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Abstract: Akinete is a survival structure in cyanobacteria that has overcome unfavorable environmen-
tal conditions and influences their perennial blooms in the freshwater system. However, the akinete
cellular and biochemical properties are insufficiently explored. We analyzed the akinete structure, as
well as akinete-specific proteins and their amino acid sequence. Akinetes of Dolichospermum circinale
were produced from their vegetative cells isolated from the North Han River, Korea. The akinete pro-
tein was obtained using electrophoresis, and utilizing its amino acid sequences, its antibody-binding
reaction potential (ig-score) was quantified. Akinete protein masses were 17 kDa–180 kDa, and the
akinete protein mass was 110 kDa. The ig score was high (average 5.0121 points) in the first half of the
amino acid sequence, indicating a β-turn form. The amino acid sequence, having over 50% homology
with the D. circinale akinete protein, was not present in GenBank. The homology of the D. circinale
akinete-specific protein was very low (9.8%) compared to that of Anabaena variabilis, indicating that its
composition was substantially different, even among phylogenetically close taxa. To the best of our
knowledge, this is the first report on the D. circinale akinete protein and its amino acid sequence, with
preliminary information for their practical application for detecting akinetes in freshwater systems.

Keywords: cyanobacteria; akinete; protein; amino acid; antibody; Dolichospermum circinale; North
Han River

1. Introduction

Cyanobacteria from the orders of Nostocales and Stigonematales form akinetes as a
survival structure [1]. Akinetes located in the sediment can survive in adverse environ-
mental conditions for a long period; when conditions become favorable, they germinate to
develop vegetative cells that could proliferate in the water layers [2–4]. Some filamentous
cyanobacteria forming akinete, such as Dolichospermum, Aphanizomenon, and Cylindrosper-
mopsis, are known to be harmful because they cause blooms and produce odorous materials
and toxins, thereby causing negative effects on water use and ecosystem health [4–7].
Therefore, information on the spatiotemporal distribution of akinetes in the sediment and
factors affecting akinete germination provides important evidence for early warnings in
water management, since they can serve as one of the precursors to cyanobacterial blooms
in the area [8,9].

Akinete detection in situ has some constraints because it is located in the sediment.
Analyzing ambient distribution and the abundance of akinetes requires their separation
directly from the sediment, followed by their microscopic observation [10–12]. In the
conventional method dealing with akinetes from sediment samples, cells are separated
individually using micropipettes after ultra-sonication and serial size fractionation [13].
However, it is difficult to completely remove soil particles and organic materials attached
to akinetes, preventing the complete separation of the akinete from the sediment. The
efficiency of the various separation methods varies; therefore, the need for an effective
detection method has been increasingly recognized [14–16].
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Molecular-level detection techniques, which are based on DNA and mRNA, could
overcome the limitations of the physical separation methods [17–19], because they utilize
the whole sediment without an akinete separation process. Several studies have been con-
ducted on cyanobacteria that possess genes producing harmful material, using molecular
detection to overcome the limitations of microscopic analysis [20–22]. Similarly, in the field
of akinete monitoring, molecular techniques would be more useful to detect akinete cells
in the sediment [23]. However, there are limitations to molecular detection on the gene
level. With DNA-based methods, it is difficult to either selectively amplify or stain the
DNA of akinete cells as demonstrated in the PCR and CARD-FISH (catalyzed reporter
deposition–fluorescence in situ hybridization) methods; therefore, it is difficult to verify
actual akinete production. Furthermore, there is a time limit of the mRNA-based method
for detecting akinete in situ, because mRNA can only be detected for a short period when
the akinetes are formed.

The akinete protein persists for a prolonged period in the sediment environment, be-
cause the akinete possesses a thick cell wall. In addition, the protein degrades more slowly
than mRNA after synthesis. Therefore, if the akinete protein is applied, the limitation of the
short detection period that occurs at the mRNA level can be overcome. To date, however,
there are limited studies on akinete proteins and the amino acid sequences. Information
on the akinete protein and its amino acid sequence for only Anabaena variabilis and An-
abaena cylindrica are available in the global amino acid database (NCBI: National Center
for Biotechnology Information) [24–26]. Currently, there is no information regarding the
akinete protein of Dolichospermum circinale, which frequently causes blooms and produces
toxins and geosmin in eutrophic freshwater systems [27].

