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Abstract: Plant artificial chromosomes (PACs) are human-designed chromosomes that can independently replicate
and are stably inherited in plant cells, offering significant potential for genetic engineering. A key advantage of PACs
lies in their capacity to accommodate large genetic cassettes while functioning independently of the host genome,

establishing PACs as a versatile platform for stable and biosafe genetic manipulation. This review systematically
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outlines current strategies for PAC construction, methodologies, and future application prospects from a synthetic
biology perspective. Current strategies for PAC construction are broadly categorized into top-down and bottom-up
approaches. The top-down strategy utilizes endogenous chromosomal elements through techniques such as telomere-
mediated chromosomal truncation (TMCT) to generate minichromosomes. In contrast, the bottom-up strategy focuses
on the de novo assembly of functional elements, such as centromeres, telomeres, and autonomous replication sequences
to synthesize novel chromosomes. Significant progress has also been made in developing extra-nuclear PACs based on
plastid or mitochondrial genomes, which benefits from prokaryotic-like transcription and translation systems and offer
higher transgene containment. However, the efficient delivery of large PAC constructs into plant cells remains a major
technical hurdle. This review evaluates various delivery methodologies to address this challenge. By enabling high-
capacity, chromosome-scale engineering, PACs significantly expand the scope of synthetic biology, supporting not only
large-scale genomic modifications in existing species but also the de novo design of synthetic gene networks and
metabolic pathways. Delivering large PAC constructs into plant cells remains a major bottleneck, and the review
evaluates various methods. By enabling chromosomal-level engineering, PACs expand the scope of synthetic biology.
Beyond supporting large-scale modifications in existing plants, PACs also allow the de novo assembly of novel gene
networks and metabolic pathways, paving the way for engineering plant systems with novel, non-native traits and
functions. To fully unleash this potential, several technical challenges must be addressed, including efficient synthesis
and delivery of large DNA fragments, enhancement of genetic stability, and the integration of artificial intelligence (AI)
with synthetic biology for precise design and functional optimization of PACs. Through iterative design-build-test-learn
(DBTL) cycles, PACs can be developed into predictable and stable biological systems. The convergence of these
approaches is expected to drive transformative applications across agriculture, pharmaceuticals, and ecology.

/ Plant artificial chromosome Top-down \
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: & < R —- v
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N LYt4k (artificial chromosome) J&—FHE
AR H EEH, JRAE SRR R E B 1
N TR BRIk RS, A &€ 6 A
TR . KPEE ERZE R, BN Tj
Ok FEAREME N T AR (bacterial artificial
chromosome, BAC) . W% £F N T. % 4 /& (yeast
artificial chromosome, YAC). AZS40 M A\ T4 {h
f& (human artificial chromosome, HAC) FIEH¥ A
T Yffk (plant artificial chromosome, PAC).

N T Gs 4R (1) R e s 5 0] 08 B 31 1973 4,
Cohen 1B\ ™ I & HH 8 A BUKLE & pSC101,  SEI
T ANUE I IR LE G B R R s B . RV X I R S g
ik, ERNESENTROARRIHRMET “TEE
SRR X —Z0 B . 19834, Murray & ™
TR EE KN T REER, HRITEST
ST A A 22N R i L 5 R G TR R G 8 1R OC
JoE, BREERE RN ORI ZRE . 2R
WE B e AR RS B A E TR E RS A TR &2
K R A )k S, Hoon R DhRE AT E A .
Burke & ) 7E I BE Al A4 2 AT 2R 30K v B DNA
1) YAC # k. 90 AR, KA i o L E
DNA 5 i KL DNA. JE 5 41 DNA &5 &, fE N
HT1080 4t L s HAC ™, ik — B HRE TR A
Tt iR B 5 B A O . IX S8 ) D) 22 55 0 PAC
) R R e ik 1 e g LB R B R i %5 . 2007 4,
Carlson 5 ™ 7E KM T — AN IRTB /AN Gt fh,
A& AN FE s Birchler [F1BA 45 FH i hi A S
et R W 1 R (telomere-mediated chromosomal
truncation, TMCT) JFII7E R K 7 N T4
Bk, St AL, PAC AR £ 4R
FEPH, SEOLZ B P AR A, X S A B R
ITHRAMR:; HABAEZRME ERERA, & %L

GBI AL B AN, . PAC RE M ST Fa e WAL, fF
R A W) s N e vl 4. Rk, PAC B HE
FO A AR R A A .

