
Edited by

Taxonomy and 
Ecology of 
Marine Algae

Bum Soo Park and Zhun Li

Printed Edition of the Special Issue Published in 
Journal of Marine Science and Engineering

www.mdpi.com/journal/jmse



Taxonomy and Ecology of Marine
Algae





Taxonomy and Ecology of Marine
Algae

Editors

Bum Soo Park

Zhun Li

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Bum Soo Park

Korea Institute of Ocean Science

& Technology

Korea

Zhun Li

Korea Research Institute of

Bioscience and Biotechnology

Korea

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Marine Science and Engineering (ISSN 2077-1312) (available at: http://www.mdpi.com).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3248-6 (Hbk)

ISBN 978-3-0365-3249-3 (PDF)

Cover image courtesy of Dr. Zhun Li

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Bum Soo Park and Zhun Li

Taxonomy and Ecology of Marine Algae
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 105, doi:10.3390/jmse10010105 . . . . . . . . . . . . . . 1

Huijiao Yang, Zhangxi Hu and Ying Zhong Tang

Plasticity and Multiplicity of Trophic Modes in the Dinoflagellate Karlodinium and Their
Pertinence to Population Maintenance and Bloom Dynamics
Reprinted from: J. Mar. Sci. Eng. 2021, 9, 51, doi:10.3390/jmse9010051 . . . . . . . . . . . . . . . . 5

Naicheng Li, Jingyao Zhang, Xinyu Zhao, Pengbin Wang, Mengmeng Tong and

Patricia M. Glibert

Allelopathic Inhibition by the Bacteria Bacillus cereus BE23 on Growth and Photosynthesis of the
Macroalga Ulva prolifera
Reprinted from: J. Mar. Sci. Eng. 2020, 8, 718, doi:10.3390/jmse8090718 . . . . . . . . . . . . . . . 27

Seung-Woo Jo, Jeong-Mi Do, Nam Seon Kang, Jong Myong Park, Jae Hak Lee,

Han Soon Kim, Ji Won Hong and Ho-Sung Yoon

Isolation, Identification, and Biochemical Characteristics of a Cold-Tolerant Chlorella vulgaris
KNUA007 Isolated from King George Island, Antarctica
Reprinted from: J. Mar. Sci. Eng. 2020, 8, 935, doi:10.3390/jmse8110935 . . . . . . . . . . . . . . . 45
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1. Introduction

The term “algae” refers to a large diversity of unrelated phylogenetic entities, ranging
from picoplanktonic cells to macroalgal kelps. Marine algae are an important primary
producer in the marine food chain, responsible for the high primary production of coastal
areas, providing food resources in situ for many grazing species of gastropods, peracarid
crustaceans, sea urchins or fish. The biodiversity of marine algae is enormous, and they
represent an almost untapped resource. This Special Issue shows the current worldwide
interest in the field of taxonomy and ecology of marine algae, and it will be a very useful
tool to support and inspire future studies about this exciting topic. Recent findings indicate
that marine environments have rapidly changed due to global warming over the past
several decades. This change leads to significant variations in marine algal ecology. For
example, a long-term increase in ocean temperatures due to global warming has facilitated
the intensification of harmful algal blooms, which adversely impact public health, aquatic
organisms, and aquaculture industries. Thus, extensive studies have been conducted, but
there is still a knowledge gap in our understanding of the variation of their ecology in
accordance with future marine environmental changes. To fill this gap, studies on the
taxonomy and ecology of marine algae are highly necessary.

We have invited algologists to submit research articles that enable us to advance
our understanding of the taxonomy and ecology of marine algae. The Issue collected
fourteen papers that cover different aspects of the taxonomy and ecology of marine algae,
including understudied species, interspecific comparisons, and new techniques.

2. Papers Details

Wang and Wu [1] suggested that the significantly enhanced discharge of the Changjiang
River since the winter of 2020–2021 was crucial for the outbreak of the Ulva prolifera green
tides in southwestern Yellow Sea, which could have contributed significantly to the nutrient
enrichment of the Subei coast. They demonstrated that these large amounts of nutrient
inputs, as an effective supplement, were the reason the green tides emerged sharply as an
extensive outbreak in 2021. The easterly wind anomaly during spring 2021 contributed to
the landing of Ulva prolifera off the Lunan coast.

Lee et al. [2] established an integrated loop-mediated isothermal amplification (LAMP)
assay based on Ostreopsis cf. ovata and Amphidinium massartii. The detection sensitivity of
the LAMP assay for O. cf. ovata or A. massartii was comparable to other molecular assays
(PCR and quantitative PCR (qPCR)) and microscopy examination. The detection limit of
LAMP was 0.1 cell of O. cf. ovata and 1 cell of A. massartii. The optimized LAMP assay was
successfully applied to detect O. cf. ovata and A. massartii in field samples. They provided
an effective method of detecting target benthic dinoflagellate species and could be further
implemented to monitor phytoplankton in field surveys as an alternative.

Lee and Yeh [3] proposed a new endophytic filamentous red algal species from Taiwan
based on morphological observations and molecular analysis, named as Colaconema formosanum
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sp. nov. The new species was confirmed based on morphological observations and molecular
analysis. Both the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL) and
cytochrome c oxidase subunit I (COI-5P) genes showed high genetic variation between our
sample and related species. Anatomical observations indicated that the new species present
asexual reproduction by monospores, cylindrical cells, irregularly branched filaments, a single
pyrenoid, and single parietal plastids.

Kwon et al. [4] reported 11 unrecorded diatom species (Diploneis didyma, Mastogloia
elliptica, Cosmioneis citriformis, Haslea crucigera, Pinnularia bertrandii, Pinnularia nodosa var.
percapitata, Gyrosigma sinense, Gomphonema guaraniarum, Gomphonema italicum, Navicula
freesei, Trybionella littoralis var. tergestina) among samples collected from the Hwajinpo,
Hyangho, Maeho, and Gapyeongri wetlands, and Cheonjinho and Gyeongpoho lagoons
in Korea, during a survey from 2018–2020. They presented the taxonomic characteris-
tics, ecological information, habitat environmental conditions, and references for these
11 species.

Park et al. [5] reported the marine benthic dinoflagellate Bysmatrum subsalsum from
Korean Tidal Pools. They identified two ribotypes of B. subsalsum based on molecular
phylogeny. The Korean isolates were nested within the ribotype B consisting of the isolates
from China, Malaysia, and the French Atlantic, whereas the ribotype A included only the
isolates from the Mediterranean Sea. These findings support the idea that there is cryptic
diversity within B. subsalsum.

Park et al. [6] investigated fossil diatoms in Suncheonman Bay and introduced sub-
fossil diatoms recorded in Korea. One sedimentary core has been extracted in 2018. They
identified 87 diatom taxa from 52 genera in the sediment core sample. Of these, six species
represent new records in Korea: Cymatonitzschia marina, Fallacia hodgeana, Navicula mannii,
Metascolioneis tumida, Surirella recedens, and Thalassionema synedriforme. These six newly
recorded diatom species were examined by light microscopy and scanning electron mi-
croscopy. The ecological habitats for all the investigated taxa are presented.

Prasath et al. [7] studied these four coagulants combined with algae suppression
bacteria for their effect on G. catenatum to promote a more efficient and environmentally
friendly algae suppression method. The results showed that polyaluminum chloride (PAC)
is more efficient than other coagulants when used alone because it had a more substantial
inhibitory effect. The PAC and Ba3 broth produced a pronounced algae inhibition effect that
effectively hindered the germination of algae cysts. They conclude that this combination
provides a scientific reference for the prevention and control of marine red tide. They
suggested that designing environmentally friendly methods for the management of harmful
algae is quite feasible.

Park et al. [8] investigated the community composition of free-living (FLB) and particle-
associated (PAB) bacteria in each growth phase (lag, exponential, stationary, and death)
of Tetraselmis suecica P039 culture using pyrosequencing. They suggested that the PAB
community may have a stronger association with the algal growth than the FLB community.
Irrespective of the growth phase, Roseobacter clade and genus Muricauda were predominant
in both FLB and PAB communities, indicating that bacterial communities in T. suecica culture
may positively affect algae growth, and that they are potentially capable of enhancing the
T. suecica growth.

Kim et al. [9] investigated the diversity of dinoflagellate genus Scrippsiella, a common
member of phytoplankton, and their cysts using light and scanning electron microscopy.
They observed the Korean isolates of S. precaria had two types of the 5′′ plate that either
contacted the 2a plate or not. Molecular phylogeny based on internal transcribed spacer
(ITS) and large subunit (LSU) rDNA sequences revealed that the Korean isolates were
nested within the subclade of PRE (S. precaria and related species) in the clade of Scrippsiella
sensu lato and that the PRE subclade had two ribotypes: ribotype 1 consisting of the isolates
from Korea, China, and Australia, and ribotype 2 consisting of the isolates from Italy and
Greece. They suggested that lineages between isolates of ribotype 1 were likely related
to the dispersal by ocean currents and ballast waters from international shipping, and
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the two types of spine shapes and locations of the 5” plates may be a distinct feature of
ribotype 1.

Ma et al. [10] proved that the well-known brown-tide-causing pelagophyte Aureococcus
anophagefferens has a resting stage. They conducted a follow-up study to characterize the
resting stage cells (RSCs) of A. anophagefferens using the culture CCMP1984. The results
indicated that the RSCs of A. anophagefferens are a dormant state that differs from vegetative
cells morphologically and physiologically, and that RSCs likely enable the species to survive
unfavorable conditions, seed annual blooms, and facilitate its cosmopolitan distribution.

Jódar-Pérez et al. [11] studied seven species of Cystoseira sl spp. in Cabo de las Huertas
(Alicante, SE Spain) and analyzed their distribution using Permutational Analysis of Vari-
ance (PERMANOVA) and Principal Component Ordination plots (PCO). The phylogenetic
tree supported actual classification, including, for the first-time, Treptacantha sauvageauana
and Treptacantha algeriensis species. These data supported a complex distribution and
speciation of Cystoseira sl spp. in the Mediterranean, perhaps involving Atlantic clades.

Jo et al. [12] investigated the growth and lipid composition of the algal strain C. vulgaris
KNUA007. They found that the strain was able to thrive in a wide range of temperatures,
from 5 to 30 ◦C; however, it did not survive at 35 ◦C. The microalga was tolerant of low
temperatures, making it an attractive candidate for the production of biochemicals under
cold weather conditions. Therefore, this Antarctic microalga may have potential as an
alternative to fish and/or plant oils as a source of omega-3 PUFA. The temperature tolerance
and composition of C. vulgaris KNUA007 also make the isolate desirable for commercial
applications in the pharmaceutical industry.

Li et al. [13] investigated the impacts of different concentrations of cell-free filtrate
of the bacteria Bacillus cereus BE23 on Ulva prolifera. The evidence indicates that the alter-
ation of energy dissipation caused excess cellular ROS accumulation that further induced
oxidative damage on the photosynthesis apparatus of the D1 protein. The potential alle-
lochemicals were further isolated by five steps of extraction and insolation (solid phase–
liquid phase–open column–UPLC–preHPLC) and identified as N-phenethylacetamide,
cyclo (L-Pro-L-Val), and cyclo (L-Pro-L-Pro) by HR-ESI-MS and NMR spectra. The dike-
topiperazines derivative, cyclo (L-Pro-L-Pro), exhibited the highest inhibition on U. prolifera
and may be a good candidate as an algicidal product for green algae bloom control.

Yang et al. [14] reviewed Karlodinium due to their representative features as mixoplank-
ton and harmful algal blooms (HABs)-causing dinoflagellates. Their phagotrophy exhibits
multiple characteristics: (1) omnivority, i.e., they can ingest a variety of preys in many
forms; (2) flexibility in phagotrophic mechanisms, i.e., they can ingest small preys by direct
engulfment and much bigger preys by myzocytosis using a peduncle; (3) cannibalism,
i.e., species including at least K. veneficum can ingest the dead cells of their own species.
They suggested that mixotrophy of Karlodinium plays a significant role in the population
dynamics and the formation of HABs in many ways, which thus deserves further investiga-
tion in the aspects of physiological ecology, environmental triggers (e.g., levels of inorganic
nutrients and/or presence of preys), energetics, molecular (genes and gene expression
regulations) and biochemical (e.g., relevant enzymes and signal molecules) bases, origins,
and evaluation of the advantages of being a phagotroph.
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Abstract: As the number of mixotrophic protists has been increasingly documented, “mixoplankton”,
a third category separated from the traditional categorization of plankton into “phytoplankton” and
“zooplankton”, has become a new paradigm and research hotspot in aquatic plankton ecology. While
species of dinoflagellates are a dominant group among all recorded members of mixoplankton, the
trophic modes of Karlodinium, a genus constituted of cosmopolitan toxic species, were reviewed
due to their representative features as mixoplankton and harmful algal blooms (HABs)-causing
dinoflagellates. Among at least 15 reported species in the genus, three have been intensively studied
for their trophic modes, and all found to be phagotrophic. Their phagotrophy exhibits multiple
characteristics: (1) omnivority, i.e., they can ingest a variety of preys in many forms; (2) flexibility
in phagotrophic mechanisms, i.e., they can ingest small preys by direct engulfment and much
bigger preys by myzocytosis using a peduncle; (3) cannibalism, i.e., species including at least K.
veneficum can ingest the dead cells of their own species. However, for some recently described and
barely studied species, their tropical modes still need to be investigated further regarding all of
the above-mentioned aspects. Mixotrophy of Karlodinium plays a significant role in the population
dynamics and the formation of HABs in many ways, which thus deserves further investigation in the
aspects of physiological ecology, environmental triggers (e.g., levels of inorganic nutrients and/or
presence of preys), energetics, molecular (genes and gene expression regulations) and biochemical
(e.g., relevant enzymes and signal molecules) bases, origins, and evaluation of the advantages of
being a phagotroph.

Keywords: Karlodinium; trophic modes; phagotrophy; mixotrophy

1. Introduction

Microalgae are an important group in terms of global primary productivity. Those
microalgae that spend their time on vegetative growth in the water column are categorized
as phytoplankton, a counterpart of zooplankton in aquatic ecology [1]. As the terms
imply, autotrophy or phototrophy is the most important trophic mode in microalgae or
phytoplankton and thus the focus of research on microalgae [1–3], which is reasonable and
fair in terms of their major function in aquatic ecosystems as primary producers. However,
other trophic modes have been found in many groups or species of microalgae and have
attracted increasingly more attention from the scientific community during the last several
decades because these non-autotrophic modes have been, or will be, proven to be vital
strategies for the population survival and development (e.g., blooms) of phytoplankton [4].

Among 2400 valid species of dinoflagellates, about 50% are strictly heterotrophic,
while the other half of species obtained and maintained the ability of photosynthesis [5].
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Independent of the number of species, these photosynthetic dinoflagellates occupy an
essential place in primary production, particularly in coastal and estuarine ecosystems [6].
As the dark facet of primary producers, dinoflagellates are also the crucial perpetrators of
harmful algal blooms (HABs) forming species, given that they are responsible for 75% of
documented HABs [7]. However, intriguingly, photosynthetic dinoflagellates are generally
of relatively lower photosynthetic capacity per unit of biomass and exhibit lower growth
rates in comparison to many of their competitors, such as diatoms [8,9]. Thus, dinoflag-
ellates must have other strategies to balance this competitive disadvantage. Mixotrophy,
a nutritional strategy by which organisms are able to obtain nutrients and/or energy by
both phototrophic autotrophy and heterotrophy [10–12], is one of these strategies that
enhance growth rates via obtaining energy from either dissolved organic compounds [13]
or particulate preys [14]. The mixotrophic protists that play roles of both primary producer
and consumer have been widely investigated from different aspects [11,12].

The genus Karlodinium J. Larsen was erecteded from the genus Gymnodinium in 2000
because of the characteristics of their apical groove, ultrastructure, and partial large subunit
rDNA sequences [15]. Species of Karlodinium are well known for forming HABs and
thus causing the consequent fish-killing events [16–18]. The genus includes at least 15
species to date (Table 1). The distribution of the genus Karlodinium spreads over four
oceans [16] (also see Ocean Biogeographic Information System, https://obis.org/taxon/23
1789). Karlodinium veneficum (original name: Gymnodinium veneficum; synonym: Karlodinium
micrum, Gymnodinium micrum, Gyrodinium galatheanum, Woloszynskia micra, and Gyrodinium
estuariale) is the type species and also the most intensively and extensively investigated
one in the field and the laboratory [19–23]. Species in the genus of Karlodinium, such as K.
veneficum, K. armiger, K. corsicum and K. aculat, have been reported to be associated with
many toxic events and caused mortality of fishes, mussels and zooplanktons [18,24–30].
Multiple types of toxins have also been detected from these species. The toxins produced
by K. veneficum are termed as karlotoxins [25] and at least 12 natural analogs of karlotoxins
have been identified to date [25,31–33]. Karlodinium conicum was also proved to produce
karlotoxin [34,35]. From K. armiger, however, a different species of toxin, karmitoxin, has
been chemically characterized [36,37]. Besides, the presence of some types of NSP toxins in
K. corsicum has also been testified by mouse tests [27].
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The trophic modes of Karlodinium have been studied for several decades, and were
found to be diverse and typical. However, new findings have been made recently and
improved our understanding of this genus, which comprises a group of mixoplank-
ton. At least four Karlodinium species have been confirmed to be mixotrophic, namely
K. veneficum [20,58], K. armiger [40,41], K. aculat [28] and K. azanzae [44], by now. Among
these proven mixotrophic species, some exhibit plastic and multiple trophic modes, as
well as wide spectrum of prey size and varieties, i.e., K. armiger and K. veneficum [16,59].
Other species, while direct evidence about their mixotrophy is lacking at present, were
also reported to possess peduncle-like structures (Table 1), namely the instrument for
phagotrophy, such as K. gentienii [51] and K. zhouanum [56].

Because possibly all Karlodinium species have potential for mixotrophy and the highly
flexible trophic modes may be a vital trait of this and other similar groups of dinoflagellates
in their ecology and evolution, here we review the knowledge advancement in understand-
ing the trophic modes of dinoflagellates in general and Karlodinium in particular, with the
hope of inspiring further investigations on the genetic, cellular, physio-chemical, and eco-
logical mechanisms of mixotrophy in dinoflagellates (HABs-forming groups particularly)
by putting forward our insights and suggestions about the interesting topic.

2. Trophic Modes of Dinoflagellates

In addition to autotrophy or phototrophy, many free-living dinoflagellates live as
either heterotrophs or mixotrophs [5,60]. Mixotrophic modes can be further categorized as
amphitrophic (heterotrophy or autotrophy alone is sufficient for nutrition) and mixotrophic
sensu stricto (both forms of nutrition are required) [61].

Dinoflagellates have evolved multiple heterotrophic nutritional strategies [61]: (1)
osmotrophy (or resorption), by which the organic macronutrients are taken up by direct
passage through the plasma membrane, (2) saprotrophy, a chemoheterotrophic process of
digesting organic matter extracellularly and (3) endocytosis, which includes pinocytosis
(cell drink, a mode of endocytosis by which liquid organic matter is taken up into the cell
by invaginating of the cell membrane, and forming a small vesicle inside the cell) and
phagocytosis or phagotrophy (cell eating, the endocytosis of particulate food).

Generally, there are three types of feeding mechanisms of phagotrophy that dinoflagel-
lates use to uptake food particles (including intact cells): (1) direct engulfment (phagotrophy
sensu stricto), i.e., a cell phagocytizes an entire food particle, including the prey cell mem-
brane [61,62], (2) tube feeding, i.e., the feeding cells use an feeding appendage to suck food
particles (e.g., Peridiniopsis berolinensis) [63,64], and (3) pallium feeding, i.e., some species
use a feeding veil, namely pallium, to surround and digest the prey outside the cell body
of the predator, then the liquefied cytoplasmic content of prey is taken up by the predator,
leaving only an empty wall or frustule (e.g., Zygabikodinium lenticulatum, Oblea rotunda and
Protoperidinium conicum [64–66]).

Direct engulfment, or phagocytosis sensu stricto, of dinoflagellates seems to be mainly found
in athecate dinoflagellates, like Blastodiniales, Gymnodiniales, Noctilucales, and Oxyrrhinales [61,67].
However, it remains unclear whether this apparent “preference” is due to the higher flexibility
or elasticity of the cells of naked species than armored species. In addition, special feeding
organelles, such as tentacles, lobopodia and peduncles, were usually found in the sulcal region
near the flagellar groove [61].

Tube feeding has been observed to use two types of feeding tubes in dinoflagel-
lates: the peduncle (a protoplasmic strand protruding from the mid-ventral area of the
sulcus to connect predator and prey, e.g., Paulsenella) [61,68,69], and the phagopod (a non-
cytoplasmic feeding tube, e.g., Amphidinium cryophilum) [70]. Myzocytosis is a kind of tube
feeding by which the feeding cells suck out the contents of prey cells by leaving the plasma
membrane outside the predator. The prey plasmalemma is not taken up, and thus the prey
cytoplasm is bounded only by the vacuolar membrane in the food vacuole. This mode of
nutrition was first described in the naked dinoflagellate Gyrodinium vorax Biecheler [62].
The terminology for the uptake organelle of myzocytosis has not been uniformed, and it
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has been variously referred to as feeding tubes or peduncles [61], and in this review, we
use the term “peduncle” to refer to the uptake organelle of myzocytosis. The peduncle
was reported to be formed by the emergence of a preformed “microtubular basket” which
consists of plates of microtubules [69,71]. Based the light and electron microscopic observa-
tions on Pausenella sp., Schnepf et al. (1985) suggested that the food uptake was driven by
a hydrostatic gradient which might be attributed to rhythmical ion pumping and based
on the existence of a common cavity and the sphincters [71]. In contrast to most suctorian
tentacles, peduncles are generally not permanently protruded [61,69], and are usually
invisible in predators not feeding on food [69]. The length of feeding tubes also differs in
species and even varies in a single cell with feeding status [61]. No prey size spectra are
confirmed for tube feeders in the literature, but some researchers have pointed out that
the prey size seems not to have an upper limit, as studies reported the ingestion ability of
K. veneficum and K. aculat on rotifer, copepod eggs, and even tissues of fish [16,72,73]. The
strictly heterotrophic species Pfiesteria shumwayae was found to exhibit lethal effect on fish
by myzocytosis, also named “micropredation” [74], a trophic strategy in which a predator
feeds on a rather large prey and one feeding individual attacks more than one prey during
its life span and attacks the prey intermittently without necessarily eliminating its fitness
(e.g., mosquito) [75]. However, both direct engulfers and pallium feeders have prey size
spectra restricted to the volume capacity of the predator cell [64].

The feeding processes of phagocytosis were described by several steps including
pre-capture behavior, capture, and prey manipulation [64]. While in pre-capturing, di-
noflagellates swimming faster than their prey are referred as the “searching type” and those
being able to catch the faster-moving prey are described as the “trapping type” [64]. Search
type is induced by chemical substances released from the injured prey and is independent
of prey size [63,76]. It is demonstrated that dinoflagellates of similar size but with different
speed in comparison to preys, swimming characteristics, and feeding strategies (peduncle
vs. tow line) have substantially different responses to the introduction of preys [77]. The
feeding dinoflagellates usually capture preys using some specialized appendages named
“capture filament” or “tow filament”. The capture filament of Peridiniopsis berolinensis is a
thin filament that originates from the ventral region of the cell near the sulcus [63]. Once
the filament anchors to the prey, it retracts, brings the prey closer to the predator (e.g.,
Protoperidinium and Diplosalis group) or contracts entirely, and thereby drags the prey to
the sulcal region of the predator (e.g., Gyrodinium) [78]. After capturing the prey, most
dinoflagellates consume the prey immediately, but the manipulation of prey may differ
with other feeding mechanisms [14,78].

Certain dinoflagellates may utilize cleptochloroplasts (transiently alien chloroplasts)
obtained from preys [79]; this nutrient strategy is termed kleptochloroplastidy [80]. Myzo-
cytosis is the proven method to acquire kleptochloroplasts from preys [61,81]. Hansen (1998)
reviewed a few species that lack chloroplasts but are capable of sequestering chloroplasts
from other phytoplankters and then using the “stolen” chloroplasts for photosynthesis [82].
This kind of mixotrophy has been reported among some species belonging to the naked
genera Amphidinium and Gymnodinium [82–84]. It is noteworthy that the latter may contain
species from Karlodinium, as this genus had not been separated from Gymnodinium until
2000 [15]. Li et al. found fragmental pigments from cryptophycean prey in K. veneficum
that had been ingested with the prey for 41 h, suggesting some chloroplasts of prey could
be retained by the dinoflagellate [20].

3. Autotrophy of Karlodinium

All Karlodinium species have the ability of photosynthesis (Table 1). Karlodinium
veneficum and K. armiger are the best-studied species that have haptophyte origin chloro-
plasts [20,21,40,59,85,86]. Phototrophic growth rates of K. armiger are quite low (a maximum
of 0.01 and 0.10 d−1), even at high irradiances [40,59]. In comparison, K. veneficum grows
faster than K. armiger photosynthetically without prey, with growth rates ranging from
0.17 to 0.36 d−1 [87]. In some cases, the growth rate of K. veneficum may even elevate up to
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0.55 d−1 in the light without prey [85]. The photosynthetic growth rate of K. veneficum is
significantly affected by temperature and salinity [23]. At least some strains of K. veneficum
were better adapted to “low-light” conditions than were K. armiger, whereas characteristics
of K. armiger were more suitable to cope with “high-light” [54].

Karlodinium aculat grows poorly in the normal conditions without providing food.
The monoculture of K. australe grown in laboratory and Gse medium stabilized at low
concentrations (102–103 cells mL−1) and failed to reach higher cell concentrations [28].
Lim et al. obtained similar results from a K. austral bloom in the cage-farming region of
the West Johor Strait of Malaysia (0.31–2.34 × 103 cells mL−1). However, K. veneficum
could reach extremely high cell densities (2–3 × 105 cells mL−1) in laboratory cultures [88].
These observations suggest that different species of Karlodinium may also differ in their
phototrophic growth potential. In contrast to the relatively poor autotrophic ability, the
genus is successful in forming harmful blooms. Thus, other nutritional strategies may play
a key role in population competition and deserve further investigation.

4. Osmotrophy of Karlodinium

Osmotrophy, i.e., the uptake of dissolved organic compounds, has been shown to be
an efficient nutritional strategy for algae. Karlodinium veneficum is the most studied species
in Karlodinium on osmotrophy. Cell-surface proteolytic activity (leucine aminopeptidase)
was detected in K. veneficum and suggested to play a role in obtaining nutrition by obtaining
amino acids for assimilation, while, alternatively, released amino acids may be degraded
by cell-surface amino acid oxidases to provide ammonium, which can be assimilated as
a source of nitrogen [89]. Solomon and Glibert found that urease activity in K. veneficum
was significantly higher than that in other species (including Heterocapsa triquetra, the
cryptophyte Storeatula major, and the haptophyte Isochrysis sp) on both a per cell basis
and a per cell volume basis [90]. Harmful dinoflagellates like K. veneficum may be better
suited to utilize urea than other species do according to their high urease activity and large
intracellular urea pools, which may explain why these harmful dinoflagellates proliferate
rapidly in the water bodies with plenty of urea [90].

Osmotrophy may be an important and ubiquitous trophic strategy for all species in
Karlodinium, because almost all phytoplankton are osmotrophs in some parts, not least by
virtue of being auxotrophic; many need external sources, e.g., vitamins [91]. Phytoplankton
exhibit non-auxotrophic osmotrophy to a significant level, mostly in relation to the uptake
of primary metabolite compounds, especially amino acids [54]. It has been reported
that many dissolved organic compounds, such as amino acids (e.g., glutamine, leucine,
thymidine, aspartic acid), carbohydrates (e.g., glucose) and other organic compounds (e.g.,
acetic acid, coumaric acid, glycerol), can be used as carbon and nitrogen sources, which are
commonly released by the algae themselves or bacteria [92–96].

5. Phagotrophy of Karlodinium
5.1. Karlodinium veneficum

Karlodinium veneficum exhibited increased ingestion rate on eubacteria when phosphate
was limited, which may be an important nutrient-acquiring strategy when inorganic nutrient is
limited [97]. Karlodinium veneficum was also reported to ingest various kind of small algae by
phagocytosis, including Chroomonas salina, Cryptomonas appendiculata, C. calceiformis, C. maculata,
Hemiselmis brunnescens, H. rufescens, Hemiselmis sp., Rhinomonas reticulata, Rhodomonas salina,
Rhodomonas sp., Storeatula major, and Isochrysis galbana, and most of them are cryptophytes
[20–22,85,86,98,99]. The direct engulfment of whole cells of Storeatula major, a species of crypto-
phyte, by K. veneficum and the associated feeding processes were initially documented via video
recording under light microscope [20]. This phagocytosis process was described to have three
typical steps [20]: (1) Pre-capture behavior. After adding cryptophyte as prey, most K. veneficum
cells increased the swimming speed, and some began to swim around the prey; (2) Capture.
Generally, K. veneficum cells formed a protrusion, which was near the flagellar pores in the sulcal
region, and attached to the prey. Once the protrusion contacted the prey cell, phagocytosis began.
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In some cases, a thin capture filament projected from the extending sulcal region in the epicone
was observed, and then the filament captured and drew the prey cell to the surface of the
dinoflagellate in the sulcal region (Figure 1a, SEM micrographs were adopted from Place et al.
(2012) [72]; (3) Prey manipulation. After capturing prey firmly, K. veneficum usually stopped
swimming to draw the whole cell of prey into the dinoflagellate cell through the protrusion.
During the process of feeding, a “feeding gap” appeared to form along the cingulum near the
flagellar pores and a pair of “lip-like“ protrusions (i.e., peduncle) was observed (Figure 1b) [20].
The engulfment behavior usually took 2 to 3 min at room temperature (20 ◦C) and, when the
ingestion was completed, K. veneficum cells resumed swimming and were able to find and
phagocytize another prey cell.

Figure 1. The phagotrophic behavior of Karlodinium. (a) SEM of K. veneficum feeding on Rhodomonas sp.
The thin filament is marked with an arrow (the photo was modified from Place et al. [72]). (b) A
cell of K. veneficum was engulfing whole cells of Storeatula major. The “lip-like” protrusion was
observed to gradually move laterally along the prey surface, which causes further engulfment of the
prey cell (the photo was modified from Li et al. [20]). (c) Karlodinium veneficum ingest a dead cell of
con-species by myzocytosis using peduncles. Karlodinium veneficum was searching for cytoplasm by
opening the peduncle (arrow) widely in the dead cell (the photo was modified from Yang et al. [16]).
(d) Subsurface ventral view of K. australe after feeding overnight on Rhodomonas salina. Note light
yellow-green chloroplasts (arrowhead) and red food vacuoles (arrow, the photo was modified from
de Salas et al. [28]). (e) Karlodinium armiger was ingesting the cryptophyte Rhodomonas salina by direct
engulfment (the photo was modified from Berge et al. [59]). (f) Karlodinium armiger was ingesting the
raphidophyte Fibrocapsa japonica (p) by myzocytosis (the photo was modified from Berge et al. [59]).
The peduncle was shown by the arrow. (g) Aggregations (arrows) of K. armiger cells in cultures fed
the thecate dinoflagellate Prorocentrum minimum (the photo was modified from Berge et al. [59]).
(h) Aggregations (arrows) of K. veneficum cells fed an injured brine shrimp Artemia salina (the photo
was modified from Yang et al. [16]).
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Sheng et al. also represented the phagocytosis process of K. veneficum on Storeatula major
and paid more attention to its pre-capture behavior. When presented with S. major, the veloc-
ity, radius, and pitch of K. veneficum reduced, but its angular velocity increased [58,77]. The
feeding cells of K. veneficum significantly reduced their usual vertical migration, probably to
remain in the vicinity of their preys [58,100].

A peduncular microtubular strand was observed in K. veneficum cells and believed
to be a tube feeder; however, the small sized preys such as eubacteria and cryptophytes
were obviously ingested by direct engulfment [20,58], indicating an alternative function of
the microtubular strand. Although K. veneficum was also observed to have the potential
to feed on the diatom Melosira and copepod Acartia tonsa [72], direct evidence of feeding
behavior using peduncles has not been captured. Recently, we observed K. veneficum
ingested preys via myzocytosis using the peduncle [16], in which the entire feeding process
was much the same as that observed in direct engulfment except that only the cytoplasm
of prey (cells or larger multicellular individuals) was sucked into K. veneficum cells through
the peduncle in myzocytosis (Figure 1c) and the time expenditure of myzocytosis, which
varied from several seconds to a few minutes, was relatively shorter than that of the di-
rect engulfment on small-sized prey [16]. As the ingestion proceeded, the cell volume of
K. veneficum gradually increased [16]. Profiting by this mechanism, the prey size spectra
would have no upper limit. We demonstrated that K. veneficum is virtually an omnivo-
rous feeder, as it could feed on both live and dead bodies/cells of phytoplankton (the
dinoflagellates Margalefidinium polykrikoides, Akashiwo sanguinea, and Alexandrium leei, the
cryptophyte Rhodomonas salina, and the haptophyte Isochrysis galbana) and animals (the
finfish Oryzias melastigma, brine shrimp Artemia salina, and rotifer Brachionus plicatilis).
Importantly, K. veneficum also exhibited cannibalism (i.e., feeding on dead cells of its own
species), which implies that the dead and weak cells of K. veneficum can be ingested by
the live cells to recycle nutrients contained in the eaten cells [16]. Cannibalism is one of
the simplest trophic interactions [101]. The advantageous aspect of this particular type
of phagotrophy is that it allows an efficient nutrient transfer because of the well-matched
nutritional value between the food and consumer [102]. We also observed that K. veneficum
could survive at a lower cell density, without inorganic nutrients supplementing the culture
medium, for a year, which was obviously attributable to the cannibalistic phagotrophy [16].
Cannibalism was also observed in Protoperidinium when cell abundances were high, and in
Oxyrrhis when “victim” and “cannibal” differed in sufficient cell size-classes [66,102]. These
observations suggest that cannibalism may be a mechanism of withstanding prolonged
starvation.

The ingesting ability of K. veneficum is affected by environmental factors such as irradiance.
It was observed that K. veneficum did not exhibit phagocytosis without light and the ingestion
rate increased drastically when irradiance rose up to ~ 50 μmol photons m−2·s−1 [20].

5.2. Karlodinium australe

Karlodinium australe has also been known to phagocytize particulate foods in food
vacuoles since the species was initially described [28]. A thick and tubular peduncle-
like structure of this organism was observed in the sulcal region [28]. Phagotrophy in
K. australe was captured when autotrophically grown cultures were provided with live
R. salina cells as food (Figure 1d) [28]. However, the intact feeding behavior has not
been captured. A recent study further investigated the feeding mechanism and ecolog-
ical implication of the phagotrophic mixotrophy of K. australe. Karlodinium australe is a
phagotroph that can ingest preys via direct engulfment or tube feeding. In accord with its
flexible phagotrophic modes, K. australe is also an omnivorous mixotroph. Except R. salina,
a diverse range of organisms could be ingested, such as microalgae (Isochrysis galbana,
Margalefidinium polykrikoides, Karenia mikimotoi and Gymnodinium catenatum) and zooplank-
ton (Artemia salina and Brachionus plicatilis) [73].
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5.3. Karlodinium armiger

Karlodinium armiger is an omnivorous and obligate mixotroph. It seems that K. armiger
obtain essential growth factor or substance through phagotrophy [59]. This species can
ingest many types of preys (except for almost all Bacillariophyceae tested), but yield the
highest growth rates when offered cryptophytes as prey [40,59]. However, K. armiger
cannot grow and survive by feeding in complete darkness or at dim light, even by feeding
adequate amounts of preys regularly [59], indicating that K. armiger cannot grow on as
complete phagotrophy.

Under light microscope, the feeding mechanism of K. armiger was occasionally as-
sumed to be direct engulfment (i.e., phagocytosis sensu stricto) while it was feeding on
small-sized cells of prey; however, it would use tube feeding (myzocytosis) when the preys
were larger or thecate [59]. Rigid cell coverings seem to set a barrier to grazing; thus,
species like diatoms and thecate dinoflagellates may not be appropriate food [59].

Some details of the phagotrophy process in K. armiger were also documented by Berge
et al. [59]: K. armiger also displayed distinct and intense pre-capture behavior by increasing
swimming speed and frequently changing swimming direction before ingestion. This
pre-capture swimming behavior has also been documented in other phagotrophic dinoflag-
ellates [63,76,103,104]. The predator cell usually encountered a prey cell with its apical
part. After contacting with a prey cell, the predator slowed down the swimming speed.
During this stage, less than half of the prey cells (R. salina) were captured. Occasionally,
a capture filament, an up to 10 μm long structure, which has also been reported in other
phagocytosing dinoflagellates, such as Peridiniopsis berolinensis [63] and K. veneficum [19,20],
was observed to attach the prey. When the capture succeeding, the predator placed its
sulcal area, where the phagocytosis took place, facing the prey and revolved around its
anterior–posterior axis. During this feeding stage, a small protrusion sometimes appeared.
However, most preys and predators often established close contact immediately without
any signs of protrusion. Often, the whole Rhodomonas cell was apparently engulfed or
sucked into a food vacuole (Figure 1e) [59]. Occasionally, the cytoplasm was separated
from the periplast of cryptophyte and taken up through the sulcus, leaving the periplast
behind [59].

However, it differed somewhat from the feeding sequence of ingesting intact cells of
R. salina when the predator cells fed on relatively large preys (> 10 μm). During feeding on
large preys like the raphidophyte Fibrocapsa japonica, only a small part was sucked into a
food vacuole. The cytoplasm separated from the cell membrane of the prey and flowed
into food vacuoles of the predator through a narrow part (3–4 μm thickness) of the sulcal
area (Figure 1f) [11]. This behavior resembled myzocytosis or tube feeding [59].

Karlodinium armiger feeds on preys using an unnoticeable feeding tube (peduncle)
which allows for ingestion of larger food particles [59]. However, Bergholtz et al. reported
the presence of a peduncular microtubular strand in K. armiger [38]. The optimal prey size
for K. armiger was about 13 μm, a size class which is close to the predator and contributes
higher ingestion rates. Smaller preys (< 8 μm) resulted in lower ingestion rates (20–24 pg C
cell−1·d−1), but still contributed to fairly high growth rates (0.35–0.45 d−1). Although K.
armiger can feed on preys in a large size spectrum [40], maximum growth rates relied more
on prey taxa (cryptophytes) rather than on prey size when the food was saturated [40].

Several cells of K. armiger often attacked and fed on prey cells simultaneously [59].
When K. armiger reached higher cell densities, aggregates of predator cells swarming
intensely around prey cells were easily recognized (Figure 1g) [71]. Aggregates led to fairly
high swimming speeds of other K. armiger cells in the culture as these cells were obviously
attracted to the preys. Such aggregation of predator cells around prey indicated a chemical
attraction. Both mobile and immobile cells were observed to be captured and ingested [59].
We also observed the same aggregation of predator cells around a prey in K. veneficum
(Figure 1h) [16].

The feeding mechanism of K. veneficum and K. armiger indicates that mixotrophic
species of Karlodinium may be omnivorous phagotrophs with a relatively wide range of
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prey species and prey size spectrum than previously recognized. A newly identified species,
K. azanzae, was also demonstrated to be phagotrophic and able to feed on invertebrates
by micropredation [44]. However, direct evidence of myzocytosis feeding, for most other
species of Karlodinium, has been absent. Whether the presence or absence of a trophic
mode-relevant trait in one, but not in another, species of Karlodinium was really caused
by interspecific genetic differences, or was due to imbalanced investigations, definitely
deserves more intensive study.

6. Evolution of the Feeding Mechanisms in Karlodinium

The feeding mechanism of Karlodinium seems to be plastic and of more than one type
(e.g., K. veneficum feeding by direct engulfment and myzocytosis). According to most
studies, only one feeding mechanism was found in a given dinoflagellate species [64]. The
flexible feeding mechanisms of Karlodinium may lead a new discovery and provide a novel
view of the evolution of feeding mechanisms in dinoflagellates, but it is clear that this
aspect cannot be adequately summarized due to the current status of knowledge.

Cannibalism of other dinoflagellates has been reported, such as Fragilidium, Peridiniopsis,
Protoperidinium, Pfiesteria, and Oxyrrhis [63,66,102,105–107] and may be widespread in more
dinoflagellates, particularly those that are strictly heterotrophic. Cannibalism has been spec-
ulated to have particular implications during the evolution of sex because self-ingestion
without self-digestion may have led to the evolution of diploidy [108].

Phagotrophy, the internalization of photosynthetic organisms by a eukaryote in a
general sense, is essential for the occurrence of present-day endosymbiotic algae and
kleptoplastid-containing protists, and even for the origin of plastids themselves [109].
Analysis of field data revealed that up to 40–60% of plankton which have been traditionally
labelled as microzooplankton (non-) are actually non-constitutive mixotrophs. They are
mixotrophs lacking a constitutive ability of photosynthesis, and thus, can employ acquired
chloroplastids for phototrophy other than phagocytose for nutrients [110]. It is interesting
that the evolutionary histories of chrysophytes and dinoflagellates, two groups containing
the largest amounts of phagotrophic species, can be traced back to the early Paleozoic [111].
This suggests that mixotrophy, or multiple trophic modes, may be a primitive state, and
also be indispensable for long term evolutionary success [112]. However, this aspect largely
continues to be an unexplored area.

There may be close relationships between phagotrophy and toxicity/allelopathy of
K. veneficum. Phagotrophy could not be an isolated aspect of the physiological ecology
of phytoplankton. It may have coevolved with other physiological capabilities in many
taxa, such as the ability to use dissolved organic material and allelopathic tendencies [113].
Many toxic algae have been proved to be phagotrophic or closely related to the known
phagotrophs. The toxicity of K. veneficum in different strains exhibited a decreasing order
that perfectly coincided with the increasing order of laboratorial culturing time [88]. It
seems that the toxicity of K. veneficum may have receded because of the lack of prey.

7. Mixotrophy in Regulating Population Dynamics and HABs Formation of
Karlodinium

The significance of mixotrophy in phytoplankton has been increasingly emphasized in
recent years. In 2016, a new functional grouping of planktonic protists in an ecophysiologi-
cal context was proposed to recognize the value of mixotrophy in euphotic aquatic systems
and to align with the traditional dichotomy of phytoplankton and zooplankton: (1) phago-
heterotrophs as protists lacking photosynthetic autotrophic capacity, (2) photoautotrophs as
protists lacking phagotrophic capacity, (3) constitutive mixotrophs (CMs) as phagotrophs
with an inherent capacity for phototrophy, and (4) non-constitutive mixotrophs (NCMs) as
phagotrophs acquiring their phototrophic capacity by ingesting specific (SNCM) or general
non-specific (GNCM) preys [114]. Given that mixotrophs differ widely in their biology,
it is apparent that they are also different in their ecological niche and their implications
on ecosystem processes [115]. CMs, combining functions of both phagotrophy and pho-
totrophy, are supposed to have the capability to hold the high ground in an ecosystem,
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ultimately triggering a large area of blooms. Indeed, constitutive mixotrophy has been
considered as a major trophic mode for harmful dinoflagellate species in eutrophic coastal
waters [4]. Moreover, mixotrophic species tend to dominate in more-mature systems, such
as established eutrophic systems and oligotrophic systems in temperate summer, with
their flexible nutritional supplies [116]. The mixotroph-dominated ecological structure
differs radically in energy flow and material cycling, which is reflected in the shortened
and more efficient transformation from nutrient regeneration to primary production. In
severe eutrophic water bodies, bloom-forming phytoplankton with mixotrophic mode may
sometimes decrease energy flowing to higher trophic levels and thus simplify the food
web [115]. Moreover, mixotrophic protists can also take advantage of bacterial produc-
tion to support primary production [116]. In view of the important role of mixotrophic
protists in the marine ecosystem, “mixoplankton” was proposed and emphasized as a
new paradigm for marine ecology and is believed to offer a better understanding on the
microbial trophic dynamics and the biological pump, along with “phytoplankton” and
“zooplankton” [116,117]. This conception may become a new research hotspot.

Mixotrophy is supposed to be a major contributor to the population dynamics of
the Karlodinium species. Dinoflagellates with different trophic modes may indicate that
they employ different survival strategies and occupy different ecological niches, and the
phagotrophic tendencies of Karlodinium may partially explain some aspects of their bloom
dynamics and population ecology. On one hand, phagotrophy may play an important role
for phagotrophs in maintaining their population in environments of low light intensity and
low nutrient availability [118] via acquiring limiting elements from prey. On the other hand,
even in eutrophic habitats, phagotrophic mixotrophs may attain growth higher than that
which they could reach in a strict phototrophic mode [4]. Phagotrophy can also contribute
to a better budget of essential and major nutrients (C, N and P) in these species. It was
documented that the prey-ingestion of K. armiger helped to acquire essential inorganic
nutrients to stimulate the photo-synthetic capability under nutrient limitation, as it grew
very slowly in standard growth medium (f/2) and light without prey, but grew dramatically
faster (μ = 0.65 d−1) when fed preys [119]. Karlodinium veneficum also grew much faster
with prey than it did strictly autotrophically [20,85]. Adolf et al. studied the balance of
autotrophy and heterotrophy of mixotrophic growth of K. veneficum [85]. It turned out that
the mixotrophic growth of K. veneficum was dominated by heterotrophic metabolism, and
photosynthesis continued at a lower rate, suggesting a shift toward heterotrophy during
grazing. It is confirmed that photosynthesis contributed 27–69% of the gross C uptake with
an irradiance at 200 μmol photons m−2·s−1 and a daily supply of prey cells [85].

Multiple studies have pointed out that the predation of phagotrophic bloom-forming
species on their competitors or potential grazers may contribute to the success in monop-
olizing resources and forming dense, mono-specific blooms [113,118]. A recent bioassay
suggests that phagotrophy or micropredation of K. australe might play a key role in the
lethal effects on the marine animals rather than exotoxicity, especially at lower cell den-
sities [73]. This may explain why many groups of autotrophic phytoplankton can grow
rapidly and densely under a combination of light and nutrients in the laboratory but most
of them cannot form monospecific blooms in the field [113]. Mixotrophic Karlodinium
species also show a growth advantage in size [20,59]. For example, in K. armiger cultures
with sufficient food, it was easy to reach a cell size of up to 9000 μm3·cell−1, and the mean
biovolume was approximately twice the size (2500–3000 μm3·cell−1) of non-fed cultures
(1200–1500 μm3·cell−1) [11]. Magnifying cell size may help to avoid part of predators
specializing in smaller preys. More importantly, the large range of prey types, wide spec-
trum of prey size, and flexible nutritional modes of Karlodinium, such as K. armiger and
K. veneficum, seems to make it a powerful competitor in marine plankton [4].

HABs of Karlodinium have been demonstrated to be highly related to mixotrophic
predation. Adolf et al. suggested that prey abundance, especially the abundance of nano-
planktonic cryptophytes, was a key factor stimulating the formation of toxic K. veneficum
blooms in eutrophic waters [86]. They also stated the key elements resulting in toxic
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K. veneficum blooms, include (1) eutrophic environments, (2) co-occurrence of cryptophytes
and K. veneficum, (3) a rapid response of cryptophytes to environmental opportunities (e.g.,
nutrient input) to bloom, and (4) mixotrophic predation of K. veneficum on cryptophytes,
aided by allelochemicals (e.g., karlotoxins) produced by K. veneficum that improve prey
capture and reduce grazing mortality of toxic strains [1].

Toxins and/or allelochemicals are involved in prey capture in this genus. Both
K. veneficum and K. armiger were observed to immobilize preys by toxins, and then an
ingestion process followed [41,58]. HABs of K. veneficum were assisted by karlotoxins
and contributed to accumulations of toxic K. veneficum based on their relatively higher
phagotrophic capacity compared to non-toxic cells. High densities of K. veneficum, when
harmful blooms occurred, exhibited allelopathy to other co-occurred algae by suppressing
their physiological activity and growth rates [19,88,120], which induced other microalgae
species more favorable to being captured.

It was assumed that once the mixotrophic harmful algal population has reached bloom
density, mixotrophic feeding may not play a key role because preys were significantly
reduced [121]. However, cannibalism, the recently found nutrient mode in K. veneficum,
may help in maintaining population levels after the bloom is formed by consuming the
dead cells of their own species [49]. This may explain the unusual phenomenon that certain
harmful algal blooms maintain high cell densities even when nutrients are exhausted [122].

Based on the significant role of mixotrophy in bloom formation and dynamics in
general, many new factors should be taken into consideration when we attempt to prevent
and control HABs caused by mixoplankton. For instance, elimination of inorganic nutrient
loading may not work well for this type of bloom. Other than inorganic nutrients and
hydrological conditions, factors such as dissolved organic matter and even co-occurring
plankton species could contribute to the formation of these blooms. In addition, the
elimination of HABs desiderates a healthy ecosystem and complex food web, because the
more energy flows to higher trophic levels, the less energy mixotrophs can detain.

8. Perspectives for Future Investigations on the Mixotrophy in Karlodinium
8.1. The Ecophysiology of Karlodinium Under Global Changes

Mixotrophy constitutes an energy-saving and a compensatory mechanism to meet
the cellular C demands, thereby gaining the necessary energy to cope with the abiotic
stress such as cooling and warming under the ultraviolet portion of the spectrum [123].
This metabolic flexibility implies a competitive advantage under multi-driver conditions
compared with strict phototrophic or heterotrophic metabolisms as it would allow them
to acquire energy and nutrition from both sun and prey depending on the environmental
conditions [123]. Thus, more studies ought to be carried out to evaluate the influences of
global change on the ecophysiology of mixoplankton, such as Karlodinium species.

8.2. Molecular Basis of Phagotrophy-Relevant Genes in Karlodinium and Other Species

At present, we know few details about the molecular or genetic mechanisms involved
in mixotrophs in modulating their photoauto- vs. phagohetero-trophic capabilities [114].
The environmental changes may play an important role in impacting the metabolic regu-
lation of mixotrophs under stressful conditions, which need to be taken into account. It
was demonstrated that the phagotrophy intensity of Karlodinium species increases under
nutrient limitation [16,22,119]. Other factors such as prey density, prey species, nutrient con-
centration, water depth, and salinity were also observed to affect the switch and intensity
of phagotrophy [16,21]. We have recently documented that the intensity of phagotrophy
in K. veneficum, including cannibalism, changed with the growth stage [16]. However,
how the change in phagotrophy intensity and the switch among feeding mechanisms are
regulated at subcellular and genetic levels continues to be a “Blackbox”. Previous studies
on the molecular and genomic mechanisms of phagocytosis were based on and limited
to a small part of organisms from other groups, like the specialized phagocytotic cells
of insects and mammals (e.g., macrophages), the amoebozoans Dictyostelium discoideum
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and Entamoeba histolytica, and the ciliate Tetrahymena thermophila [124–128]. The molecular
studies of phagocytosis in marine microalgae are rare and focus on non-dinoflagellates
like the chlorophyte Cymbomonas tetramitiformis and chrysophyte Ochromonas sp. [129,130].
Considering the possibly early origin of phagotrophy and the relatively close evolution-
ary distances within protists, the knowledge obtained from these molecular studies on
protists, ciliates in particular, should be a solid basis for generating testable hypotheses
about the molecular mechanisms of phagotrophy in Karlodinium. Nevertheless, it is now
the time to start investigations on the phagotrophy-relevant genes and their expression
regulations, and the biochemical (e.g., enzymes, proteins, and signal chemicals) and cellular
mechanisms in Karlodinium.

8.3. Energetics and Pathways Relevant to the Energy Metabolisms of Phagocytosis of Karlodinium

Once organic particles, as above mentioned, are ingested as foods into Karlidinium
cells, these “particles” should be subsequently degraded and utilized via a series of energy
metabolism-related pathways. In addition, ingestion of organic particles may exert an
influence on other metabolic pathways. A transcriptomic analysis about the effects of
light and prey availability on the global gene expression of a mixotrophic chrysophyte
Ochromonas sp. demonstrated that the ingestion of bacterial prey resulted in prominent
changes in major metabolic pathways of carbon and nitrogen [130]. With the very limited
knowledge regarding to the molecular processes involved in phagotrophy of Karlodinium,
we postulate that studies focusing on the energetics and energy metabolism pathways
involved in phagocytosis may be a key step to comprehensively understand the molecular
processes and ecological significance of phago-mixotrophy in Karlodinium.

9. Conclusions

Although Karlodinium as a group of small, unarmored dinoflagellates has been long
overlooked, owing to the difficulty in identification, and the nutritional modes have been far
less studied for most species of the genus, our current knowledge about the trophic modes
of Karlodinium is worthy of a synthesis, as has been done in this review, to promote forward
studies. Karlodinium species exhibit plastic and multiple trophic modes and switching
between these modes allows Karlodinium species to use inorganic and organic, dissolved
and particulate nutrients, and live and dead organisms, as nutrients, and even those
contained in other individuals of the same species, via multiple instruments (e.g., peduncle
and capture filament) and processes (e.g., engulfment, myzocytosis, etc.). Karlodinium
species may not be able to survive well in any single mode, but the mixotrophic strategy
certainly provides competitive advantages over other strictly autotrophic or heterotrophic
competitors, by obtaining nutrients from multiple sources and killing competitors and
even predators. In addition, the synergism among toxicity and allelopathy found at least
in K. veneficum may also help to capture preys and avoid predation (Figure 2).

Mixotrophy, particularly phagotrophy, may have been a major contributor to the
formation of harmful algal blooms and the achievement of a cosmopolitan distribution
in species of Karlodinium, K. veneficum in particular, which thus deserves more in-depth
investigations regarding the knowledge gaps that we have at least partly identified above.
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Figure 2. The relationship of phago-mixotrophy with toxicity and allelopathy of Karlodinium, and the implications for their
global distribution and harmful algal blooms (HABs).
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96. Dąbrowska, A.; Nawrocki, J.; Szeląg-Wasielewska, E. Appearance of aldehydes in the surface layer of lake waters. Environ. Monit.

Assess. 2014, 186, 4569–4580. [CrossRef]
97. Nygaard, K.; Tobiesen, A. Bacterivory in algae—A survival strategy during nutrient limitation. Limnol. Oceanogr. 1993, 38,

273–279. [CrossRef]

23



J. Mar. Sci. Eng. 2021, 9, 51

98. Li, A.S.; Stoecker, D.K.; Coats, D.W.; Adam, E.J. Ingestion of fluorescently labeled and phycoerythrin-containing prey by
mixotrophic dinoflagellates. Aquat. Microb. Ecol. 1996, 10, 139–147. [CrossRef]

99. Adolf, J.E.; Stoecker, D.K.; Harding, L.W. Autotrophic growth and photoacclimation in Karlodinium micrum (Dinophyceae) and
Storeatula major (Cryptophyceae). J. Phycol. 2003, 39, 1101–1108. [CrossRef]

100. Li, J.; Glibert, P.M.; Alexander, J.A.; Molina, M.E. Growth and competition of several harmful dinoflagellates under different
nutrient and light conditions. Harmful Algae 2012, 13, 112–125. [CrossRef]

101. Claessen, D.; de Roos, A.M.; Persson, L. Population dynamic theory of size-dependent cannibalism. Proc. R. Soc. Lond. Ser. B Biol.
Sci. 2004, 271, 333–340. [CrossRef] [PubMed]

102. Martel, C.M.; Flynn, K.J. Morphological controls on cannibalism in a planktonic marine phagotroph. Protist 2008, 159, 41–51.
[CrossRef]

103. Spero, H.J.; Moree, M.D. Phagotrophic feeding and its importance to the life cycle of the holozoic dinoflagellate, Gymnodinium
fungiforme. J. Phycol. 1981, 17, 43–51. [CrossRef]

104. Schnepf, E.; Drebes, G. Chemotaxis and appetence of Paulsenella sp. (Dinophyta), an ectoparasite of the marine diatom Streptotheca
thamesis Shrubsole. Planta 1986, 167, 337–343. [CrossRef]

105. Feinstein, T.N.; Traslavina, R.; Sun, M.Y.; Lin, S.J. Effects of light on photosynthesis, grazing, and population dynamics of the
heterotrophic dinoflagellate Pfiesteria piscicida (Dinophyceae). J. Phycol. 2002, 38, 659–669. [CrossRef]

106. Jeong, H.J.; Lee, C.W.; Yih, W.H.; Kim, J.S. Fragilidium cf mexicanum, a thecate mixotrophic dinoflagellate which is prey for and a
predator on co-occurring thecate heterotrophic dinoflagellate Protoperidinium cf. divergens. Mar. Ecol. Prog. Ser. 1997, 151, 299–305.

