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Comparative analysis of bacterial communities associated with Korean and

American strains of the toxic dinoflagellate Karlodinium veneficum

Eui Soo Lee

Division of Earth and Environmental System Sciences

The Graduate School, Pukyong National University

Abstract

Based on recent findings, bacteria are capable of playing a key role in the
formation of harmful algal blooms (HABs), but it is still unclear how
bacteria can contribute on bloom formation due to lack of evidence. This
study compared the toxic dinoflagellate  Karlodinium  veneficum
particle-associated bacteria (PAB) and free-living bacteria (FLB) isolated
from Korea (KR) and the United States (US) using the Oxford Nanopore
MinION method and investigated the growth pattern of K. veneficum strains,
which acted as growth-associated bacteria isolated within two strains.

Consequently, the dominant group among the bacterial communities of the



KR strain was found to belong to the genera Pseudomonas, Sulfitobacter,
Algoriphagus and that of the US strain belonged to Marinobacter, Nioella,
Seoheicola, and Robignitalea. PAB and FLB for the same K. veneficum
strain was similar. Bacterial community analysis between KR and US
confirmed that bacterial composition including PAB and FLB was not
species-specific and apparently differed between these communities. However,
the percentage of the genus Limnobacter increased significantly compared to
the PAB in the FLB of both strains, which could be related to the algal
substrates of K. veneficum, but further analyses are required. Subsequently,
bacteria separated from KR and US were inoculated at a concentration
gradient to identify the bacterial communities associated with growth. The
growth improved compared to control in the KR culture inoculated with the
genus Sulfitobacter, and two 1noculated bacterial species belonging to the
same genus showed a similar pattern. The PAB ratio of the KR strain
increased as the genus Sulfitobacter ratio continued to grow, indicating that
the strain induced growth by favoring the functional characteristics of
Sulfitobacter. However, when two bacteria species belong to the genus
Marinobacter were inoculated in the same way, the growth of both K
veneficum strains was inhibited. That is, substrates of Marinobacter are
presumed to have induced cell lysis of the two strains, but further

experiments are required to verify this.
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M+t (bacteria)2 "M Fol o3 AAPAE F[FUES  AFEI

(remineralisation)d}o] THA] Bl ZFo F7]19 %42 E A &3 (Behrenfeld

filo
Sh
ol

= HislE Aoz ddAd At (Amin et al. 2009; Cruz-Lo'pez and
Maske 2016). Al ZF H3F Alvto]l ¢l F1f(axenic) $H7ol A K}t At
sk 3o A T A% 5295 BHAgde A%/ At Amin et
al.,, 2015; Keating et al., 1978). o]&= FA Wl F AE 7t A#aA
7F E Al EAEE o v $tH(Grossart 1999; Amin et al. 2015).
TR AF 2R7F 2H e 2dolY £27Y A
A Qe E JIFS S & d v (Fernandez et al. 1992; Reitan et
al. 1994; van Rijssel et al. 2000; Grossart et al. 2005), Ali¢] A& 3
o] w2} PAB(Particle-associated bacteria)®} FLB(Free-living bacteria) =
@ (DelLong et al. 1993; Crump et al. 1999; Jasti et al. 2005;
Rooney-Varga et al. 2005). 7] A7ES vY o2 PABS FLBO| A+t

de A% FRggor prUw, F 2d 2F vAdzRd 2H @

o

ol
rix
riet
o

AR Al

M

Hol] gt H u1HJAHCrump, Armbrust, & Baross, 1999; Rooney-

Varga, Giewat, Savin, LeGresley, & Martin, 2005). dt#| 5t &% A] 2ol A

o MAERE HEY Tdd Ao BAL wed o, AY AR
olgatel 54 wAxfe #@ AF, 58 PABIA #@ AFe 54
B AL ogT. ool td ATelA olF WA wHow 484 47

oM mAEFE o8&

H PAB¢} FLBel dial] 5% Aok (Park et al

i

2017a).



EnFEAE, Aol gl HAY A=A A, 2%, pH S)o] 2zt
HAXE wWr1o vAzF AR ATS HUbst wd Al vAzFe A%
SRS Hol= Feo=z d#HA A Bolch et al, 2011; Park et al., 2017b).

SEAIRE o] e AE A Fo WA wdF(strain)F EHEHAS ¥ F

=
At Aoz HuEHATHSeymour et al, 2017, Xia et al, 2021). °]+=

AgHoE Fol7t 2 U F v WIF A% Fu AT 2 Aol

Karlodinium veneficum< 574 $AEFZ, A MAHSZE FES f
& 2] Z(HABs; Harmful Algal Blooms) % ©]&F ¥HAIES fFEsteE Zo=
adH 4 JtH(Kempton et al, 2002; Contact et al., 2002a; Place et al.,
2011). 94 =+(Abott and Ballantine, 1957)° A & #gld o] ZHE, o}
3 2] 7HBraud, 19573), % (Bjornland and Tangen, 1979), Hv](Li et al.,
2000a, b), &F(Ajani et al., 2001; Mooney, 2009) 5 A AAH o=z A%
7h o BarE o, 2000 ol F 23 A TolA dlE T4 Ax
7} Z71etE Aot (Xu et al, 2012;, Yang et al, 2019). &-A vt i =
o YA dEo] 7|E AT AR L AT g 1he A
B4 FoAdd g thdst A7 JAAEHASANE, K veneficum?t Al
LA e AT g AR Az Al HF: AW ARHAS ol
tHTilney et al., 2014).