ARERR RS MEHARER T H FT PAC #4221 AH S
FUtRE, HINTILE & BRI E R R K RS
#, RANIRDN PAC HF Uk RE o iR 20 0] R, S B 0E
HEG B AR, WA BAEYEA AR PAC
s SRR e S, S A SRS S
Bl AESMEE DL AR 2555 0 V2 N

1 PN TR i) S SR

PAC j& — MM S7 TR ) B DR 2H 1) 22 B R 3k &%
e, BABEFEERENE, HofEdft. 5 YACAH
HAC —#f, PACE G YOI EIEARTIRETCIF: &
22 kL. um kL A H 3 B # 5 %) (autonomously
replicating sequence, ARS). #A1M, 1EH& ki
AT, YAC W BEE 22 R AR ~F 51, 3
fa B NSREZRAKB AR o DEDNAERE, &
THE % M, HEYE LRH R M
Ak, B 2R D) RO R LB AL bRic, BTt dE
JESG I, H AT M ovE e B 2R, B
FEHIFA . ki DL SR BRI 3R A5 B & e
iBeffI PAC ™,

AR, BEAE N SRR AN SR AR SR A . S
BRI i DA B ik D] 30k B UR N 9, e S5 ML 40 1D ot
AT AR ¥ 2 A BCR BT B 2 & . PAC
(1% 90 PRl 9,328 7 AR A% P G AR i N DA, 4R 5
BN AL AP FER H )N TR g 2 ) s A AR
BN LA R A 384 W) o 32 A 4 KL 4& DNA
(mitochondrial DNA, mtDNA) Fl1J§if& DNA (plastid
DNA, ptDNA), wuIitZg{A DNA (chloroplast DNA,
cpDNA) o A% A1 18t 4% P 51 v 1) i S A B IR DR 4
Sitm AR, AE NRIL MR B # R R 4R
A2 R PR SRR S 2 2305
R, WoRH 20 TR K RIS R g, T2
R B AN TREMASUE ™. sah, HgRER
JERZ ARG, R = 2038 A% AL ) sl =% s
T BR AL, Mo eT TR E P CanEE E D
I EKP R E Rk Y FEZ B R, g
BUBAE B RIS LI AT 8BH W 2R Ak ik
D] % A5 TR B e 46 1 A% F A, PRI B 4b

WHME R, MM EERNEY KLY %
éllﬁ[n, 15]0

BN TREANEEFERRE BN
(top-down) 5 H T~ 1 £ (bottom-up) P Ff 5
B o B BT SRS O B T A G AR AT 2
i, BRI HEY IR A BRI D RE T,
Tff DR 35 T2 P % € 4 6 48 i v R 4% T g HL A o gt
FE 27 B R b SR ) T Sk R R A
BN/ S Y/ v G S =220 AN T F ANI = e o =i
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Fe IR bR &, ERSMBEAT A, JF 3R
FFH R Gt i o R SRR R A L ) it
STREEHE, BAENZRN 5.

1.1 BLMTRESEEDAIRSHE

B b~ ek sk g 2 B At EERA
TGt ik i 0. RIS % IR AAE T B
PR W IR G ik B KRR ThRE o b3
SRR, R AR R T G R 75 41 A o) Rk
e fkis . oEmRER, hEEE Lk
T B DA 1R B AR ) T 22 DNA T 81 R 465 F JE Al
WL LR R A E A R E 2R E A,
TG SRR R B AL AT, B A SRR AR
Vi hie 1

555 e b0 AR MEAN IR, FE W v R 1 D RE 2
BT HR e IR EREZ T, 4082 8
WSS G 1R ST B TTTAGGG 5 Bog, Al i it
3 Ak it 7 ok i b 2 R on S N AR, JF
OB NP Y OAR P AT R I R
FIA i S ik TR e A B IR S BBl %,
UG AR A5 TMCT £ R i 9 5 it BB 7 T SR s (1) —
T ] 5 HOOCBR AR 7 vk 2, IR RO A N
T YRR 57 T ThaetE s Lohi fs ki, BE9% i
SRR E A

