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Abstract: Continuous and remarkable innovation in biology and biotechnology has increasingly exposed the
limitations of traditional genetic engineering, including random integration of transgenes and challenges in regulating
multiple genes, in both basic research and practical applications. With the rapid advancement of synthetic biology,
which emphasizes the design and construction of novel biological systems with predefined functions, plant artificial
chromosomes (PACs) have emerged as a pivotal development. PACs not only deepen our understanding of
chromosome structure and function at the molecular level but also serve as precisely engineered chromosomal vectors.
These constructs effectively avoid position effects and linkage drag, providing a robust platform for the co-expression
of multiple genes, stacking of complex traits, and engineering of metabolic pathways. This review summarizes the
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history, progress, and current status of PACs research, highlighting various construction strategies. This includes
truncating and modifying endogenous chromosomes, assembling chromosomal elements, such as telomeres,
centromeres, and replication origins, to construct PACs, as well as de novo designing and synthesizing chromosomal
fragments for genome rewriting. The latter approach involves creating entirely new DNA sequences tailored to specific
research or application needs. In addition, the review also addresses the critical challenges of constructing functional
centromeres, which are essential for accurate chromosome segregation during cell division, and explores techniques for
delivering large DNA fragments into plant cells — a crucial step for the efficient introduction of PACs. Furthermore,
this paper highlights persistent challenges in the field, such as difficulties in synthesizing centromere, technical
bottlenecks in delivering large DNA fragments, and the instability of artificial chromosomes. Finally, it highlights the
extensive application potential of PACs in basic chromosome research, synthetic biotechnology, and agricultural genetic
engineering. By integrating emerging technologies such as gene editing and Al-driven design, PACs are poised to
become core tools for elucidating chromosomal mechanisms, enabling precise crop improvement, and advancing green

biomanufacturing. This integration will drive sustainable agricultural development and breakthroughs in plant science.
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(a) Telomere-mediated chromosome truncation; (b) Ionizing radiation-induced chromosome breakage;
(c) Site-specific recombinase-mediated chromosome truncation; (d) CRISPR/Cas9-mediated chromosome deletion

NHEJ—the non-homologous DNA end joining; HDR—the homology-directed recombination
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Fig. 2 An organization of the kinetochore and the synthesis strategy of the centromere

(a) Centromere is defined by specific CENH3 nucleosomes, which are responsible for recruiting kinetochore proteins. The kinetochore comprises an

inner constitutive centromere-associated network (CCAN) and an outer KMN network (KNL1-MIS12-NDC80). Kinetochore assembly and its

attachment to microtubule also involve kinetochore regulators, such as spindle assembly checkpoint (SAC) and chromosome passenger complex

(CPCQ). (b) De novo centromere formation is achieved by recruiting LexA-CENH3 to the LexO repeat array inserted into the genome.

BFBEIR) A6 220 DNA I A 0 85, S %A
B e (0K R 7E A 22 73 2 0 e B 70 2 b DR 4 AR
€ 1, Kouprina % B2 55t N4 2 i DNA, {H
ZIF IR R A 2257 A8 E W HAC, KU ARG
AR RE T 22 RL I T AN R S5 DNA 7 51 1Y
5L, YA 0T B EIAE 2 R
NS E ", ThEe PR 2R L AR R T
DNA J7 41 ", A7 N 51 RIRE 2251 DNA JT 41
SINEYAM, KISPEATESZ 46, A6
TERE BOE ek Y H AT 2200 X3 AL
il A2 G R B AT R AT, DhREEE 22K 1Ay
RSN PAC £ B B PR KE A 1Y

