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Status of Attachment Microalgae Taxa in the Korean Sea and
Importance of their Research on Hull Ship Fouling
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Abstract : Microalgae can attach to the surface of ships and then spread to various areas by means of ship
transport. The introduction of invasive species through ships is recognized as a marine problem worldwide.
Identification of attached microalgae is necessary to investigate such movement between countries through
ships. In the present study, through analytical methods we reviewed research data to identify the taxa of
domestic attached microalgae and assess the ecological impacts of such microalgae. A total of 87 genera and
153 species (143 species of diatoms, 10 species of cyanobacteria, and 4 genera of dinoflagellates) were identified
as native attached microalgae in Korea, and diatoms accounted for 93% of the total. Most of these attached
microalgae were identified through research on natural substrates such as seaweeds and bedrock, and some
were also identified through experiments using artificial adherent plates. To date, there is no information on
microalgae attached to international ships and introduced into Korea. Molecular genetic analysis and syste-
matic management through on-site sampling of international ships, microscopic analysis, and meta-barcoding
are necessary to assess the inflow and spread path of hull-attached marine alien species and evaluate the risk
they pose to the domestic ecosystem.
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Fig. 1. A schematic diagram of biofouling process to a substrate by attachment organisms. (a) forming a conditioned
film, (b) forming a biofilm, (c) step for attaching small fouling organisms to substrate, and (d) step for attaching

large fouling organism to substrate
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Fig. 2. A map for main vessel operation routes between Korea and other countries (a) and transfer of microalgae from
port A to port B by an international ship (b). (a) The movement routes of ships are marked with dotted orange
lines connecting Korea (yellow dot) to other international ports (black dot). (b) While an international ship is
anchored in port A, the algae attach to the hull, navigate the ocean, and then arrive at port B and transfer the
attachment algae to the surrounding seawater. The red arrowhead represents microalgae, seaweed, and barmacles
attached to the outer wall of the harbor; the blue arrowhead represents plankton and algae spores; the green
arrowhead indicates hull-attached microalgae that transfer through voyages
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Fig. 3. A schematic diagram for analyzing hull-attached
microalgae. (a) Two sampling methods, such as
drydock and remotely operated vehicle (ROV) or
scuba in water. (b) The collected samples are
analyzed with morphological (light and scanning
electron microscope) and molecular tools (NGS,
HTS and DNA metabarcoding)
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Guiry 2022), H-H73la o8 ERmE} 2o BAjo|x A9
shelet. E3h 7)E oA 7IAE & 5 shgo] WAE
5, WAE g er 7|2 stk Table 1). 1 A3t 5
8745, 153&(spp. A= &Helstelorn, 8 vN|2R=
T, 25, HEERFg 4). AFHeR 2
5= 3 ZH(Class), 28 E{(Order), 48 IWFamily), 73 <
(Genus), 143 Z(Species) ©]aL, Y2F5=1 7,4 &, 7 31},
10 &, 10 Fo|r, P AF= 1753 &, 3 T4 & 0=
o= Q). o]t H2Hy nARRES W e A
TolA BRAdesE Harg AR7E Qo & 2003). ©f
= TR A et BAF nMRF7ot sl ofs)
3 Ao= AAlo A5 AFE2 & 4~ ok

= A4 B2 oA 2R iR FRRE 2RlEC]
S H(HA Y 93%), o5 Tt 71HolA &Rk
o0 Ky 7|4 AuRF, nd 22 s, ol

Fuh) Betrg £l ofmUw g QB Polglt

(Table 1). 0|5 A=E 7|HHo= HHZA O R(53E o)) 4
=% [FXF= Amphora, Achnanthes, Cocconeis, Frag-
ilaria, Grammatophora, Licmophora, Navicula, Nitzschia
At o]52 Bacillariophyceaeo]| &3dl= ZE9d 25
2 oA QIriHasle et al. 1996). £33+ EAJo A}g3t
=AY HIdsH] B wA|RF= Navicula,
Nitzschia, Cylindrotheca closterium©|™, 78 ©]A+o] £3]
oflA] 7| S = Gk Table 1). 7158 A5 2wl fE
P AR & pRoA ERENeH, T oA
ER= Eoilnk ol F ENIET E8E R Al
oA HHHe JHlste] Ralsk= 5440 Sl Folth
25 T 7P w2 $ol S8 52 LyngbyaSlty. =
oA B2 A2 Sdo] Hard n R dllF e
A L A7t S5 7Hd 4 e 54 o= A E0
AATHE 2012a, 2012b).

