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(a) Achaeal intact polar lipid (e.g., phosphoglycolipid-GDGT)
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Fig. 1 (a) a structure of archaeal intact polar lipid (e.g., phosphoglycolipid-GDGTSs from Thermoplasma aci-
dophilum) analyzed by high performance liquid chromatography combined with electrospray ioniza-
tion mass spectrometry (HPLC/ESI-MS) in Takano et al. (2010b). (b) representative structures of ar-
chaeal core-lipid. GDGTs occasionally contains several (n) pentacyclic ring (GDGT-n). Some examples
of sugar-head groups are shown. See also, archaeal lipid data bank from Japanese Conference on the

Biochemistry of Lipids (JCBL) in http:/lipidbank.jp/.
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Sample: Shimokita, 48.2m (sec 6-3 ), compound: caldarchaeol
CSIA by EA/IRMS “O‘t
2 (0]

oﬁwwv{%

813Ccaldarchaeol = -21.9 %o

|

Intra-molecular CSIA by GC/C/IRMS |

intensity

Fig. 2

Total ion chromatogram by GC/MS + H
( OH

“““““““““““““““““““““

Time (min)

Verification of the present compound-specific isotope analysis (CSIA) and intramolecular
isotopic analysis. Here, the marine sediment was collected from off-shore Shimokita, Ja-
pan, Western Pacific (CK06-06, section 6-3; depth, 48.2 m below the sea-floor). Theoreti-
cally, the mass balance equation takes the form
nxo 1SCX =nyo 13CY +nz0 13CZ

where n is the number of moles of carbon, resulting in nx =ny+ nz. The subscripts X, Y and
Z represent whole-molecule compounds, a specific group, and a second specific group, re-
spectively. Hence, the 86 comes from carbon number of caldarchaeol and crenarchaeaol
(i.e., CssHi20s and CssHi2Os, respectively). For caldarchaeol: 86 X 6" Ceaarchaca = 80 X 0 *Ceppy
+ 6 X 0PCosomgyeer, for crenarchaeol: 86 X " Ceenarchaca = 40 X 0 *Capp + 40 X §Capp + 6 X
0"Coasngyeera. Then, We determined carbon isotopic compositions for each isoprenoid (BP
[0], BP[2], and BP[3]) using GC/C/IRMS, resulting in the determination of carbon isotopic
compositions for 2,3-sn-glycerol (§”Casmuyea) using the mass balance equation between
0"®Cosia and its intra-molecular & *Cegs.
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%) (Chikaraishi and Naraoka, 2007; Tayasu et al.,
2011), H fst & 1L 5 # B 12 &% @ b & L 72 Ultra
sensitive-EA/IRMS > A 7 A [l % (Ogawa et al.,
2010) &, Figs. 2« IR L7200 OB Z K —
FLTW3,
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Q) BETOT—F7% [HEETwDH] FER 2 5
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L, KNG, 2% 0, ) ku— i, H
SVEL PR (de novo pathway) DFGHKE W
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DEMAAEFTH VR T (salvage pathway) %
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FHLTWAEDOTH 5, BB X 2O (Takano
et al., 2010a) (2D W, Fig. 5lc—F VIREOH
HEREB X O VAR—URE» S AT —FIVRED
HEEHREHZ R L. REBLD 5 id201bE&WH
LIRFEHB6D T — T VIREEREZ R MAT v FITHE
BT B, ZEBENTE L O AT —HFL5H
VR ZLIWHATH S, —H, VA7V TEL4
GBEOME (HTRAEZ &L 2AMCHEAATLZ L
iE, TANVF—NIZERID LW L LHFETH S,

(a) Compound-specific carbon isotopic composition of benthic GDGTs

Subarctic pelagic area (Bering sea)

Hemipelagic area (Shimokita)
Shimokita, 4.8 m below seafloor
Shimokita, 13.4 m below seafloor
Shimokita, 48.3 m below seafloor
Shimokita, 106.7 m below seafloor
Shimokita, 216.9 m below seafloor L

Tropic hemipelagic area (Gulf of Mexico)
Freshwater lake (Lake Biwa)

