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Summary

[ . Title
Development and application of protist DNA barcode for polar marine host-parasite
identification

I, Purpose

-To find genes for identification of polar planktonic marine protists (DNA
barcode): verification of previous barcoding genes or design new high-sensitive
primer set

-To create new research project from samples collected using Araon ice-breaking
vessel and infrastructures of Korea Polar Research Institute (see belows)

-To apply a DNA barcode to polar protists: reference database construction using
protist DONA barcode (host—loricate ciliates, parasite-dinoflagellates) to
identify micro—/pico— eukaryotes

-To solve the problematic situation in morphology—-based species identification:
case study in loricate ciliates Parafavel/l/a having excessive morphological
variation to evaluate barcode resolution and find solution of morphology-based
taxonomical problem

I'1l. Contents

-DNA barcode is a global research trend to standardize species identification
system using a single gene fragment which depends on target taxa
-Global research groups have been trying to find new barcoding gene to identify
protists and thus we will keep up with the global trend and apply the barcode to
polar protists

-We will evaluate and choose new barcoding gene (i.e., 18S, 28S, mitochondrial
genes) and optimize experimental conditions using specimens identified based on
traditional taxonomy

-We will analyze samples previously collected using the Araon vessel and construct

reference database of marine protist (host-loricate ciliates,
parasite-dinoflagellates) based on morphology and DNA barcode
-We will construct the reference database including microphotographs and DNA
barcodes obtained from the same specimen identified morphologically
-We will conduct a case study for PFParafavel/l/a species having excessive

morphological variation to evaluate the new barcoding gene as a solution of their
synonyms or homonyms and of true systematic relationships



—We will establish genetic database of parasitic dinoflagellates which have less
than 3 um of a dinospore in size with insufficient morphological key features

-We will establish a database including a list of parasites, host specificity,
occurrence period, occurrence frequency, density, and infection intensity

V. Results

-Developments of DNA barcode for hosts (mt CO1) and parasites (18S V4)
—Optimization of experimental conditions

—Application guideline of the DNA barcode

-Development of a protocol of protargol-synthesis/-impregnation

V. Expected contribution

-As a guideline, the new DNA barcode would support to identify protist species
using barcoding gene sequences

-The standardized ONA barcode system would help non-taxonomists to identify
microscopic protist without taxonomic training

-As a reference database, the DNA barcode with specimen morphology would provide
the standard for accurate species identification

-The investigation of parasite infection would help to evaluate ecosystem health
and to provide fundamental database to emerging parasites in the future
-The case study of Parafavel/la would provide a solution for systematically
problematic group loricate ciliates

-The research field of ONA barcode for protist host-parasite species is
undeveloped topic in marine ecosystem thus we could lead and produce research
experts if the proposal is accepted



Contents

Chapter 1. Introduction
1.1 Research goals

1.2 Research importance

Chapter 2. Status of domestic and foreign technology development
2.1 Status and limitations of domestic and foreign researches

2.2 Research trends and creativity

Chapter 3. Contents and results of research—-developments
3.1 Goals and results

Chapter 4. Achievement of research-development goal and contribution to external
4.1 Achievement of research-development goal
4.2 |Importance of results and contribution to external

Chapter 5. Utilization of results
5.1 Utilization of results
5.2 Expected contributions
5.3 Research plan after this project
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gat Rlo 7 F=A % (Foissner et al, 2008). ndt= AlFo] T4 EAst= HJETFY 45, L2EF
ool FollA 1 At @rs] IPHa o iR ASEFSA AT 2 FE ol F L i
. 2 FAFY AFo] A HuH glon, ol Al SAHYS BB AFTVIA L R
A7A FH EYME Ao BAE AR FE AHotd AYE 2t e (Petz, 1997).

- HZ 5o olg AEY FAE AA digk EA "ol AT|Ho o]E ut=F7] $15e] DNA nHf
A’ o]l AEHol At FAE AAE ALA woolA A7 & F 7IE W 18S
YRE FHAAE o] &F vta= AAelA 28S gBF: FHA AAR WA R AT JAHL U=

(Stoeck et al., 2014).
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Sam7EI 00 ovafis INHCO64 -~ Hemiamphisielia terricola terricola |
Thigomokeronopsis sp. INHC037 s Quadnsticha setigera INHG0OS6
i Metaurostylopsis struadarkypkeas INHCO79 7 R\(’"\ | Urdieptopsis citrina INHC 019
. Metaurosiyiopsis cheni INHC118 q?f} N Gonostomum sp. INHC095
Anteholosticha multicirata INHCO84 v \4" 3 Cuytricha Irifallax IN383843 prre
SUB074 (0 L— Metabakuelia sp. INHGA0T ? ‘z? @ Sterkiala bistriomusconum INHC1 72 — A
_E—-— Anleholasticha scutellum INHGO93 o u'\ Paeuduumlepa.rs _tquenslalNchs
[222 Bonostonmum sp, INHCOSS ot Cyrton INFC113
yrtohymena muscorum
la fermicola terricola INHC135 1 Rubnioxytricha sp. INHC 124
e ferricola tericola INHG159 = Cyrtahymena sp. INHG 142
=  jejuensis INHC 145 Pseudocyrtohymena koreana INHC115
70141 Quadristicha sefigera INHCOSG Psaudocyriohymenides lacunae INHC117 aa/BB/G0I1 00
o o [ Onxytricha trifallax AF164121 Apakeronopsis berger INHC061 -
100MOBN 00 -isms i Sterkielia mstriomuscorum INHC172 Tintinnopsis cf, eylindrica INHC 188
Neukamnoﬁsﬁ asfalica INHC098 Melaurosiyiopsis struederk INHCO79
S eyrohymena sp. INHC142 Metaurostylopsis cheni INHC118
7rrises ] Cyriahymena muscorum INHC113 Antehoiosticha INHCOB4
** % M Pseudocyrtohymena koreana INHG115 Metabakuelia sp. INHG107
Pseuvdocyitahymenides lacunae INHC117 Apokeronopsis ovahs INHC064
Rubrioxytricha sp. INHC 124 Thigomokeronapsis sp. INHCO37
tyla anig INHC006 ity tyla ectig INHCO008
Tintinnopsis cf, cylindrica INHC 168 Al ell INHC093
i Uronychia satigera INHC105 Pseudoamphisiella alveolata INHC002
Uronychia binucleata K§186 Uronychia setigera INHC105
; . Diophrys oligothnx INHC104 Urenychia  KS106
100BSRA0ER] Diophrys ofigothx WSET Diophrys oligothrx INHC104 o
Diophrys oligothix INHCO71 Disphrys oligothrix WSET }_
‘ Diophrys appendicuiata INHCOST Dioptwys ofigothrix INHCO71 4 99/100%61.00 1585210 8O
i phy e Diophrys appendioulata INHCOST
Diophrys scutum DB
Cryptic species Diophrys soutum K
£ 0:1-0.2% scutum KG1 T
seutum SG <1-0.2% (1885) vs. 13.5-14.5% (co1)
INHC033 Diophrys scutum SJ
udeamphi alveolata INFCODY ————————___ id
= . WSEZ -
Euplotes vannus KS106
1nase/ o0 11312 9.8-12. 1% (CO1) Euplotes vannus KS6
84/75/82/0 89 KS106 Euplotes vannus KS109
KS109 Euplotes vannus KS74 TIB2IT,00
100/53/9910 98 KS8 Euplotes cristatus KS8 -
antarcticus INHC085  Euplotes e
PTLLEVRTIr . g, — Euplotes minuta KS44  Euplofes minuta WS38 5
Euplotes minuta KS82  Euplotes minuta WS39 |soissisaio 57 Low inter-specific var. T
Lo Euplotes minuta KS11  Euplotes minuta KS44 | 02-0.3% (188) vs. 28.0% (€O1)
Euplotes minuta WS39 Euplotes minuta KS11 T
it Euplotes minuta WS38 Euplotes minuta KS82 — |
F.J;Qrores woodniffi K$56 Euplotes woodrnffi KS56
B8/895/0 50 |- sp.1 2 INHC::SB Low mlssr-speclhc vzro Euplotes sp. 1 K$113
— o0/1 opk Euplotes sp. 0% (185) o 149% €O Eyplofes sp. 2 INHC166
Lt gl Elplots sp.3 Ws43 Euploies sp. 3 w‘s'A;W 2
Aspidisca sp. INHC171 Aspidisca sp. INHC171
Caryotiicha marina KS216 Caryolricha maring KS216
= 0.02

