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Abstract: In the course of molecular systematic studies of Lauraceae we received a sample of a plant cultivated
under the name Cinnamomum porrectum in the Botanical Garden Miinchen-Nymphenburg. Preliminary determina-
tions, both morphologically based on the Flora of China (Li & al. 2008) and by chloroplast sequences (psbA-trnH
spacer, trnK intron including matK gene, trnL intron, trnL-trnF spacer and trnQ-rpsl6 spacer) obtained by Sanger
sequencing suggested that it was C. camphora, still the plant looked different from other individuals of C. camphora
cultivated in the botanical gardens of Berlin, Hamburg, Mainz, Munich and Oldenburg. Attempts to sequence the
more informative nuclear internal transcribed spacer repeatedly led to mixed signals. We therefore used Illumina
sequencing on a set of pre-amplified molecular markers (ITS, #rnK 3’ and 5" intron, ¢rnL intron, and the intergenic
spacers psbA-trnH, trnL-trnF, as well as parts of the trnQ-rps16 spacer), and downloaded available sequences of C.
camphora and C. parthenoxylon from GenBank for comparison. Considerable differences were found among these
sequences, but the haplotype groups do not coincide with the current species determinations. Particularly the internal
transcribed spacer sequences are rather diverse, suggesting possible misidentifications, contaminations, and/or a
common gene pool that is larger than anticipated. Concerning the plant in question, our results suggest that it may be
a hybrid, with C. camphora as the maternal and another species, possibly C. parthenoxylon, as the paternal parent.
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Introduction

In the Lauraceae, intraspecific hybrids are well known,
especially among different varieties of the avocado,
Persea americana Mill. (e.g. Furnier & al. 1990). In-
terspecific hybrids have been described between several
species of P. subg. Persea (P. americana, P. drymifolia
Schitdl. & Cham., P. floccosa Mez, P. nubigena L. O.
Williams, P. steyermarkii C. K. Allen), but some of these
“species” (P. drymifolia, P. nubigena) have been treated

as varieties of P. americana by Kopp (1966), and all
of them appeared to be part of P. americana in a wider
sense in the analysis of Furnier & al. (1990). Apart from
that, hybridization frequently has been invoked as an ad
hoc explanation for occasional morphologically inter-
mediate specimens, e.g. by Kopp (1966) and Rohwer
(1993). At least to our knowledge, however, there is no
unequivocal evidence of interspecific hybridization in
Lauraceae, apart from the cases involving P. americana
and its closest relatives.
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Fig. 1. A, B: Cinnamomum “porrectum”, coll. Gerlach s.n., Bot. Gard. Miinchen accession no. 2006/1425 (HBG); A: leafy
branch; B: detail of lower leaf surface, with conspicuous domatia in axils of secondary veins. — C, D: Cinnamomum camphora,
coll. Rohwer s.n. (HBG); C: leaves from sterile branches; D: detail of lower leaf surface, with domatia in axils of lowermost sec-
ondary veins. — E, F: Cinnamomum parthenoxylon, coll. Rohwer 178 (MJG); E: flowering branch; F: tip of inflorescence. — Scale
bars = 1 cm. — Photos by Jens G. Rohwer.

During a molecular systematic investigation on the
genus Cinnamomum Schaeff. (Rohde & al. 2017), we
received a sample of a plant cultivated in the Botani-
cal Garden Miinchen-Nymphenburg (Munich), Ger-
many, with the accession number 2006/1425 (Fig. 1A,
B). Originally, the plant had been identified as C. por-
rectum (Roxb.) Kosterm., a synonym of C. parthenoxy-
lon (Jack) Meisn. We tried to verify this determination
based on the vegetative plant material received, as the
individual has not yet undergone flowering. Comparison
with the key and the descriptions in the Flora of China
(Li & al. 2008) suggested C. camphora (L.) J. Presl or
perhaps C. micranthum (Hayata) Hayata as the most
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likely determination. However, many of the leaves of the
specimen in question were slightly larger than described
for those two species, up to 15 cm long and 7 cm wide,
with petioles up to 4 cm, compared to a maximum of 10
x 6 cm described for C. micranthum and 12 x 5.5 cm
described for C. camphora, both with 3 cm petioles. In
addition, the leaves of the specimen in question were el-
liptic to lanceolate-elliptic, usually with an acute to at-
tenuate base, compared to mostly ovate-elliptic leaves
with a broadly cuneate to rounded base in C. micran-
thum and C. camphora, at least on flowering branches.
As a result, the general aspect of the plant in question is
somewhat different from the form of C. camphora that is
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Table 1. Primers used in this study.

Primer Direction Sequence Author

ITS

ITS-18 F 5'-GTCCACTGAACCTTATCATTTAGAGG-3’ Kiss & Wink (1997);
Beyra Matos & Lavin (1999)

ITS-C R 5'-GCAATTCACACCAAGTATCGC-3' Blattner (1999)

ITS-D F 5'-CTCTCGGCAACGGATATCTCG-3' Blattner (1999)

