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Abstract
Background: Nitrogen (N) plays an important role in the formation of tea quality-related compounds, like amino
acids and flavor/aroma origin compounds. Lipids, which have been reported to be affected by N deficiency, are
precursors to the generation of flavor/aroma origin compounds in tea plant. However, there is no literature about
the lipid profiles of tea plant affected by N fertilization. Hence, we hypothesize that the biosynthesis of flavor-related
compounds in tea was affected by N through its regulation of lipid metabolism.
Results: In this study, mature leaves and new shoots of tea plant grown under three N levels at the rates of 0, 285 and
474 kg/ha were applied for ultra-performance liquid chromatography-mass spectrometry (UPLC/MS) based lipidomic
analysis. Totally, 178 lipid species were identified. The results showed that the composition of lipid compounds in
mature leaves and new shoots varied dramatically, which was also affected by N levels. The higher content of the
storage lipid TAG and higher carbon (C)/N ratio in mature leaves than that of new shoots in tea plants grown
under low N level (0 kg/ha) suggested that tea plants could remobilize the C stored in TAG to maintain their C/N
balance and help to improve the quality of tea. N fertilization resulted in a higher content of the compounds 36:6
MGDG and 36:6 DGDG. Since these compounds contain linolenic acid (18:3), a precursor to the formation of
aroma origin compounds, we suggested their increase could contribute to the quality of tea.
Conclusions: Taken together, the present work indicated that appropriate application of N fertilizer could balance the
lipid metabolism and the formation of flavor/aroma origin compounds, which help to improve the quality of tea.
Moreover, excess N fertilization might deteriorate the aroma quality of made tea due to increases of precursors leading
to grassy odor.
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Background
Nitrogen (N) is one of the primary macronutrients essential to plants and is an important constituent of proteins,
nucleic acids, phospholipids, chlorophyll, as well as the
hormones that determine plant growth and development
[1, 2]. Tea plant, a perennial evergreen shrub that is classified within the genus Camellia in the family Theaceae,
contains abundant primary and secondary metabolites including free amino acids, flavonoids, and caffeine. These
metabolite compounds are related to tea quality; their
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relative proportions determine the characteristics of made
tea [3]. Numerous previous studies have shown that the
biosynthesis of these primary and secondary metabolites is
related to nutritional conditions [4–6]; tea plants grown at
different N levels have distinct growth performance as
well as different compositions of compounds related to
quality. Good quality tea is produced, for example, when
plants are grown at N levels between 200 kg/ha and
350 kg/ha [4, 7, 8].
Lipids are also major subcellular components that
have been shown to play a number of key roles in plant
growth, development, and responses to environmental
cues [9, 10]. Glycerolipids are the most abundant lipid
type in plants, comprising phospholipids, glycolipids and
neutral lipids [10]. The first of these subgroups includes
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the compounds phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and phosphatidylinositol (PI), while the
glycolipid group includes monogalactosyldiaclyglycerol
(MGDG), digalactosyl diacylglycerol (DGDG) and sulphoquinovosyl diacylglycerol (SQDG), and diacylglycerol
(DAG) and triacylglycerol (TAG) are both neutral lipids.
The composition of these compounds differs between
plant cellular membranes, tissues and species, and is also
strongly influenced by nutrients [11, 12]. In the model
plant system Arabidopsis, for example, lipid biosynthesis
has been shown to be significantly affected by N nutrition [13, 14], while lipid remodeling is regulated by
phosphorus starvation [15]. In addition, N limitations
have also been shown to have a significant overall effect
on the lipid composition of algae [16].
Lipids in the fresh leaves of tea plants are thought to
be responsible for the generation of flavor and aroma
compounds [17, 18]. (Z)-3-hexenol, its esters and (E)-2hexenal, which principally contribute to the fresh and
greenish odor of green tea, are oxidation products of
free fatty acids formed during the tea manufacturing
process. Hexenals and hexenols can also act as precursors to the formation of other compounds that generate
aroma when tea is made; thus, as the de novo precursors
for the biosynthesis of hexenals/haxenols, changes of
lipids in tea plant will further affect the formation of
aroma-generating compounds and thus the final quality
of made tea. Even though several works point out lipid
degradation during the process of tea manufacturing
[19–21], lipid profiling had not been carried out in tea
plant and nor the effects of N on tea lipids.
In this study, ultra-performance liquid chromatographymass spectrometry (UPLC/MS) based lipidomics analysis
[22] was applied for lipid profiling in the leaves of tea
plants grown under three different N levels. This method
has been successfully used to characterize the differential
lipid remodeling that occurs during cold acclimation in
natural accessions of Arabidopsis thaliana [23] and as well
as phosphorus starvation [24]. Thus, the aims of this study
were to: 1) Characterize the lipid composition of tea plant;
2) Describe the differences in lipid composition between
mature leaves and new shoots, and; 3) Assess the changes
of lipid species regulated by N fertilization, as some of
which would further affect the quality of made tea.

