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Identification and Functional Analysis of the Rice Vein Development Gene OsLVD1
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Abstract: [Objective] Photosynthesis is a major determinant of dry matter accumulation in rice, with chlorophyll content
and vein density being critical for photosynthetic efficiency. Here, a rice gene regulating chlorophyll content and vein
density, OsLVDI, was identified and functionally analyzed. [Method] OsLVDI was identified based on homology to maize
vein development genes, and its protein features, phylogeny, conserved motifs, and subcellular localization were analyzed
bioinformatically. An /vdl mutant was generated using CRISPR/Cas9, with ZH11 as the wild type. Chlorophyll content,
vein density, soluble sugar content, and major agronomic traits were examined. The expression of genes related to
chlorophyll metabolism and vein development was analyzed by qRT-PCR. [Result] OsLVDI encodes a nuclear-localized
WRKY transcription factor, and the /vd] mutation caused a frameshift leading to premature termination. Compared with
ZH11, the Ivdl mutant showed reductions of 25.90%, 30.75%, and 27.05% in chlorophyll a, chlorophyll b, and total
chlorophyll content, respectively, accompanied by increases in minor vein density and bulliform cell number. Plant height
was reduced and growth duration was slightly delayed, whereas soluble sugar content, seed-setting rate, and thousand-grain
weight were unaffected. qRT-PCR showed that the expression levels of chlorophyll biosynthesis genes OsHEMAI
and OsCHLI were downregulated, while those of the chlorophyll degradation gene OsNYCI and the vein development
gene OsPIN1b were upregulated in the /vd! mutant. OsLVD1 was predominantly expressed in leaves, with the highest
expression at the jointing stage. [ Conclusion] Loss of OsLVDI resulted in a “low chlorophyll-high vein density” phenotype,
which may compensate for reduced photosynthesis by enhancing vein-mediated transport and water retention, thereby
maintaining yield stability. This study demonstrates a novel role of OsLVD]I in coordinating leaf pigment metabolism and
vascular development in rice.
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B . 48K, OsLVDI FEKNZ 5K
MBKRE , BT A Rk A R T A AL
ORI B A TR B RE

1Rk

1.1 R

By A ZH 1 CRE B8 $E /K F8) S He CRISPR
Gk hvdl ¥ E EEERBE LA RA
CiE
1.2 £BHAESE

KAREAE B WA A S B R AT 8 F 1d 307 748k
17 B4 B WL T L) 50% MRk BRI NI A 245
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Table 1. Online platforms used in the research
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Frs AR P it
No. Software name Website
1 % /K FE £3E /0 National Rice Data Center https://www.ricedata.cn/
2 NCBI https://www.ncbi.nlm.nih.gov/
3 SMART http://smart.embl.de/
4 ProtParam https://web.expasy.org/protparam/
5 SOPMA https://npsa-prabi.ibep.fr/
6 SWISS-MODEL https://swissmodel.expasy.org/
7 EvolView http://evolgenius.info/
8 SignalP4.1 http: // www.cbs.dtu.dk/services/SignalP-4.1/
9 TMHMM http: // www.cbs.dtu.dk/services/ TMHMM/
10 Predict Protein https://www.predictprotein.org
11 Plant-mPLoc http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
12 CELLO http://cello.life.nctu.edu.tw/
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FEIH I ZH11 A0 bvd ] FEEHPSIHF 32 5 mm
K AT HUORE [ 2, BXSI iy H a BE, S FAA [l 2
W(70% LB 90 mL, VKBEEZ 5 mL, 37%H [ 5 mL)
e, RIGH CEERUK . St s YA HLH]
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B K P 5 58(2.422), #E—20 18] OsLVD1 sk i
EHH(E 1-B).

SOPMA g 45 Tl 45 ] 2 or (K 1-0),
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A, Domain analysis of LVDI protein, including multiple low-complexity regions (purple squares), one conserved segment (green box), and a WRKY conserved
domain (green pentagon); B, Hydrophobicity analysis of LVD1 protein, which is mainly hydrophilic; C, Secondary structure prediction of LVD1 protein, with
high proportions of a-helix (blue) and random coil (purple); D, Predicted tertiary structure model of OsLVDI protein; E, Phylogenetic analysis of WRKY1
proteins from different species; F, Multiple sequence alignment of WRKY1 domain-containing proteins from different species; G, Chromosomal localization
analysis.