_14_




s

jusd

o

i+

B/

!
o
o

0

=a
Hr

%ﬁ J:ﬂ. wﬂ F T o o aa%z_wr__%ww
~ WK _ r r o
M R T ol T
wulru_x ﬂwd.r N Wy ™ mmﬂu T o ]n_tu:ﬁ,D
o o o N s f = B | _ =
o P - K 2T K gy
— H_T_ ;o‘._ v ~ ‘Dro NE o ]M Z,_o
* N o = J_,m‘_ ol = o iof - the
do | T x o) ™ o = AH o of N
ﬂul =3 Mﬁ O# “W _ ‘M O_E ﬂme ﬂ«m.vu —_
¥ T mw F T o o TP g o
GO (] B opel  T- o < ﬂ,moﬂzelﬂ%ﬂ,ﬂ
M ME CUN-~ Mﬂ < X o o ~ < ﬂqw_! N iy _hm_ ~ X No
7 W mT oy % ﬂ B e (M= My ﬁﬁ w2
~ oF o ® wpl o < W Hﬁwwrhmﬂiwwe_aaﬁ
Foa-o-W e C o | MT NN ot e X g
= o 1 S R G i o
x Ul oy W B N oo gt °
W MAEST T RH W e T e T E T
Fm m®WH % M AT FERRRR H T M
F = H &ﬂ o
0
i : il > e o
B | 2 T e T N o H m__w
O _ N K el ) @.\ 0 ™~ _m,#
R« - g | e B K
o I o i o W
< = < o = o N o 4 mw
¥ 5w | = % = | mw |y R
K 0 o 1_._A|.._ ﬂAIL iy _,ﬁo i _._._._ ﬂo
. X A ny =y
faa T o oF oF e oF m Bl s N
— | =% ai 3 < % | aF o @ No
4 x| W i
= ¢ *
M R o % o 4
o < < - S N -
il & Z 1)
= X 5 h = i ¥
~ 63 A w - T
iy o M m = D o =
i w = T =
E_ ‘;Imw _»\,: »A_ OH_O _Z_.O W o
™ T ) ANn P o M {F
£ < H o | 0~ <
W o
ol 4 = sl
+ < =
[q\] o\l

_15_



J4-2_ A=, J4-1_As. JT-1_8s.. JA-B_As

J4-2_ Assembly 2
J4-1_ Assembly 9 |
J7-1_ Assembly

J4-6_ Assembly

J4-5_ Assembly 3
J4-4_ Assembly 2
J4-3_ Assembly 2
N=2_ Assembly 6 |
J1-1_ Assembly 2
J1=3_ Assembly

WM22-2_ ABssembly
M22-6_ Assembly

J1-2_CiCD1_ Ass...
J11=3_CICO1_ Ass, .,

JI1=2_Ci.. J11-32C0

J4-5_As., J4-4_As. U453 4s. N1-2_fAs -1 As N30 As 0 M222 0 MEZE-B
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JIT-1_CiL M1B-5_C., M16-2_C... J8-6_CiC... J5-4_CiC,,, J5-1_CiC.., J5-2_CiC... J5-3_CiC...
91.108% | 8D.226% | B9.226% | B89.226% | B89.226% | B9.226% | B88.226% | 89.226%
81.423% | B89.540% | B89.540% | B9.540% | B89.540% | B9.540% | B8.540% | B9 540%

JIT-1_CIiCD31_ &ss,..

91.423% | 96.862% |

MI5-5 CICO1_As... | 89.226% | 89.540% [CIREERd
MI5-2_CICOT- &5.. | 89.226% | 89.540% MELNCErES
J8-6_CICO1_ Asse... | 89.206% | 89.540% [RTNCEIE]
J5-4 CICO1_ Asse,. | 89.226% | 89.540%
J5-1_CICO1_ Asse... | 89.226% | 89.540% |
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Isolate ID Order Family Species Habitat Origin
Songjiho Lagoon,
INHC116 Urostylida Urostylidae Anteholosticha monilata Brackish water Gangwon-do, South
Korea
INHC084 Urostylida Urostylidae Anteholosticha multicirrata Marine Busan, South Korea
INHCO069 Urostylida Urostylidae Anteholosticha pulchra Marine Incheon, South Korea
INHC093 Urostylida Urostylidae Anteholosticha scutellum Marine Svalbard, Arctic
INHCO061 Urostylida Pseudokeronopsidae Apokeronopsis bergeri Marine Incheon, South Korea
Baengnyeong-do
INHC064 Urostylida Pseudokeronopsidae Apokeronopsis ovalis Marine Island, Incheon,
South Korea
INHC171 Euplotida Aspidiscidae Aspidisca sp. Marine Incheon, South Korea
tvlids tvlids 7 hn cuTvaties p Soya-do Island,
INHC133 Urostylida Urostylidae Caudiholosticha sylvatica Soil Incheon, South Korea
Sangunburi Crater,
INHC134 Urostylida Urostylidae Caudriholosticha sylvatica Soil Jeju—do Island, South
Korea
Jangdo Wetland,
INHC113 Sporadotrichida Oxytrichidae Cyrtohymena muscorum Fresh water Jeollanam—do, South
Korea
INHC115 Sporadotrichida Oxytrichidae Pseudocyrtohymena koreana Brackish water Incheon, South Korea
Songjiho Lagoon,
INHC117 Sporadotrichida Oxytrichidae Cyrtohymena sp. 2 Brackish water Gangwon-do, South
Korea
INHC142 Sporadotrichida Oxytrichidae Cyrtohymena sp. 3 Moss Muui~do Island,
=D N - vmena Sp. i Incheon, South Korea
INHC057 Euplotida Uronychiidae Diophrys appendiculata Marine Svalbard, Arctic
. .. . . . . King George
INHC071 Euplotida Uronychiidae Diophrys oligothrix Marine Island, Antarctic
. .. i . . Brackish King George
INHC104 Euplotida Uronychiidae Diophrys oligothrix water Island, Antarctic
. .. i X 5 . King George
WS067 Euplotida Uronychiidae Diophrys oligothrix Marine Island, Antarctic
INHC033 Euplotida Uronychiidae Diophrys scutum Marine g?)rrlcg:‘ yon-do, South
INHC052 Euplotida Uronychiidae Diophrys scutum Marine Svalbard, Arctic
DB1 Euplotida Uronychiidae Diophrys scutum Marine gﬁgggdaﬁ)ﬁﬁai&rea
Gangguhang Port,
KG1 Euplotida Uronychiidae Diophrys scutum Marine Gyeongsangbuk—do,
South Korea
KG2 Euplotida Uronychiidae Diophrys scutum Marine Gangguhang Port,
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SG

S]
INHC065
KS008

KS011

KS082

KS044
WS038

WS039
KS113

INHC166
WS043
KS006
KS012

KS074
KS106
KS107
KS109

WS052

KS056

INHC095

INHC135

INHC159

INHCO006

INHC141

KS216
INHC107

INHC118

INHCO079

INHC098

INHC096

INHC002
INHCO062

INHC136

INHCO018

INHC146

INHC145

Euplotida
Euplotida
Euplotida
Euplotida

Euplotida

Euplotida

Euplotida
Euplotida

Euplotida
Euplotida

Euplotida
Euplotida
Euplotida
Euplotida

Euplotida
Euplotida
Euplotida
Euplotida

Euplotida

Euplotida

Sporadotrichid
a
Stichotrichida

Stichotrichida
Stichotrichida

Urostylida

Euplotida
Urostylida

Urostylida
Urostylida

Sporadotrichid
a
Sporadotrichid
a

Urostylida
Urostylida

Urostylida
Urostylida
Urostylida

Stichotrichida

Uronychiidae
Uronychiidae
Euplotidae
Euplotidae

Euplotidae

Euplotidae

Euplotidae

Euplotidae

Euplotidae

Euplotidae
Euplotidae
Euplotidae
Euplotidae
Euplotidae

Euplotidae
Euplotidae
Euplotidae
Euplotidae

Euplotidae

Euplotidae

Gonostomatidae

Amphisiellidae

Amphisiellidae

Amphisiellidae

Urostylidae
Kiitrichidae
Urostylidae

Urostylidae

Urostylidae

Neokeronopsidae

Oxytrichidae

Pseudoamphisiellidae
Pseudokeronopsidae

Pseudokeronopsidae

Pseudokeronopsidae

Pseudokeronopsidae

Kahliellidae

Diophrys scutum
Diophrys scutum
Euplotes antarcticus
Euplotes cristatus

Euplotes minuta

Euplotes minuta

Euplotes minuta

Euplotes minuta

Euplotes minuta

Euplotes sp. 1
Euplotes sp. 2
Euplotes sp. 3
Euplotes vannus
Euplotes vannus

Euplotes vannus
Euplotes vannus
Euplotes vannus
Euplotes vannus

Euplotes vannus
Euplotes woodruffi

Gonostomum Sp.

