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Abstract; In order to explore the effects of metal ions on the petal color of three species in Meconopsis
Vig., contents of seven metal ions (including Fe**, Mg*", Ca®*, K*, Mn®", Cu’, and Zn>*) in petals
of M. integrifolia (Maxim.) Franch., M. punicea Maxim., and M. wilsonii Grey-Wilson at the blooming
stage were measured, and transcriptome analyses were conducted for petals at three flowering stages. The
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results show that at the blooming stage, contents of seven metal ions are significantly (P<0.05) higher in
petals of M. integrifolia than in petals of M. punicea and M. wilsonii; contents of Fe’*, Mg, K*, Mn™",
and Zn®* in petals of M. punicea are significantly lower than those of M. wilsonii, and contents of Cu®" and
Ca’" are significantly higher than those of M. wilsonii. In petals of M. integrifolia, evidently expressed
differential unigenes in Fe**-, Fe’*-, and Cu® -related GO enrichment items, and magnesium chelatase
activity, potassium homeostasis and response to zinc ion items are the most among three test species in
Meconopsis in general, while those in zinc ion binding and manganese ion binding items are the least, and
differential unigenes in the release of sequestered calcium ion into cytosol item only evidently express in
petals of M. integrifolia. In petals of M. punicea, evidently expressed differential unigenes in ferrous iron
binding, magnesium ion binding, calcium ion binding, potassium ion binding, potassium ion transport,
and zinc ion binding items are the most among three test species in Meconopsis, and only those in ferric
iron binding item are the least among three test species in Meconopsis. In petals of M. wilsonii, evidently
expressed differential unigenes in cellular calcium ion homeostasis and manganese ion binding items are
the most among three test species in Meconopsis, and those in Mg>*-, K- and Cu’*-related GO
enrichment items, and ferrous iron binding, intracellular sequestering of iron ion, response to zinc ion
and calcium ion binding items are the least among three test species in Meconopsis in general. In
conclusion, it is speculated that Cu®* and Ca® affect the petal color of M. integrifolia, Fe™, Mg™,
Mn®*, K, and Cu®™ affect the petal color of M. punicea, and Fe’*, Mg®*, Mn®", and Cu™ affect the

petal color of M. wilsonii.

Key words: Meconopsis Vig. ; flower color; metal ion; differential unigene; gene expression
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Mi; ®ZLR90E M. integrifolia (Maxim.) Franch.; Mp. ZLfE4k 905
M. punicea Maxim. ; Mw; JI[JZRGEES M. wilsonii Grey-Wilson. MZEFI 47
ﬁ?ﬁ\%*ﬁﬁiﬂ]‘ﬁﬂ%ﬂﬁﬁiﬁ% From left to right are the bud stage,

cracking stage, and blooming stage.

B 1 FAEEHEAERE 3 HEWHILEBRES
Fig. 1  Floral morphology of three species in Meconopsis Vig. at
different flowering stages

Table 1 Collection information of flowers of three species in Meconopsis Vig.

N K AEH 5D W E B E R Y A =R
zlr)fies ﬂz/i%lli%l‘ion Loi%irl%de Latitude l?(firing stage (;’ti?ll ?\?0%: P%:)?ilAHiEt%Ejaij
location" ® Society colour chart
L aakE M. integrifolia YL E100°10'56" N37°00'10" M Bud stage W Lk{n 145D Yellow-green 145D
FF244] Cracking stage FELEE 150D Yellow-green 150D
ETFFHA Blooming stage LR 1508 Yellow-green 150B
LLAELRYLES M. punicea Sp E103°20'01" N32°56'08" AEFE W] Bud stage £1{% 45A Red 45A
T2 Cracking stage 2145 43A Red 43A
FETFH Blooming stage 218 43B Red 43B
JIESESE M. wilsonii 17 £102°50'05" N26°05'01" 1675 Bud stage 4144 75D Red-purple 75D

