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Abstract: DNA barcoding refers to the application of a small number of DNA fragments to achieve reliable,
automatable species-level identification. In this study, the suitability of four candidate sequence regions were
assessed-mitochondrial COI-5P and cox2-3 spacer, plastid #bcL and UPA-for species delimitation and dis-
crimination in family Batrachospermaceae. The percentage of successful PCR amplifications of COI-5P,
cox2-3 spacer, UPA, and rbcL markers was 96%, 100%, 96%, and 98%, respectively. COI-5P, UPA, and
cox2-3 spacer sequence lengths were amenable to the acquisition of bidirectional sequencing reads using
single primer pairs and met our size criterion of 300—S800 bp. Phylogenetic analyses revealed that all four se-
quence regions were useful for species-level identification in the genus Batrachospermum except for some al-
lied species. The two Chinese endemic species B. hongdongense and B. longipedicellatum were unable to dif-
ferentiate from B. arcuatum using COI-5P, cox2-3 spacer, and rbcL markers, excepted for the UPA region.
For species-level identification, the UPA locus exhibited the highest interspecific distances. We therefore re-
commended the plastid UPA gene as a standard DNA barcode in Batrachospermaceae, but acknowledge that
there are no shared alleles between the endemic species.
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DNA barcoding is the application of one or a
few DNA fragments to achieve reliable, automatable
identification at the species level™ . The core idea
behind DNA barcoding is the fact that sequence varia-
tion is ordinarily much lower among individuals than
between closely related species. Following the initial
assessment of the mitochondrial COI barcode in
2005, this diagnostic technology has attracted consi-
derable attention as a powerful tool for algal species
delimitation” ', Remarkable progress has been
achieved through the contributions of the large-scale
DNA barcoding project and Red Algal Tree of Life
initiatives'*

A number of genomic regions used for phylo-
genetic analyses and species identification of algal
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samples over the past two decades have recently been
investigated in greater detail for their suitability for
barcoding analyses. Algal barcode genomic candi-
dates have included chloroplast rbeL!" ' and
psbA[ls], COI-5P™ """ and cox2-3 spacer[lg], nuclear
SSU, LSU"” and ITS"* "™, and plastid upAl® 222
The increasing number of publications had shown the
superiority of COI-5P in species level identification
for red macroalgae“’ 112U Domain V of the 23S
plastid rRNA gene (UPA) as a DNA barcode also
draws much attention in the identification of multiple
eukaryotic algal groups. The UPA gene could be easi-
ly amplified and could distinguish samples at species
level, even though the intra and inter species di-
versity values was relatively lower .22 Many of the
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cited studies, however, have been based on incom-
plete sampling of large genera-thus overestimating the
discriminatory power of the barcoding because an in-
sufficient number of closely related species were con-
sidered—or have not entailed a comprehensive evalua-
tion of potential barcode loci.

Batrachospermaceae, the largest freshwater red
algal family in Rhodophyta, consists of nine genera
comprising approximately 150 species ®1Batracho-
spermum Roth, the type genus, has been split into
Batrachospermum Roth and Kumanoa Entwisle, Vis,
Chiasson, Necchi et Sherwood™ ** based on molecu-
lar and morphological support, aiming reduce para-
phyly with the Batrachospermum sensulato. For this
case study, we selected four candidate sequence re-
gions—COI-5P, cox2-3 spacer, UPA, and rbcL—to
assess their suitability for species-level identification
within Batrachospermaceae. The specific aims of this
work were to evaluate ease of sequence acquisition
and universality of primers, to analyze sequence varia-
tion and substitutional saturation at generaric level,
and to estimate the effectiveness of these DNA bar-
codes for species differentiation within the genus.