In situ 13C-incubation experiment
Sagami Bay (G-0)
Sagami Bay (G-9)
Sagami Bay (G-405)
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(b) Relative abundance and stepwise *C-enrichment during in-situ 3C-incubation
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2.81 £ 0.50 (*3C-incubation)
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(reference sample)

= n-situ 3C incubation

* Ring Index = [(%GDGT-1) + 2 (%GDGT-2) + 3(%GDGT-3)
+5(%GDGT-5 + isomer)] / 100 |
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(c) intra-molecular 3C-isotopic composition during in-situ 3C-incubation

Biphytane (= natural "*C-abundance)
_deﬁle*Nibxf
(o}
MR
o
OH

e.g. Crenarchaeol

HO
2,3-sn-glycerol
(13C-enriched)

2500 ® 2,3-sn-glycerol in cald. G-405
B 2,3-sn-glycerol in cren.
Biphytane[0] |
2000 Biphytane[2]
Biphytane[3]
) ® Caldarchaeol
E 1500 B Crenarchaeol Ce(o\
TR
£ 1000 P
"
500 n
G0 (g 0 5
0 m----=====zzz22223 ::::::_:: __________ ,'
Biphytanes
1 10 100 1000

in-situ "*C-incubation (day)

Fig. 3 (a) Comparison of 6" Ceudarchacst AN 0 *Corenarenacol values from various locations and in situ *C-
tracer incubation experiments. (b) Long-term monitoring for relative abundances of ar-
chaeal lipids (mole%, n =3) and ring index of GDGTSs during in-situ *C-incubation for 405
days. (¢) intra-molecular “C-isotopic composition during in-situ *C-incubation for 405
days. See, Supporting Information from Takano et al. (2010a).
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et al., 1995), DNA B L W= (Dubnau, 1999;
Chen and Dubnau, 2004) Tl HM7EE LT
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NTw3 (eg., Kitatani et al., 2008), & OHED H
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al., 1997; Teske et al., 2002;Saito and Suzuki,
2010) D X9 R REEWMEEL, 1T URER
fRELT X B EAEWE, N7 T ) 7 TR HIFZES
L Tw5 (Whiteet al., 1996) .

4R, Fig. 612K L722,3-sn—27" 1) &0 — VAT %
—OHT LT —FTHROZ—FIVIRE DS, MU
Wh oS Tws (Liu et al., 2012; Knappy and
Keely, 2012), #1151, GDDs (glycerol dialkanol
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ols) EHEN, TOMFEERIEHIEE > T b,
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| whole-molecular 3C-compositions ‘

| §13Crp)

HO

ether cleavage

313Ccrenarchaeol= + 132.4 %o

‘ Intra-molecular 3C-compositions ‘

Sample: Sagami Bay, G-405, 0-1cm, compound: crenarchaeol

ether cleavage

O-

—OH

‘ d13CBp[2] = -22.2 %o

‘ 313CBP[3]= -22.1 %o

’ 313C2,3-sn-glycerol = + 2193 %o

M

% H:j[OH

OH

Same as 3C-natural abundance of sedimentary BP[2], BP[3]

13C-assimilation

Fig.4 Carbon isotopic compositions of crenarchaeol after 405 days of the in situ *C-tracer experi-
ment at Sagami Bay. We determined the carbon isotopic compositions of resulting biphy-
tane and glycerol derivatives using an online gas chromatograph/combustion/isotope ratio
mass spectrometer (GC/C/IRMS), enabling the calculation of 2,3-sn-glycerol (6"Coss.mgiycorol)
using the mass balance equation between caldarchaeol, crenarchaeol and their isoprenoid
moieties (cf. direct measurement of §"Caz.mgyera in Takano et al., 2010a).

