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Abstract

Nitrogen metabolism in citrus has received increased attention due to its effects on plant

growth and productivity. However, little is known about the effects of nitrogen fertilization on

nitrogen metabolism in young trees of citrus cultivar ‘Huangguogan’ (Citrus reticulata × Cit-

rus sinensis). Here, genes encoding nitrate reductase (NR), nitrite reductase (NiR), gluta-

mine synthetase (GS), glutamate dehydrogenase (GDH), and asparagine synthetase (AS),

represented as HgNR, HgNiR, HgGS, HgGDH, and HgAS, respectively, were cloned from

Huangguogan. Deduced protein sequences were analyzed and proteins were confirmed to

be localized in their respective cellular organelles. Moreover, pot-cultured ‘Huangguogan’

seedlings were fertilized with 0 (N1), 1.36 (N2), 1.81 (N3), 2.26 (N4), or 2.72 (N5) kg N/year,

for 12 months. Enzyme activity and enzyme-gene expression were studied in roots, leaves,

and fruits at different stages. Finally, the effects of N application rate on root activity, leaf N,

soluble protein, yield, and fruit quality at the ripening stage were measured. The results

showed that: 1) HgNR, HgNiR, HgGDH, and HgAS gene products were found mainly in the

cytoplasm and plasma membrane, while HgGS gene product was found mainly in cytoplasm

and mitochondria. 2) Gene expression and enzyme activity differed among plant organs. As

the root is in permanent direct contact with the soil we suggest that root gene expression

and enzyme activity can be used as reference to determine N application rate. 3) Yield, fruit

quality, enzyme activity, and enzyme-related gene expression were considerably lower at

low than at high-N supply. However, they were all inhibited by excess nitrogen (i.e., 2.72 kg/

year). Therefore, we recommend 1.81 kg N/year as the optimal N application rate for young

‘Huangguogan’ trees.

Introduction

Citrus are important fruits worldwide. China has the largest area of cultivated citrus and the

total national production ranks third in the world. The vegetative development of citrus trees

is dependent on nutrient availability [1]. Among all the nutrients involved in plant
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metabolism, N is a major limiting factor for plant production [2] and an essential structural

constituent of proteins, RubisCO, nucleic acids, and chlorophyll, in addition to some hor-

mones [3]. N fertilizer plays a vital role in citrus tree growth, fruit yield and quality, as shown

by several reports on the effects of N application rate on citrus growth [4,5]. Sufficient levels of

N support regular plant growth and help plants to defend against stress [6–8]. However, N

deficiency leads to poor plant growth [9], small fruit size [10], reduced photosynthetic capacity

[11], and production [12]. It has been proposed that under drought or water stress, crops show

better growth performance at relatively higher N [6,8,13] rates, while excessive use of N leads

to nutritional imbalance, cell membrane destruction, and oxidative stress; further, excess N

causes severe environmental damage, N loss, and costs increase to farmers [14–17]. Annual

application rates of N fertilizers have recently increased dramatically in intensive agricultural

systems in China, frequently resulting in excess application [18]. Therefore, a reduction in the

use of nitrogen fertilizers is required that does not impact crop productivity [19].

Nitrogen metabolism is one of the basic processes of plant physiology that controls many

cellular activities in plants [20] and is crucial for stress tolerance [21]. Plants absorb N either as

nitrate or ammonium, and then convert these to various amino acids [22]. Therefore, the

activities of N assimilating enzymes play a significant role in maintaining growth and develop-

ment [23]. Nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), gluta-

mate dehydrogenase (GDH), and asparagine synthetase (AS) are all key enzymes involved in

N metabolism, whose activities have been used as representative biochemical markers to evalu-

ate plant N status [24]. Nitrate (NO3
−) reduction to NH4

+ is mediated by nitrate NR and NiR;

NH4
+ is then converted by GS to glutamine and in turn levels of α-ketoglutarate are equili-

brated by GDH activity. Finally, glutamate together with oxaloacetate can be used to generate

aspartate and asparagine by the sequential action of aspartate aminotransferase and AS [5].

NR is the most important rate-limiting enzyme for N assimilation, and NR activity is used

as an indicator of plant N status and requirements by citrus trees under orchard cultivation

conditions [25,26]. It has been shown that an appropriate amount of N increased NR activity

in different vegetative organs [27]. NiR is regulated transcriptionally, usually in coordination

with NR, to avoid nitrite toxicity. For this reason, cells must contain enough NiR to reduce all

the nitrite produced by NR [5]. A previous report showed that NiR was predominant and at

similar levels in leaf and fruit tissues in citrus [28]. NiR and NR are regulated by gene expres-

sion in a similar manner, and their overexpression resulted in a reduction in nitrate levels in

plant tissues [29]. GS is a multifunctional enzyme at the center of N metabolism, which partici-

pates in the regulation of various N metabolism-related reactions and is induced by increased

NH4
+ supply [30]; GS activity has been shown to be significantly and positively related to the

ability to adapt to abiotic stress [31]. Indeed, GS activity reportedly declined, leading to a sig-

nificant decrease in N metabolism-related enzyme activity, thereby affecting the synthesis and

transformation of amino acids [32,33]. It has been also reported that the expression of GS

increased in roots following treatment with nitrate or ammonium ions, and that overexpres-

sion of GS significantly improved in terms of biomass or seed yield [34]. GDH is the main

enzyme for primary N assimilation, as its main role is in the deamination of glutamate to

provide energy and to return carbon skeletons from amino acids to the reactions of carbon

metabolism [35]. For its part, GDH plays an initial role in the synthesis of NH4
+ and a comple-

mentary role in the synthesis route of glutamic acid, which is abundant in several plant organs

[35]. The level of AS activity is reportedly affected by urea concentration [36] and plays an

important role in N recycling via NH4
+ under environmental stress [37]. Many studies have

shown that the activity of N metabolism enzymes were significantly reduced under drought,

salt, and heavy metal stress [38,39], Liu et al. [40] suggested that GS and GDH activities

increased in response to N addition under low-temperature stress; Zhang et al. [41] suggested
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that NR, GS, and GDH activities were gradually reduced by nitrate stress, thus inhibiting N

metabolism in cucumbers. However, little attention has been paid to the effects of N supply on

N metabolism in citrus trees. To better understand the underlying physiological mechanisms

of N metabolism in response to N levels and how these can be manipulated is essential to

improve citrus N metabolism capacity.

‘Huangguogan’ (Citrus reticulata × C. sinensis) is a new, late maturing, high-yielding, seed-

less, hybrid citrus cultivar in China [42]. Previous studies on ‘Huangguogan’ are scarce, and

there has been no research on the effects of N fertilizer on this cultivar. Rather, previous

research on N metabolism has mainly focused on barley [43], wheat [44], rice [45], and per-

simmon [46]. However, there is a dearth of reports pertaining to the role of N in N metabolism

of citrus plants. Therefore, we analyzed whether N supplementation modulates N metabolism.

Among the various essential enzymes involved in the N metabolism process, we monitored

NR, NiR, GS, GDH, and AS by comparing the expression patterns of the corresponding genes,

namely HgNR, HgNiR, HgGS, HgGDH, and HgAS, respectively. We confirmed the subcellular

localization of the five enzymes and measured fruit quality. Our results showed that the expres-

sion of key genes and enzymes involved in N metabolism were significantly responsive to the

amount of N applied, and ultimately, we propose an optimal N application rate for best seed-

ling growth of the citrus cultivar ‘Huangguogan’.

Materials and methods

Ethics statement

The study was approved by the peoples’s Government of Shimian, Sichuan,China.

