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DNA signaturing derived from the internal transcribed spacer 2 (ITS2): a no-
vel tool for identifying Desmodesmus species (Scenedesmaceae, Chlorophyta)
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Abstract: The freshwater green algal genus Desmodesmus contains many cryptic species that are difficult to
identify using morpho—anatomy. This study analyzed 310 ITS2 sequences related to Desmodesmus species
from GenBank and developed a new tool named DNA signaturing. DNA signaturing is a species identification
method using signature sequences specific for each species or strain group within the genus Desmodesmus.
These signature sequences had 18-33 nucleotides in length. This tool could exactly identify 19 species and
24 strain groups of Desmodesmus. In addition, a signature sequence, AGA GGC TTA AAC TGG GAC C, was
specific for almost 90% of Desmodesmus strains and could represent the genus Desmodesmus. A strain MLC1
isolated from freshwater in Da Nang, Vietnam, was identified as Desmodesus pseudoserratus by this tool. DNA
signaturing tool described here showed the highest efficacy for identifying strains and a remarkable ability to
accurately classify cryptic species in the genus Desmodesmus.
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INTRODUCTION

The genus Desmodesmus (Chodat) An, Friedl, et
Hegewald (Scenedesmaceae, Chlorophyta), was first
published as one of subgenera of Scenedesmus by
HEGEWALD, and then elevated to a genus level in 1999
(HEGEWALD 1978; AN et al. 1999; VAN HANNEN et al.
2000). Currently, forty—six species of Desmodesmus
have been recorded by the National Center for
Biotechnology Information (NCBI) Taxonomy databa-
se (https://www.ncbi.nlm.nih.gov/taxonomy).
Desmodesmus  species identification has
been difficult because of their phenotypic plastici-
ty across growth and development stages, and high
morphological similarity in species (HEGEWALD et al.
2005; HENTSCHKE & TORGAN 2010; LiN et al. 2020).
Therefore, for in—depth morphological analysis of
Desmodesmus species, scanning electron microsco-
py (SEM) was applied to evaluate the ultrastructural

features of the cell wall and distinguish species based
on spines on the lateral walls and cell polesshort—spi-
ned or spineless and the shape of the rosettes or the
large warts (AN et al. 1999; HEGEWALD et al. 2005;
VANORMELINGEN et al. 2007; HENTSCHKE & TORGAN
2010; FAWLEY et al. 2011; Bica et al. 2012; HEGEWALD
& BraBanD 2017). However, this method required
access to the electron microscope, which not all re-
search facilities can provide.

The internal transcribed spacer 2 (ITS2) se-
quence analysis has been a promising candida-
te for microalgal identification (FAWLEY & FAWLEY
2020). Desmodesmus was first distinguished from
Scenedemus based on phylogenetic analysis of ITS2
sequences by AN (1999). The ITS2 region was also
able to determine several species in Desmodesmus,
Scenedesmus, and Tetradesmus (VAN HANNEN et al.
2000; JouNsoN et al. 2007, VANORMELINGEN et al.
2009; HEGEWALD & BraBanD 2017). However, the
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ITS2 sequence is variable in interspecies and intraspe-
cies. VAN HaNNEN et al. (2000) reported the inter-
specific genetic distance of Scenedesmaceae ranged
from 10% to 30% for closely related species and the
intraspecific genetic distance ranged from 2% to 10%.
This led to a lack of confidence in the species identifi-
cation by using the ITS2 sequence. Therefore, the ITS2
secondary structure analysis was added to the taxono-
my study. In particular, finding the sites of compensa-
tory base changes (CBCs) and hemi—CBCs (hCBCs)
in the ITS2 secondary structure could be a useful
tool to identify Desmodesmus species (MULLER et al.
2007; VANORMELINGEN et al. 2007; FAWLEY et al. 2011;
HosHiNa 2014; HEGEWALD & BRABAND 2017). A CBC
reaches when a paired site in ITS2 secondary structu-
re has both mutated nucleotides, and a hCBC just has
one mutated nucleotide in a paired site (MULLER et
al. 2007; VANORMELINGEN et al. 2007; FAWLEY et al.
2011). While most strains of the same Desmodesmus
species showed the near—absence of intraspecies CBCs,
the number of CBCs diversified from 1 to 11 between
the closely related Desmodesmus species and could be
used to classify species (VANORMELINGEN et al. 2007).
Nevertheless, the use of this method involved multiple
stages of structural prediction, structural homology,
CBCs sites analysis, and then comparison with the re-
corded species (SCHULTZ & WOLF 2007; HEGEWALD &
BRABAND 2017). Furthermore, about 21 Desmodesmus
species were analyzed for CBCs, but the data obtained
were not conjugated into a complete data set for speci-
es identification (VANORMELINGEN et al. 2007; FAWLEY
et al. 2011; HEGEWALD & BRABAND 2017). Therefore,
CBC data in Desmodesmus has still limited and not
integrated yet. Desmodesmus species identification is
still an open matter.