3.2 ANIEZKAINIERES

S # 22k DNA 5 2 2200 % i AN o g b i
EAEH, (HX 2 HBEZ LS, UK
DNA 7 4 To ik M s 37 56 42 ki . 35 22 %0 X A7 16 i
H2A. H2B. CENH3 il H4 4 i 1) 35 22 Wi k5 7 v 4%
N, R H3 N R B A, Ho
CENH3 & 5 3 ki & (1 1 4% 0 7 ™. CENH3
HA LGRS Cumd & A P S 38 (histone fold
domain, HFD) DL J¥ 5| f1 K B s A2 % (N
g LRl FERIESSE R, CENH3 ) C % HED BRI 5k
2N w5 fig 51 5 H B0 ) 4R A R IR SRR 4
Iy 4L RE DN SR FF C i HED 56 130 A7 8
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W R R (L-1 8 L-F), U 4™ & 6k
CENH3 7E%& 22 R () PiAR ™. ghAh, JEik RNAI
ik CENH3 J: Rl 2 B Z Mt A 202, HTHmE
DNHEGFERE ", cenh3-1(~/-) AR R BN L
JEEOAE 1, T X L e B ATl % GFP-CENH3 5%
GFP-tailswap AT 954k "1, GFP-tailswap A 5
H I CENH3 C it g5 3%,  H N ot i 4 H3.3 1 N i
& GFPHUR . A&, GFP-tailswap il & & [
TEAG 225y 343 72 P e 5 I 2k B Y oAk b, T 76 UK
Boy Z4mE ToiEINE T . 2 GFP-tailswap f# & 55 B
AR, TR E LR KN4, kA
GFP-tailswap 8 I [ 4 LA B 05 B, AT T B BR£3%
e Bl DL R I SR AT AR AR SE T CENH3 1E T2 i
et b (% OB R

PR A ) 22 KL (1) DG B 7E T S I CENH3 72 4%
5E DNA 751 S ngk, I £ HAE DNA &l
VG 43 245 FE R AR e 4R RE . RE 22 50K i v AL
PH 38 25 F1/7L B 8 9\ 1 (lactose repressor/lactose
operator) FR 45| N R A0 R, FIH LacO
# 5 ¢ %48 %% CID-GFP-Lacl 8 LacI-HJURP fit & &
H, F A HIURP fg % 0K 5) CENP-A 5 A7 N4k 1 3))
LG g, et i T ThRe N T £
o el G R LR, Teo S5 4E 5 LacO
J7 51 (/) 40 B8 I Bk & oK CENH3-GFP-Lacl-NLS 44
A LacO L g, SEIM T H LR E AWM KA
B0l fE oK, LexA-CENH3 fill & 25 (1 RE W5 4%
W CENH3 & A 5 &2 L 8 11 LexO A
FE 30, T AR DL g1 R G 0 4 W7 2R 11 T e P A 22 i
CEI2(b) ], BRSO Gy 44 Fr B R 0% 3 i sl 2 o) 3¢
FooE B AL T WS T R A T IR 2R
Bt da 5517 B B 22010 A B 4b K9 g E R e 4k
XF, Y 4afl4b Ge AR ai A wT, HEE 0 # 05
TS AERE - —3, FFRE AR LR IEH 1
e e bk, OIS RE LR IIREE 4 " MM
T 22 R (1) BT i) 38K R A SR T R ] R E AR AR
N T i 4k B8 5 OB Al

4 R Fr Bdik

K 5 B DNA K Fr BUS B e 1 2 240 i 9 I 4
i FL 45 ) 58 B R M N TR AR A% 3R

SR H AT C AT RE 7 N DR IR TRl A 4 1 R %
DNA Fi Bt, (HRFIX 8K Beoe 08 0% 2 ) 4 iy
PN A7 T s R Bk . T AL S A e R 2 R
R SR RTAE Y BOR DU e #E DNA K Fr B