EF T 71 WE SARES silER dAl 5ol

Table 1. List of attachment microalgae taxa reported for 34 years in Korean sea

Taxa

Substrate#, References&

1. Phylum Bacillariophyta
1.1. Class Bacillariophyceae
1.1.1. Order Bacillariales
1.1.1.1. Family Bacillariaceae

N S1er . ARM3.9.10,12,13
Bacillaria paxillifera™™

Cylindrotheca closterium™™M'>%789 - C gpacilis®™3 C. spp.

Denticula spp.M"

. A e M1 . A
Hantzschia marina®®, H. spectabilis™®, H. virgata™®

AM.6.14

Nitzschia bifurcata™®, N. dissipata™'®, N. filiformis™', N. fonticold™"®, N. frustulum®M*% N. gracilis™",

. RM3 . M3 RM.3 . AMG.7.10 M.13 M.13
N. hummii™~"", N. laevissima™ ", N. lanceolata™, N. longissima , N. obtusa™"", N. paleacea
M.13 ARM23.68.13,14.18
, N. spp.

N. pusilla™®, N. sigma™?, N. sigmoidea

. . M1
Psammodictyon panduriforme™"

Pseudo-nitzschia delicatissima®™>, P. pungens®>, P. pungens var. atlantica®™?, P. seriata

Tryblionella apiculata™"

>

R.M.3

1.1.2. Order Achnanthales
1.1.2.1. Family Achnanthaceae

a1 MI213 RM.3,13 . M,12,13 AM6,12,13,18 . RM23
Achnanthes armillaris™ =, A. adnata™""", A. brevipes var. angustata , A. spp. , A. subconstricta

1.1.2.2. Family Achnanthidiaceae

Lo . M.12 1 M2
Achnanthidium maximum -, A. pusillum 3

Planothidium delicatulum™ ">, P. hauckianum™®

1.1.2.3. Family Cocconeidaceae

Campyloneis grevillei®™?

. . . M.12 L M7I213 RM.3 . . M2 . 2 RM3.12.13
Cocconeis britannica™*, C. heteroidea , C. molesta™"", C. neothumensis var. marina -, C. pellucida s

C. placentula®™*M3871283 - € pseudomarginata™™>'>1, C. scutellum™*M>371%28 C scutellum var. posidoniae™'*"
, C. sublittoralis™'

C. spp. MM O stauroneiformis™ '

>
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Table 1. Continued

Taanubstmte#, References&

1.1.3. Order Cymbellales

1.1.3.1. Family Anomoeoneidaceae

: M.12
Anomoeoneis spp.

1.1.3.2. Family Cymbellaceae

. . M.3.12.13
Brebissonia lanceolata

Cymbella affinis™?, C. spp.M*1%13

1.1.3.3. Family Rhoicospheniaceae

Rhoicosphenia abbreviata®™>1%13

1.1.3.4. Family Gomphonemataceae

Encyonema brehmii™™'*", E. gracile™>'*"

. . M3
Gomphonemopsis exigua >

1.1.4. Order Eunotiales

1.1.4.1. Family Eunotiaceae

Eunotia spp.M"?

1.1.5. Order Fragilariales
1.1.5.1. Family Fragilariaceae

Fragilaria barbatuld™'"*", F. hyalina®™*'*" F. spp*M*3 F. striatula™?
ARM.2.3,14

Synedra spp.
1.1.5.2. Family Staurosiraceae

. e M2 L M3
Pseudostaurosira brevistriata™'~, P. elliptica™

1.1.6. Order Licmophorales

1.1.6.1. Family Licmophoraceae

Licmophora abbreviata®™*®, L. dalmatica™?, L. flabellata™*™'*'° L. paradoxa™®, L. spp.**%°

1.1.6.2. Family Ulnariaceae

M,12,13 R.M.3.12.13 M.12.13

Tabularia barbatula
R.M.3

, T. fasciculata , T. parva , T. tabulata®™*°, T. gailloniiA"1

Ulnaria ulna

1.1.7. Order Lyrellales
1.1.7.1. Family Lyrellaceae

M,12,13

Lyrella lyra®™?, L. spectabilis

1.1.8. Order Mastogloiales
1.1.8.1. Family Mastogloiaceae
Mastogloia pusilla™'?, M. smithii™'*"

Tetramphora rhombica®™?

