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Function of Bubble for Recovery from Cryptobiosis in Tardigrade Milnesium tardigradum

Masahiro ISE, Toshikuni Nakarant” and Chiaki I. Yasupa?

Abstract

Tardigrades enter a cryptobiotic state (barrel-shaped form) to persist in extreme environments, but there are few experimen-
tal observations to examine how complete recovery from this state occurs.  Here, we directly observed the tardigrade Milnesium
tardigradum in the cryptobiotic and active states under the microscope with a video system. Rates of complete recovery of
cryptobiotic organisms with or without cover glasses were 71.4% and 73.3%, respectively, suggesting no effect of the cover glass
on the recovery success in this species. More than 50% of organisms showed bubbles in the mouth canal during the recovery
process regardless of the recovery success. Since these bubbles disappeared just before the recovery at the end of the mouth canal,
but did not flow into the pharynx, bubbles might flow into the body cavity and regulate the intracorporeal pressure during recov-
ery. Bubbles were also observed in the mouth canal of active organisms entering the cryptobiotic state. Bubbles therefore
occurred in both cryptobiotic-to-recovery and active-to-cryptobiotic processes. The end of the mouth canal in M. tardigradum
might function as a barrier between the external and internal environment and contribute to the regulation of hydrostatic pressure

in the body cavity.
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*+ =7~ LY Milnesium tardigradum VL% 5 B) W P28
L, ARAPCIES AT L2IAER) Y O ETH D
(Bertolani and Grimaldi, 2000), A% &€ 7 ~ 4 2 4H (Tardi-
grades) | VEVEEHERE Y i 20 & BEJKIE £ TIR < 404 L
(Greven, 1984), FEIZ/KEEWY & L TR ST 5 (Hori-
kawa and Higashi, 2004 ; J& JI[, 2015a, 2015b). Fig. 1A I3 4
IR LVOBARTH S, AFEIZBWT, HEEL -
13 1% (mouth canal) 7> & IHIEP (pharynx) % i L, £E
% (esophageal canal) % #&FH L CHaM (intestinal tract) ~3% &
N2 AT EHEEEL R V—T, HRENIZEEO
2\ 45D R B O TR Tl 72 24, RIEER (body cav-
ity sphere) 25iFiE LT\ 5% (Fig. 1A, B)e 2D X 9 ZEMIO
% 1E, BOKEEHK LTINS, KTIE A PRI
X o TR % M43 2 5% (Kier, 2012 ; i1, 2019), 7 <
LAVEHLZNIZAERTHLDEEZBNS,

7= AVEITAFORB R WERALDTICE TR S
W7z [HZIR ] IKEE (cryptobiosis) ™~ & AT L, HZMRBRELICMT

BT EPTEDL (AR - IEE, 2020, —F, FZHRIREED
7 A VEIIRAKIZE > TREEAFMTE 2720, 15
T ERBREE T2 B\ CIRBIRAE & S IRIREE A 4 ) R L 7
HHEHLTWD, 7 <A VEOEIRIZES 24515
BIEFIZOWTIE, ST THELOMENZ STV
% (8 K, 2006, 2007 ; #%, 2018 ; Hibshman et al.,
2020 ; Murai et al., 2021 ; HH - 521, 2022 ; KA - I
2022)e L2 L, IGERIRAED SFEIRIREEANOBITCH 53R

EHEE S N CUBEOBERBRIZOWT, BB LUk
FENE DFERFIZALIZBE T A FZRIEEA TV ARV, BB,
WIRIRREICRAIT L2~ A V1%, ZOEE S [HEA
(barrel-shaped form)] & IFRR S L2 2 &A% ) (Greven,
1984), A1 T b HZIRIKEAEATH, & 5 WILEZIRIKED
k% [Tkl Latdkd 5,

FEHOIE, 7~ A VHEOERIEICOWT, ke
BIRICE L BRE L C OBEGRFKE L TR L TE 7,
ZO%NT, BLrSERTOF =7~ 0 OOFETIC
WYk F 72000, BIRERNIZAENICRINE LT
Bt % S8R L7z ARBIZETIEL, WY AF N 58 L

D R SRRL RS A
(Kyoto University of Advance Science Junior-Senior High School)
D AHEE R RSB E R T S e AR 50 B

(Laboratory of Marine Biology and Biodiversity, Faculty of Fisheries Sciences, Hokkaido University)
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Intestinal tract

Fig. 1.

