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sulting in a hypoxic dead zone where fish and plants can 
no longer survive. Although many factors contribute to the 
occurrence of HAB, it is unclear exactly how HAB results 
from these conditions. Human activities and the resulting 
water pollution from livestock excretions or excessive fer-
tilizer increase the load of abundant phosphorus and nitro-
gen (nitrate, ammonia, and urea), allowing HAB to flourish 

(Oenema 2004). Climate changes such as global warming, 
extreme rainfall, and drought events exacerbate the prob-
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INTRODUCTION

Harmful algal bloom (HAB) is the outgrowth of mi-
croalgae and cyanobacteria colonies that occur in sea and 
freshwater. Occasionally, HAB produces toxic compounds 
with harmful effects on marine and freshwater bio-sys-
tems, including humans (Heisler et al. 2008). Even worse, 
microbial populations from algal blooms are decomposed 
in aquatic ecosystems and deplete the oxygen supply, re-
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Abstract: The present study aimed to analyze the metaproteome of the microbial 
community comprising harmful algal bloom (HAB) in the Daechung reservoir, Korea. 
HAB samples located at GPS coordinates of 36°29’N latitude and 127°28’E longitude 
were harvested in October 2013. Microscopic observation of the HAB samples revealed 
red signals that were presumably caused by the autofluorescence of chlorophyll and 
phycocyanin in viable cyanobacteria. Metaproteomic analysis was performed by a gel-
based shotgun proteomic method. Protein identification was conducted through a 
two-step analysis including a forward search strategy (FSS) (random search with the 
National Center for Biotechnology Information (NCBI), Cyanobase, and Phytozome), 
and a subsequent reverse search strategy (RSS) (additional Cyanobase search with 
a decoy database). The total number of proteins identified by the two-step analysis 

(FSS and RSS) was 1.8-fold higher than that by one-step analysis (FSS only). A total 
of 194 proteins were assigned to 12 cyanobacterial species (99 mol%) and one green 
algae species (1 mol%). Among the species identified, the toxic microcystin-producing 
Microcystis aeruginosa NIES-843 (62.3%) species was the most dominant. The largest 
functional category was proteins belonging to the energy category (39%), followed 
by metabolism (15%), and translation (12%). This study will be a good reference for 
monitoring ecological variations at the meta-protein level of aquatic microalgae for 
understanding HAB.

Keywords:   metaproteome, harmful algal bloom, Daechung reservoir, one & two-step 
analysis, forward search strategy, reverse search strategy
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lems of HAB synergistically with human activities (Pearl et 
al. 2018).

HAB occasionally appears bright or deep green in color 
due to formation of scum, foam, or benthic mat, depend-
ing on the pigments the cyanobacterial species possess. 
Cyanobacterial blooms occur in freshwater lakes, rivers, 
and coastal areas. In particular, cyanobacteria produce 
neurotoxins such as microcystins, which destroy the nerve 
and liver tissues of mammals, including humans, causing 
neuroparalysis and hepatocarcinoma, respectively (Blaha et 
al. 2009). Thus, HABs are a concern worldwide because of 
the potential threat they pose to the environment and hu-
mans, along with increasing economic loss (McPartlin et al. 
2017). There have been many attempts to systematically 
monitor and manage freshwater quality in various ecosys-
tems in order to protect environmental sustainability and 
public health (Orme-Zavaleta et al. 2008). In South Korea, 
an algae warning system has been established by the Min-
istry of Environment that has reported survey data from 28 
major water resources. Water quality has been forecasted 
on the basis of collected data regarding water temperature 
and weather observations for major reservoirs on four ma-
jor rivers (Lee et al. 2018). Here, for metaproteomic analy-
sis, we selected Daechung Reservoir where cyanobacterial 
blooms occur every summer.

