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Up to now only a fraction of all living organisms in the world has been identified.
Organisms are identified using morphological characteristics, which is laborious and
requires specialized knowledge. Barcoding DNA helps to solve the limitations of traditional
species identification. The nucleotide sequence obtained using specific primers is
presented in the form of a strip resembling a bar code which allows comparing and
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Algae groups is derived from the mitochondrial cytochrome c oxidase gene (Cox1). For fungi Cox1
Taxonomy and ITS (internal transcribed spacers) were proposed as barcodes. In contrast, the world of

plants does not have a single standard sequence for identifying species. The ideal marker
should consist of a highly variable region enabling species discrimination, and be flanked
by highly conserved regions allowing universal primer design for the DNA barcodes
standardization. This paper describes the markers used to identify eukaryotic photosyn-
thetic organisms, their properties, advantages and disadvantages, and the proposed
standard DNA barcodes. This work focuses on microalgae and macroalgae, which are of
great ecological importance and are widely used in food, pharmaceutical or energy

industries where they fast, correct and reliable identification is crucial.
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Biodiversity

1. Introduction often effective at a particular stage of life or sex only, thus

many individuals cannot be identified. Finally, the use of

Diversity of life is the base of all biological research. In
fact, up to now only a fraction of all living organisms
(number of which is hotly debated; e.g. Hammond, 1992;
Hebert et al., 2003; Guiry, 2012; Mann and Vanormelingen,
2013) in the world has been identified. Identification of
species has four important limitations. First, both the
phenotypic plasticity and the genetic variation used to
identify species may lead to incorrect identifications.
Second, putatively cryptic taxa are common in many
groups (Knowlton, 1993). Third, morphological keys are
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keys often requires a high level of expertise and there are
cases where they can still be misinterpreted.

Limitations associated with morphological species
determination led to the need for a new approach in
the identification of organisms. Problems with morpho-
logical taxonomy were enough to start developing DNA-
based identification systems. The number of cases in
which such systems are used is continually increasing
(Brown et al., 1999). The genomic approach to taxonomic
diagnosis uses diversity within DNA sequences to identify
organisms (Kurtzman, 1994; Wilson, 1995). This paper
describes the markers used to identify plant organisms,
their properties, advantages and disadvantages, and the
proposed standard DNA barcodes for photosynthetic
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organisms. This work focuses on microalgae and macro-
algae, which are of great ecological importance in aquatic
environments and are widely used in food, pharmaceuti-
cal or energy industries.

2. Barcoding DNA as a tool for describing biodiversity

In 2003 Hebert proposed “barcoding DNA” as a way of
identifying species. In barcoding a short genetic sequence
from the standard part of the genome is used to mark an
organism. Barcoding DNA helps to solve the limitations of
traditional species identification. This does not mean that
traditional taxonomy has become less important. On the
contrary, DNA barcoding has become for taxonomists a
new tool complementing their knowledge and an innova-
tive device for non-experts who need to quickly identify
the organism.

Species identification by barcode DNA starts from the
specimen. Samples can be taken from various sources, e.g.
strains from collections of various institutions, sediments or
water samples. In the laboratory, small fragments of thallus
or just a several cells of microorganisms are used to isolate
DNA. The barcode region is amplified by polymerase chain
reaction (PCR) and then sequenced. The obtained sequence
is a representation of a unique species-specific serious of
four nucleotides, i.e. adenine, cytosine, guanine, thymine
denoted by a series of letters ACGT, respectively (Fig. 1).

The use of DNA barcodes to describe life has not been
without criticism. Mallet and Willmott (2003), for exam-
ple, were concerned that differences in DNA sequences
between closely related species were not sufficient to
enable their identification. Other researchers worried that
with barcoding DNA (potentially) replacing traditional
taxonomic practice new species could never be formally

described (Robba et al., 2006). The DNA barcoding posed a
number of other problems: a serious limitation of the
usefulness of barcoding as a molecular diagnostics is the
human error and uncertainty in the creation of reference
libraries (Collins and Cruickshank, 2013). The idea of
creating such libraries is the ability to identify unknown
species using existing sequences of previously marked
taxa.

Contrary to these arguments, DNA barcode designs
have already achieved positive results and brought
benefits to ecologists, conservationists, and diverse agen-
cies committed to control the use of pests, food safety and
monitor the occurrence of invasive species (Hebert and
Gregory, 2005; Robba et al., 2006). Furthermore, Hebert
et al. (2003) also emphasized that DNA barcoding in
conjunction with traditional taxonomy is a valuable tool in
revealing hidden diversity.