ZOHEBRE T FICREL, Zh S S DR
R THE AT 5 & & b1, WEOIEBEG &
AEASEAT H DR IC R S N7z 508D DT b s
SRR

MRE L UHE

2020 420 5 2023 FEIIHNT T, AT oFEREE FEhE L 72,
TABTHNIC B W CHIRIREE D a7 2 EEREICHRBIR Y,
iR 22°C, {RFE 46-49% | & 72 FEERE N TREK
AN v — LI LT 24 I RHE U720 BH, v —
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An anatomical illustration of Milnesium tardigradum (A) and a microphotograph of the second and third legs of this species
(B). In (B), small circles in the legs are body cavity spheres.

VIND 37 % IS Tl <&, Exy MIZXDKE
HITHEZWONIY, AT94 K7 FAZETFLT, A3 —
T ATV A4 FE] L2 2ORT
A N IEARZEYHEME T CHEL, EEIOHEHL T
A=AV ERERL, BREZRESETELEREL
720 BH, INHOEERD N /N=TF AMEIZKZ T
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F == %= L] LD ITBLAZDDIZOWTYH, A
B & Y ER A R L 72,

oss SNTWHE DS, BERIZ BT 5 SIaOMHEHA A~
OB Z R L oA M2 EEE L, 4N (Fig. 1A : mouth
canal) DEJAOAE, HENZ X D HEE L-OEMNIZED S
SIaoEE LT [HEEca b AER] Liid) ORHZ1L,
B L OEALER OB BIAARE T % Fid%k L 720 AWFZETIL,
7K 60 43 LA 42 5 S B 2SR S L7z ik % [15)% )
L, HBRO~ S X o TREIDSATRES o 72k
T (R &Il L 720

F7:, IS OBFERER L ZHEEICOWT, %
RIZzox—8— 2L 504 XWEXFERLIZL 25,
TEENEE O 4573 700 pm PL_E O KIIEAR)S 2 flfRAS: 5 7z,
CO2ERIIBENES Thol2720, MYAEh/K
BOFERLOEMNICED 2 R00%EE, B L OWMEIOH
LRSS — AN CTEALT 20 E) hEHLPICT S
722, AN=HFTATTEFS B AIN=TT A
EPNFIZATA K75 A LICHE L2 THHEE (5°C) T
1-3 HRPRE L, [ l] LHlrshs T, HKE
P L RO T 2D R L7,

BRI, BoEarhoke IS L7z @EE ol
Bk L, TEBIIREED SHABRIC & D RN L AT T 5
BREOMEIZOVT, Eilkd A5 A4 F AL RO
THEREIEE L By 7 FEHE L 72 i IOV CIE O
TOSIBRBOBT %, HE TIEEIENE U EfEIzo
W, HENOHEESIE LA ROZEL R L7

BREEE

HN=T 5 A%HVTAT A FETHLEe724 =2
~ A UREAR 133 BRI KE R I 2 7RG R, 95 MEADSIE R
WZA8IE L7z ABIREE 71.4%)e RIS, 1N—20F 2% v
FUZT 4 IV F —R—=3— LT 5 18)7 S E 722K 45
TERIZ BT, 33EMRASIE R IZBUE L7z (73.3%)0 WAL
HOMBEIFHRITHEZE L 7  (Fisher O IEMEMERME ; P=
0.85), AFEDEIBBIIRIZHN—H T ADFEI RV D
DEEZZBND,

274 FETHER L EEOHRIFS

ATARETHEFGLZSHEED D 6, 66 HIE (69.5%)
DIERIZEAD RO Sz (CUT T - R &
RLY; Fig 2)o MMERLEEAD S 1, R — EREARIZB VT,
WHEEM (Fig. 2A F5H30 ) ~OSIBOTE), T 7213580
M &R LAIHERR SN hr o 7z IENEBICI Y AE 7
LIBT3 3 RICITEN T T L 72 (Fig. 2A-F). #Bi%?
BIGD #2504 TOBIR T, S ILMHEE FigEtic
B L Tz’ (Fig 2B, C M#E D), RS & & & I ZIHEH
LU S BEL, 25 31 IEOE % (Fig. 2D) Tl, &
(RIS 2 S 2 & B L, D TR Z d e LCTH
TLACHUR T 2 7B S 7z, Bl o S5 5

7ToHEERIE AL, IKIER T 70% (Fig. 2A) TH -
7o, 14746 BhTRIC1E B X 7 30% (284 L (Fig 2C), 2
53 59 BRI AQEIZ IS T TR L 72 (Fig. 2F)o