Hemiamphisiella terricola terricola

Hemiamphisiella terricola terricola
Hemigastrostyla enigmatica

Holostichides sp.

Kiitricha marina

Metabakuella sp.

Metaurostylopsis cheni
Metaurostylopsis struederkypkeae

Neokeronopsis asiatica

Oxytricha setigera

Pseudoamphisiella alveolata
Pseudokeronopsis carnea

Pseudokeronopsis carnea
Pseudokeronopsis flava
Pseudokeronopsis rubra

Pseudouroleptus jejuensis
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Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Brackish water

Brackish water

Marine

Marine

Marine

Marine
Marine
Marine
Marine

Marine

Brackish water

Soil

Soil

Soil

Marine

Soil

Marine

Fresh water

Marine

Brackish water

Fresh water

Soil
Marine
Marine

Marine

Marine

Marine

Soil

Gyeongsangbuk-do,
South Korea
Seogwipo-si, Jeju—do
Island, South Korea
Sinjin—-do Island,
Chungchongnam-do,
South Korea

King George
Island, Antarctic
Incheon, South Korea
Seongsan—eup,
Seogwipo-si, Jeju-do
Island, South Korea
Ganwoldo,
Chungcheongnam-do,
South Korea

Busan, South Korea

Laguna Beach,
California, USA

Laguna Beach,
California, USA
Incheon, South Korea
Songjiho Lagoon,
Gangwon-do, South
Korea

Newport beach,
California , USA

Incheon, South Korea
Seongsan-eup,
Seogwipo-si, Jeju—do
Island, South Korea
Incheon, South Korea
Incheon, South Korea
Incheon, South Korea
Incheon, South Korea

East River, New
York, USA

Songjiho Lagoon,
Gangwon-do, South
Korea

King George
Island, Antarctic
Soya-do Island,
Incheon, South Korea
Samjeong i,
Jeollanam-do, South
Korea

Dongmak Beach,
Gangwha—-do Island,
South Korea

Songjiho Lagoon,
Gangwon-do, South
Korea

Incheon, South Korea

King George
Island, Antarctic

Mokpo, Jeollanam-do,
South Korea

Yeongnangho
Lagoon,
Gangwon-do, South
Korea

King George
Island, Antarctic
King George
Island, Antarctic
Incheon, South Korea
Incheon, South Korea
Gwangyang,
Jeollanam-do, South
Korea

Pohang-si,
Gyeongsangnam-do,
South Korea
Hwajinpo,
Gangwon-do, South
Korea
Cheongsugotjawal,
Jeju—do Island, South
Korea



INHC167

INHC144

INHC168

INHC124
INHC172

INHCO037

INHC169
INHCO019
KS196

INHC105

Urostylida

Urostylida

Urostylida

Sporadotrichida

Sporadotrichida
Urostylida

Tintinnida
Urostylida
Euplotida

Euplotida

Pseudourostylidae

Pseudourostylidae

Pseudourostylidae

Oxytrichidae
Oxytrichidae

Pseudokeronopsidae

Codonellidae
Urostylidae
Uronychiidae

Uronychiidae

Pseudourostyla cristata

Pseudourostyla cristatoides

Pseudourostyla cristatoides

Rubrioxytricha sp.

Sterkiella histriomuscorum
Thigmokeronopsis sp.

Tintinnopsis cf. cylindrica
Uroleptopsis citrina
Uronychia binucleata

Uronychia setigera

Soil

Brackish water

Brackish water

Fresh water

Brackish water

Marine

Marine
Marine
Marine

Brackish
water

Hanon Crater,
Jeju—do Island, South
Korea

Hwajinpo,
Gangwon-do, South
Korea

Songjiho Lagoon,
Gangwon-do, South
Korea

Dorimcheon Stream,
Seoul, South Korea

Incheon, South Korea

Gusan Beach,
Gyeongsangbuk-do,
South Korea

Incheon, South Korea
Pohang, South Korea
Incheon, South Korea

King George
Island, Antarctic
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Species Isolate Sampling data Measurements SSU‘ rDNA -ITS COI gene (478
Date Latitude/longitude Eili(;?r?:t . ;)ral Length iS I% AO &54’5 LbS)U bp)

P. jorgenseni Ara0l 7/24/2012 N54°19'59.4"/E173°39'58.8”" (Bering Sea) 43.1 96.7 Ji-1 J11-1
P. jorgenseni Ara02 7/24/2012 N54°19'59.4"/E173°39'58.8”" (Bering Sea) 48.0 106.3 J1-2 J11-2
P. jorgenseni Ara03 7/24/2012 N54°19'59.4"/E173°39'58.8”" (Bering Sea) 46.2 105.7 J1-3 J11-3
P. subrotundata Ara04 7/26/2012 N58°45'10.2"/W178°29'41.4" (Bering Sea) 60.6 250.8 J4-1 J5-1
P. subrotundata Ara05 7/26/2012 N58°45'10.2"/W178°29'41.4" (Bering Sea) 62.6 163.2 J4-2 J5-2
P. subrotundata Ara06 7/26/2012 N58°45'10.2"/W178°29'41.4" (Bering Sea) 63.4 186.8 J4-3 J5-3
P. subrotundata Ara07 7/26/2012 N58°45'10.2"/W178°29'41.4" (Bering Sea) 574 202.8 J4-4 J5-4
P. gigantea Ara08 7/27/2012 N62°30'35.4"/W173°59'54.0" (Bering Sea) 67.0 515.6 J7-1 J8-6
P. gigantea Arc01 7/23/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 59.0 399.8 M33-1 M34-1
P. gigantea Arc02 7/23/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 60.1 390.5 M33-2 M34-2
P. gigantea Arc03 7/23/2017 N78°55'42.5"/E11°56'18.5” (Greenland Sea) 62.9 415.0 M33-3 M35-1
P. gigantea Arc04 7/23/2017 N78°55'42.5"/E11°5618.5" (Greenland Sea) 60.6 426.8 M33-4 M34-4
P. gigantea Arc05 7/23/2017 N78°55'42.5"/E11°56'18.5” (Greenland Sea) 61.6 366.0 M33-5 M36-1
P. gigantea Arc06 7/23/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 58.7 511.1 M37-6 M36-2
P. gigantea Arc07 7/23/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 49.3 360.4 M33-6 M35-4
P. gigantea Arc08 7/23/2017 N78°55'42.5"/E11°56"18.5” (Greenland Sea) 545 4524 M33-8 M34-9
P. gigantea Arc09 7/23/2017 N78°55"42.5"/E11°56"18.5” (Greenland Sea) 58.2 419.1 M33-9 M34-10
P. gigantea Arcl0 7/23/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 52.1 277.9 M33-10 M34-11
P. greenlandica Arcll 7/14/2017 N78°55'40.9"/E11°56'11.8" (Greenland Sea) 34.8 86.4 M33-11 M42-2
P. greenlandica Arcl2 7/14/2017 N78°55'40.9"/E11°56'11.8" (Greenland Sea) 33.2 784 M33-12 M41-2
P. gigantea Kor01 5/23/2016 N37°46"18.4"/E128°57'5.6" (East/Japan Sea) 57.8 285.3 M22-2 M15-2
P. gigantea Kor03 3/11/2016 N37°52'1.0"/E128°50'54.4" (East/Japan Sea) 60.9 378.9 G1-18 G3-5
P. gigantea Kor04 3/3/2016 N38°9'18.1"/E128°36'34.1" (East/Japan Sea) 61.6 376.1 G1-13 G3-4
P. gigantea Kor05 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 59.6 269.0 G2-2 G3-6
P. gigantea Kor06 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 60.8 434.2 G1-3 G3-1
P. gigantea Kor07 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 62.6 416.9 G1-5 G3-2
P. gigantea Kor08 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 61.7 375.6 G2-4 G3-7
P. gigantea Kor09 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 61.0 3484 G1-7 G3-3
P. gigantea Korl0 3/11/2016 N37°46'18.4"/E128°57'5.6" (East/Japan Sea) 60.8 312.0 G2-6 G4-1
P. gigantea Korll 3/11/2016 N37°46"18.4"/E128°57'5.6" (East/Japan Sea) 59.7 2955 G2-7 G3-9
T, parvula KJH5-1 7/30/2017 N78°55'42.5"/E11°56"18.5” (Greenland Sea) 259 53.7 KJH9-1
T. baltica KJH5-2 7/30/2017 N78°55'42.5"/E11°56"18.5” (Greenland Sea) 40.8 68.1 KJH8-2 KJH9-2
A. norvegica KJH6-1 7/30/2017 N78°55'42.5"/E11°56"18.5" (Greenland Sea) 254 36.2 KJH8-3 KJH9-3
L. bottnicus KJH6-2 7/30/2017 N78°55'42.5"/E11°56"18.5" (Greenland Sea) 38.0 2151 KJH9-4
T. parvula KJHI1-1 7/16/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 215 53.2
T, acuminata KJH11-2 7/16/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 24.8 52.2
T. karajacensis KJH11-3 7/16/2017 N78°55'42.5"/E11°56"18.5” (Greenland Sea) 67.4 384
L. pellucidus KJH11-4 7/15/2017 N78°55'42.5"/E11°56'18.5" (Greenland Sea) 39.0 167.9
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T. major

