
hood phylogeny was constructed using MEGA 6.0 (Tamura et al.
2013) with the GTR+I+G model. Bootstrap-values were calculated
with 1000 replicates. Eight Magnoliales, Magnoliaceae species: Mag-
nolia tripetala (KJ408574), Magnolia liliiflora (JN867576), Magnolia
denudate (NC018357), Magnolia yunnanensis (KF753638), Magnolia
kwangsiensis (NC015892), Magnolia grandiflora (NC020318), Magno-
lia officinalis (NC020316), and Liriodendron tulipifera (DQ899947),
and eight Laurales, Lauraceae species: C. kanehirae (KR014245), C.
micranthum (KT833081), Machilus yunnanensis (KT348516), Machilus
balansae (KT348517), Phoebe omeiensis (KX437772), Phoebe sheareri
(KX43773), Persea americana (KX43771), and Calycanthus fertilis
(AJ42841) formed the basis for the phylogenetic tree construction.
The Drimys granadensis (DQ887676) (Canellales, Winteraceae) served
as the outgroup.

PCR amplification and sequencing for validating the InDel molecu-
lar markers: For InDel validation, primer sets were designed with
the Primer 3.0 software (Untergasser et al. 2012). The PCR contained
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10 ng of genomic DNA and was performed with a Taq polymerase kit
(GenetBio, Daejeon, Korea) following the manual in a total volume of
50 pl. The thermocycler Veriti (Applied Biosystems, Foster city, CA,
USA) was used for all PCRs with the following cycling parameters:
94°C for 5 min; 32 cycles of 94°C for 30 s, the annealing tempera-
ture for 30 s (see Supplementary Table S1), and 72°C for 1 min; and a
final extension at 72°C for 10 min. The details of the PCR primer sets
are shown in Table 2 and in Supplementary Table S1. Forty-six leaf
and 12 wood samples were used for InDel primers’ validation. PCR
products were analyzed by 2-3% agarose gel electrophoresis (Aga-
rose SFR™, AMRESCO, Solon, OH, USA) and detected by ethidium
bromide under UV light for visualization.

Solvent extraction and the ultra-performance liquid chromatography
analysis: Fresh leaves of C. micranthum and C. kanehirae trees were
sampled in the same winter season. They were cut into pieces, and
1 g of fresh weight was sampled with three replications. Each sam-
ple was put into a 50-ml centrifugal tube, 10-ml MeOH was added,
the mixture was ground to a fine powder in a homogenizer, and then
rinsed with 10-m1 MeOH. These tubes were cooled in an ice bath and
ultrasonicated for 60 min. The supernatant was collected in a centri-
fuge at 2500 rpm. The residue was re-extracted with 15-ml MeOH, and
a 2" supernatant was obtained with the same procedure. Clear super-
natants were combined and passed through a 0.2-um filter (Xiboshi,
Hydrophilic PTFE, Tianjin, China). The UPLC analyses were carried
out with Acquity UPLC Waters (Waters, Milford, MA, USA) equipped
with a C-18 column (150 x 2.1 mm, 1.8-um particle size; Acquity UPLC
HSS T3, Waters). The mobile phase for elution was distilled-deion-
ized water (DDW): acetonitrile (70 : 30) for 23 min, DDW graded down
to 30% for 25 min, increased up to 70% for 5 min, and maintained
for 5 min at a flow rate of 0.3 ml min-', followed by UV detection
at 200 nm. A standard curve was obtained based on authentic ter-
pinen-4-ol (Acros Organic, Geel, Belgium), linalool (Acros Organic),
sesamin (Sigma-Aldrich, St. Louis, MO, USA), and safrole standards
(Acros Organic). Concentrations of extracts were expressed as % b.o.
dry wt. For dry-weight measurements, residues were dried at 60°C for
48 h after extraction.

Results and discussion
De novo assembly and gene organization

Raw data obtained from NGS technology of a total
3634256229 bp (12491350 reads) were from C. micran-
thum sequencing. After trimming, 12196 250 clean reads
with 1806 905 010 bp were obtained and used for de novo
assembly (Table 1). Three long contigs which covered the
entire cp genome sequence of C. kanehirae (KR014245)
were used for BLASTn and showed high similarity (99.61-
99.9%) to the C. kanehirae large single copy (LSC), small
single copy (SSC), and inverted repeat (IR) region. It can be
inferred that these three long contigs are the LSC, IR, and
SSC, respectively. The two IR sequences were reversed and
complementary; the assembly software could not combine
these three contigs as one contig. This result is similar to
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Table 1: Summary of the C. micranthum and C. kanehirae cp
genome analysis.

