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ABSTRACT

Paldang Lake in the Han River system is an important source for supplying drinking water. Recently, the occurrence of odor compounds geos-
min and 2-methylisoborneol (2-MIB), in Lake Paldang has adversely affected the drinking water supply. The causative organisms of odor
compounds have not been identified. Thus, this study analyzed the correlation between odor compounds and microorganisms and identified
the odor-producing microorganisms in the Han River system. Odor compounds were primarily detected in the Bukhan River system but not in
the Namhan River system. Geosmin was detected at high concentrations in summer, whereas 2-MIB was detected at high concentrations in
summer and autumn. Microorganisms that appeared at the time of geosmin occurrence were actinobacteria (0.317, p < 0.01) and Dolichos-
permum (0.326, p <0.01) among cyanobacteria, and the correlation was significant. The occurrence of 2-MIB mainly coincided with
actinobacteria (0.745, p < 0.01) and Pseudanabaena (0.321, p < 0.01) among cyanobacteria, and the correlation was significant. Therefore,
to manage the odor compounds in Lake Paldang, which is a drinking water source, it is important to control the appearance of actinobacteria
and cyanobacteria in the Bukhan River system.
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HIGHLIGHTS

® The generation of odor substances in Paldang Lake, the source of drinking water, was greatly influenced by the Bukhan River.

® Geosmin positively correlated with Dolichopermum and Actinobacteria.

® 2-MIB positively correlated with Pseudanabaena and Actinobacteria.

® For the management of odor compounds in Lake Paldang, the drinking water source, it is important to identify the appearance of cyano-
bacteria and actinomycetes.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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INTRODUCTION

Paldang Lake in the Han River system is the largest drinking water source in the Republic of Korea, supplying drinking water
to 26 million people in Seoul; therefore, its water quality is extremely important. It is a large lake where the Bukhan and
Namhan River systems merge and is greatly affected by water flowing in from the upstream. The upstream Bukhan and
Namhan River systems have many artificial lake structures because of the construction of dams and weirs. However, artificial
lakes with dams and weirs increase the residence time of the river water body, which leads to abnormal growth of microor-
ganisms, resulting in serious problems in the aquatic ecosystem and water resources (Hayes & Burch 1989; Lawton & Codd
1991; Park & Jheong 2003). In particular, if actinobacteria and cyanobacteria are present at high concentrations, odor
compounds produced by metabolites lead to bad odor of soils and molds in water, and unless advanced water purification
is performed, the drinking water supply becomes problematic (Watson et al. 2008).

Representative substances that cause odor in water are geosmin and 2-Methylisoborneol (2-MIB). Geosmin was discovered
in a substance separated from actinobacteria by Gerber & Lechevalier (1965), and 2-MIB was also reported as a water odor
compound, originating from microorganisms such as actinobacteria and cyanobacteria (Bentley & Maganathan 1981).
Besides actinobacteria, Dolichospermum (=Anabaena), Aphanizomenon, Lyngbya, Oscillatoria, Phormidium, Planktonthrix,
and Pseudanabaena have been reported as cyanobacteria that produce odor compounds in water (Peterson ef al. 1995;
Sugiura et al. 1997; Izaguirre & Taylor 1998; Sugiura & Nakano 2000; Saadoun ef al. 2001; Zimba ef al. 2001). Odor
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compounds in water are substances that cause esthetic discomfort, although they are not toxic (Mochida 2009). Humans can
detect them in the concentration range of 0.004-0.010 ug L~'. In Japan, the drinking water criterion for odor compounds is
below 0.010 ug L~! (Suffet et al. 1995; Whelton & Dietrich 2004). In Republic of Korea, although there are no regulatory
standards, the presence of odor compounds is designated as a property determining the quality of drinking water and
these compounds are being maintained at the recommended level of 0.020 ug L™! or lower (MOE 2016).

