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important rate-limiting step in vitamin C biosynthesis in Nitraia sibirica. Methods Basing on the third-generation transcriptome data
of N. sibirica in NCBI public database, GPP genes were identified and cloned. With the bioinformatics methods, the structure, chemical
properties, conserved sequenceand phylogentic evolution were analyzed. Moreover, the expression pattern of NsGPP genes under salt
stress was analyzed via RNA-seq data, and the expression levels in different tissues were analyzed by qRT-PCR. Results The results
showed that two proteins encoded by the NsGPP1/2 genes were similar to the other plant GPP proteins, which have typical conserved
FBPase/IMPase/glpX-like(FIG) domain. Moreover, from an evolutionary perspective, NsGPPs may be more closely related to GPPs
of shrubs or robust herbs. At the same time, with motif analysis, a few differences between NsGPP and GPP of herbaceous were found.
In addition, the three-dimensional structures of NsGPP1 and NsGPP2 were also slightly different. With the transcriptome data, the
expression level of NsGPPI was high and gradually increased under different concentrations of NaCl treatment, while the expression
level of NsGPP2 was low and gradually decreased. According to the experimental data of QRT-PCR, NsGPP1/2 were specifically
expressed in different tissues in N. sibirica. Moreover, the expression level of NsGPP1 was significantly higher than that of NsGPP2.
Conclusion In this study, two NsGPP genes were identified and cloned from N. sibirica, the structures of these two proteins were
relatively conservative and closely related to GPP of herbaceous plants. Furthermore, they were expressed in fruits, stems and leaves,

and had obvious tissue specificity. Among them, NsGPPI may be involved in vitamin C biosynthesis and salt tolerance in N. sibirica.

This study is helpful to further study of the molecular mechanism of vitamin C biosynthesis and salt tolerance in N. sibirica.
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Fig.1 PCR amplification of NsGPPI1/2
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Fig. 2 Nucleotide sequences alignment (A) and protein sequences alignment (B) of NsGPPs
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BrGPP EASSSAVATSFNVVAAGDSNI HQQALESLEWQ. . . ..o oo oo 286
MoGPP DI TSQRVAAS. NPSEKDLEVEALQL. . . ...\ttt 268
CsGPP DI TAQRVAAS. NPLLKDKFVEALRQSE. 270
AdGPP DI SAQRI AAS. NPLLKDAF | EALRESE. . 270
MdJGPP Gl TSQRVAAS. NPLLKDARVEVLRDSE. . . . . vtiiiiiaae e 270
CrGPP DVVSRRVLAAGTRQLGEAVAAVL AGCKLSSREVGP PP AGGVVS LERQEAAAAAAAKAQ 309
SmGPP DI TAQRVAAT. NPLLKEAFI EALNQSE. . . . ..o oove oo 270
CtGPP DI TAQRVAAS. NPHVKDAF | EALPTSE. . 270
ZjGPP DI TSQRVAAS. NPLLKDAF | KALQESE. . 270
CuGPP DI TAQRVAAS. NPHVKDAF | EALRQSE. . 270
PpGPP DI TAQRVAAS. NPLLKDAEVGALLESE. . . . ..o ooiieeee i 270
consensus

B2 T RIZARE FIG TR itek; BEREMFEEER, A OMEOARFIRNEIERRE: BT iR SWiEARm SR ST : AtGPPI
(NM_111155_f\#7F) » AtGPP2 (NM_001125086_1}F§7F) , AtGPP3 (NM_001035549 U Ri7F) , BrGPP (JN157615_/NFZE) , MoGPP (AB924376_
BA) , CsGPP  (KC505202_Z%#) , AAGPP (AY787585 FEMAHMEHK) , MAGPP (AY787586 3FH) , CrGPP (XM_001697943 SEHAHE) ,
SmGPP (KU356959 jifi) , CtGPP (AB981061 #l#%) , ZjGPP (KJ739593 #) , CuGPP (HQ224949 #li#) , PpGPP (AB457584 #k) .

