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Abstract

wheat seedlings under N-deficient condition.

Background: Nitrogen (N) deficiency is a major constraint for plant production in many areas. Developing the new
crop genotypes with high productivity under N deficiency is an important approach to maintain agricultural
production. Therefore, understanding how plant response to N deficiency and the mechanism of N-deficiency
tolerance are very important for sustainable development of modern crop production.

Results: In this study, the physiological responses and fatty acid composition were investigated in 24 wheat
cultivars under N-deficient stress. Through Pearson'’s correlation analysis and principal component analysis, the
responses of 24 wheat cultivars were evaluated. The results showed that the plant growth and carbohydrate
metabolism were all differently affected by N deficiency in all tested wheat cultivars. The seedlings that had high
shoot biomass also maintained high level of chlorophyll content under N deficiency. Moreover, the changes in fatty
acid composition, especially the linolenic acid (18:3) and the double bond index (DBI), showed close positive
correlations with the shoot dry weight and chlorophyll content alterations in response to N-deficient condition.
These results indicated that beside the chlorophyll content, the linolenic acid content and DBl may also contribute
to N-deficiency adaptation, thus could be considered as efficient indicators for evaluation of different response in

Conclusions: The alteration in fatty acid composition can potentially contribute to N-deficiency tolerance in plants,
and the regulation of fatty acid compositions maybe an effective strategy for plants to adapt to N-deficient stress.
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Background

Nitrogen (N) is a major limiting factor in crop growth,
showing by decreased crop production after a reduction
in the amount of N [1, 2]. Consequently, the modern
agricultural production requires a large input of N
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fertilizer, which not only increases the agricultural pro-
duction cost, but also enhances the potential risk to en-
vironmental pollution. The cultivation of high N-use-
efficiency or N-deficiency tolerant genotypes is a pri-
mary approach to maintain crop production and reduce
the application of N fertilizer [3, 4]. Therefore, under-
standing how plant response to N deficiency and the
mechanism of N-deficiency tolerance are very important
for sustainable development of modern crop production.
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Plants quickly perceive and respond to the stress of N
deficiency via a large number of physiological and meta-
bolic events. Such as the degradation of proteins, de-
crease of the related enzyme activities, accumulation in
carbohydrates, especially the starch, inducing oxidative
stresses by generation of H,O, and causing lipid peroxi-
dation [5-7]. Among those events, the reduction of
photosynthetic capacity is one of the most major N-
deficiency-induced damages that inhibits plant growth
and development [8]. Under N-deficient condition, not
only the light-saturated photosynthetic rate and the
quantum vyield of photosynthesis were decreased [9, 10],
but also the chlorophyll a and other pigment contents
were all decreased after plants were suffered from N de-
ficiency [11, 12]. Since photosynthesis is one of the key
detrimental factors for plant biomass accumulation [13],
and more than half of the total leaf N is allocated to the
photosynthetic apparatus [14], it is important to under-
stand how photosynthetic unit responses to N defi-
ciency, especially in crops.

Photosynthetic membrane is the place where the light
reaction occurred, and the regulation of membrane lipid
and fatty acid composition is essential for plants growth
and development [15, 16]. Several studies have been re-
ported that plant can alter their membrane lipid compo-
sitions in response to various environmental stresses,
such as drought, salt, heat and chilling stresses [17-22].
In maize, the alteration of galactolipids composition alle-
viated drought-caused leaf senescence and improved
drought adaptation significantly [23]. In wheat, high
temperature caused significant alterations in leaf lipid
composition and unsaturation, and the heat-tolerant and
susceptible genotypes exhibited different changes in
their lipid composition and fatty acid unsaturation [24].
Thus, alteration in membrane lipid and fatty acid com-
position could be an effective strategy for plants to in-
crease the tolerance to various environmental stresses,
including N deficiency.

Previous studies showed that the compositions and
contents of lipids were substantially affected by N
deprivation in various species. In cynobacterium Pseuda-
nabaena sp, galactolipids decreased with increasing of
the phospholipid (i.e. phosphatidyl glycerol) under N de-
ficilency [25]. When diatom was exposed to N
deprivation, chloroplast membranes were extensively de-
graded, and the levels of galactolipids decreased dramat-
ically [26]. In Arabidopsis, N deficiency led to a decrease
in the chloroplast galactolipid composition, and the
breakdown of galactolipids and chlorophyll was coordi-
nated [27], suggesting the alteration in membrane lipid
and fatty acid composition may play an important role
in N deficiency responses. Recently, in soybean, a large
reduction in galactolipid contents and great change in
membrane lipid composition were found after exposed
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to N deficiency [28]. In wheat, the degradation of lipids
and changes in lipid compositions were closely related
with the N-deficiency induced leaf senescence [29, 30].
These studies indicate that N deficiency has a significant
effect on plant membrane lipid contents and fatty acid
compositions.

However, in higher plants, how the membrane fatty
acid composition changes in response to N deficiency
and what is the relationship with plant N-deficient toler-
ance are still unclear, especially in crops. In this study,
seedlings of 24 modern commercial wheat cultivars were
used to compare their different responses to N-deficient
condition. Pearson’s correlation analysis and principal
component analysis were applied to comprehensively
evaluate their N-deficient tolerance. Our results showed
that the changes in fatty acid composition as well as the
chlorophyll content have a close relationship with the
N-deficient tolerant responses in wheat seedlings. These
results would contribute to a better understanding of the
involvement of fatty acid remodeling in N-deficient tol-
erance, and provide useful information for future crop
breeding in N-limited area.

Results

Responses of traits of growth and shoot N content to N-
deficiency stress in wheat genotypes

When plants were exposed to N deficiency, their
growth was significantly reduced (Table 1). The aver-
age values of shoot dry weight were 1.77 g and 1.06 g
in N sufficient and N deficient conditions, respect-
ively, in 24 wheat cultivars (Additional file 2). The
shoot dry weight was reduced by N deficiency in all
the cultivars (Fig. 1). The coefficient of variation (CV)
of root dry weight and root length were higher than
shoot dry weight, total dry weight and root/shoot ra-
tio, indicating that N deficient stress had significant
effects on the root growth in those 24 wheat culti-
vars. The same results were obtained in the shoot N
content. N deficiency caused the decrease of shoot N
content and different wheat cultivars have different
responses (Fig. 2). There was no significant difference
in shoot N content among 24 wheat cultivars after
exposed to N deficiency.

Responses of physiological parameters to N-deficiency
stress in wheat genotypes

In comparison with the N sufficient treatment, N de-
ficiency decreased the chlorophyll content in all tested
wheat cultivars, although the decrease extents were
different (Table 2). In wheat cultivars Yao Mai 16,
Yun Han 805, Yu Mai 18-99 and Xiao Yan 6, the
chlorophyll contents were maintained higher com-
pared to other cultivars, after N deficiency treatment
(Table 2; Fig. 3). The electrical conductivity was