P. parumdentata
A. norvegica

T beroidea

C. antarctica

C. antarctica
Cymatocylis sp.
Cymatocylis sp.

KJHI1-5
KJHI1-6
KJHI1-7
KJHI1-8
M49-1
M49-2
M49-3
M50-1

7/15/2017
7/14/2017
7/20/2017
7/23/2017
1/12/2017
1/12/2017
1/12/2017
1/10/2017

N78°55'42.5"/E11°56'18.5"
N78°55'40.9"/E11°56'11.8"
N78°55'40.9"/E11°56'11.8"
N78°55'40.9"/E11°56'11.8"
S62°12'58.4"/W58°47'57.2"
S62°12'58.4"/W58°47'57.2"
S62°12'58.4"/W58°47'57.2"
S62°13'19.2"/W58°47'14.7"

(Greenland Sea)
(Greenland Sea)
(Greenland Sea)
(Greenland Sea)
(Antarctic Sea)
(Antarctic Sea)
(Antarctic Sea)
(Antarctic Sea)

29.6
63.6
255
39.0
36.8
41.0
91.0
94.6

385
934
442
61.6
78.6 M58-1
779 M52-5 M58-2
143.1 Mb53-3
130.5 Mb54-3
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Arctic

Acanthostomella norvegica ' I

50um Tintinnopsis parvula

Tintinnopsis major  Tintinnopsis acuminata

Tintinnopsis karajacensis

Tintinnopsis baltica  Tintinnopsis beroidea

Antarctic

Codonellopsis antarctica unidentified tintinnid

Cymatocylis sp.
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10 samples

1 sample

Haplotype
@® Par01
@® Par02
@ Par03
@® Par04

| @ Par05

@® Par06

© Par07

@® Par08

& 5. Parafavella N8 RAX]. TFAZ]1R] A9, Za Hotwp
ofgtes 2 HE Alg SH,

Arci1 Arc12

Ara01 Ara02 Ara03 P drsanianEiE

P. jorgenseni

Ara05 '

Ara08

Ara07

Ara04

P. subrotundata

Kor06

Kor07 ~ Kor08  Kor08

Kor01 . Kor03 Kor04 orOS

200 ym

P. gigantea

% 6. Parafavella B2 AMX.
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ARAOB St 1A

ARAOB St3A

ARAO08 St 8B

P. denticulata

ARAQ8 Station 21B

P. elegans
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Abstract

Pleurotricha oligocirrata nov. spec. was discovered in samples collected from a freshwater wetland in Korea and is described
here based on its morphology, morphogenesis, and the nucleotide sequence of its nuclear small subunit ribosomal rRNA (SSU
rRNA) gene. In its genus, P. oligocirrata is the only species that possesses one right marginal cirral row. The morphology of
P. oligocirrata is as follows: body size 98—148 x 47-72 pm in protargol preparations, colourless and rigid body: contractile
vacuole anterior of mid-body near left margin: cortical granules lacking: two macronuclear nodules with two micronuclei:
undulating membranes in Oxyiricha pattern; 50-62 adoral membranelles, 23-27 frontal-ventral-transverse cirri, one left and
one right marginal cirral row: six or seven dorsal kineties, including dorsomarginal rows, with three caudal cirri. The genetic
distances between P. eligocirrata and its congeners P. curdsi and P. lanceolata were 0.257%—0.386% (4-6 nt difference) and

0.064% (1 nt difference), respectively.
© 2017 Elsevier GmbH. All rights reserved.

Keywords: Ciliate; Korea: New species; SSU rRNA gene

Introduction

The genus Pleurotricha Stein, 1839 belongs to the Sty-
lonychinae Berger and Foissner, 1997 and comprises three
species: P. curdsi (Shi et al., 2002) Gupta et al.. 2003; P.
grandis Stein, 1859; and P. lanceolata (Ehrenberg, 1835)
Stein, 1859 (type species) (Berger 1999; Gupta et al. 2003;
Lu et al. 2015). According to Berger (1999), Pleurotricha
species lack caudal cirri; however, Gupta et al. (2003) and
Berger (personal communication in Gupta et al. 2003) have

*Cormesponding author.
E-mail address: jhjung@gwnu_ac kr (J.-H. Jung).
! These authors equally contributed to this work.

hitp:/fdx.doi.org/10.1016/.2jop.2017.04.005
0932-4739/© 2017 Elsevier GmbH. All rights reserved.

subsequently noted the occurrence of caudal cirri in P. curdsi
and P. lanceolata, respectively.

Within the genus Plewrotricha, P. curdsi has been well
characterized, based on modern techniques (i.e., silver stain-
ing, morphogenesis, DNA sequencing; Gupta et al. 2003: Lu
etal. 2015; Xu et al. 2015), and rDNA sequences of F. lance-
olata are also available in GenBank. In addition, the genus
has also been reported as monophyletic (Lu et al. 2015; Xu
et al. 2015).

During an investigation of ciliate diversity in Korea, we
discovered a new species in Pleurotricha. It was identified
based on live observations, protargol preparations, and scan-
ning electron microscopy. In addition, the rDNA sequence of
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ral rows, and number of FVT cirri (17-21 vs. 23-27; Berger
1999: Gupta et al. 2003).

As depicted by the phylogenetic tree (Fig. 6), the genetic
distance between Pleurotricha species precludes discrimi-
nation based on SSU rDNA, even though the species can
be easily distinguished by conspicuous diagnostic charac-
ters, such as the number of right marginal cirral rows in P.
oligocirrata. Therefore, genetic markers that provide higher
resolution are necessary for applications that do not involve
morphological analysis (e.g.. high-throughput sequencing).