Only a few areas of the genome are considered to be
suitable for the use as DNA barcodes. There are several
requirements for selecting the appropriate DNA markers.
Firstly, low intra-specific nucleotide variation (less than
2%) and high variability among species (Mirek et al., 2007).
Secondly, and equally important, the marker should be
universally reproducible for different taxa, which means
that there should be a high success of amplification and
sequencing, preferably with a universal set of PCR primers.
Taking into account Sanger sequencing technique, it is also
desirable that the DNA barcode tag should be short enough
to be sequenced in a single reading (<700 bp). Longer
fragments may also be sequenced, but this requires more
financial effort, as well as time and work. Markers that may
have microsatellite or regions rich in long repeats of or one
or two base pairs are not beneficial because they cause
problems with direct PCR product sequencing (Pecnikar
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Fig. 1. Application of DNA barcoding technique for new species identification.
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and Buzan, 2014). A good marker should contain a small
number of insertions and/or deletions. These mutations
impede the alignment of sequences obtained from
different organisms and in genetic analysis are generally
not regarded as diagnostic; nucleotide substitutions
are preferred. However, Kress and Erickson (2007)
rejected this requirement by stating that DNA barcodes
are intended for species identification, not for phyloge-
netic analyses. Any mutation, whether it is insertion or
deletion or substitution, is a feature of the organism,
and is equally good if it allows for identification (Mirek
etal.,2007). Furthermore, the ideal marker should consist
of a highly variable region that provides enough
information for species discrimination, and be flanked
by highly conserved regions, which allow universal
primer design as well as DNA barcodes standardization.
It should also appear in the genome in a large number of
copies which is of great importance when it comes to
working with small thallus fragments or with fossil
material. The greater the number of copies of the target
sequence in the genome, the greater the chance that some
of them have survived intact (Pec¢nikar and Buzan, 2014).

3. Markers used to identify algae

The standard sequence used for barcoding of almost all
animal groups was derived from the gene 5’ fragment of
cytochrome c oxidase subunit I of mtDNA (Cox1) (Hebert
et al.,, 2003). For fungi Cox1 and nuclear ITS sequences
(internal transcribed spacers) were proposed as barcodes.
In contrast, the world of photosynthetic organisms does
not have a single standard DNA fragment for species
identification. It is estimated that in the world there are
over 72,500 species of algae, while only 44,000 of them
have been described (Guiry, 2012) (Fig. 2). There are still
many undiscovered species, so a new system of identifica-
tion is needed to make the description of algae more
efficient.

Currently, intensive research is conducted on the
identification of algae and vascular plants. The work
continues on the selection of molecular markers that will
be successfully used in a wide spectrum of organisms for

DNA barcoding. Plant Working Group deals with the
development of a standard for the description of plant DNA
barcodes. The standard Cox1 sequence for animals shows
insufficient variation in vascular plants (Kress et al., 2005),
but can be used for some algal groups; it has been
successfully applied in red algae research (Saunders, 2005;
Robba et al., 2006; Le Gall and Saunders, 2010; Saunders
and Kucera, 2010), while for green algae it has shown
insufficient amplification outcome (Hall et al., 2010;
Saunders and Kucera, 2010). The mitochondrial DNA
(mtDNA) of plants is also not suitable source of barcodes
because of frequent rearrangements and gene replace-
ments with the nuclear genome (Hebert et al., 2003). The
genes of nuclear DNA (nDNA), which are being present in
very low copy number, may cause difficulties in sequenc-
ing of degraded DNA. Regarding the above mentioned
reasons, researchers began to use chloroplast DNA
(cpDNA), which is present in plant cells in multiple copies.
This type of DNA consists of both low variability coding
and much more variable non-coding parts. At the current
state of knowledge, it is not possible to indicate the ideal
DNA barcode sequence in any of the plant genomes (nDNA,
cpDNA, mtDNA), thus it is necessary to use several less
variable sequences forming a DNA barcode (Kress et al.,
2005).

One universal sequence which could enable establish-
ing of a single-sequence DNA barcode system seems to be
not possible. It is also argued that the use of several target
sequences may not be sufficient for the identification of all
photosynthetic organisms. Therefore, it is expected that in
the case of particular taxonomic groups occupying
different phylogenetic positions, DNA barcoding will
operate on different standard sequences (Mirek et al.,
2007).

In 2006, Newmaster and his colleagues proposed to
identify organisms based on two sequences. The first
sequence would allow classifying an organism into a
systematically higher unit, while the second one would
enable species identification within the higher systematic
unit to which an object has been included by means of the
“primary” sequence. Kress and Erickson (2007) further
developed this idea by evaluating sequences that could
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potentially be used as the barcode of plant DNA through
the prism of two criteria (universality of amplification and
the ability to differentiate genres). Regarding macroalgae
Cox1 DNA region was proposed as the main “primary”
marker for brown and red algae, whereas tufA (elongation
factor) as the main marker of green algae (Kress and
Erickson, 2012). As the “secondary” marker LSU D2/D3
(region of the large ribosomal subunit) was chosen as it has
been proven to be effective in estimating the phylogenetic
relationship of organisms at interspecific and intraspecific
level (Kress and Erickson, 2007, 2012; Armeli Minicante
et al, 2014).

