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A B S T R A C T   

The central role of amino acids in cellular and plant physiology is of current interest. Information related to the 
implication of amino acids during leaf age is still scarce. This study examined changes in the profile of amino 
acids extracted from leaves of five peach cultivars (‘Early Maycrest’, ‘Sweet Cap’, ‘O’Henry’, ‘Flordastar’, and 
‘Rubirich’) grown in the region of Sidi Bouzid, central-western Tunisia with respect to leaf age. 

Seventeen amino acids, aspartic acid (Asp), serine (Ser), glycine (Gly), proline (Pro), tyrosine (Tyr), valine 
(Val), methionine (Met), cysteine (Cys), tryptophan (Trp), leucine (Leu), phenylalanine (Phe), isoleucine (Ile), 
lysine (Lys), glutamic acid (Glu), arginine (Arg), alanine (Ala), and histidine (His) were quantified. Significant 
variations were observed for Asp, Glu, Ser, Gly, Ala + Arg, Pro, Val, Ile + Trp, and Lys in relation to the leaf age. 
On average, young leaves (106.48–142.18 mg g− 1 DW) contained higher amounts of most amino acids than 
mature leaves (97.33–110.27 mg g− 1 DW). Approximately identical contents of amino acids were found in the 
different cultivars. 

In conclusion, P. persica leaves are a very rich source of amino acids (about 10% DW), and therefore deserves 
further investigation for their potential application in the nutraceutical, food, feed, and pharmaceutical 
industries.   

1. Introduction 

The climate, genetics, cultural practices affect drastically the 
composition of free amino acids in the leaves. During his life, the plant 
goes through different stages that can be correlated with changes in 
various components of the leaf, and with the development of new leaves. 
The developing leaves constitute the major sink for nitrogen transported 
from roots. 

In higher plants, amino acids constitute the key compounds of the 
nitrogen (N) metabolism and have different roles (Ohyama et al., 2017). 
Indeed, they are known as constituents of proteins and nucleic acids and 
can act as precursors for anabolism, and, as signaling molecules or as a 
response to a changing environment (Batista-Silva et al., 2019; Häusler 
et al., 2014). The latter function is well documented in the 

medical/mammalian field, and evidence for similar functions is also 
emerging for the plant system (Häusler et al., 2014) especially in cellular 
and plant physiology (El-Yazal and Rady, 2014; Bagh et al., 2004). 
Furthermore, amino acids regulate ion transport, leaf stomatal opening, 
and redox homeostasis, thus helping the plants to cope with the harmful 
effects of the osmotic stress (Rai, 2002). Previous researches showed the 
close link between the biochemistry of amino acids and carbohydrate 
metabolism, as well as secondary metabolism (Ohyama et al., 2017). 

Quantities of free amino acids are on average 100-to-1000-folds 
lower than the corresponding quantities of protein-bound amino acids. 
At the same time, the amino acid content varies dynamically and sub
stantially responds to either environment and/or developmental stages 
(Hildebrandt et al., 2015). Indeed, their regulation, fluxes, and transport 
through the plant is tightly linked to plant adaptation to carbon and 
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nitrogen status and development (Atanasova, 2008; Kohl et al., 2015; 
Pratelli and Pilot, 2014). 

Leaves represent an important source of metabolites that could be 
positively applied to the agricultural, food, and nutraceutical industries 
(Bouhajeb et al., 2020). Studies on peach trees mainly focused on fruits 
composition and sensory characteristics (Dabbou et al., 2016; Mon
tevecchi et al., 2016, 2013), as well as on innovative agricultural prac
tices (Guizani et al., 2019), while a gap is still present in the valorization 
of peach leaves (Gomez et al., 2020; Maatallah et al., 2020). 

In this context, this study aimed at establishing changes in the 
composition of amino acids synthesized during the young and mature 
phases of peach leaves from five cultivars in order to implement a 
strategy to valorize these deciduous leaves. 