1 Material and methods

1.1 Sampling strategy

In total, 49 samples representing four Batracho-
spermum, one Thorea, and one Bangia species were
collected from China (Tab. 1). Two to seven indivi-
duals of each species were included. Voucher speci-
mens were deposited at Shanxi University. Taxa, col-
lection information, and DNA sequences were sub-
mitted to GenBank or the plant barcode data manage-
ment system of Kunming Institute of Botany, Chinese
Academy of Sciences. Specimens used for morpholo-
gical examination were preserved in freshwater con-
taining 4% formalin or 2.5% calcium carbonate-buf-

fered glutaraldehyde, while those used for the mo-
lecular analysis were frozen at —20°C. To assess the
utility of the four candidate markers for identification
of these freshwater red algae, we additionally down-
loaded 214 sequences representing 11 species from
GenBank.
1.2 DNA extraction, amplification, and sequencing
Total DNA was extracted using an Aqua-SPIN
Plant gDNA Isolation mini kit (Watson Biotechnolo-
gies, Shanghai, China) following the manufacturer’s
instructions. Primer pairs used to amplify the four re-
gions (COI-5P, cox2-3 spacer, UPA, and rbcL) selec-
ted for barcoding Batrachospermum species were as
follows: GazF1 and GazR1 (COI-SPD]); cox2F and
cox3R (cox2-3 spacer[zﬂ); p23SrV_f1 and p23SrV rl
(UPA™") and F160 and rbcL Rev (rbcL””) (Tab. 2).
Standard polymerase chain reaction (PCR) amplifica-
tions were carried out in a MyCycler Thermal thermo-
cycler (BIO-RAD, USA). PCR products were puri-
fied with a Gel Extraction mini kit (Watson Biotech-
nologies) according to the manufacturer’s recom-
mendations for direct sequencing. The PCR products
were sent to Takara Biotechnology Co. (Dalian,
China) or Beijing AuGCT DNA-SYN Biotechnology
Co. for sequencing.
1.3 DNA barcoding and phylogenetic analyses
Sequences were aligned and edited in ClustalX
2.0"7. Pairwise Kimura 2-parameter distances were
calculated for COI-5P, cox2-3 spacer, UPA and rbcL
sequences in MEGA v4. 1°* to evaluate intraspecific
and interspecific divergence of each candidate bar-
code. BLAST"” was used to evaluate the generic-
level identification efﬂciencym] of the four markers in
the present study. Substitution saturation analyses for
each 1[1311?rker were performed by using DAMBE
v5.2.67 .

Tab. 1  Batrachopsermum and outgroup taxa sampled, collection, and voucher specimen information

Thorea hispida (Thore) Desvaux emend.
Sheath, Vis et Cole

Ningwu, Shanxi, China

SAS09009 LiJI

Species Locality of collection Voucher No. Collectors Samples used
B. arcuatum Kylin Xin’an Spring, Shanxi, China (XA)  SAS05707 Bian-Fang HU 2
B. arcuatum Kylin Jinci, Shanxi, China (JX) SAS07003 Qiang LI 5
B. arcuatum Kylin Jinci, Shanxi, China (NL) SAS07001 Qiang LI 5
B. arcuatum Kylin Hedao Spring, Shanxi, China (HD) SAS06032 Ge YAO 5
B. arcuatum Kylin Wulong Spring, Shanxi, China (WL) SAS090331 LiJI 4
B. arcuatum Kylin Niangziguan, Shanxi, China (SS) SAS090318 LiJl 7
B. arcuatum Kylin Jinan, Shandong, China (JN) SAS06218 Ge YAO 5
B. hongdongense Xie et Feng Hongtong, Shanxi, China (GS) SAS06009 Ge YAO 5
B. longipedicellatum Hua et Shi Xuzhou, Jiangsu, China (XZ) JS2006003 Ge YAO 5
B. gelatinosum (L.) DC Fenyuan, Ningwu, Shaixi (FY) SAS06128 Ge YAO 2
2
2