1.1.9. Order Naviculales
1.1.9.1. Family Amphipleuraceae

Amphipleura pellucida™'*", A. rutilans™’
1.1.9.2. Family Berkeleyaceae

Berkeleya rutilans™'*"
1.1.9.3. Family Diadesmidaceae

Luticola mutica™"
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Taanubstmte#, References&

1.1.9.4. Family Diploneidaceae
Diploneis crabro™'*, D. ovalis™'*5, D. splendidd™™?, D. spp.FM*?

1.1.9.5. Family Naviculaceae

. M.12,13
Haslea ostrearia™

. . RM. . M1 LA . RM, A L M2
Navicula distans®™?>, N. gregaria 3 N. salinicola® %, N. libellus®™>, N. parvula ¢ N. perminuta 3

N. radiosaM,lZ,IS’ N. VamOSiSSimaM’lz, N. Spp.A,R,M,2,3,6,7,8,10.12,13,18
1.1.9.6. Family Pinnulariaceae

Pinnularia schroederi™®, P. spp.tM*?
1.1.9.7. Family Pleurosigmataceae

. ..A9 M.
Pleurosigma elongatum®™?, P. normanii®®, P. spp.fM?

Plagiotropis elegans™™-

1.1.10. Order Rhabdonematales

1.1.10.1. Family Tabellariaceae

Asterionella formosaR‘M’3 R

Diatoma elongatum™"?

1.1.10.2. Family Grammatophoraceae

RM.3 ARM3.6,12,13 M.2.12,13

. . . RM3
Grammatophora angulosa ", G. marina , G. oceanica , G. serpentina "

1.1.10.3. Family Rhabdonemataceae
Delphineis surirella™"

Rhabdonema adriaticum®™*'>13, R. spp.M*

1.1.11. Order Rhaphoneidales

1.1.11.1. Family Asterionellopsidaceae
Asterionellopsis glacialis™’

1.1.11.2. Family Rhaphoneidaceae
Rhaphoneis amphiceros™*

1.1.12. Order Surirellales

1.1.12.1. Family Auriculaceae
Auricula decipiens™?

1.1.12.2. Family Entomoneidaceae
Entomoneis alata®™?, E. spp.*®

1.1.12.3. Family Striatellaceae
Striatella unipunctata®™-

1.1.12.4. Family Surirellaceae
Campylodiscus adriaticus®™?

. . M.2
Surirella minuta™

1.1.13. Order Thalassionematales
1.1.13.1. Family Thalassionemataceae
Thalassionema frauenfeldii®™?, T. nitzschioides®™™?, T. spp™'*

1.1.14. Order Thalassiophysales
1.1.14.1. Family Catenulaceae

Amphora angustaR’M’3 , A. arenaria®™?, A. coﬁ"eaeformisA’R’M'l'3'(’, A. laevis®™™? 4. libycaM’lz, A. lineolata™®,
A. ovalis®328 " Amphora pediculus™™ ">, A. quadrata®™?, A. spp. ARM3312
Halamphora terroris™, H. veneta™®

1.1.14.2. Family Thalassiophysaceae,

RM,3

Thalassiophysa hyalina
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1.2. Class Coscinodiscophyceae
1.2.1. Order Coscinodiscales
1.2.1.1. Family Heliopeltaceae
Actinoptychus heliopelta™"?, A. senarius™?, A. splendens™*
1.2.1.2. Family Coscinodiscaceae

. . . R2
Coscinodiscus angustelineatus -

1.2.2. Order Melosirales
1.2.2.1. Family Melosiraceae

Melosira lineata™?, M. moniliformis®®™*° M. nummuloides™™*°

1.2.3. Order Stellarimales

1.2.3.1. Family Trigoniaceae

Lo . RM3
Trigonium arcticum

1.2.4. Order Stephanopyxales
1.2.4.1. Family Stephanopyxidaceae
Stephanopyxis spp.™®

1.2.5. Order Stictodiscales

1.2.5.1. Family Stictodiscaceae

Arachnoidiscus ornatus®™™?