66 MO — A& D B, 3 @.5%) I2BW\»T
BIR OB SN TRIBOWHERAEIER & L7 (Fig. 3)o
IKEZ T, TENOSKILEERT X b - 7228 (Fig.
3A), TOBRIZOE TED O 5854 Lz, K, S 2
53 30 IR I IF T E N OHEE SIS AR EB & 2 60% 12
%o 728 (Fig. 3C), 345 49 A I T HEBIC T L 72
(Fig. 3F)o MHSEM & 721%, IESEuE D H ORI
RBTERDo72, T, R S RIBHTE NI
S N7et%, FIadRBERAINR SN2 L2 ERT %,
oM, 7 AT OBRFEITER LT 7

BRICREE L7z 38 ffRIC BT, 20 A CTOEND
SR SN2 T TR - REREE] L)
HEBLL 225080555 5 F TORER & AR T o MEh Bl
BhREI 2 I CRESRC & 72, AR — 1R A 65 Ik & kA
— RIIFIE 20 IEICOWT, TS0 F— ¥ 2L
7o Th, WA - EIRER T, IENTORIETHE RS
M7552 = 5.8 (4, ‘T + SD), BEIFIMG T TOR AT 8.2
+510(3) THY, 59 MHEK (90.8%) DYRILDTH MR I IHEY
BB L7z (Fig 4A). —77, WA — KOG R CIE, A
DFIAS 83 + 103 (47), HEBEOKHA 74 + 28 (47) Th
D, 16 flifA (80.0%) 2SI DN AL B % FIG L7 (Fig.
4B). FURMEARTIZEIa ORI EREE OB G & 0
HHEIZH {2 o 7228 (Wilcoxson D5 FNEMARE ; V=
123, P<0.001), KEIFMEATIIMEFRICHEZE TR D>
7= (V=50,P=0.067). F7z, 8)7 KEFREMbDT, T
TOWEMERIZB T, DENOTIEILMHEEES 2 REH
Bl OENETER L2 ZICOETHTE TN
L7z RIFFEIZ B 2 BN EROM B % & 22
Y OWGETH 555, REORICBENE % <, BRIz %g
FEPIE Tl 72 STV %, i, 2O X9 ZifKETX
FESN A28 2 U - MREIE 5121, ZREPYANDK
JE% B D WED B B (Kier, 2012) £ o T, HIFIZET)
L7 R R, RiaoWs 25T Ley 43I 7T
PEPEONETEE D 5E T L T2 RS 5 6

BN OHEERI S A RIEE { DK THKERIZ K
KERY, MR- EREATI 54 Bk, A - RERE
KT 20 RIC BT, BT ORKIEERIEEHESN
SER SN (EREAD D B 12 IETIE, IIKERIZE
APEHRL 72720, RREARZLETE R0 o72)0
ZNTNORAEERITAERMEMAET 721 £ 333 (%, T
+ SD), RIFIFEET 68.0 = 363 (%) TH Y, MEDRHIZ
HE L% Do 72 (Mann-Whitney O U R5E ; W= 15415, P
=0.99 ; Fig.5)o

2 RO KEMEA % F W7o RAEFEER T, Wi hofifk
LIS OFEEHEAEL, 10ME, H5\IE15
6] J AR S & I S 7z (Fig. 6)o TEMR & bR &
SR OBIREAITY D Y, HeEE SIS G A R M E) B Gk
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Fig. 2.  Time series of micrographs of Milnesium tardigradum showing that, after water was dropped, a bubble occurred in the mouth
canal disappeared in this part. The bubble did not reach inside of the pharynx. This individual was covered by a cover
glass. Red circles indicate the pharynx (A) and end parts of the mouth canal (B, C). Number in each figure indicates the
time in minutes and seconds after the observation started (magnification : A, X400 ; B-F, X 1000).

MICIES D ENA LN (Fig. 6) ZDT &5, AR T L TV L IREEAVRIZ E NS,
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CRURBRIETRES, e OWRY Ay yimy 7 TVET NN L TRR L AREORES
BARFENE OFKIENZ IR UC, AR50 ) R0 W URE TANE === P CEFSEF =7~ AV Ofif



LS . =7 < L2 O S OF)TEFETOSIBDOBE]

Fig. 3.
the mouth canal.

