biologia plantarum

an international journal for experimental

BIOLOGIA PLANTARUM (2021) 65: 10-18 DOI: 10.32615/bp.2020.144

Genome-wide association study of low nitrogen tolerance traits
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Abstract

The large application of nitrogen fertilizer will cause soil deterioration and pollute the environment. Reduction of
nitrogen inputs and maintaining high yields are therefore essential to ensure a more sustainable agriculture. However,
little information is available about rapeseed (Brassica napus L.) low nitrogen tolerance. We evaluated low nitrogen
tolerance of 304 rapeseed accessions at seedling stage and performed a genome-wide association study to detect
low nitrogen tolerance-related quantitative trait loci. A natural population comprising 304 B. napus inbred lines was
genotyped with a Brassica 60K Illumina Infinium SNP array. Finally, 11 single-nucleotide polymorphisms were
associated with 3 low nitrogen tolerance-related traits, which explained 5.79 - 7.57 % of the phenotypic variation. In
addition, three possible candidate genes were located near the genetic region. Our results provide valuable information
for understanding the genetic control of rapeseed low nitrogen tolerance at seedling stage and may facilitate a marker-
based breeding for rapeseed low nitrogen tolerance.

Keywords: Brassica napus, low nitrogen tolerance index, quantitative trait loci, single-nucleotide polymorphisms.

Introduction soil acidification or water eutrophication (Galloway et al.
2008). Therefore, studying the genetic mechanism of crop
low nitrogen tolerance traits and using modern biological

techniques to breed cultivars with high tolerance to low

Nitrogen, which is an important component of proteins,
nucleic acids, chlorophyll, and some plant hormones,

plays an important role in plant metabolism, yield
formation, and quality (Wang et al. 2017). Therefore, the
profit and loss of nitrogen directly affects the health of
plants and ultimately affects the productivity of plants. It
is estimated that nearly half of the global grain increase is
attributed to the application of nitrogen fertilizers (Tilman
et al. 2002). Over the past half century, global agricultural
nitrogen use has increased rapidly by 7 times (Hirel et al.
2007, Bouchet et al. 2016a). However, only about half of
nitrogen fertilizers can be absorbed by crops, and more
than half remains in the soil (Ju et al. 2009, Fan et al.
2012) and causes serious ecological problems such as

nitrogen is important for reducing the use of nitrogen
fertilizer (Tilman et al. 2002).

Rapeseed (Brassica napus L., genome AACC, 2n =
38) is one of the most important oil crops in the world.
Rapeseed is a very suitable crop for wheat, rice, and barley
rotation, exerting a strong positive influence on yields
of subsequent cereals (Christen et al. 1992, Christen
and Sieling 1993). However, rapeseed requires more
nitrogen fertilizer than other crops (Rathke et al. 2005).
Although rapeseed can absorb a large amount of nitrogen
from the soil, it has always been considered as a crop
with low nitrogen use efficiency and low seed production
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per unit N applied, which is around half that for other
cereals (Sylvester-Bradley and Kindred 2009). Therefore,
understanding the genetic architecture of low nitrogen
stress tolerance and improving the nitrogen use efficiency
of rapeseed is essential to ensure the competitiveness of
the crop at the agronomic, environmental, and economic
levels.

Genome-wide association study (GWAS), based on
linkage disequilibrium, is a novel method of crop genetic
analysis (Nordborg et al. 2002, Zhu et al. 2008). Due to
the rapid development of sequencing technology, GWAS
has been widely used to dissect the genetic architecture
of complex quantitative traits of important cereal crop
species, such as rice (Huang ef al. 2012, Kumar et al.
2015), wheat (Bellucci et al. 2015), and maize (Tian
et al. 2011, Li et al. 2013). In recent years, due to the
reduction in the cost of genome sequencing, the cost of
SNP marker development has greatly reduced, GWAS has
been successfully applied to detect QTLs of complex traits
in rapeseed, such as seed mass (Li ef al. 2014), harvest
index, seed yield per plant (Luo et al. 2015), erucic acid
content, glucosinolate content, oil content (Li ef al. 2014,
Liu ef al. 2016), plant height (Li et al. 2016), primary
branches (Li e al. 2016, Sun et al. 2016), salt stress (Yong
et al. 2015, Wan et al. 2017), cadmium stress (Chen ef al.
2018), flowering time (Xu et al. 2015, Wang et al. 2016),
and resistance to Sclerotinia stem rot (Wu et al. 2016).
For nitrogen use efficiency related traits, GWAS also has
successful applications (Wang et al. 2017). However,
no QTLs for rapeseed low nitrogen tolerance has been
reported.

