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Abstract Leaf color is a vital trait associated closely with the photosynthetic rate and crop productivity of barley.
Chloroplast development and its regulatory networks had been studied by using leaf color mutations for revealing
the mechanism of leaf color formation. Here, a novel barley mutation (msa/), which had striated albino leaves,
stalks, sheathes, immature spikes and immature seeds, was obtained from the plants regenerated from an
Agrobacterium-mediated transformation of barley. The chlorophyll and carotenoid contents was drastically
reduced in msal. Ultrastructural observations revealed that the cells from albino parts of msal contained limited
chloroplasts, and these chloroplasts exhibited spindly shapes and incomplete membrane systems. A transcriptome
analysis identified 1 004 differentially expressed genes, including 388 downregulated and 609 upregulated in msal.
A GO analysis showed the cluster frequency of the enriched cellular component “chloroplast” was the highest at
23.0% with a P-value of 5.74e-07, which indicated that “chloroplast” was changed at the transcriptome level. A
further analysis showed that all 62 differentially expressed unigenes involved with chloroplast development were
upregulated, while three differentially expressed unigenes involved with carotenoid biosynthesis were
downregulated. Thus, this mutation appeared to inhibit the carotenoid biosynthetic pathway and activate the
chloroplast developmental pathway.
Keywords Barley, Striated albino leave, Chloroplast, Transcriptome
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Figure 1 Phenotypes of wild type and mutant barley

Note: (A) Seedlings of wild type and mutants; (B—F) leaves, stalks, sheathes, immature spikes and immature seeds of wild type and

mutants; WT, wild type; msal, mutation with striated albino leaves (A, C, D and E, bar = 1 cm; B and F, bar = 0.5 cm)
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Table 1 The chlorophyll and carotenoid content of wild type barley and msal

4% a (mg/g)  MHEEE b (mg/g) 4R at+b (mg/g) 45 alb EKIHE R (ng/g)
Chl a (mg/g) Chl b (mg/g) Chl a+b (mg/g) Chl a/b Car (mg/g)
AR 1.61+0.11 0.51+0.10 2.12+0.37 3.21£0.33 0.59=0.11

WT




FAR 0.93£0.15a 0.26+0.06a 1.20+0.16b 3.60+0.46 0.33+0.04b

msal

FEan BEACEP < 0.05); b BEAFEEP <0.01)

Note: a: Significant difference (P < 0.05); b: Significant difference (P<: 0.01)

R 2 FAERAMRAR AR ZHERE E

Table 2 The agricultural traits of wild type barley and msal

i Ei(cm) K (cm) Ok TR HE(g)
Plant height (cm) Panicle length (cm) Grains per spike ~ Thousand seed weight (g)
HprE R 77.70+4.0 13.6+1.49 25.842.45 32.66+0.8
WT
KA 66.20+3.3b 13.5£1.07 24.2+2.89 30.13+0.8b
msal

E: bR K (P < 0.01)
Note: b: Significant difference (P< 0.01)
12 HEEEMEENE

HI T r BT L S SR AA I A b, 2 B AR M R AR R R 5 75 e . IR AR BB I %
SR, SR ERE, BOA A KL IR PR 2A~ 81 2C). RTIT, RAR AR AR AL S i K
Al BRM, WA A TEEE . RBERGIA S ELCT AR, A HER R RN 2D~ 2F). 3K

ATHEMAE R AL R, SRR I AU SR BEAAB AT HE BT IR RL, S AT R T 25 R SR IEA FR 2K



P 2 BFAE TR R AR (S A R A 45 4

T A~C: BpAERY: D~F: RARMK; Chl: M444; Cy: 4B G: ki, St R TEik(A, B, DHIE, bar = 2 um; CFI F, bar = 200
nm)

Figure 2 Chloroplast ultrastructures of wild type barley and msal

Note: A~C: Chloroplast ultrastructures of wild type; D~F: Chloroplast ultrastructures of albino parts of msal; Chl: Chloroplast; Cy,

Cytoderm; G: Grana; St: Stroma thylakoids (A, B, D and E, bar = 2 ym; C and F, bar = 200 nm)
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FERAH b X2 LRI PR & s B E R, T T T 20 .