So far, most of the molecular research on algae has used
a fairly limited range of markers such as rbcL (plastid
Rubisco large subunit), ITS, mitochondrial Cox2-3 or
ribosomal and nuclear DNA (Provan et al., 2004; Chase
et al.,, 2007). The lack of available markers was particularly
problematic in the study of species variations and overall
there is still a need for universal markers that can be used
for a wide range of species (Provan et al., 2004; Mirek et al.,
2007).

4. Sequencing methods

Initially, in order to identify the organism using the
DNA barcoding, sequencing of the obtained material was
performed using the Sanger method (1977). In the last
decade, various studies have been carried out to develop
alternative approaches for biodiversity assessment using
methods based on DNA sequences, such as molecular
phylogenetics and DNA barcoding (Hajibabaei et al., 2011).
Continuous development and linking of DNA reference
libraries will provide a database for a DNA-based
identification system. The application of new generation
sequencing (NGS) methods in biodiversity science may
further extend the use of DNA information for biomonitor-
ing at an unprecedented scale. NGS technologies are
characterized by enormous bandwidth, which significantly
reduces the cost of reading the nucleotide sequence in
comparison with the standard Sanger method (Shokralla
et al., 2012; Heather and Chain, 2016). Analysis of eDNA
(environmental, e-environment) using DNA barcodes is a
key application for NGS sequencing in ecological research.
Parallel access to huge amounts of sequences, as well as
subsequent improvements in reading the length and
bandwidth of various sequential platforms, have led to a
wider representation biodiversity of the environmental
samples tested. The latest achievements of nanotechnolo-
gy allow direct reading of sequences from a single-
molecule sequencing (SMS), without the need for its
amplification - third generation sequencing (Mikheyev
and Tin, 2014). Oxford NanoPore Minion is the first
portable NGS platform. This pocket-sized device allows to
obtain sequences anywhere, requiring only a connection to
alaptop. Other benefits include low cost and real-time data
production (Jain et al., 2016). Portable genomics have
enormous potential and can allow DNA barcoding in the
field (Hollingsworth et al., 2016). New technologies are
growing rapidly and have the potential to radically extend
environmental research and thus our knowledge of the
environmental (Taberler et al., 2012).

5. Reference databases

One of the most important elements of the DNA
barcoding initiative is to establish a public reference
library containing taxa identifiers that can be used to
assign unknown individuals to known species. Currently,
there are two main databases containing DNA barcoding
sequences that fulfill this role, i.e. BOLD and GenBank.
However, regarding reference sequences for algae, and
more specifically - diatoms, one of the most important
databases is R-Syst:: diatom.

The GenBank reference database contains more than
200 million sequences from different organisms, collected
mainly through the direct deposition/submission of
sequences by individual laboratories originating from
large-scale sequencing projects (including those related
to whole genomes and those from nucleotide Archive and
Japan Data Bank makes the content of the database
available worldwide (Costa and Carvalho, 2007; Benson
et al, 2018). GenBank can be accessed via the NCBI
database (National environmental sampling) (Benson
et al,, 2018). Daily data exchange with the European
NucleCenter for Biotechnology Information), which inte-
grates data from all major DNA and protein databases,
including taxonomy, genomes, mapping and protein
structure information (Pruitt et al., 2008) as well as
biomedical literature via PubMed. The BLAST algorithm
provides search for sequence similarity in GenBank and
other databases. NCBI also offers a wide range of search
and analysis services based on GenBank data (Sharma
et al, 2018). The GenBank database and associated
resources are freely available on the NCBI home page
(Benson et al., 2018). Every year, more and more reference
sequences are coming up, as demonstrated by the Benson
study (1994-2018). Data from 1994 indicates that the
GenBank database contained 182,753 sequences, while the
data from 2018 show a significant increase to more than
200 million sequences. The more information is gathered
the faster and more credible the interpretation of the
obtained results will be.

Information systems such as BOLD (Barcode of Life
Database) support the acquisition, storage, analysis and
publication of DNA barcode records (Strugnell and
Lindgren, 2007). BOLD is mining DNA barcodes from
GenBank. This program provides an integrated bioinfor-
matic platform that supports all stages of the analytical
path from sampling to a strictly verified barcode library
(Stoeckle and Hebert, 2008). BOLD is freely available to any
researcher interested in DNA barcoding and contains more
than 6 million DNA barcode sequences. Providing special-
ized services it facilitates the compilation of records that
meet the standards required to obtain a DNA barcode in
global sequence databases (Costa and Carvalho, 2007).
Owning to its online data delivery system, BOLD can
support projects involving extensive research initiatives
(Ratnasingham and Hebert, 2007).