B oAFe] AL FafHEAAE K veneficum ¥ PAB ¥ FLB 3
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1. Karlodinium veneficum KR, US9 A3 A PAB,
FLB ¥

7}. K. veneficum W%+ &x U FF

Ao ALE3 K veneficum F wWkFol thsle] KR(K. veneficum
LIMS-PS-3423)2 st a st 7]&9d A 5243, US(K. veneficum
CCMP2936)= CCMP (National Center for Marine Algae and Microbiota)
ANA EFLEUTHTable. 1). £ % ¥ vjEF+= 121 TColA 16 &3 A
£/2-Si(32 psu) AA #F ) A 20T, 60 pmol m 2 s !, 12 : 12-h W=7
o 4wl st At

KR¥ US¢e <& 45 <3l =¥ ©E9  (Sartorius, Goettingen,
Germany)°ll 3.0 um (pore-size)®] wWEZQ HE (Millipore, Cork,
Ireland; 27 47 mm)E o #sto] MEE E3 3 5, DNeasy PowerWater
Kit (Qiagen, Hilden, Germany)E& Al-&3to] ALSHUZ DNAE F5 ¢
-20C9 Yo HEsAT. o]¢ PCRE 18S, ITSI, 58S, ITS2, 28S
DI-D3 99S S3FHAAY. PCR ¥gE2 EmeraldAmp® GT PCR
Master Mix(Takara Bio, Otsu, Japan) 125 ul, forward primer 1 ul,
reverse primer 1 ul, %3 DNA 1 ul, 57 95 ulZ H7tste] =% &
ol 25 ul7b HEE SHTh o] % 95T A 5 &3 ¥4 77 (denaturation)

S AH 95T 20 =(AA; denaturation), 60C 30 %(Z3d; annealing), 7



2C 1 #2145 elongation)S 33 3] ke wlxjato g 72C 5 (A%

elongation)®] PCR thermal cycling®. & %% A7t}



Table 1. Karlodinium veneficum strains used in this study.

Species name  Strain name Collection cite Isolated
Karlodimiion ~ LIMS-PS-3423 (KR)  East China Sea(33°45'09.20"N 124°00'04.56"E). Korea 2015
veneficum  CCMP2936 (US) Delaware Inland Bays, Delaware, USA 2007




Y. %3 4 PAB ¥ FLB =3

aetE i A3 ¥ e (Sartorius, Goettingen, Germany)ZS 2% 0 2
A 3te] PAB(Particle-associated bacteria)®} FLB(Free-living bacteria)
E A 21 F JA=F st A dAld W& K veneficum WY
A1, EA7] A7)l
ot odEglew, By A F af 2ufe] AR AP

o} 200 mLe] K. veneficum ¥l ¥FZE 3.0 um (pore-size)2] #B 2l L

1
o
Ho

(Millipore, Cork, Ireland; %7 47 mm)& 12 oJ¥= 2 33te] PABE ¥
AL, o]F oS 0.2 um (pore-size)e] WH el FE (Millipore,
Cork, Ireland; 274 47 mm)oll &#A|A FLBS R, ZH7+9] dH
= 2 mL FX.(Eppendorf, Hamburg, Germany)ol] 2°] DNA7Z} %5 7|

A7kA =80T el A B3t

t}. £3 ¢ PAB, FLBY #olEdg FH E A4A

PAB¢ FLB ¥3% A59¢ DNA+= QIAamp PowerFecal Pro DNA Kit
(Qiagen, Hilden, Germany)E& AF&3le] FEdUT 5% BT DNA A&
© Nanodrop 3% 3 %74 (Nanodrop spectrophotometer)S A}-&3fo] 37}
ol dA] 16S rRNA 3 Ae] 532 Tag DNA 38 A (polymerase)
LongAmp (NewEngland Biolabs, Ipswich, MA, USA)E A}&3fo] uk$-
4% 25 o2 TFELAHRS (PCR)S 1 dstAtt. PCR Ate]&2 98
°ColAl 2 i3 7] DNA ¥4 dAE A 5, 95 °ClA 1%, 60 °Cell

A1 &, 68 °CollA 3 &3 & 35 Aol &S HHEE o HEHOR 72



°Coll A 1027t 41 (extension) Al 71§ F 53 NgE AL
3 PCR Z#ES <l o dE #EE Fel PCR At= Wl 16S

rRNA amplicon 55 3#<l3k & Agencourt AMPure XP beads

ol £
=
2

o
ol
—_
32

(Beckman Coulter, Brea, CA, USA)< sample-bead Hl& 1:3 o2 23
A A (purification) A ZAtF. vF1U] €] H]=(magnetic beads)®] < Al(washing)
34 5 AAANZD eSS &F W (buffer) 10 yl (10 mM Tris-HCI pH
8.0 with 50 mM NaCD=® FEst3ith dholB o] HF vev JPF -
A Qubit 4 (Thermo Fisher Scientific, Waltham, MA, USA)Z =43}
t}. golE 8l Oxford Nanopore Technologies® 3 = & = (protocol)ol
web AZE AL, R 94 flow cells A&kl A1AA A0 A4 3473
2 MinKNOW Mk 1c (Oxford Nanopore Technologies) A~XEQ|olE &
a RUEE HA

2. A A EEH EA(Bioinformatic analysis)

1) ¥4 #3(Quality control)

AlE Ry T AAME fastt FLS Guppy (version 3.2.2, Oxford
Nanopore Technologies, UK)E ©]8-3}°] base-called %3, o3} 24
(filter step)< Q-score = 10 (quality filter) 2 length = 1,000 bpe] A
A2 FAEE H L3t ©]F  demultiplexing, primers, barcode

trimming®] X3%¥ Fastq 16S v3.2.1 (Oxford Nanopore Technologies,
UK) stolZebale Abgste] A28 Hrstgint 4wl ofujat A7