Plant materials

The field study was conducted on a sandy loam at the Standard Cultivation Demonstration

Garden of ‘Huangguogan’ in Shimian County, Sichuan Province, China (29.23˚N, 102.36˚E;

780 m a.s.l.). Average annual precipitation at this location is 780 mm, and the average annual

temperature from March 2017 to April 2018 was 17.1˚C (http://www.shimian.gov.cn/htm/

about.htm?id=79E11D75-75AD-41E8-A672-C14B6F115B18). Ten-year-old, healthy ‘Huang-

guogan’ trees grafted onto Trifoliate Orange (Poncirus trifoliata L. Raf) were selected. The

experiment was laid in a randomized complete block design with five N treatments, each with

five replicates. All plants were fertilized using 1.45 kg phosphorus (CaP2H4O8, P2O5� 12%)

and 2.12 kg potassium fertilizer (K2SO4, K2O� 50.0%) per year. Nitrogen fertilizer in the

form of urea [CO(NH2)2, N� 46.67%] was applied at 0 (N1), 1.36 (N2), 1.81 (N3), 2.26 (N4), or

2.72 (N5) kg/year at germination (G), physiological fruit dropping (P), young fruit expansion

(Y), and in the color-change period (C). In accordance with the sugar-increasing and acid-

decreasing methods for citrus cultivar ‘Shimian Huangguogan’ [47], the G:P:Y:C ratios were:

40:10:40:10 for CO(NH2)2 application, 30:10:40:20 for CaP2H4O8 application, and 20:30:40:10

for K2SO4 application (Table 1). All trees received normal horticultural care for pest and dis-

ease control during the experiment. For each N treatment, the roots, leaves, and fruits were

sampled six times, at 60-day intervals, from 60 days to 360 days after blossom. Roots less than

2 mm in diameter were collected from a depth of 0–40 cm in a 40- to 60-cm radius around the

trunk of each tree. A total of 40 leaf and 40 fruit samples were collected in four directions from

each replicate. All trees sampled had completely developed the third or fourth leaf from the

top of the canopy. Samples were immediately frozen in liquid N and stored at −80˚C until use

for analysis of key enzyme activities, gene expression, and subcellular localization of N metabo-

lism-related gene products.
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Nicotiana benthamiana seeds were germinated in small pots filled with peat moss and

grown under controlled conditions at 25˚C, 60–70% RH, 4000 lux, and a 14/10 h light/dark

regime for 6 weeks.

Bacterial strains

Escherichia coli DH5α and Agrobacterium tumefaciens strain GV3101 were used. Escherichia
coli DH5α and Agrobacterium tumefaciens GV3101 were routinely grown in Luria-Bertani

(LB) media containing the appropriate antibiotics at 37 and 30˚C, respectively.

Cloning of HgNR, HgNiR, HgGS, HgGDH, and HgAS genes

To verify and clone the cDNA sequences of HgNR, HgNiR, HgGS, HgGDH, and HgAS, total

RNA was extracted from ‘Huangguogan’ leaves using RNAiso Plus (TaKaRa, Dalian, China).

First strand cDNA was synthesized from total RNA using the PrimeScriptTM RT reagent kit

(TaKaRa) according to the instructions by the manufacturer. Primers (Table 2) for HgNR,

HgNiR, HgGS, HgGDH, and HgAS genes from the cultivar ‘Huangguogan’ were designed from

sequences of Citrus sinensis NR, NiR, GS, GDH, and AS genes (Citrus sinensis: XM_006472

645.2, Citrus sinensis: XM_006487044.2, Citrus sinensis: XM_006489176.2, Citrus sinensis:
XM_015530679.1, and Citrus sinensis: XM_006488487.2). PCRs were set up using 10-μL vol-

umes containing 5 μL Taq RCR Mix (TaKaRa), 1 μL cDNA from ‘Huangguogan’ leaves, 0.5 μL

PCR forward primer, 0.5 μL PCR reverse primer and 3 μL RNase-free H2O (Tiangen, Beijing,

China). PCRs were run under the following cycling conditions: 95˚C for 5 min, followed by 36

cycles of 95˚C for 30 s, Tm (52.4˚C, 53.3˚C, 52.1˚C, 51.6˚C, and 53.8˚C, respectively) for 30 s,

Table 1. Amount of fertilizer (kg/plant) in each growing period.

Treatment Period CO(NH2)2 (N� 46.67%) CaP2H4O8(P2O5� 12%) K2SO4(K2O�50.0%)

N1 G 0 0.435 0.424

P 0 0.145 0.636

Y 0 0.58 0.848

C 0 0.29 0.212

N2 G 0.544 0.435 0.424

P 0.136 0.145 0.636

Y 0.544 0.58 0.848

C 0.136 0.29 0.212

N3 G 0.724 0.435 0.424

P 0.181 0.145 0.636

Y 0.724 0.58 0.848

C 0.181 0.29 0.212

N4 G 0.904 0.435 0.424

P 0.226 0.145 0.636

Y 0.904 0.58 0.848

C 0.226 0.29 0.212

N5 G 1.088 0.435 0.424

P 0.272 0.145 0.636

Y 1.088 0.58 0.848

C 0.272 0.29 0.212

Fertilization was applied at four stages of development: germination (G); physiological fruit-dropping (P); young fruit expansion (Y) and fruit color-change (C); G:P:Y:C

ratios were: 40:10:40:10 for CO(NH2)2 application, 30:10:40:20 for CaP2H4O8 application, and 20:30:40:10 for K2SO4 application.

https://doi.org/10.1371/journal.pone.0213874.t001
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72˚C for 1 min, and a final extension for 10 min at 72˚C. PCR products were detected by 1.5%

agarose gel electrophoresis and recovered using an E.Z.N.A Gel Extraction Kit (Omega Bio-

Tek, Winooski, VT, America). The products of gel extraction purification were cloned into

pMD19-T vector (TaKaRa) according to standard protocols and transformed into E. coli
DH5α. Positive amplicons were confirmed by colony PCR. Six independent positive colonies

carrying an insert of the expected size were selected for plasmid purification (Omega) and

sequenced by LiuHe HuaDa Biotechnology (Beijing) Co., Ltd. (Beijing, China).

Analysis of HgNR, HgNiR, HgGS, HgGDH, and HgAS gene sequences

ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi) was used to identify open reading

frames (ORFs); the nucleotide sequences were translated using NCBI (http://www.ncbi.nlm.

nih.gov) and ExPASy (http://www.expasy.org), and the SignaIP 4.1 server (http://www.cbs.

dtu.dk/services/SignalP/) was used to determine the location of signal peptide cleavage sites in

amino acid sequences. The molecular weight and isoelectric point of predicted proteins were

obtained using Compute PI/MW tool of ExPaSy. Transmembrane helices were predicted

using TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The sub-cellular locali-

zation of translated proteins was predicted using WoLF-PSORT program and SoftBerry

(http://linux1.softberry.com/). Amino acid sequences were aligned using ClustalW and phylo-

genetic trees were constructed by the neighbor joining method with 1000 bootstrap replicates

using MEGA X software.

Analysis of HgNR, HgNiR, HgGS, HgGDH, and HgAS gene expression

Transcriptional levels of HgNR, HgNiR, HgGS, HgGDH, and HgAS were analyzed by RT-qPCR

using the 18s gene as an internal control with the primers shown in Table 3. Total RNA was

extracted from roots, leaves, and fruits using RNAiso Plus (TaKaRa), and treated with RNase-

free H2O (Tiangen) according to the instructions by the manufacturer. Data were analyzed

using Opticon Monitor software (Bio-Rad). Three technical replicates for one of the three bio-

logical replicates were performed for each gene. The 2–ΔΔCt method was used to analyze

mRNA expression levels [48].