Recently, odor compounds in water have attracted domestic as well as international attention as a serious environmental pro-
blem. In Republic of Korea, an abnormal proliferation of cyanobacteria occurred in the Bukhan River water system in 2011, and
as a result, a high concentration of geosmin was detected among the odor compounds in Paldang Lake, which is a drinking
water source. In 2014, a high concentration of 2-MIB among odor compounds was detected in the Bukhan River water
system (You et al. 2013; Byun et al. 2015). After that, the occurrence of odor compounds has been continuously reported in
Paldang Lake every summer and autumn. The occurrence of odor compounds in drinking water sources such as the Paldang
Lake affects the supply of drinking water and requires advanced water purification technology, which is expensive (Watson
et al. 2008). Cyanobacteria are the suspected causative microorganisms that generate odor compounds in Lake Paldang; how-
ever, odor compounds are often generated even when no cyanobacteria are present, and the cause is not clearly known.

Therefore, this study aimed to determine the cause of the occurrence of odor compounds in Lake Paldang. Odor com-
pounds were monitored in the Bukhan and Namhan River systems, and the water system in which the substances mainly
appeared was selected and studied.

MATERIALS AND METHODS
Oodor compounds
Odor compounds monitoring

For odor monitoring, field items and odor were analyzed once a week from April 2017 to November 2018 at six points,
including Uiam Dam (UA), Cheongpyeong Dam (CP), and Sambongri (SB) in the Bukhan River system, and Ipo Weir
(IP), Buyongsa (BY), and Paldang Dam (PD) in the Namhan River system (Figure 1).

Analysis of water odor compounds

The water odor compounds geosmin and 2-MIB were analyzed by applying the headspace-solid phase micro extraction (HS-
SPME) method using gas chromatography/mass spectrometer (GC/MS) (Varian, US/CP3800) in accordance with the
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Figure 1 | Water sampling locations in Republic of Korea.
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Guideline to Drinking Water Quality Monitoring Items (MOE 2016). The detection limit of odor compounds was set at
0.001 pg L. For preprocessing before analysis, the fibers were activated by flowing helium gas at a flow rate of 1 mL
min~! for more than 1h at 270 °C. Then, 10 mL of the sample and 3 g of purified NaCl were added to a 20 mL vial, and
the sample was adsorbed to the SPME fibers for 30 min while being stirred at 70 °C at 400 rpm. The adsorbed sample was
desorbed at 270 °C for 4 min and analyzed by GC/MS. The area was determined by obtaining the position of each analyte,
and the concentration of the odor compounds in water was determined by applying the absolute test curve method. The absol-
ute test curve was drawn by adding a standard mixture solution (47525-U, SUPELCO) to 10 mL of purified water step by step,
from 0.005 up to 0.2 ug L1, and was analyzed by HS-SPME GC/MS. Setting in SIM mode for quantitative analysis monitored
molecular ions, base peaks and additional fragment ion at m/z 112, 125, and 97 for geosmin and m/z 95, 108, and 135 for
2-MIB. In addition, the detection limit was set to 0.002 g L.

Microorganisms
Microorganism monitoring

Microorganisms (bacteria, cyanobacteria) were analyzed twice a month from June 2017 to October 2018 at four points,
including UA, CP, and SB in the Bukhan River system, and PD.

Actinobacteria

Water was sampled at each study point from the surface layer (50 cm depth) using a Van Dorn water sampler (Niskin water
sampler, General Oceanics, USA). The water samples were kept in a cool and dark place before being moved to the labora-
tory. To identify the bacteria, 200 mL water sample was filtered through a membrane filter (pore size 0.2 ym, diam 47 mm)
(Whatman, England). Then, the metagenomic DNA was extracted according to the protocol of the PowerWater DNA iso-
lation kit (MOBIO, Germany). The bacteria were analyzed with the extracted DNA using the next-generation sequencing
(NGS) method, which was commissioned by the LTSW Analysis Center (www.bccio.16mb.com, Hong Kong). The oper-
ational taxonomic units of the bacteria were distinguished in accordance with 95% sequence similarity. They were
identified up to the class level for accuracy in identification.