ITS-H R 5'-CGGTTCGCTCGCCGTTACTA-3' Rohwer & al. (2014)

trnK intron

trnK-3914 F 5'-GGGGTTGCTAACTCAACGG-3' Steele & Vilgalys (1994)

trnK-B4 R 5'-GTGAACTGGATTTATTGTC-3' Rohwer & Rudolph (2005)

trnK-PT2 F 5'-TTTTTTCATGAATCCTAACT-3' Rohwer & Rudolph (2005)

trnK-v510 R 5'-CRATCACTCTTTTGACTTTGG-3’ Rohwer & al. (2014)

trnL-trnF

trnL-c F 5'-CGAAATCGGTAGACGCTACG-3' Taberlet & al. (1991)

trnL-d R 5'-GGGGATAGAGGGACTTGAAC-3’ Taberlet & al. (1991)

trnL-e F 5'-GGTTCAAGTCCCTCTATCCC-3’ Taberlet & al. (1991)

trnF-f R 5'-ATTTGAACTGGTGACACGAG-3’ Taberlet & al. (1991)

trnQ-rps16

rps16-430-F F 5'-CATAGAATTAGTCATTTTGTCTACC-3' Rohwer (this study)

trnQ-UUG R 5'-TCGGAGGTTCGAATCCTTCCGTCCCAGA-3' Hahn (2002)

commonly cultivated in European botanical gardens.
Commonly applied chloroplast DNA barcode markers
(psbA-trnH intergenic spacer, trnK intron including the
matK gene, trnL-trnF region; Hollingsworth & al. 2011;
Liu & al. 2017) and the less frequently used trnQ-rpsi6
intergenic spacer obtained by Sanger sequencing likewise
confirmed C. camphora. Attempts to sequence the more
informative nuclear ribosomal internal transcribed spac-
er region (ITS), however, usually resulted in mixed se-
quences. We therefore applied high-throughput (Illumina)
sequencing to a set of pre-amplified molecular markers
including ITS, in order to identify the secondary signal in
ITS and to investigate if there was a secondary signal in
the chloroplast markers as well.

Material and methods

Material originally determined as Cinnamomum porrec-
tum has been collected by Giinter Gerlach in the green-
house of the Botanical Garden Miinchen-Nymphenburg
in November 2010 and on 27 October 2015. For com-
parison, material of C. camphora has been collected by
JGR in the Botanical Garden of Hamburg (Fig. 1C, D).
Voucher specimens for each plant are preserved in the
Herbarium Hamburgense (HBG).

Total genomic DNA was extracted from silica gel dried
leaves of both specimens with the “innuPREP Plant DNA
Kit” (Analytik Jena, Germany) according the manufactur-
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er’s protocol, with modifications as in Rohwer & Rudolph
(2005) and Trofimov & al. (2016). The molecular markers
and primers used for this study are listed in Table 1. In the
amplifications of the ITS region, 10% dimethyl-sulfoxide
(DMSO) was added to the reaction mix, as previously
described by Rohwer & al. (2009), in order to minimize
problems with secondary structures caused by the high
GC content of the ribosomal DNA in Lauraceae. The PCR
products were purified by degradation of single stranded
DNA and proteins with FastAP thermosensitive alkaline
phosphatase and exonuclease I (Thermo Scientific), both
according to manufacturers’ instructions.

Reactions for Sanger sequencing and sequence analysis
on a 3500 Genetic Analyzer capillary sequencer (Thermo
Fisher Scientific, Waltham, USA) were performed as pre-
viously described (Rohwer & al. 2009, 2014).

For high-throughput sequencing, PCR products cov-
ering the ITS region, the #7nK 5' and 3’ intron regions,
the trnL intron, the trnL-trnF spacer and the beginning
and end of the trnQ-rpsl6 spacer were sent to a se-
quence provider (LGC Genomics, Berlin, Germany).
Multiplexed pools were built with Illumina MiSeq V3
chemistry including a normalizing step and sequenced
to 300 bp paired end sequences with the aim of 10000
sequences per specimen and locus. We received files in
a first step demultiplexed to separate individuals, with
the barcode indices by LGC Genomics (Berlin). These
files were parsed through several steps of a semi-auto-
mated script-based pipeline to obtain multiple alignments,
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which were then inspected manually. The first part of the
pipeline deals with the raw sequence data and performs a
quality control, merges paired end reads and in a second
step demultiplexes the locus data for every individual. For
the first step of part one, we used bbduk.sh (Bushnell &
al. 2017) to quality filter and trim the reads for adapters
(Trueseq-PE). Parts with a quality lower than phred 10
were removed (settings: qtrim=r trimq=10 ktrim=r k=25
mink=11 hdist=1 tbo tpe). The merging of the paired end
reads was done by bbmerge.sh (Bushnell & al. 2017; set-
tings: efilter=6 pfilter=0.00002). The third step of manip-
ulating the raw sequence data was demultiplexing the lo-
cus data in the merged and unmerged fastq files with seal.
sh (Bushnell & al. 2017), using a list of primer sequences.
The second part of the pipeline sorts and streamlines the
data with CAP3 (Huang & Madan 1999) to produce over-
lapping assemblies and multiple sequence alignments
of CAP3 consensus sequences with MAFFT (Katoh &
Standley 2013). As the cap3 software is not capable of
multithreading we used the free GNU parallel software
(Tange 2011) to compute many CAP3 assemblies side by
side on a multi-core system (cap3 settings: -p 99 -g 100
-t 500 -f 2). Consensus sequences of 90 % similarity were
extracted with a python script using the Ace.parser mod-
ule (settings: threshold=0.9, ambiguous="N", require_
multiple=10) contained in Biopython (Cock & al., 2009),
aligned with MAFFT (settings: -ep 0 -genafpair -maxiter-
ate 1000 — adjustdirectionaccurately) and inspected visu-
ally. Sequence variants with a frequency of less than 5%
were omitted as likely PCR or sequencing errors.

