ERLE - B ]
2026 4F 1 F

TR BAFEHHER

ADVANCED ENGINEERING SCIENCES

Vol. 58 No. 1
Jan. 2026

EHRRIAFRET L EAA -

DOI:10.12454/j.jsuese.202400197

[OL% 3
i Ti

EREMMEY S FOL IR A R BRI SR A

BOMLRRE L EEE L T R
(LWL WPt WL FHL 3160005 2. 75 SRR ARG B A L ILZR 7 5 2660005

3RS TR 75 B AH R B IEH , 1R 5 & 266000)

& B ARG YRR REA G 15 e RNA B B LA BCRAFESE B T AR IR B 2 BR A5 S ) L, AR SCR I il
— B FLAR A R BT [ 5 T B 1 4V R A ) 22 PRt R IR B 2 R P R 2 G R A Al LA
43512493.0.,0.2F00.1 pm PRLFLUEHESEIN AL W 2606 43, FEARI A A F R W TR DHAT ZE 924 Bl 0 IR o S SE TS TS
HURE 51 A 1 H S MU M0 R T 5 | A TR AR B 4 | 283 T S PR B R 25 B K T2 TR A e
THU 13.42% o I AD , 255 B AR I S 1 2H 21 RNA a5 (R A7 (RN Alater) [ SIS 255, AT 763 BB 45 05 ST BN R4 T J5LA [
SE A RS 1k A RN R 25 5 B0 RNA B Fiff o S50 28 i PR RS 2R B, Fe il R AILTE 0~120 MPa Ji 7 70 1Bl N H 3t
EIIREE R  RRMEC R R sh 1 R GE MR E T 1 AR T BLE ANTRIA) 10 931,10 925 m I A E S it 22 Yk 7 Kk
TR, BIHEIRAE A 15 h, FRRIUR T TR DN A D8 IR i o IR0 245 SR 6 B, 1200 1 HLA IR B T AR
SEARMLRE T, S A B A2 RIVES [ R S 3R T T ARRAS Tt , S TR UK A 0 5 DR 1 vy R g R I g it

TR S

FIRIR) VIR s ZYOTUE WA ; SR IBURE 5 T BV 4N
TEHE :2096-3246(2026)01-0245-08

FE 525 TH69 CRRARSAD : A

VPR AR AT RO IR, R R b R e R
SR, HRT N 1 A ZEXT WV IR R MF e Ak % A
PR AR AR SE TR, B 2023 4F , A E IR RIIFTE
DX IR A o HE AR 5% , 1 2 3254 T BORE (%) T 1 DX 384X
B 0.01%7 TR KT 6 000 m B 4 DRI A0 2
T UFEETRIE 10 45% , R = TR IR RIS 0 A AR
TR A B RGN S T A KRR iR
KB AEDIPE 55 T 75% B9 )5 A 9 1 ) i
50% 5 A 0

A RS IIR S Y BREMA R B B2
LRy, AT A2 5 P s v AR e
FAL 25 25 A X A W 1 A K RN A i FE LA EE 2R
SENR, FE PRI AR SR R B TR I AR R AR T
A AT A R R R A PR PR X R UM A 1 iR 47 B
FEFMAT , ASLRE S B AT PR AR v v 2 i 4 s
AL L R I8 e A U 2 W S A Wl Y

ks HHA:2024 — 03 - 21 i&E HHEA:2024 — 06 — 12
B ST H:H K& S LTI H (2023YFB4704701)

ﬁ%[S—IO]O

TR IR it P9 VE sl 55 27 5 7K 208 AR U 25 8 1 15
AR R T ERMPKER B 1 60 MPa )i /K & 71 #l
0~4 °CHIRIRAE T Jo B e iy Il g K AR A
P BEURY 2B T A DG ATF 9 i ] LB W ) 40 90 4
£, 35 E RO 58 A B T HPPS BURE R B i 2
1242580 500 mL (1% /55 He BRURE iR A 45 K 3 500 m
RIE KA S, FRAE S0 S o S kAT T 85 5%
FILEE!) 3 M T B HORE 7 A B P RESRAS
(R P BEAR /D TR R 22 B9 35 T i 2 i KR
HEAT L8 DASRAS B8 2 W I A ) o T 25 SR PR S T
W T SUPR JUR: 5 & FH T 01 25 20 A8 SIS A P i
FLA SR AEHDER LA S VR WIRE i R D i  BRURR 2%
BN R SIE 2 B, B R bt i 24 1 AR BUK
REL 30— M, Breier 251 17E 2012 4R RFF i 1 T BciE
1) SUPR-V2 HUFESE |, B [FIHISCAE R DB AR R 2o g

