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- BRI -

— PN ENAHEREFEE., YIEMEERASH

MER, IMER, AR R, BIER, KEE, AW, hiEE, FRE, TEH
WE AR KA B R R R, MYMBREEREBEWIEEESRKE, Kb 410128

WE  HERBERRTFOEERE MEEKE s AR A A 1E LS5 2 P 3 R R B ARM RL . %0 78 A3
JR(Cucumis sativus) XYYH-2-1-1#k & H 22 J5 R P IR 0 340 BT 98248 iy el (yellow cotyledon lethal). %5845 44 H %))
W LA H R EARE, L2FEMET, HARKMEIRA IR . 58RI, yel 5B KChl afiChl
b TZ, HEEAEYEREETMT B AT TRZI . SMAEME 0T R, yolt 4135 F L. Mk R & 2.
Yol AL B M A S B EE R, WA ZRE MG, BRERE . yehidt &l R 5 E K, MFCO,
W ETE, My Al R R T SAL T R, M & DRI Sk R B 2 . sk TRk i, yel 5 3874
A EAESST N E R RIB IR, oA EM . BHEEM AR GRS 1A EHE 5 Blycl i th By B 7 B I <
&%, WITBSA-Seq T, yel AR I R & A T35 YL a4 11)1.48—1.9 MbIX i), P41 Mk 3K . Xycl FAB R (K 72

NN B B N S AR R B I 70 TR O T 2%

XEIA R, EABOER A Aycl, AR, B e, BT
AR, PhERE, RS, BIEGE, BWE AR, RS, RIRE, EEM (2025). HTIHENA R E . HIE

I S S 4 50 M. M A2EHk 60, 515-532.

% J(Cucumis sativus)& = B HEZEM 2 —.
HeEEH 53N RS BB AR5y, HOAER KR
JE B T AR B, AR RET R EE
AR MR MOGE LS5 2 M A 2 78
[ FEAE#1 R} (Stern et al., 2004; Zhu et al., 2016; Gao
etal., 2016).

M- €5 58 AR 1A 7 2K (Zea mays) (Zhong et al.,
2015; Guan et al., 2016). #ftJI\(C. melo) (Liu et al.,
2019; Han et al., 2023)L\ k& 74 JK(Citrullus lanatus)
(Zhu et al., 2019; Xu et al., 2023)25:/E4y 4146 738,
i HHCRISPR/Cas9+i R 3K 131 7/K #E(Oryza sativa)
H 1k 5848 A osppri6d fllospprl6s (Huang et al.,
2020) LA S -0 i it 55 A8 A 14D 7K RS T B - € TR AR A
Jiahua No.1 (MREEFIZE, 2010)FIn Stk = 1 #
K& (Glycine max)%& 4 f&MinnGold (Sakowska et
al., 2018). [ 77 TV FAMEEH 21— 2K
J&, FRIE G SARAR AT L H RN, S50

Wk H 39: 2024-07-23; #2252 H #1: 2025-06-04
REWH: W EHH TR0 (No.20B306)

*

AR AT I 2R R R A8 2 B AT IE R 2 1 — 2K, n5-2
It 2. Bk A 2 (5-aminolevulinic acid, 5-ALA) (Ladygin,
2006; Deng et al., 2017)FIMg-J5rRKIX (Mg-proto-
porphyrin 1X, Mg-Proto IX) (Zhao et al., 2020a;
Shim et al., 2023) & /%. NagataZs(2005)iE i F 3
fifi % £, T (ethyl methane sulfonate, EMS)i/545 £ )
7T (Arabidopsis thaliana)H 73 &5 H 14~ 7% 4t 0 58 4%
fadvr, HAESG LI EL N g B G /ER, (HAE#R
TR T, Mgk Fa/b LU AE Y K, i B4 v RE K
P2 SR = A A s B G — PDVREERN R A4 T
B R 5] L . Gao%(2016) & I B I £ 58 A% ik
C528 ™ A= B M /& 1 T 9 A 86 5 T | P 5 1 2 [
CsChIlRAE T L H R R A . Song%5(2018) % & | —
Fh R I H €0 2R S 5 PR AIORT I SR kB S AR 1 B B
LRt SRR, TR E R T S 5 R K E R
DnaJ-2KErfa & A R R A4 T B H R R AL . 3
JRAE R E R A, Tkl 1 23F0 4 R AR 14,

JHWAESE . E-mail: ltxiao@hunau.edu.cn; wangruozhong@hunau.edu.cn
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Hor 8N (O RARR T8 T G (A e fr J ve % (Pierce
and Wehner, 1990; Gao et al., 2016; Miao et al.,
2016; Song et al., 2018; Ding et al., 2019; Zhang et
al., 2020b, 2022; Hu et al., 2020; Xiong et al.,