AKX EETT O G iR Ry BUE A B
FOPRAL 7 E AT

41 RBEAXRRBEEGE

YRR I T vk R R R R B ALER
FLA FH v 560 P PR Ak o Bk D) 398 o 65388 528 1 I T AL
B, RS 5 K 7l I B R X TR 45
BB N B U, @Rk gk Uy ik, 100~200 kb (1)
DNA K B2 5 N/ BRI IE T4t i 2 4k
SR RE RN AR AL AR [ Car Lity R
LT (PEG)] BU 4 M s iesds vk, =R A s
5 g1 P RS fi A S B OK R B s ik . i, DABIR R
KRR, 2.3 Mb YAC 1404 kb HAC #7 s N #4 #
£ HT1080 4 filg 157,

T IR ) B A0 A, 2 7 v R 7 TS T 1 A 4l Ak
DNA, {HILiT 5 S5 DNA KA Bk . 40 i)
B B B BOR W] B R b DNA $:E, M
DNA SERE M, L5 W60 435 42 & e B8 ) R
SRS . JRBIE S 1) YAC RT3 i B RE 4
L5 7L 2h V) 41 B i 5 S IR A Ve Gambogi 25
TERERF 2025 750 kb N TRtk f5, 7 S L
JEAE AR5 N RN/, IR N 2R 40 i A
P TLHAC ™, b, a5 0 g ki
¥ (MMCT) B A JE I 77 A4 5 5 A4S e o 44 1) Ak 4
= N N e g R N =T 25
. ZEARE 1974 F 807 Y G R, WH

%/7\ [164-167]0

4.2 15+ DNAXRERIEEAIFAFTIVK

MRS HCHRE T 20K Bk s
(R Do &G HBE R MOBURAT W/ T 1A, Horp
BiBAC/TAC 3t B BAC 19 K Fr BE v [ fE /1 5 AT 18
At A, wEE R 100 kb 40 JE DNA H B .
1996 4, Hamilton 25i@ it BIBAC & i1 30 kb ¥ £F
DNA £ 150 kb A& DNA Bt S ANHAE (Nicotiana
tabacum) IR, JEEEZERY R E T A 1
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R1 YT DNA KR Bk 7%

Table 1 Summary of different delivery methods of large DNA fragments in plants
SEQL T Wy 0 18, MR it
. . . The maximum size of the o
Transformation method  Species Targeted tissue . Limitations
delivered fragment
RIF AN T A AKAENST PR SRR I A5 2H 41 164 kb T F IR, v BBENLAE N, R HECK
HE PR 2 % R OO paseaiol 150 kb KA B G W2, B RBCREUC, B & Bt
ELP S VR SBUBES e iz 15 kb WP IE A T, 1 1R R IBAR

PEG /M 3#: 1L RREDT A A G SR IED 300 kb A TR, B0 R T A AR AR

5 LI RZU TR AR R 2R 5D 100 kb KB G WE, 14

(Wt N S SR I O S S S
Wang %55 K ik 164 kb (& F 41 5 L 88.1%)
I 7 £ K BiBAC AL B /KFER R, LBl T4k
FEH A G ik i BURFE M A Ve SR, ARATF B
AT A S BENE . R BRS . Bk
FES AL B MM RERR, HAFAE—EWH
PR A1 o

BRI IE R AL app RS, s
JE S kP Nk 2 25 DNA ) 4 @ ok 27 3% 4 g A
FIE LT FE MR R, 80 kb A1 150 kb ) YAC i
b JE R M 25 o R D % B BRI Y. SR
(Solanum tuberosum) H WAF B ZHE AKX F AT
106 kb [() BAC JFi ki "*". Chang %5 BiBAC X JE 5
ERWBEAL S, KFHKE 108 kb 1L FF IF
BiBAC XCE S N EL,  SRAT 1) 4% 5 DA ik AN
17 5¢ % BiBAC DNA, H. it fa i€ 8 1% Jf % ik 4
BR 1 A% 7 VEAE/E DNA B 22 XU