Parameter C. micranthum  C. kanehirae
NGS raw reads (no.) 12 491 350 16 233 870
Raw sequencing bases (no.) 3634256229 4886394870
Reads after trimmed (no.) 12196 250 16 233 870
Clean bases after trimmed (no.) 1806905010 4833754899
Reads for cp de novo assembly (no.) 484117 589 056
Mean of coverage (no.) 425 1314
Total cp genome size (bp) 152 675 152700
Large single copy (LSC) (bp) 93 662 93 643
Inverted repeat (IR) region (bp) 20069 20106
Small single copy (SSC) (bp) 18 875 18 845
GC content (%) 39.13 39.13
LSC (%) 37.94 37.93
IR (%) 44.41 44.39
SSC (%) 33.83 33.83
Total no. of different genes 112 112

Different protein-coding genes 78 78

Different tRNA genes 30 30

Different rRNA genes 4 4
No. of different duplicated genes 15 15
No. of different genes with introns 15 15

the assembly of the Tartary buckwheat (Fagopyrum tatari-
cum) cp genome based on NGS (Cho et al. 2015). The three
long contigs revealed about 10-15-bp overlap between
each of their flanking regions and then were manually
assembled as a single circular cp genome. The Sanger
sequencing of overlapping regions (LSC-IRa, IRa-SSC,
SSC-IRb, and IRb-LSC) was 100% identical with the NGS-
based assembled cp genome, and these sequences formed
the basis for drawing a circle map (Figure S1). The final
assembly resulted in an average of 425-fold coverage of
pair-end reads with a mapping quality of 60. The com-
plete C. micranthum cp genome was 152675 bp in length
(GenBank no. KT833081), which was 25 bp shorter than
the C. kanehirae cp genome. Both cp genomes consisted
of one LSC, one SSC, and two IRs. The respective lengths
of the LSCs in C. kanehirae and C. micranthum were 93 642
and 93 662 bp. The SSC of C. kanehirae was 18 845 bp and
that of C. micranthum was 18 875 bp. The total lengths of
the two IRs in C. kanehirae and C. micranthum were 40 212
and 40138 bp, respectively. Two genes, ndhF and trnH,
are located at the IR/LSC and SSC/IR junction areas and
have different lengths of expansion and contraction. IR
contraction and expansion at the junction of the SSC or
LSC lead to cp size variations in different plants and con-
tribute to the formation of pseudogene (Lin et al. 2012).
The ycfl and ycf2 span the junctions of the IRa/SSC and
LSC/IRa, respectively, showed incomplete duplication
and caused the contraction of the IR regions. This result
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is consistent with other Lauraceae cp genomes (Song
et al. 2015, 2016). The overall GC content and gene con-
tents of the C. micranthum cp genome are listed in Table 1.
The overall GC content also falls in the ranges of vascular
plants (38 ~39%) (Palmer and Stein 1986). The value 39.1%
(Table 1) is almost the same as that in other plants in the
Lauraceae (Song et al. 2016). The gene contents between
C. micranthum and C. kanehirae were the same (Table 1).
Eight of 112 genes (trnV-UAC, psaA, rps2, atpF, trnK-UUU,
ycfl, ycf2, and ndhB) had different sequence orientations
from those of C. kanehirae. Among these annotated genes,
97 genes were a single copy and 15 genes were duplicated.
Among the 78 protein coding genes in the C. micranthum
cp genome, 63 genes were located in the LSC region, 11
genes in the SSC region, three genes in the IRa, and five
genes in the IRb. Ten protein-coding genes and five tRNA
genes contained introns in C. micranthum, and among
these, 10 protein-coding genes and eight genes (atpF,
petB, ndhA, ndhB, rpoCl, rpsi2, rps16, and rpl2) had one
intron, and two genes (ycf3 and clpP) had two introns.

