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phylogenetic relationships of tree
species in tropical cloud forests
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Published online: 02 October 2017 . DNAbarcodingisa useful tool for species identification and phylogenetic construction. But present
. studies have far reached a consistent result on the universality of DNA barcoding. We tested the
. universality of tree species DNA barcodes including rbcL, matK, trnH-psbA and ITS, and examined
. their abilities of species identification and phylogenetic construction in three tropical cloud forests.
. Results showed that the success rates of PCR amplification of rbcL, matK, trnH-psbA and ITS were
© 75.26% 1 3.65%, 57.24% = 4.42%, 79.28% + 7.08%, 50.31% = 6.64%, and the rates of DNA sequencing
. were 63.84% - 4.32%, 50.82% - 4.36%, 72.87% = 11.37%, 45.15% - 8.91% respectively, suggesting
. that both rbcL and trnH-psbA are universal for tree species in the tropical cloud forests. The success
© rates of species identification of the four fragments were higher than 41.00% (rbcL: 41.50% = 2.81%,
. matK: 42.88% = 2.59%, trnH-psbA: 46.16% £ 5.11% and ITS: 47.20% + 5.76%), demonstrating that
. these fragments have potentiality in species identification. When the phylogenetic relationships were
: built with random fragment combinations, optimal evolutionary tree with high supporting values were
established using the combinations of rbcL + matK + trnH-psbA in tropical cloud forests.

. DNA barcoding is a standard gene fragment' for species identification. It has been developing rapidly in recent
© years?, and become a useful tool for biodiversity investigation and monitoring, and molecular phylogeny and
* evolution®.

In 2009, the Consortium for the Barcode of Life (CBOL) Plant Working Group proposed the chloroplast gene
rbcL and matK as the core barcodes of plant species, as well as intergenic sequence trnH-psbA and nuclear gene
ITS as the supplement barcodes*. Since rbcL is characterized by its universality, easy amplification and compa-

* rability, this gene has been proposed as the barcode fragment®. Presently, rbcL genes have been widely used for
. phylogenetic analysis within family and subclass of angiosperm, and even among the different groups of the seed
. plants®. However, variation in rbcL sequence mainly exists at the above-species level, and variation is seldom
found at the species level’"%, resulting in poor abilities in species discrimination*!!. For example, Newmaster ef
al. compared ~10,300 rbcL sequences (with each more than 1,000 bp) collected from GenBank by using a distance
method, and found that rbcL did not recognize all plant species but distinguished plants within the same genus'°.

The core barcode matK locates at the intron region in chloroplast lysine tRNA (trnK) gene, and is ~1,550 bp
in length, encoding a mature enzyme that involves in type II intron splicing during RNA transcripts'2. matK is a
single-copy and one of the fastest evolving g“enes in protein encoding regions of the chloroplast genome'2. The

. evolution rate of this gene is about 2-3 times higher than rbcL', and half lower than the ITS sequence'*. Although

© the amplification success rate of matK is relative low”®1°, it has been commonly used in studies of systematic and
evolutionary botany'>'6. For example, Lahaye et al. studied 1,667 plant samples by using matK, and obtained an
amplification rate of 100%, and a species discrimination rate of over 90%"7.

trnH-psbA sequence locates at intergenic (non-coding) region in chloroplast with a rapid evolution rate. There
are 75-bp conserved regions at the two ends of this sequence and makes it easy to be designed as universal prim-
ers'. TrnH-psbA sequence has been successfully amplified in many plant species, and showed a high power on
discrimination’®. For example, Kress et al. found that the length of the amplified trnH-psbA fragments of 92% spe-
cies ranged from 340 to 660 bp, and retained a unique interval sequence, making this sequence meet the criteria
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as a barcode'®. However, insertion/deletion events often occur in this fragment in different species'”'?, even in
species that are genetically related®’, leading to variation in fragment length, and causing difficulties in comparing
species from different genera.