To better understand the genetic control of low
nitrogen tolerance traits in rapeseed, we performed GWAS
to identify SNPs associated with low nitrogen tolerance-
related traits with a panel of 304 rapeseed accessions using
19 908 SNPs from the [llumina Brassica SNP60 Bead
Chip. Seedling growth related traits from the panel were
investigated at seedling stage. The objectives of this study
were: /) to obtain a better understanding of the influence
of low nitrogen stress on rapeseed seedlings and 2) to
perform GWAS to identify the low nitrogen tolerant trait-
related SNPs and genes at the seedling stage of rapeseed
development.

Materials and methods

Plants: A total of 304 rapeseed inbred lines from different
geographic origins were selected and successfully
phenotyped during seedling growth stages under both
normal and low nitrogen conditions. The rapeseed inbred
lines were collected from ten countries, 148 rapeseed
inbred lines from Asia, 120 from Europe, 19 from North
America, 15 from Australia, and 2 from New Zealand
(http://11032.cn/W1vbUKk).

Low nitrogen tolerance evaluation: In order to minimize
the impact of the environment, low nitrogen tolerance traits
of rapeseed were evaluated at the seedling stage using a
hydroponic system (Fig. 1 Suppl.). We built a hydroponic

LOW NITROGEN TOLERANCE TRAITS IN RAPESEED

system (15 x 0.6 x 0.4 m) that consists of more than
3 000 rapeseed seedlings. Thirty healthy seeds from all
304 rapeseed lines were germinated according to method
descried by Wan et al. (2017). Ten similar seedlings
(5 plants for normal nitrogen treatment and 5 plants for low
nitrogen treatment) from each rapeseed inbred line were
selected and individually transferred to the hydroponic
system and were grown for another four weeks. During
the first week, 0.25x Hoagland solution was used as the
nutrient solution, a 0.5x Hoagland solution was used in the
second week, and finally, a 1x Hoagland solution was used
in the third and fourth weeks. At the beginning of the fifth
week, two treatments of normal nitrogen (6.0 mM) and low
nitrogen (0.3 mM) were used for the growth of rapeseed,
the concentration of each component of nutrient solution
is shown in the Table 1 Suppl. The 1x Hoagland solutions
with two nitrogen concentrations were replaced every 7 d.
The low nitrogen tolerance evaluation experiment was
repeated twice.

After eight weeks, the shoots of the seedlings were
harvested for measuring plant height (PH) and shoot fresh
mass (SFM), and the fourth functional leaf was selected
to measure leaf length (LL) and leaf width (LW). To
eliminate the effect of genotype background, low nitrogen
tolerance index (LNT) was calculated. The LNT is defined
as the ratio of the seedling growth-related traits under
low nitrogen condition to the same traits under control
condition, as previously described by Lian et al. (2005).

Phenotypic data analysis: Statistical analysis of all
phenotypic data was performed with the software SPSS v.
22.0 (IBM, Armonk, NY, USA). Descriptive statistics and
Pearson’s correlations between the traits were performed
using the mean values of all phenotypic data from the traits
of 304 rapeseed inbred lines. The figures were made by
R software (R Core Team, Vienna, Austria).