Metaproteomics is a technique of meta-omics analysis 
that reveals the metabolic repertoire by linking specific 
proteins to their corresponding organisms. In addition, 
metaproteomics helps to elucidate the dominant proteins 
and organisms that comprise a dynamic bio-communi-
ty such as HAB species (Hettich et al. 2013). Traditional 
meta-omics refers to metagenomics, which is based on 
massive 16S and 18S ribosomal DNA sequencing for tax-
onomic profiling to understand the genetic diversity of 
a microbial community. However, the genetic diversity 
resulting from metagenomics provides limited informa-
tion regarding the landscape of bio-community. In recent 
years, several metaproteomic analyses have been conduct-
ed: analysis of proteorhodopsin in the ubiquitous marine 
bacterium SAR11 (Giovannoni et al. 2005), of microbial 
plankton in a highly productive coastal upwelling system 

(Sowell et al. 2011), and of microbial populations active 
in biogeochemical cycling (Hanson et al. 2014). Based 
on a previous report on the metaproteomic analysis of a 
freshwater microbial community (Russo et al. 2014), we 
attempted to analyze the metaproteome of an algal bloom 
site in the Daechung reservoir, Korea. Protein identifica-
tion was performed through a two-step database search 

analysis ( Jagtap et al. 2013.). Two-step analysis of protein 
identification in the present study consisted of a forward 
search strategy (FSS) using large datasets such as NCBI, 
Cyanobase, and Phytozome, and a subsequent reverse 
search strategy (RSS) using the target decoy Cyanobase. 
Our first attempt to conduct a metaproteomic analysis of 
HAB in Korea will provide a reference for evaluating and 
understanding the detrimental microbial community.

MATERIALS AND METHODS

1. Sample preparation

On October 14, 2013, crude HAB samples were harvest-
ed at latitude 36°29ʹN and longitude 127°28ʹE in GPS co-
ordinates. The protein sample preparation was performed 
with modification according to a previous protocol (Shin 
et al. 2008). In brief, a total of 2 L of harvested samples 
were centrifuged at 3,000 g for 10 min at room tempera-
ture. The precipitate was washed with 10 mM Tris-HCl 

(pH 8.0) buffer containing a protease inhibitor cocktail. 
The cell pellet was resuspended in TSD buffer (10 mM 
Tris-EDTA, 0.1% (w/v) SDS, 1 mM DTT) (Williams et al. 
2013) or Triton X-114 buffer (10 mM Tris-HCl, pH 7.4, 
0.15 M NaCl, 1 mM EDTA and PBS containing 1% (v/
v) Triton X-114) (Shevchenko et al. 2012). The mixture 
was disrupted at 20,000 psi using a French Pressure cell 
press (SLM Aminco 40K, Thermofisher, USA). The crude 
extract was agitated mildly at 4°C for 1 hr. After centrifu-
gation at 12,000 rpm for 20 min at 4°C, the supernatant 
was added to 4 volumes of 100% (v/v) acetone and left at 
-20°C overnight. The mixture was centrifuged at 12,000 
rpm for 20 min at 4°C. The pellet was washed with 80% (v/
v) acetone three times and subjected to freeze drying (Lab-
conco FreeZone 4.5, Labcono Co., USA) prior to protein 
analysis. Protein quantification was performed by Peter-
son’s method (Peterson et al. 1977).

2. SDS-PAGE and gel slicing

For the gel-based shotgun proteomic analysis, HAB 
proteins (25 μg per lane) were loaded on a 12% SDS-poly-
acrylamide gel as previously reported (Lee et al. 2015). Af-
ter electrophoresis, the gels were stained with Coomassie 
Brilliant Blue (CBB) R250 and cut into 10 slices according 
to the stained gel band intensity. Each gel slice was trans-
ferred to a new Eppendorf tube and subjected to in-gel 
tryptic digestion. The tryptic digests were extracted with 
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0.02% (v/v) formic acid and 0.5% (v/v) acetic acid and ap-
plied to LC-MS/MS analysis.

