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Abstract

The purpose of this work was to evaluate the effects of different phosphorus levels (0.05, 0.5, 1
and 2 mM) under nitrogen metabolism and the essential oil profile of menthol mint (Mentha ar-
vensis L.). The relationship between the leaf maturity and the essential oil profile was also ex-
plored. The experiment was conducted in a hydroponic system located in a grow chamber during

41 days and after the harvest, nitrate reductase activity, and the NOj -N, amino-N, and soluble

sugars levels of each plant part were evaluated. Also the essential oil from young leaves (6th to 8th
node) and adult leaves (3rd to the 5th node) was analyzed. An uptake mechanism related to the
increase in fresh weight of the roots was promoted with the use of low P levels (0.05 and 0.50
mmol-L-1). With 1 mmol-L-! P plants showed in all parts an increased nitrate reductase activity
and high levels of nitrate and amino-N in leaves. Plants submitted to the lowest P level (0.05
mmol-L-1) presented high levels of menthol. In leaves from 6th to 8th node (mature leaves) men-
thol level was approximately 87% of the essential oil however leaves from the 3rd to the 5th node
(young leaves) showed high levels of pulegone, that can be toxic for humans. The results indicate
that the essential oil quality in menthol mint is influenced by the leaf maturity and the P levels.
Also it was showed that the oil extracted from mature leaves of plants under low P levels has the
best commercial profile.
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1. Introduction

The production of essential oil from menthol mint (Mentha arvensis L.) is the second largest of the world,
reaching 18,000 tonnes by year [1]. Chemically, the essential oils of plants are composed mainly of terpenoids
and also phenylpropanoids such as the monoterpenes that are generally the most abundant [2]. In menthol mint
monoterpenes constitutes approximately 90% of the essential oil and menthol represents 70% - 95% of the mo-
noterpenes (Figure 1) [3].

In vegetal nutrition studies hydropony is a high utility tool since it allows that the nutrient supply be provided
in an almost constant tax and an easier manipulation of nutrients compared with the conventional method [4].
Furthermore the use of nutrient solutions excludes some influence factors in metabolism, as soil-associated dis-
eases and weeds [5]. Accordingly, the use of hydroponic system allows a more precise evaluation about interac-
tions between nutrients and metabolic processes in plants.

Phosphorus is a nutrient largely used in energy transfer processes in cells, mainly as a component of ATP [6].
In plant nutrition, phosphorus (P) has been shown to be related with dry and fresh weight production and also in
variations in the quality of essential oils of various aromatic species [7]. Thus, the aim of this study was to eva-
luate the effects of different levels of P in the nutrient solution in nitrogen metabolism and in the composition of
essential oils of menthol mint plants.

2. Materials and Methods
2.1. General Informations and Seedling Production

Seedlings of menthol mint (Mentha arvensis L.) were propagated in a greenhouse at the Chemistry Department
of Universidade Federal Rural do Rio de Janeiro (UFRRJ). Also, samples of the plants used in this experiment
were subjected to herborization and registered in the herbarium (RBR) of the Botany Department of UFRRJ un-
der number (RBR)-32886. The plants were produced from cuttings with approximately 15 cm in length of the
middle third of the shoots treated with 2% sodium hypochlorite (10 min), washed with distilled water and fixed
on polystyrene support. Two-thirds of the bottom of the cuttings were immersed in a nutrient solution modified
with 15 mmol-L™* NO; -N at 1/2 strength under constant aeration [8]. After two weeks, the seedlings were
standardized by root size and number of leaves.

2.2. Description of the Hydroponic System and Treatments

The seedlings were placed in 2-cm Styrofoam plates thick with the help of synthetic foam and then placed on
pots (1.8 L) connected by caliber flexible tubes to an electromagnetic air compressor (Resun, model OC-003)
with a flow rate of 65 L-min*, programmed to 15 min of activity per hour. This hydroponic system was placed
on benches of a growth chamber with photosynthetic photon density of 200 pmol-m s * and a 12 h photoperiod
at 25°C. The plants were cultivated for 41 days in a nutrient solution modified with 15 mmol-L* NO, -N at 1/2
strength with different P doses, as described in Table 1 [8]. Every day, the pH of the nutrient solution was
measured and adjusted to 5.8 and the volume was adjusted to 1.6 L per pot. The nutrient solution was replaced
weekly.

2.3. Fresh Weight, Soluble Fractions and Nitrate Reductase Analyses

Roots, stems and leaves were separated and used for fresh weight analysis. Moreover 1 g samples from median-
portion of each plant part (3rd and 4th nodes of leaves) were powdered in 10 mL of 80% ethanol, filtered, parti-
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Figure 1. Structure of menthol.
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Table 1. Composition of the nutrient solutions used for the cultivation of menthol mint (Mentha arvensis L.) during 41 days
in growth chamber. A 1/2 strength nutrient solution [8] modified with 15 mmol L™ NO; -N was used as a source of other

nutrients.
Macronutrients Levels (mmol-L™")
N-NO; 15.00 15.00 15.00 15.00
N-NH; - - -
P 0.05 0.50 1.00 2.00
K 6.00 6.00 6.00 6.00
Ca 5.00 5.00 5.00 5.00
Mg 2.00 2.00 2.00 2.00
S-S0, 2.48 2.25 2.00 2.00
Micronutrients Levels (mmol-L™")
Fe 89.61 89.61 89.61 89.61
Mn 9.11 9.11 9.11 9.11
B 16.30 16.30 16.30 16.30
Zn 0.76 0.76 0.76 0.76
Cu 0.31 0.31 0.31 0.31
Mo 0.10 0.10 0.10 0.10