FFZ4H Cracking stage
JXTF ] Blooming stage

2% 2% 48 N8OA Purple-violet NSOA
i £85 N8IC Violet N8IC

DYL. ZEA LT EREI Jade Dragon Snow Mountain in Lijiang City of Yunnan Province; SP. DU 1] 45 BT 300 588 i 95 5 E A MRS i B Songpan
County in Aba Tibetan and Qiang Autonomous Prefecture of Sichuan Province; JZ. ~EEEY l'hﬂ'r%;';[ll Jiaozi Snow Mountain in Kunming City of

Yunnan Province.
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700 CH##4£0.5 h,500 °cﬂic 3.5 h, R A5 LIMA T4
5% TR 8 45 250 mL, R0, 43 ) B o vk
1000 pwg » mL™" Fe3+\Mg2+\Ca2+\K L Mn* | Cu™ Al
Zn® BRI, FH B8 20K C ) AS TR0 3 R A o T AR,
Hdr Fe’ Mg™ Ca™ Fll Zn™ T /ETR ) T & v B 3 [
F91.0~10.0 pg - mL™" K™ TAE TR AY o 2 1k B V5 BB oA
10.0~100.0 wg - mL™", Mn™ Fll Cu™ AR A T 1 ik
FEJLEIN0.1~1.0 pg - mL™", f#i ] AA-7000 %Y )51
KIAMIOETEAL (H A 8 HE S w1 ) D0 A v AR WY

WG, RO AR (v) SR T o EN
BEARBR (v) bR 2, Fe'™ IO 1 [ml )5 J7 F2
y=0.007 5x-0.008 7(r=0.999 7) , Mg £k [m] 1575
2 H y=0.077 4x+0.771 6(r=0.999 9) , Ca™ £k 4 1]
VA2 A y=0.051 9x+0.028 9(r=0.999 6) , K" Ay £k
PEEF )78 ¢ =0.009 2x+1.180 5(r=0.999 5),
Mn™ B9 £E M [0 5 2 v = 0.018 0x—0.001 4 (r=
0.999 7), Cu® M ZEPE M IH 7 F2 8 y = 0. 153 24 -
0.004 9(r=0.999 5),Zn* UL PEE T RN ¥ =
0.049 7x+0.005 6(r=1.000 0) , kRN % B 14T, 1
TE95% L) b DN g 8% T HA A6 e A i 0 00 9 ) T '
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1.2.2.1 & RNA $2HUR R ] TIANGEN 4
A RNA 4200 & O R AR AE AR (b)) AR A
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1% T BE BRI B JK F11 NanoDrop 2000 # i 28 4h oy
Y636 ( 32 [ ThermoFisher 23 0)) Al H i & R &
ZALECY:

1.2.2.2 By i BRI R H R
HA PR A # T cDNA S, % 5 & A I 5 4% 1Y
¢DNA i ] HiSeq"™ 2000 )3 5 ( 35 E 1lumina 2
H) M, A SOAPnuke #4540 7 T 45 raw read
Uk, EBRIUAR S e A5, 155 clean read, F]
FH Trinity (v2.0.6) k{2035 , FEA ] TGICL /Xt 5%
SERMATREETCR , IRAFE A unigene,

1.2.2.3  Unigene DJRETERE i@ it BLAST R {F 44 Jir
% unigene 5 GO, KOG ,KEGG , SwissProt . NT I NR
BOE E L XS, UM unigene M2 LR ¥ 5 2 )5, FIH
HMMER #4455 Pfam %45 ¢ XT38 15 unigene [7F
S

1.2.2.4 225 unigene 7787 FIH RSEM(v1.2.8) %k

#2 HATFEIHRFXEE PCRHIEIY

Table 2 Primers for real-time fluorescent quantitative PCR

T 3 45 FE W P unigene B9 323K K, H FPKM
( fragments per kilobase of transcript per million
fragments mapped ) {H % 7~ unigene A7 X ik 0, B
T 27 DAL S e SR (AR SR8 4, LA I log, FC I
KFET 1 FDR /NTAET 0.05 FHEHME(FC 22 5705
#(fold change) , FDR A 451 & B % (false discovery
rate) ), F|F| DESeq2 A5 AT & 2 A B B /Y 22
SFIRFL A i ) 22 5 unigene , B 22 5 unigene
17 GO Yigesr2&, ARt A R #4489 phyper pRELE
1T&E T, I p (8, SRJEXT p (HE1T FDR & 1E,
HH Q H(p ERYERAIAR) /NTAET 0.05 I HE
W 2 W AR AT GO BRI,