2. Material and methods 

2.1. Plant material 

Peach leaves (young and mature) were collected from five different 
cultivars of Prunus persica L. [Batsch], viz. Sweet Cap, Early Maycrest, 
O’Henry, Flordastar, and Rubirich, grafted on the Germen wild root
stock during the two summer seasons 2013–2014. The five cultivars 
studied had different vigors and shapes. Rubirich and Flordastar had 
high vigor, while, O’Henry and Early May Crest were characterized by 
medium vigor, and finally Sweet Cap had the lowest vigor. As for the 
shape, Rubirich, O’Henry and Early Maycrest had an open-center (vase) 
shape, while Sweet cap and Flordastar were characterized by a modified 
central leader shape. All cultivars were eight years old at the start of the 
experiment. 

The orchard was arranged at a spacing of 4 m × 6 m, under a network 
drop-by-drop with two pipes per row (4 L h− 1) and similar fertilization 
of nitric acid, magnesium, and potassium, were selected at the experi
mental orchard located in the Regional Centre of Agricultural Research 
Farm in the region of Sidi Bouzid, Central-West Tunisia (35◦2′0′′N, 
9◦30′0′′E; at 313 m a.s.l.). The region is characterized by a semi-arid 
climate, a mean annual rainfall of 251.8 mm (concentrated mainly 
from autumn to spring), a mean annual temperature varying from 12.5 
◦C to 25.3 ◦C, average evapotranspiration (ETc) of 1634.9 mm and silt- 
clay-loam soil texture. The leaves were picked from the branches of the 
previous year. Seven-month-old mature leaves were taken from the 
central part of the branches, while young leaves which were only a few 
days old were collected from the extremity of the same branches. All 
leaves were collected by hand immediately after fruit harvest, gently 
washed with tap water, lyophilized, and stored at − 20 ◦C until analysis. 
Three replicated samples were used for each peach cultivar. 

2.2. Chemicals 

Pure reference compounds: alanine (Ala), arginine (Arg), aspartic 
acid (Asp), cysteine (Cys), glutamic acid (Glu), glycine (Gly), histidine 
(His), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), 
phenylalanine (Phe), proline (Pro), serine (Ser), threonine (Thr), tryp
tophan (Trp), tyrosine (Tyr), and valine (Val); acetic acid, acetonitrile, 
borate acid, diethyl 2-(ethoxymethylidene)propanedioate (DEEMM), 
hydrochloric acid (HCl), methanol, and sodium acetate were purchased 
from Fluka Sigma–Aldrich (Milan, Italy). 

Deionized HPLC-grade water was obtained by an Elix Essential3UV 

purification system (Merck Millipore, Milan, Italy). 

2.3. Analytical methods 

2.3.1. Hydrolysis of amino acids present in proteins 
The determination of the amino acid composition was carried out 

according to a standard method described by Peace and Gilani (2005). 
Each sample (0.5 g, exactly weighed) was introduced into a test tube 
(carefully cleaned prior analysis) with 6-M HCl. Each tube was flushed 

with nitrogen before sealing, then vortexed and, finally, placed into a 
Thermoblock well at 110 ◦C for 24 h. Afterward, the tube was centri
fuged at 2066 g for 6 min. The supernatant was collected and the pH was 
adjusted to 9 using NaOH solution and pH-9 borate buffer. 

2.3.2. Pre-column derivatization of amino acids with DEEMM 
The derivatization method described by Gómez-Alonso et al. (2007) 

was used after minor modifications to convert primary and secondary 
amino acids into aminoenones. Briefly, the derivatization was carried 
out using 200 μL of the sample, 750 μL of borate buffer, 300 μL of 
methanol, and finally 30 μL of pure DEEMM. The reaction occurred in a 
test tube tightly closed at 70 ◦C for 2 h. 