Population structure, principal component analysis,
and relative kinship: The genotypes of 304 rapeseed
inbred lines were identified using the Brassica 60 K
Hllumina® Infinium SNP as described Li et al. (2014), and
19 820 high quality SNPs were used to analyze population
structure and kinship. The population structure was
estimated by admixture software (Alexander et al. 2009).
Each K value, as a putative number of populations set from
1 to 5. The true K value was determined by the data cross-
validation error, and the Q matrix was outputted. Principal
component analysis (PCA) was also used to assess the
tassel TASSEL 4.0 software (Bradbury et al. 2007). The
relative kinship matrix was calculated using SP4GeDi
software (Hardy and Vekemans 2002).

Genome-wide association study: Four models were
performed for GWAS using TASSEL 4.0 software (Bradbury
et al. 2007), the general linear model (GLM) considering
P (P), the general linear model (GLM) considering Q
(Q), the mixed linear model (MLM) considering P and
K (P+K), the mixed linear model (MLM) considering Q
and K (Q+K). Associations between SNPs and the traits
were considered significant at P < 0.0001 or -log;o* > 4.0,

11


http://ll032.cn/W1vbUk

ZENG et al.

following published thresholds (Yong et al. 2015, Wan
etal.2017,2018).

Predicting candidate genes in rapeseed cultivars: Xu
et al. (2016) calculated the linkage disequilibrium decay of
rapeseed chromosomes, which was the physical distance
on the genome when the value of 72 is 0.1, and the average
linkage disequilibrium decay of all the chromosomes
is 2.8 Mb. Thus, Brassica napus genes, which are
orthologous to A. thaliana nitrogen efficiency-related
genes located within 2.8 Mb of significant SNPs, were
regarded as possible candidate genes based on annotation
information available in the B. napus reference genome
(https://www.genoscope.cns.fr/brassicanapus/data/).

Results

The extensive phenotypic variation of the 304 rapeseed
accessions were observed for PH, LL, LW, and SFM
in both low nitrogen stress and control conditions
(http:/11032.cn/W1vbUk). Mean, minimum, maximum,
standard deviation, coefficient of variation of all the
phenotypic values were calculated, and presented in
Table 1. A significant reduction in PH, LL, LW, and SFM
were observed at the low nitrogen stress compared to the
control conditions. In the control conditions, PH, LL,
LW, and SFM varied 17.00 - 44.00 cm, 18.73 - 47.00 cm,
5.00 - 18.53 cm, and 6.71 - 60.00 g, with averages of
31.75 em, 32.83 cm, 9.67 cm, and 27.25 g, respectively.
Under low nitrogen stress, the PH, LL, LW, and SFM
mean values were 8.60 - 26.67 cm, 7.53 - 24.67 cm,
3.70 - 30.73 cm, and 1.33 - 20.85 g, with averages of
17.42 cm, 16.67 cm, 6.22 cm, and 7.68 g, respectively.
All the traits under low nitrogen and normal nitrogen were
consistent with a continuous distribution (Fig. 1).

To reduce the impact of different genotypes, the
low nitrogen tolerance indices (LNT) of PH, LL, LW,
and SFM were used. The LNT-PH, LNT-LL, LNT-LW,

and LNT-SFM varied between 0.32 - 0.94, 0.18 - 0.91,
0.34 - 0.93, and 0.05 - 0.89, with averages of 0.56, 0.52,
0.65, 0.30, respectively (Table 1). Four LNT-traits showed
the characteristics of quantitative traits (Fig. 2).

To understand the relationships between four low
nitrogen indices LNT-PH, LNT-LL, LNT-LW, and LNT-
SFM, the Pearson correlations between these traits were
analyzed using the means of the 304 rapeseed inbred lines.
The results showed that there was a significant correlation
(P < 0.01) between all the indices (Table 2 Suppl.). The
correlation coefficients between all the indices were more
than 0.4. Among them, the correlation coefficient between
LNT-PH and LNT-LL reached 0.631. The results indicated
that four low nitrogen tolerance indices could reflect the
inhibition of rape growth under low nitrogen environment
to some extent.