1.2.2.5 SEWRPOEER PCR(qRT-PCR) BiE &M
“1.2.2.17 42 ORI I £ FE Al 1 2 RNA, 145 5% 2
I Goldenstar™ RT6 ¢DNA Synthesis Kit 3877 & (dbL 5L
EREDFHCARA ) 345, qRT-PCR LL actin
(CL3969. Contigd _ All) VAL R, s F F Primer
Premier 6.0 ?K#F&fr%l%, SIYFH W 2, LR
JGE 7 PCR K & 2 I 2 X T5 Fast qPCR Mix
(SYBR Green 1) (dUIERI AR A RAF)
JH LightCycler®480 SZAT%¢ 6 5 1 PCR X (L 4 7%
MAERH A R F]) §748 | qRT-PCR #2574 :95 °C i
A5 2 min95 CAEM: 30 5,56 ‘CiR K 15 5,72 CIEfH

5473 (5'—3")  Primer sequence (5'—3")

Unigene ID

EM 5[4 Forward primer

JZ 1515 #) Reverse primer

CL9348.Contig7_All
CL9381.Contig32_All
Unigenel13589_All
Unigene37626_All
Unigene44886_All
Unigene64395_All
CL3969.Contigd_All

TGGCAGCTGCAAATGGAGTA
AAGGATTGGTACTGCTGGCC
ACCGCCCACCATGATGATTT
CCATGAGTAGCTCGGCATGT
CCAGCAGTGGTACCAGACTG
TCTTGCGGGAACTCTCCAAC
TCAGCCCCTCGTCTGTGATA

GCTCCCGATGCCTTAGATCC
GCCAGAGCCACCCTTATTGT
TGGGTCCTTCTAGACGGGAG
GCTGTACGCCTACTACGACC
TTGAGAAAGGAGCCGGTCAC
CGGATCACAGGTACACCTCG
GCCCCATACCAACCATCACA

30 5,35 MEFF, SR 2703k L unigene [ 4H
X FRIB
1.3 HELBASIT S

A EXCEL 2019 Hi {4 5 #0153 i Zdis , AL
SPSS 26.0 et 53 At A% B s #E AT Se o3 A, FT
Origin 2020 F1 TBtools X {4 1E &, Hrp, Fl F TBtools
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Table 3 Contents of metal ions in petals of three species in Meconopsis Vig. (X+SD)

Fh2D BEeRETER/ (g - g)?  Content of each metal ion?
Speciesl) Fe3* Mgz+ Ca? K* Mn2* Cu?* 7n2t
Mi 4 877.6+70.3a 4 280.7+22.4a 4931.8+47.5a 49 496.9+184.4a 846.8+6.0a 63.3x1.5a 1569.5+7.4a
Mp 675.5+£27.2¢ 1029.2+2.2¢ 1 734.6+9.2b 21 231.2+141.5¢ 48.5+0.2¢ 32.5+0.6b 52.3+0.8¢
Mw 1 161.4+54.7h 1 404.4+52.8b 1316.1+£32.5¢ 22 898.3+443.6h 325.8+1.3b 24.4+0.4c 662.4+12.5b

D Mi; 25505 M. integrifolia (Maxim.) Franch.; Mp: £ZIAE5E98# M. punicea Maxim.; Mw.: JINESESEE M. wilsonii Grey-Wilson.
2 [@F) R R ING TR KR 22 5 3% (P<0.05) Different lowercases in the same column indicate the significant (P<0.05) differences.

