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AZE ) 3 sterol IFESL RE A RA HAESEHUTH FE3 AL brassicasterol 52} cholesterol
FTETF =2 FY AEBAE Ho|u, chlorophyll aft= ABBAE HolRA| gethe Holtt o|=e 2aE
o2 o, & A 3ol A] brassicasterolZ A EEFIE 7| QBT of2} FE EFAEL Z2 HE 7Y
of o]t F3kS kS A o 2 W eIt} 3HH dinosterol} HBI triene %= chl. al} brassicasterol =9} At
TAE HolA| goron, o= 0|59 71Y B3 AEZHAE oYY o g, thdet 7199 FFE WS
Q22 XA gtth A2 o7 B & A= brassicasterol, dinosterol, E= HBI trieneZ PIP,s Q1€ 2 0f A&
EFIE AXNAZA AT A AR O AFE BY & I35 AR oebA 2 dts AE=3
| o) A 9] PIPys QIE| 2 AMET} B S) o] 5 BAE9| sfY AEEFAE AXNARA Y 9TE & © B}
Al drslop g oS Hof ot
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ABSTRACT: In this study we collected suspended particulate matter (SPM) along a transect from the East Sea
to the Bering Sea from 18 to 28 July in 2015. We then analyzed the samples for the Arctic sea ice proxy IP»s together
with various phytoplankton-derived lipids including a tri-unsaturated highly branched isoprenoid (HBI triene)
and two sterols (brassicasterol and dinosterol) to assess the suitability of these compounds for the so-called PIPs
index in the western Arctic region as a proxy for sea ice change in the past. The distributions of some other commonly
reported sterols (cholesterol and 24-methylene-cholesterol) were also investigated. IP»s could not be detected in
any of the samples analyzed, consistent with the nature of the sampling location and season, while the HBI triene
was only detected at five sampling sites in the Northwest Pacific and the Bering Sea. In contrast, each of the sterols
were detected at each sampling site. Interestingly, brassicasterol concentration showed a strong, positive
relationship with cholesterol concentration, but no relationship with chlorophyll @, suggesting that the former might
have been associated with not only marine phytoplankton but other sources in the study area, such as zooplankton.

' Corresponding author: +82-32-760-5377, E-mail: jhkim123 @kopri.re.kr
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Dinosterol and HBI triene concentrations also showed no clear relationship with chl. a or brassicasterol
concentrations, indicating likely different and diverse sources of these lipids in addition to marine phytoplankton.
Our study suggests that the use of brassicasterol, dinosterol, or HBI triene, as strict phytoplankton markers for
use with the PIP»s index, might result in misleading outcomes. Hence, it is clear that more work is needed to better
constrain the use of these lipids as ice-free, open ocean biomarkers when using the PIP,s index in the western Arctic

region.

Key words: ice proxy, biomarkers, highly branched isoprenoid, brassicasterol, dinosterol
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713 Al Aglof| A s B EANE WA Y ),
S 7] Abol o] B\ nigt, T2 ar S gk Al
Aqlol Qe vjAo2M A A TA 715 ek
Aok 2a3 4 240|tHIPCC, 2013). 1978
W3E 05T 914 55 vo|2z 9ol 2 Ao o}
20 23 s Welt AHHeE e A
Holx Qlth(e.g., Parkinson ef al., 1999; Comiso et
al,, 2008). Sxak olef3t s Mste] P 7|5 e of
40 o]l Este], 717 AHA A 7|5 H3to] whE s
W W3 B BVl waba] S s #ske]
e S ofsfistar s o) 4 YRS 78S HsiAl
=< 810 3A Y 59 71 50] ZasirHe.g., de
Vernal et al., 2013). SA] sl A B-AE 27)719]
3 71552 AA AHHIL Q= 715 skt of
Yzt o] 7]5 W3} oS0 ARREE 7|15 2d
E9 AZE =017] Y AR Z o] 8-E]7| i
-9 F 23t M4 Qo)

A S HIE BHste AFAA IHE T
shube B A E Woll A8k s 22t riAlzR
e dnHos wEste F2 $4se U
tHe.g., Gersonde and Zielinski, 2000). 3% ZF+=
Wo] £l FiollA] Aalo] BEEATE ol
A4 HAY, 50 HAEA Y] & 9 £4 1}
8= B0l siAl ol EFE. o]2gt B w7 elA] 3
W 277 248 3o r HARA ok H9- Hg
g 24 wofo] FEth