Further, we determined the population structure and
genetic relatedness in rapeseed cultivars. As K increased
from 1 to 5, cross-validation error reached the minimum
value when K is 4 (Fig. 34). Thus, the association panel
was divided into 4 sub-groups, designated Q1, Q3, Q3,
and Q4 (Fig. 3C). Fifteen lines were assigned to the
Q1, mainly composed of winter rapeseed; 32 lines were
assigned to the Q2, mainly composed of spring rapeseed,;
104 lines were assigned to the Q3, mainly composed of
semi-winter rapeseed; 14 lines were assigned to the Q4,
mainly composed of rapeseed from Europe and America;
and 139 lines were assigned to mix group (Table 1 Suppl.).
The analysis of relative kinship showed that 52.1 % of
between-line kinship coefficients equaled 0, and 87.9 % of
kinship coefficients ranged from 0 to 0.2 (Fig. 3B). Thus,
most lines in the panel were very weakly related.

For genome-wide association study a total of
11 significant (P < 0.0001 or -Log;,™> 4.0) association
SNPs for three low nitrogen tolerance indices (LNT-PH,
LNT-LL, and LNT-SFM) were identified by four models
(Table 2, Fig. 2 Suppl.). No significant association SNP
for LNT-LW was identified. Of these, 7, 2, and 3 SNPs
were identified for LNT-PH, LNT-LL, and LNT-SFM,

Table 1. Phenotypic variation in growth-related traits and low nitrogen tolerance index. PH - plant height, LL - leaf length, LW - leaf
width, SFM - shoot fresh mass, CK - control conditions, LOW - low nitrogen treatment, LNT - low nitrogen tolerance index (which is
defined as the ratio of the seedling grow-related traits under low nitrogen conditions to the same traits under control conditions), SD -

standard deviation, CV - coefficient of variation; ** - significant differences between treatments at P < 0.01.

Trait Treatment Min Max Range Mean SD CV [%]
PH [cm] LOW 8.60 26.67 18.07 17.44%* 3.02 17.32
CK 17.00 44.00 27.00 31.78 5.87 18.46
LNT 0.32 0.94 0.62 0.56 0.13 23.61
LL [cm] LOW 7.53 24.67 17.14 16.68** 3.10 18.56
CK 18.73 47.00 28.27 32.90 5.31 16.15
LNT 0.18 0.91 0.73 0.52 0.12 22.59
LW [cm] LOW 3.70 10.53 6.83 6.23%%* 0.89 14.33
CK 5.47 18.53 13.06 9.70 1.57 16.20
LNT 0.34 0.93 0.59 0.65 0.10 16.02
SFM [g] LOW 1.33 20.85 19.52 7.74%* 3.46 44.68
CK 6.71 60.00 53.29 27.35 9.57 34.99
LNT 0.05 0.89 0.84 0.30 0.15 48.69
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Fig. 1. The diagram of plant height (PH) [cm], leaf length (LL) [cm], leaf width (LW) [cm], and shoot fresh mass (SFM) [g] among the
association panel of 304 accessions grown under control conditions (4) and low nitrogen conditions (B).

respectively. One SNP (Bn-A09-p31416695) was
simultaneously associated with both LNT-PH and LNT-
LL.

For LNT-LL, two SNPs were identified on chromosome
A09. Bn-A09-p31416695 was identified by P, P+K, Q,
and Q+K models, and explained 5.82 - 6.36 % of the
phenotypic variation. Bn-A09-p5037318 was identified by
P, Q, and Q+K models, and explained 6.60 - 7.75 % of the
phenotypic variation.

For LNT-PH, 7 SNPs were identified on chromosomes
A04 and A09. Bn-A04-p5182164 and Bn-A04-p5339433
were identified by Q models, and explained 6.24 -
6.35 % of the phenotypic variation. Bn-A09-p31393136,
Bn-A09-p31393314, Bn-A09-p31395071, and Bn-
A09-p31416695 were identified by P, Q, and Q+K models,
and explained 5.82 - 7.15 % of the phenotypic variation.

For LNT-SFM, 3 SNPs were identified on chromosomes
A07 and C04. Bn-A07-p1303705, Bn-A07-p9091839 were
identified by P and Q models, and explained 5.79 - 5.82 %
of the phenotypic variation. Bn-scaff 15798 1-p42247

was identified by Q models, and explained 6.02 % of the
phenotypic variation.