Liu et al. BMC Plant Biology

(2020) 20:501

Table 1 Alteration of traits of plant growth in 24 wheat cultivars
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Genotype Nitrogen treatment Shoot dry weight Root dry weight Total dry weight Root to shoot Ratio  Root length (cm)
(g/plant) (g/plant) (g/plant)
Heng Guan 35 NS 1.69 £ 0.01 049 £ 0.03 218+ 003 029 £ 0.02 29.7 £ 145
ND 0.98 £+ 0.06 0.73 £ 0.05 1.70 £ 012 0.74 £ 0.02 54.0 £ 0.58
Ji Mai 32 NS 209 £0.17 049 + 0.04 258 £ 02 023 £ 0.00 39.0 £ 0.58
ND 1.36 £ 0.01 094 + 0.02 230 £ 004 0.70 £ 0.01 68.7 £ 067
Yao Mai 16 NS 167 £0.13 042 £ 0.04 209 £ 0.16 0.25 £ 0.00 46.7 £ 0.88
ND 1.19 + 0.07 0.87 + 0.04 2.06 = 0.11 0.74 £ 0.01 557 £088
Jin Mai 92 NS 201 £0.12 0.60 + 0.06 261 £ 006 0.30 £ 0.05 29.7 +0.88
ND 1.23 £ 0.09 0.73 £ 0.03 1.96 £+ 0.10 0.60 + 0.04 49.0 +0.58
Yun Han 618 NS 1.70 £ 0.06 046 = 0.03 217 £0.04 027 +£0.02 43.0 £ 058
ND 1.04 £ 0.07 0.74 + 0.04 1.78 £ 0.11 0.72 £ 001 67.7 £1.20
Yun Han 805 NS 164 +0.14 052 + 004 216+ 0.18 032 £ 001 37.0 £ 1.00
ND 1.16 = 0.06 067 = 0.04 1.82 £ 0.10 0.58 = 0.01 513 £3.53
Ning Mai 13 NS 232+ 001 066 £ 0.01 297 £ 001 0.28 £ 0.00 40.0 £ 0.58
ND 1.34 £ 004 0.75 £ 0.03 2.10 £ 0.05 056 + 0.02 643 £ 145
Ning Mai 14 NS 206 £ 0.10 0.70 £ 0.01 2.76 £ 0.09 034 +0.02 343 £1.20
ND 141+ 003 0.78 £ 0.02 2.19 £ 0.05 0.55 £ 001 533+ 088
Xi Nong 979 NS 170 £ 013 0.38 = 0.01 208 £ 0.14 023 £ 0.01 21.0 £ 0.58
ND 0.92 £ 0.03 051+ 003 143 + 0.05 055+ 0.02 337 £088
Yu Mai 58 NS 1.86 = 0.00 052 £ 0.05 238 £0.05 028 £ 0.02 353+ 1.76
ND 0.84 £ 0.04 0.55 +0.02 1.38 £ 0.05 0.65 = 0.02 986 £ 1.21
Yu Mai 18-99 NS 121 £ 0.06 034 +0.02 155+ 0.08 028 +£ 0.01 47.0 + 058
ND 099 + 0.07 0.81 £ 0.05 1.80 £ 0.13 0.82 £ 001 573 + 067
Ru Mai 0319 NS 191 £ 0.09 0.52 £ 0.03 243 £0.12 027 £ 0.00 363 £ 033
ND 124 + 0.04 0.83 = 0.03 2.07 £ 0.07 0.67 = 0.01 553 £ 176
Pu Mai 9 NS 191 £ 004 057 £ 0.06 248 £ 004 030 £ 0.00 350+ 173
ND 1.15 £ 0.02 0.87 £ 0.03 202 + 003 0.76 + 0.04 60.0 £ 2.89
Zhou Mai 26 NS 1.87 £ 0.05 040 = 0.02 227 £0.08 0.24 £ 0.01 350 £ 058
ND 1.03 £ 0.02 0.75 + 0.02 1.78 £ 0.04 0.73 £ 001 540 £ 1.15
Zhou Mai 24 NS 1.89 + 0.06 051+ 0.06 240 + 006 027 £ 004 34.7 £ 0.88
ND 121 £ 0.06 0.78 £ 0.03 1.99 £ 0.09 0.65 + 0.02 533 £088
Ai Kang 58 NS 1.74 £ 004 047 £ 0.05 221 £ 008 027 £ 0.02 36.3 + 0.88
ND 0.79 £ 0.01 059 £ 001 138 £ 0.03 0.75 £ 001 81.7 +0.88
Zhou Mai 22 NS 1.87 £ 0.02 0.57 £ 0.03 244 +0.04 030+ 0.02 36.0 £ 2.08
ND 1.04 £ 0.02 057 £ 001 161 £ 0.03 0.55 £ 0.00 633 £3.84
Xi Nong 223 NS 2.09 £ 0.06 051 £ 001 2.59 £ 0.06 0.24 £ 0.00 250 £ 1.15
ND 1.01 £ 0.01 065 + 0.02 1.66 = 0.03 0.65 + 0.02 67.0 £ 058
Wu Nong 986 NS 1.68 + 0.04 039 £ 0.03 2.07 £0.05 023 £ 001 343 +£120
ND 1.01 £ 0.03 0.59 £ 0.03 1.60 = 0.06 059 +£0.02 520 £1.15
Jun Mai 99-7 NS 1.65 + 0.05 045 £+ 0.01 210+ 0.06 027 £ 0.01 34.7 £ 145
ND 1.02 £ 0.02 0.76 £ 0.02 1.78 £ 0.04 0.74 £ 001 570+ 058
Shan Mai 139 NS 167 £0.15 0.36 = 0.04 203 £0.19 022 £ 0.00 347 £145
ND 0.71 £0.02 042 + 0.03 113 +£0.04 059 + 0.02 853 £ 088
Zheng Mai 9023 NS 1.60 = 0.08 049 + 0.04 209 £0.11 030 £ 001 30.0 + 1.00
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Table 1 Alteration of traits of plant growth in 24 wheat cultivars (Continued)
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Genotype Nitrogen treatment Shoot dry weight Root dry weight Total dry weight Root to shoot Ratio Root length (cm)
(g/plant) (g/plant) (g/plant)
ND 093 + 0.07 0.66 + 0.04 1.59 + 0.1 071 £ 0.01 470+ 1.15
Xiao Yan 68 NS 163 £0.10 045+ 003 208 +0.13 0.28 £ 0.00 377 £ 145
ND 096 + 0.04 061 £ 002 157 £0.05 0.63 £0.01 620+ 1.15
Xiao Yan 6 NS 1.14 £ 002 033 +0.02 147 +0.03 029 + 002 450+ 0.58
ND 095 + 002 0.60 £ 0.03 155+ 005 0.63 £0.02 520+ 1.15

NS and ND represented nitrogen sufficient and nitrogen deficient treatments, respectively. Data are means + SE (n = 3)

increased in most wheat cultivars after N deficient
treatment, but the increases were less pronounced in
Yao Mai 16, Yun Han 805, Yu Mai 18-99 and Xiao
Yan 6 cultivars. The levels of H,O, and MDA in
leaves were also measured under N-starved stress
(Table 2). N deficiency had a pronounced effect on
H,0, accumulation, and this effect varied significantly
in different genotypes. In some cultivars, including
Yao Mai 16 and Xiao Yan 6, the H,O, content only
increased in a small amount, as compared with the
same cultivar grown under control condition. While
in other cultivars, including Yu Mai 58 and Xi Nong
223, the H,O, content were increased by more than
100%, as compared with the N-sufficient condition.
Similar change can be found in MDA content, which
was obviously induced by N-deprived stress in all ge-
notypes. We also investigated the changes in carbohy-
drate content under N deficiency (Table 3). It was
shown that N deficiency increased the contents of
soluble sugar, starch, total non-structural carbohy-
drates (TNC) as well as C/N ratio in all of the tested

cultivars, but the changes of these parameters varied
a lot in different genotypes.