For the bacteria standing crop, the total number of cells was observed using the DAPI staining method. After staining with a
Cell DAPI Detection kit (GenScript, China) using a Nucleopore black polycarbonate membrane filter (pore size 0.2 um, diam
25 mm) (Whatman, England), the cells were counted three times under an optical microscope (Nikon Eclipse 80i, Japan)
using fluorescence and the average value was substituted in the NGS relative frequency result.

Phytoplankton
To identify and count phytoplanktons, the water sample was added to a 150 mL vial and fixed with Lugol solution (final con-
centration 2%, v/v). The phytoplanktons were identified after concentrating the fixed sample twice by settling the fixed
sample for more than 48 h, and removing the supernatant using siphon according to the concentration of algae. They
were identified to the genus level under an optical microscope at x200-1000 (Nikon eclipse E600, Japan). Komarek et al.
(2014) were referred for the identification of cyanobacteria, and the species list distributed by the National Institute of Bio-
logical Resources was used for genus classification.

To quantify phytoplanktons, the fixed sample was mixed well, and 1 mL of the mixed sample was put in a Sedgewick-
Rafter chamber (Wildco, USA) and stabilized for more than 5 min. The number of colonies or cells was counted under an
optical microscope at x200-400 (Nikon Eclipse E600, Japan).

Statistical analysis

The Spearman’s correlations were used to describe the correlations between environmental factors, odor compounds, and
microorganisms (SPSS Statistics 14.IBM). Relations were considered to be statistically significant when p was less than or
equal to (<) 0.05. In addition, canonical correlation analysis (CCA) was performed using the PC-Ord program (McCune
& Mefford 1999).
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RESULTS
Odor compounds in water

Geosmin

The concentration of geosmin was in the range of 0-0.246 ug L' during the entire study period (Figure 2) in the Bukhan
River system.

At UA, the concentration of geosmin was higher than the drinking water quality contamination standard once in July
(0.035 ug L) and twice in August (0.044, 0.036 ug L~!) 2017. It also exceeded once in June (0.034 ng L) 2018. At CP,
the concentration exceeded once in July (0.051 ug L~') and thrice in August (0.200, 0.100, 0.029 ug L~1), 2017. It did not
appear in 2018. At SB, it exceeded once in July (0.040 ug L") and twice in August (0.246, 0.034 ug L") 2017. It also exceeded
twice in August (0.021, 0.037 ug L) 2018.

In the Namhan River system, at BY, the concentration exceeded once in August 2017 (0.033 ug L~!). However, in the rest
of the study period, the concentration did not exceed the criterion.

At PD, the concentration exceeded once in July (0.027 ug L) and twice in August (0.138, 0.100 ug L) 2017. It also
exceeded twice in August (0.024, 0.038 pg L) 2018.

2-MIB

The concentration of 2-MIB was in the range of 0-0.280 ug L' during the entire study period in the Bukhan River system.

At UA, the concentration of 2-MIB was higher than the drinking water quality contamination standard thrice in July (0.043,
0.055, 0.081 ug L1, four times in October (0.035, 0.048, 0.061, 0.062 ug L), and twice in November (0.099, 0.044 ng L~1)
2017. Furthermore, it exceeded four times in August (0.030, 0.037, 0.038, 0.024 ug L"), twice in September (0.022, 0.022
ug L1), and four times in October (0.025, 0.125, 0.280 ug L) 2018. At CP, the concentration exceeded four times in July
(0.025, 0.022, 0.076, 0.021 pg L~ 1), thrice in October (0.023, 0.067, 0.064 ug L), and four times in November (0.085,
0.080, 0.069, 0.069 ug L) 2017. It also exceeded four times in August (0.025, 0.030, 0.041, 0.038 ug L) 2018. At SB, con-
centration exceeded twice in August (0.059, 0.022 ug L), thrice in November (0.042, 0.043, 0.046 ug L), and twice in
August (0.031, 0.034 ug L) 2017. It also exceeded once in October (0.023 ug L~1) 2018.