Methods
Plant material and experiment

Samples of new shoots and mature leaves used in this
study were collected in late March 2015 (the spring tea
harvest season) from a long-term N addition field
experiment owned by Tea Research Institute, Chinese
Academy of Agricultural Sciences since 2006. The experimental tea plantation was established from rooted-
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cuttings of cultivar Longjing 43, a nationally released and
commercially available clone optimum for premium green
Longjing tea produce. The rates of N fertilizer were set as
0 (N1), 285 (N3), 474 (N4) kg/ha per year in four split applications i.e. early Feb (30% of total), May (20%), June
(20%) and October (30%). Yields of new shoots in the previous years (2008–2014) were significantly increased by N
applications while the yield increment was insignificantly
different between N3 and N4 (Ma et al., personal communication). New shoots (one bud and two leaves) and the
first mature leaves near the new shoots of tea plants
grown under the above three N levels were sampled, then
quickly frozen in liquid nitrogen, and stored in a − 80 °C
ultra-refrigerator for lipidomic analysis and determination
of carbon (C) and N contents. Samples for lipidomic
analysis were lyophilized before taken to Max Planck Institute of Molecular Plant Physiology (Germany) for lipid
measurement.
Lipid extraction

Lipids were extracted from three biological replicates of
mature leaves and new shoots of tea plants using the
protocol described by Giavalisco et al. [22]. In brief, aliquots of 50 mg for each sample were prepared in the
2 ml Eppendorf tubes under constant freezing. Each
sample was then suspended in 1 ml MTBE buffer. Extraction was performed on an orbital shaker for 10 min
at 4 °C after incubating the samples in an ultrasonication
bath for 10 min. Following this step, 0.5 ml of a mixture
of water and methanol (3:1) were added and mixed well,
then the tubes were centrifuge at 14000 rpm for 5 min
in a table-top centrifuge at room temperature. The top
organic phase containing lipid compounds was desiccated overnight, and keep frozen before measurement.
Lipid fraction measurement using UPLC/MS

The lipids extracted from the previous step were separated
on a UPLC system using a C8 reversed-phase column
(100 mm * 2.1 mm * 1.7 μm particles; Waters) and the column temperature is 60 °C as established by Giavalisco et
al. [22]. The mobile phases were water (UPLC MS grade;
BioSolve) with 1% 1 M NH4Ac, 0.1% acetic acid (Buffer A,)
and acetonitrile: isopropanol (7: 3, UPLC grade; BioSolve)
containing 1% 1 M NH4Ac, 0.1% acetic acid (Buffer B). A
2 μl sample (the obtained organic fraction was resuspended in 500 μl of acetonitrile: isopropanol 7: 3) was
then loaded for each injection using a gradient of 1 min at
45% A, a 3 min linear gradient from 45% A to 35% A, an
8 min linear gradient from 25% A to 11% A, and a 3 min
linear gradient from 11% A to 1% A. The injection flow
rate was 400 μl min−1. The column was then washed for
3 min with 1% A, the buffer was set back to 45% A, and
the column was re-equilibrated for 4 min. Thus, the total
running time was 22 min.
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An Exactive mass spectrometer (Thermo-Fisher) was
applied to acquire the mass spectra. The spectra were
recorded alternately between full-scan and all-ion
fragmentation-scan modes, encompassing a mass range
between 100 m/z and 1500 m/z. Resolution for all scans
was set at 10000 and 10 scans were performed per second which restricted the loading time to 100 ms. The
capillary voltage was set to 3 kV with a sheath gas flow
value of 60 and an auxiliary gas flow of 35 (arbitrary
units). The capillary temperature was set at 150 °C, the
drying gas in the heated electrospray source was set at
350 °C, the skimmer voltage was set at 25 V, and the
tube lens had a set avalue of 130 V. Spectra were recorded over the period between 1 and 17 min within
UPLC gradients.
Peak annotation, quantification and data analyses

GeneData software (Version 9.0, Refiner MS) was used to
pre-process the chromatogram raw files; that is, baseline
correction, chemical noise subtraction, chromatogram
alignment, and peak detection. After preprocessing, a list
of detected peaks and a matrix with their respective intensities for each sample were obtained (abs. File).
Peak annotation was carried out using an in-house developed R package grms (available upon request), based
on the library compiled by Giavalisco et al. [22]. The
software first performs a retention time (RT) correction
of the output matrix based on previously identified
markers with known RT. Then, the compounds are
searched by comparing their specific m/z, expected adduct, and RTs within user-given ranges. A mass tolerance of 10 ppm was used to identify the lipid species.
Peaks were confirmed by manually inspecting the chromatograms with the software Xcalibur (Thermo-Fisher).
When isomers belonging to the same isobaric species
were found they were denoted by adding a number
within brackets after the isobaric species name.
Data normalization for lipid compounds detected by
UPLC-MS was performed using R software. Lipids detected in positive and negative mode were combined before normalization. The coefficient of variation was fist
calculated from raw chromatogram intensities for each
compound. Then, the intensities of the compounds
with 50% lower variation, excluding TAGs, were used
as the normalization factor for all the compounds in
the data set.
Statistical analyses were performed at the class level and
the species level. For the class level, the content for every
class was taken as the sum of species for the given class.
Analysis of variance (ANOVA) and t-test (P < 0.05) were
carried out at the two levels. Unsupervised principal component analysis (PCA) was run to obtain a general overview of the intrinsic variance of lipid profiles from
different samples.
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Measurement of total N, total C and C/N ratio

To determine the total content of N, C and the C/N ratio in mature leaves and new shoots, an aliquot of
100 mg for each dried sample was used. The measurement was automatically finished in an elemental analyzer
(Vario Max CN Analyzer, Elementar Analysensysteme
GmbH, Germany).

