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Characterization of Obligate Parasitic Archaea
Isolated from Acidic Hot Springs
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Abstract

Numerous microorganisms in natural environments remain uncultivated, and their
physiology and ecology are still largely unknown. Recent advances in environmental DNA
analyses have enabled the acquisition of genomic information from such uncultivated micro-
organisms without cultivation. However, genomic data alone are often insufficient to fully
elucidate their physiology and ecological functions. Over the past decade, I have attempted
to cultivate previously uncultivated microorganisms together with co-researchers and have
succeeded in obtaining several obligate symbiotic archaea of the Nanobdellati (DPANN). In
this report, I describe two phylogenetically distinct members of Nanobdellati— Microcaldus
variisymbioticus ARM-1" and ‘Nanofervidus parviconus YN1—both isolated from acidic hot
springs. Although both strains exhibit obligate dependence on their hosts, their host speci-
ficity differs. Specifically, ARM-1" can utilize multiple host species as a host, whereas YN1
depends exclusively on a single host species. Cryo-electron microscopy has revealed that
their interactions with host cells are structurally distinct, highlighting two contrasting strat-
egies of host association within Nanobdellati. These findings provide important insights into
the diversity and evolution of parasitic mechanisms in Nanobdellati archaea. Further cultiva-
tion efforts, combined with advanced analytical technologies such as cryo-electron microscopy,
are expected to deepen our understanding of the unique ecology and interspecies interactions
of these enigmatic archaea.
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HARBREIZIE, WELEEEINTB O TWHIRMSIT LA ERMOMAEM I 5L HFRET 5.
WAEDBEE DNA FRITIC X D, 5538037 & b RBEMEN O 7 7 AEHRE IG5 2 L 251
L oleds, 7 AEROATIIENSOEOAMAERZHRT L L IIRETH L. FHIZ,
HFEWZEHE S & &b, MR Z 0EEIR & LT 10 EDL IS h 72 0 i m A o 47 BER:
BERAATE. Z0BET, BEEEOHMNILENLT —FT (Nanobdellali) %%%, i
LOEEEL EDITHET LI LTI L. ARG TIE, RMFENICRL L 2O00RMICET
% Microcaldus variisymbioticus ARM-1" ¥k & OF ‘Nanofervidus parviconus YN1 BROPEIRIZ
DWTHAT 5. WHRIEV TS B EIKAE L CWET 2554 R TH 5 A, ARM-1" ¥R
BEOBFEEFA L CEETHETDH 5 DI L, YNIL BRIZFEOE EIZORIAKSA L CHGHE
T5. Tl 794 FETHEMEBIZICLD, MR E & oMLY B EAEH O X
BB EAURENT. INSOMRBIL, Nanobdellali 7— % 7\ B % 5 EHE O S Mk
RHALEHHET DO A TEELAREZ52505DTH Y, 5%, S5LIHGHEMOIT L&KL
i BT HE AT O 35 F % 38 U C Nanobdellati 7— X 7 ORMO LS —BH L 2R o T Z
EHIREENS.
F—T—R:FI)TFIF4 T =8, AT NV FRSBER, 7T—% 7, Hxd

AT

1. BC®IC

AR, BERIAKAE L2 WERIE DNA ITIC X D, BARBRIE P I3 T MR R MW AF
T2 EDBWELNE R 572 (Castelle and Banfield, 2018). Z€®»—2Td % Nanobdellati (F%
DPANN) &, &7 —FT7HOH P 502 BERRHEHETHY, /NEF 7 4 (05~1Mbp) &
TN (B 300~600nm) %45 E 35, FN6 DL I R MEW SIS % 720124
FEhBIET 2wz, otEY, 3hbbiE Ik L Ciad 25 A1 F 221354
HOT7T—FT7REWESN TS, EBRIC, N F TICHE SN Nanobdellati 7 — % 713X
THELOLFEET TOAMMT S, LaL, BEAVGHO THLRL, TOEHERIZIETL OR
{7 mAGE ST 5.