In the Namhan River system, at BY, the concentration exceeded once in June 2018 (0.023 ug L™"). In the rest of the study
period, it did not exceed the drinking water quality contamination standard.
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Figure 2 | Odor compounds occurring in the Namhan and Bukhan River systems and Paldang Lake. (a) UA, (b) CP, (c) SB, (d) IP, (e) BY, (f) PD.
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At PD, the concentration exceeded once in July (0.024 ug L~!), once in October (0.026 ug L), and twice in August (0.138,
0.100 pg L1 2017. It did not appear in 2018.

Microorganisms

The microorganisms were analyzed around the Bukhan River system and PD, where the water odor compounds mainly
appeared from June to October 2017 and from April to October 2018.

Bacteria

During the survey period, the bacteria appeared in a total of 32 taxa in the Bukhan River system and PD in the range of 5.56-
16.02 x 10° cells mL~! (Figure 3). Among them, bacteria that appeared as dominant taxa were actinobacteria, alphaproteo-
bacteria, and betaproteobacteria, which were in the range of 1.33-5.83 x 10° cells mL~* (Table 1). The standing crops of the
bacteria mostly showed an increasing trend from July after the Monsoon season. In the Bukhan River system, the standing
crop increased during the Monsoon season, decreased slightly in September, and then increased again in October. The
PD showed a similar trend of increasing standing crop in the Monsoon season, but after that, it decreased.

Cyanobacteria

During the survey period, phytoplankton appeared in a total of 71 genera and 159 species taxa in the Bukhan River system
and PD in the range of 400-35,810 cells mL~" (Figure 4). Most of the taxa were dominated by Bacillariophyceae; whereas in
summer, cyanobacteria dominated.

At the study points, the cyanobacteria abundance was 0-24,030 cells mL ™. In both 2017 and 2018, the highest extant amount
appeared in summer (July to August). During the survey period, the genera Aphanizomenon, Dolichospermum, Merismopedia,
Microcystis, Oscillatoria, Phormidium, and Pseudanabaena appeared, of which Dolichospermum and Pseudanabaena were the
most dominant among the cyanobacteria. Except for Pseudanabaena, other cyanobacteria mainly appeared in the summer
when the water temperature was high (July to August). Pseudanabaena appeared for a relatively longer period than other
cyanobacteria from summer to autumn (June to October).

Correlation between microorganisms and odor compounds in water

Spearman correlation analysis was performed to examine the correlation between odor compounds in water and microorgan-
isms, which appeared during the study period (Table 2). Results showed that geosmin had a positive correlation with total
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Figure 3 | Monthly fluctuation of relative abundance of bacteria in Bukhan River system and Paldang Lake. (a) UA, (b) CP, (c) SB, (d) PD.

Downloaded from http://iwaponline.com/ws/article-pdf/23/3/1081/1196642/ws023031081.pdf

bv auest



Water Supply Vol 23 No 3, 1087

Table 1 | Dominant taxa of bacteria and phytoplankton in Bukhan River system and Paldang Lake

Uiam (UA) Chungpyeong (CP) Sambong (SB) Paldang (PD)

Bacteria® Algae® Bacteria Algae Bacteria Algae Bacteria Algae
2017-06-12 Acti. Rhod. Alpa. Rhod. Alpa. Aula. Acti. Aula.
2017-06-26 Frag. Beta. Frag. Beta. Pseu.
2017-07-10 Rhod. Acti. Rhod. Acti. Aula.
2017-07-24 Micr. Pseu. Pseu.
2017-08-07 Doli. Doli. Rhod.
2017-08-28 Aula. Syne. Phor. Scen.
2017-09-11 Cycl. Beta. Rhod. Beta. Apha. Beta. Cycl.
2017-09-25 Beta. Rhod. Dino. Aula.
2017-10-10 Acti. Rhiz. Frag. Rhod.
2017-10-23 Rhod. Acti. Acti. Acti. Cycl.
2018-04-09 Beta. Syne. Beta. Syne. Syne. Syne.
2018-04-16 Acti. Cycl.
2018-05-08 Acti. Syne.
2018-05-14 Cycl.
2018-06-18 Dino. Beta. Dino.
2018-06-25 Syne. Acti. Frag. Aula.
2018-07-09 Rhod. Aula. Aula. Cycl.
2018-07-23 Rhod.
2018-08-13 Syne. Syne. Micr. Micr.
2018-08-27 Pseu. Syne. Meri.
2018-09-03 Beta. Rhod.
2018-09-17 Volo. Acti. Pseu. Volv. Volv.
2018-10-15 Aula. Aula. Aula. Rhod.
2018-10-22 Pseu. Acan. Rhod. Beta. Aula.