Reference barcode database for diatoms R-Syst:: dia-
tom developed within the framework of R-Syst, the
network of systematic supported by INRA (French National
Institute for Agricultural Research) (Rimet et al., 2016). R-
Syst:: diatom is used to identify barcodes from natural
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samples. The data comes from two sources - a culture
collection of freshwater algae maintained in INRA, in
which new strains are regularly deposited and codified,
and from the NCBI nucleotide database. Two molecular
markers were selected for database support: 18S and rbcL
due to their effectiveness (Rimet et al., 2016; Vasselon
et al.,, 2017). Data are developed using innovative and
classic bioinformatic tools (BLAST, classic phylogenesis)
and current taxonomy (Rimet et al., 2016).

6. DNA-qua-Net project

In the fast changing world and progressing destruction
of the natural environment protection, preservation and
restoration of aquatic ecosystems and their functions are
of crucial importance. For European countries, those
actions have become legally binding, mainly through the
EU-Water Framework Directive (WFD, 2000/60/EC) and
the Marine Strategy Framework Directive (2008/56/EC)
(Leese et al, 2016). The current approach to the
assessment and monitoring of biodiversity is based on
morphological taxonomy. This approach has many dis-
advantages, but the key is the possibility of making an
error by an analyst (Leese et al., 2018). New genomic tools
may bypass imperfections of morphological identifica-
tions and be complementary to traditional biomonitoring
methods. However, there are many various approaches
that are independently developed in different institutions
preventing their universal application and for that reason
the DNA-qua-Net project was created. The aim of this
project is to determine gold-standard genomic tools and
new eco-genomic indicators that can be utilized in the
assessment of biodiversity and in biomonitoring of
European water reservoirs. Researchers have been work-
ing on the development and use of markers among else for
algae, which are a very important group used in
bioindication and biomonitoring of the aquatic environ-
ment. Furthermore, this project is also to provide a
platform for training of future researchers. Together with
water managers, politicians and other interested parties a
conceptual framework for the use of eco-genomic tools is

being developed for their subsequentimplementation as a
part of legally binding assessments (Leese et al., 2016;
Lefrancois et al., 2018).

7. Problems with algae identification

Microalgae include very diverse groups of organisms,
from single-celled forms to complex multicellular forms,
occurring commonly in the marine environment around
the world. Microalgae are among the main primary
producers in the marine environment (Robba et al.,
2006). New species are being discovered every year,
and molecular research has discovered many cryptic
species and unexpected phylogenetic connections (Hall
et al,, 2010). Identification of microalgae is problematic
due to the fact that many species do not have obvious
structural features, and some traits may differ between
the same taxa. Typically, taxonomic diagnosis was made
by electron microscopy (Hall et al., 2010). However, many
groups contain taxa that have not yet been described, and
the exact number of species remains undetermined. This
is because they are extremely difficult to identify and
classify solely on the basis of morphological character-
istics. Their morphology can be extremely variable within
and between species, and characteristic features that
allow for easy identification are often lacking (Provan
et al.,, 2004). In addition, convergent morphology is
common and often conceals mysterious species that have
only just been revealed on the basis of molecular data
(Mirek et al., 2007). In the case of microalgae, barcoding
DNA has been tested on several molecular markers. Each
of them has its own advantages and disadvantages
(Table 1).

Due to the use of diatoms in the bioindication of the
environment and biological research, or industry where it
is necessary to determine their exact taxonomy, they are a
very important group in the aquatic environment. In the
case of diatoms, barcoding DNA has been tested on several
molecular markers (e.g. Evans et al.,, 2007; Moniz and
Kaczmarska, 2010; Pniewski et al., 2010; Zimmermann
et al., 2011). There are three main problems here. First of

Table 1
Markers used for microalgae barcoding DNA and their properties.
Marker Features of the marker References
Cox1 Useful in many systematic and phytogeographic studies of red algae Provan et al. (2004)

Ineffective in the amplification (green algae)

Variable enough to reveal potentially cryptic species and works in some

cases as a geographical marker (diatom)
Problem of the universality

LSU Insufficiently variable to differentiate green algae
Insufficiently variable to differentiate diatoms

V4 Sufficient variability to differentiate diatoms in environmental trials

High amplification success
UPA Great success of amplification and sequencing
Insufficiently variable (green algae)
Possible discovery of the bacterial sequence
ITS Highly variable
Chosen for intra-population diatom studies

Moniz and Kaczmarska (2009)
Evans et al. (2007); Mann et al. (2010)

Evans et al. (2007); Mann et al. (2010)
Hall et al. (2010)

Moniz and Kaczmarska (2009)
Zimmermann et al. (2011)

Sherwood et al. (2010)
Hall et al. (2010)