Changes in the concentration of sulfur were produced as a result of variation in the P levels.

tioned with chloroform, and the hydro-alcoholic phase was completed to 50 mL with 80% ethanol. This phase was
used for amino-N [9], NO;-N [10], ammonium [11] and soluble sugar [12] analyses. Also 0.2 g samples from
median portion of each plant part (4th node of leaves) were used for the analysis of nitrate reductase activity [13].

2.4. Essential Oil Extraction and Analysis

Samples (3 g) from the upper leaves (3rd to 5th node) and lower leaves (6th to 8th node) were removed and im-
mersed in 10 mL of dichloromethane for 48 h at 4°C. After this period the samples were filtered, the organic
phase dried with anhydrous Na,SO, and the extracts stored in a freezer (—20°C) for further analysis. A gas
chromatograph (Hewlett-Packard 5890 Series Il CA, USA) equipped with a flame ionization detection and a
split/splitless injector, in a split ratio of 1:20 was used to separate and detect the constituents in the essential oil.
The substances were separated into the fused silica capillary column CP-Sil-8CB [30 m x 0.25 mm (i.d.) x 0.25
pm (film thickness)]. Helium was used as the carrier gas at a flow rate of 1 mL-min %, The column temperature
was programmed as follows: 60°C for 2 min followed by heating at 5°C-min* to 110°C, followed by heating at
3°C:min* to 150°C and finally followed by heating at 15°C-min* until 290°C and holding constant for 15 min.
The injector temperature was 220°C and the detector temperature was 280°C.

The gas chromatography coupled with mass spectrometry (GC-MS) was used for the essential oil analysis
using a Varian Saturn 2000 (Paolo Alto, CA). The flow of the helium gas carrier, the capillary column and the
temperature conditions for the GC-MS analysis were the same as described for the GC. The temperature of the
injector was 220°C and the temperature of the interface was 250°. Mass spectra were obtained with an ion trap
detector operating at 70 eV, with 40 - 400 m/z mass range and scanning rate equal to 0.5 scan-s *. The identifica-
tion of the oil constituents was based on comparisons of their GC retention indexes and their mass spectra with
authentic standards [(—)-pulegone, (-)-menthone, (+)-neomenthol and (—)-menthol] from Sigma-Aldrich (USA),
NIST database (2008) and retention index (RI) [14]. The RI was obtained from the co-injection of an alkane
standard solution C8-C40 (Fluka, USA).

2.5. Experimental Design and Statistical

In the experiment each treatment was composed of four replicates arranged in a completely randomized experi-
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mental design and in each pot two plants were placed. The analysis of variance, standard deviation and the sig-
nificance test (Fisher LSD, 5%) of the data were performed in SigmaStat 2.03 (Inc, Chicago, IL, USA). The
Unscrambler® X version 0.0.0.42 was used for the principal component analysis (PCA) (°CAMO Software AS
2010, USA). The graphics were created in SigmaPlot 8.0 (Systat Software Inc., California, USA).

3. Results and Discussion
3.1. pH of the Nutrient Solutions

The variations in the pH of the nutrient solutions during the experiment showed two distinct phases (Figure
2(A)). In the first phase (from the 1st to 15th day) when the absorption of nutrients was not intense, an alkalini-
zation of the nutrient solution was observed, always higher than the daily adjustment to pH 5.8. In the second
phase (from the 16th to 41st) a strong variation in pH was observed, shifting from acid to alkaline depending on
the elapsed time between the replacement of the nutrient solution. This unstable behavior may be associated
with an increased influx of nutrients related to the growth of the root system.

The pH range which is suitable for a better development of crops generally lies between 5.5 and 5.8 and is
mainly related to the availability of nutrients in the solution [15]. The pH of the nutrient solution undergoes con-
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Figure 2. (A) pH values of the nutrient solutions with different levels of P during the cultivation of menthol mint (Mentha
arvensis L.) for 41 days; lines (a) solid; (b) dotted; (c) dashed; (d) dotted-dashed respectively for 0.05, 0.50, 1.00 and 2.00
mmol-L " of P in nutrient solutions and (e) linear regression of all points with r = 0.46 and P < 0.0001. Days when the nu-
trient solution was replaced are represented by T; (B) Difference between the infflux and efflux of H'; (C) Logarithmic cor-
relation between the molar concentration of H' in the nutrient solution and root production of menthol mint.
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stant changes in response to the availability and influx of nutrients (symport or antiport) and the extrusion of H*
[16]. Thus, the early absorption of phosphate and nitrate anions, caused the alkalinization of the nutrient solution,
while later the lower levels of nutrients induces a second phase of extrusion of H' to the nutrient solution, lead-
ing to acidification of the nutrient solution. The intensity in which this pH oscillation occurs is the response of
the plant to the availability of nutrients in the nutrient solution, as well as the demand that the plant exerts on
them, as shown in Figure 2(A).

