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Bl 1 KA R E K 2 BB R M R AR E L R G0, (2) Tk B R Mol 74 1k; (b) TARIRER; (o) TAKMERE; (d) TOKRIMERE; ()
FRFDTF; () WRHAZ AR A2, (o) WRHRSFEA R AR RRIRZE, (h) WA EE RS RHERE () PIRBARZ A R AR, () IS
WREAEE R AFRT; (k) WA AREEER 24k, (1) WA IREEERAR R, (m) WUAT AT IR R MERE, (n) WA AR EEER R, (o) PUAY
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Figure 1 Morphology and phylogeny of maize wild relatives. (a) The whole plant architecture of Z. mays ssp. mays (accession: Mo17); (b) the root
system of Z. mays ssp. mays; (c) the ear of Z. mays ssp. mays; (d) the tassel of Z. mays ssp. mays; () the seed morphological characteristics of Z. mays
ssp. mays; (f) the whole plant architecture of Z. perennis (accession: 9475); (g) the representative rhizome of Z. perennis; (h) the ear of Z. perennis; (i)
the tassel of Z. perennis; (j) the seed morphological characteristics of Z. perennis; (k) the whole plant architecture of 7. dactyloides (accession: TZ07); (1)
the root system of 7. dactyloides; (m) the ear of T. dactyloides; (n) the tassel of T. dactyloides; (o) the seed morphological characteristics of 7.
dactyloides; (p) the divergence times estimated based on the multispecies coalescent (MSC) model (modified from Ref. [17]). Orange, purple, and blue
words indicate the Luxuriantes section, Zea section and T. dactyloides, respectively
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Table 1 Botanical and genomics characteristics of maize and its wild relatives

HNAKR  ENA

B SFXJKnob

45S 'DNA 5S rDNA A4  F3ifgdk PR

Yu
L Reafr /NMB/IC)  HEEAKF- R B HH BH 2 (m) (°C)

FelE T HK(Z. mays ssp. mays) 2n=2x=20 2300  YLEMAKFE  79.7% 4 2 2 —4EE 132841106 18.04+5.93
“ﬁ ey "

AFRERUZ maysssp. o 50 2g75  MEEAIEE N/A 8.4 N/A 2 AEE 12034387 22.84+2.49

parviglumis)

= . . .

BPTHRARZ mays ssp. o, o 50 2523 SLHALEE  72.8% 8.5 2 2 —AEME 21794325 16384216

mexicana)

bt e

BERMMINER(Z mays 5 o6 \p N/A N/A 115 N/A 2 A4 1181403 21.22+1.06

ssp. huehuetenangensis)

BNRAB(Z. luxurians) 2n=2x=20 4435 N/A 86% 10 N/A 2 —4FAE 8584327 22.88+1.17
E””?"‘mﬁ%% 2n=2x=20 N/A N/A N/A 12 N/A 2 —AEA 24401 27.9120.1
(Z. nicaraguensis)

— f>r A7 S e
J“ﬁ% *Ej‘?@ 2n=2x=20 2592 N/A N/A 7 2 2 ZAEE 17794152 17.94+0.92
(Z. diploperennis)
- e
Pfii= Eijﬁ%ﬁ“ 2n=4x=40 5164 N/A N/A 21 4 4 LA 19494329 16.82+1.98
(Z. perennis)
Z. vespertilio 2n=2x=20 N/A N/A N/A N/A N/A N/A  —F4 3 22.6
e b
— Atk *”H‘E%ﬁ* 2n=2x=36 3814 N/A 59.2% N/A 2 2~4  ZFEA N/A N/A
(T. dactyloides)
I (>r, B V- R 5,
M”{ME'H(F; 0 2n=4x=72 6892 N/A 61.6% 64 4 8 Z48EH N/A N/A
(T. dactyloides)
E =BT N/A  [2427~30] [27.31,32] [24,2831] [16,24,33,34] [24,35]  [33.34] [6,7] [6,16] [6,16]
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B HUNER AR RS D 5 EARRIRI T HE AR
Ffp 433 g i) 35 PR 38 9 — i 2 XL I 7] 1Y) (reciprocal intro-
gression) ™%, {HIE, HARIRA T TR & HILH
B FERIA R mERE, B F 2R KA ) FOK M
) DS, T K 1) DR 2 B () R PR B A R IR, T