Del Campo et al. (2010)
Mann et al. (2010)

rbcL

Direct sequencing of ITS impossible in several species

Sufficiently variable to differentiate the strains of green algae within species
Not working for species, without functional plastids (obligatory heterotrophs)
Sufficiently variable to differentiate the strains of green algae within species

Hall et al. (2010)
Mann et al. (2010)
Hall et al. (2010)




422 Z. Kowalska et al./Ecohydrology & Hydrobiology 19 (2019) 417-427

all, the diversity of diatoms is unknown (Mann and
Vanormelingen, 2013; Rimet et al, 2016). Secondly,
identification has become increasingly difficult because
existing taxonomic aids are obsolete by new discoveries.
Thirdly, contrary to the long-standing belief that all taxa
are cosmopolitan (Vyverman et al., 2007; Kooistra et al.,
2008), they may have biogeography. The traditional
taxonomic diagnosis of diatoms was based on their
morphological characteristics, but exclusive reliance on
these traits may lead to erroneous determination of the
taxon due to the widespread cryptic species in this group
(Evans et al., 2007).

Identifying macroalgae is also very difficult due to the
fact that macroalgae show a very simple morphology and a
certain degree of phenotypic plasticity, which is influenced
by environmental conditions, age of the thallus and life
style (Armeli Minicante et al., 2014). Macroalgae were
differentiated mainly based on gametangia positions and
the mezosporous membrane ornamentation (Hall et al.,
2010). Moreover, the occurrence of cryptic taxa makes
identification difficult only on the basis of morphological
features. Therefore, communities from the Mediterranean
were largely underestimated due to the presence of
genetically different but morphologically similar species.
For this reason, taxonomists are increasingly using
molecular tools to identify individuals, discover species
and other related taxonomic tasks (Armeli Minicante et al.,
2014). In case of macroalgae barcoding DNA has been
tested on several molecular markers (Table 2).

8. Cox1 and Cox2-3

For algae, the mitochondrial intergenic spacer between
the cytochrome oxidase subunits 2 and 3 (Cox2-3)
amplified by primers designed by Zuccarello et al.
(1999) is a potentially universal marker of non-coding
DNA. The 300-350 bp sequence was found to be useful in
many systematic and phytogeographic studies of red algae
(Provan et al., 2004). However, the success of sequencing

and amplification of the Cox1 marker in comparison to the
others used for the molecular identification of red algae
turned out to be fairly small (Sherwood et al., 2014). In the
case of biodiversity research, where the red algae strains
must be successfully amplified and sequenced, the Cox1
marker should be supplemented with additional markers.

As for the usefulness of the Cox1 marker for the
identification of green algae, its amplification has not been
effective in most of taxa. The marker is difficult to amplify
in green algae due to the fact that this gene contains
several introns which exact number and positions are not
known in many species (Moniz and Kaczmarska, 2009).

For diatoms Cox1 is variable enough to distinguish
between previously identified taxa, to reveal potentially
cryptic species and it may work in some cases as a
geographical marker (Evans et al., 2007; Mann et al., 2010).
For some species Cox1 can provide useful information on
the structure of the population or racial differences.
According to Evans et al. (2007), Cox1 has a higher degree
of variation than other markers used in research on diatom
biodiversity (rbcL, ITS, 18S) on the other hand, the
evolution of the mitochondrial genomes of algae is unclear
(Evans et al., 2007). It can also pose major problems in
amplification and sequencing (Moniz and Kaczmarska,
2009; Mann et al., 2010). Therefore, it seems that Cox1 may
be valuable only in special cases, such as for example
Sellaphora, unless the problem of the universality of this
marker is solved in the future.

The main disadvantage of Cox1 is the current absence of
universal amplification primers. Original primers for algae
are successful in some groups, but show mixed results in
other lines, which may result from heterogeneity within
the species at positions near the 3’ end of the primers
(Clarkston and Saunders, 2010). The sequence of Cox1 due
to the lack of sufficient information for different groups of
macroalgae in a data bank requires additional use of
another marker to assign the organisms to the specific
species (Manghisi et al., 2010). Studies have confirmed the
effectiveness of the Cox1 marker in the differentiation of

Table 2
Markers used for macroalgae barcoding DNA and their properties.
Marker Features of the marker References
LSU Poor amplification efficiency for green algae Saunders and Kucera (2010)
Good results in terms of universatility, ease of amplification and discriminating Kress and Erickson (2012)
power
tufA Universality and ease of amplification Hall et al. (2010)
Pose challenges in some lines where the gene is encoded in the nucleus Hall et al. (2010)
Great power to differentiate closely related species, satisfactory success of the Armeli Minicante et al. (2014)
amplification
Cox1 Effective in differentiating among closely related species belonging to different McDevit and Saunders (2009); Saunders (2005)

families of brown and red algae
Absence of universal amplification primers
Satisfactory success of the amplification