INhECTERL MAOFEEZ A CEEIRE D O HBUITF BT 7 — % 7 O HER 2 2 i A
(Sakai and Kurosawa, 2016 ; JE# S, 2019 HAk S, 2021), F#EEERZE LU TENH OEYFM
FBEWOSMILCE. TOMBBETEED Nanobdellali 7—F 7 DFRICKIIL, 2055 21K
(Microcaldus variisymbioticus ARM-1" ¥k B X O ‘Nanofervidus parviconus YN1 ¥k) (\2oW<T, 7
J NN, ARSI, TRREFAT, LR 21T, Sl EIRE oML TE
(Sakai et al, 2022 ; Johnson et al, 2024a). R Tk, IS 2HOBEERZE L THESN
Nanobdellati 7 — % 7 OAEIAETRICET 2MBICOWTHRMNT S, 2B, BT ESO X )%
THHIZ D W T E 0 (Sakai et al, 2022 ; Johnson et al., 2024a ; Johnson et al., 2024b) % HR
BNz,

2. ARM-1 ¥R DAIBARE

2.1 2EE - £RIRE

Microcaldus variisymbioticus ARM-1" #¥kiZ, £ ¥ FAIT7 Vv 7 EWEOHEM T Kawah Domas
CHLHBEE Y (62C, pH 33, Fig. 1) 25, 1gE Metallosphaera javensis AS-7 #k& OIIEHT T
GrEES N7z, BUEE TICRIEIRA DA D O ORI X2 Vs, R L BT 2 mEw (5
JB) DI D SR I N MEN 2145 % (Krause et al, 2017 ; Golyshina et al., 2017). F 7z,
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% 75% (2025) FRPERIR 2 5 77k U 7 MO 2420 7 — 5 7 ORI

ARM-1" ¥RIZIE#% 22 3R B% DNA B4 (%16S rRNA &= T O M2 95% 2L _E o DNA BEFl) (&
DNA 7= N—=Z RICRHER S NG WIzD, KO HREST TORM L 570122 TEAW %2
B% v, Lo LS RE2SFAM e m i, BERECTULIELIXEL T % Sulfolobales B &
W) T —=FTRMIBT S 05, Microcaldus l& 135 - BRIERBLICIEIL CAEBLTWS L
EINSD.

2.2 4 LR

ARM-1 %134 E 814439bp (GC &8 34.1%) D/ %7 ) Ak dbL, ¥R BEEda—F¥ 5
BIETFIIDT89MTH S, #/ A FICid TCA mEE, MWRSESEEHE (1 IL IV, V), BILX b
L AREMEEIET (B 210F cvdA, sod, ahpC 72 L) 783 — F ENTW B, RBERRBER &, ~
Vb= VRS, R BRREE, TI /BB CY I VAAREICHEDLLIZLEA LT
TOBET % b 727\ (Saka ef al, 2022). D723, TH SO & 1E FIKAE L THRE L T
rEZ LN,

2.3 fHEaf/RE

ARM-1" BRIZEZE H § 2> 240-440 nm D /N
HKWTH D, EEMBEBAET P08
nNTw3 (Fig.2a). 7 94T ETHMSEL A
WA OBIZIC X ), fEEM D 522
WL 722 8o RS ARM-1" #ko Ml
ZERE > TVBETIFBEIN TS (Fig
2b) (Johnson et al, 2024b). T 5 O IRKEE
% LC ARM-1" BRIZTE £ SR EEZ Z U -
TWBLIEEINT NS,

S Ry 2.4 HIEMR
ig. ampling site where strain -1"was T S e A R 2
isolated. Image courtesy of Prof. Norio AEM'I P, AR AR 50 75(:;__%?’
Kurosawa, Soka University. pH #EBH 15-45 DIFHIFRRME TH L. HID

U,
% (L

ARM-1

ARM-1

Fig. 2 Cell morphology of strain ARM-1" and its host. (a) Transmission electron micrograph.
(b) lllustration based on cryo-electron microscopy images (see Johnson et al. 2024b. for
the original figure).
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HBETIEBNT, BHBIXA, M) T by, XY, I VBEEOEEREER, FVa—2
A7 U—AR EOMEE RFFREL L TR LR RER TS 5. Tz, HEARESLEKI L
WL 2 AR 1S B CH AR SN TV B A%, 1FEOIAFAET TIIBGl L 220, M7
RARNCHIE U2 EAVER LA A A LTI L T b bdfEE S b, ARM-1" Mo FETE
TTRIEEOBEBGEIENS Z L IIMAT, TORKHREELH 25D 1IETT 5720 (B
H, 2022), ARM-1" #RigFAEMZEHEESINS.