El 1 OsLVD1 ZEHEMEEFE D
Fig. 1. Bioinformatic analysis of the OsLVD1 protein
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KILEWEAETE, (HERARE. I, HKEE
SR OsPINIb {E Ivd] FikkF 52 FiHERIL,

REERLW, OsLVDI DyReskR AT [F] I 520 2k
A SO B A SRR RIS .
2.7 OsLVDI1 TEKIEARIALRFE ERTEARIRIE
FFIE

gRT-PCR 73t &5 SR &l 2-B s, OsLVDI 7E
B SRR S AR . SRR R A AT A F
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Table 2. Cis-acting elements of promoters of rice OsLVD1 genes

TeiFS REEA S ANl He IhREERE
Element category Element name Core sequence Number Function annotation
e BTG GT1-motif GGTTAAT/GCTTAA 2 J6mi L Light responsiveness
Light-responsive elements G-Box CACGTC/CACGAC 13 J6Mi L Light responsiveness
BOX4 ATTAAT 1 Y6 R Light responsiveness
TCT-motif TCTTAC 2 Y6 R Light responsiveness
Spl GGCCGG 1 J6Mi B Light responsiveness
AE-BOX AGAAACTT 2 Y6 R Light responsiveness
ATC-motif AGTAATCT 1 Y6 R Light responsiveness
W m ¥ oA ABRE ACGTG/CACGTG 13 Y& ER % Abscisic acid responsiveness
Hormone-responsive elements ~ TGACG-motif TGACG 2 SRFIFRI S, MeJA responsiveness
CGTCA-motif CGTCA 2 SRS, MeJA responsiveness
TGA-element AACGAC 1 A K ZE MR Auxin responsiveness
P-box CCTTTTG 1 F8 F WM Gibberellin responsiveness
TATC-box TATCCCA 1 7R AN Gibberellin responsiveness
S EL ) ARG LTR CCGAAA 1 RS, Low-temperature responsiveness
Stress-responsive elements MBS CAACTG 1 T 2155 Drought inducibility
ARKRE MR CAT-box GCCACT 2 P A RPN
Growth and development-related Meristem expression and development
elements
A 1.5+ * . HIL B 45 w0 Leaf
5 M ns * ! vl = == 2 Siem
5 ok kkk — —i B R Root
E\_g TH P .5 1.04 m= ¥ Panicle
i | g |
& 8 =5
£ 0.5 £ g 05
0.0~ T T T T 0.0~ T T
OsHEMA] OsCHLI OsNYC1  OsPAO  OsPINIb ] AT REEAEA

Seedling stage Jointing stage ~ Maturity stage

A: AR IREE ZHIL F vdl S8R, SR A QRT-PCR A 28 38 5 A G BE Rl OsHEMAL 1 OsCHLI, M4 3R P AR CEE ] OsNYCI I OsPAO,
AR ik R B AHDGHER] OsPINTD MARXT RIE /KT o FREFFIAE L ZH11 Jyxt BT AR AL EE . B: qRT-PCR 4347 ZH11 7EAR A G B, 28R
e OsLVDI HIARX B o HAELLVPHIME + FEREFRR (mean+ SD,n=3) o FEZETZE/SHA LSD £ 5 H 36 2 7 W& 1

A, Relative expression levels of chlorophyll synthesis genes (OsHEMAI, OsCHLI), chlorophyll degradation genes (OsNYCI, OsPAO), and vein development
gene (OsPINIb) in leaves of ZH11 and /vd] mutant at jointing stage by qRT-PCR, with ZH11 as the control for normalization. B, Relative expression of OsLVDI
in roots, stems, and leaves of ZH11 at different growth stages analyzed by qRT-PCR. Data are presented as mean + SD (n = 3). Significant differences were
determined by one-way ANOVA and LSD multiple comparison test (P < 0.05).

2 OsLVDI SRR EE FRIE K HARRIEFHERI R

Fig. 2. Effects of OsLVD1 mutation on the expression of related genes and its tissue-specific expression pattern