2.3.3. Amino acid determination via HPLC 
The amino acid determination was performed with HPLC (PU4180, 

Jasco Europe Srl, Cremella, LC) equipped with a UV/vis detector 
(UV4070, Jasco) set at 280 nm (λmax). By means of an auto-sampling 
system, 20 μL of each sample were injected into the RP-C18 column 
(Poroshell, 120 SB-C18, Agilent) with a mobile phase flow of 0.6 mL 
min− 1. The mobile phase was constituted by phase A, 25 mM acetate 
buffer pH = 5.34; phase B, 80:20 mixture of acetonitrile and methanol. 
The elution was carried out according to the following gradient: 0% B 
(0.0 min), 4% B (7.0 min), 6% B (18.0 min), 8% B (23.0 min), 8% B (25.0 
min), 15% B (28.0 min), 23% B (45.0 min), 45% B (50.0 min), 60% B 
(55.0 min), 80% B (57.0 min), 80% B (64.0 min), 0% B (66.0 min), and 
0% B (70.0 min). 

Samples extracted from different sample batches were analyzed and 
injected in triplicate. Peak identification included the comparison of 
peak retention times to those obtained with chemical standards. Quan
tification was performed via external standard calibration. The chro
matograms were acquired and processed by ChromNAV software v2 
(Jasco). 

2.4. Statistical analysis 

Three repetitions were performed for each sample. The data were 
expressed as mean values (± standard deviations) and assessed by the 
analysis of the variance (two-way ANOVA, using ‘cultivar’ and ‘leaf age’ 
as factors) elaborated through Statistica v8.0 software (Stat 180 Soft 
Inc., Tulsa, USA). When a significant effect (at least p ≤ 0.05) was 
showed, comparative analyses were carried out using the post-hoc 
Duncan multiple comparison tests to distinguish between the mean 
values of the five cultivars of P. persica and two leaf ages have been 
included in Table 1, while the p values referred to cultivar, leaf age, and 
interaction cultivar × leaf age have been reported in Table 2. The 
comparison between the two leaf ages within each cultivar was evalu
ated using Student’s t-test. Statistically significant differences between 
groups were defined as p ≤ 0.05. Correlation matrix analysis and prin
cipal component analysis (PCA) were also applied to the whole data set. 

3. Results and discussion 

The HPLC analysis of peach leaves from cultivars grown in Tunisia 
allowed to determine 17 amino acids (Table 1). However, two peak 
coelutions were present in the chromatogram. In particular, the couples 
of amino acids alanine-arginine and isoleucine-tryptophan were not 
resolved, so these amino acids were determined as sums. Furthermore, 
asparagine and glutamine were hydrolyzed in the extraction process and 
converted into their respective acids. 

The individual amino acid contents varied from 0.4 to 26.5 mg g− 1 

DW. These large differences reflect the various functional roles that in
dividual amino acid plays in the protein structure and overall plant 
metabolism (Hildebrandt et al., 2015). Among the amino acids detected, 
eight of them are essential for humans (valine, methionine, tryptophan, 
leucine, isoleucine, phenylalanine, histidine, and lysine), while some 
others are considered “conditionally essential”, meaning their synthesis 
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can be lacking in particular conditions (Manta-Vogli et al., 2020). These 
results are in agreement with the findings of Navruzova et al. (2016) for 
peach leaves, harvested in the Tajikistan and Ukraine. 

Apart from essential amino acids, from Table 1, it was determined 
that peach leaves accumulated other amino acids such as glutamic acid, 
serine, glycine, alanine, arginine, proline, tyrosine, and cysteine, in 
concentrations higher than 5.0 mg g− 1 DW and 3.5 mg g− 1 DW in young 
and mature leaves, respectively. Peach leaves harvested in Ukraine 
accumulated glutamic acid, leucine, proline mainly, whereas cysteine 

was in trace concentrations (Navruzova et al., 2016). 
Significant differences were found among the cultivars only in the 

case of glutamic acid and valine (Table 1). As regards glutamic acid, the 
highest concentrations were found in O’Henry, Flordastar, and Rubirich 
cultivars, while for valine Early Maycrest and Rubirich showed the 
highest concentrations. 

The young leaves (106.48–142.18 mg g− 1 DW) of the peach trees 
contained a higher concentration of total amino acids than the mature 
leaves (97.33–110.27 mg g− 1 DW). Although it is not possible to make a 
wide bilbiographical comparison with botanical species close to 
P. persica, there are some studies that compare the amount of amino 
acids in young leaves and mature ones. No significant differences were 
found in the total amino acid content in Sporobolus stapfianus leaves 
(Martinelli et al., 2007), while young mustard leaves are richer in amino 
acids than mature leaves (Kim et al., 2014), cosistently with the results 
described in the present study. 

