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Identification and cloning of NRAMP genes from two citrus rootstocks

and analysis of their expression patterns under nutrient stresses
HUANG Ziyang"’, ZHANG Xiaoyong"?, LING Lili"?, CHUN Changpin'’, PENG Liangzhi"*, FU Xing-
zheng"*

(Citrus Research Institute, Southwest University/National Citrus Engineering Research Center, Chongqing 400712, China; “Citrus Re-
search Institute, Chinese Academy of Agricultural Sciences, Chongqing 400712, China)

Abstract: [Objective]Citrus is one of the most important fruit crops in the world, and in some regions,
like some mountainous areas of China, citrus production is regarded as a mainstay industry. However,
the frequent occurrence of nutrient stresses such as K, Mg, B and Fe deficiency, as well as Mn, Cu and
Cd toxicity have severely limited citrus production. The NRAMP (natural resistance-associated macro-
phage protein) family of genes plays important roles in mineral nutrient homeostasis; however, related
information regarding their roles in citrus plants is limited. It is possible that NRAMP genes of citrus
play roles in the response to these nutrient stresses as in model plants and may therefore have the poten-
tial to improve citrus tolerance to nutrient stresses. Therefore, the objective of this experiment is to

study genome-wide identification and cloning of NRAMP family genes in citrus and to analyze their ex-
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pression patterns under different metal nutrient stresses. [Methods]Two commonly used rootstocks in
China (trifoliate orange [Poncirus trifoliata (L.) Raf.] and ‘Ziyang Xiangcheng’ [Citrus junos ‘Ziyang
Xiangcheng’]), were selected as materials in this study. The seed coats of trifoliate orange and Ziyang
Xiangcheng were removed and seeds germinated at a relative humidity of 70% and a temperature at
28 “C under darkness for 7 d. Subsequently, the germinated seedlings were transferred to a modified
Hoagland solution composed of 2 mmol - L' Ca(NOs),, 3 mmol - L' KNO;, 0.5 mmol - L' NH,H,PO,, 1
mmol - L' MgSO,, 20 pmol - L' H;BO;, 10 pmol - L' MnSO., 5 umol - L' ZnSO,, 1 pmol - L' CuSO,, 1
pmol - L' H,MoO, and 50 umol- L' Fe-EDTA at 25 C under a 16-h photoperiod (50 pmol - m™-s™) for
30 d of normal growth and development. For nutrient excess treatments, the seedlings were transferred
to new hydroponic solutions containing 0.5 mmol - L™ ZnSO4(++Zn), 1.0 mmol - L"' MnSO.(++Mn), 0.1
mmol - L' CuSO,(++Cu) and 0.38 mmol - L' CdSO.(++Cd). For nutrient deficiency treatments, the seed-
lings were transferred to new hydroponic solutions containing 10 umol - L™ MgSO4(-Mg), 0.2 pmol - L
H:BO;(-B), 0.5 umol-L"' Fe-EDTA(-Fe) and 30 pmol-L"' KNO;(-K), while those grown in normal me-
dium were used as control (CK). After 2 d and 5 d of nutrient excess treatments or 4 d and 10 d of nutri-
ent deficiency treatments, the roots and leaves were collected and immediately frozen in liquid nitrogen,
then stored at —80 C for analyzing the expression patterns of NRAMP genes. In addition, physiological-
ly mature leaves were collected from the trifoliate orange and ‘Ziyang Xiangcheng’ seedlings, the total
chlorophyll content and malondialdehyde amount were evaluated after 15 days of the nutrient stress
treatments. Meanwhile, NRAMP genes were identified from sweet orange (Citrus sinensis) by perform-
ing BLASTP search with sweet orange genome database using the known Arabidopsis thaliana
NRAMP proteins as queries. Subsequently, these genes were isolated from two commonly used root-
stocks trifoliate orange and ‘Ziyang Xiangcheng’, respectively, and were named and sequence analyzed
according to the similarity to the 4tNRAMPs. Moreover, their expression patterns were analyzed in
roots and leaves of the two rootstocks under excess of Zn, Cu, Cd and Mn and deficiency of Mg, B, Fe
and K treatments. [ResultsJAfter BLASTP search and removing redundant sequences and alternative
splices of the same gene, four potential NRAMPs were identified from sweet orange. Subsequently, the
NRAMP genes were PCR- amplified, cloned and sequenced from trifoliate orange and Ziyang
Xiangcheng using sweet orange sequences as references. Following sequencing, the genes were denoted
PINRAMP2, PtNRAMP3, PtNRAMPG6.1, PINRAMPG.2, CINRAMP2, CiNRAMP3, CiNRAMPG6.1, and
CjNRAMPG.2 based on their sequence similarity to A. thaliana NRAMPs. The PtNRAMPs/CiNRAMPs
were predicted to encode proteins of 512 to 559 amino acids in length that included 10 to 12 putative
transmembrane domains. Multiple sequence alignment revealed a high similarity among PtNRAMP,
CJNRAMP and AtNRAMP proteins. PINRAMP2/CjNRAMP2 and PtNRAMP3/CjNRAMP3 showed
the highest similarly with AINRAMP2 (78.9/78.7%) and AINRAMP3 (79.3/79.5%), respectively. Both
PtNRAMP6.1/CjNRAMP6.1 and PINRAMP6.2/CjNRAMP6.2 were most similar to AtNRAMP6.
When compared between PtINRAMPs and CJNRAMPs, PtINRAMP2 and CJNRAMP2 were different in
seven amino acids, PEINRAMP3 and CJNRAMP3 different in two amino acids, PINRAMP6.2 and CjN-
RAMP6.2 different in six amino acids, while there were no difference between PtNRAMP6.1 and CjN-
RAMP6.1. Phylogenetic analysis revealed that the PEINRAMPs and CJNRAMPs were divided into two
groups, similar to the AtNRAMPs. The NRAMP proteins in the same cluster often shared a similar gene
structure and conserved motifs. The phenotypic and physiological determination of chlorophyll and
malondialdehyde suggested that excess Zn, Mn, Cu and Cd, and deficiency of Mg, B, Fe and K treat-