3. MS analysis of HAB samples

Peptides were separated using liquid chromatography 
integrated with electrospray ionization MS (LCQ-DecaXP, 
Thermofisher, USA). The separated peptides were then 
eluted from the reverse column in a gradient of 0-65% (v/
v) acetonitrile for 80 min at a flow rate of 120 nL min-1. All 
MS and MS/MS spectra were detected in a data-depen-
dent mode by an LTQ-Velos ESI ion trap MS at the Korea 
Basic Science Institute (www.kbsi.re.kr). LC-MS/MS anal-
ysis was performed in triplicate with different batch sam-
ples. Relative quantification of identified protein was per-
formed and the data expressed as mol% of spectral count 

(Oh et al. 2001). Spectral counts imply the total number 
of MS/MS spectra assigned to a particular protein from a 
specific database.

4. Bioinformatic analysis

MS/MS spectra were searched in the specified database 
using MASCOT version 2.4 (www.matrixsciences.com). 
Database searches were conducted through either one-step 
or two-step approach. The one-step approach correspond-
ed to either a forward search strategy (FSS) or a reverse 
search strategy (RSS). FSS is a straightforward search using 
available large datasets such as NCBI, Cyanobase, and Phy-
tozome. RSS is exclusive protein identification using Cya-
nobase and its decoy database with a false discovery rate of 
5% or less. The two-step approach consists of the sequen-
tial search methods of FSS and RSS. Two missed cleavages 
were allowed to identify proteins with cysteine carbami-
domethylation ( + 57) and methionine oxidation ( + 16) 
as fixed and variable modifications, respectively. Peptide 
identification of LC-MS/MS spectra was performed on 
the basis of 95% confidence probability with two or more 
positive detections out of triplicates.

RESULTS AND DISCUSSION

1.  Microscopic observation of HAB in  

the Daechung Reservoir

The Daechung reservoir is a representative lake that is 
the 4th largest and eutrophic lake to exhibit annual HABs in 
South Korea. The artificial Lake Daechung was periodical-

ly monitored, and seasonal variation of cyanobacterial mi-
crocystins was reported (Ishiahara et al. 2005). Previously, 
the intergenic space of cpcBA diversity was investigated 
using 16S rRNA analysis to elucidate the composition 
and dynamics of cyanobacterial bloom in the Daechung 
reservoir (Kim et al. 2006). In the present study, prior to 
the metaproteomic analysis of the Daechung HAB, light 
and fluorescence microscopic analysis was conducted. 
HAB samples taken from the basin around Daecheong 
Dam in October 2013 were green (Fig. 1A, B). As shown 
in the micrographs, clustered microorganisms composed 
of hundreds of thousands of cell aggregates were observed. 
Most of the cells appeared red and a few were blue under 
a fluorescence microscope (Fig. 1C, D). The red color was 
presumably caused by the autofluorescence of chlorophyll 
and phycocyanin from cyanobacteria. Red chlorophyll 
autofluorescence signals are used to assay the viability of 
cyanobacteria (Schulze et al. 2011.). Thus, cell aggregates 
from the Daechung reservoir HAB collected in October 
appeared to be mostly viable.

2.  Results of metaproteomic analysis by  

two strategies

In order to efficiently profile and evaluate the metapro-
teome from the Daechung reservoir HAB, we performed 
gel-based shotgun proteomics using LTQ-Velos ion-trap 
MS. Generally, traditional proteomics of human species 
handles around 7 × 104 sequences or fewer, while metapro-
teomics of human saliva covers more than 5 × 105 sequenc-
es ( Jagptap et al. 2012). Thus, database searches against 
large datasets require search engine space and possess a 
possibility of false positives. To overcome this challenge, 
an increased stringency of protein identification is applied 
to metaproteomic analysis; however, a resulting increase 
of false-negatives occurs, leading to a decreased num-
ber of high confidence microbial peptides (Cargile et al. 
2004; Jagtap et al. 2013). Therefore, we applied the two-
step method used in human microbiomes to the HAB 
metaproteome for database search. First, a forward search 
strategy (FSS) was conducted in large databases such as 
NCBI, Cyanobase, and Phytozome. Second, a reverse 
search strategy (RSS) was performed using the exclusive 
Cyanobase search with a target decoy database with a false 
discovery rate of 5% or less. The protein numbers iden-
tified independently by FSS and RSS were 108 and 158, 
respectively (Fig. 2A). Unexpectedly, two-step analysis re-
sulted in the identification of 194 proteins, a 1.8-fold and 
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Fig. 1. Microscopy pictures of HAB samples. Light microscopy images. Most of the clustered cells are Microcyctsis sp. (A, B). Fluores-
cence microscopy images were taken with a Zeiss LSM 900 (C, D). Scale bar, 20 μm.