Specifically, young leaves contained higher amounts of Ser (in Early 
Maycrest), Glu (in Sweet Cap), Ala + Arg (in Flordastar and Rubirich), 
Pro (in Flordastar and Rubirich), Val (in Flordastar), and Ile + Trp (in 
Early Maycrest) than mature leaves, while levels of Asp were higher in 
mature leaves (in O’Henry and Flordastar). Only Flordastar showed 
statistically significant differences in the two types of leaves though 
there were differences in amino acid summations (Table 1). 

The two-way ANOVA applied to the data matrix, using cultivar and 
leaf age as factors, showed significant differences regarding leaf age 
(Table 2). In particular, these significant differences were found for Asp, 
Glu, Ser, Gly, Ala + Arg, Pro, Val, Ile + Trp, Lys, as well as for the total 
amount of amino acids. In all cases, the young leaves showed a con
centration of amino acids higher than the mature leaves, while the only 
case in which the concentration of amino acids was at the highest in the 

Table 1 
Amino acids contents (mg g− 1 DW) in young and mature leaves from five Prunus persica cultivars.   

Sweet Cap  Early Maycrest  O’Henry  Flordastar  Rubirich  

Amino 
acids 

Young 
leaves 

Mature 
leaves  

Young 
leaves 

Mature 
leaves  

Young 
leaves 

Mature 
leaves  

Young 
leaves 

Mature 
leaves  

Young 
leaves 

Mature 
leaves  

Asp 0.63 ±
0.10 

0.67 ±
0.16  

0.42 ±
0.11 

0.70 ±
0.19  

0.48 ±
0.13 

0.90 ±
0.16*  

0.46 ±
0.10 

0.84 ±
0.14*  

0.52 ±
0.11 

0.89 ±
0.25  

Glu 9.94 ±
2.86* 

4.67 ±
0.68 

ab 6.25 ±
1.67 

4.23 ±
0.88 

b 9.61 ±
2.63 

9.98 ±
2.50 

a 11.89 ±
3.51 

8.65 ±
2.05 

a 10.43 ±
2.59 

9.23 ±
2.28 

a 

Ser 10.98 ±
1.94 

10.14 ±
0.73  

12.15 ±
1.04* 

9.81 ±
0.67  

9.16 ±
1.99 

9.38 ±
1.79  

11.54 ±
2.13 

8.36 ±
2.01  

13.07 ±
1.74 

9.84 ±
0.55  

His 10.32 ±
2.66 

9.80 ±
0.65  

9.48 ±
2.69 

9.71 ±
0.76  

8.59 ±
1.64 

7.82 ±
1.71  

10.97 ±
1.14 

7.99 ±
2.25  

11.49 ±
1.45 

9.40 ±
1.27  

Gly 5.89 ±
0.97 

5.46 ±
0.43  

5.52 ±
1.14 

5.56 ±
0.59  

5.12 ±
0.75 

3.75 ±
0.45  

6.08 ±
0.50 

4.47 ±
1.24  

6.68 ±
1.05 

4.54 ±
1.03  

Ala +
Arg 

22.14 ±
4.44 

19.83 ±
1.98  

25.13 ±
4.87 

19.98 ±
1.59  

18.97 ±
3.05 

15.75 ±
2.79  

23.73 ±
1.78* 

16.91 ±
3.77  

26.54 ±
3.57* 

18.69 ±
1.91  

Pro 11.60 ±
2.72 

10.33 ±
1.70  

11.82 ±
1.22 

10.65 ±
0.49  

9.60 ±
2.10 

7.89 ±
1.34  

12.14 ±
0.32* 

9.54 ±
1.41  