2006 4F, Birchler A PA ' B X HiE TMCT HAR
FEAE P ) R S, Al AT R — B B LR T,
KB 2.6 kb [ b 8 52 7 A1) i N FORFERI A, BR
FE PN Tk, E, ZFNF A TMCT
RN AE A e AR AT AR RN T3t fk (IGT-D
FHHIH Cre-lox Z Gu1E 4 A SEELGT N T 4% 4 44 (1 24
i P WAL R ok ] 4 X PAC T & (1T kB
BET RO RN, UE SE Rl G 2 P AT R R P 2H
S5 BER SN TR O & i -4 e filiL
HARThRe M E R, XX THEYAEMHEARN LA
HAEER X

HAEr, TMCTH AR C/EER K. T, K&,
P N e L AN a3 7 il o (/e S S ] VA
Rt R PAC A S TF Bz — B, (I
HERMRE, /N WS A7 A G
ERBWT IS, HEWT S gy 0 m] R 8 8L 4

JEAR P T dE ik, TMCT BRTE 2 5 4 A 9 Hh ek
4R YA R e

LeAh, F R A T AR AR T ) B et
R, HASG AR OEA R EEMN, SHEm
SEREAEE,  HOE A A KR A R AR
AN TR, R T B G (A R R A i g
R A EFELwEE N, HZ TEFENRE ™. Bt
7 F FH TMCT BoAR X B e (R gt A7 ik, 3845 1
T 3 I K AT R A Y T B e A
REEMBROA N EPACHRM T EHE T 5,
E2RTRZHEWA ST BREOAE KTE. U5
TFEE), IR EARAAE € RRE

1.2 BTMLREBEEEMATIRSHE

Dhae e L Wi e e B R b g N T3
OARK B B 2R Nk b m R
(T RE X 4, EA A 2R E R A4S Y
HER TR B, DLORBE B (R R HE 7 B 2 1 A
M. MYE2RAS KEREESN LEDNAL
R SR T, W R T %S 2200 DNA 7
B, 1RG22 R T B T e R ¥ Hh it 3 & O B 3
/R BY . 35 22 4 57 1 41 8 1 H3 A8 #4 CENH3
TE4 22 K0 DNA b U AR & T i D BE 14 56 22 b 1) 9%
B, HAENRWBAE bR L 4E 5 2R T P

H AT B B DA 9 2 R 20 v 3R 45 K 2 R I DNA
HEEF RGP . £ HAC KK 2 f5 i
T AR B B, BIF T3 SR T 1) v B R
I FH S48 DLJTURLIZ A0 A8 JE HH 25 ) e 1) KRS o 2
5. DNA %1, 5k DNA M 3t K 40 DNA 45 & 5
e T HAC, 1% HAC Re48 555 € 1SS 2 R iR
H, EREFEDMHE TRt e M . &
B HAC IR IN A4, CarlsonZe B Ry —4
o oK 22k 7 4 CentC AR UKL, FHK
ok E KM A A, Amr=A T — 4l
e WAL 22 /0 PUAR BT T IR e R i B 2
TR A e tifh . Bl , AnanievZE MU MR T H
RAREG v i v B SIS 4 o5 DA sy bt = 27 41
H R 2t R BRI TN B K LE TE %
Ytk . ZMA G R RETE G 22 R DL R %
B G R AT AL . R R S i Xt
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HEIEM N KH B TRt T s, XA
R GRSk 2 26 B9 e T LA .

Logsdon &5 “* [0 FE 52, BRfE B o T2
DNA #J# HAC 4h, FI HHE% 22K DNA F7 51 J5 7]
TE RS 8 A% 1 Dh BE M HAC, XA PAC [P 1) 2 1
ity EESE, P AR ERAE /A7) (LacO/
LacD #51d & 4, f & # CENP-A homologue
(CID, for centromere identifier) #4 %y CID-GFP-
Lacl it &5 H AT S () A0 BE, 8 H 5 45 PE LacO
FAdE G, MEE2RER, ReE5WMESGT
AN ThRe P 2ok, HRefE LA AR IR T AR
EALIE W G, @RS 2R AR aEE
22 1 DNA J7 51 K75 T8 8 2 ki i) = A B & — g mf
ATtE. TEE K, @id R IA LexA-CENH3 il & &
H, A m A gtk BN T LexO R
75, R 5K SR CENH3 & [ LR s DD Re tE 5
2 ARSI T <4 % A S €4 2T G = L SRR N
B, AN LA 2 R A e pk, FR SR
IE Iy 23 . SR, AR R RO AR ) AR
EVEA BT RAR Gt fk, HAE 5 SRt AR
o de ik R R R . Rk, S ARA ek —
HARA