For comparison, sequences of Cinnamomum cam-
phora and C. parthenoxylon covering at least a substantial
part of the investigated genome regions were downloaded
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/,
accessed in March 2019), if available. Among them were
seven complete chloroplast genome sequences (six of C.
camphora, one of C. parthenoxylon) from which we ex-
tracted the respective chloroplast regions. These sequenc-
es were used as reference sequences for the chloroplast
data. Accession numbers of all sequences are listed in
Table 2. Sequences were aligned in Sequencher 4.8 (Gene
Codes Corporation) or in MEGA 6 (Tamura & al. 2013).
If a sequence deviated from most others in the first or the
last 30 base pairs, these were deleted, in order to avoid
possible primer or sequencing artefacts. Two micro-inver-
sions in the psbA-trnH spacer sequences, of eight and five
base pairs, respectively, were reversed and complemented
in the alignments.

If more than two haplotypes were found per molecu-
lar marker, haplotype networks were constructed using
the Integer Neighbor Joining algorithm (IntNJ) imple-
mented in POPART (Leigh & Bryant 2015). Because the
algorithm cannot deal with too many undefined character
states, either shorter sequences or most non-overlapping
alignment positions (or both) had to be excluded from the
haplotype analyses. Their results therefore represent less
than the entire range of variation among the sequences.
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In order to detect possible misidentifications or
contaminations, sequences diverging from the most
frequent haplotypes were subjected to a BLAST
search (Basic Local Alignment Search Tool, https://
blast.ncbi.nlm.nih.gov/Blast.cgi). In addition, we in-
serted the ITS sequences into a subset of the ITS data
matrix of Rohde & al. (2017) and performed maxi-
mum likelihood analyses of the entire ITS region and
the separate ITS-1 and ITS-2 regions in MEGA 6,
with taxa of the Persea group (Machilus grijsii Hance,
Phoebe sheareri (Hemsl.) Gamble and Persea ameri-
cana) as outgroup. Branch support was estimated by
bootstrapping with 500 replicates.

Results

An examination of the leaf spectrum of the largest Cinna-
momum camphora tree cultivated in the greenhouse of the
Botanical Garden of Hamburg (Fig. 1C, D) revealed that
the range of variation in leaf shape and size is much larg-
er even in a single individual than indicated in the Flora
of China (Li & al. 2008). On non-flowering branches we
found leaves up to 19.5 cm long and 10 cm wide, with
petioles up to 5 cm long. The length:width ratio of the
leaf blades on this tree ranged from 1.5:1 to 3.5:1, and
the leaf bases varied from rounded via obtuse, acute and
cuneate to narrowly attenuate.

The complete chloroplast genome sequences can
be sorted into two groups of highly similar sequences.
Chloroplast (cp) group #l1 consists of the sequences
MF156716, MG021326 and NC035882 (all Cinnamo-
mum camphora), cp group #2 of LC228240, MF421523
and MHO050970 (C. camphora), plus MH050871 (C.
parthenoxylon). The two groups differ considerably, by
10 substitutions in the psbA-trnH spacer, 13 in the trnK
intron, one in the ¢rnL intron, one in the trnL-trnF spacer,
and nine substitutions plus two insertion/deletion events
(indels) in the trnQ-rps16 spacer. Within the groups there
are only minor differences. In cp group #1, the matK se-
quences of MF156716 and NC035882 have a duplication
of a single base (A) immediately before the stop codon,
making the matK transcript 21 bases longer. In cp group
#2, the matK sequence of LC228240 differs by a single
substitution from the other members of the group.

Most of the chloroplast DNA sequences obtained
from the plant in question (the suspected hybrid) by di-
rect Sanger sequencing (psbA-trnH spacer, trnK intron,
trnL-trnF spacer, trnQ-rpsl6 spacer) turned out to be
identical with the sequences of cp group #1. Only the
trnL intron sequence agrees with cp group #2, but in this
case it is the only difference between the two groups. The
trnQ-rps16 sequence likewise differs by a single substitu-
tion from cp group #1, but cp group #2 differs much more
in this spacer. However, there are sometimes additional
differences among the shorter sequences downloaded
from GenBank.
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Fig. 2. Haplotype networks for the two chloroplast markers that show more than two haplotypes. — A: psbA-trnH intergenic spacer;
B: matK gene, partial sequence. cp group #1 includes the total chloroplast sequences MF156716, MG021326 and NC035882, plus
(A) the psbA-trnH sequences GQ435459, GU135428, HM019386, HM019387, HQ427102, KP095535, KU160277, KX509882,
KX546101, KX546102, KX546103, KX546119, LC435397, MF096903, MF096904, MF096905, MF096906, MF096907,
MF096908, MF137959 and MF137960, or (B) the matK sequences AJ247154, EF590397, EU153829, GQ434288, GU135093,
HMO019316, HM019317, HQ427401, IN114745,JX495692, KF740401, KJ510888, KJ510895, KP093545, KX545833, KX545924,
KX546013, KX546024, KX546030, MF589649, MF589651, MN482110. cp group #2 includes the total chloroplast sequences
MF421523, MH050970 and MHO050871, plus (A) the psbA-trnH sequences KJ686728, KP095537, KP095538 and KX546121,
as well as the psbA-trnH part of the total chloroplast sequence LC228240, or (B) the matK sequences KP093276, KP093277,

KX545925 and KX546068.