= BAA AYgHAT. FEH reads7F A= =9 S Filtlong v0.20
(https://github.com/rrwick/Filtlong) & A}-&3}e] readsE 1,000 bp " Rre
2 A== dHgsa "50%2 #H A9 reads (best reads)E 43

2) %34 A4 (Taxonomic identification)

BLASTN-2 EPI2ME software package (Oxford Nanopore Technologies)
el Alxr 2 A3 16S ribosomal RNA database©] w3k NCBI RefSeq
I oHwgS W B AIE2E AEsal, o] At (Hatfield et al
20200014 Age tiE AFE = % °o]dd AAx=T {FA A
QIME2 Z# g2l ONT HolHE £436t7] 913 wEtuag vho]=
Zhel9l MetONTIIME EE X3k vl fido=® #/%4 o

&l 43 =) 2l h(https://github.com/MaestSi/MetONTIIME) (Caporaso et
al. 2010; Bolyen et al. 2019). QIME ¥41¢ 7%, GenBanke] X 3%
BioProject 331759} i 16S 2Ll EPI2ME 16S workflowol] 4] AFg%
el A3 B3 54 16S rRNA fda dolguol~E AWsts]
EPI2ME®] Z3%S in-house python scriptsE ©| &3] Z} NCBI &7
(taxa) ID9] o4 W XE(relative abundance)E “7F sttt &/ 3H4 24
¥ 2= NCBI(ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/) o Al 28 % At} A
AY 27FE o7l f8iAM, Aoj= dute AlEolA AiE HlE=STt

0.01% mIREQlL EFr2 AN A= AT

3) %A 3 FH % (Diversity and richness)



7y AZo thste] OTU(Operative Taxonomic Unit) ¥l 3% (frequency
table)2] in-house python scriptsE Al&3te] F+5HUT T2 A#Ad
) A ESH4 - (microbiota community)e] &3t th¥A-S R package
phyloseq (McMurdie and Holmes 2013)
(https://www.bioconductor.org/packages/release/bioc/html/phyloseq.html)
°] estimate_richness 7]s& Ab&3dto] ##H F(Observed species)
Shannon, Simpson, Chaol, ACE A& ZAl4tste] nlagitt, s)ubs) 24
(rarefaction analysis)< vegan(https://github.com/vegandevs/vegan/)< A}
23} sequencing depth performance B 7}S 3t A4ty RE ok
4 As= RO EFFEEF W ggplot2E ARSSEl AZERT

(https://ggplot2.tidyverse.org).

4) 3 % ¥ 1 (Comparison of community structure)

0.055 A&3to] A+ o Bl Tukey-HSD HIZEE g3t} vA
E 7F FERE AYE HIES go]lHE 7|Who 2 Bray-Curtis distance®
o] &3&to] A3 on FHRAERA(PCoA)L vegand o] &3 vk H| %
% 7|9t dle] ¥ (multivariate unsupervised data) ©7%2 T ATt 9l
A== 4% FDRE P-value RS T3 + AA 15 HS, F =&

H A 7 BERAY HEFE v 2 gt PCoA A= geplot2E AL
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2. K. veneficum KR, US &£& A& A7 23

=

7. KR, US W45+ Wl Ald &8 2 &3

A

KR¥ US ®l%F W Al+FS Marine Broth 2216(MB) (Difco, Detroit,
MI, USA) B3 = oA &8kt MB Ao H& 2% v &= A7}
sto] 1217CelA 156 & 2+ HEer &, wix & d243 5 KR¥} US wWigF=
747 vg FYolE] 100 pl¥ #Fete] =wsidn o] 20Tl 3-5

Ak WG F a4ve @ WA #F 2 A49e wEadn 449

0C, 100-150 rpme} Z7 o] A 72 A|7H 2& w3t

KR¥} US wjdFzHE Eg3 A2 16S rRNA universal primeri=

o

Forward primer 27F¢} Reverse primer 1492R (Table. 2)S A}-&3le] =

I

a4 A4 WS (PCR; polymerase chain reaction)< 733ttt PCR W&
22 Ex Taq 0.125 ul, 10 Ex Taq buffer 25 ul, ANTP 25 ul, forward
primer 0.5 ul, reverse primer 0.5 ul, %3 DNA 3 ul, TF 16.375 ul
£ H7tste]l HF &7Fo] 26 p7t H=s SQlnt. ofF 95TeolA 5 &3+ ¥
A 3} 4 (denaturation)= A3 95C 20 x=(¥HA; denaturation), 53C 10 =
(Z3}; annealing), 72C 15 %(A1%; elongation)2 35 3] WHE wlx|uho g
72C 9 (A% elongation)e] PCR thermal cycling® 2 53 A7t} PCR
"S- A= Dyne 100 bp DNA Ladder(DYNEBIO Inc.)ZE o] &3to] 1%
of7F= 2~ Aol A 110V, 30 w3F A7|9 s 3 & UV visualizations &3l
golstAtt. A7 <€ Geneious (Version 7.1.3, Biomatters, Aukland,

New Zealand) Z 2135 o] 835t ek A7IMES waF #4351k
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Table 2. Primers used in this study.