13.43 ±
1.99* 

9.34 ±
0.87  

Tyr 6.01 ±
1.56 

5.75 ±
0.71  

6.17 ±
0.61 

5.88 ±
0.37  

4.68 ±
0.62 

4.89 ±
0.53  

6.03 ±
0.71 

5.15 ±
1.20  

6.64 ±
1.70 

5.61 ±
0.51  

Val 6.34 ±
0.89 

6.41 ±
1.13 

ab 7.17 ±
0.90 

7.24 ±
1.34 

a 5.70 ±
1.35 

4.84 ±
0.52 

b 7.12 ±
0.51* 

5.49 ±
0.63 

ab 7.79 ±
1.47 

5.29 ±
0.60 

a 

Met 2.03 ±
0.36 

2.09 ±
0.28  

2.00 ±
0.14 

2.12 ±
0.10  

1.94 ±
0.49 

1.94 ±
0.36  

1.83 ±
0.36 

2.08 ±
0.33  

2.49 ±
0.54 

2.19 ±
0.57  

Cys 5.85 ±
1.30 

5.53 ±
0.20  

5.57 ±
0.99 

5.41 ±
0.56  

5.10 ±
1.39 

4.46 ±
1.32  

5.81 ±
0.87 

4.82 ±
1.01  

6.61 ±
1.43 

5.06 ±
1.03  

Ile + Trp 6.30 ±
1.66 

5.90 ±
0.61  

6.57 ±
0.27* 

5.87 ±
0.25  

5.14 ±
1.09 

4.83 ±
0.72  

6.50 ±
0.49 

5.18 ±
0.91  

7.09 ±
1.54 

5.40 ±
0.04  

Leu 13.31 ±
3.96 

12.58 ±
1.09  

13.34 ±
2.04 

12.33 ±
1.73  

11.23 ±
2.32 

9.81 ±
1.70  

13.51 ±
1.78 

10.66 ±
1.96  

15.07 ±
3.69 

11.74 ±
1.90  

Phe 5.55 ±
0.69 

5.02 ±
1.32  

5.13 ±
0.50 

4.89 ±
0.97  

4.61 ±
1.15 

5.63 ±
0.72  

4.39 ±
1.14 

5.34 ±
1.57  

5.08 ±
1.51 

6.51 ±
1.45  

Lys 7.98 ±
1.39 

7.51 ±
0.65  

8.46 ±
1.29 

7.29 ±
0.85  

6.54 ±
1.93 

5.45 ±
0.96  

8.13 ±
0.90 

6.04 ±
0.95  

9.26 ±
1.73 

6.48 ±
0.83  

Total 124.85 ±
24.63 

110.12 ±
8.52  

125.19 ±
13.56 

110.27 ±
8.43  

106.48 ±
17.15 

97.33 ±
10.87  

130.13 ±
3.15* 

101.55 ±
14.95  

142.18 ±
20.90 

106.93 ±
11.65  

Duncan test was reported as non-capitalized letters (“a” > “b”) only for significant average values among cultivars. All other average values were not significant. “*” 
indicates significant differences between the young and mature leaves of every single cultivar, and it is located close to the highest value of each pair. 

Table 2 
Two-way ANOVA p values of related to cultivars, leaf age, and interaction 
cultivar × leaf age.  

Factor Cultivar Leaf age Cultivar × Leaf age  
p value p value p value 

Asp 0.1555 0.0001 0.0286 
Glu 0.0210 0.0361 0.4410 
Ser 0.2339 0.0171 0.3592 
His 0.2754 0.1650 0.6031 
Gly 0.0721 0.0133 0.3126 
Ala + Arg 0.0662 0.0017 0.7915 
Pro 0.0703 0.0019 0.8235 
Tyr 0.2378 0.2659 0.8476 
Val 0.0269 0.0262 0.1770 
Met 0.6245 0.9100 0.8046 
Cys 0.5252 0.1708 0.8777 
Ile + Trp 0.2469 0.0266 0.7818 
Leu 0.3166 0.0979 0.8749 
Phe 0.8598 0.7192 0.3410 
Lys 0.0691 0.0138 0.7272 
Total 0.1254 0.0057 0.7040 

Significant p-values are indicated in bold. 