Kk, BRRRFESNERKY, AHEEHEE 2.8 ZHI 5 hdl RBELFE

OsLVD1 WIRIBKVAAAEREZSR . H, Kl 3-A A ZHI1 5 Wvd] fEFEMEE. 5
FEEBEE S TRME, £ARFRASE N, ZH11 FE, hvd] R SBE A A% HE— D Fr
OsLVDI {EM F R IE 2O B I BEEAR Ly A TR 3-B)RoR, Ivdl AEPRSI 58 B 5 ek
fE, HAERTHIMREKFEEZES THEMRZ N, itk NRIE EIRRBZE R, kmEAa)
. MILLZ R, OsLVDI1 TEMRFIZEH [ RIE KT e AT TR EGIE AT SRR, ZHI 1
AR, HEARAEBNPZ MERAEE. 28 1, PREH 56.44 £ 4.01 cm, Ivd] FERRIIRE N 54.56 +
OsLVD] T EAEEFREKMBIH A hmEis, £ 3.84cm, EFHKEY, HERKREEZEKFE (H 3-
NI REAEM B R B MR AR FERAE R R ), T ZHI1 S 5N 1.18 £0.25 cm, Ivdl TEFE
FEE R FISIH 55N 0.94 + 021 cm, %5 83K 3-D).
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E
Marker
2000 bp
1000 bp
500 bp
250 bp
10 cm
C - D 2.0 F N
80 7 )
%k k %
. 604 . 1.5 r 1
5 B (
= =
= E Y
= = )
= 20+ 0.5 5
0- 0.0- b
ZH11 dl ZH11 dl
G Target
ZH11 IE—— - — .
73 b Target PAM
ZHI11 === P.GATCGCCAGACA- CCTGTTTAACTCACGGCGATCTA

223 bp Insertion 1 bp PAM
vdl =k GATCGCCAGACAACCTGTTTAACTCACGGCGATCTA

A B ZHIL (D) M vdl CHD BMREHIEESES B: ZHIL (KD 5 vdl CR) HIMRSIMIESIES C: kW ZHI 5 bdl Hbk =S
B A TIME + A5dE% (mean+SD, n=30) . ns FREFRARE (P<0.05) , KA MIFATLH0V: D: KW ZHIL 5 hvdl REIFRSI 155
BIZEiH (mean + 8D, n=30) , ***FREREFH (P<0.05) , KA (BT, B IKIE 1~2 5 ZH11 £ F4H DNA, 3Kl 3~5 79 Ivdl 3%
[FIZ0 DNA; F: lvdl BEA=H450; G: OsLVDI HE[Hf¥) CRISPR 4mfEAr si K SRAZFHILLAT, b RoR vdl AR T B A= B4R\ 1 bp B,
PAM [FFI LI bR o

A, Overall morphology of ZH11 (left) and /vd! (right) plants at jointing stage; B, Flag leaf morphology of ZH11 (left) and /vd! (right) plants; C, Plant height of
ZH11 and Ivd] at jointing stage (mean + SD, n = 30). ns, not significant (P < 0.05), analyzed by Student’s t-test; D, Flag leaf width of ZH11 and /vd! at jointing
stage (mean + SD, n = 30). ***, Significant (P < 0.05) by Student’s ¢-test; E, Genomic DNA PCR. Lanes 1-2, ZH11; Lanes 3-5: lvd; F, Tertiary structure of /vd!
protein; G, CRISPR editing sites and mutant sequence alignment of OsLVDI. Yellow highlight indicates a 1 bp insertion in /vd/ compared with wild type; PAM

sequence is marked in red.

3 ZHI1 5 vdl REEE
Fig. 3. Phenotypic characterization of ZH11 and lvd1

FIRERR, OsLVDI ThegsRAKFEMMAkE 2.9 ZHI11 70 vdl HEHRVE B EAGT

J AT T — e 5 XF ZH11 A vd ] fERRI A4 ik 4eit,
KRG HEAT DNA $2H, DLIERIZL DNA S 3R 3, GFEH M. 40, o BE. S, fifs

PR AT PCR ¥ 3, 3B — R FEAR g W, B el ZpEi . R, o, ZH11 B F

BT AEAT IR . KSR 3-E, ¥ B N 155d, vdl AT 161d, MHET ZH1I

KBEAN 453 bpe Y WP T IR IS E I T TS, Ivdl TR IZIEIIE B, AR E

M, 4558 BoR 1% S (CCAGACACCT  WHEIR 6d 7od7. 45 R, OsLVD1 2R fES

GTTTAACTCACGG)# 8 fiffi N A g, & feis  S/AKBAFHRENE, HIRskE FEHEMRKE

R FHRFIRATZ LK 3-G), BIEH LVD1 & LR, AU )S .