In this study, we aimed to develop a new tool
for Desmodesmus identification. We hypothesized that
the appearance of CBCs and hCBCs on the ITS2 se-
condary structure was a consequence of characteristic
nucleotides differences in the DNA sequence. Each
helix of ITS2 secondary structure was in the range of
20-80 nucleotides in length (VAN HANNEN et al. 2002;
FawLEY et al. 2011; HEGEWALD & BRraBaND 2017).
Consequently, the presence of CBCs on the same helix
demonstrated the existence of a short DNA sequence
that contains these CBCs and could be species—speci-
fic. Therefore, we analyzed multiple ITS2 sequences
to find short species—specific nucleotide sequences
for each Desmodesmus species. This technique named
“DNA signaturing” contained these signature nucleo-
tide sequences. This novel tool is useful to drive the
process of Desmodesmus identification more simply
and accurately. In addition, to increase DNA signatu-
ring’s reliability, this method also inherited the results
of Desmodesmus identification based on the morpho-
logical analyses of Desmodesmus strains as well as
their ITS2 secondary structure analysis from previous
studies.

MATERIALS AND METHODS

Sampling, isolation, and culturing. The microalgal samp-
le in freshwater was collected at coordinates of 16°05'40.5"
N, 108°07'52.7" E in Da Nang city, Vietnam. The strain was
isolated based on the method of SINGH et al. (2015) and cul-
tured in BG 11 medium (Rippka 1992) with a 16:8 hour light/
dark cycle at 25 °C and illumination intensity of 1700 lux.
Morphological characteristics of these strains were observed
under a Zeiss Axio Lab]1 light microscope (Suzhou Co., Ltd).
They were imaged, described, and compared against the mic-
roalgae taxonomic literature (HENTSCHKE & TORGAN 2010;
BELLINGER & SIGEE 2015) and the database of Algaebase.org
(https://www.algaebase.org/).

DNA extraction, PCR amplification, and DNA sequen-
cing. Total DNA was extracted by the cetyltrimethylammo-
nium bromide (CTAB) method (PHILLIPS et al. 2001) with
several modifications.

The ITS2 region was amplified through PCR using
Aecris Thermal Cycler ESCO, Singapore. The used primer
pairs were ITS1 (5 TCC GTA GGT GGA CCT GCGG 3’)
and ITS4 (5° TCC TCC GCT TAT TGA TATG 3’) (HENRION
et al. 1992). The reaction mixture contained 1X Dream Taq
Buffer, 1 Unit of DreamTaq DNA polymerase (Thermo Fisher
Scientific), 100—-120 ng of total DNA, 1 uM of each primer,
yielding a final volume of 20 ul by double—distilled water
(ddH,0). The PCR product was purified and sequenced by
the Sanger method at Apical Scientific (Malaysia).

ITS2 sequence collection and alignment. The ITS2 sequenc-
es of Desmodesmus were collected from GenBank (https://
www.ncbi.nlm.nih.gov/) and the ITS2 databases (http://its2.
bioapps.biozentrum.uni-wuerzburg.de/). A total of 266 se-
quences containing the ITS2 region of Desmodesmus species,
19 of Scenedesmus species, and 24 of Tetradesmus species
were collected (Supplemental Information). D. denticulatus
(Lagerheim) S.S.An, T.Friedl et E.Hegewald was proven
that it was different from the ingroup Desmodesmus taxa
(JoHNSON et al. 2007; VANORMELINGEN et al. 2007; FAWLEY
et al. 2011). Therefore, ITS2 sequences from four strains of
D. denticulatus were used as the outgroup.

