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complex biotransformations and biogeochemical cycles and exhibit diverse and efficient functional outputs. Building
on these properties, microbiome engineering has emerged as a promising framework for applications in environmental
remediation, agriculture, and biomanufacturing. In recent years, extensive efforts have elucidated key regulatory
mechanisms in low-complexity synthetic communities, particularly those mediated by metabolic cross-feeding and
metabolic division of labor. However, these mechanisms are largely derived from idealized and low-dimensional
systems, and their applicability and generalizability remain to be validated, especially when extrapolated to complex
engineered microbiomes, where systematic design principles are still lacking. Moreover, engineered microbiomes
typically operate under dynamic conditions, in which microbial interactions are continuously reshaped by
environmental fluctuations, spatiotemporal heterogeneity, and species immigration and emigration. As a result,
mechanisms derived from static and closed systems are difficult to directly apply to the prediction and design of
complex microbiome systems. In this context, this review focuses on the critical challenge of translating mechanistic
insights into microbiome interactions into the rational design of complex engineered microbiomes. We summarize
recent advances in understanding canonical interaction mechanisms in simplified systems and analyze the key gaps that
limit their extrapolation to complex communities. We further discuss the major challenges associated with scaling
interaction mechanisms across temporal and spatial dimensions, and review how environmental fluctuations and
species turnover in open systems regulate microbial interactions and community dynamics. Based on these insights, we
highlight the need to extend studies from pairwise to higher-order interactions, to develop quantitative frameworks
based on mechanistic classification and standardized parameters, and to construct predictive models across
spatiotemporal scales. We also propose that interaction mechanisms should be investigated under dynamic and open
conditions, and that robustness-testing frameworks tailored to engineering applications should be established to

enhance the predictability and transferability of microbiome design principles.
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Table 1 Representative studies of microbial interaction mechanisms across different spatiotemporal scales
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Fig.3 Spatial scale of research on microbial interaction mechanisms.

Cryo-ET) 5 @m0 M g H R ™8, W Fi & fe
AR AR BDIRAS N BEHEMT N 5 BAER LA
K Fgh 3 at . B, Cryo-ET S H T 5 A7 AT
YW RS0, WIT3SS. T4SS. T6SS, M4ty
HBRES, A48 7~ A 48 A 8] AH AR A AR
FABLA] D0 AT T — 2D AE K R )
#l| Saccharibacteria (TM7x) R AHEE PV &Y
HE (HAEZ1.8nm53.2n0m), Ffdid I K a bk
SIS IR T A B B A TE 32 R P A oG s A
R SR, %R AR T AR B AR T
M, BLFEEZRHRE B B oRE S EERAE,
DL AR B e, Har i U T 3h s B AR 2
(1) R BLfEHT -

SE O ) 40 K 43 - 7K 1 B A 9 g B A A 1A



016 GRENE 75

AV AR TR R BED AL
TER & ke E 7y 7%, fln, s RER
RIRVIH RS AILBER L, BB HRERL
MO FR A SBORCR, TR PUE KA
WARGHNE HREFEPLEAFRE, TES 2T
AN 52 A H 00O 2 B A RN A 3 AR B A, T
Bb, BT TR R PR BT A 5 S M RV A
MR LAESA, WnAC YR O R . BRHGE K
JEPDSEANNE S0 55 B2 AE 5 0 SL B . AR
BT 73 7 S5 A T & AT TR PR R e
KRGS T B TCE ALK 7 T KT ) BAR
WHICRE 1. B, A AL A AT SEELHTE ik T
AR B e 12 1 A ROR HE T . A AT A ]
B TR AR NS 5 20 7 TR % b A 2SS M
2% U, X e i R AR R SR AT AE “ B R AL
&7 R AR S, WEE Tt R
T 0 AR 8 B BEAT RS A I T, i dnmT L@ R e Ak
M Ah A . UM R A R s 521K,
R o7t SR R A B B IR

B NI it S R 7 Sa S /R IR (B
FIHLHI B E T, 32 B v A8 = A A X /0N 1) 22 1]
REZ Lo 2K - BERRE, Wik R . L
et e, BT, WAt AH
Y A B RRAE s AEZKE A ROKRE, (58
oA E SRR T B, iR KR 2 W g5
PEE R B K A0 W AT ks AR K AR B, S %
AV A B T I LA AR - IR,
W TR — PR 2 7 T WL a8 5 A0 iR 454 )= i
NP ARG T w0 R AL AL, (HSZER
T B 2k, e UL s Bl e Jl B 5 20 25 i
Bro MEHZTN, TR AL 52 bR B I 72
KT S A AR 10 2 1) ROBE 49 dn T 5 I 3 o A
W% LA R R REAT o R R WS A BT B
PO ELAE 9K, (H )R /s RUBE S 36 A 3R A5 R AL
A OB I % A 9 KRB ] JLI (4 A 94T
A3 4 A LA A P AL T W PR R B Bk il e —