Time series of micrographs of Milnesium tardigradum from the cryptobiotic state to the complete recovery with bubbles in
Photographs were obtained just after water was dropped beside the cover glass to the complete recovery.

Number in each figure indicates the time from water being dropped to complete recovery (magnification : X 400). Blue

lines indicate the end of the mouth canal in each figure.

P72 REERMLG 2 155 C L IZWEECTH - 7205, HEOEK
THAME S SIBDGAED TR S 720 Fig. 7 \ZAFRA 72 Wk
HERLIBROWERTH D, RMEKIZBNTIE, [
N CHERR S 72 FJuAY T AN #E/ L (Fig. 7A-C), B &
Z 15 THETEIZBWTHER L2 0%, #HiEEAL
TdH o 72 0E VRIS B34 L (Fig. 7D M), b
FZmho TR L7z, FFE L72&GaiE 2 57 8 B ikl
TR RICIAAYY (Fig. 7TB), 245 36 BRI I T

5

ERICBWCTHEENS L7 (Fig. 7G)e = DM, THEEHEI~NOK,
{BAOTENB L UYFROWE 13BIEE S Wi h o7z,

280, AEEIZ BT B EN T oHEE SIS A =T
80% TH - 72745, T ORIBNE—FET X CTERIEPIEIZIIX
SNT-F, ORI S TN TO A D 90% 125E
FTAHETHRIEN, b~ RENRICBIRES .
O X ITHENEEENTRIEOWPER L B L Tw»
LI, REROEFEI IR L 720 ZDIE0D T 1
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Fig. 4. Individual differences of durations until the bubble was lost and initial movement for recovered (A) and unrecovered samples
(B). Most individuals moved after the bubble was lost (A, 90.8% ; B, 80.0%), and the duration until the bubble was lost
was significantly earlier than that of initial moving in A but not in B.

Vg —_—=8— FERIZ BT O SJa Rl S N7z 2 &
AT A FETHERE LR RS G s &, KHIZ
BT, KIGOWHERUIAEIEN O KT 2 8N S & 2 5%
A HDLEEROND, 72720, AT4 FLMEETIEHE
WL 7SI B, BT TId 2 b 2 b
SJCHEIE LB o 72720, REOEFIEL T, i)
RO S LEEMTIE R VW EHERE SN D,

BEEREROERICH T BRHER

AKHIZ THEEE P ORMKICBWTY, bk L72)R
k& FERIS, SR L TENORIEDE) X AR
EN7: (Fig 8)o WHMMKIZBWT, BIZBIIAIRIZIIEA
THEIZR XN 7404 (Fig. 8A, B) 1&, 0.55 F01 | CIHBHEAI % 4%
HH L CAEREIZHA L (Fig 8C), 14531 BRI s
\ZF CTRE) L7 (Fig. 8D). —7/1, Mt b offkT
1, SUEIEIHEEE 2 RS ISR T AR Bl S
TBY (Figs. 2,3,7), BHEOKILOBEREE & (X85 H

WG D 2O LD RIS N-EIEOWS 1,
T L, REEPICHRA L TW D L HICE 5,

BB ATHROEFICE (T 2REER

AR AT R DR TIE, WAL EITIZIN LT 10 43
M7z, EDPS OG5k L, a8 S
5 TN HEGA IR L7 (IR ofEEEn S =
13X 0% 2> 5 100% (B0 ; Fig. 9A-E)e SWEAS & i F ik
WZEBET HERIO 557 19 B LIS (Fig 9D), 7~ A4
OFFFIZEAICEHA L, MENZEE L7, ML iTHo
fEfkTlE, EiRh oMk s mERIC, IENANOSIZmA
TSN o Tz,

T =7 AV DPIRBICBIT T 258108V T AR
WL 722 &k, SRS TE T SERERAARAT
HEEEUC, SIS ANOHEKRSHEIT L, EAEERNIZZ
B LRtk ERmgs 5, 4, WL - \REMbLTO
BRNEREIITERT L END, AIZBVLTIE, X

— 6 —



LS . =7 < L2 O S OF)TEFETOSIBDOBE]

54 20
100 — CO000000
Q00000 o
a‘:q‘ 80 — o
& X
© . 5
o 60 T
5 ¢ &
> i
2 40 Q o
o |
o Qo
© i
o 20 9 :
o000 b
Qo — oo
0 - —_—
I I
Recover Unrecover
Fig. 5. Maximum rate (%) of bubble area in the mouth canal of

recovered and unrecovered samples during the recovery
process. There was no significant difference between
samples ; thick horizontal lines indicate the median, large
symbols are the mean, and small circles are each data.
Numbers above each plot indicate the sample size.