A 3R 715 Bdsks E ohE WS Belt et al.
(2007)0] ARFeT THU-E323} S7HE2] highly branched

re lo o

isoprenoid alkene (HBI)& ET| 2 3t 57| x| 3}5H4
oot 9 d-Ex 3} HBI= H¥tollA] B3 52t
E4 i 2ol o8l ABitEa, A= 4, E
A== Ao 2 HIE it (e.g., Brown et al., 2011).
Belt 5(2007)& o] Trl-Ex5} HBIS t}2 HBIS T}
T3] Y8l IPxs (Ice Proxy with 25 carbon atoms)
e ZEAIR YAISIGTE 11§, [Pse= 3 2
Ro] §71RARAERA, BN T o
Wizt BL 9ot T2A2 Ye) ASET drkeg,
Massé et al., 2008; Belt et al., 2010, 2013; Fahl and
Stein, 2012; Stein et al., 2012).

IPxe] ke 22 ae] 7pgtelo| A earaol
Q7T ol afo] g Tl Ak ATo] of
% vlujsiAct gl Ao el Slehes, Miller
et al, 2011). Tt [P o] 5 2|oE TH 5ol
3] i3S BHshr|7t Stk ol=dh FiEs et
517 Yt R o 2 s o] gl ol A &lsh=
8 AEEFAEY 71 EAMIAIR #2}H P59 B,
Z phytoplankton marker-IP»5 283t PIPx7} A
2 I EAZ Miiller et al. (2011)°f &8} o2 2
o] A|A| = Ak

P25
IP>s + (phytoplankton biomarker x c)

PIPys -

mean IP>s concentration
" mean phytoplankton biomarker concentration

B PIPs Qe 0] A B BAIE $712AA)
A FHol= brassicasterol (= epi-brassicasterol,
e.g., Miiller et al., 2011), dinosterol (e.g., Stoynova
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et al., 2013; Xing et al., 2014), 21211 A5 B33+
HBI triene (e.g., Belt et al., 2000, 2015; Massé et
al, 2011)0] AHEE)T QIck. SHAIgE PIPys <lE)2o]
do} ABEYES] ANAZA o] ] $712AY
AAE % olw R4S AL o) 717 eyelA 3}
7 o) RS Bl 8 2 Qs A ok Wl
otk wabA] tiobg Aol oS AEEYRE &
NRARAA TS BEES AT vwse A7
’\53 2 297k ok

2 Aol = Fal-Hl P8l FdFoA R
AR} BAL YL PIPys AEA Akl H st
HBIs®} sterols2 BA319cH B A1 EAHH
o Ao K A-&O & PIPys el Ao 8|11 9l
= AEEEEE IEAHANEEY 5 BE
EE AT v|wsk=d| F23o] qick A o2 H|Y
3 U AEZFOA] THA w EQo] s wpHoz
# PIPys QA 271 o] WA 8- F 4= Ql= A of] et
22 7|2 AR E AA|3FLA} sl

HEEH
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18U ¥ 28U7HA] SAAFAY] o2t T o]F 3
3 K RRI=- Rk ol AAEAHTH 1).
HA-EE U olF Fel 71 Tt = oF 2=
Aoz =g JHRACH, 4 %F5m FHol9
A2 A4 Y25 F) 50-100 LY sf-5 E2=
233 879 &2 & GF/F (Whatman, 2= 0.7
pm, 2173 142 mm)E ©]-§-5to] st ot
A ¢FuE T & & Az 29E7
7] -80°C of] 3Lt