22 ZRPERE I MEDERNFERABIES
22,1 HFAMNBEFERET MAFEPIRGEE
3FPAE Y 27 A AEIEAE S AT R Sk L, AR T
1 297.10 Mb [¥J raw read , 14 JEIF i 57458 1 175.19
Mb 19 clean read, V-3 4> LA 5 3K 15 43.53 Mb
1 clean read , & AL IEHE i 11 Q20 1 Q30 B~V H4{H 73
AR 97.519%H1 90.22% ., F3545 411 557 > unigene,
SEHREE N 1949 bp,N50 {5 M 2 754 bp,GC &N
38.49%,
222 HEEHREHRS HIRMH 411 557 4
unigene #F 17 E B, # GO, Pfam, KOG, KEGG
SwissProt NT il NR 7 KREE T B M unigene 4t
318 657 1>, i unigene SAELHY 77.4% , b i B 2
GO B & 1) unigene 3t 171 730 4>, (5 unigene 148
B 41.7% , $ERER) unigene 738 3 KIS, 0454
AR AR BN S P RE, 23 A 98 560,116 067
1194 385 4>, 23 %115 unigene BEUAY 23.9% (28.2%
N 47.2% , Horpr | 43 F T g W 7 B unigene F0H i
10 000 1Y) — K 43 25 A 45 & (87 710) , fi 1k 1%
(84 496) Ak iz HE TR ME (10 010)
23 ZRYERIMEVEBIEEBEFHXER
unigene ) GO B & 47

SRy )R 3 P AL R &R B A 2 R
unigene [ GO FERZE R IR 4, MK 4 AT WL, Fe™ Al
Fe™ LA} Mg™  Ca™ (K" Mn*  Cu™  Zn™ MK 57
unigene THEETS5.3.3.3.1.2H02%G60 5B ,

R4 FREERIMENEMRPEEE FHEXESR unigene 1 GO B
RHER

Table 4 Result of GO enrichment of differential unigenes related to
metal ions in petals of three species in Meconopsis Vig.

&HET GOFZHID  GO%KH D

Metal ion GO item ID GO item n

Fe3* 7F(32‘r G0 .0008199 =ML S Ferric iron binding 12
G0:0008198  W4k%5 4 Ferrous iron binding 7
G0.0006826 BB T 5328 Tron ion transport 12

G0:0006880  #kE THIAIMNE A Intracellular 5
sequestering of iron ion
G0:0004325  WAKEEAFHE M Ferrochelatase 11
activity
Mger G0 .0000287 B T4k A Magnesium ion binding 14
G0:0016851 BEERAA TR TE Magnesium chelatase 8
activity
G0.0015693 R i Magnesium ion 7
transport
Ca2 G0:0005509 %5454 Calcium ion binding 12
G0:0051209 & 4% & B R A1 o s o 3
Release of sequestered calcium ion
into cytosol
G0:0006874 %S E T FiA Cellular calcium 11
ion homeostasis
K* G0:0030955  #BF454 Potassium ion binding 16
G0:0055075 4B FA2SS Potassium ion 12
homeostasis
G0:0006813 HBS 532 Potassium ion transport 10
Mn2* G0:0030145  4fiES 454 Manganese ion binding 14
Cu?t G0.:0005507 B F4E A Copper ion binding 14
G0:0006825 45 F4%iZ Copper ion transport 6
Zn2* G0:0008270  FEESF454 Zinc ion binding 18
G0:0010043  XIEFES T[N Response to zine 5

ion

Dy 225 unigene i Number of differential unigenes.
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Hodr Fe™ Hil Fe™ 5624 5% unigene & #1Y GO 4x HAX
HiRZ , BiG S MEkE G R A B T s Bk
BT I A0 N B A R R A N M B A A AR

Unigene21411_All 2.50
Unigene41916_All 2.00
CL7042.Contigl_All

Unigenc23941_All 1.50
Unigene54539_All 1.00
Unigene53992_All 0.50
Unigene110064_All 0.00
Unigene110063_All