2021). i&%, &N ORABERS D, HRIERE
SRR 6 A E I Z BB R AR A A 64, Rlal. cd.
gc. Is. plbl fyl2.1 (Pierce and Wehner, 1990; Xiong
etal., 2021). H 1, Xiong%5(2021)4fil 1 — Fl 35 158
AR yI2.1, A ATTIE T E ALK G B B TR T S ) i
(triose phosphate isomerase, TPI)JFi {4 IV % [¥] Cs-
YL2.14E Jofiice e [N, 12k IR 5% 38 2 B i) et & 4 1)
H, YI2AHIMAE L. (KR, KRIRAEKvsI1
TEREFN2JE JE R LR (OB s, BEEEMIRE,
MR R B B R, B R R A
A, BT ESEARM 545 (Yin et al., 2015). 1 £E5AR
RN T TS & A (Parks and Quail, 1991). M43
1A% & (Wu et al., 2007; Mao et al., 2019). M4t &4
Y& (Qin et al., 2017)F16 A 1E LI (Zhong et
al., 2015; Huang et al.,, 2016; Sakowska et al.,
2018)F 4t T HAR B AL MR, (B R A BB R A
F 23 T LA AN i 2

AHIE FE R A M 35 IRXYYH-2-1-1 %k & o 43 3 3545
1A RE A E BT (1 3 AL BOE R A A ycl, MR ALRFEAN
WAL XK, 1% R AR — AN B 3 I (o R AR
Ao @Iyl AT R ALK 8 W A A AL S Ak
SERIEE . AR AL TR AR IGE A i B RAR T
RIWI A e A, ATy CI B A A0 8 B 7 A 1 43 1ML
i B8 5E 1 Al

1 MEERZE

1.1 BRAMRIRERERE

# J(Cucumis sativus L.)#E b FFE R A8 fikycl 2 il it
BONXYYH-2-1-18k & B AR 73 B 3R18, NEARRK
A, HRAFMHRAR BB AL . T RARRTE T 3
BB, RAZFERY AEIET 2 AR, k24 E
PR B2 AR G RIS, B2 BRAT B,
B HI VR &R T E N AR AR XYYH-2-1-1)5 Rz
SE AT 0 1E B 4 R RUXY Y H-3-1 ) Ay B 4 AU X
FEANEF A ORI Bk R SLO20k, A4 R T AR B[R ik
oA TR DR RN S AR AR SR DR v, BRORRERORE, R oA

FERWIE AL LB AR PR T80 7 AR b K2 5 56
REMBEYBRSAEKKE DY E LR EHY
BoraE . SEARXYYH-2-1-1 B i g 48 55 S i 70 BT A 2
BRI 9E D1 R, T A (R RS 7 R )XY YH-3-1 1%
yelbk R R 220 R T AR BEAT PEAY, A 3K,
TR EE 5%

e A WLV 1) 2 A R Bl T, T50°CHOK IR
13058, HBTFRI B BRI B o K
M =B Rk Je)Eidid75% A REH R O
KIEBE 0.3% NaCIO¥E I #5 A1 G W /K& B, HHIE]
BRERR = M, RS EE S IR
Py R ZK Sy, BEJGHER TS MSE FREE M B IR+,
25°C R KM NEFRT R G NER, A5 E T25°C
FEHR A PR FRAR, PR SR AR (b 41 IR e 5% .

12 REBERSENE
KA RN EENE NG RS & IERXYYH-
310 Lyl 1 SRAEAS (R T e i ) 22 Ak 3 R
BEJ5, FREO.1 g, B T95% 8 BRI, B0 5
W EER, EENPBEEALAEH. MG, 8
Tecan-SPARKZ L it B b Il £ 665 649 /2470 nm
BEK T4 Ra. HERRb RIS M RMBOLE.
THE AR

C (Chl 2)=(13.95% Agss—6.88%Agse)XV/(1 000xm)

C (Chl b)=(24.96xAgso—7.32xAgss)xV/(1 000xm)

C (Total Chl)=C (Chl a)+C (Chl b)

C (Caro)=(1 000xA70—2.05C,—114.8xCy)/245

Horb, VOSBRI S AR FA(L); moSFE i i 5 (g).

1.3 MEZEERPERHE~IEENE

5-F & LWL R (5-ALA) & = 1l %2 = %5 Dei (1985)
7 9%, F SRR 4% = & 201 22 v i UL K
Ehrlich-Hg & (xS L, 3 A BEAR 4G 8553 nmit
[yODH, i BE /R T )% & %7.2x10° mol-em™ 3k i
5-ALA S & . 1 {6 % J5 (porphobilinogen, PBG) & &)
M5 2 HBogorad (1962) 1) 77 7%, FI F B bx 400 3
553 nmAbHIODIE, JHidE /Kt £:%16.1x10* mol-cm™
RHHPBGE & . JRUMIE I (Uroporphyrinogen I,
Urogen 1)LLK Z&nRmkJE 11T (coproporphyrinogen I,
Coprogen Il)# &l i€ 2 2% Bogorad (1962) 1) /772,
MEREUG T2 RE405.5 nmibiODAY, K F EE
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IR % 2 %15.48%10° mol-cm™" 45 4 Urogen 11145
& MG, 3 — BRI e SRR AR A W AE 399.5
nmAt (¥ ODAE, it £ %04.89x10° mol-cm™ B 7
% Coprogen & & AKX (protoporphyrin IX,
Proto IX)F1Mg-Ji i AR IX 55 &l & 2 B Liu %5 (2015)
f1751%. 70 E i RAESTS. 5901628 nmAL i
ODfY, &MEZE AR IS Eug-g” FWER.
R AT
Chrrotoix=0.18016A575—0.04036Ag25—0.04515A500
Chg-Protoix=0.06077 A599—0.01937 As75—0.003423 Ag2s