A total of three possible candidate genes were mapped
near the SNPs. The BnaA04g07450 was orthologous
to AT3G17820 (GLNI1.3), which encoded a cytosolic
glutamine synthetase; BnaA07g09690 was orthologous to
AT1G27080 (NRT1.6), which encoded a protein with low-
affinity nitrate transporter activity; BnaA09g47380 was
orthologous to AT1G12110 (NRTI.1), which also encoded
a protein with low-affinity nitrate transporter activity
(Table 3 Suppl.).

Discussion

The low nitrogen tolerance trait of crops is a quantitative
trait regulated by multiple genes, and there are obvious
interactions between genes and the environment (Kant
etal. 2011, Gao et al. 2015). These factors lead to
unstable nitrogen efficiency traits and are susceptible
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Fig. 2. The distribution of four low nitrogen tolerance indices (LNTs) among the association panel of 304 accessions. The LNT was
defined as the ratio of the seedling growth-related traits under low nitrogen conditions to the same traits under control conditions. For
explanation of abbreviations see Fig. 1.

Fig. 3. Analysis of the population structure of 304 rapeseed accessions by Admixtur. A - estimated cross-valiation error of possible
clusters (k) from 1 to 5. B - distribution of pairwise relative kinship (304 rapeseed inbred lines). C - population structure based on K =
4. Each individual is represented by a vertical bar, partitioned into colored segments with the length of each segment representing the
proportion of the individual genome. A given group is represented: blue - group 1, red - group 2, green - group 3, and purple — group 4.
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Table 2. The single nucleotide polymorphisms (SNPs) significantly associated with low nitrogen tolerance indices. Allele - base type (A,
T, C, G) of the SNP site on the allele; R?*- percentage of phenotypic variance explained by SNP; model - general linear model (GLM)
considering P and Q, mixed linear model (MLM) considering P and K and Q and K. For other abbreviations see Table 1.

Trait Marker name Chromosome  Site [b] Allele —Log)o” R?[%] Model
LNT-PH Bn-A04-p5182164 A04 4051087 A/G 4.41 6.35 Q
Bn-A04-p5339433 A04 3796559 T/C 4.33 6.24 Q
Bn-A09-p31393136 A09 29088936 T/C 4.04 5.82 P
4.15 5.98 Q
Bn-A09-p31393314 A09 29089226 A/C 4.33 6.22 P
452 6.51 Q
Bn-A09-p31395071 A09 29089789 A/C 4.11 6.01 P
428 6.26 Q
Bn-A09-p31416695 A09 29117784 A/C 4.63 6.63 P
4.42 6.90 P+K
4.96 7.12 Q
4.62 7.15 Q+K
Bn-A09-p31580606 A09 29271654 T/C 4.34 6.26 P
4.38 6.86 P+K
4.54 6.57 Q
4.59 7.13 Q+K
LNT-LL Bn-A09-p31416695 A09 29117784 A/C 4.06 5.82 P
4.03 6.19 P+K
4.35 6.36 Q
4.09 6.35 Q+K
Bn-A09-p5037318 A09 29633442 T/C 4.73 6.80 P
A09 29633442 T/C 5.18 7.57 Q
A09 29633442 T/C 4.20 6.60 Q+K
LNT-SFM Bn-A07-p1303705 A07 1237581 T/G 4.02 5.79 Q
Bn-A07-p9091839 A07 10553921 T/C 4.11 5.82 P
Bn-scaff 15798 1-p42247 Co4 36662073 A/G 4.18 6.02