(A) (B)

(C) (D)

Fig. 2. Comparison between the FSS (forward search strategy) and RSS (reverse search strategy). (A) Number of proteins identified using 
one-step (FSS) and two-step analysis (FSS+ RSS) (upper). Spectral counts obtained using FSS and RSS (lower). (B) Venn diagram of pro-
teins identified using FSS and RSS.

(A) (B)
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1.2-fold increase compared to FSS and RSS, respectively. 
The number of spectral counts resulting from FSS and 
RSS were 1,645 and 4,016, respectively. A Venn diagram 
of proteins identified by FSS and RSS showed 72 shared 
proteins (Fig. 2B). FSS and RSS exclusively contained 36 
and 86 proteins, respectively. The protein lists identified 
through either one-step or two-step analysis are attached 

(Supplementary Table 1; Supplementary Table 2). Our 
results show that two-step analysis is suitable for efficient 
identification of larger metaproteomes in which RSS great-
ly contributes to the identification of more cyanobacteri-
al proteins. Recently, dedicated algorithms and software 
have been developed to handle to the growing data within 
metaproteomics (Heyer et al. 2017).

Table 2. Most abundant proteins in the Daechung reservoir 

 Accession   Species                                        Description           Category Mol%

MAE47890 NIES-843* Ribulose bisphosphate carboxylase large subunit (RbcL) Energy 4.36%
MAE46080 NIES-843 60 kDa chaperonin (GroL) Protein Destination 3.93%
MAE06090 NIES-843 Porin type major outer membrane protein (OmpA) Cell Structure 3.88%
MAE00920 NIES-843 ATP synthase beta subunit (AtpB) Energy 3.83%
MAE49370 NIES-843 Phycobilisome core-membrane linker polypeptide (ApcE) Energy 3.81%
MAE27990 NIES-843 Porin type major outer membrane protein (OmpA) Cell Structure 3.30%
MAE37620 NIES-843 Gas vesicle structural protein (GvpC) Cell Structure 2.99%
MAE24450 NIES-843 Phycocyanin beta-subunit (CpcB) Energy 2.66%
MAE03410 NIES-843 60 kDa molecular chaperonin 2 (GroL2) Protein Destination 2.60%
Slr0009 PCC6803** Ribulose bisphosphate carboxylase large subunit (RbcL) Energy 2.42%

*Microcystis aeruginosa NIES-843, **Synechocystis sp. PCC6803

Table 1. Summary of proteins identified by one-step (forward search strategy) and two-step (forward search strategy+ reverse search 
strategy) analyses

                   Microorganism
                 One-step analysis Two-step analysis

# of Proteins Sum of Mol% # of Proteins Sum of Mol%

Cyanobase 76 79% 162 83%
Anabaena sp. PCC7120 1 0.3% 16 6.2%
Gloeobacter violaceus PCC7421 7 3.1%
Microcystis aeruginosa NIES-843 62 70.2% 111 62.3%
Synechocystis sp. PCC6803 8 4.6% 18 6.9%
Thermosynechococcus elongates BP-1 5 3.8% 10 4.5%