107. Naustvoll, L.J. Growth and grazing by the thecate heterotrophic dinoflagellate Diplopsalis lemicula (Diplopsalidaceae, Dino-
phyceae). Phycologia 1998, 37, 1–9. [CrossRef]

108. Margulis, L. Origins of Sex; Yale University Press: New Haven, CT, USA, 1986.
109. Raven, J.A.; Beardall, J.; Flynn, K.J.; Maberly, S.C. Phagotrophy in the origins of photosynthesis in eukaryotes and as a comple-

mentary mode of nutrition in phototrophs: Relation to Darwin’s insectivorous plants. J. Exp. Bot. 2009, 60, 3975–3987. [CrossRef]
[PubMed]

110. Leles, S.G.; Mitra, A.; Flynn, K.J.; Stoecker, D.K.; Hansen, P.J.; Calbet, A.; McManus, G.B.; Sanders, R.W.; Caron, D.A.; Not, F.; et al.
Oceanic protists with different forms of acquired phototrophy display contrasting biogeographies and abundance. Proc. R. Soc.
Lond. Ser. B Biol. Sci. 2017, 284, 20170664. [CrossRef]

111. Margulis, L.; Schwartz, K.V. Five Kingdoms; Freeman, W.H. and Company: San Francisco, CA, USA, 1982; pp. 1–338.
112. Porter, K.G. Phagotrophic phytoflagellates in microbial food webs. Hydrobiologia 1988, 159, 89–97. [CrossRef]
113. Stoecker, D.K.; Tillmann, U.; Granéli, E. Phagotrophy in harmful algae. In Ecology of Harmful Algae; Granéli, E., Turner, J.T., Eds.;

Springer: Berlin, Germany, 2006; pp. 177–188.
114. Mitra, A.; Flynn, K.J.; Tillmann, U.; Raven, J.A.; Caron, D.; Stoecker, D.K.; Not, F.; Hansen, P.J.; Hallegraeff, G.; Sanders, R.; et al.

Defining planktonic protist functional groups on mechanisms for energy and nutrient acquisition: Incorporation of diverse
mixotrophic strategies. Protist 2016, 167, 106–120. [CrossRef] [PubMed]

115. Stoecker, D.K.; Hansen, P.J.; Caron, D.A.; Mitra, A.; Annual, R. Mixotrophy in the marine plankton. Ann. Rev. Mar. Sci. 2017, 9,
311–335. [CrossRef] [PubMed]

116. Mitra, A.; Flynn, K.J.; Burkholder, J.M.; Berge, T.; Calbet, A.; Raven, J.A.; Graneli, E.; Glibert, P.M.; Hansen, P.J.; Stoecker, D.K.;
et al. The role of mixotrophic protists in the biological carbon pump. Biogeosciences 2014, 11, 995–1005. [CrossRef]

117. Flynn, K.J.; Mitra, A.; Anestis, K.; Anschütz, A.A.; Calbet, A.; Ferreira, G.D.; Gypens, N.; Hansen, P.J.; John, U.; Martin, J.L.; et al.
Mixotrophic protists and a new paradigm for marine ecology: Where does plankton research go now? J. Plankton Res. 2019, 4,
375–391. [CrossRef]

118. Legrand, C.; Granéli, E.; Carlsson, P. Induced phagotrophy in the photosynthetic dinoflagellate Heterocapsa triquetra. Aquat.
Microb. Ecol. 1998, 15, 65–75. [CrossRef]

119. Berge, T.; Hansen, P.J. Role of the chloroplast in the predatory dinoflagellate Karlodinium armiger. Mar. Ecol. Prog. 2016, 519, 41–54.
[CrossRef]

120. Naik, R.K.; Chitari, R.R.; Anil, A.C. Karlodinium veneficum in India: Effect of fixatives on morphology and allelopathy in relation
to Skeletonema costatum. Curr. Sci. India. 2010, 99, 1112–1116.

121. Tittel, J.; Bissinger, V.; Zippel, B.; Gaedke, U.; Bell, E.; Lorke, A.; Kamjunke, N. Mixotrophs combine resource use to outcompete
specialists: Implications for aquatic food webs. Proc. Natl Acad. Sci. USA 2003, 100, 12776–12781. [CrossRef] [PubMed]

122. Granéli, E.; Edvardsen, B.; Roelke, D.L.; Hagström, J.A. The ecophysiology and bloom dynamics of Prymnesium spp. Harmful
Algae 2012, 14, 260–270. [CrossRef]

123. Cabrerizo, M.J.; Manuel Gonzalez-Olalla, J.; Hinojosa-Lopez, V.J.; Peralta-Cornejo, F.J.; Carrillo, P. A shifting balance: Responses
of mixotrophic marine algae to cooling and warming under UVR. N. Phytol. 2019, 221, 1317–1327. [CrossRef]

124. Okada, M.; Huston, C.D.; Mann, B.J.; Petri, W.A.; Kita, K.; Nozaki, T. Proteomic analysis of phagocytosis in the enteric protozoan
parasite Entamoeba histolytica. Eukaryot.Cell 2005, 4, 827–831. [CrossRef]

125. Gotthardt, D.; Blancheteau, V.; Bosserhoff, A.; Ruppert, T.; Delorenzi, M.; Soldati, T. Proteomics fingerprinting of phagosome
maturation and evidence for the role of a G alpha during uptake. Mol. Cell. Proteomics 2006, 5, 2228–2243. [CrossRef]

126. Jacobs, M.E.; DeSouza, L.V.; Samaranayake, H.; Pearlman, R.E.; Siu, K.W.M.; Klobutcher, L.A. The Tetrahymena thermophila
phagosome proteome. Eukaryot. Cell 2006, 5, 1990–2000. [CrossRef]

24



J. Mar. Sci. Eng. 2021, 9, 51

127. Shevchuk, O.; Batzilla, C.; Haegele, S.; Kusch, H.; Engelmann, S.; Hecker, M.; Haas, A.; Heuner, K.; Gloeckner, G.; Steinert, M.
Proteomic analysis of Legionella-containing phagosomes isolated from Dicyostelium. Int. J. Med. Microbiol. 2009, 299, 489–508.
[CrossRef]

128. Boulais, J.; Trost, M.; Landry, C.R.; Dieckmann, R.; Levy, E.D.; Soldati, T.; Michnick, S.W.; Thibault, P.; Desjardins, M. Molecular
characterization of the evolution of phagosomes. Mol. Syst. Biol. 2010, 6, 423. [CrossRef]

129. Burns, J.A.; Paasch, A.; Narechania, A.; Kim, E. Comparative genomics of a bacterivorous green alga reveals evolutionary
causalities and consequences of phago-mixotrophic mode of nutrition. Genome Biol. Evol. 2015, 7, 3047–3061. [CrossRef]

130. Lie, A.A.Y.; Liu, Z.; Terrado, R.; Tatters, A.O.; Heidelberg, K.B.; Caron, D.A. Effect of light and prey availability on gene expression
of the mixotrophic chrysophyte, Ochromonas sp. BMC Genomics 2017, 18, 163. [CrossRef] [PubMed]

25





Journal of

Marine Science 
and Engineering

Article

Allelopathic Inhibition by the Bacteria
Bacillus cereus BE23 on Growth and Photosynthesis of
the Macroalga Ulva prolifera

Naicheng Li 1, Jingyao Zhang 1, Xinyu Zhao 2, Pengbin Wang 3, Mengmeng Tong 1,*

and Patricia M. Glibert 4,5

1 Ocean College, Zhejiang University, Zhoushan 316021, China; linaicheng23@163.com (N.L.);
jyzhang96@zju.edu.cn (J.Z.)

2 College of Marine Life Sciences, Ocean University of China, Qingdao 266003, China; xyzhao331@gmail.com
3 Key Laboratory of Marine Ecosystem Dynamics, Second Institute of Oceanography,

Ministry of Natural Resources, Hangzhou 310012, China; algae@sio.org.cn
4 University of Maryland Center for Environmental Science, Horn Point Laboratory,

Cambridge, MD 21613, USA; glibert@umces.edu
5 School of Oceanography, Shanghai Jiao Tong University, 1954 Huashan Rd., Shanghai 200204, China
* Correspondence: mengmengtong@zju.edu.cn

Received: 27 August 2020; Accepted: 13 September 2020; Published: 16 September 2020

Abstract: Bacteria-derived allelopathic effects on microalgae blooms have been studied with an aim
to develop algicidal products that may have field applications. However, few such studies have been
conducted on macroalgae. Therefore, a series of experiments was conducted to investigate the impacts
of different concentrations of cell-free filtrate of the bacteria Bacillus cereus BE23 on Ulva prolifera.
Excessive reactive oxygen species (ROS) were produced when these cells were exposed to high
concentrations of filtrate relative to f/2 medium. In such conditions, the antioxidative defense system
of the macroalga was activated as shown by activities of the enzymes superoxide dismutase (SOD) and
catalase (CAT) and upregulation of the associated genes upMnSOD and upCAT. High concentrations
of filtrate also inhibited growth of U. prolifera, and reduced chlorophyll a and b, the photosynthetic
efficiency (Fv/Fm), and the electron transport rate (rETR). Non-photochemical quenching (NPQ) was
also inhibited, as evidenced by the downregulation of the photoprotective genes PsbS and LhcSR.
Collectively, this evidence indicates that the alteration of energy dissipation caused excess cellular
ROS accumulation that further induced oxidative damage on the photosynthesis apparatus of the D1
protein. The potential allelochemicals were further isolated by five steps of extraction and insolation
(solid phase–liquid phase–open column–UPLC–preHPLC) and identified as N-phenethylacetamide,
cyclo (L-Pro-L-Val), and cyclo (L-Pro-L-Pro) by HR-ESI-MS and NMR spectra. The diketopiperazines
derivative, cyclo (L-Pro-L-Pro), exhibited the highest inhibition on U. prolifera and may be a good
candidate as an algicidal product for green algae bloom control.

Keywords: Ulva prolifera; Bacillus sp.; allelopathy; photosynthetic system; reactive oxygen species
(ROS); antioxidative system

1. Introduction

Allelopathic interactions are considered to be important factors that affect the growth or survival
of organisms within the same ecological habit. Allelochemicals are secondary metabolites from plants,
algae, or bacteria [1]. They may have positive benefits (positive allelopathy) or may be detrimental
(negative allelopathy) [2]. Allelopathy has been considered to be one potential control mechanism
for harmful algae blooms (HABs) [3]. The inhibition effects of allelopathic compounds on algae
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include destroying the cell structure [4,5], altering production of the reactive oxygen species (ROS) [6],
impacting intracellular enzymatic activities [7], or altering the photosynthesis system [8] and related
gene expression [9]. External stress can induce the production of ROS, i.e., hydrogen peroxide (H2O2)
and superoxide radical (O2

•−), and can induce the regulation of the antioxidative defense or the
photoprotection system [10,11].

A number of bacteria-derived algicidal compounds have drawn wide attention as a control for
HABs [12–14] and the algicidal compounds belonging to the Cytophaga-Flavobacterium-Bacteroides (CFB)
phylum have been identified [15]. Among this phylogenetic profile, the genus of Bacillus shows promise
in controlling HABs, as negative effects have been demonstrated on the diatom Skeletonema costatum,
the raphidophyte Heterosigma akashiwo, the dinoflagellate Prorocentrum donghaiense [16], the prymnesiophyte
Phaeocystis globosa [16,17], and the cyanobacterium Microcystis aeruginosa [18]. The potential allelochemicals
that have been isolated and identified from Bacillus sp. include terpene, steroids, and alkaloids [19,20].
The active compounds and mechanisms remain to be identified due to the species-specific response to
algicidal bacteria [21].

The green tides caused by blooms of Ulva prolifera have occurred in the Yellow Sea of China since
2007 [22–26]. These massive blooms negatively impact the local communities, aquaculture operations,
and tourism, causing great damage to the local ecosystem service and enormous economic loss [27].
The rapid growth of U. prolifera, on the other hand, makes it the strongest competitor for nutrients
and light [28,29] in the bloom area, thereby driving the great impact on the marine biodiversity and
structure of the community [30–32]. There are currently no effective measures to control these blooms.

The Bacillus sp.-derived control of HABs is promising, but limited exploration has been undertaken
in mitigating the green tides. As a complicating factor, the life stage of thalli has been reported to be an
important factor in green tide development [27]. Therefore, a series of experiments were performed
to understand the extent to which bacterial allelopathy may be effective in controlling the thalli of
U. prolifera. Specifically, the following questions were addressed: (1) does the cell-free filtrate of
Bacillus sp. inhibit the growth of U. prolifera and if so, what is the effective dose? (2) What is the
mechanism by which negative allelopathy occurs, particularly with respect to the antioxidative defense
system and the photosynthetic system II (PSII) response? (3) What are the potential allelochemicals in
the filtrate of Bacillus sp. that cause negative effects on U. prolifera?

2. Materials and Methods

2.1. Algal Culture and Identification

Asexual isolates of Ulva prolifera were provided by Zhejiang Xiangshan Xuwen Algal Exploitation
Company, China, in October 2018. Specimens were subsequently transferred to the laboratory on
ice, sterilized with 0.7% potassium iodide (KI) for 5 min, and then rinsed with autoclaved seawater.
The pre-sterilized thalli were maintained in sterilized f/2 medium [33], with salinity of 30, temperature of
20 ◦C, and light of 60 μmol·m2·s−1 (12/12 h of light/dark cycle). The media were replaced every 5 days.

To minimize the interference of carry-over epiphytic bacteria in U. prolifera, cultures were pretreated
before each exposure experiment by antibiotic mixtures of penicillin (100 mg/L), polymixin (0.75 mg/L),
and neomycin (0.9 mg/L) for 48 h [34].

The macroalga was identified using the method described in Li et al. [35]. Total DNA was extracted
with a commercial Plant DNA Mini Kit (TaKaRa, China). ITS and 5S sequences were amplified by the
corresponding PCR primers (Table 1) and the conducted BLAST analyses in the NCBI database.
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Table 1. Sequences of primer pairs for Ulva prolifera analysis.

Primer Sequence (5′–3′)

5S
F: 5′-GGTTGGGCAGGATTAGTA-3′
R: 5′-AGGCTTAAGTTGCGAGTT-3′

ITS
F: 5′-TCGTAACAAGGTTTCCGTAGG-3′

R: 5′-GCTGCGTTCTTCATCGWTG-3′

2.2. Experiment 1: Bacteria-Derived Allelopathic Inhibition on U. prolifera

2.2.1. Preparation of Cell-Free Filtrate from Bacillus cereus

The bacterium strain Bacillus cereus BE23 was previously isolated from the mangrove area in
Hainan province, China, and maintained in Luria Bertani (LB) broth (peptone 10.0 g/L, yeast extract
5.0 g/L, sea salt 32 g/L, dissolved in dH2O) at 28 ◦C with shaking at 180 rpm/min. The strain was
identified by the 16S rDNA gene and 1439 bp sequence that was acquired by PCR amplification.
The bacteria were transferred from stock culture, with the initial concentration of 1010/mL, in 500 mL
of LB medium. In 5 days, cell density of Bacillus cereus BE23 reached approximately 1 × 1012/mL,
then cell-free filtrates were prepared by centrifuging 450 mL of the culture and filtering the supernatant
through a Millipore™ (Burlington, MA, USA) Membrane Filter, 0.22 μm pore size.

2.2.2. Preparation of the Exposure Treatment

Triplicate intact macroalga thalli (approximately 1.25 g/L) were cultured in bacterial-free conditions
with different ratios of Bacillus cereus BE23 filtrate to total media (filtrate + seawater, in volumes of
0:1, 1:100, 1:80, 1:60, 1:40, 1:20, and 1:10, hereafter identified as Control, T1:100, T1:80, T1:60, T1:40, T1:20,
and T1:10, respectively) to a total of 400 mL each in 500 mL flasks. Then, stock f/2 medium was added
to each flask. All final media were at f/2 levels, assuming that no or low nutrients were carried over by
the filtrate. The concentration of bacteria cells in each treatment was 2.5 × 109, 1.25 × 1010, 1.65 × 1010,
2.5 × 1010, 5 × 1010, and 1 × 1011, respectively. The control treatment of U. prolifera was cultured in
f/2 medium only, without a bacterial filtrate. All experiments were conducted in the same culture
environment under a light intensity of 60 μmol·m2·s−1, and with a light/dark cycle of 12/12 h, salinity of
30, and temperature of 20 ◦C. The experiments were conducted in 500 mL flasks containing 400 mL of
culture medium. Nutrients (equivalent to the nitrogen and phosphate level in f/2 media) were added
every 48 h to exclude any effects of nutrient limitation, and pH values were monitored simultaneously.
The culture flasks were randomly changed in terms of incubator position every day to balance the
effect of illumination. Sterile conditions were used throughout.

Specimens of macroalga were harvested after 192 h (8 days) of exposure for biomass, photosynthesis,
and antioxidant analysis.

2.2.3. Growth

The wet weight biomass of the macroalga was determined (±0.0001 g) at 0 and 192 h, respectively.
Samples were treated by blotting with 3 layers of filter paper and conditioning for 10 min at room
temperature. The relative growth rates (G) were calculated as

Gx = (Wx −Wc)/Wc

where Wc is the initial wet weight (g) of thalli and Wx is the fresh thalli wet weight (g) after treatment X.
The inhibition rate (IR) by the bacterium filtrates was calculated as

IR = (Gc − Gx)/Gc
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where Gx is the relative growth rate (%) of U. prolifera after treatment X, and Gc is the relative growth
rate (%) after 192 h in control.

2.2.4. The Antioxidant Defense System

Macroalgal samples (0.2~0.3 g wet weight) were homogenized in a bath of liquid nitrogen
and extracted with commercial potassium phosphate buffer (pH = 7.2~7.4, Solarbio, China). Then,
the extract was centrifuged at 10,000 rpm/min for 10 min yielding material for further analysis of
total soluble protein (TSP), H2O2, and the enzymes superoxide dismutase (SOD) and catalase (CAT).
Genes associated antioxidant activity, manganese superoxide dismutase (upMnSOD) and catalase
(upCAT), were also quantified.

The TSP content was measured using the Coomassie blue dye binding assay [36]. Fifty microliters
of extracts was homogenized with the Coomassie blue dye for 10 min and absorbance was measured at
595 nm. The results of TSP were expressed as g protein per liter (prot·g/L). One hundred microliters
was mixed with the reaction reagents and detected at 405 nm. The concentration of ROS was
measured as hydrogen peroxide (H2O2) and measured with a commercial assay kit (Jiancheng, Nanjing,
China) following the manufacturer’s protocols. Concentrations of H2O2 were determined based on the
decomposition of H2O2 by peroxidase and the results were expressed as mmol H2O2 per g of TSP (mmol/g
prot). The activity of SOD was measured according to the method of Sun et al. [37]. Samples (20 μL) and
reaction reagents were mixed in the microliter 96-well flat-bottom plates and put into the plate reader
(Tecan, Switzerland) for incubation at 37 ◦C. After 20 min incubation, the mixtures were detected at 450 nm.
One unit of SOD was defined as the amount of enzyme required to generate 50% inhibition of reduction
of WST-1 [2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt].
The activity of CAT was assayed with the method described by Dhindsa et al. [38]. Briefly, a reaction
mixture was composed of 50 μL extracts, 15 mM hydrogen peroxide, and 50 mM phosphate buffer.
After addition of the enzyme extract, absorbance at 240 nm was recorded for 1 min. One unit of CAT
activity is the amount of enzyme necessary to degrade 1 μmol H2O2 per mg of protein per sec.

The antioxidant enzyme coding genes (upMnSOD and upCAT) were amplified with gene-specific
primer pairs (Table 2). RNA extraction and real-time PCR were performed the same as the
photosynthetic genes.

Table 2. Sequences of primer pairs in Ulva prolifera for real-time PCR.

Primer Sequence (5′-3′) Product Length

Tubulin
F: 5′-CAAGGATGTCAATGCTGCTGT-3′

112R: 5′-GACCGTAGGTGGCTGGTAGTT-3′

PsbS
F: 5′-AACAGGTTCATCCATCACGG-3′

121R: 5′-TTGCCTCAAACTCATCCTCTG-3′

LhcSR
F: 5′-CTATGCGAAGACTCTCAACG-3′

83R: 5′-CCTCGCGGTAGCGCTTAACT-3′

PsbA
F: 5′- CTTTATGGGCTCGCTTTTGT-3′

103R: 5′- TGGAACTACAGCACCAGAAA-3′

PsbD
F: 5′- CAGGAAGTGTTCAACCAGTA-3′

167R: 5′- AGCAGCGATGTGATGAGACG-3′

upMnSOD F: 5′-ATCACCAGGCGTATGTCACC-3′
94R: 5′-TTCAAGTGCCCTCCACCGTT-3′

upCAT F: 5′-CTCTCAAGCCCAATCCTCGT-3′
95R: 5′-AGTTCAGTGGGATGCCAACA-3′

2.2.5. Photosynthesis System

Concentrations of chlorophyll a (Chl a) and b (Chl b) were determined according to Zhao et al. [39].
Macroalgae (0.2 g) were grounded in liquid nitrogen and extracted in 90% v/v) acetone buffer (5 mL)
for 12 h. Then, the mixture was centrifuged at 4 ◦C, 10,000 rpm/min for 10 min. The supernatant was
collected for chlorophyll analyses, and optical densities were measured with an ultraviolet–visible
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spectrophotometer (HITACHI, U2900, Japan) at 663 and 645 nm wavelength. Concentrations of Chl a
and b were then calculated as follows, and reported as units of mg/g fresh weight (mg/g FW):

Chl a = 12.7 OD663 − 2.69 OD645

Chl b = 22.9 OD645 − 4.68 OD663

Parameters associated the photosynthesis system II (PSII) were measured using an Imaging-PAM
(Walz, Germany). These parameters included the effective quantum yield (Y(II)), non-photochemical
quenching (NPQ), relative electron transport rate (rETR), and photochemical quenching (qP). The actinic
light was set to be similar to the cultivation light (56 μmol·m−2·s−1). Subsamples of U. prolifera were
dark-acclimated for 20 min prior to all measurements. All parameters were calculated according to the
relationships in Table 3.

Table 3. Fluorescence parameters calculated from PAM in Ulva prolifera after exposure.

Parameter Definition Equation

Fv/Fm maximum quantum yield of PSII (Fm − F0)/Fm
Y(II) effective quantum yield of PSII (F’m − Ft)/F’m
NPQ non-photochemical quenching (Fm − F’m)/F’m
rETR relative electron transport rate 0.5 × Y(II) × PAR × IA

qP photochemical quenching (F’m − Ft)/(F’m − F’0)

Four genes were selected for characterization: PsbS, LhcSR, PsbA, and PsbD. PsbS and LhcSR
are associated with photoprotection and non-photochemical quenching (NPQ). PsbA and PsbD are
indicators of the D1 and D2 protein of the PSII apparatus, respectively. The tubulin gene was deployed
as a housekeeping gene to standardize the expression variations of target genes [39].

These genes were amplified with gene-specific primer pairs (Table 2). Samples of U. prolifera
were quickly frozen in liquid nitrogen and stored at −80 ◦C until RNA extraction. Total RNA was
extracted by a commercial MiniBEST Plant Total RNA Extraction Kit (TaKaRa, Dalian, China) and
the reverse transcripts cDNA were analyzed using a Prime Script™ II 1st stand cDNA Synthesis kit
(TaKaRa, Dalian, China). Real-time PCR was performed using the “TB GreenTM Fast qPCR Mix”
kit (TaKaRa, Dalian, China). The amplification program of real-time PCR was set at 94 ◦C for 30 s,
following 40 cycles of 94 ◦C for 5 s and 60 ◦C for 10 s in Light Cycler® 480 System (Roche, Germany).
Dissociation curve analysis of the amplification products was carried out to verify the single PCR
production at the end of each thermal program.

2.3. Experiment 2: Isolation and Identification the Potential Allelopathic Compounds from Cell-Free Filtrate of
Bacillus cereus BE23

2.3.1. Step 1: Solid Phase and Liquid Phase Extraction of Potential Allelopathic Compounds

Cell-free filtrate (10 L; approximately 1 × 1016 bacteria cells) of the Bacillus cereus BE23 culture was
collected after 5 days of growth by centrifuging at 10,000 rpm/min for 10 min and filtering with a 0.22μm
membrane. The filtrate was eluted by solid phase extraction (SPE) with the resin Diaion®HP20 (particle
size of 20–60 mesh) and the remaining residuals were rinsed off by methanol. After resuspending
the residuals in Milli-Q water, they were used for liquid phase extraction (LPE). Three extracting
agents, cyclohexane, ethyl acetate, and 1-butanol, were considered as selection agents for different
polarity fragments. Sub-residuals of LPE were extracted from each agent 3 times and concentrated in a
rotary evaporator (IKA, RV8V, Germany) in a 30~40 ◦C water bath (Figure 1). The sub-residuals were
identified as cyclohexane (Ech), ethyl acetate (Eea), and 1-butanol seriatim (Ebs). These sub-residuals,
Ech, Eea, and Ebs, were weighted with an electron balance (±0.0001 g), dissolved in 20 mL dimethyl
sulfoxide (DMSO), and stored at 4 ◦C for further bioassay experimentation.
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Figure 1. Isolation and bioassay program for potential allelopathic compounds from crude extraction
of cell-free filtrate of Bacillus cereus BE23.

The first U. prolifera bioassay experiment was performed in 6-well plates by filling them with
macroalgae (approximately 0.05 g) and crude extraction (5 mg/L) or DMSO (control) in 10 mL f/2
medium. Each treatment was conducted in triplicate for 192 h under the same environmental conditions
as the primary U. prolifera culture. Growth and inhibition rates were used to determine the potential
allelopathic activities in each treatment (Supplementary Figure S2). Of the three extracting agents,
extractions in cyclohexane (Ech) and in ethyl acetate (Eea) had an inhibition effect (Supplementary
Figure S2), therefore, these extractions were used for further investigation.

2.3.2. Step 2: Open Column Chromatography to Select the Potential Allelopathic Compounds

To further purify the potential allelopathic compounds, Ech and Eea were eluted through an
open silica gel column chromatography (170 × 30 mm in dimension and with a silica particle size of
200–300 mesh), respectively, and the eluents from each mobile phase were collected. As for extractions
in cyclohexane (Ech), the mobile phase was cyclohexane and ethyl acetate with ratios of 200:1, 100:1,
50:1, 25:1, 10:1, 5:1, and 0:1 (hereafter named as Ech1, Ech2, etc.). For extraction in ethyl acetate (Eea),
the mobile phase was dichloromethane and methanol with ratios of 50:1(Eea1), 25:1(Eea2), 10:1(Eea3),
5:1(Eea4), 2:1(Eea5), 1:1(Eea6), and 0:1(Eea7), respectively.

Then, a second bioassay was performed in 6-well plates by adding 0.05 g of U. prolifera (wet weight)
and the corresponding extracted compounds (5 mg/L) in 10 mL of f/2 medium. Each treatment was
conducted in triplicate for 192 h under the same environmental conditions as the primary U. prolifera
culture. The extractions with significant inhibition, Ech5, Eea2, and Eea3 (Supplementary Figure S3),
were collected for further detection.

2.3.3. Step 3: Ultra- and High-Performance Liquid Chromatography to Select the Potential
Allelopathic Compounds

The bioactive fractions were collected separately and analyzed by analytical ultra-performance
liquid chromatography (UPLC, ultimate 3000, Thermo Fisher Scientific, USA) with a C18 column
(250 × 4.6 mm, 5 μm, Agilent, China) at a flow rate of 1 mL/min and the UV detection at 210 nm.
The mobile phase was methanol or acetonitrile/water (10/90, v/v) −100% methanol with an elution
time of 35 min. The dominant components (highest peaks), including 5 components from Ech5,
7 components from Eea2, and 8 components from Eea3, were chosen and the optimal UPLC conditions
were retrieved for a further preparative step.
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The fractions were then purified and collected by preparative high-performance liquid
chromatography (HPLC, Shimadzu, AP20, Japan) with a C18 column (250× 21.2 mm, 5 μm, NanoMicro,
China) at a flow rate of 10 mL/min for different times up to 35 min for Ech5, Eea2, and Eea3, separately,
using the recorded optimized mobile phase (Figure 1).

The third bioassay was conducted with the 20 components. Three compounds, Ech5-4, Eea2-5,
and Eea3-2, were collected at 23.52, 13.43, and 16.25 min in each extraction run (Supplementary Figure S4).

2.3.4. Structure Identification

The three potential allelochemicals, Ech5-4, Eea2-5, and Eea3-2, were preliminarily analyzed by
an Agilent 6230 time-of-flight liquid chromatography–mass spectrometer (TOF LC-MS) (Agilent,
CA, USA) to determine the molecular weight. Then, structures were identified by a pulse Fourier
transform nuclear magnetic resonance spectroscope (NMR, 600 MHz, JNM-ECZR, JEOL, Japan).
Deutero methanol or deutero dimethyl sulfoxide solutions containing trimethylsilyl were used as
reference substances and acted as solvents to record 1H and 13C NMR spectra. All chemical shifts were
exhibited as relative values.

2.4. Statistical Analysis

All data were presented as mean ± standard error and were analyzed by one-way ANOVA with
a significant level of 0.05 (Sigma plot 12.5, Systat Software Inc., London, UK). A phylogenetic tree
was constructed using the neighbor-joining algorithm with the MEGA 7.0 program. Relative gene
expression levels were analyzed following the 2−ΔΔCt method.

3. Results

3.1. Identification of Macroalga and Bacteria

The 5S sequence of the macroalga, 418 bp, was 100% identical to Ulva prolifera (GenBankID:HM584772.1)
and the ITS sequence, 614 bp, was 99% identical to U. prolifera (GenBankID:KF130870.1). Thus, the macroalga
deployed in the present study was identified as U. prolifera.

The 16S rDNA sequence of the bacterial strain BE23 (GenBank accession number: MN814015)
was 100% identical, with few genetic distance differences, to that of Bacillus cereus strain ATCC14597
(Supplementary Figure S1). Thus, bacterial strain BE23 was identified as Bacillus cereus.

3.2. Inhibition on the Growth of U. prolifera

To simplify the treatment and response analysis of U. prolifera, two major treatment groups of B.
cereus filtrates were classified. They are herein separated as high-concentration (HC), i.e., the T1:10 and
T1:20 treatments, and low-concentration (LC), i.e., the T1:40, T1:60, T1:80, and T1:100 treatments.

Cell-free filtrates of Bacillus cereus BE23 were used as the source of the allelopathic compounds
tested on U. prolifera. These cell-free filtrates induced growth of U. prolifera at LC, i.e., T1:100~T1:40

(ANOVA, p < 0.05), with growth rates of 105% ± 11% on average (n = 12), but inhibited growth at HC
treatments (T1:20 and T1:10), with inhibition rates of 67% and 75%, respectively (Figure 2). Values of pH
were monitored during the exposure in all treatments (Supplementary Table S1) and variation of the
pH value was within the optimal range for U. prolifera growth [40].
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Figure 2. Relative growth rates and inhibition rates of Ulva prolifera under the exposure of different
amounts of cell-free filtrate of Bacillus cereus BE23. T1:100, and T1:80~T1:10 indicate the treatments of
volume ratio of cell-free filtrate of Bacillus cereus BE23 to f/2 medium. Values are means ± SD (n = 3).
* indicates a significant difference (p < 0.05) and ** indicates a significant difference (p < 0.001) compared
to control.

3.3. Response of Antioxidant System of U. prolifera

A significant amount of H2O2 (ANOVA, p < 0.001) was produced in the HC treatments,
ranging from 38.21 to 50.33 mmol/gprot (Figure 3) after 192 h of exposure. The production of
ROS was associated with changes in activities of SOD (ANOVA, p < 0.05) and CAT (ANOVA, p < 0.001),
with concentrations of T1:40 eliciting a response in SOD activity (Figure 4a) but only the highest
dosage, T1:10, elicited a response in CAT (Figure 4b). The antioxidant enzyme genes, upCAT and
upMnSOD, were upregulated gradually in response to the increased dosage of cell-free extracts
(Figure 4a,b), indicating the initiation of the antioxidant defense system under the stress of the filtrate
of Bacillus cereus BE23.

Figure 3. H2O2 content of Ulva prolifera under the exposure of different amounts of cell-free filtrate of
Bacillus cereus BE23. T1:100, and T1:80~T1:10 indicate the treatments of volume ratio of cell-free filtrate of
Bacillus cereus BE23 relative to f/2 medium. Values are means ± SD (n = 3). * indicates a significant
difference (p < 0.05) and ** indicates a significant difference (p < 0.001) compared to control.
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Figure 4. (a) Superoxide dismutase (SOD) activity and relative gene expression of manganese
superoxide dismutase (upMnSOD), and (b) catalase (CAT) activity and catalase gene expression
(upCAT) of Ulva prolifera under the exposure of different amounts of cell-free filtrate of Bacillus cereus
BE23. T1:100, and T1:80~T1:10 indicate the treatments of volume ratio of cell-free filtrate of Bacillus cereus
BE23 relative to f/2 medium. Values are means ± SD (n = 3). * indicates a significant difference (p < 0.05)
and ** indicates a significant difference (p < 0.001) compared to control.

3.4. Response of PSII System of U. prolifera

To investigate the effects of the Bacillus cereus BE23 filtrate on the photosynthetic pigments of the
macroalga, Chl a and b contents were quantified (Figure 5a). No significant changes of either Chl a or b
were observed in the LC treatments, but significant decreases were observed (ANOVA, p < 0.001) in
the HC exposures, from 0.41 to ~0.13 mg/g FW for Chl a, and from 0.57 to ~0.24 mg/g FW for Chl b
(Figure 5a).

Figure 5. (a) The chlorophyll a and b content, and (b) the maximum quantum yields of PSII (Fv/Fm)
of Ulva prolifera under the exposure of different amounts of cell-free filtrate of Bacillus cereus BE23.
Values are means ± SD (n = 3). ** indicates a significant difference (p < 0.001) compared to control.

The photosynthetic response of U. prolifera under the stress of cell-free filtrate of B. cereus BE23
was significant (Figure 5b, Figure 6, Figure 7). The maximum photochemical quantum yields of PSII
(Fv/Fm) were reduced in the HC treatments, from 0.80 to ~0.29 (n = 6, Figure 5b). Accordingly, values of
Y(II), the effective quantum yield of PSII, were significantly downregulated (ANOVA, p < 0.001),
from 0.22 to 0.15 in the HC treatments (Figure 6a). Similar responses were found in the relative electron
transport rates (rETR), coincident with a sharp reduction in photochemical quenching (qP) (Figure 6b).
A significant enhancement of NPQ activity (Figure 6b) (ANOVA, p < 0.001) was recorded in the LC
treatments, from 0.18 to 0.44. However, high doses of the filtrate of Bacillus cereus BE23 induced a
downregulation of NPQ (ANOVA, p < 0.001), indicating photoinhibition damage.
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Figure 6. Photosynthetic system II parameters of Ulva prolifera under the exposure of different amounts
of cell-free filtrate of Bacillus cereus BE23: (a) quantum yield (Y(II)) and relative electron transport rate
(rETR), and (b) non-photochemical quenching (NPQ) and photochemical (qP). T1:100, and T1:80~T1:10

indicate the volume ratio of cell-free filtrate of Bacillus cereus BE23 relative to f/2 medium in the different
treatments. Values are means ± SD (n = 3). ** indicates a significant difference (p < 0.001) compared
to control.

The expression of the two assayed photoprotection-related genes, PsbS and LhcSR, varied in
response to cell-free filtrate exposure (Figure 7a). The relative expressions of both genes increased with
the bacterial filtrate dosage from 1:100 (T1:100) to 1:40 (T1:40) but were significantly downregulated in
the HC treatments (T1:20 and T1:10). The highest PsbS and LhcSR were in treatments of T1:40, reaching
2.66 and 5.29 times that of the control, and the lowest value was in the T1:10 treatment, at 0.75 and
0.72 of the control (Figure 7a). The response of PsbA and PsbD was not as clear, but a substantial
degradation of PsbA was observed in the HC treatment, with a value of 0.59 of the control in T1:10

(Figure 7b).

Figure 7. Relative expression of the genes (a) PsbS and LhcSR, and (b) PsbA and PsbD of Ulva prolifera
under the exposure of different amounts of cell-free filtrate of Bacillus cereus BE23. T1:100, and T1:80~T1:10

indicate the treatments of volume ratio of cell-free filtrate of Bacillus cereus BE23 relative to f/2 medium.
Values are means ± SD (n = 3).

3.5. Identification of Allelochemicals from Bacillus cereus BE23 Filtrate

To isolate the bioactive compounds, five steps of extraction and insolation (solid phase–liquid
phase–open column–UPLC–preHPLC) were conducted. After each isolation, the separated groups
were tested for bioactivity (Figures S2–S4). Three bioactive compounds in the cell-free filtrates of
Bacillus cereus BE23 were identified by high-resolution mass spectrometric data and NMR spectroscopic
analysis. The molecular formula C10H13NO of compound Ech5-4 was deduced from its ion at m/z
164.1072 [M+H]+ (Supplementary Figure S5a, calculated for C10H14NO, 164.1075) and its 13C data.
The 13C-NMR spectrum (600 MHz, DMSO-d6) of Ech5-4 displayed signals at δC 169.5 (C=O), 140.0 (C,

36



J. Mar. Sci. Eng. 2020, 8, 718

C-1), 129.1 (CH, C-3, C-5), 128.8 (CH, C-2, C-6), 126.5 (CH, C-4), 40.7 (CH2, C-7), 35.7 (CH2, C-8),
and 23.09 (CH3) (Supplementary Figure S5b,c). The 1H-NMR signals were observed at δH 7.92 (1H,
brs, NH), 7.27–7.30 (2H, t, J = 8.0 Hz, Ar-H), 7.18–7.20 (3H, m, Ar-H), 3.22–3.26 (2H, m, H-7), 2.69 (2H, t,
J = 7.5 Hz, H-8), and 1.78 (3H, s, -CH3). Based on these data and the comparison with the reported
data [41], compound Ech5-4 was identified as N-phenethylacetamide (Figure 8a).

Figure 8. Structures of the compounds Ech5-4 (a), Eea2-5 (b), and Eea3-2 (c) isolated from the crude
extract of Bacillus cereus BE23 filtrate.

The molecular formula of C10H14N2O2 for compound Eea2-5 was determined based on its m/z
217.0953 [M+Na]+ (Supplementary Figure S6a, calculated for C10H14N2NaO2, 217.0953). The 13C and
1H NMR spectra of Eea2-5 showed signals for the functional groups of carbonyl (δC 168.1), methine
(δC 61.2; δH 4.34, 1H, t, J = 9.0 Hz), and methelene (δC 45.7, 28.2, 23.7; δH 3.45–3.53, 2H, m, 2.25–2.30,
1H, m, 1.99–2.09, 2H, m, 1.91–1.97, 1H, m,) (Supplementary Figure S6b,c). These data and comparison
with the reference data [42] indicated that compound Eea2-5 was cyclo (L-Pro-L-Pro) (Figure 8b).

The compound Eea3-2 has the molecular formula of C10H10N2O2 deduced from its m/z 219.1103
[M+Na] (Supplementary Figure S7a, calculated for C10H10N2NaO2, 219.1109). The 13C-NMR spectrum
(600 MHz, Methanol-d4) of Eea3-2 exhibited 10 carbon signals, resonating at δC172.8 (C, C-1), 167.8 (C,
C-6), 61.8 (CH, C-7), 60.3 (CH, C-2), 46.4 (CH2, C-5), 30.1 (CH, C-8), 29.8 (CH2, C-3), 23.5 (CH2, C-4),
19.1a (CH3, C-10), and 16.9 (CH3, C-9). The 1H NMR spectrum displayed signals at δH 4.20 (1H, t,
J = 8.6 Hz, H-2), 4.05 (1H, br t, H-7), 3.56 (1H, m, H-5a), 3.48 (1H, m, H-5b), 2.48 (1H, m, H-3a), 2.31 (1H,
m, H-8), 2.02 (1H, m, H-3b), 1.91–1.96 (2H, m, H-4), 1.08b (3H, d, J = 7.3 Hz, H-9), and 0.95b (3H, d,
J = 7.3 Hz, H-10). Thus, the compound Eea3-2 was identified as cyclo (L-Pro-L-Val) (Figure 8c) [43].

4. Discussion

Bacteria-derived interactions play important roles in species distribution and abundance [44],
succession of algal blooms [45], and biomass control of microorganisms [46] and macroalgae [47].
Such allelopathic interactions consist of two pathways, direct (bacterial and algal cell contact) and
indirect (release of natural products) [12,32]. The present study demonstrated the potential mechanisms
of allelopathic stress on U. prolifera by products of B. cereus BE23 in indirect ways.

The low dosage (i.e., T1:100~T1:40) of B. cereus BE23 filtrate promoted the growth of U. prolifera,
whereas the high dosage (T1:20 and T1:10) inhibited biomass production (Figure 2). The response of the
macroalgae in the LC treatments may have resulted from a hormesis effect [48] and adaption to the
low concentrations of allelochemicals [49]. The upregulation of physiological activity of U. prolifera
(Figures 4–6) in the LC treatments contributed to the growth-promotive effect. Meanwhile, the nutrients,
including the inorganic nutrient from f/2 + artificial seawater and the nutrient carrying over by the
B. cereus BE23 filtrate (4~40 mL), contributed to the growth of macroalga. Inorganic nitrogen, i.e., nitrate
or ammonium, has been reported to be rapidly taken up by Ulva [28], and within 192 h, the addition
of inorganic nutrient of f/2 medium was calculated to be sufficient to the thalli of U. prolifera [50,51].
The carried-over inorganic nutrient was low (less than 10%), therefore, the effects of nutrients in
B. cereus BE23 filtrate were minimal to the growth of Ulva in the present study.

A general stress response in algae is the production of ROS [52,53] and it can be produced in
response to abiotic and allelopathic stresses [54–56]. Here, ROS was produced in response to BE23
cell-free filtrates (Figure 3). The source of ROS may include two main pathways: the intrinsic oxidization
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by allelochemicals, and inactivation of the electron transport in the PSII systems. The production of
ROS is also a signal of the pressure from the excitation energy collected by the PSII light-harvesting
complex [57,58]. To regulate the extra ROS, algae have a series of antioxidant defense mechanisms,
including the ability to vary antioxidant enzymes or genes. Variations in activities of the enzymes SOD
and CAT are important in alleviating oxidative damage [59,60]. In general, SOD scavenges the cellular
ROS first, catalyzing O2•− to H2O2. Then, the CAT enzyme decomposes H2O2 to O2 and H2O [61].
MnSOD, one of the total SODs, was selected as the representative enzyme; it is mostly detected in the
cytosol and thylakoid membrane [62].

Here, a small amount of ROS (H2O2) was produced in the LC treatments, i.e., T1:60 and T1:40,
but no significant variation was observed in the quantum efficiency of photosynthesis (Fv/Fm),
indicating U. prolifera may activate photoprotection to defend against such allelopathic stress. However,
a significant increase in ROS concentration (ANOVA, p < 0.001) was recorded in the HC treatments,
accompanied by the decline in rETR, indicating normal electron transport in PSII was disturbed and
excess energy likely contributed to the ROS generation in HC treatments. High production of ROS
induced oxidative stress in the algae and finally inhibited the photosynthesis systems. To moderate the
oxidative damage, U. prolifera upregulated the activity of SOD and CAT, supported herein by the gene
expression level of upMnSOD and upCAT in the LC treatments (Figure 5). Similar responses have been
noted in Cylindrospermopsis raciborskii under hyper-salinity or light-stress conditions [63,64], and linoleic
acid stress [65]. The upregulation of the transcript levels of FeSOD and CAT genes in U. prolifera
have also been reported in response to salicylic acid and hyper-temperature [66]. In the present study,
however, the enhanced CAT activities were not sufficient to scavenge the sudden increased H2O2 and
this likely caused extensive oxidative stress in this macroalga.

External stresses, including allelopathic stressors, can alter the algal energy flux of PSII by reducing
the photosynthetic efficiency [67–69], and by enhancing non-photochemical quenching (NPQ) [65].
The maximum quantum yield (Fv/Fm) is an effective indicator of the efficiency of photochemical stress.
In Ulva sp., changes in Fv/Fm have been observed when the algae are exposed to internal or external
stresses [70] such as light [71], desiccation [72], salinity [73], and allelopathy [50].

Significant declines in Fv/Fm (Figure 5b), growth rate (Figure 2), and Chl a and b (Figure 5a) were
shown after 192 h exposure to high concentrations of B. cereus BE23 filtrate, suggesting disruption of the
PSII reaction centers’ (RCs) complexes [67] including the electron transport chain [74]. Reduced rETR
and Y(II) indicate a reduction in the electron transport rate and CO2 assimilative capacity [75]. Therefore,
one mechanism by which U. prolifera responds to allelopathic stress is a lowering of the photosynthetic
performance, which directly impacts carbon fixation and therefore the growth rate [76]. The significant
decreases in the Chl a and b concentrations in the HC treatments may also be considered as an adaptive
strategy which decreases the absorption of photons, thereby leading to less ROS production [67].

The NPQ pathways are photoprotective mechanisms for phototrophs [77]. In the present study,
no significant variation in Fv/Fm (Figure 5b) or rETR (Figure 5a) was observed in the LC treatments;
however, a significant increase in NPQ was recorded as the concentrations of the LC treatments
increased, namely T1:40 and T1:60. Under the HC treatments, a substantial decrease in NPQ was
observed, indicating that allelopathic stress may hinder the operation of photoprotective mechanisms,
and thus the macroalgae dissipated excess energy through non-regulated pathways [78]. At high levels
of bacterial filtrate, U. prolifera was unable to self-protect against photodamage [39]. The significant
decrease in qP in the treatments with high concentrations of filtrate indicated a high level of energy
dissipation and potential damage to the PSII reaction centers. Thus, the decrease in the efficiency
of PSII was associated with a simultaneous decrease in the photochemical and non-photochemical
pathways in the HC treatments, reflecting a complete disruption of normal energy pathways.

Previous studies have suggested that Ulva sp. can modulate NPQ levels by adjusting the copy
number of LhcSR or PsbS and regulation of the xanthophyll cycle [79,80]. It thus appears that low levels
of exposure to B. cereus BE23 filtrate induced an upregulation of LhcSR and PsbS in U. prolifera and
activated the photoprotection mechanism that enables the self-regulation of external allelopathic stress
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without loss of electron transfer efficiency of photosynthesis and growth. An upregulated transcript
level of both selected genes and a triggering of LhcSR-dependent NPQ was also previously reported
in Ulva sp. [80]. High amounts of filtrate, in contrast, inhibited the photosynthetic efficiency and the
capability of self-regulation of U. prolifera, as evidenced by the downregulation of Fv/Fm, qP, and NPQ
activity, and finally the inhibition of growth. Therefore, the low value of NPQ was a result of the loss
of the photoprotection of U. prolifera and a failure of self-regulation under allelopathic stress [81].

Allelopathic damage to the PSII systems is also suggested by the responses of the genes located
in the D1-D2 protein [54,82]. PsbA and PsbD, encoding the D1 and D2 subunits of the PSII complex,
constitute the heterodimeric photochemical reaction center [80]. Here, no clear variation in PsbA and
PsbD gene expression was observed after 192 h exposure in the LC treatments (Figure 7b), suggesting
the excess absorbed electrons (Figure 4a) were dissipated by the upregulated NPQ, together with the
upregulation of LhcSR and PsbS transcript levels (Figure 7a). In contrast, clear downregulation of
PsbA expression levels was recorded in the HC treatments, suggesting that the B. cereus BE23 filtrate
suppressed PsbA expression and may have blocked the elector transport on the PSII receptor side from
QA to QB [81].

In summary, the inhibition effect on the PSII of Ulva due to bacteria-derived stress may go through
two main steps: (1) the inhibition of the electron transport chain, and (2) the deleterious effects on PSII
RCs’ complexes [83,84]. In the present study, the upregulated expression of PsbS and LhcSR under LC
levels of cell-free filtrate might indicate the successful regulation of stress via regulated NPQ [85,86],
but failure in the HC treatments. The depletion of the transcript pools of LhcSR and PsbS contributed
directly to the decrease in NPQ activity and likely inactivated the PSII RCs’ complexes. Downregulation
of Chl a and b corresponded to the downregulation of PsbA expression levels, suggesting the BE23
filtrate degraded the absorption of light energy and blocked the electron transport on the PSII receptor
side [65,80]. Surplus electrons exceeded the electron transport chain capacity of U. prolifera and induced
additional ROS production (Figure 3) that, in turn, damaged the PSII systems [16]. Together, these data
clearly document the photooxidative stress in U. prolifera upon allelopahtic stress in HC treatments.

Using ESI and NMR, three potential allelopathic chemicals were isolated and identified from the
cell-free filtrate of B. cereus BE23. The chemical cyclo (L-Pro-L-Pro) (Figure 8b), extracted from Eea2,
displayed the largest inhibitory effect on U. prolifera (Supplementary Figure S6), and has previously
been shown to yield a strong algicidal effect on Microcystis aeruginosa [55] and Phaeocystis globosa [54] by
inhibiting the operation of the photosynthesis and antioxidant systems of target algae. In the present
study, the diketopiperazine derivatives decreased the gene expression of PsbA [54,87], directly impacting
the PSII electron acceptor sides, resulting in the failure of the photosynthetic process. Given that cyclo
(L-Pro-L-Pro) is easily biodegradable [88], it may be a good candidate as an environmentally friendly
algicide for green algae bloom control.

5. Conclusions

The high concentration of the cell-free filtrate of B. cereus BE23 (approximately 1 × 1011/mL)
yielded significant inhibition of growth of U. prolifera via degradation of the photosynthetic system as
shown by changes in biomass accumulation, photosynthetic responses, gene regulation, and enzyme
activities. The potential allelopathic compounds inhibited growth by means of reduction of Fv/Fm,
rETR, and NPQ, resulting in U. prolifera’s failure to dissipate the excess energy through regulated NPQ
pathways. This alteration of energy dissipation caused excess cellular ROS accumulation and the
antioxidative defense system was generated. This ROS production also inhibited the PSII reaction center
apparatus. The potential allelochemicals were further isolated and identified as N-phenethylacetamide,
cyclo (L-Pro-L-Val), and cyclo (L-Pro-L-Pro). The diketopiperazines derivative, cyclo (L-Pro-L-Pro),
exhibited the highest inhibition effect on U. prolifera and further study on its potential as an algicidal
product for green algae bloom control is warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/9/718/s1,
Figure S1. Phylogenetic tree of Bacillus cereus BE23. Figure S2. Relative growth rates and inhibition rates of
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Ulva prolifera of the first bioassay test. Figure S3. Relative growth rates and inhibition rates of Ulva prolifera in the
second bioassay test. Figure S4. Relative growth rates and inhibition rates of Ulva prolifera in the third bioassay
test. Figure S5. High-resolution electrospray ionization mass spectrometry (HRESIMS) spectrum (a), 13C NMR
spectrum (b), and 1H NMR spectrum (c) of compound Ech5-4. Figure S6. High-resolution electrospray ionization
mass spectrometry (HRESIMS) spectrum (a), 13C NMR spectrum (b), and 1H NMR spectrum (c) of compound
Eea2-5. Figure S7. High-resolution electrospray ionization mass spectrometry (HRESIMS) spectrum (a), 13C NMR
spectrum (b), and 1H NMR spectrum (c) of compound Eea3-2. Table S1. Changes of pH values with culture time
in exposed experiments.
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Abstract: A cold-tolerant unicellular green alga was isolated from a meltwater stream on King George
Island, Antarctica. Morphological, molecular, and biochemical analyses revealed that the isolate
belonged to the species Chlorella vulgaris. We tentatively named this algal strain C. vulgaris KNUA007
and investigated its growth and lipid composition. We found that the strain was able to thrive in a
wide range of temperatures, from 5 to 30 ◦C; however, it did not survive at 35 ◦C. Ultimate analysis
confirmed high gross calorific values only at low temperatures (10 ◦C), with comparable values to
land plants for biomass fuel. Gas chromatography/mass spectrometry analysis revealed that the
isolate was rich in nutritionally important polyunsaturated fatty acids (PUFAs). The major fatty
acid components were hexadecatrienoic acid (C16:3 ω3, 17.31%), linoleic acid (C18:2 ω6, 8.52%),
and α-linolenic acid (C18:3 ω3, 43.35%) at 10 ◦C. The microalga was tolerant to low temperatures,
making it an attractive candidate for the production of biochemicals under cold weather conditions.
Therefore, this Antarctic microalga may have potential as an alternative to fish and/or plant oils as a
source of omega-3 PUFA. The temperature tolerance and composition of C. vulgaris KNUA007 also
make the isolate desirable for commercial applications in the pharmaceutical industry.

Keywords: Chlorella vulgaris; cold-tolerant; PUFAs (polyunsaturated fatty acids); calorific value

1. Introduction

Green microalgae (Chlorophyta) can be found in almost every conceivable environment from
polar regions to deserts; they play a pivotal role in global carbon, nitrogen, and phosphorus cycles [1–3].
Due to their remarkable tolerance to harsh conditions combined with rapid growth rates, phototrophs
are often dominant in the cryosphere, representing a large portion of the total ecosystem biomass [4–6].
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Microalgae have unique characteristics that enable them to succeed in frozen environments, including
a high tolerance to adverse weather conditions and a lack of unfrozen water.

Accordingly, microalgae that inhabit the cryosphere, including cyanobacteria, have received
considerable interest. Recent studies have assessed algal diversity in Antarctica using polymerase chain
reaction-based methods [7–9]. Molecular phylogenetic techniques have been successfully applied to
investigate the hidden microbial communities within Antarctic ecosystems; however, the isolation and
characterization of individual algal strains remain important for many areas of research and various
applications [10–12].

Chlorella (Chlorophyta) was first isolated by Dutch microbiologist Beijerinck in 1890. The genus is
widely distributed and can be found thriving in freshwater, marine, and soil environments. There
are currently 37 taxonomically acknowledged species in the genus Chlorella; these single-celled
organisms consist of a spherical or oval cell, containing a single cup-shaped chloroplast with pyrenoids.
Chlorella vulgaris range from 2 to 10 μm in diameter, lack flagella, and reproduce asexually, forming
daughter cells within the parental cells through mitosis [13–15]. Chlorella species are regarded as
promising biological resources due to their high photosynthetic abilities and rapid growth rates.
In particular, C. vulgaris is commercially produced for applications in the food industry due to its high
protein content, as well as to create specialty oils used in the cosmetic and nutraceutical industries [16].
Due to the increasing demand for the bioengineering of microalgae in recent years, whole-genome and
transcriptome studies have been extensively conducted using next generation technologies in order to
reveals potential genes for better utilization of high-value compounds from commercially important
microalgae [15,17–20].

However, members of the genus C. vulgaris can be difficult to differentiate from the genus
Micractinium because they share similar morphological traits. The characteristic bristles that are
important species-specific characteristics of the genus Micractinium can be easily missed since some
Micractinium species do not produce bristles when they are not exposed to grazing zooplankton pressure
or harsh conditions [21]. The similarities of these taxa can cause confusion for those attempting to
identify the two genera using morphology alone. Despite the ecological and economic importance
of Chlorella, the relevant research has been shown little attention. In addition to the commonly used
region for molecular identification, recent studies have discovered that a secondary structure of
internal transcribed spacer 2 (ITS-2) can be used to define precisely between the two morphologically
ambiguous genera [22]. Precise identification based on characteristics studied in various aspects
provides concrete evidence for further research and potential applicability. As such, polyphasic studies
to delineate culturable cold-tolerant Antarctic microalgae will provide a better understanding of algal
diversity and physiology as well as biotechnological potential.

In this paper, we describe the isolation of a unicellular microalga from temporal meltwater on
King George Island and the determination of its phylogenetic position using several molecular markers
and morphological traits. The phylogenetic position was investigated using small subunit (SSU) rRNA
sequence analysis and ITS-2 secondary structure prediction. Physicochemical and chemotaxonomic
characteristics were also analyzed to determine the isolate’s potential for biotechnological applications.

2. Materials and Methods

2.1. Sample Collection and Isolation

Antarctic freshwater bloom samples were collected in January 2010 from temporal water runoff
near King Sejong Station (62◦ 13’S, 58◦ 47’W) located on the Barton Peninsula, King George Island,
South Shetland Islands, West Antarctica. Samples were then transported to the laboratory and 1 mL of
each sample was inoculated into 100 mL BG-11 medium [23]. The broad-spectrum antibiotic imipenem
(JW Pharmaceutical, Seoul, Korea) was added to the medium at a concentration of 100 μg mL−1 to
prevent bacterial growth. The inoculated flasks were incubated on an orbital shaker (Vision Scientific,
Bucheon, Korea) at 160 rpm and 15 ◦C under cool fluorescent light (approximately 70 μmol photon
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m−2 s−1) under a 16:8 light/dark cycle until algal growth was apparent. Well-developed algal cultures
(1.5 mL) were centrifuged at 3000× g for 15 min to harvest the algal biomass. The resulting pellets
were streaked onto BG-11 agar supplemented with imipenem (20 μg mL−1) and incubated under the
aforementioned conditions. A single colony was then aseptically re-streaked onto a fresh BG-11 plate
to obtain an axenic culture.