1.4 XAERSENE

s I Li-6400 5 4 =6 & 0 & 4, & XYYH-3-15
yel i B LRI COLMK BE(Ci) s AL FFE(Gs)-
G T (P ) M B 22 (T,) o BN ) Ay il 2 55 57
11 E7F9:00-12:00. AW, U, Ll
S BE 15 5E 91 000 umol-m™2-s™', EE 3R, HFRINE
5tk o

1.5 MRELARETIHFNE

IEEE M TR AIXYYH-3-1fyclFrF#am B, AHFER
JIAEUEL B 3 RKLE B R A, AL
3cm x 3cm, SEHIRONZE A FAALR 2 K1 O 8 [
TE, WAL AN FIR B L BERR EE G K, — F 2RI
W, AR A, g e R AL LA TR R
Jit et J et A A M AT R .

16 MAEHBERIUR

A7 R K R IFMXYYH-3-1 flyclit 5, H
FARIJEE4 mm x 4 mmi 4R, STERA S
FAA[i] 58 R ER EL B R T e, AR s AN [A) R BE 1)
LEEB K, NEIRC L8125 a, 1 5 A
2% R Bl AR AT £ BV G, F T T R W
%, RERGHAT .

1.7 MENEESEMR_BRENE

HUXYYH-3-1Fycl it A, e 8 A0 s A i
(superoxide dismutase, SOD)Aid 4 1t ¥ i (pero-
xidase, POD)v& 4 X N —. [ (malondialdehyde, MDA)
TR, EEIR, BXIESH. BRI S iR
RMTEE, FRIX0.15 gifdh T2 mLE O, IIA1.5 mL

0.05 mol-L™" (pH7.8)@Ea 22 nrifk, JieiwiRsd, 4°CF
12 000 *xgA i 50015508, BUEiE T4°CHRTE % .
SODFNPODE 14l 5 43 71 5% F % DU ey (2= /8 J5 A1l
ikE R, 2016)F @ A A2 (2N ATk E R, 2016),
MDA £ Wl 72 K FH B A 2 BE 22 R vk (0138 FN 2= B 2
2016).

1.8 BSA-Seq%##ir

K F IR & 4 41 % #7 (bulked segregation analysis,
BSA) (Michelmore et al., 1991)%} 5845 3 [K i 74 52
fro RACTABYLFRENHE K 2 DNAF- A 53 &, X 58
185 /3 B BRI AT B IE RIBSA T, BTy 24
DNAJE: 15FREk (A R 7 44 il 18GP A Al . 158k
TR T A BRI 8YPEE R . X 18/ BEAA I T
BAPRIT JEBSA-Seq7r i, BTy 3/ DNAJt: 10
PRI A R Ak 7 H A RROXYY-WT 2 Rl jth . 84 bk R L
25K B AL AR PR TR XY Y pool 3[Rt . 8Nk R
25 BRI A Bk R S (U Bk 1 I 9 BUOXY Gpool 2 ] il
A1 E - P o %) Y Y 00 3R A5 1 22 5 SNP AL /b, T
Hycl RHLE AR PN BTG, J6a1EH A RAR
BRI RIE K Z R EIE, MO T 35
PRIVHL: 1ORRES AL R AR L AL XYY -WTZEE K. 8
APk R IL25BR B A M R EL A O HHZ S Z 3£ [K it . 84
PR 2R 3L 258 2% G bk 5 % € hE PR B A e XY GZ 22 [A]
o FrRrge & 4% 5 ZE A0 g 0 ME AR V)R IR 2 W] i
T4 FE I AH |, 5648 H Qubit2. 0 % 4 2 47 ¥ i
B, BEEHSSCERBEE ng-uL” 4] Hinsert sizeitt
ATREI, FHQ-PCRYZE #E B 2 5 SCHE 1A 30K 2 5 f
Hillumina Novaseq60001ill 7, 75 31| 4x & K 21 3 ¢
255, I BWARK ¥ reads Lb X 2155 NS % 2L K 4,
181 FH SAMtools #i {4 4% 4> k[ 2H (R SNP AL s, e 2%
T g B AR B DR BT L 1) G (A FR BUAL B