Improved diagnosis of Pleurotricha Stein, 1859

Stylonychinae with undulating membranes in Oxytricha
pattern. Usually six cirral anlagen developed during morpho-
genesis; 18 or more FVT cirri. One or more right and one or
more left marginal cirral rows. Dorsal kinety 3 fragmented:
caudal cirri present. Dorsomarginal kineties present.
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Cytological staining of protozoa: a case study on the impregnation of hypotrichs
(Ciliophora: spirotrichea) using laboratory-synthesized protargol
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ABSTRACT

Protargol (silver proteinate) impregnation is a common method used to identify and characterize
ciliated protozoa. Unfortunately, chemical companies have stopped producing the 'strong’
protargol powder used in this method. Based on an in-house protocol for its synthesis published
in 2013, more than 10 batches of protargol powder were produced and subsequently applied in
taxonomic studies. During these studies, the protocol for protargol powder synthesis was slightly
modified and employed a peptone not originally listed in the 2013 protocol. This medification
improved the results of the impregnation protocol. Protargol preparations of hypotrichs were
optimized by adjusting the pH during staining rather than during the synthesis. The pH was
adjusted to 7.5-7.6, and an acetone developer was used. While the conditions used in this study
are not completely comparable to those using the commercially produced protargol, access to
this information could help researchers investigate the diversity of ciliates, particularly hypotrichs.
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Introduction

Taxonomical and ecological studies on ciliated protozoa
have been performed using a number of methods,
including live observation, silver carbonate impreg-
nation, scanning electron microscopy, and supravital
staining, protargol, and dry and wet silver nitrate impreg-
nation. These techniques have been modified and
improved in several studies (Chatton and Lwoff 1930,
1936; Tuffrau 1964, 1967; Wilbert 1975, 1976; Feman-
dez-Galiano 1976; Foissner 1976, 1991, 2014; Dieckmann
1995; Silva-Neto 2000; Ma et al. 2003; Vdacny and Foiss-
ner 2012). Among these methods, protargol impreg-
nation is a key approach used to identify and describe
ciliate species (Corliss 1979; Lynn 2008; Foissner 2014).
Unfortunately, ‘strong’ silver proteinate, which is an
effective staining tool, is no longer commercially avail-
able (Pan et al. 2013). Therefore, ciliate taxonomists
and ecologists may have to synthesize the protargol
themselves (Pan et al. 2013).

Pan et al. (2013) published a protocol for synthesizing
protargol that could be subsequently used to study
ciliate diversity. To the best of our knowledge, this is
the most recent publication aiding optimization and
standardization of this technique. Based on this protocol,
our group synthesized protargol more than 10 times. In

their protocol, Pan et al. (2013) assessed five peptones
for protargol synthesis; however, we were unable to
locate an official supplier for some of these in Korea. Of
the available peptones, three were tested: oxoid tryp-
tone (Fisher Scientific), peptone (Beijing Aoboxing), and
peptone from gelatin (Sigma-Aldrich). However, use of
protargol synthesized with these peptones resulted in
insufficient impregnation of ciliatures and the nuclear
apparatus, compared with the commercial protargol,
when an ordinary developer was used in the process of
‘Procedure A’ (Foissner 2014). Importantly, estimation
of stained specimen quality is subjective and is some-
what user-dependent and depends on the taxon being
studied. While we have previously described characteriz-
ing hypotrichs using laboratory-synthesized protargol
(Jung et al. 2015, 2016; Kim and Jung 2016; Park et al.
2017a, 2017h), we have continued to optimize this
process. As mentioned by Pan et al. (2013), an optimal
peptone for protargol synthesis is still awaiting our dis-
covery. To determine the optimal conditions for studying
hypotrichs, the protocol used to synthesize protargol
was modified slightly and tested with another peptone
not listed by Pan et al. (2013).

In this article, we briefly report modifications to opti-
mize preparations of hypotrichous ciliates. Pleurotricha
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find more optimal laboratory-synthesized protargol and
an optimal condition for the Quantitative Protargol Stain-
ing (QPS; Montagnes and Lynn 1987). In particular, no
tests for the QPS using the laboratory-synthesized pro-
targol have yet been attempted.

Conclusion

This study was performed to optimize the preparation of
high-quality hypotrich specimens using laboratory-syn-
thesized protargol. Based on our case study, protargol
synthesis was modified as follows: (1) protargol powder
was created without adjusting the pH during synthesis,
(2) the pH of the protargol solution was adjusted to a
pH of 7.5-7.6 during staining, (3) the acetone developer
was more effective, and (4) a previously untried peptone
derived from peas was used successfully for protargol
synthesis. While the conditions used in this study to syn-
thesize protargol are not completely comparable to com-
mercial protargol, this information could help
taxonomists/ecologists investigate the diversity of cili-
ates, particularly in hypotrichs. In addition, we rec-
ommend testing the pH levels to find the optimal
condition for each batch of the laboratory-synthesized
protargol.
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Morphology and Molecular Phylogeny of Pseudocyrtohymenides lacunae
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Abstract. We collected an 18-cimi oxytrichid ciliate from the brackish lagoon Songjiho. South Korea, i March 2012, Based on analyses of
morphological and molecular attributes. we conclude that 1t 15 new genus and species. Psendocyriolyvmenides lacimae nov. gen. . nov. spec.
has similar morphological attributes to the genus Pseudocyrioliymena. however. the former species lacks caudal cirmn. The sequence sinular-
ity of the nuclear small subunit nbosomal RINA (S5U tRNA) gene was 99.4% (10 ot difference) between Pseudocyrtoliymenides lacunae

and Pseudocyriehymena koreana (type species).

Key words: New genus_ new species. Korea, 55U rRINA gene. protargol impregnation. Sporadotrichida

INTRODUCTION

Oxytrichids with 18 frontal-ventral-transverse
(FVT) cirri are a diverse group of ciliates (Berger
1999). The type genus Oxyfricha Bory de Saint-Vincent
in Lamouroux ef al.. 1824 has the following morpho-
logical diagnosis; usually 18 FVT cirri: one left and one
right marginal cirral row: dorsal Kinety 3 fragmented
(Oxyiricha pattern) or non-fragmented (Urosomoida
pattern): caudal cirri present: and undulating mem-
branes in Oxyfricha pattern (Berger 1999). Although

Address for corvespondence: G1-Sik Min. Department of Biological
Sciences, Inha University, Incheon 402-751. South Korea: Tel: +82-
32-860-7692: Fax: +82-32-874-6737: Cell Phone: +82-10-6219-
0752: Email: mingisik@inha ac kr

they have limited variafion in fraits such as 18 FVT
cirri. new taxa are constantly being discovered. even at
the genus level (Kumar ef al. 2015, Foissner 2016, Jung
ef al. 2016a). In the Oxytrichidas Ehrenberg. 1838, it
is generally found that combinations of morphological
attributes (see above) define new genera. rather than
single characteristics (e.g.. Aponotohymena Foissner.
2016, Archifricha Gupta ef al.. 2006. Monomicrocar-
von Foissner, 2016, Pseudocyrfohymena Tung et al..
2015. Quadristicha Foissner, 2016).