i KA A G O A8 2R B O <1 B0 DR 4 MR R 45 44
HAZ O HIEAF R A AT B . 48K
Z B W) I kL e BE R ST I B T Ak, AT AE
R BRI kiR A, 4N R
T A SE A1 T T2 R 5 R 1 g b 45 4, 3 T A AR
BH 1E G 6 44 oK oy 1) i BB AR 0 0 kA, B E
521 7 A1) P e BB A s g N T G £ A 1 AR B
5REMEY . S TAREYHEA A SR
(1) DNA J B 75 B BE A 7R B 5 30095 58 1 3 v B,
WO AR R AR T, TR R B E B R 1
YR BT R DNA B, DAPRAL By e fk & i ik e .

A0 N TGt AR (1) 4 38 0 ] BL 2 2% YAC 1914
AR, @EdHEE2R.. BEEHTH. bk
DA S bR A0 O — AN B i etk . i, A
SR TG R EE (BCTV) LG EH (Rep)
A9 8 Z Hl i S (VOR) ol R gt g4k« 2R AR
Jeth i D, RAR G Ak TR SRR R T
RS 78 M b () B R IE HUAE, AT L4 K
AR, T L IK B I B R Rk K B

i TAE G R T B

Occhialini %5 27 # " KA/ 5 R R4, T
K —M 4N “mini-synplastome” (Gen2) 3T
T, WG IR E B R EE E A S o (NICE]
FPFIA Kol A2 A K [FEE I — AN XU R 45
BTG, G0 SMNEDNA £ LG #IE )
I ] SEEL AR E 1) 2 AOE A, BLRE T A% SRR LA
TP RE G R I B RS B ) /L, 9F HAS 2% R AR
JR AR R 2 7= A T4, EAEIR ). R A 7 DL
JAEPC RIS R T2 N T RE . AR,
WF ARATAEAE — € R BR A, Wi AS [R)9) b 1 0
PE L JORLEE DB DL B bR B R B R IE K55 %
Ft, Z 50 B BA X mini-synplastome f& T A4k
THR AR, FEf ORI H 2% B S ae IR ATIR T,
X 2] DX ) [R5 SR AT 1RGSR AL B, R 23K
37 Gen3 mini-synplastome ", 1% ¥ 113 i W B
AE 0 ZL W B AR 21 6k SR SOEAT AL, R R
G P8 ] 5 DA s AR RS e M . OB LR AR S
TR E T V) AR B B B Re 4 RF w8 DLEL,
H A RIERHE bR G EGRE, Hone H T RiE
HIRM 2 BT . XA AE AU A 40 38R TR
T RN RS, O ARAE P 8 A 2 R
THHEART B

1.3 EMAIRBHNBEXSES

B K DNA F B ) A7 470 41 B 11 s 20500 126 2 A A
PAC #4 #dd F2 B A% o 35 . DNA v B [m) 470 24
JfL B 3k 3 32 XTI AR JL 7 T A . ODNA K
B o B 59 18 52 DNA 4K & 4t (1 7K 2% BE 1 F1
WAL AR T PERR ) @ HE W) 48 R BE T R D91 4 o
235 2 7N DNA WAL 205 @AM & A 1) 52
HEREREGIRBEDMEREREFTR: @F
REH ML SE TIE. BWith, @k N
GAFBEMEE. A SR, M. BETT
ML ERNE P,