1.9 1EYIRNARIEESQRT-PCR

KA R IIXYYH-3-1LL Jeycl AR . 25, o,
HURERS F ddH O e A 348 - 438, BB ARW T 7 57 RN
AR A G ORAF - R EHEAYIHIPure Plant RNA
Mini Kit (28 2 B HEERNA. 52444 MonScript™
RTIIl All-in-One Mix with dsDNasei® 7 & itk47 &4
Ko BT S H P RHE W) 5 DR A A T
(http://cucurbitgenomics.org/) b 4R K T, FEEH
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NCBIfPrimer BLAST I H (https://blast.ncbi.nim.nih.
gov/Blast.cgi)ffi & 51 ¥ i = S5 e 1, BHRAETA
Y LA A A PR A A& BU(F1). cDNAE 5, LPACs-
Actin’hy N 2 JE [K, I % 5% & i) cDNAJE AT RT-
PCREGM, &4 )5 fd FH i ME#E ChamQ Universal SY-
BR gqPCR Master Mixik47 S %5t € &PCR (qRT-
PCR). ¥ %7532 JcDNA, 45} & ERT-PCR
S5 R 21015 A mh, LAV /D cDNAK fE i =i
R % . LLCs-Actin y N 2 ZE K, Hii4fE Threshold
cycle (Cq/Ct)f, 24Tkt 0 I PR g AH v 3 3
= (Schmittgen and Livak, 2008).

1.10 RN (RNA-Seq)sT#r

I B P S 40/ B H A A R 4F XY YH-3-1 FlyclfE
P ARNA-Seqtt A<, FFLBIERAFAETR A H . B3IRAE
Y EE, G EZRYEGHE. JTBUERNAJEHINano-
Drop 2000743t & i1 X RNAK & 47 ¥ € &=, H
Agilent 2100/4200%} ¥ & 34T K ff 52 & - RNAFEAAS
MER)G, RUGEEIMRNAE 4. B . cDNAZS
VRS2 A R BB R . polyAInE . il FHzk.
AL FIPCRY MY SR SO . B )5, {EHillumina
Novaseq60001% % qPCRE & 3 FE it 17 PE150l /7 .

P JER G A A T 5 R VP A LA SR AR = 5 &= [ Clean
reads. 1§ fiBowtie2%f4 ¥ Clean readslt X Fsilva
Bl P 2 RrRNA, R ffiReads T )5 4240 #r . SR
Hisat2 % £F ¥4 2 BR rRNA J5 1) Reads 5 3 JIN 2 K] 41
ChiniseLong_V3#E 4T LU, AR 48 2 DA 4H 3R SO 4
JE R BAE B Ge v e 28 . 226 FE DR 2 1 B )

1 QgRT-PCR3¥
Table 1 Primers used for gqRT-PCR

RPN Ky K 5 2325 HE DR 2H LU G 16 X 8 0 A o {3
edgeR¥ M HEAT 22 S W VE A0 i, 0 5€ b v M |logy
(Fold Change)|>1H.g-value<0.05.

1.1 BIBGH 54

% HMicrosoft Office Excel 2019% 4317848 % it
KHISPSS 2408 At HEAT 77 Z2 43 Hr A 22 St I 35 1A
¥, HGraphPad Prism 8.0.2%#H1E K

2 HERESH

21 yclREHEHRBEE

N R AR R yel 3 #h v 5 i — B2 AR
&, LERSEAFREKKE, A28 EH A XYYH-
31 NFE A, RAREATZEIE T (E1A), 2 A
FALEUL R ALK, w44 Myl (yellow cotyledon le-
thal). yclfEREFI7 RIS FIFTH, &R Z ARG B E
RTE AR (K2), FHE, RABKyclfbkm. R,
ZERH B e TH AR 43 ) R B AR A 11 54.32% « 35.35% -
81.82%%121.57%.

AW FRAAXYYH-2-1-1kk RIATEH A, MET
1847 B REAR, 5635 BEAAXYYH-3-111 4% it R A g
FoE At TENE AR, HAR1TA AR B 2 SRR
B EAE, EARER, HPE185 BRIk 221%,
B 5B E K A3, @Rk
(x°=0.088 9, P>0.05)% ¢ difli /Kt fL . W%yl
EXYYH-3-1{EM T I FEH, RIS A FE X H AR K
KE MM BRI . B IRT R G RARycl & B

Primer name

Forward primer (5'—3")

Reverse primer (5'>3')

Cs-Actin GTTACGCCCTCCCTCATGCCATTC TCCCGTTCGGCAGTGGTGGT
CsaV3_3G002180 GTCGTCCTGCCATTCGATCA AGCACCAAGTTCACTCCAACT
CsaV3_5G025230 AATTCTTCCGACCCGAACCC AGTAGCCTTCTGCGGACCTA
CsaV3_1G030370 CAGTGGCTGGATACGTCCTC GTGAGCTCCCGCCATAAAGT
CsaV3_7G000620 TGGAGCATCTCCGAAAGTGG GGCAAGGAATTGTGATGCCA
CsaV3_5G028880 TAGAACCCAGGCTCCCTCAA CCGTGTTTTCACAAGCTTCTCT
CsaV3_3G041340 AACATGTTACTGGTGGGGGC CACATTGAAATCATTGGGTACCTG
CsaV3_6G037230 CCCACTCAAGCGATGTG CTA CCATTGACCTCAGCATTGCG
CsaV3_5G006200 GACCCAGTTCAAGCTAGCCA ACTGAGACAACAAGCGCGTA
CsaV3_7G008610 GGCTCCAAGGGCCAATACAT GTAGGCCTTGGACAGGCATT
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B1  ycl5XYYH-3-13 N7 3R A 40 H