22 X& F& 4 22

A4 2 9 Bl Belt et al. (2012)0] oJa) LEH
WS Rtk 52 123 GE/F Al 7o) A7 24
< gt R-EEEZ(9-octylheptadec-8-ene: 9-OHD,
7-hexylnonadecane: 7-HND, 5-a-androstan-3f-ol)
100 ng& Y83t 1 % 5718l(dichloromethane
(DCM):methanol (MeOH)' 21, V'V)E‘- ARg31o] 15
27 280} vhi)2 QS FEe9T, YAlRe)
(2,500 rpm, 2 min)3t] A5HLS FHlact =24
A AL A7} AYH(63-200 um)S F3) HA}H3 og
F740) 743t R 18 uHE ARGl 372 fraction © = Z&]
3}9t} Fraction 1-2 hexane 2 2 HE2]3}311, Fraction
2= hexane:DCM (1:1, v:v), 283 Fraction 32

l
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Fig. 1. A map showing the sampling sites along a South-North transect from the East Sea to the Bering Sea. Dashed
lines indicate the sea ice extent in April 2015 (data from NOAA, http://polar.ncep.noaa.gov/seaice/Historical.html).
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DCM:MeOH (1:1, v:v)& ARS8l B33t Sterol
E& HJ3l A= Fraction 39 100 pl N,O-bis(tri-
methylsilyl)trifluoroacetamide (BSTFA) 3 &
70C ol 1A1ZE F2t ¥H3-& 41713, DCM2 o]

st 2ml 2] 8710 A =3

23 RIIEAMANXE 2N

HBIs (Fraction 1) ¥ sterols (Fraction 3) £4-2
F=r ZE|H ATt A Agilent 7890A gas chro-
matography (GO)2} S84 5975C mass spectrometer
(MS)& ARg3to] 7120) e ¥ (e.g., Belt et al.,
2012, 2013) 9] w2} AssiRet. GC-MS £4-2 Agilent
HP-5ms (30 m x 0.25 pm x 0.25 mm) AP AL
sof MR GC R0 HeH ex 7L 4
0Co) A 300C7HA] £ 10T HIEE 2=5 5
7HAZL %, 108271 300 C ol A 22 255 3-XI519
t}. o]54 71A12 FE(1 ml/min)& AMESHTH
HBIs¢} sterols X5 total ion current (TIC) w22k
selected ion monitoring (SIM) ¥2] 0.2 FA|of| &
Hajglon], B4 BASTIC 208, H% B4 SM
AE A3 [Pys 18] 31 HBI triene2] SIM
BAe Z7F m/z 3503 m/z 3462 ARESHI,

Choizggv\(

a) T-28

—

m/z 458

Relative abundance

m/z 470
@] AN

Dinosterol

] X 10
i m/z 500

Retention time ——>

Fig. 2. GC-MS chromatograms of (a) m/z 458, (b) m/z
470, and (c) m/z 500 obtained from Site T-28 with the
chemical structures of the targeted sterol compounds.
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cholesterol2 m/z 458, brassicasterol¥} 24-methylene-
cholesterol2 m/z 470, Z18]3L dinosterol= m/z
5002 ARE3FHCHIH 2). HBIs:= Belt et al. (2012)9]
v o] whak At & Q1 B3| (Relative Response
Factor, RRF)& 118js}o] A3ttt Cholesterol,
brassicasterol, 24-methylene-cholesterol2 Belt -

0.4 —
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< 03
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S
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o
- H
OO T T I Hﬂ T T T T T T 1
1 4 7 1013 15 17 19 21 24 26 28 30
b) 400 -
i B Brassicasterol
= 300
(o]
£
= i
S
T 200 —
€
= ,
(8]
5
§ 100 H
0 mm =TT =11
1 4 7 1013 15 17 19 21 24 26 28 30
) 40 .
| Dinosterol
< 30 -
(@] o
£
| =
S
® 20
<
= i
o
8 10
) H H H
0 I — |T| T ﬂ T -_.l—.—F—L

1 4 7 1013 1517 19 21 24 26 28 30
Sampling sites
South North

[JEast Sea [INorthwest Pacific Il Bering Sea

Fig. 3. Histograms of the concentrations of (a) HBI tri-
ene, (b) brassicasterol, and (c) dinosterol in ng/L.
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Table 1. Information on the sampling sites and biomarker results obtained from this study. The chl.  data are obtained

from the WOAOL1 (1 degree grid data, Conkright et al., 2002) for the summer months (July to September).

