S Vi by
Article
Exploring the Potential of Overexpressed OsCIPK2
Rice as a Nitrogen Utilization Efficient Crop and
Analysis of Its Associated Rhizo-Compartmental
Microbial Communities

Muhammad Umar Khan 1-2-*:* Penghui Li 2>, Hira Amjad -2, Ali Qaiser Khan 4,

t 120D, Muhammad Wagqas 23 Zhong Li 1.3 Ali Noman %, Wagqar Islam @,
1,2,3,%

Yasir Arafa
Linkun Wu !, Zhixing Zhang ! and Wenxiong Lin

1 Fujian Provincial Key Laboratory of Agroecological Processing and Safety Monitoring, College of Life

Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, China

Key Laboratory of Crop Ecology and Molecular Physiology, Fujian Agriculture and Forestry University,
Fuzhou 350002, China

Key Laboratory for Genetics, Breeding and Multiple Utilization of Crops, Ministry of Education/College of
Crop Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, China

College of Agriculture, Nanjing Agricultural University, Nanjing 210095, China

Department of Botany, Government College University, Faisalabad 38000, Pakistan

College of Geographical Sciences, Fujian Normal University, Fuzhou 350007, China

*  Correspondence: umar.khan018@yahoo.com (M.U K.); Iwx@fafu.edu.cn (W.L.); Tel.: +86-591-83737535 (W.L.)
t These authors contributed equally to this work.

check for
Received: 26 April 2019; Accepted: 22 July 2019; Published: 25 July 2019 updates

Abstract: Nitrogen (N) is one of the indispensable factors in rice growth and development. China
holds a premier position in the production of rice and at the same time also faces higher N fertilizer
costs along with serious damage to the environment. A better solution is much needed to address
these issues, without disrupting the production of rice as an important cereal, while minimizing all the
deleterious effects on the environment. Two isogenic lines Kitaake (WT) and its genetically modified
line CIPK2 (RC), overexpressing the gene for Calcineurin B-like interacting protein kinase 2 (OsCIPK2)
with better nitrogen use efficiency (NUE), were compared for their growth and development under
low versus normal levels of N. NUE is a complex trait mainly related to a plant’s efficiency in
extraction, assimilation, and recycling of N from soil. The microbial population was analyzed using
high-throughput Illumina Miseq 165 rRNA sequencing and found that RC with CIPK2, specifically
expressed in rice root, not only performed better without nitrogen fertilizer (LN) but also increased
the diversity of bacterial communities in rice rhizosphere compartments (rhizosphere, rhizoplane,
and endosphere). The relative abundance of beneficial bacteria phyla increased, which are known
to promote the circulation and transformation of N in rhizosphere soil. To further explore the
potential of RC regarding better performance under LN, the ion fluxes in root apical were detected by
non-invasive micro-test technique (NMT). We found that RC can absorb more Ca®* and NO3 ™~ under
LN as compared to WT. Finally, compared to WT, RC plants exhibited better growth of root and
shoot, and increased yield and N uptake under LN, whereas there was no significant difference in the
growth of two rice lines under normal nitrogen (NN) treatment. We are able to get preliminary results,
dealing with the OsCIPK2 overexpressed rice line, by studying the rice molecular, physiological,
and chemical parameters related to NUE. The results laid the foundation for further research on N
absorption and utilization in rice from the soil and the interaction with microbial communities.
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1. Introduction

Rice is one of the most important and major staple foods in the world. Therefore, the improvement
of rice yield has always been a topic of concern and great interest around the world. With a continuously
expanding world population, issues such as the shortage of water resources and the lack of arable
land are becoming devastatingly serious. Hence, there is urgency to improve production by applying
sustainable measures. At present, the most preferred technical measure to increase yield per unit
area mainly depends on the application of fertilizers, especially nitrogenous ones [1,2]. Excessive
N application rate and low NUE increase the production cost of rice, but also bring a series of
environmental problems [3]. It is now particularly important to improve the nitrogen utilization
efficiency (NUE) of rice and reduce the use of N fertilizers.

As N is the most essential nutrient in rice growth and development, the worldwide consumption
of N-based fertilizers is approximately 119.40 million tons with an annual growth of 1.4% [4]. Asia
consumes 62.1% of the total nitrogenous fertilizers and China alone shares 18% of the Asian N fertilizer
consumption [4]. However, it is an alarming situation that major cereal crops like wheat, rice, and
maize only utilize 30% to 40% of the applied N, while the remaining 60% to 70% poses severe health
and environmental risks [5]. Compared with other major rice producing countries, the application rate
of N fertilizers in China is high with a low utilization rate. Peng Shaobing and his group reported
that the average amount of N fertilizer applied to rice in China has reached 180 kg/hm?, which was
75% higher than the world’s average level [6]. The goal of reducing the use of N-based fertilizers,
improving the NUE, reducing the loss of N and its impact on the environment, on the premise of
ensuring food security, is a critical problem to be solved in China and around the world.

Numerous strategies from agronomic level to transgenic improvements have been undertaken
to solve this issue, including the split application of N, employing nitrification inhibitors, and the
use of slow release fertilizers [7,8]. Although, conventional standard procedures such as selective
breeding are helpful regarding the heritability of grain yield [9], all these remain far short of unravelling
the genetic core for the improvements of intricate quantitative traits such as NUE [10]. Efforts are
being made by scientists, such as the development of gene-overexpressed mutants to increase plant
N contents in attempt to boost NUE in crop production [11,12]. At present, some genes involved
in the regulation of N metabolism have been found in rice, including nitrate transporter gene (NRT
family) [13], ammonium transporter gene (AMT family), nitrate reductase gene NR, nitrite reductase
NIR, glutamine synthase (GS), glutamate synthase (GOGAT), etc., [14], and some genes indirectly
involved in the regulation of N metabolism and N signal response. Some researchers regulate the
expression of genes related to them through transgenic technology in an attempt to improve the NUE
of rice, and have made some progress. A recent study revealed that the overexpression of OsNRT1.1A
in different rice varieties and under different N conditions can significantly increase rice biomass and
yield and significantly shortened the rice maturity period [15]. Fan Xiaorong and other studies also
showed that overexpression of OsNRT2.3b could increase rice yield and NUE by 40% [16].

Similarly, CIPK (CBL-interacting protein kinase), a serine/threonine protein kinase, is a CBL
(calcineurin B-like protein) protein-specific interacting protein kinase. CBL works as a calcium receptor
protein, which was first found in Arabidopsis thaliana. As a second messenger of plants, Ca?* participates
in the response of plants to various signals. When plants are subjected to various stresses, intracellular
calcium concentration changes [17]. Changes in intracellular Ca?* concentration represent different
stress signals, known as calcium signals; Ca?* receptors can sense Ca?* signals at any time, and then
transmit signals through proteins, interacting with them, to regulate the expression of downstream
response genes [18].

The CBL-CIPK signaling network is widely involved in abiotic stress responses, such as high
salinity, high pH, low potassium, drought, low temperature, and abscisic acid [19]. CIPK9 respond
to multiple signals, such as to salt, low temperature, and osmotic stress, but also was significantly
induced by low K* stress [20]. At present, 10 CBLs and 33 CIPK genes have been found in rice, and
Xiang has predicted and detected the changes of transcriptional levels of 30 CIPK genes in rice under
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drought, high salinity, cold, polyethylene glycol (PEG), and abscisic acid treatments [21]. However, it
is not clear how the CIPK gene family participates in N response and regulation in rice, and further
research is needed.

Another cardinal aspect to improve plant growth and yield involves studying the plant rhizospheric
compartments, including rhizosphere soil (loosely attached soil to root), rhizoplane (soil surrounding
the root surface), and endosphere (inside of the root). The process within plant roots, such as nutrient
uptake, respiration, and root exudation, can significantly affect the chemical properties of rhizosphere
soil and orchestrates the community structure of rhizosphere microorganisms [22].

The bacterial communities in plants and its rhizo-compartments impart its role in proper growth,
as well as defense against biotic and abiotic stresses [23]. With modernization of microbial finger
printing techniques, such as high-throughput sequencing, the plant-microbe relationship can be
evaluated [24,25]. Soil and plant genotypes play a significant role in orchestrating the microbial
community. Monocots are basically associated with the bacterial populations belonging to the
Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes, [26]. Chen Bin et al. used nifH gene
to amplify nitrogen-fixing microorganisms, and combined with RFLP technology to study N-fixing
microorganisms inside and outside rice root tissue. They found that there exist the same N-fixing
microorganisms in rice rhizosphere and root tissue, indicating that some N-fixing microorganisms
could colonize inside rice root or root surface [27]. Nitrification by bacteria plays an important role in
regulating NHy ™ and NO3~ levels in rhizosphere. Compared with single NH;* or NO3™ nutrition,
rice under mixed nitrogen nutrition could obtain more biomass and economic yield, with higher NUE
rate [28].

Given these issues and indications, we developed isogenic lines from wild-type progenitor
(Kitaake), involving the transgenic rice line overexpressing CIPK2 gene, referred to as “RC” in this
study. RC with overexpressing CIPK2 gene performed significantly better than the wild type in NUE
under LN (no nitrogen). The enzymes and genes involved in process N cycling were distinctly higher
in the RC. Further, microbial communities were found to be much more diverse than the WT.

2. Results

2.1. Determination of CIPK2 Gene Expresion in Roots and Leaves of Transgenic and Wild-Type Rice

The total RNA of roots and leaves of RC (transgenic line with overexpressed OsCIPK2 gene) and
WT (wild-type) rice showed a good integrity. OD absorbance ratio was set at 260:280 nm. We obtained
1.9-2.0, showing higher purity of RNA. The qPCR results revealed CIPK2 gene expression was higher
in rice roots than leaves. RC roots showed 2.24-fold Calcineurin B-like interacting protein kinase 2
(CIPK2) gene expression as compared to WT. While CIPK2 expression in leaves was not significant
(Figure 1).