(A)4. 5. 6. 7. SFIMAREER(WT)Hlycl R A AL (HR0); (B) SB7R I 2HWT MlyclF 41 22 7 (R A BT R); (C) 8K

BT 22HWT Fllycl R A 22 S (el 5 72 1°K). Bars=1cm

Figure 1 Comparison of phenotypic changes between ycl and XYYH-3-1 at the cotyledon stage of cucumber
(A) Phenotypic changes of wild type (WT) and ycl in 4, 5, 6, 7, 8 and 14 days (natural light); (B) Phenotypic differences of WT
and ycl between the two groups at 7 d of age (dark treatment for 7 d); (C) Phenotypic differences of WT and ycl between the two

groups at 8 d of age (light culture for 1 d). Bars=1 cm

22  ycl5XYYH-3-13 K71 HI(7 K)ok 2 PR
Table 2 Agronomic characters of ycl and XYYH-3-1 at coty-
ledon stage (7 d) of cucumber

Plant height Root length Stem dia- Leaf area
(cm) (cm) meter (cm)  (cm?)

WT  4.86+0.32 15.56+0.94 0.22+0.03 9.04+1.66
ycl  2.64+0.56** 5.5+0.9** 0.18+0.02* 1.95+0.26**
WT: BRI, *oR % 57 B3 (UG5, P<0.05); **Fx % Bk &
2 (thr5:, P<0.01).
WT: Wild type. * denotes significant differences (t-test, P<
0.05); ** denote extremely significant differences (t-test, P<0.01).

Material

AETIXYYH-3-1F -8 R, yel I H A [F) A2 FE 1
RE G, THAMKE RS TEHAR, RAKER
7 2R ARG (1B) . B IR B 7R K S5 i 1B R T, B4R
B4R, yelrt o ARG (I 1C), FskEMlycl it 2k
KA R A gAY

22 MERRAESHPERE=ISENE

5T (XYYH-3-1)#ELE, A RyclIFIChl a.Chl b,
CarofliTotal Chl& &350 3 FAK, 25 F 2 4E

U110.12%- 0.19%-+ 0.14%#F120.32%, F HIt4t&Ra
MR RS EHBTE. yelit 4 xa/biy1.93,
XYYH-3-11- %t Za/b ~3.01, ¥ WA & T4 Kb,
RABKI IS FRad & N FEEE A, ok, RALK
A Y ) 2R 3R 2RSS b 3 (Total Chl/Caro){E
53 7190.04516.63 (KI2B; #£3), F&Hyclit H &k
TER R e R S B R E RS, TR g Ray
iR

N Tk BRI AR O A R B AR R TR A,
X2 A R (A = & AT e o
AR SREGWRK S PR AR S ESE WEN
100%, S5REFH, SEAERMMLI, RAMKFHF5-%
FHAFENIR(5-ALA). JHEZKE(PBG). JRIMHREIII
DWSE NN TSR B s S | S 2 i N
107.56%. 118.99%. 158.35%F1127.31%; T1fiJ& Ak
MARIX S Mg- Ji i R LX) &5 8 BT FRAIC, 9 BT AR
86.25%74155.31%, {HProto X & & 58 AR b
T35 22 7 (E2A) o H IR My el R AS A I S 25 4 Bt
FEHProto IXEEE T4 %2Z M, SEMg-Proto IXF1
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A 200+ B
0.92
= < D WT
= 150 - GE,:\ 0.62 oy
5 29 032
€ o g’
8 100 ? = 002} -
o S E ¢
> c ¢ 0.002 1
= > =
3 2%
¢ %07 S 0001 - -
& %k
0 0
5-ALA PBG Urogen Il Coprogen Il Proto IX Mg-Proto IX Chl a Chl b Caro

B2 ycl5XYYH-3-1mtg¢ 5 K A e AR = P ) & &

(A) MEEEA R AR &5 BYLEMRSE. WT: B4R, 5-ALA: 5-2 i BN EL; PBG: JHM Z5; Urogen Il
JRANIRJE NI Coprogen [z 3&ARRE NI Proto IX: JRFRERIX; Mg-Proto IX: Mg-JRiRRIRIX. *FoR % 57 B3 (G5, P<0.05); *FRx %
T2 (5, P<0.01); nsERERAEE,

Figure 2 Content of chlorophyll and its biosynthetic intermediate metabolites in ycl and XYYH-3-1

(A) Relative content of chlorophyll biosynthetic intermediate metabolites; (B) Photosynthetic pigment content. WT: Wild type;
5-ALA: 5-aminolevulinic acid; PBG: Porphobilinogen; Urogen llI: Uroporphyrinogen Ill; Coprogen Ill: Coproporphyrinogen ll;
Proto IX: Protoporphyrin IX; Mg-Proto IX: Mg-protoporphyrin 1X. * denote significant differences (t-test, P<0.05); ** denote ex-

tremely significant differences (t-test, P<0.01); ns denote no significant difference.