1.3. Class Mediophyceae

1.3.1. Order Chaetocerotales

1.3.1.1. Family Chaetocerotaceae
Chaetoceros danicus™*

1.3.1.2. Family Leptocylindraceae

Leptocylindrus danicus®™™?>

1.3.2. Order Eupodiscales
1.3.2.1. Famliy Odontellaceae

Odontella aurita™™*°

1.3.3. Order Hemiaulales
1.3.3.1. Famliy Hemiaulaceae

Cerataulina spp.M?

1.3.4. Order Lithodesmiales
1.3.4.1. Famliy Lithodesmiaceae
Ditylum brightwellii™

RM,3

Tropidoneis spp.

1.3.5. Order Paraliales
1.3.5.1. Family Paraliaceae

. M.2
Paralia sulcata™

1.3.6. Order Rhizosoleniales

1.3.6.1. Family Rhizosoleniaceae

Guinardia delicatula®™?
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1.3.7. Order Stephanodiscales
1.3.7.1. Family Stephanodiscaceae

Cyclotella marind™", C. baltica™?

1.3.8. Order Thalassiosirales

1.3.8.1. Family Skeletonemataceae
Skeletonema costatum™"

1.3.8.2. Family Thalassiosiraceae

I . RM3 . RM2.3 M2
Thalassiosira eccentrica ", T. gravida , T. leptopus™

1.3.9. Order Toxariales

1.3.9.1. Family Ardissoneaceae

Ardissonea fulgens®™>

2. Phylum Cyanobacteria

2.1. Class Cyanophyceae

2.1.1. Order Chroococcales

2.1.1.1. Family Aphanothecaceae
Aphanothece spp™Y, A. stagninad™*

2.1.1.2. Family Entophysalidaceae
Entophysalis conferta™™®*"

2.1.1.3. Family Microcystaceae

Microcystis ichthyoblabe™*

2.1.2. Order Oscillatoriales

2.1.2.1. Family Oscillatoriaceae
Blennothrix glutinosa™*
Lyngbya confervoides®™*, L. luted®", L. majusculd™™*, L. spp.® 7
Oscillatoria spp.*™'"
Phormidium spp.™'

2.1.2.2. Family Coleofasciculaceae

Anagnostidinema amphibium™"'

2.1.3. Order Pleurocapsales
2.1.3.1. Family Hyellaceae

Chamaecalyx leibleiniae™*

2.1.4. Order Synechococcales
2.1.4.1. Family Leptolyngbyaceae
Leibleinia epiphytica™*

3. Phylum Miozoa

3.1. Class Dinophyceae

3.1.1. Order Amphidiniales
3.1.1.1. Family Amphidiniaceae

M,13.15

Amphidinium spp.
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Taxa

Substrate#, References&

3.1.2. Order Gonyaulacales

3.1.2.1. Family Pyrocystaceae

g M.13,15,16
Gambierdiscus spp.

Ostreopsis spp.M!7-1820

3.1.3. Order Prorocentrales

3.1.3.1 Family Prorocentraceae

M,16,1
Prorocentrum spp.M'%!7

*Abbreviation: A, Artificial; R, rock (or bedrock); M, macroalgae. &Reference: 1,
5 1991; 4, & 5 1993; 5, & 5 1998; 6, A1 5 1998; 7, Chung and Choi 1999; 8,
10, ¥} 5 2003; 11, -5 2003; 12, Chung and Lee 2008; 13, &

17, ¥ = 2012; 18, 72 = 2016; 19,

(a) (b)

Acrtificial

2 g

(1.4%) ( (30%)
Rock Macro algae Rock
(Bedrock) (Bedrock)

Artificial

Macro algae

A A 1987; 2, 1 5 1991; 3, 9]
JJJ- 3] 2000; 9, ¢ 5 2002;
2009; 14, A3} & 2011; 15, 9 2012a; 16, H_H 2012b;

A3 A 2019; 20, Park et al. 2020

(€)

Artificial

Rock
(Bedrock)

Macro algae

Fig. 4. Ven diagrams for adherent microalgae taxa, diatoms (a), cyanobacteria (b) and dinoflagellates (c), detected on
three different substrates (artificial materials, rocks, and macroalgae) identified from research data published over
the past 30 years in Korea. Blue, red and green circles indicate artificial substrates (attachment plates), stone
or bedrock substrates, and surface of seaweed, respectively. The numbers in the circle indicate the number of
species recorded. The number in parentheses means the species composition ratio of attached microalgae
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