HAr, FEE3IRBIERNE: EVRENS.
VIR 5 2 3 R MR E 3 Y Hodr, R AR
FETE A T 1) 28 A% e A0 S A R 28 DNA B B2 B
5 S . AT B E I VirD2/VirE2 B A E A K
¥ T-DNA #E N MMz G 2 EH. R~
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EZIIE A, (ARG S BARENLE,
Hidi NDNA Bt K EA IR (150 kb BLYD, &
T E A —E R R, FbiE A e 2
PAC #4 3 75 3K . — Bl 5 0% 42 f1L 1L DNA 1k R
. dIE AN LYk (BAC) K AEKE DNA K
Fr B (50~350 kb) DL HAG B LR E M, KikiE
Tk TR A ST AL g b oA i S B TR A
T BAC, I 0K B F B AR AT H Ri
JFR kL B H ¥, ME T —J6 BAC (Binary BAC,
BiBAC) #Ak . %A K b B A0 A AT B P Ry
FE DL, T E /D 150 kb FAME DNA 5O R B3
[RIZH B0, A, A TRE B Bt T 3 TH R AT
PR AR AL IR R

RO (PEG) A5 J5 AR o M3 Ak ad 1ot e
A5 21 B SR 5 1 5] N AR DNA, T2 N T
JEAE BRI AL 4 Y %IRRT, BT
TR R FRFE b 32 1) 1 D A= Jo Ak 1) Jo 2 DA R iR A I A
WRAZ R S BERE AR IO R0 B o 8 A SO ARt s T
H, ik ot g B o 2 R AR AR IR W 2, T A
K235 K E I8 L 3 AR DNA RN 7, R 4%
A Rk A B iy, HL v AR R T R A M . A
B R e e, F R R e, IR
BAGAR P A EwAE , SEUSAEPURSE T DL
KPR I 2 0 R BRI SREBESRAF
B &S DA IR A AR S m kL (B8 1
% DNA %% 4 L BE , % 7 EE ARG T A= I #ak
EH T Z MR, J0H R R B A BUR AR
Yy, WUV R A B AR R AR, R T RS
T3V B BRI o A% 7 R A A 8 80 A — Bk Uy T
A it . Ismagul 55 “ % PEG 745 4 8 il
RiAA &S 4G, FIH PEG AEE B8 1 7 i B 2 ik ]
DL 4R /N I A R

IHREAL KA R, 0 £F o 23 5 17 45 1 1) B 4
KE BRS8N
JEARAZ G AL, A 3R THI T A AR S 1 400 i e
FLBE, i % P9 A F ¥ DNA B4 0@ ik it . 3
S e R IR 7 s AN ML N BRI AR
W\ TG o A 3dfs 32 R AT Ak T B B0 uE P B, (R
MR AR RS 2 R IEREE ), AR
o S TR RN T % A4 3 36 4 44 T ML AT SR B
KRR . L G R R A0 3% 5] 5 5 AR
A 45 B (R G M A oK BORE (MNP [) %82 441 i 7% 5

SR R Gy, AH TV K 2 N AE S 4 i,
TEAE A v B ZE 5 /0 100 R 7R U A B AR 2 )
FH 7B 75 U8 7 A TR 2 A AT FH R 24 L IS 457 20 5
A 0 2R S T 40 P B PR 80 A, AT AR O A TR
I3 FREANIE R ok NERAR I, andE A SR AR B A
BF A ARk & T AN IR A B AL R B 2
(SiC) A (ABW) /S E A E1EK
T BN Y b B B JF 3R A5 B i X e
PR RS HRT A @ 2 Mk R, HIgH
—IE RBRYE . BRI, AR A X R SR 1R R T T R
FrHoR, TR T A g ok i) B 22 IR

PACHE AR B HE S A B S HAE T 6, 4
SR DNA IV AN E, FEREESG R
PAC A7 i3 P —Fh S B 2 0 3 R G it AT R AL
FHe, i, XS HIBA 77 454 BIBAC HIHE £
Fy g 7Y AT AL N T4tk (transformation-
competent artificial chromosome, TAC), Z#HAHE
WHIPL AL H F I IPTGHE S =A L # I,
T RE&GZ AR . ZBIB 77 T TAC
WF & H = 2 Cre-loxP /v 5 1) 2 5 R Hiik & 4t
TGS I (TransGene Stacking Il ), 7] SZH 2 2 [A 1)
FRE AR, K 10N R AR A Y,
REEFH “EREK”. B TGS I R4 5 M % H
B2 7551 S P DR A VIEE (UNIE) 4 3 ¢
DNA 41 # (UNiEDA) M 45 &, B2 JF K
TGS II-UNIiE % 4t, W H T &K DNA J BUi = 24008
W M 22 JE DR ME S, R FH A% 07 VR A R R KRG ok
DRI E SR AL R I E A A 7 m R IR
B HIHT Y Lox A2 F1 TR AL Cre T 84, LT 5
1= R Cre-lox 2 4t 1 AOB Y G (AR R 9 1 6
PCE/RePCE % %4i (programmable chromosome
engineering) 4L, ] LALLM T-Hil I 21 JK Bl = 2
1% Fh M0 IR DNA KE g . 78 EKRAI/NE 4%
TR R % R 48, fE— IR IEAE 18.8 kb ) DNA F
B E T 2N BN ZRENEDINE
DNA K BB G452t 178 AR SRR .

