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Abstract: Leaf senescence is a long developmental phase important for plant performance and
nutrient management. Cell constituents are recycled in old leaves to provide nutrients that are
redistributed to the sink organs. Up to now, metabolomic changes during leaf senescence have been
mainly studied in Arabidopsis (Arabidopsis thaliana L.). The metabolite profiling conducted in barley
(Hordeum vulgare L.) during primary leaf senescence under two nitrate regimes and in flag leaf shows
that amino acids, hexose, sucrose and glycolysis intermediates decrease during senescence, while
minor carbohydrates accumulate. Tricarboxylic acid (TCA) compounds changed with senescence
only in primary leaves. The senescence-related metabolite changes in the flag leaf were globally
similar to those observed in primary leaves. The effect of senescence on the metabolite changes of
barley leaves was similar to that previously described in Arabidopsis except for sugars and glycolysis
compounds. This suggests a different role of sugars in the control of leaf senescence in Arabidopsis
and in barley.

Keywords: metabolome; leaf senescence; amino acids; glycolysis; TCA

1. Introduction

Barley (Hordeum vulgare L.) is a major crop cultivated worldwide. Like in other crops, nitrogen
remobilization efficiency is important as a main determinant of grain yield and seed quality [1,2].
In wheat and barley, grain protein content (GPC) and leaf senescence are controlled by the same
gene (Gpc-1, NAMB-1), a transcription factor whose homologous gene in Arabidopsis is also involved
in the control of leaf senescence [3,4]. The fact that the same gene controls both leaf senescence
and GPC suggests that the metabolic changes occurring during leaf senescence are essential for
grain composition.

Leaf senescence is a long developmental process essential for plant physiology and metabolism [5].
The numerous genes up- or down-regulated during leaf senescence are indeed strongly related to
the primary and secondary metabolisms and especially involved in the transition from anabolism
to catabolism [6–9]. The transcriptome analyses show that the cellular mechanisms involved in the
protection against free radicals and reactive oxygen species are overexpressed during leaf senescence.
This certainly contributes to the better survival of the leaf tissues all along the senescence process and
ensures efficient nutrient remobilization to the sink organs. From that point of view, leaf senescence
that ends with cell death, is essential to efficient nutrient recycling and mobilization at the whole plant
level. This facilitates survival of environmental changes and seed production. The tightly regulated
sequence of events occurring during senescence aims at recycling and remobilizing mineral nutrients
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and nitrogen-containing molecules as efficiently as possible and in good accordance with the needs of
the plant [10,11]. The methodical degradation of cell constituents starts at the chloroplast level and has
a strong impact on the photosynthesis capacity of the leaf. Mitochondria is maintained and collapses
at the last stage of senescence. However, the nature of the nutrients used to support mitochondria
respiration is certainly different at the different stages of the leaf senescence. As a result of chloroplast
dismantling, protein degradation and recycling processes, major modifications of the leaf metabolite
contents certainly modify the source sink relationships in the plant [12,13].

The molecular mechanisms occurring during the leaf senescence have been studied extensively
for a long time because they are key elements controlling plant productivity and plant adaptation to
the environment [9,14]. Most of the studies have focused on the signals and the transcriptional
factors involved in the regulation of this process [15]. Actors of the degradation process like
proteases, nucleases, lipases and other hydrolases have also been identified and their exact roles
in the cell component degradations are still under investigation [6,16–20]. Recently, the role of
autophagy machinery in the degradation processes occurring during leaf senescence and for nutrient
remobilization has been reported [9,21–27]. Besides cell component degradation, which could be
orchestrated by autophagy, and other proteolytic processes occurring in the organelles, the cytosol and
the vacuole, a panel of enzymes and transporters in charge of nutrient inter-conversions and phloem
loading and unloading remain to be identified [28].

While the changes in gene expressions during leaf senescence have been extensively studied in
many plant species [6,29,30], there are still few reports describing how metabolite contents are affected
during leaf senescence [12,13] and data available is mainly focused on Arabidopsis leaf senescence.
Because we expected that N remobilization metabolism was more active in crops like barley than in
Arabidopsis due to the higher harvest index of cereals, the metabolic changes during leaf senescence
were investigated in barley.

The present study aims at comparing the metabolic changes occurring in barley leaves during
senescence under nitrate-sufficient and nitrate-limited conditions. It is indeed known that under nitrate
limitation, N remobilization metabolism is increased. Our results highlight the different behaviors in
metabolite managements during senescence depending on nitrogen resources availability.