WA H I ER KA R IR ETE . S50
FHAN XS R DRI T2 1) S DR AT BE R R 4 2 o T TS Y
K TRR LK FRRTASEAFEMRLEY, X
U] RESEAE T V2 A T 0K 1) 5 Pl DX A 2 ) e
TRELR B A ST I AL 25 A A B R TA.

FARGIA RN TASHBREMINEE S, A
[7] A2 B ) 2 S 45 S AR A Tl R 58 257 Bk 22001
EEP UL Vi RPN LN TN R IF SR I BN
50%LL b, TR TARIRSARE R & R IS4 SR 2
H20%, T FKAG VIR 4R R & R 2SS 25 50 R
A5%~8%. [FAII, FRG/INGR &5, 8P R R R
AR AR R S R ISR T AR, S YA
VA SR A R A4 B () PR 2F RIS, o TR
DI A5 B A B S IR 2 AR Dy P A 2, 2
SR Sk A A B AR 5 | B (9 S MR TR o LAY
AR TR TR U R A AR R A B
HRARM ), TR R B K- DU A 2
AR R A B A R IR I AR D AR 52, el
FORG AR AL RS | ASNIRIED B g A, AW 17—
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SR A TER A A R R K, IR A A
395U afA, AUFE305 AU (A0 S HE MR R f8E R
. DTSR, T LS o 24 A B SR T Rl A
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S, Fo A IR S22 2 n G R A LE R A7 1, DI
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F120094F 55— TR S H IR AL A LK,
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R T 22 AN ) A S0 TR KL TR A A9 4 2 LU A i o i A
KIS REATZ S P2 I (pan-genome) ™. k4
BB IEAR L 5 TR 3 D) G 2R X S 9k
WA ST 45 52 ek, ENARFERE T 14
AW 1 A SRR R 42 R 5
HAbB MDA L, £ B ZR S R R 8 S 4l
K. FHEJFHFELEGDNA. Knob%s) & m, i
HA TR erEe.

KAFE T ERRBIEHE. h T ERA G5
IR, R ERA AR TARRE . D,
PR M Ay TR KU G DRI 114 R 24 5 PR 2 B B S e 2
(R RN 21245 5 D BEVE BEAR N T EOR B 2718
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948 kb. FeTE BT, /NER A FEERH KN A
2.08 Gb. /AR MIBT3HE LR MR 21, JEH
[i] DX PR JRE A AT 2B T R s[RIt ] i
i PacBio B} 1SN P B ORAE EE 1 AL 5 /AR 24 B
Ry ZE. HREZ AL =K F 47 5. Huang
4 U3 s Tlumina V- £5 % 34~ /NG K 24 R34 8
B R AR TROR i s P, IF A T4 dE
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G R A, AR E I HRE 1 e 450 B R4
LTS, WLuE AN R AR E T A
PUEF R AL AT S, I kgl e T
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168177 unigenesik 53 T IIAEERE. JiangZs A i
T AU AT FORE B SR T IR IR 2 B AR R A
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WEE . UL R R I S BRI
e, AWk n RPN th A RO AR R BRI Y.
ORI Z RIEdER Y, 1EY LAYt 7 b i
TR P RE R A B DA (ST, B
ARG BB AR B, X B — Py Fh el Py Fh a4
R HUBAS I s AR 20 iz MR, i, Xu
25 NIV RIS FH A i YA (0 - 2 3 R T TR P
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metry, LC-HRMS)E & T 160/ NEi R 4%, 124 #lly
Fo oK KSR TR AR A, IR T R
KEHRABERBY) 2R, XIFRA AL T
RAmABYEDE, WY 2 54 5 2ok 1k
S A AR T AR LA
PEPEARAE N FOK A =G R e, A A (A6
TR R E A BIE L T AL
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F21230F11233 bp. Thfig st s, FKRE AR
T BEHEE IR v i [ 050 D)3 o EL A T sy ) 2 M - i s
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A1 Gt i PR 5 G PR O [ 5 R R 114 8 35 SR <%
Yan A\ I PacBio k38 1 Iy AR 428 T BE R
ERFEFEARFI], PAs T 2461672 Ktranscripts, F1
KA $2354 bp, IR T EEHEOR 5 FOK X EIE
W PR AT AL . 3 s o e B R 2 N s A ¢
A BT it — P EER R EE T U R £
K. ARBEE W PR B — 2 & J A e 5L D 20 41
R AL, B IR 5L R AL A I Sk 21 5K i T
SR