ITS belongs to ribosomal DNA in the nuclear genome, and is widely distributed in photosynthetic eukaryotic
organisms (except ferns). A large amount of data of this fragment has been accumulated in GenBank?®, and has
become the most common sequence for phylogeny construction'. Components of ITS include ITS1, ITS2 and
5.8 S. Experimental evidence shows that there are large differences among the three sequences. For example,
5.88S is the most conserved gene among the three sequences, and the discrimination power of ITS1 is higher
than ITS2%!. The wide applications of ITS result from the following advantages: (1) ITS is highly repetitive in the
nuclear genome, and has high rate of species identification’; (2) ITS can be used to solve the problem of plant
phylogeny in lower taxonomic order?, helping precisely reconstruct phylogenetic relationships between plant
species. Li et al. successfully got a high species discrimination resolution for ITS by studying the 6,286 samples
from 1,757 seed plant species in China®; (3) ITS1 and ITS2 locates between 18S and 5.8S rDNA, and 5.8S and 26S
DNA respectively. Sequences of 18S, 5.8S and 26S rDNA are highly conserved from bacteria, fungi and higher
plants, enabling the design of the sequence-complemented universal primers for PCR amplification of ITS*. The
use of ITS, however, was also questioned. For example, its success rate of amplification and sequencing was found
relatively low (i.e. 86.20% and 71.00% respectively?). This usually results from some second-level structures in
ITS?**?, which makes the sequencing quality of ITS decrease. Secondly, variation in the length of ITS is large, with
most sequences longer than 1,100 bp and preserving long sequence of poly-G, poly-C and poly-A, often bringing
some difficulties in sequence analysis®.

The APG system is always chosen to establish phylogenetic relationships among plant species. But the method
cannot distinguish evolutionary relatedness at the species level, and thus processes low resolution of evolutionary
trees?®??. DNA barcoding provides a new insight into solving this task. With this strategy, desired evolutionary
relationships of different plant species within the same community can be constructed when standard DNA frag-
ments are prepared™. For example, the optimal evolutionary relationships of tree species in Barro Colorado Island
(BCI)*! and the Ailao Mountain® have been constructed by integrating fragments rbcL, matK and trnH-psbA.
Another study, however, suggested that rbcL +ITS2 fragment combination can be used as an effective way testing
the phylogenetic relationships in Dinghu mountain®*; and a combination of trnH-psbA + ITS fragment is favora-
ble for identifying species in Xishuangbanna National Nature Reserve®. These cases suggest that DNA barcode
combinations can be variable when building phylogenetic relationships of species deriving from different forest
communities.

Tropical cloud forest is frequently covered by cloud in humid tropics areas*, which mainly distributed at the
ridge of mountains with altitudes of 500-3900m in tropical areas of America, Africa and Asia. Environmental
conditions in these forests are characterized by strong wind, low temperature, frequent fog, and high levels of
ultraviolet radiation compared with lower altitude forests*. Trees in cloud forests are typically more malformed
and elfin, and covered in more epiphytes®®. Endemic and threatened species are rich in tropical cloud forests¥,
and their function in capturing water condensed from clouds and fog?, all contribute to the unique ecology of
such cloud forest ecosystems®. Therefore, the phylogenetic relationships of tree species in this forest community
were assumed to differ from low-altitudinal tropical forests, and could not be precisely constructed with the
existed APG system. In this paper, we tested the phylogenetic relationships of tree species in tropical cloud forests
in Hainan Island through the analysis of DNA barcodes including ITS, matK, rbcL and trnH-psbA. We aimed that
(1) ITS, matK, rbcL and trnH-psbA would be universally used as DNA barcodes for tree species in tropical cloud
forests in Hainan Island, and would identify tree species; (2) phylogenetic relationships would be successfully
built by using the combination of the four fragments in the tropical cloud forests.

Results

Universality of primer sequences. In the tropical cloud forest of Bawangling, samples of a total of 186
individuals and 107 tree species were collected, and 548 sequences were available for the four DNA fragments
(Table 1). Among these fragments, trnH-psbA had the highest success rate of PCR amplification (83.87%), fol-
lowed by rbcL (80.37%) and matK (59.63%), and the success rate of PCR amplification for ITS was the lowest
(58.23%). Regarding DNA sequencing, rbcL and trnH-psbA showed the highest success rate (82.80% and 68.28%,
respectively), followed by ITS (56.99%) and matK (50%).

In the tropical cloud forest of Limushan, samples of 130 individuals and 89 species were collected, and 356
sequences from the four DNA fragments were available. The success rate of PCR amplification was the highest for
rbcL (69.78%), followed by trnH-psbA (68.66%) and matK (61.47%). 40.35% of samples was successfully ampli-
fied for ITS. rbcL and matK had the highest success rate of sequencing (57.36%), followed by trnH-psbA (55.81%)
and ITS (39.56%).

In the tropical cloud forest of Jianfengling, samples of 255 individuals belonging to 128 species were col-
lected, and 776 sequences of the four DNA fragments were obtained. A highest success rate of amplification was
recorded for trnH-psbA (85.32%), followed by rbcL (75.62%), ITS (52.36%) and matK (50.61%). A highest rate of
samples was successfully sequenced for trnH-psbA (80.00%), followed by rbcL (65.88%), ITS (46.67%), and matK
(45.10%).