The sequences were then aligned using Clustal W inte-
grated into MEGA 7 software to precisely determine and ana-
lyzed the ITS2 region of the obtained sequences (THOMPSON
et al. 1994; KuMar et al. 2016). The pairwise alignment and
multiple alignment were optimized with the parameter of gap
opening penalty and gap extension penalty, which are 15 and
6.66, respectively. A alignment file containing all aligned se-
quences was uploaded on a publicly accessible repository,
figshare (https:/figshare.com/) with the digital object iden-
tifier (DOI): https://doi.org/10.6084/m9.figshare.19295426.

Phylogenetic analysis. The ITS2 sequences were analyzed
using the neighbor—joining (NJ) clustering method and evo-
lutionary distances were computed using the p—distance
method (SAITOU & NEI 1987; NEI & KUMAR 1993). Unrooted
NJ phylogeny from ITS2 sequences was built to classify the
collected ITS2 sequences with high sequence similarity into
groups (Fig. S1). The rooted NJ phylogenic trees from ITS2
sequences were applied for phylogenetic analysis (Fig. S2).

The Maximum Likelihood (ML) phylogenetic tree was infe-
rred using 50 representative ITS2 sequences to better under-
stand the process of sequence evolution (TAMURA & NEI 1993;
YANG & RANNALA 2012). The Tamura—Nei model was used



Fottea, Olomouc, 23(1): 1-7, 2023
DOI: 10.5507/f0t.2022.005

because it could be applied for samples with characteristics
such as variation among sites and heterogeneity and assume
equality substitution rates among sites as well as substitution
patterns among lineages (TAMURA & NEI 1993). Initial tree(s)
for the heuristic search were obtained automatically by apply-
ing NJ and BioNJ algorithms to a matrix of pairwise distances
estimated using the maximum composite likelihood (MCL)
approach and then selecting the topology with a superior log—
likelihood value (TAMURA & NEI 1993). Bootstrapping with
1,000 replicates was applied to estimate the confidence of the
topology of both phylogenetic trees (FELSENSTEIN 1985). All
the above programs were integrated and analyzed in MEGA 7
(Kumar et al. 2016). The phylogenetic tree was observed and
noted with iTOL (LETUNIC & BORK 2021).

Taxon names on phylogenies included species names
from GenBank, strain ID, accession number (AC no.), and
the group name to facilitate the analysis process. Group na-
mes are based on the first symbol of the species name (e.g.
Group A for strains of D. armatus) or the first two letters of
the species name (e.g. Group AS for strains of D. asymmetri-
cus) (Fig. S1 and Fig. S2).

Desmodesmus strains information analysis. The ITS2 se-
quences belonging to the same clade in unrooted NJ phylog-
eny were rearranged adjacent in the alignment file. Unrooted
NIJ tree showed two types of clades, (1) the clade containing
the strains of one Desmodesmus species and (2) the clade
containing the strains of multiple Desmodesmus species.
Some Desmodesmus species have several synonyms due to
the complex taxonomic history, the latter was analyzed and
identified to clarify the information of the strains by the
NCBI Taxonomy database or derived from the collections
such as the culture collection of algae and Protozoa (CCAP)
(https://www.ccap.ac.uk/), culture collection of algae at the
University of Texas at Austin (UTEX) (https://utex.org), or
culture collection of algae at the University of Gottingen
(SAG) (http://sagdb.uni—goettingen.de/index.php). In addi-
tion, the ITS2 secondary structure of each strain in this clade
was also predicted and evaluated by the ITS2 database to in-
crease the confidence in their relationships.