Responses of fatty acid components to N-deficiency
stress in wheat genotypes

We investigated the fatty acid components of leaf total
lipids, including palmitic acid (16:0; number of carbon:
number of double bonds in the acyl chain), hexadecylenic
acid (16:1), hexadecadienoic acid (16:2), hexadecatrienoic
acid (16:3), stearic acid (18:0), oleic acid (18:1), linoleic
acid (18:2), and linolenic acid (18:3), as well as double
bond index (DBI) under N-sufficient and deficient condi-
tions (Table 4). It showed that 16:0 and 18:3 fatty acids
are the primary lipid composition in wheat leaves. N defi-
ciency increased the content of 16:0 fatty acid, while de-
creased the content of 18:3 fatty acid. The other fatty
acids have relative low content, and they showed no sig-
nificant changes among wheat genotypes after N deficient
treatment. The double bond index (DBI) was reduced
after N deficiency in most wheat cultivars.
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Fig. 1 Changes in shoot dry weight in seedlings of 24 wheat cultivars after exposed to N deficiency. Data are represented with the ratio of N-
deficient to N-sufficient treatments. NS represents the N-sufficient treatment (3.75 mM NH4NOs) and ND represents N-deficient treatment (0.375
mM NH4NOs). Data represent the mean + SE (n = 3)
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Fig. 2 Changes in leaves nitrogen content ratio in seedlings of 24 wheat cultivars after exposed to N deficiency. Data are represented with the
ratio of N-deficient to N-sufficient treatments. NS represents the N-sufficient treatment (3.75 mM NH4NOs) and ND represents N-deficient
treatment (0.375 mM NH4NOs). Data represent the mean + SE (n = 3)

Pearson’s correlation analysis to N-deficiency stress in
wheat genotypes

Pearson’s correlation analysis was carried out to under-
stand the relationship between fatty acid components and
physiological parameters. As shown in Table 5, there were
significant negative correlations between the shoot dry
weight and carbohydrate levels, including sucrose (r= -
0.80), starch (r = — 0.66), and total non-structural carbohy-
drates (- 0.78), and also between the chlorophyll content
and the carbohydrate levels (sucrose, r = — 0.78; starch, r =
- 0.62; total non-structural carbohydrates, = - 0.74). In
contrast, carbohydrate contents showed strong positive
correlations with root length, H,O, and MDA contents.
Looking at the correlation between fatty acid components
and other physiological parameters, we found that 16:0
had a negative correlation with chlorophyll content (r= -
0.72), while had positive correlations with carbohydrate
contents (r=0.54, r=0.66, r=0.68 and r=0.64 for con-
tents of sucrose, starch, total non-structural carbohydrates
and carbon to nitrogen ratio). Regarding to the 18:3, a sig-
nificant positive correlation was found between 18:3 level
and chlorophyll content (r = 0.78), in contrast, there were
negative correlations between the levels of 18:3 and H,O,
(r=-0.54), and starch content (r=-0.56), respectively.
Besides, the DBI was positively associated with chlorophyll
content (r=0.78), but negatively associated with starch
content (r= - 0.57).

Comprehensive analysis of N-deficiency tolerance in
wheat genotypes

According to PCA results, the scores of the comprehen-
sive indexes were obtained. In all traits, the first

principle component featured with the N-deficiency tol-
erant genotypes, including Yao Mai 16, Yun Han 805,
Yu Mai 18-99 and Xiao Yan 6, which were shown as
number 3, 6, 11 and 24, and also the N deficiency sensi-
tive genotypes, including Yu Mai 58, Ai Kang 58, Xi
Nong 223 and Shan Mai 139, which were shown as
number 10, 16, 18 and 21 in Fig. 4. The second principle
component gave a high weighting to N-deficiency mod-
erate genotypes, such as Zhou Mai22 and Wu Nong986
(number 17 and 19, respectively in Fig. 4). Furthermore,
the PCA was conducted in fatty acid traits, the results
showed that the first component had a higher eigenvalue
in N-deficiency tolerant genotypes (Fig. 5), which was
consistent with the results of PCA in all traits, indicating
that fatty acid level could give a high proportion in
evaluating the N-deficiency tolerance.

Responses of PCA in different traits to N-deficiency stress
in wheat genotypes
Two principal components (principle component 1-2)
were extracted with eigenvalues >1, and these compo-
nents explained over 81% of the total variance in the
dataset. As shown in Fig. 6, in all traits, the first
principle component was strongly associated with total
non-structural carbohydrates content, starch content,
soluble sugar content, HyO, and MDA contents, shoot
dry weight and chlorophyll content, the second principle
component gave a high proportion to 18:3 and DBI
levels.

To further improve the accuracy of data analysis in
fatty acid components, the fatty acid and DBI traits were
subjected to PCA in 24 wheat cultivars. The results
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Table 2 Alteration of physiological parameters in 24 wheat cultivars
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Genotype Nitrogen treatment Chlorophyll content Electrical H,0, content MDA content
(mg/g DW) conductivity (umol/g FW) (umol/g FW)
Heng Guan 35 NS 11.1 £ 005 0.14 £ 0.00 467 £0.19 638 £0.11
ND 6.05 = 0.27 020 £ 0.00 892 +0.12 105+ 043
Ji Mai 32 NS 104 £ 0.26 0.13 £ 0.00 393 +0.10 428 +0.14
ND 541 +£0.19 0.20 £ 0.00 6.64 £ 041 821+ 004
Yao Mai 16 NS 8.86 = 0.22 0.14 £ 0.00 4.86 + 0.68 580 £ 0.10
ND 6.99 + 0.04 0.17 £ 0.00 556 +0.12 755 £ 0.11
Jin Mai 92 NS 874+ 0.13 021 £ 0.00 384 +0.86 398 £ 0.02
ND 519+ 0.12 0.26 £ 0.01 6.75 £ 021 801 £ 0.05
Yun Han 618 NS 8.70 £ 0.15 024 £ 0.00 3.00 £ 038 4.67 = 0.01
ND 456 £ 0.15 033 £ 0.00 578 £ 037 9.62 + 049
Yun Han 805 NS 971 £ 0.04 0.27 £ 0.00 4.64 £+ 063 595+ 0.16
ND 8.01 £ 0.10 0.24 +£ 0.00 7.38 £0.50 9.83 £ 0.09
Ning Mai 13 NS 873 £0.11 0.20 £ 0.00 4.26 £ 0.25 5.18 + 0.09
ND 467 £0.15 051 £ 0.00 828+ 035 106 £ 0.17
Ning Mai 14 NS 745 £ 0.24 027 £ 0.00 359+ 037 301 £0.10
ND 423 £0.15 0.39 £ 001 645+ 0.18 728 +0.08
Xi Nong 979 NS 9.05 = 0.07 0.18 £ 0.00 326 £ 022 453 +£0.22
ND 473 £ 0.15 048 + 0.00 6.16 £ 0.28 949 £ 0.14
Yu Mai 58 NS 8.11+003 0.16 £ 0.00 299 + 0.06 457 £021
ND 3.86 = 0.03 035+ 002 8.13 £ 047 106 £ 0.22
Yu Mai 18-99 NS 10.5 £ 045 0.15 + 0.00 491 +0.76 6.84 +0.23
ND 8.08 £ 0.03 0.22 £ 0.00 706 + 027 963 +0.77
Ru Mai 0319 NS 8.72 £ 021 025+ 0.00 3.10 £ 046 440 = 051
ND 553 +0.17 030 + 0.00 555+ 0.60 795 £ 0.08
Pu Mai 9 NS 8.14 + 0.08 0.20 £ 0.00 356 £ 052 403 £0.16
ND 439 £ 024 048 + 0.00 6.90 £ 0.25 758 £ 0.10
Zhou Mai 26 NS 935+ 032 0.16 £ 0.00 3.80 £ 053 439 +£0.19
ND 545 £ 031 0.34 £ 0.00 6.63 + 040 932+038
Zhou Mai 24 NS 886 £ 051 0.15 £ 0.00 334+025 439+ 023
ND 525+ 0.10 0.28 £ 0.00 6.89 = 0.23 8.01 £ 0.09
Ai Kang 58 NS 7.80 £ 036 021 £ 0.00 313+£0.14 3.01 £ 004
ND 398 + 0.09 0.38 + 0.00 647 £ 038 6.19 £ 0.16
Zhou Mai 22 NS 9.16 £ 0.16 021 £ 0.00 361 = 055 4.15 + 046
ND 6.04 + 042 031 £0.00 868 £ 0.35 100 £ 0.16
Xi Nong 223 NS 105+ 0.25 0.18 £ 0.00 3.50 £ 030 3.76 £ 0.04
ND 493 + 0.05 031+ 0.00 767 £0.22 845 £ 0.20
Wu Nong 986 NS 970 £ 0.12 0.13 £ 0.00 290 +£0.18 441 £0.14
ND 4.85 + 0.07 025+ 0.00 6.27 £ 0.09 7.14 £ 038
Jun Mai 99-7 NS 106 £ 0.15 027 £ 0.00 343 +£0.86 470 £ 1.01
ND 599 +0.19 043 £ 0.00 6.77 £ 0.15 840+ 023
Shan Mai 139 NS 8.19 £ 0.13 0.15 £ 0.00 2.81 = 0.06 356 £0.18
ND 327 £0.13 0.26 +£ 0.00 642 + 029 8.86 £ 0.19
Zheng Mai 9023 NS 11.2 £ 0.04 0.12 £ 0.00 322+ 021 3.18 £ 0.03
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Table 2 Alteration of physiological parameters in 24 wheat cultivars (Continued)