Distribution of SSRs and repetitive structures

The cp SSR regions may be variable and typically non-
recombination, uniparentally inherited and effectively
haploid, and have been used for population genetic
studies in many plant species (Navascues and Emerson
2005; Desiderio et al. 2012). Within the two cp genomes
of C. micranthum and C. kanehirae, the SSRs were ana-
lyzed. In total, 43 SSR loci accounted for 595 bp of the total
sequence in C. micranthum (0.39%). In the C. kanehirae
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cp genome, 39 SSR loci were found which accounted for
520 bp of the total sequence (0.34%). In total, the 43 SSR
loci of C. micranthum cp genome can be subdivided into
24 mono-nucleotides, five di-nucleotides, three tri-nucleo-
tides, eight tetra-nucleotides, two penta-nucleotides, and
one hexa-nucleotide. Among the Lauraceae species, the
number of SSR showed little variation and almost all were
located at inter-genic spacer (IGS) regions as has been
seen in other plants (Do et al. 2013; Ma et al. 2013; Zhang
et al. 2014; Song et al. 2015, 2016). In the C. micranthum cp
genome, 43 SSR primer sets were designed (Table S1), and
these SSR loci can be used for further population genetic
research in the Cinnamomum genus.

In addition, 41 repetitive structures were found in
C. micranthum containing three complement matches,
eight reverse matches, 13 forward matches, and 17 palin-
dromic matches. Compared to the repetitive structures in
C. kanehirae, 30 of 41 repeat events (80.5%) were located
close to the same location. Other repeat events (eight in
C. micranthum and seven in C. kanehirae) revealed dif-
ferent locations between the two genomes. Most of the
repeat events occurred in IGS in both species. This is in
accordance with findings in other plants (Do et al. 2013;
Ma et al. 2013; Su et al. 2014; Zhang et al. 2014; Cho et al.
2015). In comparison with two other Lauraceae species,
Machilus balansae and M. yunnanensis, the number of
repeats (with lengths of >20 bp) varied from 39 to 41
(Song et al. 2015). About 61% of C. micranthum sequence
repeats belonged to reverse or palindromic repeats. The
palindromic repeats may form secondary structures
(hairpin structure) and contribute duplicated sequence,
and then induce InDel sequences (Johnson et al. 2016).

Machilus balansae
Machilus yunnanensis
Phoebe omeiensis
Phoebe sheareri

. Laurales
Persea americana

100

— Cinnamomum micranthum®

100

L Cinnamomum kanehirae

Calycanthus fertilis
Liriodendron tulipifera

100

100

100
I e s—

Magnolia kwangsiensis
Magnolia liliiflora

Magnoliadenudata
Magnoliales

52

Magnolia yunnanensis

100

Magnolia grandiflora
Magnolia officinalis
Magnolia tripetala

Drimys granadensis ] Canellales (outgroup)

Figure 1: Maximum-likelihood phylogeny of complete cp genomes in the Magnoliales, Laurales and Canellales. Bootstrap supports are
shown above the branches. The C. micranthum genome is denoted by an asterisk.
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The results of agarose gel electrophoresis showed six
wood collections of C. micranthum and C. kanehirae
(Figure 2). Cinnamomum kanehirae wood samples that
were air-dried for 4 years were used in the validation
of our data: it revealed that the amount of wood DNA
extraction was enough for PCR amplification. This might
be because cp DNA was a high copy number in the cells
based on sapwood. Many studies reported that the less
potential inhibitors of DNA isolation and PCR amplifica-
tion are present in the sapwood (Rachmayanti et al. 2006;
Tnah et al. 2012; Yu et al. 2016). There are many more living
parenchyma cells in the sapwood than in the heartwood
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(Jiao et al. 2014; Yu et al. 2016). Thus, the six InDel primers
are useful for wood differentiation between C. micranthum
and C. kanehirae and can be helpful in forensic investiga-
tions in the court. Compared to morphological character-
istics, molecular markers are more universal, which are
not affected by environmental and developmental factors
(Zhao et al. 2015). The features of C. micranthur and C.
kanehirae are so similar that the adulteration of these two
species happened in the seedling and wood trade. These
six useful validated cp InDel markers can be used to iden-
tify C. micranthum and C. kanehirae and detect the adul-
teration problem.

d123456789101112

10 11-12

10 11 12

Figure 2: Confirmation of insertion/deletion (InDel) markers between C. micranthum and C. kanehirae wood by PCR amplification. a—f: PCR
amplifications with InDel nos. 1-6. The 1-6 indicate C. micranthum wood collections; the 7-12 indicate C. kanehirae wood collections. DNA
maker ladder: 100-bp DNA ladder (Cat# GTL101, GeneTeks BioSicence, Inc., Taipei, Taiwan.). The detail DNA band sizes are labeled next to the

figure.