P4 4 Rl H #7:2024 - 08 — 21

e (1987—) 55 IE S TR . BF5T 7 ) - TR HILHE 445 . E-mail :zp2010_ok@126.com

*BIEEE:E 5%, AlZ0U%, E-mail : wanghao_work@hrbeu.edu.cn

https://jsuese.scu.edu.cn




246 TRER2ESH AR

%58 %

() JEASL AR RS , T8 IR GERE A i HURE 2 i f ]
McLane S50 2 FERK GEAE R i UE s 18, ok TAETR
JEh 5 500 me g TR AR T PR ML (9 77 7 2E ), Sentry
Operations iff & T~ SyPRID BUFERe &, HAE { 30K
RiAT % (AUV) B BRED T BESR AR F IR 2 6 000 m Y

A b RN 2 i [N TN G T T
JE R K A 16 B 900 V), 22 Ok S8 1 6P R UK A=
Wy e R e,

K RWEFE O L UEW] 1 AL U8R K 3R
WO A IR AR 1 e A7 37 (R B A BBUR: 2 1)
TAEEREERZ/NF 6 000 m, BEMSLE DR UM IEF T
(i) AR A B 2 AR D A SO 1 —Fh g T T it IR
(PR K A Y R 2B 8, ELAR D o o B RN DR AE DI RE o
3 L 1] S RS 2R A TR A S 20 21 RNA F2UE PR AF
B (RNAlater), 1] LUA RGHE G2 1) RNA B B A, DA
T DR TEAE fb 1 B 2, o Ji5 25 9 a8t 4% 1) ot ff 5 e AR 35
By o 25 AR T BTN T 10 000 m AT IR A5G
TN TIA P AL A
1 £8REMURENZRTEIFREEE

HAG T

TRINIUE ) 07 22 G U S A 2 B R A B 4G
Ha) ERAT S5 L B AR B LA ABUBRCR 48 , A1 EL T oAt
WURERE B, FUT 4R 4 22 SBR[ S DRAF 2 A
REMSSRHCRT AR s i T Gl U o B B B ) 7 K
PGNP A T, HAag AR L RE

S 1 AL I A s ORI K R A, B
R B BTG ) R T 355 1o A AR Y I
KRR AT H B E Yy Se s % )iz (8 O R LIE AR O
i o [RINE, S Bl i B RCR 76 A BT FE kAt 4R 1
EZZ SR/ 3ibp =W i uR N G E R Ed/ o L R QN G S
YA T W1 23 o AR W) 20 R0 IR IR 2R R R I RE
HEPEANTE 1 Fr7s o

P 2 2 22 G i DR IBORE 2 B 1) T AR D B 22 it
B L PR L P A, A SRR AR FH TR R B 3
KR 22 AR, e K R AR R T —
Fg LA A E B Tk, 2 TR A
RIV AT AR AT & SR (4 SR LR WA i o 2 G R LAR R 3]
ANEILFPHES A L T A2 G B R IR, X — et
ANREXTEE K R B ol A My A T 200 0, 3 REAT kst
B/NLARIBIREAY TARRL D FISEIE LG SE R T A 5 4,
DA IR X T — A DRI A AU IR A A
R AL g3 P RO KPR 3 P AU AR
ot B AL, BRIV KRR FHTT, LR AT L
TR AR RN S HARTRBE AT K e LR 1M, Bk i 2

B2 (a2 QYN E P D I B TN B e r o b A DE A B
W] 2t A i AL R s D R, SN i i o 5 WO
ORI AARHOT L, HAL RS A R T R &
SN (R — 2, A2 B R AR, Bl R
R AR N S AR FARTREE A9 7K 5 AR e fih o
M5 2, BP0 5 R RS TGS eIt MO =05 %
HRBSEIUTC e ) RASURE A SCAE BIAT WP O R I,
$eth T eiE Y o R AT SEBUT 5