Most of the downloaded psbA-trnH sequences of

Cinnamomum camphora (GU135428, HMO019386,
HMO019387, HQ427102, KP095535, KU160277,
KX509882, KX546101, KX546102, KX546103,
LC435397, MF072391, MF072392, MF096903,
MF096904, MF096905, MF096906, MF096907,

MF096908, MF137960) agree with cp group #1, disre-
garding repeat length differences in a poly-T single nu-
cleotide repeat. Sequence KJ686728, however, agrees
with cp group #2. Four additional haplotypes are rep-
resented by one or two sequences each (Fig. 2A). Se-
quences HQ415574 and KP095536 differ by three sub-
stitutions from cp group #1, of which two are shared
with cp group #2. According to a BLAST search, they
are 100 % identical (in 100 % query cover) with C. che-
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kiangense Nakai (MF137961) and several sequences
of C. burmannii (Nees & T. Nees) Blume (MF137956,
MF137957, MF137958). However, many other Cin-
namomum species are not much different, either.
GQ435461 and KX546100 differ from cp group #1 by
a single (different) substitution each. GQ435461 shows
99.24 % similarity not only to cp group #l sequences
of C. camphora, but also to sequence GQ435459 of C.
parthenoxylon and sequence HMO019382 of C. bodi-
nieri H. Lév. Sequence KX546100 shows 99.74%
similarity to many C. camphora sequences, but also to
sequences KX546116 and KX546117 of C. longepani-
culatum (Gamble) N. Chao ex H. W. Li, KX546110 of
C. glanduliferum (Wall.) Meisn., KX546119 of C. par-
thenoxylon and HMO019382 of C. bodinieri. Sequence
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Fig. 3. Haplotype network for sequences covering the major part of the ITS region. ITS group #1 includes sequences KP092856,
KT248576, KU139826, KX509822, KX546414, KX546537, MF110039 and MF110040. ITS group #2 includes sequences
KP218517, KP218518 and KX776404. ITS group #3 includes sequences KP092858, KU139871 (differing by one substitution in a

part of the ITS-2 region not included here), KX546421 and MN480757.

EU153948 differs by two substitutions from cp group
#1, in positions 51 and 54 from its beginning, and
agrees > 99 % with other C. camphora sequences only.
Among the sequences of C. parthenoxylon, GQ435459
and KX546119 agree with cp group #1 and differ from
cp group #2 by nine substitutions, four of them shared
with KU160285 and MF137974 (see below), and two
shared with KX546120. The sequences KP095537,
KP095538 and KX546121 agree with cp group #2, ex-
cept for differences in single nucleotide repeat lengths.
In addition, there are two more haplotypes. Sequence
KX546120 differs from cp group #2 by two substitu-
tions, shared with cp group #1, in a region affected by a
micro-inversion in KU160285 and MF137974. Accord-
ing toa BLAST search, it agrees 99.48 % with sequences
of samples identified as C. camphora (MH050970), C.
parthenoxylon (MH050971), C. bodinieri (MF137955),
C. glanduliferum (MF137965), C. longepanicula-
tum (KX546118), C. platyphyllum (Diels) C. K. Allen
(HMO0193396), or even Litsea ichangensis Gamble
(HMO019414). The haplotype represented by KU160285
and MF137974 differs from cp group #2 by nine sub-
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stitutions, four of which are shared with cp group #1.
In addition, it shows two micro-inversions, of eight and
five base pairs, respectively. The most similar sequence
in GenBank is MF137973 (C. paiei Kosterm., 98.43 %
identity in 100 % query cover).

Among the #rnK intron sequences (Fig. 2B), there is
only one conventional sequence (AJ247154) covering the
entire trnK intron, identical with cp group #1. Another 29
sequences downloaded from GenBank cover only a part
of the matK gene. Among them, 17 sequences submit-
ted as Cinnamomum camphora (EF590397, EU153829,

GU135093, HMO019316, HMO019317, HQ427401,
IN114745,  JX495692, KF740401, KJ510888,
KP093545, KX545833, KX546013, KX546024,

KX546030, MF589649, MF589651) and three sequences
submitted as C. parthenoxylon (GQ434288, KJ510895,
KX545924) are likewise identical with cp group #1. Four
sequences submitted as C. parthenoxylon (KP093276,
KP093277, KX545925, KX546068) are identical with
cp group #2 and differ from cp group #1 by two sub-
stitutions. One of these substitutions is also shared with
three sequences submitted as C. camphora (AJ966800,
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Fig. 4. Haplotype network for sequences covering the major part of the ITS-1 region. ITS group #1 includes sequences KP092856,
KT248576, KU139826, KX509822, KX546414, KX546537, MF110039 and MF110040. ITS group #2 includes sequences
KP218517, KP218518 and KX776404. ITS group #3 includes sequences KP092858, KU139871 (differing by one substitution in

ITS-2), KX546421 and MN480757.

HQ415392, KP093546), which otherwise agree with
cp group #1, except for one additional substitution in
AJ966800. The sequences JQ435499 (“C. camphora™)
and JQ435498 (“C. parthenoxylon™) differ consider-
ably from all other sequences. JQ435499 differs by 13
substitutions from cp group #l and by 15 substitutions
from cp group #2. JQ435498 differs by 24 substitutions
from cp group #1, by 25 substitutions from cp group #2,
and by an insertion and a deletion of a single nucleotide
from all other sequences. Nevertheless, according to a
BLAST search these deviating sequences agree 97.53%
and 95.89% with numerous other Lauraceae, mainly
Cinnamomeae, including taxa of the Neotropical Ocotea
complex. The indels in JQ435498 are 15 positions apart
in the coding region of the matK gene, so that the reading
frame is relatively quickly restored.