Bangia atropurpurea (Roth) Agardh

Niangziguan, Shanxi, China

SAS090315 LilJI
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Molecular identification and monophyletic as-
sessment of species were performed in this study us-
ing two tree-based methods: maximum likelihood and
Bayesian inference. The program jModeltesth’ > was
used to determine parameters for all maximum likeli-
hood analyses, which were performed using PhyML
3.0° Bootstrap resampling (1000 replicates) was
carried out to estimate the robustness of trees gene-
rated from the maximum likelihood analysis[34].
Bayesian analyses were conducted in MrBayes
3.1.2% using a Metropolis-coupled Markov chain
Monte Carlo algorithm running four simultaneous
Markov chains. Each Markov chain was started from
a random tree and run for 1000000 generations,
sampling every 100 generations, for a total of 10000
samples per run. The first 2500 samples of each run
were discarded as burn-in. The majority rule con-
sensus tree was summarized from the remaining
samples. Posterior probability was used to estimate

robustness of Bayesian trees.
2 Results

2.1 Sequence analyses

The cited primers used in this study were univer-
sally applicable to all obtained samples, with target
DNA regions successfully amplified and sequenced
for most taxa (Tab. 3). The percentage of successful
PCR amplifications of COI-5P, cox2-3 spacer, UPA,
and rbcL regions was 96%, 100%, 96%, and 98%, re-
spectively. Sequencing success rates were 86% for

COI-5P, 100% for the cox2-3 spacer, 100% for UPA,
and 92% for rbcL.

The length of the aligned COI-5P sequence data-
set was 585 bp, with 236 (40%) informative sites. The
aligned cox2-3 spacer dataset was 398 bp long and
contained 182 (46%) informative sites. The length of
aligned sequences in the UPA matrix was 338 bp,
with 113 (33%) sites informative. A total of 115 rbcL
sequences were generated; the aligned dataset encom-
passed 1124 bp including 419 (37%) informative
sites. The percentage of indels in the tested loci
ranged from 0 to 11.6% of the aligned sequences.
Mean interspecific distances of the four target DNA
regions were much greater than mean intraspecific
distances, with the minimum interspecific distances of
UPA and cox2-3 spacer sequences higher than those
of the other two loci (Tab. 3). The distribution of in-
tra- and interspecific distances is shown in Tab. 3.

We visually examined the transitional saturation
of the four DNA fragments by plotting the estimated
number of transitions and transversions for each pair-
wise comparison against the TN93 (Tamura & Nei
distance) distance (Fig. 1). The transitions of the four
DNA fragments have not achieved saturation, and the
datasets can be used in phylogenetic analysis. For the
complete COI-5P and UPA marker datasets, transi-
tional saturation was reached at a distance of approxi-
mately 0.20 and 0.15, respectively. Saturation for
cox2-3 spacer and rbcL markers occurred very close
to their maximum divergence in these datasets.

Tab.2 Primers used for PCR in the present study

DNA region Primer Sequence (5'-3") Reference
rbcL F160 CCT CAA CCA GGA GTA GAT CC
Vis & Sheath, 1999
rbcL Rev ACA TTT GCT GTT GGA GTC TC
COI-5P GazF1 TCA ACA AAT CAT AAA GAT ATT GG
Saunders, 2005
GazR1 ACT TCT GGA TGT CCA AAA AAY CA
UPA p23SrV_f1 GGA CAG AAA GAC CCT ATG AA )
- Sherwood & Presting, 2007
p23SrV_rl TCA GCC TGT TAT CCC TAG AG
cox2-3 cox2F GTA CCW TCT TTD RGR RKD AAA TGT GAT GC
Zuccarello et al., 1999
cox2R GGA TCT ACW AGA TGR AAW GGA TGT C
Tab. 3 Properties of the five candidate barcoding regions evaluated in the present study
DNA region COI-5P rbcL UPA cox2-3
Universal primer Yes Yes Yes Yes
PCR efficiency (%) 96 98 96 100
Sequencing efficiency (%) 86 92 100 100
Aligned sequence length (bp) 585 1124 338 398
No. informative/variable (bp) 236/585 419/1124 113/338 182/398

Mean intraspecific distance (range) 0.0274 (0.0000—0.0580) 0.0347 (0.0060—0.0649) 0.0454 (0.0000—0.1692) 0.0839 (0.0565—0.1180)
Mean interspecific distance (range) 0.2254 (0.0000—0.2784) 0.1507 (0.0000—0.1974) 0.1468 (0.0621—0.2732) 0.3556 (0.0000—0.4650)