Relative expression

RC-R WT-R RC-L WT-L

Figure 1. qPCR analysis of the gene expression level for Calcineurin B-like interacting protein kinase 2
(CIPK2). RC-R: Root of transgenic plants; WT-R: Root of wild type; RC-L: Leaf of transgenic plants;
WT-L: Leaf of wild type. Small letters represent significant difference at (p < 0.05) calculated by Least
Significance Difference (LSD) test.
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Expression of CIPK2 Protein in Roots and Leaves of RC and WT Rice

We employed western blot to further verify the root-type FLAG-CIPK2 fusion protein of RC, after
getting clear protein bands (Figure 2a). We found the actin protein bands in each sample were clear
and the expression levels were similar, indicating that the protein content of the sample loading is the
same (Figure 2b). The FLAG-CIPK2 fusion protein was not detected in the WT rice roots and in the
RC leaves.
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Figure 2. (a) SDS-PAGE test results of total protein from rice roots and leaves. Lane 1: Marker; Lane 2:
RC (transgenic rice) leaves; Lane 3: WT (wild-type) roots; Lane 4-6: RC roots. (b) Western blot test
results of Flag-CIPK2 protein in rice roots and leaves. Lane 1 RC leaves; Lane 2: WT roots; Lane 3-5:
RC roots.

2.2. Bucket Experiment to Determine Differences between WT and RC

2.2.1. Changes in Tiller and Panicle

The tillering dynamics of rice under different N conditions are shown in Figure Sla. Under
normal nitrogen (NN) conditions, the tillering number of rice increased continuously, while the tillering
number decreased at maturity. Under LN, tillering mainly occurred in the early stage, but in the later
stage, due to insufficient N supply, tillering no longer increased. From Figure S1b it can be seen that the
panicle-forming rate of rice was higher under the condition of LN, the number of effective panicles of
RC rice was significantly higher than the WT. There was no significant change in the effective panicles
of RC rice under NN condition, but the panicle-forming rate was significantly reduced due to the
increase of ineffective tillers.

2.2.2. Chlorophyll (SPAD Values) and Changes in Photosynthetic Rate

From Figure 3, it can be seen that under LN, the SPAD (soil-plant analyses development) meter
readings, for determining chlorophyll content of rice leaves, gradually decreased with the development
of rice. Compared with the WT, the SPAD values of RC leaves at tillering stage was not significantly
different, but the SPAD values of RC leaves at heading stage and maturity stage was significantly higher
than that of the WT. Under NN conditions, soil N was sufficient, SPAD values of rice leaves increased
gradually, and there was no significant difference between RC and WT. The net photosynthetic rate
(Figure 4) of RC at tillering and heading stages was significantly higher than that of wild type, but
there was no significant difference at maturity stage, and there was no significant difference at all
stages under NN.
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Figure 3. SPAD values of rice leaves at different growth stages under different treatments in pots:
(a) No nitrogen treatment—LN; (b) normal nitrogen treatment—NN. ** Indicates significant difference
(p < 0.05) between different samples in the same growth period calculated by LSD’s test.
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Figure 4. Photosynthetic rate of rice leaves at different growth stages under different nitrogen treatments
in pots: (a) No nitrogen treatment—LN; (b) normal nitrogen treatment—NN. * Indicates significant
difference (p < 0.05) between different samples in the same growth period, calculated by LSD'’s test.

2.2.3. Changes in Root Morphology

The root morphology was analyzed by WinRHIZO (Instruments Regent Inc., Sainte-Foy, QC,
Canada) at the main growth stages of rice. We observed that the length of adventitious roots, branched
roots, the surface area of total roots, and the volume of total roots of RC at the heading stage were
significantly higher than WT under the LN condition. The length of adventitious roots and the length
of branched roots of RC at maturity stage were significantly higher than WT because of senescence of
roots. Under NN conditions, the root morphological characteristics of the two lines did not change
significantly. Interestingly, the roots of RC were more developed under LN (Table 52). Similarly, Figure
S2 also depicts that the roots of RC were obviously more developed than those of WT.

2.2.4. Root Activity

The root activity of rice was measured during the main growth periods of rice. The results are
shown in Figure S3. Under the condition LN, the root activity of RC significantly increased in each
period, and the root activity was highest at the heading stage, and the difference was significant. Under
NN application conditions, there was no significant difference at each growth stage.

2.2.5. Changes in Nitrogen-Related Enzyme Activities in WT and RC

Nitrate reductase (NR) and glutamine synthetase (GS) are the key enzymes involved in the process
of N assimilation. From Figure 5 we can see that NR and GS in the leaves and roots of RC were
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higher than those of WT at all growth stages under LN condition, and the enzymatic activity of leaves
increased significantly. There was no significant difference under NN conditions.
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Figure 5. Nitrate reductase and glutamine synthetase activity of rice at different growth stages under
different nitrogen treatments in pots. WT-R: Root of wild type; RC-R: Root of transgenic rice; WT-L:
Leaf of wild type; RC-L: Leaf transgenic rice. (a) No nitrogen treatment—LN; (b) normal nitrogen
treatment; NN. *, ** represent significance difference (p < 0.05) calculated by LSD'’s test.

2.2.6. Changes in Dry Matter Weight and Root:Shoot Ratio

The root dry weight and shoot dry weight of rice at different stages were investigated and the
root:shoot ratio was calculated. The results showed (Figure S4) that under the condition of LN there
was no difference in dry matter weight between RC and WT at the tillering stage. Root dry weight
and shoot dry weight at heading and maturing stages were significantly increased, shoot dry matter
weight at maturing stage was significantly increased, and root:shoot ratio of RC at heading stage was
significantly increased. Under NN conditions, there was no significant difference found.

2.2.7. Changes in Yield and Yield Components

The yield and yield components of rice (Table 1) under LN showed that yield of rice was
significantly lower than that of NN. In terms of yield components, the effective panicles of both RC
and WT rice were significantly reduced under the LN treatment. Although the number of panicles and
grains of WT were significantly reduced, the seed setting rate increased significantly. The change in
panicles and grains of RC was not obvious, but the seed setting rate significantly decreased. The change
of 1000 grain weight was also not obvious. Under LN application, the yield of RC increased by 35% as
compared to WT, mainly due to the increase of panicles. Under NN, the panicle-forming rate of RC
decreased, but other differences were not significant.
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Table 1. Yield and yield components of rice under different nitrogen treatments in pots.

Treatment Genotype Valid Panicles Spikelets Seed Setting 1000 Grain Grain Yield
(pot~1) Per Panicle Rate (%) Weight (g) (g/pot™1)
WT 10.68¢ 37b 97.01a 25a 10.16¢
LN RC 14.67b 43.25a 82.08¢c 25.28a 13.75b
WT 44a 38.95a 87.5b 24.72a 37.61a
NN RC 44.67a 38.46a 89.82b 24.63a 37.43a

LN—no nitrogen, NN—normal nitrogen, WI—wild type, and RC—transgenic rice. Different small letters in the
same column represents significant difference (p < 0.05) calculated by LSD’s test.

2.2.8. Changes in Nitrogen Use Efficiency

Compared with the WT, the N uptake of RC increased by 38.51% in LN, the N dry matter
production efficiency and grain production efficiency did not change significantly, the N harvest
index decreased significantly, and the difference was not significant under NN application conditions
(Table 2.). Under NN, the physiological, agronomic, and absorption utilization rates of RC were
significantly reduced.

Table 2. N-use efficiency of rice under different nitrogen treatments in buckets.

N Dry Mafter Graln. N Harvest  Physiological Agronomic Absorption
. Production Production — AV e e
Treatment  Genotype  Absorption Efficiency Efficiency Index Efficiency Utilization Utilization
(mg/plant) (BNUE) (GNUE) (NHD (PE) Rate (AE) Rate (RE)
LN WT 42.28¢ 128.59a 63.14a 0.65a - - -
RC 58.56b 128.31a 62.01a 0.62b - - -
NN WT 190.56a 93.65b 50.29b 0.49¢c 46.26a 13.26a 28.68a
RC 195.21a 94.02b 50.37b 0.48¢ 44.42b 11.74b 26.43b

LN—no nitrogen, NN—normal nitrogen, WT—wild type, and RC—transgenic rice. Different small letters in the
same column represent significant difference (p < 0.05) calculated by LSD’s test.

2.3. Changes in Bacterial Communities in Rhizosphere, Rhizoplane, and Endosphere of Rice Expressing CIPK2
with Enhanced Root-Specific Expression

2.3.1. Analysis of Bacterial Community Diversity

Firstly, the number of operational taxonomic unit (OTUs) detected in each sample was analyzed.
The results showed that the number of OTUs in rhizosphere soil (R), thizoplane (RP), and endosphere
(ES) decreased under different NN levels (Figure S5.). Under the LN condition, there was 2506, 2444,
and 1164 OTUs in RC and 2435, 2331, and 1263 OTUs identified in WT. Under NN conditions, RC
was identified with 3015, 2874, and 1149 OTUs, and WT with 2934, 2921, and 1331 OTUs, respectively.
The OTUs number of R and RP under NN treatment was significantly higher than that under LN
treatment, but the difference of OTU number in ES was not significant and the ES OTU number in root
was significantly lower than that in R and RP. Among the RC and WT, 94.04% and 96.03% of RP OTUs
belonged to R and ES, 97.42% and 96.91% of ES OTUs belonged to R and RP, respectively. Under N
treatment, the trend was the same, indicating that most of the microorganisms in RP and in the ES
were the same as those in the R.

The diversity of individual samples (alpha diversity) was further analyzed by 97% similarity.
Observed_species is the number of observed OTUs with the increase of sequencing depth. As shown
in Table 3, the observed_species value, Chaol index, and PD_whole_tree value of rhizosphere bacterial
community of RC were significantly higher than those of WT, while observed_species value and
PD_whole_tree value of RP bacterial community of RC were significantly higher than those of WT.
There was no significant difference in the alpha diversity index of bacterial community between the
two types. Which depicts that the diversity of bacterial communities in R and RP of RC was higher
than WT, but there was no significant difference in bacterial diversity in ES. Under NN treatment, the
diversity index of bacterial communities in R, RP, and ES of rice was higher than that of LN treatment,
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but there was no significant difference between RC and WT. By comparing the alpha diversity index
of bacterial community in different rhizo-compartments of the same sample, it was found that the
diversity index of bacterial community in R was higher than the RP, and the diversity index of bacterial
communities in ES was significantly lower than that in in other rhizo-compartments, a similar trend
under different NN treatments.

Table 3. Diversity index of bacterial communities in rice rhizo-compartments.