3 yClFIXYYH-3-1H & R &

Table 3 Photosynthetic pigment content in leaves of ycl and XYYH-3-1

Material  Chla (mg-g™") Chl b (mg-g™") Caro (mg-g™") Total Chl (mg-g™")  Chla/b  Total Chl/Caro
WT 0.6483+0.0162 0.2157+0.0063 0.1304+0.0018 0.8641+0.0225 3.0057 6.6272
ycl 0.0008+0** 0.0004+0** 0.0265+0.0007** 0.0012+0** 1.9303 0.0443

WT: BpAR, IR 2 08 35 (56, P<0.01). WT: Wild type. ** denote extremely significant differences (t-test, P<0.01).

Plob, AR AT B B TS A S B,
a2 = b & & SUR PR

B 2 2

23 yclMHRHEELXBAR, XA TE

73 X yCIAXYYH-3-1 7 it d#h A7 o 8¢, &
DUEF A= B b, Mg AR A S S A R R T . HE
Y4 7 H %% (F3A, B); RAMKycld, M4l 4Ufn
MR A M FE A ELGEL, SR = AR L ER, 4 (7]
25 BRACR, Bkt AR 6 8% /N (BI3C, D), 3 Bycl
MR E . FHE S L (transmission elec-
tron microscope, TEM)W&ZyclF& Az 1A B A= 71 51t
BTG, JIEF A B | SRR TR K 2 K
PR BT, AN %H £ (KIBE); yel RA AN
SRR K I [ R (BI3G) . 5 EFA RUMI L, yel 58
AR ARG TR A RE AR, R EME,
MR N AR T RS H A (KI5H), R W H L30T
RAZARYCI] 2344 K B AEAE B R

yCI 7% (A FH BT AR B4 7 ik B 1 (906 A 2 300
SR IR (FRY), yeliE e A R (P ) B E KT 57 4R
B, B yclEFEM AN = K T A E = ENH
ML . yel S FL T E (Gs) LA S 75 8 805 (T, ) M 2 35
T E AR, 25 NXYYH-3-11137.84%F147.24%,
[ B £ it 5 it [B) COL K B (C)) 5. 3 LT+, COL ¥ FE Uk
b o B ICHE My b & 3 22 A T 2R SAL T BRI 4
BAI 2 PR MR S D LN AR E 7
WERRGEAERME R,

24 FEHENEESHR

T A 0, AR 38 A Bl O &5 M % (reactive oxygen
species, ROS)HIFR R, 5l kK EfRILE . fEyclFRAE
frh, ALY L S (SOD)Ailid S 1L ¥ (POD)i%
PEY % T B A R (E4A, B), RWIHLEE i
AL BTG MG FRROS, I — 3 P i N T B 2 2% R
23 ZR R R I AME ML, DLgERr B A 2R B T R
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Figure 3 Microstructure and chloroplast ultrastructure of ycl and XYYH-3-1 leaves

(A), (B) Wild type cotyledon microstructures; (C), (D) Mutant cotyledon microstructures; (E), (F) Wild type chloroplast ultra-
structures; (G), (H) ycl chloroplast ultrastructures. (F) is an enlarged version of the chloroplast in the red circle in (E). (H) is an en-
larged version of the chloroplast in the red circle in (G). Sg: Starch grain; TH: Thylakoid; GL: Grana lamella; O: Osmiophilic body

R4 yclMIXYYH-3-1HE R A AR S 4L
Table 4 Photosynthesis parameters of the ycl and XYYH-3-1

Material P, (umol'm 2s ") Gs (Mmol-m 2-s™") Ci (umol-mol™" T, (mol:m 2s™")
WT 15.85+1.39 0.37+0.08 331+12 4.53+0.62
ycl —2.49+0.15** 0.14%0.02** 458+7* 2.17+0.31**

Pni 06 G HE; G AALTE; Ci MUMCOIKE; T MR, WT: B, *LR2 Rl 3 (thid, P<0.01).
Pn: Net photosynthetic rate; Gs: Stomatal conductance; Ci: Intercellular CO, concentration; T,: Transpiration rate; WT: Wild type.
** denote extremely significant differences (t-test, P<0.01).
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Figure 4 Antioxidant enzyme activities and malondialdehyde contents of ycl and XYYH-3-1
(A) Superoxide dismutase (SOD) activity; (B) Peroxidase (POD) activity; (C) Malondialdehyde (MDA) contents. WT: Wild type.
** denote extremely significant differences (t-test, P<0.01).



522 YIS 60(4) 2025

ROSHI K& R 2 T HU I 4= 4 T — (MDA,
HUMDA 75 5 1] LA 2 i e g i SRR E o yel 5%
AR MDA S &1l 2 3% & T B AR R (J814C), MDAK
A 2R 3 B AR A (1 40 M 43 A 45 4 7 B
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ZEF M RIA R TSR N EE, SR
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Beottest, g RAFseR R AEFE R R,
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2.6.1 EREAREHIELSKE
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7230). 4K HE S HEAX10AZ 55 K (CsaV3_7G-
000620) 141l iy (2 2 P450 707A4 %t % [X (CsaV3_
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qRT-PCRAAXT ik & — 5, UFSE 1 3 g A A 1]
{E R (EI6D).