DE GRUYTER

C.-C. Wu et al.: Chloroplast genomic sequences of C. micranthum and C. kanehirae =— 195

Table 3: The content (ppm) of C. micranthum and C. kanehirae leaf methanol extracts by UPLC analysis.

Species tree no. Locations? Sources of leaves® Terpine-4-ol (ppm) Linalool (ppm) Sesamin (ppm) Safrole (ppm)
C. micranthum
No. 1-23 Wild tree Non-detected Non-detected Non-detected Non-detected
C. kanehirae
No. 1-9 SE Plantation Non-detected 4061-26877 1771-9366 Non-detected
No. 10-11 SE Wild tree 0-151 6121-6946 3120-5243 Non-detected
No. 12-17 SwW Plantation Non-detected 415-41026 5138-12462 Non-detected
No. 18-19 SwW Wild tree Non-detected 2970-3139 5047-10088 Non-detected
No. 20-21 NW Wild tree Non-detected 2663-3064 12881-15082 0-7
No. 22 cw Wild tree Non-detected 1286-1435 5981-6132 Non-detected
No. 23 Other Plantation Non-detected 3257-3368 3928-4405 113-164

aSE, Southern east; SW, southern west; NW, northern west; CW, central west of Taiwan.
PPlanation had 10-year-old clonal trees planted at the same area in north eastern Taiwan; wild tree was collected from natural stands.

Differences in chemical constituents of C. micranthum
and C. kanehirae leaves

Chemotaxonomical studies are also very helpful to inves-
tigate the relationships at intergenus, interspecies, and
intraspecies levels (Angioni et al. 2004; de Sena Filho
et al. 2012; Rasheed et al. 2012). The results of the chemi-
cal profiles further suggested that C. micranthum is differ-
ent from C. kanehirae. The C. micranthum leaves do not
contain terpinen-4-ol, linalool, safrole, and sesamin, but
sesamin and linalool are abundant in the C. kanehirae
leaves. In the investigated C. kanehirae samples, the
sesamin content varied from 1771 to 15082 ppm with a
mean of 12 870 ppm; the linalool content varied from 1286
to 41026 ppm with a mean of 6696 ppm. The safrole and
terpinen-4-ol contents were scant, and some contents
were detected in specimens of C. kanehirae (Table 3). Pre-
vious studies mentioned that the major component of C.
micranthum leaf essential oil is decylaldehyde and a trace
component is linalool, while the major components in the
C. kanehirae essential oil include linalool and terpinen-
4-ol (Fujita, 1952, 1960, 1967). C. kanehirae methanol
extraction also contained sesamin in the previous report
(Hsieh et al. 2005). Our study provides the comparative
chemical profiles of methanol extracts between these
two species. Terpinen-4-ol was not found in the extract,
perhaps because methanol was used for extraction. Com-
pared with a previous study (Cheng et al. 2015), the plant
samples investigated here were collected from throughout
the islands of Taiwan. Thus, it is reasonable that variable
linalool concentrations occurred in the UPLC analysis and
it might be further classified into five different chemotypes
(Cheng et al. 2015). The chemical profiles showed obvious
discrimination between C. micranthum and C. kanehirae.
Thus, it is confirmed that the natural chemical characters

are different between these two species. Our study pro-
vides the first report comparing the chemical constituents
of C. micranthum and C. kanehirae leaves based on metha-
nol extraction. These chemotaxonomical data are useful
and can be an important supplement to those of genetic
identification.

Conclusions

The first complete cp genome analysis of C. micranthum
was reported and it provided a cp genome compari-
son between C. micranthum and C. kanehirae. Six InDel
markers were identified for distinguishing the endan-
gered C. kanehirae from C. micranthum. The chemical
profiles of leaf extracts provided additional help in dif-
ferentiating between the two Cinnammomum species in
focus.

Supplementary materials

Supplementary Table S1: List of primers; Supplementary
Figure S1: Circle map of the Cinnamomum micranthum cp
genome.
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