Subcellular localization assay

Construction of plant expression vectors. To investigate the subcellular localization of

HgNR, HgNiR, HgGS, HgGDH, and HgAS using cDNA as a template, high fidelity polymerase

KOD Neo was used to amplify the complete ORF of each gene. Using the homologous

Table 2. Primers used for analysis of the expression of HgNR, HgNiR, HgGS, HgGDH, and HgAS.

Primer Sequence Fragment Length(bp) Melting temperature(˚C)

HgAS-F CACTTTTGCCGTCAAACTGACC 1952 53.8

HgAS-R TGTCTTAAGTTCACCCACTCTTGG

HgGDH-F CGAAGCTGTAATCAGGTTAAG 1403 51.6

HgGDH-R CGGAAGTGAATAAGGGCTCT

HgGS-F TTTCAGGGAGGAGTAGGTG 1485 52.1

HgGS-R GCTCTCAAGTTCTTCAGTTG

HgNiR-F CTTAGCCCCATCCAAGAGTC 1869 53.3

HgNiR-R CTCCCTCAGTACAGCTCCAA

HgNR-F CCCTTTTCTTTTGAATCTACA 4135 52.4

HgNR-R ATATGTACAACCTCGGCTGG

https://doi.org/10.1371/journal.pone.0213874.t002
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recombination method of the ClonExpressR II system kit (Vazyme Biotech Co. Ltd.), target

fragments were connected to the Biozyme linearized pCAMBIA2300-eGFP expression vector

by Kpn I and Xba I, and the eGFP fusion expression vector was obtained. Gene-specific prim-

ers used for PCR amplification are listed in Table 4. The product was connected to the DH5α
receptive cell. After coating the plate at 37˚C for overnight culturing, the monoclonal antibody

was selected for PCR identification. The positive clone was sequenced by LiuHe HuaDa Bio-

technology (Beijing) Co., Ltd. (Beijing, China).

Subcellular localization. A single colony of recombinant A. tumefaciens was cultured in

YEB medium containing 50 mg/mL kanamycin and 50 mg/mL rifampicin and grown overnight

at 28˚C with shaking at 250 rpm. Cultures were harvested by centrifugation at 4000 rpm for 10

min and the pellet was resuspended in 10 mM MMA buffer (MES-MgCl2-acetosyringone) to an

OD600 of 1, and then incubated for 3 h at room temperature. Bacterial liquid containing the pos-

itive recombinant vector was applied onto the abaxial leaf surface of 6-week old plants using a

needleless 1-mL syringe. Treated plants were allowed to stand for 48 h while infiltration pro-

ceeded. Segments of infiltrated leaves were sampled from the infected area and observed under

a confocal laser scanning microscope (FluoView FV1000, Olympus, Japan) [49].

Key N metabolism-related enzyme activities

Five enzymes were determined in this study, including NR, NiR, GS, GDH, and AS. Frozen

samples were ground in liquid nitrogen and weighed as 0.5–1.0 g. All enzymes were extracted

Table 3. Primers used for analysis of the expression of HgNR, HgNiR, HgGS, HgGDH, and HgAS.

Primer GenBank accession Sequence Fragment

HgAS-F MK073922 CATACTTGCTGTTCTCGGTTGC

HgAS-R CCGTTGATGAGCCAAATAAAAG

HgGDH-F MK073921 GGGAAGATTGTTGCTGTAAGTG

HgGDH-R CGAATCTCCACCACTGAATCCT

HgGS-F MK226159 TTGGATTGGAGGTACTGGGATT

HgGS-R TATGGCGTTTGTTTGTAGGGAT

HgNiR-F MK226160 AATGGGGTAACAACAAGTGAGC

HgNiR-R CAAAACCACACCACGAATCTGC

HgNR-F MK226161 CACAGGTCTGACTCCCCTATTC

HgNR-R ATAATCAGCCTCATTTTCATCG

https://doi.org/10.1371/journal.pone.0213874.t003

Table 4. Gene-specific primers used for analysis of expression of HgNR, HgNiR, HgGS, HgGDH, and HgAS.

Primer Sequence Fragment

HgAS-F ATTTGGAGAGGACAGGGTACCATGTGTGGCATACTTGCTGT

HgAS-R GGTACTAGTGTCGACTCTAGACGAGCTAGTGATTGCAAGC

HgGDH-F ATTTGGAGAGGACAGGGTACCATGAATGCATTAGTTGCTAC

HgGDH-R GGTACTAGTGTCGACTCTAGAAGCTTCCCAACCTCTGAGA

HgGS-F ATTTGGAGAGGACAGGGTACCATGGCGCAGATTTTGGCAC

HgGS-R GGTACTAGTGTCGACTCTAGAGACATTCAATGCCAACTTC

HgNiR-F ATTTGGAGAGGACAGGGTACCATGTCATCATCATCATCGTC

HgNiR-R GGTACTAGTGTCGACTCTAGAGCAGTCTTCTGCCTCTTC

HgNR-F ATTTGGAGAGGACAGGGTACCATGTCATCATCATCATCGTC

HgNR-R GGTACTAGTGTCGACTCTAGAGCAGTCTTCTGCCTCTTC

The underlined portion of each primer indicates the restriction enzyme sites for Kpn I and Xba I.

https://doi.org/10.1371/journal.pone.0213874.t004
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under the ice-bath and determined using the corresponding ELISA detection kit in each case

(Shanghai BOYE Biology Science and Technology Co., Ltd. China), according to the instruc-

tions by the manufacturer.

Determination of fruit growth index and soluble protein

We measured the longitudinal (cm) and transverse diameters (cm) using a Vernier caliper and

weighed fruit (g) using an AL204 precision electronic balance (Sartorius AG, Germany). The

number of fruit and biomass yield per plant were also recorded. Total soluble solids (TSS, %),

total acid (TA, g/100 mL), and vitamin C (Vc, mg/100 mL), were measured after Liao et al.

[50]. Root activity was analyzed using triphenyl tetrazolium chloride (TTC) [51], and the solu-

ble protein content was calculated as in He et al. [52].

Statistical analysis

Statistical analysis was performed using one-way ANOVA with the SPSS 22.0 statistical soft-

ware package (SPSS Inc., Chicago, IL, USA). The significance threshold was defined as P<
0.05.

Results and discussion

Cloning and subcellular localization of gene products involved in N

metabolism

Full-length CDSs of various genes amplified using cDNA prepared from total RNA isolated

from seedlings of the citrus cultivar ‘Huangguogan’ were cloned and their sequences con-

firmed through nucleotide sequencing. All cloned cDNAs were submitted to GenBank and the

accession numbers are shown in Table 5. The predicted proteins ranged between 1236 and

2709 amino acids.

The molecular weight of the predicted proteins ranged between 44.43 and 101.32 KDa,

while their PI ranged from 5.98 to 6.61 (Table 5). Analysis and prediction of transmembrane

structure and signal peptide showed that NR, NiR, GS, GDS, and AS proteins did not have a

transmembrane domain or a signal peptide. It was presumed that NR, NiR, GS, GDS, and AS

proteins were non-secretory, hydrophilic proteins. Phylogenetic tree analysis was applied to

determine the phylogenetic positions of HgNR, HgNiR, HgGS, HgGDH, and HgAS from the

cultivar ‘Huangguogan’ in relation to those of 10 different species. All HgNR, HgNiR, HgGS,

HgGDH, and HgAS members in the listed species fell into two distinct groups (Fig 1).

Subcellular localization of HgNR was predicted in the cytoplasm; HgNiR was predicted to

be localized in the plasma membrane and the cytoplasm, while HgGS was predicted to be

Table 5. List of proteins and their molecular weight (M. wt.), isoelectric point (PI), CDs and protein length, hydropathicity and subcellular localization.