UPA Non-differentiating closely related species
Use to evaluate the distribution of macrophytes
Great success of amplification and sequencing

ITS Low success of sequencing and amplification for green algae

Difficulties with alignment

rbcL Presence of introns some marine macroalgae negatively affect the universality

Clarkston and Saunders (2010)
Armeli Minicante et al. (2014)
Clarkston and Saunders (2010)
Wallace et al. (2015)
Sherwood et al. (2010)
Saunders and Kucera (2010)
Hall et al. (2010)

Saunders and Kucera (2010)

High degree of universality, low levels of contamination and high sequence quality
Low level of sequence discrepancy between closely related taxa
More useful in explaining phylogeny than in DNA barcoding

Saunders and Kucera (2010)
Freshwater et al. (1994)
Poong et al. (2014)
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closely related species belonging to different families of
brown and red algae (McDevit and Saunders, 2009;
Saunders, 2005).

9. tufA

The Cox1 and tufA markers are often used to identify
macroalgae, and they can be very successful in delineation
of new species as shown by Armeli Minicante et al. (2014)
who described two new species Ulva ohnoi and Pyropia
yezoensis occurring on the Sicilian coast. Both markers
showed great power to differentiate closely related
species, and the success of the amplification was satisfac-
tory.

The tufA marker is characterized by high universality
and ease of amplification (Hall et al., 2010). It is moderately
variable and it may pose challenges in some lines where
the gene is encoded in the nucleus (Hall et al., 2010). The
tufA gene was probably transferred to the nucleus after
separation of the main classes of green algae, as they all
seem to have at least the remainder of the gene in their
cpDNA, but before the emergence of terrestrial plants
which are lacking tufA in their chloroplast genome. If this is
the case, then the transfer must have occurred in the line
leading to terrestrial plants, Charophyceae (Baldauf et al.,
1990). It may results in the appearance of paralogs.
Paralogs are genes created by duplication within a genome
and may evolve new functions which may complicate the
identification of species in some lines (Hall et al., 2010).
Nevertheless, the marker appears to be promising at the
species level in chlorophytes (Saunders and Kucera, 2010).

10. Ribosomal RNA genes

There is no doubt that molecular techniques have
radically changed the face of phycological research,
especially in the field of biodiversity and systematics
(Mirek et al., 2007). In the early years, the researchers
concentrated strongly on two commonly used markers, i.e.
rbcL (Freshwater et al., 1994; Chase et al., 2007) and a small
rDNA subunit (Ragan et al., 1994; Harper and Saunders,
2001). Sequencing of ribosomal RNA genes (rDNA) has
been used as a standard in microbial ecology to describe
the structure and diversity of their population. The most
commonly used gene is the small ribosomal subunit (SSU),
16S for bacteria and 18S for eukaryotes. Unfortunately, the
slow evolution of 18S does not allow distinguishing of
closely related species (Evans et al., 2007). However, the
large ribosomal subunit (LSU) gene (23S for bacteria and
28S for eukaryotes) may also be used to determine
phylogeny and taxonomy of studied taxa (Gutell et al.,
1994; Harper and Saunders, 2001; Sherwood and Presting,
2007). LSU genes potentially encode more phylogenetic
information due to greater length and sequence variability
(Gutell et al., 1994). Another advantage of LSU sequences is
its greater database representation (about 2:1 compared to
SSU genes) (Gutell et al., 1994). The tested LSU markers
have shown great success in amplification and sequencing
in the case of red algae, but due to the more conservative
nature they are not sufficient to distinguish closely related

species, which is crucial for barcoding DNA (Sherwood
et al., 2010).

Hall in his research (2010) tested the utility of various
markers in the identification of algae from the Chlor-
ophyceae cluster (including the plastid 23S rDNA [UPA],
also 18S, rbcL, ITS1, ITS2 and Cox1). These studies suggest
that 18S is not the best choice when it comes to creating a
DNA barcode because the region is not sufficiently
variable. Similar conclusions were drawn by Moniz and
Kaczmarska (2009) who investigated the possibility of
using 18S as a barcode in diatoms. 18S is less variable than
rbcL and Cox1 and is relatively rarely used as a diatom DNA
barcode (Mann et al., 2010). However, according to
Zimmermann et al. (2011), the subregion of 18S rDNA-
V4 turned out to be a good candidate for a diatom DNA
barcoding. It exhibits sufficient variability to differentiate
organisms in environmental trials and shows very high
amplification success. However, in the case of cryptic
species, it still shows insufficient variability, therefore it
has been postulated that it should be supplemented with
additional markers (Zimmermann et al., 2011).