In the trnL-trnF region, our new sequence of Cin-
namomum parthenoxylon (MN482112) is identical with
that of the plant in question (MN482111), i.e. it agrees
with cp group #2 in the trnL intron and with cp group
#1 in the trnL-trnF spacer. The four short #rnL intron se-
quences (AB040090, AB040091, AB817476, KF586691)
and the five trnL-trnF spacer sequences (AB040080,
AB040081, AF129020, KF586659, KM056312) of C.
camphora downloaded from GenBank are identical with
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cp group #1. Apart from the complete chloroplast ge-
nomes, there are no sequences of the trnL-trnF region of
C. parthenoxylon in GenBank, and no previously submit-
ted sequences of the trnQ-rpsi6 intergenic spacer of any
Cinnamomum species.

Sanger sequencing of the internal transcribed spacer
(ITS) region was less straightforward in the plant in ques-
tion. In most attempts based on the first collection (from
2010) we obtained a mixed signal, in which only a part of
the sequence was clearly readable, while most of it con-
tained overlapping, non-identical chromatogram signals.
We therefore requested new material from Munich in
2015, but the results were mostly the same. In two of six
attempts, however, the signal was relatively clear, with a
much lower secondary signal and only a few ambiguous
peaks in the chromatogram, of which one remained in the
consensus sequence (MF110039).

The ITS sequences submitted to GenBank as Cin-
namomum camphora or as C. parthenoxylon are much
more diverse than the chloroplast sequences (Fig. 3-5).
The pairwise distances (p-distances) among the rea-
sonably complete sequences (> 500 base pairs; 14 se-
quences of C. camphora, five of C. parthenoxylon) are
summarized in Table 3 (supplemental content online).
The sequences KP218517 and KP218518 are from the
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Fig. 5. Haplotype network for sequences covering the major part
of the ITS-2 region. ITS group #1 includes sequences AF272260
(strongly different in ITS-1), KP092856, KT248576, KP096040
(ITS-2 only), KU139826, KX509822, KX546414, KX546537,
KX546586 (ITS-2 only), MF110039 and MF110040. ITS group
#2 includes sequences KP218517, KP218518 and KX776404.
ITS group #3 includes sequences KP092858, KU139869 (ITS-2
only), KX546421, KX546593 (ITS-2 only), KX546594 (ITS-2
only), MF110054 (differing by one substitution in ITS-1) and
MN480757.

same voucher, therefore only one of them is included
in Table 3. Completely identical (in their overlapping
parts) are three pairs or groups of sequences: KX509822
and MF110040 (in the following called ITS group #1),
KP218517, KP218518 and KX766404 (ITS group #2),
as well as KP092858 and KX546421 (ITS group #3).
ITS group #3 differs from both ITS group #1 and ITS
group #2 by 11 substitutions, whereas ITS groups #1
and #2 differ by six substitutions. Figures 3—5 show far
fewer substitutions between these groups because many
of substitutions are in positions either not covered, or af-
fected by an indel, or with an ambiguity in at least one of
the additional sequences, so that they are not recognized
by POPART. Sequences KX546537 and MF110039 are
similar to ITS group #1 but include one ambiguous po-
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sition (the same in both of them), KU139826 two am-
biguous positions (one of them shared with KX546537
and MF110039), which causes p-distances of zero to se-
quences that differ only in these positions. In addition to
the identical sequences KX509822 and MF110040 (ITS
group #1), and the three sequences with ambiguous posi-
tions, the group of sequences differing by not more than
one substitution in the ITS-1 and/or the ITS-2 region
includes also the sequences KP092856, KT248576 and
KX546414. All these sequences are shown as members
of ITS group #1 in Fig. 3-5.

While most ITS sequences show not more than 13
pairwise differences, and no differences at all in the 5.8S
region, four of them are highly divergent. The most di-
vergent sequence, JX242469, differs from the other se-
quences by an average of 24.4 substitutions in the ITS-1
region, 14.7 substitutions in the 5.8S region, and 39.9
substitutions in the ITS-2 region. Sequence JN115020
differs from the others by an average of 15.2 substi-
tutions in the ITS-1 region, 10.9 substitutions in the
5.88S region, and 27.7 substitutions in the ITS-2 region,
KP092857 differs by an average of 12.0 substitutions
in the ITS-1 region, 2.4 in the 5.8S region, and 17.6 in
the ITS-2 region, and AF272260 by 20.4 in the ITS-1
region, 2.3 in the 5.8S region, and 6.3 in the ITS-2 re-
gion. In the ITS-2 region, however, it is identical with
the ITS group #1 sequences. In the 5.8S region, both
AF272260 and KP092857 differ from most sequences
by only a single mutation; the much higher averages
are due to the rather aberrant sequences JN115020 and
JX242469. According to a BLAST search, the ITS-1
part of JX242469 agrees 99.54 % with JX242468, sub-
mitted as Cinnamomum burmannii, whereas the I1TS-2
part agrees 99.38% with C. micranthum f. kanehirae
(Hayata) S. S. Ying (JX242470). All these sequences
have been submitted by the same authors. The most
similar C. camphora sequences are AF272260 (ITS-1,
94.42 %) and the rather short (240 bases) sequences
MF096119-MF096124 (ITS-2, 96.25%). Sequence
KP092857 agrees best (99.83 %) with several sequenc-
es of C. burmannii (FM957802, KP092854, KP092855,
KX766400, MF110036, MF110037, MF110038). It is
identical with most of them in the ITS-2 region. There
is no other C. camphora sequence among the top 100
BLAST hits, neither for ITS-1, nor for ITS-2, nor for the
entire ITS-region. The ITS-1 part of AF272260 agrees
94.42 % with 1X242469 (submitted as C. camphora, see
above) and 93.95% with JX242468 (submitted as C.
burmannii, see above). The only other hit for C. cam-
phora among the top 100 BLAST results is JN115020
(96.03 %), but with only 56% query cover.