Index NR NiR GS GDH AS

M. wt. (KDa) 101.32 66.38 47.89 44.43 66.31

PI 6.41 6.46 6.29 6.61 5.98

CDS length (bp) 2709 1788 1299 1236 1770

Protein length (aa) 902 595 432 411 589

Grand average of

hydropathicity

-0.38 -0.358 -0.484 -0.154 -0.305

Hydropathicity Hydrophile Hydrophile Hydrophile Hydrophile Hydrophile

Subcellular localization cytoplasmic plasma membrane and

cytoplasmic

cytoplasmic and

mitochondrial

cytoplasmic cytoplasmic and extracellular, including

cell wall

https://doi.org/10.1371/journal.pone.0213874.t005
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localized in the cytoplasm and in mitochondria; HgGDH was found to be localized in the cyto-

plasm, and, lastly, HgAS was found to be localized in the cytoplasm and extracellularly, includ-

ing the cell wall. In this study, in the tobacco cells that expressed the contrast vector

pc2300-Egfp protein, fluorescence was distributed in the nucleus, the cytoplasm, and the cell

membrane, but for the fusion expression of HgNR-GFP, fluorescence was mainly distributed

in the cytoplasm and the plasma membrane. In the case of the fusion expression of HgNiR-

GFP, fluorescence was mainly distributed in the tobacco plasma membrane and in the cyto-

plasm. In turn, for the fusion expression of HgGS-GFP, fluorescence was found mainly distrib-

uted in the cytoplasm and the mitochondria, whereas for the fusion expression of HgGDH-

GFP, fluorescence was mainly distributed in the cytoplasm and plasma membrane. Lastly, for

the fusion expression of HgAS-GFP, fluorescence was mainly distributed in the plasma mem-

brane and in the cytoplasm (Fig 2).

Effects of N application rate on the expression of N metabolism-related

genes

The expression of the key genes of N metabolism in plants is closely related to plant growth

and development and can be used as a basis for exploring the nutrient requirements for fruit-

tree growth [53]. In the present study, we investigated the expression of HgNR, HgNiR, HgGS,

HgGDH, and HgAS genes in roots (Fig 3), leaves (Fig 4), and fruits (Fig 5) of seedlings of the

citrus cultivar ‘Huangguogan’ at different developmental stages under five N application rates.

NR and NiR has been reported for various organs in citrus, but it is probably mainly

expressed in the leaves [5]. GDH transcripts have been shown to exist in the leaves of tea and

peach plants [36,54]. Lastly, a previous study showed that AS was expressed in leaves, but that

it was predominantly expressed in fruit tissues [5]. In the present study, the HgNiR, HgGS,

HgGDH, and HgAS genes were expressed in roots (Fig 3), leaves (Fig 4), and fruits (Fig 5) of

Fig 1. Phylogenetic tree of HgNR, HgNiR, HgGS, HgGDH, and HgAS genes. NR:Nitrate reductase (A), NiR:nitrite reductase (B), GS:glutamine synthetase

(C), GDH:glutamate dehydrogenase (D), and AS:asparagine synthetase (E). Note: The number of nodes is bootstrap value, and the number of branches is the

evolutionary distance. Sequences shown are from NCBI sequence database. Sequences of NR, NiR, GS, GDH, and AS are referred to in S1 Table.

https://doi.org/10.1371/journal.pone.0213874.g001
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citrus cultivar ‘Huangguogan’. The expression of the HgNR gene increased significantly with

increasing N rates. Similarly, N significantly enhanced the transcription levels of HgNiR,

HgGS, HgGDH, and HgAS genes, indicating that the genes are regulated in response to N fertil-

izer rate [55–57]. Previous studies have shown that the expression of nitrate assimilation genes

is controlled by nitrate content in plants. For example, salt-stress leads to a reduction in nitrate

transport by the roots, thus causing a strong downregulation of NR and NiR [58]. In the pres-

ent study the transcription levels of HgNR and HgNiR genes were significantly reduced by

excess N (i.e., 2.26 or 2.72 kg N/year) (Figs 3–5). We consider that the excessive application of

N fertilizer resulted in a reduction in nitrate transport by roots, and consequently a reduction

in nitrate transported to the leaves and fruits, leading to the downregulation of HgNR and

HgNiR genes in roots, leaves, and fruits. Similarly, reportedly GS was downregulated under all

stress conditions [58], and we found that the transcription levels of the HgGS gene were signifi-

cantly reduced by excess N (i.e., 2.26 or 2.72 kg N/year). This may be due to excess N promot-

ing plant uptake of NH4+, thus accumulating large amounts of NH4
+ in the plant and

inhibiting GS [59]. Skopelitis et al. [60] reported that the expression of GDH increased in

tobacco under salt-stress conditions. However, we found that the HgGDH gene was downregu-

lated under excessive N, suggesting that different stress conditions lead to different reaction

mechanisms. Similarly, the expression of the AS gene was different under different stress con-

ditions. For example, AS was upregulated under salt, osmotic, and heat stresses, while it was

downregulated under cold stress [58]. In the present study, the HgAS gene was downregulated

under excessive N (Figs 3–5).

Nitrogen metabolism enzyme-encoding genes exhibited different response mechanisms to

N rates and application time among the different trees and organs of the same tree [61]. We

consistently observed differences in the expression of key enzymes of N metabolism in differ-

ent organs of young trees of the citrus cultivar ‘Huangguogan’. For example, maximum tran-

scription levels of HgNR in roots of N2-, N3-, N4-, and N5-treated trees were 220.0%, 517.7%,

356.0%, and 1.6% higher than those observed in N1 trees, respectively(Fig 3). Similarly, in

leaves of N2-, N3-, N4-, and N5-treated trees, maximum transcription levels of HgNR increased

Fig 2. Confocal images showing fluorescence signals from Agrobacterium-infiltrated leaf epidermal cells. Nicotiana benthamiana
leaves were agroinfiltrated with HgNR-GFP, HgNiR-GFP, HgGS-GFP, HgGDH-GFP, and HgAS-GFP.

https://doi.org/10.1371/journal.pone.0213874.g002
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by 51.5%, 360.7%, 597.5%, and 31.7% in relation to that found in N1 trees, respectively(Fig 4).

On the other hand, in fruits, maximum transcription level of HgNR was 115.4%, 101.3%,

221.3%, and 75.4% higher in N2-, N3-, N4-, and N5-treated trees, respectively, than in the fruits

of N1 trees(Fig 5). Similarly, the transcription levels of HgNiR, HgGS, HgGDH, and HgAS
genes differed among the organs of the cultivar ‘Huangguogan’. This indicates interactions

among the expression of N metabolism-related genes in different organs of the cultivar

‘Huangguogan’, which agrees with a previous report [62].