26.2 EFEGOEHRMKEGGEREEES
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HE— D015 5 A= BRIy ol AR 22 S RIS KR . TEycl
5 A RN AR A 3% 2 2337 1DEGS, 148/"DEGs I
ifl, 1891°DEGs T i(IEI6A). %3 R kIEHITGO
HEMKEGGH %71, 1E%GO% HH(K6C), 54
Y A G FIDEGs B A b T 4i g it 72 (cellular
process). Uit (metabolic process)HlHi 5 B
(response to stimulus) =_KIIEeFn . 55> 1 DIHEAHK
IDEGs = 4 T P &5 £ (tetrapyrrole binding)-
4T & 45 & (heme binding) f1%k B 145 4 (iron ion
binding)5, LA EidfEAHS 5G BRAG AR, £
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Figure 5 Preliminary localisation and screening of mutant genes

(A)—(C) Distribution of single nucleotide polymorphisms ((A) Population 18; (B) XY cotyledon population; (C) XY true leaf pop-
ulation); (D) Relative expression of CsaV3_3G001980 (** denote extremely significant differences, t-test, P<0.01); (E)-(G) SNP
index plot ((E) Population 18; (F) XY cotyledon population; (G) XY true leaf population). WT: Wild type; SNP: Single nucleotide

polymorphism

BRycI (AR Je (38 & 5 e &R TRIE, 43
DEGs R 71 %A 1L 1L J5 B 5 P (oxidoreductase  activi-
ty) At E AL P B M (peroxidase activity) b, i B 5
AR EAIE ST 2 . 542 5 A1 < IDEGs

BE 4T (vacuole) . 4 ffiEE (cell wall). Bl K HF
(casparian strip). JF RS TEAA L 5l (stromal side
of plastid thylakoid membrane). Z&¥i{£(mitochon-
drion)FH P 5 I /M, 15 BH RAZ A A % & 52 B o
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5 yCITRANRL miH] E ALIX (] P 2 [
Figure 5 The genes within the preliminarily mapped region of ycl mutant site

Genes within the interval Annotation

CsaV3_3G001960
CsaV3_3G001970
CsaV3_3G001980
CsaV3_3G001990
CsaV3_3G002000
CsaV3_3G002010
CsaV3_3G002020
CsaV3_3G002030
CsaV3_3G002040
CsaV3_3G002050
CsaV3_3G002060
CsaV3_3G002070
CsaV3_3G002080
CsaV3_3G002090
CsaV3_3G002100
CsaV3_3G002110
CsaV3_3G002120
CsaV3_3G002130
CsaV3_3G002140
CsaV3_3G002150
CsaV3_3G002160
CsaV3_3G002170
CsaV3_3G002180
CsaV3_3G002190
CsaV3_3G002200
CsaV3_3G002210
CsaV3_3G002220
CsaV3_3G002230
CsaV3_3G002240
CsaV3_3G002250
CsaV3_3G002260
CsaV3_3G002270
CsaV3_3G002280
CsaV3_3G002290
CsaV3_3G002300
CsaV3_3G002310
CsaV3_3G002320
CsaV3_3G002330
CsaV3_3G002340
CsaV3_3G002350
CsaV3_3G002360

Cytochrome P450 family ent-kaurenoic acid oxidase
Cytochrome P450 family ent-kaurenoic acid oxidase
Protein NRT1/PTR FAMILY 7.3-like

Hsp90 co-chaperone Cdc37, N-terminally processed like
Ribose-phosphate pyrophosphokinase

Type | inositol polyphosphate 5-phosphatase, puta
Phenylalanine-tRNA ligase alpha subunit like
Two-component response regulator-like aprr2
S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
Vacuolar protein sorting-associated protein 55 homolog
Haloacid dehalogenase-like hydrolase

Haloacid dehalogenase-like hydrolase domain-containing protein
Regulator of nonsense transcripts 1 homolog

Lon protease homolog 2, peroxisomal

Electron carrier/iron ion-binding protein

BOl-related E3 ubiquitin-protein ligase 1

Protein of unknown function (DUF581)

Poly(U)-specific endoribonuclease
Methyltransferase-like protein 13

Beta-amylase

Protein kinase, putative

Novel plant snare, putative

Phosphatidylinositol 4-phosphate 5-kinase 1

Coiled-coil domain-containing protein 97

Calcineurin B-like protein

Unknown protein

Protein kinase

Unknown protein

Bifunctional inhibitor/plant lipid transfer protein/seed storage helical domain-containing protein

Peptidyl-prolyl cis-trans isomerase-like

DVA-1 polyprotein

tRNA/rRNA methyltransferase (SpoU) family protein
Protein lingerer like

Chlorophyll a/b binding family protein
ATP-dependent Clp protease proteolytic subunit
Unknown protein

Histone-lysine N-methyltransferase, H3 lysine-9 specific SUVH6-like
Kelch repeat-containing protein