Minimum interspecific distance 0.0000

0.0000

0.0621 0.0025
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2.2 Assessment of monophyly

To test the ability of COI-5P, cox2-3, UPA, and
rbcL markers to confirm the monophyly of each spe-
cies, phylogenetic analyses based on maximum likeli-
hood and Bayesian inference were carried out using
sequences of all four barcode candidates. Because the
topologies recovered by maximum likelihood and
Bayesian analyses were similar, only the Bayesian
trees are described. Support values for all analyses
were shown as follows: Bayesian posterior probabili-
ties/ ML bootstrap.

For phylogenetic analyses of COI-5P sequences,
we used previously published data from nine Bat-
rachospermum species: B. helminthosum Bory
emend. Sheath, Vis et Cole, B. cayennense Montagne,
B. guyanense (Montagne) Kumano, B. gelatinosum
(Linnaeaus) De Candolle, B. arcuatum Kylin, B.
hongdongense Xie et Feng, B. longipedicellatum Hua
et Shi, B. turfosum Bory, and B. macrosporum
Montagne. Thorea hispida (Thore) Desvaux emend.
Sheath, Vis et Cole and Bangia atropurpurea (Roth)
Agardh were selected as outgroups. Most terminal
branches in the resulting Bayesian and maximum
likelihood trees were strongly supported. Among the
selected taxa, samples of six species formed well-sup-
ported monophyletic groups. B. hongdongense, B.
longipedicellatum, and B. arcuatum from China,
which are morphologically distinct, were closely as-

sociated with one another in COI-5P tree and there-
fore could not be distinguished solely on the basis of
this DNA barcoding locus (Fig. 2). A similar relation-
ship was observed among the three taxa in the rbcL
trees (Fig. 3) and cox2-3 spacer trees (trees were not
shown). In the UPA tree, however, a different place-
ment was evident: B. hongdongense and B. longipedi-
cellatum were separate from the B. arcuatum clade,
but formed a separate clade sister with B. gelatinosum
clade (Fig. 4).

To assess the suitability of the rbcL locus, we
analyzed 11 Batrachospermum taxa: B. macrospo-
rum, B. helminthosum, B. cayennense, B. turfosum, B.
gelatinosum, B. arcuatum, B. hongdongense, B. longi-
pedicellatum, B. pseudogelatinosum Entwisle et Vis,
B. theaguum Skuja ex Entwisle et Foard, B. borya-
num Sirodot, and B. antipodites Entwisle et Foard.
Most of the taxa formed well-supported clades of dis-
tinct species. One of the five B. antipodites haplo-
types (DQ523252), however, was included in the
well-supported (100%) B. boryanum clade and may
have been misidentified.

3 Discussion

Four potential DNA barcode regions (COI-5P,
cox2-3 spacer, UPA, and rbcL) were studied to as-
sess their usefulness for species delimitation and dis-
crimination within family Batrachospermaceae. The
universality of PCR and sequencing primers is one of
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Fig.2 Hypothesized phylogenetic relationships based on Bayesian analysis of the COI-5P maker for Batrachospermaceae specimens

Support values shown as Bayesian posterior probabilities / maximum likelihood (ML) bootstrap. Bootstrap values (>70%) are shown above

the relevant branches. The same applies below

the most important criteria for candidate DNA bar-
coding markers”". In this study, primers to amplify
the four candidate sequence regions performed well
across all sampled species. The rbcL sequence
primers have shown a high level of universality in
freshwater red algae o1, working well for most

Rhodophyta species, whereas degenerate primers
were needed to amplify the cox2-3 spacer region.
Another criterion for an ideal DNA barcode is a
relatively short sequence length (300—S800 bp) to fa-
cilitate DNA extraction and amplification 12 The
lengths of the four proposed barcodes were given in
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cimens

Table 3. Sizes of COI-5P, UPA, and cox2-3 spacer se-
quences met these criteria and were amenable to the
acquisition of bidirectional sequence reads using
single primer pairs. The rbcL sequence can be used
first because of the high amplification and sequen-
cing success of its universal primer, while the cox2-3
spacer can be incorporated into analyses with ambigu-
ous results or some cryptic species. Our data indicate
that more sampling is needed to build a better picture
of intraspecific variation. The UPA locus exhibited
the highest interspecific distance for species-level
identification and was more informative than the
cox2-3 spacer sequence.