5 FORIGARIL AT R AL H BT 2 i
FIH

ARSI 2 258 3R, AR/ IS LG Y 5 R A 7
N TR B T VR A Bt AL Ll H 25 0%, i 2
REPERRARD. VEYa Rl B AR P LU R T
SR G AW e e [ ) 1B A R 17 W 1K
VER Xt A B RN A 300 BT B2 MR A e
INABUHES P e AAHDC, SR RO IR L IR, FEANR
WA P i U, AT AR SE Bk A g S, %
KBRS R A F, BEEOR S K oK Y11k
LR R R BT ARG T v (IR A e H A A
FIAEA AR S, PR AR BEA MY 54D
[ BRI RRE(R2), S E KB F R A RSN B 3
DI S, TR X A A0 T ARk
K R EE . BT, C2MHFKRE A RS
il Jag 12 e R A5 1/ 22 i 20 PR A e TR R A e
(quantitative trait loci, QTL), AHICHEZLFHEHF siQTLI.
3.

5.0 FoRUIG AR AR EAHDGYEIRISOR 8

REGFNENERRIIERE, BAFE L
ZREPETY. WangZ APURLE K A2 RRP125, K58
5315 Je I IR 2 SR SR 24P A KA B35 1)
# T EHE 4 H 32 & (recombinant inbred lines, RILs)#
A&, A IG S T2 = BB AL A, X3
HAETERE . AR, B B AR EROAH L X)L A
A —ERREERYIG . IR POE FORPRAAY 2
W, BRI S B TR RN TianE AR E K
HAZ R W22 5/ R A R 2 22 Bl 7 —A~BC,S, H 2
H A RBHARIEE N T 12 50 A LQTLs, XHr
T 25 e o AR 5 1> 38 45 2000 e K QTLs-UPA
(Upright Plant Architecturel)FIUPA2VEAT T W 4 7€ {37 Al
EIN Tafe, KILUPALRRZ 53 2 NG (brassinoster-
oid, BRYG MikARMIEE brd]l, UPA2MIIREAIRET24>
B A /BRI, ICIRAE T UE9.5 kbRYB3ASFy %
KINTZmRAVLIT IR, JIRES T A B, oot
UPA25 DRLE: &, HEAMHILGI. LGI5ZmRAVLITIA
TS IFEFIHERIL. ZmRAVLI S UPAING 8 745
A, RENEBRIKFFEL, R KIS0,
MREGE T 5. 250 UPA2SEA FE R A B K243
Fhfe 108, =% FEERRIE A AR T R, A
BRI, UPA2SE HE UAELE T-4.4% 0 R 24 R,
TERSE ERTP R A2 RR, KX R S0 5K
TEF A Y R I A g e XA SEIESE,
HF A KA BRIV TR ] BB AT Ko FOK B Ak P # rh
B E R A RFEOAR R, Aok E KRB R E
X A RS A S B AR (kernel
row number, KRN)Z T K™ 51 FEM MK R, Mk
B AR BT AKRNAS A B, A1 AR KR 5T 55 4
U TE P IKRNAY FARQTLAIXT RIME . fieilr, #F
TE I 25 75 BF K2 B K 28 22 A B A T80 6 1 4
SERPRIMT-6M9JER 11, IMT-65 ok {58 RB732%4
AN T —EEA H A RIEE, 25 Y R B
FE B A HIKRN Y F2QTLA s gKRN2(kernel row
number2). HE—LFIHIANHRICFI 700021~ AR LN
ZQTLAE A E M AL 1B Zm00001d00264 111
IX 6], FHH%RE N 4 KRN, ST 4], KRN2HE:
K IR 8 S'UTR A Gnfid X 32 3 1 W] i k¢, 78
ERAEF I EHRLUL T R, RIRTBT3MKRN2EIL
LT RAERIMKRN2, SET¥EIN T E KRR TEOR