Success rate of species identification. When single DNA fragment was used, the highest success rate of
species identification of 47.20 & 5.76% was obtained for ITS, followed by trnH-psbA (46.16 +5.11%) and matK
(42.88% £ 2.59%). But the rate of rbcL was the lowest (41.50% =+ 2.81%) (Fig. 1). Plants belonging to Lauraceae,
Fagaceae, Aquifoliaceae and Symplocaceae, however, could not be effectively identified using a single fragment.
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ITS 58.23 56.99

rbcL 80.37 68.28
Bawangling

matK 59.63 50.00

trnH-psbA 83.87 82.80

ITS 40.35 39.56

rbcL 69.78 57.36
Limushan

matK 61.47 57.36

trnH-psbA 68.66 55.81

ITS 52.36 46.67

rbcL 75.62 65.88
Jianfengling

matK 50.61 45.10

trnH-psbA 85.32 80.00

Table 1. The success rates of PCR amplification and sequencing of the four barcode fragments in the three
tropical cloud forests.
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Figure 1. The average species identification success rate for the four barcode fragments in tropical cloud forests.

Construction of phylogenetic trees. The phylogenetic relationships in the tropical cloud forests of
Bawangling, Jianfengling, and Limushan were established by the combination of rbcL + matK + trnH-psbA
(Figs 2—4), with the high average supporting values for nodes (e.g. Bawangling: 79.10% = 17.87%; Limushan:
76.82% £ 15.69%; Jianfengling: 78.98% =+ 14.50%). But the average supporting values for nodes of evolutionary
trees in the three forests were relative low when using the other fragment combinations (Suplementary Figs S1-
$30, Table S4). Each tree showed a “fan” shape, with closely related species clustering together, whereas distantly
related species relatively scattering. Compared with the Limushan and Jianfengling, higher average supporting
values were found for nodes on the phylogeny in Bawangling.

Discussion
In the present study, the success rates of amplification and sequencing of matK fragment were 57.24 +4.42%
and 50.82 £ 4.36%, respectively, similar to by Kress et al.’!, who reported the matK had the lowest overall rate of
recovery (69%). The success rates of amplification in Kress et al.” was only 39.3% for the 96 species in 46 genera,
and the correct recognition rate was 14.6%. Sass et al.® used matK to amplify Cycas, with a success rate of only
24%. Different branch groups of the gene are hard to amplificate and sequencing primers universality is very
poor®*. The universality of primers is recognized as an important criteria for evaluating the appropriateness of
DNA barcodes**!. The low success rate of amplification and sequencing of matK fragments probably shows that it
has a poor universality. This is possibly caused by in-sufficient number of primer pairs selected, and can be solved
by using more and diverse primers. For example, Lu et al. included additional primers matK472F and matK1248R
in the DNA barcode candidates®?, and obtained a 90% of the universality of primers for subtropical forest tree
species in Ailao mountain.

High success rate of amplification and sequencing (75.26% =+ 3.65% and 63.84% =+ 4.32%, respectively) was
found for rbcL in the tropical cloud forest, which is consistent with the study in Xishuangbanna Nature Reserve?
(75.26% =+ 3.65% vs. 97.60% and 63.84% + 4.32%vs. 90.80%, respectively), indicating a promise universality for
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Figure 2. The phylogenetic tree of Bawangling tropical cloud forest using fragment combination of
rbcl+ matk + trnH-psbA.

the rbcL barcode. The result is thought to be related to highly conserved and low evolutionary levels for rbcL gene.
Although high success rate of amplification (79.28% =+ 7.08%) can also be obtained for trnH-psbA, sequence data
were generally enriched by repeated sequences. This may result from the evidence that there are mononucleotide
repeats in trnH-psbA gene in some species, with continuous repeats of several to dozen bases of A or T. Moreover,
the uncertainty number of nucleotide repeat sequences in trnH-psbA was prone to be caused by traditional Sanger
sequencing method*.