3.2 IHEMEMARTNAS, MITEEFRE
RE?

3.2.1 #BRKAERE TR
WAEMHAEEEY (AX) 5K GHEM

I 1) RUBE T AT e R I AR AN TR ) R B 5 A e 1k
& T HE R EE R MM A T RERE AT, 2
AR 7T 2 1 1 R SRS R T R VR RS E 1
T B TP T A A R P 2k B P R AL BT IR £
FEVE TR EA B BCR (218050 AT, xR R
G0 AL i BERRURR O G B RUBE b O A 2k e
HH I B B ER T A I RIS RAAE AR XN A
AR AT S, 5 5 BURM % 2 i B AR R 2
[FII, RN R G0 A BRIt BR ) 1 H T et
55 SR HER A Y b IR AU A2 SR IR T AT A 22 R A
PR R PR E A IR AR S AR, ] T e R PR R R
EEERE R Rk, Bk S RI R,
Wb A 2R A A 25 I T8) RUBE T T 4 2 R 0 AT
L T 4 7 A 52 i AU 0 94 FE AT S B A A B A
Y U IR, TR GRPE TR AR AR W SRR,
Ll 2 TREAE P A R IER R F 2, HH %
o2, XN A I A A R AR KT RE A ]
AE I A B VR R SR B D A AR S B LA
B, PRI RN

ST, BUA RS E R R SR 215 B A A
WAEBRE GEEMNEAAD, fln s w5t
R PR S IR R R R W LA FF 2 T 4970
AR, T R A A A A S B P o A A R A
Hom EHTARE L4ErFThae. Bk, 2T
S I SR AT 0 4 I EL AR BIL A A DL S K ) T g A E
By, R R R R RN BT HER, G
VR I ELAR e 1 T TR K I B A AR . AR
HEN, TR SR KR A T IRAF AL
MU, /R BT R R A B R
UL

— T, BT AR WA A MR IR AT AE A i
REF oA, ) i 5 5 v A B S R T
AR B A S ) 5 4 1 0 AR SR s AR SR OB SR A
25 52 9 N THE 58 BAR S 1 WA BE . AT )
FEBCTHIT BB e s AR G &, FEARXT A Rtk
FIARAE o TR, 25 8 28] 38 70 T A 18 5 AR g X LA 93
M RA, TREE RV RE €z,
I R R P s A e R R SR A 1 e R AR I R AT
WL, BB SR IEACH) DBTL /A

g1, AR A MR IRAR AR A AL T AR A
—ue kR AT, W A B 3 1 B I K



%£7% www.synbioj.com 017

A IR e, $E7 7 A LT P B3I LA A
B, s 2 AL R s PR D RE T E A, B
it 3o 9ol 2 7 B 38 A% T S 51 N DNA B fig HL i1 R 1)
SR S . BeAh, KIEALHT TR, DI
HAR R AR — € FE L B AT 2 YRR 2 1 3 A
s/ Y. Bk, £ LR AEE Y
oA 2 IR AL SR 56, TS UURE AE AN AR E B
VB B LB ML, 9 52 2% T v 1 4 4 3t i IS 1k
B3
322 RFEH R R E M LA A Mt RN

£ TREMAWHRKSEERR A, mAEER
5Tl R R, HIhRer e SeBUR T 2R E
() B b o B R AR AR & o SR, AEIX — RUE B
TF R BT AR AE R B A 4~ B4 P 48 75 (0 A 5% Ak
oAl R PR A o T ST TR v T S R 4
ML e B P, AR T, TR s e =
N RO T 22 O RE S AT 45 2 0 ELAE AL, AT
FEMTBOR 2R (8 R, 87 Sov B AR ML 4
] R 8 R A A Th g, DL T 7 4/ RUEE
IR 1) R B A AL e 2 KR B R I, A7 4
FEH IR MRS E R 5 Bk Y R IX — [ A
DR T 175 R S8 TRk e, B ok 7 2 3L fE
g BB F 2 (8] 2 % JF SRR A S E &
TR ) B HESE

