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ABSTRACT

The Songji lagoon is brackish environment with a mixture of saline and fresh water, and the interaction of groundwater-
lagoon water creates a physicochemical gradient. Although some studies have been conducted on the hydrological and
geochemical characteristics of the Songji lagoon, microbial ecological studies have not yet been conducted. In this study,
we investigated the effect of groundwater and surface water interaction on water quality as well as microbial community
changes in the Songji Lagoon using 16S rRNA gene sequencing. Hydrochemical analyses show that samples were
classified as 5 hydrochemical facies (HF) and hydrochemical facies evolution (HFE) revealed the intrusion phase was
more dominant (57.9%) than the freshening phase (42.1%). Higher microbial diversity was found in freshwater in
comparison to saline water samples. The microbial community at the phylum level shows the most dominance of
Proteobacteria with an average of 37.3%, followed by Bacteroidota, Actinobacteria, and Patescibacteria. Heat map
analyses of the top 18 genera showed that samples were clustered into 5 groups based on type, and Pseudoalteromonas

could be used potential indicator for seawater intrusion.
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= o] T3l (Viezzoli et al,, 2010; Ahmed et al.,
2018; De Souza et al., 2021). 28} tjFEe] A=
el shel 97 wisl] 238 9w QoM A
o i AT $EF Aelo).

At we} A5l £ Jae QejEm A
U ARsE 22 B7 A%l o) AHE ko rE
drHon AdEA} duden e & e A
o]th(Duck et al,, 2012). 24 si5=a W3} 52t 4
B AYor A sk oF 1397} AEE Tsl
A0 (Barnes, 1980), A= =53 YR58 2180l
Qop Aejow MEeH tape] E1, Tkt 54
BEE) MReh NS ATY B ozt YA
I FRlof A Am)H Ak AES Ik (Kwak
et al., 2005; Niencheski et al., 2007).
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o] ool we}l Ht 2 Wl B St HEe} Rk
o] s e AE-S olslstr] gk ket At 7
P ATt "= Malibu Lagoon?] ¢ 37
(environmental tracer, Rn-222)E ©]-83l Y52 f
< Al AHE R Hrieton olet tlEo] Ast
FAET Ao e F 852 (total dissolved
nitrogen, TDN)9| AA|8}e}2 AFe gt Hrlx o]Fo
FHTHDimova et al, 2017). 2#|Q] La Pletera Lagoon
e Bt Ao S oA Al W A8t
T AU 2Pgsle] =R E B4819 0 (Menico et
al., 2017), 7@ E=2] Te Waihora/Lake Ellesmere Lagoon
qre ASrEFEH FdEe e e & o]
2, T4, Y A4S B sk dTE Y
BATHColuccio et al., 2021).

aQt M= AgA AAZ Q8] FE, IEE, =
F 5 Egsiery it wike- 2 o] FA ARl
2 olg 553 7IrgdolM Y AES flal mAEY]
APk tlekdo] Q7 EHtH(Cadena et al., 2019). T|AY
E TR 3 gl dEks A 9] uiizel] At
AlzElle] sl el whet ] Eae) e JA%
HlE 7L A =M oleigt wisle Aw At AEiAS
BRSOl S PIAA Fok(Gifford et al,
2014; Richa et al., 2017). H EAYES 7|&9] 7
2 ol At AN wES] T 71sel oy
gk A7 5 FREHAT A=Y FF st A5
Chilikeoll A= &7 @]lol] we o] 5= Wl

S 53| o-Proteobacteria, Actinobacteria, B-Proteobacteria

7} -8l e Ae ERIEa, B E Al S5
Eo} AF BAS Tl A sHEelM de] Rk &
F3E Al (planktonic bacteria)?] SARI110] o3E&3} 7
4 3FE AN F2 B G el AR
A19] &8 7Fsdoll el BarE v} AT Tarafdar et al.,
2021). YA|Z FH-2] Celestun AZoM= B, G-,
TA el BolAQl wjAE ERve] AEHeH, &
T AGdre d718 g8 Td) vgdddol =2
WA= W A4 A YollA= Sandaracinaceae, Ami-
nicenantes®} Thaumarchaeota’} F& TAEICH B3
E3A| Yol M= Flavobacteriaceae®} Syntrophobacteraceae
7} FHsHl EAlskE AS FUSIHMTHCadena et al.,
2019). ]9} o] Ak MzoMe] wAE FH] 74
2L Exo gk Ae At AEAY 7S AAIF =R
olslialr] st HRE AT 5 AUk
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e Eajctolle 7709 2 AEet 179 Fe As