Results
Lipids profiling in the leaves of tea plant

After measuring the lipid extracts from the mature
leaves and new shoots of tea plants (Fig. 1), 178 lipid
compounds were identified (Additional file 1: Table S1).
All the main plant lipid classes were measured, with
phospholipids being represented by PC (27 species),
PE (26 species), PS (8 species), PI (2 species) and PG
(6 species), and galactolipids being represented by
MGDG (23 species), DGDG (21 species) and SQDG
(13 species). The neutral lipid classes DAG and TAG
have 8 and 44 species respectively.
Lipid profiling from leaves, flower stalks, flowers,
siliques, roots, and seeds of wild-type Arabidopsis confirmed that the content of lipid species differs among
various plant organs [11]. In this study, two types of tea
plant leaves (Fig. 1), mature leaves (ML) and new shoots
(NS) were subjected to lipidomic analysis. As a result,
the lipid composition varied between ML and NS groups
(Fig. 2), the content of TAG accounted for 36% of all the
identified lipids in ML group, while only 12% in the NS
group. In contrast, PC compounds were highly abundant
(47%) within the NS group, with that of 24% in ML
group. Otherwise, the contents of PG, PI, PS and SQDG
were rather low and the proportion of their contents
was nearly zero among the whole contents of all the
lipid compounds. The total content of DAG was higher
in ML group than that of NS group, accounting for 1%
and PC, PE, MGDG, SQDG, TAG were the main lipid

Fig. 1 The ‘longjing43’ tea cultivar. The red circle indicated the new
shoots of tea plant while the red arrow showed the mature leaves
of tea plant

Liu et al. BMC Plant Biology (2017) 17:165

Page 4 of 10

Fig. 2 Composition of lipid classes in mature leaves (ML) and new shoots (NS) of tea plant. Values shown are the percentage contribution of (the
sum of the mean intensities of all the compounds belonging to the same class) to (the sum of the mean intensities of all the classes). PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PG, phosphatidylglycerol; PI, phosphatidylinositol; MGDG,
monogalactosyldiaclyglycerol; DGDG, digalactosyl diacylglycerol; SQDG, sulphoquinovosyl diacylglycerol; DAG, diacylglycerol; TAG, triacylglycerol

classes both in the leaves of tea plant and Arabidopsis
(Fig. 2).
It had been reported that changes in C/N ratio affected the accumulation of TAG [24] and the metabolism of lipids was also regulated by C:N availability [25].
Thus, the total contents of N, C, C/N were determined
in this study (Table 1). Results showed that mature
leaves had a higher level of C/N ratio than new shoots,
while the total contents of N in new shoots were higher
than that of mature leaves. Interestingly, the total C content was very similar in these two types of tea plant
leaves (Table 1).
Principle component analysis of the lipid profiles

Differences among the samples of mature leaves and
new shoots harvested from tea plants grown under three
N levels were determined via PCA. The PCA model explained more than 96.1% (R2) and predicted more than
Table 1 Concentrations (mg/g) of total nitrogen (N), total
carbon (C) and C/N ratio in mature leaves (ML) and new shoots
(NS) of tea plant grown under three nitrogen levels at the rate
of 0 (ML1/NS1), 285 (ML3/NS3), 474 (ML4/NS4) kg/ha (Mean ± SD,
n = 4), respectively
Total N

Total C

C/N ratio

ML1

29.2 ± 0.3

458.3 ± 0.4

15.7 ± 0.2

ML3

29.6 ± 0.7

454.6 ± 0.5

15.4 ± 0.4

ML4

33.3 ± 0.1

463.7 ± 0.6

13.9 ± 0.1

NS1

52.8 ± 2.3

469.7 ± 7.1

8.9 ± 0.5

NS3

53.7 ± 1.2

469.7 ± 9.9

8.8 ± 0.2

NS4

54.8 ± 2.7

465.5 ± 14.4

8.5 ± 0.3

88.4% (Q2) of the total variance. Principle component 1
(PC1) described the separation of lipids from ML and
NS groups, while principle component 2 (PC2) explained the effects of N application (Fig. 3a). Lipids from
the mature leaves and new shoots were apparently separated into two groups, while profiles from three different
N levels were divided into three groups. Furthermore,
the results also showed that new shoots were more significantly affected by N application than that of mature
leaves and the effect of N application on these two tissues was contrary (Fig. 3a). According to the loading
values of PC2, the changes of 32:3 PC, 34:4 PE, 36:1(1)
PE, 38:3(1) PE, 36:3(1) PC, 36:3(2) PE in ML had positive correlations with the N application level, while 36:4
DGDG, 36:6 MGDG and 38:5 MGDG had negative correlations. In NS group, incremental application of N
resulted in a negative effect on 36:1(1) PE, 34:3 PC and
36:6 PC, while a positive effect was shown in 38:5
DGDG and 34:2 DGDG lipid species (Fig. 3b, red colour
compounds).
The effect of N application on lipid composition in
mature leaves and new shoots of tea plant

In this study, the application levels of N fertilizer in tea plantation were set as 0 (ML1/NS1), 285 (ML3/NS3), 474
(ML4/NS4) kg/ha, respectively. T-test (P < 0.05; Foldchange
>2 and <0.5) was applied to distinguish lipids that were significantly affected by different N levels. In new shoots, a
total of 36 lipid species were significantly changed at these
two N levels (NS3 and NS4, both compared to NS1), among
which most belonging to TAG class (26 species) (Table 2).
The others were three SQDG species, two PE species, two
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N deficiency usually leads to the accumulation of TAG,
a response that is known to occur both in plants and
green algae [12, 16, 26]. In mature leaves, the content of
TAG decreased with the increment of N application
level (Fig. 4a), which was consistent with the previous
studies. Remarkably, TAG accumulated in the new
shoots under high N level (Fig. 4b), in contrast to the
previous studies in other organisms. There was little
variation between high (ML4) and low N level (ML3) in
mature leaves for the N containing lipid classes PC and
PE (Fig. 5), while they both decreased at high N level in
new shoots of tea plant (Fig. 6). N application did not
affect the MGDG and DGDG lipid classes in mature
leaves (Fig. 5 and Table 3) but induced the increment of
their contents in new shoots, especially for 36:6 MGDG
and 36:6 DGDG (Fig. 6 and Table 2). 36:6(2) MGDG increased by 2.14- and 3.87 fold-change at NS3 and NS4,
respectively. Otherwise, the content of 36:6 SQDG was
not significantly affected by NS3, but highly induced by
2.61 fold-change at NS4 N level.
Fig. 3 Principle component analysis of the lipid profiles. PCA score plot
(a) and PCA loading plot (b) using lipid profiles from mature leaves (ML)
and new shoots (NS) of tea plant grown under three nitrogen levels at
the rate of 0 (ML1/NS1), 285 (ML3/NS3), 474 (ML4/NS4) kg/ha,
respectively. The red arrow (a) indicated that the effects of
nitrogen application on ML and NS were contrary. Lipids in red
color (b) were the most responsive compounds under different
nitrogen levels according to the loading values of principle
component 2