{AOWHERDMENDOWIK (T 705, AREENEKE OB
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Db d b (BIF, 2018 ; H - el 2022 ; &K - ik,
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FHIFFUIIKE Lo TH Y, Horikawa and Higashi (2004)
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TR RS 5o RIB LIV & ORIRE BT 5 72
DIZIE, BETEE) P OMEER % 72 R O B i 55 -
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Fig. 6. Temporal variation of two Milnesium tardigradum with multipole recovery trials : durations (min) until bubble was lost and

initial movement (min, left y-axis) and maximum rates (%) of bubble area in the mouth canal (right y-axis). Each figure
shows the results of an individual that unrecovered for the 10™ time (A) and that for the 15" time (B).
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Fig. 7. A time series of micrographs of Milnesium tardigradum from the water dropping (cryptobiotic state) to complete recovery
with bubbles in the mouth canal. This individual was on a slide glass with filter paper. Number in each figure indicates
the time from water being dropped to complete recovery (magnification : X 100). Red circle in D and blue line in each
figure indicate a re-emerged bubble and the end of the mouth canal, respectively.
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A time series of micrographs of Milnesium tardigradum during the active state with a bubble in the mouth canal. Bubble
entered the esophageal canal via the pharynx and then moved into the intestinal tract. Number in each figure indicates the

time after the start of the observation (magnification X 100).

Fig. 8.
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Fig. 9.

A time series of micrographs of Milnesium tardigradum from active to cryptobiotic state with a bubble in the mouth canal.

Number in each figure indicates the time after the start of the observation (magnification : A-C, X 100 ; D, E, X 400).

BIgRLEE oML, —EO MR b > THERERAR
RTZOMIATER L £ Lizo ARBERHEOAFEHE 1
MEEZRLET,

50 A X ®

Bertolani, R., Grimaldi, D. (2000) A new Eutaridigrade
(Tardigrada : Milnesiidae) in amber from the Upper Cretaceous
(Turonian) of New Jersey. pp. 103-110, Grimaldi, D. (ed),
Studies on fossils in amber, with particular reference to the Cre-
taceous of New Jersey, Backhuys, Leiden.

Greven, H. (1984) Tardigrada. pp.714-727, Bereiter-Hahn, J.,
Matoltsy, A.G., and Richards, K.S. (eds), Biology of the
integument : invertebrates. Springer, Berlin.

Hibshman, J.D., Clegg, J.S. and Goldstein, B. (2020) Mecha-

nisms of desiccation tolerance : themes and variations in brine
shrimp, roundworms, and tardigrades. Front. Physiol., 11,
592016.

Horikawa D.D., Higashi S. (2004) Desiccation tolerance of the
tardigrade Milnesium tardigradum collected in Sapporo, Japan,
and Bogor, Indonesia. Zool. Sci., 21, 813-816.

YK (20152) 7 < & 3 ORZIR & RRBREREEmT 14 A1
TH4RE, 93,193-195.

R 2015b) 7~ & U TFgE HEE
LT R MRS, wnt

Kier, WM. (2012) The diversity of hydrostatic skeletons. J.
Exp. Biol., 215, 1247-1257.

BT (2018) it LIFIENDES LVEM) - 7 < A
v M TERRE, 96,92-95.

Murai, Y., Yagi-Utsumi, M., Fujiwara, M., Tanaka, S., Tomita, M.,
Kato, K., and Arakawa K. (2021) Multiomics study of a het-
erotardigrade, Echinisicus testudo, suggests the possibility of

Ho AR A 22



BELS . =< AT O L) S OEIFEETO

convergent evolution of abundant heat-soluble proteins in
Tardigrada. BMC Genomics, 22, 813.

FrLFERS 2019) A - 235Ky bEDHELT ¥
AT L HIE TR, 63,493-498.

AR Q006) 77 AT VNS R, EEEEE, B
R H2007) 7Y AVHEO S E S AR L BRER

— 11 —

%, WO 61, 11-15.
FHE 2F - SRS (2022) bW 7 ~ L3 DECIR A 7
Z X LD, Keio SEC Journal, 22, 178-190.

SRR - MIER— (2022) “Hb BB 7 < A Dy
RO TR ORI Bk e, A2fLZ%, 94, 888-891.