Treatment Sample Observed_Species Chaol Shannon PD_Whole_Tree
WS-L 1833.97b 2258.28a 9.3032ab 151.27b
RS-L 1906.87a 2327.28a 9.4471a 159.03a
No nitrogen WP-L 1721.50c 2140.65b 9.0611b 144.92¢c
RP-L 1842.43b 2296.41a 9.2915ab 156.69a
WE-L 672.13d 1085.61c 3.6811c 75.16d
RE-L 645.20d 1034.97c 3.5526¢ 74.35d
WS-N 2119.53a 2829.45a 9.47a 182.14a
RS-N 2168.83a 2894.73a 9.47a 190.34a
Normal nitrogen WP-N 2112.13a 2799.20a 9.47a 183.68a
RP-N 2006.36a 2719.17a 9.24a 178.34a
WE-N 764.56b 1362.97b 3.56b 91.1b
RE-N 681.55b 1219.97b 2.94b 85.56b

WS-L, WP-L, WE-L represents wild-type rhizosphere, wild-type rhizoplane, wild-type endosphere under no nitrogen,
respectively. RS-L, RP-L, RE-L represents transgenic line rhizosphere, transgenic line rhizoplane, transgenic line
endosphere under no nitrogen. WS-N, WP-N, WE-N represents wild-type rhizosphere, wild-type rhizoplane,
wild-type endosphere under normal nitrogen, respectively. RS-N, RP-N, RE-N represents transgenic line rhizosphere,
transgenic line rhizoplane, transgenic line endosphere under normal nitrogen, respectively. Different small letters in
the same column represent significant difference level (p < 0.05,) determined by LSD'’s test.

2.3.2. PCA Analysis of Rhizosphere Bacterial Community in Rice

In order to reflect the relationship between bacterial community distributions in rhizo-compartment,
PCA analysis was carried out using OTUs with 97% similarity. Figure Séa is the PCA analysis results of
bacterial communities in all samples with LN application. The first axis explains 74.57% of the species
change, and the second axis explains 9.52% of the species change. PCA shows the differences between
bacterial communities in all rhizo-compartments. In comparison with WT, obvious differences between
the microbial communities in rhizo-compartments of RC were found. Figure S6b is the PCA analysis
result under NN treatment. The first axis explains 72.24% of species change and the second axis explains
6.14% of species change. Under N conditions, bacterial communities in all rhizo-compartments could
be distinguished. There was also a distinction between R and RP bacterial communities in RC and WT,
but ES of both RC and WT bacterial communities of RC were not significantly different.

2.3.3. Analysis of Bacterial Community Composition

Thirty-nine bacterial phyla were identified in LN treatment, of which Cyanobacteria, Proteobacteria,
Acidobacteria, Chloroflexi, Nitrospirae, Bacteroides, Gemmatimonadetes, Verrucomicrobia, and
Chlorobi account for more than 94% of the total (Figure 6a). The main bacterial phyla in ES
were Cyanobacteria and Proteobacteria. The relative abundance of Cyanobacteria was 55% and
30% of Protobacteria. The abundance of other phyla in ES was significantly lower than that in
R and RP, which also depicts the bacterial diversity in roots was significantly lower than other
rhizo-compartments. The main bacterial phyla in R and RP were similar consisting mainly of
Proteobacteria and Acidobacteria, accounting for more than 60% of the total bacterial phyla. Among
them, Protobacteria was the highest in abundance, and the RP relative abundance was higher than that
in R and ES. From RP to rhizoplane, the abundance of Chloroflexi, Gemmatimonadetes, and Chlorobi
decreased, but there was no significant difference among other phyla. Compared with the WT, the
abundance of rhizosphere Bacteroides and Chlorobi increased. The rhizoplane Gemmatimonadetes
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and Verrucomicrobia increased while Proteobacteria decreased. The abundance of Proteobacteria
decreased significantly in rhizo-compartments of RC.
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Figure 6. The main phyla of bacteria in rhizo-compartments of rice (a) under LN—no nitrogen;
and (b) under NN—normal nitrogen.

A total of 43 bacterial taxa were identified under NN conditions. The main bacterial phyla were
identical with those under LN application (Figure 6b). Compared with LN treatment, the abundance of
Nitrospirae decreased, the abundance of Verrucomicrobia decreased. While the abundance of Chlorobi,
Actinobacteria, and Proteobacteria increased. The abundance of Chloroflexi and Cyanobacteria in
RC was higher than that in WT, while the abundance of Acidobacteria was lower and the rest of the
bacteria phyla did not change significantly.

2.3.4. Bacterial Functional Analysis

We used function annotation database FAPROTAX [29] of prokaryotic microorganisms to predict
the function of all bacterial classifications detected. A total of 36 types of bacterial functions
were obtained, and different bacterial functions and relative abundance are shown in Figure S7.
The main functions include nitrogen cycle, iron oxidation and reduction, organic matter degradation,
chemotrophic, and phototrophic, among which R and RP had the highest bacterial abundance of
chemoautotrophic bacterial population, followed by bacterial communities involved in nitrification.
Compared with WT, the abundance of bacteria involved in nitrification and N fixation increased,
and mainly concentrated in R and RP, while the abundance of bacteria involved in denitrification
decreased. In the R and RP of RC, the bacterial abundance involved in the reduction of iron, sulfur,
fumaric acid, manganese, and other related compounds decreased, while the bacterial abundance
involved in the oxidation of iron and manganese increased. The ES bacterial abundance of RC involved
in chitin decomposition, cellulose, and lignin degradation increased, while the bacterial abundance
associated with carbohydrate degradation decreased. The abundances of iron oxidizing, phototrophic,
and heterotrophic bacteria in RC roots were significantly increased. Interestingly, the abundances of
pathogenic bacteria in all rhizo-compartments decreased under LN.

Compared with LN treatment, the abundance of bacterial communities involved in nitrification,
denitrification and N fixation decreased in all rhizo-compartments under NN treatment. Under
NN conditions, the bacterial abundance related to iron reduction process increased, but the bacteria
involved in iron oxidation process were not identified. The abundance of bacteria involved in chitin,
cellulose, and urea decomposition in R and RP increased, while the abundance of pathogens decreased.
Compared to WT, the bacterial abundance involved in photosynthesis increased significantly in R and
in RE of RC, while the bacterial abundance involved in chitin decomposition decreased, contrary to the
trend of NN application. Compared with WT, most of the bacterial functions of RC did not change
significantly under NN treatment, and the changes were more obvious under LN application.
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2.3.5. qPCR Verified the Changes of Genes Related to Rhizosphere Nitrogen Cycle under LN

In order to further verify the changes of nitrogen cycle-related bacteria in rice rhizosphere without
nitrogen application, the nitrogen cycle genes nifH, narG, nirK, nirS, nosZ, amoA (AOA), amoA (AOB)
in rhizosphere soil were quantified by qPCR. The results are shown in Table 4. In the rhizosphere
soil of RC, the number of copies of nifH, amoA, and nirS genes involved in ammonia oxidation and
denitrification increased significantly, while the copy number of nirK gene decreased significantly, and
the copy number of narG and nosZ genes did not change significantly. The results further confirmed
the increase of ammonia-oxidizing bacteria and nitrogen-fixing bacteria in the rhizosphere soil of RC,
indicating that the nitrogen cycle in RC was further enhanced.

Table 4. Copy numbers of N cycle related genes in rice rhizosphere soil under no nitrogen treatment

in buckets.
Gene nifH amoA (AOA)  amoA (AOB) narG nirK nosZ nirS
WT 7.29 x 1012b 499 x 10’b 4.20 x 10°b 1.69 x10°%a 759 x10% 1.77x10%  9.01 x 107b
RC 8.54 x 10124 5.60 x 107a 4.75 x 10%a 1.83x10% 350x10*% 2.83x10%  12.84 x 107a

Different letters show significant differences (p < 0.05) determined by LSD’s test.

2.4. Changes in Soil N-Related Physicochemical Properties under LN

Soil enzymes are involved in the transformation of many substances and nutrient release.
The contents of ammonium and nitrate, urease, invertase, and nitrate reductase in rhizosphere soil of
rice under LN treatment were determined. The results showed that the activities of urease, invertase,
and nitrate reductase in rhizosphere soil of RC were significantly higher than the WT (Table 5).
The content of ammonium in rhizosphere soil of RC was significantly lower than that of WT and the
difference was not significant

Table 5. N-related physicochemical properties of rice rhizosphere soil under no nitrogen treatment (LN).

Genotype NH;*-N NO3~-N Urease Invertase Nitrate Reductase
yP (mg-kg™1) (mg-kg™1) (mg-g~1-24h~1)  (mgg124h1) (ug NO~-g~1-24h~1)
WT 27.52 + 0.46a 2.14 + 0.60a 0.118 + 0.003b 2.40 + 0.083b 2.52 +0.63b
RC 24.85 + 1.10b 2.35 + 0.49a 0.138 + 0.004a 2.61 + 0.062a 5.53 + 0.82a

Different letters in columns show significant differences (p < 0.05) determined by LSD’s test. Data are means =+
standard errors.

2.5. The Influx and Efflux of Ca’*, NO3~, and NH,* in WT and RC

Calcium ion uptake in roots of RC increased significantly under LN condition, but there was no
significant difference under NN condition (Figure 7). The NO;~ uptake in roots of RC increased under
LN condition, while the roots of both RC and WT showed efflux under NN condition, but there was
no significant difference between them. NH4* showed efflux, and there was no significant difference
between RC and WT. The results showed that the enhanced expression of CIPK2 in roots promoted the
uptake of NO3™ by roots under LN conditions, which was consistent with the enhanced nitrification in
the rhizosphere of RC.
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Figure 7. The Ca2+,NO3_, and NH, " fluxes of rice root under different N treatments. Left panel
represents the flux rate in real time (vertical bars shows the standard erors). Right panel graph
represents the total (average) influx and efflux rate. Different small letters beyond the column mean
significant difference (p < 0.05) calculated by LSD’s test.

3. Discussion

N is an essential factor related to crop yield and quality. For attaining high crop productivity,
excessive amounts of N fertilizers are applied in rice production, resulting in low utilization rate.
Hence, improving rice NUE is of immense significance for achieving high yielding and environmentally
friendly rice production. In this study, we developed a transgenic rice line with an overexpressing
OsCIPK2 gene. The transgenic line performed better than WT under limited N supply. Further, we
analyzed rice physiological, microbial, and soil physicochemical properties to confirm comparative
NUE between WT and RC. Until now, OsCIPK2 gene has not been evaluated for its potential at
low N levels in rice. Similarly, microbial communities remained unexplored related to the OsCIPK2
overexpressing rice line. We evaluated the physiochemical aspects in three life stages of significance to
the rice life cycle [30].