R 3 B RN RAS R (¥ e S AL e chi

Table 3 Summary of transcriptome sequencing data in wild type barley and msal



BAR HpAER 2 RAM 1 KA 2

WTI1 WT2 msall msal2
Total Raw Reads

67063398 63546268 51315820 51545458
R GBI
Total Clean Reads

67060668 63543686 51313638 51526426
AL
Data size

10059100200 9531552900 7697045700 7728963900
HHE RN
GC percentage

60.8 60.115 57.31 53.02
GC &
Q20 percentage

95.52 95.43 94,915 95.165
Q20 14
1.4 B A RN AR ¥ 22 S B B 43 A

M5 FPKM i, EEFARIMRAR I 1004 Z2 5 5L, HrhfERA A A 388 NRiA LA
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MR TEEYE. 0 TIHRERME, 328 MERIENFEEEAG G, “MEATHTE M azimiE (K
4)o BE— BRI R ZE L RN R 25 W RAE R A BT By TR, I ERARIE BT, B TSI
TR B 6- iR I S P4 o Rl A B B SR AR A, 1L ) 23.0%, P-value 9 5.74e-07(3%
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Figure 3 Volcano plot of gene expression levels between wild type and msal
Note: Red points indicate down regulated unigenes in msal; blue points indicate upregulated unigenes in msal; gray points indicate

no difference in expression between msal and wild type
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Figure 4 GO functional analysis of DEGs between wild type and msal

Note: Red indicate biological process; Blue indicate cellular component; Green indicate molecular function.
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Table 4 Summary of GO terms with significantly enriched DEGs

=1i] GO %H [CE STk P-value 1
Ontoloty GO term Cluster frequency Corrected P-value
Biological process Protein refolding 16 out of 261 genes, 6.1% 0.00130
G7/buR s wEAFTR
Cellular component  Chloroplast 660ut of 287 genes, 23.0% 5.74e-07
41 2H 13 -2 A
chloroplast stroma 24 out of 287 genes, 8.4% 0.00275
MR R E R
Molecular function  iron ion transmembrane transporter activity 8 out of 328 genes, 2.4% 8.63e-06
g il PR TS R is s
glucose-6-phosphate dehydrogenase activity 4 out of 328 genes, 1.2% 0.00533
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Table 5 DEGs related to chloroplast development, chlorophyll biosynthesis, carotenoid biosynthesis and photosystem between wild

type barley and msal
Function Unigenes log2FoldChange  Expressionin  Annotation
IhhE (msal/wild type) msal TERE
log2Fold Z 57 KL%

Chlorophyll ~ CL1437.Contig2_All -8.169 Down protochlorophyllide reductase A, chloroplastic
biosynthesis ~ CL4646.Contigl_All 3.102 Up protoporphyrinogen oxidase, chloroplastic
MR AR CL10323.Contigl_All 3.538 Up glutamate--tRNA ligase, chloroplastic
Carotenoid CL8224.Contig3_All -6.843 Down phytoene synthase, chloroplastic
biosynthesis ~ Unigenel8155_ All -6.031 Down 9-cis-epoxycarotenoid dioxygenase NCED3,
AR NGk chloroplastic

Unigene14519_All -6.074 Down 9-cis-epoxycarotenoid dioxygenase NCED5,

chloroplastic

Photosystem  Unigene15985_All -2.766 Down photosystem Il CP43 chlorophyll apoprotein
WE RS Unigene15727_All -3.956 Down photosystem |1 reaction center protein M

CL1903.Contig2_All 4.225 Up photosystem Il oxygen-evolving enhancer

protein 2



CL1903.Contig3_All 4.141 Up photosystem Il oxygen-evolving enhancer
protein 2
CL1194.Contigl1_All 5.974 Up photosystem Il oxygen-evolving enhancer
protein 3
CL4939.Contigl_All 2.879 Up Ferredoxin-3, chloroplastic
Chloroplast Unigenel5498_All 3.364 Up DNA gyrase subunit A
Development  CL8916.Contigl_All 2.941 Up Ribosome-recycling factor
MEELAE  CL9233.Contig2 All 4.184 Up DNA-templated transcription
CL8233.Contig2_All 3.697 Up pentatricopeptide repeat-containing protein
Unigene3843_All 4.064 Up FAD binding domain
CL7765.Contigl_All 3.435 Up Ribonuclease E/G family
Unigene7142_All 3.496 Up Transcription termination factor MTERF6
CL2139.Contig4d_All 3.908 Up ruBisCO large subunit-binding protein subunit
beta
Unigene9447_All 3.258 Up CRM-domain containing factor CFM3
Unigene2438_All 6.762 Up SAM-dependent methyltransferases
CL2806.Contig2_All 4.835 Up plastidial pyruvate kinase
CL8233.Contigl_All 3.856 Up pentatricopeptide repeat-containing protein
CL3006.Contig2_All 3.207 Up 50S ribosomal protein L4
CL3950.Contigl_All 3.530 Up Trigger factor-like protein TIG
CL10294.Contig2_All 5.442 Up Fructokinase-like 1
CL627.Contigl_All 3.846 Up UDP-N-acetylglucosamine diphosphorylase