2.2. Morphological and Molecular Identification

The isolate was grown in BG-11 medium for 20 days. Live cells were harvested by centrifugation at
3000× g for 5 min, washed twice with sterile distilled water, and examined at 1000×magnification using
a Zeiss Axioskop 2 light microscope (Carl Zeiss, Standort Göttingen, Vertrieb, Germany) equipped
with differential interference contrast optics.

For scanning electron microscope (SEM) analysis, 10 mL of cells were fixed in osmium tetroxide
(OsO4; Electron Microscopy Sciences, EMS hereafter, Hatfield, PA, USA) for 10 min at a final
concentration of 2% (v/v) in distilled water. Fixed cells were collected on a 3 μm pore polycarbonate
membrane filter without additional pressure, then rinsed with distilled water to remove residual salts.
Cells were dehydrated in an ethanol series (Merck, Darmstadt, Germany) and dried using a critical
point dryer (CPD 300, Bal-Tec, Balzers, Liechtenstein). The dried filters were mounted on a stub and
coated with gold–palladium using a sputter coater (SCD 005; Bal-Tec). Cell images were analyzed with
a field emission (FE)-SEM (S-4800; Hitachi, Hitachinaka, Japan).

For molecular analysis, genomic DNA was extracted using a DNeasy Plant Mini kit (Qiagen,
Hilden, Germany). The universal primers NS1 and NS8 described by White et al. [24] were used for 18S
rRNA sequence analysis. The D1–D2 region of the large subunit (28S) rRNA gene was amplified using
NL1 and NL4 primers [25], and the internal transcribed spacer (ITS) region was amplified using ITS1
and ITS4 primers [24]. The DNA sequences obtained in this study were deposited in the National Center
for Biotechnology Information database under accession numbers KJ148623 to KJ148625 (Table 1).
Phylogenetic analysis was performed with the 18S rDNA string sequences using the software package
MEGA version X [26]. The combined datasets of C. vulgaris strains and Neochloris sp. (as an outgroup)
were aligned with those of the 20 chlorellacean microalgae strains using ClustalW in MEGA X. The 18S
rDNA sequence lengths ranged from 1697 bp to 1732 bp. The best-fit nucleotide substitution model K2
was selected using MEGA X based on the Bayesian information criterion. This model was used to
build a maximum likelihood (ML) phylogenetic tree with 1000 bootstrap replicates [27]. The ITS-2
secondary structures were constructed using Mfold [28] according to Germond et al. [29].

Table 1. Results from BLAST searches using sequences of small subunit rRNA (18S rRNA), internal
transcribed spacer (ITS), and large subunit rRNA (LSU) genes from strain KNUA007.

Marker Gene Accession no.
Product Size

(bp)
Closet Match

(GenBank Accession no.)
Query Cover

(%)
Identification

(%)

18S rRNA KJ148623 1771 C. vulgaris CCAP 211/19
(MK541792) 100 99.89

ITS KJ148624 783 C. vulgaris ATFG2
(MT137382) 100 99.87

LSU KJ148625 612 C. vulgaris NIES:227
(AB237642) 100 99.84

2.3. Temperature Testing

Late exponential-phase cultures of C. vulgaris KNUA007 (1 mL each) were inoculated into BG-11
medium in triplicate and incubated for 20 days. The survival and growth of KNUA007 cells maintained
at temperatures ranging from 5 to 35 ◦C (at intervals of 5 ◦C) were examined to determine the optimum
culture temperature. Algal cell density was determined by measuring the optical density (OD) of
the cultures at 680 nm with an Optimizer 2120UV spectrophotometer (Mecasys, Daejeon, Korea).
We also incubated samples in BG-11 medium in a PhotoBiobox (Shinhwa Science, Daejeon, Korea) at

47



J. Mar. Sci. Eng. 2020, 8, 935

temperatures ranging from 6 to 28 ◦C and light intensity ranging from 50–400 μmol photon m−2 s−1

with cycles of 24 h light for 3 days to monitor the optimal conditions. OD at 680 nm was measured
using a SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA, USA) and OD values were
visualized on a heat map by SigmaPlot 13 software (Systat Software, San Jose, CA, USA) [30].

2.4. Biomass Characterization

The isolates were autotrophically grown in BG-11 medium for 20 days and cells were harvested
by centrifugation at 2063 g (1580R, Labogene, Daejeon, Korea). The freeze-dried biomass samples were
pulverized with a mortar and pestle and sieved through ASTM No. 230 mesh (63 μm holes). Ultimate
analysis was conducted to determine the carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) contents
using a Flash 2000 elemental analyzer (Thermo Fisher Scientific, Milan, Italy). Gross calorific value
(GCV) was estimated using the following equation developed by Friedl et al. [31], and protein content
was calculated from the N content using a conversion factor of 6.25 ×.

GCV = 3.55C2 − 232C − 2230H + 51.2C × H + 131N + 20,600 (MJ kg−1)

2.5. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis

Extracted fatty acid methyl ester (FAME) composition was analyzed using a gas
chromatograph–mass spectrometer (GC/MS 7890A; Agilent, Santa Clara, CA, USA) equipped with
a mass selective detector (5975C; Agilent) and DB-FFAP column (30 m, 250 μm ID, 0.25 μm film
thickness; Agilent). The initial temperature of 50 ◦C was maintained for 1 min. The temperature was
then increased to 200 ◦C at a rate of 10 ◦C min−1 for 30 min, then increased to 240 ◦C at a rate of 10 ◦C
min−1 and held for 20 min. The injection volume was 1 μL, with a 20:1 split injection ratio. Helium
was supplied as the carrier gas at a constant flow rate of 1 mL min−1. For the mass spectrometer
parameters, the injector and source temperatures were 250 and 230 ◦C, respectively, and the electron
impact mode was used for sample ionization at an acceleration voltage of 70 eV, with an acquisition
range of 50–550 mass to charge ratio [32]. All compounds were identified by analyzing their mass
spectra with the Wiley/NBS libraries.

3. Results

3.1. Identification of Strain KNUA007

The cells were solitary, non-motile, and spherical, with a diameter of approximately 4–6 μm
(Figure 1) and a prominent cup-shaped chloroplast. The cell walls were composed of a single smooth
layer. The strain KNUA007 exhibited morphology typical of the genus Chlorella.

Figure 1. Light microscopy and FE-SEM images of C. vulgaris KNUA007.

Molecular characterization inferred from sequence analyses of the genes for 18S rRNA, 28S rRNA,
and the ITS region confirmed that the isolate belonged to the C. vulgaris group (Table 1). As illustrated
in Figure 2, strain KNUA007 was clustered with C. vulgaris in a different clade from Micractinium and
Parachlorella. Therefore, the isolate was tentatively identified as C. vulgaris KNUA007.
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Figure 2. Maximum likelihood (ML) tree of small subunit rRNA genes. The numbers at the nodes
indicate bootstrap probabilities (>50%) of ML analyses (1000 replicates). The scale bar represents a
0.1% difference.

To accurately differentiate between the morphologically ambiguous genera Micractinium and
Chlorella, the secondary structure of ITS-2 was examined. Helix 3 of ITS-2 has a distinct molecular
signature that separates Chlorella and Micractinium. Specifically, in Figure 3, the paired nucleotides
indicated in the orange box are a synapomorphy of Micractinium [22]. Therefore, strain KNUA007 was
tentatively identified as C. vulgaris KNUA007.

 
Figure 3. Comparison of the Helix 3 of ITS-2 rRNA secondary structures.

3.2. Cold Tolerance of Strain KNUA007

C. vulgaris KNUA007 could grow at temperatures ranging from 5 to 30 ◦C; maximum growth
was observed at 20 ◦C. The cells grew and survived at 5, 10, 15, and 25 ◦C, but relatively slow growth
was observed (Figure 4). However, the isolate did not survive at 35 ◦C. This strain also grew at a
wide range of light intensity, from 50 to 400 μmol photon m−2 s−1; maximum growth was observed at
150 μmol photon m−2 s−1, and the strain preferred relatively low light intensity.
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Figure 4. (A) Growth curves for KNUA007 cells maintained at various temperatures. (B) Optimal light
intensity and temperature of KNUA007.

3.3. Biomass Properties

The C, H, N, and S contents were determined by elemental analysis (Table 2). C and N decreased
in inverse proportion to the temperature increase, S increased with temperature, and H content was
independent of the temperature gradient. This result affected the GCV values determined based on
elemental analysis, and consequently, the GCV decreased with increasing temperature.

Table 2. Ultimate analysis and gross calorific value of C. vulgaris KNUA007.

Contents (wt%)

10 ◦C 20 ◦C 30 ◦C
C 45.36 ± 0.06 42.94 ± 0.15 42.72 ± 0.26
H 6.64 ± 0.03 6.42 ± 0.05 6.54 ± 0.07
N 6.17 ± 0.00 5.84 ± 0.03 5.25 ± 0.02
S 0.76 ± 0.07 1.10 ± 0.03 1.14 ± 0.02

Gross calorific value (MJ kg−1) 18.7 ± 0.02 17.7 ± 0.06 17.5 ± 0.11

3.4. GC/MS Analysis of Strain KNUA007

The FAME profile of C. vulgaris KNUA007 is summarized in Table 3; values are presented as the
average ± standard deviation of three determinations. The major cellular fatty acids of the microalgae
were C16:3 ω3, C16:0, C18:2 ω6, and C18:3 ω3. The C18:3 composition was approximately 43%
at 10 ◦C, decreasing to 36 and 20% with increasing temperatures. C16:3 also decreased more than
five-fold with the temperature increase, similar to C18:3. Meanwhile, C16:2 and C18:2, which have two
unsaturated chains, increased two and three times, respectively, and the other fatty acid contents did
not change. The protein contents calculated using ultimate analysis were 38.56, 36.5, and 32.81% at 10,
20, and 30 ◦C, respectively.

Table 3. FAME profiles of C. vulgaris KNUA007.

Contents (wt%)

10 ◦C 20 ◦C 30 ◦C
C15:0 (Pentadecanoic acid) 0.12 ± 0.01 0.15 ± 0.03 N.D

C16:0 (Palmitic acid) 18.55 ± 0.02 22.35 ± 0.48 25.02 ± 0.03
C16:1 (Palmitoleic acid) 0.51 ± 0.02 0.53 ± 0.08 0.55 ± 0.04

C16:2 (Hexadecadienoic acid) 2.29 ± 0.07 4.25 ± 0.33 5.16 ± 0.04
C16:3 (Hexadecatrienoic acid) 17.31 ± 0.19 8.08 ± 0.31 2.93 ± 0.11

C18:0 (Stearic acid) 1.30 ± 0.10 1.52 ± 0.05 2.36 ± 0.28
C18:1 (Oleic acid) 8.05 ± 0.16 9.00 ± 0.12 13.78 ± 0.46

C18:2 (Linoleic acid) 8.52 ± 0.08 17.97 ± 0.84 29.54 ± 0.17
C18:3 (α-Linolenic acid) 43.35 ± 0.05 36.14 ± 2.01 20.67 ± 0.42

N.D: Not detected.
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4. Discussion

In this study, a cold-tolerant C. vulgaris strain, KNUA007, was axenically isolated using a combination
of imipenem treatment and physical separation techniques. We analyzed the morphological, molecular,
physiological, and biochemical characteristics of the isolates to identify the strain. The small and rounded
cells lacked flagella and possessed the morphological features typical of C. vulgaris, including smooth
cell wall layers and the presence of chloroplast pyrenoids (Figure 1). In addition, the phylogenetic
position of the isolate was confirmed through sequence analysis of the SSU, ITS, and LSU regions
(Table 1). As shown in Figure 2, the isolated strain was clearly separated from the genus Micractinium
and was closely related to C. vulgaris. However, Micractinium has similar morphological features to the
isolated strain [22], so the Helix 3 structure of the ITS-2 region was compared for further classification
(Figure 3). Our analysis of the Helix 3 structure revealed that the strain used in this experiment did not
possess the characteristic paired-nucleotide synapomorphy of Micractinium [22,29,33]. The isolate had
a 100% sequence homology with C. vulgaris CCAP 211/63 (accession no. FR865681) (Figure 2) and the
same ITS-2 overall sequence (data not shown); therefore, the strain used in this experiment was named
C. vulgaris KNUA007.

The GCV was calculated to estimate the potential of this microalga as a biofuel feedstock.
The results indicated that the GCV was similar to terrestrial energy crops and cellulosic biomass
(17.0−20.0 MJ kg−1) (Table 2). A number of previous studies have reported the GCVs of Chlorella strains
under various autotrophic growth conditions, and the biomass samples were characterized in the
range of 20.0−30.0 MJ kg−1 [34,35]. However, given the high photosynthetic efficiency and growth
rate of this C. vulgaris strain, it could be a superior bioenergy source for biofuel production. We also
measured protein using ultimate analysis; the protein content was over 30% at all temperature ranges
and was highest at 10 ◦C. These results demonstrate the potential of C. vulgaris KNUA007 microalgal
biomass for producing animal feedstock or bio-fertilizer.

Antarctica is one of the most extreme environments on the planet. Microalgae in Antarctic
ecosystems are continuously exposed to direct sunlight during the summer months and to freezing
temperatures during the winter months. Thus, Antarctic microalgae have developed a number of
protection strategies to survive under these harsh conditions. In general, microalgae protect themselves
from excessive light and oxidative damage by dissipating excess energy as heat, which has been termed
non-photochemical quenching of chlorophyll fluorescence [36,37]. Moreover, some Chlorella species
have been reported to express anti-freezing genes in response to low-temperature stress, enhancing
their tolerance to freezing temperatures [38–40]. One of the most common self-defense mechanisms
observed in microalgae to acquire cold tolerance is to increase the fluidity of lipid membrane, carried
out by fatty acid desaturation, which increases the production of unsaturated fatty acids with lower
chain lengths that remain in a liquid state at low temperatures [41,42]. The majority of fatty acids in
C. vulgaris are C16 and C18, and the sequential desaturation of these fatty acids usually involves the
following steps: C16:0→ C18:0→ C18:1→ C18:2→ C18:3 [43,44]. Analysis of the cellular fatty acid
composition of the strain KNUA007 revealed that it was rich in C16:3, C18:2, and C18:3 unsaturated
fatty acids (Table 3). In particular, C16:3 and C18:3, which have three unsaturated chains, increased in
inverse proportion to the temperature; the C16:3 and C18:3 contents were more than twice as high
at 10 ◦C than at 30 ◦C. As mentioned above, the content of polyunsaturated fatty acids is thought to
increase as a defense mechanism to cope with low-temperature stress. Meanwhile, decreases in C18:1
and C18:2 were observed in the 10 ◦C culture of KNUA007 compared to those of the 20 ◦C culture of
KNUA007. We presume that these slight decreases in C18:1 and C18:2 accounted for the degree of
unsaturation, since C18:1 and C18:2 are intermediate forms of desaturation in the biosynthetic pathway
of the major fatty acids by desaturases. On the other hand, the most unsaturated form of the major C18
fatty acids, C18:3, showed a significant increase in response to the low temperature. We assume C18:3
plays an important role in the fluidity modification capacity of C. vulgaris KNUA007. This kind of trend
was also observed in Scenedesmus acutus [45]. Its fatty acid profile changed in response to temperature
changes and the same pattern (increase in C18:3 composition in lower temperatures and increase
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in C18:1 and C18:2 compositions in higher temperatures, respectively) as our study with C. vulgaris
was also observed in their study. Numerous studies demonstrated that these essential PUFAs also
have many beneficial health effects [46] and various commercial products are available worldwide.
Omega-3 PUFAs are typically derived from fish oils and omega-6 PUFAs are primarily obtained from
plant sources such as sunflower, corn, and soybean oils. Therefore, this isolate may have the potential
to be used as an alternative to fish- and/or plant-based oil sources. In addition, the biomass itself may
serve as an excellent animal feed because of its adequate protein content.

Lastly, it should be stated that most polar microalgae are known to be psychrotolerant; however,
truly psychrophilic microalgae are relatively rare [47,48], and temperature flexibility is more common
than psychrophily [49,50]. Likewise, strain KNUA007 was shown to be a psychrotolerant and mesophilic
microalga that could grow at temperatures as low as 5 ◦C; optimum growth was observed at 20 ◦C
(Figure 4). Furthermore, the strain grew over a wide temperature range (5–30 ◦C). This wide temperature
tolerance is similar to those previously reported for Antarctic Chlorella strains [38,51]. The eurythermal
properties of Chlorella may be advantageous for outdoor mass cultivation. The C. vulgaris KNUA007
isolate may be used for the production of value-added products under unfavorable weather conditions,
including the cold temperatures that occur in autumn and winter seasons since ambient temperatures
(approximately 20–35 ◦C) were the optimal growth conditions for most of C. vulgaris cultures for PUFA
production [52]. In general, cell growth is suppressed at lower temperatures and the metabolic rate is
accelerated at higher temperatures, but it is reported that temperatures above 35 ◦C usually inhibit
growth [13].

In conclusion, this Antarctic microalga could serve as a potential biological resource to produce
compounds of biochemical interest. The real potential of the isolate described in this paper should be
evaluated through further cultivation studies at molecular, laboratory, and field scales.
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Abstract: Cystoseira sensu lato (sl) are three genera widely recognized as bioindicators for their restricted
habitat in a sub-coastal zone with low tolerance to pollution. Their ecological, morphological and
taxonomic features are still little known due to their singular characteristics. We studied seven species
of Cystoseira sl spp. in Cabo de las Huertas (Alicante, SE Spain) and analyzed their distribution
using Permutational Analysis of Variance (PERMANOVA) and Principal Component Ordination
plots (PCO). A morphological cladogram has been constructed using fifteen phenotypic taxonomic
relevant characters. We have also developed an optimized Cystoseira sl DNA extraction protocol.
We have tested it to obtain amplicons from mt23S, tRNA-Lys and psbA genes. With these sequence
data, we have built a phylogenetic supertree avoiding threatened Cystoseira sl species. Cartography
and distribution analysis show that the response to hydrodynamism predicts perennial or seasonal
behaviors. Morphological cladogram detects inter-specifical variability between our species and
reference studies. Our DNA phylogenetic tree supports actual classification, including for the
first-time Treptacantha sauvageauana and Treptacantha algeriensis species. These data support a complex
distribution and speciation of Cystoseira sl spp. in the Mediterranean, perhaps involving Atlantic
clades. The high ecological value of our area of study merits a future protection status as a Special
Conservation Area.

Keywords: Cystoseira; algal cartography; abrasion platforms; SE Mediterranean; phylogeny supertree;
DNA sequencing

1. Introduction

The family Sargassaceae Kützing (Phaeophyceae) inhabits all oceans, from polar waters to the
warmest tropical seas [1]. The Cystoseira sensu lato (sl) species have their maximum diversity in
the Mediterranean Sea, with two thirds of all species described found there [2–4]. Some of them
have habitats as reduced as coastal platforms [5]. Outside the Mediterranean Sea, they are mainly
found in the Northeast Atlantic. This may explain why they were reintroduced six million years
ago into the Mediterranean Sea. During the Zanclean deluge, after the Messinian desiccation crisis,
they may have been dragged by the currents [2,6,7], starting a new colonization process. Recent research
corroborates the polyphyletic nature of these algae, distinguishing three genera [8–10]. They comprise
Cystoseira sensu stricto, Carpodesmia and Treptacantha.

As an engineering species they form dense meadows on rocky substrates up to 100 m
deep [2,5,11,12]. They are widely recognized as bioindicators for their restricted habitat in the
sub-coastal zone and low tolerance to pollution [13,14]. Most Mediterranean species are protected
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by the Barcelona (Annex II, COM/2009/585) and Bern Conventions (Annex I) and the INDEMARES
project [15], a contributor to the expansion of the Natura 2000 Network. They are also used to assess
the ecological quality of the coast (CARLIT), a requirement under the Water Framework Directive
(2000/60/EU) for the conservation of good water status [13].

Cystoseira spp. have a high morphological plasticity which, with recurrent hybridization
processes [2,16], makes taxonomic assignment of some species rather difficult [10,17,18]. Cystoseira sl
communities are currently declining due to anthropogenic pressures [10,19–22]. Reforestation projects
have been developed [20,22,23]. Even their economic value has been quantified to promote their
preservation [24]. However, there is little public knowledge on the value of these ecosystems outside
the phycological community.

SE Spain has a great diversity of Cystoseira sl populations due to the presence of rocky platforms
from the Quaternary Period, which generate adequate niches for their development [25,26]. However,
there is little research on the distribution patterns of Cystoseira sl in these areas, since most studies
of Spanish Mediterranean populations have been carried out on the coasts of Catalonia and the
Balearic Islands [27–33]. Without light limitations, the main factor modifying the abundance of
coastal communities is nutrient availability, which depends largely on hydrodynamism [13,34].
Geomorphological characteristics of the substrate (lithology, slope, depth) may account for the
environmental heterogeneity of the system, a key factor in algal distribution [35]. Inclination of the
substrate can affect vertical zonation [36]. Previous studies indicate that the type of substrate and
depth can also affect the distribution of Cystoseira sl. Decimetric blocks and pebbles displaced by
storms can affect these communities and lead to their replacement by other species [37]. These authors
also reported variation in patterns of distribution with the degree of exposure to waves. On the other
hand, intraspecific variability and environmental conditions to which they are exposed may cause
variations in the concentration of polyphenols, polysaccharides and pigments among other primary
and secondary metabolites. These compounds can affect DNA extraction protocols [38]. Sequencing of
various genes (e.g., mt23S, tRNA-Lys, psbA, COI) has clarified the phylogenetic relationships of these
genera [2,9,10,39,40].

Our hypothesis stands that the width and the location of the platform of Cystoseira sl communities,
and the degree of wave exposure, will affect their distribution. These factors are directly related to
hydrodynamics, and therefore to nutrient availability. There will be a differentiation in horizons
depending on the width of the platform and the degree of exposure to waves to which it is subjected.
The aim of this study is to increase our knowledge of Cystoseira sl in SE Spain using ecological,
morphological and molecular tools. We have chosen El Cabo de las Huertas, a well preserved
natural coast amidst largely touristic developed shores. This area has been a Site of Community
Importance since 2001 (ESZZ16008) because of the presence of a sandy seabed with well-preserved
seagrasses (Posidonia oceanica, Zostera marina and Cymodocea nodosa), which despite the extensive
touristic development indicates a good water status. This makes this site interesting to revaluate its
degree of protection [41]. Unfortunately, a management plan for this area does not exist nor has it
progressed its declaration as a Specially Protected Area [42]. In conclusion, our work could be a sound
foundation to develop an ambitious Cystoseira sl protection plan in South-East (SE) Spain.

2. Materials and Methods

2.1. Cartography of Cystoseira Sensu Lato

Our sampling method consisted of a walk along 14 km of the Alicante city coast (38º21’26.48” N,
0º24’31.37” W–38º19’29.64” N, 0º30’40.41” W). We divide the coastal strip into 3 horizons parallel to
the coastline: the proximal is next to the midlittoral zone, the distal horizon is hit by waves and it
is sometimes emerged; the medium horizon is between these two. Cystoseira sl species have been
identified in situ and their semi-quantitative abundance scored visually, as in Ballesteros et al. (2007).
The lowest value (1) corresponds to isolated individuals. Several individuals forming no patches score 2.
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For isolated patches, the abundance value is 3. For patches forming a discontinuous horizon, the value
is 4. A continuous horizon of the same species of Cystoseira sl scores 5. Sixty-one linear transects
(30–80m) were performed along the coastline of study (2018, May–July), recording the abundance of
Cystoseira sl communities per horizon.

Trails were georeferenced using GPSies+ (Klaus Bechtold,©2017) and distribution maps drawn
using QGIS v 2.18 with the WGS84 (EPSG:4326) coordinate system. An orthophoto of the region
provided by the National Plan for Aerial Orthophotography (PNOA) of the National Geographic
Institute [43] was used as model to draw a map according to the real geography.

2.2. Abiotic Factors and Spatial Variability of Cystoseira Spp.

Platform width, wave exposure and the sublittoral horizons were recorded as the main
hydrodynamism variables (Table S1). Geomorphological characteristics of the substrate (lithology,
slope, presence of pools or rifts) were also scored. Records have been analysed with Primer software
(v.6.1) [44]. A three fixed factor PERMANOVA analysis has also been carried out with the Bray
Curtis similarity matrix to study the influence of the main variables related to hydrodynamism on
the abundance of Cystoseira sl species. A reduced model with 4999 permutations has been chosen.
The distribution patterns of the samples have been analysed with a Principal Component Ordination
Analysis (PCO), built with the same Bray–Curtis matrix.

2.3. Morphological Characterization

Specimens were collected in spring (2018) using chisel and hammer, avoiding damaging the basal
structure and kept in 10% alcohol in seawater until analysis. A qualitative matrix using Primer 7
software [45] with 15 phenotypic characters of 37 Cystoseira sl was constructed (Table S2). Morphological
data from samples described in Gómez-Garreta et al. (2000) [45], Cormaci et al. (2012) [46] and
Orellana et al. (2019) [9] were recorded as reference algal groups. A cladogram was constructed using
a dissimilarity Bray–Curtis matrix with the ‘simple matching’ method and a SIMPROF test carried out
to distinguish statistical differences between individuals, adding a ‘dummy variable’ to improve the
robustness of the cladogram.

2.4. DNA Extraction

Individuals collected were kept in cold seawater. They were cleaned of epiphytes and lyophilized
in less than 24 h. Fine lyophilized thallus ground in liquid nitrogen was used for DNA extraction.
DNA extractions were performed using a protocol based on the pre-treatment of Lane et al. (2006) [47] in
combination with the cleaning steps of Rogers and Bendich (1989) [48]. All treatments were performed
on ice to avoid DNA degradation. Lyophilized thallus is added to Buffer A (1.65 M sorbitol, 50 mM
MES (sulphonic acid) pH 6.1, 10 mM EDTA, 2% (w/v) PVP-40, 0.1% (w/v) BSA (Bovine Serum Albumin)
and 5 mM ß-mercaptoethanol) while stirring for 2–3 min. The mixture is filtered with Miracloth® and
centrifuged at 3000× g for 2 min. Buffer A is removed, the pellet is resuspended in Buffer B (Buffer A
without PVP) and centrifuged at 3000× g for 2 min. Buffer B is discarded, and the pellet is resuspended
in DNA extraction buffer [48]. Samples were incubated on ice for 1 h then centrifugated at 15,000× g
for 10 min. Aqueous phase is transferred into new tubes for phenol, chloroform and isoamyl alcohol
extraction for 5 min and then centrifugation. This step was performed again without phenol for 2 min.
DNA is treated with −20 ◦C isopropyl alcohol on ice for 20 min. After centrifugation for 10 min,
the supernatant is discarded and the pellet washed with ethanol at −20 ◦C. Pellets containing DNA are
resuspended in nuclease free water and stored at −80 ◦C.

2.5. Gene Amplification, Sequencing and Phylogenetic Analysis

Six sets of primers from previous work were used (Table S3). Some of them (psbA-FR2 and
psbA-F2R) can be used in three different combinations [2]. PCR reactions included a preheating stage
of 2 min at 92 ◦C, nine cycles of 30 s at 94 ◦C, 1 min at 45 ◦C with a final extension of 1 min at 72 ◦C
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plus 29 cycles of 30 s at 94 ◦C, 30 s at 50 ◦C with a final extension of 1 min at 72 ◦C. With the psbA-FR
primer, final extensions were increased from 1 to 2 min. PCR reactions were repeated when required
to supply enough DNA for Sanger sequencing. Amplicons were run in 2% agarose gels for quality
testing, then treated with a DNA purification kit (Qiagen). Sequencing was carried out by Macrogen
Inc. (Korea). Consensus sequences were determined using Bioinformatics ‘Reverse complement’ [49]
and Omega Cluster tools [50]. A sequence database has been set up based on previous studies [2,9].
Phylogeny analyses were performed using Mega X software [51], through a Muscle type alignment [52].
Both supertree and isolate trees for individual genes (mt23S, tRNA-Lys and psbA) have been built using
the ‘Neighbor-Joining’ method [53,54] and phylogenetic test ‘Bootstrap’ with 1500 interactions [55].
All taxa used in the phylogenetic analyses are listed in Supplementary Table S4. Sequences were
obtained from Draisma et al. (2010) [2], Orellana et al. (2019) [9] and Bruno de Sousa et al. (2019) [10],
among others.

3. Results

3.1. Cartography of Communities Associated with the Coastal Fringe

Cystoseira sl species were found over more than 4 km of the 14 km sampled (Figure 1a,b), in nearly
uninterrupted communities at Cabo de las Huertas (Cape area) and separate individuals or patches on
La Almadraba beach, Paseo Marítimo and La Playita bay (Figure 1c). Cystoseira compressa, C. humilis,
C. foeniculacea, Carpodesmia amentacea var. stricta, C. brachycarpa var. balearica, Treptacantha algeriensis
and T. sauvageauana were the species found in the area of study.

Figure 1. (a) Area of study: El Cabo de las Huertas (Alicante, Valencian Community, Spain).
(b) Semi-quantitative abundance found of Cystoseira sensu lato in El Cabo de las Huertas. Legend:
1: One individual (isolated algae). 2: Several isolated individuals. 3: Cystoseira sensu lato patches.
4: Discontinuous belts of at least one species. 5: Continuous belts of one or more species. (c) Individuals
or isolated patches found near El Cabo de las Huertas. 1: La Almadraba beach. 2: Paseo Marítimo.
3: La Calita beach.
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3.2. Distribution of Cystoseira Sensu Lato

Cystoseira sl communities are frequent in the area of study, in rocky shores with high
hydrodynamism (Figure 2a). They usually disappear abruptly when the rock substrate changes
from platform to boulders (Figure 2b).

Figure 2. (a) Exposed platform of El Cabo de las Huertas with C. amentacea var. stricta and T. algeriensis
community. (b) Boulders without presence of Cystoseira sl in front of the exposed platform.

Cystoseira sl communities on narrow platforms and medium wave exposure are different from
those under low or high wave exposure ( Tables 1 and 2 and S5). In wide platforms, the degree of
wave exposure conditions Cystoseira sl communities. For instance, Treptacantha sauvageauana likes low
wave exposure because it is the third most abundant species under these conditions. On the contrary,
other species such as Carpodesmia amentacea var. stricta, Treptacantha algeriensis or Cystoseira compressa
prefer large wave exposure. The abundance of Cystoseira sl species depends on their location at the
platform, since populations from proximal and distal horizons also differ significantly.

Table 1. PERMANOVA analysis of variables related with hydrodynamism (p-value < 0.05).

Source df SS MS Pseudo-F P (perm) Uniq. Perms

Width 3 15,532 5177.3 3679 0.0002 4986
Wave exposure 2 14,298 7148.9 5.08 0.0002 4983

Horizon 2 10,849 5424.7 3.8548 0.0016 4985
Width*WaveExp 5 20,474 4094.9 2.9098 0.0002 4972
Width*Horizon 6 5638.4 939.73 0.66778 0.8234 4974

Horizon*WaveExp 4 6531.8 1632.9 1.1604 0.3108 4982
Width*WaveExp*Horiz 10 6083.7 608.37 0.43231 0.9948 4982

Res 150 2.1109 × 105 1407.3
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Table 2. A posteriori PERMANOVA analysis of significant interactions of variables related with
hydrodynamism (p-value < 0.05).

Width*Wave Exposure

Wave Exposure t P(perm) perms
Width = 0 (No platform)

Med–Low 1.9482 0.0438 2246
Width = Narrow

Med–Low 1.8362 0.0408 4981
Med–High 2.5084 0.0008 4990
Low–High 1.0787 0.3138 4983

Width =Medium
Med–Low 1.2407 0.2272 4994
Med–High 1.7067 0.0532 4989
Low–High 1.0416 0.3604 4992

Width =Wide
Med–Low 2.1585 0.0034 4985
Med–High 2.1066 0.0052 4993
Low–High 2.7538 0.0002 4992

Horizon
Horizon t P(perm) perms

Prox–Med 1.4607 0.0978 4985
Prox–Distal 2783 0.0004 4986
Med–Distal 1314 0.1656 4987

A PCO of Cystoseira sl abundance with environmental factors was analysed using 183 samples
from 61 transects recorded (Figure 3). Axes explain 79.9% of the total variability and vectors with high
correlation are represented (cor > 0.2). Main hydrodynamism variables vectors are located to the lower
right quadrant indicating the direction of higher values of hydrodynamism. Two geomorphologic
variables have close correlation with hydrodynamism, ‘Inclination’ negatively and ‘Rifts’ positively.
Canopy height is also directly linked. The lowest heights of Cystoseira sl have been located in La Calita,
which is a cove with high anthropogenic impact (Figure S1). Thus, Cystoseira sl general abundance
cannot be explained by a single environmental factor.

Figure 3. (a) Ordination Principal Component Ordination (PCO) plot of Cystoseira sl communities in SE
Spain related to environmental variables. (b) Ordination PCO plot of Cystoseira sl communities in SE
Spain with Cystoseira sl species (n = 183).

62



J. Mar. Sci. Eng. 2020, 8, 961

When Cystoseira sl individual species are considered, different patterns of distribution appear
(Figure 4). For instance, C. compressa has a wide distribution, since this species is the most
environmentally tolerant of all found. With the largest ecological range, it is the most abundant and is
nearly homogeneously distributed in all horizons of El Cabo de las Huertas (Figure 4a). C. amentacea var.
stricta and T. algeriensis are distributed positively with vectors, therefore to hydrodynamism. They have
a slightly smaller ecological range, with irregular distribution (Figure 4b,c). Meanwhile, C. humilis,
T. sauvageauana and C. foeniculacea have less correlation with hydrodynamism, with reduced distribution
usually located at proximal horizon (low wave exposure) (Figure 4d–f). The proximal horizon has
a discontinuous presence of C. compressa, C. amentacea var. stricta, T. algeriensis, T. sauvageauana and
C. humilis while more exposed horizons have a continuous community of these species (Figure S2).
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Figure 4. Bubble plots overlaying PCO plot of Cystoseira sl in El Cabo de las Huertas and cartography.
The size of the bubbles indicate the abundance of Cystoseira sl in each sample. (a) C. compressa.
(b) C. amentacea var. stricta. (c) T. algeriensis. (d) C. humilis. (e) T. sauvageauana. (f) C. foeniculacea.
(g) C. brachycarpa var. balearica.

3.3. Morphological Analysis

Our morphological cladogram includes eight clades (Cystoseira I–VIII) (Figure 5). Cystoseira VIII
is the clade with the least similarity, followed by Cystoseira VII. From Cystoseira VI to I, branches can
be differentiated with increasing similarity values. Similarities of more than 85% prevent species
assignments. Most of our samples lay close to their counterparts included in previous reference
studies [9,45,46]. However, several species (T. sauvageauana, C. foeniculacea, C. compressa) display more
variability within a given clade or are located in different clades.
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Figure 5. Single linkage cladogram based on data from Cystoseira sl built using the Bray–Curtis similarity
matrix. Boxes correspond to current genus classification by Orellana et al., 2019 [9]: Blue = Cystoseira
sensu stricto or Cystoseira-I; Red = Treptacantha or Cystoseira-II. Green = Carpodesmia or Cystoseira-III.
Label legend: (1): Gómez-Garreta et al., 2010 [45]. (2): Cormaci et al., 2012 [46]. (3): Orellana et al.,
2019 [9]. (*) Underlined: This study.

3.4. Phylogenetic Analysis

Our DNA protocol completely removed Cystoseira sl secondary metabolites and allowed template
amplification with all primers used (Figures S3–S6). In this study, 30 Cystoseira sl DNA samples have
been sequenced, corresponding to 3 genes. We have built a concatenated tree (supertree) with a total of
98 Fucaceae sequences from 41 species; 22 of these are Cystoseira sl species (Figure 6). The supertree is
more robust (higher node stats values) than those trees built using single gene sequences (Figures S7–S9).

Three clades (I–III) have been obtained. Cystoseira-I comprises C. foeniculacea, in a separate
subclade, C. compressa and C. humilis together in a further subclade. Cystoseira-II includes four
differentiated branches with Treptacantha spp. species (T. abies-marina, T. baccata, T. usneoides, T. susanensis
and T. barbata). The latter two species clustered in a separate subclade. Cystoseira-II includes sequences
of T. sauvageauana and T. algeriensis for the first time. Both sequences appear separated from the rest.
Cystoseira-III includes C. amentacea, C. brachycarpa, C. crinita, C. funkii, C. mediterranea, C. tamariscifolia,
and C. zosteroides, this last species as an outlier. Within clade III, C. crinita and C. brachycarpa can
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be clearly differentiated from the rest. Cystoseira-I and Cystoseira-II appear closer phylogenetically,
unlike Cystoseira-III.

1

2

3

1

2

3

Figure 6. Maximum likelihood phylogenetic subtree obtained with Nearest Neighbor Interaction on
concatenated mt23S-psbA-tRNA-Lys sequences of samples from the Sargassaceae family. Values of
branches represent maximum likelihood bootstrap support values (>50%). Samples sequenced in this
study labelled as 1, 2 or 3. Labels: 1. Cystoseira-I. 2. Cystoseira-II. 3. Cystoseira-III.
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4. Discussion

Hydrodynamism plays a key role in the Cystoseira sl population distribution from the SE
Spanish coast. This has also been found in previous works [13,31,34,56]. In our study, Cystoseira sl,
in general terms, is most abundant and widely distributed in zones with large exposure to waves.
For instance, C. amentacea var. stricta, T. algeriensis and C. compressa, with large productive potential,
require light saturation [57] and high hydrodynamism [13,27,31,37,58,59]. Consequently, they are
frequently found in rifts and other exposed places. There are seasonal species which have their
optimal development during spring [13]. The widespread distribution of C. compressa may reflect
its high ecological tolerance, even to anthropogenic impact. This is perhaps the reason why it is the
only Cystoseira sl species found in urban areas such as La Almadraba beach [13,19,60]. Other species
(e.g., T. sauvageauana, C. foeniculacea) are distributed preferentially in more sheltered environments [61,62]
where hydrodynamism is less relevant. They have a perennial behavior, maintaining their thalluses
all year [30,63]. Although C. brachycarpa inhabits sheltered environments [45,64], in our study it was
found in an abrasion platform. The orientation on the coast, facing south, receives less impact from the
dominant eastern waves [65] allowing C. brachycarpa to survive under these conditions. A coastline
slope does not favor the presence of Cystoseira sl populations, as found in the Thyrrenian islands [66].
Slope degree has a close inverse relationship with those populations, since above 60◦ can highly reduce
the probability of settlement of these communities. Human trampling is to be considered because it
takes place on coastal platforms during the summer season. Those coves with a high tourist influx
have lower values of abundance and canopy of Cystoseira sl, indicating that they are very sensitive
to this anthropogenic disturbance. Even low intensities of trampling can highly affect the spatial
distribution of algal communities [60,67], causing the simplification of the platform communities [12].
Therefore, future efforts could be applied studying this relation in order to apply management plans
for Cystoseira sl protection.

Recent studies show that natural hybridization is operating in seaweed forests of
Cystoseira sl [2,8,16]. The high variability of T. sauvageauana, C. foeniculacea, C. compressa in our
morphological cladogram would agree with this. Each Cystoseira sl gender has morphological characters
with various phenotypes [9], usually one of them more common than the rest. So, perhaps species that
exhibit uncommon morphotypes could not be classified appropriately in the cladogram. Numerical
taxonomy techniques are useful to tackle this intraspecific variability. For instance, the lack of
spines in secondary and higher order branches of C. crinita would lead the transfer of this species
from Cystoseira-III into Cystoseira-I, in which all species are characterized by the absence of this
type of appendages. The latest studies indicate that there are many exceptions to this character,
reinforcing the need to combine morphological with phylogenetical studies [9]. Like any other method
of morphological identification, it needs to rely on molecular taxonomy to clarify the classification.
Therefore, morphological data has been completed with phylogenetic studies [2,10].

Our molecular supertree of sequences of psbA, mt23S and tRNA-Lys spacer gene from
Cystoseira sl from SE of Spain mostly agrees with previous studies [2,9,10]. In agreement with
Orellana et al. [9], our clades Cystoseira-II (Treptacantha) and Cystoseira-I (Cystoseira sensu stricto)
are closer phylogenetically and with other genera such as Polycladia, Stephanocystys, Sargassum and
Sirophysalis, and far from Cystoseira-III (Carpodesmia). This supports the lack of a common ancestor
of these genera [2,9,10]. Cystoseira-III (Carpodesmia) is the most chemically complex genus [68,69]
and most members are Mediterranean [2,70], suggesting that the seasonality of this sea [71] may
be driving a pressure on these algae enhancing the production of their metabolites to deal with
stressors such as UV and temperature [56]. Neither Bruno de Sousa et al. [9] nor this study have
succeeded in the resolution on C. tamariscifolia/C. amentacea clade. Therefore, future studies should
be aimed to resolve these phylogenetic relationships. We have generated for the first-time sequence
data from T. algeriensis and T. sauvageauana which support that both species are well differentiated
and separated from the rest. This would also agree with their different morphology and ecological
preferences [45,46]. The challenge of understanding their taxonomy may reside in the recent and
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continuous speciation of these genera in Mediterranean Sea [2,61,72], their adaptative convergence or
possible genetic constraints [10]. There is an urgent need to keep investigating to understand their
evolution and ecology in order to enhance their protection and maintain conservation efforts that help
to preserve marine ecosystems for future generations.

This study provides the first bionomic cartography and evaluation of conservation of Cystoseira sl
populations in SE Spain. Out of the 14 Cystoseira sl species cited in this area [73], half have been found
in this study in a coastal fringe of just 4 km. In view of the diversity and abundance found, this region
displays a relevant ecological quality [74]. The relative continuous algal canopy would also imply
a good water status, as reported [75]. Therefore, because of its environmental characteristics and
high algal diversity in the shores, this place should be a Special Conservation Area (SCA), integrated
in the Natura 2000 Network (EU Directive 92/43/EEC). The inclusion of Cystoseira, Treptacantha and
Carpodesmia genera in El Cabo de las Huertas Community Importance Site would also be a great
achievement for the conservation of marine natural habitats of the Spanish Levant coast. The site
may be useful for future extraction of specimens for transplants to former habitats which have
undergone local extinctions [23]. There is also a pressing need to develop a management plan in view
of the increasing disappearance of the prairies of eastern Mediterranean Fucaceae [19–22]. Long-term
monitoring of these biocenosis would be desirable, which could be carried out using the CARLIT
methodology, that employs Cystoseira sl populations as a key species establishing the health of the
water body [13]. Cystoseira sl evolution data would generate time series to know the state of these
communities, thus evaluating the health of our coast. This type of study is already being carried out in
different areas of the Mediterranean Sea [20,31,59,76].

5. Conclusions

The bionomic cartography of Cystoseira sl assesses the good ecological quality and good water body
status of El Cabo de las Huertas. Distribution analysis shows two levels of relation to hydrodynamism
which predicts perennial or seasonal behaviors. Morphological cladogram detects inter-specifical
variability between our species and previous reference studies of these genera. Our phylogenetic tree
supports actual classification. Previously unpublished sequences of psbA, mt23S and tRNA-Lys of
T. algeriensis and T. sauvageauana confirm those are included in Bruno de Sousa’s Cystoseira II group
(2019), in agreement with morphological studies.
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Abstract: Life history (life cycle) plays a vital role in the ecology of some microalgae; however,
the well-known brown-tide-causing pelagophyte Aureococcus anophagefferens has been barely
investigated in this regard. Recently, based mainly on detections in marine sediments from China,
we proved that this organism has a resting stage. We, therefore, conducted a follow-up study to
characterize the resting stage cells (RSCs) of A. anophagefferens using the culture CCMP1984. The RSCs
were spherical, larger than the vegetative cells, and smooth in cell surface and contained more
aggregated plastid but more vacuolar space than vegetative cells. RSCs contained a conspicuous
lipid-enriched red droplet. We found a 9.9-fold decrease in adenosine triphosphate (ATP) content
from vegetative cells to RSCs, indicative of a "resting" or dormant physiological state. The RSCs
stored for 3 months (at 4 ◦C in darkness) readily reverted back to vegetative growth within 20 days
after being transferred to the conditions for routine culture maintenance. Our results indicate that the
RSCs of A. anophagefferens are a dormant state that differs from vegetative cells morphologically and
physiologically, and that RSCs likely enable the species to survive unfavorable conditions, seed annual
blooms, and facilitate its cosmopolitan distribution that we recently documented.

Keywords: harmful algal blooms; brown tide; life history; Aureococcus anophagefferens; resting stage cell

1. Introduction

The non-motile, picoplanktonic (2–3 μm) pelagophyte Aureococcus anophagefferens Hargraves et
Sieburth has caused numerous ecosystem disruptive algal blooms (EDABs), commonly known as
"brown tides", in U.S. estuaries since 1985 [1,2]. This species lacked morphological features easily
distinguishing it from other similar sized forms under light microscopy, but ultrastructural observations
exhibited that each cell has a single chloroplast, nucleus, and mitochondrion and an unusual exocellular
polysaccharide-like layer [2]. Although nontoxic to humans, A. anophagefferens blooms have significantly
negative effects on the seagrass beds, shellfish industry, algal grazers, and zooplankton in the affected
area [1]. In the summer of 1985, the first A. anophagefferens blooms have been reported in several
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estuaries of the northeastern U.S. [2–4], and there has been an extra-large extension of the known range
of A. anophagefferens along the U.S. East Coast since then, from Florida north to New Hampshire [5].
Aureococcus anophagefferens blooms have been reported for the first time in Saldanha Bay, South Africa
in 1997 and several more during 1998–2003 [6,7]. Surprisingly, A. anophagefferens suddenly bloomed in
the coastal waters of Qinhuangdao, China in early summer from 2009 to 2011, which caused significant
negative impacts on the shellfish mariculture industry and large economic losses [8,9]. Its discontinuous
global distribution and seemingly rapid geographic expansion, however, has been a vital but highly
controversial issue [10]. It was hypothesized that A. anophagefferens was possibly introduced both
within and outside (South Africa) the U.S. via ships’ ballast water [11]. Previous studies have indeed
shown that A. anophagefferens could endure the prolonged darkness for 30 days [12,13], a characteristic
facilitating its anthropogenic transport by ships’ ballast water. As a novel brown-tide-forming species in
China, whether A. anophagefferens was an alien species recently introduced to China via anthropogenic
transport processes or has been an indigenous species existing with a background abundance prior
to the first reported bloom has thus become a question of ecological significance. A comparison
of nearly the entire length of the 18S ribosomal RNA (rRNA) gene sequences of A. anophagefferens
from Qinhuangdao, China with that from the USA has shown that there was relatively little genetic
variability (0–6 bp differences) [9], which suggested that A. anophagefferens was possibly an alien species
in China [10,14].

In nature, microalgae have evolved many survival strategies to withstand adverse environments
such as forming resting cysts or spores [15–17], reduction in their metabolic rates [18,19], or reliance on
the alternation of nutrition modes [20,21]. Inactive or resting stages are common in the life history of
many microalgae (diatoms, dinoflagellates, haptophytes, green algae, cyanobacteria, raphidophytes,
chrysophytes, euglenophytes, and cryptophytes) [22,23] and may provide tolerance to unfavorable
conditions [17,22,23]. Resting stages refer to all types of cells that greatly reduce metabolic rate,
cease cell division, but remain viable [24], and are often characterized by distinct morphological
and compositional changes in cells such as thickened membranes and the formation of starch
granules [25], lipid droplets [26], or red accumulation bodies [16]. Resting cells that undergo changes
in morphology and physiology leading to a resting stage do not undergo major changes in cell surface
or enclosing cell structures, which distinguishes them from resting cysts or spores [27]. The life history
(life cycle) of A. anophagefferens had not been uncovered [2] until recently when a resting stage in
another brown-tide-causing species, Aureoumbra lagunensis, was firstly described in pelagophytes
from laboratory cultures [28], which provided insights into the life cycle of A. anophagefferens. One of
the key questions regarding ballast water hypothesis of A. anophagefferens introduction is whether
or not the species has a dormant stage in its life history, because it has been well established that all
microalgal species that have been proved to be transported and introduced via ships’ ballast tanks
are cyst-forming species [10]. Therefore, answering whether or not A. anophagefferens has a resting
stage will greatly help to elucidate the origin and seeding of A. anophagefferens found in China and its
apparent geographic expansion around the world.

In our recently published work [29], we proved that A. anophagefferens has a resting stage in its life
history via germination experiments of a sediment sample collected from the coast of Qinhuangdao,
China, where blooms of this species occurred, and also found that this species has an extremely wide
geographic distribution (a range of ~30◦ in latitude, ~15.7◦ in longitude) and a more than 1500-year
presence in China and thus is not an alien species. With the support of mining the supplementary
dataset in a recent work [30], we also found that A. anophagefferens in fact distributes globally [29].
As A. anophagefferens is a small-sized (2–3 μm) and morphologically simple alga, we were not able
to recognize and isolate single resting stage cells (RSCs) from the marine sediment sample for
morphological observations and also failed in establishing cultures from the germlings in germination
experiments. A follow-up work using laboratory cultures is, therefore, highly desirable to characterize
the morphology and physiological status of the RSCs and to observe the transformation process
of resting stage cells into vegetative cells. The present study describes the basic morphological
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characteristics and physiological status of RSCs as well as their ability to revert from resting stage
back to vegetative growth based on the long laboratory-raised culture of A. anophagefferens strain
CCMP1984 (Provasoli-Guillard National Center for Culture of MarinePhytoplankton (West Boothbay
Harbor, ME, USA), CCMP). We believe the knowledge of these aspects will be significantly important
in understanding the basic biology and ecology of this notorious EDABs-causing pelagophyte.

2. Materials and Methods

2.1. Culture Information and RSC Formation

The culture of A. anophagefferens strain CCMP1984 was obtained from Stony Brook University.
The culture was routinely maintained in natural seawater-based f/2-Si medium [31] supplied with
10−8 M (final concentration) selenium (salinity 32) at 21◦C in an incubator with a 12:12 h light: dark cycle
and an irradiance of 100 μmol photons m−2·s−1. An antibiotic solution (10,000 IU·mL−1 penicillin
and 10,000 μg·mL−1 streptomycin, Solarbio, Beijing, China) was added into the medium immediately
(final concentration 2%) before inoculation to discourage growth of bacteria. The RSCs were produced
in the routinely maintained batch cultures of CCMP1984 at the late stationary growth stages (>20 days)
and particularly in the cultures that were cultured to the late exponential phase and then placed in the
dark for a few weeks or longer. The morphological observations on RSCs below were conducted with
RSCs produced this way, except for that stated otherwise.

2.2. Basic Morphological Observation

To observe and contrast the general morphology of vegetative cells (VCs) and RSCs of
A. anophagefferens, 5 mL VCs and RSCs were added into a 10 mL conical centrifuge tube, respectively.
After being rinsed with filtered, sterilized seawater three times and diluted to appropriate concentration, the
samples were transferred to clean slides and observed under an optical microscope (BX53, Olympus, Japan).

2.3. BODIPY 505/515 Fluorescence Staining

To detect lipid-rich structures in the RSCs of A. anophagefferens, an optimized BODIPY 505/515
fluorescence staining method was used by following the protocol described previously [32] with
minor modifications, as described below: BODIPY 505/515 (4, 4-difluro-1, 3, 5, 7-tetramethyl-4-bora-3a,
4adiaza-s-indacene; Invitrogen Molecular Probes, USA) was dissolved in DMSO as a stock solution
(0.5 mg·mL−1) and stored in a brown sample bottle away from light. RSCs of the A. anophagefferens culture
were collected onto a polycarbonate filter (pore size 0.2 μm) and rinsed with 500 μL 0.22 μm-filtered,
sterilized seawater three times. The cells were then stained with BODIPY 505/515 (final concentration
0.1 μg·mL−1) and incubated at 21 ◦C for 10 min in the dark. After incubation, the samples were
centrifuged at 2000× g for 3 min and rinsed three times using filtered, sterilized seawater. The cells
were then resuspended in 100 μL filtered, sterilized seawater and were transferred to clean slides
for observation under an inverted microscope (IX73, Olympus, Japan) equipped with dichroic filters
BP450–480 nm and BA >515 nm (Olympus, Japan).

2.4. Adenosine Triphosphate (ATP) Assays

To characterize intracellular metabolic activity of RSCs and normal vegetative cells, the cellular
content of ATP was quantified by using an Enhanced ATP assay Kit (S0027; Beyotime Biotechnology,
Shanghai, China) following the manufacturer’s protocol. Three 50 mL samples of RSCs and VCs of A.
anophagefferens were collected onto a polycarbonate filter (pore size 0.2 μm) and rinsed with 500 μL
filtered, sterilized seawater three times and then to be determined for the ATP content. The cellular
ATP content was estimated according to an ATP standard curve and expressed as nmol/107 cells.
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2.5. Germination Experiments

To evaluate the ability of RSCs to revert back to vegetative growth after being stored in a prolonged
(3 months) darkness at 4 ◦C, which resembles winter environmental conditions of marine sediments,
germination experiments were conducted using both culture plates and Erlenmeyer flasks as described
below. RSCs in culture plates were first stored in darkness at 4 ◦C for 1, 2, and 3 months, with addition
of antibiotics mixture to a final 2% concentration (10,000 IU·mL−1 penicillin and 10,000 μg·mL−1

streptomycin) in darkness every 10 d to discourage growth of bacteria [33]. Once the RSCs were
stored for 1, 2, and 3 months, a subset of RSCs in plates was transferred to three Erlenmeyer flasks
containing fresh medium, placed in the incubator for RSC germination with normal conditions used
for culture maintenance, and monitored for cell density on day 0, 20, and 30, respectively. Moreover,
daily observations on the germination of RSCs and subsequent vegetative growth were performed
using culture plates. The RSCs were inoculated into wells of culture plates containing fresh culture
medium, placed at normal culturing conditions, and examined daily with an Olympus microscope
(IX73, Tokyo, Japan).

2.6. Statistical Analyses

For the germination experiments and intracellular metabolic activity of RSCs and normal vegetative
cells, one-way ANOVA was used to assess the differences among cell densities of RSCs and vegetative
cells at different incubation time, and G-test for ATP contents in RSCs and vegetative cells. In all cases,
significance levels were set at p < 0.05.

3. Results

3.1. Morphological Characteristics of Resting Cells

In the batch cultures of CCMP1984 that was routinely maintained as described above (salinity 32,
21 ◦C, 12:12 h photoperiod, an irradiance of 100 μmol photons m−2·s−1, with 2% antibiotics mixture),
RSCs were generally formed at the late stationary growth stages (>20 days). Similar to normal
vegetative cells, RSCs were spherical and of a relatively smooth surface (Figure 1b,d). Contrast to a size
of 2–3 μm for vegetative cells, RSCs were characterized by an approximately cell diameter two-fold
larger than vegetative cells (4–6 μm; Figure 1d). In RSCs, the granular cytoplasm became denser,
the plastid became pale, fewer, and densely aggregated, and the vacuole space expanded (Figure 1b).
All RSCs contained a large and conspicuous red droplet-like organelle (Figure 1d), which was proven
to be lipid-enriched “droplet” by BODIPY 505/515 fluorescence staining and appeared green under
epi-fluorescence microscopy (Figure 2b). These morphological features are generally similar to RSCs of
another pelagophyte, A. lagunensis [28].
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Figure 1. Light microscopic observations of the resting stage cells (RSCs) and normal vegetative
cells (VCs) of A. anophagefferens strain CCMP1984. (a,c) VCs at magnifications of 400 (a) and 1000 (c);
(b,d) RSCs at magnifications of 400 (b) and 1000 (d). Scale bars = 10 μm.

 

Figure 2. Lipid-enriched droplets (Ld) in the RSCs of A. anophagefferens strain CCMP1984 as indicated
by the arrows. The RSCs of A. anophagefferens shown in (a) was observed under bright field microscopy,
while (b) shows the same cell, but it was observed under epi-fluorescence microscopy (filters settings
BP450–480 nm for excitation and BA > 515 nm for emission), as it was stained by BODIPY 505/515.
Scale bars = 10 μm.

3.2. Metabolic Activity of RSCs as Indicated in Cellular ATP Content

Resting stage cells of A. anophagefferens were characterized by a significantly lowered cellular ATP
content relative to that of normal vegetative cells, while the content of ATP in normal vegetative cells
was 31.6± 0.51 nmol/107 cells, which was significantly higher than that in RSCs (2.9± 0.05 nmol/107 cells;
Table 1; p < 0.05). This 9.9-fold drop in cellular ATP content from normal vegetative cells to RSCs
indicated a significantly reduced metabolic activity in RSCs.
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Table 1. Measurements of intracellular content of ATP in the vegetative cells and resting stage cells of
A. anophagefferens strain CCMP1984. Standard deviation (± SD) of the data from three independent
experiments. For each experiment, three technical replicates were performed.