PRI R X RS HE S T A g oK BOR A i 1%
SN o EPUKERL, TR IEZIKE S .
AW B Gl oK UKL DA K Tl 22 AR i 2k 4t oK SR 45 ]
R IAIR R R S 259 U R RORE 3 1 TG
AR, JFRefRY DNA %l [%f# . Demirer
SHELEAR KM (N. benthamiana) < Z % (Eruca
sativa) ~ /NZZ UL RFRAE (Gossypium hirsutum)
T G K A RE S BTG B i R 8 5 1Y) DNA f% 3 5 2R
HRIA T, R RAERI R T M E IR iR
g e R TR IR E T E L AT
X DNA KA . RCRAR. HULEEASI S L,
RITVZ R, BB 9K AL 18 R G R 84k
K Fr B DNA fa 850325 Hi ¢ ]

R B (PEG) A3 0 AR A i Ah =2 AR
DNA J# 3% ({15 FH 7. PEGIE NKIEHERED,

L R 3 Tk T KR G T 4 R R T X4y T
2, 51k R g R R R s s Y. [
PEG fig & 1 DNA 540k 45 &, MIMiET DNA
WAL R 9 0 1997 4, van Wordragen %5 2% i
FIFH PEG [ )08 B 41 i 326 325 YAC K BE M7V ISR
WHFE A, 69 kb N L& Btk v Bud it PEG V5 ik
DS N/ )5 AR TR B R PEG A J 1
W R, {HDNA KR B4l b i R 4 0 B .
PEG /15 I % RF A2 47 200 Jf ot 5 5 R A B8 0 A 7
DNA #:1E, SEHLRIRFE R et fhidhik . ZEATE
W L2 P R P R A AR A AT S
W2, X — T AT & PAC I A AT i A 5
W B A A

5 PAC#5timilmAI Pk

PAC 1 Jy e (0 A4 TR 4048k B 2L 38 70 1K 52K )
o RG34 B DR 2 R A ok B2 AR 1) B fA
TP G . R, ZRTEDNAAENED R kT
553 £ RO BORHIN, PAC BF S AT AL T4 B
B, MR G2 B, &7 8 i

Ti%.
5.1 FBaNEMRENMME

22 R T DR G AR AE 4 ZEE AR PR E
%0 oetE. SR, RNV 22k X 38 K
& DR HEE P O 5 5 B, 2 4 aril
JP 5 H B AR IR S, 2 BOEIE 220 X 7 54T b
TR amE R IRES, LRSS S B MRS
JFA. B BME, M)A R RE 0 R AR
W RE € DNA [P 41, T2 £ 252 8] CENH3 X — 3%
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MR AEARIC R . 28R (1 7R @ AR A R 2
e e i A U i g L 3 4 ) HIURP M 4
% 1 ) Sem3 A1 NASP U8 DL & B dig
CALI1 ™ ¥y % 52 3 CENH3 [fin#k 7 1 H:1R. R
LRSI P 2R BILKNL2 A8 5 CENH3 (1) N b A H
ER, FFTEfERE CENH3 YR 22 %5 22 5 DNA i 2
SR F] P00, (H CENH3 78 L 4K Pt i) ks
S S BRI AR .. XSHWERA
TG B A DLAE T 2 40 i R A2 E 48 55 CENH3. &}
SR A “FUREBLE B L/ AR RN T R 5
“CHE BT AR PR G A S S R R I ) R
H 2 7 v R i N TG 22 R R AE A 5 1
B AR 8 P45 7 T AT 75 33— 2D I E

ShAh, 22K ThBE S5 DNA H 34k % U1 2%
PLFG IF P gm0 IR 51 B3 V2 FOEHERG I vMI R kA=
RAFKF, CEN178 H & 741 I H AL KPR, 1tk
REMBEBNGHELNINGERE, 5l R ™E
() YLt fh oy B BB 22, [ DNA b AL, %22
FLE B S e € )5 (0 FLARFAE , T X 8 2 0 18t 4%
INBE T A 22 00 B 0y B L5 T REAT 8 (R B2 1 oK 7S
RN NLAEMELK AT EERNEER
MEAEAE T LR AL D e, 152 4 i Fe e D e it
2210 T R B AZ 0 1) R