2. Results

2.1. Characterization of Leaf Senescence in Barley

Leaf senescence in barley was first studied at vegetative stage on primary leaves. Metabolite
contents were compared in three leaves (L1, L2 and L3 from the older to the younger), individually
harvested on seedlings grown under low or high nitrate conditions for 20 days. Metabolite changes
at reproductive stage were also studied on flag leaves harvested at different time points (T1, T3 and
T5) chosen according to the expression of leaf-senescence molecular markers [27]. Figure 1 shows
chlorophyll decreases in both flag leaves and primary leaves. In seedlings, the younger leaf L3 can
be considered as a mature leaf as it displayed the highest chlorophyll content under both low and
high nitrate conditions and because no difference in chlorophyll content could be observed between
the tip, middle and base of the leaf. Under low nitrate conditions, chlorophyll levels were lower than
under high nitrate, reflecting the lower nitrogen concentrations in plants grown under low nitrate.
L1 and L2 showed lower chlorophyll concentrations at the tip of the leaves compare to their bases,
thus showing the senescence progresses. The mature status of L3 and the senescence of L1 and L2 have
been previously confirmed in the study of Avila-Ospina et al. [27]. The cytosolic glutamine synthetase
and NAC13 genes were indeed found less expressed in L3 than in L2 and L1. Similarly, chlorophyll
contents (this work) and senescence markers [27] showed the progress of flag leaf senescence from T1
to T5.



Agronomy 2017, 7, 15 3 of 14

L1

L2

L3

Low nitrate

L1

L2 L3

High nitrate

L1

L2

L3Low N

L1

L2
L3High N

91 95 97 99 101 103 105 107 DAS

1168 1231 1266 1299 1329 1359 1390 1426 GDD 
°C 

T0 T1 T2 T3 T4 T5 T6 T7

A

C

B

 SPAD Units  µg. mg-1 FW

0

5

10

15

20

25

30

35

40

45

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

T0 T1 T2 T3 T4 T5 T6 T7
SP

AD
 U

ni
ts

µg
 .m

g-
1 

FW

Chlorophyll

0

10

20

30

40

50

60

Tip Middle Base

L1

L2

L3

SPAD Units

0
5

10
15
20
25
30
35

Tip Middle Base

L1

L2

L3

SPAD Units

0.04

0.09

0.14

0.19

0.24

0.29

1

1.5

2

2.5

3

HNL1 HNL2 HNL3

gr
am

s

µg
/m

g 
FW

total Chlorophyll
leaf weight (g)

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

LNL1 LNL2 LNL3

gr
am

s

µg
/m

g 
FW

total Chlorophyll

leaf weight (g)

Figure 1. Natural leaf senescence in barley. Leaf senescence was monitored in primary leaves from
seedlings grown under low (A, LN) and high (B, HN) nitrate conditions in growth chambers, and in
flag leaves of plants grown in the field. Leaf ranks harvested from seedlings at 20 DAS were numbered
from the oldest (L1) to the youngest (L3). Flag leaves were harvested at different time points after
heading (from T0 to T7). Changes in chlorophyll contents in primary leaves were measured through
spectrophotometry after extraction (black square, A,B) (see [27]). Chlorophyll contents at the tip,
middle and base of primary leaves were estimated using SPAD measurements. Chlorophyll contents
in flag leaves were measured by SPAD (black circle, C) and spectrophotometry (black square, C).
The data presented are the mean ± SD of four biological replicates. DAS (days after sowing); GDD ◦C
(growing degree days in ◦C); T (harvesting time). Seedling experiment was performed twice showing
similar results.