Cell Type ATP Content (nmol/107 Cells)

Resting stage cells 2.9 ± 0.5
Vegetative cells 31.6 ± 5.1

3.3. Resumption of Vegetative Growth from Resting State

To investigate the germination or transformation processes of the RSCs into vegetative cells,
a time series observation was performed via culturing RSCs in fresh medium under 21 ◦C at 100 μmol
photons m−2·s−1. While we did not observe the details of germination processes of RSCs into
vegetative cells due to the small sizes of RSCs and a quick process, we observed that almost all RSCs
transformed into vegetative cells within 10 days, resumed rapid vegetative growth, and reached
a high cell density within 20 days (Figure 3). It was noteworthy that the germination of RSCs
was a direct morphological transformation and quick resumption of cell division, similar to that
in another pelagophyte A. lagunensis [28], but different from other species of Ochrophyta, e.g.,
three types of statospores (uninucleate, asexual; binucleate, asexual (potentially autogamic); binucleate,
sexual (zygotic)) in the chrysophyte Dinobryon cylindricum [34,35], new germling escaped from the
structure underneath the lid of germination pore in Heterosigma akashiwo (Raphidophyceae) [36],
and dinoflagellates, in which a germination process within the cyst wall and a germling release through
an archeopyle that has been numerously observed in the germination of resting cysts [33,37,38].

  

Figure 3. Germination of resting stage cells of A. anophagefferens strain CCMP1984 and subsequent rapid
growth. The observations were conducted under the light microscope with the same magnification and
sample volume (10 mL). Resting stage cells completely reverted to vegetative cells in about 10 days after
being transferred to fresh f/2-Si medium and incubated under favorable condition (21 ◦C) and grew to a
very high cell density in ~20 days. (a) 0 day, (b) 10th day, (c) 20th day, (d) 30th day. Scale bars = 10 μm.

3.4. The Ability of RSCs to Survive Prolonged Darkness and Coldness

The ability of RSCs of A. anophagefferens to survive prolonged darkness and coldness and to resume
growth was assessed via storing RSCs in darkness at 4 ◦C for one to three months and incubating
RSCs in fresh medium under routine culture maintenance conditions. Although the number of RSCs
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decreased significantly over time during the storage, which died during the storage because of light or
nutrient shortage, or decomposed by bacteria, only about 28% of RSCs survived 3 months of darkness
coldness (Figures 4 and 5). Under normal culture conditions, RSCs that survived 1, 2, and 3 months of
storage could germinate and grow to a high cell density within 20 days (Figure 5). While RSCs declined
from 7.8 × 105 cells·mL−1 to 2.2 × 105 cells·mL−1 after 3 months of storage (p < 0.05), the density of
vegetative cells increased to 3.58 × 106 (~16 folds) and 8.31 × 106 (~38 folds) cells·mL−1 on day 20
and 30, respectively (p < 0.05), when RSCs were incubated in fresh medium under routine culturing
conditions (Figure 5).

Figure 4. Appearance of resting stage cells of A. anophagefferens strain CCMP1984 after being stored in
prolonged periods (a) 1 month, (b) 2 months, and (c) 3 months in darkness at 4 ◦C. Note that most of
the cells died during the storage. Scale bars = 10 μm.

Figure 5. Cell density recovery of A. anophagefferens strain CCMP1984 after the cultures were stored in
the dark at 4 ◦C for 1 to 3 months. Cell densities were quantified microscopically at the time points of 0
(immediately after inoculation), 20, and 30 d after the dark-stored resting cells were inoculated to fresh
f/2-Si medium and incubated at the conditions (12:12 h photoperiod, 21 ◦C, 100 μmol photons m−2·s−1)
that were used for the routine maintenance of cultures. Each data point was shown as mean ± SD
(standard deviation) from triplicate samples.
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4. Discussion

Aureococcus anophagefferens blooms (also known as brown tides) have caused destructive
environmental impacts and massive losses in aquaculture in the past three decades [39–42]. For a long
period, however, brown tides were only reported in the U.S. East Coast until the first brown tides
occurred at Saldanha Bay, South Africa in 1997 [6] and suddenly occurred in the coastal waters of
Qinhuangdao, China in 2009 [9]. A hypothesis was put forward that ballast water vectoring could
provide an explanation for the geographical spreading behavior of A. anophagefferens [10,11]. However,
there have been many uncertainties regarding the hypothesis. Focal, unresolved questions include
whether or not the species can produce a resting stage and/or has been existing at lower abundance in
regions where brown tides seemed to occur suddenly [10]. It has been found that A. anophagefferens
could survive prolonged darkness for more than 30 days in darkness, a characteristic facilitating
its anthropogenic transport by ships [12]. A physiological change and adjustment of cells has been
suggested to contribute to the capability [13]. It had been generally believed that pelagophytes may
not form dormant cysts or resting stage cells [1] until the recent description of a resting stage in the
pelagophyte A. lagunensis [28]. We recently proved the existence of a resting stage in A. anophagefferens
via sediment germination experiments and also found that the alga in fact distributes globally [29].
Although sediment had been stored in darkness at 4 ◦C for more than one year prior to the germination
experiments, the RSCs of A. anophagefferens in the sediment sample could recover (or “germinate”)
to normal vegetative growth within a reasonable time (a few weeks) when returned to favorable
conditions [29]. However, it is noteworthy that our discovery of RSCs in A. anophagefferens did not
support the “recent invasion of alien species” hypothesis for the sudden appearance of brown tides in
Bohai Sea, because the sedimental record of A. anophagefferens demonstrated that the species has been
existing in Bohai Sea for at least 1500 years [29]. On the other hand, this finding also does not disprove
the possible roles of RSCs in the initiation and geographic expansion of brown tides and in the general
ecology of this species. It is still possible that the RSCs provided the facility for A. anophagefferens to seed
annual brown tides and to expand its geographical distribution via either artificial (e.g., ships’ ballast
water) or natural pathways up to a globally cosmopolitan distribution [29]. Therefore, following the
abovementioned discovery of RSCs in A. anophagefferens, we characterized the general morphological
features, physiological status, and the ability to resume vegetative growth of RSCs on the basis of
observations on the laboratory-raised culture CCMP1984 in the present study.

Once the culture of A. anophagefferens that had been cultured to the late exponential phase was
placed in the dark for a few weeks, almost all vegetative cells could transform into RSCs. Consumption of
nutrients in the culture medium [34,43], growth of bacteria, and sustained darkness [26,44,45] may all
be the cues driving the transformation of vegetative cells into RSCs. Whether or not a temperature
stress (low or high and/or a rapid change) could drive the formation of RSCs also needs to be considered
in future investigations [15,46]. In the investigation on A. lagunensis, vegetative cells were observed to
quickly transform into resting cells upon exposure to higher temperatures [28].

RSCs of A. anophagefferens have a relatively smooth cell surface, which is different from the resting
cysts or spores of many species that undergo more substantial changes in cell surface and/or surface
structures including thickened walls or modified enclosing inorganic or organic thecae, as seen in
dinoflagellates and some diatoms [27,47–51]. Similar to vegetative cells, RSCs of A. anophagefferens
are spherical in shape, but are so different from vegetative cells in cell size: RSCs are significantly
larger (doubled in cell diameter). RSCs of A. anophagefferens were also characterized by aggregated
plastid and a large, red, and lipid-enriched droplet, both similar to the RSCs of A. lagunensis [28].
These red, lipid-enriched droplets may be biochemically similar to the red accumulation bodies
found in the resting cysts of many dinoflagellates, although the latter has been hypothesized to be
enriched with pigments [17,52,53]. It is likely that the red droplet in RSCs of A. anophagefferens is a
lipid reserve used as energy storage for cellular metabolism during prolonged resting periods and
germination [26]. Furthermore, lipid is an essential component of the membranes of microorganisms
to control membrane fluidity and permeability [54–58]. Given that cell transition from resting stage to
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vegetative growth involves going from larger cells with a low ratio of surface to volume (cell membrane)
to smaller cells with a high ratio, lipid may be utilized for membrane formation when vegetative
growth resumes. Microalgae may increase lipid content in response to stress at the expense of protein
and polysaccharides, which are considered as short-term energy storage [59]. Considering the findings
mentioned above, we speculate that A. anophagefferens cells may accumulate photosynthetic products
during normal growth stage and produce lipid-enriched droplets from the photosynthetic products
under adverse conditions such as nutrient shortage and prolonged darkness as an adaptive mechanism
for persistence as a resting cell. This process seems to take one or two weeks as indicated in the
formation of RSCs. In this study, RSCs of A. anophagefferens readily reverted back to vegetative cells
when optimal conditions provided after storage for 3 months (at 4◦C in darkness). Similarly, the RSCs
of A. anophagefferens collected from marine sediment could also germinate and resume vegetative
growth swiftly under favorable conditions even after having been stored in darkness and coldness
for longer than one year [29]. These results indicated that the metabolic activity of RSCs was at a low
level during the resting period, which made an extended resting stage possible in the field. The low
metabolic activity of RSCs was also evidenced by an about 10-fold difference in the cellular content of
ATP between the vegetative cells and RSC.

Almost all RSCs that were stored in darkness and coldness for 1–3 months could “germinate”
(transform) into vegetative cells within a few to 10 days and then begin to divide and grow rapidly to a
high cell density in ~20 days when they were placed at normal culturing conditions. This indicated that
RSCs of A. anophagefferens are not in a deep dormancy and thus sensitive to alterations of environmental
conditions. Since we did not capture the details of the cell transformation processes of RSCs when
they were germinating into vegetative cells due to the resolution limitation of light microscopy for the
small-sized RSCs and the swiftness of process, it is important that future studies investigate further the
details of the cellular transformation during germination and whether the resting cells are formed
via sexual or asexual processes, as has been conducted in dinoflagellates and many other microalgal
groups [33,37,38,48,51].

5. Conclusions

Since Aureococcus anophagefferens is a globally cosmopolitan species [29], it is, therefore, changes in
the environmental setting where the species forms blooms that account for the occurrences of
A. anophagefferens brown tides. Our results indicate that the RSCs of A. anophagefferens are in a dormant
state that differ both morphologically and physiologically from the vegetative cells. The ability
of A. anophagefferens to form RSCs likely enables the species to survive unfavorable conditions
and inoculate annual blooms and may have facilitated its geographic expansion and its globally
cosmopolitan distribution that we recently documented. In conclusion, the novel knowledge of RSCs
in the life history will be significantly important not only in obtaining insights into the basic biology of
A. anophagefferens, but also the ecology of this brown-tide-causing pelagophyte.
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Abstract: The dinoflagellate genus Scrippsiella is a common member of phytoplankton and their cysts
are also frequently reported in coastal sediments worldwide. However, the diversity of Scrippsiella in
Korean waters has not been fully investigated. Here, several isolates of Scrippsiella precaria collected
from Korean waters and germinated from resting cysts were examined using light and scanning
electron microscopy. The resting cysts were characterized by pointed calcareous spines and one or
two red accumulation bodies, and the archeopyle was mesoepicystal, representing the loss of 2–4′ and
1–3a paraplates. Rounded resting cysts were found in culture, and an increase in spine length was
observed until 8 days of development. Korean isolates of S. precaria had the plate formula of Po, X, 4′,
3a, 7′′, 6C, 4S, 5′ ′′, 2′′ ′′. There were differences in the cell size and location of the red body between
Korean isolates and previously described cells of S. precaria. In addition, the Korean isolates of S.
precaria had two types of the 5′′ plate that either contacted the 2a plate or not. Molecular phylogeny
based on internal transcribed spacer (ITS) and large subunit (LSU) rDNA sequences revealed that
the Korean isolates were nested within the subclade of PRE (S. precaria and related species) in the
clade of Scrippsiella sensu lato, and that the PRE subclade had two ribotypes: ribotype 1 consisting
of the isolates from Korea, China, and Australia, and ribotype 2 consisting of the isolates from Italy
and Greece. Lineages between isolates of ribotype 1 were likely to be related to the dispersal by
ocean currents and ballast waters from international shipping, and the two types of spine shapes and
locations of the 5′′ plates may be a distinct feature for ribotype 1.

Keywords: Scrippsiella; resting cyst; intercalary plate; precingular plate; ribotype

1. Introduction

The dinoflagellate genus Scrippsiella Balech ex A.R.Loeblich belongs to the family
Thoracosphaeraceae and was established by Balech, with Scrippsiella sweeneyae Balech as
the type species [1]. Scrippsiella species share the consistent plate pattern of Po, X, 4′, 3a,
7′′, 6C, 5S, 5′ ′′, 2′′ ′′ [1–5], and based on morpho-molecular features, including the plate
pattern and phylogenetic position [6], approximately 30 species are currently assigned
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to the genus Scrippsiella, which includes some previously recorded Calcigonellum Deflan-
dre species [6–11]. Most of the Scrippsiella species produce resting cysts with distinctive
calcareous ornaments [12], but some Scrippsiella species, such as Scrippsiella donghaiensis
H.Gu and Scrippsiella enormis H.Gu, produce noncalcareous resting cysts [13,14]. Recently,
the morphological features of calcareous ornaments have been used to classify Scrippsiella
species [13,15,16].

In previous studies, Scrippsiella sensu lato (s.l.) was identified based on internal tran-
scribed spacer (ITS) sequences and large subunit ribosomal DNA (LSU rDNA) [13,15,17,18].
As Scrippsiella s.l. includes not only common Scrippsiella species but also several cyst-
based genera, such as Calciodinellum, Pernambugia Janofske & Karwath, and Naiadinium
polonicum (Woloszynskia) S. Carty, which is a freshwater species [15,18], Scrippsiella s.l.
is not fully resolved, either phylogenetically or taxonomically. Consequently, the mor-
phological and genetic diversity of Scrippsiella species from many coastal areas requires
additional exploration. However, most studies on the classification of Scrippsiella species
using morphological and genetic approaches have focused on the Mediterranean and At-
lantic diversities [18,19]. Gu et al. [13,20] and Luo et al. [15] recently reported the diversity
of Scrippsiella species from Chinese coastal areas, and the morphology and phylogeny of
several Scrippsiella species from Korean coastal areas, such as Scrippsiella lachrymosa and
Scrippsiella masanensis, have been described [21,22].

S. precaria Montresor & Zingone was originally described from established cultures
in coastal waters of the Gulf of Naples [23], where cyst formation of this species was also
reported [24]. Gu et al. [19] later provided the morphological details and elucidated the
phylogenetic relationships of S. precaria collected from Chinese coastal waters. Cysts of S.
precaria have also been reported in Japanese coastal waters [25,26]; however, vegetative
cells and resting cysts of S. precaria have not yet been reported from Korean coastal areas.
According to Montresor and Zingone [23] and Gu et al. [20], S. precaria share three anterior
intercalary plates with Scrippsiella ramonii and Scrippsiella irregularis, and these species
form a clade phylogenetically. However, the clade also includes N. polonicum, which has
two anterior intercalary plates. This indicates that the arrangements of adjacent plates,
possibly including precingular plates, can vary depending on the number and arrangement
of anterior intercalary plates in the group, and thus, this character may be useful for the
classification of species that are members of this clade.

During a study of marine dinoflagellates and resting cysts from Korean coastal areas, a
Scrippsiella-like species and calcareous resting cysts were found. The cultures were success-
fully established based on the incubation of the collected vegetative cell and germination
experiments. These cultures were examined using light and scanning electron microscopy,
and ITS and LSU rDNA were sequenced. The results indicated that the cultures belonged to
S. precaria. In the present study, we established the morphological details and phylogenetic
positions of the Korean cultures of S. precaria, and then we compared them with those
previously reported in other studies.

2. Materials and Methods

2.1. Sample Collection and Culture

Sediment samples were collected from a station at Jinhae-Masan Bay (34◦59′36′′ N,
128◦40′33′′ E) in July 2013 using a gravity corer. The top 2 cm of the core samples was sliced
and then stored in dark and cool conditions at 4 ◦C prior to further analysis. Sample analysis
was conducted using the panning method of Matsuoka and Fukuyo [27]; approximately
2 g of each sample was placed in a beaker, rinsed with filtered seawater, and sonicated for
approximately 30 s. The sediment suspension was sieved using stainless steel screens with
125 and 10 μm mesh opening sizes. The residue on the 10 μm mesh was washed into a
watch glass. By panning on the watch glass, cysts and light particles were separated from
heavier sand grains and were sieved again onto the 10 μm sieve and concentrated into a
final sample volume of 10 mL. To observe the cysts, 1 mL of the sample was placed in a
Sedgewick Rafter chamber (Pyser-SGI, Edenbridge, Kent, UK), and the cysts of Scrippsiella
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species characterized by numerous calcareous spines were photographed using a digital
camera and then isolated under an inverted microscope.

The isolated cysts were inoculated into individual wells of 96-well tissue culture plates
filled with f/2-Si culture medium (Marine Water Enrichment Solution, Sigma-Aldrich,
Saint Louis, MO, USA) via micropipetting using a capillary pipette and cultured at 20 ◦C
and ≈100 μmol photons m−2 s−1 cool-white illumination under a 14L:10D photocycle.
Germinated cells were transferred into the wells of six-well tissue plates. After sufficient
growth, the cells in the six-well tissue plates were transferred to a 30 mL culture flask
containing 25 mL sterile f/2-Si medium. A monoclonal culture of the germinated cells
was successfully established and deposited as strain LMBE-C28 in the Library of Marine
Samples, Korea Institute of Ocean Science and Technology, Republic of Korea; however,
the strain is currently not available.

On 15 March 2019, plankton samples were collected at a station in the Jinhae-Masan
Bay, Korea (35◦00′38′′ N, 128◦34′03′′ E) using a 20 μm mesh plankton net. In the laboratory,
a single cell of Scrippsiella species was isolated from the samples using a capillary pipette.
The isolated cell was inoculated into a well of a 48-well tissue culture plate filled with f/2-Si
culture medium and cultured at a temperature of 20 ◦C and ≈100 μmol photons m−2 s−1

cool-white illumination under a 12L:12D photocycle. The cultured cell was transferred into
the wells of six-well tissue plates. After sufficient growth, the cells in the six-well tissue
plates were transferred to a 30 mL culture flask containing 25 mL sterile f/2-Si medium. A
monoclonal culture of Scrippsiella species was successfully established and deposited as
strain LIMS-PS-2799 in the Library of Marine Samples, Korea Institute of Ocean Science
and Technology, Republic of Korea.

2.2. Light Microscopy

Vegetative cells were examined and photographed at ×400 magnification using an
ultra-high-resolution digital camera (DS-Ri2, Nikon, Tokyo, Japan) on an upright micro-
scope (ECLIPSE Ni, Nikon, Tokyo, Japan). For fluorescence microscopy, approximately 1
mL of culture strain LIMS-PS-2799 was transferred to a 1.5 mL microcentrifuge tube and
SYTOX® Green Nucleic Acid Stain (Molecular Probes, Eugene, OR, USA) was added at a
final concentration of 1.0 μM. The cells were incubated in the dark at room temperature for
30 min and then observed using a Zeiss Filterset (emission: BP 450–490; beam splitter: FT
510) and photographed using an AxioCam MRc digital camera on an upright microscope
(Axio Imager 2, Zeiss, Jena, Germany).

To observe changes in the morphology of the resting cyst, a round resting cyst pro-
duced from the culture strain LIMS-C28 was isolated and inoculated into Petri dishes
(50 × 15 mm; SPL, Pocheon, South Korea) containing 10 mL of f/2-Si culture medium
with a salinity of 32. The cyst was incubated on a live-cell observation system (Zeiss) at
20 ◦C under 100 μmol photons m−2 s−1 cool-white illumination in a 24L:0D photocycle.
Time-lapse sequences were captured at ×400 magnification with an AxioCam MRm digital
camera on an Axio Imager 2 upright microscope (Zeiss) using bright field illumination.

2.3. Scanning Electron Microscopy (SEM)

For the SEM, the cells were fixed with Lugol’s solution for 4 h at room temperature. The
fixed cells were deposited on polycarbonate membrane filters (2.0 μm pore size; Millipore,
Billerica, MA, USA). The filters were rinsed twice with deionized water and dehydrated in a
graded ethanol series (10–99.9% in eight steps) for 10 min per step. Filters were then critical
point dried (CPD) using a critical point drying apparatus (Spi-DryTM Regular Critical Point
Dryer, SPI Supplies, West Chester, PA, USA) and liquid CO2. After they were CPD, the
filters were mounted on stubs. Finally, the samples were coated with platinum-palladium
and examined using a field emission scanning electron microscope equipped with X-ray
energy dispersive spectroscopy (EDS) (JSM 7600F, JEOL, Tokyo, Japan).
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2.4. DNA Extraction and Sequencing

Genomic DNA was extracted from 1 mL of exponentially growing cultures using the
DNeasy® Plant Mini Kit (QIAGEN Inc., Valencia, CA, USA). The ITS1-5.8S-ITS2 sequences
for two strains LIMS-PS-2799 and LMBE-C28 were amplified using the primer pairs ITSFor
and ITSRev [28]. Part of the LSU region sequence for strain LIMS-PS-2799 was amplified
using the primer pairs 25F1 and R2 [29]. Polymerase chain reaction (PCR) was conducted
using a thermoblock (T100TM Thermal Cycler; Bio-Rad, Hercules, CA, USA) using the
following protocol: 95 ◦C for 4 min; 30 cycles of denaturation at 95 ◦C for 10 s, annealing at
52 ◦C for 40 s, extension at 72 ◦C for 1 min, and a final elongation at 72 ◦C for 5 min. The
PCR-amplified products were confirmed using 1% agarose gel electrophoresis. The PCR
products were purified with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA).
A cycle-sequencing reaction was performed using the ABI PRISM® Big DyeTM Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA).

2.5. Alignment and Phylogenetic Analyses

Sequences were viewed and assembled in DNABaser version 4.36 (http://www.
dnabaser.com). Contigs were aligned using Mafft v6.624b online version 7 (http://mafft.
cbrc.jp/alignment/server/) [30] and the Q-INS-I option was used to consider rRNA sec-
ondary structures. The GTR+I+G substitution model was selected using the Akaike in-
formation criterion, as implemented in jModelTest version 2.1.4 [31]. For the analysis of
ITS1-5.8S-ITS2 sequences, the dataset contained 51 taxa and consisted of 621 characters (in-
cluding gaps inserted for alignment). The armored dinoflagellate Ensiculifera aff. loeblichii
(HQ845328) and Pentaphasodinium dalei (JX262496) were used as outgroup taxa. For the
analysis of LSU sequences, the dataset contained 44 taxa and consisted of 1024 characters
(including gaps inserted for alignment). The armored dinoflagellate Prorocentrum cordadum
(AF260379) was used as the outgroup taxon.

Phylogenetic trees for both datasets were independently constructed using maximum
likelihood (ML) analyses and Bayesian inference. ML analyses were performed using
PhyML ver. 3.1 [32]. The starting tree was generated using BIONJ with optimization
of the topology, branch lengths, and selected rate parameters. Six different substitution
rates were selected. Bootstrap analyses for both datasets were carried out using ML with
1000 replicates to evaluate the statistical reliability. Bayesian inference analyses were
conducted on both datasets using the MrBayes program version 3.2 [33]. The evolutionary
model used in the Bayesian inference analyses was the TVM+I+G model in the ITS region
and the GTR+I+G model for the LSU region with a gamma-distributed rate variation across
sites. Five Markov chain Monte Carlo (MCMC) chains were run for 10 million generations,
sampling every 100 generations.

3. Results

3.1. Morphology of the Resting Cysts of Scrippsiella precaria

Cysts of Scrippsiella precaria were observed in sediment samples (Figure 1a,b), as well
as in clonal cultures (Figure 1c–i). Cysts were yellowish or grayish, with granular cell
contents (Figure 1). The cyst bodies were spherical to ovoid and the cyst diameters ranged
from 18.8 to 25.6 μm (mean = 22.3 μm, n = 30). One or two red accumulation bodies were
located toward the apical or central part of the cyst bodies (Figure 1a,c–e). The archeopyle
was mesoepicystal, representing the loss of 2–4′ and 1–3a paraplates (Figure 1b). The
cysts were covered with numerous narrow spines ranging in length from 0.7 to 6.6 μm
(mean = 3.9 μm, n = 30), and the EDS indicated that the spines were composed of calcium
carbonate (CaCo3) (Figure 1i). The SEM observations revealed that the calcareous spines
that emerged directly from the cyst bodies were pentagonal and became narrower toward
the apex (Figure 1f–h). However, in the clonal culture, cysts without spiny processes
were occasionally observed (Figure 2a,b). Time-lapse sequences obtained using a live-cell
observation system showed the formation and changes in the length of the spiny processes
of the cyst (Figure 2). Resting cysts had a rounded shape without spines until 2 days of
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incubation, whereas very short spines emerged from the cyst bodies on day 3, where the
spine lengths subsequently increased until day 8 of incubation (Figure 2).

Figure 1. Resting cysts of Scrippsiella precaria from the sediment and cultures: (a) resting cyst from the sediment showing a
red pigment body (arrow), (b) empty cyst showing the archeopyle (arrow), (c–e) resting cyst from the culture showing one
or two red pigment bodies, (f) scanning electron microscopy (SEM) micrograph of a resting cyst, (g,h) details of calcareous
spines, and (i) energy dispersive spectroscopy (EDS) result showing the detection of calcium carbonate (CaCo3) on the
surface of a resting cyst. Scale bars: 5 μm.

 

Figure 2. Time series of the formation and changes in the length of calcareous spiny processes of a round Scrippsiella precaria
cyst observed in culture LMBE-C28: (a,b) round form of the resting cyst, (c–g) showing an increase in the length of the spiny
processes over time, and (h) complete formation of a cyst. Scale bars: 10 μm.
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3.2. Morphology of Vegetative Cells of Scrippsiella precaria

There were no significant differences in the morphology between motile cells germi-
nated from resting cysts and those collected from water samples. Motile cells of S. precaria
were oval and slightly dorso-ventrally compressed (Figures 3 and 4), and were usually
solitary and rarely found in pairs (Figure 3e). Cells were yellowish or grayish and filled with
pale white and grayish granules (Figure 3a–e), and were small, ranging from 20.4–28.5 μm
in length (mean = 24.7 μm, n = 36) and 18.1–24.4 μm in width (mean = 21.5 μm, n = 36).
The epitheca of the cell was conical and had a rounded apex, the cingulum was wide
and the hypotheca was hemispherical (Figure 3a,c–e and Figure 4a,b). The left half of the
hypotheca was sometimes prominent in the ventral view (Figure 3a,c). The epitheca was
slightly longer than the hypotheca, occasionally showing a red pigment in the epitheca
(Figure 3a,c–e and Figure 4a–d). A potential red eyespot was visible in the sulcal area
(Figure 3c,d). In the ventral view, the spherical nucleus was visible and located in the
anterior part of the cell (Figure 3f). The chloroplast was distributed toward the marginal
regions of the cell but its shape was unclear (Figure 3f).

 

Figure 3. Light and fluorescence micrographs of Scrippsiella precaria (strains LMBE-C28 and LIMS-PS-2799): (a) ventral
view showing a red pigment body in the epitheca, (b) left lateral view, (c) ventral view showing a red pigment body in
the hypotheca, (d) dorsal view showing a red pigment body in the hypotheca, (e) two-celled chain, and (f) ventral view
showing the position of the nucleus (green) and chloroplast (red). Scale bars: 5 μm.
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Figure 4. Scanning electron micrographs of Scrippsiella precaria (strain LIMS-PS-2799): (a) ventral view, (b) dorsal view, (c) left
lateral view, (d) right lateral view, (e) apical view showing the apical pore (Po) and three intercalary plates, (f) antapical
view showing the hypothecal plate pattern, (g) sulcal plates, (h) detail of Po, (i) detail of the 5′′ plate that contacted the 2a
plate, and (j) detail of the 5′′ plate that did not contact the 2a plate. Scale bars: 5 μm (a–g) and 1 μm (h–j).

The thecal plate pattern of cells based on the SEM observations is shown in Figure 5.
The cells had thin plates arranged in the Kofoidian plate formula of Po, X, 4′, 3a, 7′′, 6C, 4S,
5′ ′′, 2′′ ′′ (Figures 4 and 5). Numerous small pores (mean diameter = 0.13 μm, n = 30) were
randomly scattered on the thecal surface. The apical pore complex (APC), including an
elongated pentagonal canal plate (X), was keyhole-shaped, comprising a polygonal pore
plate (Po) surrounded by a rim and a comma-shaped pore surrounded by a rim in the
middle of the APC (Figure 4h). The X plate contacted plate 1′. Plate 1′ was surrounded by
plates 2′, 4′, 1′′, and 7′′, and was narrow and irregularly rhombic, with truncate anterior
and posterior ends (Figure 4a,e). Plate 2′ was pentagonal, whereas plates 3′ and 4′ were
hexagonal and heptagonal, respectively (Figure 4e). Plate 4′ was larger than plates 2′ and
3′. There were three anterior intercalary plates in the dorsal part of the epitheca and the
plates contacted each other (Figure 4b,e,i,j and Figure 6). Plates 1a and 3a were hexagonal
and similar in size, while plate 2a was much smaller, rhombic but occasionally triangular
or rectangular, and either contacted plate 5′′ or not (Figure 4b,i,j and Figure 6). Plates

93



J. Mar. Sci. Eng. 2021, 9, 154

3′′, 4′′, and 5′′ were much smaller than plates 1′′, 2′′, 6′′, and 7′′ due to the presence of
intercalary plates (Figure 4b,e). Plates 4′′ and 5′′ contacted the intercalary plates. The
cingulum, comprising six plates, was wide and deeply excavated and descended to about
its own width (Figure 4b,i). Among the cingulum plates, the first cingulum plate (1C) was
the smallest, while the other six plates were similar in size (Figures 4a–d and 5). There
were four sulcal plates. The anterior sulcal plate (Sa) was covered by the 7” plate, contacted
1C and the right sulcal plate (Sd), and had a sickle-like extension. Sd was narrow, with
a nib-shaped posterior end, and was wing-shaped on its left side (Figure 4a,g). The left
sulcal plate (Ss) was covered by Sa and Sd (Figure 4a,g). The posterior sulcal plate (Sp) was
wide and long and extended into the hypotheca without reaching the antapex (Figure 4a).

Figure 5. Schematic drawings of thecal plate patterns of Scrippsiella precaria. Arrowheads indicate the plate overlap pattern.

 

Figure 6. Schematic drawings of the intercalary plates and two location types of the fifth precingular plate (5′′) of Scrippsiella
precaria: (a) 5′′ plate that contacted the 2a plate and (b) 5′′ plate that did not contact the 2a plate.

In the postcingular series, plate 1′ ′′, which contacted plates Sp, 1C, 2C, 1′′ ′′, and 2′′ ′′,
was tetragonal and wider than the other four plates (Figure 4a). Plate 3′ ′′ was the largest
postcingular plate and contacted the antapical plates (1′′ ′′ and 2′′ ′′). Plate 2′ ′′ was the
second-largest plate and only contacted plate 1′′ ′′. Plates 4′ ′′ and 5′ ′′ contacted plate 2′′ ′′,
whereas plate 5′ ′′ also contacted plates Sp and Sd. The antapical plates were pentagonal
and similar in size and contacted plate Sp.

The plate overlap patterns of the epithecal, cingular, and hypothecal plate series
followed two general gradients: from dorsal to ventral and from cingulum to the two poles
(Figure 5). The fourth precingular (4′′) and third postcingular (3′ ′′) plates and the fourth
cingular (4C) plate were identified as keystone plates that overlapped all adjacent plates. In
the sulcal plate series, the Sp plate was overlapped by the cingulum and hypothecal plates.
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3.3. Molecular Phylogeny of Scrippsiella precaria

The inferred phylogenies from the ML and Bayesian inference (BI) analysis based
on ITS region (ITS1, ITS2, and 5.8S rDNA) and LSU rDNA sequences are shown in
Figures 7 and 8. The sequence of one strain of Scrippsiella precaria (LIMS-PS-2799) for
LSU rDNA, and the sequences of two strains of S. precaria (LIMS-PS-2799 and LMBE-C28)
for the ITS region, with other related species available from GenBank, were used for the
phylogenetic analysis.

 
Figure 7. Phylogenetic positions of Korean isolates of Scrippsiella precaria that were inferred from the LSU rDNA sequences
based on maximum likelihood (ML). The numbers on each node are the Bayesian posterior probability (PP) followed by the
bootstrap values (%). Only bootstrap values above 50% and PP above 0.7 are shown. CAL: clade of Calciodinellum and its
relatives, STR: clade of S. trochoidea and its relatives, PRE: clade of S. precaria and its relatives. These clades were based on
the results of Gottschling et al. [18] and Luo et al. [15]. Scale bar: 0.01 nucleotide substitutions per site.
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Figure 8. Phylogenetic positions of Korean isolates of Scrippsiella precaria that were inferred from the ITS and 5.8S sequences
based on ML. Ensiculifera aff. loeblichii and Pentapharsodinium dalei were used as outgroup taxa. The numbers on each node
are the Bayesian PP followed by the bootstrap values (%). Only bootstrap values above 50% and PP above 0.7 are shown.
STR: clade of Scrippsiella trochoidea species and its relatives, PRE: clade of Scrippsiella precaria and its relatives; CAL: clade
of Calciodinellum and its relatives; SPR: subclade of PRE, consisting of S. precaria; SIR: subclade of PRE, consisting of S.
irregularis; NPO: subclade of PRE, consisting of Naiadinium polonicum; SRA: subclade of PRE, consisting of S. ramonii. These
clades were based on the results of Gottschling et al. [18] and Luo et al. [15]. Scale bar: 0.05 nucleotide substitutions per site.
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ML and BI based on ITS region and LSU rDNA generated similar phylogenetic trees
that differed by only a few topological features. The molecular tree based on LSU rDNA
formed a clade (Scrippsiella sensu lato) that mainly consisted of Scrippsiella species and
those of genera Calciodinellum, Duboscquodinium, Naiadinium, Thelodinium, and Tintinnoph-
agus (Figure 7); however, this clade had weak support (posterior probability/ML boot-
strap = 0.73/58). Three subclades, namely, CAL (Calciodinellum and related species), STR
(Scrippsiella trochoidea and related species), and PRE (S. precaria and related species), were
identified (Figure 7), and the Korean strain of S. precaria was nested within the PRE clade
and shared an identical sequence with the Australian (DQ167863 and JN982389) and
Japanese (MH497037) strains of S. precaria (Figure 7).

The molecular tree based on the ITS region had a similar topology to the LSU rDNA
gene tree; however, the clade of Scrippsiella sensu lato received strong support (1/93)
(Figure 8) and comprised three clades (CAL, STR, and PRE). Korean strains of S. precaria
were nested within the PRE clade, which consisted of four subclades: the SPR clade
containing S. precaria, the SIR clade containing S. irregularis, the NPO clade consisting of
Naiadinium polonicum, and the SRA clade composed of S. ramonii (Figure 8). In the SPR
clade, two ribotypes were identified among the Chinese, Korean, Australian, Italian, and
Greek strains of S. precaria. Korean strains of S. precaria were nested within ribotype 1 and
grouped with Chinese and Australian strains (0.81/53), whereas ribotype 2 was composed
of Italian and Greek strains (1/100) of S. precaria.

4. Discussion

4.1. Morphological Features of Resting Cysts of Scrippsiella precaria

According to Gu et al. [13], the presence of a red body and the shape of the archeopyle
in resting cysts of Scripsiella species, including S. precaria, are potentially useful taxonomic
characters for the identification of the species because these characteristics are constant
among strains and from one generation to the next generation of cysts. Montresor and
Zingone [23] also described resting cysts of S. precaria with a red body. However, resting
cysts of S. precaria in this study had one or two prominent red bodies. Variability in the
number of red bodies has been observed in Scrippsiella spinifera [15]. This indicates that the
number of red bodies should not be used as a taxonomic character to distinguish between
vegetative cells of Scrippsiella species and other related species. By contrast, the shape of the
archeopyle appears to be a stable character because Scrippsiella species, including S. precaria,
usually have a cap-shaped operculum that includes apical (2′–4′) and/or intercalary (1a–3a)
paraplates (e.g., [4]). Such an archeopyle was found in S. precaria and has also been reported
in Scrippsiella regalis, S. trochoidea, Scrippsiella rotuda, and S. donghaiensis [12,13].

Cysts of Scrippsiella species are usually surrounded by calcareous ornaments [2,3,34,35],
whereas some species can produce noncalcareous cysts [15,22]. Previous studies on cyst–theca
relationships in S. precaria revealed that resting cysts are characterized by calcareous spines
with capitate or pointed ends [20,23,24]. Calcareous spines of resting cysts collected from
Korean sediments and those formed in clonal cultures also had pointed spines. However, the
capitate ends recorded by Monstresor and Zingone [23,24] were not observed in this study,
and the spine ends of resting cysts of S. precaria from Chinese and Japanese coastal areas were
pointed as well (e.g., [20,26]). This indicates that S. precaria has two types of spines. According
to Montresor et al. [19], the morphology of calcareous ornamentations can be influenced
by environmental conditions, such as macro- and micro-nutrient concentrations, pH, and
light availability. We were not able to address this issue based on the data obtained in our
study. Differences in spine type may be related to differences in environmental conditions
based on the geographic origins of S. precaria because strains of S. precaria from Asian coastal
areas, such as the Bohai Sea of Chinese and Korean coast, have identical ITS and LSU rDNA
sequences (Figures 7 and 8).

Several studies reported resting cysts of Scrippsiella species without calcareous or-
naments in culture, despite the observation of spiny cysts in the field (e.g., [13,24,36,37]).
Wang et al. [36] and Shin et al. [37] reported two morphotypes of S. trochoidea cysts from
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surface sediments and cultures: a typical type with short calcareous spines and a transpar-
ent type without calcareous spines (naked-type cyst). Montresor and Marino [24] observed
the formation of spines from the rounded form of resting cysts of S. precaria that were iden-
tical to our observations. These observations indicate that true resting cysts of calcareous
Scrippsiella species can have a rounded form. Shin et al. [37] also observed that in acidic
environments, the lengths of calcareous spines were shorter than those observed for typical
cysts and the shape of the spines was abnormal, indicating that the length and shape of
calcareous spines of Scrippsiella species are plastic and therefore unreliable characteristics
for classification [13].

According to Shin et al. [37], the formation of calcareous spines can help to protect
the cyst body from aerobic and anaerobic decay or mechanical damage during ingestion
and digestion by predators. If so, the rapid formation of calcareous spines may ensure
cyst survival. In this study, it took 8 days for the complete formation of calcareous spines
of S. precaria. This was the first record of the time required to form calcareous spines
in Scrippsiella species; however, because the relationship between cyst survival and the
formation time of calcareous spines remains unknown, further studies are needed.

4.2. Morphological Comparisons of Korean Isolates of Scrippsiella precaria with Previously
Described Species

According to Montresor and Zingone [23] and Gu et al. [20], Scrippsiella precaria
specimens from the Gulf of Naples and the Bohai Sea have the plate formula of Po, X, 4′,
3a, 7”, 6C, 5S, 5′ ′′, 2′′ ′′. They described a median sulcal plate (Sm) in the sulcal region,
whereas no Sm plate was observed in the Korean isolates. This was possibly because the
Sm was almost hidden by the wing of the right sulcal plate [23]. S. precaria described from
previous studies was characterized as being slightly compressed dorso-ventrally, with
the presence of a red pigment body and spherical nucleus, where these morphological
features are consistent with those observed in Korean isolates of S. precaria. A red pigment
body in the lower sulcal area was observed in S. precaria specimens collected from the
Gulf of Naples [23,24], which is consistent with our findings in Korean isolates. However,
reported cell sizes of isolates of S. precaria differed between studies: isolates from the
Gulf of Naples and the Bohai Sea, China, have similar sizes (15–25 μm in length and
13.5–20 μm in width) [20,23], but isolates from Korean and Japanese coastal waters are
slightly larger (e.g., [25,26]).

Scrippsiella species usually have three intercalary plates, with plates 1a and 3a sep-
arated by plate 2a (e.g., [13,15,18,19,22]). However, in some Scrippsiella species, such as
S. irregularis, S. ramonii, and S. precaria, the plates 1a and 3a contact each other, and thus
the 2a plate contacts not only the 1a and 3a plates, but also two precingular plates (4′′ and
5′′) [23,34,38]. Gu et al. [20] described the 2a plate of S. precaria collected from the Bohai
Sea of China as touching the 4” and 5” precingular plates. However, Korean isolates of
S. precaria had two types of the 5′′ plate: one type that contacted the 2a plate and the other
that did not. It is possible that Gu et al. [20] did not observe a specimen in which the 5′′
plate did not contact the 2a plate because in most S. precaria cells, the 2a plate contacts
the 4′′ and 5′′ plates. According to Attaran-Fariman and Bloch [38] and Gu et al. [20],
differences in the size of the 2a plate and the shape of the hypotheca are key characteristics
that can be used to separate S. precaria from S. irregularis and S. ramonii. Consequently, the
smaller size of the 2a plate, the shape of the hypotheca, and the locations of the 5′′ plate
may be distinct features that distinguish S. precaria from other Scrippsiella species.

The plate overlap pattern is considered to be conserved at higher taxonomic levels [39].
The epithecal plate overlap pattern of S. precaria is the same as that found in most peri-
dinioid dinophytes [3,40], with the fourth precingular plate forming the keystone. The
4C plate is the keystone plate of the cingular series of S. precaria, identical to S. acuminata
(heterotypic synonym of S. trochoidea) [3].
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4.3. Phylogenetic Position of the Korean Isolates of Scrippsiella precaria

The molecular phylogeny of Scrippsiella precaria based on the ITS and LSU sequences
in the present study was consistent with those reported in previous studies (e.g., [15,18,20]);
in a Scrippsiella sensu lato clade consisting of mainly Scrippsiella species, S. precaria was
nested within the PRE clade. Gu et al. [20] found that only one S. precaria isolate from the
Bohai Sea of China was a member of the PRE clade; however, Luo et al. [15] found that an
isolate from Australia was grouped with the Chinese isolate in the PRE clade. This result
agrees with the results of the current study. In addition, the PRE clade was divided into
four subclades (SPR, SIR, NPO, and SRA) in our phylogeny based on the ITS region, and the
Korean isolates were nested within the SPR clade (Figure 8). The SPR clade comprised two
ribotypes of S. precaria: ribotype 1 consisting of isolates from Korea, China, and Australia,
and ribotype 2 consisting of isolates from Italy and Greece. According to Shin et al. [41,42]
and Hallegraeff [43], the dispersal of harmful microalgae, such as Alexandrium species
in Asian coastal areas and Australia, is related to ocean currents and ballast waters via
international shipping, and because of this, the harmful species from Jinhae-Masan Bay,
Korea, are phylogenetically grouped with those from China and Australia. This suggests
that the lineages between isolates of the ribotype 1 could also be due to dispersal. In the
SPR clade, Korean isolates are characterized by cysts with pointed spines, as was also
reported for the Chinese and Japanese strains [20,26], while the Italian cysts are spiny and
mostly have a capitate end [23]. In addition, the 5” plate either contacts or does not contact
the 2a plate, which may be a distinguishing feature of ribotype 1, although 5” plates that
do not contact the 2a plate have not been found in the isolates from China and Australia.
Consequently, further studies are needed to clarify the morphological differences between
the ribotypes of S. precaria.
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Abstract: Bacteria are remarkably associated with the growth of green algae Tetraselmis which are
used as a feed source in aquaculture, but Tetraselmis-associated bacterial community is characterized
insufficiently. Here, as a first step towards characterization of the associated bacteria, we investigated
the community composition of free-living (FLB) and particle-associated (PAB) bacteria in each
growth phase (lag, exponential, stationary, and death) of Tetraselmis suecica P039 culture using
pyrosequencing. The percentage of shared operational taxonomic units (OTUs) between FLB and
PAB communities was substantially high (≥92.4%), but their bacterial community compositions were
significantly (p = 0.05) different from each other. The PAB community was more variable than the
FLB community depending on the growth phase of T. suecica. In the PAB community, the proportions
of Marinobacter and Flavobacteriaceae were considerably varied in accordance with the cell number
of T. suecica, but there was no clear variation in the FLB community composition. This suggests
that the PAB community may have a stronger association with the algal growth than the FLB
community. Interestingly, irrespective of the growth phase, Roseobacter clade and genus Muricauda
were predominant in both FLB and PAB communities, indicating that bacterial communities in
T. suecica culture may positively affect the algae growth and that they are potentially capable of
enhancing the T. suecica growth.

Keywords: Tetraselmis suecica; associated bacterial community; free-living bacteria; particle associated
bacteria

1. Introduction

Marine green microalga genus Tetraselmis is well-known to have a high lipid content
and fast growth [1,2], and thus it has been widely used in multiple industries, for example,
a source of nutrition for invertebrates in aquaculture [3], feedstock of biofuel production [4],
and cosmetic applications [5]. In order to save the cost for algal production, there have been
attempts to advance the algal-culture technique which enables gaining a higher biomass of
this green algae.

Algal-culture techniques have been developed based on adjusting physiochemical
factors (e.g., light intensity, nutrient limitation, temperature, pH, CO2 concentration, and
salinity) which are well known to have an intimate association with algal growth [6,7].
Recently, bacteria which have a symbiotic relationship to algae have been considered as a
new factor to advance the algal-culture technique, allowing to gain a higher algal biomass.
Bacteria can affect the growth of algae in various ways which ranged from mutualism to
parasitism [8–12]. Interestingly, the maximum algal cell density is obviously enhanced
when symbiotic bacteria are added to the algal culture, compared to that in the optimum
culture condition (e.g., culture media, temperature, salinity, pH, etc.) without bacteria,
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for example, the biomass productivity of T. striata was enhanced up to two-fold by the
addition of two bacterial strains (Pelgibacter bermudensis and Stappia sp.) [4]. These findings
show the possibility that bacteria can be an important factor to advance a culture technique
for algae.

Due to the high economic value of T. suecica, studies on developing the mass cul-
ture technique for this algae have been carried out, and in order to advance this culture
technique, bacteria which enhanced the algal growth were isolated more recently [13,14].
Thus, understanding mutualism between T. suecica and co-existing bacteria is thought
to be important, but there is a significant knowledge gap for this ecological relationship
due to a lack of evidence. The two bacterial groups exist in the algal culture. These in-
clude free-living (FLB) and particle-associated (PAB) bacteria which are phylogenetically
distinct. Based on previous findings, these two groups are closely associated with the
growth of algae even though PAB showed stronger species-specific association to the
host algae [8,15–17]. In addition, their community compositions are distinctly varied de-
pending on the growth phase of algae due to the change in composition and quantity of
dissolve organic matters (DOM) released from the host algae. However, in previous stud-
ies, only the FLB composition was identified, and the previous analysis method (terminal
restriction fragment length polymorphism) may not be adequate to gain a high resolution
for the characterization of bacterial community composition in T. suecica culture due to the
methodological limitation [13].

The present study aims to elucidate bacterial taxa which were associated with the
growth of T. suecica. To address this, we investigated the community composition of both
FLB and PAB and a variation in the two bacterial groups depending on the growth phase of
T. suecica with the next generation sequencing (NGS) approach, allowing a high taxonomic
resolution.

2. Materials and Methods

2.1. Algal Culture and Cell Growth Analysis

A culture of T. suecica P039 (cell size: Average 16.2 μm length and 10.6 μm width in
33 cells) which was isolated from coastal water in Deukryang Bay, Korea, was obtained
from the Korea Marine Microalgae Culture Center (Pukyong National University, Busan,
Korea). It has been maintained in an autoclaved f/2 medium [18] at 20 ◦C in a 12:12 h
light:dark cycle with a photon flux density of approximately 65 μmol photons m−2 s−1.
The growth stage of T. suecica was determined based on the growth curve (Figure S1).

Cell growth curves were analyzed at every 2-day intervals using cell numbers mea-
sured with the Sedgwick-Rafter counting chamber. At the same time, bacterial cells were
counted by using the 4′,6-diamidino-2-phenylindole (DAPI) (D9542, Sigma-Aldrich, Darm-
stadt, Germany) staining method [19]. Briefly, all glass wares and reagents were sterilized
with 10% nitric acid treatments and filtration with a 0.22 μm nuclepore membrane (Milli-
pore, Cork, Ireland), respectively. As for bacteria counting, 20 mL of cultures was preserved
with 1 mL of formaldehyde (37% formaldehyde), and then stored at 4 ◦C and a dark
condition. For DAPI staining, we mixed 1 mL of the preserved cultures and 100 μL of
DAPI (0.1 μg mL−1), and incubated it for 5 min. Then, the cells were filtered through
the pore size 0.2 μm black filter (Isopore membrane; Millipore, Bedford, MA, USA) us-
ing a hand pump with less than 178 mmHg in pressure. The filters were mounted on
an objective slide, and observed using a fluorescent microscope (Axioskop, Carl Zeiss,
Oberkochen, Germany).

2.2. Sample Collection and DNA Extraction

To investigate a change in the bacteria community composition depending on the
growth stages, the T. suecica culture was harvested in lag (day 2), exponential (day 8),
stationary (day 20), and decline (day 32) growth phases. In addition, we used the size-
fractionated filtration method for collecting the separate bacteria of both PAB and FLB
from the culture. One hundred mL of T. suecica culture were filtered sequentially through a
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10 μm (PAB) and 0.2 μm (FLB) pore size membrane filter (diameter: 47 mm; Millipore, Cork,
Ireland). Each loaded filter was immediately placed in a 2-mL microtube (Axygen Sciences,
CA) that contained 800 μL extraction buffer (100 mM Tris-HCl, 100 mM Na2-EDTA, 100 mM
sodium phosphate, 1.5 M NaCl, 1% CTAB) and was then stored at −80 ◦C until the DNA
was extracted.

The DNA was extracted using a modified CTAB protocol [20]. Briefly, 2 mL of micro-
tubes containing membrane filters and the extraction buffer (100 mM Tris-HCl, 100 mM
Na2-EDTA, 100 mM sodium phosphate, 1.5 M NaCl, 1% CTAB) were subjected to three
cycles of immersion in liquid N2 until completely frozen and then thawed in a 65 ◦C water
bath. After 8 μL of proteinase K was added (10 mg mL−1 in TE buffer), the samples were
incubated at 37 ◦C for 30 min. Then, after the addition of 80 μL of 20% sodium dodecyl
sulfate (SDS), the samples were incubated at 65 ◦C for 2 h, shaken gently with an equal
volume of chloroform-isoamyl alcohol (24:1), and then centrifuged at 10,000× g for 5 min.
The aqueous phase was transferred to a new 2 mL tube containing 88.8 μL of 3 M sodium
acetate (pH 5.1), and 587 μL of isopropanol (≥99%) was added. Following centrifugation at
14,000× g for 20 min, the supernatant was decanted, 1 mL of cold 70% ethanol was added,
and the samples were centrifuged at 14,000× g for 15 min. The pellets were air dried at
room temperature before being dissolved in 100 μL of TE buffer (10 mM Tris-HCl, 1 mM
EDTA; pH 8).

2.3. Pyrosequencing

Metagenomic sequencing was performed using the 454 GS FLX Titanium Sequencer
System (Roche, Basel, Switzerland). Briefly, target rDNA retrieved from the cultured
samples was amplified using the polymerase chain reaction (PCR) performed with two
universal bacterial primers: 27F, 5′-GAG TTT GAT CMT GGC TCA G-3′ and 518R, 5′-TTA
CCG CGG CTG CTG G-3′. Each primer was tagged using multiplex identifier (MID)
adaptors according to the manufacturer’s instructions (Roche, Mannheim, Germany),
which allowed for the automatic sorting of the pyrosequencing-derived sequencing reads
based on the MID adaptors. In addition, MID-linked 27F and 518R were linked to the
pyrosequencing primers 5′-CGT ATC GCC TCC CTC GCG CCA TCA G-3′ and 5′-CTA
TGC GCC TTG CCA GCC CGC TCAG-3′, respectively, according to the manufacturer’s
instructions (Roche, Mannheim, Germany).

Metagenomic PCR was performed with 20 μL reaction mixtures containing 2 μL
10× Ex Taq buffer (TaKaRa, Kyoto, Japan), 2 μL of a dNTP mixture (4 mM), 1 μL of
each primer (10 pM), 0.2 μL Ex Taq polymerase (2.5 U), and 0.1 μg of the environmental
DNA template. PCR cycling was performed in an iCycler (Bio-Rad, Hercules, CA, USA)
at 94 ◦C for 5 min, followed by 35 cycles at 94 ◦C for 20 s, 52 ◦C for 40 s, and 72 ◦C
for 1 min, and a final extension at 72 ◦C for 10 min. The resulting PCR products were
electrophoresed in 1.0% agarose gel, stained with ethidium bromide, and viewed under
ultraviolet transillumination.

Prior to pyrosequencing, amplified PCR products were individually purified using
a Dual PCR Purification Kit (Bionics, Seoul, Korea) and, subsequently, equal volumes
of each purified PCR product were mixed together. Pyrosequencing of the MID-tagged
PCR amplicons was performed using a 454 GS FLX Titanium system (Roche, Mannheim,
Germany) with a commercial service at Macrogen, Inc. (Seoul, Korea).

2.4. Pyrosequencing Data Analysis

After each sequencing procedure had been completed, a quality check was per-
formed to remove short sequence reads (e.g., less than 150 bp), low-quality sequences,
sequence artifacts and chloroplast sequences, and any non-bacterial ribosome sequences
and chimeras [21,22]. Using the basic local alignment search tool (BLAST), all of the se-
quence reads were compared to the Silva rRNA database [23]. Sequence reads which were
similar with an E-value of less than 0.01 were admitted as partial 16S rDNA sequences.
The taxonomy of the sequence with the highest similarity was assigned to the sequence read
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(genus and class level). To analyze operational taxonomic units (OTUs), the CD-HIT-OTU
software was used for clustering [24] and the Mothur software was used for Shannon-
Weaver diversity and Chao richness estimation [25]. All data from the 454 pyrosequences
were deposited into the Genebank database.

To examine the similarities and differences in the community composition (at the OTU
level) among the samples (FLB and PAB communities depending on the growth phase
of T. suecica), PRIMER ver. 7 [26] and R studio ver. 5.3 [27] were used to generate the
heatmap and dendrogram for the hierarchical cluster analysis, together with similarity
profiles (SIMPROF, p = 0.05). All the analyses were performed based on the Bray-Curtis
dissimilarity index.

3. Results and Discussion

3.1. Cell Growth of Tetraselmis suecica and Bacteria in Cultures

The green algae T. suecica and FLB in the culture appeared as a common, typical
S-shaped growth curve (Figure 1), but the growth of FLB was faster than that of T. suecica.
The highest density (3,774,000 cells mL−1) of bacterial cells was shown at day 10, whereas
T. suecica reached the maximum cell density (827,830 cells mL−1) at day 18. Community
compositions of FLB and PAB were investigated using the samples which were collected at
day 2, 8, 20, and 32, referring to the lag, exponential, stationary, and death growth phase of
T. suecica.

 

Figure 1. The growth curves of Tetraselmis suecica and the associated bacteria. Arrows represent
each sampling point. Abbreviations: FLB: Free-living bacteria; PAB: Particle-associated bacteria;
Exp: Exponential; Stn: Stationary; Dth: Death.

3.2. Pyrosequencing Data and Comparison of FLB and PAB in Tetraselmis suecica

The pyrosequencing analysis generated 3742–9409 nucleotide fragments of FLBs and
8078–13,725 nucleotide fragments of PAB. All of the samples reached saturation in the
rarefaction curve indicating that a sufficient amount of sequences was identified by the
pyrosequencing used in this study (Figure S1). The number of bacterial OTUs (≥97%
similarity) in FLB and PAB were 35 and 30, respectively, and all bacterial OTUs in PAB
were present in FLB (Figure 2A).
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Figure 2. Bacterial operational taxonomic units (OTUs) Venn diagram. (A): Venn diagram enumerates
shared bacterial OTUs between free-living (FLB) and particle-associated (PAB); (B,C): Venn diagrams
enumerate FLB and PAB OTUs, shared by and exclusive to lag, exponential (Exp), stationary (Stn),
and death (Dth) growth phases of T. suecica. The percentage number (lower right corner of each
Venn-diagram) indicates the proportion of shared bacterial OTUs.

Based on alpha diversity indices (Shannon and Simpson), the level of bacterial diver-
sity in FLB was clearly higher than that in PAB (Table 1). The averages of diversity indices
of FLB were 3.39 (Shannon) and 0.84 (Simpson), but those of PAB were 1.99 (Shannon) and
0.57 (Simpson), respectively. Together with these findings, the bacterial community in FLB
was more diverse than that in PAB.

Table 1. Number of sequence reads and alpha diversity indices (Shannon and Simpson) PAB and
FLB samples, which were isolated from each growth phase of T. suecica culture (P-039).