= ZT $A 5= SHAZ
2 A 7= Tt EAlske AsE S 93] &
FA =] AT Yoon et al, 2008; Yum et al., 2015).
Tyt FHol ZIssiel 22 ApdF Rl M
9] Ak} HgA|E s T 9F 8<le=E <l
3l eEEHo] Mo E fYHo] Ho] ofslEal 4359
AeAZE S E) 3 AckJeon et al, 2021). $AZE= Q)
29 s AdEo o] Al FIFe W A|g
& Al0]7] whitell AE AEA de JddE T
FAY FEs B s g omE AARS] #
2] Hdo] Fasitt

-

BB B4 242 FPSIE olet ATE HE S

2.1. 97 X[

FATE PPFIFo T FAe aAT S 94X
st A WA ok 0.6km: = 5.6km, £ WF

S54km’, Hof 74 42me] TEE Y FEAE
71Eo 2 B39 Ui gE FEETKYoon et al, 2008;
Yum et al, 2015; Jeon et al, 2021). FA|2= 3|t}
o] XA} oF 50 cm AxolH - 1083F AT
RS 1,100 -2,100 mmET 1,390 £ 290 mm) He]oH
g Ad5E0 7937 89l FITETH(Korea meteoro-
logical administration, KMA). 381 722 12.8°Co|H
-12.8-35.5°C] LS HRITh $X|5 FHLE & A,
FA), HiITiR o] Folx] glom, o] duie FAY Wby
ZxsP7gto] 7IRIRES: o]Fal LAY Al47] FHTO=E
gExlo] QITHWREA, 2019; Kim et al., 2023). $A3%
© Lo 2R fileke A% SErEERE 7Y

= FAZE FR3l AR FYE o, FEE
FA T FZoA] et AdE= F27F Utk(Jeon et
al., 2021; Fig. 1). 259} ke Hdrlol= AR
ARl o3l 250 m W9l= Agj=o] o, A8H A
He A= 1 Asge] et Sk 25t sl
E FUs= AEY dde] B (Jeon et al., 2021).
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Fig. 1. Study area showing the sampling locations (groundwater, lagoon water, stream water, and seawater).

2.2. A& ®F
AlEe 2021d 6¥ Zoll X5 <
g oA, FUEY Al #4
P 334, sl 1A o=
A FAEG, F7IHES, pH,
Fole AN Multi 3620 DS, WTW, Ger-
many)E o|-&3le SsoH, A% o] g3l
F ANEE AFEIH. vAE B4 8] REgE 4L,
A5t R, dlge A7 2 LAS et ARl A
F3}9aL, 022 um Sterivex filter(Merck Millipore, USA)
£ ol&3lo] @A AT E} ofite Fefe 77 g
7 50 mL conical tubed] ¥il 4°C W= B3I
ARAE Rk 5 -20°C0 J-Ma}giu} oqsqa 2o =
8 8= Jol2(Na', Ca®t, Mg¥, K" 85 20]2(Cl,
NOy, SO,%, HCOy) &40l AM8317] lsf 7474 30 mL
Zol gl &7]e] AF AT} 8 Jol2 AlEE 8]
B F3 AR As] 18 @l FAHHNO,)
S A7kl pH 2 o8l fAEIAL, FHE AlEe
4°C Wolz Haslo] AAd= ksl

Q1o FYPe A5l
1@ M55 344,
ANk Fig. 1).
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° 77y fedsh ETt=vk 2% F=A(In-
ductively coupled plasma-optical emission spectrometry,
Optima 7300 DV, PerkinElmer, USA)®} o]aZrlE 1
2] 3] (lon-exchange chromatography, 1CS-1500, Dionex,
USAYE ARSI E293199t). HCO;(total alkalinity) &
Tv F ¢EEx =4 AJ9KTNT 870 kit, Hach, USA)

F7kste] vk ANk 3 F5=A(DR-1500,
Hach, USA)E ©]&3le] =43t Na, Ca*, Mg™,
K, CI, NOy, SO ¥=9] A&ESH= 212t 0.1, 0.02,
0.1, 0.01, 0.01, 0.04, 0.05 mg/L°]T}.

=

2.4. DNA F£= 4 ML 24

A7IME FAE 98 AlE7E 9 0.22 um BEIE
DNeasy PowerWater kit(Qiagen, USA)E ©]-83}o] A=
Aol BPHel we} genomic DNAS FZ3l4ith XA
71 EE-4 (next-generation sequencing, NGS)2 Macrogen
Inc.(Korea)®] Miseq(Illumin, USA) H]E o]83e w]
ZYE2] 16S ribosomal RNA(16S rRNA) 34| V4
FAE o= AR W we} FegEigint.