NUE is a complex biological process including N assimilation, transport, reuse, and many other
physiological processes which can be affected by the interaction between genes and environment. [31].
This could be the reason for non-significant difference in grain and dry matter efficiency, as well
as nitrogen harvest index in RC and WT under LN. N uptake by rice coupled with more nutrients
transported from root, leaf sheath, and other parts to grains could be the reason for the significant
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increase in rice yield. It has been observed that N-use efficient cultivars produce higher plant biomass
as compared to the inefficient NUE cultivars [32]. Researchers found that overexpression of OsNRT1.1A
could increase rice yield, especially under low nitrogen conditions. It could increase rice yield and
NUE by 60%, and shorten the rice growth period under high nitrogen conditions [15]. This indicated
that the uptake and utilization of N in rice is regulated by multiple genes.

The activities of N metabolism-related enzymes (nitrate reductase and glutamine synthase) in roots
and leaves of transgenic rice increased significantly under the condition of LN (Figure 5). This indicates
possibility of better abiotic stress resistance, as glutamine serves as a signaling molecule to CIPK gene
family for activating response against abiotic stress [33,34]. Besides this, the nutritional metabolism of
RC was more enhanced than WT under LN, which was positively supported by increased SPAD value
and photosynthetic rate. There was no significant difference between RC rice and WT rice under NN
conditions in many analyzed parameters. This could be due to the surplus N causing the reduction to
the NUE; excess amount of NUE could cause lodging leading to less yield [35]. Our support for this
view comes from previous studies indicating genetic variability as a significant factor in regulating
NUE [36]. Wang et al. [37] also showed that CIPK8 and CIPK23 in Arabidopsis thaliana were induced by
NOj3™ regulated nitrate transporter activity, which is in line with our study. Hence, it is inferred that
CIPK2 have involvement in signaling and regulation of N uptake related genes in rice, but how CIPK2
regulates downstream genes in rice needs further exploration.

Another important aspect related to a plant is its microbial community, which is also known as
the second genome of the plant [38,39]. Rhizosphere microorganisms are closely related to N uptake,
growth, and development of rice [40,41]. Microbial community structure during the heading stage is
closely associated with the rice yield [42]. We studied changes of bacterial community in rhizosphere
(R), thizoplane (RP), and endosphere (ES) of RC and WT at the heading stage. The analysis of the
bacterial community showed that the diversity of the bacterial community decreased successively from
R > RP > ESin LN and NN treatment. This points out that rice roots were selective to colonization of
rhizosphere microorganisms [43].

The abundance of phyla showed variation under the different N levels. The main phyla in the
roots were Proteobacteria and Cyanobacteria. The bacteria belonging to these phyla are specifically
involved in the carbon and N cycles [43]. The bacterial communities in R and RP of RC consisted of
Proteobacteria and Acidobacteria. Just opposite to the WT, Acidobacteria abundance enhanced in R
and RP of RC. Acidobacteria population usually is ubiquitous in soil and many members take part in
the assimilatory N metabolism, nitrification, and N fixation [44]. We found decreased Acidobacteria
abundance and Gemmatimonadetes abundance decreased from the R to ES, which is also supported
by the previous research, suggesting that plants have the potential to enrich or deplete certain bacteria
by different mechanisms [45]. We found similar results that the soil of a non-fertilized paddy field had
high N fixation activity, which could promote rice growth, and diversified the N-fixing microorganisms
significantly as compared to fertilized soil [46]. Microbial diversity in a plant’s rhizosphere is known
to play various beneficial roles by degrading different organic substances and uplifting plant health,
by playing antagonistically against harmful microbial communities [22]. According to our bacterial
functional analysis there was a higher abundance of bacteria that play a role in the health of plants and
soil in RC under LN. All together, these microbial features have involvement in enhanced root activity
and root development for better resistance to stresses [43].

The qPCR was used to determine significant changes in N cycle-related microorganisms under
LN. The gene nifH is most commonly used to determine the performance of N fixing bacteria [47].
Nitrification, a conversion of NH;* or NH3 to NO;~ by the oxidation of NO3~, is vital for global N
cycling. We found that copies of nifH and amoA genes, involved in nitrification, increased significantly
in rhizosphere soil of RC under LN. This shows that the nitrification and N fixation in the rhizosphere
of RC in LN were significantly enhanced. The gene amo for ammonia monooxygenase, found in AOA
and AOB, is the rate-determining step during the microbial nitrification process [48]. Our results
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further confirmed the increase of AOB and AOA in the rhizosphere of RC, indicative of enhancement
of N transformation and related N cycle under LN.

Assessment of soil enzymes can be used to investigate ongoing biochemical activities for estimating
soil strength [49]. In our study nitrate reductase (NR), urease, and invertase activities were higher than
WT under LN. NR can play a crucial role in generating nitric oxide (NO), which could play a role in
improving N uptake by regulating the initiation of lateral roots [50]. Moreover, the dependency of the
root to utilize NO3~ efficiently is related to complex genetic mechanisms linked to morphological and
physiological features of plants [51-53]. The soil urease is regarded pivotal for its role in hydrolysis of
urea to NHy ", a vital source of N for plant [54]. All these factors play a major role in the N availability
to RC under LN. Under NN conditions, soil N supply was sufficient, the abundance of nitrogen
cycle-related bacteria was relatively low, and there was little difference between the rhizosphere
bacterial communities of RC and WT.

Because NO3~ was absorbed by the roots immediately after the formation in the rhizosphere, the
amount of NO;~ detected in the rhizosphere was low, and the change in NH; " content might be related
to the competitive absorption of NH,* by rice roots. Non-invasive micro-test technique (NMT) analysis
depicted that the absorption of Ca?* and NO; ™~ ions increased in RC under LN condition, which further
indicated that the increase of Fe(Il) oxidizing bacteria coupled with NO3;™ reduction in roots of RC
was related to the increase of NO3™~ absorption, and that the reduction of NO3~ by bacteria further
promoted the assimilation of NO3 ™~ in rice. CDPK and CIPK are both protein kinases which require Ca?*
as a prerequisite to activate and start the process of NO3;~ sensing [55,56]. In agricultural soil, plants
usually have a major source of N in the form NO3~. As a signaling compound, NO3~ can regulate
various genes related to plants [57]. We demonstrated that the root length, root surface area, and total
root area of RC were significantly increased. Moreover, root activity was also significantly increased
leading to increased root nutrient uptake surface area, which ultimately promoted root uptake of N
and other nutrients, thus could be the reason for the better shoot growth. As a signal substance, NO3~
could regulate plant root growth. Kronzucker and colleagues confirmed the incremented absorption of
NH;* ions in rice due to presence of NO3;™ [58].

4. Methods

4.1. Plant Material and Transgenic Line Generation

We took rice line Kitaake (Oryza sativa L. ssp. Japonica) as wild-type and transgenic CIPK2
line (counterpart of wild type) in which the CIPK2 gene (LOC4344287) was transformed from
Arabidopsis thaliana, overexpressing the CIPK2 (NP_196324.1). The line was generated the same as
previously by our group [36]. Briefly the p3301 vector was used under the control of the cauliflower
mosaic virus promoter (CaMV), used for the purpose of cloning the full length open reading frame
(ORF) of CIPK2 (GenBank accession no. LOC4344287). CaMV 35S was equipped with the FLAG
Octapeptide tag. Immature rice embryos from mature seeds were transformed via agrobacterium by
following the protocol from previous research [59]. Hygromycin-resistant transformed cells obtained
from these tissues were selected for the regeneration of the transgenic plant, which were further verified
by FLAG-tag assay and qPCR.

4.2. Verification of CIPK2 Gene Overexpression in Rice Roots Thorough qPCR and Western Blot

42.1. qPCR

Total RNA was extracted from roots and leaves of RC and WT by using EASYspin Plus Complex
Plant RNA extraction kit (Aidlab, Beijing, China) and extracted RNA was used as template. RNA
concentration was determined by Infinite M200 (TECAN), and RNA samples were diluted according
to RNA concentration before reverse transcription. We synthesized cDNA by using TIANscript RT Kit
(Tiangen, Beijing, China) following the manual’s instruction. Quantitative fluorescence polymerase
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chain reaction (qQPCR) using Bestar SybrGreen qPCR Mastermix (DBI Bioscience, Shanghai, China) kit
was conducted, using synthesized cDNA as template. We designed the qPCR primers with Primer
Premier 5.0 by finding the sequence of OsCIPK2 and S-actin (internal control) genes from the NCBI
database. Primers were synthesized by Shanghai Shengsheng Industrial and Biological Co., Ltd.
For primers sequence and PCR conditions see Table S1.

4.2.2. Western Blot

RC and WT rice roots and leaves were used for this process. The extracted protein was detected
by SDS-PAGE electrophoresis, and the protein concentration was determined by Braford method [60].
The concentration of each sample was diluted to 5-10 mg/mL. According to the FLAG-tag of CIPK2
protein in rice roots, the expression of CIPK2 fusion protein was verified by Western blot using
FLAG-tag antibody. The samples were taken for SDS-PAGE at 30 mg. FLAG-tag Polyclonal Antibody
(Proteintech Group, Rosemont, IL, USA) was used as the first antibody and Goat Anti-Rabbit IgG
(H + L) (Vazyme biotech, Nanjing, China) was used as the second antibody to carry out Western blot
following the published paper [36].

4.3. Rice Bucket Planting with Different N Treatments

The bucket experiment was carried out in a greenhouse at the experimental base of College of
Crop Sciences, Fujian Agricultural and Forestry University, Fujian, Fuzhou, China (26°09°'N, 119°23’E)
from April to August 2018, with mean temperature in the range of 15 to 34 °C. Plastic buckets were
used for cultivation. The bucket height was 0.3 m, and the upper and bottom diameters were 0.3 and
0.23 m, respectively. The soil was taken from the experimental base of College of Crop Sciences, Fujian
Agricultural and Forestry University. Sterilized rice seeds were taken and soaked in distilled water, for
about one day (24 h) at 25 °C, and later put at 37 °C for 48 h in incubator. Germinated seeds of almost
similar sizes were sown to attain the uniform seedling size. The obtained seedlings were transplanted
in plastic buckets containing 12 kg soil. The soil texture was sandy loam with total nitrogen content of
1.03 g/kg, available phosphorus 10.2 mg/kg, and the available potassium 71.45 mg/kg. Whereas, the
organic matter was 25.81 g/kg. On April 15, 4 plants were planted per bucket. The recommended dose
level of N in Fuzhou is 225 kg ha™! control (NN) and LN was without any N fertilizer. Phosphorus
was applied as the base fertilizer and potassium as the top dressing, at the rate of 112.5 kg ha=! (P,0s),
and 180 kg ha™! (K,0) converted to the amounts per barrel, respectively.