PATHLA (AR HTT PATHLAE
LR |/ —— F2 8 B A5 B — N\ RNAlater
AT N——] AT |——)/| St Raht

LI T

Bl REMZESIENERERARINEEER
Fig. 1 Overall functional block diagram of microbial mul-
tistage filtration sampling device

RNAlater 757
HE HbL

AT %R =g
R MR i ik ik E(Jf?’ ] i)
OO HO -~

v (1] 1 —

E2 ZRTEEEEET(ERE
Fig. 2 Working principle of multistage filtering sampling
device

eSS
21 EHFERE

AT B RARE R it B it 5, R RO B R A A
ol o v R AT R R S 2R 2 K TG B AR
AU T — R R A T R M R T O
ok B o R P R ) L5 PR IR S R TR TS e o X B
AT RIS oy BORE S B BT AT A5 e il LLACER, 1 4%
o NP C TR G R KR R T Qe Ry Al AT )5k 2 — ofH
BIRE 3t S K CRAF IO PR R I iR
Ayt R A 27 A RSN i KA o 12 vl Tl K
FEA TR s & BAT A [l % 15 Bl K TR S, 31
FEIFERY IO UK SO AR 4, T 24/ IMABL 51
FHRACRA Gl T A4S, 7E 10 000 m AYHFER T, /K



513

Jil o W, 5 A RIS A ) 22 P BB ORI e 247

AR 22l N2 4.5%
N T RYEX — B, 51T —F Ty A AL
(B AT A% 20 ZE M IR FAT , o vl D RIAR I B e A 74X
) AMEX IR A R FRAR 4K L Y IRURE B BRI T AR,
N EFTHS 1A g 4 ) i 4 40 O PRDIR A i aod s
T AL 55 S B 45 43 B I o A v R 4 F J T ) B
BB IS O TS ZER RS BB T
F9 b, IR R i A B A i i — A
RPN SRS AT RGRE IR AROMRAEIN R A
Keo— Bl L LA 254
Va2 AV p+ AV i+ AV + AV g+ AV (1)
A, Vg R BT P R B AR, AV, A A SR K
175 | IR K AR TR A, AV il
AL T B (AR BUAE (L , AV RS MRS 5 B 1A
BB G, AV A S R ARV, Ve AT
e TR AR AN AR AR
AV p AT RIR N
AV, =PV, P; (2)
KB ARRURSR & H0.513%107 Pa™ s V) NN
A RTR ; PRy s R TAE TR BE N K 9 e g, B
100 MPa,
AV 1 AT RIR N
AVir=aV At (3)
A a R KB B 2.8x107 °C s A T AR R
HR R B 22 TG TRLEE O 2 °C A2 AT, IR R iR T
VEETAIREE 4 30 °C, AtH 28 °C.,

(a) AL uE %

AV AT RIRA :
AVi=KV, (4)
K, K AR5 BE R, 38 TE 3%~ 6%
AV TR A -
AV, =K.V, (5)

A, K itle R 5 — BN 1%
Fi1 e g 3t B 72 A )™ A O AR BRARAE Ve T 2
2V

Vec=pV Pi+aV At+K Vy+KVy (6)
Li b, VLR 24
V> PP +alt+K (7)

1-pP,—oAt—Ky—K, °
HRHE T UM F B K =0.06, K, =0.01, 44 Af
MAEARAR(7) S50

Ve >13.42%V, (8)
BV AA R KM 5 1) T A AR 28 /0 7 Ay 2 R B U
P EVATRY 13.42%.