Samples Read Count
Diversity Indices

Shannon Simpson

Particle-associated

Lag 10,683 2.023 0.569
Exponential 13,725 1.908 0.543
Stationary 9433 1.961 0.565
Death 8078 2.066 0.594

Free-living

Lag 7233 3.105 0.792
Exponential 3742 3.540 0.850
Stationary 9409 3.418 0.844
Death 7854 3.490 0.863

The proportion of shared OTUs between FLB and PAB communities was remarkably
high. It was 100% of PAB and ≥92.4% of FLB (Figure 2A). According to previous findings,
this proportion is determined by the concentration of particles [28–30], and the proportion
of shared bacterial OTUs between FLB and PAB communities was relatively high in certain
marine environments where a higher concentration of particles existed [31–34]. In this study,
we used the culture which contained a high concentration of cells. Therefore, this might
result in a high proportion of shared bacterial OTUs between the two bacterial communities
in this study. Interestingly, we have obtained similar results (i.e., high proportion of shared
bacterial OTUs) in previous studies where dinoflagellate cultures were used [28,35].

3.3. Difference between FLB and PAB Communities in Tetraselmis suecica Culture

Interestingly, there was a clear difference in the bacterial community composition
between FLB and PAB communities even though a proportion of shared bacterial OTUs
was remarkably high. The genus Roseobacter, belonging to the class Rhodobacteraceae
(56.7–60.1%), was most dominant in the FLB community (Figure 3). The second most
dominant groups were genera Oceanicaulis (family Hyphomonadaceae, 6.3–9.3%), Loktanella
(Rhodobacteraceae, 2.9–8.6%), Muricauda (Flavobacteriaceae, 4.8–6.5%), Roseibacterium
(Rhodobacteraceae, 3.5–6.3%), and Marinobacter (Alteromonadaceae, 1.9–7.1%). Whereas,
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in the PAB community, the family Flavobacteriaceae (19.5–36.9%, unidentified at the genus
level) and the genus Marinobacter (10.2–30.1%) were predominant groups, with Oceanicaulis
(8.2–14.3%), Loktanella (4.8–5.8%), and Muricauda (5.5–8.1%) the second most dominant
genera (Figure 3). These two bacterial communities at the OTU level were significantly
distinct (77.5% of similarity level, p = 0.05) in the cluster analysis and the SIMPROF
test (Figure 4). Organic matters released from phytoplankton play an important role in
the determination of abundance and community composition of heterotrophic bacteria
in aquatic environments [8]. There are two types of organic matters which originated
from phytoplankton [8], one is the low molecular weight (LMW) molecule (e.g., amino
acids, organic acids, and carbohydrate, etc.) and the other is the high molecular weight
(HMW) macromolecule (e.g., polysaccharides, proteins, nucleic acids, and lipids, etc.).
The environments where FLB and PAB communities distribute are clearly distinct in terms
of the ratio between LMW and HMW. Thus, this may lead to a significant difference in
the community composition between FLB and PAB. For example, the most dominant
taxa in FLB and PAB were Rhodobacteraceae (genus Roseobacter) and Flavobacteriaceae,
respectively. Based on previous findings, the Roseobacter clade is capable of utilizing
various LMW compounds that originated from phytoplankton as a carbon source [36–38].
Whereas, Flavobacteriaceae prefer to use HMW compounds and can convert these into
LMW compounds [39].

Figure 3. Composition of the FLB and PAB communities in lag, exponential (Exp), stationary (Stn),
and death (Dth) growth phases of T. suecica. (A): Order; (B): Family; and (C): Genus level.
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Figure 4. Heatmap for a comparison of the bacterial community composition among the samples
at the species level. The values in the heat map represent the log-transformed relative abundance
(Log X + 1) of each bacterial OTU, and similarity matrices were generated using the Bray–Curtis
method. In the cluster analysis on Y-axis, the red dot-lines indicate where divisions are not statistically
significant, as judged by similarity profiles (SIMPROF) carried out at p = 0.05.

3.4. Variation in Bacterial Community Composition Depending on the Growth Stage of Tetraselmis
suecica

The number of bacterial OTUs observed in the lag, exponential, stationary, and death
growth phases of T. suecica was 29, 31, 27, and 28, respectively for FLB (Figure 3B) and
27, 27, 25, 25, respectively for PAB (Figure 2C). There was no significant difference in
bacterial diversity depending on the growth phase of host green algae (Table 1). The range
of the Shannon index was 3.105–3.540 (FLB) and 1.908–2.066 (PAB), and the range of
the Simpson index was 0.792–0.863 (FLB) and 0.543–0.594 (PAB). Whereas, depending
on the growth phase of T. suecica, the community composition of FLB and PAB was
varied, and, interestingly, the PAB community was more variable than the FLB community
(Figures 3 and 4). In the hierarchical cluster analysis, the PAB community composition in
the death phase of T. suecica was significantly (p = 0.05) distinct to that in the other growth
phases (lag, exponential, and stationary phases) at the OTU level, where there was no
significantly different composition of FLB communities in each growth phase of green
algae (Figure 4). To our knowledge, PAB has a stronger species-specific association to the
growth and physiological condition of host algae [15–17,28,35], since the microhabitat for
PAB is provided by algae [40,41].

Rhodobacteraceae OTU1, belonging to the Roseobacter clade, was generally predom-
inant in both FLB and PAB communities even though its proportion in FLB was higher
than that in PAB. This suggests that this bacterial OTU may be intimately associated with
T. suecica. The Roseobacter clade can provide growth-promoting compounds (e.g., vitamin
B12) to various algal species, including Tetraselmis [12,42,43]. Based on a recent study [13],
the growth yield of T. suecica F and M33 was increased when three isolates from the
Roseobacter clade were co-cultivated. Interestingly, the bacterial isolate, belonging to genus
Muricauda, has also shown the capability to enhance the growth of T. suecica F and M33 [13].
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This genus was one of the dominant taxa in both FLB and PAB communities in our study.
Given these findings, dominant bacterial groups of PAB and FLB communities established
in T. suecica culture may positively contribute to the growth of host green algae. However,
the actual impact of these bacterial taxa on the growth of T. suecica is thought to be unclear.
For example, a cell number of T. suecica was largely decreased in the death phase, but the
proportion of these bacterial taxa was not significantly decreased (Figures 1 and 3). To our
knowledge, inorganic nutrients which are essential to algal growth were generally depleted
in the death phase of algae due to the consumption by the algae. Thus, it is more likely
that the decrease in T. suecica cells in the death phase may be caused by the depletion of
inorganic nutrients even though growth promoting bacteria (e.g., Roseobacter clade and
Muricauda) were present.

In the PAB community, the proportion of Marinobacter was gradually decreased in
accordance with the increase in cell number of T. suecica. Its proportion in the lag and
exponential growth phase was clearly higher than that in the stationary and death phase,
in which the algal growth rate was relatively low (Figures 1 and 3). Several clades of this
bacterial genus can secrete a siderophore called vibrioferrin, allowing the promotion of
the algal assimilation of iron [44]. Therefore, a lower proportion of Marinobacter in the
stationary and death phases may adversely affect the growth of T. suecica.

Flavobacteriaceae can primarily consume HMW compounds and convert them into
LMW compounds [39]. Thus, an abundance of this bacteria is generally elevated when a
number of HMW compounds were released from the algae, as a result of cell lysis [45–48].
Similarly, in this study, the proportion of Flavobacteriaceae in the PAB community gradually
increased in accordance with an increase in the cell number of T. suecica (Figures 1 and 3),
resulting in an elevation of the HMW compound concentration.

3.5. Conclusions and Remarks

The present study is the first to characterize FLB and PAB communities in T. suecica
culture using the NGS approach. Based on our findings, FLB and PAB communities were
significantly distinct (p = 0.05), the PAB community was more affected depending on the
growth phases of T. suecica than FLB community. In addition, bacterial taxa (e.g., Roseobacter
clade and Muricauda) which are capable of enhancing the growth of host green algae were
dominant in both FLB and PAB communities, irrespective of growth phase of T. suecica.
These findings suggest that bacterial community in T. suecica culture may positively affect
the growth of host algae. However, to evaluate the actual impact of bacterial communities
on the growth of T. suecica, further extensive studies, such as growth promoting mechanism
of bacteria in algal culture, are needed.
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Abstract: When the toxic red tide alga Gymnodinium catenatum H.W. Graham accumulates in sediment
through sexual reproduction, it provides the provenance of a periodic outbreak of red tide, a potential
threat to the marine environment. In our study, the flocculation effects of four coagulants were
compared. Bacteria fermentation (Ba3) broth and coagulant were combined with Ba3 to reduce
the vegetative cells of G. catenatum, inhibit the cystic germination in the sediment, and control the
red tide outbreak. To promote a more efficient and environmentally friendly algae suppression
method, we studied these four coagulants combined with algae suppression bacteria for their effect
on G. catenatum. The results show that polyaluminum chloride (PAC) is more efficient than other
coagulants when used alone because it had a more substantial inhibitory effect. Ba3 broth also had a
beneficial removal effect on the vegetative cells of G. catenatum. The inhibition efficiency of 2-day
fermentation liquid was higher than that of 1-day and 3-day fermentation liquids. When combined,
the PAC and Ba3 broth produced a pronounced algae inhibition effect that effectively hindered the
germination of algae cysts. We conclude that this combination provides a scientific reference for
the prevention and control of marine red tide. Our results suggest that designing environmentally
friendly methods for the management of harmful algae is quite feasible.

Keywords: Bacillus nitratireducens; fermentation broth; polyaluminum chloride coagulation (PAC);
Gymnodinium catenatum; cysts

1. Introduction

At present, red tides have become one of the ocean’s most catastrophic global disasters.
The occurrence frequency, outbreak intensity, and impact range of red tides worldwide
have been increasing and causing various degrees of harm to many countries’ coastal
regions. It is conservatively estimated that the annual loss of fishery and tourism caused
by harmful algae blooms (HABs) in Europe is up to EUR 862 million, while the annual
loss caused by HAB in the United States is up to USD 82 million. Between 1995 and
2004, an average of USD 1.31 million was lost annually in South Korea’s fisheries due to
harmful algal blooms. Red tide refers to the rapid proliferation or accumulation of various
dinoflagellates and diatoms under external environmental conditions, mainly in marine
environments such as coastlines or estuaries [1].The algal cell density reaches a certain level,
causing water discoloration and affecting coastal areas and aquatic ecosystems, which, in
turn, cause severe effects and hinder tourism [2]. The dinoflagellate Gymnodinium catenatum
is a dominant harmful algae bloom (HAB)-forming species along coasts worldwide [3,4].
For example, G. catenatum is a bloom-forming species that forms HABs in China’s Fujian
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coastal waters almost every year [5]. In 2017, a red tide of G. catenatum broke out in
the coastal waters near Quanzhou and the Zhangzhou Sea. The continuous eruption of
Gymnodinium species and cystic settlements formed by sexual reproduction in sediments
poses a significant threat to the aquaculture industry and people’s health. Therefore,
dinoflagellate cyst deposits in coastal areas, the distribution patterns, and the abundance
of species are an urgent need to control the harmful effects generated by HABs [6].

Different methods have been developed to prevent and eliminate red tides, including
physical, chemical, and biological methods in recent decades. These three methods have
their advantages and disadvantages in red tide management [7]. Among these methods,
physical methods will not harm the original ecosystem, but they are also inefficient, expen-
sive, not suitable for large-scale red tides, and can only suppress red tides quickly. Chemical
methods of algae removal are very efficient and can destroy algae cells. Regrettably, these
methods are quite costly and may lead to secondary pollution [8–10]. Biological methods,
however, are economical, effective, and environmentally friendly. In particular, microbial
algae suppression methods offer many advantages such as simple operation, complete
algae killing, and no secondary pollution to the environment [11]. The management of
current red tide hotspot areas is of great significance, and the prospect of controlling HAB
algae-killing microorganisms has also been in rapid development. In particular, these
algaecide bacteria can lyse algae by directly or indirectly attacking cells [12–15]. Certain
substances secreted by microorganisms will cause cell lysis and death by invading and
contacting algae cells, although the action time is longer.

Nowadays, related research has discovered that the combined algae removal effect of
multiple methods is more effective than that of a single method. However, the inhibitory
effect of combined methods on coastal HAB species is much less studied. In the present
study, chemical algae removal can reduce algae cells’ density for a temporary period during
a red tide outbreak. Among these particular methods, the coagulation method has relatively
high safety [16]. Polyaluminum chloride (PAC), aluminum sulfate [Al2(SO4)3], ferric sulfate
[Fe2(SO4)3], and ferric chloride (FeCl3) can also increase HAB removal efficiency. Besides
biological algae removal methods, algae suppression bacteria and fermentation broth
algae suppression methods have become new research directions in recent years. Few
studies have demonstrated that Bacillus sp. can suppress the growth of harmful algal
bloom species [17]. However, the effect of the combined approach on micro-algae is little
known. To the best of our knowledge, there have been no reports so far. In this study, we
first compared four coagulants, namely PAC, Al2(SO4)3, Fe2(SO4)3, and FeCl3, against G.
catenatum. The coagulant we selected has the best flocculation effect and the best algae
inhibition effect; on this basis, we explored the algaecide effect of Bacillus fermentation
broth (Ba3) and further studied the inhibitory effect of the combination of coagulant and
Ba3 on G. catenatum. Furthermore, we used this method to inhibit the germination of algae
cysts in the sediments. We planned a systematic study of the comprehensive effect of the
coagulant Ba3 on the red tide of algae and its germination as controlled from the source red
tide outbreak, which may have crucial effective management strategies. The framework of
the study design is shown schematically in Figure S1.

2. Material and Methods

2.1. Cultivation of the Dinoflagellate and Bacteria

Gymnodinium catenatum was obtained from the State Key Laboratory of Marine Envi-
ronmental Science at Xiamen University, China. We maintained the axenic algal culture at
20 ± 2 ◦C in a sterile L1 medium prepared with natural seawater filtered to 0.45 μm and
maintained under a 12:12 h light/dark cycle. We also counted cell numbers under a micro-
scope. The algal culture was transferred once a week to a fresh, sterilized medium, which
ensured that experiments were always conducted with cultures during the exponential
growth phase.

We previously identified the algicidal bacteria preserved in the College of Life Sciences,
Fujian Normal University, as Bacillus nitratireducens. The strain was initially cultivated
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with a modified Bacillus Medium (Peptone 10 g/L, sodium chloride 5 g/L, beef paste
5 g/L, pH value 7.2~7.4, dissolved in deionized water) in a rotary shaker (30 ◦C, 180 rpm),
and the resultant mixture kept in our laboratory was thoroughly stirred for subsequent
experiments.

2.2. Cultivation of Gymnodinium catenatum Cysts

Dinoflagellate has a high cyst formation rate under low nitrogen and phosphorus
environments [18]. Usually, the limitation of nutrients in the water phase is an effective
way to induce vegetative cells to form cysts. Therefore, an L1 medium with low phosphate
and nitrate was used to prepare G. catenatum cysts. The dilution ratio of phosphate and
nitrate was 1:15 (named L15). In brief, we added 20 mL of 106 cells/L of G. catenatum in
a 50-mL centrifuge at 3000 rpm for 10 min, discarded the supernatant, and then slowly
added 20 mL of L15 medium. After adding the medium, the algae cells in the centrifuge
tube were mixed with the medium and then transferred to a sterile Erlenmeyer flask for
cultivation.

2.3. Selecting Coagulants and Preparing Concentration

Four agents, including PAC, Al2(SO4)3, Fe2(SO4)3, and FeCl3, were used in the experi-
ments. The coagulant concentration was set to 0, 10, 20, 30, 50, 70, and 90 mg/L; the first
group (0 mg/L) was used as the control, and the following six were used as the treatment
groups. Each treatment was established in triplicate.

2.4. Cell Inhibition Efficiency
2.4.1. First Experiment

The efficiency of the cell removal experiment was tested in 25-mL sterile test tubes.
A 20-mL aliquot of the algal culture was placed in each tube with a density of 2 × 106~
4 × 106 cells/L; then, 0, 10, 20, 30, 50, 70, or 90 mg/L of the four agents’ stock solution
was evenly added to the tube. After adding the agent, each tube was mixed thoroughly,
and each concentration was tested in triplicate on the alga cells. After three periods (3, 24,
and 48 h), three replicate samples from each group were pipetted from the upper-middle
region of the collected liquid surface, and each sample’s concentration of algal cell was
determined under the microscope; photographs were taken for the bottom flocs of each
treatment. In addition, the supernatant’s pH value was measured to determine the total
removal rate of zeta potential, turbidity, and UV254; then the positive effects and the best
dose of the coagulant were noted for further experiments.

2.4.2. Second Experiment

B. nitratireducens bacteria were inoculated into the culture medium and grown to the
stationary phase (30 ◦C at 180 rpm for 24 h). The extraction of bacterial fermentation broth
(Ba3) was collected using centrifugation (10,000, 15 min) over three days (1, 2, and 3 d).
The supernatants were filtrated through 0.22-μm Millipore membrane filters and then used.
Ba3 volume ratios of 0.3, 0.7, 1.0, and 2.0% were added to the 30-mL exponential phase G.
catenatum algae. Each group was placed in a light incubator for culturing, shaken twice a
day, and sampled once every two days until the end of the experiment. The group with no
Ba3 served as a control for the experiments, and all experiments were repeated in triplicate.

2.4.3. Third Experiment

In the first and second experiments, a more effective dosage of mixed coagulant and
Ba3 fermentation broth was selected. This experiment determined whether it was possible
to improve the previous experiments results using combinations of more effective agents
and Ba3. The above experiments’ dosage of the various coagulants and the fermentation
broth dosage for two days were 0.3, 0.7, 1.0, and 2.0%. The combined coagulants and
fermentation broth were added to 20 mL G. catenatum alga in triplicate samples for each
group for better cell inhibition efficiency. Each group was placed in a light incubator for
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cultivation, and samples were assessed at 3, 24, 48, and 96 h for density determination to
ensure that they had significant inhibition efficiency.

2.5. Calculation Method of Algae Removal Rate

The algae removal rate was monitored by estimating cell numbers utilizing a micro-
scope and calculated according to the following formula.

RE (%) = (1 − Nt/N0) × 100%

where RE is the removal rate of algal cells; N0: vegetative cell density before adding algae
inhibitor; and Nt is the vegetative cell density after adding the algae inhibitor.

2.6. Analytical Methods

An optical microscope was used to observe the effect of fermentation broth on the
morphological characteristics of algal cells. After the addition of algal inhibitor, 1 mL of the
supernatant was removed, placed on a slide, and observed under a microscope. The size
of the coagulant and the flocs as well as the compactness of the flocs were photographed
for further characterization of the coagulation effect of different coagulants on the cells of
dinoflagellates. UV254 was determined by using the spectrometer as an indicator to reflect
the content of organic pollutants in water. The spectrometer reading does not represent
a specific organic substance, but rather the total amount of multiple organic substances;
therefore, the spectrometer reading refers to the many soluble fine particles and various
inorganic compounds present in the experiment. In this experiment, after stirring, the
supernatant was taken from 2 cm below the liquid level after standing for 24 h. The
supernatant was filtered using a 0.45-μm acetate fiber membrane, and then, pure water
was used as the reference solution to determine the results of each experiment group. A
spectrophotometer analyzed turbidity with a wavelength of 660 nm. Zeta potential is
one of the indexes that reflect the stability of suspended matter or colloid in water. The
zeta potential was monitored using Zetasizer software. In this experiment, 2 mL of algal
sedimentation floc was taken and injected into the sample pool with an injection needle,
and the sample pool was put into the card slot to ensure that the algal sedimentation floc
in the sample pool did not exceed the electrodes at both ends of the sample pool. Zetasizer
software was used to measure and record the results. Dissolved inorganic phosphorus
(DIP) and dissolved inorganic nitrogen (DIN) were determined using a spectrophotometer
at a wavelength of 882 nm.

2.7. Provenance Control Experiment

This experiment was divided into two groups; one group was marine sediments—
PAC + Ba3 + sediment (marked as I-1, I-2, and I-3)—and the other group was marine
sediments + pure-breed Gymnodinium cysts 25 ± 2 cysts/g DW—PAC + Ba3 + sediments +
pure-breed (marked as II-1, II-2, and II-3). The framework of the study design is shown
schematically in Table S1. The dosages of the treatment used in the study were as follows:
PAC 50 mg/L, and PAC + Ba3 50 mg/L + 0.3%.

2.8. A Calculation Method of Algae Cell Abundance

We calculated the algae cell abundance rate after germination in the sediment were
calculated by visual observation method using a microscope and calculated according to
the following formula.

N = (40/30) × (V0/V) × n

where N is the abundance of algal cells after germination, with the unit of cells/mL; V is
the count volume taken in each observation, with the unit of ml; V0 is the volume of the
sample after concentration, with the unit of mL; n is the number of algae in each sample.
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2.9. Data Processing

The experimental data were analyzed using SPSS 22.0 software, and the difference
between the data (p < 0.05) was significant (p < 0.01).

3. Results

3.1. The Effect of Different Coagulants on the Algae Inhibition

The four kinds of agents have noticeable removal effects on G. catenatum, but different
degrees of the “back-dissolving” phenomenon appeared over time. Figure 1 shows that
when the reagent dosage was low (10 mg/L) at 3 h, the PAC, Fe2(SO4)3, Al2(SO4)3, and
FeCl3 algae removal rates achieved were 80, 68.5, 77.5, and 80%, respectively. When the
dosage was increased, the difference between PAC, Fe2(SO4)3, Al2(SO4)3, and FeCl3 in algae
removal efficiency rate gradually narrowed, while that of the FeCl3 group was relatively
low. The removal rate of G. catenatum in the PAC group increased when the dosage was
increased. When the dosage was 50 mg/L, the removal rate reached more than 95.1%;
when the dosage was 70 and 90 mg/L, the removal rate reached 100%.

Figure 1. Removal effect of four different coagulants on G. catenatum.

After 24 h of dosing, the removal rates of different dosing amounts were between 65.0
and 92.9%. When the dosage was 50 mg/L, the removal rate of G. catenatum decreased
to 80.3%. After 48 h of dosing, the resolution phenomenon was more marked when the
dosage was 10 mg/L, which reduced the removal rate to 52.9%. After 96 h of dosing, the
removal effect of G. catenatum increased compared with that at 48 h, and the removal rate
was 69.4% at 10 mg/L. However, when the dosage was greater than 50 mg/L, the removal
rate of G. catenatum was still higher than 80% over time. After 3 h of dosing, the different
dosages’ removal rates differed significantly from those between 24 and 96 h (p < 0.05).
When the dosage of Fe2(SO4)3 was higher than 20 mg/L, the removal rate was higher than
85%. After 48 h of administration, the removal rate decreased; after 96 h of administration,
the removal rates of the 10, 20, and 30 mg/L groups increased, but when the dosage of
ferric sulfate increased to 90 mg/L, the removal rate decreased to 69.4%. The removal
rate was not altered between 24 and 96 h. When the Al2(SO4)3 dosage was 30 mg/L, the
removal rate reached 85% or more; above this dosage, the removal rate did not change
significantly (p > 0.05). When the dosage was 90 mg/L, the removal rate of G. catenatum
between 24 and 96 h was slightly higher than that after 3 h. The FeCl3 group activity
was relatively low with the increase in the dosage, and the removal rate did not increase
significantly (p > 0.05); when the dosage was 90 mg/L, the removal rate was 90.2%. With
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time, the removal rate decreased significantly at a low dosage (10~50 mg/L) (p < 0.05).
When the dosage was 70 mg/L, the removal rate was stable (Figure 1). After adding
different dosages, the removal rate did not change significantly between 24 and 96 h.

Figure 2A shows the four coagulants’ influence the pH range, and the control group’s
pH value was 8.1. With the addition of coagulants, the pH values of the four groups
showed a downward trend. FeCl3 had the smallest effect on pH at 90 mg/L, and the pH
value was the lowest, which was 7.6. The pH range of the Al2(SO4)3 group was 8.1~6.8.
The influence trend of the PAC and Fe2(SO4)3 groups affected G. catenatum in almost the
same way, and the variation range was 8.1~6.8. The pH range between 6.8 and 8.1 exhibited
a good algal removal effect at both a higher dosage of coagulant and a lower dosage of
coagulant, a pH decline, and the efficiency was slightly less reactive (Figure 2A).

Figure 2. (A) Effect of coagulants on pH; (B) changes in zeta potential; (C) removal effects of
coagulants on turbidity.

Zeta potential is one of the evaluation indices of the coagulation method’s water
treatment effect, showing the stability of colloids or suspended solids in a solution system.
Coagulation and algae removal usually use the positively charged aluminum or iron
hydrolyzed cations formed by the coagulant in water and the negative charge on the algae
cells’ surface to attract each other. Figure 2B shows the potential change in the surface of G.
catenatum with different coagulants added. The potential of the four coagulants decreased
first and then increased with the increase in the dosage. The lowest point of the potential
appeared when the dosage was 20 mg/L. Among them, the rising trend of FeCl3 was the
most obvious. When the dosage was 50 mg/L, the potential was the highest at −6.1 mV,
but the fluctuation range was also higher. The Al2(SO4)3 group fluctuated slowly with the
dosage increase, and the dosage potential at 20 mg/L was higher than other coagulant
groups. The Fe2(SO4)3 group’s potential decreased the most, and at a high dose (90 mg/L),
the potential exceeded the other coagulant groups. In the PAC group, after the dosage
was higher than 20 mg/L, and with the increase in the dosage, the surface potential of the
algae cells increased rapidly. The highest point appeared at 90 mg/L, with a potential of
−5.3 mV (Figure 2B). The turbidity of the system reflects the sedimentation effect of algae
cells, and different dosages of different coagulants have different effects on the removal of
turbidity.

Figure 2C illustrates the dosage at 10 mg/L. The turbidity of the four retardants
showed significant differences, among which the turbidity of Fe2(SO4)3 was the lowest,
followed by the turbidity of Al2(SO4)3, FeCl3, and PAC. That said, the removal rate was
higher except for PAC; the other three coagulant groups’ turbidity removal rates were
all negative, thus increasing the system’s turbidity. When the dosage was greater than
30 mg/L, the turbidity’s changing trend was stable (Figure 2C). Comprehensive analysis of
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the removal effect of the density, turbidity, and organic matter of G. catenatum when using
the four coagulants PAC, FeCl3, Fe2(SO4)3, and Al2(SO4)3 showed that PAC had the most
robust ability to remove algae on G. catenatum and had a low re-solubilization rate. Large
flocs made of a large number of flocculated algal cells were formed, and PAC proved to
have a good removal effect on their turbidity and organic matter.

An optical microscope was used to observe the settled flocs to observe coagulant and
dinoflagellate coagulation effects. Figure 3a–d show the coagulation effects of the four
groups of coagulants on G. catenatum. The micrograph suggests that the algae cells in
the flocs, formed by the coagulation of aluminum sulfate and algae cells, were not tight
enough, and there were few algae cells fixed in the flocs; however, the cell morphology of
G. catenatum was also observed, and the cell shape was still active. The floc’s micrograph
that settled on the bottom after the FeCl3 group was added for 96 h (Figure 3b). It is also
evident that ferric chloride has a good coagulation effect on G. catenatum because the flocs
were large, and few algal cells were swimming outside the flocs. The algae cells in the flocs
were many and dense, but the flocs were not tight. The swimming algae cells could easily
break away from the flocs and return to the water body. The morphology of algae cells
in the flocs was almost unchanged at 400×. A micrograph of the floc that settled to the
bottom after the Fe2(SO4)3 group, which was added for 96 h, is shown in Figure 3c.

 

Figure 3. (a–d) Micrographs of flocs after sedimentation of (a) Al2 (SO4)3, (b) FeCl3, (c) Fe2 (SO4)3,
and (d) polyaluminum chloride (PAC) group for 96 h.

Clearly, the flocs were small and scattered, and algae cells were swimming outside
the flocs. As the floc is small, it distributes the algae cells on the edge of the floc. As the
algae cells swim, the algal cells may break free from the flocs, causing a “back-dissolution”
phenomenon. A micrograph of a floc that settled to the bottom after PAC administration for
96 h is shown in Figure 3d. At 40×, we could see that the flocs formed by the flocculation
and G. catenatum cells were more extensive, and there were fewer algal cells outside the
flocs. Under the 100× microscope, we observed that the algae cells in the flocs were
relatively dense, there were few algae cells at the edges of the flocs, and the coagulation
effect was better. PAC has a minor effect on the cell morphology of G. catenatum, and
the four coagulants have different effects on the removal of algae. Although the surface
potential of the algal cells increased after PAC addition, the fluctuations were larger.

3.2. The Effect of Bacterial Fermentation Broth (Ba3) on the Algae Inhibition

Ba3 fermented broth from 1, 2, and 3 d was added to an algal concentration of
1200~1500 cells/mL at four dosage levels of 0.3, 0.7, 1.0, and 2.0% (v/v). The experimental
results are displayed in Figure 4A. With the increase in the action time, the concentration
of G. catenatum continued to decrease. After the second day of dosing, the concentration of
algal cells decreased to below 500 cells/mL. The removal rates of all groups were at least
68.1%, and the highest one was 92.9%. On days 2–6, the concentration was stable. After
adding Ba3 bacteria fermentation broth, compared with the control group, all concentra-
tions of fermentation broth had a more obvious removal effect. From the results of adding
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Ba3 bacteria 1-d fermentation broth, we observed that with the increase in the addition, the
concentration of G. catenatum showed a downward trend. When the addition was 2.0%,
the cell number reached the lowest value. The removal rate was as high as 82.1%. Ba3
2-d bacteria fermentation broth and 3-d fermentation broth also increased the algaecide
effect with the dosage. The fermentation broth usage at different fermentation times also
has a certain impact on the algaecide effect. The figure clearly shows that the effect of Ba3
bacteria 2-d fermentation broth was higher than that of the 1-d fermentation broth and
3-d fermentation broth but was not affected by the dosage or influence of time. Figure 4B
shows the effect of removing algae from fermentation broth on turbidity. We designed this
experiment with two groups—with and without algae—to observe the turbidity changes
by adding bacteria fermentation liquid. The turbidity of the algal and algal-free groups
increased with the addition of the fermentation broth. Among them, the turbidity of each
dosage of Ba3 bacteria 2-d fermentation broth was slightly lower than that of the 1-d and
3-d fermentation broths. Except for the control group, the algae-containing group’s turbid-
ity and the non-algae-containing group in each experimental group differed, showing that
after the bacterial fermentation broth destroyed the algal cells, a large amount of content
was released, leading to a significant increase in turbidity.

Figure 4. (A) Effect of fermentation broth on the growth of G. catenatum; (B) effect of algal removal
from fermentation broth on turbidity; (C) effect of algal removal from fermentation broth on UV254.

The bacterial fermentation broth consisted of a variety of active products secreted
by the bacterial body. Therefore, the various organic substances present in the bacterial
fermentation broth not only increased the turbidity of the water body but also increased
the UV254 value of the water body. The algae cells ruptured, and the organics inside the
cells flowed out. In short, the fermentation broth can destroy the integrity of algal cells, but
the action time is longer. After the algae cells dissolve, the body’s organic matter will be
released, and the bacterial fermentation broth will maintain certain turbidity. As a result,
the water phase’s turbidity and organic content will increase after processing the bacterial
fermentation broth (Figure 4C).

Figure 5 shows the influence of algal cell morphology. The surface of the algae cells of
G. catenatum was smooth and complete before the bacterial fermentation broth treatment,
with prominent horizontal grooves and nuclei (Figure 5A). After 12 h of Ba3 treatment
(Figure 5B), the upper shell of algal cells had become transparent, and the nucleus was
visible. The cell wall showed damage to a certain extent, but the cell membrane was still
intact and no content flowed out. Over 24 h (Figure 5C), the algae cells’ surfaces were
loose and ruptured, and the cell membrane was damaged. At 36 h (Figure 5D), the cell
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membrane was revealed to be severely damaged. Many granular materials of different
sizes appeared around the cells. It is possible that after the cell membrane of the cell wall
is ruptured, the contents of the cell overflow, and the algal cell’s morphological structure
becomes relatively blurred. After 96 h of observation, G. catenatum had lost its morphology
entirely, and the algal cells gradually decomposed and ruptured into small particles that
were almost unrecognizable (Figure 5E,F). From the analysis, the algicidal effect of Ba3 on
G. catenatum is triggered via indirect algaecide activity. The bacteria secrete some active
substances for algae cells to lyse the algae cells, achieving the algae-killing effect.

Figure 5. Effect of fermentation broth on G. catenatum ((A)—0 h; (B)—12 h; (C)—24 h; (D)—36 h; (E)
and (F)—96 h).

3.3. The Effect of Combined Coagulant and Ba3 on the Algae Inhibition

In this study, the coagulant and Ba3 fermentation broth were combined to eliminate
algal cells in order to increase the removal effects on G. catenatum. As shown in Figure 6A,
the removal effect of the four coagulants combined with four concentrations of Ba3 broth
on G. catenatum occurred at different times. The PAC and Ba3 fermented broth group had
the best algae removal effect. The removal rate reached 100%, and the number of algal
cells in the overlying water did not increase over time. The effect of other coagulants and
algae cells combined with the algae inhibition method was lower than that of the PAC and
Ba3 fermented broth group. Figure 6B shows that the group of Al2(SO4)3, combined with
the Ba3 fermented broth, caused the algae density to reach the highest value at 24 h; the
removal rate of G. catenatum was 82.3%. Figure 6C shows that with the Fe2(SO4)3 and Ba3
broth group, the removal of algal cells reached the highest rate at 80.7%. Figure 6D shows
the FeCl3 and Ba3 fermented broth group and the changing trend; all combinations reach
the highest value at 24 h. Overall, the combination of PAC and Ba3 broth has the best algae
inhibition effect, and when the volume ratio of bacterial fermentation broth is 0.3%, the
removal rate can reach 100%. The combination method of algae suppression can improve
algae suppression efficiency quickly and reduce the effect of algae cell re-dissolution. This
method can be combined with the addition of the coagulant to act on the algae cells to
form flocs and precipitate to the bottom; the bacterial fermentation broth also acts on the
algae cells, which are gradually lysed under the stimulation of the active substance, and
the exercise ability gradually decreases until the cells rupture.
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Figure 6. Effects of coagulant and fermentation broth on growth of G. catenatum. (A) Combination of
four coagulants and fermentation broth to inhibit algae; (B) Al2(SO4)3 + Ba3 broth; (C) Fe2(SO4)3 +
Ba3 broth; and (D) FeCl3 + Ba3 broth.

Figure 7 shows the effect of the combination method of coagulant and Ba3 fermented
broth on UV254. With the increase in Ba3 broth dosage, each group’s organic removal effect
showed a downward trend. In the PAC-combined Ba3 broth group, when the dosage of
the bacterial fermentation broth was 0.3% (v/v), the maximum removal rate was 41.0%, and
the lowest removal rate was 1.0%. This removal rate confirms that when the dosage of
Ba3 broth is higher than 1.0%, the content of organic matter in water is higher than the
flocculation effect of PAC. The removal rate of Al2(SO4)3-combined Ba3 broth group was
negative when the dosage was higher than 0.3%, demonstrating that the removal effect
of Al2(SO4)3 on the organic matter is lower than that of PAC. In the fermented Fe2(SO4)3-
and FeCl3-combined Ba3 broth groups, the two groups’ removal rates were negative for
different bacterial fermentation broth dosages. Therefore, the effects of the four coagulants
combined with different concentrations of Ba3 broth on the removal of organic matter
followed the order of PAC + Ba3 fermented broth > Al2(SO4)3 + Ba3 broth > Fe2(SO4)3 +
Ba3 broth > FeCl3 + Ba3 fermented broth.

Figure 7. Removal effects on UV254 by the combination of coagulants and fermentation broth.

Figure 8 shows the effect of the combination method of coagulant and Ba3 broth
on turbidity. Each group’s turbidity removal effect showed a downward trend with the
increase in bacterial fermentation broth dosage. Each group had the highest removal rate
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when the bacterial fermentation broth was added at 0.3%. The removal rates of turbidity in
the fermentation broth group of PAC combination Ba3 broth were between 46.3 and 89.1%;
the removal rates of turbidity in the fermentation broth group of Al2(SO4)3 combination
bacteria were between 55.8 and 83.7%; with Fe2(SO4)3, the turbidity removal rate of the
combined Ba3 broth group was between 58.2 and 89.1%; the turbidity removal rates of the
FeCl3-combined Ba3 broth group were between 57.8 and 88.4%.

Figure 8. Removal effects on turbidity by the combination of coagulants and fermentation broth.

3.4. The Effect of Combined Coagulant and Ba3 on Cyst Germination Inhibition

The sediment used for algae germination in the simulated sediment was from the
Quanzhou section where the red tide of G. catenatum had occurred, and the total abundance
of phytoplankton in the sediment was 8.04 × 102 cells/g, mainly diatoms and dinoflagellate
cysts. The in situ experiment sediment samples were taken at 5, 10, and 15 d to observe the
phytoplankton species and abundance in the water phase after germination (Figure 9). The
sediment’s overlying water was L1 medium with no algae, and the proportion of primary
algae diatoms germinated in the three tests was higher. After five days of culture, the abun-
dance of algae in the overlying water of the in situ sediment group (I-1) was approximately
20.3 cells/mL, in which the diatoms reached 17.2 cells/mL. Only an insignificant amount of
dinoflagellates germinated. In the group (I-2) with the PAC group, the algae’s germination
rate was low; only diatoms emerged, and the inhibition rate reached over 70%. However,
the phytoplankton abundance of the PAC group (I-2) was 32.5 cells/mL, indicating that
mainly diatoms and dinoflagellates still existed. The inhibition rate of this group decreased
to 57.2%. After 15 days of culture, the algal abundance of the in situ sediments group was
slightly lower than that of the 10-d culture, and the inhibition rate was 61.3%. In the whole
experiment period, no algal cell germination was observed in the group of PAC and Ba3
fermented broth (I-3).

In the in situ sediment with added G. catenatum cyst (II-1) group culture, diatoms were
dominant in the overlying water and we detected only a few dinoflagellates. After 10 d of
cultivation, the total abundance of germinated phytoplankton reached 90.5 cells/mL, and
the density of G. catenatum was significantly higher than that in group I-1, which reached
18.0 cells/mL; the addition of PAC (II-2), compared with the II-1 group, has a particular
inhibitory effect on algal cell germination, especially diatoms. After 15 days of cultivation,
the algae density in the overlying water was slightly lower than that after 10 days of
cultivation, which may be related to the content of nutrients in the water. With the increase
in cultivation time, the water’s nutrients were gradually consumed, which ultimately
decreased the water’s nutrients. The PAC-combined Ba3 fermented broth group (II-3) was
only detected on the 10th day with an insignificant amount of diatoms appearing, with a
removal rate of over 98% (Figure 9). The PAC had a better inhibitory effect on germination
in the sediment; there was almost no algae germination. This lack of germination may be
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because the active substances in the bacterial fermentation broth have a good destruction
effect on the algae cells, the experimental water body has a weak exchange flow ability,
and the concentration of the bacterial fermentation broth in the water body remains almost
unchanged; therefore, the provenance in the sediment will likely be affected by the bacteria
to a certain extent; the destruction of active substances will not occur.

Figure 9. Effect of different algal inhibition method on microcapsule germination in sediment (I) and
In situ sediment added with G. catenatum cyst (II).

After the L1 medium was added to the sediment, the nitrogen and phosphorus ele-
ments in water were essential for the phytoplankton’s growth. The initial DIP concentration
was 0.13 mg/L, the DIN concentration was 5.333 mg/L, of which the nitrite concentration
was 0.042 mg/L, and the ammonium salt concentration was 0.007 mg/L of nitrate. The
concentration was 5.283 mg/L. Figure 10 displays the effects of different algae suppression
methods on algae cyst germination in the in situ sediments. After five days of PAC admin-
istration and PAC-combined Ba3 fermented broth, they dissolved inorganic phosphorus
in the water body. The removal effect of the PAC group (I-2) on DIP reached 86.4%. On
the 10th day, the removal rate was 87.3%; with the extension of the cultivation time, the
removal effect showed a tendency to decrease. On the 15th day, the DIP concentration was
0.011 mg/L and the removal rate dropped to 77.4%. The PAC-combined Ba3 group (I-3)
also had a beneficial removal effect on DIP, and the removal effect was slightly higher than
that of the PAC group; there was no reduction in removal rate on the 15th day (Figure 10A).
Each control group’s removal affected the in situ sediment + G. catenatum cyst (group
II) germination group. Within 5-10 days of the PAC group’s control, the removal rate
was higher than 85% on the 5th day; on the 15th day, the DIP concentration was 0.009
mg/L, and the removal rate dropped to 81.3%. Compared with group I-2, the DIP content
was lower in group II-2, which may consume DIP due to the higher abundance of algae.
PAC’s removal rate in the combined Ba3 group broth group (II-3) reached more than 87%
(Figure 10B).

Figure 10C, D show the effects of different algae inhibitors on dissolved inorganic
nitrogen in water and in the in situ sediment germination group. The dissolved inorganic
nitrogen in both groups showed a downward trend with time. The cultivation did not
transform in each group until the 5th day, but the I-3 group (PAC + Ba3 broth) inorganic ni-
trogen concentration is higher than that of group I-2 (PAC); when cultured to day 10, group
I-3 shows a higher value than those of groups I-2 and I-1. On the 15th day of cultivation,
the difference between the groups was more prominent. The dissolved inorganic nitrogen
concentration in group I-3 was 2.30 mg/L, while the dissolved inorganic nitrogen concen-
tration in group I-1 was 1.34 mg/L. The lower of the two groups was 0.79 mg/L. Compared
with the initial inorganic nitrogen concentration, the decrease rate of inorganic nitrogen
was 59.0~85.2% in the entire cultivation cycle under the control of PAC. Figure 10D shows,
in the germination group of in situ sediments + G. catenatum cysts, that the three groups all
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have the same tendency of change, and the concentration of dissolved inorganic nitrogen
shows a tendency to decrease over time. The concentration of dissolved inorganic nitrogen
in the three groups at different incubation times was in the order II-1 > II-3 > II-2 during
the entire cultivation cycle. Regarding the decrease rate of group II-2 compared with the
initial inorganic nitrogen concentration, the range was between 61.6 and 80.8%, and the
removal rate of group II-3 was between 56.6 and 77.8%. Using PAC and PAC combined
with Ba3 broth had no noticeable effect on removing dissolved inorganic nitrogen in the
water. Compared with group II-2, the addition of bacterial fermentation broth in II-3
increased the content of dissolved inorganic nitrogen in the water body, which was mainly
related to the nitrogen-containing compounds in the bacteria’s fermentation product. The
PAC-combined Ba3 broth group had a beneficial removal effect on the soluble inorganic
phosphorus, and the removal rate reached over 87%. The active bacteria substance has
nitrogen-containing compounds; therefore, this group’s soluble inorganic nitrogen content
is higher than that of PAC.

Figure 10. Effect of different algal inhibition methods on (A) dissolved inorganic phosphorus (DIP)
and (C) dissolved inorganic nitrogen (DIN) in sediment; and effect of different algal inhibition
methods on (B) DIP and (D) DIN in sediment (added G. catenatum cyst).

4. Discussion

Our experimental study results revealed that all four coagulant chemicals, PAC, Al2
(SO4)3, Fe2(SO4)3, and FeCl3, exhibited a high removal efficiency against G. catenatum, with
some differences. However, PAC has the best removal effect, with a low re-solubilization
rate, large floc formation, and the most considerable amount of flocculated algal cells. It
also has a beneficial removal effect on turbidity and organic matter. Recent studies showed
that the high removal efficiencies with five kinds of coagulants are comparable to the
results of Liu Lijuan et al. for the control of a lake containing algae bloom [16]. They
concluded that PAC has a more impressive algae removal effect by changing the dosage
and pH conditions. The algae removal mechanism of polyaluminum salts showed that
PAC and algae cells in the water first underwent adsorption and an electrical neutralization
reaction, and a bridging network was trapped, so that the flocs were more extensive and,
therefore, more prone to settle [19]. Moreover, a pilot test of enhanced coagulation of raw
water in the Yangtze River with PAC showed that PAC had a beneficial coagulation effect
on the Yangtze River water, forming large flocs and a rapid settling speed [20].

Previous studies have shown that specific bacterial populations can inhibit HAB
species’ growth through microbial algae suppression into direct algae suppression and
indirect algae suppression [21,22]. In one of these studies, Ba3 (Bacillus fermentation broth)
had a high algae inhibition effect, reaching over 90%. To date, several publications have
proven that Bacillus sp. can inhibit the growth of harmful algal blooms [17,23]. Compared
with other algaecide bacteria isolated from aquatic water, Bacillus showed similar or more
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potent algicidal activity against algae [24]. Zhao et al. [25] isolated four algicidal metabolites
from a fermentation broth of Bacillus B1 strain against Phaeocystis globosa, and all metabolites
had a strong alga dissolving effect. In this study, a Ba3 Bacillus strain of fermentation broth
was used to influence algal growth, and the results showed that the 2-d fermentation broth
had the best removal effect on G catenatum. Under the microscope, we observed that the
cell wall gradually loses its ability to move under the action of the Ba3 broth, the algae
cells gradually become transparent, and the contents of the cell overflow due to rupture,
though there is no complete algal cell morphology. In terms of their biological safety,
anti-compounds are biodegradable. Moreover, when used to control blooms, they appear
to be harmless to the environment [26]. These results strongly bolster the claim that Ba3
has potential applications in controlling algae outbreaks.

The coagulant removes algae quickly, and it can coagulate with algae cells to form flocs
and settle to the bottom immediately after addition, but the coagulant algae suppression
will have a certain back-dissolving phenomenon. The algae killing effect of the fermentation
broth is thorough, but the action time is relatively long. However, previous research
revealed that PAC combined with algae-lysing bacteria has a high inhibitory effect on
Microcytis aeruginosa and nutrients in the water [27]. Furthermore, Wang et al. [28] studied
the inhibition of the growth of Scrippsiella trochoidea by combining algae-suppressing
bacteria with two modified clays. The results show that the combined algae suppression
method can improve the algae suppression effect, increase the algae suppression time,
and reduce algae cells’ rebound effect. In this study, the combination of coagulants and
Ba3 fermented broth was used to suppress algae and remove algae cells in a short time
while killing algae cells. The results of the four coagulants combined with Bacillus Ba3
fermentation broth, when combined with algae inhibition, showed that the combination
of PAC and Ba3 fermented broth had the best effect on inhibiting G. catenatum with an
inhibition rate of 100% and no rebound. The bacterial fermentation broth is indeed yellow
and contains many organic substances. An increased dosage of bacterial fermentation broth
leads to increased water turbidity and organic matter content; when the Ba3 broth dosage
in the PAC-combined bacterial fermentation broth group was 0.3%, it had the highest
removal rate of turbidity and organic matter in water.

Although the red tide community’s increase may be significant and alarming, this
issue should not be linked to on-site production. Researchers have also proposed other
HABs from resting cysts germinating from the bottom sediments, which seriously affect
many aspects of the red tide phenomenon [29]. Cysts are also particularly efficacious for
community spread. They enable species to survive under adverse conditions, and because
their development generally involves sexuality, they promote genetic recombination [30].
In addition, the high abundance of cysts in the sediment may reflect the recent blooming
of these species in the area. According to previous studies, many resting cysts will be
produced by the end of the blooming cycle. The formation of cysts is one of the predominant
factors in bloom termination [31,32]. Several researchers believe that the vegetative cell
inoculum size from cyst germination is critical to the beginning of blooming. However,
the final bloom size cannot measure the effect of altering cell growth or the aggregation of
complex natural conditions because unpredictable variables control these effects. Therefore,
it is necessary to control the sediment cyst before germination. Nevertheless, there have
only been a few studies on the coagulant effect with combine bacterial fermented broth on
cyst formation and germination to control HAB species.

We divided the germination experiment into two groups: in situ sediments and in situ
sediments after adding G. catenatum cysts. In this study, treatment with the PAC-combined
Ba3 fermented broth group significantly removed over 90% of the G. catenatum vegetative
cells. Recent research has also found that nutrient changes caused by modifying clay can
be re-released from the algae matrix into the water, which may contribute to the formation
of resting cysts [33]. These results offer a contrast to this study where the PAC-combined
Ba3 broth group had a good removal effect on the soluble inorganic phosphorus, and the
removal rate reached over 87%. The active bacteria substance has nitrogen-containing
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compounds; therefore, the content of soluble inorganic nitrogen in this group was higher
than that of the PAC group. These treatments not only were effective for removing the
vegetative cells but also lowered the nutrients level.

5. Conclusions

In conclusion, our results show that the feasibility of using appropriate concentrations
of PAC combined with Ba3 fermented broth is potentially useful for controlling G. catenatum
blooms. The effect of bacterial fermentation broth on killing algae is complete, but the
time needed for effective action is longer. The active substances in the fermentation broth
act on the algae cells to lyse them. The four coagulants combined with the bacterial
fermentation broth group had an obvious inhibitory effect on G. catenatum. Through the
comprehensive analysis of the removal effects of algal cells, turbidity, and organic matter,
it was found that after the action of the polyaluminum chloride (50 mg/L) combined with
the bacterial fermentation broth (0.3%, v/v) for 3 h, the algal inhibition rate was 100%, and
the algal cells did not rebound. The inhibition rate of the bacterial fermentation broth and
polyaluminum chloride group was more than 98%. Our findings will integrate well into
the future studies of controlling toxic dinoflagellate cysts in the benthic environment. Our
research also shows that dinoflagellate organisms use nitrogen and phosphorus cues to
determine when vegetative growth occurs. Understanding the environmental cues related
to algae dormancy is essential for the understanding and management of HABs in aquatic
ecosystems.
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design of the study on the control of cyst germination of Gymnodinium catenum by the combination of
coagulant and fermentation broth

Author Contributions: Conceptualization, Y.S. and B.B.P.; methodology, B.B.P. and W.Z.; valida-
tion, Y.S.; formal analysis, B.B.P. and W.Z.; investigation, Y.S.; data curation, B.B.P., H.L. and W.Z;
writing—original draft preparation, B.B.P. and Y.W.; writing—review and editing, Y.S., B.B.P. and
H.Y.; supervision, Y.S.; project administration, Y.S.; funding acquisition, Y.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research & Development Plan “Strategic
International Scientific and Technological Innovation Cooperation” project (2016YFE0202100), the
National Natural Science Foundation of China (41573075), and Minjiang Scholar Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available.

Acknowledgments: The authors are also indebted to the anonymous reviewers for their constructive
comments and suggestions for the improvement of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zheng, H.; Sun, C.; Hou, X.; Wu, M.; Yao, Y.; Li, F. Pyrolysis of Arundo donax L. to produce pyrolytic vinegar and its effect on the
growth of dinoflagellate Karenia brevis. Bioresour. Technol. 2018, 247, 273–281. [CrossRef] [PubMed]

2. Zohdi, E.; Abbaspour, M. Harmful algal blooms (red tide): A review of causes, impacts and approaches to monitoring and
prediction. Int. J. Environ. Sci. Technol. 2019, 16, 1789–1806. [CrossRef]

3. Hallegraeff, G.M.; Blackburn, S.I.; Doblin, M.A.; Bolch, C.J.S. Global toxicology, ecophysiology and population rela-tionships of
the chainforming PST dinoflagellate Gymnodinium catenatum. Harmful Algae 2012, 14, 130–143. [CrossRef]

4. Kudela, R.M.; Gobler, C.J. Harmful dinoflagellate blooms caused by Cochlodinium sp.: Global expansion and ecolog-ical strategies
facilitating bloom formation. Harmful Algae 2012, 14, 71–86. [CrossRef]

127



J. Mar. Sci. Eng. 2021, 9, 395

5. Chen, H. Emergency treatment and reflection of red tide event of Gymnodinium catenatum in Fujian sea area in 2017. J. Fujian
Fish. 2018, 40, 308–314.

6. Sun, H.; Zhang, Y.; Chen, H.; Hu, C.; Li, H.; Hu, Z. Isolation and characterization of the marine algicidal bacterium Pseu-
doalteromonas S1 against the harmful alga Akashiwo sanguinea. Mar. Biol. 2016, 163, 66–73. [CrossRef]

7. Kidwell, D. Mitigation of harmful algal blooms: The way forward. Pices Press 2015, 23, 22–25.
8. Anderson, D.M. Approaches to monitoring, control and management of harmful algal blooms (HABs). Ocean. Coast. Manag.

2009, 52, 342–347. [CrossRef]
9. Kim, Z.H.; Thanh, N.N.; Yang, J.-H.; Park, H.; Yoon, M.-Y.; Park, J.-K.; Lee, C.-G. Improving Microalgae Removal Effi-ciency

Using Chemically-processed Clays. Biotechnol. Bioprocess. Eng. 2016, 21, 787–793. [CrossRef]
10. Park, J.; Church, J.; Son, Y.; Kim, K.-T.; Lee, W.H. Recent advances in ultrasonic treatment: Challenges and field applica-tions for

controlling harmful algal blooms (HABs). Ultrason. Sonochemistry 2017, 38, 326–334. [CrossRef]
11. Zhuang, L.; Zhao, L.; Yin, P. Combined algicidal effect of urocanic acid, N-acetylhistamine and l-histidine to harmful alga

Phaeocystis globosa. RSC Adv. 2018, 8, 12760–12766. [CrossRef]
12. Shi, X.; Liu, L.; Li, Y.; Xiao, Y.; Ding, G.; Lin, S.; Chen, J. Isolation of an algicidal bacterium and its effects against the harm-ful-

algal-bloom dinoflagellate Prorocentrum donghaiense (Dinophyceae). Harmful Algae 2018, 80, 72–79. [CrossRef]
13. Yu, X.; Cai, G.; Wang, H.; Hu, Z.; Zheng, W.; Lei, X.; Zhu, X.; Chen, Y.; Chen, Q.; Din, H.; et al. Fast-growing algicidal Streptomyces

sp U3 and its potential in harmful algal bloom controls. J. Hazard. Mater. 2018, 341, 138–149.
14. Zhang, F.; Ye, Q.; Chen, Q.; Yang, K.; Zhang, D.; Chen, Z.; Lu, S.; Shao, X.; Fan, Y.; Yao, L.; et al. Algicidal Activity of Novel Marine

Bacterium Paracoccus sp Strain Y42 against a Harmful Algal-Bloom-Causing Dinoflagellate, Pro-rocentrum donghaiense. Appl.
Environ. Microbiol. 2018, 84, e01015-18. [CrossRef]

15. Jeong, S. Algicidal Activity of Strain MS-51 against a HAB Causing Alexandrium tamarense. Int. J. Appl. Environ. Sci. 2019, 14,
655–663.

16. Liu, L.; Wang, L.; Li, M. Research on the enhancement of algae removal and turbidity removal by different coag-ulants. J. China
Water Supply Drain. 2010, 26, 80–83.

17. Wu, L.; Wu, H.; Chen, L.; Xie, S.; Zang, H.; Borriss, R.; Gao, X. Bacilysin from Bacillus amyloliquefaciens FZB42 Has Specific
Bactericidal Activity against Harmful Algal Bloom Species. Appl. Environ. Microbiol. 2014, 80, 7512–7520. [CrossRef]

18. Figueroa, R.I.; Bravo, I.; Garces, E.; Ramilo, I. Nuclear features and effect of nutrients on Gymnodinium catenatum (Di-nophyceae)
sexual stages. J. Phycol. 2006, 42, 67–77. [CrossRef]

19. Lei, G.; Zhang, X.; Wang, D. The algae removal mechanism by polymerized aluminium salt coagulants and methods to improve
algae removal. J. Water Resour. Prot. 2007, 23, 50–54.

20. Liang, X.; Zhang, M.; Zhao, Y. Pilot test of the enhanced coagulation treatment process of the Yangtze River raw water in
Changzhou section. J. Water Purif. Technol. 2019, 38, 76–81.

21. Teeling, H.; Fuchs, B.M.; Becher, D.; Klockow, C.; Gardebrecht, A.; Bennke, C.M.; Kassabgy, M.; Huang, S.; Mann, A.J.; Wald-mann,
J.; et al. Substrate-Controlled Succession of Marine Bacterioplankton Populations Induced by a Phytoplankton Bloom. Science
2012, 336, 608–611. [CrossRef]

22. Li, D.; Zhang, H.; Chen, X.; Xie, Z.; Zhang, Y.; Zhang, S.; Lin, L.; Chen, F.; Wang, D. Metaproteomics reveals major microbial
players and their metabolic activities during the blooming period of a marine dinoflagellate Prorocentrum donghaiense. Environ.
Microbiol. 2018, 20, 632–644. [CrossRef]

23. Sun, P.; Hui, C.; Wang, S.; Khan, R.A.; Zhang, Q.; Zhao, Y.-H. Enhancement of algicidal properties of immobilized Bacillus
methylotrophicus ZJU by coating with magnetic Fe3O4 nanoparticles and wheat bran. J. Hazard. Mater. 2016, 301, 65–73.