Target Region Primer Sequence (5'-3") Reference
K veneficum 188 ATI8F01 YACCTGGTTGATCCTGCCAGTAG Ki et al, 2005
AF18R01 GCTTGATCCTTCTGCAGGTTCACC
ITS1-ITS2 KvITS1F2 GGTTTCTTTGGGTGGTCTTTATGG Zhang et al., 2008;
KvITS2R2 GAGCAGGCTACGAGTCAACAAC Huang et al., 2019
285 (D1-D3) DIR ACCCGCTGAATTTAAGCATA Scholin et al, 1994;
D3Ca ACGAACGATTGCACGTCA Mikulski et al. 2005
Bacteria 165 21 AGAGTTTGATCMTGGCTCAG
Lane et al, 1991

1492R. TACGGYTACCTTGTTACGACTT

_12_



g wE 0 B AE o)

A wylew KRI USOlAM 283 5 A4 wix][(MB)ol Wi Feh Al

2 50mL #YZ FE(SPL Life Science, Pocheon, Korea)ell Hol A4+

2 (4Cell A 3700 G, 10+ 7H) 33 ofo] A gt A7k £/2-Si HjA|
= A% L FAss Bge 38 wEagt olF 44y FHe K

veneficum= 50 mL Z* Z2}-~=(SPL Life Science, Pocheon, Korea)®ll
10% Hl&= ZF3 F ATS 1 x 100 - 10° cells/mLe H&= A5 #
Z 3t

=7

K. veneficum® M EBEE FAst7] sl €A x50, 1, 3
10, 13, 16, 204, 20¥ o|F+= 5Y zHA)o 9H nAFLAe= I3
(subsampling) 3 #H, A4 A7A 242 W B2AH(-4T) A3 K
veneficum AL Brv SFEHELHOIE(HE T% 1%)= 14T 5
Sedgwick-Rafter counting chamberZ A}-83}o] A543}

K. veneficum® A% & 3HGrowth effect):= thS 2o & =A = A}

Growth effect = (A" (r Treatment) — At Contro) )/ AT Control)

047]A‘] A (T~ Treatment)(Cells/mI)g' A(T Control>(CeHS/mL>1_ ]—7"1]— g@?ﬂ'
=AM K vemeficum ME DEoli, TE vk 7]7H()o]t}, vl
gobe] A &3 gho] >02014 <-0.29 AT zHzt A =3 Al

A Al M o2 8Tk (Park et al, 2016; Park et al., 2017b)
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1. 23

1. K. veneficum KR, US9 A% @44 PAB, FLB vl

7b, A HZAE K veneficum KR, US A% @A % PAB,
FLB ¥ ¥3 Al59 a-diversity ¥4

Aol Eoj7tr)el <A, K. venefioum KR¥ US| & 45 <3
PCRE sttt KR% USEHE F=3% DNAE ©]&3sto] ITS 49
SE3 A3 T F99] 99%7F dATS T F ST Y FUS
skl &t A th(Figure S1). K. veneficum KR¥ US F #jdF9 A &4
% PAB¢ FLB Alvt 25 flste] a3 22 A7l A 85 AR
H(Figure 1). 3% Alf+& Yx=¥ o] (Oxford Nanopore MinION) #4]5
AAsto] Zbzbe] A A AR = F

B &
A HTable. 3). F+ WFFolA 2HE 2= 4 A=zl e 3ts} =

>

o

A (rarefaction curve)oll Al 2 =X o] E3Pejo] o= X kA qE A A

A&l A Good's coverage(%) X7} 99.6% o] A& o] AA At

BAS vy o2 AE% a-diversity 4 4 23S AUt Table
4). PAB¢} FLB ¥ A+ Al&9] observe X+ K. veneficum KR (PAB
774-1282; FLB : 1501-1943)3} US (PAB : 1327-1845, FLB
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30000 ~
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10000 <

10000 = Lag

K. veneficum cell density (cells/ml)
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2'0 01 3 5 7 10 13 16 *© 20
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Figure 1. The growth curves of Karlodinium veneficum KR (A) and
US (B). Arrows represent each PAB and FLB sampling point. KR,
Karlodinium veneficum LIMS-PS-3423 strain, US, Karlodinium
veneficum CCMP2936 strain;, PAB, Particle-associated bacteria; FLB,

Free-living bacteria.
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Table 3. Oxford Nanopore MinlON analysis results in this study.

Number of Average e .L 5 St Mok % f Average
Sample name tetal veads Tnngili (by) qualified classified  unclassified N ne
reads reads reads ’
Particle-associated
KR Lag KR_lag_3um_PA_1 69,408 1,220 69,408 67,797 1,611 91%
KR _lag 3um PA_2 49981 1285 49,981 49237 744 91%
Exponential KR _exp 3um PA 1 68774 1,151 68,774 54,052 14,722 88%
KR _exp 3um PA 2 90113 1,142 90,113 7291 17,142 89%
Stationary KR_sta_3um_PA 1 96,138 1,093 96,138 93,895 2,243 90%
KER_sta_3um_PA_2 81,522 1,098 81,522 66,293 15,229 §9%
Us Lag US_lag_3um_PA_1 28,631 874 28,631 27,100 1,531 89%
US_lag_3um_PA_2 26,362 1,001 26,362 25,203 1159 89%
Exponential US_exp 3um PA 1 28311 899 28311 26,537 1,774 88%
US_exp_3um PA 2 31,816 885 31,816 29,670 2,146 88%
Stationary US_sta_3um PA_1 41,692 652 41,692 38,737 2,955 87%
US_sta 3um_PA 2 22,958 714 22,958 16,427 5,531 88%
Free-living
KR Lag KR _lag 0.2um FL_1 78671 1,137 78.671 77.186 1,485 89%
KR lag 0.2um FL 2 78522 1,164 78522 77,191 1,331 89%
Exponential KR _exp 02um FL_1 108400 1,096 108,400 104,051 4,349 89%
KR _exp 0.2um_FL_2 95,168 1,087 95,168 91,955 3213 89%
Stationary KR _sta 0.2um FL_1 118329 1,003 118,329 115,130 3,199 89%
KR sta 0.2um FL 2 126,562 1,057 126,562 123,444 3,118 89%
Us Lag US_lag 0.2um FL_1 20385 972 20,385 19.940 445 88%
US_lag 0.2um FL_ 2 27603 934 27.603 23414 4,189 89%
Exponential US_exp 0.2um FL_1 17692 1,274 17,692 17,608 84 88%
US_exp_0.2um _FL_2 " 21,270 1,306 21,270 21,178 92 88%
Stationary US_sta 0.2um FL_1 31,579 963 31,579 30,642 937 88%
US_sta_0.2um FL 2 35019 952 35,019 33,299 1,720 85%
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Table 4. a-diversity indices per PAB and FLB bacteria samples isolated

from Karlodinium veneficum KR and US growth phase.