4.3.1. Determination of Rice Plant Nitrogen and Nitrogen Utilization Ratio

One representative rice plant/bucket was taken one day before harvesting, with 3 replications.
After washing, the roots, stems, leaves, and panicle were separated. The plants were initially heated at
105 °C for 30 min to deactivate enzymes instantly and then oven dried at 80 °C to attain constant weight.
After weighing, each part was ground, 0.5 g of which was digested with concentrated H,SO4-H,O5.
The total N content of each part was determined by SMARTCHEM?200 (Rome, Italy), and the nitrogen
content of the plant was calculated. NUE was calculated according to the formulas in Table S3 [7].

4.3.2. Physiological Parameters

After transplanting, the number of tillers of all similarly grown rice plants was recorded after every
10 days until the number of tillers no longer increased, and the average number of tillers was calculated.
At tillering, heading, and maturity stages, 6 plants from 6 buckets with similar growth were selected
for each treatment. To measure the chlorophyll content the readings of upper, middle, and lower
segments of flag leaves were measured by SPAD (soil-plant analyses development) 502 chlorophyll
meter at 10:00-11:00 a.m. on sunny days, and the average values were recorded following the method
by Xiong et al. [61]. The net photosynthetic rate of the flag leaf was measured by LI-6400 portable
photosynthetic instrument (LI-COR, Lincoln, NE, USA). Three representative plants were selected at
tillering stage, heading stage, and maturity stage. Roots, stems, leaves, and ears were separated and
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dried at 105 °C for 30 min and then temperature was set at 80 °C until constant weight was obtained.
After cooling, it was weighed and the root:shoot ratio was calculated in total after 3 replications. Root
activity was determined by TTC (triphenyl tetrazolium chloride) method [62]. Three representative
plants were sampled at tillering, heading, and maturity stages. After carefully digging out roots, the
roots were washed with running water. The roots were cut off with scissors, and the root activity of
fresh roots was determined immediately. After carefully digging out the whole root system, the surface
attachments were washed with running water. After cutting all the roots, digitized scanning was
carried out with scanner (EPSON, Suwa, Japan). Then the length of adventitious roots, the length of
subdivided roots, the length of thick branched roots, the total root surface area, and the total root body
were analyzed by root morphology analysis software WinRHIZO 2013 [63]. The panicle formation of
all plants with similar growth potential was recorded at maturity stage. The average effective panicle
number was calculated. Five representative rice plants were selected for each treatment per bucket.
The number of grains per panicle and the number of real grains were determined, and the seed setting
rate, 1000 grain weight, and yield were calculated.

4.3.3. Determination of Rice-Related Enzymes in the Rice

The activities of glutamine synthase (GS) and nitrate reductase (NR) in rice leaves and roots were
measured at tillering, heading, and maturing stages, respectively. GS and NR were determined by
using the protocol mentioned in previous research [64].

4.4. Diversity of Bacterial Communities in Rhizosphere, Rhizoplane, and Endosphere of Rice

4.4.1. Sample Collection

The method of collecting microbial samples in rice rhizosphere soil, rhizoplane, and endosphere
refers to [43]. Briefly, at heading stage, one rice plant was sampled from each of the 3 repetitions. Excess
soil was removed by shaking vigorously while leaving about 1 mm clinging to the root. The roots was
put into a sterile tissue culture bottle containing 50 mL phosphate buffer (PBS), stirred with sterile
tweezers to wash down the rhizosphere soil. The root system was taken out and part of the buffer
was centrifuged in a centrifugal tube at 4 °C for 30 s. The supernatant was removed and the soil
was precipitated as a rhizosphere sample. The extracted roots were placed in a new centrifugal tube
with 30 mL PBS buffer. The centrifugal tube was placed in an ultrasonic oscillator for 30 s (working
frequency 40 KHz, ultrasonic power 200 W, Shumei Kunshan). The roots were taken out and put into
the new PBS buffer. The centrifugal tube was centrifuged at 4 °C for 30 s at 10,000 G. The supernatant
was removed and the remaining precipitated portion was kept as a rhizoplane sample. The same roots
were further washed down by ultrasound twice to ensure that the microorganisms on the root surface
are washed away. The roots were preserved at —80 °C until further processing. DNA was extracted
from all samples on the day of sampling.

4.4.2. Microbial DNA Extraction

DNA of different rhizo-compartments (rhizosphere soil, rthizoplane, and endosphere) was extracted
through soil genomic DNA extraction kit BioFast Soil Genomic DNA Extraction Kit according to the
manufacturer’s instructions. Then all the DNA samples were subjected to gel electrophoresis and
further purification, using Universal DNA Purification Kits according to the manufacturer’s instructions
(Tiangen Biotech Co., Ltd., Beijing, China). DNA was quantified by using Nanodrop (Thermo Fisher
Scientific, Waltham, MA, USA) before being stored at —20 °C for further molecular analysis.

4.4.3. Bacterium 16S rRNA Gene V3-V4 Region Amplification, Quantification, and Sequencing

The concentration of DNA was detected by spectrophotometer Nanodrop 2000 C Spectrophotometer
(Thermo Scientific, Waltham, MS, USA). A total of 30 ng of sample was taken for PCR amplification. 165
rRNA gene V3-V4 region was amplified with barcode primers 338F (ACTCCTACGGAGGCAGCAQG)
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and 806R (GGACTACHVGGTWTCTAAT). TransGen Fast pfu DNA polymerase was used in the PCR
reaction (Transgen Biotech, Beijing, China). All polymerase chain reaction (PCR) reactions were carried
out using PhusionR High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MS, USA. ). Using
3 replicates of each sample, the PCR products of the same sample were mixed with 2% agarose gel
electrophoresis, and the PCR products were recovered by using AxyPrep DNA Gel Recovery Kit
(AXYGEN, Union City, CA, USA), Tris-HCI eluted, and 2% agarose electrophoresis. The PCR products
were quantified by QuantiFluor ST Blue Fluorescence Quantitative System (Promega, Madison, WI,
USA) and then mixed in proportion according to the requirements of each sample. The library was
constructed by using TruSeq DNA PCR-Free Sample Preparation Kit (Ilumina, San Diego, CA, USA)
and then sequenced by Illumina Miseq (Ilumina, San Diego, CA, USA).

4.4.4. Statistical and Sequencing Data Analysis

After removing barcode and primer sequence, raw_tags of original tags data was subjected to
splicing by FLASH (Johns Hopkins University School of Medicine, Baltimore, MD, USA). After further
removing chimeras and short sequences, raw_tags can get clean_tags of high quality sequence. OTU
clustering [65] (excluding single sequence) was carried out by using usearch V8.1.1861 according to
97% similarity sequence, and representative sequences of OTUs were selected. Rarefaction curve
analysis was performed using 97% similarity OTU [65], and the sequences was randomly sampled to
construct a rarefaction curve with the number of sequences drawn and the number of OTUs they can
represent. With the help of rarefaction curve, the sequencing depth of the sample was obtained (Figure
S8). RDP Classifier algorithm and Silva database [66] (Release 119) were used to compare and analyze
representative sequences of OTUs, and species information of OTUs community was annotated at
various levels (phylum, class, order, family, genus, species). The OTUs abundance in each sample was
homogenized, and then alpha diversity and beta diversity were analyzed. The observed_species, Chaol,
shannon, good’scoverage, and PD_whole_tree indices were calculated by using Qiime software (Version
1.8, Caporaso labs, Flagstaff, AZ, USA). The distribution curves were drawn by and the differences
among groups of alpha diversity indices were analyzed by using R (Version 2.15.3, Foundation for
Statistical Computing, Vienna, Austria). The function of microorganisms was predicted by FAPROTAX
database and python 2.7 (Python Software Foundation, Delaware, USA). The statistical analysis and
drawing of PCA were carried out by the R language program R (Version 2.15.3, Foundation for
Statistical Computing, Vienna, Austria).

4.5. Quantitative Analysis of N Cycle Related Genes

Rhizosphere nitrogen cycle related genes of nifH, narG, nirK, nirS, nosZ, amoA (AOA), and amoA
(AOB) were analyzed using Bestar SybrGreen qPCR Mastermix (DBI Bioscience, Shanghai, China).
The reaction was amplified by Bio-Rad CFX Connect Real-time PCR (Bio-Rad, Hercules, CA, USA).
The plasmids containing the target gene were diluted to 1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005 ng/ L,
and the sample DNA was diluted to 20 ng/uL. The 15 puL reaction system consists of 7.5 uL 2 x qPCR
master mix, 0.6 uL upstream and downstream primers, 1 uL template DNA, and 5.3 puL sterile water.
Primer sequences and amplification procedures are as follows: nosZ, nirS, narG, and nirK genes were
amplified by touchdown PCR, and then pre-denatured for six cycles. The annealing temperature was
reduced by 1 °C per cycle. The melting curve was set with reference to the Bio-Rad CFX Connect
Real-Time PCR. The standard curve was established according to the results of different concentrations
of plasmid PCR, and the number of gene copies in each sample was calculated. Conditions and
primer sequences are mentioned in Table S4. The number of plasmid DNA copies was calculated
according to the following formula: Plasmid DNA copy number (L) = 6.02 x 10% is X plasmid
DNA concentration (ng/L)/plasmid DNA molecule amount x 10°.
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4.6. Soil Physicochemical Properties and Enzyme Assays

The available and total amounts of main soil nutrients, such as nitrogen, phosphorus, and
potassium, were measured using the methods described by [66,67]. Soil urease activity was determined
by incubating 5 g soil with 30 mL of extracting solution at 37 °C for 24 h. The formation of ammonium
was measured spectrophotometrically at 578 nm [68]. Soil invertase activity was determined by
incubating 5 g soil with 15 mL of 8% sucrose solution at 37 °C for 24 h. The suspension reacted with
3,5-Dinitrosalicylic acid and absorbance was measured at 508 nm [68].