S. Dabbou et al.                                                                                                                                                                                                                                 



Scientia Horticulturae 281 (2021) 110001

4

mature leaves concerned Asp. However, the concentrations of Asp were 
rather low and, consequently, the analytical error was more relevant. 

The study of linear correlations showed interesting results (Table 3). 
In particular, Asp and Glu had very different behaviors than all the other 
amino acids. Aspartic acid had significantly negative correlations with 
most amino acids except Phe (r = 0.53, p ≤ 0.01), while Glu did not 
show any significant linear correlation. 

Most of the amino acids, i.e. Ser, His, Gly, Ala + Arg, Pro, Tyr, Val, 
Cys, Ile + Trp, Leu, and Lys showed highly significant positive correla
tions among them (in almost all cases p ≤ 0.001), thus indicating their 
simultaneous presence in the samples. Conversely, Met and Phe repre
sented two exceptions. The former showed significant positive correla
tions with some amino acids but of less magnitude (p ≤ 0.05 and p ≤
0.01). However, the correlation between Met and Cys, the only other 
sulfur-containing amino acid, was highly significant (r = 0.60, p ≤
0.001). On the other hand, Phe displayed a significant positive corre
lation only with Met (p ≤ 0.01), apart from the previously mentioned 
correlation with Asp. 

Principal component analysis (PCA) was carried out on the auto
scaled values to explore the data set and to gather information about the 
relationship among variables and the overall distribution of samples on 
score plots. The first three principal components (PCs), all with eigen
values higher than 1.0, explained 87.35% of the total variance. All 
factors with eigenvalues lower than 1.0 were discarded, according to 
Kaiser’s criterion (Kaiser, 1958). 

The loading plot of PC1 (66.11% of the total variance) versus PC2 
(13.62% of the total variance) showed that most of the amino acids 
(including Ser, His, Gly, Ala + Arg, Pro, Tyr, Val, Cys, Ile + Trp, Leu, and 
Lys) weighed on PC1 with a negative sign, while Met, Phe, and Asp 
weighed on PC2 with a positive value (Fig. 1a). The score plot of PC1 
versus PC2 did not show high data repeatability between replicates, thus 
reflecting the fact that biological samples have different concentrations 
of metabolites (Fig. 1b). However, the separation between the young 
leaf samples in the left part of the score plot and the mature leaf samples 
in the right part was partially evident. 

PC3 (7.63% of the total variance) showed only the relevant weight of 
Glu with a negative value (Fig. 2a). In the score plot of PC1 against PC3, 
the separation between the samples of young leaves on the left side and 
the mature ones on the right side of the graph emerged again (Fig. 2b). 

All the statistical treatments applied to the dataset resulted in a 
coherent framework. 

For most amino acids, the concentration in young leaves was higher 
than that in mature leaves. Indeed, the foliar development and the 
cellular enzymatic machinery necessary for photosynthesis are put into 
action (Gomez et al., 2020). 

Only some amino acids, such as Asp and Glu (which accounted also 
for asparagine and glutamine), Met, and Phe deviated from this pattern. 
However, the differences between young and mature leaves were not so 
striking. Finally, the differences between the leaves’ ages were far more 
evident than those observed among the cultivars. 

4. Conclusion 

The present study demonstrated that young and mature peach leaves 
accumulated amino acids in different ways. The leaf age heavily affected 
the synthesis of some amino acids. Ser, Gly, Ala + Arg, and Pro contents 
decreased when the leaves reached maturity. No significant variation for 
Tyr, Met, Cys, and Phe contents were observed throughout ripening. 

The caducity of peach tree leaves means that they can be simply 
recovered by placing nets underneath the trees. Although the difference 
in amino acid concentrations in young and mature leaves is statistically 
evident, both types of leaves contain a discreet amount of amino acids 
which makes them a promising and easily available source of nitrogen. 
The satisfactory results obtained through this research lay the founda
tions for subsequent investigations, such as the evaluation of the amino 
acids’ concentration near the falling of the leaves when the organ Ta
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gradually loses its functions. 
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