In this study, ITS showed the lowest rate of amplification and sequencing (50.31% =+ 6.64% and
45.15% £ 8.91%, respectively) in all of the fragments tested. The success rate of amplification and sequencing
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Figure 3. The phylogenetic tree of Limushan tropical cloud forest using fragment combination of
rbcl+ matk + trnH-psbA.

of ITS can be variable for tropical forest plants in different regions. For instance, only 41% of success rate of ITS
was detected in 285 tree species in the Amazon tropical forests'!. For the tree species from India tropical forests,
however, the rates of amplification and sequencing for ITS were 74% and 62%, respectively®’. The low rate of
amplification and sequencing of tropical cloud forest species can be partly explained by Lauraceae and Fagaceae
species, which contain large amount of secondary metabolites (such as polysaccharides and phenolic compounds)
that has a negative effect on the extraction of high quality DNA. Moreover, multiple copies of fragments in ITS, as
well as its incomplete concerted evolution process in Quercus species**** and Cinnamomum species*, may also
be responsible for the rate of amplification and sequencing.
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Figure 4. The phylogenetic tree of Jianfengling tropical cloud forest using fragment combination of
rbcl+ matk + trnH-psbA.

The identification success rates of rbcL and matK were 41.50% +2.81% and 42.88% = 2.59% in tropical cloud
forests, respectively, lower than those of trnH-psbA and ITS (Fig. 1). This may result from the fact that variation
in rbcL sequence mainly exists at the above-species level’"1°, as well as the relative low evolution rate of Johnson &
Soltis™. Low identification success rate for both rbcL and matK have also be found by Huang et al. in the tropical
rain forest in Xishuangbanna in China®, and by Tarnowski et al. in the tropical rain forest in India*’. Therefore,
our results suggest that both rbcL and matK be not suitable for identification of plants at the species level in
tropical forests. But rbcL and matK have the advantage of high success rate of amplification and sequencing in
tropical cloud forests (Fig. 1), as well as advantage of that these two fragments have been demonstrated to have
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Area | Species Elevation
Plot Number (m?) Number (m)
Bawangling 21 8400 107 1340
Limushan 15 6000 89 1411
Jianfengling 12 4800 128 1280

Table 2. Description of the study sites.

high identification success rates at the genus and family level?*, we thus propose that both rbcL and matK be two
core barcodes identifying plant evolutionary relationships at the genus and family levels in tropical cloud forests.

Although there is a lot of debate about whether trnH-psbA fragments can be used as DNA barcodes*~%, we
found that the identification rate of this fragment was 46.16% = 5.11%. Our results are consistent with the finding
of Huang et al. in the tropical rain forest in Xishuangbanna®, and show that trnH-psbA is a good candidate used
as species identification in tropical cloud forest. Especially, our study shows that trnH-psbA can be used as a bar-
code for tree species belonging to Lauraceae and Fagaceae, when these species are seldom identified by the other
three fragments. Other studies have shown that trnH-psbA can be used to identify plant species individually™,
or is taken as auxiliary barcodes®!. Thus our findings prove that trnH-psbA is a potential DNA barcode for forest
tree species identification®!43,

The identification rate of ITS in the tropical cloud forest was 47.20 £ 5.76%, lower than the data of Li et al.?®
(BLAST: ITS 67.20%) and Huang et al.”® (BLAST: ITS 58.10%). The relative low identification rate of ITS in trop-
ical cloud forests may result from the low rate of amplification and sequencing of this fragment. But the highest
species discrimination rate of this fragment in the tropical cloud forests probably shows that it is a core barcode of
angiosperm plant. Other evidence demonstrated that ITS acted as one of the standard DNA barcodes identifying
global land plants® and green algae™. Thus, our results further prove that ITS is a plant core barcode which can
effectively identify plant species.

We successfully constructed phylogenetic relationships of tree species using rbcL + matK + trnH-psbA frag-
ment combinations in these three tropical cloud forests, which is contrary to our second hypothesis. Moreover,
we found that the average supporting values of nodes on each branch were higher than 50% (Figs 2-4), indi-
cating that we obtain highly reliable evolutionary relationships for tropical cloud forest tree species. The
rbcL + matK + trnH-psbA fragments were previously used to construct phylogenetic relationships for tree species
in Barro Colorado Island (BCI), Dinghu Mountains and Ailao Mountain forest**>**. And studies have shown
that the combination of rbcL + matK + trnH-psbA is currently applicable for DNA barcoding-based phylogenetic
studies on forest communities®. Our results further prove that these three fragments are of high efficiency in
reconstructing phylogenetic relationships for forest plant species. Since tropical cloud forest has rich species
and endemic species, the phylogenetic tree constructed by the APG online system (constrained tree) is difficult
to reflect the phylogenetic relationships in the tropical cloud forests. Phylogenetic trees constructed by DNA
sequences (non-constrained tree) in this study are able to clearly cluster the closely related species and separate
distantly related species in tropical cloud forest (Figs 2-4).