2.2. Senescence-Associated Changes Occurring at the Vegetative Stage in Barley Leaves

Metabolite-relative contents were investigated using GC-MS analyser. Raw data were obtained
on the basis of peak areas relative to the ribitol standard per mg fresh weight. These values can be
considered as metabolite-relative concentrations although they do not represent any mole of gram
units per fresh weight. In order to analyse more easily the senescence-related metabolic changes,
we then normalized all these metabolite concentrations to their respective concentrations in the L3 leaf
(Supplementary Data Set 1). As such normalisation was performed separately for the LN and the HN
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leaves, it only permits the investigation of the senescence effect but it cannot reveal any nitrate effect.
The Log2 ratios of the metabolite fold changes were calculated (Figure 2) and they are represented on a
heat map to give an easier view of the senescence related changes (Figure 2). Only the metabolites
with significantly different concentrations in leaves L1 and L2 relative to L3 are presented in the
Figures 2 and 3.
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Figure 2. Metabolite changes during primary leaf senescence of plants grown under low (LN) or
high nitrate (HN) conditions. Values for each metabolite were first measured as peak area in GC-MS
analyses normalized according to the ribitol internal standard and to the mg FW (see Supplementary
Data Set 1). ANOVA and Newman-Keuls (SNK) comparisons were performed in order to select the
metabolites whose relative contents significantly changed with leaf senescence. Only these significantly
different metabolites are presented in the figure. The Log2 Fold changes from L3 were then calculated
independently for LN and HN leaves on the mean of eight biological repeats. The values range from
low (blue) to high (red) metabolite-relative content compared to the youngest leaf (L3). The scale bar
of red and blue shades ranges from −3 to +3. Class 1 represents metabolites decreased during leaf
senescence, Class 2 metabolites accumulated during senescence, Class 3 metabolites accumulated in
LN leaves and decreased in HN leaves during leaf senescence and Class 4 metabolites decreased in LN
leaves and increased in HN leaves during leaf senescence. Asterisks identify amino acids.
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Figure 3. Heat map representation of the metabolite distribution in the three L1, L2 and L3 leaves
of barley seedlings grown under LN and HN conditions. Figure 3 uses the same Log2 Fold
change values and the same false colour presentation as used in Figure 2 to represent the relative
metabolite distribution in the three L1, L2 and L3 leaves of LN or HN plants. Only metabolites
significantly different with senescence are shown. As in Figure 3, only senescence effect is presented,
as normalization to L3 was performed separately on HN plants and on LN plants. The values range
from low (blue) to high (red) metabolite-relative content compared to the youngest leaf (L3). The scale
bar of red and blue shades ranges from −3 to +3. The stage of leaf senescence is schematically indicated
by shades of colours from yellow (more senescent old leaf) to green (less senescent young leaf).

Leaf senescence effects were then illustrated by different metabolite classes (Figure 2). Class-1
and Class-2 include the metabolites down- or up-accumulated in old leaves in at least one of the two
nitrate conditions respectively. Class-3 and Class-4 include metabolites that change in a different way
depending on the nitrate nutrition.

The metabolic map of the senescence-related changes in Figure 3 uses the same false colours as
in Figure 2. In agreement with the results reported previously [27], the chlorophyll contents were
also represented. From Figures 2 and 3, we can then observe that most of the metabolite changes that
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occurred with leaf senescence were similar in the plants grown under low or high nitrate, although the
magnitudes of the metabolite changes were different under LN compared to HN. In Figure 2, we can
observe that the Class 1, that groups the metabolites repressed during leaf senescence, mainly contains
10 amino acids among which glutamate, glutamine, asparagine and serine as known as abundant
amino acids in plants. Class 1 also contains phosphate sugars and glycolysis sugars, while the Class 2
that represents the metabolites accumulated during senescence mainly contains minor carbohydrates
and organic acids. Class 2 also contains minor (less abundant) amino acids as lysine, histidine,
phenylalanine and leucine, tyrosine and cysteine. Figure 3 presents these changes on a metabolic map.
Globally, we can see the accumulation of the carbohydrates (CHOs), lipids, TCA (tricarboxylic acid)
compounds and minor amino acids in old leaves while glycolysis compounds (glycerate3-P, glucose,
fructose, glucose 6-P) and major amino acids decreased in old leaves. Interestingly, tryptophan, lysine,
phenylalanine and histidine only increased in old leaves under high nitrate conditions, suggesting
they are less remobilized than the others when nitrate is available. In addition it is interesting to
notice that decreases in glutamine, asparagine, arginine and threonine were higher under low nitrate
than under high nitrate conditions. This suggests that these amino acids are major nitrogen sources
for remobilization. Oxidative-stress related compounds are known to be important for the redox
homeostasis and especially during leaf senescence. We can observe in Figure 2 a large increase in
α-tocopherols in old leaves. However, the decreases in both ascorbate and dehydroascorbate in old
leaves suggest that the antioxidants do not all vary in a similar way and do not play the same roles
depending on the tissues and stress conditions ([31]).