CL5753.Contig2_All 3.426 Up ruBisCO large subunit-binding protein subunit

beta
CL5090.Contig3_All 3.313 Up Isochorismate synthase 2
CL4646.Contigl_All 3.102 Up Protoporphyrinogen oxidase
Unigene28408_All 8.739 Up translocase subunit SECA1
Unigene751_All 2.631 Up 30S ribosomal protein S20
CL3006.Contigl_All 3.098 Up 50S ribosomal protein L4
CL2460.Contig5_All 6.174 Up dynamin-related protein 3B-like
CL474.Contig5_All 5.295 Up Pentatricopeptide repeat-containing protein
CL10146.Contig6_All 6.417 Up GTP-binding protein
CL751.Contigl_All 2.844 Up Cystathionine beta-synthase and related
enzymes
Unigene4549_All 2.969 Up ATP-dependent Clp protease proteolytic

subunit-related protein

CL10309.Contig2_All 4.456 Up Superoxide dismutase [Fe]
CL1142.Contig5_All 6.901 Up NAD(P)H-quinone oxidoreductase subunit S
CL5211.Contigl_All 3.031 Up pyridoxal reductase,

CL5097.Contig2_All 5.875 Up Glucose-6-phosphate 1-dehydrogenase
Unigene19023_All 4.703 Up ribosomal protein L23

Unigene21338_All 2.741 Up DEAD-hox ATP-dependent RNA helicase
CL9522.Contigl_All 5.155 Up oxygenase large subunit N-methyltransferase

CL4523.Contigl1_All 6.583 Up RNA polymerase beta subunit



Unigenel263_All 3.391 Up shikimate kinase

CL9956.Contig4_All 3.365 Up SpoU rRNA Methylase family
CL3168.Contigl_All 3.804 Up DEAD-box ATP-dependent RNA helicase
CL3296.Contigl_All 2931 Up 20 kDa chaperonin
Unigene28433_All 3.626 Up Omega-amidase

Unigenel1770_All 3.251 Up fructokinase-like 2
CL9844.Contigl_All 2.835 Up 30S ribosomal protein
CL5392.Contig2_All 3.314 Up DJ-1 homolog C isoform X1
CL7782.Contig2_All 4.525 Up L-ascorbate peroxidase 5
Unigene5821_All 4.706 Up glycine--tRNA ligase
CL5392.Contigl_All 3.244 Up DJ-1 homolog C isoform X1
CL8633.Contigl_All 2.763 Up 30S ribosomal protein S31
Unigene681_All 2.787 Up 50S ribosomal protein
Unigene3582_All 2.862 Up RNA polymerase | subunit 1
Unigene2682_All 5.381 Up predicted protein

Unigene2258_All 5.417 Up enoyl-[acyl-carrier-protein] reductase
Unigene11543_All 2.717 Up 30S ribosomal protein S9
Unigenel6107_All 2.852 Up predicted protein
CL9060.Contigl_All 4.223 Up Bacterial trigger factor protein
CL4927.Contigl_All 3.714 Up envelope ADP,ATP carrier protein
CL5927.Contig2_All 6.133 Up 3-isopropylmalate dehydrogenase