24-
Sution Latude (¥ Longitde ®) 4 P inene Brssicstorol methylone. Cholesterol Dinstrl
(ug/L) (ng/L) (ng/L)
T-1 35°33.49' 130° 24.99' 0.27 LD LD 44 3 24 25
T-4 38°24.04' 135°10.90' 0.15 LD LD 32 6 37 11
T-7 42° 06.12' 148°17.96' 0.53 LD 0.08 247 25 113 28
T-10  44°22.84 155°21.07 0.42 LD 0.08 349 14 223 5
T-13  46°37.20' 159°25.77 0.51 LD 0.05 211 21 107 10
T-15  48°51.66' 163°31.30' 0.52 LD LD 114 14 72 6
T-17  51°06.00' 167° 36.03' 0.78 LD LD 146 13 117 8
T-19  53°04.82' 171°38.37 0.29 LD LD 38 7 49 4
T-21 55°04.19' 175° 40.82' 0.64 LD LD 234 22 127 6
T-24  57°03.05' 179° 43.84' 0.74 LD LD 83 11 57 9
T-26  59°01.80' -176° 13.76' 0.48 LD LD 53 5 39 5
T-28 61°01.29' -172° 11.40' 0.32 LD 0.004 14 3 25 2
T-30  63°00.01' -168° 08.96' 0.50 LD 0.13 47 9 92 5
'Wold Ocean Atlas 2001, LD: limit of detection
QuI3)e] el T} Z7ke) BB AT Y 4 E O
#2574 (5a-androstan-34-0l) 2] RRFE 11235}
Jalstgiet. Wb dinosterol 24l o] 3%t Y2 352 4S5} I¢E L B 2ES 39
goltEz o] g W, Al e 3K slele] ARBAAE ] APHOR o
E|FE A R4 &5t dinosterol 9] single ion (m/z TS F= 34 82o|the.g., Hill et al., 2005). &

500) gtk total fon 2] AT, Z A5 el
shol Wk A 0 2 St

3.4 1t

[Prsi= Fof-H "8l A 7oA HEHA] 3t
(3 1). 3FA|TF HBI triene-2 E-A 55 < Al ZH(T-7,
T-10, T-13) Z12] 1 w3l F A3(T-28, T-30)°l| A
02 ng/L olate] W s 72 HRCHE 1; 1
3 3). Sterol 5 & AFolA 73 IFEE A2
cholesterol, brassicasterol, 24-methylene-choles-
terol, L8] 11 dinosterol-& B E B4 A|2oA HE
E|THIE 1). o] 5 brassicasterol (14-349 ng/L)o]
sterol 2RHeE5 FollA 7HE =2 =5 EATHE
1; 23 3). 8 H cholesterol 5=(24-223 ng/L)=,
brassicasterol ‘= H o= 2o dinosterol (2-28
ng/L)¥} 24-methylene-cholesterol (3-25 ng/L) 5
£ wo} 5 eRtthE 1; 29 3).

At A 5 HlF A T-287 T-302 A=H 4
=4 sfyo] REZst= sl YATTHH 1).
o] 4 FHe] B2 EH B IPse] HE0] Tl
4 v} QIth(Stoynova et al., 2013). Yk o= =]
850 ofuhz B0l 1 ket A oy 22
270) WAlo] AT ulg $31E PEE GAT
tHSyvertsen, 1991; Gradinger, 2009). o] [P+
54 8l Rzt el o8l A= i) 8§
3+ A Aol E&Hth(e.g., Brown et al., 2011).
AT 2 AtolAs HHE AHe T BE
EaA AR Al ZofA] IPs7F A HA| gttt o]
A3t A= 2 A7 39 A7 S S F
2h 25 o] Eit Al7|25E 374Eo] At
FolA [Ps7}h B o 3ol £ 84| gL ofn]
HAZ A7 5t47] W2 X3tk E35 IPsvt &
et EAEE N E HEHA 2 AL P77}
o] gli= e S ol A= ABATEA] 22 A&}
37| E9 tE A+ 2= RSt} (Belt et al.,
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2007; Brown et al., 2011; Belt and Miiller, 2013).
SEA| R [Pos7h A& of] 3tk glo] affH 2z ofqt T4
7t AR, & Y R ol Al [Ps7} =& ovt
RAYEEA] S-2 FA8T oS ol BT BAEER]
2 w5}s) wly] SelAE ART SR deAe]
27 77k B,