2.3. Senescence-Associated Changes Occurring at the Reproductive Stage in Barley Leaves

In flag leaves, the senescence-related metabolic changes were normalized to their concentrations
in the youngest one (harvested at T1). The Log2 ratios of their fold change relative to T1 leaves
were then calculated (Supplementary Data Set 2) and the metabolites were grouped in several classes
depending on their senescence-related behaviours. Class-1 includes 25 metabolites with a significantly
lower concentration in the old T5 leaves (Down during senescence). Class-2 includes 17 metabolites
with significantly higher concentrations in the old T5 leaves (Up during senescence). Class-3 includes
11 metabolites with significantly lower concentrations in mature T3 leaves compared to young (T1) and
old (T5) leaves. In contrast, Class-4 included two metabolites with significantly higher concentrations
in the mature T3 leaves compared to young (T1) and old (T3) leaves. The metabolite changes occurring
with flag leaf senescence are represented on the metabolic map in Figure 4 using the same false colours
as in Supplementary Data Set 2.

The senescence-related changes observed in the flag leaves are mostly similar to those observed
in seedling leaves. As such, in flag leaves like in primary leaves, most of the CHOs (except galactinol)
increased with ageing, while glycolysis compounds (sucrose, hexose and hexose6-P) and most of the
amino acids decreased. Like in primary leaves, aspartate, glutamine, alanine, serine and threonine
sharply decreased in flag leaf with ageing. Only methionine, lysine and β-alanine slightly increased
during flag leaf senescence.

Despite all these similarities, a major difference between the flag and the primary leaves concerned
the TCA cycle compounds. While almost all the TCA compounds increased with senescence in primary
leaves, none of them show any significant change with senescence in the flag leaves. It seems thus
that the mitochondrial respiration is not affected in a similar manner by ageing at reproductive
and vegetative stages. The maintenance of mitochondrial respiration during flag leaf senescence
could explain that TCA compounds are poorly affected by ageing [32]. However, pipecolate and
α-aminoadipate, which are both markers of the lysine anapleurotic respiratory pathway, increased
during senescence in the flag leaf, suggesting a specific role of this pathway in flag leaf compared to
seedling leaves [33,34].



Agronomy 2017, 7, 15 7 of 14

Agronomy 2017, 7, 15    7 of 14 

 

with  a  significantly  lower  concentration  in  the old T5  leaves  (Down during  senescence). Class‐2 

includes 17 metabolites with  significantly higher  concentrations  in  the old T5  leaves  (Up during 

senescence). Class‐3  includes 11 metabolites with significantly  lower concentrations  in mature T3 

leaves compared  to young  (T1) and old  (T5)  leaves.  In contrast, Class‐4  included  two metabolites 

with significantly higher concentrations  in  the mature T3  leaves compared  to young  (T1) and old 

(T3)  leaves.  The metabolite  changes  occurring with  flag  leaf  senescence  are  represented  on  the 

metabolic map in Figure 4 using the same false colours as in Supplementary Data Set 2. 

 

Figure 4. Heat map representation of the metabolite distribution in the three T1, T3 and T5 leaves of 

barley plants grown  in  the  field. Metabolite  concentrations were determined  as  the peak  area  in 

GC‐MS analyses normalized to ribitol and to sample mg fresh weight (see supplementary data set 2). 

The Log2 of the ratios of the mean of the metabolite contents in each leaf relative to the youngest (T1) 

leaf were used  to  represent  the metabolite distribution as a heat map. The  shades of  red or blue 

colours represent values ranging from −3 to 3 according to the scale bar. The stage of leaf senescence 

is schematically indicated by shades of colours from yellow (more senescent old leaf) to green (less 

senescent young leaf). The Log2 Fold changes from T1 were calculated on the mean of four biological 

repeats. Only  significant metabolites  are  presented.  Significance was  tested  using ANOVA  and 

Newman‐Keuls (SNK) comparisons. 

Figure 4. Heat map representation of the metabolite distribution in the three T1, T3 and T5 leaves of
barley plants grown in the field. Metabolite concentrations were determined as the peak area in GC-MS
analyses normalized to ribitol and to sample mg fresh weight (see Supplementary Data Set 2). The Log2

of the ratios of the mean of the metabolite contents in each leaf relative to the youngest (T1) leaf were
used to represent the metabolite distribution as a heat map. The shades of red or blue colours represent
values ranging from −3 to 3 according to the scale bar. The stage of leaf senescence is schematically
indicated by shades of colours from yellow (more senescent old leaf) to green (less senescent young
leaf). The Log2 Fold changes from T1 were calculated on the mean of four biological repeats. Only
significant metabolites are presented. Significance was tested using ANOVA and Newman-Keuls
(SNK) comparisons.