to non-genetic factors (Kant er al. 2011). Therefore,
choosing the right evaluation method is the key to obtain
accurate phenotypes. Currently, the screening methods
for low nitrogen tolerance genotypes of rapeseed use
field test methods and potted simulation test methods
(Presterl et al. 2003, Barraclough et al. 2010). The pot
experiment simulation test can be divided into soil culture
test method and hydroponic test method according to
the different growth medium. Field trials are generally
carried out under natural conditions, which are closer to
the actual production but the experimental conditions are
complicated (Bouchet ef al. 2014). Due to the long time,
the growth is affected by various factors, so it is difficult
to control the test conditions, and it is not possible to carry
out rapid and accurate screening of large quantities. The
soil culture pot experiment uses soil as the medium for
crop growth, which is closer to actual production. It is the
most reliable method for screening low nitrogen tolerant
genotypes, but it is difficult to carry out root morphology
and physiological and biochemical characteristics. In
recent years, hydroponic methods have been successfully
applied to the study of nutrient absorption (Huang et al.
2004, Wang et al. 2017). All the nutrients needed for
plant growth in hydroponic experiments are supplied

manually. The concentration of various nutrient elements
in the nutrient solution can be precisely controlled, and
the nutrient distribution is relatively uniform (Tocquin
et al. 2003). Compared with the lack of air in the
solution environment, the concentration is variable, so
the hydroponic test has its own limitations. Based on
the comparison of the advantages and disadvantages of
several screening methods, we selected the hydroponic
method to evaluate the low nitrogen tolerance of rapeseed.
In order to further increase the homogeneity of the nutrient
solution environment of rapeseed seedling growth, we
established a culture system that can accommodate more
than 3 000 rapeseed seedlings, including nutrient solution
replenishment system, nutrient solution circulation system,
and ventilation system. Through our experiments, we found
that this hydroponic system can meet the normal growth of
rapeseed and the consistency of the obtained phenotype,
and it is ideal for the identification of phenotypes related
to nutrient absorption.

The GWAS has become effective tool to identify alleles
and loci of crop important traits. However, the results of
the correlation analysis are affected by many factors such
as species, number of genotypes in population, target
traits, marker density, and genetic diversity of population
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(Zhu et al. 2008). Among them, the number of population
and its genetic diversity played a major role (Zhao et al.
2007). Thus, collecting germplasm resources with a
wide range of genetic sources is an important basis for
conducting GWAS. In our study, we collected a natural
rapeseed population consisting of 304 rapeseed genotypes
originating from 10 countries on 4 continents (http://11032.
cn/W1vbUk). Population structure and kinship are main
factors of false positive results in GWAS (Flint-Garcia
et al. 2005). To reduce the risk of false positives, MLM
that considered both Q and K (Q+K), and considered both
P and K (P+K), which were more effective than the GLM
that considered Q or P alone (Stich et al. 2008). However,
in some cases, the MLM model is too strict to cause false
negative results, and some SNPs locus with low genetic
effect could not be detected (Wan ez al. 2017). In order to
obtain more potential genetic loci, four models (P, Q, P+K,
and Q+K) were selected in this study.

In plant nutrition, it is generally believed that nitrogen
efficiency refers to the grain yield produced by plants
using effective nitrogen nutrition in the growth medium,
which mainly includes two aspects: nitrogen absorption
efficiency and nitrogen utilization efficiency (Arrobas
et al. 2011). Nitrogen efficiency has different concepts due
to the different test subjects and test purposes. However,
the nitrogen efficiency has only two points: firstly, low
nitrogen tolerance is when the nutrient concentration in
the growth medium (soil) is low and the plant has the
ability to maintain normal growth and yield; secondly, the
high nitrogen sensitivity is an ability to absorb nitrogen
fertilizer and obtain higher yield when nitrogen fertilizer
is supplied to the growth medium. However, low nitrogen
tolerance genotypes are more of a concern for researchers.