@Bacteria group — Acti: Actinobacteria, Alpa: Alpaproteobacteria Beta: Betaproteobacteria.
bAlgae group - Aula: Aulacoseira, Cycl: Cyclotella, Dino: Dinobryon, Doli: Dolichospermum, Frag: Fragilaria, Meri: Merismopedia, Micr: Microcystis, Pseu: Pseudanabaena, Rhod:
Rhodomonas, Syne: Synedra, Volv: Volvox.

phytoplankton (r=0.357, p < 0.01), Bacillariophyceae (r = 0.225, p < 0.05), cyanobacteria (r = 0.314, p < 0.01), Dolichosper-
mum (r=0.442, p <0.01), Pseudanabaena (r=0.205, p <0.05), and actinobacteria (r=0.317, p <0.01). 2-MIB showed
positive correlation with cyanobacteria (r=0.412, p < 0.01), Pseudanabaena (r=0.321, p <0.01), total bacteria (r= 0.608,
p <0.01), and actinobacteria (r=0.745, p < 0.01).

The CCA result of odor compounds in water and microorganisms showed that among the odor cyanobacteria, Aphanizo-
menon and Dolichospermum were closely correlated with geosmin, whereas Pseudanabaena, total odor cyanobacteria, and
total cyanobacteria were closely correlated with 2-MIB (Figure 5).

The total phytoplanktons, other phytoplanktons, and actinobacteria taxa showed insignificant correlations with water odor
compounds.

DISCUSSION
Microorganisms observed in Bukhan River water system and Paldang Lake

When the Bukhan River water system and PD were investigated, where odor compounds in water above the drinking water
quality monitoring criteria were often observed, actinobacteria, alphaproteobacteria, and betaproteobacteria were found to be
the dominant taxa. These taxa have been reported as species distributed in a variety of environments, including freshwater,
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Figure 4 | Monthly fluctuation of relative abundance of phytoplankton in Bukhan River system and Paldang Lake. (a) UA, (b) CP, (c) SB, (d) PD
* other: taxa that are not cyanobacteria, Chlorophyceae, and Bacillariophyceae.

Table 2 | Spearman correlation coefficient between microorganisms and odor compounds

Bacillariophyceae Cyanobacteria T-Phytoplankton Dolichospermum Pseudanab T-Bacteria Actinobacteria
Geosmin 0.225%* 0.314%* 0.357%%* 0.442%* 0.205* 0.072 0.317%*
2-MIB 0.027 0.412%* 0.186 0.156 0.321%* 0.608** 0.745%*

*p < 0.05, **p < 0.01, ***T-phytoplankton, total phytoplankton; T-Bacteria, total bacteria.

seawater, and soils (Betnardet ef al. 1996; Newton ef al. 2011; Parveen ef al. 2011; Kang et al. 2013; Bai et al. 2017). This is
consistent with the findings of previous studies that actinobacteria and betaproteobacteria, which were mostly dominant
during the study period, have high dominance in freshwater ecosystems (Klausen et al. 2005; Newton et al. 2011). The bac-
teria standing crop tended to increase after the Monsoon season (June-July). Because of rainfalls, large amounts of bacteria
present in soils flow into the water systems, which directly increases the bacteria standing crop. At the same time, high con-
centrations of nutrients also flow into water systems, creating a beneficial environment for the proliferation of bacteria
(Jensen et al. 1994).