Of the recently established genera in Oxytrichidae.
our new species has similar morphological attributes
to the genus Pseudocyriohvmena that consists of the
sole species P koreana (monotypy) and mainly differs
from the genus Oxyiricha by its undulating membranes
(Cyrtohymena pattern vs. Oxyiricha pattern) (Jung ef
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Pseudocyrtohvmenides lacunae nov. gen., nov. spec. 15
B”ML 12 3458
S nessir— Ausiralocirrus shil JQ513386 FAusPPP
0 '3-5-‘Jﬂrﬁleakemnapsis asiafica KM0G1386 SAusPPP
wess| L Apoterrifricha lutea KJ619458 FAusP PP
1 — Body flewibility Neokeronopsis aurea EU124869 SAusP PP
F - fiexinle / R - rigid | & - semirigid  sovioo — NOlohymena apoaustralis KC430934 FNctP PP
g — ) . LAponotohymena australis KP100451 FNatP PP
= q:"‘am SHIOe N Rl anak; Cyrtohymena muscorum KM061384 FCyrPPP
AUS — Australociiis panem iy
Cyt = Cyrfabymens pattém osy | L Cyrtahymena citrina KC182574 FCyrFPF
Gon - Gonostornum patiern 7| — Urosomoida paragiliformis KU5S88404 FOxyAFPP
Nol — Nofohymena pattern w20 . Urosomoida agilis KR063272 FOxyAPP
SRy~ Sk peRe: L Cyriohymena citrina AY408653 FCyrPPP
By o Sty palldch | Urosomoida agilis KJ864926 FOxyAPP
B s Pseudogastrostyla flava KP266627 FOxyAPP
3 - Dorsal kinety fragmentation: oA o e Rubrioxytricha ferruginea AF370027 FOxwPPP
P— presant JA—abgent ] . Rubrioxytricha haematoplasma KJ645977 FAusAPP
% " oo 5 Ponturostyla enigmatica KC896649 FCyrFPA
4 Etmp(:;:.?ﬁ !_“;EZQN g Pseudocyrichiymena koreana KM0G61385 FCyrAPP
237 pseudocyrtohymenides lacunae MF319121 FCyrAPA
5 - Caudal cirri Australocirius ausiralis KP100452 FAusPPF
Fpramunt/ b= akeant Oxytricha zcidotolerans FN429123 FOxyPPP
—=Oxylricha lrifallax AF164121 F?OxyPPP
1.00'95 Faitersonialla vitiphila JX885704 ROxyPFP
0am. 07567 1300~ Plevrotricha curdsi KP262049 ROxyPFP
comeal | L Pleurotricha lanceclata F 748886 R Oxy PP A
Rigidohymena candens KC414885 RCyrPPP
- 0B3- Parasterkiella thompsoni HIM568264 SOxyAPP
= Stylonychia mytilus AF508774 RStyFPP
v suef Hemiurosomoida longa AF164125 FOwxyADPD
1.00100 Hemiurosomoida longa AFS08763
Hemiurosomoida longa JX893371
1 01 Architricha indica KJ000536 FOxyPPP
I: Oxytricha granufifera AFS508762 FOxyPPP
nsasar Paroxytricha longigranulosa AM412766 FOxwyPPP
08380 E Faroxytricha otlowi JQT 23976 FOxyPPP
Oxytricha paragranulifera KJ081200 FSiyPPP
Urosoma karinae sinense KF351418 FGoanAPP
e Urosomoida sefongensis KT723011 FOxyAPP
—;Monomicroearyon elegans AM412767 FOxyP?P?7P
il Urosomoida subtropica KP28D064 FOxyAPP
Hemiurosoma ferricola AY498651 FGonAPP
Urosoma saflmastra KF851419 FGonAP?P
L Heterourosomoids lanceclata AM412773 FOxwAPP
Pssudourostyla cnistatoides JN88T467 Qutgroup

Fig. 3. Phylogenetic tree of SSU rRNA gene sequences, showing the
Maximum Likelihood (ML) and Bavesian Inference (BI). Bootstrap
intentor branch. If the values of the bootstrap and the posterior proba
The scale bar represents one nucleotide substitution per 100 nt.

Ponturostvla enigmatica (Fig. 3). These groups all
have the reduced number of caudal cirri in commeon;
Pseudocyriohymena has 1-3 caudal cirri and Pseudo-
cvriohvmenides lacks the caudal cimri (1 in P flava:
0 or 1 in R. haematoplasma: 1 or 2 in R. ferruginea:
0 in P. enigmatica) (Berger 1999. Song 2001, Fan et al.
2015). Based on the phylogenetic tree (Fig. 3: see the
terms on the upper left). morphological attributes such
as ‘2—undulation membranes’ or ‘3—dorsal kinety frag-
mentation’ did not exclusively separate these genera.
This was expected. as with other oxytrichids. the genus
Pseudocyriohymenides is defined as a combination of
characteristics not individual ones.

position of Pseudocyrtofiymenides lacunae nov. spec. on the basis of
values of ML and posterior probabilities of Bl were denoted on each
bality were less than 50% and 0.30, respectively, they were excluded.

Acknowledgements. This work was supported by grants from the
National Institute of Biological Resources (NIBR). funded by the
Miusiry of Environment (MOE) of the Republic of Korea (NIBR
2013-02-001); the Korea Polar Research Instiute (KOPRL PE
17900); and the National Research Foundation of Korea (NFK)
tunded by the Korea government (MSIP: Ministry of Science. ICT
& Future Planing) (No. NRF — 2017 R1C1B5017183).

REFERENCES

Alfaro M. E.. Zoller 5., Lutzoms F (2003) Bayes or bootstrap?
A smulation study companng the performance of Bayesian
Markov chain Monte Carlo sampling and bootstrapping in as-
sessing phylogenetic confidence. Mo!l. Biol. Evol. 20: 255-266

_38_



o\
Z
=~

Acta Protozool. (2017) 56: 161-169
www.ejournals.ew/Acta-Protozoologica
doi:10.4467/16890027AP.17.014.7495

AGIA
PROTOZOOLOGICA

Taxonomical reinvestigation of the colepid species Pinacocoleps pulcher
(Spiegel, 1926) Foissner ef al., 2008 (Ciliophora: Prorodontida: Colepidae)
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Abstract. Brackish water populations of Pinacocoleps pulcher were collected from a lagoon in Korea. This species has never been de-
scribed using silver impregnation and nuclear small subumt ribosomal RNA (S5U tfRNA) gene. In the present study. we investigated the
morphological and molecular attributes of P. pulcher using standard methods. The morphology was studied based on observations of live
matenials. silver-impregnated preparations. and scanning electron microscopy. The morphological characteristics are as follows: body size
80-90 = 40-50 pm i vive. shape broadly ellipsoidal. body cross-section ellipsoidal. about seven anterior spines and about seven posterior
spnes, approximately 21 somatic ciliary rows. one macronucleus and one micronuclens. and a single caudal ciltaom The 55U tRNA gene
tree supports a sister relationship of P, pulcher to the genus Apocoleps. not P. tesselatus.

Kevwords: ciliate, redescription, taxonomy. SSU tDNA sequences. brackish water. Korea.

INTRODUCTION ard methods (P similis and P. tesselatus). and only one
SSU tRNA gene sequence of P, fesselafus is available
(Chen ef al. 2010: Lu ef al. 2013). Therefore. this smdy
provides the redescription of P. pulcher and the SSU
TRNA gene tree of Colepidae Ehrenberg. 1838 includ-
ing the newly sequenced SSU rRNA gene sequences of

P. pulcher,

Pinacocoleps Diesing. 1865 had long been forgotten
until Foissner ef al. (2008) resurrected it. Diesing (1865)
defined Pinacoceleps as a genus with longitudinal and
transversal grooves on the plates. Foissner ef al. (2008)
refined Pinacocoleps with six tiers and incurvus-type
(currently Pinacocoleps-type) plates. Foissner ef al.
{2008) and Chen ef al. (2010) assigned seven species
to Pinacocoleps (Lu ef al. 2013). Of these, only two
species were described morphologically using stand-

MATERIALS AND METHODS

Sample collection and identification

Address for correspondence: Jae-Ho Jung. Department of Biology.
Gangneung-Wonju National University. Gangneung. South Korea:
Fax: +82-33-640-2867: E-mail: jhjung@gwnu.ac kr

Pinacocoleps pulcher was collected from Songjiho lagoon
m Goseong, Korea in June 2016 (salinity 15%o, 38°20°09.21" N.
128930757 62" E) and September 2017 (salinity 9.6%._38°20°09. 40" N,
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Abstract

In a study to investigate ciliate diversity. we discovered a new soil ciliate. Holostichides terrae nov. spec. was examined
and identified based on observations of living cells and stained specimens. In addition, the nuclear SSU rRNA gene along
with morphology was analyzed to infer its phylogenetic position. The new species closely resembles H. dumonti, but can be
distinguished by the morphology of the pharynx (with rod-shaped structure vs. lacking) and the number of frontoterminal cirri
(invariably two vs. usually more than two). Molecular analyses indicate that the genus Holostichides is not monophyletic, and
H. terrae is closely related with the genera Birojimia and Hemicveliostvla, both of which have a pharynx with rod-shaped

structures. as also seen in H. ferrae.
© 2017 Elsevier GmbH. All rights reserved.

Keywords: Korea: New species; SSU rRNA gene: Terrestrial ciliate

Introduction

The genus Holoestichides Foissner, 1987 occurs in terres-
trial or semi-terrestrial habitats and comprises four species.
including a recent one (Berger 2006; Kim et al. 2017 H.
chardezi Foissner. 1987 (type species); H. dumonti Foissner.
2000; H. heterotypicus Kim et al.. 2017; and H. typicus (Song
and Wilbert, 1988) Eigner, 1994. Based on the midventral
complex comprising midventral pairs and midventral row(s)
as an autapomorphy, Berger (2006) assigned the genus to the
Bakuellidae Jankowski, 1979.