DNA signaturing analysis. In the event of a clade con-
taining the strains of one Desmodesmus species, the short
DNA sequences containing 18 to 33 nucleotides to ensure
specificity for species were discovered throughout the en-
tire length of the ITS2 DNA sequences. These short DNA
sequences containing at least one CBC or hCBC from refer-
enced articles (VAN HANNEN et al. 2002; VANORMELINGEN et
al. 2007; FAWLEY et al. 2011; HEGEWALD & BRABAND 2017)
were then analyzed for similarity with sequences available
in GenBank using the Basic Local Alignment Search Tool
(BLAST: https://blast.ncbi.nlm.nih.gov/Blast.cgi). If the re-
sults obtained from BLAST just appear the analyzed species,
the short DNA sequences could be recognized as signature
sequences and determined their position on ITS2 second-
ary structures using the ITS2 database, and then recorded in
Table S1. The ITS2 sequences of species without CBC data
were assessed holistically and selected visually for signature
sequences.

In the case of a clade containing multiple strains of
different species, the signature sequences were searched visu-
ally to represent the strain group. Each species or strain group
was sought for as many signature sequences as possible and
listed in the Table S1.

RESULTS

Microalgal isolation

An isolate MLC1 was assignable to Desmodesmus
based on external features. This isolate consisted of 2
cells fused at the flanks, with a length of 11 + 1 pm
and a width of 4.5 £ 0.5 pm each, elliptical in shape,
rounded at one end and tapering at the other with a
thick cell wall composed of many layers. The ITS2 re-
gion of isolate MLC1 was sequenced and submitted to
GenBank with the AC no. MZ412709.

Signature sequence finding

Most of the signature sequences were identified at
different positions ranging from 30 to 70, 110-150,
and 200-240 in the ITS2 sequences of Desmodesmus.
These regions correspond to helices I, II, and III on the
ITS2 secondary structures.

Each signature sequence in DNA signaturing
was checked specificity by BLAST. In some cases,
the BLAST results showed different species from
Scenedesmus and Tetradesmus. The ITS secondary
structure and taxonomic history were then evaluated
for these Scenedesmus and Tetradesmus species. If
their information satisfied the following conditions:
having a similar secondary structure or having a syno-
nym for the analyzed species or being analyzed from
other studies but have not been updated on online data,
they would be added into Desmodesmus data. Thus,
we added 19 ITS2 sequences of Scenedesmus species,
and 24 of ITS2 sequences of Tetradesmus species on
Desmodesmus data (Supplemental Information).

Nineteen Desmodesmus species and twenty—
four strain groups have been identified by DNA signa-
turing (Table S1). In addition, three species with only
one ITS2 sequence including D. baconii, D. insignis,
and D. serratoides were found. Two strains D. com-
munis strain CCMA-UFSCar—030 and D. abundans
strain BZ— 3-3 did not belong to any strain group
(Supplemental Information).

Almost ninety percent (278/310) of the
Desmodesmus strains contained the sequence AGA
GGC TTA AAC TGG GACC belonging to helix III
on the ITS2 secondary structure. This short sequence
was then analyzed by BLAST and the results showed
only the Desmodesmus species and the Scenedesmus
or Tetradesmus species mentioned above. Therefore,
this short sequence was considered to be the signature
sequence for Desmodesmus species.

DNA signaturing application

The full ITS2 sequences of isolate MLC1 were analy-
zed by BLAST, and as the result, D. pseudoserratus
was the highest similar species with a rate of 93.17%.
The results achieved from the ITS2 database in sear-
ching for homologous secondary structural models
showed that the isolate MLC1 was similar to D. santo-
sii, D. perdix, and D. serratus. These results matched
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their genetic relationship in the phylogenetic trees,
but this isolate MLC1 could not be identified with the
exact species. Using the DNA signaturing method iso-
lates MLC1 was identified as D. pseudoserratus imme-
diately (Table S1).

Phylogenetic analysis

Three Desmodesmus species clusters were remar-
ked on phylogenic trees (Fig. 1 and Fig. S2). The
Demosdesmus clusters including D. armatus and re-
lated taxa (cluster 1); D. communis and related taxa
(cluster 2); and D. serratus and related taxa (cluster 3),
were commanded by a representative species with the
most ITS2 sequences in each cluster.