Genotype Nitrogen treatment Chlorophyll content Electrical H,0, content MDA content
(mg/g DW) conductivity (umol/g FW) (umol/g FW)
ND 632 +0.10 0.19 + 0.00 6.70 + 044 727 +0.09
Xiao Yan 68 NS 124 +0.16 0.26 £ 0.00 330 £ 062 421 +£0.14
ND 7.50 + 0.20 0.40 £ 0.00 653 +£013 106 £ 0.26
Xiao Yan 6 NS 10.7 £ 0.15 024 + 001 325+033 563+ 1.15
ND 8.63 £ 068 0.27 £ 0.00 424 + 0.07 773 +£017

NS and ND represented nitrogen sufficient and nitrogen deficient treatments, respectively. Data are means + SE (n = 3)

showed that the first principal components, featured
with the largest contribution rate, were 18:3 and DBI
(Fig. 7), which were consistent with all traits of PCA
(Fig. 6).

Discussion

Nitrogen is a major determinant for plant growth and
lack of N nutrient dramatically decreases plant growth
with other deleterious effects occur [31-33]. Previous
studies have suggested that some physiological parame-
ters, such as plant height, shoot dry weight and chloro-
phyll content, etc. could be useful indicators to evaluate
the N-deficiency tolerance or sensitive in cereal, includ-
ing spring wheat, barley and broomcorn [34—36]. These
indices are recommended to quickly screening N-
deficiency tolerant genotypes. Considering about differ-
ent response to N deficiency during the different growth
stages, although the most critical growth stages of wheat
for N deficiency is the jointing to booting growth period
[37, 38], the responses of wheat seedlings to N deficiency
could also have a serious impact on the later stage of

plant development [39, 40]. In the present study, the
shoot biomass and chlorophyll content of seedlings were
significantly changed in response to N deficiency in 24
wheat cultivars, and different cultivars showed different
degrees of changes, suggesting that those two physio-
logical indicators could also be the useful indicator in
evaluation of wheat N deficiency response (Table 1;
Table 2; Fig. 1; Fig. 3). Meanwhile, the root length, car-
bohydrates contents, damage in plasma membrane in-
tegrity, H,O, accumulation and lipid peroxidation were
all increased after exposed to N deficient stress, suggest-
ing that the N-deficiency induced damages were oc-
curred in those wheat seedlings, which were similar with
previous studies [2, 7, 41-43].

Based on the data from 24 wheat cultivars and Pear-
son’s correlation analysis, we found that the changes of
shoot biomass and chlorophyll content had close rela-
tionships with the levels of 16:0, 18:3 fatty acids, and
DBI value (Table 5), indicating that except those widely
used parameters (including the root length, sucrose and
starch contents, and other damage indicators), the levels
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Fig. 3 Changes in chlorophyll content ratio in seedlings of 24 wheat cultivars after exposed to N deficiency. Data are represented with the ratio
of N-deficient to N-sufficient treatments. NS represents the N-sufficient treatment (3.75 mM NH4NOs) and ND represents N-deficient treatment
(0375 mM NH4NOs3). Data represent the mean + SE (n = 3)
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Genotype Nitrogen Soluble sugar content Starch content TNC content Carbon/nitrogen
treatment (mg/g DW) (mg/g DW) (mg/g DW) ratio (%)
Heng Guan 35 NS 20.7 £ 038 389 + 040 596+ 038 0.99 + 0.02
ND 286 £0.12 551+ 027 83.7 £0.2 471 +0.02
Ji Mai 32 NS 26.1 £0.12 353 +0.09 615+ 02 1.21 £ 0.00
ND 325+ 080 49.8 £ 041 823+03 3.87 £ 004
Yao Mai 16 NS 234 £ 057 382 £ 071 616+ 1.2 1.03 £ 0.03
ND 237 £0.22 428 + 036 66.5 + 0.6 334 +0.04
Jin Mai 92 NS 203 + 039 360 £ 027 56.3 + 04 091 £ 001
ND 266 + 066 46.1 £0.22 727 £ 05 3.86 + 0.02
Yun Han 618 NS 246 £0.21 355+ 038 60.1 £ 0.3 0.99 = 0.01
ND 329 +037 46.1 £ 032 790 + 0.7 4.20 £ 0.06
Yun Han 805 NS 300 + 044 454 +£0.15 754 + 04 122 £ 001
ND 355 £085 513 £ 044 86.8 £ 0.3 4.05 + 0.04
Ning Mai 13 NS 2254026 428 £0.25 653 £ 05 1.00 £ 0.01
ND 32.7 £ 069 62.8 £ 058 955+ 06 5.06 £ 001
Ning Mai 14 NS 209 £ 0.26 359 + 046 568 £ 04 091 = 0.01
ND 29.1 £ 042 46.7 £ 046 758 £0.7 367 £ 007
Xi Nong 979 NS 221 £0.17 41.2 £ 0.06 633 £ 0.2 1.03 £ 0.00
ND 305 £0.72 56.0 = 046 86.6 £ 04 3.89 + 0.03
Yu Mai 58 NS 204 +0.15 393+£0.25 59.7 £ 04 1.08 £ 0.01
ND 31.9 £ 0.64 62.6 £ 0.59 945 £ 0.1 5.05 = 0.05
Yu Mai 18-99 NS 21.3 £ 040 39.6 = 0.09 609 £ 0.5 1.03 £ 0.02
ND 252+ 085 47.0 £ 043 722+ 07 337 +£004
Ru Mai 0319 NS 224 £ 0.20 432 +0.20 65.7 £ 04 1.18 £ 0.01
ND 308 £0.73 64.1 = 0.67 950 + 06 482 +0.03
Pu Mai 9 NS 233 £0.15 430 £0.27 66.3 + 0.1 1.20 £ 001
ND 293 +033 62.9 + 0.09 922+ 04 4.50 £ 0.01
Zhou Mai 26 NS 179 £ 0.09 409 + 052 589 £ 04 1.05 = 0.00
ND 238 +0.75 525+ 043 764 + 04 337 £ 001
Zhou Mai 24 NS 226+ 0.09 36.6 + 0.09 592 +0.2 1.00 £ 0.01
ND 284 £ 0.28 472 + 035 756 £03 3.56 £ 0.02
Ai Kang 58 NS 19.7 £ 0.06 36.1 £ 036 558 +03 1.03 £ 0.00
ND 33.1 £ 060 55.1 £ 040 882+ 04 4.16 +£ 001
Zhou Mai 22 NS 213 £0.12 37.6 £ 0.09 589 + 00 1.06 = 0.01
ND 269 + 0.09 60.5 £ 0.52 874+£05 5.16 £ 0.02
Xi Nong 223 NS 173 £ 062 328 £ 034 50.1 £ 05 0.90 = 0.01
ND 28.1 £ 061 63.6 £ 032 91.7 £ 00 492 + 0.04
Wu Nong 986 NS 20.2 + 049 363 +£0.12 56.6 + 04 1.07 £ 001
ND 283 £0.72 572+ 034 854 + 04 432 +0.02
Jun Mai 99-7 NS 190 £ 034 355+ 0.09 545+ 04 0.97 = 0.01
ND 276 + 069 588 +0.23 864+ 02 401 £ 0.03
Shan Mai 139 NS 188 £ 022 36.6 £ 0.15 553+ 04 1.04 = 001
ND 33.7£0.19 526 + 026 864 + 04 499 + 0.02
Zheng Mai 9023 NS 222 +0.38 42.8 £ 040 65.0 + 0.7 1.18 £ 0.02
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Table 3 Alteration of carbohydrates parameters in 24 wheat cultivars (Continued)