2.4. Nitrate Regime Affects Metabolite Contents in Primary Leaves but Poorly Modify Senescence Effect

The normalization used in Figure 3 only allowed the analyses of the senescence effect in primary
leaves, and stated above, most of the senescence-related changes were similar in plants grown under
low or high nitrate conditions.

In order to better compare the metabolite contents under low and high nitrate conditions, we then
calculated the Log2 of the ratio of the metabolite levels in LN leaves relative to HN leaves (Figure 5).
The number of metabolites that decreased under low nitrate (31) was higher than the number of
metabolites over-accumulated under LN (22).
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Figure 5. Primary leaf metabolite changes in low nitrate conditions (LN) compared to high nitrate
(HN) conditions. Values for each metabolite were first measured as peak area normalized to the ribitol
internal standard and to the mg FW (see Supplementary Data Set 1). The Log2 of the fold changes
in LN leaves from HN leaves were calculated for each leaf L1, L2 and L3. Data used to calculate the
Log2 Fold changes are the mean of eight biological repeats. The values go from low (blue) to high
(red) metabolite-relative contents in LN leaves compared to HN leaves. The scale bar of red and blue
shades range from −5 to +5. Only metabolites significantly different in LN leaf compared to HN leaf
are shown. Significance was determined on the normalized peak areas using T-test (n = 8; p < 0.05).
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It was not surprising that almost all the amino acids (15 over 19) were less abundant in the LN
leaves than in the HN ones, especially in older leaves. Only proline and lysine were more abundant
in the LN leaves relative to HN, but this was only observed in the L3. The organic acids appeared
also globally less abundant under LN as well as the glycolysis intermediates. The over-accumulated
metabolites under LN were mostly sugar acids, sugar alcohol and hexoses. The global picture of nitrate
limitation effects is the depletion of amino acids, organic acids and glycolysis intermediates, and the
accumulation of minor CHO. Such effects of nitrate limitation are in good accordance with results
obtained in Arabidopsis [35,36]. Differences between LN and HN were stronger and more numerous
in the older leaf L1 than in the younger L3. This suggests that N limitation effect is increased with
ageing. This could be due to the fact that nutrient recycling metabolism is more active in old leaves
under LN than under HN.

3. Discussion

In the present study, we have analysed how metabolite contents change during leaf senescence in
barley leaves. We used both primary leaves and flag leaves to consider leaf senescence at vegetative
and reproductive stages. The effect of nitrate availability was also investigated by growing plants
under two different nitrate regimes corresponding to ample N condition and N limitation. The nitrogen
status of the plants has been described previously [27] and was confirmed by the differences of nitrate
and amino acid contents between the HN and the LN plants.

The main result is that the senescence effects observed under the two nitrate regimes and in both
primary and flag leaves are globally similar. It shows the decrease of the major amino acids and of the
glycolysis sugars and the increase of the minor carbohydrates. Comparing metabolite changes in flag
leaves and primary leaves, we can see that mainly only TCA compounds and few minor amino acids do
not behave the same way. While TCA compounds increase with leaf senescence in primary leaves, they
are unchanged in flag leaves. The reason of such difference could be that growth conditions were quite
different or that the position of the leaves on the plant modifies their respiration activities. Another
difference resides in the pipecolate and α-aminoadipate changes. Indeed these two compounds
are linked to the degradation of lysine and to its anapleurotic role in the mitochondrial respiratory
pathway [33,34]. While pipecolate and α-aminoadipate decreased in primary leaves with senescence,
they sharply accumulated in flag leaves with ageing, suggesting that lysine was used for mitochondria
respiration in seedlings but not so much in the flag leaves. The anapleurotic respiration of amino acids
has been mainly observed in Arabidopsis in response to dark stress [32,34,37] and Chrobok et al. [32]
showed that the whole metabolic pathway of lysine degradation was up-regulated in Arabidopsis
individual darken leaves. It could then be possible that the differences of light environment between
primary and flag leaves are the reason of these discrepancies and that lysine level could be related to
both glutamate content and TCA replenishment.