The phytoplankton that appeared during the investigation period changed from the dominant diatoms and silver flagellates
in spring to cyanobacteria in the summer when the water temperature became high, and then back to diatoms and silver
flagellates in the autumn when the water temperature dropped. These community changes were identical to the succession
characteristics of the Bukhan River and Paldang Lake (Byun ef al. 2015). In summer, cyanobacteria taxa Anabaena,
Microcystis, Phormidium, and Pseudanabaena were dominant, and these species were consistent with the species known
to dominate the waters of the Bukhan River and Lake Paldang (Youn ef al. 2020). Dolichospermum, Microcystis, and
Phormidium appeared and disappeared in summer when the water temperature was high. However, Pseudanabaena
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appeared even in spring and autumn, when the water temperature was relatively low. Pseudanabaena can grow in a wider
temperature range than other cyanobacteria, and thus, appeared for a relatively long term (Gao ef al. 2018).

Occurrence of odor compounds in Paldang Lake

The pattern of occurrence of odor compounds at each investigation point was similar to that of UA, CP, and SB, which are the
water systems of the Bukhan River, and that of PD. Odor compounds in the Namhan River water system rarely showed con-
centrations higher than the drinking water monitoring standards. Therefore, it is considered that the odor compounds
generated in the Paldang Lake are greatly affected by the Bukhan River water system.

The occurrence pattern of geosmin and 2-MIB was similar to the appearance pattern of cyanobacteria, and to the pattern of
change in the amount of actinobacteria (Figure 6). As a result, cyanobacteria (Aphanizomenon, Dolichospermum, Phormi-
dium, and Pseudanabaena) that appeared during the investigation period were the taxa reported to produce odors
(Peterson et al. 1995; Sugiura ef al. 1997, Izaguirre & Taylor 1998; Sugiura & Nakano 2000; Saadoun et al. 2001; Zimba
et al. 2001), along with actinobacteria, which appeared mainly as the dominant group in the bacterial community. Therefore,
the pattern of occurrence of odor compounds and the appearance of microorganisms are similar (Klausen et al. 2005; Tung
et al. 2006; Jiang et al. 2007; Wang & Cane 2008).

Geosmin showed a concentration higher than the drinking water monitoring standard, mainly in summer. This coincides
with the appearance of Dolichospermum circinale and Dolichospermum planctonicum cyanobacteria. Thus, it can be con-
sidered that cyanobacteria affected geosmin generation (Tsao ef al. 2014; Kim ef al. 2018; Youn ef al. 2020). 2-MIB
concentration was found to be higher than the drinking water monitoring standard, mainly in summer and autumn, which
is thought to have been influenced by the appearance of Pseudanabaena sp. (Wang et al. 2011; Chui et al. 2016; Izaguirre
& Taylor 1998).
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Figure 6 | Odor compounds and microorganisms occurring in Bukhan River system and Paldang Lake. (a) UA, (b) CP, (c) SB, (d) PD.

Therefore, the odor compounds generated in Lake Paldang (PD) were greatly affected by cyanobacteria and odor com-
pounds that appeared in the waters of the Bukhan River.

Correlation between microorganisms and odor compounds in water

The Spearman correlation analysis and CCA both showed a close correlation between geosmin and genus Dolichospermum;
and between 2-MIB and genus Pseudanabaena. The presence of geosmin and 2-MIB coincides with the appearance time of
Dolichospermum and Pseudanabaena, respectively. This was because cyanobacteria appeared in high abundance during the
summer months of July-August when the water temperature was high, and most of them produced odor compounds. In par-
ticular, 2-MIB had a high positive correlation with Pseudanabaena. This result is consistent with previous studies, which
showed that Pseudanabaena appearing in the Bukhan River water system has a positive correlation with 2-MIB (Byun
et al. 2015; Pimolrat et al. 2015; Zhang ef al. 2016). These results suggest that cyanobacteria of the genera Dolichospermum
and Pseudanabaena that appeared in the water system of the Bukhan River and Paldang Lake have a great influence on the
generation of odor compounds (geosmin, 2-MIB).