Although D. denticulatus strains were iden-
tified as an outgroup, their position was inside other
Desmodesmus species and divided them into two bran-
ches. A branch contained D. serratus and related taxa
(branch 1) which were owned by monophyly and the
remain comprised two other Desmodesmus clusters
(branch 2). The branch length on the ML and NJ trees
showed the genetically distance for species (Fig. 1 and
Fig. S2). Therefore, there was the high genetic variati-
on between two Desmodesmus branches as well as be-
tween each Desmodesmus branch and D. denticulatus.
Therefore, it was possible that other Scenedesmaceae
species may appear inside two Desmodesmus branches
on the phylogeny.

DiSCcUSSION

The lack of species identification characters and mor-
pho—anatomical variation within Desmodesmus speci-
es makes it difficult to identify species. In this study,
we developed a DNA signaturing tool that makes the
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identification of Desmodesmus species simpler. The
ITS2 sequence was analyzed to find the signature se-
quences that represent each species or strain group.
This novel method was based on the CBCs
and hCBCs positions of Desmodesmus species
from previous studies to find signature sequences
(VANORMELINGEN et al. 2007; FAwLEY et al. 2011;
HosHiNA 2014; HEGEWALD & BRABAND 2017). For in-
stance, HEGEWALD & BRABAND (2017) used SEM and
ITS2 secondary structures to thoroughly analyze and
identify D. communis cryptic species, including D. co-
mmunis, D. rectangularis, D. protuberans, D. protu-
berans var. communioides; D. schmidtii; D. pseudoco-
mmunis; and D. pseudoprotuberans. We have applied
the ITS2 database for analyzing the ITS2 sequences of
these species and only the ITS2 secondary structural
model of D. communis was obtained. This showed the
identification of these species was challenging. We
then consulted the results from HEGEWALD & BRABAND
(2017) which showed that D. rectangularis differed
from D. communis by only one nucleotide at position
30 in the ITS2 secondary structure of D. communis.
Therefore, an 18—nucleotides sequence containing the
above distinct nucleotide was selected and analyzed
by BLAST. This short sequence not only distingui-
shed D. rectangularis from D. communis but also other
Desmodesmsus species. Similarly, D. pseudocommu-
nis differed by two different nucleotides at positions
24 and 27 on the ITS2 secondary structure of D. co-
mmunis (HEGEWALD & BRrRaBAND, 2017). Therefore,
the short sequence containing these two positions was
analyzed by BLAST and showed the specific to D.
pseudocommunis. In addition, D. serrtus and related
taxa were evaluated to achieve high morphological
similarities, so they have been carefully analyzed by
electron microscopy as well as their ITS2 secondary

2j
ISAG 276.44 |a1

v | voTvvid
2v | voryvaid | smeue ‘@
D. opoliensis | GS;

D. armagys
S. bijugyg | ;

) '8US [ isolate 7%

A

0
o8 =

otuberans ewal 51\
| Hee
tuberan HegeW! 1d 1981 51| PR2

: I
p. pseudop! gewald 1981-14 |s

. schmidtii | Hef
D. protuberans | AICB 141 | PR1

Fig. 1. Maximum likelihood phylogeny of fifty representative Desmodesmus species based on the Tamura—Nei model with bootstrap values

from 1000 replicates.
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structure. Indeed, differences in ultrastructural features
of the cell wall were noted, and the helix regions which
vary between these species were helix I and helix III
(VANORMELINGEN et al. 2007; FAWLEY et al. 2011).
Hence, we focused on these two helices to search for
the signature nucleotide sequences of D. serrfus and
related taxa (Table S1). Conclusively, the DNA sig-
naturing tool inherited the reliability of species iden-
tification from previous methods (VANORMELINGEN et
al. 2007; FAWLEY et al. 2011; HEGEWALD & BRABAND,
2017).

Isolate MLC1 in this study was identified in
many ways including basic morphological assessment
by light microscopy, searching for sequence homology
on BLAST, and searching for homologous secondary
structure on the ITS2 database. However, it was not
possible to determine the exact species level. MLC1
was then identified as D. pseudoserrtus by DNA
signaturing.