*Corresponding author.
E-mail address: jhjung @ gwnu.ac.kr (J.-H. Jung).

https:fdoi.org/ 10,101 6/.ejop.20017.11.003
0932-473%@ 2017 Elsevier GmbH. All rights reserved.

Recently, Kimetal. (2017) described H. heterotypicus and
provided its SSU rDNA sequence, which is the only genetic
data available from GenBank for this genus. Their gene tree
indicated H. heterotypicus is not a member of Bakuellidae.
but rather clusters with Extraholosticha sylvatica. In addition,
they emphasized that presence of caudal cirri in combination
with absence of transverse cirri might be distinct features of
bakuellids.

During the examination of ciliate diversity in South Korea,
we isolated a Holostichides morphotype from a moss sample
on a mountain, which was identified as a new species based
on morphological and molecular attributes. Herein, we report
its morphology along with SSU rRNA gene tree and discuss
its phylogenetic position with focus on the non-monophyly
of this genus.
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of Pseudourostylidae and Pseudokeronopsidae) rather than
Bakuellidae. Kim et al. (2017) reported this discrepancy
based on the SSU rRNA gene tree of H. heterotypicus and
emphasized the importance of transverse cirri (absent vs.
present) and caudal cirri (present vs. absent) as a feature dis-
tinct from Bakuellidae. Unfortunately. the genetic data for
Paragastrostyla and Australothrix, which have caudal cirri
but lack transverse cirri, such as Holostichides, are not avail-
able.

Pseudourostylidae comprises the following three genera:
Pseudourostyla, Hemicyeliostyla, and Trichototaxis (Berger
2006). Recent studies support that the genus Hemicveliostvla
is distinct from Pseudourostvla. type genus of Pseudourostyl-
idae, and has a sister relationship with Birojimia (Chen et al.
2014: Kimetal. 2016, 2017; Paiva et al. 2012). If the pharynx
with rod-shaped structures can be considered as an autapo-
morphy, a new family could be established for Birejimia.
Hemicveliostyla, and Holostichides terrae. In addition. fur-
ther studies are necessary to show whether or not the pharynx
is an autapomorphy for the following species as well: All
species in Birojimia — B. terricola Berger and Foissner.
1989, B. litoralis Foissner, 2016, B. sovaensis Kim et al..
2016: Pseudobirojimia muscorum (Kahl, 1932) Foissner,
2016; Australothrix alwinae Blatterer and Foissner, 1988,
Australothrix venezuelensis Foissner and Heber in Foiss-
ner, 2016; Pseudourostyla dimorpha Foissner, 2016; of the
species in Hemicyeliostyla, only H. sphagni has the pharynx
because the other congeners were insufficiently described
without protargol impregnation (Berger 2006; Paiva et al.
2012); Acuholosticha notabilis (Foissner, 1982) Li et al..
2017, Acuholosticha silvicola (Foissner 2016) Liet al., 2017,
Acuholosticha halophila (Foissner, 2016) Li et al., 2017 have
the pharynx, but the other congeners have the ordinary struc-
ture, as briefly discussed by Liet al. (2017) the pharynx might
be a key to separation of Acuholosticha Li et al., 2017 at the
genus level: Australian population of Anteholosticha bergeri
sensu Blatterer and Foissner (1988).
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Abstract — We designed a genus-specific primer pair targeting the
mtracellular parasite Euduboscquella. To increase target specificity
and mhibit untargeted PCR. two nucleotides were added at the 3°
end of the reverse primer, one being a complementary nucleotide to
the Enduboscauella-specific SNP (single-nucleotide polymorphism)
and the other a deliberately nusmatched nucleotide. Target specificity
of the primer set was venfied expenmmentally usmng PCR of two
Euduboscquella species (positive controls) and 135 related species
{negative controls composed of cihates, diatoms and dmoflagellates),
and analytical comparison with SILVA 55U rRNA gene database
(release 119)in silico. In addition. we applied the Eudubosecquella-
specific pnmer set to four envronmental samiples previously determned
by cytological staining to be either positive or negative for
Euduboscquella. As expected. only positive controls and environmental
samples known to contamn Fuduboscquelln were successfully
amplified by the primer set. An inferred SSU tRNA gene phyvlogeny
placed environmental samples contamming aloricate ciliates mfected
bv Euduboscquella in a cluster discrete from Euduboscquella
groups a—d previously reported from loricate, tintinmd ciliates.

Keywords — marine parasite. syndinean dinoflagellate, SNP,
target-specific PCR primer. cihates

1. Introduction

Eudubosequella members grow in the intracellular space
of hosts until reaching maturity. after which they emerge
trom the hosts and imdergo consecutive divisions (= sporogenesis).
The oceurrences of Euduboscquella species in ciliate and
dinoflagellate hosts have been reported from coastal waters
of all contiments other than Antarctica and Australia (Akselman
and Santmelli 1989; Cachon 1964: Campbell 1927: Chatton

*Correspondmg author. E-mail: yokim@kiost.ac kr

1952: Coats and Bachvaroff 2013: Harada et al. 2007: Jung
et al. 2016). Of the nine species of Enduboscguella. seven
infect ciliate hosts. with six reported from the hosts of
loricate ciliates (Coxiella. Eutintinnus. Favella. Schmidingerella.
and Tinfinnopsis) and one. Euduboscquella earyvophaga.
from aloricate ciliates (Prorodon and Strombidium) (Coats
and Bachvaroff 2013: Tung et al. 2016) and with two reported
from the hosts of dinoflagellates (Leptodiscus and Noctiluca).

Of the parasites infecting ciliates. Euduboscquella caryophaga
1s difficult to study in vivo, resulting in observations of
parasite development being linuted to mtracellular stages,
with extracellular sporogenesis bemg assumed (Cachon 1964).
Accordingly. Eudubosequella species infecting non-loricate
ciliates are poorly known, with only a single account (Coats et
al. 2014) being published since the original description of E.
carvophaga (Cachon 1964).

Identification of Euduboscquella species 1s very time-
consunung, as it requires knowledge of the parasite’s full
developimg process, With regard to the sporogenesis. no one
has observed the process in E. caryvophaga. even Cachon
(1964) who was the first to publish on 1. Although E.
carvophaga 1s the sole species infecting aloricate ciliates in
its genus. Coats et al. (2014) suggested a high diversity of
Euduboscquella species from these hosts. Furthermore. the
spores of Eudubosequella spp. and other syndinean dmoflagellates
are small. 2-20 pm in length. and have few diagnostic
morphological characters for distmguishing congeners. Early
mnfection stages also have few distinguishing morphological
characters. making it difficult to distinguish between infections
caused by Enduboscquella spp. and Amoebophrya spp.. other
genus of syndinean dinoflagellate. In addition. confusion

&) Springer
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to have an umidentified aloricate ciliate infected by
Euduboscquella sp. yielded two different SSU rRNA gene
sequences (groups fand g). That result raises the possibility
that the unidentified aloricate ciliate may have been infected
by two species of Euduboscquella. as has been shown to
oceur in some tintinnids (Bachvaroff 2012). Alternatively,
either or both of the SSU RNA gene sequences may have
come from protists (e.g.. ciliates or dinoflagellates) other
than the unidentified aloricate ciliate.

The gene sequences presumably obtained from aloricate
ciliates increase our superficial knowledge about the parasite
and support the notion of their diversity as shown by Coats
et al. (2014). The genus-specific marker combined with
cytological staining could help us understand the diversity
and ecological attributes of the parasite.