Observe Chaol ACE Shanmon Simpson 3?:;;& (%)

Particle-associated

KR Lag 470 T74.233 815.627  2.168 0.635 22.910
Exponential 633 1142.139 1175961 3.313 0.832 22,850
Stationary 780 1282.168  1322.732  3.651 0.876 9,850

Us Lag 762 1273.775  1327.189 3.518 0.821 99,730
Exponential 921 1679.797 1724.982 4.140 0.935 99.670
Stationary 951 1772.556 1845.697 4.453 0.951 99.670

Free-living

KR Lag 902 1501.659 1511.387 3.766 0.895 99.845
Exponential 1120 1748.562 1799.736. 4.171 0.389 99.830
Stationary 1150 1943.049 1985.746. 4.102 0.3%0 99.795

Us Lag 139 1200.018 1175051 3.854 0.891 99.650
Exponential 322 1308.358 1343.867 3.597 0.885 99.675

Stationary 1039 1867.229 1840696 4.33% 0.936 99,725
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Figure 2. Rarefaction curve of lag (Lag), exponential (Exp), stationary

(Stn) growth phase of Karlodinium veneficum.
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Y. K. veneficum KR¥ USe A% 94 % PAB, FLB A& &
A W3

R 8 w4 PEE vad A KRy US 2 Al #del Aozt
B KR US 7 wlgse] 44 oA 2 48 AF 2L 0

w3t7] 8] F(family), Z(genus), F(species) i ¥=Z YERH AT
(Figure 3). TH(family) €99 #3 g Z ol Q%9 wae)s

Tolol AdE Aclass) Tl BEZ YeERN U THFigure 3A). IH(family)
KRe PAB o3 #4- 2% HTFHo=

&
(K
i
k)

FollAd Ha Al
Pseudomonadaceae(67%) %} Roseobacteraceae(14%) Tl = $-Hstom,
US<] PAB T3 e Marinobacteraceae(27%)<}
Rhodobacteraceae(25%) £ 22 S35t A th(Figure 3A, 4). ¥+ FLB A<
At 4, PABel ®lsl KR¥ US &% %S =2 Burkholderiaceae® w3 W&
o] EolE& FRlstAth. KRelA|l Burkholderiaceae H| &> PAB4A 2%
g oy FLBAA 31%E #HA L, USe 49 PAB Wl 7%9 H| &9
A FLB9 A% 20%7FA =L H]&o] =olHt} Z(geuns)y} E(species)

oA vl Al(Figure 3B, 3C, 4), KBe] PAB T HdA HfHo=
Pseudomonas <49 P. chengduensis(42%), P. olevorans(10%), P.
hydrolytica(3%)7}, Sulfitobacter 49 S. pontiacus(8%)7} A 3Fsich. 3
F 7 W Pseudomonas 5-& 37 GAVF AwETFS L v o] THAs
UTHE7-49%). WHH Sulfitobacter %2 4+ A& QA A52+5F ¥+
o] F7lele S HAT4-18%). KR FLB wHeA = Adtd o=
PAB 3 +%<¢F Ao, Limnobacter 49 L. thiooxidans® W]&°]
A% SA AwsEas 2 Fog FUekth(12-33%). © Hel:= KR
FLB 3 WA Algoriphagus 42| A. marincola?} PABO| A &t+= &
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A dAlel wel 1ov]&o] F7FsEATH1.5-10%). USe] PAB ol

Marinobacter %2 M. adhaerens(19%)7},  Nioella %2 N.

sediminis(14%)7}, Robiginitalea %2 R. biformata(4%)7} $-A3stA o). 3l
=

g 3 W Marionbacter 42 374 GAZ AFE4E 1 H] &9

"

o7 ZHAFATB0-7%). ¥HH  Nioella 4(6-21%)3} Robiginitalea <
(1.3-7%) Aol JPA45 Hlgo| Hak F7rstdth. USY FLB «H
o M= HAwrd oz PABAIA S #HI FAFH oY, Limnobacter 49 L.
thiooxidans(14%) ¢} Seohaeicola %] S. saemankumensis(9%)7} PABe®I
g HAor £ Wl 2 HleS AAJTH

K. veneficum KR¥I} US wjdFo Az B4 Axs F335to] wjdF
H PAB¢ FLB ¥ A+t & 24 XE(Krona charts)® YR I
(Figure 4). 7 wlFol dist PAB® FLB &3 +x &4 2y, 335382
2 F(phylum) @l A Proteobacteria?} $#3ATHKR PAB : 90%;
KR FLB : 94%; US PAB : 86%; US FLB : 97%). KR ®¥l%5+ PAB
Az A Gammmaproteobacteria(70%), Alphaproteobacteria(18%),
unclassfied Cyanobacteria(7%), Betaproteobacteria(2%) o2 3L,
FLB 3 %ol PAB ¢l 3] Gammmaproteobacteria®] H]-& o]
= 131(35%) Betaproteobacteria, Alphaproteobacteria, Cyclophagales®] W] &
o] Eofwoh(Zz 31%, 28%, 5%). USHlYF<o PAB T3+
Alphaproteobacteria(48%), Gammmaproteobacteria(31%),
Betaproteobacteria(7%),  Flavobacteriales(6%),  Verrucomicrobiae(4%),
Phycisphaerae(2%) % &2 333931, FLB &3 TZo4d PAB 3l
H] 3] Gammpaproteobacteria, Flavobacteriales H|&©°] = 31(Z}7} 17%, 2%)
Alphaproteobacteria, Betaproteobacteria® #®]&o] Z7Falth(z+z 59%,