PI species, two MGDG and only one DAG species. Comparing the NS3 level to NS1, 36:6(2) MGDG, 50:1 TAG, 52:1
TAG, 52:6 TAG, 52:7 TAG, 52:8(1) TAG and 54:9 TAG lipid
species all underwent a 2 fold-change, while the contents of
just one lipid species (34:4 PE) significantly decreased. At
the N4 (higher N level) treatment condition, among the 36
significantly changed lipid species, the contents of the majority lipids increased more than 2 fold-change, except 34:4
PE and 36:6(1) PE with a decrease in their contents.
In mature leaves, 21 lipid species were significantly affected by the application of N, which included two PC
species, five PE species, and 14 TAG species (Table 3).
At the ML4 (higher N level) treatment, only 32:0 PC,
32:1(2) PC, 36:1(1) PE, 36:6(2) PE, 38:1 PE accumulated,
while their contents did not change at the ML3 N level
(lower N level). The reduction of 38:3(2) PE occurred
both under ML3 and ML4, whereas all the TAG lipid
species were significantly decreased in ML4 and did not
change at ML3.
Alterations of the main lipid classes in mature leaves and
new shoots of tea plants under three N levels

As shown in Fig. 2, PC, PE, MGDG, SQDG, and TAG
are the five major lipid classes in the leaves of tea plant.

Discussion
In this study, the lipid profiles of tea plant Camellia
sinensis L. were characterized and the effect of N
fertilization on lipid composition was also uncovered.
The composition of lipid compounds in mature leaves
and new shoots varied dramatically (Fig. 2). Previous
studies had confirmed that lipid composition differs between cellular membranes, plant tissues and plant species [11, 27]. Lipids are special compounds for tea plant,
as they are precursors for tea aroma compounds [18]. So
the lipid species in tea plant may have their own
characteristics.
TAG is the most common lipid reserve in plants
[25, 28, 29]. Studies in which N deficiency induced
the accumulation of TAG had been well documented
[12, 26, 30]. In the present work, the alteration of
TAG in mature leaves of tea plant under zero, lowor high N levels (Fig. 4a) was consistent with these
previous studies. In tea plant, mature leaves play the
role as nutrient storage organ ‘sink’ and mobilise N
to support the growth of new shoots when root uptake is limited due to low temperature in early spring
[31]. Thus, the content of TAG in mature leaves was
higher than that of new shoots in tea plants grown
under low N level (Figs. 2 and 4), likely suggesting
that tea plants could use the C stored in TAG to
maintain their growth performance and also the
shoots to sprout in early spring. With the increment
of N application rate, TAG in mature leaves decreased
(Fig. 4a) but increased in new shoots (Fig. 4b).
MGDG, DGDG, SQDG and PG are the four unique
lipids that composed of chloroplast lipids [32]. Their
contents in new shoots increased with the increment
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Table 2 Lipid species significantly affected by nitrogen in new shoots (NS) of tea plant. T-test (P < 0.05; Foldchange >2 and <0.5)
was applied to separate the significantly changed lipids. The content of each lipid species under the three nitrogen levels was
shown as (Mean intensity ± SD, SD = 3)
34:4 PE

NS1

NS3

NS4

Foldchange (NS3/NS1)

Foldchang (NS4/NS1)