Genotype Nitrogen Soluble sugar content Starch content TNC content Carbon/nitrogen
treatment (mg/g DW) (mg/g DW) (mg/g DW) ratio (%)
ND 308 £ 0.72 613+ 034 92.1+00 453+ 005
Xiao Yan 68 NS 233 + 0.09 40.8 + 0.36 64.1 £ 04 1.15+£ 001
ND 294 + 0.36 672 £023 966 £ 0.3 443 + 0.02
Xiao Yan 6 NS 27.7 £0.38 504 +0.12 781 £ 04 143 +£0.02
ND 339+ 082 60.8 £ 0.83 948 £ 08 445 + 0.03

NS and ND represented nitrogen sufficient and nitrogen deficient treatments, respectively. Data are means + SE (n = 3)

of 16:0, 18:3 fatty acids and DBI could also be consid-
ered as useful indicators for evaluation of plant N defi-
ciency response. N deficiency could induce the
production of long-chain saturated fatty acids [44]. The
saturated and monounsaturated fatty acids accumulated

been reported that N-deficient-tolerant soybean main-
tained higher chlorophyll content, as well as increased
fatty acid metabolism [46]. Recently, in cultivated wheat,
there were close relationships between the alteration in
membrane lipid and fatty acid compositions and the

when the N concentration was decreased [45]. It has plant N-deficiency response under N deficiency
Table 4 Alteration of fatty acid composition and DBI in 24 wheat cultivars
Genotype Nitrogen  16:0 content  16:1 content 16:2 content 16:3 content 18:0 content 18:1 content 18:2 content 18:3 content DBI
treatment (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
Heng Guan 35 NS 895+0.15 237=0.013 272012 094=0.14 068008 106=007 803:009 753%032 254002
ND 13.0£039 2254007 2.59+007 1352006 084+007 103+024 7.29+009 71.6+045 2.42+0.01
Ji Mai 32 NS 9.05+0.13  2.15+004 339+018 090003 058+004 060+004 7.13+0.11 762024  255+0.00
ND 143015  2.13+0.15 316004 128+0.10 079+0.19 0.60+0.15 731022 703038 2.38+0.04
Yao Mai 16 NS 948001  2.11£0.13 3.12+032 0.86+0.03 067007 0.60+0.06 7.85+020 753+0.17  2.53+0.00
ND 128030 2094013 3.28+001 0.79£0.06 059+0.04 080£0.07 6.01=£0.09 73.6+0.16 2.45+0.01
Jin Mai 92 NS 9.33+£023 220£027 3.18%0.09 1.18+043 078+0.17 0.88+034 758+0.13 749+1.02 2.53+0.02
ND 145003 1.63+0.15 241£003 1332025 079+008 1.18+009 9.14:0.10 69.0£009  2.37+0.00
Yun Han 618 NS 929+028 2.18+095 329+0.10 091007 048+004 086+021 7.51+£033 755131 2.54+0.03
ND 141007 225+000 2.16+0.02 1.18+0.12 088+0.03 093+0.13 804004 70.6£032 2.39+0.00
Yun Han 805 NS 998+1.10 204+0.11 3.08+0.14 072=0.11 100£027 059+0.04 655027 73.0£197 243001
ND 1214006 179000 299001 0.69+0.00 045£0.00 041+001 822+001 73.6+026 2.48=0.00
Ning Mai 13 NS 880+0.18 258027 3.02£003 075+001 0.59=009 072005 7.62+0.03 759+035 255001
ND 1455022 1944048 2.11+£0.01 094+£004 0.67+009 075+000 812£0.19 71.0£0.17  2.39+0.00
Ning Mai 14 NS 9.19+026 258+0.13 336+026 098=0.17 0.62£009 059+005 7.41+005 753+0.75 2.54+001
ND 146017 1.98+003 3.10£0.14 139£009 150£032 099+002 812020 683094  2.34+0.00
Xi Nong 979 NS 930+0.01 1.58+032 330+0.08 096004 054£003 058+008 7.46+0.08 763=054 255+001
ND 128024 191+0.09 265001 097£005 089+0.12 051+006 803029 723058 2.44+0.00
Yu Mai 58 NS 859+009 216006 320:009 092:0.09 054006 058003 699+0.10 77.0£026 2.57+0.02
ND 142+009 1.78+0.01 235+£001 130£0.00 0.77+0.01 040+0.00 7.28+007 72.0£023  2.41£0.04
Yu Mai 18-99 NS 940+0.14  2.18+002 3.08+0.12 134033 0.63+003 071+007 7.67+£009 750084  2.53+0.00
ND 13.0£008  1.89+0.00 275+001 060000 090+0.01 075+0.02 823£002 71.9+0.18 2.42+0.04
Ru Mai 0319 NS 872+0.19 228026 337+009 094+005 0.63+0.14 071001 737+006 760+039  2.55+0.00
ND 135003 256+000 177001 083£000 157+001 039+055 822:002 712009 2.39+0.00
Pu Mai 9 NS 9.12+0.15 220+0.10 3.08+0.17 075003 080+020 0.65+003 7.56+0.02 759+052 2.54+001
ND 134019  299:0.11 233006 088009 083+003 083+017 855038 702078  2.39=0.01
Zhou Mai 26 NS 878+0.12 208002 359+008 105004 066004 128005 734+0.17 755+027  255+0.00
ND 125018  236+0.06 298+005 087+0.11 077+008 097+0.13 840=0.15 71.1£075 2.42=0.01
Zhou Mai 24 NS 8.88+0.13 258+0.10 343+034 076+0.09 0.66+001 068008 6.08+0.18 769+048  2.55+0.00
ND 1284015 2.18+0.14 270+0.01 1.06+0.14 088004 099+001 7.75+0.04 71.6+0.17 2.42+001
Ai Kang 58 NS 8.80+0.03 240007 276+006 1.13£0.00 047000 085+004 7.59+004 760+0.15 2.55+0.00
ND 134004 250+000 241001 129+£000 048+000 0.68+000 805001 71.2+008 2.42+0.00
Zhou Mai 22 NS 930+025 2.18+003 2.82£0.05 095010 088+002 076+0.17 813020 750+057 2.53+0.01
ND 138001 1.92+009 226+0.00 128000 084+000 0.71+001 743002 718009 2.42+0.02
Xi Nong 223 NS 844+0.19 193002 308015 1.08+005 083=0.11 073004 7.18+0.15 767+034 257001
ND 146006 2214000 2.95+£0.00 1404000 0.78+0.00 045£0.00 7.72+£0.02 69.9+0.03  2.38=0.01
Wu Nong 986 NS 840+007 1854026 3.35+£000 0.76+0.01 0.67+007 098009 7.18+0.17 768+045 257+0.01
ND 1354040  2.32+007 341+010 3.96+£002 147£0.04 126+0.04 819024 6594208 2.36+0.00
Jun Mai 99-7 NS 840+0.12 242+0.15 3.03+0.14 1.00£0.00 061004 090+0.18 7.99+021 757+0.64 255+0.02
ND 1232001  252+001 246+000 118£0.00 1.04+001 1.14+000 885002 70.6+008 2.42+0.00
Shan Mai 139 NS 9.11£020 198007 339011 1.14£0.06 059007 091+0.11 7.66+0.18 752+0.15 254001
ND 134009 256+003 252+002 1832002 153+002 087+001 955+007 678027 236+0.01
Zheng Mai 9023 NS 890+033 250021 326+008 1.58+075 081£027 0.76+0.12 654+007 757068  2.55+0.00
ND 129020 2.69+008 263021 097+0.12 084+023 090+021 7.74+023 713049 2.14+0.01
Xiao Yan 68 NS 943+052 224+026 340:0.10 097019 103£026 097+0.16 653021 754=108 2.52+0.00
ND 137£022  2.6940.06 3.36+0.16 090+0.14 098+0.04 123£0.07 849+0.02 68.6+027 2.36=0.01
Xiao Yan 6 NS 974+020 225+021 333£003 099004 094+006 1.12+0.15 825006 73.4=035 2.50+0.00
ND 1274042 1.07+£023 249+0.06 0.68+0.07 0.68+0.03 0.64+003 7.87+021 73.9+0.67 2.46+0.02