NCBI 29 20% 29 16%
Anabaena sp. PCC90* 7 3.2% 7 2.6%
Anabaena cylindrica PCC7122 3 2.0% 3 1.6%
Cyanobacterium aponinum PCC10605 8 8.3% 8 6.8%
Cyanobacterium stanieri PCC7202 2 1.0% 2 0.8%
Cyanobacterium thalassa UCYN-A 1 0.3% 1 0.3%
Oscillatoria acuminate PCC6304 4 3.1% 4 2.5%
Oscillatoria nigro-viridis PCC7112 4 2.1% 4 1.7%

Phytozome 3 1% 3 1%
Clamydomonas reinhardtii 236 3 1.1%

                         Total 108 100% 194 100%

* The Anabaena genus is also known as Nostoc
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3.  Microalgae profiles of HAB in  

the Daechung Reservoir

According to two-step analysis of HAB samples in the 
Daechung reservoir, a total of 194 proteins were assigned 
to 12 cyanobacterial species (99 mol%) and 1 green algae 
species (1 mol%). Using one-step analysis by FSS, 76 pro-
teins (subtotal 79 mol%), 29 proteins (subtotal 20%), and 
3 proteins (1%) were identified in Cyanobase, NCBI, and 
Phytozome, respectively (Table 1). However, during two-
step analysis using sequential searches of FSS and RSS, 162 
proteins (subtotal 83 mol%) were collected using Cyano-
base, approximately double the number identified during 
one-step analysis, while the identification numbers from 
the NCBI and Phytozome datasets remain unchanged. 
This increase in identification during two-step analysis 
was presumably caused by a reduction of the false negative 
peptide sequence matches. Among the species assigned, 
the toxic microcystin-producing Microcystis aeruginosa 
NIES-843 (62.3%) (hereafter, NIES-843) was the most 
dominant species in the Daechung reservoir. NIES-843 is 
known to produce toxic cyanobacterial blooms in fresh-
water ecosystems (Steffen et al. 2012; Zhao et al. 2018). 
Synechocystis sp. PCC6803 (hereafter, PCC6803) was 
found to be the second most dominant microorganism in 
the HAB metaproteome. Greater protein identification of 
cyanobacteria resulted from application of the systematic 
database Cyanobase (Nakao et al. 2010). RSS assigned 5 
cyanobacterial species out of the 39 species contained in 
the current Cyanobase. Conclusively, two-step analysis 

of the HAB metaproteome is an effective method that in-
creases the number of peptide sequence matches with high 
confidence.

4.  Characteristics of the HAB metaproteome 

in the Daechung Reservoir

A total of 194 proteins were classified into 12 different 
categories on the basis of putative physiological functions. 
The largest functional category included proteins in the 
energy category (39.2%), comprised of photosynthesis 
and carbon fixation pathways. Two prevalent proteins 
identified were ribulose bisphosphate carboxylase large 
subunit (RbcL) from NIES-843 and PCC6803 and ATP 
synthase beta subunit (AtpB) from NIES-843 (Supple-
mentary Table 2). RbcL has been used to monitor algal 
bloom in coastal environments in North America, Japan, 
and Korea (Ki et al. 2007). AtpB was previously identi-
fied as a novel target, in addition to phosphatases (PP1 
and PP2A), of microcystins observed during algal bloom 

(Mikhailov et al. 2003). Harmful blooms of Microcystis 
sp. were reported to be a driver of non-nitrogen fixing cy-
anobacteria in Lake Erie (Newell et al. 2019). Moreover, 
the dormant Microcystis aeruginosa was reported to initiate 
recruitment from the benthic habitat during algal bloom-
ing in Lake Chongtian in China (Zou et al. 2018). Thus, 
regulation of the Microcystis population is very important 
for monitoring HAB in aquatic ecosystems. Unfortunate-
ly, microcystin-producing gene products (Mcy) were not 
found in our current analysis. However, several metabolic 
enzymes linked to algal bloom were detected in the HAB 
metaproteome in the Daechung reservoir. For example, 
glutamate-ammonia ligase, called glutamine synthetase 

(GS), was identified in the Daechung HAB. GS is an es-
sential enzyme for nitrogen metabolism in NIES-843 and 
Gloeobacter violaceus PCC7421 (Supplementary Table 2). 
GS has been used as an indicator of nitrogen-replete algal 
bloom in the sub-tropical coastal waters of Key West, Flor-
ida (Hoch et al. 2008). In addition to boosting the profiles 
of metagenomes, predictions of metabolic potential to in-
fluence HABs will be crucial for understanding the aquatic 
cyanobacterial community (Zhang et al. 2018). 