4375



M % d & 2024128 £67% £ 36H

2 REAFEMEERN £ IEEYIHE B

Table 2 Resistance of teosinte and Tripsacum to biotic and abiotic stresses

Y £/l E= PG
INFRR A (Z. parviglumis) Eriey [87]
INFIRKAB(Z. parviglumis) TR [88]
INFRR A (Z. parviglumis) BT/ [89]
INFRAE(Z. parviglumis) HUHH SR K [90]
INBUK A E(Z. parviglumis) E7ia o [91,92]
INFRAE(Z. parviglumis) PrEKAR L [93]
INBUR A RE(Z. parviglumis) PLEARG [94]
BYGE R A% (Z. mexicana) PLEAKIE [95]
BRI KRAH(Z. mexicana) BUTRTRN [47.96]
BYGER A% (Z. mexicana) EidR Ty ) [97]
BT KRAH(Z. mexicana) BUIKEER [97]
BPGEFKAFL(Z. mexicana) EiR7y) [97]
BRIFE XK AR(Z. huehuetenangensis) EiRGi [98]
BORRAH(Z. luxurians) PR AR [99]
JEINHLR KA H(Z. nicaraguensis) by [39,40,100,101]
ZARRZARE KA F(Z. diploperennis) BUE b TRk [90,102]
AR LA KA E(Z. diploperennis) E7 1 o . [91,92]
TAERZAEA: R4 F(Z. diploperennis) (DGR [88]
TR ZAE A RAT(Z. diploperennis) PUE KB [99]
AR ZAEARAR(Z. diploperennis) B KA [103]
TRHRZAE A KA H(Z. diploperennis) KRB [9]
AR ZAELE KA T(Z. diploperennis) T RARER IR [104]
PUAEARZAEA: K4 K (Z. perennis) PO ORI AT Ay [98]
EARBEEROR(T. dactyloides) PLEARAR A [46]
THREEER(T. dactyloides) BiEhmi [105]
FORBESER(T. dactyloides) B [106]
FARBEER(T. dactyloides) Eijs [107,108]
IREEAER(T. dactyloides) YRR [45]
% BIREEAFEAR(T. floridanum) LR KB [109]
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I EN T AR WD40E H, B S5IhfeRMEA
DUFI1644HAE, 8 — 2 R5F B2 I FORFET 74K
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Table 3 Important genes or QTLs currently cloned from maize wild relatives

HH/QTL HKAY ReERE EREA EZ B G
ZmMM]1 R KBS A 50 MY B sl B 7 TR BV R R4 HBC,F, [97]
gEHS-2 T N/A TR ARRZAEE KA FBC,F, [98]

ZmRAVLI 5k £y B3Z5F R FAX/NFRAEBC,S; [110]

brdl eS| SRR A BRC-6 AL FANFR A EBC,S, [110]
KRN2 FATH WD40% [ RBP4 [111]
ZCN8 AEIIE FTHH FANFREEBC,S; [112]

ZmCCT9 AEHAIE CCT#E %N+ FANFRAEBC,S, [113]

DGATI-2 FERLIM 8 B L8 R A FRBRPTRFR 4 5 [114]