A portion of mitochondrial COI, namely, COI-
5P, has been suggested for use as a barcode in the red
algal groupD’ " In this study, molecular analyses con-
firmed that COI-5P, rbcL, UPA, and cox2-3 spacer
sequences work well for species-level identification
of Batrachospermum except for some allied species.
B. hongdongense and B. longipedicellatum, formerly
placed in Batrachospermum sect. Batrachospermum
and subsequently transferred into sect. Helminthoi-

dea, are two Chinese endemic species that seem to
have a closer relationship with B. arcuatum™” . The
results obtained for COI-5P, cox2-3 spacer, and rbcL
sequences are in agreement with the findings of Ji et
al. ™", who reported that 18S rDNA sequences of B.
hongdongense and B. longipedicellatum were identi-
cal. In this study, COI-5P, rbcL and cox2-3 spacer se-
quences do not lend support for the classification of
B. hongdongense, B. longipedicellatum, and B. ar-
cuatum as distinct species as well, despite their clear
morphological differences” ™. B. hongdongense was
an endemic species, distinguished from other species
based on carpogonial branches are long, straight, and
not distinct from the primary fascicle cells™. B. lon-
gipedicellatum was first reported by Hua & Shi"’”
which was also endemic to China. The distinct mor-
phological features of B. longipedicellatum were that
its branch not only arising from whorls, but also
arising from cortex, carposporophyte obviously ex-
tending out of the whorl, trichogyne of carpogonia
narrowly cylindrical, and branch also arising from the
internode, which was very rare and only found in a
few Speciesm]. However, the rbcL, COI-5P and cox2-
3 spacer phylogenies resulted in identical topologies
for B. hongdongense, B. longipedicellatum, and B. ar-
cuatum which had not confirmed the attributes of the
two endemic species proposed by the morphological
features.

The UPA analysis presented here break up the
phylogenetic framework of Batrachospermum hong-
dongense, B. longipedicellatum, and B. arcuatum.
Compared with the other three potential DNA bar-
code regions, the UPA marker seems to provide more
useful information and was able to separate B. hong-
dongense and B. longipedicellatum from the B. ar-
cuatum branch, and formed a separate clade sister
with B. gelatinosum clade. The high taxon sampling
and more markers sequencing that represent the ma-
jority of type species for genera in the tribe may
provide a strong phylogenetic framework in which
taxonomy can be re-evaluated. Because B. hongdon-
gense and B. longipedicellatum are both endemic to
China, and can be clearly morphologically distin-
guished from varieties of B. arcuatum, it is practical
to consider them as good species even in the absence
of sufficient molecular evidence. For species-level
identification, the UPA locus exhibited the highest in-
terspecific distances in Batrachospermaceae. We
therefore recommended the plastid UPA gene as a
standard DNA barcode in Batrachospermaceae, but
acknowledge that there are no shared alleles between
the endemic species. A least, UPA gene has the po-
tential to be an additional marker for COI barcode to
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ensure sufficient data, unless taxon-specific or more
universal primer combinations for COI are designed,
opﬁnﬁzedandrnadeavaﬂdﬂe[m{

The utility of four short markers for construc-
tion of DNA barcode like data frameworks for a fami-
ly of fresh water red algae have been contrasted in
this paper. In the present study, the COI-5P, cox2-3
spacer and rbcL loci could identify most of the taxa
correctly at species level in family Batrachosperma-
ceae, but there were still a few species can not be
identified or misidentified only through the candidate
DNA barcode. Although only two endemic species
were collected, it nonetheless indicates that the use of
UPA marker should be expanded to a supplementary
DNA barcode, at least in intractable taxa where
routine DNA barcode have been found problematic.
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