Short- and long-term exposure to changing environments leads to changes in plant gene

expression [63]. The pattern of gene expression under low N (i.e., 1.36 kg/year) provided a

new insight into the phenomenon of plant acclimation to N fertilization and can be considered

as a general response to soil N conditions. However, transcriptional changes under high-N

conditions (2.26 or 2.72 kg per year) were more specific after the growth cycle(Figs 3–5). Inves-

tigation of the expression level of genes encoding enzymes and proteins involved in N trans-

port and metabolism is a crucial step in gaining a clearer understanding of the mechanisms

Fig 3. Relative gene expression in roots of the citrus cultivar ‘Huangguogan’. HgNR (nitrate reductase, A), HgNiR (nitrite reductase, B), HgGS (glutamine

synthetase, C), HgGDH (glutamate dehydrogenase, D), and HgAS (asparagine synthetase, E). N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg/year of N fertilizer

[CO(NH2)2, N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g003
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underlying plant responses to N supply. This understanding may help breeders develop citrus

cultivars with higher NUE and agronomists in improving crop fertilization and production

management [64]. Despite slight differences in expression level among HgNR, HgNiR, HgGS,

HgGDH, and HgAS genes, and the corresponding enzyme activity levels in different organs at

different stages of growth in young trees of the citrus cultivar ‘Huangguogan’ grown under dif-

ferent N-application rates, we concluded that, as the root is permanently in direct contact with

the soil, it directly affects the process of nutrients entering the plant from the soil. Therefore,

we suggest that root gene expression at different growth stages can be used as a reference to

determine N-application rates for the citrus cultivar ‘Huangguogan’.

Effects of N application rate on key enzyme activities of N metabolism

Enzyme activity is subject to regulation at the level of gene expression, and plants respond to

changes in soil N by adjusting the expression of genes involved in N metabolism [33,65]. In

Fig 4. Relative gene expression in leaves of the citrus cultivar ‘Huangguogan’. HgNR (nitrate reductase, A), HgNiR (nitrite reductase, B), HgGS (glutamine

synthetase, C), HgGDH (glutamate dehydrogenase, D) and HgAS (asparagine synthetase, E). N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg/year of N fertilizer

[CO(NH2)2, N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g004
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the present study, we found that all enzyme activities monitored varied significantly and differ-

entially among roots (Fig 6), leaves (Fig 7), and fruits (Fig 8) of trees of the citrus cultivar

‘Huangguogan’ with N supply, over the experimental period. The trends in activities of NR,

NiR, GS, GDS, and AS were consistent with those of HgNR, HgNiR, HgGS, HgGDH, and HgAS
transcription, respectively. Cruz et al. [66] reported that activities of NR, GS, and GDH were

considerably lower under low-nitrate supply than under high-nitrate supply in cassava plants.

Similarly, we found that an appropriate increase in N fertilizer can significantly increase the

activities of NR, NiR, GS, GDS, and AS, in agreement with previous studies that have demon-

strated that N supply can increase the activity of key enzymes involved in N metabolism

[67,68]. For example, sufficient NR activity is a prerequisite for optimal utilization of soil N

[20]. In this sense, it has been found that the root tip (0–2 cm) is the most active part of the

root for N uptake [69].

Sulpice et al. [70] found that low N caused a decrease in nitrate reductase activity. We mea-

sured maximum NR activity in root tips of N2-, N3-, N4-, and N5-treated trees and found that

Fig 5. Relative gene expression in fruits of the citrus cultivar ‘Huangguogan’. HgNR (nitrate reductase, A), HgNiR (nitrite reductase, B), HgGS (glutamine

synthetase, C), HgGDH (glutamate dehydrogenase, D) and HgAS (asparagine synthetase, E) N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg/year of N fertilizer

[CO(NH2)2, N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g005

Effects of nitrogen supply on nitrogen metabolism in citrus trees

PLOS ONE | https://doi.org/10.1371/journal.pone.0213874 March 21, 2019 12 / 21

https://doi.org/10.1371/journal.pone.0213874.g005
https://doi.org/10.1371/journal.pone.0213874


it was 5.0%, 18.5%, 8.9%, and 4.7% higher than in N1-treated trees, respectively(Fig 6). Simi-

larly, in leaves of N2-, N3-, N4-, and N5-treated trees, maximum NR activity increased by

13.8%, 20.7%, 17.1%, and 9.9%, compared to that found in N1-treated trees(Fig 7), while maxi-

mum NR activity was 38.7%, 16.6%, 33.2%, and 10.4% higher in fruits of N2-, N3-, N4-, and

N5-treated trees, respectively, than in fruits of N1-treated trees(Fig 8). Similarly, maximum lev-

els of activity for NiR, GS, GDH, and AS increased initially and then decreased with further

increases in N-application rate. These findings demonstrated that N directly and positively

affected all measured parameters of N metabolism in roots, leaves, and fruits of young trees of

‘Huangguogan’. However, all enzyme activities significantly decreased under excess N supply

(i.e. 2.26 or 2.72 kg N/year), indicating that excess N inhibited root, leaf, and fruit normal N

metabolism, thereby limiting the normal physiological function associated with N. This is con-

sistent with previous studies [71]. Therefore, the application of N fertilizer should be con-

trolled below 2.12 kg/year, which has a more beneficial effect on N metabolism, according to

our findings.

Fig 6. Relative enzyme activity in roots of the citrus cultivar ‘Huangguogan’. NR (Nitrate reductase, A), NiR (nitrite reductase, B), GS (glutamine synthetase,

C), GDH (glutamate dehydrogenase, D) and AS (asparagine synthetase, E). N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg N/ year [CO(NH2)2, N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g006
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Effects of N application on growth and fruit quality of ‘Huangguogan’

Numerous studies have shown that the application of N fertilizer can significantly improve the

quality of citrus fruits [4,5], and that a N limitation frequently reduces growth and yield [72].

In the present study, we found that fruit shape indices first increased, then decreased with

increased N supplementation, but this change was not significant, suggesting that N changed

fruit size but had little effect on fruit shape, moreover, increasing N supply initially led to

increased yield, single fruit weight, TSS, TA, Vc, and root activity (Table 6), but that these

parameters all decreased significantly when N concentration exceeded 1.81 kg/year (i.e. in N4-

and N5-treated plants). These results indicate that excess N supply exerts a significant inhibi-

tory effect, particularly affecting fruit quality, yield [73], and root growth [74]. Recent studies

have shown a significant correlation between N metabolism and tobacco leaf quality [71]. N

metabolism mainly involves a series of continuous processes that convert mineral N into

organic N (NO3
-!NO2

-!NH4
+! glutamine! glutamic acid! amino acid! protein)

Fig 7. Relative enzyme activity in leaves of the citrus cultivar ‘Huangguogan’. NR (Nitrate reductase, A), NiR (nitrite reductase, B), GS (glutamine

synthetase, C), GDH (glutamate dehydrogenase, D) and AS (asparagine synthetase, E). N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg N/ year [CO(NH2)2,

N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g007
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[75]. Evans [76] found that the rate of CO2 assimilation in leaves correlated positively with leaf

N level, but the correlation decreased significantly under supraoptimal leaf-N content, indicat-

ing that excess N inhibited N metabolism and assimilation, and disrupted crop physiological

functions [77]. In the present study, leaf N and soluble protein content were similar to the

activity of N metabolizing enzymes, which increased initially and then decreased with further

increases in N supply. Our study indicated that the appropriate application of N fertilizer can

promote the accumulation of protein in the plant. By increasing the expression of genes encod-

ing key N metabolism-related enzyme activities, N reduction and assimilation are improved,

and the physiological functions of roots, leaves, and fruits of citrus plants can be improved.

This leads to the improvement of single fruit weight and intrinsic quality, while excess N leads

to deleterious effects on those variables, which may be due to the decline in the activities of N

metabolism enzymes leading to a significant decline in sugar metabolism enzymes in crop

leaves (Fig 9). This would affect the synthesis and transformation of amino acids, and ulti-

mately inhibit N metabolism and disrupt N absorption and translocation. Overall, this would

Fig 8. Relative enzyme activity in fruits of the citrus cultivar ‘Huangguogan’. NR (Nitrate reductase, A), NiR (nitrite reductase, B), GS (glutamine

synthetase, C), GDH (glutamate dehydrogenase, D) and AS (asparagine synthetase, E) s. N1: 0, N2: 1.36, N3: 1.81, N4: 2.26, N5: 2.72 kg N/ year [CO(NH2)2,

N� 46.67%].

https://doi.org/10.1371/journal.pone.0213874.g008
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cause physiological processes associated with N to be hampered, resulting in a significant

reduction of yield and fruit quality [77].