The result of the Illumina sequencing in the plant in
question was the same for the chloroplast markers inves-
tigated, i.e. the by far most frequent reads for all of them
were identical with the result of the Sanger sequencing
(Cinnamomum camphora cp group #1, but trnL intron se-
quence like cp group #2).
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Fig. 6. Result of a maximum likelihood analysis of the ITS data, part 1. Numbers next to branches are bootstrap values = 50%.

Sequences of the plant in question in boldface.

In the ITS sequences, we found different copies for
both the ITS-1 and the ITS-2 region. The most frequent
copies, with 443 reads (73% of the total reads) for the
ITS-1 and 3390 reads (52%) for the ITS-2, were like-
wise identical with the sequences obtained by Sanger
sequencing (MF137959, Cinnamomum camphora, ITS
group #1), except for a few ambiguities, all but one near
the ends (cut off for the analysis in Table 3, supplemen-
tal content online). For the ITS-1 region, we found a
single alternative sequence, with much lower coverage
(162 reads, 27%). It shows five non-ambiguous base
pairs difference compared to the most frequent copy,
but agrees with the ITS-1 part of two of the five C.
parthenoxylon sequences in GenBank (KP092858 and
KX546421 = ITS group #3). The second most frequent
copy for the ITS-2 region, with 2186 reads (34 %), dif-
fers from the most frequent copy by four substitutions,
one ambiguity, and an indel of ten base pairs, and agrees
with the ITS-2 part of the same two C. parthenoxylon
sequences (KP092858 and KX546421). A third and a
fourth variant retrieved for the ITS-2 region, with 617
(9%) and 315 (5%) reads, respectively, agree with one
of the two most frequent copies in their first half, and
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with the other in the second. For the phylogenetic anal-
ysis, we combined the second most frequent copies of
ITS-1 and ITS-2 into a single sequence (MN480757).

The modeltest implemented in MEGA suggested a Ta-
mura 3-parameter model with discrete Gamma distri-
bution (T92+G) for the ITS data set. The result for the
entire ITS region (Fig. 6) shows the Laureae (Laurus
nobilis L., Lindera benzoin (L.) Blume and Neolitsea
sericea (Blume) Koidz.) as sister to the Cinnamomeae,
i.e. to all other taxa except the outgroup. Among the Cin-
namomeae, there is a trichotomy consisting of (1) Cin-
namomum sect. Cinnamomum, (2) a clade consisting of
Aiouea Aubl. as sister group of the Ocotea complex, and
(3) Sassafras J. Presl as sister taxon to C. sect. Campho-
ra. However, the sequence KP092857, submitted to Gen-
Bank as C. camphora, is nested among the species of C.
sect. Cinnamomum. The relationships among the species
of Cinnamomum and within the Ocotea complex have
been described in detail in previous papers (Huang & al.
2016, Rohde & al. 2017, Trofimov & al. 2019). All se-
quences added to the dataset here, except KP092857 (see
above), form a common clade with the other sequences of
species of C. sect. Camphora. The sequences AF272260,
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Fig. 7. Result of a maximum likelihood analysis of the ITS data, part 2. Numbers next to branches are bootstrap values = 50%.

Cin. = Cinnamomum sect. Cinnamomum.
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JN115020, JX242469 and MF096119-MF096121 form
the sister group to all remaining taxa, separated from them
(and often also among each other) by rather long branch-
es. The most frequent ITS copy of the plant in question
(MF110039) is nested in a clade consisting of C. cam-
phora sequences, whereas the second most frequent
copy (MN480757) is nested among C. parthenoxylon se-
quences. However, only a few of the nodes in this analysis
reached significant bootstrap support. Exclusion of the
aberrant sequences AF272260, JN115020, JX242469 and
the sequences covering the ITS-2 region only does not
change most bootstrap values significantly, except that the
one for C. sect. Camphora increases to 99%.

If the ITS-1 part is analysed separately (not shown),
the sequences AF272260 and JX242469 form the sister
group to the remaining Cinnamomeae, after separation of
Cinnamomum sect. Cinnamomum, and Sassafras is unre-
solved with respect to C. sect. Camphora and the clade
consisting of Aiouea and the Ocotea complex. Sequence
JN115020 was not included because it covers only about
half of the ITS-1 region.

Ifthe ITS-2 partis analysed separately (not shown), not
even the outgroup is recovered as monophyletic. Machi-
lus grijsii and Phoebe sheareri appear as sister group
to a clade consisting of the Laureae, Sassafras and the
aberrant Cinnamomum camphora sequences JX242469,
MF096119, MF096120 and MF096121, whereas Per-
sea americana appears as sister taxon to the remainder
of C. sect. Camphora. Cinnamomum sect. Cinnamomum
appears as sister group to the clade consisting of Persea
americana and C. sect. Camphora, and all these taxa ap-
pear as sister group of the clade consisting of Aiouea and
the Ocotea complex. The changed relationships persist
even if the aberrant sequences are excluded, but none of
them reaches 50 % bootstrap support.