DXS2 FPRLIM - 4 -D- R i -5 - B R 15 i FABIGE KA EHBC,S; [115]

Ogls8 YUK B N/A FR/ PR A HFBC,S, [116,117]

regl AR N/A FAxAFRZAFE R A K, [118]

reg2 AR N/A FRx AR A A KA TF, [118]

reg3 AR N/A FRx AR LA KA, [40]

bl i TCPH AT B SNy N [119]

FRAT A 38 R A2, T EL/NEK 24 B v S A 1R 220 A T
WEA. WS N R T AR T
JRA Sy, e — A 2 TSR N T3k
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41 B TR A 2T Mo 175 B P B k4 B 2255 [l A8
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Maize (Zea mays ssp. mays, 2n=2x=20), which belongs to the Zea genera of the Maydeae tribe of the Gramineae family, is
an important crop in guaranteeing national food security due to its high grain yield, forage yield and nutritive value for
human food and animal feed as well as its use as an industrial material. The development and application of hybrid
breeding, generous use of pesticides and fertilizers, and continuous improvement of cultivation techniques have greatly
improved the yield of maize in the past several decades. However, this growth in yield has been declining. Meanwhile, the
occurrence of recent extreme weather events threatens maize production. In addition, due to prevailing crop breeding
practices, yield-related traits have been focused on by plant breeders, which led to narrowing genetic diversity of maize
germplasm, severe cultivar homogeneity, and poor resistance to biotic and abiotic stress. Therefore, it is of the utmost
importance to cultivate newer maize varieties that are highly adaptable to unfavorable environments, along with high
yielding and excellent quality. Crop wild relatives (CWRs) appear promising in enhancing the genetic diversity of
cultivated crops. The wild relatives of maize, such as teosinte and Tripsacum L., contain abundant genetic variation and
excellent resistance to salt, cold, disease, and insect. They are a treasure for maize breeding and mining excellent
exogenous gene resources. In this review, we will first discuss the phylogeny and cross-compatibility of maize and its wild
relatives. Although previous studies have investigated the phylogeny and cross-compatibility of maize, teosinte and
Tripsacum L. in detail, the phylogeny and cross-compatibility of maize and its wild relatives have recently been further
clarified based on phenotypic, molecular geographic, and genomic evidence. Secondly, we will describe the advances in
genomics of maize and its wild relatives. Over the past decade, reference genome or transcriptome sequences have been
obtained for numerous crops. However, genomic studies of CWRs have trailed behind those of domesticated and other
model plants. The opportunities afforded by CWRs reference genomes are only now beginning to be realized thanks to
diminishing cost of next-generation sequencing technologies making population-scale data feasible. Thirdly, we will
systematically cover the recent successful utilization of maize wild relatives in maize breeding for improvements in yield
and quality, biotic and abiotic stress resistance, perennial maize, and forage maize. These success examples demonstrate
that maize wild relatives are effective and valuable to feed back into the improvement of maize. Lastly, we will discuss the
future development and research direction of maize wild relatives. It is urgent to strengthen the collection, protection and
genome sequencing of maize wild relatives, and establish maize-teosinte mapping populations, including classic F,,
backcross, chromosome segment substitution line, and recombinant inbred line (RIL). Molecular markers based on the
genome and transcriptome of maize and its wild relatives will be utilized to construct linkage maps and to map QTLs or
genes. The cross between maize and Tripsacum is extremely difficult under the natural state, but the polyploid as bridge
material (such as MTP, a maize-T. dactyloides-Z. perennis allohexaploid) can transfer 7. dactyloides genes introgressed
into maize. De novo domestication of maize wild relatives via gene editing technology, functional genomics and
bioinformatics will accelerate maize improvement. This review aims to provide important insights into how maize wild
relatives can be utilized as a powerful gene pool for improving maize varieties and guaranteeing national food security.

crop wild relatives (CWRs), genetic diversity, maize, teosinte, Tripsacum
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