The purpose of this study was to elucidate the akinete-specific protein and the amino
acid sequence of the harmful cyanobacterium, D. circinale. The result will be an important
addition to akinete protein research and provide preliminary information for developing
akinete detection methods.

2. Materials and Methods
2.1. D. circinale Isolation and Culture

Vegetative cells of D. circinale were collected from the downstream area of the North
Han River (37◦35′16.72′′, 127◦20′25.23′′) in August 2015, during its bloom. They were
stored in a cool icebox immediately after collection and transported to the laboratory within
5 h. The filaments of D. circinale were separated into a single strand using the capillary
method [28], and the single strand was inoculated on a 96-well plate (Falcon®, Newark, NY,
USA) containing the BG-11 medium (Merck Co., Darmstadt, Germany) [29]. Thereafter, the
cells were cultured for 30 d in an incubator (VS-8480, Vision, Daejeon, Republic of Korea)
at 25 ◦C and a light intensity of 130 µE/m2/s (14:10 = L:D). A healthy strain showing
good growth in the well plate was selected and transferred into a flask with 100 mL BG-11
medium (Merck Co.), and the culture was grown until it reached the log phase.

Akinetes from natural samples to be used for analyzing morphological characteristics
were collected from a surface layer of the sediment. The sediment sample was collected us-
ing a core sampler (Uwitec, Mondsee, Austria) at the same place as the sampled vegetative
cells. The collected sediment sample was then transferred to the laboratory, and 1 g (w/w)
was suspended in sterilized water. The suspension was treated twice with ultrasound
for 20 s using an ultrasonic device (JAC 4020 type, 60 Hz, 620 w, Ultrasonic, Hwasung-si,
Republic of Korea). The pulverized suspension was sequentially filtered through 100, 60,
and 10 µm nylon mesh to isolate akinetes. Following the panning method [13], the filtrate
was placed on a petri dish (12 cm in diameter), and from the top layer, the floating particles
were isolated and mixed with filtered (0.2 µm) sterile water to a final volume of 10 mL. The
final solution was stored in a dark brown glass bottle at approximately 4 ◦C.
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2.2. Akinete Preparation

A laboratory designed culture chamber was used to induce akinete formation from
D. circinale vegetative cells. The chamber could be operated such that the upper and lower
parts were separate to simulate the water layer and the sediment, respectively [30]. D. circi-
nale vegetative cells were inoculated at a density of 5 × 104 cells/mL in the upper cylinder
filled with BG-11 medium. Artificial sediment [31] formulated in the laboratory was placed
in the lower cylinder. The chamber, equipped with both the upper and lower cylinders,
was placed in an incubator at 20 ◦C and a light intensity of 30 µE/m2/s (14:10 = L:D) for
5 d to induce akinetes [30]. Akinetes were collected from the sediment of the lower cylinder
in the chamber, concentrated using a 10 µm sieve in 10 mL of distilled water, and stored in
a dark brown glass bottle under refrigeration at 4 ◦C.

Subsequently, 1 mL of the refrigerated sample was placed in a Sedgwick–Rafter
chamber and the morphological features [32,33] of the akinetes were observed at 400×
magnification on an inverted microscope (Axiovert A1, Zeiss, Oberkochen, Germany)
(Figure S1). The akinetes were separated individually using a microcapillary [34]. The
external morphology of the separated akinetes was examined using an optical microscope
(Axio Scope A1, Zeiss) and scanning electron microscope (JSM-7500, Jeol, Akishima, Japan).