Unrooted NJ phylogeny was used to divi-
de Desmodesmus strains into groups. However,
Desmodesmus species data were not synchronized on
online databases, leading to complications in analy-
zing the phylogenetic tree of Desmodesmus species.
Several strains in some species had large genetic diver-
gence and belong to different clades (i.e. D. commu-
nis strains, D. abundans, D. pannonicus...) (Fig. S2).
Thus, we evaluated the information of these strains by
the algal collection websites and found their homology
modeling of ITS2 secondary structure by ITS2 databa-
se. It was an important step as it concerned the reliabi-
lity and effectiveness of DNA signaturing. Particularly,
group Al including D. armatus strains, D. schnepfii
strain CCAP 258/73, and D. pannonicus strains was
renamed D. armatus 1 because their ITS2 secondary
structural modeling was 100% similar to D. armatus
strain GS2o (Supplementary information). In addition,
Scenedesmus ecornis strain UTEX LB 1359 was a sy-
nonym of D. bicellularis or Scenedesmus longus was
a synonym of D. komarekii derived from the UTEX
website. Furthermore, we detected twenty—three T
deserticola strains from Zou et al. (2016) and one T.
deserticola strain from ALAM et al. (2019), which po-
ssess a 100% structural similarity of ITS2 sequence to
D. subspicatus strain UTEX 2532 (Supplementary in-
formation). This is considered a prime example of the
complexity of the data circulating on GenBank.

The phylogenetic tree structures in this stu-
dy were homogeneous with previous studies (AN et
al. 1999; VAN HANNEN et al. 2002; BUCHHEIM et al.
2011; FawLey et al. 2011; HEGEwALD et al. 2013;
HEGEWALD & BRABAND 2017). D. denticulatus was
considered to be genetically distinct from the rest of
Desmodesmus species and proposed as an outgroup
(Jounson et al. 2007; VANORMELINGEN et al. 2007,
FAawLEY et al. 2011). When analyzing large numbers
of Desmodesmus species, the observed large genetic
variation between them was recorded. Desmodesmus

branch 1 consiting of D. serratus and related taxa was
genetically distinct from Desmodesmus branch 2 inclu-
ding two other Desmodesmus clusters. The occurrence
of D. denticulatus between two Desmodesmus bran-
ches represented other Scenedesmaceae species (Fig.
1 and Fig. S2). This was reinforced and remarked by
the results of BuCHHEIM et al. (2011) which showed the
appearance of Tetradesmus, Scenedesmus and Enallax
species inside two Desmodesmus branches. The gene-
tic relationship of Desmodesmus species is still a ma-
tter of clarification.

It has been proven that Desmodesmus isolates
with the high similarity of ITS2 sequences showed ex-
ceedingly slight morphological differences (JOHNSON
et al. 2007; VANORMELINGEN et al. 2007; FAWLEY et
al. 2011; Hapr et al. 2016; HEGEWALD & BRABAND
2017). Three Desmodesmus clusters included species
that were shown to be morphologically similar and
were analyzed thoroughly by SEM (VANORMELINGEN
et al. 2007; HENTSCHKE & TORGAN 2010; FAWLEY et
al. 2011; HEGEWALD & BRABAND 2017). Besides, two
Desmodesmus branches could be seperated according
to the basis of morphological features. Specifically, the
species of Desmodesmus branch 1 are spineless speci-
es, while the species of Desmodesmus branch 2 have
spines but vary in length, shape, and size (HENTSCHKE
& TORGAN 2010; FAwWLEY et al. 2011; HEGEWALD &
BraBAND 2017). Therefore, the species belonging to
the same Desmodesmus cluster had more similar mor-
phological characteristics. Accordingly, different mor-
phological features among these three Desmodesmus
clusters could be observed under light microscopy
to narrow the species range when identifying novel
Desmodesmus isolates.

DNA signaturing has been demonstrated to be
a powerful tool in the species identification of micro-
algae. In the next step, we will perform two parallel
works: (1) expand the scope of signature sequence
finding to all Scenedesmaceae species and (2) develop
DNA signaturing into microalgae identification soft-
ware online for easy practical application.
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