AAR paired-end F71AEL Qiime 2(v.2022.02)9]
q2-demux plugin AR5l A4S 280 bp, SU3E 210
bpZE trimmingd}®] demultiplexingdt ¥ qualityS 15}
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StHBolyen et al, 2019). =2 quality®s 71 9714<€
< Ash7] flsll DADA2 djo]aZel]ls ARgate] vk
quality®] XE& AA L, F A7INLEE Al
ANE BASIAL 7|w|2k(chimera) MBS AASIH. ©]
g T 7MLl 100% YAek= MEES shtE Fol
amplicon sequence variants(ASV)E T/33}th(Callahan
et al. 2016). A4E ASV q2-phylogeny pluginS- A&
&}o] mafft methodZ alignmentS 135} 0™ Fasttree
methodZ phylogenyE #4938} tH(Katoh et al. 2002;
Price et al. 2010). Z+ ASVS] MIEFRE niglo =z 3
HAHE EH+= Silva database(v.138)2 WHJ3}= Naive
Bayes classifierS A3} THQuast et al., 2012). ©]ZA]
Ao mME ERET £ Mt (bacteria)t AHF o2 B
H=5 JEE st

25 0/8E =238 7= ¥ e 24

Aol EAsRe PAE P9 T2 3 bE B
371 913l Qiime 2(v.2022.02)2] q2-diversity plugin<
AHE8]  core-metrics-phylogenetic method® FZ=F 4
RS F UHE FAsEoR WS Al ] 1)

Table 1. Field parameters of samples collected at June 2021

AE T3 s votelr] S8l AEE drIMEs
Shannon's diversity index, Observed Features, Faith's
phylogenetic diversity, Evenness A58 A83}] alpha-
diversitys £A3ITE B3 A8 1 rAE R ok
S EX3517] $180 Bray-Curtis distance= AF8-51]
FFE £ (principal-coordinate analysis, PCoA)S =33
SIITHEstaki et al., 2020). Z} Alg2] vRYEe] 7 T
A4S E(phylum) F=EolA HAFE= bar plotS Qiime 2
(v.2022.02)2] q2-feature classifier plugine- AF8-314 taxa
barplot® 2 A]Z}s} 3} tH(Bolyen et al., 2019). Z} A&
o vE T 5AE H(genus) oA E461H]
3l q2-feature table plugine A28} heatmaplZ A|Zt
3} ST (Hunter et al., 2007).
3. 4% 3 &
3.1. 8% =3
$A 59 NSFHGW_A, GW_M), AZF(LW), 35
(SW), 3lI~(SEA)?] &, H71FE%E, pH, &4k, 4F
SIS AlE AFH Al @olX SAEIATH Table 1).

Source Sample Temp-* ECY pH Do* ORP"
(°0) (uS/em) (mg/L) mV)