21%).
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Proportion (%)

Proportion (%)

Proportion (%)

Figure 3. Community composition of PAB and FLB bacteria in the lag

(Lag), exponential (Exp), and stationary (Stn)

Karlodinium veneficum KR and US at the (A)

(C) species level. At the family level, the graph on the left side

Class

Il A/p haproteobacteria
] Betaproteobacteria

Il Gammaproteobacteria

Family

[ Fravobacteriaceae
Il Cyclobacteriaceae

Pseudomonadaceae
[ Marinobacteraceae
[ Piscirickettsiaceae
[ Burkholderiaceae
[__]Roseobacteraceae
] Rhodobacteraceae
Il Phyliobacteriaceae
Il Hyphomonadaceae
[ others (<2%)

Genus
Il Algoriphagus
[ Robiginitalea
[ Pseudomonas
B marinobacter
[ methylophaga
Limnobacter
[ seohaeicola
[ ]Roseovarius
[_1manvita
[__] sulfitobacter
[ Pseudopuniceibacterium
[ Nioella

Il Hyphomonas
[ others (<2%)

Species

Il Algoriphagus marincola
[IRobiginitalea biformata
[ Pseudomonas oleovorans
Pseudomonas hydrolytica

[ _pseud heng
[ Marinobacter adhaerens
[ Limnobacter thiooxidans
[]Limnobacter litoralis

Seohaeicola saem

[_]surfitobacter pontiacus

P P ium
[ nioella sediminis
[ others (<2%)

family, (B) genus, and

represents the class group at the corresponding family level.
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Figure 4. Krona visualization method expressing total bacteria
communities in Karlodinium veneficum KR and US. (A) KR PAB, (B)
KR FLB, (C) US PAB, (D) US FLB.
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t}. K. veneficum KR} US9 PAB, FLB Ad &3 =9]

L

Zclass) 59 WARE Z(species) F+9 @A7ZA K. veneficum
KR¥} US w5 &4 A5 A vlsol Zol7b Slo], fef4o=
kol 7F yYi= ZF Al S tiEcte SRS AR e Y wd
B4 &3 =7](Linear discriminant analysis effect, LEfSe) ¥4 A&
313 tH(Figure 5). 4.0 °o]4Fe] LDA(Linear discriminant analysis)#< A %
2 AMEetdon LEfSe &4 A3 E vlE S 2 LDA fto] =2 A9 40F
9] taxon¥ FXE F23ttH(Figure 5a). o1& & A= migorw F
W 7+ AE BERT ¥ A#A S Cladogramo 2 =23}8} 3 th(Figure
5b).

a2 A, ZH(class) F=HH KR US 7+ Al 859 zols g
T U3, LDAGE thsle] KRell A Gammmaproteobacteria (5.2)7F, US
o A4 Alphaproteobacteria (5.3)7} a3 AlxF 3 WolA Fojd oz =4
SAHAY. KRS &4 Als dolA 8 £ Pseudomonas (5.4
Gammaproteobacteria, Pseudomonadales, Pseudomonadaceae),
Sulfitobacter (4.6; Alphaproteobacteria, Rhodobacterales,
Roseobacteraceae),  Algoriphagus (4.1,  Cytophagia, Cytophagales,
Cyclobacteriaceae) =22 EA 1, g £33 Aoy RE HEEFT
of KR "j&¥F WelA B4 Rix=7F 24 SAEAT. USY #4941 =
U of] A <4 %2 Marinobacter  (5.0; Gammaproteobacteria,
Pseudomonadales(=Alteromonadales),
Marinobacteraceae(=Alteromonadaceae)), Nioella (4.9;

Alphaproteobacteria, Rhodobacterales, Rhodobacteraceae), Seohaeicola
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(4.4, Alphaproteobacteria, Rhodobacterales, Roseobacteraceae),
Robiginitalea (4.1; Flavobacteriia, Flavobacteriales, Flavobacteriaceae) <=
2 BAHY, dd £ Add BE YEEFTO) US # ST el A
BHA WME=FrE 24 S AT
Z(genus) THANA Q] Al 3] %ol & AlAstelar, ZF v ¥ A

o] fFAM HlaLE 37] 98 Bray-Curtis distanceE ©]-&3fe] tfd

i

| =21 el non-metric multidimensional scaling (nMDS) E=#%%5 e
S tHFigure 6). &2 A3 KR PABol+= Pseudomonas, Sulfitobacter=
Elvwtaz, KR FLBYE  Algoriphagus?’t EA1E Atk US  PABOl &=
Hyphomonas, Robiginitalea, Nioella, Marinobacter®= el KR FLB
= Seohaeicola, Roseovirus@ YWEFST. Limnobactere] 74-%- KR FLB%}
US FLB &%+ Al ZAHA. i3 &4 23 KR¥ US g5 4

At 2y BE PFANA RS Aolsh vhEmon, 22 WEF ol
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Figure 5. Histograms of Linear discriminant analysis (LDA) scores of
16S gene sequences of microbes in the samples (A). Key phylotypes of
differently abundant taxa were identified using LDA effect size (LEfSe)
algorithm in different strains and their relative abundance was
presented accordingly. Cladograms derived from LEfSe analysis of
differential microbial taxa (B). The central point denoted the root of the
tree of bacteria and expanded to each ring, representing the next lower
taxonomic level from phylum to genus. Each circle’s diameter represents

the relative abundance of the taxon in each microbial community.
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Figure 6. Nonmetric multi-dimensional scaling (nMDS) plots of bacterial

communities (16S rRNA gene) in Karlodinium veneficum KR and US.
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2. K. veneficum KR, US &3 AT 5 A48 ¢4