We found a large number of Symplocaceae, Fagaceae and Lauraceae species in the three tropical cloud forests,
indicating a similar species composition. These results may reflect similar origin and phylogenetic framework of
tropical cloud forest species in Hainan Island. However, the three tropical cloud forests have different environ-
mental conditions due to their different geographical locations. For example, Jianfengling (southwest Hainan
Island) has the highest mean temperature, followed by Bawangling (Western Hainan Island), and Limu mountain
(central Hainan Island) is the lowest. These differences may be responsible for the different direction of species
evolution in the three tropical cloud forests. For example, Distylium racemosum is dominant in Bawangling®, and
Camellia pitardii is dominant in Limushan, whereas Fagaceae plants such as Castanopsis faberi are more widely
distributed in Jianfengling™.

In general, contrasting with the first hypothesis, we found that matK and ITS had low success rates of ampli-
fication and sequencing (Table 1), showing that these two fragments have poor universality in the tropical cloud
forests. But we found high success rate of amplification and sequencing for rbcL and trnH-psbA (Table 1), indi-
cating that these two barcodes are universal for tree species in the tropical cloud forests. Similar to other stud-
ies, both rbcL and matK had low rates of species discrimination rate (Fig. 1), but high identification success
rates at the genus and family level, suggesting that these two fragments are core barcodes identifying genus-
and family-level evolutionary relationships for tropical cloud forest plants. The species identification rates of
trnH-psbA and ITS were relative high among the four fragments (Fig. 1), showing that they are good candidates
used as species identification in tropical cloud forest. Contrary to the second hypothesis, we constructed highly
reliable evolutionary relationships for tropical cloud forest tree species using a three- fragment combination
(Figs 2-4; rbcL + matK + trnH-psbA), similar to the results in Barro Colorado Island (BCI), Dinghu Mountains
and Ailao Mountain forest**>*3. Our results thus prove that the three fragment combinations are of high effi-
ciency in reconstructing phylogenetic relationships for forest plant species.

Materials and Methods
Sample collection. In 2013 and 2014, we established 12, 21 and 15 20 x 20-m plots in tropical cloud forests
in Jianfengling, Bawangling and Limushan, respectively (Table 2). Fresh and intact leaves were collected from
1-2 individual trees for each species with diameter at breast height (DBH) more than 5 cm, in the wake of drying
treatment by using silica gel®.
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DNA extraction, amplification and sequencing. Genomic DNA was extracted by using a Plant DNA
Isolation Kit (Foregene, Chengdu, China), and four fragments including ITS, rbcL, matK, and trnH-psbA were
selected (Suplementary Table S1). PCR reaction system was optimized and modified based on the recom-
mended protocol®. Amplification products were sent to Huada Genomics Institute (BGI, Guangzhou, China)
for DNA sequencing. Sequence editing and alignment, barcode assembly, and the construction of evolutionary
trees were preformed by using BioEdit programs (http://www.softpedia.com/get/Science-CAD/BioEdit.shtm),
Sequencematrix (http://www.softpedia.com/get/Science-CAD/Sequence-Matrix.shtml), and MEGA 6.0 (http://
www.megasoftware.net/).

Data analysis. The success rate of PCR amplification was calculated as the proportion of the number of indi-
viduals amplified to the total number of individuals analyzed, and the successful rate of sequencing was calculated
as the percentage of the number of high quality sequences to the total number of individuals®’.

Species identification ability of each DNA barcodes was evaluated using the BLAST method. The work was
conducted as follows: firstly, each DNA fragment of the collected species in tropical cloud forests was downloaded
from NCBI database, and then a local database was established using the downloaded sequences®. Secondly, each
sequence measured in this study was BLAST against the sequence in the local database, and the percentage of identi-
cal sites was calculated and was taken as the species discrimination rate of the measured sequence. If the percentage
of identical sites of a sequence calculated between intraspecific individuals were higher than interspecific individu-
als, then the sequence was taken as the purpose one of the studied species. Finally the identification success rate of
DNA barcoding was calculated as the product of sequencing success rate and species discrimination rate?!.

Methods for constructing evolutionary trees mainly include discrete character methods and distance meth-
ods. Discrete character methods include minimum evolution (ME) method and maximum likelihood (ML)
method, while distance methods include the unweighted pair-group method with arithmetic means (UPGMA)
and neighbor joining (NJ) method. The two methods of ME and ML have long computation time and complex
computation. And the UPGMA algorithm is simpler and is rarely used at present. However, the NJ method can
deal with a large amount of sequence information on a personal computer, and a bootstrap test can be easily
performed. This method was used to construct phylogenetic trees in the present study, because trees constructed
by NJ method meet the requirements for species identification. Lahaye et al.'” demonstrated that the optimal
topology was easily generated when evolutionary tree was built by using NJ method.