3.31 ± 0.49

0.78 ± 1.11

0.68 ± 0.96

0.24

0.21

36:6 (1) PE

128.7 ± 9.97

99.3 ± 10.75

64.14 ± 6.15

/

0.50

34:2 PI

1.16 ± 0.1

1.13 ± 0.81

2.85 ± 0.81

/

2.46

34:3 PI

1.74 ± 0.09

1.55 ± 1.1

3.76 ± 1.01

/

2.16

36:5 (1) MGDG

54.85 ± 3.09

77.54 ± 3.2

119.07 ± 0.18

/

2.17

36:6 (2) MGDG

7.82 ± 1.39

16.76 ± 2.74

30.25 ± 4.18

2.14

3.87

32:0 SQDG

0.31 ± 0.02

0.26 ± 0.18

0.78 ± 0.22

/

2.52

34:3 SQDG

7.93 ± 0.31

6.91 ± 4.88

20.69 ± 6.1

/

2.61

36:6 SQDG

1.67 ± 0.06

1.49 ± 1.05

4.33 ± 1.23

/

2.59

36:6 DAG

2.9 ± 0.33

4.9 ± 0.05

12.34 ± 0.72

/

4.26

50:1 TAG

3.38 ± 0.22

9.7 ± 0.57

6.92 ± 0.17

2.87

2.05

50:2 (1) TAG

31.54 ± 2.29

47.27 ± 4

75.38 ± 10.13

/

2.39

50:3 (1) TAG

26.87 ± 1.55

44.49 ± 3

74.97 ± 3.85

/

2.79

50:4 (1) TAG

1.83 ± 0.13

3.27 ± 0.42

5.8 ± 0.47

/

3.17

50:5 (1) TAG

1.02 ± 0.09

1.55 ± 0.07

2.96 ± 0.17

/

2.90

50:6(1) TAG

0.46 ± 0.04

0.63 ± 0.04

1.62 ± 0.21

/

3.52

52:1 TAG

1.32 ± 0.04

3.53 ± 0.19

2.12 ± 0.18

2.67

1.61

52:3 TAG

34.21 ± 1.43

58.45 ± 2.64

73.28 ± 4.25

/

2.14

52:5 TAG

200.08 ± 15.49

358.95 ± 8.85

644.61 ± 13.66

/

3.22

52:6 TAG

103.81 ± 10.36

199.37 ± 5.89

390.57 ± 18.38

1.92

3.76

52:7 TAG

1.27 ± 0.06

2.79 ± 0.22

5.26 ± 0.55

2.20

4.14

52:8 (1) TAG

0.06 ± 0.01

0.13 ± 0.02

0.33 ± 0.03

2.17

5.5

54:5 TAG

86.96 ± 7.62

142.32 ± 11.12

213.97 ± 4.9

/

2.46

54:9 TAG

59.84 ± 2.19

128.82 ± 7.67

272.83 ± 14.08

2.15

4.56

56:5 TAG

14.22 ± 0.64

21.73 ± 1.21

30.87 ± 2.97

/

2.17

56:6 (1) TAG

20.61 ± 1.37

33.82 ± 1.35

46.5 ± 4.54

/

2.26

56:6 (2) TAG

10.41 ± 1.44

16.78 ± 1.85

21.86 ± 2.93

/

2.10

56:7 TAG

13.23 ± 1.1

21.77 ± 0.98

33.35 ± 2.06

/

2.52

56:8 TAG

6.14 ± 0.77

9.58 ± 0.52

15.1 ± 1.28

/

2.46

56:9 TAG

1.71 ± 0.17

2.78 ± 0.1

5.12 ± 0.34

/

2.99

58:5 (2) TAG

2.72 ± 0.23

4.35 ± 0.19

6.85 ± 0.89

/

2.52

58:6 (1) TAG

3.95 ± 0.12

6.15 ± 0.69

8.84 ± 0.54

/

2.24

58:7 TAG

2.23 ± 0.21

3.33 ± 0.05

4.91 ± 0.45

/

2.20

60:5 (1) TAG

7.18 ± 0.51

11.29 ± 0.77

15.51 ± 0.83

/

2.16

60:6(1) TAG

4.53 ± 0.3

6.62 ± 0.42

9.29 ± 1.53

/

2.05

60:7(1) TAG

3.13 ± 0.13

4.61 ± 0.31

6.71 ± 0.35

/

2.14

of N fertilization level, while in mature leaves changes
of their contents were not obvious under these three
N fertilization level (Figs. 5 & 6). Indicating that the
effect of N fertilization on chloroplast lipids in new
shoots were more significant than mature leaves.
Moreover, it had been reported that the mobilization of
storage lipids in Arabidopsis was regulated by C/N

availability [24, 25]. In our study, the C/N ratio in mature
leaves was higher than that of new shoots (Table 1) and the
TAG class was highly accumulated in mature leaves of tea
plant (Fig. 4a). Thus, in mature leaves, higher C/N ratio
might induce the accumulation of TAG. The total content
of N in mature leaves was lower than that of new shoots
(Table 1) and the concentrations of N containing lipid
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Table 3 Significantly changed lipid species at different nitrogen levels in mature leaves (ML) of tea plant. T-test (P < 0.05; Foldchange >2 and <0.5) was applied to separate the significantly changed lipids. The content of each lipid species under ML1, ML3 and
ML4 nitrogen levels was shown as (Mean intensity ± SD, SD = 3)
32:0 PC

ML1

ML3

ML4

Foldchang (ML3/ML1)

Foldchange (ML4/ML1)