4.7. Determination of Ion Flux Rate, Sample Preparation, and Determination Method

Non-invasive micro-measurement system (NMT100-SIM-YG; Younger, Falmouth, MS, USA) was
used to measure ion flow velocity in rice roots. Non-invasive micro-measurement technology used
specific ion/molecule selective microelectrodes and computer control. Under the condition of no contact
with the measured materials, real-time information of ion/molecule flow direction and velocity in and
out of the measured materials was obtained. Two nitrogen concentrations were set, the normal nitrogen
concentration was 1.44 mM NH4NO3, and the low nitrogen concentration was 0.24 mMNH;NO3.
The flux of Ca?*, NO3~, NH,* in rice root tips were measured by non-invasive micrometer system
(NMT) when the seedlings grew to the three-leaves stage [69]. The corresponding electrodes were
purchased from Xuyue Technology Co., Ltd (Beijing, China).

Before determination, the prepared electrodes were calibrated with corresponding standard
solution (Ca?*: CaCl, 0.05, 0.5 mmol/L; NO5;~: KNOj3 0.05, 0.5 mmol/L; NH,*: NH4C10.05, 0.5 mmol/L).
The prepared rice root system was washed clean with distilled water and put into the corresponding
test solution to equilibrate for 30 min (Ca%*: 0.1 mmol/L KCl, 0.1 mmol/L CaCl,, 0.1 mmol/L MgCly,
0.5 mol/L NaCl, 0.3 mmol/L MES, 0.2 mmol/L Na;SOy4, pH 6.0; NO3~: 0.1 mmol/L NH4NOj3, 0.1 mmol/L
NH4NO;3, 0.1 mmol/L KCI, 0.1 mmol/L KCl, 0.1 mmol/L KCl,, 0.3 mmol/CaCl,, 0.3 mmol/L MgCl,,
0.3 mmol/NH,*: 0.1 mmol/L NH4NOj3, 0.1 mmol/L CaCl,, 0.3 mmol/L MES, pH 6.0), In order to reduce
the influence of exoplasmic ion release from roots on the determination results. The balanced apex was
immersed in a culture dish filled with fresh test solution, fixed with small stones, and then the ionic
changes of the apex were measured with the corresponding ion-selective microelectrodes. The tip of
the electrode was adjusted to be as close as possible to the root surface, and the starting point was
the reciprocating measurement. The distance of each movement of the electrode was 30 um and the
frequency of movement was 6 s. The voltage difference between the two points was measured. Each
sample was continuously measured for about 10 min and repeated three times.

Data processing

The original data was converted by Agflux software (Xuyue Technology Co., Ltd., Beijing, China)
and the final ion flux rate was obtained. The data was analyzed and mapped by Excel 2016 (Microsoft
Corporation, Redmond, WA, USA) and SPSS 13.0 (IBM Corporation, Armonk, NY, USA).

5. Conclusions

Nitrogen is one of the most important factors regarding crop production. To achieve high yield,
farmers use high doses of N fertilizer, which causes environmental pollution and less profit. To alleviate
this situation, innovative yet efficient strategies are needed now more than ever. The development
of NUE crops are needed to sustain higher yields on low N consumption, which can be beneficial
for both the environment and farmers. In this study we used isogenic lines of Kitaake (WT) and its
overexpressing CIPK2 gene line (RC). We provided evidence about NUE capability of RC. The OsCIPK2
exhibited significantly better physiological parameters, such as photosynthesis, chlorophyll content, N
utilization, yield components, etc. Moreover, enzymatic and qPCR data for N cycle comparatively
indicates positive involvement of CIPK2, linked to enhanced N cycling. Rhizo-compartmental
high-throughput microbial community analysis also revealed microbial diversity in the RC under



Int. ]. Mol. Sci. 2019, 20, 3636 18 of 21

LN condition, which is usually associated with the healthy growth of plants. Collectively, our data
conclude that OsCIPK? is a potential candidate for further studies regarding the molecular mechanisms
of the involvement of CIPK2 in the better NUE of rice, and the link of CIPK2 in the recruitment of
beneficial microbial communities by rice.
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cycle-related gene primer sequences and amplification conditions.

Author Contributions: W.L., M.U.K. and PL. conceived the study; W.L., Supervised this study, M.UK., P.L., HA.,
Y.A., MW, AN. and W.L helped in performing experiments; A.Q.K.,, M.UK,, PL. and Z.Z. performed statistical
analysis; L.W. and Z.L. helped in field management. All authors discussed and commented on the manuscript.

Funding: This research was funded by the National Key Research and Development Program of China
(2016YFD0300508), the Natural foundation of Fujian Higher Education Institute for Young Scientists (key
project) (JZ160435), Fujian-Taiwan Joint Innovative Centre for Germplasm Resources and Cultivation of Crop
(grant No. 2015-75, Fujian 2011 program, China), and the Sci-Tech Innovation Fund Project of Fujian Agriculture
and Forestry University (CXZX2016076, CXZX201677, KF2015043).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Amaral, L.R,; Molin, J.P.; Schepers, ].S. Algorithm for variable-rate nitrogen application in sugarcane based
on active crop canopy sensor. Agron. J. 2015, 107, 1513-1523. [CrossRef]

2. Khush, G.S. What it will take to feed 5.0 billion rice consumers in 2030. Plant Mol. Biol. 2005, 59, 1-6.
[CrossRef] [PubMed]

3.  Good, A.G.; Beatty, PH. Fertilizing nature: A tragedy of excess in the commons. PLoS Biol. 2011, 9, e1001124.
[CrossRef] [PubMed]

4. FAO. World Fertilizer Trends and Outlook to 2018. Food and Agriculture Organization of the United Nations
(FAO): Rome, 2015. Available online: http://www.fao.org/3/a-i4324e.pdf.

5. Hakeem, K.R.; Ahmad, A; Igbal, M.; Gucel, S.; Ozturk, M. Nitrogen-efficient rice cultivars can reduce nitrate
pollution. Environ. Sci. Pollut. Res. 2011, 18, 1184-1193. [CrossRef] [PubMed]

6. Peng,S.; Buresh, R].; Huang, J.; Zhong, X.; Zou, Y.; Yang, ].; Wang, G.; Liu, Y.; Hu, R.; Tang, Q. Improving
nitrogen fertilization in rice by sitespecific n management. A review. Agron. Sustain. Dev. 2010, 30, 649-656.
[CrossRef]

7. Huang, S.; Zhao, C.; Zhang, Y.; Wang, C. Nitrogen Use Efficiency in Rice. In Nitrogen in Agriculture-Updates;
IntechOpen: London, UK, 2017; pp. 188-208.

8.  Pathak, RR.; Ahmad, A ; Lochab, S.; Raghuram, N. Molecular physiology of plant nitrogen use efficiency
and biotechnological options for its enhancement. Curr. Sci. 2008, 94, 1394-1403.

9.  Wagqas, M.; Faheem, M.; Khan, A.; Shehzad, M.; Ansari, M. Estimation of heritability and genetic advance for
some yield traits in eight f2 populations of wheat (Triticum aestivum 1). Sci. Lett. 2014, 2, 43—47.

10. Masclaux-Daubresse, C.; Daniel-Vedele, F.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki, A. Nitrogen
uptake, assimilation and remobilization in plants: Challenges for sustainable and productive agriculture.
Ann. Bot. 2010, 105, 1141-1157. [CrossRef] [PubMed]

11.  Konishi, M.; Yanagisawa, S. The regulatory region controlling the nitrate-responsive expression of a nitrate
reductase gene, nial, in arabidopsis. Plant Cell Physiol. 2011, 52, 824-836. [CrossRef] [PubMed]

12. McAllister, C.H.; Beatty, PH.; Good, A.G. Engineering nitrogen use efficient crop plants: The current status.
Plant Biotechnol. |. 2012, 10, 1011-1025. [CrossRef] [PubMed]


http://www.mdpi.com/1422-0067/20/15/3636/s1
http://www.mdpi.com/1422-0067/20/15/3636/s1
http://dx.doi.org/10.2134/agronj14.0494
http://dx.doi.org/10.1007/s11103-005-2159-5
http://www.ncbi.nlm.nih.gov/pubmed/16217597
http://dx.doi.org/10.1371/journal.pbio.1001124
http://www.ncbi.nlm.nih.gov/pubmed/21857803
http://www.fao.org/3/a-i4324e.pdf
http://dx.doi.org/10.1007/s11356-010-0434-8
http://www.ncbi.nlm.nih.gov/pubmed/21359512
http://dx.doi.org/10.1051/agro/2010002
http://dx.doi.org/10.1093/aob/mcq028
http://www.ncbi.nlm.nih.gov/pubmed/20299346
http://dx.doi.org/10.1093/pcp/pcr033
http://www.ncbi.nlm.nih.gov/pubmed/21454300
http://dx.doi.org/10.1111/j.1467-7652.2012.00700.x
http://www.ncbi.nlm.nih.gov/pubmed/22607381

Int. ]. Mol. Sci. 2019, 20, 3636 19 of 21

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Miller, A.].; Fan, X.; Orsel, M.; Smith, S.J.; Wells, D.M. Nitrate transport and signalling. J. Exp. Bot. 2007, 58,
2297-2306. [CrossRef] [PubMed]

Suojalehto, H.; Kinaret, P.; Kilpeldinen, M.; Toskala, E.; Ahonen, N.; Wolff, H.; Alenius, H.; Puustinen, A.
Level of fatty acid binding protein 5 (fabp5) is increased in sputum of allergic asthmatics and links to airway
remodeling and inflammation. PLoS ONE 2015, 10, e0127003. [CrossRef] [PubMed]

Wang, W.; Hu, B.; Yuan, D; Liu, Y.; Che, R.; Hu, Y.; Ou, S; Liu, Y.; Zhang, Z.; Wang, H. Expression of the
nitrate transporter gene osnrtl. la/osnpf6. 3 confers high yield and early maturation in rice. Plant Cell 2018,
30, 638-651. [CrossRef] [PubMed]

Fan, X,; Tang, Z.; Tan, Y,; Zhang, Y.; Luo, B.; Yang, M.; Lian, X.; Shen, Q.; Miller, A.]J.; Xu, G. Overexpression
of a ph-sensitive nitrate transporter in rice increases crop yields. Proc. Natl. Acad. Sci. 2016, 113, 7118-7123.
[CrossRef] [PubMed]