2.5 TEXHHE

3ESFED R L7 —F T (Acidianus brierleyi, Metallosphaera hakonensis, Metallosphaera javensis,
Melallosphaera sedula, Saccharolobus solfataricus) ZfEE L L CHMA L CHREd 5. BEOGHER
Wi Sulfolobales H T3 %. Nanobdellati 7 — 3 7 O CldMi—, HEMOME I %2 FIH L CHEGET
HERfiTh b,

2.6 RFAEER- &

Microcaldus variisymbioticus ARM-1T #i& Microcaldota ' Microcaldia Wi Microcaldales H
Microcaldaceae F Microcaldus 283 %. &% Microcaldus DHFKIE T 7 V55T [/hEw] &5
3% Micro & [#0\\] ZREKT % caldus \ZHRT 5. /NG variisymbioticus (&, 77 YFET[ &
FEXER] #EBWRS D varius & [IE] 2 EBWET 5 symbioticus \CHEL, [XFIFmEmE
A5 BB ] L v BERE o,

3. YN1#RODAEEARE

3.1 2B - £RIRE

‘Nanofervidus parviconus’ YN1 #Rix, BIBESEZRTICH 2G5 0oMiERE (Fig.3) »5, FE
Sulfurisphaera ohwakuensis YNIHA ¥k & O R T CHoBEs . REE LR mAw GUE)
DEMEIRRE D S| EINTF 3 EHME I N TS (Wurch et al., 2016 ; John et al., 2019 ; Kato et
al, 2022). F7-, EHREREE DNA BAIASHRE M OBERR > SBILINTVDE 2 L2 b, Kl
IR OB O BRRESCIRIA BT A2MENTH L L EZ NS,

3.2 HJ LR

YNI1 PRI 4 773,326 bp (GC &= 234%) @
INERAF ) L EBYL, YUNRIEEa—FT5
BETIEHTH 89 TH % (Johnson et al.,
2024a). 77 N FACIZRRE SRR B AR B b B
BETF 52— MR LTV 5 b O ORKIIAES
THbH. MAT, TCA [, FFEH, <> h—
AN CEBRRRRE, R - BREE, TI /BB
M- ¥ I VEGKRSEICHEDLIZEALTRT
DBIEFERL RS, ThsoEtkEz
TR ARF L CTHFH L T2 LHEESNT
W5, ko> ARM-1" #R & FERIC, BRfEX b L

Fig. 3 Sampling site where strain YN1 was
isolated. Image courtesy of Prof. Norio
ARG EIET (B 21E evdA, sod, ahpC 72 Kurosawa, Soka University.
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% 75% (2025) FRPERIR 2 5 77k U 7 MO 2420 7 — 5 7 ORI

E) Ha—FENTHY, RN REESEMEL -HL T2,

3.3 fHiamRE

YNI #RIZEE DT 300-600nm OF/NERETH A, b ARM-1" & FFkiZ, 8 EfHig~o
fFEPEE I T (Fig 4a). —J, YN1 BROMIBLA 22 L 72— AR OMNE A% 2516 £/
FLlZ22 & S 5 X )M L TV LT 28I s Twb (Fig 4b) (Johnson ef al, 2024a). [H]
ke ofE & 3 n iR (B 21 Nanobdella aerobiophila) 2 b ERZEENTHB Y (Gaisin el al, 2024 ;
Goto-lto et al, 2025), ZO—ADHINEIRKERE % /- LT YNL bEB X 02 oI35 54
EZUTWoTWH EHEEIN TS,

3.4 AEIEMIR

YNI #ki%, AEFIREHMA 55-95C, &% pH #if 2.0-30 O #IFRERF TH L. BELF A%
RFIRE U Can L7226t 8 S 2655 TS 5 %%, Z oo REFROF ML L IS ETo
BHEICOWTIERARLR T AW, F72, Bl ARM-1" # & FARICHE EOIFEFEET T T
X\, YNIROGAET TG EOBIALSMH SN D 2 &5, YNIHRIIHFENETH S L e S
L Cwb (Johnson el al, 2024a).