Conclusions

Increased N fertilizer significantly enhanced the activity of key N metabolism enzymes (NR,

NiR, GS, GDH, and AS) and the expression of their related genes (HgNR, HgNiR, HgGS,

HgGDH, and HgAS) in roots, leaves, and fruits. Increasing N rates also improved root activity,

leaf N content, soluble protein, and ‘Huangguogan’ fruit quality. However, excess N supply

exerted a significant inhibitory effect on normal in root, leaf, and fruit N metabolism, thereby

Table 6. Effects of different N levels on the cross section (cm), the vertical diameter (cm), the fruit shape index, yield (kg/plant), single fruit weight (g), total soluble

solids (TSS, %), total acid (TA, g/100 mL), vitamin C (Vc, mg/100 mL), soluble protein in fruit, root activity, soluble protein in roots, leaf N, and soluble protein in

leaves of ‘Huangguogan’. Data are means ± SD of five replicates. Different lowercase letters indicate significant differences (P< 0.05) among treatments.

index N1 N2 N3 N4 N5

The cross section 6.38±0.24 a 6.78±0.31 a 6.58±0.12 a 6.64±0.2 a 6.5±0.32 a

The vertical diameter 6.06±0.31 a 6.46±0.32 a 6.4±0.49 a 6.58±0.16 a 5.99±0.04 b

The fruit shape index 0.94±0.02 a 0.96±0.06 a 0.97±0.06 a 0.99±0.01 a 0.92±0.05 a

Yield 103.57±2.22 d 144.17±4.71 b 158.12±10.95 a 136.47±4.02 b 127.87±4.17 bc

Single fruit weight 141.83±1.5 a 150.24±2.89 c 154.2±2.55 a 140.78±2.43 c 134.22±2.42 b

TSS 12.53±0.38 a 12.93±1.18 a 13.09±0.57 a 12.37±1.17 a 12.13±1.1 a

TA 0.92±0.04 a 0.71±0.03 b 0.69±0.01 b 0.67±0.04 b 0.66±0.03 b

Vc 38.04±0.61 b 38.85±0.85 b 41.48±0.25 a 38.97±0.56 b 38.81±0.46 b

Soluble protein in fruit 49.84±3.58b 23.64±1.3c 50.7±4.75b 60.83±6.39a 45.26±3.17b

Root activity 9.57±1.47 a 10.32±2.36 a 7.84±2.2 a 8.56±3.23 a 8.16±2.29 a

Soluble protein in roots 50.26±0.71e 65.63±0.49c 75.71±3.71a 62.06±1.78b 58.14±0.68d

Leaf N 2.56±0.02d 2.73±0.04cd 2.85±0.04bc 3.76±0.02a 3.08±0.02b

Soluble protein in leaves 64.95±3.71b 49.44±2.53c 99.04±3.86a 22.47±1.53e 32.25±2.91d

https://doi.org/10.1371/journal.pone.0213874.t006

Fig 9. Graphical abstract. The solid and dashed lines denote the pathways of inorganic N metabolism in the citrus cultivar ‘Huangguogan,’ and the red

upward arrow indicates that the relevant indicators were upregulated under adequate N supply.

https://doi.org/10.1371/journal.pone.0213874.g009
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reducing ‘Huangguogan fruit quality and yield. Therefore, we recommend 1.81 kg N/year as

the optimal N application rate for young trees of ‘Huangguogan’.
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sis.

(XLS)

Acknowledgments

We thankfully acknowledge all editors and reviewers for their critical reading of the manu-

script and their suggestions. The authors would also like to acknowledge Editage [www.

editage.cn] for English language editing.

Author Contributions

Conceptualization: Ling Liao, Zhihui Wang.

Data curation: Ling Liao, Tiantian Dong, Zhixiang Dong, Guochao Sun.

Formal analysis: Ling Liao, Xia Qiu, Yi Rong.

Investigation: Ling Liao.

Methodology: Ling Liao, Xinya Liu, Xia Qiu.

Project administration: Ling Liao.

Supervision: Yi Rong, Zhihui Wang.

Visualization: Guochao Sun.

Writing – original draft: Ling Liao, Yi Rong, Guochao Sun.

Writing – review & editing: Ling Liao, Tiantian Dong, Xinya Liu, Zhixiang Dong, Xia Qiu, Yi

Rong, Guochao Sun, Zhihui Wang.

References

1. Morgan KT, Wheaton TA, Castle WS, Parsons LR. Response of Young and Maturing Citrus Trees

Grown on a Sandy Soil to Irrigation Scheduling, Nitrogen Fertilizer Rate, and Nitrogen Application

Method. Hortscience. 2009; 44(1): 145–150.

2. Qin W, Assinck FBT, Heinen M, Oenema O. Environment. Water and nitrogen use efficiencies in citrus

production: A meta-analysis. Agr Ecosyst Environ. 2016; 222: 103–111.

3. Ata-Ul-Karim ST, Liu X, Lu Z, Yuan Z, Yan Z, Cao W. In-season estimation of rice grain yield using criti-

cal nitrogen dilution curve. Field Crop Res. 2016; 195: 1–8.

4. Quaggio JA, Souza TR, Bachiega ZFC, Marcelli BR, Mattos D. Nitrogen-fertilizer forms affect the nitro-

gen-use efficiency in fertigated citrus groves. J Plant Nutr Soil Sc. 2014; 177(3): 404–111.

5. Marcondes J, Lemos EGM. Nitrogen Metabolism in Citrus Based on Expressed Tag Analysis.

Advances in Citrus Nutrition. 2012: 245–55.

6. Ahmad R, Waraich EA, Ashraf MY, Ahmad S, Aziz T. Does nitrogen fertilization enhance drought toler-

ance in sunflower? a review. J Plant Nutr. 2014; 37(6): 942–63.

7. Chang Z, Liu Y, Dong H, Teng K, Han L, Zhang X. Effects of Cytokinin and Nitrogen on Drought Toler-

ance of Creeping Bentgrass. PLoS One. 2016; 11(4): e0154005. https://doi.org/10.1371/journal.pone.

0154005 PMID: 27099963

8. Saud S, Fahad S, Yajun C, Ihsan MZ, Hammad HM, Nasim W, et al. Effects of Nitrogen Supply on

Water Stress and Recovery Mechanisms in Kentucky Bluegrass Plants. Front Plant Sci. 2017; 8(983):

8–983.

Effects of nitrogen supply on nitrogen metabolism in citrus trees

PLOS ONE | https://doi.org/10.1371/journal.pone.0213874 March 21, 2019 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213874.s001
http://www.editage.cn/
http://www.editage.cn/
https://doi.org/10.1371/journal.pone.0154005
https://doi.org/10.1371/journal.pone.0154005
http://www.ncbi.nlm.nih.gov/pubmed/27099963
https://doi.org/10.1371/journal.pone.0213874


9. Grzesiak MT, Hura T, Grzesiak S, Kaczanowska K, Szczyrek P. Influence of nitrogen deficiency or

excess on a root system structure of maize and triticale seedlings grown under low and high soil density.

J Agron Crop Sci.2017;(643): 196–208.

10. Ng’etich, Niyokuri OKAN, Rono JJ, Fashaho A, Ogweno JO. Effect of different rates of nitrogen fertilizer

on the growth and yield of Zucchini (Cucurbita pepo cv. Diamant L.) hybrid F1 in Rwandan high altitude

zone. Intl J Agri Crop Sci. 2013. pp. 54–62.