1.19 ± 0.15

1.61 ± 0.1

2.62 ± 0.26

1.35

2.20

32:1 (2) PC

1.61 ± 0.04

2.21 ± 0.38

3.39 ± 0.25

1.37

2.11

36:1 (1) PE

0.92 ± 0.12

1.82 ± 0.2

2.92 ± 0.12

1.98

3.17

36:6 (2) PE

0.18 ± 0.05

0.22 ± 0.04

0.75 ± 0.24

1.22

4.17

38:1 PE

0.15 ± 0.07

0.17 ± 0.02

0.39 ± 0.06

1.13

2.6

38:3 (2) PE

0.18 ± 0.04

0.03 ± 0.01

0.05 ± 0.03

0.17

0.28

38:4 (2) PE

0.2 ± 0.03

0.1 ± 0.03

0.14 ± 0.01

0.5

0.7

54:4 TAG

97.92 ± 4.52

61.47 ± 2.81

48.43 ± 1.67

0.63

0.49

56:4 TAG

28 ± 2.52

17.58 ± 0.6

13.23 ± 0.14

0.63

0.47

56:7 TAG

50.68 ± 1.56

31.16 ± 1.6

24.24 ± 0.48

0.61

0.48

56:8 TAG

64.85 ± 5.11

34.99 ± 2.91

23.21 ± 1.56

0.54

0.36

56:9 TAG

46.59 ± 0.79

25.57 ± 0.92

17.14 ± 0.07

0.54

0.37

58:4 TAG

65.37 ± 8.56

42.42 ± 1.53

32.49 ± 0.39

0.65

0.50

58:5 (1) TAG

20.68 ± 2.25

11.56 ± 0.51

7.4 ± 0.16

0.56

0.36

58:6 (1) TAG

18.57 ± 1.76

9.49 ± 0.32

6.77 ± 0.47

0.51

0.36

58:7 TAG

12.03 ± 0.36

6.16 ± 0.55

2.92 ± 0.07

0.51

0.24

60:2 TAG

3.27 ± 0.32

1.7 ± 0.08

1.37 ± 0.13

0.52

0.42

60:3 TAG

6.51 ± 0.65

3.9 ± 0.42

3.06 ± 0.16

0.60

0.47

60:4 TAG

13.9 ± 0.45

7.62 ± 0.54

6.19 ± 0.06

0.55

0.45

60:6 (1) TAG

40.18 ± 3.4

21.48 ± 1.97

15.84 ± 0.61

0.53

0.39

60:7 (1) TAG

59.83 ± 1.79

36.86 ± 1.51

25.95 ± 0.55

0.62

0.43

Fig. 4 Alteration of TAG class in mature leaves (ML, a) and new shoots (NS, b) of tea plants grown under different nitrogen levels. Values shown
were the mean intensities of each TAG species under three nitrogen levels at the rate of 0 (ML1 & NS1, white bar), 285 (ML3 & NS3, black bar)
and 474 (ML4 & NS4, gray bar with oblique line) kg/ha, respectively. Error bars indicated the interval between the first and the third quartiles
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Fig. 5 Changes of PC, PE, MGDG and DGDG classes in mature leaves (ML) of tea plants grown under different nitrogen levels. Values shown were
the mean intensities of each species under three nitrogen levels at the rate of 0 (ML1, white bar), 285 (ML3, black bar) and 474 (ML4, gray bar
with oblique line) kg/ha, respectively. Error bars indicated the interval between the first and the third quartiles

classes PC and PE in mature leaves did not change both
under high- or low N level (Fig. 5), while there is a decrease
in new shoots (Fig. 6). It is likely that the changed C/N balance in new shoots was related to the process of C/N remobilization from mature leaves [33]. Interestingly, our work
showed that while decreased N caused an accumulation of
TAG in mature leaves, it caused its depletion in young

shoots. Even though we did not have evidence explaining
this founding in the present study, it could be speculated
that TAG storage in mature leaves and new shoots had different purpose. More studies are needed to determine the
physiological relevance of this finding.
The typical nomenclature for lipidomics goes as follows, number of carbons in both fatty acids and number

Fig. 6 Changes of PC, PE, MGDG and DGDG classes in new shoots (NS) of tea plants grown under different nitrogen levels. Values shown were
the mean intensities of each species under three nitrogen levels at the rate of 0 (NS1, white bar), 285 (NS3, black bar) and 474 (NS4, gray bar with
oblique line) kg/ha, respectively. Error bars indicated the interval between the first and the third quartiles

Liu et al. BMC Plant Biology (2017) 17:165

of double bonds in both fatty acids. Linolenic acid
(18:3) is the precursor for the formation of hexenals/
hexenols [34–36]. In tea plant, the contents of hexenals/hexenols dramatically affect the flavor and aroma
of teas [17, 18, 34]. Two highly abundant compounds
varying significantly under the conditions tested could
thus affect the quality of tea: 36:6 MGDG and 36:6
DGDG, each contains two 18:3 fatty acids. Compared
to zero N application (NS1), their contents were dramatically increased under a higher N level (NS4) and
with a slight increase at a moderate N level (NS3)
(Fig. 6). Our previous results indicated that the
optimum level of N fertilization for yield in the experimental plantation is N3 (285 kg/ha (Ma et al.,
personal communication)). The present results confirmed that higher level of N application is not good
for tea plant, as higher N level increase the content
of 36:6 MGDG and 36:6 DGDG (Fig. 6) in new
shoots. In tea plant, usually the new shoots are harvested for the production of made tea [33]. So the
alterations of 36:6 MGDG and 36:6 DGDG would
possibly further increase the content of hexenals/hexenols and caused an undesirable grassy odour in
made tea. Changes in fatty acid levels of new shoots
of tea due to nitrogenous fertilizers explained the
general flavour quality deterioration with increase in
nitrogenous fertilizer rates [37, 38]. The lipidomics results in our present work suggested that changes in
lipid composition which related to tea quality and
aroma, were also affected by N application.

Conclusions
In the present work, lipidomic analysis of the leaves
in tea plant grown under three N application levels
provided one of the first case studies, in which the
lipid profiles of tea plant and the changes of lipids in
the mature leaves and new shoots affected by N
fertilization were uncovered. The lipid composition in
mature leaves and new shoots was different, the later
was more significantly affected by N. Otherwise, the
mobilization of storage lipid TAG in mature leaves of
tea plants grown under low N (0 kg/ha) level indicated that tea plants could reuse the C stored in
TAG to maintain their growth performance and help
to form a good quality of tea. Furthermore, precursors to the flavor/aroma origin compounds 36:6
MGDG and 36:6 DGDG were dramatically increased
under a higher N level (474 kg/ha) and with a slight
increase at a moderate N level (285 kg/ha), indicating
that the rate of 285 kg/a nitrogen application is more
suitable for tea plantation. All these confirmed that N
fertilization contributes to the quality of tea through
its regulation of lipid compositions.
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Additional file 1: Table S1. All the identified lipid species in the leaves
of tea plant (Camellia sinensis L.). (XLSX 17 kb)