The red underline represent conservative subdomains; Black indicates identical amino acid; Red and blue indicate homologue amino acid residues; The

protein accession numbers of each species in the

figure are as

follows: AtGPP1 (NM_111155 Arabidopsis thaliana), AtGPP2

(NM_001125086_Arabidopsis thaliana), AtGPP3 (NM 001035549 Arabidopsis thaliana), BrGPP (JN157615 Brassica rapa subsp. Chinensis), MoGPP
(AB924376_Moringa oleifera (horseradish tree)), CsGPP (KC505202 Camellia sinensis), AJdGPP(AY787585 Actinidia deliciosa), MdGPP
(AY787586 Malus x domestica), CrGPP (XM 001697943 Chlamydomonas reinhardtii), SmGPP (KU356959 Solanum melongena), CtGPP
(AB981061_Citrus tamurana), ZjGPP (KJ739593 Ziziphus jujuba), CaGPP (HQ224949 Citrus unshiu), PpGPP (AB457584 Prunus persica).

3 FAFITBERSHEMEY GPP EBZFIILLRT

Fig. 3 Sequence alignment of GPP proteins of V. sibirica and other plants
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FBPase/IMPase/glpX- like(FIG) R 57 &5 448, n] WL
J&F FIG K.
23 RGHNHELE ST

FIHI NsGPP & H P SIMIHAEIH) GPP 2R H 7
b, MRS . SR E 4 PR, NsGPP HH
5k Gossypium hirsutum L.« K3 IK Corchorus
olitorius L. 2% Rosa chinensis Jacq. K7 Solanum
melongena L.« 35 N Raphanus sativus LA5EARBEAR
AR AREYIN GPP S RAE i, 5 FE AR
YR Ziziphus jujuba (L.) Lam.. 1@ Citrus unshiu
Marc.. AR Moringa oleifera Lam.ZH &) 11 MV 5K JAN
HISER Malus domestica (Suckow) Borkh.. Bk Prunus
persica (L.) Batsch 2R T VKRR REGE. I,
M R, PRAEARINE TR Re S AR B AR B,
HAREISRG R R I.
2.4 NsGPP EBRTFTEFIH

FIF MEME 7EZp36%f 2 4> NsGPP £ H DA
TR T I SE RO GPP & A HET motif 43 #7(
5) , S5RKIL NsGPP1 #1 NsGPP2 5 HAbAE Y1)
GPP EHBONRST, BIEA motif 1. 2. 5. [FAN,
NsGPP 5 AMAEYIN GPP & (IAFEE 25, R
£ NsGPP1 A1 NsGPP2 "5 motif8, HMELIAE
£ motif 6 1 9; motif 6 FF7E THIFITFAIHURI] GPP
HET, motif 9 FAE TR TT. THEABIA GPP &

ZFR P-value
NsGPP1 2.00X 107187
NsGPP2 7.19X 107188

BT (NM 001125086) 5.17 X 107266
W (NM 111155) 6.46 X 107268
W (NM 001035549)  2.11X107%7
/NEZE (JN157615)

B (AB924376) 465X 107228

HFE (OMO70419.1)
KHFHM (OMO65795.1)
BiBR (XP 002524125.2)
PFEAE (XP 004293748.1)
HAZE (XP024157273.1)

10 ® NsGPP1

® NsGPP2 '
FREIEAE (XP 010518990.1)
- FRIMIHZE (XP 013644559.1)
3 N (XP018492634.1)
/INAZE (IN157615)
DA (XM 001697943 )
Hi (KU356959)

41— %K (KC505202)
—15{—E LB (AY787585)
AR (KJ739593)

100 kM (AB981061)
0 —— M
|| MG (HQ224949) I

18 B (AB924376)
43 U7+ (NM 001125086)
100 FUEEFT (NM 111155)

#LFEIF (NM 001035549)
¥t (AB457584)
82 SEH (AY787586) i
100 38 (F3752240)

94 — FE YA (XP 012445292.1)
88 K iAS (XP 016688294.1)
98 AHE (XP 039049585.1)
30

77

LN TR RN A% GPP A RBee oy by GPP
HH; HEBRSRT ZHNK.
Red font is GPP protein of N. sibirica; Black font is the GPP protein of other

plants, which is composed of accessing number and Latin name.

4 FEFTERSHMEY GPP EERGHAL S
Fig. 4 Phylogenetic analysis of GPP proteins of V. sibirica

and other plants

Motif Locations
W [ T T .