G — b S W T 3 AR T R U L, B
TR ) /0N ST gt 888 A7 i DR 2R 1) v [ U o 4 R B
FHOCHE T AR R 48, SR 48 K 2 30 m S5 /0 1)
HRFVEREHBA L 1%, M™HEGZ T SSEEDA
TGt R B A I R e B R R X — PRI
BF 9 2 R L3R Ok 5 5 T R R R R U kT 2R T DA
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LT HEAHMFE, CRISPR-Cas9 & SifE A O T

HeT T DS B X Th 66 6 AR 16 R B g 4R RN
£ AR, RS Cas9 T 7E DNA I 3 i X0 ik by 24

(double-strand break, DSB), HMM A, AFENME
AL X DSB 5% 4 AL 75 1515 4 DNA (1)
SRR o A A 1 TR 2 2H 48 0L R
[ 8RS AR S TR HE 2 52 02 & i DNA 2 & 75 JE R 41
B AR AR U, T CRISPR-Cas9 £248, 7T
N AT — AN A0 T A 4 20 PR O A A A &7
# CRISPR-Cas9 £ [ F1 gRNA 7E 44 #h 2H 25 1 427 b 1%
HAR AR (RNP), REHIZE A RELEIM
Ty B, AESRFKFE S R AR AR, R
AN G i B DR B ) SRR R AR T

JE H BT PAC W AR K F Br DNA & 20 5 8
B S G PR i, (2 2E T Cre H 41 B Il CRISPR-
Cas RS ORI B KW J1 . Ak bl 4 5 K 4 4
T.H. DNABEHLHIHIT Sk & AR 1)k — 2D fi

Top-down Bottom-up
PR— WT DO
a
TMCT S ]
N — e
| SN e

OO @D e
Design

3
<
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A GE
Biolistic "

PEG
Pulse
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ey

Protoplast  Zc¢
i

DL,hvu'y

e, AEKIE M. TR Ak TR
BAE, Fe BT PAC FEE & AR & A 5
(82 FH £

2 BN AEY A TRk
AR

21 EMAIZRBEFIELRT

AR A B TR R BB M AT
EE O SRR 2% K KRG iT, N PAC KT
R T KT R, 3T & e % R R H b 5
W&, i wit-ME-Ihk-4 > (DBTL) %A 7E
W, Atk PAC BT, e mrst Ak fa e MR ER
ERE, I PAC N H & KR ThRE AR 2 B R
g8 (H1,

Iu,m %
I l % mltput
input ="
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Fig.1 The construction process of plant artificial chromosomes
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S e AH LG, Y R E AR R
DNA K Fr B AE ) Hh (0 4% 36 3 G IR, JF HAF
TEE R RIR ML 1% . HICAE 3T PACHT,
B R ORI AR 71, DNA K F B AR B b 4 3
J7 A FERUTBRNLG . Gy oA [A) A BAE DA & g
RH =4 MEZANRR D ARG R R
fiff NG O BT G AL A Ak
W7 PAR&IETFE oM. Y B = RRE T B
B ) a8 AR oA Y, WO TR A X X L T R I 4y
Pr5 VP, DUE R AR o EE . HEY) PAC
B T 7R A 20l A % E A T, X
JCAF RS ATEE. BT, ATAHA L&A
J&. F BB R LA YA BREY)
2% Ju 4 %2 PSBD (https: //www. bic. ac. cn/PSBD/
front/#/) BT R MR TR R ootk EWCR B S
T 1677 M T 384 AN TEFETCHE 309 A4 Fh
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