KR¥} US9 vk oA B3 Al T A32E 7tsAio d+= &
A ATS JAFste] A S FAsA T WA wjdF W 28 et
e #2892 A3 AL F93 o thate] 1 x 10° cells/m =

2 KR W %F ol A screening testE Zddte] A F7ho] Faldh ¢
A =

ARG, g 579 £ Marinobacter %3} Sulfitobacter 42

o|F 7} YT WA wEE dFE JEE, Ad 3 F2E A
39S W KR USY g+ AME HEE A4S sty s 28 o
X E(1 x 100 - 10° cells/mL) €3 kS R &yt vh(Figure 7, 8).
Sulfitobacter %2 F Fol| tiste] KRIF US sigFo] w2 =3 wj
= A3 A3 KR wiFF delA 45 AFolA dx7 div] =& A
F '23E BRATHP < 005). KR ®jgFe A§, dizxTd #3 S
pontiacus A TAA O = AAES Bow, 1 x 10° cells/mL 5%
oM 7+ = A T &3 AFE02 011 d P < 0058 B
tH(Figure 7). PFA7FA2 S, porphyrae A8 Tl E 43 Fde 2
om, 1 x 10" cells/mL =AM 7H4 &2 A4 S gaet AEE05,
0.18 d', P < 0.05< B}t v US vi%F WA= S, porphyrae 1 x
10° cells/mL HE AZTZ A9 3 S. pontiacus, S. porphyrae A& =
T ooET tiH Felgk A st YA P < 0.05).

Marinobacter 49| F ol tlsle] s mdFol T2 =3 wF
g3 Axpes 23 2o (Figure 8). KR ¥ W dix thy] M.
FolA 4 A &ERE HATH-0.027-095, P <

o

e

adhaerens QY- A2
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0.05). "F7HA 2 &Y wj ST ti2 i8] M. algicola €5 A 3@
M= Aol ABEHJTH-0.047-096, P < 0.05). US ujFFol ths)A
M. adhagerens €% AZTolA wWEE A Azt SdHAx
(-0.197-0.79, P < 0.05), ¢ ¥wWidF tx=+ vl M. algicola A A3
7ol dei = A Aol Aol AsE ATH-0.067-0.84, P < 0.05).
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Table 5. A bacteria isolation list of Karlodinium veneficum KR and US.

The bacteria were simultaneously isolated at the sampling point in

Figure 1.
. . . . . Screening test
Host algal species Strain Number Culture medium  Species identification (Growth gﬂect]
MB-KV-lag-001 MB Unidentified -0.23
MB-KV-1ag-002* MB Sulfitobacter pontiacus 0.23
MB-KV-lag-003 MB Marinobacter algicola -0.27
MB-KV-lag-008 MB Unidentified -0.34
MB-KR-KV-lag-005 MB Unidentified 0.02
Karlodinium MB-KR-KV-lag-007 MB Unidentified 028
Efgff;’;’; _— MB-KR-KVl1ag008  MB Unidentified -0.16
(Korea strain) MB-KR-KV-exp-001 MB Unidentified 0.04
MB-KR-KV-exp-002 MB Unidentified -0.02
MB-KR-KV-exp-003 MB Unidentified 0.22
MB-KR-KV-exp-004 MB Unidentified -0.01
MB-KR-KV-sta-001 MB Unidentified 0.03
MB-KR-KV-sta-002 MB Unidentified -0.17
MB-US-KV-1ag-001 MB Unidentified -0.13
MB-US-KV-lag-002 MB Unidentified -0.04
MB-US-KV-lag-003* MB Sulfitobacter porphyrae 045
Karlodinium MB-US-KV-lag-004* MB Marinobacter adhaerens -0.30
veneficum MB—US-KV-exp-OOZ MB Unidentified -0.18
(CCMP2936) MB-US-KV-exp-003 MB Unidentified -0.19
(United states strain) A /p 178 KV.exp-004  MB Unidentified 020
MB-US-KV-sta-001* MB Marinobacter algicola -0.39
MB-US-KV-sta-002 MB Unidentified -0.01
MB-US-KV-sta-003 MB Unidentified 0.25

* The species used in this study.

_30_



S. pontiacus S. porphyrae
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Figure 7. Changes in Karlodinium veneficum KR and US cell density
after inoculating bacteria belonging to the genus Sulfitobacter. Control
did not inoculate bacteria, and inoculated bacteria applied a gradual

concentration gradient.
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Figure 8. Changes in Karlodinium veneficum KR and US cell density

after inoculating bacteria belonging to the genus Marinobacter. Control

did not inoculate bacteria, and inoculated bacteria applied a gradual

concentration gradient.
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FA WA M zF} FHGEAT F DA AETH FEAES
AFAAHAA T AE I A#AAAE HAU(Jiao et al, 2010;
Seymour et al., 2017). °]& 3t 3 #go+= Ae & A (mutualism), Hel&
A (commensalism), 7] (parasitism) ¥ 74 A (competition)®] ¥34 4 2l
om dutx o g ulg EHRFTHAmin et al, 2012, Seymour et al.,
2017; Sher et al, 2011; Xia et al, 2021). 53] AejA ol dFAx 54
A ZFet HAeAEs Zte AES 4% Ao dig ogwo=z <
sto], A delAdel PAB &Ad tigt vddd A7t aHAgH
(Crump et al, 1999; Rooney-Varga et al., 2005). o]o] ¥ A= F54