5.  Interpretation of HAB cyanobacteria and 

perspectives of metaproteomics

The protein components belonging to the energy catego-
ry were assigned to a wide range of cyanobacterial species,  
such as NIES-843, PCC7120, UCYN-A , PCC90, 

Fig. 3. Gene ontology of identified whole proteins based on func-
tional categories. Percentages are shown in parentheses only for 
categories with more than 10%.
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PCC6304, PCC7112, PCC10605, PCC7202, PCC7122, 
PCC7421, PCC6803, and BP-1. The second major catego-
ry of proteins in the HAB metaproteome was metabolism 

(15%) and was primarily related to carbon metabolism. 
The third largest category was translation (12%), consist-
ing of 50S and 30S ribosomal proteins. This suggests that 
the Daechung HAB possesses very active and viable cya-
nobacterial protein synthesis. The top ten most abundant 
proteins in the HAB of Lake Daechung comprised 33.3 
mol% out of the 194 proteins identified by two-step anal-
ysis (Table 2). These proteins mainly belonged to the fol-
lowing categories: energy, protein folding, and cell struc-
ture. Due to high complexity in the microbial community, 
metaproteome data analysis requires greater computing 
power and more efficient algorithms than other analyses, 
i.e., the discrimination of homologous proteins caused 
by redundant protein identification (Herbst et al. 2016). 
Compared to the approximately one trillion estimated spe-
cies on Earth, the currently available UniProt/TrEMBL da-
tabase contains 1,961,734 metagenomes (www.ebi.ac.uk/
uniprot/TrEMBL_status, 06.2019 version), covering only 
0.0002% of the estimated species. Thus, such an approach 
for exact protein identification produces great ambiguity. 
Recently, publicly available meta-omics datasets have been 
integrated in order to assemble uncertainties and genomic 
variants so that we can utilize metagenomes and/or me-
tatranscriptomes for metaproteomic interpretation (Li et 
al. 2019). Our present study describes the early stages of a 
straightforward metaproteomic analysis of HAB. However, 
systematic metaproteomics requires access to gigantic ge-
nomic/transcriptomic databases for greater protein identi-
fication. More practical metaproteomic analysis methods 
will be further developed in the integrated search database 
platforms linked to functional meta-omics. Our attempts 
to conduct an HAB metaproteomic analysis will be a good 
reference for monitoring ecological variation of aquatic 
microalgae in the detrimental microbial community at a 
meta-protein level.

 

CONCLUSIONS

In the present study, a gel-based shotgun proteomics 
method was used to analyze the metaproteome of the 
microbial community comprising harmful algal bloom 

(HAB) in Daechung reservoir, Korea. Also, microscopic 
observation of HAB samples showed red signals, presum-
ably caused by the autofluorescence of chlorophyll and 

phycocyanin in viable cyanobacteria. Proteomic analysis 
performed by two-step analysis (FSS and RSS) showed 
that this analysis of the metaproteome was 1.8 times high-
er than that of the one-step analysis (FSS only). As a result 
of the analysis, 12 species (99 mol%) of cyanobacteria 
and 1 species (1 mol%) of green algae were found, and the 
most dominant species was Microcystis aeruginosa NIES-
843 (62.3%), which produce microcystin. These results 
will propose a better denotation or monitoring ecological 
variation on the point of a meta-protein level of aquatic mi-
croalgae for understanding HAB.
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