DGR 504 ANEIERR, OsLVDI1 &R =&k 2.10 ZH11 1 vdl HERERSENE

K] 3-F. OsLVDI & [ PRI H 26 117 25 1E 7 Thig SHE T vdl FERRFD ZHT1 M 3R TSR

BRI AR B SRS SR, RI KRR SEST(E 4-A). bdl FEHEER. HEEER a1

fiK. AR SERE R GE b SESHAN 251 +0.28 mg/g. 1.95 + 0.21
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Table 3. Statistical table of growth periods of ZH11 and lvdl d
B HZF 4 7y EE A Z i3] B i e TSI B
Material Germination Seedling Tillering Jointing Booting Heading Anthesis Grain filling Maturity
ateria
stage stage stage stage stage stage stage stage stage
ZH11 3.67+0.99 10.47+1.33 40.00+1.53 61.77+1.99 70.70£1.15 84.93+1.84 99.37+1.47  119.63+1.92  155.47+1.93
Ivdl 4.03+1.03 11.00+1.41 40.50+1.31 62.03+1.85 73.03+1.07 88.63£1.56  102.20+1.69  122.03£1.99  161.03+1.75
PfE P value 0.856 0.14 0.21 0.60 6.65X107? 547X10°% 4.74X1077 3.63X10°° 1.13X 107"
sk 15 =
A sokkok F . 8 G .
4 |—| " kst f I = ns
" s mm ZH = A E/
5 g 4 m hvdl sy > 5 10 |
aEy 3 | {L;( Z pug- .
WS E =5 & S
ling =5 2] == 44 sl
+352 28 w2
i &8 ns g E E‘ Z2 57
- — 2
£2F 4] . - 2
O = =
2 A
0 23] 0- 0

Chla Chlb Chls

A: MEREENE; B~E: SIH-AWETI AL, B, DANZHUAMNITIK, C, EAZHINdNRANE CRE=HIErR)  BOTHEMOES;
B 9400 pm: F: ZHILA v ERA M E S G ZHIIFIAGT AT ERE S & BURDPME + #3E% (mean+SD) #oR, (n23) o HiFSHTR
FiGraphPad Prismi#f {7 LRI E 7 2007, ns®RTLRZE LR, **, #exfleee IR IRP <0.01. P<0.001F1P <0.0001.

A, Chlorophyll content measurement (chla: chlorophyll a, chlb: chlorophyll b, chls: total chlorophyll); B—E, Paraffin sections of flag leaves. B, D, midribs of
ZH11 and hvd1; C, E, Bulliform cells of ZH11 and /vd! (marked by black triangles), with small veins indicated by black boxes. Scale bar; 400 pm. F, Bulliform
cell number in ZH11 and lvd1; G, Soluble sugar content measurement in ZH11 and /vd!. Data are presented as mean + SD (rn>3). Statistical analysis was performed
by one-way ANOVA using GraphPad Prism, ns indicates no significant difference; **, ***_ and **** indicate P < 0.01, P <0.001, and P <0.0001, respectively.

B4 ZHU 5 vdl SINEYEIR K RESI4FIEEL B

Fig. 4. Comparison of physiological and anatomical features of flag leaves between ZH11 and /vd1

mg/g. 0.57+0.07mg/g; ZH11 SIERE. MagE a. W, nJREFBEOLEERRE IR, SEmszmmtEk
MR b 5B HIN3.44+£030 mg/g. 2.63+024  [HAEKEESH A EHK.

mg/g. 0.82 + 0.07 mg/g, 7 MK T 27.05%- 2.11 ZHI11 1 vdl MEKZE N E

25.90%- 30.75%, £ hvdl ISR SES WT H XF ZH11 AT vd 1 AEAR IS AT I Jik 25 155 WL 4%
PR NI Uil vd] R SR RS RO 2R R, AR EE N, vdl R s R
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Table 4. Leaf vein density of flag leaves of ZH11 and lvd1 mm
ot NG5 /IR
Material Major vein density Minor vein density
ZHI11 3.6+0.5 21.0£0.6
Ivdl 42+04 229+0.7
P {H P value 8.00X107

D, REIR, ZHI RIKEE N 3.6+0.5,
M vdl 42 + 04, ZRARE; ZHIL R/NKE
FEN21.0+0.6, 1 vdl N 229+0.7, ZFEFE
EKE (E 4. ik, 5 ZHIL ML, hdl 70K
WERER, WO AR AR
2,12 Ivdl BOBRE|FEEMIN R