The words in blue color were grouped as low N-deficiency sensitive cultivars, the red color were grouped as high N-deficiency sensitive cultivars, while the black
were moderated N-deficiency cultivars, based the principle component analysis in the present study. NS and ND represented nitrogen sufficient and nitrogen

deficient treatments, respectively. Data are means + SE (n=3)
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Table 5 Correlation coefficient values (r) among multiple parameters in 24 wheat genotypes
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SDW SDW

R/S 009 RS

RL 009  RL

EC 0.02 0517 EC

Chl 2021 [=0.67" B0 chl

H,0, 0.5 | 078" 064" FOBEH H.0.

MDA 028 0567 053" 063" 0717 MDA

Sucrose 009 0757 058" I8 069" 057" Sucrose

Starch 0.05 | 0.627 048 0627 0727 051" 060" Starch

TNC 007 | 073" 057 0747 078" 058" 081" F0GE™ TNC

CN 025 0637 047 20607 0707 0537 0677 069" 076"

N 020 047 014 -0.09 007 -020 -0.14 -0.11 003  -0.03

16:0 053" 002 | 0587 076" 056" 048" 0547 066"  0.68"

16:1 049" 049" 08 034 0500 030 027 029 040 040

16:2 013 013 011  -038 019  -023 -0.19 -025 000  -0.10

16:3 021 000 009 034 037 034 -006 019 028 027

18:0 0.19 010 012 055 047 025 021 042" 0.1 0.23

18:1 0.14 -016 032 018  -008 -008 005 -026 -0.15 -021

18:2 0.17 -017 006 023 024 027" 039 025 009 0.6

18:3 051" 014 -035 [20747 078" -054" -047 -049" 056" -0.59"

DBI 050" 020 -039 [ -0817 078" -050° -0.50" -0.50" -057" -0.60"
[EC o0

N
N

064" 018 1610

011 026 013 16l

021 020 005 010 162

020 000 036 029 028 163

021 008 033 032 032 039 180

0.2 009 005 004 030 024 018 181

004 022 001 028 0.5 007 017 017 182

041 -0.03 PO 052" -0.05 [F065TN 0507 042" 037 183

048 005 [-083% -040 015  -039 0607 -034 -0.14 [09I7 DBI

All the data were based on the ratio of nitrogen deficient to nitrogen sufficient treatments. Scale: from brightest blue to brightest red represented negative and
positive correlation, respectively, in the present study. ~ and ~ represent significance at 0.01 and 0.05 levels, respectively. SDW, shoot dry weight; R/S, root to
shoot ratio; RL, root length; EC, electrical conductivity; Chl, chlorophyll content; H,0,, hydrogen peroxide content; MDA, malondialdehyde content; Sucrose,
soluble sugar content; Starch, starch content; TNC, total non-structural carbohydrates; C/N, carbon to nitrogen ratio; N, leaf total nitrogen content; 16:0, palmitic
acid; 16:1, hexadecylenic acid; 16:2, hexadecadienoic acid; 16:3, hexadecatrienoic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; DBI,

double bond index
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Fig. 4 The scatter plot of 24 wheat cultivars basesed on the scores
of the first two principle components. The values of shoot dry
weight, root to shoot ratio, root length, electrical conductivity,
chlorophyll content, hydrogen peroxide content, malondialdehyde
content, soluble sugar content, starch content, total non-structural
carbohydrates, carbon to nitrogen ratio, leaf total nitrogen content,
palmitic acid, hexadecylenic acid, hexadecadienoic acid,
hexadecatrienoic acid, stearic acid, oleic acid, linoleic acid, linolenic
acid, and double bond index for the 24 cultivars were included in
the principle component analysis. The wheat cultivars represented
by the numbers are corresponded to those of Additional file 1. All
the data are analyzed based on the ratio of N deficient to N
sufficient treatments. The low N-deficiency sensitive cultivars are
circled with green rectangle, the high N-deficiency sensitive cultivars
are circled with red ellipse, the moderate cultivars, number 17 and
19 are shown with blue arrows

condition [31, 47]. The N deficiency caused the decrease
of membrane lipid contents, especially the contents of
18:3 and 18:2 fatty acids, while the level of saturated
fatty acid 16:0 was increased, lead to the significant de-
crease of DBI in wheat cultivars [29]. Moreover, it
showed that the tolerant wheat cultivar had high chloro-
phyll content, high photosynthetic quantum yield of PSII
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Fig. 5 The scatter plot of 24 wheat cultivars basesed on the scores
of the first two principle components. The values of palmitic acid,
hexadecylenic acid, hexadecadienoic acid, hexadecatrienoic acid,

stearic acid, oleic acid, linoleic acid, linolenic acid and double bond
index for the 24 cultivars were included in the principle component
analysis. The wheat cultivars represented by the numbers are
corresponded to those of Additional file 1. All the data are analyzed
based on the ratio of N deficient to N sufficient treatments. The low
N-deficiency sensitive cultivars are circled with green rectangle
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Fig. 6 Principle component analysis (PCA) plot of 21 variables (the same variables used in Fig. 4) in 24 wheat cultivars. All the data are based on
the ratio of N deficient to N sufficient treatments. SDW, shoot dry weight; R/S, root to shoot ratio; RL, root length; EC, electrical conductivity; Chl,
chlorophyll content; H,0,, hydrogen peroxide content; MDA, malondialdehyde content; Sucrose, soluble sugar content; Starch, starch content;

TNG, total non-structural carbohydrates; C/N, carbon to nitrogen ratio; N, leaf total nitrogen content; 16:0, palmitic acid; 16:1, hexadecylenic acid;

bond index

16:2, hexadecadienoic acid; 16:3, hexadecatrienoic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; DBI, double

and high photosynthetic rate compared to the sensitive
one under N deficient condition, which could be as-
cribed to the maintenance of the membrane lipid con-
tent and the high DBI level [47].