References
1. Hebert, P. D. N., Cywinska, A., Ball, S. L. & deWaard, J. R. Biological identifications through DNA barcodes. Proc. Biol. Sci. 270,
313-321 (2003).
. Hollingsworth, P. M., Graham, S. W. & Little, D. P. Choosing and using a plant DNA barcode. PLoS ONE 6, €19254 (2011).
. Pei, N, Chen, B. & Kress, W. ]. Advances of community-level plant DNA barcoding in China. Frontiers in plant science 8, 225 (2017).
. CBOL Plant Wording Group., A. DNA barcode for land plants. PNAS 106, 12794-12797 (2009).
. Hollingsworth, P. M., Li, D. Z., van der Bank, M. & Twyford, A. D. Telling plant species apart withDNA: from barcodes to genomes.
Phil. Trans. R. Soc. B. 371, 20150338 (2016).
. Chase, M. W. et al. A proposal for a standardised protocol to barcode all land plants. Taxon 56, 295-299 (2007).
7. Kress, W. J. & Erickson, D. L. A two-locus global DNA barcode for land plants: the coding rbcL gene complements the non-coding
trnH-psbA spacer region. PLoS ONE 2, €508 (2007).
8. Sass, C, Little, D. P, Stevenson, D. W. & Specht, C. D. DNA barcoding in the Cycadales: testing the potential of proposed barcoding
markers for species identification of cycads. PLoS ONE 2, e1154 (2007).
9. Fazekas, A. . et al. Multiple multilocus DNA barcodes from the plastid genome diseriminate plant species equally well. PLoS ONE
3, 2802 (2008).
10. Newmaster, S. G., Fazekas, A. ]. & Ragupathy, S. DNA barcoding in land Plants:evaluation of rbcL in a multigene tiered approach.
Can. J. Bot. 84, 335-341 (2006).
11. Gonzalez, M. A. et al. Identification of Amazonian trees with DNA barcodes. PLoS ONE 4, 7483 (2009).
12. Wolfe, K. H. CHAPTER 15-Protein-Coding Genes in ChloroplastDNA: Compilation of Nucleotide Sequences, Data Base Entries,
and Rates of Molecular Evolution. Photosynth. Appa. Mol. Biol. Oper. 467-482 (1991).
13. Gadek, P. A, Alpers, D. L., Heslewood, M. M. & Quinn, C. J. Relationships within Cupressacea sensu lato: a combined morphological
and molecular approach. Am. J. Bot. 87, 1044-1057 (2000).
14. Johnson, L. A. & Soltis, D. E. Phylogenetic in ference in Saxifragaceae sensu strieto and Gilia(Polemoniaeeae) using matK sequences.
Ann. Missouri. Bot. Gard. 82, 149-175 (1995).
15. Khidir, W. H. & Lawrence, A. A. Evolutionary implications of matK indels in Poaceae. Am. J. Bot. 86, 1735-1741 (1999).
16. Mort, M. E,, Soltis, D. E., Soltis, P. S., Franciscoortega, ]. & Santosguerra, A. Phylogenetic relationships and evolution of Crassulaceae
inferred from matK sequence data. Am. J. Bot. 88, 76-91 (2001).
17. Lahaye, R., VanderBank, M. & Bogarin, D. DNA bareoding the floras of biodiversity hotspots. PNAS. 105, 2923-2928 (2008).
18. Smith, M. A, Fisher, B. L. & Hebert, P. D. DNA barcoding for effective biodiversity assessment of a hyperdiverse arthropod group:
the ants of Madagascar. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 360, 1825-1834 (2005).
19. Kress, W. . et al. Use of DNA barcodes to identify flowering plants. PNAS. 102, 8369-8374 (2005).
20. Aldrich, J. & Cherney, B. W. & Merlin, E. The role of insertions/deletions in the evolution of the intergenic region between psbA and
trnH in the chloroplast genome. Curr. Genet. 14, 137-146 (1988).
21. Chase, M. W. et al. Landplants and DNA barcodes: short-term and long-term goals. Philos Trans. R. Soc. Lond. B. Biol. Sci. 360,
1889-1895 (2005).
22. Baldwin, B. G. et al. The ITS Region of Nuclear Ribosomal DNA: A Valuable Source of Evidence on Angiosperm Phylogeny. Ann.
Mo. Bot. Gard. 182, 247-277 (1995).
23. Li, D. Z. et al. Comparative analysis of a large dataset indicates that internal transcribed spacer (ITS) should be incorporated into the
core barcode for seed plants. PNAS 108, 19641-19646 (2011).
24. Soltis, D. E. et al. Angiosperm phylogeny inferred from 18S ribosomal DNA sequences. Ann. Missouri. Bot. Gard. 84, 1-49 (1997).
25. Huang, X,, Ci, X., John, G. & Li, ]. Application of DNA Barcodes in Asian Tropical Trees - A Case Study from Xishuangbanna Nature
Reserve, Southwest China. PLoS ONE 10, e0129295 (2015).
26. DeSalle, R. Phenetic and DNA taxonomy; a comment on Waugh. Bioessays 29, 1289-1290 (2007).
27. Waugh, J. DNA barcoding in animal species: progress, potential and pitfalls. Bioessays 29, 188-197 (2007).
28. Kembel, S. W. & Hubbell, S. P. The phylogenetic structure of a neotropical forest tree community. Ecology. 87, S86-599 (2006).
29. Letcher, S. G. Phylogenetic structure of angiosperm communities during tropical forest succession. Proc. Biol. Sci. 277, 97-104 (2010).