GW_A G02 18.5 293 6.4 2.6 210.1
G06 14.9 205 6.9 4.6 110.4

G10 13.9 226 6.7 33 63.6
G27 16.0 149 6.5 4.9 201.2

G40 17.0 214 6.0 6.7 242.8

G41 16.7 147 6.8 8.4 220.5

G50 16.5 246 7.1 3.8 -33.1

G52 15.9 220 6.5 7.2 188.8

G63 17.0 1073 6.8 7.1 224.1

GW M P1 13.8 261 6.9 2.9 206.3
P2 15.5 17,380 6.2 3.0 122.6
P3 184 27,400 4.0 2.4 313.5

LW LI 24.2 20,400 8.1 8.0 179.1
L5 254 21,400 7.9 8.0 1594

L8 28.5 15,160 7.7 9.0 69.1

SW S1 25.9 156 9.2 9.8 160.1
S2 23.8 181 7.9 8.1 206.9
S3 24.1 206 7.8 7.7 198.2

SEA SEA 20.5 49,800 8.2 7.8 220.3

* Temperature

® Electrical conductivity

¢ Dissolved oxygen

¢ Oxidation-reduction potential
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A&l AJE(GW_A, GW_ M) -2 13.8—18.5°C ¥
A= W 16.2°CE YERo™ tiAFoE 12 2% &
X2 B A7 |AES(EC)E 147 —27,400 puS/cm(median
=236 uS/em) HHZ B2 S BY=t] st A5l
RIS P2} FR|E AAE X3 P3 A|RE A|Q]S}
H G 303.4 uS/eme] S YERATE P2¢} P3 AR
735 AREAQl Aakrel BlE) wike- =2 AHEEE 2t
Ao F Hol Mo} se] s Wl Qe Ao
AL XElE A5 pHE P3 AIEE A3 &
AFoAM 6.0-7.1FT 6.6 HAZ LA e}
Wk P3 AlR9] A5 ok Agkr AlEe] HIs] uie- B
£ pH(pH 4) 32 HY=d) ol AlE Yol =2 S07
o 93t gEko =z wEn 480,59 A 7]
Hiokel] 3Ejo] Qe Sk BFEC] Bl <&l S
T UsHl, P3 #AO AF o] o)|FE} A4S B &
Aol A EASI S-S FIsHTHdata not
shown). 8400 AbslEkI Aol He- 242 24-84
mg/L, -33.1 -313.5mVe] HAE Bt thAFo=Z A
T A W Rl AlgM =8 S50t 2kslEdd
9l e BYed ol AR BAEC] uRE Ax
20m oJsle] FAT WPoE A8 AHFH AE7F 10m ©]
U olal, 53] GW A BHL sUEoE AREEAL 9o
FH7IOl Ak AREo] Brhe HS aelshd T

o fuorr

i/

54

r
M

3 3719k ol ogk F3ow drkdn

AT ASF(LW)Y 72, A7IAEE, pH, 8534,
Al AE 242 242-28.5°C, 15.2-21.4 mS/em,
7.7-8.1, 8.0-9.0mg/L, 69.1 —179.1 mVS] HS HA
o AEge] 22 tiy] 7o W= eH, pHe A
AHoz oF o Yelth Ao HAHS
2 35 7R =2 AVHER S BHon, 189
A g2 ME4 Algd Hg)] B AHERS e
o) ol Xkt 22 B 9] dFe = ke
Moe] 8Ekae) Akslshlie] gk =4 3494
o) ol Mag7t ]9k HESkar o] F71e 3
W= Ao g dAdkdn

FAEE FY=Ee SFESW)Y 2, AVRER,
pH, 83304, ABlEIAA = 2k 23.8-25.9°C, 156 —
206 uS/em, 7.8-9.2, 7.7-9.8mg/lL, 1162-173.9mV
o] WMLE BTk 3pge] 442, pH, 834, Akslgh
LR%NE Hage) gAFeRE fARE gk B 7]
AsTe A} FARBKAE. Si5(SEA) Alse &4
2 Slge] EAS Bl
F Fd A A9, A7 AY Ak gAFeE
= Azl 545 Rkdstal ot I sk
HolMe Hagt sie] IS e o= v

7
Ak, 4559 A% shesh fARE 54E Rol glo.

WY
fr

o

oo ¥Q

T

il

Table 2. Statistics of ionic compositions of groundwater, lagoon water, stream water, and seawater in study area

Na* Ca* Mg** K* Cr NO5 SO~ HCOy
Source Sample
(mg/L) (mgl)  (mgl)  (mgl) (mg/L) (mg/ll)  (mg/l) (mg/L)

GW_A G02 25.8 335 9.0 1.7 30.1 32.0 13.9 98.5
G06 13.6 19.8 5.0 42 20.2 0.0 132 71.7

G10 15.8 13.7 6.1 4.8 18.2 0.1 6.5 88.2

G27 16.5 14.2 6.5 1.0 14.2 2.7 33 68.9

G40 16.0 24.9 5.9 9.5 18.0 342 17.9 46.6

G41 18.0 13.4 22 0.8 13.4 4.5 3.1 68.8

G50 18.7 222 9.0 8.5 28.7 0.7 43.1 92.8

G52 15.1 23.1 9.5 7.5 17.8 17.7 18.4 74.5

G63 197.1 16.0 13.0 6.7 2913 0.5 45.5 55.1

GW_M P1 195.5 23.8 22.7 17.4 290.2 0.5 12.1 91.7
P2 2,114.7 2029 3342 84.2 4,101.9 134 5513 107.2

P3 5,449.4 309.1 725.5 199.9 9,614.3 6.8 1,592.2 584
LW LI 4,080.0 152.0 507.0 143.0 6,360.0 0.5 917.0 147.0
L5 4,280.0 172.0 536.0 161.0 6,840.0 0.5 989.0 129.7

L8 2,850.0 133.0 362.0 104.0 4,550.0 0.5 652.0 179.2

SW S1 11.3 17.1 42 5.3 14.7 10.6 8.4 48.9
S2 14.5 21.9 4.8 5.5 17.7 53 94 65.5

S3 19.6 31.9 6.9 6.3 19.8 29 9.1 113.1
SEA SEA 10,900.0 442.0 1,330.0 403.0 17,900.0 0.5 2,540.0 200.0
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o ol AEY wi SRR} B A0S 53 5
Zeole] g mEow FAHAN F714e A7) Ba
s}, el $750) Awet S4o] we s
sale] Aol 7 Are] WY o
HlAE Aoe weke,