24. Yang, F.; Li, X.; Li, Y.; Wei, H.; Yu, G.; Yin, L.; Liang, G.; Pu, Y. Lysing activity of an indigenous algicidal bacterium Aer-omonas sp
against Microcystis spp. isolated from Lake Taihu. Environ. Technol. 2013, 34, 1421–1427. [CrossRef] [PubMed]

25. Zhao, L.; Chen, L.; Yin, P. Algicidal metabolites produced by Bacillus sp strain B1 against Phaeocystis globosa. J. Ind. Microbiol.
Biotechnol. 2014, 41, 593–599. [CrossRef] [PubMed]

26. Perzborn, M.; Syldatk, C.; Rudat, J. Enzymatical and microbial degradation of cyclic dipeptides (diketopiperazines). AMB Express
2013, 3, 51. [CrossRef]

27. Li, C.; Xu, W.; Ding, G.; Wu, S.; Xie, X. Treatment of Microcystis Aeruginosa by Algicidal Bacteria and Coagulation. Guangdong
Chem. Ind. 2018, 45, 17–20.

28. Wang, Y.; Wu, F.; Zhang, Q. Study on Coupling Method of Modified Clay and Algae Bacterium to Inhibit Sclerotinia striata. J.
Shenzhen Polytech. 2019, 18, 58–63.

29. Garces, E.; Montresor, M.; Lewis, J.; Rengefors, K.; Anderson, D.M.; Barth, H. Phytoplankton Life Cycles and Their Im-pacts on
the Ecology of Harmful Algal Blooms. Deep-Sea Res. Part II Top. Stud. Oceanogr. 2010, 57, 159–161.

30. Masseret, E.; Grzebyk, D.; Nagai, S.; Genovesi, B.; Lasserre, B.; Laabir, M.; Collos, Y.; Vaquer, A.; Berrebi, P. Unexpected Ge-netic
Diversity among and within Populations of the Toxic Dinoflagellate Alexandrium catenella as Revealed by Nuclear Microsatellite
Markers. Appl. Environ. Microbiol. 2009, 75, 2037–2045. [CrossRef] [PubMed]

31. Wang, Z.; Matsuoka, K.; Qi, Y.; Chen, J. Dinoflagellate cysts in recent sediments from Chinese coastal waters. Mar. Ecol. Pubbl.
Della Stn. Zool. Di Napoli I 2004, 25, 289–311. [CrossRef]

128



J. Mar. Sci. Eng. 2021, 9, 395

32. Wang, Z.; Qi, Y.; Yang, Y. Cyst formation: An important mechanism for the termination of Scrippsiella trochoidea (Di-nophyceae)
bloom. J. Plankton Res. 2007, 29, 209–218. [CrossRef]

33. Lu, G.; Song, X.; Yu, Z.; Cao, X. Application of PAC-modified kaolin to mitigate Prorocentrum donghaiense: Effects on cell
removal and phosphorus cycling in a laboratory setting. J. Appl. Phycol. 2017, 29, 917–928. [CrossRef]

129





Journal of

Marine Science 
and Engineering

Article

Identification of New Sub-Fossil Diatoms Flora in the
Sediments of Suncheonman Bay, Korea

Mirye Park 1, Sang Deuk Lee 2,*, Hoil Lee 3, Jin-Young Lee 4, Daeryul Kwon 1 and Jeong-Min Choi 5

Citation: Park, M.; Lee, S.D.; Lee, H.;

Lee, J.-Y.; Kwon, D.; Choi, J.-M.

Identification of New Sub-Fossil

Diatoms Flora in the Sediments of

Suncheonman Bay, Korea. J. Mar. Sci.

Eng. 2021, 9, 591.

https://doi.org/10.3390/jmse9060591

Academic Editor: Azizur Rahman

Received: 1 May 2021

Accepted: 22 May 2021

Published: 29 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Protist Research Team, Microbial Research Department, Nakdonggang National Institute of Biological
Resources (NNIBR), 137, Donam 2-gil, Sangju-si 37182, Korea; mirye@nnibr.re.kr (M.P.);
kdyrevive@nnibr.re.kr (D.K.)

2 Bioresources Collection and Research Team, Bioresources Collection and Bioinformation Department,
Nakdonggang National Institute of Biological Resources (NNIBR), 137, Donam 2-gil, Sangju-si 37182, Korea

3 Center for Active Tectonics, Geology Division, Korea Institute of Geoscience and Mineral Resources (KIGAM),
124, Gwahak-ro, Yuseong-gu, Daejeon 34132, Korea; hoillee@kigam.re.kr

4 Geological Research Center, Geology Division, Korea Institute of Geoscience and Mineral
Resources (KIGAM), 124, Gwahak-ro, Yuseong-gu, Daejeon 34132, Korea; jylee@kigam.re.kr

5 Department of Suncheon Bay Preservation, Suncheon-si 58027, Korea; haema@korea.kr
* Correspondence: diatom83@nnibr.re.kr; Tel.: +82-54-530-0898; Fax: +82-54-0899

Abstract: Suncheonman Bay, Korea’s most representative estuary, is an invasive coastal wetland
composed of 22.6 km2 of tidal flats surrounded by the Yeosu and Goheung Peninsulas. In January
2006, this region was registered in the Ramsar Convention list in Korea, representing the first
registered wetland. Estuaries are generally known to have high species diversity. In particular,
several studies have been conducted on planktonic and epipelic diatoms as primary producers.
Suncheonman Bay has already been involved in many biological and geochemical studies, but fossil
diatoms have not been evaluated. Therefore, we investigated fossil diatoms in Suncheonman Bay and
introduced sub-fossil diatoms recorded in Korea. One sedimentary core has been extracted in 2018.
We identified 87 diatom taxa from 52 genera in the SCW03 core sample. Of these, six species represent
new records in Korea: Cymatonitzschia marina, Fallacia hodgeana, Navicula mannii, Metascolioneis tumida,
Surirella recedens, and Thalassionema synedriforme. These six newly recorded diatom species were
examined by light microscopy and scanning electron microscopy. The ecological habitats for all the
investigated taxa are presented.

Keywords: sub-fossil diatom; sediment; Suncheonman Bay; new record

1. Introduction

An estuary can be defined as a semi-enclosed coastal body of water that has a free
connection with the open ocean, within which seawater is diluted with freshwater derived
from land drainage [1,2]. River mouths, coastal bays, tidal marsh systems, and sounds all
fit this definition. Estuaries are transitional zones between freshwater and marine habitats.
Due to tides and storms, the water level and salinity vary in estuaries [3]. They are most
commonly located in low-relief coastal regions. Estuaries and wetlands are among the
most productive aquatic ecosystems, providing a home for both freshwater and marine
plants, and a source of nutrients for a variety of animal communities adapted to brackish
waters [4,5]. Moreover, they filter out pollutants supplied to the ocean [4,6,7]. Thus, many
animals rely on estuaries that have abundant species diversity for food, places to breed, and
migration stopovers [8,9] (https://oceanservice.noaa.gov/facts/estuary.html (accessed on
8 February 2021)).

In South Korea, where three sides are surrounded by the sea, there are numerous
estuaries such as the Nakdonggang, Keumgang, and Seomjingang. Coastal wetlands cover
approximately 2800 km2, which represents approximately 3% of the total land area [10–12].
Suncheonman Bay, Korea’s most representative estuary, is an invasive coastal wetland
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composed of 21.6 km2 of tidal flats and 5.4 km2 of reed fields surrounded by the Yeosu and
Goheung Peninsulas [10]. In January 2006, it became the first registered wetland in the
Ramsar Convention list in Korea, as it was designated as a “wetland protected area” by
the Ministry of Land, Transport and Maritime Affairs in December 2003 [10,13]. In June
2008, Suncheonman Bay was designated as national cultural property, “Myeongseung”
number 41, and in 2010, south-western tidal flats in Korea, including Suncheonman Bay
(south-western coast tidal flats), were included in the UNESCO World Heritage Tentative
List. Such registrations and designations demonstrate the recognition of its ecological and
environmental value [14] (https://whc.unesco.org/en/tentativelists/5482 (accessed on 20
April 2021)). In particular, the natural environment and ecosystems within Suncheonman
Bay are well preserved, making them a habitat favorable for many species of marine
organisms [15]. In these regions, primary producers such as diatoms play a critical role as
a food source for large invertebrates and fishes [16].

Diatoms are unicellular algae characterized by a biomineralized (opaline) cell wall that
may fossilize and be preserved in the sedimentary record [17,18]. The sub-fossil diatoms
herein described consist of Holocene diatom remains not fully involved in the fossilization
process. Diatoms thrive in very different environments (e.g., hot springs, polar regions, and
fresh, brackish, and marine waters) and are extremely sensitive to physical and chemical
changes (e.g., temperature, salinity, and nutrients) in the water [18–23]. Therefore, fossil
diatoms represent an excellent source of information about past climate change and its
effect on aquatic ecosystems. There have been relatively few studies on sub-fossil diatoms
along the southern Korean coast. Marine to brackish sub-fossil diatom assemblages were
initially studied in the Pohang and Gampo sediments in 1975 [24], then they were extended
to the regions of Bukpyeong [25] and Pohang [26,27] in the East Sea and the regions
of the Mankyung-Dongin river estuary [28], Dodaecheon River [29], Ilsan estuary [30],
Chollipo [31], Isanpo [32], and Sabsi-do and Kunsan in the Yellow Sea [33].

The Suncheonman Bay has been used to study various environmental characteris-
tics, including grain size and organic matter in tidal flat sediments [10], seasonal water
quality, pollution, environmental safety [13,34], and other geochemical characteristics, as
well as local inhabitants such as benthic invertebrates, plants, fishes, birds, bacteria, and
fungi [6,14,35–39]. Among the studies conducted to date, the investigation of phytoplank-
ton communities in the Dong Cheon River and Isa Cheon River stream into Suncheonman
bay was the most interesting [40]. In this study, we describe a newly recorded sub-fossil
diatom assemblage recovered in the sediments of the Suncheonman Bay.

2. Materials and Methods

2.1. Coring and Sampling of Sediment

Drilling was carried out using a peat core sampler (52 mm diameter; Peat Sampler,
Eijkelkamp Soil & Water, Giesbeek, Netherlands). One sediment core (= SCW03 with a
length of 6.0 m) was retrieved from Suncheonman Bay in Korea on 11 June 2018 (Figure 1,
Table 1). The core was transported to the laboratory after vacuum packing in a plastic
bag to prevent drying and oxidation. Sedimentological description and subsampling were
performed after the sediment core profile was cut vertically in half [41]. Shell fragments
in the SCW03 core were selected for the analysis of chronology and diatoms because the
sediment layer was well preserved.
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Figure 1. Sampling sites in Suncheonman Bay.

Table 1. Information of sampling sites.

Site Location Depth (m) Latitude (N) Longitude (E)

SCW03 Haksan-ri Byeollyang-myeon
Suncheon-si, Jeollanam-do 6 34◦52′10.1266′′ 127◦29′27.5667′′

2.2. Analysis of Chronology

Age dating was performed using an accelerator mass spectrometer (AMS) at the
Korean Institute of Geoscience and Mineral Resources (KIGAM), Korea. The estimated
ages were calibrated by the OxCal statistical analysis program (http://c14.arch.ox.ac.uk
(accessed on 20 May 2021)).

2.3. Sample Preparation for Diatom Identification

Thirteen samples of diatoms were collected every 0.5 m along the SCW03 core. Their
analysis was conducted according to the following steps: 1 g of sediment was dried at
60 ◦C for 24 h; the siliceous material was boiled with 20 mL of 30% hydrogen peroxide
(H2O2) and washed with distilled water to remove organic matter; the treated samples
were mounted with Pleurax (Mountmedia, Wako, Japan) and briefly heated using an
alcohol lamp for subsequent analysis using a light microscope (LM; Eclipse Ni, Nikon,
Tokyo, Japan). Photomicrographs were taken using a digital camera (DS-Ri2, Nikon,
Tokyo, Japan). Some remaining peroxide-cleaned samples were filtered using 2.0-μm
polycarbonate membrane filters (Nuclepore, Whatman, Maidstone, UK). The membranes
were placed on stubs and coated with gold-palladium for analysis using a field emission
scanning electron microscope (FE-SEM; MIRA 3, TESCAN, Brno-Kohoutovice, Czech
Republic). SEM photomicrographs of all the samples were used to identify the diatoms.
Morphological analyses of diatoms were performed using ImageJ v1.32 software (NIS-
Elements BR4.50.00, Nikon, Tokyo, Japan) [42]. Taxonomical nomenclature was based on
recent taxonomic information guidelines [43].

3. Results

3.1. Sedimentary Facies Analysis

The core SCW03 mostly consists of greenish-grey silty clay and can be divided distin-
guished into three sedimentary facies according to color, fossils content, and sedimentary
structure (Figure 2A,C). Facies A is characterized by yellowish-brown mottling structures.
Shell fragments are not observed in this facies. In Facies B, the yellowish-brown mottling
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structures are less abundant and shell fragments are observed to occur sporadically. The
size of shell fragments are about 2 mm in diameter. Facies C is represented by highly
concentrated shells and shell fragments in several-centimeters-thick intervals.

Figure 2. (A) Stratigraphic section, (B) result of age dating, and (C) photographs of core SCW03.

The sediments of core SCW03 are interpreted as deposited in a tidal flat [44,45]. It
is very similar to the current tidal flat environment. Abundant mottling structures in
facies A originate from an oxygen-rich environment, indicating that the sea level has
gradually decreased slightly in facies B. In the meantime, highly concentrated shells and
shell fragments of facies C are interpreted as sedimentation caused by flooding or storm
events [45].

3.2. Age Dating

The results of age dating for five samples in the core SCW03 shows a range from 1170
to 1560 cal. yr BP (Table 2 and Figure 2B).

Table 2. Results of AMS 14C dating and calibrated dates for core SCW03.

Depth (m) Elevation (m) 14C yr BP (±1σ) Cal. yr BP (±2σ) Laboratory Code Dating Material

1.59 0.07 1340 ± 20 1240 ± 130 ITg180525 Shell fragments
2.48 −0.82 1240 ± 20 1170 ± 200 ITg180526 Shell fragments
3.64 −1.98 1480 ± 20 1350 ± 90 ITg180527 Shell fragments
4.37 −2.71 1660 ± 20 1560 ± 270 ITg180528 Shell fragments
5.18 −3.52 1410 ± 20 1320 ± 60 ITg180529 Shell fragments

3.3. Diatom Assemblages

A total of 87 diatom species belonging to 52 different genera were identified in the
sediments from Suncheonman Bay in Korea (Table 3); of these, six species, namely, Cyma-
tonitzschia marina, Fallacia hodgeana, Navicula mannii, Metascolioneis tumida, Surirella recedens,
and Thalassionema synedriforme, were never described before in this area. The diatom flora
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encountered in this survey was composed of 87 taxa, which were classified into 52 genera.
We present information on the valve shape, occurrence depth in sediment, and habitat of
87 species, including the six newly recorded species. Information collected about the newly
recorded diatoms identified here included taxonomic information, illustrations, basionyms,
synonyms, original description references, depth in the core, distribution, and diagnosis
(Table 3).

Table 3. Occurrence (black squares) and habitat of diatom species by depth. A total of 72 diatom species belonging to 52 dif-
ferent genera were identified. Star marks on the specific name are newly recorded species in Korea (6 species: Cymatonitzschia
marina, Fallacia hodgeana, Navicula mannii, Metascolioneis tumida, Surirella recedens, and Thalassionema synedriforme).

SCW03 (m) 0.1 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 Habitat Reference

1 Achnanthes sp. � -

2 Actinocyclus octonarius � � marine [46]

3 Actinoptychus senarius � � � � � � marine [46]

4 Amphora pediculus � � � � � � freshwater [47]

5 Amphora sp. � -

6 Auliscus sculptus � marine [48]

7 Bacillaria paxillifera � marine [49]

8 Bacteriastrum sp. � � -

9 Chaetoceros affinis � � � � � � � � � marine [50]

10 Chaetoceros compressus � marine [51]

11 Chaetoceros lorenzianus � marine [52]

12 Chaetoceros sp. � � � � � � � � -

13 Chaetoceros resting spores � � � � � � � � � -

14 Climaconeis mabikii � marine [53]

15 Cocconeis placentula � � � � freshwater [54]

16 Cocconeis sp. � � -

17 Coscinodiscus
asteromphalus � � marine [55]

18 Coscinodiscus centralis � � marine [56]

19 Coscinodiscus radiatus � � � � � � � � � � � marine [57]

20 Coscinodiscus sp. � -

21 Cyclotella litoralis � � � � � � � � � � � � marine/freshwater [58]

22 Cyclotella meneghiniana � marine/freshwater [59]

23 Cyclotella ocellata � � � freshwater [60]

24 Cyclotella sp. � -

25 Cymatonitzschia marina* � marine [61–66]

26 Cymatosira lorenziana � marine [67]

27 Cymatotheca sp. � -

28 Cymatotheca weissflogii � � � marine [68]

29 Delphineis sp. � marine -

30 Diploneis elliptica � � � � � � � � marine/freshwater [69]

31 Diploneis sp. � � � � � -

32 Diploneis weissflogii � � � � � marine [70]

33 Discostella stelligera � freshwater [71]

34 Ditylum sol � marine [72]

35 Encyonema sp. � -

36 Epithemia adnata � � freshwater [73]
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Table 3. Cont.

SCW03 (m) 0.1 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 Habitat Reference

37 Fallacia hodgeana* � Freshwater/brackish
water [74]

38 Fallacia sp. � � � -

39 Fragilaria capucina � marine/freshwater [75]

40 Frustulia vulgaris � � freshwater [76]

41 Giffenia cocconeiformis � � marine [70]

42 Giffenia sp. � � � � � � � � � � � � � -

43 Gomphonema sp. � � -

44 Gyrosigma accuminatum � � � freshwater [77]

45 Gyrosigma fasciola � � marine [78]

46 Gyrosigma sp. � � � � � -

47 Gyrosigma turgidum � � marine [79]

48 Halamphora latecostata � � freshwater [80]

49 Haslea ostrearia � � � marine [81]

50 Hyalodiscus subtilis � marine [82]

51 Lyrella sp. � -

52 Navicula sp. � � � � � � � � -

53 Navicula viridulacalcis � � freshwater [83]

54 Navicula mannii* � brackish
water/marine [70]

55 Nitzschia sigma � � � � � brackish [84]

56 Nitzschia sp. � � � � � � � � -

57 Paralia sulcata � � � � � � � � � � � � marine [85]

58 Parlibellus delognei � � � � � marine [86]

59 Petrodictyon gemma � marine [87]

60 Petroneis marina � � � � � � marine [88]

61 Pinnularia sp. � -

62 Pleurosigma aestuarii � � � � � � marine [89]

63 Pleurosigma
diverse-striatum � marine [90]

64 Pleurosigma normanii � � � marine [91]

65 Pleurosigma sp. � -

66 Pseudonitzschia pungens � � � marine [92]

67 Rhaphoneis sp. � -

68 Rhizosolenia setigera � � marine [81]

69 Metascolioneis tumida* � � � marine [93]

70 Sellaphora americana � freshwater [94]

71 Semiorbis sp. � -

72 Surirella recedens* � � marine [95,96]

73 Surirella sp. � � � � � � � � -

74 Thalassionema
nitzschioides � � � � � � � marine [97]

75 Thalassionema
synedriforme* � marine [98]

76 Thalassiosira decipiens � � � marine [99]

77 Thalassiosira eccentrica � � � � � � marine [99]
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Table 3. Cont.

SCW03 (m) 0.1 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 Habitat Reference

78 Thalassiosira oestrupii � � � � marine [100]

79 Thalassiosira sp. � � � � � � � � � -

80 Trachyneis aspera � marine [101]

81 Triceratium dubium � marine [102]

82 Tryblionella acuminata � � � � marine [103]

83 Tryblionella coarctata � � � marine [104]

84 Tryblionella granulata � � marine [70]

85 Tryblionella punctata � � � � marine/freshwater [105]

86 Tryblionella sp. � � � � -

87 Tryblioptychus
cocconeiformis � � � � � marine [106]

Total 21 14 23 19 31 17 27 14 34 20 27 19 30

Cymatonitzschia marina (F.W.Lewis) Simonsen 1974 (Figure 3A,B)
Basionym: Cymatopleura marina F.W.Lewis 1861 [107]
Synonym: Cymatopleura marina F.W.Lewis 1861 [107]
Original description: Simonsen 1974: 56, pl. 41: Figures 5–9 [108]
Description: Valves are observed to be solitary, usually lying in the valve view. Valves

are linear lanceolate, with very acute ends. Valves are strictly isopolar, and not constricted
in the middle. Overall dimensions include a valve length ranges from 58.42 to 67.94 μm
and valve width from 9.14 to 11.28 μm. The valve faces have numerous undulations (9–11),
with a distance between two undulations in the ranges from 4.81 to 7.97 μm. Undulations
are found to have a nearly trapezoidal shape (Figure 3A). The valve surface has irregular
punctate on the undulations. A raphe system is observed running around one side of the
valve margin. Striae uniseriate are found to be densely spaced, with approximately 28–29
per 10 μm observed, on one side of the valve margin (Figure 3B).

Depth occurrence in the core: 2.0 m.
Distribution: This species is reported from brackish water to marine environments

mainly [61–66]. This taxon is reported from some estuary, e.g., East River, New York
and Long Island Sound [109]. Cymatopleura marina was first recorded from the Indian
Ocean [108].

Differential diagnosis: This genus differs from Cymatopleura. The genus Cymatopleura,
as a member of the Surirellaceae, has a completely different raphe morphology, which runs
along the edge of the valve around the entire margin, whereas in Cymatonitzschia it is, as in
Nitzschia, limited to one of the sides [108]

Remarks of raphe: Cymatonitzschia marina has an eccentric keeled raphe placed through
the edge of the valve, and it appears on one of the sides [108,110].

Fallacia hodgeana (R.M.Patrick and Freese) Y.H.Li and H.Suzuki 2014 (Figure 3C–F)
Basionym: Navicula hodgeana R.M.Patrick and Freese 1961 [111]
Synonym: Navicula hodgeana R.M.Patrick and Freese 1961 [111]
Original description: Li et al., 2014 in p. 33 [74]
Description: Valves are observed to be solitary, usually lying in the valve view. Valves

are naviculoid and linear-elliptic, with bluntly rounded ends. Overall dimensions include
length ranges from 14.73 to 15.42 μm and width ranges from 4.21 to 4.61 μm. The valve
face is nearly flat with a slightly curved raphe (Figure 3C,D, arrow). Central raphe endings
are proximately hooked (Figure 3E,F, arrowheads). Terminal raphe fissures exhibit a sickle-
shaped curve in the same direction. Some parts of the striae are covered with a thin
siliceous covering, or conopeum, on the external valve surface. Tow slits opening of the
canal, present near the terminal raphe fissures, are also observed (Figure 3F, arrowhead).
Areolae are found to be curved upward and were directly connected to the mantle. The
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finely porous conopeum extends outward from the outer edge of the raphe sterna, running
through the surface, and connect to the proximal edge of the mantle. Numerous peg-shaped
structures are observed in the nonporous margin of the conopeum along the proximal
edge of the mantle. The elongated areolae, with an approximate length and width of
0.28–0.42 μm and 0.15–0.18 μm, respectively, are found on the hyaline area of the valve
surface with an undulated junction. The elongated areolae were found in groupings of 12
per 5 μm. Peg-shaped structures, in groups of 12 per 5 μm, are also observed, finely porous
on the conopeum 12–13 per 1 μm transversely.

Figure 3. Light microscope (A,G,H) and field emission scanning electron microscopic (B–F,I,J) photomicrographs of
diatoms: (A,B) Cymatonitzschia marina (the arrow points to raphe), (C–F) Fallacia hodgeana (in C the arrow points to raphe; in
F the arrow points to the terminal openings), (G–J) Navicula mannii with raphe and ribbon-shaped areola (the arrow points
to raphe and ribbon-shaped areola). Scale bar = 10 μm.
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Depth occurrence in the core: 6.0 m.
Distribution: This species lives in fresh- to brackish-water environments. It was first

reported from scrapings of small rock submerged at the edge of a lagoon as Navicula
hodgeana [111]. Li et al. 2014 collected this species from Edogawa River, Japan. This taxon
is known to benthic diatom [74,112,113].

Differential diagnosis: Fallacia hodgeana possesses morphological features such as a
single H-shaped plastid, depressed lateral sterna interrupting striae that contain round
areolae enclosed by hymen; well-developed, finely porous conopeum; and a canal system
between the primary silica layer and the conopeum. These features indicate that this
species does not belong to the genus Navicula or Pseudofallacia [74]. This species is related
to Navicula dissipata. The length-to-breadth ratio is similar, although N. dissipata is a larger
taxon. The clear central area is narrower in our taxon, and the striae are composed of many
fine puncta instead of a few large ones. The median ends of the raphe are close together as
in N. dissipata [111].

Remarks of raphe: Fallacia hodgeana has a slightly curved raphe that terminates at
fissures curved in the same way. The distal end fissures were sickle-like and curved in the
same direction (Figure 3C arrow). The central endings lie close to each other, and slightly
curved slits seem to be promoted from the general valve [74].

Navicula mannii Hagelstein 1939 (Figure 3G–J)
Synonym: Navicula elegantissima Meister 1935 [114]
Original description: Hagelstein 1939, p. 388, pl. 7, Figures 7 and 8 [115]
Description: Valves are observed to be solitary. Valves are broadly lanceolate, and

abruptly constricted toward the ends (Figure 3G–I). Overall dimensions include average
length and width ranges from 28.28 to 30.09 μm and from 8.57 to 9.44 μm, respectively.
The axial area is narrow, and becomes gradually wider, larger, and rounded toward the
central area (Figure 3I). Raphe is observed to be very slightly curved filiform style with
a very thickened and hyaline sternum (Figure 3I,J, arrow). Striae are very coarse and of
low density (9–11 in 10 μm); they are observed to strongly radiate in the middle and then
become parallel towards the ends. The central area striae alternate between longer and
shorter forms (longer striae 4 areolae, and shorter striae 2 areolae). Areolae are observed to
be ribbon-shaped, and approximately 5–6 are found in 2 μm sections (Figure 3J, arrow).

Depth occurrence in the core: 2.7 cm.
Distribution: Navicula mannii was reported in brackish water or marine environ-

ments [70,116,117]. Navarro (1983) reported the taxon in tropical temperate waters from
the southwestern coast of Puerto Rico [116]. This species was known to neritic, pantropical,
and cosmopolitan [116]. Ohtsuka (2005) collected the species from a muddy tidal flat in the
Ariake Sea in south-western Japan [117].

Differential diagnosis: Hagelstein (1939) described that the Navicula mannii have
minutely punctate areolae, but we found the ribbon-shaped areolae on the striae based
on SEM observation in this study [115]. Ultrastructural studies of this species are rarely
performed using a SEM; this study represents the first example of this approach.

Remarks of raphe: Navicula mannii has a straight raphe. Proximal raphe ends have an
expanded pore-like shape and bent distal raphe ends (Figure 3G,H,J, arrows). Normally,
Navicula spp. have a straight raphe system, unlike the raphe shapes of Navicula cryptocephala
and Navicula gregaria, which commonly occur in Korea. N. mannii and N. cryptocephala
both have drop-like internal ends, but N. mannii has a more pore-like end than N. cryp-
tocephala [83,118], with a T-shaped structure. In contrast, Navicula gregaria has a different
raphe shape than N. mannii, which is bent in the same direction as the raphe and exhibits
asymmetrical thickening, beside the proximal raphe ends and beside the raphe rib [118].

Metascolioneis tumida (Brébisson ex Kützing) Blanco and Wetzel 2016 (Figure 4A,B)
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Figure 4. Field emission scanning electron microscopic photomicrographs of diatoms. (A,B) Metascolioneis tumida (the arrow
points to raphe), (C,D) Surirella recedens (the arrow points to raphe), (E–I) Thalassionema synedriforme. Scale bar = 10 μm.

Basionym: Navicula tumida Brébisson ex Kützing 1849 [119]
Synonym: Navicula tumida Brébisson ex Kützing 1849 [119]
Scoliopleura tumida (Brébisson ex Kützing) Rabenhorst 1864 [120]
Microstigma tumida (Brébisson) Meister 1919 [121]
Scoliotropis tumida (Brébisson ex Kützing) R.M.Patrick and Freese 1961 [111]
Scolioneis tumida (Brébisson ex Kützing) D.G.Mann 1990 [122]
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Navicula jenneri W.Smith 1853 [84]
Scoliopleura jenneri Grunow 1860 [123]
Original description: Blanco, S. and Wetzel, C.E., 2016, pp. 195–205 [124].
Description: Valves are found to be solitary with one-layered valves. Valves are linear

lanceolate with bluntly rounded apices (Figure 4A). Overall dimensions include an average
length and width ranges from 41.72 to 52.5 μm and from 6.05 to 6.50 μm, respectively. Cells
are usually found in a girdle view and twisted about the apical axis (Figure 4B). The valve
mantle is relatively deep, and its face curved moderately into mantles. Striae uniseriate
(16–17 in 10 μm) with small poroids (12–15 μm in 5 μm) are observed. The raphe system
is twisted and sigmoidal in shape (Figure 4A, arrow). The raphe sternum is generally
narrow and slightly wider in thcenterre. The raphe is found to be straight with simple
raphe endings and straight terminal fissures extending to the valve margin. The girdle
consists of several open bands. The band closest to the valve bears one transverse row of
poroids 31–32 at 10 μm.

Depth occurrence in the core: 1.0, 1.5, 2.0 m.
Distribution: This species has been found in marine habitats. Stoermer et al. (1999)

presented this taxon in a checklist of diatoms as Navicula tumida from the marine envi-
ronment in the Laurentian Great Lakes [125]. Vilicic et al. (2002) reported the species as
Scoliopleura tumida from the eastern Adriatic Sea [93]. This species was listed to the British
marine diatoms as Scoliopleura tumida [126,127]. Méléder et al. (2007) reported the taxon as
Scolioneis tumida in a sediment of mudflat from Bourgneuf Bay, France [128].

Differential diagnosis: Formerly included in Scolipleura taxon, but lacking the offset
central raphe endings and longitudinal canals of that genus. Distinguishable from Scol-
iotropis by having fewer plastids, which lie against the valves rather than the girdle, by the
simple uniseriate striae and raphe structure [122].

Remarks of raphe: Metascolioneis tumida (syn. Scolioneis tumida, Navicula tumida) has a
slightly twisted raphe and raphe sternum that is normally narrow and becomes expanded
in the center (Figure 4A, arrow). External central raphe endings have straight fissures along
the valve margin. Furthermore, internal central endings are T-shaped and elongated [122].

Surirella recedens A.W.F.Schmidt 1875 (Figure 4C,D)
Homotypic synonym: Surirella fastuosa var. recedens (A.W. F. Schmidt) Cleve 1878 [129]
Surirella fastuosa var. typica f. recedens (A. W. F. Schmidt) Deby 1897 [130]
Original description: Schmidt and Fricke 1875, pls 17–20. [131]
Description: Valves are found to be solitary, strongly silicified, and lying in the valve or

girdle view. Valves are heteropolar with a broadly rounded headpole and cuneate footpole.
Overall dimensions include a length and width of 35.08 μm and 22.83 μm, respectively.
The valve surface has four costae of 10 μm in length. The valve margin includes fibulae,
siliceous braces, 7–8 fibulae, 10 μm. The raphe system runs around the entire valve margin
and is located within a canal (Figure 4C,D; arrows). The canal is raised above the valve’s
surface. One or more potulae are located between the two fibulae. Four or more fibulae are
located between the two costae.

Occurring depth in Core: 2.7, 5.5 m.
Distribution: This taxon was known to marine species [95,96]. López-Fuerte and

Siqueiros-Beltrones (2016) reported the species as a benthic diatom from coastal waters in
Mexico [132] and the Nanaura mudflat in Ariake Sea, Japan [117]. However, Surirella rece-
dens was found in brackish waters from Cochin Backwater south in the Indian Ocean [133].

Differential diagnosis: S. recedens is composed of a heteropolar valve, whereas Surirella
fastuosa has an isopolar valve [134]. S. recedens is smaller overall, in comparison to S. fastuosa,
and more lanceolate in shape. In addition, S. fastuosa has more noticeable apices than S.
recedens [135]. Goldman (1990) identified the Surirella cf. fastuosa based on the outline,
length, infundibula, and circular pattern of the valve [136].

Remarks of raphe: Surirella recedens (Syn. Surirella fastuosa var. recedens, Surella fastuosa
var. typical f. recedens) Surirella sp. has a raphe that is located along the margin of the
valve (Figure 4D, arrow). A raphe positioned within a canal might be elevated above the
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valve surface in several species [137]. S. recedens shows a representative Surirellaceae raphe
system, positioned along the margin of the valve (Figure 4D, arrow).

Thalassionema synedriforme (Greville) G.R.Hasle 1999 (Figure 4E–I)
Basionym: Asterionella synedriformis Greville 1865 [138]
Synonym: Asterionella synedriformis Greville 1865 [138]
Thalassionema javanicum Grunow Hasle in Hasle and Syvertsen 1996 [139]
Depth occurrence in the core: Hasle, G.R. 1999, pp. 54–59, 23 figures [140].
Description: The valves are heteropolar spatulate, linear, long, slightly wider in

the middle, and constricted towards the head pole, rather than towards the foot pole
(Figure 4E). Valve width ranges from 2.66 to 2.87 μm in the middle part of the valve and
from 4.03 to 4.40 μm in the middle part of the footpole. An apical spine is located in the
head pole, not the foot-pole part of the valve. The valve face is flat, with a wide sternum
and slight undulation (5–6 in 5 μm) at the foot pole (Figure 4F). Areolae are placed within
the valve face and valve mantle. Areolae are heart-shaped (5–6 in 5 μm) near the foot pole
part, but similar to Y- or flower-shaped occlusions (5–6 in 5 μm) toward the middle part of
the valve (Figure 4F–I). Labiate processes are placed at each pole of the valve. An opening
of the labiate process places the external apex in the foot pole [141].

Depth occurrence in the core: 3.0 m.
Distribution: Thalassionema synedriforme was known to marine species. Hasle (2001)

mentioned the species is restricted in tropical and subtropical waters [98]. This species was
recorded for the first time from Argentinean coastal waters [142].

Differential diagnosis: Asterionella synedriformis Greville is the basionym of Thalas-
sionema synedriforme [98]. Frenguelli (1941) mentioned that he found valves with 9–10 areo-
lae within 10 μm and illustrated a linear, fragmentary specimen that, according to the valve
outline and areola density, might also be attributed to Thalassionema frauenfeldii, but not to
T. synedriforme [143]. Additionally, in the case of Thalassiothrix javanica (Grunow), Hustedt
and Frenguelli illustrated a specimen that was slightly heteropolar with 6–7 areolae within
10 μm, which differs in areolae density and valve outline from Thalassionema synedriforme
(12–16 areolae in 10 μm, according to Hasle 2001) [98].

4. Discussion

4.1. Diatoms in SCW03

In this study, the analysis of sub-fossil diatoms among core samples obtained from
Suncheon Bay, Korea, was carried out. Within the SCW03 core sample, a total of 52 genera
and 87 species of sub-fossil diatoms were identified, with locations ranging from the surface
to within 6 m of the basement, and among them, six species of newly recorded sub-fossil
diatom never recorded before were found. At a depth of 4.0 m, the maximum variety of
diatom samples was observed, with 23 genera 34 species, while depths of 0.5 m and 3.5 m
revealed the lowest variety of diatoms, with 12 genera 14 species and 10 genera 14 species,
respectively (Table 3). The highest and lowest taxonomic richness occur at depths of 4.0 m
(23 genera, 34 species) and 3.5 m (10 genera, 14 species), respectively (Table 3).

Among the diatoms observed, Amphora sp., Auliscus sculptus, and Fragilaria capucina
were found only at 0.1 m depths; therefore, they are hypothesized to have only recently
entered the Suncheonman Bay (Table 3). Cymatosira lorenziana, Fallacia hodgeana, Pleurosigma
sp., Semiorbis sp., and Trachyneis aspera are no longer observed since they appeared to
only occur at 6.0 m depth. It is hypothesized that this is due to climate, environmental, or
topographical changes in the Suncheonman Bay habitat. Intriguingly, C. lorenziana is mainly
found in warm waters, whereas T. aspera is mainly distributed in the Antarctic area, with
almost opposite habitat characteristics; however, the causative environmental changes in
Suncheonman Bay could not be identified in this study [144–146]. Nevertheless, identifying
past environmental changes in Suncheon Bay is an important source of information for the
prediction of future environmental changes, and should be investigated further.

Most of the marine and brackish species occur at a depth of 5.0 to 6.0 m of the SCW03
core sample, and the emergence of freshwater species gradually increased within depth
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ranges of 3.0 to 4.5 m. Interestingly, only marine and brackish species appeared at the 2.5 m
section (Table 3). Marine and some freshwater species appeared within occur the range of
1.0 m to 2.0 m depths, while only marine and brackish species appeared at 0.5 m depth;
finally, freshwater species increased again at 0.1 m depth. These changes in the flora of di-
atoms assemblage composition observed suggest that the sediments recovered from SCW03
were deposited in a marine area that was scarcely influenced by freshwater inflow in the
past (3.0–4.5 m depth; about 1260–1830 yr BP) and experienced a renewed influx of fresh wa-
ter in recent times (0.1 m depth; about 1340 ± 20 yr BP) (Tables 2 and 3, Figure 2) [147,148].
More accurate results and solid interpretations of the triggers responsible for such environ-
mental changes require further studies of comprehensive environmental change, including
a quantitative analysis of diatoms and a chronological analysis of core samples.

4.2. New Recorded Taxa from Korea

In this study, we identified six species newly recorded in Suncheonman Bay area:
Cymatonitzschia marina, Fallacia Hodgeana, Navicula mannii, Metascolioneis tumida,
Surirella recedens, and Thalassionema synedriforme. N. mannii was first identified by light
microscopy in 2005; however, in this study, we observed the ultrastructure of N. mannii
and discovered a ribbon-shaped areolae by Fe-SEM [117]. The ribbon-shaped areolae of N.
mannii are the first to ever be recorded.

Unrecorded sub-fossil diatoms in Suncheonman Bay were discovered at 1.0 m depths.
This study is therefore meaningful because if we study the modern composition of diatoms
in Suncheonman Bay or Korea, we would estimate six previously unrecorded diatoms
were extinct in this area.
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Abstract: Dense patches were observed in the tidal pools of the southern area of Korea. To clarify the
causative organisms, the cells were collected and their morphological features were examined using
light and scanning electron microscopy (SEM). In addition, after establishing strains for the cells the
molecular phylogeny was inferred with concatenated small subunit (SSU) and large subunit (LSU)
rRNA sequences. The cells were characterized by a nucleus in the hypotheca, strong reticulations in
thecal plates, the separation of plates 2a and 3a, the tear-shaped apical pore complex, an elongated
rectangular 1a plate and the absence of the right sulcal list. The thecal plate formula was Po, X, 4′, 3a,
7”, 6c, 4S, 5′ ′ ′, 2′ ′ ′ ′. Based on these morphological features, the cells were identified as Bysmatrum
subsalsum. In the culture, the spherical cysts of B. subsalsum without thecal plates were observed.
Molecular phylogeny revealed two ribotypes of B. subsalsum are identified; The Korean isolates were
nested within the ribotype B consisting of the isolates from China, Malaysia and the French Atlantic,
whereas the ribotype A includes only the isolates from the Mediterranean Sea. In the phylogeny,
B. subsalsum and B. austrafrum were grouped. This can be supported by the morphological similarity
between the two species, indicating that the two species may be conspecific, however B. subsalsum
may distinguish from B. austrafrum, because of differences in the types of eyespots reported in
previous studies. These findings support the idea that there is cryptic diversity within B. subsalsum.

Keywords: Bysmatrum; cyst; eyespot; morphology; ribotype

1. Introduction

The genus Bysmatrum M.A. Faust and K.A. Steidinger was erected to separate three
benthic Scrippsiella species, Scrippsiella arenicola T. Horiguchi and R.N. Pienaar, S. subsalsa
(Ostenfeld) K.A. Steidinger and Balech and S. caponii T. Horiguchi and R.N. Pienaar [1].
These species share a number of morphological characterizations of thecal plates: a lack
of contact between 2a and 3a, the presence of six cingular plates, and the posterior sulcal
plate that does not touch the cingulum [1]. Based on such morphological characteristics,
six Bysmatrum species (including Bysmatrum subsalsum (Ostenfeld) M.A. Faust and K.A.
Steidinger as the type species have been reported so far [1–6] and, within the genus, the
Bysmatrum species) can be distinguished from each other by the differences in cell size and
shape, plate ornamentation, cingulum displacement, the morphology of the apical pore
complex (APC), nucleus position, habitat and habitus [1,4,5,7,8]. However, molecular data
for Bysmatrum species are as yet available for only five species; B. arenicola T. Horiguchi and
R. N. Pienaar, B. austrafrum Dawut, Sym, Suda and Horiguchi, B. granulosum L. Ten–Hage,
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J.P. Quod, J. Turquet and Couté, B. gregarium (E. H. Lombard and B. Capon) T. Horiguchi
and Hoppenrath and B. subsalsum [6–9].

Since the morphological descriptions of Bysmatrum species by Faust and Steidinger [1],
Anglès et al. [7] documented the morphological details and molecular phylogeny of B. sub-
salsum collected from different locations of the Mediterranean Basin, and concluded that
the strains of B. subsalsum are morphologically indistinguishable but genetically distinct,
probably due to the differences in habitat, physiology or life-history traits. Since then,
Luo et al. [8] documented that B. subsalsum strains from Malaysia and the French Atlantic
formed a subclade (ribotype B) that can be distinguished from a clade (ribotype A) con-
sisting of stains from the Mediterranean Sea and that there is cryptic diversity within
B. subsalsum, based on the genetic distance shown in ITS sequences among Bysmatrum
species [7]. This indicates that additional molecular data (including morphological descrip-
tions) are needed to clarify the cryptic diversity of B. subsalsum, with strains established
from water bodies of various geographical regions.

Bysmatrum subsalsum is a cosmopolitan species [10], and its occurrences have been
recorded in the Aral Sea, the Mediterranean Sea, the Caribbean Sea, the Gulf of Mexico, the
French and Portuguese Atlantic coast and the East and South China Sea [7,8]. However, in
the Korean coastal area, this species has not been found, and only B. gregarium (as B. caponii)
isolated from plankton samples has been recorded, with its morphology and molecular
information [9]. In the tidal pools of the southern area of Korea, we observed dense patches
caused by unidentified organisms. These were isolated, and strains were established and
the morphological features were examined using light and scanning electron microscopy
(SEM). The observations revealed that the species was identical to B. subsalsum. In this
study, we describe the morphological details of Korean strains of B. subsalsum and report
on their molecular characterization, based on concatenated small subunit (SSU) and large
subunit (LSU) rRNA gene sequences.

2. Materials and Methods

2.1. Sampling and Culture

In June 2017, dense patches of phytoplankton were observed in the tidal pools of Geoje
Island (34◦59′34.3” N, 128◦41′44.1” E) and Jeju Island (33◦29′26.5” N, 126◦25′12.8” E), Korea.
Water temperature and salinity were 23.0 ◦C and 34 psu in the tidal pool of Geoje Island,
and 10.5 ◦C and 24.5 psu in the tidal pool of Jeju Island, respectively. The water samples
from the pools were collected using the 50 mL conical tubes and were then transported
to the laboratory for observation of the causative organism. In the laboratory, the single
mass colonies from the samples were isolated using a glass micropipette on an inverted
microscope (Eclipse Ts2R, Nikon, Tokyo, Japan), and transferred into a 24-well tissue plate
containing f/2 medium adjusted to a salinity of 32. The isolated colonies were maintained
at 24 ◦C in a 12:12 LD cycle under a photon irradiance of 100 μmol photons·m−2·s−1.
After sufficient growth, the cells were transferred to a culture flask. A monoclonal culture
was successfully established from the cells collected in the tidal pool of Geoje Island
and deposited in the Library of Marine Samples, Korea Institute of Ocean Science and
Technology, as strain number LIMS-PS-2685 (=MABIK PD00002006). The isolate from the
tidal pool of Jeju Island was also established as a strain; however, it is currently unavailable
because of unexpected cell death.

2.2. Morphological Observation

Live cells were isolated and photographed at 1000X magnification using an AxioCam
512c digital camera (Carl Zeiss, Göttingen, Germany) on an upright microscope (Zeiss Axio
Imager2, Carl Zeiss, Göttingen, Germany). For fluorescence microscopy, approximately
1 mL of cell culture was transferred to a 1.5-mL microcentrifuge tube, and 4′,6-diamidino-
2-phenylindole (DAPI) stain (Sigma-Aldrich, St. Louis, MO, USA) was added at a final
concentration of 10 μg mL−1. Cells were then incubated in the dark at room temperature
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for 1 h, and viewed and photographed through a Zeiss Filterset 49 (emission: BP 365–445;
beamsplitter: FT 395).

For scanning electron microscopy, a 20 mL aliquot of a dense culture was fixed in
glutaraldehyde and paraformaldehyde with a final concentration of 2% (w/v). The aliquot
containing fixed cells was filtered through a polycarbonate membrane filter (5 μm pore
size), without applying additional pressure and rinsed three times with distilled water
to remove the salt. After rinsing, the sample was dehydrated in an ethanol series (10,
30, 50, 70, 90 and 100% ethanol, followed by two 100% ethanol steps) and dried using a
critical point dryer (BAL-TEC, CPD 300, Balzers, Germany). Finally, the sample was coated
with gold-palladium and examined using a field emission-scanning electron microscope
(JSM-7610F, Jeol, Japan).

2.3. DNA Extraction and Sequencing

The mass colonies were harvested via centrifugation for 10 min at room temperature,
and the supernatant was discarded. Genomic DNA was extracted from cell pellets using
a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
protocol. The SSU rRNA gene was amplified using primers (ATF01: 5′-YAC CTG GTT GAT
CCT GCC AGT AG-3′ and ATR01: 5′-RMW TGA TCC TTC YGC AGG TTC ACC-3′) [11],
and the D1–D3 regions of the LSU rRNA gene were amplified using previously described
primers (D1R: 5′-ACC CGC TGA ATT TAA GCA TA-3′ [12] and 28r691: 5′-CTT GGT CCG
TGT TTC AAG AC-3′) [11]. PCR reactions were conducted in a volume of 50 μL; 2.0 μL
gDNA; 5 μL 10x buffer; 0.2 mM dNTP; 0.1 μM each primer; 0.25 U Taq polymerase (Takara
Ex Taq, Takara, Seoul, Korea); and ddH2O to a final volume of 50 μL. The PCR condition
was as follows: 94 ◦C for 4 min, 30 cycles of 94 ◦C for 1 min, 54 ◦C for 1 min, and 72 ◦C
for 1 min and then 1 extension cycle at 72 ◦C for 10 min. PCR products were purified with
QIAqucik PCR purification kit (Qiagen, Hilden, Germany). All rRNA gene sequencing
was performed using an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, Foster City,
CA, USA). The sequences were trimmed and assembled into contigs using Geneious Prime
(https://www.geneious.com (accessed on 2 January 2020)).

2.4. Phylogenetic Analysis

The sequences were aligned using MAFFT in Geneious plugin with default settings,
and some regions manually adjusted using the Geneious Prime. The phylogenetic analysis
includes all the published sequences of Bysmatrum species. A total of 50 sequences of the
order Peridinales were selected, while the family Peridiniaceae and Protoperidiniaceae were
used as outgroups. The sequence alignments of SSU and LSU rRNA were concatenated
with introduced gaps. The phylogenetic tree for the concatenated sequence alignment was
inferred using maximum likelihood (ML) analyses via RAxML version 8 [13], and using
Bayesian inference (BI) through MrBayes version 3.2 [14]. The general time reversible (GTR)
model with parameters accounting for γ-distributed rate variation across sites (G) was
used in all analyses, taking into account 6-class gamma. The GTR+G substitution model
was selected using the Akaike information criterion (AIC) as implemented in jModelTest
version 2.1.4 [15]. Bootstrap analyses for ML were carried out with 1000 replicates to
evaluate statistical reliability. The Markov chain Monte Carlo (MCMC) method for BI was
used with four runs for 10 million generations, sampling every 100 generations. The first
10% of trees were deleted as burn-in, and a majority rule consensus tree was constructed
to examine the posterior probabilities of each clade. The final trees were visualized with
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 5 January 2020)).

3. Results

3.1. Morphology of Vegetative Cell and Resting Cyst of Bysmatrum subsalsum

Cells had a conical epitheca and a round hypotheca, were slightly obliquely dorsoven-
trally flattened and the longitudinal flagella were visible (Figure 1a–f). They were 37–52 μm
in length and 31–44 μm in width (n = 50). An apical stalk consisting of a transparent gelati-
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nous matrix was observed on the apex of the cells (Figure 1b,c). A yellowish eyespot was
located on the right side of the sulcus (Figure 1d,e). Rod-shaped chloroplasts were observed
in the periphery of the cell (Figure 1g,h). The DAPI-stained nucleus was large, commonly
elongated (Figure 1h) and sometimes horseshoe-shaped by the different observation angle
(Figure 1i). The position of a nucleus was posteriorly in the hypotheca (Figure 1g–i).

 

Figure 1. Light micrographs of Bysmatrum subsalsum (Strain: LIMS-2685). (a) Surface focus of ventral view showing
the longitudinal flagella (arrow), sulcus and cingulum. (b) Deeper focus of ventral view showing the outline of the cell
and apical stalk (arrow). (c) Surface focus of ventral-apical view showing the apical stalk (arrow). (d) Deeper focus of
ventral-lateral view showing a red eyespot (arrow). (e) Surface focus of ventral-right lateral view showing the longitudinal
flagella (arrow). (f) Deeper focus of dorsal view. (g) Epifluorescence image of ventral view of DAPI-stained cell showing the
position of the nucleus. (h) Epifluorescence image of dorsal view of DAPI-stained cell showing the position of the nucleus.
(i) Epifluorescence image of antapical view of DAPI-stained cell showing the shape of the nucleus. Scale bars = 5 μm.
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SEM observation revealed that the cells have a plate formula of Po, Cp, X, 4′, 3a,
7”, 6C, 4S, 5′ ′ ′, 2′ ′ ′ ′ (Figure 2). The thecal plates were covered with strong reticulations
(Figure 2a–e). Apical pore complex (APC) was tear-shaped and included a Po plate, a
round cover plate (Cp) and a canal plate (X) with thick margins formed by the raised
borders of the apical plates (Figure 2f). The first apical plate (1′) was pentagonal and
asymmetrical with shorter anterior sutures than the posterior ones, and surrounded five
plates: 2′, 4′, 1′ ′, 7′ ′ and Sa (Figure 2a,d,e). Three intercalary plates (1a, 2a and 3a) were
similar in size, and 1a and 2a contacted each other; however, 3a was separated from 1a
and 2a. (Figure 2b,c,e). Plate 1a was elongate and rectangular, whereas plates 2a and 3a
were hexagonal and pentagonal, respectively (Figure 2b,c,e). The precingular plates were
symmetrically distributed (Figure 2e). The first precingular plate (1′ ′) was pentagonal and
smaller than the others (Figure 2a,e). The cingulum was deeply excavated and descended
by about one cingulum width (Figure 2a–d). Six cingulum plates were observed; plates C1,
C2 and C3 were much smaller than the C4, C5 and C6 plates (Figure 2a–d). In post cingular
series, plates 1′ ′ ′, 2′ ′ ′ and 4′ ′ ′ were tetragonal, whereas plates 3′ ′ ′ and 5′ ′ ′ are pentagonal in
shape (Figure 2g). The plate 1′ ′ ′ was much smaller than the other plate (Figure 2a–c,g). Two
antapical plates (1′ ′ ′ ′ and 2′ ′ ′ ′) have pentagonal shapes, and plate 2′ ′ ′ ′ is larger than the 1′ ′ ′ ′
plate (Figure 2a–c,g). The sulcus was wide and did not contact the antapex (Figure 2a,g),
and consisted of four major plates with inconspicuous lists: the anterior sulcal plate (Sa)
is narrow and elongated; the left sulcal plate (Sl) in narrow and right sulcal (Sr) plate are
triangular (Figure 2a,h); the posterior sulcal plate (Sp) is the largest sulcal plate, wider
than long, and does not contact the plate (Figure 2g,h). There were internal sulcal lists (Isl)
emerging from left side of the Sr plate (Figure 2h). The left sulcal list (Lsl) that had emerged
from the lower side of plate 1′ ′ ′ was visible (Figure 2h).

 

Figure 2. Scanning electron micrographs of vegetative cells of Bysmatrum subsalsum strain LIMS-2685 from Korea. (a) Ventral
view. (b) Dorsal view. (c) Dorsal-left lateral view. (d) Ventral-right lateral view. (e) Apical view, showing a centrally located
raised dome (apical stalk: AS) and epithecal plate pattern. (f) Detail of apical pore complex showing the apical pore (AP),
cover plate (Cp) and canal plate (X). (g) Antapical view, showing hypothecal plate pattern. (h) Detail of the sulcal plates
showing anterior sulcal plate (Sa), right sulcal (Sr) and left sulcal (Sl) plates, posterior sulcal plate (Sp), left (Lsl; red arrows)
and internal (Isl; blue arrows) sulcal lists. Scale bars = 10 μm (a–e,g); 5 μm (f,h).
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Spherical cysts were observed under culture conditions (Figure 3). The cysts were
29.5–34.6 μm in diameter (n = 25). The cyst was grayish in color, and an orange accumula-
tion body was visible (Figure 3a–c). The cyst wall was smooth, without any distinguishing
features on the surface (Figure 3d).

 

Figure 3. Light and scanning electron micrographs of cysts of Bysmatrum subsalsum strain LIMS-2685. (a) Light micrographs
of spherical cyst. (b,c) Light micrographs of cysts showing large, orange, accumulation body (arrows). (d) Scanning electron
micrograph showing a smooth organic wall without any ornamentation. Scale bars = 5 μm.

3.2. Molecular Phylogeny

Bayesian inference (BI) and maximum likelihood (ML) based on the concatenated SSU
and LSU rRNA gene sequences yielded similar phylogenetic trees. The genus Bysmatrum
was a monophyletic group, with maximum support (Figure 4). Bysmatrum arenicola was
the base of Bysmatrum species, and B. subsalsum was branched from B. gregarium, with
moderate supports (BT/PP = 68/0.92). Two ribotypes (ribotype A and B) of B. subsalsum
were identified; ribotype A was comprised only of strains from the Mediterranean Sea
with maximum support (BT/PP = 100/1.00), whereas ribotype B included the strains from
China, Malaysia, the French Atlantic and Korea. Bysmatrum austrafrum (HG321) was nested
between the two ribotypes. In ribotype B, the Korean strains of B. subsalsum were closely
related to the Malaysian strain (TBBYS03) (BT/PP = 80/1.00).
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Figure 4. Phylogeny of Bysmatrum subsalsum inferred from concatenated SSU and partial LSU rRNA gene sequences using
maximum-likelihood (ML). Ribotypes are labeled according to designations by Luo et al. [8]. Numbers on branches are
statistical support values to clusters on the right of them (left: ML bootstrap support (BT) values; right: Bayesian posterior
probabilities (PP)). Bootstrap support values > 50% and Bayesian posterior probabilities > 0.7 are shown. Branch lengths are
drawn to scale, with the scale bar indicating the number of nucleotide substitutions per site.

4. Discussion

4.1. Morphological Comparisons of Korean Isolates of Bysmatrum subsalsum with Other Isolates of
B. subsalsum, and B. austrafrum

According to Anglès et al. [7] and Luo et al. [8], the genetic sequences of B. subsalsum
show large intraspecific differences, clustering two well-differentiated clades (ribotype
A and B). The two clades of B. subsalsum based on SSU and LSU sequences were also
shown in this study, and the Korean isolates of B. subsalsum were nested in the ribotype B
and clustered with the isolates from China, Malaysia and the French Atlantic (Figure 4).
The Korean isolates of B. subsalsum were morphologically characterized by the separa-
tion of plates 2a and 3a, the tear-shaped APC, an elongated rectangular 1a plate and the
general morphology, such as cell size, plate ornamentation and nucleus position, which
coincides with that of B. subsalsum in previous studies (Luo et al. [8] and reference therein).
Luo et al. [8] reported the differences in the number of sulcal lists among strains of B. sub-
salsum in two clades; the French strain has the right sulcal list (Three sucal lists), whereas
the Malaysian strains are characterized by the absence of the right sulcal list (Two sulcal
lists). In Korean strains, the right sulcal list was not present. In addition, the number of
sulcal lists varied among specimens collected from other geographical regions [16–19].
Anglès et al. [7] concluded that despite a certain degree of morphological variation (such
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as cell size, APC morphology and size, and cingulum displacement), cells from the two
clades of B. subsalsum exhibit similar morphological characteristics. Luo et al. [8] also con-
firmed the morphological similarities in the Malaysian and French strains of B. subsalsum.
Consequently, the prominent morphological characteristics for clarifying the two clades of
B. subsalsum still remain unclear.