G W N

f=)}

SCIENTIFICREPORTS |7: 12564 | DOI:10.1038/s41598-017-13057-0 8


http://S1
http://www.softpedia.com/get/Science-CAD/BioEdit.shtm
http://www.softpedia.com/get/Science-CAD/Sequence-Matrix.shtml
http://www.megasoftware.net/
http://www.megasoftware.net/

www.nature.com/scientificreports/

30. Erickson, D. L. et al. Comparative evolutionary diversity and phylogenetic structure across multiple forest dynamics plots: a mega-
phylogeny approach. Frontiers in Genetics. 5, 358 (2014).

31. Kress, W. J. et al. Plant DNA barcodes and a community phylogeny of a tropical forest dynamics plot in Panama. PNAS. 106,
18621-18626 (2009).

32. Lu, M, Ci, X, Yang, G. & Jie, L. D. N. A. Barcoding of Subtropical Forest Trees—A Study from Ailao Mountains Nature Reserve,
Yunnan, China. Plant. Divers. Resour. 35, 733-741 (2013).

33. Liu, J. et al. The use of DNA barcoding as a tool for the conservation biogeography of subtropical forests in China. Divers. Distrib. 21,
188-199 (2015).

34. Stadtmiiller, T. Cloud Forest in the Humid Tropics: A Bibliographic Review. United Nations University Press, Tokyo, Japan (1987).

35. Long, W, Ding, Y., Zang, R., Yang, M. & Chen, S. W. Environmental characteristics of tropical cloud forests in the rainy season in
Bawangling National Nature Reserve on Hainan Island, South China. Chin. J. Plant Ecol. 35, 137-146 (2011).

36. Wang, X. et al. Vascular epiphyte diversity differs with host crown zone and diameter, but not orientation in a tropical cloud forest.
PLoS. ONE. 11, e0158548 (2016).

37. Long, W. et al. Community assembly in a tropical cloud forest related to specific leaf area and maximum species height. . Veg. Sci.
26, 513-523 (2015).

38. Bubb, P,, May, I, Miles, L. & Sayer, J. Cloud Forest AgendaUK:UNEP-WCMC, Cambridge (2004).

39. Long, W, Zang, R. G., Schamp, S. B. & Ding, Y. Within- and among-species variation in specific leaf area drive community assembly
in a tropical cloud forest. Oecologia 167, 1103-1113 (2011).

40. Hollingsworth, P. M. DNA barcoding plants in biodiversity hotspots: progress and outstanding questions. Heredity 101, 1-2 (2008).

41. Cowan, R. S., Chase, M. W. & Kress, W. J. 300000 species to identify: problems, progress, and prospects in DNA barcoding of land
plants. Taxon 55, 611-616 (2006).

42. Devey, D.S., Chase, M. W. & Clarkson, J. J. A stuttering start to plant DNA barcoding: microsatellites present a previously overlooked
problem in non-coding plastid regions. Taxon 58, 7-15 (2009).

43. Tarnowski, A. The internal transcribed spacer (ITS) region and trnH-psbA are suitable candidate loci for DNA barcoding of tropical
tree species of India. PLoS. ONE 8, 57934 (2013).