ments significantly limited the growth of the two rootstocks relative to CK. Expression analysis of the
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PtNRAMP and CjNRAMP genes showed that NRAMP2 and NRAMP3 were up-regulated in response to
most nutrient excesses, while NRAMP6.2 was down- regulated in the two rootstocks. Moreover,
NRAMP3 and NRAMP6.2 were primarily up-regulated under Fe and K deficiency.l ConclusionFour Pt-
NRAMP and four CjNRAMP genes were isolated from trifoliate orange and ‘Ziyang Xiangcheng’, re-

spectively. These genes were highly similar to Arabidopsis thaliana orthologs at the protein sequence

level and in terms of putative functions. Based on a comprehensive comparison of gene expression pat-

terns and the findings of previous reports, we speculated that the PtNRAMPs and C;NRAMPs played po-

tential roles in different nutrient stresses. The present study provides essential information regarding cit-

rus NRAMP genes, but more in-depth investigations on their exact functions are warranted.

Key words: Citrus; Mineral element excess; Deficiency; NRAMP
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RAMPs [) ORF K & i [ 42 1 538 bp(PtNRAMP3) &
1 680 bp(PINRAMP6.2) , % 512~559 /N2 FE IR , Tl
W2 A 10~12 A 5 JBE 45 K4 380 (T™MD - T30 1 PEN-
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10~12 /™ %5 JIE5 45 #4 3k (TMD . CjNRAMPs & [ [1)
MW Al pI 1] 7 15 [ 73 ) 42 56.1~60.6 kDa #1 5.0~
8.7(X 1.

F1 NI HBAEE PLETMRELN NRAMP RHEEARR
Table 1 PtNRAMP and CjNRAMP genes encoding NRAMP proteins along with their molecular details
: : S RERKSEE T iiE N 5 235 4 SV 2 Jifa 5 A5z TN
i if & éﬂflej?]) I?;Efltof gg’ﬂé ikrr%fo& ;L:f ﬁofeﬁuir fo?lectric Eiﬁz%ﬁ I]’Eefi}fiﬁl{ég JSIbecellular
ORF/bp length/aa weight/kDa  point No. of TMDs  localization
PtINRAMP2 Cs3g15660.1 AtNRAMP2 1599 533 58.381 5.03 11 Wi Vacuole
PINRAMP3  Cs1g22120.1 AtNRAMP3 1538 512 56.324 5.15 10 il Vacuole
PtNRAMP6.1  orangel.1t02757.1 AtNRAMP6 1631 543 58.779 8.39 12 Jii £ Plasma membrane
PINRAMP6.2  Cs3g19960.1 AtNRAMP6 1 680 559 60.368 8.59 12 Jii /¥ Plasma membrane
CjNRAMP2 Cs3g15660.1 AtNRAMP2 1598 532 58.354 5.04 12 Wil Vacuole
CjNRAMP3  Cs1g22120.1 AINRAMP3 1539 512 56.094 5.15 10 Wil Vacuole
CjNRAMP6.1 orangel.1t02757.1 AtNRAMP6 1631 543 58.693 8.65 12 J5i /X Plasma membrane
CjNRAMP6.2 Cs3g19960.1 AtNRAMP6 1680 559 60.566 8.59 12 J§i /¥ Plasma membrane
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CjNRAMP3 #£ [f] — 73 #% , M AtNRAMPI1. AtN-
RAMP6 5 PINRAMP6.1. PINRAMP6.2. CjN-
RAMPG6.1 1 CJNRAMP6.2 £ % — 43 B¢, M 43 B b
() NRAMP &5 [ 38 5 L A5 A AL (1) 5% DR &6 #) A OR 7 45
F3k (K1 2) . PEINRAMPs Fl CNRAMPs [ 37 2 Jid &
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Table 2 Percent identity of PENRAMP, CjNRAMP and AtNRAMP protein sequences