Kudla, J.; Xu, Q.; Harter, K.; Gruissem, W.; Luan, S. Genes for calcineurin b-like proteins in arabidopsis are
differentially regulated by stress signals. Proc. Natl. Acad. Sci. 1999, 96, 4718-4723. [CrossRef] [PubMed]
Sanders, D.; Pelloux, J.; Brownlee, C.; Harper, J.F. Calcium at the crossroads of signaling. Plant Cell 2002, 14,
5401-5417. [CrossRef] [PubMed]

Li, R;; Zhang, J.; Wei, J.; Wang, H.; Wang, Y.; Ma, R. Functions and mechanisms of the cbl-cipk signaling
system in plant response to abiotic stress. Prog. Nat. Sci. 2009, 19, 667-676. [CrossRef]

Pandey, G.K.; Cheong, Y.H.; Kim, B.-G.; Grant, ].].; Li, L.; Luan, S. Cipk9: A calcium sensor-interacting
protein kinase required for low-potassium tolerance in arabidopsis. Cell Res. 2007, 17, 411. [CrossRef]
Xiang, Y.; Huang, Y.; Xiong, L. Characterization of stress-responsive cipk genes in rice for stress tolerance
improvement. Plant Physiol. 2007, 144, 1416-1428. [CrossRef]

Wu, L.; Chen, J.; Wu, H,; Qin, X,; Wang, J.; Wu, Y;; Khan, M.U; Lin, S.; Xiao, Z.; Luo, X. Insights into the
regulation of rhizosphere bacterial communities by application of bio-organic fertilizer in pseudostellaria
heterophylla monoculture regime. Front. Microbiol. 2016, 7, 1788. [CrossRef]

Berendsen, R.L.; Pieterse, C.M.; Bakker, P.A. The rhizosphere microbiome and plant health. Trends Plant Sci.
2012, 17, 478-486. [CrossRef] [PubMed]

Santos-Medellin, C.; Edwards, J.; Liechty, Z.; Nguyen, B.; Sundaresan, V. Drought stress results in a
compartment-specific restructuring of the rice root-associated microbiomes. MBio 2017, 8, e00764-17.
[CrossRef] [PubMed]

Schlaeppi, K.; Dombrowski, N.; Oter, R.G.; van Themaat, E.V.L.; Schulze-Lefert, P. Quantitative divergence
of the bacterial root microbiota in arabidopsis thaliana relatives. Proc. Natl. Acad. Sci. 2014, 111, 585-592.
[CrossRef] [PubMed]

Miiller, D.B.; Vogel, C.; Bai, Y.; Vorholt, J].A. The plant microbiota: Systems-level insights and perspectives.
Annu. Rev. Genet. 2016, 50, 211-234. [CrossRef] [PubMed]

Bin, C.; Si-Ping, Z.; Li-Juan, Z.; Zhi-Min, L.; Ya-Na, S.; Wei-Wen, Z. Genetic diversity analysis of diazotrophs
in the rice rhizosphere. Chin. J. Agric. Biotechnol. 2007, 4, 253-258. [CrossRef]

Duan, Y.; Zhang, Y.; Ye, L.; Fan, X.; Xu, G.; Shen, Q. Responses of rice cultivars with different nitrogen use
efficiency to partial nitrate nutrition. Ann. Bot. 2007, 99, 1153-1160. [CrossRef] [PubMed]

Louca, S.; Parfrey, L.W.; Doebeli, M. Decoupling function and taxonomy in the global ocean microbiome.
Science 2016, 353, 1272-1277. [CrossRef]

Moldenhauer, K;; Slaton, N. Rice growth and development. Rice Prod. Handb. 2001, 192, 7-14.

Hai, B.; Diallo, N.H.; Sall, S.; Haesler, F; Schauss, K.; Bonzi, M.; Assigbetse, K.; Chotte, J.-L.; Munch, J.C.;
Schloter, M. Quantification of key genes steering the microbial nitrogen cycle in the rhizosphere of sorghum
cultivars in tropical agroecosystems. Appl. Environ. Microbiol. 2009, 75, 4993-5000. [CrossRef]

Song, W.; Makeen, K.; Wang, D.; Zhang, C.; Xu, Y.; Zhao, H.; Tu, E.; Zhang, Y.; Shen, Q.; Xu, G. Nitrate supply
affects root growth differentially in two rice cultivars differing in nitrogen use efficiency. Plant Soil 2011, 343,
357-368. [CrossRef]

Kan, C.-C.; Chung, T.-Y;; Juo, Y.-A.; Hsieh, M.-H. Glutamine rapidly induces the expression of key transcription
factor genes involved in nitrogen and stress responses in rice roots. BMC Genom. 2015, 16, 731. [CrossRef]
[PubMed]

Miranda, R.d.S.; Alvarez-Pizarro, ].C.; Costa, ].H.; Paula, S.d.O.; Prisco, J.T.; Gomes-Filho, E. Putative role of
glutamine in the activation of cbl/cipk signalling pathways during salt stress in sorghum. Plant Signal. Behav.
2017, 12, 522-536. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/jxb/erm066
http://www.ncbi.nlm.nih.gov/pubmed/17519352
http://dx.doi.org/10.1371/journal.pone.0127003
http://www.ncbi.nlm.nih.gov/pubmed/26020772
http://dx.doi.org/10.1105/tpc.17.00809
http://www.ncbi.nlm.nih.gov/pubmed/29475937
http://dx.doi.org/10.1073/pnas.1525184113
http://www.ncbi.nlm.nih.gov/pubmed/27274069
http://dx.doi.org/10.1073/pnas.96.8.4718
http://www.ncbi.nlm.nih.gov/pubmed/10200328
http://dx.doi.org/10.1105/tpc.002899
http://www.ncbi.nlm.nih.gov/pubmed/12045291
http://dx.doi.org/10.1016/j.pnsc.2008.06.030
http://dx.doi.org/10.1038/cr.2007.39
http://dx.doi.org/10.1104/pp.107.101295
http://dx.doi.org/10.3389/fmicb.2016.01788
http://dx.doi.org/10.1016/j.tplants.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22564542
http://dx.doi.org/10.1128/mBio.00764-17
http://www.ncbi.nlm.nih.gov/pubmed/28720730
http://dx.doi.org/10.1073/pnas.1321597111
http://www.ncbi.nlm.nih.gov/pubmed/24379374
http://dx.doi.org/10.1146/annurev-genet-120215-034952
http://www.ncbi.nlm.nih.gov/pubmed/27648643
http://dx.doi.org/10.1017/S1479236207001982
http://dx.doi.org/10.1093/aob/mcm051
http://www.ncbi.nlm.nih.gov/pubmed/17428833
http://dx.doi.org/10.1126/science.aaf4507
http://dx.doi.org/10.1128/AEM.02917-08
http://dx.doi.org/10.1007/s11104-011-0723-0
http://dx.doi.org/10.1186/s12864-015-1892-7
http://www.ncbi.nlm.nih.gov/pubmed/26407850
http://dx.doi.org/10.1080/15592324.2017.1361075
http://www.ncbi.nlm.nih.gov/pubmed/28805497

Int. ]. Mol. Sci. 2019, 20, 3636 20 of 21

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

Liu, X; Ju, X.; Zhang, F; Pan, J.; Christie, P. Nitrogen dynamics and budgets in a winter wheat-maize
cropping system in the north china plain. Field Crop. Res. 2003, 83, 111-124. [CrossRef]

Wagas, M.; Feng, S.; Amjad, H.; Letuma, P.; Zhan, W.; Li, Z.; Fang, C.; Arafat, Y.; Khan, M.; Tayyab, M. Protein
phosphatase (pp2c9) induces protein expression differentially to mediate nitrogen utilization efficiency in
rice under nitrogen-deficient condition. Int. . Mol. Sci. 2018, 19, 2827. [CrossRef] [PubMed]

Wang, Y.-Y.;; Hsu, P.-K.; Tsay, Y.-E. Uptake, allocation and signaling of nitrate. Trends Plant Sci. 2012, 17,
458-467. [CrossRef] [PubMed]

Ahkami, A.H.; White III, R.A.; Handakumbura, P.P,; Jansson, C. Rhizosphere engineering: Enhancing
sustainable plant ecosystem productivity. Rhizosphere 2017, 3, 233-243. [CrossRef]

Wu, L.; Chen, J; Xiao, Z.; Zhu, X.; Wang, J.; Wu, H.; Wu, Y.; Zhang, Z.; Lin, W. Barcoded pyrosequencing
reveals a shift in the bacterial community in the rhizosphere and rhizoplane of rehmannia glutinosa under
consecutive monoculture. Int. J. Mol. Sci. 2018, 19, 850. [CrossRef] [PubMed]

Knauth, S.; Hurek, T.; Brar, D.; Reinhold-Hurek, B. Influence of different oryza cultivars on expression of nifh
gene pools in roots of rice. Environ. Microbiol. 2005, 7, 1725-1733. [CrossRef]

Song, T.; Martensson, L.; Eriksson, T.; Zheng, W.; Rasmussen, U. Biodiversity and seasonal variation of the
cyanobacterial assemblage in a rice paddy field in fujian, china. FEMS Microbiol. Ecol. 2005, 54, 131-140.
[CrossRef]

Wu, Z,; Liu, Q.; Li, Z.; Cheng, W,; Sun, J.; Guo, Z; Li, Y.; Zhou, J.; Meng, D.; Li, H. Environmental factors
shaping the diversity of bacterial communities that promote rice production. BMC Microbiol. 2018, 18, 51.
[CrossRef]

Edwards, J.; Johnson, C.; Santos-Medellin, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Eisen, J.A.;
Sundaresan, V. Structure, variation, and assembly of the root-associated microbiomes of rice. Proc. Natl.
Acad. Sci. 2015, 112, E911-E920. [CrossRef] [PubMed]

Eichorst, S.A.; Trojan, D.; Roux, S.; Herbold, C.; Rattei, T.; Woebken, D. Genomic insights into the acidobacteria
reveal strategies for their success in terrestrial environments. Environ. Microbiol. 2018, 20, 1041-1063.
[CrossRef] [PubMed]

Gray, S.B.; Brady, S.M. Plant developmental responses to climate change. Dev. Biol. 2016, 419, 64-77.
[CrossRef] [PubMed]

Xiaoming, J.; Wenying, M.; Zeshu, Q. Species and enumeration of nitrogen-fixing bacteria in rice root systems.
Acta Agric. Univ. Zhejiangensis 1989, 1, 57-60.