MOSEHS T H AR, 5 2 18] RO (0 R B AE T4
J e % B REWIF 7T GO AR LA, SCRE 20 i 2% R ek
W RFE R SRR & o WUZEY) BARE R R A AR
TR 2 IR RUBE 9 Jm) 38 2 8] v, T 2 WA 9 AT
NPT IX /M REAEE RRE ENEZ S5
& e DN, TR R LA S A TE 2R G AR
RSk TH, En KRR SIS Hor 5+
MR SRR, BIUE 2 1R
W R, W B A EROR, B E &
iR AT AR EE ) 24 i T LA AL ) B H o o W v A
SEVERI D RE LA AL e Bl S, R R RO
T 55 OIS = P ) LAY T O R B R R KRR T
AT, A G0 2 T Bods o A R B0 46 2%
5 R B L ST ARV 2H 36 B A e SR R AT
BE TR BROK RO FRAT 14 J5 B AL f1) T50OK 21K -
KR dt—Hh, wT e E Al b A7) J2 sl
BRALKEFRK A, ) B £ AR = A0 Rl R B 471 ) i

fih Bl NS B R B ) B R A R0, 8
HE— B R E R E N, Bs e B 5l T
T Ry i 2 () e R P S AR YT B i . @
X eI T H A K R, AR AR O BAE AL A
M RR T AR, ARG T RS0 5 EE
PER S A T A RGBT T8, AT oA ROBE JROR 4 ik s
Lo 2 e

M R A5E TR A e A R, S B M B0 B A )
FMBEE DR 5 ROE T, ok 55 Lo JE R A
B R B, ERURE L, &FEdgA
A B AP A Y 2 i ARG L AR RS . B
Bl S A8, TR BOA S AR YO L AU AE
e 25 2 55 0] F T Tl Ak B VR ML i OR E E &
SR EMERE b, AT RO 5 R B VR A A
BRI, DL IR E i) O s 2 B IR X B L T,
DLk — A2 4 8 7 A4 1) B Bl ROFE AR A DL 4 3R . s [
VrnL# . RE AR WOl NE B
(metacommunity) 5B B HIRHESE , B 20 R
G HZA R E Ry B TS S
36 Tt FE TR R, AT SIS AN 7] 2 ) RORE B v
A MG — R U, ] Bhi B S 0 AR R
B NAIGICEE V& il 4 1) 2 A 318 CIEE 4.1.3 30
AW, RSB U BV T f
VR BT R AE . (5B B “ i B AR — = S B 7
B —FHERG” MEREEER, MR
JE S8 v R A5 ) HAT 2 BOR PAL 18 FF kN WA
Bz v, M AE OR B OGS RI(E BRI, STl
X TR A M 2 A e S D R i e 2 TN

IR EEE 5080, Bk s RS
S BHE R w2 R R HAR I B e . FR
BN TR H 2, AR TR B A A [ 57 (A
S SRR RFAE ,  DR] b G RO TSOOK 5 st A i Xl
B, fELEBEEEERY, A S0 EMN
B2\ P o= A7 NN W S R INGTE 16 A €N
5 7] 7% (A o 29 A R R e vy, S A BR 97 Bl 7K
JEARE M Rk, TERS ROBE BT, ARG VE
— W B — LR Z Rt . E R
o 450 BOROROR 1R R B IR LB R, i
MrPE i B . BB S R BEAENLE s RS, REER
IR E UORE R [ € T AR - i TR TR 2855 4 ik
o, AN D BRI BOR AR B AR s B JE, AL



018 GRENE 75

ANTR] Th B R AE 5 e A 35 o 1) % 18] e B A& @ 1
S SR I A A ) RE 1) B B IX B fE . M G
TSGR WA R E SEK AR R AT R
2 a) EEE P, B AR A TR R
VSR B A HUBURL K A RS e R 4
JR AR AR T R, FE RO B BT IR R FE
P T G PR 2 35 1 IR RTRE , - I FL @
RLR T 8 IR RO A5 GO A B A 55
B 111 A T RURE 2R T A A A 1) W R 9 e A e A L
i s P B A LR B ) AT B AN 1) D g
UKL ] (R TR A I R8 « RAHE vl 3 R 27 3 v L
LR, SEHLR AR BT G B A T RE 1R HE S K
IR ZREI RETOR . 4 b, ERAR TR
Yy SR A, N2 RS B AR I I 2 8] S o R AR AL
R RS aag el S v DN S 28 AT b
PR IEEALH], DA A R A el 13 4 5 55 R
FERE G, SBURORUE EAE AL 17 TR P 41 A
SEE 5 ThRE 1A R AL -