In the case of actinobacteria, the Spearman correlation analysis showed a positive correlation with geosmin and 2-MIB,
whereas the CCA result showed that the relationship with geosmin and 2-MIB was insignificant. During the investigation
period, the amount of actinobacteria present appeared evenly at all points, showing that the range of change in actinobacteria
abundance was lower than that of cyanobacteria. Since the occurrence of odor compounds is less dynamic in actinobacteria
than in cyanobacteria, there is less relationship with odor compounds in the CCA results.

Previous study results show that cyanobacteria affect the occurrence of odor compounds more than actinobacteria
(Xu et al. 2010). However, there are reports that some organisms other than cyanobacteria may be the cause of odor com-
pounds being generated when cyanobacteria do not appear (Parinet et al. 2010; Cole & Williams 2011; Lee et al. 2011).
Recently, actinobacteria have been considered to be the causative organism of odor-producing compounds (Anuar et al.
2017; Whangchai et al. 2017). Since the pattern of increase and decrease in the amount of actinobacteria present in this
study and the pattern of occurrence of odor compounds appeared very similar, it can be considered that actinobacteria
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may have had some influence on the occurrence of odor compounds in the Bukhan River and Paldang Lake. There is also a
previous study that shows that actinomycetes present in the sediments produce a lot of odor compounds. In addition to these,
actinobacteria in the aquatic free-living bacterial community are also considered to influence the occurrence of odor com-
pounds. This can be the basis for explaining the odor compounds that occur in the water body when cyanobacteria do not
appear (Tung et al. 2006; Zuo et al. 2009; Lee et al. 2011; Asquith ef al. 2013; Whangchali et al. 2017).

At the PD point of Lake Paldang, the presence of odor compounds, and cyanobacteria were relatively lower than those of
the upper Bukhan River (UA, CP, SB) points, which is thought to be due to the inflow from the Namhan River as well as the
Bukhan River (Han et al. 1995; Kim 1996).

Nevertheless, the occurrence of odor compounds in Paldang Lake showed a pattern similar to that of the Bukhan River
system, and the occurrence is considered to be the effect of Uiam lake (UA), located upstream among the serial dams in
the Bukhan River system. UA is the only point in the Bukhan River system that passes through a large city and also has a
source of pollution, such as a sewage treatment plant (Park ef al. 2003). Harmful cyanobacteria and odor compounds
have frequently appeared here in the past. Therefore, it is necessary to carefully observe the appearance of cyanobacteria
Dolichospermum and Pseudanabaena in the Bukhan River system to effectively manage the odor compounds in Lake
Paldang, which is a drinking water source.

Moreover, when the abundance of actinobacteria was high, the concentration of odor compounds was also high. In
particular, actinobacteria is highly likely to be the causative organism for odor compounds that occur during times when cya-
nobacteria do not appear. This is an important result for the management of odor compounds in drinking water sources, and
additional studies on actinobacteria in water are required.

CONCLUSIONS

The causes of odor compounds generated in the Paldang Lake, the largest drinking water source in the Republic of Korea, are
as follows:

- Odor compounds from Paldang Lake are more affected by the Bukhan River system than the Namhan River system.

- Geosmin is generated by the influence of the genus Dolichospermum of cyanobacteria and actinobacteria in summer, and
2-MIB is generated by the influence of genus Pseudanabaena and Actinobacteria in summer and autumn.

- During the period of study, the pattern of occurrence of cyanobacteria, actinobacteria, and odor compounds in UA and that
of CP, SB, and PD, and the downstream were similar. Therefore, odor compounds generated in UA have a great influence
on the generation of odor compounds downstream.

- In conclusion, for the management of odor compounds in Paldang Lake, it is necessary to check the occurrence of odor
compounds in the Bukhan River system. In particular, it is important to control the growth of cyanobacteria and actino-
bacteria in UA.
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