Discussion

A comparison of our results with previously published
sequences revealed on the one hand considerable dif-
ferences among sequences (supposedly) belonging to
the same species, and on the other hand unexpected
agreement among sequences of (supposedly) different
taxa. Differences among DNA sequences (supposedly)
belonging to the same taxon can be due to a variety of
causes. Ideally, they would be evidence of intraspecific
variability, but other possible causes such as incorrect
determinations, contaminations, inadvertent swapping
of samples before or during lab work, paralogous se-
quences or pseudogenes should be taken into account
as well. It therefore makes sense to compare the results
of different studies, in order to detect possible errors.
Agreement of sequences among different taxa can be
(and frequently is) due to low divergence in the molecu-
lar markers examined. Nevertheless, it also may help to
detect errors.
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In the chloroplast sequences, at least those of the sin-
gle copy regions used here, there should be no problems
with paralogous sequences or pseudogenes. It is therefore
intriguing that such different chloroplast sequences have
been found in such a widespread and well-known species
as Cinnamomum camphora. The differences between the
cp groups #1 and #2 observed here in some cases (psbA-
trnH, matK) are larger than those found in the same mo-
lecular markers among closely related but morphological-
ly clearly different species of Lauraceae in recent studies
(e.g. Rohwer & Rudolph 2005; Huang & al. 2016; Rohde
& al. 2017; Trofimov & al. 2016, 2019). On the other hand,
sequences submitted as C. camphora and C. parthenoxy-
lon were frequently found to share the same haplotype.
This supports the statement of Wu & al. (2019) that “the
species delimitation and interrelationship of C. camphora
and C. parthenoxylon may need further investigation.”

The two species are usually treated as distinct, but
scarcely any of the key characters separating them (e.g.
in Li & al. 2008) appears to be entirely constant. The
leaves are mostly triplinerved at the base in Cinnamo-
mum camphora and penninerved in C. parthenoxylon,
but not all leaves of C. camphora are triplinerved, es-
pecially on sterile branches (Fig. 1C). The lower leaf
surface is usually glaucous in C. camphora, whereas it
may be glaucous or not in C. parthenoxylon. Domatia in
the axils of the (lower) secondary veins are common in
C. camphora, but sometimes they are inconspicuous or
even missing in a few leaves, whereas they are generally
inconspicuous or sometimes absent in C. parthenoxylon.
It is therefore quite possible that the two species may
be mixed up, especially if determinations are based on
sterile branches only. In addition, specimens identified
as C. parthenoxylon, even by researchers familiar with
the group, e.g. by A. J. G. H. Kostermans in the Natu-
ralis Leiden herbarium (L, available on https://bioportal
.naturalis.nl/), show a rather wide range of morphological
variation, so that it is possible that more than one species
might be involved in this complex.

Misidentifications are certainly responsible for some
of the sequence diversity observed here. Numerous Lau-
raceae species, even in different genera, are so similar to
one another that even experienced experts have a substan-
tial rate of errors in their identifications (Liu & al. 2017b),
especially of sterile material. Misidentifications can be
detected by BLAST searches, if different sequences ob-
tained from the same voucher consistently point to another
species, of which several sequences prepared by different
authors are available in GenBank. Among the sequences
examined here, those based on “isolate SCBGP173_2"
(Liu & al. 2015) may be such a case. The ITS sequence
KP092857 differs by 27-29 substitutions from the ma-
jority of the other Cinnamomum camphora sequences
and agrees best with C. burmannii. In the ITS-2 region,
KP092857 is completely identical with C. burmannii, and
in the result of the Maximum Likelihood analysis it nested
among the species of C. sect. Cinnamomum, as sister tax-
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on to C. burmannii. The psbA-trnH sequence KP095536
differs by only three substitutions from most specimens of
C. camphora, but is likewise identical with several acces-
sions of C. burmannii. The matK sequence KP093546 ap-
pears compatible with C. camphora, but several sequenc-
es of C. burmannii differ by just a single mutation within
the small, conserved region covered by this fragment. We
therefore assume that “isolate SCBGP173_2” (IBSC)
may indeed represent C. burmannii. Cinnamomum bur-
mannii is a species of C. sect. Cinnamomum, which is
characterized by (sub)opposite, strongly triplinerved or
trinerved leaves without domatia, vegetative buds with
inconspicuous or no bud scales, and fruits with persist-
ent tepal bases on the margin of the cupule, whereas C.
camphora and C. parthenoxylon are species of C. sect.
Camphora, characterized by alternate, penninerved to
weakly triplinerved leaves with domatia, vegetative buds
with distinct bud scales (perulate), and cupules without
remnants of tepals. Both C. burmannii and C. camphora
are frequently cultivated, e.g. as street trees in S China.
They are usually quite different, at least when flowering
or fruiting, but sometimes the leaves are not exactly oppo-
site in C. burmannii, and the lowermost secondary veins
may be less prominent, so that misidentification of sterile
material becomes conceivable.

Large distances separating a particular sequence from
the majority of its supposedly conspecific sequences may
also point to either a misidentification or a contamina-
tion. The matK sequences JQ435499 (“Cinnamomum
camphora”) and JQ435498 (“C. parthenoxylon™) differ
not only from these two species but from all core Lau-
raceae, more than these differ among each other. In this
case, however, we could not find any highly similar se-
quence, so that we cannot tell which taxon they might
represent.