5. Conclusion

Identification of Endibosequella species is a time-constuiming
process requiring knowledge of the entire developmental
process of the parasite. Furthermore, spores of Euduboscquella
species are very small and have not, as yet. been shown to
exlubit diagnostic morphological features, The development of
a Euduboscquella-specific primer provides a useful tool for
quick detection and assessment of Euduboscquella diversity
using PCR. of environmental gDNA. Use of the primers in
conjunction with PCR of gDNA from individual host specimens
1solated from samples and the V4 region of SSURNA gene
may provide a foundation for distinguishing parasite species
and evaluating host specificity.
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ABSTRACT

Ciliates are a diverse species group of the Protozoa, and nuclear and mitochondrial genes have been
utilized to discover new species and discriminate closely related species. The mitochondrial cytochrome
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¢ oxidase subunit 1 (COT) gene has been used to discriminate metazoan species and has also been

applied for some groups in the phylum Ciliophora. However, it is difficult to produce a universal primer as
a standard barcode, because unlike metazoans, mitochondrial DNA sequences of ciliates are long and
highly variable. Therefore, to design the new primer set, we sequenced the mitochondrial genomes of
two pseudokeronopsids in the class Spirotrichea using next-generation sequencing technology (HiSeq™

KEYWORDS

Ciliophora; CO1; cryptic
species; molecular species
identification; SSU

2000). Based on putative CO1 gene fragments of the pseudokeronopsids, we designed the new primer
set and successfully sequenced the COT of 69 populations representing 47 species (five orders, 14 families,
and 27 genera). We found that COT showed higher resolution for separating congeneric species than did
nuclear SSU rRNA gene sequences, and we identified some putative cryptic species.

Introduction

Ciliates are found in a wide variety of habitats; recent studies
related to taxonomy and molecular phylogeny support their
huge diversity, and species richness is considered to include
greater than tens of thousands (Foissner et al. 2008). To iden-
tify these diverse ciliate species, an accurate species identifica-
tion method is required. Ciliates are usually identified based on
data obtained from living cells, stained specimens, and nuclear
small subunit ribosomal RNA (55U rBNA) gene sequences.
However, identifying ciliate species using morphological attrib-
utes is restricted to a few taxonomic specialists. Due to the
huge diversity and sometimes low resolution of S5U for dis-
criminating congeneric species, a new genetic marker is in
demand. For example, some taxa show greater than 99.0% in
SSU  similarity between congeners (e.g. Pseudokeronopsis,
Pseudouroleptus, and Pseudourostyla; Yi et al. 2008; Jung et al.
2012, 2014). In addition, Lynn and Strider-Kypke (2006)
reported that some species of Tetrahymena have identical 55U
sequences between congeners. A similar problem has also
been reported for other unicellular eukaryotes, such as dinofla-
gellates (Logares et al. 2007). The mitochondrial cytochrome ¢
oxidase subunit 1 (CO7) gene has also been applied to
Ciliophora, which showed high resolution for dosely related
species and identified cryptic species among some morpho-
species (Strider-Kypke and Lynn 2010).

COT is a standardized gene marker used to identify diverse
eukaryotic species, particularly among metazoans, because

this gene has a distinct ‘barcode gap’' between maximum
intra-specific and minimum inter-specific divergences (Blaxter
2003; Lefebure et al. 2006). In ciliates, Barth et al. (2006) were
the first to use a COT of the genus Paramecium. To date,
more than 10 barcoding studies have been published, and
their results have proven the suitability of the CO7 as a
marker to identify ciliate species (Barth et al. 2006; Lynn and
Struder-Kypke 2006; Chantangsi and Lynn 2008; Gentekaki
and Lynn 2009; Jung et al. 2011; Kher et al. 2011; Tarcz et al.
2012, 2013, 2014; Zhao et al. 2013; Song et al. 2014; Zhao
et al. 2016). However, the lack of universal primer sets cover-
ing all ciliate groups has restricted the uncovering of ciliate
diversity and the presence of heteroplasmy reported by Zhao
et al. (2013) has led to difficulty interpreting the results.
Furthermore, some ciliates inhabit anoxic ecosystems, which
means there is a lack of functional mitochondria (e.g. COT).
Due to these problems, CO7 is considered an inappropriate
barcoding region according to the Consortium for the
Barcode of Life's criteria (Stoeck et al. 2014). Nevertheless,
CO71 provides valuable resolution for identifying populations,
species, and cayptic species with an intact CO7 because it
exhibits greater nucleotide variation than the nuclear riboso-
mal genes (e.g. 55U and LSU; Zhao et al. 2016). Therefore,
Gao et al. (2017) suggested that the CO1 barcode can be par-
tially applied to the specific taxa of ciliates.

The class Spirotrichea is a species-rich group of the
phylum Ciliophora, with a wide distribution in freshwater,
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Figure 4. Sequence distances in 55U and COT genes. Four genera including Diophrys, Euplotes, Pseudokeronopsis, and Pseudourostyla (excluding Caudiholosticha
becuse it contains only one species) were analysed for intra- and inter-specific divergence within each genus (left). The box plot (right) shows whole pairwise values

for the 70 populations.

Table 2. Characteristic substitutions in CO7 of eight species.

Species dN/ds No. of sequences/populations
Caudiholosticha sylvatica 2/55 2

Diophrys oligothrix 072 3

Diophrys scutum? 0/113 (12/442) 6 (7)

Euplotes vannus 0/642 7

Euplates minuta 0/100 5
Hemiamphisiella terricola temicola 03 2
Pseudokeronopsis camea 0/ 2
Pseudourostyla cristatoides 01 2

dN: the number of nonsynonymous substitutions; dS: the number of synonym-
ous substitutions.

“Substitutions induding population INHCO52 (likely a aryptic species) are repre-
sented in parenthesis.

Nucleotide substitutions in the CO1 gene within a
single species

We calculated intra-specific nucleotide substitutions of eight
species including three putative cryptic species/populations
(i.e. C. sylvatica, D. scutum, and E. vannus; Table 2). Of the three
species, we assumed the cryptic species C. sylvatica and D. scu-
tum showed greater intra-specific divergences than other spe-
cies, and nonsynonymous substitutions were detected.
Caudiholosticha sylvatica showed an intra-specific divergence of
14.8% in CO1. Of the seven populations of D. scutum, the popu-
lation INHCO52 showed higher intra-specific divergences of
13.5-14.5% compared to the other populations. On the other
hand, although we believe E. vannus might include a sibling
species, populations of E. vannus, including the putative cryptic
species, only showed synonymous substitutions in COT (642
synonymous substitutions among seven populations, Table 2).
Different results than expected in the population of E. vannus

can be considered in the exploratory stage of CO7 barcoding
and the use of a limited population (Gao et al. 2017).
Nevertheless, the usefulness of COT in the discovery of cryptic
speciesis clear.

Conclusions

We designed a new primer set targeting spirotrichean ciliates,
which is a species-rich group of Ciliophora (Protozoa). The
CO1 sequences of the 69 ciliate populations (47 species) were
successfully sequenced and three putative cryptic species,
which are hardly detectable in morphological and 55U analy-
ses, were identified. Among the 47 species, the COT sequen-
of the cosmopolitan or common genera (e
Anteholosticha, Aspidisca, Diophrys, Euplotes, Pseudokeronopsis,
and Tintinnopsis) were successfully sequenced and we expect
that COT will aid the characterization of biogeographical dis-
tribution patterns and the identification of cryptic species.
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PCR: Ciliates

No. | Sample Primer
1| JHI-28-1 Holostichides dumonti New Euk A/LSU rev 4
2 | THI-2B-2  Holostichides dumonti New Euk A /LSU rev 4
3 | JHI-28-3 Holostichides dumonti New Euk A /LSU rev 4
4 | JHI-28-4  Holostichides dumonti New Euk A/LSU rev 4
5| DW New Euk A /LSU rev 4

Takara EX Taq

10X PCR bf 17.5
dNTP 14
Taq 1 94°C 1" 307
DNA 3 98°C 107
Pomer (20 pmol/ul) 25+25 38 5°C 30 X 40
DW 1325 72°0 3
Total (each 35 pl) 175 720 I
4°C &
o U elus 9uA 3RS s 4Y 27,
No. Sample primer
1 h-49-1 (EtOh fixed celly 20170112 Or2(St20t CiCO1_FvZ/ CiCO1_Rwv2
2 M-49-7 (EtOh fixed celly 20170112 Or2(St20t CiCO1_FvZ/ CiCO1_Rwv2
3 Dw CiCO1_Fv2/ CiCO1_Rw2
10X PCR bf 10.5 94°C " 30"
dNTP 8.4 98°C 10"
Tag 0.6 55°C 30"
DNA 3 T72°C 1
Primer(20 pmol/ul) 1.5+1.5 72°C 7
Dw 79.5 4°C
Total (each 35ul) 105 40 cycle
vlEEEeo} COI 94 5% Ay 271,
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