22 BERTIEF[EIT

22 Bl AW s 56w vh it A i i g 1 =X,
BRI 72 8 A (5 385 TR A Laed i e A o U 2% 1
O S -2 0 T N 713 % B 7 e
FH 316 NERM R, HA R A PUE ik iE 28 10
R ERN 195 mm, NFEZEEE EHAZE A 142 mm ()RR
BEGRALIEARE .3 AN UE ok F R e X AR, Ho,
TERE A FLAR 91 4 3.0.0.2 F10.1 pm o SRR 1k 1 A1 L
B¥5), A R b A p v fim 4k A E ¥ S S T
KA K A ) o S L e AR AN UE AN 3 T o

(b) UM

B3 WFLLIERRIEE

Fig. 3 Microporous filter and membrane

3 E AR T R IRy 2 R AT I o AR I 10 1
A S 50— gk, HE TR AT T )= SO A N B
W, 38 gt 3 Al AT LA R 2k B T K HR G R BORE 2%
Jit, B DM ) o BRI A A IR IR T A A i
23 HERKI

DAL MBS 52 114 i ) T 0 R o o LA A
IR, S I 25— REAE i e T /K R T R s ) A2
SE TR RS L O A SCRk— R Al 22, i gt

48 118 o e 2 IR sl /K At o AR SCfl I B FL g
LRI, BB AR R A i 41K, Rl UL, AaE A F R
FLR R ZRAE R ah 1 LAFLAE A 3 pm AR M 142 mm
(UG RE R 8], A 7T R4 HA A4 7 B 5 R 475 mL/miin,
BRE FE 120 0.2 MPa, — I8 (4 3l 4 G35 SE B0 R T
JETAET R, 2 AR A F I A A 73T T —FPRETE
TRINISE ™ TAER R A, B 4 0 I IR FHAE 2E5E
N B S — AN v B sl TG ZE Y R AE



248 TRER2ESH AR

%58 %

I AL DR AT e e T R b 1R R 22 KT A A
T B Em S AL, YRS 22 R B ) e, W sy
TEWIAN T RELE S5 2 [ [T 1 3z gy, (0[5 i A ) A
PR AR FR AR AL o TR B LR A5 1) R S Y
L R, 2 PN A AR ORI TR K B, 2 N AR AR
D/ INRFIE KB HE o RS LA SN S B

st L HE K B )|

4 EERBEER
Fig. 4 Plunger pump for full-sea-depth

g=eL:n

L=

() HY VLA 2 i) i

~— (]
[~
-— nes=
(b) W AT
i
— B I'L../"
(c) HEH TR

5 HERIEREREE
Fig. 5 Working principle diagram of plunger pump

2.4 FEHEHIEIT

BB KM R F1 o 0.6 MPa, il i — & FE Il
BLHEAT 9K 8 o 20 1) S B 38 12 5 70 Tl FRL ML A 2 el A O
AT DAAR AR BT FF 0 B (%) b L RN FL AR R4 TR . BT, 72
LGRS A Hh Iz il A, LA i 32 K FEL AL
BPRELE— D TR A T AR oe b, DA ke e e ATL IR 2
857 QTIE 787 S > & Wi 1) & NP N5 04 i S NG LN
RS E R, [ pe T b A7 0 3 e e A

R T REE AR AR K Bt — R BETE 2V TR IR
B R TAER SR L, R I MAXON 23 5] A2 77 1
DCX-26L i A 4 J& A7 Il FL AL, L BIL 1 25 48007 18y
4 570 r/min, HL AL AT 1 36 3 1A AR 4F D GPX26C £ IE
VI AR L F AT S ) B R e RS AR N 4.5 Nom,
FEAESCAHIHE T T LAE #3871 750A 7N . DCX-26L 45 il
H AL K 58258 e 1) e vl e ATL A PR 6 s o L AT e ik
JEERUNE 7 FER

FEIMELBLAY AT R 6061 48 & e bRkl , BA

(a) DCX—26LA47 il ML

(o) B AL
El6 £igRTTIMEBH
Fig. 6 Full-sea-depth oil-filled motor

RS f—] ZHEHL

7 BISENSREREE
Fig. 7 Schematic diagram of motor high voltage test prin-
ciple

58 e ) SR RE ARV 14 3 2 R T 1 7—4PH TTCUE R AL A
N , FEBERE KT 3SHRC. SR HIZ FER B i
Qb B Bl LASD G FL AR BT A e Ak i
He) Subcon DU K AR 1 R H SCS 19— H AL itk
AT, DA R IR sl AL bR T
PHATAE A PRAL PR PE— D4R e B e