FEBETOT —F 7 ORENIETIE, A VTVLIAF
WEMEE LTOFX S NVTF=F =7 —FT7H
JANO ¥ F—CEBERICIY Y YEBEESFNER D
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WHEIE X & VO T a2 A (Thauer et al., 2008;
Conrad, 2009; Valentine, 2011) &, Zhd 5 & JHE
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(Takano et al., 2011), T H&H® [Hy (+) v
FV) ] ofERERETE S L] T30 B
L, Bk, ST L tERAE SR o R 2 R
BHmAMmL 8] b, RERL, HEEEET
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(1) De novo synthesis of archaeal membrane lipids:

= High energy expenditure

CO2 — —{0 — I - I - AAAAANNAD > HOr v AAIAAAA-OH
OH

(x2) (x 2)
HO glycerol HO death
— + H:|ZO-R1 B —|:0-’1’“’Y"‘r"\"’l"\)"\)\"’k’o ----------- > degradation
x2) ity x2) e »

(2) Proposed Salvage / Recycle pathway by relic membrane lipids:
= Relatively lower energy requirement

v

HO—|:O-/Y\’\r\’Y"ﬁ"’k")\"’ka’O' death
e o0 A0 Bt P e e L ®) I —— > degradation —— [Recycablellpld pl‘ecurSOrS:|

-OH

de novo \

HO
Ho glycerol I_OJYVMNL,\)VM,O
jEO’R' 1
0O-R; OH

— + H —_— O_ArvYVYVY\vakA)\AJv-o
(x2)

Caldarchaeaol (Css)

To endogenous membrane tissues

Fig.5 Two biosynthetic pathways for archaeal membrane lipids. (a) step-wise elongation of iso-
prenoid unit (Cs x n) in de novo synthesis with high energy expenditure, (b) salvage (recy-
cling) pathway by a recyclable precursors (e.g., isoprenoid unit) with low energy require-
ment.
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OH
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H

Fig.6 The structures of isoprenoid glycerol dialkanol diethers (Liu et al., 2012; Knappy and
Keely, 2012). The pink layer (2,3-sn-glycerol) stands for “C-enriched position during in-
situ ®C-incubation experiment at Sagami Bay (Takano et al., 2010a).



SFWEAARIL TBAMIE T O7 —% 7 04 | Z—F VIREDFHNOT LR — Uik & iRkt 2 iz LT

(a) Incorporation of GGOH and possible role of GG-kinase by Sulfolobus acidocaldarius

phosphatase

Ether-linked lipids
archaeal cell

Salvage process of GGOH

GGK
OP G F F F
GGPK
OH—_~ 7 Z 7 —_— .
GGOH incorporation OPP /‘ F F 7

GG-PP

(b) GGOH kinase activity and polyprenol specificity by Sulfolobus acidocaldarius

Geraniol C10H180

Farnesol I C15H260

Hexaprenol - C30H500

Octaprenol - C40He60

Undecaprenol Cs5H900
0 20 40 60 80 100

Relative activity (%)

Fig. 7 (a) Incorporation of geranylgeraniol (GGOH) and possible role of the kinase by Sulfolobus
acidocaldarius. (b) Polyprenol specificity of GGOH kinase in S. acidocaldarius. Abbrevia-
tions; DMAPP, dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate; GGP,
geranylgeranyl phosphate; GGK, geranylgeraniol kinase; GGPK, geranylgeranyl phos-
phate kinase. Modified after Ohnuma et al. (1996).
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Biosynthesis of core lipids in Archaea focusing on isoprenoid and 2,3-sn-glycerol moieties
compiled from Hemmi et al. (2004), Murakami et al. (2007), Morii et al. (2000), Zhang and
Poulter (1993), Nemoto et al. (2003), Nishihara et al. (1999), Ohnuma et al. (1996), Takano
et al. (2010a). Red and blue squares stand for endogenous and exogenous processes for
benthic archaea, respectively. Abbreviations and enzymes (black squares): EM, Embden-
Meyerhof; ED, Entner-Doudoroff; GLK, glucokinase; PGI, phosphoglucose isomerase;
PFK, phosphofructokinase; TIM, triosephosphate isomerase; FBA, Fructose-1,6-
bisphosphate aldolase; Gluc DH, Glucose dehydrogenase; G-hyd, Gluconate dehydratase;
KDG kin, 2-keto-3-deoxygluconate kinase; KDPG ald, 2-keto-3-deoxy-6-phosphogluconate
aldolase; G-1-P DH, G-1-P dehydrogenase; GGGPS, 3-O -geranylgeranylglyceryl phos-
phate synthase; DGGGPS, 2,3-di-O -geranylgeranylglyceryl phosphate synthase; GGR,
geranylgeranyl reductase; IPP, isopentenyl diphosphate; GGPP, geranylgeranyl diphos-
phate; (S )-GP, (S )-glyceryl phosphate. X denotes a polar head group.
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Ecology of deep-sea benthic archaea: insight from intra-molecular
isotope signatures for salvage and de novo pathway