AtNRAMP1/% AtNRAMP2/% AtNRAMP3/% AtNRAMP4/% AtNRAMP5/% AtNRAMP6/%
PtNRAMP2 40.2 78.9 73.7 70.5 70.2 41.0
PtNRAMP3 39.9 75.3 79.3 73.8 66.5 41.6
PtNRAMP6.1 79.1 38.8 38.4 39.0 36.5 80.2
PINRAMP6.2 59.5 36.6 39.0 40.0 36.6 59.8
CjNRAMP2 40.2 78.7 74.1 70.3 70.4 40.8
CjNRAMP3 40.3 753 79.5 74.0 66.5 42.0
CjNRAMP6.1 79.1 39.0 38.4 39.4 37.1 80.3
CjNRAMP6.2 59.7 36.0 38.4 39.6 36.2 60.0
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Fig. 1 Multiple sequence alignment of PENRAMP, CjNRAMP and AtNRAMP proteins
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A BURNE BH 75 48 S22 B £E 1B % (CK) AL & Zn (++Zn, 0.5 mmol - L' ZnSO;), Cu (++Cu, 0.1 mmol-L" CuSO,), Cd (++Cd,0.38 mmol-L" Cd-
SO.), Mn (++Mn, 1.0 mmol- L' MnSO.) 4 F 4 T 4 Ke 2 Ja I (148 80 ¢ B. AR 2 B 75 16 9278 14 76 1E % (CK) A5k Mg (-Mg, 10 pmol - L' Mg-
S0.),B (-B,0.2 pmol-L" H;BO;), Fe (-Fe,0.5 pumol-L" Fe-EDTA), K (-K,30 pmol-L" KNO:)%& 4 F 24K 3 AR fFR A C~D. AN 76 3 i b
15 d FRRAI AR AR S B ESF AFRDCR AR 15 d FRAEEEET A MDA &&. B 2E LA NG FREROR &
BRI p < 0.05 KT B .

A. Growth of hydroponics trifoliate orange and Ziyang xiangcheng seedlings under normal (CK) and excess Zn (++Zn, 0.5 mmol - L' ZnS0O.), Cu
(++Cu,0.1 mmol-L" CuS0.),Cd (++Cd,0.38 mmol-L"' CdSO,) and Mn (++Mn, 1.0 mmol- L' MnSO,) conditions for 2 weeks; B. Growth of hydro-
ponics trifoliate orange and Ziyang xiangcheng seedlings under normal (CK) and deficiency of Mg (-Mg, 10 umol-L"' MgS0.),B (-B,0.2 umol - L'
H;BO:;),Fe (-Fe, 0.5 pmol - L Fe-EDTA) and K (=K, 30 pmol-L" KNO;) conditions for 3 weeks; C - D. Chlorophyll contents in physiologically ma-
ture leaves of trifoliate orange (C) and Ziyang xiangcheng (D) after 15 days of different nutrient stress treatments; E - F. MDA contents in physiologi-
cally mature leaves of trifoliate orange (E) and Ziyang xiangcheng (F) after 15 days of different nutrient stress treatments. The different small letters

on the error bars indicate significant differences among treatments at p < 0.05.

B3 A EAER TEHEFREFRMETHREMEIED T
Fig. 3 Phenotypic and physiological assay of trifoliate orange and Ziyang xiangcheng seedlings

under different nutrient stresses

F 3 NRAMPs EARREFHE T WA B Q)MRER)FHREENICEE
Table 3 Summarized expression patterns of NRAMPs in leaves (L) and roots (R) of two rootstocks

under different nutrient stresses

S ++Zn ++Cu ++Cd ++Mn -Mg -B ~Fe K

Gene L R L R L R L R L R L R L R L R
NRAMP2 up — — up — up — — — - — - = — —
NRAMP3 up up up — — up — up — - — — up up up —
NRAMPG.1 — down — up down up down — — - — — — down down —
NRAMPG.2 down — down down down down down down down up down up — up up up

A “up” “down” "4l RN BTN IRAIE AR

Note: ‘up’, ‘“down’ and ‘— indicate up-regulation, down-regulation and no change s respectively.
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Relative expression of PINRAMP and CJNRAMP genes in leaves(A-H) and roots(I-P) was analyzed under normal and excess Zn, Cu, Cd and Mn
for 2 d and 5 d, and under normal and deficient Mg, B, Fe and K for 4 d and 10 d by qPCR with normalization to Actin (Cs1g05000.1). The fold-
change (FC) was calculated as the (relative expression value of PINRAMP or CJNRAMP under treatment)/(relative expression value of PPINRAMP or
CjNRAMP under CK). A FC > 1.5 (above the red dashed line) or < 0.67 (below the blue dashed line) was considered significant up- or down-regula-
tion, respectively.

El 4 PINRAMPs F1 CGiNRAMPs TER[EE 5B T B ik
Fig. 4 Expression of PtNRAMPs and CJNRAMPs in response to different nutrient stresses

(C)1994-2019 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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