4 PREMI TR S BRI s P TR
P Be vt A5 i

4.1 MEVBERESHEBRSREEW

4.1.1  fhAdh AR IRBR A

AP B AH EAE R SR B . T IR G AR ALY
FE I v FE IR R AR . B (R RE I AR A T
TEA A PR B 50 T AT AT fe 2 0 AUOA AN [A) 1) LA
LA, i, Piccardi % MBI MR RE T HEE
J& I TR G Y R VR ORI, EREENT,
YR IA L R ARt s A E A o B A HE DL
A ) A2 ol R RS L A 42 ol 1) e 15 0 R T S B AR
Ko, BEvE LI B SR V) B AR AR 5 B e ) R
fER . M4 RAEEY e (Mt FE 5 5
AL AL T 32 R AR J, AR A R
A PR R 58 G 00 &R 1 B LiSE NAE I =k
LR B A4 B & BORE O A SRR I, FEAIRER
BRI, AFRFRINHE BERN KR,
BRI A KT, EREBERRN 2% & ALR
FLBR R 2 £ = TR X 3 G AR 3, I i o 3230 4 wih
Y /NP /U (b 3PS 4 S E N TRE 58 s 1]

FLARRL A=, AT AE & W 38 R TR RS E 1 B L
FRF

AP i 08 K B A B AR A R
HHEH R H P LS. Zhao 55 NAER FT
B R v it T AR S e AR ) BRI B, AE 50°C Y
e B R, BRI IV AE OE 5] A ELAE
g EW . PLwIBEFR R, SRk eE 7> HEe
G YRR B, B AN R R, 148K 2 Hy)
REB B TR A R B ETES R, MR T LA
e KRB, NN T2 1 B ) 45 R 4%
TR i P 28 A B O s Ak AR AR, BEE T
DUE BN T BB BAER R U FRE IR R
FEHFVE A 5 E], Merz %KL, I
T B 1V ELATE I 2% 25 R BB IR FE Bh A 8 Ak, R
FERE . EFRMANEZN “ESE” &M, BA
A P U v O 1) A B AR R B e TR R
FAF Y T TN B, oK a3 R
R ) HAE M R S/ A R S, +5
AR S S S VA R I IR 1A B T R, Sk
H R A & s ), o th gl s A
i PR 5 5 4 Ok R ) B 22 AR AR DR R T

XL FUR B, AR 1R B AE BAR 2 5
P AE SR A R S, B PR B P B W] B B il A A 1) L
VE N TE 4 3 ) B T AR ) S e 1) LR 3R A4, 3R
HEAN T V5 0T RS i () i 52 M, X RO R B
3R N & J1 8 FE B % (Stress Gradient Hypothesis
Bl 4) 15 T R 2 1 S IO UE AR S RE T X — R
b, X —HIRAEYN TREMAEH, Fihl 2 EN
BifE 8 55 A AN [\ K SF 3058 8 773 5¢ b i 8
MAAEEE L.
4.1.2 FRE AT EAR et A B Fh KK

A 0 1) A A7 A 35 5% A A A 2 TR 2 Bl 1D
HH T BCAE WD AE AN [R] B0 53 v Rl R SR I AN [R] ) BLAR
KER, BT RE A R Y HAE R RIBNE
Ui, & BB S5 M B A58 4k, T 5 e B VR
(P Fe e 5 Thae 1. d I A D) 4 B U 2%
A VT M AR A O VR R A R BAERRAE, A Sk
06 25 2% R TN A S0 RE R B 5 e B AR M AL B A 1 —
ANZ TV E— DY A R IR RV
Acinetobacter johnsonii VE N HEAA TR ¥4 8 FH i 540 R
R =R, J5&EAEN Pseudomonas putida



%£7% www.synbioj.com 019

MREHERE

GRtEE{ER

«N ;D by N4
‘I'\\/% é\&?‘{%

IMREHEEEE

ErEE(ER E{EXRBILLH)

—» [FAEEER
— AEREERA

B4 BB ARRE 1 AL W RE b A AR A Mé%ﬁﬂﬁ[%%ﬁﬂﬁiﬂﬁfﬁﬁi%%

Fig. 4 The Stress Gradient Hypothesis explains how microbial interaction networks shift along environmental stress gradients
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