PATE B BEIE AT ER W, 76 i IR PR8I il b
AIHG R , ALFE TAE b2 BB 1K, 2 S B0 HL
BN BT IR A BT ARG T i S T
— G, IR TR A SR B AR O 2 AR
JESI 0 FTH5) 120 MPa i, HLHLAY HL 3 A 0.15 A |
THEN T 0.34 AT ST, LAY HL AL (-5 26
SR RECR L ME G R FEih LR S R AR
MRS RN 8 Fr7R



513

Jil o W, 5 A RIS A ) 22 P BB ORI e 249

1250
1125+
100.0 |
87.5+
750
62.5
500
37.5}F
250
125}

JE71/MPa

007706 12 18 24 30 36 42 48 54
R[] /h
(a) JEI7 s £

0.40 -
0.35
0.30
0.25

<

%2 0.20

=)

0.15
0.10 -
0.05

0 1 1

0 20 40 60 80 100 120
Jt71/MPa

(b) FALH FAEAIN 7 N AR A
E8 FEHEHAESETIIERFEMRER
Fig. 8 Test results of operating characteristics of oil-filled
motors under highpressure
2.5 RNAlater ;E§128i% 1t
FHEET DNA,RNA i T H O BBESE R, P BT R
S AEMRIE R AR T3 25 G R R4 10 000 m
DL R IREAEL , 25 Blide 64 DS 22 /752 6 h, TR S
P FR B b P B L P 8t 25~30 °C 7EIX — 1 A
PRI RNA ML 5 2 A KR,
H T R iR LR R A B R B, B T — R A
o, e 3 g 5¢ U Sz B )RR i FR A RNAlater ¥ 1
RNA Later REAS IS AN AEIRVR RIRS T 5
PR E PRI IR TR (A W) 1) RNA G TEA IR AT IR T 20
B Y RNA F] RAFE 37 °CEREE 47 24 h RNAL-
ater 1 3 266 B AL TR 22 FLE5 M B b, JF i — &
FEIH L HLIET TUK Sl . RN Alater VRT3 B ANE 9 firs o &
10 Ry AR IR AL E W) 22 P i U B

eI LA
R

IR A7

9 RNAlater ;818
Fig. 9 Diagram of RNAlater injection device

E10 £FREMBEDSRISEMHEEER
Fig. 10 Full-sea-depth in situ microbial multistage filtra-
tion sampling device

3 FZ4gig bl

AR T LAY 22 R IR PR B S 3 T b
FE R 22 B R B2 5 TR T R R — SRS i
53T TS—15 A TS-21 ik Hr 82t 1T 2 T3 Ktk

TE TS—15 ALk v, BURE R B 45 20 T IR K5 Rl 28 7
MBRO2 3437 (11.371°N, 142.587°E, 10 931 m & &) i
17 T R U 14 Bl i St A BT, A 48 1E A
TSN FRER IR HEA T 1A VR, ORI A S IR 2RI T
THTF B AR AR FE I T IR K, AR PR 3R AT 2l i i
sl o BRURE 206 B 119 I 20 B () B 15 Oy o i 25 1380 1Y)
6 h, TAEEB K 5 ho & fili i 0] W 8 2 47 B4
T, e A LB B IR S TROARE A TR AR IR
F I TR VR IRAT R FE 2R I a1 11 PR o

(2) BeATE

(b) A il e e TAAE 2
B REESFIFHRE
Fig. 11 Field test of the sampler
1E TS=21 fiiL ik, I 52 56 5 35 i & 5 20
FEREE T, TE VT AE R B2 451X (129°44.100 4'E,

16°57.019 5'N, 7 745 m IR B ) JE 4T T — A0l {57 1) ¥
R, 76 T B 4N R AT T T S o 7 AR T L (1420
12.085 3'E, 11°19.949 1'N, 10 925 m &) , 7 g 4t



250 TRER2ESH AR

%58 %

HEFTT 10 h 247 B FE AL, RS T 9 sRAS R FLAR 1Y
TE MR A, PRAT 80 °CH P, Ry 5 S A TR IR Bl Ak
Wy R DR B A Ny R vy R T g A T Bl TS-21 i
YR IR B AT B R BE AR, W& 12 Fios .