2.3. Protein Extraction from Akinete and Vegetative Cell

D. circinale akinetes and vegetative cells were transferred to different microtubes and
centrifuged at 20,000 rpm (6708× g) for 30 min. The supernatant of each sample was
removed and lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA,1% NP-40,
and protease inhibitor cocktail) was added and left to react for 5 min on ice to facilitate
cell lysis. The intracellular substances of the reacted samples were eluted with ultrasound
homogenizers (VCX500, Sonics & Materials, Inc., Newtown, CT, USA). The soluble protein
present in the supernatant was separated using centrifugation at 4 ◦C and 13,000 rpm
(2834× g) for 10 min. Separated proteins were analyzed using the Bradford assay [35]. A
4 × SDS (sodium dodecyl sulfate) sample buffer (#161-0747, Bio-Rad laboratories, Portland,
OR, USA) was added to the protein sample. It was then heated to 100 ◦C for 5 min to
obtain a primary protein structure with a negative charge (i.e., a linear shape). Markers
were loaded on 12% acrylamide SDS-Poly Acrylamide Gel Electrophoresis (PAGE) gels.
Electrophoresis on SDS-PAGE gel was performed at 120 V for 2 h to separate the proteins
based on their mass. SDS-PAGE gels were stained with Coomassie Brilliant Blue R-250
solution (Sigma, St. Louis, MO, USA) for more than 24 h and then a destaining solution
(10% acetic acid and 45% methanol in 1 L distilled water (DW)) was applied for 1.5 h to
remove the background color to obtain protein bands. Protein bands exclusively present in
the akinete samples were selected for further analysis.

2.4. Sample Preparation for Mass Spectrometry

Akinete-specific protein bands were cut out from SDS-PAGE gel using a scalpel and
transferred to sterilized microtubes. Then, the peptide bonds between amino acids were
degraded using an in-gel digestion reaction (in-gel trypsin degradation) [36].

Excised gel spots were destained with 100 µL of destain solution (50% Acetonitrile
(ACN)/DW) with shaking for 5 min. After the removal of the solution, gel spots were
incubated with 200 mM ammonium bicarbonate (NH4HCO3) for 20 min. The gel pieces
were dehydrated with 100 µL of ACN and dried in a vacuum centrifuge (VS-30000i, GSI,
Republic of Korea). Into the dried gel piece, 50 µL dithiothreitol (10 mM) mixed with 0.1 M
ammonium bicarbonate was added and this was incubated at 56 ◦C for 30 min with shaking.
The sample was spun down and the supernatant was removed. Subsequently, 100 µL ACN
was added for gel shrinkage. Fifty microliters of iodoacetamide (C2H4INO) (55 mM) mixed
with 0.1 M ammonium bicarbonate was added and incubated at room temperature for
20 min in the dark. The supernatant was removed and 200 µL ACN was added. Again, it
was spun down to remove supernatant, and 200 µL ammonium bicarbonate (0.1 M) was
added. The procedure was repeated thrice on the dried gel piece. The dried gel pieces were
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rehydrated with 20 µL of 50 mM NH4HCO3 containing 0.2 g modified trypsin (Promega
Co., Madison, WS, USA) for 45 min on ice. After the removal of the solution, 30 µL of
50 mM NH4HCO3 was added. The digestion was performed overnight (6–8 h) at 37 ◦C. The
peptide solution was desalted using C18 column (Ziptip, Millipore Co., Burlington, MA,
USA). All processed protein samples were analyzed using MALDI-TOF (matrix-assisted
laser desorption ionization time of flight) [37] and a protein sequencer (ABI494, Thermo
Fisher Scientific, Waltham, MA, USA) (Table S1).

2.5. Analysis of Amino Acid Sequence

The sequenced amino acid was identified by protein BLAST analysis in the Genbank
database. The BLAST searching was performed based on the Protein Data Bank proteins
(PBD) in Genbank standard database, using the Protein–Protein BLAST (BLASTP) algo-
rithm. We excluded the uncultured/environmental sample sequence, that is, unidentified
sequence information, in the search process [38–40]. The hydrophobicity of the amino acid
sequence (Kyte–Doolittle hydrophathy) and the immunogenicity score (ig-score) were ana-
lyzed based on predicted amino acid secondary structure [41]. The structure was predicted
based on Chou–Fasman secondary structure model.