X ZH11 A1 vd 1 W AT Ayl e, FER R
J W g DO (i 450 . SR EoR, 5
ZH11 ML, Ivdl FEAR R IR 40 M A 5 3 1
I 4-C. E). EESIEERE 4-F)ERH, ZHII
5 hdl W ARG MR AR RIS PS5 5& 5y
BN 60+05F169+06, EZREFEP<0.05). It
Ah, KEKFIZNIKEIESLE ZHI1 5 vd] FEREZ TR
DL Z R, HRKEESAE ZH11(E 4-B) S vdl (B
4-D)Z R W H B2 R .
213 Wdl AIEMREESETL

AT OsLVD1 J R Dy R 2 %f 7K Fed [F) 4 7=
VIR RIS, X ZH11 F bvd ] FERR RS ] i 4
WEE BT T I5E . 45 R 2R (K 4-G), ZH11 Fil vd ]
S () TV RS S B A 9.39 £ 0.77 mg/g Al
10.09+0.75 mg/g, W %7 A REP>0.05). 45
KW, OsLVDI Difeitk)m, /KAgn] sl 4 st
Jik B SR T S A A T AMEN L, 4
T R BrRAKAG S AR B B A1
2.14 Ivdl FEMHRST

ZHI11 5 hvdl FERRIFEZSEARARML, RAER
B R RS 2 5 (B 5-A). (EFFRIEAS 7,
Ivd ] FEREBPRLKFRL 8 ZH 11 A1 EL 22 AN 1825 (P 5-
B~C). #t—X = Al MR AT B, Ivdl
FRREIRR N 92.63 £ 4.76 cm, ZFELT ZHI1
95.30 + 420 cm (K 5-D), AL F, ZHIL 15 BE
B BEK. kK. RTE. gESEER. ARURIECL LT
KL, P 2 (A 2 38 AR IE 25 2 K (B 5-E~K).
FIRGERRE, OsLVDI ThREgHk R 32 BRI AR AR 1)
ERRAEKEE, (HXFFRIE R P A R 7
PR ILFEMA N o

3 iR

AHEFCE I W KRG Ivdl FRAZAKRI RS0 M, 48
/N T OsLVDI 1Ert Bk B ik e b ol kgt = AR 5
M SRR E TR . 5 zZH1 M, hdl 18
PRI 2R RS R TR, (RIS A B ik s B T v A
TR BRI N, TR T — MR SRR S 'S
I ik 3 P — VR AR M 36 im0 B2 3R BUREAE « AR5
RZE0HERM, OsLVDI 4afh—2% WRKY ¥ 3%[H
T HB B X o B A 2 P g e 0
TER UM, IR ZENTRES 5ES 5HEES
AR B #% SR R

AWK vdl TR SRS B REKL
25%~30%, MRk R ET S, [FRERA MR
BRI, CAVHRRM, fEKREAHMEY+,
MO IRRE B AT T2 IR, AT E i e AR
I e 5 2 5 7 SO e & Z IR S EH — e /2
£ (P RME2 o ASHIE S AR A 52 21 () ik R BE TR, TTRE
AR E T B K Y S 68 11, AITTESE #
JETHZZ M SR 2T B R A FIRE BT, 254 2L
RIBITEE R, 48K B KK OsPINIb 1E vdl
R B, PRI KRGS M EE R R 5 A K A
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S B A K R WM S e AR I K 43 b R 4 A 4 4
RESFEP REEERC. Fk, AT
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Fr 85K R B IR AU R, TR A R
FGH B &5 R4 AR SRR MR R B TR
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KA, IR = A B R 1 B T R B I
KREREBN, KL IERMEE — €
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A: ZH11 (52 5 vdl CHD BIREREAS: B: ZHIL (BD 5 vdl CF) FPRAKEHAES C: ZHI (1) 5 hdl CF) FPRLTEEEELE; D~K: ZHI11
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5 Ivdl Witk % 57K GraphPad Prism 300 HET SN 377 2007, *ROR1E P<0.05 K P LEREE.
A, Panicle morphology of ZH11 (left) and /vdI (right); B, Grain length comparison of ZH11 (top) and /vdI (bottom); C, Grain width comparison of ZH11 (top)
and /vdI (bottom); D-K, Plant height, tiller number, panicle length, grain length, grain width, seed-setting rate, grains per panicle, and 1000-grain weight of ZH11
and /vd]. Data are presented as mean + SD (n = 30). Differences between ZH11 and /vd] were analyzed by one-way ANOVA using GraphPad Prism; * indicates

significant difference at P < 0.05.
El5 ZHI 5 vdl KFEEERZMRELR

Fig. 5. Statistical analysis of agronomic traits of ZH11 and /vd! in field conditions
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