12 EEREMETHAKEMR
Fig. 12 Sampling device deployed on the 10 000 meter lander

P T b 358 4 R D B U 1 A SCRIF ] ) 4 T4
Tl A ) 22 G et S HBORE 2 T L2 A T T R Gk UK
ISV R RE Ty L BERSTE IV M b 4R B B 1) i ot
AP BAT PSRRI E

4 % B

ARSCEAT T —E A T Al R A AL Y 2

P PRI S, T 20 2P AS AL DA

SR B R ST A R AR, BT SR T A

KBTI T REZESE R SE AL RN Alater [ 51 52

S TAER O, ) P e B xh SEM L ALEEA T 1 i

5, IR T AR R B R AU, U E E

AR A R TR BRI SR A 1 HHls R B R TR R

10 000 m FY) = LV 4 574 TR A T 1 P YR 3 I 12

SRAS RN G A W i, o S S A T IR R ol A 0 i PR

HESE KT T WESE S i 1 AT S A SR TR AROR A F

FELAE R ATy T AR S e S5 R LA | H s Uy T k2

MACRFER S

SE K :

[1] Salvador A, Avice G,Breuer D,et al. Magma ocean, water,
and the early atmosphere of Venus[J]. Space Science Re-
views,2023,219(7):51.

[2] Ramirez—Llodra E,Brandt A,Danovaro R,et al. Deep,diverse

and definitely different:Unique attributes of the world’s larg-
est ecosystem[J].Biogeosciences,2010,7(9):2851-2899.

[3] Johnson G C,Lyman J M.Warming trends increasingly
dominate global ocean[J].Nature Climate Change,2020,
10(8):757-761.

[4] Yang Na,Lv Yongxin,Ji Mukan,et al.High hydrostatic pres-
sure stimulates microbial nitrate reduction in hadal trench
sediments under oxic conditions[J].Nature Communica-
tions,2024,15:2473.

[5] Jamieson A.The hadal zone:Life in the deepest oceans[M].
New York:Cambridge University Press,2015.

[6] Aristegui J,Gasol J M,Duarte C M, et al. Microbial ocean-
ography of the dark ocean’s pelagic realm[J]. Limnology
and Oceanography,2009,54(5):1501-1529.

[7] Arrigo K R.Marine microorganisms and global nutrient
cycles[J].Nature,2005,437(7057):349-355.

[8] Feling R H,Buchanan G O,Mincer T J,et al.Salinosporamide
A: A highly cytotoxic proteasome inhibitor from a novel
microbial source,a marine bacterium of the new genus Sa-
linospora[J]. Angewandte Chemie International Edition,
2003,42(3):355-357.

[9] Andrianasolo E, Lutz R, Falkowski P.Deep-sea hydrother-
mal vents as a new source of drug discovery[M]//Bioac-
tive Natural Products. Amsterdam:Elsevier,2012:43-66.

[10] Haefner B.Drugs from the deep: Marine natural products
as drug candidates[J]. Drug Discovery Today,2003, 8(12):
536-544.

[11] Liang Jianzhen, Feng Jingchun, Zhang Si, et al. Role of
deep-sea equipment in promoting the forefront of studies
on life in extreme environments[J].iScience,2021,24(11):
103299.

[12] Bianchi A,Garcin J,Tholosan O.A high-pressure serial sam-
pler to measure microbial activity in the deep sea[J].Deep
Sea Research Part | :Oceanographic Research Papers,1999,
46(12):2129-2142.

[13] Breier J A,Rauch C G,McCartney K, et al. A suspended-
particle rosette multi-sampler for discrete biogeochemical
sampling in low-particle-density waters[J]. Deep Sea Re-
search Part | :Oceanographic Research Papers,2009,56(9):
1579-1589.

[14] Breier J A,Sheik C S,Gomez—Ibanez D,et al. A large vol-
ume particulate and water multi-sampler with in sifu pres-
ervation for microbial and biogeochemical studies[J].
Deep Sea Research Part | :Oceanographic Research Papers,
2014,94:195-206.