2.6. Statistical Analyses

In the akinete-specific protein amino acid sequence, the correlation between the ig-
score and Kyte–Doolittle hydropathy of each section was analyzed to determine the relation-
ship between protein hydrophobicity and antigen–antibody reaction potential. Pearson’s
correlation analysis was performed using SPSS version 18 (IBM, Armonk, NY, USA). Statis-
tical significance was set at p < 0.05.

3. Results and Discussion
3.1. Protein Profile of D. circinale

The masses of proteins extracted from akinete ranged from 17 to 180 kDa. Proteins
with masses in the range of 40–75 kDa were found in both the akinete and vegetative cells
and comprised the largest portions of proteins present (Figure 1). They are speculated to
comprise amino acids present in the plasma membranes, carboxysomes, polyphosphates,
and cyanophycin granules; these organelles are present both in akinetes and in vegetative
cells [42–44]. Small (30–48 kDa) and large proteins (180 kDa) were almost exclusively
present in the vegetative cells. Physiologically active enzymes that are formed by various
cellular organelles are normally present in active vegetative cells. These active enzymes
are known to be very small (<48 kDa) [45–47]. Contrastingly, a miniscule amount of
30 kDa protein was present in akinetes. The 110 kDa protein was solely present in the
akinetes (Figure 1). We did not identify whether this protein exclusively originated from
the akinete cell wall or within the cell. However, because only the position of the 110 kDa
protein showed no band in the extracts of vegetative cells, we considered it a candidate
akinete-specific protein [48].

The akinete-specific proteins appear to differ even among similar taxa. The mass of
the akinete-specific protein of D. circinale was 110 kDa, whereas that of the AvaK protein
found in Anabaena variabilis akinete was 43 kDa [48]. A kind of akinete-specific protein,
AcaK43, which is the AvaK homolog protein, was also found in A. cylindrica [49]. Therefore,
we suspect that D. circinale has an akinete-specific protein, which is different from the AvaK
protein in A. variabilis and the AcaK43 protein in A. cylindrica.

Consequently, the akinete-specific protein mass and peptide may affect the formation
of akinetes, resulting in morphological and functional differences in the akinetes of the
order Nostocales [50,51]. Morphologically, Nostocale taxa show different akinete shapes.
The akinete of D. circinale is longer and wider than that of A. variabilis by approximately
10 µm (5–10 µm in length and 10–15 µm in width), and the length is similar in A. cylindrica
akinete, but this is broader in width (length 15–20 µm and width 7–10 µm) (Figure S1). The
projections present at both sides of the akinete anodes were present solely in D. circinale,
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and not in A. variabilis or A. cylindrica [48,52]. Although photosynthesis is functionally
not activated in akinetes, A. cylindrica showed photosynthetic proteins in both akinete
and vegetative cells. However, in akinetes of A. variabilis, chlorophyll and phycocyanin
disappeared during akinete cell maturation [53].
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PAGE gels (12%) stained using Coomassie Brilliant Blue R-250. The sample was loaded in triplicate.
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arrows and square box indicate potential akinete-specific proteins. (A) Total cell protein extracted
from akinetes (lane 1, 2, 3). (B) Total cell protein extracted from vegetative cells (lane 4, 5, 6).