Recently, Luo et al. [20] recorded B. austrafrum between two clades of B. subsalsum,
with strong support in the phylogeny, which is in agreement with our result. Bysmatrum
austrafrum was first described by Dawut et al. [6]. This species has a typical plate of Po, X,
4′, 3a, 7”, 6C, 4S, 5′ ′ ′, 2′ ′ ′ ′ for the genus Bysmatrum and is morphologically characterized
by dimensions of 25–45 μm long and 20–42.5 μm wide, arranged reticulation in the thecal
plates, the possession of an equatorially positioned cingulum and a cingulum displaced by
a distance exceeding its own width. Based on these morphological features, Dawut et al. [6]
reported that B. austrafrum is similar to B. subsalsum, and concluded that B. austrafrum can
be distinguished from B. subsalsum by differences in cell size, the shape of the APC and
apical plate 1′. However, cell sizes recorded in B. austrafrum were recorded in the other
specimens of B. subsalsum (see Table 2 in Luo et al. [8]), and the shapes of the APC and
apical plate 1′ of B. austrafrum quite resembled those of Korean isolates and the specimens
of B. subsalsum recorded by Luo et al. [8]. In addition, although Dawut et al. [6] did not
consider the absence or presence of the right sulcal list, B. austrafrum does not have the right
sulcal list in their description. Consequently, it is quite difficult to distinguish B. subsalsum
from B. austrafrum, based on their morphological features. Nevertheless, different types of
eyespots have been reported in B. subsalsum and B. austrafrum [6,8]. Based on the types of
eyespots suggested by Moestrup and Daugbjerg [21], B. subsalsum has the Type B eyespot,
whereas B. austrafrum presents the Type A eyespot. This may be a useful characteristic for
distinguishing B. subsalsum from B. austrafrum. However, as the Type A eyespot has not
been reported in other Bysmatrum species, such as B. granulosum and B. gregarium, more
isolates of B. austrafrum need to be examined for clarifying the type of eyespot within
Bysmatrum species.

4.2. Morphology of Bysmatrum subsalsum Cyst

Cyst morphology can be helpful to understand the diversity within the genus (e.g.,
Li et al. [22]). In Bysmatrum species, a cyst–theca stage relationship has only been established
through germination experiments for Mediterranean B. subsalsum [7]. Two types of cysts
of B. subsalsum have been described in culture and sediments; in the culture spherical to
ovoidal cysts without any ornamentations were observed [7,19], whereas cysts with the
typical plate pattern, which are morphologically similar to vegetative cells of B. subsalsum,
were identified in sediments [8,23]. In our study, the spherical cysts were also observed from
the culture. Bysmatrum subsalsum from the Mediterranean Sea (ribotype A) could produce
both cyst types in culture [7,19], and from the French strain of B. subsalsum (ribotype B),
only cysts with the thecal plate were described [8]. In previous studies, differences in
cyst types have been recorded between cultures and natural sediments. For example,
unarmored dinoflagellate Margalefidinium polykrikoides (formerly Cochlodinium polykrikoides)
produced two different types of cyst (a spherical cyst without ornamentation in culture
and an ornamented cyst in sediments) [24,25]. Tang and Gobler [24] suggested that the
ornaments and spines of M. polykrikoides might be caused by biotic or chemical processes
in sediments. However, this does not seem to be in accordance with B. subsalsum, because
two different types of cysts were reported in sediments.

Similar morphological features between cyst and vegetative cell of unarmored di-
noflagellate M. polykrikoides have been reported [26,27], and the cyst was identified as a
temporary cyst that can be the short-term stage. The temporary cyst of M. polykrikoides
is surrounded by a transparent and thin hyaline membrane, indicating in sediments the
unarmored temporary cysts may be destroyed because of geochemical processes related
to organic matter degradation or the attack of viruses or bacteria into the cell. However,
temporary cysts with thecal plates (armored cyst) (such as cyst of B. subsalsum) may be
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protected from the environmental conditions in sediments. If so, the cyst with typical
thecal plates of B. subsalsum from sediments or culture may be temporary, because the
resting cysts of dinoflagellate usually have distinct morphological features that can be
distinguished from their vegetative cell (e.g., Matsuoka and Fukuyo [28]).

4.3. Phylogenetic Position of Bysmatrum subsalsum

In the phylogenetic tree, the Korean isolates within B. subsalsum were nested in the
ribotype B consisting of the isolates from China, Malaysia and the French Atlantic, whereas
the ribotype A includes only the isolates from the Mediterranean Sea. Iwataki et al. [29]
documented that in the phylogenetic tree for M. polykrikoides isolates, the ribotypes can be
useful for characterizing the geographical distribution pattern of M. polykrikoides. In our
study, the ribotype A also represents the isolates of B. subsalsum from the Mediterranean
Sea, which is in agreement with the conclusion by Iwataki et al. [29]. However, the ribotype
B is a mixture of isolates originated from different geographic regions, although it mostly
includes the Asian isolates. This indicates that the cells originating from France might
be transferred from the Asian areas. Benthic dinoflagellates such as Bysmatrum species
usually have a restricted distribution, possibly because of benthic, epiphytic behavior.
Nevertheless, B. susalsum has been reported from various samples, including plankton
samples, and their resting cysts are also present in the sediments (Luo et al. [8] and
reference therein). This suggests that the vegetative cells and resting cysts of B. subsalsum
can artificially be introduced into other coastal areas, possibly caused by ballast ship waters
(e.g., Hallegraeff [30]).

Since the discovery of two ribotypes of B. subsalsum, Luo et al. [20] identified
B. austrafrum between two clades of B. subsalsum in a phylogenetic tree based on con-
catenated SSU and LSU rDNA sequences, which is in agreement with our result. In
the phylogenetic tree, B. subsalsum and B. austrafrum were grouped, with strong support
(BT/PP = 95/1.00) (Figure 4), indicating that the two species may be conspecific. This
result can be supported by morphological similarity between the two species. However,
as there are differences in the types of eyespots between the two species, B. subsalsum can
also be a species that distinguished from B. austrafrum. If so, it is possible that B. subsalsum
is not monophyletic. This finding supports the idea that there is cryptic diversity within
B. subsalsum [7].

4.4. Environmental Conditions in Relation to the Growth of Bysmtrum subsalsum

Although Bysmatrum species are considered benthic dinoflagellates, the occurrence
of B. subsalsum has been reported in the plankton, with floating detritus and on sand and
macroalgae [18]. Luo et al. [8] recorded B. subsalsum in plankton and sediment samples,
and Anglès et al. [7] found B. subsalsum in mangrove detritus and salt marshes. In Korean
isolates of B. subsalsum, the species is considered to inhabit tidal pools, and B. austrafrum
was also discovered in tidal pools in South Africa [6]. In comparison with B. subsalsum,
other Bysmatrum species, such as B. teres, B. granulosum, B. arenicola and B. gregarium have
been reported in the restricted habitats (Luo et al. [8] and reference therein). This indicates
that B. subsalsum in contrast to other Bysmatrum, may have broad environmental tolerance
and a worldwide distribution.

Environmental conditions in relation to the growth of B. subsalsum have been rarely
reported. Anglès et al. [7] documented that, based on the occurrence of B. subsalsum re-
ported in previous studies, the species has a wide salinity tolerance and is able to grow
under a wide range of sea water temperatures, with a preference for salinities > 30 and
temperatures > 20 ◦C. López-Flores et al. [31] recorded that the cell abundances of B. subsal-
sum (as Scrippsiella subsalsa) decreased sharply in October, when salinity reached values
> 30 and water temperature was low (15.6 ◦C). In this study, however, the dense patch of
B. subsalsum was observed at 10.5 ◦C, indicating that it has a wider temperature tolerance
than previously known. Further studies are also needed to clarifying the morphology
(vegetative cell and cyst) of the genus Bysmatrum and, in particular, of B. subsalsum.
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Abstract: Lagoons are natural bodies of water that are isolated from the sea due to the develop-
ment of a sand bar or spit. Each lagoon has distinct ecological characteristics, and these sites also
serve as popular tourist attractions because they are common habitats for migratory birds and are
characterized by beautiful natural scenery. Lagoons also have distinct ecological characteristics
from those of their associated estuaries, and there are active research efforts to classify, qualify, and
quantify the high biodiversity of lagoons. The lagoons in Korea are primarily distributed in the
East Sea, and are represented by Hwajinpo, Yeongrangho, and Gyeongpoho. Here, we report the
discovery of 11 unrecorded diatom species (Diploneis didyma, Mastogloia elliptica, Cosmioneis citriformis,
Haslea crucigera, Pinnularia bertrandii, Pinnularia nodosa var. percapitata, Gyrosigma sinense, Gomphonema
guaraniarum, Gomphonema italicum, Navicula freesei, Trybionella littoralis var. tergestina) among samples
collected from the Hwajinpo, Hyangho, Maeho, Gapyeongri wetland, Cheonjinho, and Gyeong-
poho lagoons in Korea during a survey from 2018–2020. We present the taxonomic characteristics,
ecological information, habitat environmental conditions, and references for these 11 species.

Keywords: lagoon; new record diatoms; taxonomic; ecological; habitat

1. Introduction

Lagoons are a form of riparian terrain where the river and sea water meet, but they
have unique ecological characteristics that distinguish them from estuaries because, in
lagoons, the entrance to the coast is blocked by sand dunes [1,2]. The lagoons distributed
along the Korean coast are known to have been formed by a combination of rising sea
levels during the postglacial age and the development of sandbars or sand dunes [3,4].

The East Sea coast boasts the cleanest marine environments in Korea and is blessed
with natural resources to sustain the area. There are 18 lagoons distributed along a 112 km
stretch of the East Sea coast [5]. These lagoons provide beautiful natural scenery and have
unique ecological value with their brackish water lakes, important migratory bird habitats,
and are also economically valuable as tourist attractions [4,6].

Hwajinpo Lake is the largest lake in Korea with a circumference of 16 km and is a
typical high-salinity brackish lake with a high ecological value [4,7]. Hyangho Lagoon
hosts a community of aquatic plants covering approximately 20% of its area. It belongs to a
heavily landlocked lake, and, unlike other lagoons, freshwater lakes are distributed behind
it, serving as a sheltered habitat for organisms living in the lake [8]. Cheonjinho Lake’s
characteristic brackish water has disappeared due to the blocked inflow of seawater; it has
a wide variety of free-floating and floating-leaved plants, and a high proportion of aquatic
and wetting plants [9,10]. Gyeongpoho is the representative lagoon of the East Sea coast
for the endangered prickly waterlily, Euryale ferox, which appeared 40 years ago and is

J. Mar. Sci. Eng. 2021, 9, 694. https://doi.org/10.3390/jmse9070694 https://www.mdpi.com/journal/jmse

161



J. Mar. Sci. Eng. 2021, 9, 694

known as a favored habitat for various migratory birds [11,12]. The Maeho lake has a high
ecological conservation value due to its diverse distribution of biological resources and
ecosystem services, such as being designated as a cultural heritage reserve. However, the
lake area is decreasing due to the nearby expansion of farmland and subsequent soil erosion,
causing sedimentation [4]. Gapyeongri wetland is one of the smallest lagoons, well-hidden
behind a widely developed coastal sand dune [13]. Yeomgaeho Lake is also small, but is a
typical natural lagoon, suitable as a migratory bird habitat; however, land reclamation is
occurring rapidly in the area [13]. Regardless, the lagoons are worthy of research because
they have ecologically diverse characteristics and high biodiversity [14,15].

Diatoms are recognized worldwide as one of the most suitable biological components
for water quality assessments because they continuously occur in aquatic ecosystems and
respond quickly to environmental changes [16,17]. Diatoms can occur wherever there
is water, can attach to all substrates, such as gravel and plants, and can live in various
water environments [18,19]. However, research on diatoms in lagoons is poor. Even
though data from low-salinity environments are readily available, those from high-salinity
environments are limited [20].

There are many reports of new and unrecorded diatoms in Korea [21–23]. Species
collected in environments such as lagoons, estuaries, and sedimentary soils with unique
habitats other than freshwater environments are being reported [23–25].

In this study, we describe taxonomic information on 11 previously unrecorded diatom
species found in six lagoons in Korea, and provide details on the ecological characteristics,
reference specimen, basionym, synonym, and distribution of each.

2. Materials and Methods

2.1. Collecting and Fixation of Samples

Samples were collected from six lagoons: Hwajinpo, Hyangho, Maeho, Gapyeongri
wetland, Cheonjinho, and Gyeongpoho, adjacent to the East Sea in Korea from 2018–2020.
The epilithic diatoms were scraped off the upper surface of the gravel using a small chisel
or toothbrush. The collected wild cells were immediately fixed with Lugol’s solution
(iodine-iodide solution), 4% neutralized formalin, or 2% glutaraldehyde [26]. Environ-
mental parameters such as water temperature (◦C), pH, dissolved oxygen (mg/L), electric
conductivity (μs/cm3), and salinity (PSU) were measured using a portable multiparameter
water quality meter (Pro DSS, YSI, Yellow Springs, OH, USA) in the field.

2.2. Pretreatment and Observation of Diatoms

To remove organic matter, the fixed samples were boiled in equal amounts of mixed
HCl and KMnO4 at 70 ◦C until the samples were slightly colored, and were then rinsed in
distilled water to remove residual acid, following a modified method of Hasle & Fryxell [27].
The samples were then rinsed in distilled water to remove any residual acid. The samples,
some fixed and some cleaned, were mounted in Pleurax (Mountmedia, Wako, Japan) for
observation using a light microscope (LM) (Eclipse Ni; Nikon, Tokyo, Japan), equipped
with Nomarski differential interference contrast optics (DIC) and a digital camera (DS-Ri2;
Nikon, Tokyo, Japan). In addition, the morphological characteristics of various foci on the
valve face on Mastogloia elliptica were observed with a microscope.

The terminology was according to that of Anonymous [28], Ross et al. [29], and
Round et al. [30].

3. Results

3.1. Identification of Diatom Species in Korean Lagoons

A total of 11 previously unrecorded diatom species were identified from the six lagoon
sites surveyed in this study (Figure 1). Two species each belonged to the genera Gomphonema
and Pinnularia, with one species represented by the genera Diploneis, Mastogloia, Cosmioneis,
Haslea, Gyrosigma, Navicula, and Tryblionella, respectively. According to site, four of the un-
recorded species (Mastogloia elliptica, Cosmioneis citriformis, Haslea crucigera, and Pinnularia
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bertrandii) were detected at Hyangho, the two Gomphonema species (G. guaraniarum and
G. italicum) were detected in the Gapyeongri wetland, and two species (Navicula freesei and
Tryblionella littoralis var. tergestina) appeared in Yeomgaeho. One unrecorded species was,
respectively, detected at Gyeongpoho (Diploneis didyma), Cheonjinho (Pinnularia nodosa var.
percapitata), and Maeho (Gyrosigma sinense) (Table 1).

Figure 1. Sampling sites along the lagoons (CJH: Chunjinho, GPW: Gapyeongri wetland, YGH:
Yeomgaeho, MH: Maeho, HH: Hyangho, GPH: Gyeongpoho).

Table 1. Information of sampling sites.

Site Location Latitude (N) Longitude (E) Collected Species

GPH Jeo-dong, Gangneung-si,
Gangwon-do 34◦47′32.43” 128◦53′48.89” Diploneis didyma

HH
Hyangho-ri, Jumunjin-eup,

Gangneung-si, Gangwon-do 37◦54′35.2” 128◦48′22.2”

Mastogloia elliptica;
Cosmioneis citriformis;

Haslea crucigera;
Pinnularia bertrandii

CJH Bongpo-ri, Toseong-myeon,
Goseong-gun, Gangwon-do 38◦15′14.97” 128◦33′20.47” Pinnularia nodosa var. percapitata

MH Maeho-gil, Hyeonnam-myeon,
Yangyang-gun, Gangwon-do 37◦57′8.17” 128◦46′8.88” Gyrosigma sinense

GPW
Gapyeong-ri, Sonyang-myeon,
Yangyang-gun, Gangwon-do 38◦6′8.46” 128◦38′50.58”

Gomphonema guaraniarum;
Gomphonema italicum

YGH
Yeounpo-ri, Sonyang-myeon,
Yangyang-gun, Gangwon-do 38◦2′14.12” 128◦42′1.73”

Navicula freesei;
Tryblionella littoralis var. tergestina

3.2. Environmental Characteristics at the Sampling Sites

The pH of the six sites ranged from 7.6 to 8.5, showing a weakly basic range. The
salinity of Gyeongpoho was in the range of 22.1–25.4 PSU and the electrical conductivity
was higher than 35,000 μS/cm3. By contrast, Yeomgaeho and Cheonjinho had a salinity of
less than 0.2 PSU and an electrical conductivity of less than 360 μS/cm3, which are more
similar to the conditions of a freshwater environment (Table 2).
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Table 2. Field water quality of sampling sites.

Site Year Temperature (◦C)
DO

(mg/L)
Conductivity

(μS/cm3)
Salinity
(PSU) pH

GPH
2018 20.8 8.5 35,261 22.1 8.4
2019 16.0 10.4 39,820 25.4 8.5

HH
2018 17.8 11.0 8926 5.0 8.1
2020 28.6 - 60 0.03 8.2

CJH
2019 16.0 9.5 360 0.2 8.7
2020 14.0 9.2 152 0.1 8.1

MH
2018 20.2 10.9 15,969 9.4 8.1
2020 15.8 10.8 5767 3.9 7.9

GPW 2020 13.3 16.2 1528 0.9 8.0

YGH 2020 8.3 11.5 288 0.1 7.6

3.3. Species Descriptions
3.3.1. Cosmioneis citriformis R.L. Lowe & A.R. Sherwood 2010

Original description: Lowe and Sherwood 2010, p. 24, Figures 10–18 [31].
Dimensions: Length Range 29–33 μm, width range 12–15 μm, 17–20 striae in 10 μm.
Description: The valves are citriform with broadly rounded margins. The ends are

short, narrow, and rostrate. The axial area is narrow and expands to a rounded central
area. The proximal raphe ends are slightly expanded. The distal raphe ends are curved
in the same direction. Internally, the raphe ends are anchor-shaped. Striae are punctate
and radiate, curving from the margin towards the center of the valve. There are 17 striae
in 10 μm in the centre that become finer at the ends (20 in 10 μm). There are 16 areolae in
10 μm, which are round towards the valve ends, becoming transversely elongated near the
centre (Figure 2A).

 

Figure 2. Light micrographs of diatoms. (A) Cosmioneis citriformis (B) Diploneis didyma (C,D)
Gomphonema guaraniarum (E) Gomphonema italicum (F,G) Gyrosigma sinense (H) Haslea crucigera. Scale
bars. 2–6, 8, 9:10 μm; 7:50 μm.
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Ecology and distribution: Distributed in freshwater habitats, benthic taxon. Hyangho
lake is the focus in this study (Table 1).

3.3.2. Diploneis didyma (Ehrenberg) Ehrenberg 1839

Original description: Ehrenberg 1839, pls. 1–4 [32].
Basionym: Pinnularia didyma Ehrenberg 1844 [33].
Dimensions: Length Range 60–74 μm, width range 25–28 μm, 8–10 striae in 10 μm.
Description: The cells are solitary and free, the valves are elliptical or linear-elliptical,

with or without a median constriction, and the apices are rounded or broadly cuneate.
The central nodule is prominent, often large, quadrate, and strongly formed; the central
area is small, reduced, and produces longitudinal extensions that are usually described as
“horns” which lie on either side of the raphe and enclose it as solid ribs. Beyond the horns,
there are thinner, usually narrow, and depressed areas, typically referred to as “furrows.”
These may be hyaline and structureless, may contain a row of large puncta, or may be
crossed by faintly transverse costae. Beyond the furrows, on each side of the raphe, some
specimens have a lunate area in each segment, which is usually referred to as the “lunula.”
This may be crossed by costae or alveoli, which may or may not bear a single or double row
of puncta; these are frequently more developed and closer to the valve margin. In some
specimens, transverse costae may be absent. Chromatophores are usually found as two
deeply crenulated bodies that lie along the girdle. The valves are panduriform and slightly
constricted in the middle, dividing the valve surface into two tongue-shaped segments.
The central nodule is subquadrate or almost circular in some cases and protrudes to form
two horns on either side of the raphe or median line, respectively. The valve surface is
costate, transverse in the middle, but slightly curving. Radiating lines are found towards
the apices that are crossed by numerous undulating longitudinal lines (Figure 2B).

Ecology and distribution: Distributed in marine-brackish habitats, benthic taxon.
Gyeongpoho lake is the focus in this study (Table 1).

3.3.3. Gomphonema guaraniarum Metzeltin & Lange-Bertalot 2007

Original description: Metzeltin & Lange-Bertalot 2007,p. 147, pl. 212, Figures 9–14 [34].
Dimensions: Length Range 58–77 μm, width range 10–12 μm, 10–12 striae in 10 μm.
Description: The valves are rhombic-lanceolate, with less rounding of the apical

and basal ends. The raphe-sternum is narrow and linear. The central area is unilaterally
expanded, which is limited by a shortened median striae. The raphe is slightly sinuous
with proximal ends that are punctuated and are slightly curved towards the stigma. The
transapical striae slightly radiate parallel to the central region. Areolae are inconspicuous.
There is a stigma at the end of the central stria. Under scanning electron microscopy (SEM),
the stigma appears delicate and rounded, and striae are uniseriate with the areolae rounded
to elongate longitudinally. The ends of the raphe dilate into pores, and the distal ends
are curved, extending to the valve mantle. The pore field is formed by rounded poroids
disposed on both sides of the terminal raphe fissure (Figure 2C,D).

Ecology and distribution: Distributed in freshwater habitats, epiphytic taxon. Gapyeon-
gri Wetland is the focus in this study (Table 1).

3.3.4. Gomphonema italicum Kützing 1844

Original description: Kützing 1844, p. 85, pl. 30, Figure 75 [35].
Dimensions: Length Range 24–50 μm, width range 10–12 μm, 11–14 striae in 10 μm.
Description: The frustules in girdle view are wedge-shaped. The valves are strongly

heteropolar and clavate, with the largest valve width in the upper valve half. The valves are
tumid at the center, gradually narrowing towards the footpole and are slightly constricted
towards the broadly rounded headpole. The axial area is moderately broad and linear. The
central area is small and irregular in shape, bordered on each margin by a few irregularly
shortened striae. One isolated pore is present at the end of the long central stria. The
external isolated pore opening is small and rounded. The raphe is distinctly lateral and
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strongly undulated, with simple and slightly expanded proximal endings. The external
proximal raphe endings are teardrop-shaped and are deflected towards the isolated pore.
At the headpole, the distal raphe ends first deflect towards the pore-bearing side and then
towards the opposite side, extending onto the valve mantle. At the footpole, the distal
raphe dissects into a well-developed pore field. The transapical striae are not interrupted
near the valve face/mantle junction but rather continue onto the valve mantle (Figure 2E).

Ecology and distribution: Distributed in freshwater and terrestrial habitats, epiphytic
taxon. Gapyeongri Wetland is the focus in this study (Table 1).

3.3.5. Gyrosigma sinense (Ehrenberg) Desikachary 1988

Original description: Desikachary 1988, pp. 1–13, pls. 401–621 [36].
Basionym: Navicula sinensis Ehrenberg 1847 [37].
Description: The valves are linear-sigmoid, with inflated central and distal portions.

The color in resin and standardized dark-field microscopy is bright blue. The raphe sternum
has a double curvature and is rotated towards the internal central raphe node, strongly
eccentric at the ends, where it is markedly displaced owing to its concavity. The central
area is rhombic and rotated. The terminal areas are triangular and strongly displaced away
from the apices so that they are in a completely lateral position. The central external raphe
fissures have isomorphic deflection patterns crossing the striae. The apical structure shows
one very long and one short apical microforamina segment on opposite sides of the raphe
sternum (Figure 2F,G).

Ecology and distribution: Distributed in marine habitats, benthic taxon. Maeho lake is
the focus in this study (Table 1).

3.3.6. Haslea crucigera (W. Smith) Simonsen 1974

Original description: Simonsen 1974, pp. 47 [38].
Basionym: Schizonema crucigerum W. Smith 1856 [39].
Dimensions: Length Range 95–97 μm, width range 11–12 μm, 17–20 striae in 10 μm.
Description: Living cells have slightly curved, narrowly rectangular frustules in girdle

view. The valves are lanceolate to linear–lanceolate. Two band-like plastids lie against the
girdle on each side of the cell. The internal margin of the plastids usually appears to be
slightly undulating because of the presence of small, obliquely inserted, and rod-shaped
pyrenoids. In the cleaned cells, the raphe appears straight and central. Transapical striae
are visible under light microscopy and are crossed by more delicate longitudinal striae.
The central two or three transapical virgae are thickened, forming a pseudostauros. Under
SEM, the external valve surface is covered with closely spaced longitudinal strips of silica
separated by narrow slits, which merge with a continuous peripheral slit near the apices.
The external raphe fissures are slightly expanded and turn to one side centrally before
sharply deflecting to the same side at the poles. Internally, the raphe slits open laterally in
the raphe sternum, except at the center where the endings are straight and approximate,
and at the apices, where they are slightly expanded in a slightly raised helictoglossa. An
accessory rib on the primary side of the valve flanges over the raphe sternum, obscuring
it for much of its length. The internal areola arrangement is similar to that of the other
taxa, but with fewer longitudinal striae. On both sides of the raphe, the three central virgae
thicken, forming a pseudostauros. The thickened virgae are fused with an accessory rib
on the primary side of the valve and with a shorter thinner rib on the secondary side of
the valve. The thickening of the virgae extends further across the valve and is more even
compared with that in H. salstonica (Figure 2H).

Ecology and distribution: Distributed in brackish inland water habitats, benthic taxon.
Hyangho lake is the focus in this study (Table 1).

3.3.7. Mastogloia elliptica (C. Agardh) Cleve 1983

Original description: (C. Agardh) Cleve 1983, pl. 185, Figures 24–27 [40].
Basionym: Frustulia elliptica C. Agardh 1824 [41].
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Dimensions: Length Range 17–57 μm, width range 8–12 μm, 15–18 striae in 10 μm.
Description: The valves are elliptical to linear-elliptical with convex to nearly parallel

sides, and blunt, obtusely rounded apices. The axial area is narrow and barely wider than
the raphe, and the central area is circular. The raphe branches are lateral and sinuous, with
weakly expanded proximal ends. There are numerous tecta of approximately the same
size. The striae consist of single rows of areolae that radiate throughout (Figure 3A–I).
The raphe is a straight line or an undulate shape. The striae of Mastogloia elliptica are
parallel in shape, and the raphe is straight (Figure 3A). In addition, due to the complex
valvocopula structure, pertaca and striae are visible at the same time (Figure 3B–D), with
seven symmetrical pertaca on each side (Figure 3E–I).

 

Figure 3. Light micrographs of Mastogloia elliptica in various depth of field ranges in microscope.
(A–C,I) surface focus of valve face with uniseriate striae (D–H) Deeper focus with similar sized
numerous partecta (arrows). Scale bar:10 μm.

Ecology and distribution: Distributed in marine and freshwater habitats, benthic
taxon. Hyangho lake is the focus in this study (Table 1).

3.3.8. Navicula freesei R.M. Patrick & Freese 1961

Original description: Patrick, R.M. & Freese 1961, p. 206, pl. 2, Figure 14 [42].
Dimensions: Length Range 61–77 μm, width range 13–15 μm, 8–9 striae in 10 μm.
Description: The valves are lanceolate with rounded apices. The striae are radiated

at the center, and are parallel and slightly convergent at the apices. The central area is
asymmetrically rounded, whereas the axial area is narrow and straight. Striae on one or
both sides of the central area are irregularly spaced. The raphe is lateral and straight. The
distal raphe fissures form curved hooks onto the mantle. The proximal raphe ends form an
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elongated central poroid. A thickened central nodule is evident. Girdle bands have not yet
been defined (Figure 4A).

 
Figure 4. Light micrographs of diatoms. (A) Navicula freesei (B) Pinnularia bertrandii (C) Pinnularia
nodosa var. percapitata (D,E) Tryblionella littoralis var. tergestina. Scale bars:10 μm.

Ecology and distribution: Distributed in freshwater habitats, benthic taxon. Yeom-
gaeho is the focus in this study (Table 1).

3.3.9. Pinnularia bertrandii Krammer 2000

Original description: Krammer 2000, pp. 122, 226, pl. 91, Figures 22–30 [43].
Dimensions: Length Range 14–27 μm, width range 4–6 μm, 17–18 striae in 10 μm.
Description: The valves are linear-elliptical to linear-lanceolate with weakly convex

sides. The ends are subcapitate nearly covering the breadth of the valve body, which are
broadly rounded. The raphe is filiform to slightly lateral, the central pores are small and
slightly laterally bent, and the terminal fissures are distinct. The axial area is narrowed
and the lanceolate is widened from the ends to the fascia. The striae in the middle weakly
radiate and moderately converge at the ends and longitudinal bands are absent (Figure 4B).

Ecology and distribution: Distributed in freshwater habitats, benthic taxon. Hyangho
lake is the focus in this study (Table 1).

3.3.10. Pinnularia nodosa var. percapitata Krammer 2000

Original description: Krammer 2000, pp. 57, Figures 26:9-12; 27:9, 10 [43].
Dimensions: Length Range 47–61 μm, width range 9–10 μm, 8–10 striae in 10 μm.
Description: The valves are linear with triundulate margins. In the largest specimens,

the central undulation is wider than the distal undulations. Apices are distinctly capitated.
Axial areas are about one-third of the valve’s width and widen from the apices towards
the valve center. The central area is a bilateral fascia. The surface of the valve is mottled
along either side of the raphe and continues into the central area. The raphe is straight. The
proximal raphe ends are bent to one side and terminate in small, tear-shaped pores. Distal
raphe fissures are shaped like question marks. The striae are weakly radiated at the valve
center and become strongly convergent at the apices (Figure 4C).

Ecology and distribution: Distributed in freshwater habitats, benthic taxon. Chunjinho
lake is the focus in this study (Table 1).
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3.3.11. Tryblionella littoralis var. tergestina (Grunow) Snoeijs 1998

Original description: Snoeijs & Balashova 1998, pp. 1–144, Figure 1, pls. 101 [44].
Basionym: Nitzschia littoralis var. tergestina Grunow 1880 [45].
Dimensions: Length Range 30–100 μm, width range 12–30 μm, 30–38 striae in 10 μm.
Description: The valves are broadly elliptical-lanceolate to linear-elliptical, with a very

slight central constriction of the keel. Apices are cuneate, narrowed, and rounded. Striae
are difficult to resolve under light microscopy (Figure 4D,E).

Ecology and distribution: Distributed in freshwater habitats, benthic taxon. Yeom-
gaeho is the focus in this study (Table 1).

4. Discussion

Reservoir salt concentrations fluctuate over time; thus, lagoons create a unique ecosys-
tem by mixing inland freshwater with intrusions of seawater. Accordingly, freshwater
life with resistance to salt mixes with marine life in the lagoon ecosystem [3]. In this
study, 11 previously unrecorded diatom species were discovered in six lagoons in Korea.
Diploneis didyma was detected in Gyeongpoho. This species is mainly found in harbors but
has also been reported in freshwater. At the time of the survey, Gyeongpoho had a high
electrical conductivity above 30,000 μS/cm3 and the salinity was 22 PSU, demonstrating
environmental conditions similar to those of seawater (Tables 2 and 3). Cosmioneis predomi-
nantly inhabits brackish water zones [46–48] but has also been found in alkaline freshwater
environments [30,49]. We detected Cosmioneis citriformis in Hyangho, which has very low
salinity (0.03 PSU) and an electrical conductivity of 60 μS/cm3, demonstrating similarity
to the conditions of a freshwater environment. However, the measurements taken in the
survey of 2018 showed a salinity of 5.0 PSU and an electrical conductivity of 8925 μS/cm3

at this site, and C. citriformis was not found at that time (Tables 2 and 3). Haslea crucigera
is a benthic species and is mainly found in high-salinity water [50]; however, during the
2018 survey, the salinity at Hyangho was 5.0 PSU and the electrical conductivity was
8926 μS/cm3. Therefore, H. crucigera appears to prefer a water environment with some salt,
although the salinity at this site remained lower than that of seawater throughout the sur-
vey period (Tables 2 and 3). Pinnularia bertrandii is a benthic species that is mainly detected
in freshwater environments [51]. During the survey in 2020, the environmental conditions
of the water at Hyangho were similar to those of a freshwater environment with a salinity of
0.03 PSU and an electrical conductivity of 60 μS/cm3 (Tables 2 and 3). Pinnularia nodosa var.
percapitata is also a benthic species that is mainly found in freshwater environments, mostly
in streams, reservoirs, and small lakes, with a pH ranging from 6.1 to 7.8 (slightly acidic to
neutral), and an electric conductivity from 22 to 169 μS/cm3 [43]. At the time of sampling,
the water of Chunjinho had very low salinity of 0.1–0.2 PSU, with a pH of 8.1 to 8.7 and a
relatively low electrical conductivity of 152–360 μS/cm3 (Tables 2 and 3). Gyrosimga sinense
is a benthic species that has a seawater-based and widespread distribution under high
water temperatures [52]. At the time of sampling, the water temperature of Maeho was
relatively high, ranging from 15.8 ◦C to 20.2 ◦C, with salinity ranging from 3.9 to 9.4 PSU,
and electrical conductivity ranging from 5767 to 15,969 μS/cm3 (Tables 2 and 3). The genus
Gomphonema is mostly attachable and is mainly found in freshwater environments, repre-
senting the largest genus in freshwater environments among diatoms of the world’s most
broadly distributed species [53,54]. In particular, Gomphonema can grow by attaching to
aquatic plants because of the mucous stem secreted from the pore fields at the end of the
valve [30,55,56]. G. guaraniarum is a freshwater species and its ecological properties are
rarely described in the literature. G. italicum is also a freshwater species with a relatively
high electrical conductivity of 13,250 μS/cm3 and is known to emerge in environments
with a weakly basic pH [57]. In this study, G. guaraniarum and G. italicum were detected
at the Gapyeong-ri wetland, with a water temperature of 13.3 ◦C, a DO of 16.2 mg/L,
a pH of 8.0, a salinity of 0.9 PSU, and an electrical conductivity of 1528 μS/cm3, indi-
cating that they inhabit an environment with freshwater-like conditions (Tables 2 and 3).
Navicula freesei was found in freshwater and brackish environments, mainly with neutral
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to weakly basic conditions [42]. Tryblionella littoralis var. tergestina is an epipelic diatom and
marine species [44]. In this study, these two species were identified at Yeomgaeho, with the
water environment being similar to a freshwater environment at the time of sampling (a
salinity 0.1 PSU, a pH of 7.6, and an electrical conductivity of 288 μS/cm3) (Tables 2 and 3).
This suggests that Tryblionella littoralis var. tergestina adapted to the desalinated lagoon.
Mastogloia is a benthic and epiphytic diatom, which was identified in both freshwater and
marine environments; however, most species of this genus appear in marine environments
and prefer weakly basic water bodies [58,59]. Patrick and Reimer [60] report M. elliptica
as a halophilic to mesohalobic taxon characteristic of coastal areas, but is also found in
inland lakes with some salinity. In Europe, Krammer and Lange-Bertalot [61] report M.
elliptica from brackish waters in coastal areas and from saline inland waters. At the time of
sampling, the pH of Hyangho was 8.2 and the salinity was 0.03 PSU, exhibiting a water en-
vironment close to that of the freshwater environment (Tables 2 and 3). Mastogloia has oval
to linear oval convex valves, with complex silica chambers on both sides, called pertaca,
that secrete mucus, and living cells that have two plastids [39,62]. This genus appears to be
closely related to the genus Aneumastus but with a more complex valvocopula [63]. Patrick
and Reimer [60] reported that M. elliptica is a halophilic to mesohalobic taxon characteristic
of coastal areas but is also found in inland lakes with some salinity. In Europe, Krammer
and Lange-Bertalot [61] reported M. elliptica from brackish waters in coastal areas and from
saline inland waters.

Table 3. Information of New record diatoms in Korea.

No. Species Habitat Distribution
This Study

Reference
Salinity Habitat

1 Diploneis didyma Benthic
Marine

22.1–25.4 Epilithic [64,65]Freshwater

2 Mastogloia elliptica Benthic Marine
0.03–5.0 Epilithic [59]Epiphytic Freshwater

3 Cosmioneis citriformis Benthic Freshwater 0.03–5.0 Epilithic [31]
4 Haslea crucigera Benthic Marine 0.03–5.0 Epilithic [50]
5 Pinnularia bertrandii Benthic Freshwater 0.03–5.0 Epilithic [51]
6 Pinnularia nodosa var. percapitata Benthic Freshwater 0.1–0.2 Epilithic [66]
7 Gyrosigma sinense Benthic Marine 3.9–9.4 Epilithic [52]
8 Gomphonema guaraniarum Benthic Freshwater 0.9 Epilithic [67]

9 Gomphonema italicum Benthic
Freshwater

0.9 Epilithic [67]Terrestrial
10 Navicula freesei Benthic Freshwater 0.1 Epilithic [42]
11 Tryblionella littoralis var. tergestina Benthic Marine 0.1 Epilithic [44]
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Abstract: The genus Colaconema, containing endophytic algae associated with economically important
macroalgae, is common around the world, but has rarely been reported in Taiwan. A new species,
C. formosanum, was found attached to an economically important local macroalga, Sarcodia suae,
in southern Taiwan. The new species was confirmed based on morphological observations and
molecular analysis. Both the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL)
and cytochrome c oxidase subunit I (COI-5P) genes showed high genetic variation between our
sample and related species. Anatomical observations indicated that the new species presents asexual
reproduction by monospores, cylindrical cells, irregularly branched filaments, a single pyrenoid, and
single parietal plastids. Our research supports the taxonomic placement of C. formosanum within the
genus Colaconema. This study presents the third record of the Colaconema genus in Taiwan.

Keywords: Acrochaetioid; Colaconema formosanum; COI-5P; Endophytic alga; Nemaliophycidae;
rbcL; taxonomy

1. Introduction

Florideophyceae is the most speciose class in Rhodophyta (red algae), with about 6900
species distributed worldwide [1]. Nemaliophycidae is one of the most diverse subclasses
among red algae [2], including small and filamentous algae, growing as epiphytes or
endophytes attached to rocks, macroalgae, and some marine animals. Their reproduction
occurs mainly by monosporangia, which exist widely in both marine and freshwater
systems [3,4].

At present, 11 orders are included in Nemaliophycidae: Acrochaetiales (Feldmann,
1953), Balbianiales (Sheath and Müller, 1999), Balliales (Choi et al., 2000), Batrachospermales
(Pueschel and Cole, 1982), Colaconematales (Harper and Saunders, 2002), Corynodactylales
(Saunders et al., 2017), Entwisleiales (Scott et al., 2013), Nemaliales (Schmitz, 1892), Palmar-
iales (Guiry, 1978), Rhodachlyales (West et al., 2008), and Thoreales (Müller et al., 2002) [1].
Interestingly, due to the ambiguous taxonomy in previous morphological evidence, the
term “Acrochaetioid algae” is currently used to indicate some genera within Nemaliophy-
cidae, such as Acrochaetium Nägeli, Audouinella Bory, Balbiania Sirodot, Colaconema Batters,
Grania (Rosenvinge) Kylin, Rhodochorton Nägeli, and Liagorophila Yamada, although it is
only used to describe the morphological affinity rather than phylogenetic affinity [5,6].

Even though morphology alone provides limited information for taxonomy due to the
simple vegetative and reproduction branches of the Acrochaetiales [7], some phenotypic
and biological attributes remain reliable, such as: life cycle pattern, germination pattern
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(Type I, Type II), reproduction development, vegetative features (cell size, plastid mor-
phology, number of pyrenoids), attachment type (epiphyte or endophyte), biochemical
characteristics (phycoerythrin type), and even ultrastructural observations (pit plug) [5,6,8].
The distinguishable characteristics of genus Colaconema were proposed to be prostrate, ir-
regular filaments; monosporangiate; cup-like cells at terminals and intercalares; an unfixed
plastid in each cell; and a single or more pyrenoids per cell. Most of these characteristics
are unchallenged but inaccurate, and this has been the case for decades [7,9].

When the molecular phylogeny is considered, many species within Nemaliophycidae
have obtained better taxonomic support. For instance, Lam et al. (2016) redefined the
phylogeny of Nemaliophycidae using the psaA, psbA, psaB, EF2, cox1, cob, 18S rDNA, and
28S rDNA genes [2]; Saunders et al. (2018) resolved the family level assignments of the
Acrochaetiales–Palmariales complex using the mitochondrial cytochrome c oxidase 1 gene
(COI-5P) [10]; Soares et al. (2020) established the new species Rhodachlya westii using the
rbcL gene [3]; Skriptsovar et al. (2020) assessed the phylogenetic relationships within
Palmariaceae using the internal transcribed spacer (ITS) and rbcL genes [11]; Araújo et al.
(2014) and Montoya et al. (2020) identified the endophytic algae C. infestans and C. daviesii
through morphology and rbcL and COI-5P genes, respectively [12,13].

Members of the order Colaconematales are usually epiphytes or endophytes and
are only present in marine regions [7]. There are currently 51 taxonomically accepted
species in the genus Colaconema, which has a circumtropical distribution [1]. Records have
shown that the host selection mechanism of Colaconema species appears to be random, e.g.,
on Kappaphycus alvarezii (Doty) L.M. Liao, Chondracanthus chamissoi (C. Agardh) Kützing,
and Nizamuddinia zanardinii (Schiffner) P.C. Silva [12–14]. The endophyte phenomenon
negatively affects the host and is seen seasonally, however the invasion mechanism is not
clear [12,13].

Our observations in the field found an endophyte filamentous alga attached to Sar-
codia suae S.-M.Lin & C.Rodríguez-Prieto (Plocamiales), an economically important red
alga in Taiwan, mainly as a foodstuff with abundant dietary fiber, nutrition, and antioxi-
dants [15,16].

However, there has been no information available about the endophyte algae from S.
suae in Taiwan before. This study presents the third record of a Colaconema species in Taiwan
(the other two species being C. secundatum (Lyngbye) Woelkerling and C. tenuissimum
(Collins) Woelkerling) discovered attached to a local red alga of economic importance, S.
suae. To fully understand the features of this endophytic alga, we conducted morphological
and molecular analyses to clarify its taxonomic position.

2. Materials and Methods

Sample collection: Infected thalli of Sarcodia suae were collected at an intertidal zone
in Wan-li-tong, Pingtung, Taiwan, in July 2014 (21◦59′41′ ′ N, 120◦42′22′ ′ E).

Morphological studies: Samples of the endophytic filamentous algae were fixed in
4% formalin/seawater for morphological observations. Photomicrographs were obtained
using an Olympus BX53 microscope (Olympus, Tokyo, Japan) with a DP72 digital camera
and cellSens software (Olympus). The voucher specimens were deposited in the National
Taiwan Ocean University (NTOU) Algal Cultivation and Biotech Laboratory, Taiwan.

Sample cultivation: Samples of endophytic isolates were cultured in the laboratory
for 21 days to increase the algal biomass for molecular studies. The alga was cultured in
a beaker with 800 mL Provasoli-enriched seawater (PES) culture medium [17] (sterilized)
to which GeO2 (1 mL L−1 PES) was added to inhibit the growth of diatoms. The culture
conditions were as follows: temperature of 25 ± 2 ◦C, salinity of 32 ± 1 psu, and a
12:12 h light/dark cycle with an irradiance of 50 μmol photons m−2 s−1 provided by 9W,
900 Lumen 6500 K white LED bulbs (Everlight, New Taipei City, Taiwan).

DNA extraction: Fragments of silica-dried thalli were ground in a sterile mortar
with liquid nitrogen. Total genomic DNA was extracted from 40 mg of algal tissue using
the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) following the
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manufacturer’s protocol, with minor modifications in centrifugation at 16,000× g for 10 min
at 94 ◦C (Allegra X-12R; Beckman Coulter, La Brea, CA, USA), and in rehydration with
40 μL Tris-EDTA buffer solution. The partial rbcL gene was amplified with the primer
pairs F7-R753, F645-R1150, and F449-RrbcSstart [18,19]. The COI-5P gene was obtained
with the primer pair GazF1-GazR1 [20]. The PCR protocol consisted of 5 min at 96 ◦C
for initial denaturation, followed by 35 cycles of 60 s at 94 ◦C, 60 s at 45 ◦C, and 90 s
at 72 ◦C, with a final extension for 8 min at 72 ◦C, and then a soaking cycle at 15 ◦C.
The PCR product was purified with the QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany). Commercial sequencing was performed using the Taq Big Dye Terminator
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). The forward and reverse
primers used for sequencing were the same as those used for PCR amplification.

Phylogenetic analysis: We obtained the DNA sequences of the rbcL and COI-5P
genes from the unknown endophytic alga in this study; other sequences were retrieved
from GenBank, which included the species from the order Colaconematales and the order
Acrochaetiales (Balliales, Batrachospermales, Entwisleiales, Nema-liales, Palmariales, and
Thoreales). All new sequence data generated from this study were deposited in GenBank,
with the following accession numbers: MH414967, MW182306-MW182308 (rbcL); and
MW182302-MW182305 (COI-5P). The sequences were aligned with multiple sequence
alignment (MUSCLE) [21] using MEGA v10.1 [22], then checked and trimmed by eye
using BioEdit 7.1.3.0 [23]. IQ-TREE software [24] was used to select the best model of
evolution, as inferred from the implementation of the Bayesian Information Criterion (BIC)
and Akaike Information Criterion (AIC). The best-selected models for the rbcL and COI-5P
sequences were GTR+F+I+G4 and TIM2+F+I+G4, respectively. The IQ-TREE program
was used to perform maximum-likelihood (ML) phylogenetic inference and the results
were displayed using FigTree v. 1.4.0 software [25]. Statistical support was assessed with
1000 bootstrap replications [26]. The Bayesian inference (BI) was conducted with MrBayes
3.2.7 [27] and followed the best models identified above. Two independent runs of four
chains of Markov Chain Monte Carlo (MCMC) were conducted, with one tree sampled
every 100 generations for one million generations. The results of the generations were used
to build the consensus tree.

3. Results

3.1. Phylogenetic Results

The final rbcL alignment included 1202 nucleotides and 68 sequences, including
four new Colaconema sp. specimens (MH414967, MW182306–MW182308). The final COI-
5P dataset included 582 nucleotides and 57 sequences, including sequences from four
new Colaconema sp. specimens (MW182302-MW182305). Both ML and BI had virtually
congruent topologies, thus, the ML consensus tree was used and the BI values were plotted
on the nodes. The unknown species belonged to the order Colaconematales, forming a
monophyletic clade with high support (rbcL: ML = 80%, BI = 1.00; COI-5P: ML = 92%,
BI = 0.99).

In the rbcL phylogeny (Figure 1), C. formosanum was sister to C. savianum (DQ787561)
from Korea in a fully supported clade; the genetic distance between C. formosanum and
C. savianum was 7.19–7.83%. For the COI-5P gene (Figure 2), C. formosanum was sister
to two specimens of Colaconema sp. (HQ422955 and HQ422983) from USA with strong
support (ML = 91%, BI = 1.00). The genetic distance between C. formosanum and Colaconema
sp. was 14.02–14.19%. In this study, the morphological and molecular analyses supported
the taxonomic position of this new filamentous red algal species from Taiwan. We therefore
propose the new species, Colaconema formosanum.
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Figure 1. Maximum-likelihood (ML) phylogeny of Nemaliophycidae inferred from partial rbcL sequences. Orders within
Nemaliophycidae are represented. Values shown at the nodes indicated bootstrap support (BS) for ML and posterior
probabilities (PP) for BI. The new species of this study (Colaconema formosanum sp. nov.) is shown in bold.
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Figure 2. Maximum-likelihood (ML) phylogeny of Nemaliophycidae inferred from partial COI-5P sequences. Orders
within Nemaliophycidae are represented. Values shown at the nodes indicated bootstrap support (BS) for ML and posterior
probabilities (PP) for BI. The new species of this study (Colaconema formosanum sp. nov.) is shown in bold.

3.2. Morphological and Culture Analyses

Colaconema formosanum M.-C. Lee, H.-Y. Yeh sp. nov.
Diagnosis: Filamentous endophytic thalli infected Sarcodia suae between its cortical

and subcortical cells. Erect axes forked several times, producing irregular filaments. Oval
monospores borned on the terminal cells.

Holotype: Voucher number—NTOU LMC CF2101 (deposited in Algal Cultivation
and Biotech Laboratory, Department of Aquaculture, National Taiwan Ocean University,
Taiwan), collected by M.-C. Lee & H.-Y. Yeh on 10 July 2014 at Wan-li-tong, Pingtung,
endophytic on the red alga Sarcodia suae (Figure 3A–D). rbcL sequence = GenBank accession
MH414967; COI-5P sequence = GenBank accession MW182302.
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Figure 3. Colaconema formosanum sp. nov. (A,B) Thalli endophytic on Sarcodia suae (arrows). (C,D) Transversal sections of S.
suae showing partially endophytic thalli of C. formosanum growing between cortical and subcortical cells (arrows).

Isotype: NTOU LMC CF0002- CF0004, deposited in NTOU, Taiwan. rbcL sequences
= GenBank accession MW182306, MW182307, and MW182308, respectively; COI-5P se-
quences = GenBank accession MW182303, MW182304, and MW182305, respectively.

Type locality: Wan-li-tong, Ping-tung, Taiwan (21◦59′43′ ′ N, 120◦42′16′ ′ E).
Etymology. The specific epithet, formosanum, is derived from a Latin and Portuguese

noun meaning beautiful, which was a former name of Taiwan. Herein, the meaning is that
the species is from Taiwan.

Chinese name: 臺灣寄絲藻
Distribution: The type locality is in the intertidal zone of Ping-Tung City, Taiwan, the

species is known only from the type locality.
Habitat: Filamentous thalli endophytic on the marine red alga Sarcodia suae.

3.3. Vegetative Morphology

The thalli formed clusters of red to deep-red filaments, 2.0–2.8 cm long, arising from
a basal disc (Figure 4A,B). Erect axes were pseudodichotomous, branching at irregular
segments (Figure 4A). Each cylindrical cell was 6.0–7.5 μm wide and 12.5–15 μm long
(Figure 4D). Segment length to diameter (L:D) ratios at lower and mid-branch positions
and towards apices were 1.6:1.8, 4.0:4.2, and 3.7:3.9, respectively (Figure 4D). Cells with
a single pyrenoid, and single parietal or lobed plastids (Figure 4D). The endophytic cells
showed the ability to completely penetrate into the cortical and subcortical cells of S. suae
(Figure 3C,D).
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Figure 4. Colaconema formosanum sp. nov. (A) General aspect of a tuft showing erect filaments
(arrowheads) formed from a basal disc (arrow). (B) Concentric tufts formed under culture conditions.
(C) Monosporangia (arrows) formed on prostrate cultured thallus. (D) Detail of erect filaments
showing cells with one pyrenoid (arrows).

3.4. Reproductive Morphology

Monosporangia were observed only on the apical cells of the lateral branch, solitary
or in clusters. The monosporangia were subspherical, 12–13 μm long and 9.5–10 μm
wide (Figure 5A). Upon maturity, the monospores were released from the monosporangia
(Figure 5B,C), and some paraphyses could be seen on the apical portion of the monosporan-
gia (Figure 5D). The released monospores exhibited a circular shape, 9–10 μm in diameter
at the initial stage (Figure 6A). After 24 h, a tube-like cell emerged and elongated gradually
(Figure 6B,C). After 2 to 3 days under culture conditions, a second set of segments was
observed (Figure 6D). An apical part of the cell released a mucus-like matrix at this stage
that engulfed all surrounding filaments, and a filamentous growth form was observed
(Figure 6E). Male and female structures could not be distinguished.
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Figure 5. The process of monospore release of Colaconema formosanum sp. nov. (A) Mature monospo-
rangia (arrow). (B) After monospore release, only the cell wall persists (arrow). (C) Monospore
released from monosporangia (arrow). (D) When the monospore is released, paraphyses are formed
from the monosporangia (arrow).

 

Figure 6. Sporeling development in Colaconema formosanum sp. nov. (A) Newly released spores had a
concentric circular shape. (B,C) After 24 h, a tube-like cell emerged from the spore and gradually
expanded. (D,E) After 2 to 3 days under culture conditions, a second cell could be clearly observed
(arrow = first cell, arrow head = second cell). (F) The apical part of the cell in this stage released a
mucus-like matrix (arrow).
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4. Discussion

Due to the close relationship among species within Nemaliophycidae lines, it is a
taxonomic conundrum if only relying on morphology. Even though this has led to a long
standing debate on over-relying on morphological attributes within Nemaliophycidae,
some features of algae are still worth evaluating [8]. In this study, C. formosanum showed
some typical features of the Colaconema genus, e.g., monosporangia, cylindrical cells,
irregularly branched filaments, a single pyrenoid, and single parietal or lobed plastids. In
addition, we found that the phycoerythrin of C. formosanum was of R-type (un-published
data), meanwhile, the germination form was type II, meaning that when the germ tube
developed, the protoplast was retained [7], which was similar to C. daviesii but is mentioned
for the first time in Colaconema genus. We recommend tracing this feature in further studies.
The morphological evidence supports C. formosanum as a new species.

Since few reports investigate the detailed morphological features of Colaconema species,
only C. daviesii and C. infestans would be explored in this study, and we mainly focus on
cell type, monosporangia, number of pyrenoids, number of plastids and spore germina-
tion [12,13]. However, C. formosanum can be differentiated from C. infestans by larger thallus
size (C. formosanum 20–250 mm; C. infestans 5 mm) and cell dimensions (C. formosanum
6–7.5 μm in diameter and 12–15 μm in length; C. infestans 2.4–6.4 μm in diameter and
10–17.6 μm in length) (Table 1).

Table 1. Comparison of morphological and anatomical characteristics among Colaconema formosanum and the other closely
related filamentous Colaconema species.

Characters C. formosanum C. daviesii C. infestans

Habit Marine Marine Marine
Host Sarcodia suae Chondracanthus chamissoi Kappaphycus alvarezii

Thallus long (mm) 20–250 - 5
Cell dimensios (μm) 6–7.5 × 12–15 - 2.4–6.4 × 10–17.6

Cell type Cylindrical Cylindrical Cylindrical
Monosporangia Subspherical, solitary or in clusters Subspherical Subspherical

Pyrenoid Single - Single
Plastid Single parietal - Single parietal

Spore (μm) 9–10 - -
Spore germination Type II Type II -
Phycoerythrin type R - -

Type locality Ping-Tung, Taiwan Bio-Bio, Chile Pitimbu, Brazil
References This study [13] [12]

Although the features above are sufficient to satisfy the taxonomic requirements of
the monophyly of Colaconema genus and meanwhile show the specific position of the new
species [12–14], they still do not accurately confirm the taxonomy. In contrast, it has been
demonstrated that the cell dimensions are affected by multiple environmental factors,
making it hard to evaluate taxonomy using these features [3,28]. Consequently, molecular
phylogenetics is a more reliable method to apply to taxonomy within Nemaliophycidae.

Molecular assisted identification with plastid-encoded rbcL and COI-5P have strongly
helped in discriminating species of C. formosanum, although the information on divergences
in Colaconema is poorly reported, it is useful to follow other cases, for instance, the rbcL
divergences between Halymenia species are reported to be 0.7–10.6% [29]; the cox1 diver-
gences between Gelidium species are reported to be 2.7–5.4% [30]. C. formosanum is well
segregated from the C. savianum (DQ787561) and Colaconema sp. (HQ422955 and HQ422983)
by pairwise divergences of rbcL (7.19–7.83%) and cox1 (14.02–14.19%), respectively. The
results illustrate that the interspecific divergences of C. formosanum are sufficiently high to
warrant C. formosanum as a new species.

It is not surprising that the Colaconema genus exhibits endophytic behavior, as other
examples have been reported worldwide [12–14] (Table 1). Although those cases (for the
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Colaconema genus) only present on macroalgae, evaluating the endophytic phenomenon
within other genera at the Nemaliophycidae level suggests that their host specificity may
be ecologically determined, and there are reports of attachment to rocks, macroalgae, and
some marine animals [31]. This is the first occurrence of an endophytic Colaconema species
in the red alga S. suae in the intertidal zone of Taiwan. In order to reproduce the endophytic
phenomenon to exclude the probability of coincidence, in our study we recreated the
infection process under artificial culture conditions. When we co-cultured the endophytic
C. formosanum and the host plant S. suae (without pollution), the endophytic phenomenon
could be clearly observed under a dissecting microscope after five days of cultivation,
indicating that the entire endophytic process occurs rapidly and easily (unpublished data).

The host may affect the life phases of an endophytic alga [32]. Interestingly, we found
there was no temporal correlation between life phases of C. formosanum (endophytic alga)
and S. suae (host alga), which was confirmed using purified cultures under laboratory
conditions and observing the life phases of C. formosanum. This result is also supported
by previous studies on other endophytic algae, for instance, Correa and McLachlan (1991)
isolate Ulvella operculata and U. heteroclada from Chondrus crispus [33]; Gonzalez and Goff
(1989) isolate Campylaephora californica and Microcladia coulteri from Egregia menziesii [34].