Unigene136286_All -050
Unigene83468_All -1.00
Unigene21595_All ~150

Unigene37626_All

Mil Mi2 Mi3 Mpl Mp2 Mp3 Mwl Mw2 Mw3
A

2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50

Unigene38400_All
Unigene231657_All
Unigene288987_All
Unigene23941_All
Unigene56259_All
Unigene344831_All
Unigene30354_All

Mil Mi2 Mi3 Mpl Mp2 Mp3 Mwl Mw2 Mw3
B

Unigene41916_All 250
Unigene37626_All -
i 2.00
i 1.50
Unigene54539_All 1.00
Unigene33992_All 0.50
i 0.00
i 3 ~0.50

-1.00
-1.50

Mil Mi2 Mi3 Mpl Mp2 Mp3 Mwl Mw2 Mw3
C

Mil Mi2 Mi3 Mpl Mp2 Mp3 Mwl Mw2 Mw3
D

250
2.00
1.50
1.00
0.50

Unigenc164988_All
Unigene645_All

Unigene23941_All
Unigene56259_All

B - 0.00
Unigene30354_All

-0.50
-1.00
-1.50

Unigene268239_All 2.00
Unigenel61123_All 150
Unigene268237_All

Unigene94642_All 1.00
Unigene94643_All 0.50
Unigene105961_All

Unigene156798_All 0.00
~050

-1.00

Unigene163614_All -150
Mil Mi2 Mi3 Mpl Mp2 Mp3 Mwl Mw2 Mw3

E

A ZMEREE S Ferric iron binding; B: W4K%5 4 Ferrous iron binding;
C: BB T2 Tron ion transport; D: #3 F A0 N ES S Intracellular
sequestering of iron ion; E . WWAKEE A BEE M Ferrochelatase activity. &
bRRFER Y —AL)G B A X 2235 18 The scale in the figure represents the
relative expression after normalization. Mil ,Mi2,Mi3 . I R A k-
EACTE W JT 2L ) T EE JT ) Bud stage, cracking stage, and blooming
stage of M. integrifolia (Maxim.) Franch., respectively; Mpl,Mp2,Mp3.
YR RLTAC LR AL I TS FE T Bud stage, cracking stage,
and blooming stage of M. punicea Maxim., respectively; Mwl,Mw2,Mw3.
I3 R NS 0 AR 2 I TP 2RI T I Bud stage, cracking stage,

and blooming stage of M. wilsonii Grey-Wilson, respectively.

B2 SRHERE3MEYILMWR Fe¥ fl Fe?* #3% % B unigene M &%
HE

Fig. 2 Heat map of the expression of Fe’*- and Fe®'-related
differential unigenes in petals of three species in Meconopsis Vig.

H 225 unigene £ (18)

2.3.1 Fe'fnFe™ % GO FHEER LR 3 P
FHPIAEIE T Fe™ Fl Fe™ 22 5% unigene A ZRIA A
LI 2, FHIE 2 W)L Ak SR8 A6 P 45 4% H
BRIXM 2T unigene BRI Z . MG 45H
H1 R Unigene41916_All Ab, 21 {6 4% 8 & AL rh 22 55
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Fig. 3 Heat map of the expression of Mg**-related differential
unigenes in petals of three species in Meconopsis Vig.
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Fig. 4 Heat map of the expression of Ca?*-related differential
unigenes in petals of three species in Meconopsis Vig.
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Fig. 5 Heat map of the expression of K*-related differential unigenes
in petals of three species in Meconopsis Vig.
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Fig. 6 Heat map of the expression of Mn>*-related ( manganese ion
binding ) differential unigenes in petals of three species in
Meconopsis Vig.
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Fig. 7 Heat map of the expression of Cu”*-related differential
unigenes in petals of three species in Meconopsis Vig.
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Fig. 8 Heat map of the expression of Zn?'-related differential
unigenes in petals of three species in Meconopsis Vig.
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[J: RNA-Seq; [O: qRT-PCR.
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respectively.
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Fig. 9 Verification results of real-time fluorescence quantitative PCR on some metal ion-related differential unigenes in
petals of three species in Meconopsis Vig.
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