3.2. Amino Acid Sequence of D. circinale Akinete-Specific Protein

We identified a peptide consisting of 600 amino acid sequences using the peptide
mass fingerprint by MALDI-TOF, with the 110 kDa protein solely present in the akinete of
D. circinale, as inferred from from SDS-PAGE bands (Table 1). The Chou–Fasman secondary
structure and Kyte–Doolittle hydropathy index were determined using the peptide amino
acid structure. Consequently, the ig-score, which indicates the antibody-binding reaction
with the akinete-specific protein, was established (Figure 2, Table S3). The higher the
ig-score, the higher the probability of the antibody initiating an immune response with the
antigen [15]. The ig-score was higher in the No. 100–200 amino acid group and lower in
the No. 470–600 amino acid group (Figure 2). The average ig-score of the whole amino
acid sequence was 4.7745 (range: 2.3157–8.1835), whereas its average was 5.4254 between
105 aa and 210 aa. Specifically, the average score was the highest (avg. 6.4564) in the
110 aa–150 aa range. Moreover, the ig-score was high in the 273–345 aa (avg. 5.0602) and
405–475 aa ranges (avg. 5.0121). These results indicate that the amino acid sequence of the
105–349 aa range, particularly the 110–150 aa range, is better for detecting the akinete of
D. circinale. Contrastingly, the ig-scores of the 5–112 aa, 220–270 aa, and 479–600 aa ranges
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were lower than the average score. This suggests that the biosensing function (antibody) of
the 220–270 aa amino acid sequence range might be relatively low.

Table 1. Amino acid sequence of the D. circinale akinete-specific protein analyzed from the 110 kDa
sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-PAGE) band.

No. Amino Acid Sequence No.

1 MKWVTFISLL LLFSSAYSRG VFRRDTHKSE
IAHRFKDLGE EHFKGLVLIA 50

51 FSQYLQQCPF DEHVKLVNEL TEFAKTCVAD
ESHAGCEKSL HTLFGDELCK 100

101 VASLRETYGD MADCCEKQEP ERNECFLSHK
DDSPDLPKLK PDPNTLCDEF 150

151 KADEKKFWGK YLYEIARRHP YFYAPELLYY
ANKYNGVFQE CCQAEDKGAC 200

201 LLPKIETMRE KVLASSARQR LRCASIQKFG
ERALKAWSVA RLSQKFPKAE 250

251 FVEVTKLVTD LTKVHKECCH GDLLECADDR
ADLAKYICDN QDTISSKLKE 300

301 CCDKPLLEKS HCIAEVEKDA IPENLPPLTA
DFAEDKDVCK NYQEAKDAFL 350

351 GSFLYEYSRR HPEYAVSVLL RLAKEYEATL
EECCAKDDPH ACYSTVFDKL 400

401 KHLVDEPQNL IKQNCDQFEK LGEYGFQNAL
IVRYTRKVPQ VSTPTLVEVS 450

451 RSLGKVGTRC CTKPESERMP CTEDYLSLIL
NRLCVLHEKT PVSEKVTKCC 500

501 TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP
DTEKQIKKQT 550

551 ALVELLKHKP KATEEQLKTV MENFVAFVDK
CCAADDKEAC FAVEGPKLVV 600

Note: A—alanine, G—glycine, I—isoleucine, L—leucine, P—proline, V—valine, F—phenylalanine,
W—tryptophan, Y—tyrosine, D—aspartic acid, E—glutamic acid, R—arginine, H—histidine, K—lysine, S—serine,
T—threonine, C—cysteine, M—methionine, N—asparagine, Q—glutamine.

The hydropathy index (Kyte–Doolittle index) of the amino acid sequence, indicating
the degree of hydrophobicity [41], shows a significant negative correlation with the ig-score
(r = −0.914, p < 0.01, n = 593) (Table S2). This result suggests that antibody binding occurs
more easily in the hydrophilic region outside the cell membrane than in the hydrophobic
region inside the cell membrane. Therefore, biosensing for akinete detection could be more
effective in the hydrophilic condition than in the hydrophobic condition.