GATA transcription factor 26-like
Vesicle-associated protein 2-1

50S ribosomal protein L19, chloroplastic
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Figure 6 RNA-Seq analysis of differential expression between ycl and XYYH-3-1

(A) Differentially expressed genes volcano map; (B) Scatter plot of differentially expressed genes KEGG pathway enrichment;
(C) GO term secondary classification statistics; (D) The qRT-PCR verification of transcriptome results. BP: Biological process;
MF: Molecular function; CC: Cellular component; WT: Wild type; DEG: Differential expressed gene; FPKM: Fragments per
kilobase per million mapped reads; FC: Fold Change. ** denote extremely significant differences (t-test, P<0.01).
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YW 4 i (biosynthesis of secondary metabolites)
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Cheng et al., 2022; Amaresh et al., 2023). Sandhu
(2016) WU R I, KRG B RAR Ry LA 4 R 5 &
AH LG Y A2 7Y ek /0 62.88%, HFT 5 5 4R, 1R A
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fhia$h 5 9843149110 Gt#fl [ (Miao et al., 2016), Chl
afliIChl b&E# T %, Chl a & N4IEE K TChl b,
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Figure 7 Differentially expressed genes (DEGs) associated with the ycl phenotype

(A) DEGs involved in photosynthesis; (B) DEGs involved in flavonoid biosynthesis; (C) DEGs involved in anthocyanin transport;
(D) DEGs encoding transcription factors. WT: Wild type; LHCP: Chlorophyll a/b binding protein; PC: Plastocyanin; PEPC:
Phosphoenolpyruvate carboxylase; Chlase1: Chlorophyllase 1; SAT: Stemmadenine O-acetyltransferase; CCoAMT: Trans-
caffeoyl-CoA 3-O-methyltransferase; GST: Glutathione-S-transferase; MATE: Multidrug and toxic compound extrusion
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Identification, Mapping and Transcriptome Analysis of a New Leaf
Color Mutant in Cucumber

Manya Zhao, Qiannan Sun, Jingjing Xu, Tianni Duan, Jintao Cai, Jing Zhou, Tingting Fan
Langtao Xiao , Ruozhong Wang
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INTRODUCTION: Cucumber (Cucumis sativus) is one of the foremost vegetable crops globally. Photosynthesis intri-
cately influences the fruit yield of cucumber, and leaf color determines the photosynthetic efficiency to a large extent.
Therefore, Leaf color mutants serve as ideal materials for scrutinizing diverse physiological processes, including pho-
tomorphogenesis, chloroplast development, chlorophyll metabolism, and photosynthetic mechanisms. Currently, the
molecular mechanisms underlying the yellowing lethal phenotype remain unclear.

RATIONALE: In this study, a stable cucumber yellowing lethal mutant, ycl (yellow cotyledon lethal), was isolated from the
near-isogenic line XYYH-2-1-1. The phenotype, leaf microstructure and chloroplast ultrastructure, as well as physiological
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and biochemical analyses, were conducted on the mutant ycl and the wild-type XYYH-3-1 to explore the physiological
mechanisms underlying the yellowing lethal phenotype. Preliminary localisation of yellowing lethal mutation genes was
performed by whole genome resequencing using BSA. The integration of transcriptome sequencing allowed us to analyze
the expression of genes related to yellowing death and the main pathways. This approach laid a solid foundation for fur-
ther investigation into the molecular mechanisms responsible for the lethal phenotype associated with ycl yellowing.

RESULTS: The ycl mutant exhibited yellow cotyledons, which ultimately withered and perished within approximately two
weeks. Notably, its growth-inhibiting phenotype appeared to be light-independent. Compared to the wild type, ycl ac-
cumulated extremely low Chl a and Chl b contents, which was consistent with the blockade in the magnesium ion che-
lation process within the chlorophyll biosynthesis pathway. Microscopic and ultrastructural analyses revealed disordered
ycl leaf structure and inhibited chloroplast development. Additionally, the ycl mutant displayed significantly increased
antioxidant enzyme activities and malondialdehyde contents, suggesting elevated oxidative stress levels and robust
antioxidant capacities. The substantial decrease in net photosynthetic rate and rise in intercellular CO, concentration in
ycl were hypothesized to stem from reduced stomatal conductance, diminished chlorophyll content, and impaired
chloroplast development in the mutant. Transcriptomic analyses suggested that key pathways including photosynthesis,
flavonoid biosynthesis, chlorophyll metabolism, and reactive oxygen species metabolism were affected in ycl. The ycl
mutant gene was preliminarily mapped to a region between 1.48 to 1.9 Mb on chromosome 3 through BSA-seq analysis,
encompassing 41 candidate genes.

CONCLUSION: The study investigated the physiological mechanisms underlying the yellowing lethal phenotype of
the ycl mutant, preliminarily mapped the mutant gene to chromosome 3, and identified differentially expressed genes
(DEGs) and key pathways associated with the lethal phenotype. These findings provide valuable insights into the mo-
lecular mechanisms of chloroplast development in cucumber.
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Phenotypic changes of WT and the ycl mutant at the cotyledon stage under natural light conditions, and pre-
liminary mapping of the mutant gene.
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