In case of macroalgae the LSU D2/D3 region gives very
good results in terms of universality, ease of amplification
and discriminating power. The resulting sequence quality
is satisfactory (Kress and Erickson, 2012). However, when
it comes to green algae, PCR amplification caused problems
(Saunders and Kucera, 2010). These problems could result
from the high frequency of introns within the green algae.
In addition, the presence and amplification of contamina-
tions in the samples is an additional explanation of the
encountered difficulties (Van Oppen et al., 1993; Bhatta-
charya et al., 1996; Saunders and Kucera, 2010). Further
development of primers can solve the problem with poor
amplification efficiency (Saunders and Kucera, 2010).

11. UPA

A universal DNA barcode for the identification of
photosynthetic organisms was recently proposed. Sher-
wood and Presting (2007) used the plastid 23S rDNA gene
(UPA - universal amplicon) as a universal algal marker,
claiming that a single pair of primers could discover
sequences from a wide taxonomic range of photosynthetic
organisms, including higher plants, diatoms, green algae,
brown algae, red algae and even cyanobacteria. This
marker has been used in biodiversity research of natural
algal communities, both benthic and planktonic, and the
distribution of species. Indeed, in 2014, Sherwood and
colleagues based on the 23S rDNA markers conducted
research on the identification of algae in the Koolau
mountain range in Hawaii. The marker has also been
successfully used to evaluate the distribution of algae and
macrophytes (Wallace et al., 2015). In addition, the tested
marker was also used to identify species present in fossil
sludge, also with good results (Hou et al., 2014). The UPA
marker showed great success of amplification and
sequencing in the case of red algae also, but due to the
more conservative nature it was not sufficient to distin-
guish closely related species, which is crucial for barcoding
DNA (Sherwood et al., 2010). The UPA marker was also
used in studies on the spread of species in the coast region
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of Brazil. The review of species, based on the analysis of
molecular marker sequences and supported with mor-
phology, revealed the occurrence of five different taxa in
the Pyropia genus (Milstein et al., 2015).

The specificity of UPA universal primers is undoubtedly
influenced by the origin of plastids (Sherwood and
Presting, 2007). This marker has a very high amplification
success for different groups of micro and macroalgae. Due
to its universality, it is more often used in research on plant
communities, algae used in industry or bioindication (Hou
et al.,, 2014; Milstein et al., 2015; Wallace et al., 2015).
Although UPA had a relatively high success in PCR
amplification, it turned out that some of the samples
were contaminated or the resulting sequences were not of
satisfactory quality. It is possible that the epiphytic or
endophytic contaminations present in the samples were
preferentially or simultaneously amplified with the target
organism for one of the following reasons: the UPA primers
matched the contaminations better than the target
organism or the DNA extraction was more effective for
contaminations than for the target organism. Markers with
highly universal primers, such as UPA, are particularly
susceptible to these problems and effective isolation of
target DNA becomes extremely important (Saunders and
Kucera, 2010). However, the possibility remains that the
UPA may not have a differentiating power among closely
related species, which may lead to underestimation of
diversity, and although this has not been observed yet, this
is an attribute that requires further research for UPA as a
potential marker for DNA barcoding (Clarkston and
Saunders, 2010).

The usability of the 23S rDNA gene is potentially limited
due to the relatively small amount of information in the
databases. Their constraints are likely to fall sharply with
increasing genomic sequencing, particularly given the
interest in using algae for biofuel production (Grossman,
2007). Therefore, the ability to use 23S rDNA gene
sequencing to describe complex algal groups should grow
rapidly. This increase will occur with the development of
descriptions of genetic diversity of algae.

12. ITS

Most phytogeographic studies used internal tran-
scribed spacer (ITS), a non-coding domain located between
the small and large ribosome subunit. The popularity of the
ITS region can be attributed to its relatively high nucleotide
substitution rate, which allows comparisons of relatively
recent divergent taxa. In addition, the ITS region can be
readily amplified by PCR and sequenced with conservative
primers. However, many earlier studies used a set of
primers published by White et al. (1990) for fungi that
frequently amplified false algae sequences (Provan et al.,
2004). Plant Working Group excluded this sequence as a
standard DNA barcode in view of possibility of multiple
copies of this domain in one organism and the uncertainty
in its evolution (Mirek et al., 2007).

ITS was also proposed as a barcode for algae and
terrestrial plants and was widely used in phylogenetics of
green algae species. The ITS1 and ITS2 markers are
sufficiently variable to differentiate the strains of algae

within species (Evans et al., 2007; Hall et al., 2010; Mann
et al.,, 2010; Moniz and Kaczmarska, 2010). The success of
sequencing and amplification is low for the ITS marker in
green algae, while for other taxonomic groups the
universality of primers has been more successful.