CL2535.Contigd_All 3.036 Up 20 kDa chaperonin



Unigene248_All 5.222 Up pentatricopeptide repeat-containing protein

Unigene9165_All 3.544 Up 50S ribosomal protein
CL2833.Contigl_All 3.743 Up predicted protein
Unigene23097_All 4.783 Up valine--tRNA ligase
CL9956.Contig2_All 3.410 Up RNA Methylase, SpoU family
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RNA-Seq $&fft 14 it e Fe KPS S, R IRATRE WS S 17 1y I A2 2% 1) AR 2 1 R M3 PR 422 22
ft(Wang et al., 2009). (EFATHETCH, B AERMRAARIA 1004 257360, KRR A4 388 4>
RILE T A, 609 NRILE LA 22 5 5 K & AR R i i ) GO 2% H A2 M 4447, W SRR 1% 23.0%,
P-value 7 5.74e-07, 2 W] 5 H- S A4 O A E DR AR B SR /K R AR T D3R, 5 T S Ak 5 g il s O 2 3402 — B0
RAA 62 AR AR BRI R R Rk B2 IR, X 5HSAEH RRERTE M. RinEHE b
RE BRI 3 RIS R T IR T DU R SRS H B0 R B K% bR BRI A BT AL O DI RE
FEM SRR E R R EREM . i, NEAFRMLR G NEAY b RGBT iREr, |
FELIN A 5 E D& & (Cunningham and Gantt, 1998; Shumskaya and Wurtzel, 2013). 7£ 3022 1 VA
ARLLER G B RIA T NI, S1E T MR R G At BE R 2k & K U (Liu et al., 2014). FRATTHED 4 410
HIMREALE DR A RS SRS MRS E T, SR M ROERY, e TSR R E

(Horton et al., 1996). iMifEJykMEMLA, A Sk BRI AR RIE B Bl . KRE KLU Fr AR 8 1%
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REZEF ARG EF IR %, FERAR = R AR B A B i RN SR f I 1 1) (B o, IS i
TR K W8 J e e AN MT o TEZS I AT BT AR RUR R fAR I (3R S i
32 BERGERNE

¥ 0.1 g BrEET F U1/, N 10 mL $2HGR(50% ZBERT 50% A i), & B et Ay b, &
SRAEWEES . MERBURTE 663 nm, 646 nm A1 470 nm [FIROGME, MIEU T ARITHEESE: Chla
(mg/g)=(12.21% A3 -2.81% Aga)/10, Chl b (mg/g)=(20.13% Agss-5.03% Aes3)/10, Car (mg/g)=(1000xA470-3.27xChl
a—104x Chl b)/2290.
3.3 MR AR

Kt A PI AL mm > 1 mm/NBR, FEFE4 YoM R P E IR 224 h, BEER LB MIRIEVES , 1E1% R
P E3 he BERR MRS VLG TE30%, 50%, 70%, 80%, 90%, 95%F1100% . BEHZEHMIK, T
HER i, 33 °C 2iE25 h, 60 °CHE48 ho FILHIE@M T AL VI, U1 FI R AT B R S 4
5, 1EH L H-7650% e W4 .
3.4 BFHSNT

KA RARIE 10 0 o KBTI Jr, S N RAE R R TR RN . FIF AR RNA 3L
WA SR EURE U RNA, A5 44 1K) RNA B BEERE & S FUZ A mRNA, 2R 516 /S HRIERENL S 4
9% cDNA SCFE, JEFIH] HiSeq 2000 G477 (ALt i R BURAE MG ERHEH R A ).

JR AR BRI, F2Sk A0 ploy-Ns S8R F i BUS , BIRAEdE . FUH Trinity #0040 8000 2
AT 7314 %%(Grabherr et al., 2011). il 58 EFATFFILLN, KX 7 oI HTDIRRA R . — 30 7 ML

Y& H T &) LE Xt : NCBI nonredundant protein sequences (Nr), NCBI nonredundant nucleotide sequences (Nt),



Swissprot, Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups of proteins

(KOG), Protein sequence analysis & classification (Interpro)fl Gene Ontology (GO).

F|F FPKM (the fragments per kb per million reads values)fE 115 T e 5 A (1) ik & . B F IDEG6 347
HTEFAE R RAR IR A 22 R B B, 5 BB B P-value < 0.001 Aljlog2Ratio| > 1. | FEE JLAT 20 Afi #6ril 23 #7 22

SHREEEEEN GO Wi H & KEGG # 1% .

YEE Tk
X AT AT TR S B iH . B2 A ARPAT N, R IR SIE: & AR

S 5SIRAE R AR AR I R B R A& SR

i\

B
AW T 7 RHRI H (2018-NK-133, 2018-ZJ-TO8) A1 o [E A&} 27 Bt 76 3 2 635 5 3 [7) %5 1.
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