Zehr, ].P. Nitrogen fixation by marine cyanobacteria. Trends Microbiol. 2011, 19, 162-173. [CrossRef] [PubMed]
Bothe, H.; Jost, G.; Schloter, M.; Ward, B.B.; Witzel, K.-P. Molecular analysis of ammonia oxidation and
denitrification in natural environments. FEMS Microbiol. Rev. 2000, 24, 673-690. [CrossRef]

Liu, W.; Lu, HH.; Wu, W.; Wei, Q.K.; Chen, Y.X.; Thies, ].E. Transgenic bt rice does not affect enzyme activities
and microbial composition in the rhizosphere during crop development. Soil Biol. Biochem. 2008, 40, 475-486.
[CrossRef]

Sun, H.; Li, J.; Song, W.; Tao, J.; Huang, S.; Chen, S.; Hou, M.; Xu, G.; Zhang, Y. Nitric oxide generated
by nitrate reductase increases nitrogen uptake capacity by inducing lateral root formation and inorganic
nitrogen uptake under partial nitrate nutrition in rice. J. Exp. Bot. 2015, 66, 2449-2459. [CrossRef]

Lynch, J. Root architecture and plant productivity. Plant Physiol. 1995, 109, 7. [CrossRef]

Ruffel, S.; Krouk, G.; Ristova, D.; Shasha, D.; Birnbaum, K.D.; Coruzzi, G.M. Nitrogen economics of root
foraging: Transitive closure of the nitrate-cytokinin relay and distinct systemic signaling for n supply vs.
Demand. Proc. Natl. Acad. Sci. 2011, 108, 18524-18529. [CrossRef]

Sorgona, A.; Lupini, A.; Abenavoli, M. Nitrate use-efficiency: A morphological analysis of the above-and
below-ground functional traits in two citrus rootstocks. Glob. . Plant Ecophysiol. 2011, 1, 26-37.

Chen, H.; Li, D.; Zhao, J.; Xiao, K.; Wang, K. Effects of nitrogen addition on activities of soil nitrogen
acquisition enzymes: A meta-analysis. Agric. Ecosyst. Environ. 2018, 252, 126-131. [CrossRef]

Hu, H.C,; Wang, Y.Y,; Tsay, Y.E. Atcipk8, a cbl-interacting protein kinase, regulates the low-affinity phase of
the primary nitrate response. Plant J. 2009, 57, 264-278. [CrossRef] [PubMed]

Sakakibara, H.; Kobayashi, K.; Deji, A.; Sugiyama, T. Partial characterization of the signaling pathway for the
nitrate-dependent expression of genes for nitrogen-assimilatory enzymes using detached maize leaves. Plant
Cell Physiol. 1997, 38, 837-843. [CrossRef]


http://dx.doi.org/10.1016/S0378-4290(03)00068-6
http://dx.doi.org/10.3390/ijms19092827
http://www.ncbi.nlm.nih.gov/pubmed/30235789
http://dx.doi.org/10.1016/j.tplants.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22658680
http://dx.doi.org/10.1016/j.rhisph.2017.04.012
http://dx.doi.org/10.3390/ijms19030850
http://www.ncbi.nlm.nih.gov/pubmed/29538311
http://dx.doi.org/10.1111/j.1462-2920.2005.00841.x
http://dx.doi.org/10.1016/j.femsec.2005.03.008
http://dx.doi.org/10.1186/s12866-018-1174-z
http://dx.doi.org/10.1073/pnas.1414592112
http://www.ncbi.nlm.nih.gov/pubmed/25605935
http://dx.doi.org/10.1111/1462-2920.14043
http://www.ncbi.nlm.nih.gov/pubmed/29327410
http://dx.doi.org/10.1016/j.ydbio.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27521050
http://dx.doi.org/10.1016/j.tim.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21227699
http://dx.doi.org/10.1111/j.1574-6976.2000.tb00566.x
http://dx.doi.org/10.1016/j.soilbio.2007.09.017
http://dx.doi.org/10.1093/jxb/erv030
http://dx.doi.org/10.1104/pp.109.1.7
http://dx.doi.org/10.1073/pnas.1108684108
http://dx.doi.org/10.1016/j.agee.2017.09.032
http://dx.doi.org/10.1111/j.1365-313X.2008.03685.x
http://www.ncbi.nlm.nih.gov/pubmed/18798873
http://dx.doi.org/10.1093/oxfordjournals.pcp.a029242

Int. ]. Mol. Sci. 2019, 20, 3636 21 of 21

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

Wang, R.; Okamoto, M.; Xing, X.; Crawford, N.M. Microarray analysis of the nitrate response in
arabidopsis roots and shoots reveals over 1,000 rapidly responding genes and new linkages to glucose,
trehalose-6-phosphate, iron, and sulfate metabolism. Plant Physiol. 2003, 132, 556-567. [CrossRef] [PubMed]
Kronzucker, H.J.; Siddiqi, M.Y.; Glass, A.D.; Kirk, G.J. Nitrate-ammonium synergism in rice. A subcellular
flux analysis. Plant Physiol. 1999, 119, 1041-1046. [CrossRef] [PubMed]

Hiei, Y.; Komari, T. Agrobacterium-mediated transformation of rice using immature embryos or calli induced
from mature seed. Nat. Protoc. 2008, 3, 824. [CrossRef] [PubMed]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Xiong, D.; Chen, J.; Yu, T.; Gao, W.; Ling, X.; Li, Y.; Peng, S.; Huang, ]. Spad-based leaf nitrogen estimation is
impacted by environmental factors and crop leaf characteristics. Sci. Rep. 2015, 5, 13389. [CrossRef]

Riaz, M.; Wu, X; Yan, L.; Hussain, S.; Aziz, O.; Shah, A.; Jiang, C. Boron supply alleviates al-induced
inhibition of root elongation and physiological characteristics in rapeseed (brassica napus L.). J. Plant Interact.
2018, 13, 270-276. [CrossRef]

Gu, D.; Tang, L.; Cao, W.; Zhu, Y. Quantitative analysis on root morphological characteristics based on image
analysis method in rice. Acta Agron. Sin. 2010, 36, 810-817. [CrossRef]

Yu, X.-Z.; Zhang, F.-Z. Activities of nitrate reductase and glutamine synthetase in rice seedlings during
cyanide metabolism. J. Hazard. Mater. 2012, 225, 190-194. [CrossRef] [PubMed]

Edgar, R.C. Search and clustering orders of magnitude faster than blast. Bioinformatics 2010, 26, 2460-2461.
[CrossRef] [PubMed]

Jackson, M. Soil Chemical Analysis; Prentice hall Inc.: Englewood Cliffs, NJ, USA, 1958; p. 498.

Watanabe, F.; Olsen, S. Test of an ascorbic acid method for determining phosphorus in water and nahco3
extracts from soil 1. Soil Sci. Soc. Am. J. 1965, 29, 677-678. [CrossRef]

Wang, Q.-Y.; Zhou, D.-M.; Cang, L. Microbial and enzyme properties of apple orchard soil as affected by
long-term application of copper fungicide. Soil Biol. Biochem. 2009, 41, 1504-1509. [CrossRef]

Yu, Y;; Wang, A.; Li, X.; Kou, M.; Wang, W.; Chen, X.; Xu, T.; Zhu, M.; Ma, D.; Li, Z. Melatonin-stimulated
triacylglycerol breakdown and energy turnover under salinity stress contributes to the maintenance of
plasma membrane h+-atpase activity and K+/Na+ homeostasis in sweet potato. Front. Plant Sci. 2018, 9, 256.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1104/pp.103.021253
http://www.ncbi.nlm.nih.gov/pubmed/12805587
http://dx.doi.org/10.1104/pp.119.3.1041
http://www.ncbi.nlm.nih.gov/pubmed/10069842
http://dx.doi.org/10.1038/nprot.2008.46
http://www.ncbi.nlm.nih.gov/pubmed/18451790
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1038/srep13389
http://dx.doi.org/10.1080/17429145.2018.1474391
http://dx.doi.org/10.3724/SP.J.1006.2010.00810
http://dx.doi.org/10.1016/j.jhazmat.2012.05.027
http://www.ncbi.nlm.nih.gov/pubmed/22633925
http://dx.doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://dx.doi.org/10.2136/sssaj1965.03615995002900060025x
http://dx.doi.org/10.1016/j.soilbio.2009.04.010
http://dx.doi.org/10.3389/fpls.2018.00256
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Determination of CIPK2 Gene Expresion in Roots and Leaves of Transgenic and Wild-Type Rice 
	Bucket Experiment to Determine Differences between WT and RC 
	Changes in Tiller and Panicle 
	Chlorophyll (SPAD Values) and Changes in Photosynthetic Rate 
	Changes in Root Morphology 
	Root Activity 
	Changes in Nitrogen-Related Enzyme Activities in WT and RC 
	Changes in Dry Matter Weight and Root:Shoot Ratio 
	Changes in Yield and Yield Components 
	Changes in Nitrogen Use Efficiency 

	Changes in Bacterial Communities in Rhizosphere, Rhizoplane, and Endosphere of Rice Expressing CIPK2 with Enhanced Root-Specific Expression 
	Analysis of Bacterial Community Diversity 
	PCA Analysis of Rhizosphere Bacterial Community in Rice 
	Analysis of Bacterial Community Composition 
	Bacterial Functional Analysis 
	qPCR Verified the Changes of Genes Related to Rhizosphere Nitrogen Cycle under LN 

	Changes in Soil N-Related Physicochemical Properties under LN 
	The Influx and Efflux of Ca2+, NO3-, and NH4+ in WT and RC 

	Discussion 
	Methods 
	Plant Material and Transgenic Line Generation 
	Verification of CIPK2 Gene Overexpression in Rice Roots Thorough qPCR and Western Blot 
	qPCR 
	Western Blot 

	Rice Bucket Planting with Different N Treatments 
	Determination of Rice Plant Nitrogen and Nitrogen Utilization Ratio 
	Physiological Parameters 
	Determination of Rice-Related Enzymes in the Rice 

	Diversity of Bacterial Communities in Rhizosphere, Rhizoplane, and Endosphere of Rice 
	Sample Collection 
	Microbial DNA Extraction 
	Bacterium 16S rRNA Gene V3–V4 Region Amplification, Quantification, and Sequencing 
	Statistical and Sequencing Data Analysis 

	Quantitative Analysis of N Cycle Related Genes 
	Soil Physicochemical Properties and Enzyme Assays 
	Determination of Ion Flux Rate, Sample Preparation, and Determination Method 

	Conclusions 
	References