FHRF K. veneficum KR US wjYFo A% A PABe FLB 2

O

4

old A A¥Z wulero 2 (Jasti et al, 2005 Rooney-Varga et al., 2005),
KR¥} US 7} w5 ¥ PAB® FLB 3 4 o7t #zd Aoz o
FEn AA, 2 AFolA K oveneficum WFTe Al 7HA AAF @A
&<t PAB®F FLB o3 A% wWEol FistA FEES Flstdth
(Figure 3, 4). KR #]%¥FolA class ©$91E v wgS uf PABS FLB7F

Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria®] % H]
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o Aol7F deS AT F AT KRY PABOA  Pseudomonas,
Sulfitobacter % 2719 F8 18o] 9la, o] F Pseudomonas?} 7}V $-
Aot ¥ FLBe 45 dAAd ¥ xR v oy
Algoriphagus, Limnobacter’} PABo| Hl&] +F #H|&o] ZF7Fgth USY
PABOl A Hyphomonas, Robiginitalea, Nioella, Marinobacter 5 4712
8 %ol %3, Marinobacter7t 7+ S-AMETE ®FH FLBe A9

Roseovirus, Seohaeicola?} Limnobacter 7 H]&°] PABO| Hl&| Z7}3]

ok LEfSe w4 A3 =3 94l Aol dA 3Tk KRelA 713 LDAg]
2 &2 Pseudomonas®, T &9 49 EFwoAE Y MEFF
Al %<& LDARkel AZ=Hh USelA 714 LDAgte]l =2 H2&
Marinobacter=., 33 £ A9 EHFToA T ulgFE Ui =2
LDAZtS] AZHUT. KR US A 24 24 29, F wedFs 59
FYolw BPsn AR TH Aot 27 deon, ol5e] AF T

N
e
>
B
filo
Hy
)
e
AL
[
N,
iy
Lo
r2
-
ih)
o

9} A% 3h(Seymour et al.,
2017, Xia et al., 2021).

nMDS &4 Ao A% np7x2 KR US 7+ Al +389 grie
At A0 2 Aols miloy, F YT FLBelA 2%
Betaproteobacteria®] Limnobacter < H|&°] S 7FshS &2l & th(Figure
4). 71 AT Ao wr= Betaproteobacteriat DOM 3 &

o
=
de A o, g SR HEol w2 AL ALAH =

Ao F
-8 =% (low-molecular weight algally—derived substrates)®} o] Ab3t
AAE 71A Aoz YeElWtH(Niemi et al, 2009; Newton et al, 2011;

Louati et al, 2015). 91458 F w &5 FLBAA Limnobacter <°] 7d7%o

)
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ot Agd 34 2 dF ATFE T & & A5 (Fernandez et al.,
1992; Reitan et al., 1994; van Rijssel et al., 2000; Bagatini et al.; 2014)

mAEFet s At o TR A dA 2 AEH el wet

SHQlstAth. KR¥ USHlA @ 8 2 wjkst Mt 5 Sulfitobacter <5
. veneficum WFT &= vl

X I KR vl =9l Sulfitobacter <
o Ads HEF A olAN FoF A7 X 2dE B At (Figure 7).
71E MAZEF #d Mg 2H 24 dig A7 A mEW, PABY}
FLBel Hla] mAzF F5oldow dusol Jdvta dex Uu
(Worm and Sondergaard 1998; Bagatini et al. 2014). & K veneficum
kg Al R Bl S g Aol A, KR A dAZE JyEs
= PAB W Sulfitobacter 42 W&ol Z7FsttH(Figure 3). ©l&
Sulfitobacter %°] ®te|2lol7t KRe Aol E£7etA 7loddvta 5
T Aok =S KRollA &8sk Ml S pontiacus®t wH7EA 2 US| A

w23t S porphyraeE L wWHo=E HIFSHS w, KR W S

i
<
o
S
S
S
S
R
n
f
2
b
ol
i
=
~
ftlo
=

—
(@)
[]]
—
(-
[o/e]
o
@,
7
E
.\.4
of\
ok
)

=

EAS Azt del# dtH(Ramanan et al, 2015). welA A= &
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T BAHAAT FAG 7 5H B4S Bl T Alite] KROIA
B FAS GET AoR BUHTh wE USE BY & H4F A gzt

b diulate] ol A S Bde gldledl, olv Y F WA=

Gammaproteobacteriai= U2 A% Alato] X

91_‘
BN
© i
2 o
4
i
)
2
k)
In
o)

+ w(Phylum)e 2 <& A (Yoshinaga et al., 1998, Salomon
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o B

2009; Cirri et al, 2019; Wang et al, 2022). 3}x %t &
Karenia mikimotoi®} Prorocentrum donghaienseS X33k A4
of HE A, &7 M2 &dH o (cell lysis) 2318 Hx d4S F=

3k Ao 2 YeEyt(Ding et al., 2022). =3k 7] Aol A, Marinobacter
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=2 (EOM, excreted orgainc matter)ol] ¥F-S-slo] A% A4S Hol= 11HE

Ao sgEs AAdsks Aem WAt (Yoshinaga, 1995). vF7FA =
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T35k Ao=w dadn) vbd T wjFol| Marinobacter 45 A& Al A%
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Figure S1. Phylogenetic analysis of the Karlodinium veneficum 1TS1-2

sequences. The tree shown is the ML tree.
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OK560247 Marinobacter algicola -
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99

Figure S2. Evolutionary relationships of bacterial taxa used in this
study. The  evolutionary  history was  inferred ~ using the
Neighbor—Joining method. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The tree is drawn to scale,
with branch lengths in the same units as those of the evolutionary

distances used to infer the phylogenetic tree.
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