Yoshinori TAKANO ™, Yoshito CHIKARAISHI* and Naohiko OHKOUCHI* ** ***

* Institute of Biogeosciences and Submarine Resources Research Project,

Japan Agency for Marine-Earth Science and Technology (JAMSTEC),
2-15 Natsushima, Yokosuka, Kanagawa 237-0061, Japan
Department of Environmental Science and Technology,

Tokyo Institute of Technology,

4259 Nagatsuda, Midori-ku, Yokohama, Kanagawa 226-8502, Japan
Department of Earth and Planetary Sciences, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Since the first classification by Woese and Fox (1977), Archaea, one of three domains of life,
had been originally believed to exist in extreme environments including high temperature, high
salinity, low oxygen concentration. However, recent advances in molecular and phylogenic ap-
proaches revealed their widespread distribution in marine and terrestrial environment includ-
ing deep subsurface biosphere. The planktonic and benthic archaeal assemblages include two
major phyla Euryarchaeota and Crenarchaeota. The novel phylum have been also proposed re-
cently as Thaumarchaota, Korarchaota, and Nanoarchaeota. To elucidate unknown archaeal
ecology, we evaluated intra-molecular isotopic composition to focus into archaeal membrane
lipid biosynthesis using **C-tracing techniques. The novel molecular diagnosis showed heteroge-
nous “C-incorporation driven by salvage (recycling) and de novo pathways in energy-limited en-
vironment such as deep-sea environments. Here, we reviewed the recent knowledge of prokary-
otic ecology and biogeochemistry from intra-molecular isotopic signatures.

Key words: Intra-molecular isotope analysis, Physico-chemical condition, Benthic archaea,
Prokaryotic ecology, Sub-seafloor biogeochemical processes
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Appendix. 1
Phylogenic analysis and quantitative PCR of the benthic archaeal community during 405 days. Abbrevia-
tions; ANME 2-d, Anaerobic methanotrophic archaea 2-d; MBG-D, Marine Benthic Group D; MEG/TMEG,
Miscellaneous Euryarchaeotal Group/Terrestrial Miscellaneous Euryarchaeotal Group; GSAG, Deep-Sea Ar-
chaeal Group; SAGMEG, South African Goldmine Euryarchaeotal Groups; MCG, Miscellaneous Crenar-
chaeotic Group (Takano et al., 2010a).

Methano-
sarcinales

Natural
abundance’

MCG

Species richness 2647 260 1684
(Chao1l index)
—> —>
Community diversity 4.83 4.22 4.93
(Shannon-Wiener index)
Archaeal abundance 1.5 x 106 8.6 x 107 1.8 x 108
(qPCR: copies g-sed™?)
(£5.7 x 104, n=3) (£2.1x 108, n=3) (1.7 x10% n=3)

B Methanosarcinales B Marine Group Il B Marine Group |

B Methanomicrobiales BDSAG BSCG

BANME2-d B Thermoplasmatales MCG

B MBG-D B Methanobacteriales Halobacteria

B MEG/TMEG B SAGMEG

Appendix. 2

The remotely operated vehicle Hyper-Dolphin and in-situ “C-incubation experiment for the experiment at
Sagami Bay, Western Pacific during NT06-04&05, NT08-02 cruise. Photo courtesy from Dr. Hidetaka
Nomaki & JAMSTEC.

Depth: 1453 m