While verifying the protein ID of the akinete-specific protein analyzed in this study,
we found that the NCBI BLASTP Database (GenBank CDS) did not contain data consistent
with the protein amino acid sequence of D. circinale akinete. However, when compared
to the akinete-specific protein of A. variabilis, which is the only one known thus far [48],
homology was very low (9.8%). Prior studies were conducted on the endospore of the
Bacillus species, such as Bacillus subtilis and Bacillus cereus [54–58]. The protein information
of these endogenous spores is composed of short fragments, smaller than 200 aa, and this
endospore protein has very low homology (<1%) with the akinete-specific protein found in
this study. Both the cyanobacterial akinete and bacterial endogenous spores are formed
to overcome harsh conditions and are functionally the same. However, recent proteomic
data indicate that, on the contrary to the results of conventional research, akinetes may also
play an active role during filamentous growth. Specifically, the akinete was reported to
play a role in the fixation of nitrogen and as a carbon storage transfer unit in filaments of
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A. cylindrica [49]. Qiu et al. (2020) demonstrated that fixed carbon entered into akinetes
from vegetative cells and was converted to glycogen by glycogen synthase, or into trehalose
for osmoprotectant during the survival stage [49]. Although both the cyanobacterial akinete
and bacterial endogenous spores are functionally the same, they exhibit different degrees
of high heat and dry resistance, and different structures at the anatomical level of the cell,
such as the cortex components surrounding the spores [58].
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3.3. Perspective on Developing the Akinete Screening Technique

The molecular-level approach has advanced harmful cyanobacterial detection in the
field by using specific genes related with harmful material production [20–22]. However,
molecular-level applications to identify akinetes exhibit some technical limitations because
the akinete cell is surrounded by protein capsule. For this reason, proteomics research could
help us to develop a method for the efficient screening of akinetes, such as an antibody
biosensor or akinete-specific staining. However, there are some challenging technical
hurdles from the practical perspective.

Firstly, it is difficult to verify actual akinete protein binding using the antibody based
on the amino acid sequence analyzed in this study, because the best method for making the
akinete-specific protein antibody is yet to be established [59]. Therefore, a further study to
make an antibody against the akinete protein for screening cyanobacterial akinetes using
the antigen–antibody reaction in field samples has high priority.

Secondly, it is necessary to develop a method for removing various non-specific
protein polymers or organic particles remaining in the sediment to increase the sensitivity
of the reaction with the akinete protein. In environmental proteins, which relate to similar
concepts to environmental DNA, bulk proteins could include many non-specific protein
polymers and organic particles [60]. They can disturb the activation of akinete-specific
antibodies. For this reason, we must focus on establishing a sample purifying method for
precise activation of akinete-specific antibodies.
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Thirdly, due to the currently very limited information on the akinete protein and
peptide, it is necessary to store akinete-specific protein peptide information from the Nos-
tocales taxa [61,62]. Most cyanobacterial proteomics research has been focused on protein
interaction networks that govern the lifecycle of cyanobacteria, such as post-translational
mechanisms [63,64]. However, since 2002, there has been limited research on akinete-
specific proteins. Further studies should include work on akinete peptides using various
species from the order of Nostocales to expand our understanding of the species-specific
akinete proteins and their role in physiology, and expedite the progress of cyanobacterial
proteomics research.

4. Conclusions

D. circinale is the harmful cyanobacterium commonly found in eutrophic freshwater
ecosystems. It forms akinetes as a survival structure. In this study, we analyzed the D.
circinale akinete-specific protein and its amino acid sequence. To the best of our knowledge,
the akinete-specific amino acid sequence of the order Nostocales determined in this study
is only the third report on this topic, after those on A. variabilis and A. cylindrica. Although
these species have very close phylogenic relationships, their akinete proteins differ in
mass and have very low homology, suggesting that the akinete proteins are taxon-specific.
Further studies are necessary to accumulate information on akinete proteins and their amino
acid sequences among akinete-forming cyanobacteria, in order to establish a biosensing
method based on antigen–antibody reactions. However, several technical hurdles need
to be overcome related to the protein-level screening of akinetes for application in the
field. Therefore, future research on akinetes in cyanobacteria must go beyond simple
physiological studies and involve in-depth investigations at the metaomics level, which
address the technical limitations at the protein level.

Supplementary Materials: The following supporting information can be downloaded at: https:
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