3.5 TExEHH

LR O ARM-1"#REZERAL Y, $EDEE (Sulfurisphaera ohwakuensis (Kurosawa el al. 1998))
CLAFETE 2V, EHRAFHERICOVTY, WINLHEDHBEOAICHFEL THMETLI L
ARG SN TS (Wurch ef al, 2016 ; John et al, 2019 ; Kato et al, 2022). 1& F#AAPRER T
BB HHBAR RO 2D 1 OTH 5.

3.6 REGIEEHR-®

‘Nanofervidus parviconus’ YN1 ¥RiE, Nanobdellota ") Nanobdellati ¥ Nanobdellales H
Nanobdellaceae B DFIEFFE ‘Nanofervidus parviconus’ & U THRE I N5, EZEEY a2 BE
(International Code of Nomenclature of Prokaryotes) FIZRAKZEE TH S OXARE TIlIRARM
DEBN > TR/ 7 —FT—2 a < —7 THATERLLE). BE Nanofervidus' (&, )

Fig. 4 Cell morphology of strain YN1 and its host. (a) Transmission electron micrograph.
(b) lllustration based on cryo-electron microscopy images (see Johnson et al., 2024a. for
the original figure).
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XFET /NN BEWRT S nanos LT 7 VEET [ | 2 BT % fervidus \(CHET 5. Fli/h
% parviconus 1%, T 7 VEET [/NEW] ZET S parvus & [FI8E] 2 BT % conus IZHEL,
[ R T (2 R O E %2 Fro /N S R | & v ) BEkE §o.

4. BHYIC

R T, BRVERR D S 16T L 0BG T THMERs 2 128 U 72#xt % A% Nanobdellati 7 —
* 7 Microcaldus variisymbioticus ARM-1" ¥k B & U ‘Nanofervidus parviconus YN1 BROHIRIZD
WO L7z TARIE V3T S A EAO B WM 2R 3%, ARM-1T BRISHEE O E & FIH
L CHIETRETH L DI L, YNIHRIZFEDEEICOAMRGE L TS 5. £/, 7944 E
FUAMSEBIZIC X o CHtkOfE £ & O AIEHREEIIEIC R 25 2 LRSI .

INSOHRIE, WELEFHDEL N Nanobdellati 7 — 3 T2 B 5 %4 - AR O L AR
LR BB 2) 2 CHERNEZE Y52 5b0ThHA. 4tk FEEROPET L EUh FEll RS
FEER, S DI I A A BFHEBMSEHASZICREI NS BILRBITEMOIEHIC XY, Nanobdellati
T—FT7HEDLHEEEAHENER L CHREMREHMEEL T2 0%, ZOREORHANED
LIRS NG,

E

RO BITICH 720, BIRAEHEE (BMIRY), KR (B LEmgear), gkt
(BALBEZERT), I BRI GRALERZERT), A GRETse 644 ), Antonius
Suwanto 3% (IPB k%), Naswandi Nur f#+ (£ > FA& ¥ 7EZFFELEHT) Debnath Ghosal
W (AVELV P RE) 2300, ZLOEMAMREL VS RLTHHLETHEZHY £ L7
ST X DL EFE Y. SGoiiREICB T L HERIOBINC w2 & T U H#kEE
FRRA SR CEILP L P E T

AW FEE  (18]10039, 21K15153, 24K18201), FEEEWFZERT#E FaFse&BhEL (Y-2020-2-032),
Human Frontier Science Program Early Career (RGEC33/2023) O iE% %\ F CEMW7-L T L
7.
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