To verify the above results, we conducted PCA of all
physiological parameters in 24 wheat cultivars, three

groups can be divided, the low N-deficiency sensitive
group, including Yao Mai 16, Yun Han 805, Yu Mai 18—
99 and Xiao Yan 6; the moderate N-deficiency sensitive
group, including Heng Guan 35, Ji Mai 32, Jin Mai 92,
Yun Han 618, Ning Mai 13, Ning Mai 14, Xi Nong 979,
Ru Mai 0319, Pu Mai 9, Zhou Mai 26, Zhou Mai 24,
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Fig. 7 Principle component analysis (PCA) plot of 9 variables (the same variables used in Fig. 5) in 24 wheat cultivars. All the data are based on
the ratio of N deficient to N sufficient treatments. 16:0, palmitic acid; 16:1, hexadecylenic acid; 16:2, hexadecadienoic acid; 16:3, hexadecatrienoic
acid; 180, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; DBI, double bond index
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Zhou Mai 22, Wu Nong 986, Jun Mai 99-7, Zheng Mai
9023 and Xiao Yan 68; and the high N-deficiency sensi-
tive group, including Yu Mai 58, Ai Kang 58, Xi Nong
223 and Shan Mai 139 (Fig. 4 and Fig. 5). The low N-
deficiency sensitive group exhibited significantly higher
shoot dry weight and chlorophyll content than those of
high N-deficiency sensitive group (Fig. 1 and Fig. 3), sug-
gesting a less growth inhibition occurred in those culti-
vars under N deficient stress. In addition, the shoot dry
weight, chlorophyll content, 18:3 fatty acid and DBI had
maximum eigenvector load, which could be the identi-
fied indicators (Fig. 6 and Fig. 7). Meanwhile, the low N-
deficiency sensitive cultivars had significantly lower level
of 16:0 fatty acid and higher levels of 18:3 and DBI, while
in high sensitive group, they showed opposite response
(Table 4). Those results suggested that together with
shoot dry weight and chlorophyll content, the levels of
16:0, 18:3 and DBI could be useful indicators for evalu-
ation of plant N-deficiency responses.

Plant membrane lipids are primarily composed by 16-
carbon and 18-carbon fatty acids, which are highly con-
served in all plants [16]. In the present study, almost all
wheat genotypes showed the significant increases in 16:0
fatty acid level and the decreases in 18:3 fatty acid and
DBI levels after exposed to N deficiency (Table 4). Simi-
lar result has been reported in Arabidopsis that N defi-
ciency had a great impact on membrane lipid turnover
[27]. It has been shown that the changes in membrane
lipid composition contributed to the maintenance of
membrane structure and function, and lead to enhanced
plant tolerance to various stresses [21, 23, 48, 49]. Over-
expression of OsMGD improves salt tolerance in to-
bacco, and lipids play an important role in the plant salt
stress response [21]. The regulation of lipid remodeling
could be a promising strategy for improving drought
adaptation in maize [23]. Moreover, it showed that the
increase in saturated fatty acid level and the decrease in
unsaturated fatty acid level were less in low N-deficiency
sensitive cultivars, in other words, the low N-deficiency
sensitive cultivars could maintain higher levels of fatty
acids unsaturation than those high sensitive ones under
N deficiency (Table 4), which could endow them a high
capability to stabilize the membrane fluidity. Previous
studies showed that the remodeling of fatty acid unsat-
uration under stress conditions was favorable to the sta-
bility and fluidity of the thylakoid membrane [50-52].
Also, increase in the level of unsaturated fatty acid was
proved to contribute to a high plant drought tolerance
[23, 53]. Therefore, the alteration of membrane lipid
composition and fatty acid unsaturation could play a
crucial role in enhancing N-deficiency tolerance in
wheat plants.

The MGDG and DGDG are the two major galactolip-
ids in leaves [54]. In plants, 16:3 is mainly found in
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MGDG while DGDG is mostly rich of 18:3 [55]. In the
present study, when plants were exposed to N defi-
ciency, the 16:3 content was decreased in low N-
deficiency sensitive wheat cultivars (including Yao Mai
16, Yun Han 805, Yu Mai 18-99 and Xiao Yan 6), while
it was significantly increased in high sensitive ones
(Table 4), suggesting a decrease of MGDG in low N-
deficiency sensitive cultivars but an increase in high sen-
sitive ones. Similarly, 18:3 content showed unchanged or
less decrease in low N-deficiency sensitive cultivars but a
significant decreased in high sensitive cultivars under N
deficiency. Taken together, those changes in 16:3 and
18:3 fatty acid contents could lead to a higher DGDG to
MGDG ratio in low N-deficiency sensitive cultivars
while a lower ratio in high sensitive ones. Since MGDG
has a cone like shape and is easily to form a hexagonal-
II (Hy) phase, while DGDG has a more cylindrical shape
and is a bilayer-forming lipid [56]. The relatively high
DGDG to MGDG ratio in wheat could contribute to the
stability of membrane system under N deficiency condi-
tion [29, 47]. It has been reported that the levels of
DGDG was significantly higher in drought tolerant seed-
lings of Cerastium fontanum than that in drought sensi-
tive Lotus corniculatus under drought stress condition
[57]. Similar result has been shown in peanut and cow-
pea, in which the DGDG content was increased in toler-
ant cultivars, while it was decreased in sensitive
genotypes under drought stress [17, 58]. Besides, the
regulation of DGDG to MGDG ratio also contributed to
enhanced stress tolerance in transgenic tobacco [21].
Therefore, the alteration in 16:0 and 18:3 fatty acid levels
as well as DBI may be of beneficial to the stable of mem-
brane structure, and lead to high tolerance to N
deficiency.

In the current study, exposure of wheat plants to N-
deficient stress resulted in significantly increases in the
contents of H;O, and MDA in high N-deficiency sensi-
tive cultivars, as compared with the low N-deficiency
sensitive ones (Table 2), suggesting that the high sensi-
tive genotypes suffered more N-deficiency induced oxi-
dative damages under N-deprived stress. Meanwhile,
there was a negative correlation between MDA and 18:3
content (r=-0.466), indicating that higher 18:3 fatty
acid content may contribute to better maintenance of
membrane structure and lead to less degradation in
membrane lipid. Moreover, large evidences have shown
that N deficiency could result in accumulation of carbo-
hydrates (starch) in the leaves [5, 59, 60]. Excessive
amounts of starch generally disrupt chloroplast structure
and function, causing diminish in chlorophyll content,
even have a feedback down-regulation of photosynthesis
[8, 33, 61]. In the current study, we found either starch
content or soluble sugar content were significantly in-
creased under N-deprived stress, as well as total non-
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structure carbohydrates and C/N ratio. But the accumu-
lation of soluble sugar and starch in low N-deficiency
sensitive cultivars was less than that in high sensitive
ones (Table 3), and they all showed clearly negative cor-
relations with the levels of 18:3 fatty acid and DBI
(Table 5). It has been shown that the less accumulatio of
starch would benefit the maintenance of chloroplast
ultrastructure, thus improved the plant growth in re-
sponse to stresses [21, 23]. Therefore, it can be supposed
that the less accumulation in carbohydrates could also
contribute to less N-deficiency sensitive in the cultivars
of Yao Mai 16, Yun Han 805, Yu Mai 18-99 and Xiao
Yan 6.

In addition, due to the relatively large number of
wheat cultivars used in this study, we could not investi-
gate each component of membrane lipid, such as
MGDG and DGDG, and this prevented us from compre-
hensively understanding the detailed responses of mem-
brane lipids. But the strong correlation between fatty
acid alteration and plant physiological responses under
N deficiency could help us in understanding how lipids
and fatty acids were involved in regulation of plant re-
sponse to N deficiency. Moreover, it would be interest-
ing to investigate the relation between year of cultivar
released and lipid composition change, as a recent study
showed that the newer wheat genotypes are more sensi-
tive to low N compared with the older ones [62].