Abbreviations
C: Carbon; DAG: Diacylglycerol; DGDG: Digalactosyl diacylglycerol;
MGDG: Monogalactosyldiaclyglycerol; ML: Mature leaves; N: Nitrogen;
NS: New shoots; PC: Phosphatidylcholine; PC1: Principle component 1;
PC2: Principle component 2; PCA: Principle component analysis;
PE: Phosphatidylethanolamine; PG: Phosphatidylglycerol;
PI: Phosphatidylinositol; PS: Phosphatidylserine; SQDG: Sulphoquinovosyl
diacylglycerol; TAG: Triacylglycerol
Acknowledgements
Thanks are extended to Prof. Dr. Lothar Willmitzer for his support to the
present work and Änne Eckardt for technical assistance in lipid measurement
at the Max Planck Institute of Molecular Plant Physiology.
Funding
The field experiment was supported by a grant to J. Ruan by the Earmarked
Fund for China Agriculture Research System of the Ministry of Agriculture of
China (CARS 23); the fees for sample analysis was granted by the Chinese
Academy of Agricultural Sciences through Agricultural Sciences Innovation
Project (CAAS-ASTIP-2017-TRICAAS) given to J. Ruan; the fees for sample
gathering, measurement and data processing, and the cost of publication
fees were supported by a grant through the National Key Research and
Development Program of China (2016YFD0200901); the fees for C/N
measurement was supported by the grant to MY Liu through the Zhejiang
Provincial Natural Science Foundation (LQ15C150004). The funding body did
not play a role in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript, but just provide the
financial support.
Availability of data and materials
All data generated or analysed during this study are included in this
published article and its supplementary information files.
Authors’ contributions
MYL performed the research including sampling, lipids extraction, data-processing
and drafted the manuscript, AB and QZ provided help to MYL in data processing.
LM managed the long-term field experiment and DT provided experimental
assistance. JR conceived the research and finalized the manuscript. All authors
read and approved the manuscript.
Ethics approval
No permission is needed for the collection of plant materials used in this
study for the ‘longjng43’ tea cultivar is commercially available.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Key Laboratory of Tea Plant Biology and Resources Utilization (Ministry of
Agriculture), Tea Research Institute, Chinese Academy of Agricultural
Sciences, Hangzhou 310008, China. 2Max Planck Institute of Molecular Plant
Physiology, 14476 Potsdam-Golm, Germany. 3Graduate School, Chinese
Academy of Agricultural Sciences, Beijing 100081, China.

Liu et al. BMC Plant Biology (2017) 17:165

Received: 19 May 2017 Accepted: 9 October 2017

References
1. Hawkesford M, Horst W, Kichey T, Lambers H, Schjoerring J, Møller IS, White
P. Functions of macronutrients. In: Marschner P, editor. Marschner's mineral
nutrition of higher plants. 3rd ed. Amsterdam: Academic; 2012. p. 135–51.
2. Krapp A. Plant nitrogen assimilation and its regulation: a complex puzzle
with missing pieces. Curr Opin Plant Biol. 2015;25:115–22.
3. Zhang Q, Ruan J. Tea: analysis and tasting. In: Caballero B, Finglas PM,
Toldrá F, editors. Encyclopedia of food and health. Oxford: Academic; 2016.
p. 256–67.
4. Ruan J, Haerdter R, Gerendas J. Impact of nitrogen supply on carbon/
nitrogen allocation: a case study on amino acids and catechins in green tea
[Camellia sinensis (L.) O. Kuntze] plants. Plant Biol. 2010;12(5):724–34.
5. Lin ZH, Qi YP, Chen RB, Zhang FZ, Chen LS. Effects of phosphorus supply on
the quality of green tea. Food Chem. 2012;130:908–14.
6. Du XH, Peng FR, Jiang J, Tan PP, Wu ZZ, Liang YW, Zhong ZK. Inorganic
nitrogen fertilizers induce changes in ammonium assimilation and gas
exchange in Camellia sinensis L. Turk J Agric For. 2015;39:28–38.
7. Ruan J, Gerendas J, Hardter R, Sattelmacher B. Effect of root zone pH and
form and concentration of nitrogen on accumulation of quality-related
components in green tea. J Sci Food Agric. 2007;87:1505–16.
8. Owuor PO, Ng’etich WK, Obanda M. Quality response of clonal black tea to
nitrogen fertilizer, plucking interval and plucking standard. J Sci Food Agric.
2000;80(4):439–46.
9. Welti R, Wang X. Lipid species profiling: a high-throughput approach to
identify lipid compositional changes and determine the function of
genes involved in lipid metabolism and signaling. Curr Opin Plant Biol.
2004;7:337–44.
10. Li-Beisson Y, Nakamura Y, Harwood J. Lipids: from chemical structures,
biosynthesis, and analyses to industrial applications. In: Nakamura Y, LiBeisson Y, editors. Lipids in plant and algae development. Switzerland:
Springer International Publishing; 2016. p. 1–20.
11. Devaiah SP, Roth MR, Baughman E, Li M, Tamura P, Jeannotte R, Welti R,
Wang X. Quantitative profiling of polar glycerolipid species from organs of
wild-type Arabidopsis and a PHOSPHOLIPASE Da1 knockout mutant.
Phytochemistry. 2006;67:1907–24.
12. Gong Y, Guo X, Wan X, Liang Z, Jiang M. Triacylglycerol accumulation
and change in fatty acid content of four marine oleaginous microalgae
under nutrient limitation and at different culture ages. J Basic Microb.
2013;53:29–36.
13. Yang Y, Yu X, Song L, An C. ABI4 activates DGAT1 expression in Arabidopsis
seedlings during nitrogen deficiency. Plant Physiol. 2011;156:873–83.
14. Kong Y, Chen S, Yang Y, An C. ABA-insensitive (ABI) 4 and ABI5
synergistically regulate DGAT1 expression in Arabidopsis seedlings under
stress. FEBS Lett. 2013;587:3076–82.
15. Pant BD, Burgos A, Pant P, Cuadros-Inostroza A, Willmitzer L, Scheible WR.
The transcription factor PHR1 regulates lipid remodeling and triacylglycerol
accumulation in Arabidopsis Thaliana during phosphorus starvation. J Exp
Bot. 2015;66(7):1907–18.
16. Chia MA, Lombardi AT, Grac MD, Melao AG, Christopher CP. Effects of
cadmium and nitrogen on lipid composition of Chlorella Vulgaris
(Trebouxiophyceae, Chlorophyta). Eur J Phycol. 2013;48(1):1–11.
17. Ravichandran R. Carotenoid composition, distribution and degradation to
flavor volatiles during black tea manufacture and the effect of carotenoid
supplementation on tea quality and aroma. Food Chem. 2002;78:23–8.
18. Ho CT, Zheng X, Li SM. Tea aroma formation. Food Sci Human Wellness.
2015;4:9–27.
19. Selvendran RR, Reynolds J, Galliard T. Production of volatiles by degradation
of lipids during manufacture of black tea. Phytochemistry. 1978;17:233–6.
20. Wright A, Fishwick MJ. Lipid degradation during manufacture of black tea.
Phytochemistry. 1979;18:1611–513.
21. Ravichandran R, Parthiban R. Lipid occurrence, distribution and degradation
to favour volatiles during tea processing. Food Chem. 2000;68:7–13.
22. Giavalisco P, Li Y, Matthes A, Eckhardt A, Hubberten HM, Hesse H, Segu
S, Hummel J, Köhl K, Willmitzer L. Elemental formula annotation of
polar and lipophilic metabolites using 13C, 15N and 34S isotope
labelling, in combination with high-resolution mass spectrometry. Plant
J. 2011;68:364–76.