Under low nitrogen conditions, genotype differences
of crops in nitrogen efficiency are mainly due to nitrogen
utilization, while under high nitrogen, absorption
efficiency plays a major roles (Moll et al. 1982). Nitrogen
use efficiency is more closely related to yield under low
nitrogen condition (Lafitte and Edmeades 1994). Thus,
plant tolerance to low nitrogen stress is a very complex
quantitative trait and regulated by many genes (Lian
et al. 2006, Gao et al. 2015). Currently, QTL associated
with low nitrogen stress tolerance have been successfully
mapped in rice and maize (Liu ef al. 2008, Zhang et al.
2015). For example, Zhang et al. (2015) identified a
QTL locus related to nitrogen tolerance on chromosome
12 of rice and cloned the TOND! gene. Cui et al. (2016)
identified 109 putative additive QTLs for kernel size
and quality characteristics and 49 QTLs for tolerance
to low nitrogen stress. At present, there are few genetic
studies on the high efficiency of rapeseed nitrogen. For
instance, Wang et al. (2017) applied GWAS to study the
genetic dissection of root morphological traits related
to nitrogen use efficiency in rapeseed, and a total of 23
stable QTLs, which were repeatedly detected in at least
two environments or different N concentrations were
identified. However, genetic study on the rapeseed
tolerance to low nitrogen has not been reported. In our
study, we applied GWAS to identify 11 SNPs related to
low nitrogen stress in rapeseed. Comparing our results
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with QTLs for high efficiency of rapeseed nitrogen
(Bouchet ef al. 2014, 2016b, Wang et al. 2017), the same
genetic locus was not found, suggesting that there were
differences in low nitrogen stress and nitrogen efficiency
traits. The possible reasons may be as follows: first, the
period we identified was the seedling stage, and the period
they identified was the whole growth period. Secondly, our
study only identified the growth and development traits of
the shoots, and they focused on the root traits, indicating
that the genetic mechanism of tolerance to low nitrogen
environment in the above-ground and under-ground
parts of rapeseed may be different. Finally, there may
be many ways to cope with low nitrogen environment in
rapeseed, such as by increasing nitrogen absorption rate
or increasing nitrogen utilization efficiency. Therefore,
understanding the relationship between nitrogen efficiency
and low nitrogen tolerance in rapeseed will be the focus of
our future research.

After plants absorb different forms of nitrogen from
the soil by transport proteins, they carry out a series of
assimilation processes using different enzymes, and
finally complete the nitrogen metabolism. In recent years,
researchers have cloned many genes related to plant
nitrogen efficiency, including nitrate transport gene (NRT),
ammonium ion transport gene (AMT) (Ludewig et al. 2007,
Yuan et al. 2007, Hu et al. 2015), that encode enzymes
related to nitrogen metabolism in plants (Cai et a/. 2009) and
some other genes (Xu et al. 2012). At present, the molecular
basis for the efficient analysis of rapeseed nitrogen have
been reported. The expressions of BuNRT1.1, BuNRT2.5,
BnNRT2.6, and BnNRT2.7 in the roots of nitrogen-efficient
rapeseed are significantly higher than those of nitrogen-
inefficient germplasms (Wang ef al. 2014). In addition,
nitrate reductase and glutamine synthetase are important
enzymes in the nitrogen assimilation (Sagi ef al. 1998). The
nitrogen deficiency stress inhibited most genes encoding
glutamine synthetase and nitrate reductase. For example,
under normal nitrogen conditions, the expressions of
BnGlnl, 1, BnGinl,2, BnGlInl,4 in the roots of nitrogen
efficient germplasm are significantly higher than those
of nitrogen inefficient species. As concern the NR family
genes, whether under normal nitrogen supply conditions
or under nitrogen deficiency conditions, the expressions
of Bn NRI in leaves and roots of high-efficiency lines are
lower than those in low-efficiency ones. However, under
nitrogen-deficient conditions, the expression of BnNR2 in
leaves and roots of high-efficiency germplasm was higher
than that of low-efficiency germplasm (Wang et al. 2014).
What's more, other related genes have also been shown
to be related to nitrogen use efficiency. For example, two
genes (BnSAG12-1 and BnSAG12-2) coding for SAGI12,
a cysteine protease implicated in N remobilization,
were observed to reach maximum expression levels at
early stages of senescence (Noh and Amasino 1999). In
our study, we identified 3 genes (GLNI.3, NRTI.1, and
NRTI.6) near the SNPs associated to the low nitrogen
stress. Subsequent research needs to continue to verify the
function of these genes.
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