44. Denk, T. & Grimm, G. W. The oaks of Western Eurasia: traditional classifications and evidence from two nuclear marks. Taxon 59,
351-366 (2010).

45. Simeone, M. C,, Piredda, R., Papini, A., Vessella, E & Schirone, B. Application of plastid and nuclear markers to DNA barcoding of Euro-
Mediterranean oaks (Quercus, Fagaceae): problems, prospects and phylogenetic implications. Bot. J. Linn. Soc. 172, 478-499 (2013).

46. Abeysinghe, P. D., Wijesinghe, K. G. G. & Tachida, H. Molecular characterization of Cinnamon (Cinnamomum verum Presl)
accessions and evaluation of genetic relatedness of Cinnamon species in Sri Lanka based on trnL intron region, intergenic spacers
between trnT-trnL, trnL-trnF, trnH-psbA and nuclear ITS. Res. J. Agric. Biol. Sci. 5, 1079-1088 (2009).

47. Lidholm, J., Szmidt, A. & Gustafsson, P. Duplication of the psbA gene in the chloroplast genome of two Pinus species. Mol. Genet.
Genomics. 226, 345-352 (1991).

48. Newmaster, S. G. et al. Testing candidate plant barcode regions in the Myfisticaceae. Mol. Ecol. Resour. 8, 480-490 (2008).

49. Alvarez, 1. & Wendel, J. E Ribosomal ITS sequences and plant phylogenetic inference. Mol. Phylogenet. Evol. 29, 417-434 (2003).

50. Gao, T. et al. Identification of medicinal plants in the family Fabaceae using a potential DNA barcode ITS2. J. Ethnopharmacol. 130,
116-121 (2010).

51. Ragupathy, S., Newmaster, S. G., Murugesan, M. & Balasubramaniam, V. DNA barcoding discriminates a new cryptic grass species
revealed in an ethnobotany study by the hill tribes of the Western Ghats in southern India. Mol. Ecol. Resour. 9, 164-171 (2009).

52. Buchheim, M. A. et al. Internal transcribed spacer 2 (nu ITS2 rRNA) sequencestructure phylogenetics: Towards an automated
reconstruction of the green algal tree of life. PLoS ONE 6, e16931 (2011).

53. Pei, N. Building a Subtropical Forest Community Phylogeny Based on Plant DNA Barcodes from Dinghushan Plot. Plant Divers.
Resour. 34, 263270 (2012).

54. Pei, N. et al. Closely-related taxa influence woody species discrimination via DNA barcoding: evidence from global forest dynamics
plots. Scientific Reports. 5,15127 (2015).

55. Wang, X. et al. Patterns of plant diversity within and among three tropical cloud forest communities in Hainan Island. Chinese. J.
Plant. Ecol. 40, 469-479 (2016).

56. Burgess, K. S. et al. Discriminating plant species in a local temperate flora using the rbcL plus matK DNA barcode. Methods Ecol.
Evol. 2, 333-340 (2011).

Acknowledgements

This work was supported by National Natural Science Foundation of China (31660163 and 31260109), the
Innovative Research Team grant of the Natural Science Foundation of Hainan Province (2016CXTD003) and
Natural Science Foundation of Hainan Province (312064) (to W.X).

Author Contributions
Y.K. and WX L. conceived and designed experiments. Y.K. and Z.Y.D. performed the experiments and analyzed
the data. YK, R.G.Z. and WX.L. wrote and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13057-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 12564 | DOI:10.1038/s41598-017-13057-0 9


http://dx.doi.org/10.1038/s41598-017-13057-0
http://creativecommons.org/licenses/by/4.0/

	DNA barcoding analysis and phylogenetic relationships of tree species in tropical cloud forests

	Results

	Universality of primer sequences. 
	Success rate of species identification. 
	Construction of phylogenetic trees. 

	Discussion

	Materials and Methods

	Sample collection. 
	DNA extraction, amplification and sequencing. 
	Data analysis. 

	Acknowledgements

	Figure 1 The average species identification success rate for the four barcode fragments in tropical cloud forests.
	Figure 2 The phylogenetic tree of Bawangling tropical cloud forest using fragment combination of rbcl + matk + trnH-psbA.
	Figure 3 The phylogenetic tree of Limushan tropical cloud forest using fragment combination of rbcl + matk + trnH-psbA.
	Figure 4 The phylogenetic tree of Jianfengling tropical cloud forest using fragment combination of rbcl + matk + trnH-psbA.
	Table 1 The success rates of PCR amplification and sequencing of the four barcode fragments in the three tropical cloud forests.
	Table 2 Description of the study sites.