N [ N T
[l — B s
[ —
BT W T ——
1.04X107%° = [T

1

ClEmm—

DEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKVPVVGVVYNPIMEELFT
TKHVEHKGQVDLVTETDKGCEELVFNHLKQNFPNHKFIGEE
TLDDTTNRINSLLTKVRSLRMSGSCALDLCGVACGRVDIFYELGFG
PWDIAAGIVIVKEAGGLIFDPSGKDLDITSQRIAASNASLKDLFAEALRL

Motif Symbol Motif Consensus

1

2 ]

3 L

4 I

5 FLAAAIDAAKKAGQIIRKGFY
6 L1 NGKRIKVSAQSELLTALLVTEAGTKRDKA
7 A TTAAFGVTELT

8 [l KTKGINFSLWFKPEDYHTDI
9 N MADNDS

10 [ ERSLLVTGFGYEHDD

5 ARZEAMIEY) GPP EH motif 747
Fig. 5 Motif analysis of GPP proteins of V. sibirica and other plants

e, mihsEd ) GPP A& I B2b motif 3. 4.
6. 7 Al 8. HILT W, GPP & H £ AR ) Fh 45 4E
B, BAEEFHE LA
() 25 5

2.5 NsGPP EB=RZEMDHT

F| A phyre2 7E 28 % 1 Chttp://www.sbg.bio.

ic.ac.uk/phyre2/html/page.cgi?id=index ) ¥} NsGPP &
PRl g i ) 2 AT = R SRR AE > . BT 6 rh]
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c5zhhB

NsGPP1

NsGPP2

c5zhhB AL,
c5zhhB is the model.
6 NsGPP EEKI=REEHD
Fig. 6 3D structures of NsGPP proteins

DA, NsGPP & 5B 25 AR AL, HfF
FERUINESE, 40 NsGPP2 H il (g fie K & i AR T
NsGPP1 FIAYEE [, NsGPP1 % [kt NsGPP2 £ 1
2 AN BT B
2.6 NsGPP EFEBFIERRN 7747

SR HBE, X 2 A NsGPP 3 EAN]
WEE NaCl 4B N B PEAA R A iR 8 7K
SFHEAT T, B EIR, NsGPPI E 0 mmol/L (X}
F8) . 100 mmol/L A1 400 mmol/L hALFE N ik
EIHE ST NsGPP2; 1 NsGPP2 fEX IR DL f £h
PR IR BT NsGPPI, H NsGPP2
RS FHRBKPFEREZR (B 7D . Hilk
Al WL, NsGPPI Refgm N Ehfia, hiianrefedt
g2 C BB R
2.7 NsGPP ERFBLLAFIEDHT

NiE—H M NsGPP F:RTE RIS FEHL
RIEIKFE, AW FFIFH qQRT-PCR 53041 T NsGPPI
F NsGPP2 1EPEAARINE (R SR s, ZZ 5kl

30
ab @ X
'|' NaCl 100 mmol-L™!
5 20- Pl. ==NaCl 400 mmol-L™!
&
S 9}
10 c
T ¢
T
0 T T i
NsGPP1 NsGPP2

£

AR 7B 2 (AR AL AR AE BB 22 5 (CP<0.05) , FEIF.,
Different letter indicates significant between different treatments ("P <
0.05).

7 FEIRE NaCl 632 NsGPP1/2 RIEE
Fig. 7 Expression levels of NsGPP 1/2 under different

concentrations of NaCl treatment

B, GRWE 8 B, NsGPPI {ERSL, ZEFInt
HRIEEWHE ST NsGPP2 MRIEE (P<
0.05) , HHEEZEMMFRIARETLREZER; M
NsGPP2 TEnt ik & B m T AP R
ik AL, fEM R, NsGPPI RiIE 4L T NsGPP2
()2 %, Xt R AL BRI S dH s h R 220 #h b B
P 2 N R RIA R85 REEAR—, IR T #%
S ZH s 45 R e

1.5 9 1.5 -

=
o Rk
a - I a
mlEdHo-T a E 1.0 |
X L ,
2 )
iy b
< T ;'
= 0.5 A = 0.5
b
¢ —
0 —T¥ 0 - r T
NsGPPI NsGPP2 NsGPPI NsGPP2
FEA HEH

8 NsGPP {EAN[EHLA P HI AR FRIEKF
Fig. 8 Relative gene expression of NsGPP in different

tissues

3 it

LPANES R A & e R C MR ER R,
1M GPP Z& (/244 3 C A plHh i SR PR gt 121,
H 1T C7E 2 M) 5o 15 2] GPP B[R 123-24, AT
FNPFEAEFNE E R Pl 2 A opp R, H
cDNA FFIE A 5231 ORF, H-5H AW [H
JRER W gt 3 1K AR, FTdmit it GPP 22 5
HAWREYIM GPP & 75 AR m AR, R
FriR1S I A GPP R