32. 8Z 0|2 2% ¥ 2|35 5y

St A GellA AHE B FBE, Az, s, i
el T2 FEES desl] fall 8 8 ol &
FE 2ol FEE S8 tH(Table 2). ¥43H Al A
B} 8 QF-(charge balance error, CBE)= 10% Wz &
Mo} g)o] e Ao AR Ao s
> 55 > sk > A5 20 ol o] ¥
ettt Ase) 42884 54l sl w5 o
Fo wEAZ AHF] st §E ol FED
Hydrochemical facies evolution diagram(HFE-D)(Giménez-
Forcada, 2010).2 %2315 ckFig. 2). AEEY
Hydrochemical facies(HFYS #2313+ 23}, Na-Cl type 8
7W(G63, L1, L5, L8, P1, P2, P3, SEA), MixCa-HCO;

type 470(G06, G52, S1, S2), MixNa-HCO; type 37}
(G10, G27, G41), MixCa-MixHCO; type 370(G02, G40,
G50), Ca-HCO; type 1I7H(S3)E TEHAL. X3, 3
I, €5 A8 Na-Cl typeoll E=AIES=H], ol &
7 A} Al d e ] dFs wiot
ANHAEETL =& A0l sig=Ant. ] =gt
¢} 397 Ca/MixCa-HCOy/MixHCO; typedl =AE
A=), ol Gyt slee] dEETE 594 whgolu
7ol vhgahes 79l e thAhn, 2012). MixNa-
HCO; typedll EAIE G- Aalre] 75 Az oz 31
AFAIZE WjFo)z} ATETHLee and Lee, 2000).
Hydrochemical facies evolution(HFE)S #X3F Z3}
19712] A& F /el A&7} freshening sub-stage(fy), 8
702l A|Z7} intrusion phase(SW), 37H€] A&7} intrusion
sub-stage(i))® HFE AT $Ae} A1HE 55 A
$ Msgt 349 JES WOl intrusion sub-stage=
EHREI Bl ARl 9RIgE AlEEL E-PAERSo]

U 739-2] 93-S W} freshening sub-stage 2 ST

of

Aoz ek,

%Mg2+
<— %Na* + %K* i —
100 666 50 333 S50 66.6 100
b 100
& z
8 2
“":,.E.‘?. 66.6
o +
v 'en
S0 A -
< £
= g
S 333 =}
' 4
-
o
50 —
Q 66.6
x
l a
100

Na- |Mix‘Na— I MixCa- | Ca:

Fig. 2. Hydrochemical Facies Evolution Diagram (HFE-D) of groundwater, lagoon water, stream water, and seawater in study area. Data
input in mg/L. Blue means freshening phase and red means intrusion phase.
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Fig. 3. Boxplot of alpha-diversity indices. Alpha-diversity indexes are composite indexes reflecting abundance and consistency. (A)
Shannon, (B) Observed features, (C) Faith's and (D) Evenness indices reflect the amplicon sequence variant (ASV) abundance in samples.

33. 0/4= =& Cigd 24
e 2 TR R adds B4sP] S8 sk

(GW), AE5(LW), 3LH5(SW), 3I5+(SEA) A8 i
o7 MY BAS A% A% AFE A, 7H=
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AEE AL 167,716702) B71HLES AUt 7
Z 5,000712] G7IMES FYH FE3 BHS 9
st 2,039719] ASVZE AAAERIE A8l AR F
P3 A8+ DNA 57} wol 73 40lA] A|<fs)3itt.
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Axis 2 (12.03%) . GW A
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Fig. 4. Bacterial beta-diversity. The figure shows a three-
dimensional scatter plot, generated using principal-coordinates
analysis (PCoA) from Bray-curtis distance analyses, showing the
distance of bacterial communities.

AE W PB8E Y oM (diversityye w4817 9
&}o] Shannon's diversity index(SD), Observed Features
(OF), Faith's phylogenetic diversity(FD), Pielou’s evenness
(PE) A= alpha-diversityS F4J31%tHFig. 3). 1S
THe FFHE(richness)E ¥4 o2 YeER= SD A
Tt A42] OF A= Bl Askret skt 4
91 Aol ST B he RS 97N 3
,] ﬁ]itﬂ-/\gﬂxq 47;"3 H].o:]% FD ;q 5\3@_ ;(]3]_/':7]_
Mot sPgrETE 15H) ©
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