In contrast to the 18S, ITS is highly variable and is often
chosen for intra-population diatom studies. However,
direct sequencing of ITS was not possible in several
species, including Nitzschia, Achnanthes, Eunotia, Navicula,
Pseudo-nitzschia and Sellaphora (Mann et al., 2010).
Furthermore, matching the rDNA sequence is not straight-
forward and becomes increasingly difficult, because there
are many copies of ITS sequences in plant genomes, it is
questionable whether the sequence obtained by PCR
would be stable and representative (Gao et al., 2010).
The main problem is that ITS alignment can be reach with
insertion/deletions therefore the alignment of variably
fragments can be highly biased. Multiple or banded PCR
products are often obtained, which makes sequencing
impossible. It is likely that these primers strengthen
contaminating organisms, leading to a multiband or
banded PCR product (Saunders and Kucera, 2010).
However, when the DNA barcodes are used to discover
the species, and for identification, which is desirable given
the current state of the taxonomy of diatoms, the question
of sequences alignment is an important practical matter
(Mann et al., 2010).

13. rbcL

Region of genes between the large and small subunits of
RuBisCO (rbcL-rbcS spacer) is widely used in molecular
studies of algae (red, green and brown algae) (Brodie et al.,
1998). The protein coding for the plastid gene rbcL was
proposed as a potential barcode of DNA for plant organisms
by many researchers usually combined with one or more
other markers (Chase et al., 2007). One of the advantages of
this region is the rich library of information (Chase et al.,
2007). This sequence allows for a high probability of
placing the examined organism into the genus or family
(Kress and Erickson, 2007).

The rbcL marker is sufficiently variable to differenti-
ate the strains of green algae within species.
However, according to Hall et al. (2010) it is not enough
to identify all tested strains. Furthermore, if rbcL is
chosen as the preferred marker used in diatom DNA
barcoding (or any other plastid marker whose function is
to code the proteins involved in photosynthesis), it will
not work for species that lack a functional plastid and are
obligatory heterotrophs such as: Nitzschia alba (Mann
et al,, 2010).

The usefulness of rbcL as a barcode DNA was the basis
for several taxonomic and phylogenetic studies in marine
macroalgae (Hommersand et al., 1994; Wang et al., 2010;
Saunders and Kucera, 2010; Du et al., 2014). Unfortunately,
the presence of introns in the rbcL of some marine species
may negatively affect the universality of rbcL as a barcode
marker, because obtaining the whole fragment of 1300 bp
using only both way sequencing may be difficult and use of
internal primer may be necessary (Saunders and Kucera,
2010; Du et al., 2014). Considering the fact that green algae
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are particularly susceptible to the acquisition of intron
sequences (Van Oppen et al., 1993; Bhattacharya et al,,
1996) and that the extent to which introns are present in
their genes is unknown. In spite of that, according to
Saunders and Kucera (2010), rbcL is still a good candidate
for barcode DNA of green algae. Due to the high degree of
universality and low levels of contamination and high
sequence quality in comparison with other tested markers.

In the case of red algae, rbcL shows a low level of
sequence discrepancy between closely related taxa.
Furthermore, the lack of insertion or deletion mutations
eliminates the problems of alignment in the case of red
algae (Freshwater and Rueness, 1994). According to Poong
et al. (2014), the rbcL loci are more useful in explaining
phylogeny than in DNA barcoding.

There is no one specific sequence that would be suitable
as a standard DNA barcode for algae. Nevertheless, there
are some promising barcode sequences candidates, as
those mentioned above which have proven to be useful in
many cases.

14. Conclusion

The development of DNA barcoding has helped
taxonomic research and is of great value because the
molecular assessment of the diversity of organisms plays
an increasingly important role in controlling and detecting
invasive species, identifying organisms for environment
monitoring, testing commercial algae products and char-
acterizing organisms (Hebert and Gregory, 2005; Sher-
wood and Presting, 2007).

There is no doubt that algae DNA barcodes will improve
as PCR amplification and DNA sequencing progresses.
Sequencing technology has improved dramatically over
the past 25 years, and more recently sequencing systems
have been available to produce large quantities of DNA
sequences in a very short period of time. These techniques
are very suitable for DNA barcoding of environmental
samples consisting of a mixtures of multiple species, such
as sediment, soil or seawater samples. Krishnamurthy and
Francis (2012) point out that establishing robust species
identification thresholds is a key element of the DNA
barcoding process because it is only after determining the
threshold in the target group that cryptic species can be
identified. Today it is known that no single classification
technique can be widely used to identify algal species.
However, in cases where a single DNA area is not sufficient
for species identification, a combination of two or more
DNA regions should be used. New sequencing techniques
enable faster and cheaper analysis of DNA barcodes, which
in turn will become available in other branches of science,
such as medicine or pharmacy. The development of new
sequencing techniques made it possible to obtain whole
genomes (nuclear, mitochondrial, plastid, whole tran-
scripts) for wide range organisms and these techniques are
nowadays used on daily bases generating a lot of data. This
data can provide valuable information about more suitable
genes/markers for DNA barcoding. The usefulness of these
techniques requires the development of the proper
barcode libraries.
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