Page 10 of 10

23. Degenkolbe T, Giavalisco P, Zuther E, Seiwert B, Hincha DK, Willmitzer L.
Differential remodeling of the lipidome during cold acclimation in natural
accessions of Arabidopsis thaliana. Plant J. 2012;72:972–82.
24. Pourtau N, Mares M, Purdy S. Interactions of abscisic acid and sugar
signalling in the regulation of leaf senescence. Planta. 2004;219:765–72.
25. Martin T, Oswald O, Graham IA. Arabidopsis seedling growth, storage lipid
mobilization, and photosynthetic gene expression are regulated by carbon:
nitrogen availability. Plant Physiol. 2002;128(2):472–81.
26. Singer SD, Zou J, Weselake RJ. Abiotic factors influence plant storage lipid
accumulation and composition. Plant Sci. 2016;243:1–9.
27. Staehelin JA, Newcomb EH. Membrane structure and membranous
organelles. In: Bunchanan BB, Gruissem W, Jones RL, editors. Biochemistry
and molecular biology of plants. Rockville: American Society of Plant
Physiologist; 2000. p. 2–50.
28. Athenstaedt K, Daum G. The life cycle of neutral lipids: synthesis, storage
and degradation. Cell Mol Life Sci. 2006;63:1355–69.
29. Lin W, Oliver DJ. Role of triacylglycerols in leaves. Plant Sci. 2008;175:233–7.
30. Gaude N, Brehelin C, Tischendorf G, Kessler F, Dormann P. Nitrogen
deficiency in Arabidopsis affects galactolipid composition and gene
expression and results in accumulation of fatty acid phytyl esters. Plant J.
2007;49:729–39.
31. Okano K, Matsuo K. Seasonal changes in uptake, distribution and
redistribution of 15N-nitrogen in young shoots. Jpn J Crop Sci. 1996;65(4):
707–13.
32. Shimojima M, Ohta H, Nakamura Y. Biosynthesis and function of chloroplast
lipids. In: Wada H, Murata N, editors. Lipids in photosynthesis: essential and
regulatory functions. Netherlands: Springer; 2009. p. 33–55.
33. Liu J, Zhang Q, Liu M, Ma L, Shi Y, Ruan J. Metabolomic analyses reveal
distinct change of metabolites and quality of green tea during the short
duration of a single spring season. J Agric Food Chem. 2016;64(16):3302–9.
34. Saijyo R, Takeo T. The importance of linoleic acid and linolenic acid as
precursors of hexanal and trans-2-hexenal in black tea. Plant Cell Physiol.
1972;13(6):991–8.
35. Hatanaka A, Harada T. Formation of cis-3-hexenal, trans-2-hexenal and cis-3hexenol in macerated Thea Sinensis leaves. Phytochemistry. 1973;12:2341–6.
36. Serghini-Cais H, Demandre C, Justin AM, Mazliak P. Linolenic acid
biosynthesis via glycerolipid molecular species in pea and spinach leaves.
Phytochemistry. 1988;27(8):2543–8.
37. Owuor PO, Munavu RM, Muritu JW. Changes in fatty acid levels of young
shoots of tea (Camellia sinensis L.) due to nitrogenous fertilizers. Food
Chem. 1990;38(3):211–9.
38. Owuor PO, Okal AW, Kamau DM, Msomba SW, Uwimana MA, Kamunya SM,
Mang’uro LOA. Influence of nitrogen fertilizer rates and harvesting intervals
on clonal tea green leaf fatty acid levels in the Lake Victoria basin of Kenya.
J Food Agric Environ. 2013;11(3&4):667–74.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