5.2 FBEFKHBRIEBXEME

4 DNA K v Bral A e (o fh g b ix 21
Y1 AT 72 PAC A5k 1R BBk o AT T B AL BT
R AR B AR, BIBAC R4 BARREH
et kL 100 kb B Fy B, B IGVEE mUEAN o HE A
Moo M AL i BUARRL G M PEG #4055 U5 U7 78
PRSI ER R B DNA, T 4 BUFH 45 4 3o i af DA 4 4
DNA K v B se e 1k

NN NGRS & E e X A
(transformation-associated recombination, TAR) %
AR AZ AT R P B i 0K [R] 5 = 2H RE 0 v
ROKG e 56 B DNA K Bt 42, ©) 2 N H T30
N TG AR Ry g ™ thah, 75 KA+
T A-Red H 4114 R 9 24 28 BOR 58 IRAGI6 ol 2 4%
DNA K v Bt P2 ) /.4 34 3% & i DNA K B
i MR AR O R 2 RHAKRS
DNA K F Bt @% 525 DNA KR B e # 2 Kt

WG I aifl; @S PEG #164% DNA K v B
BEEYR AR A " SR, R RE R S ECE
3 2% S b (A 45 A U HLXE 2 v, RV PEG N &
IR B (R S 26 T R B AT s i B
RS EY R ARG, SR AR, TG
RERCARGIANEY RS, A E LI DNA KA B
MEERE SR (0 ELEOEIE, R BALE K LR .

5.3 AIREBHFNFRELE

I A B PAC A7 75 25 44 AN 38 A% AN A2 58 1k 1)
I O S R O Y AR QY W et S AN} TN
RN oY GRS EPI G P RS E AP IRV SI RN
8, N O BRSO I I IR XE . 95 2280
T R ok B £ S BON T 3% o 4472 40 i 70 28 ot 301 e
WL OBEANR A AT E K. Lk N TR R K i
i WL 45 K DR A7 AT L o A B 5, R 8 R )
HEFINE 5 E K, B KL R T3 Kk 2D
e 7, BETBOR N LR RS MR e . Nk
T B0 S R PP 8 75 A T 4 I R0 o Bl R G A
A He R R AR A P BAh, NGtk TR
TRESA MM E L LI e =, HAE
500 A7 B 1A LA N G (R A 41 i 23 2R
Moka etk . JRM0, A A R M 4n 07 0 A 1
B A S P ) 0, UL T R R R 0 DX R
AT ELMFH, P GC & & 3w 1) X
[ R, T IXMRRE, fEWTHPACK, WLLFE
JEARIN AT & 2 X AN 3 GC & LUK 55 5 i i 46 15
T BRI AT R A AT R AR
SEAh, DNA [ & il £ 1R KR b 52 8 R WL 12
PR 2 e, X R AR IE PAC RS E S Y B
Sl

PAC it 1o ¢ 0 73 28 52 B A AR 1) A2 5 A% 326 7] B
T e o Wk 2= [ AR TT e BN TRtk
E UK 5 2R v T X R D BT s Al B A R TR T T e
R, A NLEHELZRIEAS, WRELIK
OiREVR MR R, I B R ) B R A K

6 MHHER

PACE N KA TR 5 & BAEW %0 T
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Ho, TS RAEFOR W R UG T — R 5 R
BERE o IX LR AR T AT Ye ik L5 A
T RE R ZERLE] BN R, R VRS e v B e 2
CE G ST R TR T R B S T 5%

6.1 RBEFEHSIHRERHARIA

N TG Ak O R R AT G A 52 2 S5 7 A 1) e
Mo TH, JUIOE TR0 G AR 1R R R RFAIE
B AP A YR, BT 1S DLRA X Gt fa AR
Y. FERERERIE FLAIYH, YAC. MAC A
HAC ¥ FH THFFT 5 22kn . b 5 g o R A% O To A 1
YRR RE D 2R SRR T 22 R R I A%
2 UtpRLKC R B G A = LA R S SRR )
. EE T, B FEE A TR ES
JF 54\ PR G AR T BT 1) CENH3 3550 i, 14
R 2 R g, HEE T AR 22 5 R0k 4L
SR HIAT RIRAIE T OB Lk Th g e B D,
X LB AL B T R E S RS I RERIAZ ORI ER
Xof B AR R 25 4 B A TR 7 S