The probable mechanism, based on a previous study conducted on C. infestans, is that
the infection changes the biosynthesis pathways of starch enzymes in the Calvin cycle
of the host, activating the degradation pathway to produce certain defense compounds.
One type of defense compound, uridine diphosphate glucose (UDP-glucose), induces the
synthesis of cell wall components instead of floridean starch grains [35]. This phenomenon
was also observed in our study; after the host was infected by C. formosanum, the growth
performance decreased and the algal texture thickened compared with uninfected host
samples. However, this observation should be confirmed by further studies.

Some records show that endophytic Colaconema species can attach to economically
important macroalgae; the initial symptoms are tiny black spots on the surface of the cortical
layer of the host, which subsequently become rough tufts. After an outbreak, host cells
degrade, forming tiny pores, which allows secondary infection by opportunistic bacteria,
with further negative effects on the host and impacts on the aquaculture industry [12,36].
We observed a similar phenomenon in the infection process in this study, but after infection
the growth development of the host is unknown, and it would be worthwhile to investigate
this further.

In summary, our molecular analysis and morphological observations support the
identification of the new species C. formosanum This study is the first to describe this
alga in Taiwan and report its endophytic habit, attaching to the edible alga S. suae. Its
endophytic attachment phenomenon and life phases can be reproduced under laboratory
conditions. A detailed investigation of the endophytic mechanisms that are generated
between C. formosanum and S. suae and potential applications for this endophytic alga will
be necessary topics to explore in future research.
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Abstract: For the in situ and sensitive detection of benthic dinoflagellates, we have established an
integrated loop-mediated isothermal amplification (LAMP) assay based on Ostreopsis cf. ovata and
Amphidinium massartii. To detect the two species, a set of species-specific primers was constructed
between the ITS gene and D1–D6 LSU gene, and the reaction temperature, time, and buffer com-
position were optimized to establish this method. In addition, the specificity of the LAMP primers
was verified both in strains established in the laboratory and in field samples collected from the Jeju
coastal waters, Korea. With the LAMP assay, the analysing time was within 45 to 60 min, which
may be shorter than that with the conventional PCR. The detection sensitivity of the LAMP assay
for O. cf. ovata or A. massartii was comparable to other molecular assays (PCR and quantitative PCR
(qPCR)) and microscopy examination. The detection limit of LAMP was 0.1 cell of O. cf. ovata and
1 cell of A. massartii. The optimized LAMP assay was successfully applied to detect O. cf. ovata and A.
massartii in field samples. Thus, this study provides an effective method for detecting target benthic
dinoflagellate species, and could be further implemented to monitor phytoplankton in field surveys
as an altenative.

Keywords: harmful algae; molecular detection; monitoring; Jeju coastal waters

1. Introduction

The genus Ostreopsis Johannes Schmidt and most of the species of Amphidinium Cla-
parède & J. Lachmann are benthic dinoflagellates that grow on macrophytes or are attached
to sand or coral rubble [1–3]. Their occurrence has been generally reported in tropical
and subtropical seas [4,5]. The global occurrence of some species in these genera has
significantly increased over the last decade and is expected to expand to temperate re-
gions. The main harmful effects of some species of benthic dinoflagellates are related to
the fact that they not only affect marine life and the aquaculture industry, but also pose
a threat to human health [6–10]. Ostreopsis species have a particularly rich mucilaginous
matrix, and some of them have thus far been reported to produce several toxins [1,11–15].
Moreover, Ostreopsis species are potentially toxic and can affect marine organisms and
humans through the food web [16]. Their toxins can cause severe irritation to human skin
and respiratory problems through aerosolization. They can also cause vomiting, kidney
problems, and even death in severe cases [17,18].

Over the past several decades, blooms of benthic dinoflagellates have been observed
in temperate to tropical coastal waters, in both the southern and northern hemispheres,
whereas the proliferation of Ostreopsis cf. ovata was found in temperate regions during the
summer [5]. The expansion of toxin-producing Ostreopsis spp. to temperate regions can
potentially occur due to ballast water discharge by cargo ships, and, mainly due to the
marginal dispersal associated with global warming, can induce bloom formations [19].

The cosmopolitan dinoflagellate genus Amphidinium has been found in pelagic and
mainly in benthic environments with frequent occurrence [20–23]. Some Amphidinium
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species, particularly A. caterae, have been known to produce a number of bioactive com-
pounds with cytotoxic or hemolytic activity to marine organisms [24–28]. Moreover, the
cytotoxicity of A. cf. massartii affecting Artemia salina mortality has been revealed [29].

Several benthic dinoflagellate species, including Ostreopsis, have been reported as
potential causative agents of toxic poisoning in Korean coastal waters [30–35]. Recently, a
rapid increase in the O. cf. ovata biomass in Jeju coastal waters has been reported [36]. Most
of these reports on the occurrence of benthic dinoflagellates in Korean coastal waters were
based on conventional microscopic analysis methods [37–40]. Because blooms in coastal
and oceanic waters with negative impacts on environmental health have the possibility of
occurrence, several toxigenic dinoflagellates belonging to the genera Amphidinium, Coolia,
Gambierdiscus, and Ostreopsis (including O. cf. ovata and A. cf. massartii) have been seriously
considered as harmful organism candidates in Korea [41].

Following the development of molecular techniques, a number of modifications
of polymerase chain reaction (PCR) methods have been established [42,43]. However,
whereas these PCR-based assays have provided a reliable, sensitive, and specific tool to
detect potentially harmful dinoflagellates, their economic limitations such as dependence
on an expensive apparatus, practical limitations such as low amplification efficiencies,
and long reaction times ultimately restrict their widespread application. Therefore, the
development of rapid, simple, and cost-effective detection methods is still necessary to
effectively detect harmful dinoflagellates.

Since Loop-mediated Isothermal Amplification (LAMP) was first introduced by No-
tomi et al. in 2000 [44], more than 100 LAMP detection methods have been developed for
animal pathogens, including humans, and are ideally used due to the advantages of low
cost and high sensitivity [45–47]. Because LAMP is performed under isothermal conditions,
this method facilitates the amplification of only a few copies of initial DNA to obtain
approximately 109 copies in less than 1 h, which can be visualized after the reaction using
SYBR Green dye. The development of a LAMP assay, therefore, enhances the detection of
various dinoflagellate species [48,49].

Owing to the recent increase in the abundance of benthic dinoflagellates in Korean
coastal waters, their rapid detection and extensive monitoring are required. In this study,
we developed a highly specific LAMP assay for the sensitive detection of two species
of benthic dinoflagellates, O. cf. ovata and A. massartii. Moreover, we established the
proper LAMP conditions for each species and applied them to the field samples to verify
the sensitivity.

2. Materials and Methods

2.1. Sampling Site and Establishment of Dinoflagellate Strains

Macrophytes samples were collected by scuba divers in May 2018 within a water depth
of 10 m at Seongsan, Jeju Island (33◦27.35′ N, 126◦56.01′ E). The seawater temperature
and salinity were recorded as 17.4 ◦C and 33.2, respectively, at that time. The collected
macrophytes were transferred into a 1 L bottle, which was filled with filtered seawater, and
then shaken vigorously to detach the attached dinoflagellates. The samples were filtered
by a 100 μm mesh to separate the macrophyte from seawater, and then transferred to
the laboratory.

To establish a single cell strain, 5 mL of the sample was placed in a six-well plate,
and single-cell isolation was performed under a dissecting microscope (SZX10, Olympus,
Tokyo, Japan). After the clonal cultures of O. cf. ovata and A. massartii were established, the
strains were transferred into 30 mL flasks containing fresh f/2-Si medium. The cultures
were placed under white fluorescent lights at 22 ◦C with a continuous illumination of
20 μE·m−2·s−1.

2.2. DNA Extraction and Species Identification

The DNA sequences of these cells were analysed when the concentration of each strain
was more than 103 cells mL−1. The dense culture (10 mL) was centrifuged at 10,000× g
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for 3 min at room temperature and the pellet was used for DNA extraction. Genomic
DNA was extracted using an AccuPrep Genomic DNA Extraction Kit (BIONEER, Daejeon,
Korea). The quality and purity of the DNA were assessed using agarose gel electrophoresis
and spectrophotometry. For species identification, the SSU, ITS1, 5.8S, ITS2, and LSU rDNA
sequences were amplified using universal eukaryotic primers [50,51]; the obtained DNA
sequences were confirmed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, NCBI
(accessed on 3 September 2018). The rDNA sequences of the two species were identical to
those of the Korean strain (Ostreopsis cf. ovata [52]; Amphidinium massartii [53]).

2.3. Construction of LAMP Primers

Primers for LAMP assay were designed based on the internal transcribed spacer
region (ITS gene) of O. cf. ovata (HE793379.2) and the D1–D6 region of large subunit rRNA
(LSU gene) of A. massartii (AY455670.1) using Primer Explorer V5 (http://primerexplorer.
jp/lampv5e/index.html (accessed on 17 September 2018) software. A total of six distinct
sequences (B1, B2, B3, F1, F2, and F3) in the target DNA were designed for LAMP assay
(B3, F3, backward inner primer (BIP), and forward inner primer (FIP)). Primer details are
listed in Table 1. The primer sequences and their respective binding sites are shown in
Figure 1. Although LAMP reaction could be accelated using additional primers (termed
loop primers), no suitable loop primer was found within the target gene. The LAMP
reactions of the designed primer sets were confirmed as typical ladder-like patterns by gel
electrophoresis as well as direct color change by SYBR Green dye [44].

Table 1. Oligonucleotide primers developed for detecting Ostreopsis cf. ovata and Amphidinium massartii using loop-mediated
isothermal amplification (LAMP), PCR, and qPCR.

Species Name Primers Sequence (5′-3′)

Ostreopsis cf. ovata

LAMP

F3 AAGAGTGCAGCCAAATGC

B3 GTTGACATGTTTACACACTGTA

FIP (F1c-F2) TGGCCCAAGAACATGCCTACATTGCAAATCGCAGAATTACG

BIP (B1c-B2) GACATCATTCATTCAGTGCACCAGTATATACTACATCACACACTCAC

PCR
Forward TGATGTGTACAACTCCCTT

Reverse GAATGATGTCCTTAGGAATGG

qPCR

Forward GGCCATTCCTAAGGACATCA

Reverse TGGCCATATACAGCATGTTGAC

Probe 6-FAM-ATCATGCATTGTGTGAGTGTGTGATGT-BHQ-1

Amphidinium massartii

LAMP

F3 TGACAGCTCTAAGTGGGCC

B3 CCATCCATTTTCGGGGCTAG

FIP (F1c-F2) TGAGCGAGCAGTCAAGCACTTTGGTAAGCAGAACTGGCGATG

BIP (B1c-B2) CATACTGACAGCAGGACGGTGGATTCGGCAGGTGAGTTGTT

PCR
Forward AGTGGGTGGAATGACAGCT

Reverse CATCCATTTTCGGGGCTAGT
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Figure 1. Nucleotide sequence used to design the primers for loop-mediated isothermal amplification (LAMP). The square
boxes indicate the recognition sequences of the primers. The right arrow indicates that a sense sequence was used for
the primers. The left arrow indicates that a complementary sequence was used for the primer. (a) Primer sequences for
Ostreopsis cf. ovata. (b) Primer sequences for Amphidinium massartii. (c) Schematic representation of the primers used in this
study. Construction of two outer (F3 and B3) and two inner (forward inner primer (FIP) and backward inner primer (BIP))
primers for loop-mediated isothermal amplification (LAMP).

2.4. Optimization of LAMP Reaction Conditions

To determine the optimal conditions of LAMP assay for detecting O. cf. ovata and A.
massartii, experiments were performed in which the different variables known to affect
this assay, such as reaction times, temperatures, and buffer composition concentrations
(dNTP, Bst polymerase, and MgSO4), were altered (Table 2). The reaction conditions and
buffer compositions were varied to include ranges of 0–16 units of Bst DNA polymerase,
0–18 mM of MgSO4, 0–4.5 mM of dNTP each, 54–64 ◦C of temperatures, and 15–90 min of
reaction time. After that, the LAMP reaction mixture contained 20 mM tris-HCl, 50 mM
KCl, 10 mM (NH4)2SO4, 1.0 μM of each FIP and BIP, 0.4 μM of each of the outer F3 and B3
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primers, and 4 μL of genomic DNA extracted from 100 cells using syringe filter set, which
resulted in a final reaction volume of 20 μL.

Table 2. Conditions and tested ranges of each factor for optimizing LAMP.

Conditions Tested Ranges

Temperature (°C) 54 56 58 60 62 64
Reaction Time (min.) 15 30 45 60 75 90

dNTP (mM) 0 0.5 1.0 1.8 2.5 4.5
Bst DNA polymerase

(units) 0 2 4 8

MgSO4 (mM) 0 2 4 6 8 10 12 14 16

The detectable ranges for the species (O. cf. ovata or A. massartii) included the con-
centraions of compositon in the commercial LAMP mix (2× LAMP Maeter mix, NEB
E1700L): 8 U Bst polymerase, 1.4 mM dNTPs, and 8 mM MgSO4. Therefore, the following
tests (sensitivity, specific-specificity, and field samples application) were performed with
the commercial LAMP mix, at 62 ◦C in O. cf. ovata and 60 ◦C A. massartii for 60 min.
The reaction temperature was determined to the median between the minimum reaction
temperature and the manufacturer’s recommended temperature.

By adding 1 μL of fluorescent dye SYBR Green I (×1000, Thermo Fisher Scientific,
Waltham, MA, USA) after completing the LAMP reaction, the positive reactions could
be confirmed with the naked eye. The colour of positive reactions turned orange to
yellow-green, while negative reactions remained orange. Moreover, by performing the
gel electrophoresis, the LAMP products could be double-checked. The positive sample of
LAMP showed a band in the ladder pattern, while the negative sample had no band in
the gel. The photographs of the agarose gel were taken using an Azure c200 gel imaging
workstation (Azure Biosystems, Dublin, CA, USA).

2.5. Sensitivity of LAMP
2.5.1. Sensitivity Test from Extracted DNA

The sensitivity tests were evaluated using DNA templates extracted from the clonal
cultures of O. cf. ovata or A. massartii each (3 × 103 cells of O. cf. ovata and 104 cells of A.
massartii). The cells were concentrated with GF/C filters (Whatman® glass microfiber filters,
Little Chalfont, UK) using a syringe filter, and then the genomic DNAs were extracted using
an AccuPrep Genomic DNA Extraction Kit (BIONEER, Daejeon, Korea). The extracted
DNA was diluted serially.

2.5.2. Sensitivity Test from 10 Cells Directly

To evaluate the detection limit more precisely, we used the cells isolated from the
clonal cultures as the DNA templates directly without the column-based DNA extraction
processing. Ten cells were isolated each from the culture of O. cf. ovata or A. massartii
using a sterile micropipette under a dissecting microscope (SZX10, Olympus, Tokyo, Japan).
Individual cells were transferred to sterile seawater to remove any contaminants and then
suspended in approximately 1 μL of TE buffer. The ten cells were lysed by freeze-thawing
process and diluted ten-fold serially, by adding sterile distilled water (Invitrogen, Carlsbad,
CA, USA), from 1 to 10−4. All samples were frozen at −20 °C in preparation for the test.

2.5.3. Comparison of the Detection Sensitivity with Other Molecular Assays

We carried out the conventional PCR and qPCR (quantitative PCR) for comparison
with LAMP. The PCR was performed on a Mastercycler Nexus (Eppendorf, Hamburg,
Germany) in a 20 μL PCR mixture containing 4 μL of HiPi PCR premix, 1 μL of 10 μM
each forward/reverse primers, 10 μL of sterile distilled water, and 4 μL of DNA template.
PCR conditions of O. cf. ovata and A. massartii were as follows: an initial denaturation
step of 95 ◦C for 15 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, and then
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an annealing step at 55 ◦C for 30 s, and elongation at 72 ◦C for 50 s, followed by a final
extension step 72 ◦C for 7 min. The PCR products were analysed on a 1.5% agarose gel
using gel electrophoresis.

Quantitative PCR (qPCR) was performed in duplicates with a PCR max Eco 48 real-time
PCR system (PCR max, Stone, UK) using qPCRBIO probe Mix No-ROX (PCR biosystms,
London, England) following the manufacturer’s guidelines: 10 μL of 2× qPCRBIO Probe
Mix, 1 μL of 10 μM each of forward/reverse primers, 0.5 μL of 10 μM probe labelled at
the 5′ and 3′ ends with the fluorescent dye 6-FAM and BHQ-1, 4.5 μL of distilled water,
and 3 μL of DNA template. The primers and TaqMan probes (coupled to for qPCR were
also designed to amplify the ITS gene (Table 3). Thermal cycling was performed under the
following conditions: 95 ◦C for 3 min of initial denaturation, then 40 cycles of amplification
at 95 ◦C for 10 s and 60 ◦C for 30 s. The standard templates (3 × 103 cells of O. cf. ovata)
were concentrated with GF/C filters using a syringe filter. Following DNA extraction and
qPCR methods were as described above. The eluted genomic DNA was diluted to the
equivalent of 1000, 300, 100, 30, and 10 cells. In the application of the field samples, the
relatively quantified cell concentrations were calculated according to Park et al. [36].

Table 3. List of dinoflagellate species used to confirm the species specificity of the two sets of LAMP
primers (O. cf. ovata and A. massartii).

Species Name Strain Remarks

Alexandrium tamarense S041118-JSP Busan, Korea
Amphidinium carterae CCMP1314 USA

Coolia malayensis JSGP-CM Seoguipo, Korea
Gambierdiscus jejuensis JSGP201117-GJ Seoguipo, Korea
Gymnodinium aureolum GASH1103 Kunsan, Korea

Heterocapsasteinii SMS-MSJ Masan bay, Korea
Ostreopsis lenticularis JSGP201117-OL Seoguipo, Korea

Prorocentrum minimum WKS-BJH Kunsan, Korea
Prorocentrum koreanum JSS-KEJ Jeju, Korea
Scrippsiellaacuminata US1-G6 Ulsan, Korea

Symbiodinium voratum JSGP201117-SV Seoguipo, Korea

Ostreopsis cf. ovata JSS200917-OO Seongsan, Korea
Amphidinium massartii J-MSJ-AM Jeju, Korea

2.6. Confirmation of Species-Specific LAMP Primers

To confirm species specificity and exclude the possibility of false positives about the
two sets of LAMP primers (O. cf. ovata and A. massartii), DNAs of eleven dinoflagellate
species (Alexandrium tamarense (Lebor) Balech; Amphidinium carterae Hulbert; Coolia malayen-
sis Leaw, P.-T. Lim & Usup; Gambierdiscus jejuensis S. H. Jang & H. J. Jeong; Gymnodinium
aureolum (Hulburt) G. Hansen; Heterocapsa steinii Tillmann, Gottschling, Hoppenrath, Kus-
ber & Elbrächter; Ostreopsis lenticularis Y. Fukuyo; Prorocentrum minimum (Pavillard) Schiller;
Prorocentrum koreanum M.-S. Han, S. Y. Cho & P. Wang; Scrippsiella acuminata (Ehrenberg)
Kretschmann, Elbrächter, Zinssmeister, S. Soehner, Kirsch, Kusber & Gottschling); and
Symbiodinium voratum Jeong, Lee, Kang, LaJeunesse) were extracted and used as a template
for the LAMP reaction (Table 3). All strains, mentioned above, have been established
and maintained in our cell culture laboratory (at 22 ◦C under continuos illumination of
20 μE·m−2·s−1) of the Advanced Institute of Convergence Technology (AICT, Suwon, Ko-
rea), excluding Amphidinium carterae strain (CCMP1314). Two thousand cells from each
species were isolated from the dense culture media of the dinoflagellate strains and mixed
in a tube. The mixture was concentrated with GF/C filters using a syringe filter. Then, the
genomic DNA was extracted using an AccuPrep Genomic DNA extraction kit (Bioneer,
Daejeon, Korea). The positive mixture including either O. cf. ovata or A. massartii and the
negative mixture without O. cf. ovata and A. massartii were used as the controls. The LAMP
reaction was conducted at 62 ◦C in O. cf. ovata and 60 ◦C in A. massartii for 60 min.
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All DNA templates tested in this work were from fresh samples only that had not
been stored for more than two days. The amplification results were obtained following
electrophoresis, and gels were stained to verify specificity.

2.7. Testing of Field Samples

To test the O. cf. ovata LAMP primers using field samples, four different macroalgal
species were randomly collected from two sampling sites on Jeju Island (Sasu and Seongsan)
in 2019 (January, March, and June) (Figure 2). Macroalgae living within 10 m of water
depth were collected by scuba divers and pooled in a 1 L bottle with ambient seawater. The
bottle was shaken vigorously to detach the benthic dinoflagellates. After that, macroalgae
were frozen on dry ice immediately and the water sample was filtered using a 100 μm
mesh to remove macroalgal particles and zooplankton. Each water sample (50 mL) was
concentrated with a GF/C filter using a syringe filter. The GF/C filter was placed in a
1.5 mL tube and kept frozen immediately until DNA extraction. Genomic DNAs were
extracted with a Bioneer AccuPrep® Genomic DNA Extraction kit, and a LAMP assay was
performed. The LAMP reaction was conducted at 62 ◦C for 60 min.

Figure 2. Map of Korea and Jeju Island indicating the sampling sites.

To compare microscopic detection, 300 mL of water sample was fixed with formalin
(final concentration, 1%). The fixed samples were concentrated for microscopic observation.
Fixed samples were left overnight to allow the cells to sink, and the supernatant was
removed to adjust the final volume to 50 mL. A solution of Calcofluor (Sigma-Aldrich,
St. Louis, MO, USA) was added at a final concentration of 10 μg mL−1 for 1–2 min in the
dark before observation. Then, 1 mL samples were observed in a Sedgewick-Rafter chamber
(SPI Supplies, West Chester, PA, USA) at 100× magnification using an epifluorescence
microscope (BX 53, Olympus, Tokyo, Japan) to confirm the presence of cells. For the same
reason, dense plankton samples were collected at each sampling sites by towing a 20 μm
mesh sized plankton net along the water column for 1 min. Collected samples were fixed
with formalin and observed with light and epifluorescence microscopes (BX 53, Olympus,
Tokyo, Japan).

3. Results

3.1. Optimization of LAMP Conditions

LAMP reaction in O. cf. ovata required at least 45 min and occurred at a temperature
of 56 ◦C or higher. We confirmed that LAMP reactions occurred even at two units of Bst
polymerase per reaction tube. To find an optimal dNTP concentration, each 0–4.5 mM of
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dNTPs were tested in 20 μL of the reaction mixture. LAMP reaction occurred in 1.0–2.5 mM
dNTPs, but it did not occur in 0.5 and 4.5 mM dNTPs. In the concentration test of MgSO4
per reaction tube, LAMP reaction occurred from 6 to 16 mM of MgSO4 (Figure 3a). LAMP
reaction in A. massartii showed that the reaction was initiated at least after 30 min and at all
temperatures from 54 to 64 ◦C. The required concentration of dNTP per reaction tube was
from 1.0 (very weak) to 2.5 mM. Compared to what was confirmed in O. cf. ovata LAMP
reactions, LAMP reactions in A. massartii were in a narrow range of MgSO4 concentration,
from 8 to 14 uM per reaction tube (Figure 3b). Too low or too high dNTP and MgSO4
concentrations resulted in false-negative results in both O. cf. ovata and A. massartii. These
composition (Bst polymerase, dNTPs, MgSO4) concentration tests were performed at 62 ◦C
in O. cf. ovata and 60 ◦C A. massartii for 60 min.

Figure 3. Optimization of the loop-mediated isothermal amplification (LAMP) assay. LAMP reactions were performed with
different reaction times (15–90 min), temperatures (54–64 ◦C), concentrations of Bst DNA polymerase (0–16 unit), dNTP
(0–4.5 mM), and MgSO4 (2–18 mM). (a) Ostreopsis cf. ovata. (b) Amphidinium massartii.

3.2. Comparison of the Sensitivity of LAMP and Other Molecular Assays
3.2.1. Ostreopsis. cf. ovata

When tested with extracted DNA from 3 × 103 cells concentrated with GF/C filter,
the detection limit of LAMP was 10 cells (Figure 4a). Meanwhile, when we tested using
lysed DNA from 10 cells isolated directly, sensitivity was increased as 0.1 cell of O. cf. ovata
(Figure 4b). The sensitivity was higher when performing LAMP with isolated cells than
with extracted DNA. The sensitivity of qPCR was similar to the LAMP result while the
PCR was ten-fold more sensitive than the LAMP assay (Figure 4a). The qPCR was only
performed for O. cf. ovata as suitable primers and probes, but could not be designed for
A. massarti.
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Figure 4. Comparison of the detection sensitivity with loop-mediated isothermal amplification (LAMP) and conventional
PCR. (a) Samples in each line were serially diluted (from 3 × 103 cells in O. cf. ovata and 104 cells in A. massartii) from
genomic DNA which was extracted from the sample concentrated with GF/C filter. (b) Samples in each line were serially
diluted from directly isolated ten cells without the column-based DNA extraction processing. cq = quantification cycle.

3.2.2. Amphidinium Massartii

The detecton limit of A. massartii was 1 cell in both DNA extracted from 104 cells
concentrated with GF/C filter (Figure 4a) and DNA lysed from 10 cells isolated directly
(Figure 4b). The PCR detection limit of A. massartii was similar to that of the LAMP results.

3.3. Confirmation of Species-Specific LAMP Primers

By performing LAMP reactions on the DNA mixture containing eleven strains of
dinoflagellates (A. tamarense, A. carterae, C. malayensis, G. jejuensis, G. aureolum, H. steinii,
O. lenticularis, P. minimum, P. koreanum, S. acuminata, and S. voratum), we confirmed that
the positive LAMP reactions were only observed for target species and positive control
mixtures containing either O. cf. ovata or A. massartii, while no products were amplified
in both negative control and negative control mixture (Figure 5). Therefore, the results
showed that the designed LAMP primers for the two species react specifically.
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Figure 5. Species-specificity of loop-mediated isothermal amplification (LAMP) primers. LAMP reactions were performed by
visual inspection with diluted SYBR Green I and electrophoresis with EtBr. (a) Ostreopsis cf. ovata. (b) Amphidinium massartii.

3.4. Application to Field Samples

The LAMP assay for O. cf. ovata was applied using the field samples collected from
Jeju, Korea. PCR and qPCR were also performed to confirm the accuracy and the reliability
of LAMP results. The result of LAMP showed that O. cf. ovata was detected in both Sasu
and Seongsan in January and April, but detected only in Seongsan in June. Specifically, the
positive LAMP results of O. cf. ovata were obtained only in samples estimated to be more
than 10 cells mL−1 in qPCR assay, while PCR results showed that they were amplified
even at less than 10 cells mL−1. In the microscopy examination results, O. cf. ovata was not
observed in some of the samples (Seongsan no.4 in Jan. and no.1, 2 in Jun.) in which it was
confirmed by all molecular assays, including LAMP (Figure 6).

Figure 6. Field sample detection using loop-mediated isothermal amplification (LAMP) primers. Detection of each species
was confirmed using a microscope, LAMP, PCR, and qPCR in seawater samples from Sasu and Seongsan of Jeju Island,
2019. The numbers (1 to 4) in the table indicate the randomly collected macrophytes (unidentified).
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4. Discussion

Traditional PCR and qPCR assays using Taq polymerase have already been used to
detect or quantitatively evaluate many dinoflagellates with high sensitivity and specificity.
However, these assays require special and expensive devices, such as a thermal cycler.
LAMP assay using Bst polymerase is a simple and fast molecular diagnostic tool that does
not require an expensive thermocycler because Bst polymerase amplifies nucleic acids
under isothermal conditions [54]. Until now, attempts have been made to apply LAMP to
some dinoflagellates related to harmful algal blooms, but no studies have been conducted
on the early detection of benthic dinoflagellates. Novel and highly specific LAMP assays
for the sensitive detection of benthic dinoflagellates O. cf. ovata and A. massartii were
established in this study. Moreover, another purpose of this work was to evaluate the
detection capabilities of LAMP compared to other molecular assays. The LAMP assay
was sensitive enough to detect for O. cf. ovata and A. massartii, similar to both PCR and
qPCR results.

The LAMP assay provides several advantages over a conventional PCR assay in that it
can amplify target DNA sequence under isothermal conditions faster (≤1 h) and does not
require the use of sophisticated or expensive equipment. Thus, in laboratories or isolated
areas where equipment is minimal, the entire reaction process can still be performed using
only a heat block or temperature-controlled water tank. However, the most substantial
feature is the ability to visually detect amplification through the addition of fluorescent
dyes such as SYBR Green I [55], making it suitable for implementation in rapid field trials.

Recently, LAMP has been applied in the detection of marine dinoflagellates such
as Alexandrium sp., Karenia mikimotoi, and Prorocentrum sp., and many studies have been
conducted for the rapid detection of harmful dinoflagellates [56–58]. To date, most LAMP
methods for detecting dinoflagellates have been limited to planktonic dinoflagellates. In
the present study, we successfully detected benthic dinoflagellates and confirmed that the
detection threshold of LAMP was similar to that of PCR and qPCR assays. When the LAMP
method was used, we completed the analysis and obtained the results in situ with high
accuracy within 60 min to detect the occurrence of O. cf. ovata and A. massartii. Generally,
LAMP positive products could be confirmed in the ladder pattern band through the gel
electrophoresis. However, we found that the samples kept frozen for a long time (more
than a month) or repeated freezing-thawing several times caused false-positive results with
a smear band rather than a ladder pattern. This is why we only used the fresh samples to
avoid false-positive results.

In the field samples detached from macrophytes, we observed not only O. cf. ovata and
A. massartii but also diverse benthic dinoflagellates (such as Ostreopsis lenticularis, Coolia
spp., Gambierdiscus spp., Prorocentrum spp.) with high abundances, but there was no LAMP
reaction from the samples without O. cf. ovata and A. massartii. The LAMP sets in this
study have been proven to react only with O. cf. ovata or A. massartii.

5. Conclusions

In this study, we developed a LAMP method for in situ and precise detection of
benthic dinoflagellate species, O. cf. ovata and A. massartii. This provides a useful detection
technique for field research, owing to the use of simple reaction conditions and inexpensive
equipment and the lack of a need for an expert phycologist for algal identification by
microscopy. Thus, the LAMP method can be applied to monitor the occurrence and
distribution of benthic dinoflagellates in large-scale environments such as the coastal area
of Korea.
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Abstract: The most massive outbreak on record of the Ulva prolifera green tides in the southwestern
Yellow Sea occurred in summer of 2021. The environmental factors were investigated based on
observations and simulations. The results suggested that the significantly enhanced discharge of
the Changjiang River since winter 2020–2021 was crucial for the outbreak of the Ulva prolifera green
tides in the southwestern Yellow Sea, which could significantly have contributed to the nutrient
enrichment off the Subei coast. Additionally, the southerly wind stress anomaly during winter
2020–2021 favored the upwind transport of Changjiang water. Numerical experiments showed that
the remaining winter freshwater coming from the Changjiang River, which persisted in the Subei
coast’s upper layer until spring 2021, exceeded the long-term average value by 20%. We demonstrated
that these large amount of nutrient inputs, as an effective supplement, were the reason the green
tides sharply emerged as an extensive outbreak in 2021. The easterly wind anomaly during spring
2021 contributed to the landing of Ulva prolifera off the Lunan coast.

Keywords: Ulva prolifera; Changjiang; southwestern Yellow Sea; outbreak mechanisms; wind anomaly

1. Introduction

The Yellow Sea, surrounded by Mainland China and the Korean Peninsula, is a
characteristic continental shelf sea (Figure 1). It plays an important role in the environment
of China and the Korean Peninsula. The bathymetry of the Yellow Sea is generally shallow
and complex. The southwestern Yellow Sea is listed as a marginal sea with various
contributions from land, rivers, and tides, which has been the focus of multi-disciplinary
research in recent years.

Over the past 15 years (from 2007 to 2021), successively occurrences of Ulva prolifera
green tides have become a striking recurrent phenomenon in the southwestern Yellow
Sea. The average distribution area and the cover area were reported to be 37,000 km2 and
450 km2, respectively, in recent ten years. The general consensus is that the green tide
originates from the coast of Subei in late spring. It migrates northward with the ocean
current [1–3] and lands on the Lunan coast over long-distance migration every summer.
The Ulva prolifera green tides have had detrimental effects on the local marine environment
and ecosystem [4]. According to the previous studies, Ulva prolifera has wide adaptability
to temperature and salinity [5–7]. The freshwater from the Changjiang River and local
rivers provide abundant nutrients into the southwestern Yellow Sea and is also suitable
for the growth of Ulva prolifera. Dissolved inorganic nitrogen (DIN) has been suggested
to play a crucial role in the bloom of Ulva prolifera [8–11]. Chen et al. [12] found that the
nutrient distribution and structure in the Jiangsu coast was affected by the land-based load,
and the ratio of nitrogen to phosphorus could affect the bloom of Ulva prolifera significantly.
Wang et al. [13] suggested the phosphate limitation on the initial growth of Ulva prolifera
seedling can occur in the southern Yellow Sea. Later, Sun et al. [14] confirmed that the DIN
was the most critical nutrient controlling the magnitude and time of the green tide rather
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than phosphorus, based on a dynamic growth model. According to the observations, the
DIN concentration in the southwestern Yellow Sea is lowest in the winter and reaches its
highest value in April [7,11,15], which implies that overwintering banks of nutrients might
be an important population trigger of Ulva prolifera [16,17].

Figure 1. Model domain with geography and bathymetry (unit: m).

However, effective solutions for preventing the harmful algal bloom have not been
found so far [17,18]. According to the local news, the worst Ulva prolifera green tides in
last 15 years occurred in the summer of 2021. The maximal distribution area and the
maximal cover area have been over 60,000 km2 and 1700 km2, respectively. The amount
of the Ulva prolifera was about 2.3 times that of 2013, which was reported to be the worst
year previously.

Thus, based on observational data and numerical modelling, the hydrographical
features of the southwestern Yellow Sea from the winter 2020–2021 to summer 2021 were
compared with the long-term averaged status. Section 2 comprises a description of the
methodology and data used in this study. Section 3 addresses the model results about the
inter-annual variation of the green tides. Section 4 is a summary of the study.

2. Data and Methodology

2.1. Observation Data

The water depth in the nearshore region of Subei is quite shallow, and the obser-
vation data are relatively scarce. Supported by the Project on Coastal Investigation
and Research (i.e., Project 908) of China, four cruises in four seasons were conducted
during 2006 and 2007, mostly covering the Subei coast region. The measured salinity
data were reported by Zhang et al. [19]. The digitalized isohaline was compared with
the simulated sea surface salinity.

Merged satellite and in situ global daily sea surface temperatures (MGDSSTs) of the
Japan Meteorological Agency, with a resolution of 0.25◦ × 0.25◦, were used to validate the
simulated sea surface temperatures of the present model.

Furthermore, in late April of 2021, four GPS-tracked ARGOS surface floats were
deployed in the southwestern Yellow Sea to measure the currents off the Subei coast. The
floats were released along the edge of the Subei Bank to track the movement of the Subei
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coastal current. The trajectories of four surface ARGOS drifters were used to check the
simulated circulation.

2.2. Numerical Modeling

Based on the Princeton Ocean Model (POM), we established a high-resolution
regional circulation model over the Bohai Sea, the Yellow Sea, and a part of the East
China Sea. The model, with a horizontal resolution of 1/12◦ × 1/12◦, covered (Figure 1)
the domain of 27◦ N–41◦ N, 117◦ E–128◦ E. The vertical sigma coordinates were layered
in the following proportions from top to bottom: 0.000, −0.003, −0.006, −0.013, −0.025,
−0.050, −0.100, −0.200, −0.300, −0.400, −0.500, −0.600, −0.700, −0.800, −0.900, and
−1.00. The model topography was based on the 1′ × 1′ Shuttle Radar Topography
Mission (SRTM) database. The minimum and maximum depths in this model were set
to 10 m and 4000 m, respectively.

The boundary conditions were determined by the simulated results of a 1/12◦ × 1/15◦
Eastern Asian Marginal Seas data assimilation model [20]. The monthly mean results from
2001 to 2020 were averaged as the climatological open boundary of the present study. The
eight main tidal components (M2, S2, K1, O1, N2, P1, K2, and Q1) also were considered from
the open boundary. The tidal harmonic constants were decided by the results of the NAO.99b
model [21].

The surface wind stress was determined by the monthly forcing of the ERA5 dataset
with a high horizontal resolution of 0.25◦ × 0.25◦. The long-term averaged values were
calculated during the same 20-year period described in the previous paragraph as the
climatological forcings. The surface heat flux was calculated using a bulk formula [22]. The
net heat flux was expressed as the sum of shortwave radiation, longwave radiation, sensible
heat flux, and latent heat flux, and all of these components followed the empirical formulas
of Hirose et al. [20]. The penetration of the shortwave radiation was also considered, and
the water quality was type II [23].

The freshwater flux was estimated with the precipitation (P) and evaporation (E)
as well as the river runoffs (R), as P + R − E. Precipitation (P) data were also obtained
from the long-term averaged monthly ERA5 dataset. The corresponding evaporation (E)
was obtained when calculating the latent heat flux as mentioned above. The amounts
of the freshwater from Changjiang River were retrieved from the climatological monthly
transports at Datong station, which are reported by the Chinese River Sediment Bulletin.
The multi-year mean discharges from Subei local rivers were retrieved from the Jiangsu
Province Water Resources Bulletin, which are represented by the Guanhe River and the
Sheyang River in this study [24]. The discharges of the Guanhe River and Sheyang River
and their seasonal variations were also allotted based on the work of Yang [24]. There were
no other relaxations for temperature and salinity in the present model.

The model was first integrated with the climatological fields for 4 years. An additional
two-year calculation was conducted due to the overwinter effects, using the above last
month’s status for the restart conditions. The experiment that used the climatological mete-
orological forcings and boundary conditions was named Exp.C (referring to climatological
meteorological forcings). To investigate the environmental features in the winter 2020–2012,
a comparative experiment was designed (Table 1). The realistic monthly meteorological
forcings and boundary conditions were employed and named Exp.R (referring to realistic
forcings). Exp.R was established under the daily meteorological forcings from January
2020 to June 2021, and the Changjiang River discharges were also changed to the realistic
monthly discharges. The values and their comparisons to meteorological values during the
interested period are listed in Table 2.
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Table 1. List of experiments.

Experiments Discharges Forcings and Boundary Conditions

Exp.C Climatological monthly discharges of Changjiang
River and Subei local rivers

Climatological meteorological forcings and
boundary conditions

Exp.R Realistic monthly discharge of Changjiang River
and climatological discharge of Subei local rivers

Realistic daily meteorological forcings and
boundary conditions

Table 2. Changjiang discharges (108 m3).

Time
December

2020
January

2021
February

2021
March
2021

April 2021 May 2021 June 2021

Monthly Changjiang
discharge (related to

meteorological values)

436.6
(+10.5%)

407.1
(+31.4%)

326.6
(+9.3%)

530.3
(+16.9%)

686.9
(+10.7%)

1122
(+24.6%)

1216
(+15.8%)

2.3. Passive Tracer

Salinity distribution can present the pathway of the Changjiang River qualitatively.
To quantitatively discuss the roles of the Changjiang River discharges, the passive tracer
was continuously released in the numerical experiments from December to the following
June at the Changjiang River estuary. The initial value of the passive tracer was 0, which
means the nutrient content from the Changjiang River was 0 at the beginning. The tracer
concentration at the estuary was set to 1, which was dimensionless and represented the
nutrient concentrations inputted from the Changjiang River. According to Zhang et al. [11],
the area south of 35◦ N and west of 122◦ E is one in which the Ulva prolifera was rapidly
developed. Therefore, the persisted tracer content in the upper layer (within 5 m depth) of
the region 32–35◦ N, 119–122◦ E was also calculated, following Formula (1):

Tc =
∫

c dv (1)

where Tc is the content of tracer in the upper layer, and c is the tracer’s concentration.

3. Results

3.1. Model Validations

The simulated sea surface temperatures (SSTs) in Exp.C were compared with MGDSSTs.
The basic features of the SST in summer and winter were well-represented (Figure 2). Our
model successfully reproduced the surface cold patch off the Subei coast in the summer
and the intrusion of the high temperature water in the winter. There were slightly larger
differences in the nearshore region (shallower than 10 m) between the simulated SST
and MGDSSTs. This may have been due to the lower horizontal resolution of MGDSSTs.
Furthermore, shown in Figure 3, the root-mean-square errors between simulated SST and
MGDSSTs were 0.99 ◦C in the summer and 1.15 ◦C in the winter after interpolating the
MGDSSTS to the model grids.

The digitalized isohalines in the southwestern Yellow Sea in each seasons were over-
laid on the simulated results of Exp.C (Figure 4). It should be noted that the digitalized
isohalines were based on observations during a particular period. The simulated salinities
represent the climatological distributions. Therefore, more attention should be paid to the
pattern of simulated isohalines instead of the reproduction of isolated low-salinity water
patches. The low-salinity water (<30 PSU) of Changjiang diluted water occupies most
of the southwest Yellow and East China Seas in the summer (Figure 4c). Though with a
significantly reduced range, it retreats to the coast with large horizontal gradients in other
seasons. The 30 and 31 PSU isohalines in individual seasons were also found to be in good
agreement with observations. All the characteristics, including the seasonal evolutions
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of the isohalines (Figure 4a–d), were well-simulated by Exp.C, implying that the present
model is able to capture the essential mass transportations in this area.

Figure 2. Simulated summer sea surface temperature of (a) Exp.C and (b) MGDSSTs; simulated winter sea surface
temperature of (c) Exp.C and (d) MGDSSTs (unit: ◦C).

Figure 3. Validations of simulated surface temperature with MGDSSTs. Black and blue dots represent
summer and winter values, respectively (unit: ◦C).

Four ARGOS surface drifts (Figure 5a) were deployed off the Subei coast since
late April of 2021. For comparison, in the realistic case of Exp.R, eleven modeled
drifters (Figure 5b) were released at the sea surface. The initial locations of the sim-
ulated drifters followed those of the ARGOS drifts. Simulated circulation was repre-
sented by the pathway of the modeled surface drifters. The trajectories of the modeled
drifters, which were deemed to be Lagrangian particles, were calculated by the fourth-
order Runge–Kutta scheme [25]. The positions of the drifters were calculated every
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3 computational hours until end of June 2021. Figure 5 suggests that the pattern of
the modeled drifter trajectories successfully reproduced the observed ones of ARGOS
surface drifters. The characteristics of the ARGOS trajectories were well-simulated by
this experiment, once again showing that the present model can capture the realistic
features of regional circulation.

Figure 4. Simulated climatological salinity at 10 m of Exp.C in (a) winter, (b) spring, (c) summer, and (d) autumn (unit:
PSU). The solid line is the simulated isohaline, and the dashed line is the observed isohaline digitalized from the work of
Zhang et al. [19]. The blue and yellow lines represent the 30 and 31 PSU, respectively.

Figure 5. Observed (a) and simulated (b) trajectories of surface ARGOS drifters released in late April 2021 off the Subei
coast. Star markers represent the released locations.
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3.2. Hydrography in the Summer of 2021

The simulated tracer distributions at the surface until late April are shown in
Figure 6. In Exp.C, a part of the Changjiang River water drifted northward, which could
reach 33 ◦N in late April. A relative high concentration surface patch was identified
off the Subei coast (Figure 6a), which was reported as the first observed region of
Ulva prolifera in several years (Bulletin of China Marine Disaster). In the meantime, as
listed in Table 2, the discharges of the Changjiang River were significantly increased
since late 2020 compared with the climatological ones. Correspondingly, the simulated
tracer concentration in Exp.R showed a large positive anomaly distribution along the
Subei coast. In other words, the larger Changjiang River input in the winter 2020–2021
and spring of 2021 significantly contributed to the nutrient enrichment off the Subei
coast, which led to the most massive outbreak of the Ulva prolifera green tides in the
southwestern Yellow Sea the in summer of 2021.

Figure 6. Simulated distribution of the passive tracer (a) in Exp.C and (b) anomaly distribution in Exp.R at the sea surface
in late April with the bathymetry.

The tracer content results showed that in late April, Tc was found to be 1.20 × 1010 m3

in Exp.C, which was almost 5% of the total Changjiang input, while in Exp.R, Tc approached
1.56 × 1010 m3 in late April, which was more than 6% of the total Changjiang input during
this month. The northward transportation proportion of Changjiang water also was increased.
Thus, we checked the wind distribution in the winter of 2020–2021 (Figure 7). In the winter
of 2020–2021, the southerly anomaly led to a much weaker north–south component of wind
(Figure 7b). Thus, the weakened southward wind-driven current was at a disadvantage in
competition with the northward tidal residual current [26,27]. The counter-wind transport
caused by the northward tidal residual current was dominant during this winter. Thus, there
was more remaining winter freshwater from Changjiang at the Subei coast in the spring 2021.
Compared with the climatological status, it increased by about 30%.

Until June, the remaining tracer content from the Chanjiang River was found to be
significantly increased (Figure 8a) compared to that at the end of April, which provided
necessary nutrient supplements for the population of Ulva prolifera. The passive tracer
concentration in early summer of 2021 presented a stronger positive anomaly related to the
long-term averaged case (Figure 8b). Without considering the biological absorption process,
the passive tracer content results suggested that until late June, Tc was 4.79 × 1010 m3 and
5.21 × 1010 m3 for Exp.C and Exp.R, respectively.

The climatological wind during spring over the southwest Yellow Sea distributed
northwestward (Figure 9a). It can be seen that there was a clear easterly wind anomaly
during spring of 2021 (Figure 9b). The enhanced westward wind component contributed
to the shoreward transport of Ulva prolifera, which led to its landing along the Lunan coast
over long-distance migration.
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Figure 7. (a) Climatological winter wind distribution and (b) wind anomaly in the winter of 2020–2021 at 10 m above the
southwestern Yellow Sea.

Figure 8. Simulated distribution of the passive tracer (a) in Exp.C and (b) anomaly distribution in Exp.R at the sea surface
in late June with the bathymetry.

Figure 9. (a) Climatological spring wind distribution and (b) wind anomaly in the spring of 2021 at 10 m above the
southwestern Yellow Sea.

Altogether, these results suggest that the nutrient contents from the Changjiang River
were increased in the winter 2020–2021 and spring 2021 due to the increase of discharges.
Additionally, the southerly wind stress anomaly during winter 2020–2021 also favored
the upwind transport of Changjiang water. According to the tracer content, overall, the
remaining freshwater coming from the Changjiang River, which persisted in the upper
layer of 32–35◦ N, 119–122◦ E region during spring 2021 (April, May, June), exceeded
the climatological value by nearly 20%. At the same time, the stronger easterly wind
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component during spring of 2021 was conducive to the landing of Ulva prolifera along
the Lunan coast. It should be pointed out that these experiments did not consider the
nutrient concentration from Changjiang River in the individual years. Further quantitative
investigations remain to be conducted in the future.

4. Concluding Remarks

The most massive outbreak on record of the Ulva prolifera green tides in the southwest-
ern Yellow Sea occurred in summer of 2021. The environmental factors were investigated
based on observations and simulations.

The results suggested that the enhanced discharges of the Changjiang River and the
southerly wind stress anomaly in winter 2020–2021 were crucial for the outbreak of the
Ulva prolifera green tides in the southwestern Yellow Sea, which could remarkably con-
tribute to the nutrient enrichment off the Subei coast. The remaining freshwater coming
from the Changjiang River, which persisted on the coast of Subei in the spring 2021, ex-
ceeded the climatological value by nearly 20%. We demonstrated that these large amounts
of nutrient inputs, as an effective supplement, were the reason the green tides sharply
emerged as an extensive outbreak in 2021. Subsequently, the strong easterly wind anomaly
during spring of 2021 led to shoreward transport, which was helpful for the large number
of Ulva prolifera to land off the Lunan coast.

Author Contributions: Conceptualization, B.W.; Research approach, B.W.; Data analysis and writing,
B.W. and L.W.; Figures, L.W.; Project administration, B.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Project
(2018YFD0900906), the Fundamental Research Funds for the Central Universities (B210203027),
and National Natural Science Foundation of China (Project 41706023).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: MGDSSTs data were provided by the Japan Meteorological Agency,
http://ds.data.jma.go.jp/gmd/goos/data/pub/JMA-product/ (accessed on 10 October 2021). ERA5
reanalysis meteorological forces and C3S sea level gridded data were provided by the European Cen-
tre for Medium-Range Weather Forecasts, https://www.ecmwf.int/en/forecasts/datasets (accessed
on 10 October 2021). The data of Changjiang River Discharge were provided by the Chinese River
Sediment Bulletin.

Acknowledgments: The authors thank Zhixin Zhang of the First Institute of Oceanography, Ministry
of Natural Resources, for providing the measured isohaline data. The authors also thank the editors
and anonymous reviewers for their work on this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, D.; Zhu, J.; Li, C.; Hu, D. Cross-shelf circulation in the Yellow and East China Seas indicated by MODIS satellite observations.
J. Mar. Syst. 2008, 70, 134–149. [CrossRef]

2. Hu, C.; He, M.X. Origin and offshore extent of floating algae in Olympic sailing area. Eos Trans. AGU 2008, 89, 302–303. [CrossRef]
3. Qiao, F.; Lü, X. Coastal upwelling in the South China Sea. In Satellite Remote Sensing of South China Sea; Liu, A.K., Ho, C.R., Liu,

C.T., Eds.; Tingmao Publish Company: Taipei, Taiwan, 2008; pp. 135–158.
4. Liu, D.; Keesing, J.K.; Dong, Z.; Zhen, Y.; Di, B.; Shi, Y.; Fearns, P.; Shi, P. Recurrence of the world’s largest green-tide in 2009 in

Yellow Sea, China: Porphyra yezoensis aquaculture rafts confirmed as nursery for macroalgal blooms—ScienceDirect. Mar. Pollut.
Bull. 2010, 60, 1423–1432. [CrossRef]

5. Taylor, R.; Fletcher, R.L.; Raven, J.A. Preliminary studies on the growth of selected ‘green tide’ algae in laboratory culture: Effects
of irradiance temperature, salinity and nutrients on growth rate. Bot. Mar. 2001, 4, 327–336. [CrossRef]

6. Zhang, X.; Wang, Z.; Li, R.; Li, Y.; Wang, X. Microscopic observation on population growth and reproduction of Eltrolnorphra
prolifera under different temperature and salinity. Adv. Mar. Sci. 2012, 30, 276283.

7. Yuan, K.; Hong, C.; Ding, Y.; Song, X. Analysis of the seasonal and inter-annual changes of environmental factors in Enteromorpha
prolifera green tide outbreak in the Yellow Sea. J. Guangxi Acad. Sci. 2018, 34, 204–209.

209



J. Mar. Sci. Eng. 2021, 9, 1167

8. Wu, T.; Zhao, L.; Liu, H.; Wang, T.; Han, X.R.; Shi, X.Y. Preliminary study on the influence of Enteromorpha prolifera on nutrients.
Mar. Environ. Sci. 2013, 32, 347–352. (In Chinese)

9. Li, H.M.; Tang, H.J.; Shi, X.Y.; Zhang, C.S.; Wang, X.L. Increased nutrient loads from the Changjiang (Yangtze) River have led to
increased harmful algal blooms. Harmful Algae 2014, 39, 92–101. [CrossRef]

10. Wang, J.; Yu, Z.; Wei, Q.; Yang, F.; Dong, M.; Li, D.; Gao, Z.; Yao, Q. Distributions of nutrients in the southwestern yellow sea in spring
and summer of 2017 and their relationship with Ulva prolifera outbreaks. Oceanol. Limnol. Sin. 2018, 49, 1045–1053. (In Chinese)

11. Zhang, H.; Liu, K.; Su, R.; Shi, X.; Pei, S.; Wang, X.; Wang, G.; Wang, S. Study on the coupling relationship between the development of
Ulva prolifera green tide and nutrients in the southern Yellow Sea in 2018. Haiyang Xuebao 2020, 42, 30–39. (In Chinese) [CrossRef]

12. Chen, Y.; Song, D.; Li, K.; Gu, L.; Wei, A.; Wang, X. Hydro-biogeochemical modeling of the early-stage outbreak of green tide
(Ulva prolifera) driven by land-based nutrient loads in the Jiangsu coast. Mar. Pollut. Bull. 2020, 153, 111028. [CrossRef]

13. Wang, C.; Jiao, X.; Zhang, Y.; Zhang, L.; Xu, H. A light-limited growth model considering the nutrient effect for improved
understanding and prevention of macroalgae bloom. Environ. Sci. Pollut. Res. 2020, 27, 1–9. [CrossRef]

14. Sun, K.; Ren, J.S.; Bai, T.; Zhang, J.; Liu, Q.; Wu, W.; Zhao, Y.; Liu, Y. A dynamic growth model of Ulva prolifera: Application in
quantifying the biomass of green tides in the Yellow Sea, China. Ecol. Model. 2020, 428, 109072. [CrossRef]

15. Li, H.M.; Zhang, C.S.; Han, X.R.; Shi, X.Y. Changes in concentrations of oxygen, dissolved nitrogen, phosphate, and silicate in the
southern yellow sea, 1980–2012: Sources and seaward gradients. Estuar. Coast. Shelf Sci. 2015, 163, 44–55. [CrossRef]

16. Zhang, Y.; He, P.; Li, H.; Li, G.; Liu, J.; Jiao, F.; Zhang, J.; Huo, Y.; Shi, X.; Su, R.; et al. Ulva prolifera green tide outbreaks and their
environmental impact in the Yellow Sea, China. Neurosurgery 2019, 4, 825–838. [CrossRef]

17. Gong, N.; Shao, K.; Shen, K.; Gu, Y.; Ye, J.; Hu, C.; Shen, L.; Chen, Y.; Li, D.; Fan, J. Chemical control of overwintering green algae
to mitigate green tide in the Yellow Sea. Mar. Pollut. Bull. 2021, 168, 112424. [CrossRef] [PubMed]

18. Luo, Q.J.; Yan, X.J.; Xu, S.L.; Xu, J.L.; Zhou, C.X.; Ma, B.; Yang, R.; Pei, L.Q. Method for Acid Treatment and Treatment of Green Algae
and Infected Cells during Porphyra Haitanensis Cultivation. Chinese Patent CN 101822271B, 21 November 2012. (In Chinese)

19. Zhang, Z.X.; Guo, J.S.; Qiao, F.L.; Liu, Y.Y.; Guo, B.H. Whereabouts and freshwater origination of the Subei coastal water. Oceano
Logia Limnol. Sin. 2016, 47, 527–532. (In Chinese)

20. Hirose, N.; Lee, H.C.; Yoon, J.H. Surface heat flux in the East China Sea and the Yellow Sea. J. Phys. Oceanogr. 1999, 29, 401–417.
[CrossRef]

21. Matsumoto, K.; Takanezawa, T.; Ooe, M. Ocean tide models developed by assimilating TOPEX/POSEIDON altimeter data into
hydrodynamical model: A global model and a regional model around Japan. J. Oceanogr. 2000, 56, 567–581. [CrossRef]

22. Kondo, J. Air-sea bulk transfer coefficients in diabetic conditions. Bound. Layer Meteor. 1975, 9, 91–112. [CrossRef]
23. Paulson, C.A.; Simpson, J.J. Irradiance measurements in the upper ocean. J. Phys. Oceanogr. 1977, 7, 952–956. [CrossRef]
24. Yang, H. A Research on Sustainable Development Strategic Option of Jiangsu Coast Beaches Resources. Ph.D. Thesis, China

University of Geosciences, Beijing, China, 2012. (In Chinese)
25. Wang, B.; Hirose, N.; Moon, J.-H.; Yuan, D. Difference between the Lagrangian trajectories and Eulerian residual velocity fields in

the southwestern Yellow Sea. Ocean Dyn. 2013, 63, 565–576. [CrossRef]
26. Wu, H.; Gu, J.; Zhu, P. Winter Counter-Wind Transport in the Inner Southwestern Yellow Sea. J. Geophys. Res. Ocean. 2018, 123,

411–436. [CrossRef]
27. Wei, Q.; Wang, B.; Fu, M.; Sun, J.; Yao, Q.; Xin, M.; Yu, Z. Spatiotemporal variability of physical-biogeochemical processes and

intrinsic correlations in the semi-enclosed South Yellow Sea. Acta Oceanol. Sin. 2020, 39, 11–26. [CrossRef]

210



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Marine Science and Engineering Editorial Office
E-mail: jmse@mdpi.com

www.mdpi.com/journal/jmse





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-3249-3 


	Taxonomy cover.pdf
	JMSE Taxonomy and Ecology of Marine Algae-v2.pdf
	Taxonomy cover
	空白页面