11. Antal T, Mattila H, Hakala-Yatkin M, Tyystjärvi T, Tyystjärvi E. Acclimation of photosynthesis to nitrogen

deficiency in Phaseolus vulgaris. Planta. 2010; 232(4): 887–98. https://doi.org/10.1007/s00425-010-

1227-5 PMID: 20632184

12. Xiong Q, Tang G, Zhong L, He H, Chen X. Response to Nitrogen Deficiency and Compensation on

Physiological Characteristics, Yield Formation, and Nitrogen Utilization of Rice. Front Plant Sci. 2018;

9: 1075. https://doi.org/10.3389/fpls.2018.01075 PMID: 30087689

13. Wang Z, Zhang W, Beebout SS, Hao Z, Liu L, Yang J, et al. Grain yield, water and nitrogen use efficien-

cies of rice as influenced by irrigation regimes and their interaction with nitrogen rates. Field Crop Res.

2016; 193: 54–69.

14. Qu Z, Wang J, Almøy T, Bakken LR. Excessive use of nitrogen in Chinese agriculture results in high

N2O/(N2O+N2) product ratio of denitrification, primarily due to acidification of the soils. Global Change

Biol. 2014; 20(5): 1685–98.

15. Xue Y, Yue S, Zhang W, Liu D, Cui Z, Chen X, et al. Zinc, Iron, Manganese and Copper Uptake

Requirement in Response to Nitrogen Supply and the Increased Grain Yield of Summer Maize. PLoS

One. 2014; 9(4): e93895. https://doi.org/10.1371/journal.pone.0093895 PMID: 24705926

16. Xu C, Huang S, Tian B, Ren J, Meng Q, Wang P. Manipulating Planting Density and Nitrogen Fertilizer

Application to Improve Yield and Reduce Environmental Impact in Chinese Maize Production. Front

Plant Sci. 2017; 8: 1234. https://doi.org/10.3389/fpls.2017.01234 PMID: 28747925

17. Lu Y, Kang T, Gao J, Chen Z, Zhou J. Reducing nitrogen fertilization of intensive kiwifruit orchards

decreases nitrate accumulation in soil without compromising crop production. J Integr Agr. 2018; 17(6):

1421–1431.

18. Yang XY, Wang XF, Min W, Yang FJ, Shi QH. Changes of nitrate reductase activity in cucumber seed-

lings in response to nitrate stress. Agr Sci China. 2010; 9(2): 216–222.

19. Hakeem KR, Mir BA, Qureshi MI, Ahmad A, Iqbal M. Physiological studies and proteomic analysis for

differentially expressed proteins and their possible role in the root of N-efficient rice (Oryza sativa L.).

Mol Breeding. 2013; 32(4): 785–798.

20. Ashraf M, Shahzad SM, Imtiaz M, Rizwan MS. Salinity effects on nitrogen metabolism in plants–focus-

ing on the activities of nitrogen metabolizing enzymes: A review. J Plant Nutr. 2018; 41(8): 1–17.

21. Teng YB, Li YJ, Fang P, La GX. Characterization of Nitrogen Metabolism in the Low-Nitrogen Tolerant

lnt1 Mutant of Arabidopsis thaliana Under Nitrogen Stress. Pedosphere. 2010; 20(5): 623–632.

22. Giagnoni L, Pastorelli R, Mocali S, Arenella M, Nannipieri P, Renella G. Availability of different nitrogen

forms changes the microbial communities and enzyme activities in the rhizosphere of maize lines with

different nitrogen use efficiency. Appl Soil Ecol. 2016; 98: 30–38.

23. Singh M, Singh VP, Prasad SM. Nitrogen modifies NaCl toxicity in eggplant seedlings: Assessment of

chlorophyll a fluorescence, antioxidative response and proline metabolism. Biocatalysis and Agricultural

Biotechnology. 2016; 7: 76–86.

24. Rachana S, Parul P, Prasad SM. Sulfur and Calcium Simultaneously Regulate Photosynthetic Perfor-

mance and Nitrogen Metabolism Status in As-Challenged Brassica juncea L. Seedlings. Front Plant

Sci. 2018; 9: 772. https://doi.org/10.3389/fpls.2018.00772 PMID: 29971072

25. Huang CB, Wang ZH, Wang XY, Li SX. Nitrate Accumulation and Reduction in Spinach and Their Rela-

tions to Plant Growth. Journal of Agro-Environment Science. 2011; 30(4): 613–618.

26. Wang LP, Sun J, Guo SR, Tian J, Yang YJ. Effects of graft with pumpkin rootstock on nitrogen metabo-

lism and protein expression in the cucumber seedlings under iso-osmotic Ca(NO3)2 or NaCl stress.

Journal of Plant Nutrition and Fertilizers. 2012; 18(3): 689–698.

27. Zhang ZM, Wan SB, Dai LX, Ning TY, Song WW. Effects of Nitrogen Application Rates on Nitrogen

Metabolism and Related Enzyme Activities of Two Different Peanut Cultivars. Scientia Agricultura

Sinica. 2011; 44(2): 280–290.

28. Wickert E, Marcondes J, Lemos MV, Lemos EGM. Nitrogen assimilation in Citrus based on CitEST

data mining. Genet Mol Biol. 2007; 30(3): 810–818.

29. Pathak RR, Lochab S, Raghuram N. Improving plant nitrogen-use efficiency. Comprehensive Biotech-

nology. 2011. pp. 209–218.

Effects of nitrogen supply on nitrogen metabolism in citrus trees

PLOS ONE | https://doi.org/10.1371/journal.pone.0213874 March 21, 2019 18 / 21

https://doi.org/10.1007/s00425-010-1227-5
https://doi.org/10.1007/s00425-010-1227-5
http://www.ncbi.nlm.nih.gov/pubmed/20632184
https://doi.org/10.3389/fpls.2018.01075
http://www.ncbi.nlm.nih.gov/pubmed/30087689
https://doi.org/10.1371/journal.pone.0093895
http://www.ncbi.nlm.nih.gov/pubmed/24705926
https://doi.org/10.3389/fpls.2017.01234
http://www.ncbi.nlm.nih.gov/pubmed/28747925
https://doi.org/10.3389/fpls.2018.00772
http://www.ncbi.nlm.nih.gov/pubmed/29971072
https://doi.org/10.1371/journal.pone.0213874


30. Ishiyama K, Kojima S, Takahashi H, Hayakawa T, Yamaya T. Cell type distinct accumulations of mRNA

and protein for NADH-dependent glutamate synthase in rice roots in response to the supply of NH4+.

Plant Physiol Bioch. 2003; 41(6): 643–647.

31. Dwivedi SK, Singh VP, Singh GP, Arora A. Combined effect of cytokinin, paclobutrazol and ascorbic

acid on nitrogen metabolism and yield of wheat (Triticum aestivum L.) under water deficit stress condi-

tion. Indian. J Plant Physiol. 2012; 17(3): 259–267.

32. Limami AM, Diab H, Lothier J. Nitrogen metabolism in plants under low oxygen stress. Planta. 2014;

239(3): 531–541. https://doi.org/10.1007/s00425-013-2015-9 PMID: 24370634

33. Ren B, Dong S, Zhao B, Liu P, Zhang J. Responses of Nitrogen Metabolism, Uptake and Translocation

of Maize to Waterlogging at Different Growth Stages. Front Plant Sci. 2017; 8: 1216. https://doi.org/10.