Metabolic changes during leaf senescence have been mainly investigated in Arabidopsis [11,13,32].
They showed many similar features to what we found here in barley, such as the accumulation of
minor CHO and the decrease in most of the amino acids like glutamine, glutamate, aspartate, serine,
glycine and arginine. However, a considerable difference between the two plant species is related to the
increase of glycolysis sugars in Arabidopsis while glycolysis sugars decrease with senescence in both
primary and flag leaves of barley. The role of sucrose and glucose in the control of leaf senescence had
been debated for long [38] and this question has mainly focused on Arabidopsis. The absence of hexose
and sucrose accumulation with leaf senescence in barley then suggests that on this point the regulation
of leaf senescence by sugars in barley is not the same as in Arabidopsis. In addition, the fact that
glycolysis sugars fluctuate differently in barley and in Arabidopsis leaves with senescence suggests
that their use for TCA replenishment or their neosynthesis through neoglucogenesis is different in the
two plant species.
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4. Material and Methods

4.1. Plant Material and Growth Conditions

Hordeum vulgare L. cultivar Golden Promise—a two-rowed spring barley cultivar—was grown in a
growth chamber (16 h/8 h photoperiod—25/17 ◦C). Seeds were sown on sand and five-day old plants
were transferred into polyvinyl chloride (PVC) tubes (6ø—45 cm units) containing sand as a substrate.
Plants were watered eight times per day with a nutritive solution containing 0.5 mM NO3

− (250 µM
KH2PO4; 250 µM MgSO4; 250 µM K2SO4; 250 µM KNO3; 125 µM CaN2O6; 250 µM CaCl2; 0.04 µM
(NH4)6Mo7O24; 24.3 µM H3BO3; 11.8 µM MnSO4; 3.48 µM ZnSO4; 1 µM CuSO4; 0.001% Sequestrene
138 FE 100 Syngenta) named high nitrate treatment (HN) or a 5 mM NO3

− (250 µM KH2PO4; 250 µM
MgSO4; 4 mM KNO3; 500 µM CaN2O6; 200 µM NaCl; 0.04 µM (NH4)6Mo7O24; 24.3 µM H3BO3;
11.8 µM MnSO4; 3.48 µM ZnSO4; 1 µM CuSO4; 0.001% Sequestrene 138 FE 100 Syngenta) named low
nitrate treatment (LN) [27]. Individual leaf ranks, L1 to L4 of high nitrate grown plants (HN) and
L1 to L3 of low nitrate grown plants (LN) (from bottom to top leaves) were harvested, immediately
frozen in liquid nitrogen and stored at −80 ◦C for further experiments. Chlorophyll contents measured
spectrometrically or using SPAD before harvest are presented in . Two plantings were performed and
following analyses were carried out on two plant cultures.

In field experiments, spring barley (Hordeum vulgare L.) Cultivar Carina was used.
The experiments were performed at Hohenschulen research farm at 15.5 km west of Kiel (https:
//www.hohenschulen.uni-kiel.de/en) during the 2013 growing season, June being nearly wet and
July warm and relatively dry. Spring barley was sown using a drill on 2 April 2013. The barley was
managed organically and organic manure equal to 70 kg·N·ha−1 was added. There were four replicate
plots 150 m2 each. Plants were grown in a concentration of 300 plants/m2 with 12.5 cm of row distance.
Crop was spreaded with 1.5 L/ha of Ariane C (Dow agrosciences) and 20 g/ha of Trimmer SX (FCS)
(herbicides) on 14 May 2013. Subsequently, it was added 0.3 L/ha of Moddus (Syngenta; Maintal;
Germany) and Ethephon (Bayer CropSc.; Frankfurt; Germany) (growth regulators), 0.5 L/ha of Gladio
(Syngenta) (fungicide), 5 kg/ha of MgSO4 and 10 L/ha of Mn-EDTA on 5 June 2013. At last, 150 kg/ha
Kierserit (KALI) (25% MgO, 20% S) and 30 kg/ha KAS (76% NH4NO3, 24% CaCO3) were added on
7 June 2013. Flag leaves from the main shoots were harvested from each plot between 10:00 and 12:00
and immediately frozen in liquid nitrogen and stored at −80 ◦C for further experiments. Several
harvests were performed 95 days after sowing (DAS) (T0), 99 DAS (T1) and from T1 every 2 days for 2
weeks until flag leaves showed very low SPAD values. Metabolite profiling was performed on leaves
harvested 95, 99 and 103 days after sowing; T1, T3 and T5 by reference to Avila-Ospina et al. [27].