GPP [ BA FIG fRF 4513k, AHFFH &
H % 5 et 45 R o, 2 4~ NsGPP & A A 5%
I FIG 258 (B 3) o Motif 0 Hrés B ER,
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NsGPP1 4 NsGPP2 & [ HA — ) motif ZH % (&
5) o AN KEL, NsGPP & AN 5 g I 55 HoAtAE
YIAELEARANE, IR R Z R A (B 5) - A
SRR R, NsGPP2 Lt NsGPP1 5 (i
ied /N IE R e (B 6) o BALHSHD)
REZ UM DG, Wb e DN, ABF 5 AT 3R18 1
NsGPP & [R Bt 9w 14 2 AR A nl g 5 H AR ) 19
GPP A A A KPR, AERI4EA R C SR m)
HEE I, {HEIT NsGPP HE 15 HABEY GPP &
RS B35 22 57, )5 % NsGPP1 5 NsGPP2
BOAZAIMES, WTRESEENEIhRE LS fArE
5. fEHSIKT, NsGPP1 5 NsGPP2 A4
AR E RKIE, Hd NsGPPI fEZE &Rk,
NsGPP2 {EM frhRik & s, HAE 3 FiAFEAHN
i, NsGPPI WMFRiE &L E T NsGPP2 HIRiIA
&= (B8, HItAT W, EHl NsGPPI 5 NsGPP2 %
K o] G B AN A I ThEE . 1 N € NsGPP1 Al
NsGPP2 Vg b3 2 [AFAEMPLE 72 5, I 75 Bt
— AR R o

A e R RoR, PUARNE AR GPP EH S
ZHEARREY) GPP B MLk R, 53FEREKR
ARt (B 4) o s Hr R, "TRER BT
BFINE A H) E SR/ NEAR, SIEMEL 5¥ARm
MY E . A, BT NsGPP 5 HZESE
GPP S NAHIT, v LUE IS H Z=456 1) GPP & 1 D fg
H—2 TR IhRE.

EES M E RS TR AR C
P, MigEtE R C AT LATE BRAE ) AR 4 v 1 S 2,
WERE BT ERTERS . AT 0, LA R B
fif £h 4, AR EI NsGPPI TEE:rE (100
mmol/L B¢ 400 mmol/L NaCl) | FiA & & T X},
X5 FIRET AR BN —8, R AT R
E R 3G B 25 ol e v ke B S R A
NsGPP2 fE#iiha G REE T BEL, HHEAEE
HAKFMN FRAEMEZLT NsGPPI, FIti
M ATREAS T B £ ie, HAE4EAE R C ARG fEAR
W NsGPPI fEFHEE 2. ar AWFFC KRB, BrEHk
AceGPP B[R RIE I AR NaCl 4 FE 19 iny o4z
KM/ AceGMP F:H R E & B E R EH), WH AR
B, TEKREHRRARIRE 44 R C AR, 45
RI GGP. GME B, GDH /KM Fr 445 C 1
Ruwkik, HElh GGP R IE KK AE4h i
TEERMNE T4 R C s, PiEheEimm.

[FIB G W TR GPP 135 i F 5 g st 7 vp 4
FEmKPRIE, (HRR4ER THRM I mRIE, I
NIy N = R 2 )17 S S L I e e A
VIR EE KR AT AR TR ZE S, st 5t
IR 4ELE 2R C A A P 247
TERE LT

AN THARNE S 2 5E 2 A NsGPP
R, RIL NsGPP 2[R 9aht & 135 A R 5F 1 FIG
sifgig, H5HAWEY GPP & A EB B AL,
PE, HEN NsGPP n g 5 HABAEYIN GPP = A
LRI ThBE . AN, NsGPP1 5 NsGPP2 & H{E=
Yottt L AFEE SR, WoRPE W REEThRE AP AE
75 EhiiEe 5H LRI Mtk —HIESE, NsGPPI
BRI AE AR o SR s, 22t g R C
AV E G FER B EEER, FH AR TR
PEAR NG (1 o i 6 e R R BB AR E o AHIF
FONHE— DR E AR A R C LA R LR £ 53
FHLH SR PL LS IR

RBAE FAEEHEARAEF SR

SEHk
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