[15] Billings A,Kaiser C,Young C M,et al. SyPRID sampler: A
large-volume,high-resolution,autonomous,deep-ocean pre-

cision plankton sampling system[J]. Deep Sea Research



551 G e 2

WA E M 2 908

IR IR B B A 251

Part Il : Topical Studies in Oceanography,2017,137:297-306.

[16] Wang Shuo, Wu Shijun,Du Mengran,et al. A new serial sam-
pler for collecting gas-tight samples from seafloor cold
seeps and hydrothermal vents[J].Deep Sea Research Part I:
Oceanographic Research Papers,2020,161:103282.

[17] Wei Zhanfei,Li Wenli,Li Jun,et al. Multiple in situ nucleic
acid collections (MISNAC) from deep-sea waters[J].Fron-
tiers in Marine Science,2020,7:81.

[18] Huang Zhonghua,Liu Shaojun,Jin Bo,et al. Deep sea mi-
crobial concentrated and isobaric sampling techninque[J].
Journal of Mechanical Engineering,2006(3):212-216.[ 2%
e XD i A R T IR e A DR R
AT MUK T 224 4%,2006(3):212-216.]

[19] Huang Zhonghua, Liu Shaojun, Shen Haikuo, et al. Control
system design of autonomic deepsea plankton sampler
with concentrated and fidelity function[J]. The Ocean En-
gineering.2006(1): 12813 1.[ B¢ {4, X /0% Tk it [, 2% .
H F2 A I T e i DR LR RS P ) R e it
WS 2 TRE,2006(1):128-131.]

[20] Meng Qingxin, Wang Zhuo,Wei Hongxing,et al. Deepwater
hydraulic power source pressure compensator study[J].
Ship Engineering,2000(2):60—67. [ JK 2%, T I, 51 it %,
S TR KW T 3l 07 I ) A B R AT SR (D). AR TR,
2000(2):60-67.]

[21] Huang Haocai, Yang Canjun, Yang Qunhui,et al.Study of
gas-tight deep-sea water sampling system based on pres-
sure self-adaptive equalization[J]. Journal of Mechanical
Engineering,2010,46(12): 148—154.[ & 52 % #5172, %43#
AL TR Ty R A ORI U R OK RG]

T RE24417,2010,46(12):148-154.]

[22] Zhang Dewei,Cheng Luowen,Zhang Shihua,et al. Denitrifi-
cation performance and microbial community analysis of
sulfur autotrophic denitrification filter for low-temperature
treatment of landfill leachate[J]. Journal of Environmental
Chemical Engineering,2023,11(2):109314.

[23] Yu Baowen.Oil-filled submersible motor material saving
discussion[J]. Journal of Drainage and Irrigation Machin-
ery Engineering,2001,(3):29-30. [ PR % . 78 i =K B
LT A ERITI]. HEFE B, 2001,(3):29-30.]

[24] Cai Minjian, Wu Shijun, Yang Canjun. Effect of low tem-
perature and high pressure on deep-sea oil-filled brushless
DC motors[J].Marine Technology Society Journal,2016,
50(2):83-93.

[25] Wang Hao,Cao Chen,Guo Jin,et al. Design and friction
loss study of full-ocean depth oil-filled direct current mo-
tor[J].Journal of Zhejiang University: Science A,2022,
23(8):587-598.

[26] Zhang Ke,Hodge J,Chatterjee A, et al. Duplex structure of
double-stranded RNA provides stability against hydrolysis
relative to single-stranded RNA[J].Environmental Science &
Technology,2021,55(12):8045-8053

[27] Edgcomb V P, Taylor C,Pachiadaki M G,et al. Comparison
of Niskin vs. in situ approaches for analysis of gene ex-
pression in deep Mediterranean Sea water samples[J].
Deep Sea Research Part Il : Topical Studies in Oceanog-
raphy,2016,129:213-222.

[28] Ottesen E A,Marin R Il ,Preston C M, et al. Metatranscrip-
tomic analysis of autonomously collected and preserved
marine bacterioplankton[J]. The ISME Journal,2011,5(12):
1881-1895.