The plant material studied here is the same as previously used to monitor leaf senescence
markers [27]. It is important to note that none of the results presented here have ever been
presented previously.

4.2. Chlorophyll and Anion Determinations

Chlorophyll content was determined spectrophotometrically in crude leaf extracts according
to [27] or using the SPAD-502 chlorophyll meter (KONICA-MINOLTA, Carrière sur Seine, France).
Anion concentrations were determined using Dionex HPLC (HPLC Dionex DX 120; Thermo Fischer
Scientific, Courtaboeuf, France) on the same extract as used for metabolite profiling.

4.3. Metabolite Profiling Using GC-MS

Extraction, derivatization, analysis, and data processing were performed according to Fiehn [39].
The ground frozen samples (20 mg FW) were resuspended in 1 mL of frozen (−20 ◦C)

Water:Acetonitrile:Isopropanol (2:3:3) containing ribitol at 4 µg·mL−1 and extracted for 10 min at
4 ◦C with shaking at 1400 rpm in an Eppendorf thermomixer. Insoluble material was removed
by centrifugation at 20,000× g for 5 min. 100 µL of supernatant were collected and dried for 4 h
in a Speed-Vac and stored at −80 ◦C. Just before derivatization, samples were dried again for

https://www.hohenschulen.uni-kiel.de/en
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1.5 h in a Speed-Vac. Three blank tubes underwent the same steps as the samples. After drying,
10 µL of 20 mg·mL−1 methoxyamine in pyridine were added to the samples. The reaction was
performed for 90 min at 28 ◦C under continuous shaking in an Eppendorf thermomixer. Then 90 µL
of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Aldrich Saint Quentin Fallavier; France;
394866-10x1ml) was added and the reaction continued for 30 min at 37 ◦C. After cooling, 45 µL of the
derivatized sample was transferred to an Agilent (Les Ulis, France) vial for injection.

Metabolites were analysed by GC-MS 4 h after derivatization. One microliter of the derivatized
samples was injected in splitless mode on an Agilent 7890A gas chromatograph coupled to an Agilent
5975C mass spectrometer. The column was an Rtx-5SilMS from Restek (30 m with 10 m Integraguard
column). The liner (Restek 20994) was changed before each series of analyses and 10 cm of column
was cut. The oven temperature ramp was 70 ◦C for 7 min, then 10 ◦C/min to 325 ◦C for 4 min
(run length 36.5 min). Helium constant flow was 1.5231 mL/min. Temperatures were as follows:
injector, 250 ◦C; transfer line, 290 ◦C; source: 250 ◦C; and quadripole, 150 ◦C. Samples and blanks were
randomized. Amino acid standards were injected at the beginning and end of the analysis to monitor
the derivatization stability. An alkane mix (C10, C12, C15, C19, C22, C28, C32 and C36) was injected in
the middle of the queue for external calibration. Five scans per second were acquired.

Metabolites, analysed using a gas chromatography mass spectrometry technique were annotated
and their levels on a fresh weight basis were normalized with respect to the ribitol internal standard.

4.4. Metabolomic Data Processing

Raw Agilent datafiles were converted to NetCDF format and analysed with AMDIS [40].
A home retention index/mass spectra library, built from the NIST, Golm, and Fiehn databases and
standard compounds, was used for metabolite identification. Peak areas were then determined
using the QuanLynx software (Waters; Guyancourt, France) after conversion of the NetCDF file to
MassLynx format. Statistical analysis was done with TMEV [41]; univariate analysis by permutation
(1 way-ANOVA and 2 way-ANOVA) was first used to select the significant metabolites. Multivariate
analysis (hierarchical clustering and principal component analysis; PCA) was then done in order to
establish the metabolite clusters. Only metabolites showing repeatable and significant differences
(based on a t-test) according to leaf age or number reflecting different senescence stages and nitrate
growth conditions were included.

5. Conclusions

The senescence effects of leaf metabolism in both primary and flag leaves are globally similar.
The decrease of the major amino acids and the increase of the minor carbohydrates are similar to what
found in Arabidopsis. However, glycolysis sugars show decrease in barley leaves with ageing by
contrast with Arabidopsis. This suggests that the regulation of leaf senescence by sugars in barley is
not the same as in Arabidopsis.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/7/1/15/s1,
Supplementary Data Set 1: Heat map of metabolite changes during leaf senescence in primary leaves;
Supplementary Data Set 2: Heat map of metabolite changes in flag leaf during senescence.
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