Conclusions

In the present study, significant correlations were existed
between the levels of shoot dry weight, chlorophyll con-
tent and 18:3 fatty acid as well as DBI in wheat seedlings
after exposed to N deficiency. Through Pearson’s correl-
ation analysis and principal component analysis, the re-
sponses of 24 wheat cultivars under N deficient stress
was comprehensively evaluated, the results showed that
the chlorophyll content, 18:3 fatty acid and DBI had
close positive correlations with shoot dry weight, indicat-
ing that they could be considered as effective indicators
in evaluation of plant N-deficiency responses. Our re-
sults also indicated that the alteration in fatty acid com-
position can potentially contribute to N-deficiency
tolerance in plants, which could provide a novel strategy
for N deficiency adaption in crops. Moreover, future
studies using the contrasting genotypes like sensitive
versus tolerant genotypes should be carried out to iden-
tify novel genetic components that are responsible for
increasing 18:3 fatty acids and membrane unsaturation,
thus improves the tolerance to N-deficient stress.

Methods

Plant materials, growth conditions and treatments

A total of 24 wheat cultivars were used in this study
(Additional file 1). The seeds of different wheat cultivars
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were purchased from Yangling Sangin Seed Industry
Company Limited (Yangling. Shaanxi, China). Seeds
were sterilized with 1% sodium hypochlorite for 10 min,
followed by rinsing thoroughly with distilled water for
five times. After sterilization, seeds were sown and ger-
minated in vermiculite for 5 days. When the cotyledons
expanded, the uniform seedlings from each cultivar were
selected, after removing the seeds, the seedlings were
transplanted into plastic containers (length x width x
height: 40 x 30 x 15 cm) containing 5L of half-strength
Hoagland solution (pH5.8) [63]. Each container in-
cluded 20 seedlings of one genotype, and each genotype
had 3 containers for each treatment. The whole nutrient
solution consisted of: 3.75mM NHNO;, 0.5mM
KH,PO,4 1mM MgSOy4, 2.5 mM KCI, 2mM CaCl,, 1
mM MgSO,, 1.5x10"°mM Fe-EDTA, 2.5x 10" *mM
MnCl,, 2.5 x 10" *mM ZnSO,, 1 x 10" *mM CuSO,, 1 x
10"*mM (NH)sMo;0s4, 2.5 x 10°*mM H3BO,. Three
days after transplanting, half of the seedlings were
treated with N deficient (ND) Hoagland solution which
contained 0.375 mM NH,NOj3, and others were supplied
with N sufficient (NS) Hoagland solution which con-
tained 3.75 mM NHy/NO;. The seedlings were sampled
after 30days of treatments, when 2-3 tillers had
emerged. During the experiment process, the Hoagland
solution was aerated and changed every 3 days. All the
seedlings were grown in growth chambers at the same
time that was set to a 14/10 h day/night cycle at a day/
night temperature of 23/15 °C with 45 ~ 55% relative hu-
midity, and the photosynthetic photon flux density was
500 pmol-m™ %5~ !

Root length and biomass measurement

At the end of experiment, the longest root length of
each plant was measured with a ruler. The shoot and
root tissues of each cultivar from N deficient and suffi-
cient treatments were sampled individually, then placed
in an oven and dried at 80 °C for 3 days until a constant
weight was reached. The shoot and root dry weight were
measured, respectively. Three replications were included
for each cultivar from each treatment and each replica-
tion included three plants from the same container.

Determination of the contents of chlorophyll, leaf
nitrogen and carbohydrate

Leaves (0.2 g) were extracted by 80% acetone on a shaker
until the tissue was completely bleached. Then the ex-
tract was centrifuged at 5000 g for 5 min. After centrifu-
gation, the  supernatant was  subjected to
spectrophotometric measurements at 470 nm, 646 nm
and 663 nm using a spectrophotometer (UV-2550 Shi-
madzu, Japan). The chlorophyll content was calculated
according to the method of [64]. To measure leaf N con-
tent, leaf samples were dried and milled to powder.
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Then 0.1 g samples and 1.85g K,SO4: CuSOy: Se = 100:
10:1 catalyzer were added into the digestion tube, and
added 5 mL sulfuric acid, then digested at 360 °C for 50
min until the solution was translucent, then cooled to
room temperature. N content was measured by the
standard macro-Kjeldahl procedure using a Kjeltec 2300
analyzer unit (Foss Tecator AB, Hoganan, Swedden).

The analysis of carbohydrate contents was according
to [65-67]. Briefly, the 80% (v/v) ethanol were added
into leaf powder (0.1 g) and kept at 80°C for 30 min
with constant stirring. After centrifugation, the super-
natant was collected. The residue was further ex-
tracted by 80% ethanol at 80°C for another two
times. All supernatant was combined and the soluble
sugar content was determined according to the
method of [65]. The precipitate was used for starch
extraction and the starch content was determined
using the anthrone reagent according to [66]. The
TNC was calculated as the total content of soluble
sugars and starch. The carbon/nitrogen ratio was cal-
culated as the ratio of TNC to N content according
to [67].

Determination of hydrogen peroxide (H,0,), lipid
peroxidation and plasma membrane integrity

The H,0, contents were measured spectrophotometric-
ally according to [68] at 390 nm, with the extraction of
leaf samples by 0.1% trichloroacetic acid at low
temperature. The lipid peroxidation was estimated by
measuring the malondialdehyde (MDA) contents in
leaves, using the method of TBARS [69].

Plasma membrane integrity in wheat leaves was mea-
sured in terms of electrical conductivity (EC) according
to [70]. The uniform fresh leaf discs were washed with
deionized water to remove surface electrolytes, and then
transferred into closed tubes containing 10 mL of deion-
ized water. After incubation at 24°C with 100 rpm in
shaking for 24 h, the initial electrical conductivity (EC)
(R1) of the solution was measured using EC meter
(HORIBA Conductivity Meter B-173, Japan). Samples
were then autoclaved at 120 °C for 20 min, and cooled
down to room temperature, then the EC (R2) of the so-
lution was recorded. The membrane stability index was
defined as: MSI (%) = (R1/R2) x 100%.

Fatty acid components analysis

Leave tissues (0.1g) were extracted with 1 mL of 1M
methanolic HCI including 100 uL. of pentadecanoic acid
(15:0, pentadecanoic acid, Sigma) as internal standards.
Then incubated at 80 °C for 30 min, cooling down for 5
min, and 1 mL of hexane and 1 mL 0.9% NaCl were
added, then centrifuged at 1, 500 rpm for 3 min. Finally,
the supernatant was collected and quantified by gas
chromatography (GC-2010; Shimadzu, Japan) with flame
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ionization detector (FID) according to [47]. The fatty
acid contents were quantified in contrast with the in-
ternal standards. The double bond index (DBI) was cal-
culated as: DBI = [(16:1 mol% x 1) + (16:2 mol% x 2) + (16:
3mol% x 3) + (18:1 mol% x 1) + (18:2 mol% x 2) + (18:3
mol% x 3)]/100 [23].

Statistical analysis

All data are represented as means + SE of three replica-
tions. Data were analyzed using SPSS statistics software
(Version 24.0 for Windows, SPSS, Chicago, USA). Pear-
son’s correlations were applied to evaluate the relation-
ships between different physiological parameters and
fatty acid compositions. All analyses of significance were
conducted at the P < 0.05 level. In order to accurately as-
sess physiological and fatty acid responses to N defi-
ciency, principal component analysis (PCA) was
performed using the ratio of N deficient to N sufficient
treatments in 24 wheat cultivars.
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