Design and in situ Experimental Study of Multi-stage Filtration and Sampling System for
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Abstract:

Objective The oceans are the origin of life and the largest gene pool on Earth. However, human exploration and research on the oceans remain
very limited. Based on relevant data, only 5% of the ocean area has been explored, and merely 0.01% has been sampled. The abyssal ocean, with
a depth greater than 6 000 m, accounts for 45% of the total ocean depth. The high-pressure, low-temperature, and dark ecological conditions of
the abyssal zone give rise to a unique ecosystem that contains the largest microbial reservoir in the entire aquatic system, encompassing nearly
75% of the prokaryotic biomass and 50% of its production. Numerous studies demonstrate that in situ filtration represents the most effective ap-
proach to obtaining microbial samples from seawater. However, most existing sampling devices function only at depths shallower than 6 000 m,
and very few operate reliably for extended periods in abyssal waters. This study introduces a seawater microbial sampling device applicable at all
depths, featuring in situ filtration and preservation capabilities. The degradation of microbial RNA is effectively prevented by adding RNAlater
preservation solution to the filtered container, ensuring sample quality and supporting subsequent genetic material research. The device is success-

fully employed for in situ enrichment of microorganisms at a sea depth exceeding 10 000 m in the Mariana Trench.
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Methods The principal scheme design and detailed design of each component of the in situ filtration, sampling, and preservation system for abys-
sal microorganisms were conducted. First, a multi-stage membrane system was adopted to enhance filtration efficiency, and the inlet and outlet
check valves, along with volume compensator structures, were utilized to achieve contamination-free and pressure-surge-free sampling. Second,
the advantages and disadvantages of the membrane-based and cartridge-based schemes were compared, and flat filters and microporous mem-
branes were selected as the filtration components. Then, a deep-water motor and a deep-water pump were designed for operation in abyssal envi-
ronments, and an in situ fixed preservation structure was developed to process the collected microbial samples and improve sample quality.
Results and discussions The study independently designed and developed a microbial sampling system with in situ filtration and in situ preserva-
tion functions suitable for 10 000 m abyssal environments by referring to and summarizing domestic and international research on deep-sea micro-
bial samplers. The work included the conceptual scheme and detailed design of each component. For practical application, high-pressure environ-
ment tests were performed for both the deep-water motor and the complete system, followed by field sea trials during the TS15 and TS21 voy-
ages. The entire system was successfully tested in the field, verifying its capability to operate in 10 000 m-class abyssal environments. Compared
to existing deep-sea microbial samplers worldwide, the system designed and developed in this study demonstrated the following advantages: The
entire system was designed for 10 000 m abyssal operations and was capable of functioning at all sea depths; the multi-stage membrane filtration
system was successfully applied in actual sea trials, and the combination of filter membranes with different pore sizes enabled the preliminary
screening of microorganisms in seawater, reduced clogging in small-pore membranes, and enhanced filtration efficiency. The design of the inlet
and outlet one-way valve structures and the volume compensator structure ensured that the system did not come into contact with seawater at non-
target depths during the sampling process, fully achieving contamination-free and pressure-stable operation. In addition, the in situ fixed preserva-
tion structure injected RNAlater preservation solution into the samples immediately after filtration to effectively prevent RNA degradation during
recovery and improve overall sample quality.

Conclusions This study develops a set of in sifu microbial multi-stage filtration sampling devices for operation across the entire sea depth. The
system primarily utilizes a multi-stage membrane structure and an in sifu preservation structure to enable the collection of enriched, high-quality
microbial samples. The plunger pump, deep-sea oil-filled motors, RNAlater syringe pumps, and other functional components are designed and de-
veloped to meet the actual working requirements. High-voltage equipment is employed to test the oil-filled motors, and current values are ob-
tained under different pressures, providing a foundation for structural adjustment and improvement. In addition, high-pressure testing of the oil-
filled motor is conducted using specialized high-pressure equipment, and the current values under varying pressures are recorded to support fur-
ther optimization of the sampling device. The device was successfully deployed twice in the Mariana Trench at depths exceeding 10 000 m and ef-
fectively obtained abyssal microbial samples, establishing a reliable basis for building an abyssal microbial gene pool and supporting potential ap-
plication research. Future improvements of the sampling system can focus on structural optimization and weight reduction.

Key words: full-sea-depth; multistage filtration; microorganism; in situ sampling; mariana trench
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