KK Ak CENH3 48 55 /7 51 & e N 5 2260
X3, 18 EEH Bk (45 A R S R A% 455 X
HENH, UEWHIAKIIRE &, ko,
YA AR SEEL A N T MEE Rt 2
RN TG i fh o JE I B A N T35 2200 04 1 5 s
H2H & oA G R B, &5 A 07 s s 5 M EE 2
RO LI g R G, A AN R AR E BiE B
A 7 [A] U [ PAC

TR RS ERA B A
SRR P ik DR AH v kB N B, O R Gt
X R ) D REFR AL TR L S B 2 Rkl
X A i I DAL 4L 4 B ) 4L B (B T B = 4k Sh A R
9, JFFIH SCRaMbLE % 4t 2 4l Hr Th g % K 5
IR ZH 8 [ R, R R AN R ) TR
SR S T A 4 1 B DR 2 R PR

6.2 ZSERARMPRIEEES

PAC Jy iy E 35 12 02 [N 2 fift o B il i . RO
EYI R R SE ft 7 ¥ - 6. RN TRER R/
H e RE TG B RIAL, 2 38 K R A HOBOAS i
AR AT, 5y G EOEB R AL E AN R RIE

UUER . N LR R R 408 K DNA J BOf oL T
WIRZE N AL 41, A7 AR o Ae 2 2 PRI 2 N
Z RIS DS AR 8 B B A 45 OCHE H MR Y

H AT ©T R 2 3 R HE & Sy 2,
Hofr s e EARE N FHES RS Z R
T2 B DRl N B e B CRISPR K HAT
AEROR MR RE, FEY U R DURT 8 5] 3 g R
4¢P RL R TTAT A 3 1 DNA K HER N R 48 = B
Je 2T Cre-Lox £ 4t 7T 4 i e €0 1 2 B HOR =,
HENS STl 22 21 IR Tl 22 20 3] DNA J B i) 1 45
o X SR AR N id PAC FIBH RN, N AE )
B AE S ES R IR 1508

PN T e 0 4 Dy 34 1) A 368 it T A T 42 7
TEVE SR B IF IR TR D e . I AR AET R & R
B AR A GRS E Y BB N TR
Ak, ATSEELURSREMIE SRR . SR C
WA & AR 20 B R AR CE Y, RS
R RS T BN T iR 7
ERFMEY, WK HE EEERE . BEEAQH
SR PR AR AT 5 e, dEmiE i N TRtk
BRI, ARl AR B LB RBNEBHT -

6.3 AREMFIRMERE

P EAEE T AR, ZMEL. K.
PREEE N RE 77 5 % 56 £ R0 S A8 1 e ) S AL
E BN A A S B B %% . PAC FI{E N &
BRI AR R AL, Bh oM an i T M g .
YAC. MAC K HAC A T 5 Ui 85 B 5 = v &
R P PAC TE AT IS ) R i Ak F R B Y
Bro 240 LA R S A AR ) R T & AT AR PR AR
P P A PRl (BT TV R A G A A I A
N 52 IR H A S . Pk, . Tk
KB R RSB =W 1) 56 B SR IR R ik
AN PAC, W AR = W5 v R 5 3% £ I & 1 o i 4
SR AG AL 2. HeAh, PAC SEAE IS AT
WAL AR AR E, AT T TR A B R I
LR, WERAE 55155 /iRt
H-ES5HH” seBZEn T ARG, F/EY
H2 0 H 4 e JE AR BI85 b 3 Y ST e

&b
He o
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