gHH HBI triene IPx9b= g Y SAHE
& AR HH s A olA nlgez AEEHATH2
& 3a). HBI triene®] 7] €2 o}2] ©gts1A 85 #|
A 2 Aejo|the.g., Belt et al., 2015). AF7HA]
HBI triene Pleurosigma <3} Rhizosoleia <:0f <5
she slof F27 SN A% HelcHBelt o
al., 2000; Rowland et al., 2001). wh2kx] HBI triene
& s s Fo) slekaAel A TR o
&) A Aoz 4= tHe.g, Collins et al., 2013).
o8 PN ZARE 53 U HHBoN 23
=] HBI triene2] €4 SHE Y4 Fhol -35 ~ 40
%02 1P252] Zh(-14 ~ -23%o0)l| BISH W2 tiF A=
SaE 7|0 ASsHe b Belrks Holt
(Belt et al., 2008). T3 E Aol 4 HBI triene?]
afo] §l= Al7]o Bkt Higs FHEel
A AEE 32 HBI trieneo] tfe A EEFTE0]
o) AR Holgh= 7|&9 43 YA|5k= A o]
t}. 3FAIRE 100 Lof| 77h& 8l ool = HEE
HBI triene ¥ =7} Aylx o g UUgkon] X AH
AT HEE ek weba] ke = o] dtof A= o
T TS S7HE avt o, AR5 o
A9E =z dart Sl

AEEHAE 7|99 F7IRAMEAIA =4 HBI
triene®9t o} 2} brassicasterol¥} dinosterol &=
7| 112]8}99 . Brassicasterol& &5, HEZS
U eHRER 5 o] 42 BRI AE 5
H, A=EFTE0| BABE sterol5 SOl E w2
k& ®3ltke.g., Volkman, 1986; Rampen et al.,
2010). $tH dinosterol2 tHR T 7|49 XA
A2 ARE-E I Qlth(e.g., Volkman, 1986). whehA] 3
oF E|AEof| 4] T=E]= brassicasterol¥} dinoster-
ol sl Bikd {718, & AEEFAE 7]
Ao AAALZ AMEE T QlTh(e.g., Xing et al., 2014;
Dong et al., 2015; Horner et al., 2016). & A0 4|
brassicasterol®] F=(124+105 ng/L, n=13, 1¥
3b)+= dinosterol (9+8 ng/L, n=13, 717 3c)°l| H]3l

ok

108H o =34t F3lollA] brassicasterol (38+9 ng/L,
n=2)2 EAEH¥(213+92 ng/L, n=5)3} H|H3]
(78+79 ng/L, n=6)°|| vJ3|] R} F=5 Hl ¥,
dinosterol®] FX=+ F3l(18+9 ng/L, n=2)|A &
AEEF11+9 ng/L, n=2)3} w|F3}(5+2 ng/L,
n=2)°] H|a} ¥ S et (2 3b, 3c). ©]
g3t A= AR Y 717H2015¢ 74 18¢Y - 28
)2l AEE Fetoll 37t ohE s ol vlsl oFH
R2FO] Ao Aet 3 o]ASS AR
SFH 2 H3L9] brassicasterol¥} dinosterol 3=
MFeol FER7E HBER B $HE AL
Ho & 7|E9 A7 A}t YA|gtrh(Pleuthner et
al., 2016). 2 Aol A Y2 brassicasterol, choles-
terol, 24-methylene-cholesterol 5% 2 |3 3|
oA BIE 2B A7)0 o5 BE Heleh §4b
stch(Pleuthner ef al.,, 2016). 23 2 AF 3|
% dinosterol FX=7} 7 WOk HEG = 7|0
S e Ao BlsiA= #A UehsthStoynova
et al.,, 2013). ®7]14 /1A mHsfoF 3 HL, di-
nosterol === &R thE steroldt= FE] A X
FEZo] 7] HEol W-FFH o= 42 Frolzk=
Aot} wahA] dinosterold} TFE sterol532] A
3t F & e ook

o] HJ3Le] 293t A1} £ = brassicasterol©|
cholesterol (13 4a) 71811 24-mehtylene-choles-
terol(L¥ 4b) 3} -2 O ATIAE Eelvk= J
o|c}. o]& Q13| cholesterold} 24-methylene-cho-
lesterol T3t H2 <Fo] ATIAE BEAth(1H
4c). CholesterolZ 3[%F2] A EEZHIET FES
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