The situation is more complicated in the much more
variable ITS sequences. If both ITS and chloroplast se-
quences are available of a particular voucher specimen,
then ITS group #1 usually corresponds to cp group #1
and ITS group #3 corresponds to cp group #2. Howev-
er, there are exceptions. Among the sequences covering
only the ITS-2 part, the Cinnamomum parthenoxylon se-
quences KX546421 and KX546593, both based on the
collection Ci X. Q. 0036 (HITBC), are in ITS group #3,
but the psbA-trnH and matK sequences from the same
voucher (KX546119 and KX546924) are in cp group #1.
Sequence JX242469 differs considerably from all other
sequences, even in the 5.8S rDNA region, which other-
wise is highly conserved among the Cinnamomeae. If
it had been the only aberrant sequence, we would have
dismissed it as an occasional sequencing error. How-
ever, it shares (at least) 34 substitutions and 5 indels
compared to ITS group #1 with JN115020, 18 substitu-
tions and 2 indels with the ITS-1 part of AF272260 (of
which the ITS-2 part is identical with ITS group #1), and
31 substitutions and 6 indels with the ITS-2 sequences
MF096119-MF096121. Most of the substitutions and
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all of the indels are shared with at least one of the other
aberrant sequences, often with all of them (if they cover
the respective region). JN115020 even shares eight of its
15 substitutions in the 5.8S rDNA with JX242469. This
suggests that ITS pseudogenes may have been sequenced
in these cases. In any case, one should be wary if an ITS
sequence shows an unexpectedly large divergence from
those of supposedly closely related taxa.

If we exclude suspected misidentifications and pseu-
dogene sequences, there still is considerable diversity
among the sequences submitted as Cinnamomum cam-
phora or C. parthenoxylon. Based on morphology alone,
the questionable plant with the accession number 2006-
1425 in the botanical garden of Munich could easily be
accommodated in C. camphora, as the variability of the
leaves on sterile branches is much larger in this species
than on the fertile branches that are commonly photo-
graphed or preserved in herbaria. Nevertheless, our re-
sults are consistent with the assumption that the plant
may be of hybrid origin. In the chloroplast genome, all
or by far most reads of a certain amplicon were identi-
cal. The chloroplast genome is assumed to be maternally
inherited, although to our knowledge this has not been
checked in the Lauraceae so far. Only in one part of the
trnK intron we found indications of different copies, but
these were at least twelve times less frequent than the
dominant copy. We cannot really explain these additional
copies. Occasional transmission of a proplastid from the
male gametophyte might be an option, but this is purely
speculative. A PCR error or PCR recombination in an
early cycle appears even more likely (Simon & al. 2012).

In the biparentally inherited nuclear ITS region, on
the other hand, there is considerable evidence for different
copies in this individual. High-throughput DNA sequenc-
ing has replaced cloning as the means to investigate the
presence of multiple, divergent copies of nuclear ribos-
omal cistrons including ITS. For example, Zozomova-
Lihova & al. (2014) supported previous hypotheses on the
parents of Cardamine xschulzii Urbanska-Worytkiewicz
using 454 sequencing of ribosomal DNA. Furthermore,
they found a bias toward the maternal copy. Similarly, in
our case the second most frequent copy was found to be
only about '/3 to 7 as frequent as the dominant copy, and
this is obviously sufficient to lead to heavily disturbed se-
quences in direct Sanger sequencing. In both the haplotype
network analysis and the maximum likelihood analysis the
dominant copy is found among sequences of Cinnamo-
mum camphora, as also the key characters suggested, but
the secondary copy is found in a different group, consist-
ing mainly of sequences submitted as C. parthenoxylon.
The amount of intraspecific sequence variation is not yet
well known in the Lauraceae, although a first attempt at its
quantification has been made by Liu & al. (2012). How-
ever, given the amount of sequence difference between the
two copies, intraspecific variation is unlikely.

It still is uncertain if the second parent really is Cin-
namomum parthenoxylon, because of the morphological
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and molecular heterogeneity of the material attributed to
this taxon (see above). For comparison, photos of a plant
that we identified as C. parthenoxylon are shown in Fig.
1E, F. The ITS sequence (MF110054) obtained from this
plant (Rohwer 178, MIG), however, differs by eight sub-
stitutions from the sequence of the suspected hybrid, and
in the maximum likelihood analysis it is unresolved with
respect to most other clades in C. sect. Camphora.

In our experience, intraspecific differences in ITS
sequences are not really rare, at least if a species is
widespread (compare, e.g., Ocotea aciphylla (Nees &
Mart.) Mez, GenBank accession numbers DQ787422,
GQ480374 and KX509866). In contrast, intraindividual
variation is seldom recognized by direct amplification and
sequencing, likely due to rarity of hybridization of indi-
viduals with divergent ITS-copies. In cases of offspring
of parents with divergent but closely related ITS-copies
just one or two double peaks are invariably retrieved in re-
peated sequencing attempts, suggesting polymorphisms
in the respective sequence positions. Such sequences
have been described, e.g. by Morden & al. (2015) for a
few collections of Cryptocarya mannii Hillebr. They re-
main readable and can be included in phylogenetic analy-
ses. Length mutations (indels) are more problematic. A
single length mutation between two primer sites, most
frequently a simple repeat of an adjacent motif, often can
be resolved by sequencing toward this point from both
sides. If there are several length mutations, however,
cloning and (Sanger) sequencing of several clones used
to be necessary to sort the different copies apart. In prac-
tice, limited resources often restricted these efforts and
made it more cost-effective to omit a particular specimen
and try another one. Since specific and generic delimita-
tions among the Lauraceae are still a difficult issue, it is
important to assess the possible role of hybridization in
the evolution of the family. High-throughput sequencing
now offers the opportunity to include collections yield-
ing mixed signals with conventional methods, giving new
insights into a still poorly explored field.
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