3389/fpls.2017.01216 PMID: 28744299

34. Hoshida H, Tanaka Y, Hibino T, Hayashi Y, Tanaka A, Takabe T, et al. Enhanced tolerance to salt

stress in transgenic rice that overexpresses chloroplast glutamine synthetase. Plant Mol Biol. 2000; 43

(1): 103–111. PMID: 10949377

35. Miflin BJ. The role of glutamine synthetase and glutamate dehydrogenase in nitrogen assimilation and

possibilities for improvement in the nitrogen utilization of crops. J Exp Bot. 2002; 53(370): 979–987.

PMID: 11912240

36. Zhang CH, Zhang BB, Yu ML, Ma RJ, Song ZZ, Korir NK. Isolation, cloning, and expression of five

genes related to nitrogen metabolism in peach (Prunus persica L. Batsch). Journal of Pomology and

Horticultural Science. 2016; 91(5): 448–55.

37. Yamaya T, Obara M, Nakajima H, Sasaki S, Hayakawa T, Sato T. Genetic manipulation and quantita-

tive-trait loci mapping for nitrogen recycling in rice. J Exp Bot. 2002; 53(370): 917–925. PMID:

11912234

38. Sangwan P, Kumar V, Joshi UN. Effect of Chromium (VI) Toxicity on Enzymes of Nitrogen Metabolism

in Clusterbean (Cyamopsis tetragonoloba L.). Enzyme Research. 2014; 2014(8): 1–9.

39. Farhangi-Abriz S, Torabian S. Biochar improved nodulation and nitrogen metabolism of soybean under

salt stress. Symbiosis. 2017; 74(3): 1–9.

40. Liu BY, Lei CY, Liu WQ. Nitrogen Addition Exacerbates the Negative Effects of Low Temperature

Stress on Carbon and Nitrogen Metabolism in Moss. Front Plant Sci. 2017; 8: 1328. https://doi.org/10.

3389/fpls.2017.01328 PMID: 28824666

41. Zhang R, Sun Y, Liu Z, Jin W, Sun Y. Effects of melatonin on seedling growth, mineral nutrition, and

nitrogen metabolism in cucumber under nitrate stress. J Pineal Res. 2017; 62(4): e12403.

42. Xiong B, Ye S, Qiu X, Liao L, Sun G, Luo J, et al. Transcriptome Analyses of Two Citrus Cultivars (Shira-

nuhi and Huangguogan) in Seedling Etiolation. Sci Rep-UK. 2017; 7: 46245.

43. Chen Z, Liu C, Wang Y, He T, Gao R, Xu H, et al. Expression Analysis of Nitrogen Metabolism-Related

Genes Reveals Differences in Adaptation to Low-Nitrogen Stress between Two Different Barley Culti-

vars at Seedling Stage. Int J Genomics. 2018; 2018: 1–10.

44. Barillot R, Chambon C, Andrieu B. CN-Wheat, a functional–structural model of carbon and nitrogen

metabolism in wheat culms after anthesis. II. Model evaluation. Ann Bot-London. 2017; 118(5):

mcw144.

45. Bhattacharyya P, Roy KS, Das M, Ray S, Balachandar D, Karthikeyan S, et al. Elucidation of rice rhizo-

sphere metagenome in relation to methane and nitrogen metabolism under elevated carbon dioxide

and temperature using whole genome metagenomic approach. Sci Total Environ. 2016; 542(Pt A):

886–898. https://doi.org/10.1016/j.scitotenv.2015.10.154 PMID: 26556753

46. Choi ST, Park DS, Hong KP. Status of nitrogenous and carbohydrate compounds as affected by nitro-

gen fertigation rates in young persimmon trees. Sci Hortic- Amsterdam. 2011; 130(1): 354–356.

47. Yan QQ, Liao FL, Wang ZH, Xiong B, Wang XF, Fan QQ, et al. Sugar-increasing and acid-decreasing

method for citrus cultivar Shimian Huangguogan. 2012.

48. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2−ΔΔCT method. Methods. 2001; 25(4): 402–408. https://doi.org/10.1006/meth.2001.1262

PMID: 11846609

49. Sparkes IA, Runions J, Kearns A, Hawes C. Rapid, transient expression of fluorescent fusion proteins

in tobacco plants and generation of stably transformed plants. Nat protoc. 2006; 1(4): 2019–2025.

https://doi.org/10.1038/nprot.2006.286 PMID: 17487191

50. Liao L, Cao SY, Rong Y, Wang ZH. Effects of grafting on key photosynthetic enzymes and gene expres-

sion in the citrus cultivar Huangguogan. Genet Mol Res. 2015; 15(1): 15017690.

51. Zhang X, Huang G, Bian X, Zhao Q. Effects of root interaction and nitrogen fertilization on the chloro-

phyll content, root activity, photosynthetic characteristics of intercropped soybean and microbial quan-

tity in the rhizosphere. Plant Soil and Environ. 2013; 59(2): 80–88.

Effects of nitrogen supply on nitrogen metabolism in citrus trees

PLOS ONE | https://doi.org/10.1371/journal.pone.0213874 March 21, 2019 19 / 21

https://doi.org/10.1007/s00425-013-2015-9
http://www.ncbi.nlm.nih.gov/pubmed/24370634
https://doi.org/10.3389/fpls.2017.01216
https://doi.org/10.3389/fpls.2017.01216
http://www.ncbi.nlm.nih.gov/pubmed/28744299
http://www.ncbi.nlm.nih.gov/pubmed/10949377
http://www.ncbi.nlm.nih.gov/pubmed/11912240
http://www.ncbi.nlm.nih.gov/pubmed/11912234
https://doi.org/10.3389/fpls.2017.01328
https://doi.org/10.3389/fpls.2017.01328
http://www.ncbi.nlm.nih.gov/pubmed/28824666
https://doi.org/10.1016/j.scitotenv.2015.10.154
http://www.ncbi.nlm.nih.gov/pubmed/26556753
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1038/nprot.2006.286
http://www.ncbi.nlm.nih.gov/pubmed/17487191
https://doi.org/10.1371/journal.pone.0213874


52. He Y, Liu X, Huang B. Changes in Protein Content, Protease Activity, and Amino Acid Content Associ-

ated with Heat Injury in Creeping Bentgrass. J Am Socr Hortic Sci. 2005; 130(6): 842–847.

53. Jin ZX, Qian CR, Yang J, Liu HY, Piao ZZ. Changes in Activities of Glutamine Synthetase during Grain

Filling and Their Relation to Rice Quality. Rice Sci. 2007; 14(3): 211–216.

54. Wang P, Song P, Li X, Su RR, Wang H, Zhu GP. Study on soluble expression of glutamate dehydroge-

nase from tea plant in Escherichia coli using fusion tags. Afr J Biotechnol. 2012; 11(23): 143–150.

55. Young EB, Berges JA. Nitrate Reductase: A Nexus of Disciplines, Organisms, and Metabolism:

Springer International Publishing; 2016.

56. Glibert PM, Wilkerson FP, Dugdale RC, Raven JA, Dupont CL, Leavitt PR, et al. Pluses and minuses of

ammonium and nitrate uptake and assimilation by phytoplankton and implications for productivity and

community composition, with emphasis on nitrogen-enriched conditions. Limnol Oceanogr. 2016; 61

(1): 284–300.

57. Wang Y, Bouchard JN, Coyne KJ. Expression of novel nitrate reductase genes in the harmful alga,

Chattonella subsalsa. Sci Rep-UK. 2018; 8(1): 41598.

58. Parul G, Kumar SA, Kumar TP. Abiotic Stresses Downregulate Key Genes Involved in Nitrogen Uptake

and Assimilation in Brassica juncea L. PLoS One. 2015; 10(11): e0143645. https://doi.org/10.1371/

journal.pone.0143645 PMID: 26605918
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