Nutrient solutions with lower P doses (0.05 and 0.50 mmol-L %), especially the 0.05 mmol-L *, showed a high
variation in pH with a great tendency to acidification in the course the experiment (Figure 2(B)). Since P is a
macronutrient highly demanded the plant uses mechanisms to increase its uptake as increasing the production of
roots and the extrusion of H*, causing the acidification of the nutrient solution (Figure 2(C)) [16].

3.2. Biomass Production

A negative correlation between the P levels in the nutrient solution and the mass production of the roots was also
observed (Figure 3). This result can be related to the fact that plants under low P doses are stimulated to pro-
duce more roots increasing the absorption area [17].

However, in studies with Mentha piperita L. an increase in roots production with the lower P dose in the nu-
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Figure 3. Correlation between fresh weight of roots and shoots of menthol mint
(Mentha arvensis L.) under different levels of P (0.05, 0.5, 1 and 2 mmol-L ) in
nutrient solution used in cultivation for 41 days.
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trient solution was not observed [18]. It should be noted that the P dose at which the plants produced more shoot
mass corresponds to only half of the higher P dose (2 mmol-L ™) used in this research nutrient solution and in
other solutions used in hydroponics for most crops [7] [19]-[21].

The plants grown in nutrient solution with 2 mmol-L™* P had lower production of shoot weight and also
showed early flowering and symptoms of toxicity (data not shown). Symptoms of toxicity caused by the excess
in P are not well known [22]. However, it is known that above certain levels, this element causes nutritional an-
tagonism [23]. Thus, the symptoms observed in plants under 2 mmol-L™* P may be associated with the deficien-
cy of other nutrients or also by influence of pH in the uptake of other nutrients.

3.3. Nitrogen Metabolism

The lowest percentage of soluble sugars was found in roots, stems and leaves of plants under 0.5 mmol-L * P
(Figure 4(A)). However, the roots and leaves of these plants showed high contents of nitrate (Figure 4(B)). The
leaves of plants under 0.5 and 1 mmol-L™* P showed high levels of nitrate and amino-N (Figure 4(B) and Fig-
ure 4(C)).

The stem was the main site of nitrate accumulation in menthol mint (Figure 4(B)). In a previous study with
plants of Mentha piperita was also observed that stem is the preferential organ for storage of this nutrient [7].
The nitrate accumulation in stem may be a plant evolutionary strategy to prevent the excess of nitrate in the
leaves and to maintain the N supply for biochemical activities in low availability periods [15] [24] [25].

A higher nitrate reductase activity was detected in leaves of menthol mint plants. Plants under 0.5 and 1
mmol-L " P showed high nitrate reductase activity in roots and leaves (Figure 4(D)). Moreover, plants submit-
ted to 1 and 2 mmol-L ™ P showed the highest activities of nitrate reductase in stem.

3.4. Essential Oil Composition and Principal Components Analysis (PCA)

Results showed in Table 2 indicate that high levels of menthol were obtained from menthol mint plants submit-
ted to the lowest P level (0.05 mmol-L ™). To a better evaluation of the effect of the different P levels and posi-
tion of the leaves over the chemical profile of the essential oil, a principal components analysis (PCA) was per-
formed based on the percentages of the substances identified by GC-MS. This analysis provided a double-
graphic of scores and loadings where the formation of clusters can be observed (Figure 5).

The analysis of the principal components revealed that the difference in maturity of the leaves is mainly
represent for PC-1, with 48% of the total variability found in the chemical composition of the essential oils,
while PC-2 with 22% of the variability, discriminate mainly the effect of different levels of P on essential oil
composition (Figure 5).

Considering the distribution of the samples as a function of PC-1, it was found that the samples of essential
oils extracted from young leaves in the left of the quadrant and extracted from mature leaves were grouped to-
gether in the right of the quadrant in Figure 5, between menthol and p-cymene, which contributed to the forma-
tion of this larger grouping. The PC-2 discriminated between the formation of cluster 1 with the higher levels of
menthol and cluster 2 with the higher content of p-cymene.

In the left quadrant of Figure 5 the samples were grouped only as a function of PC-2. In the upper left a
greater presence of pulegone and menthone contributed to the formation of cluster 4, while in the lower left qu-
adrant the presence of isomenthone contributed to the formation of clusters 3 and 5. However, cluster 5 showed
lower contents of menthone and menthol and cluster 6 presented intermediate levels of substances that constitute
the oil from menthol mint.

Also can be observed that the leaves from the 6th to the 8th node (mature leaves) showed an essential oil pro-
file with more menthol than the essential oil from leaves from the 3rd to the 5th node (young leaves) (Figure 5
and Table 3). This result indicates that the essential oil for mature leaves have the best commercial quality [3].
On the other hand, higher levels of ketone monoterpenes (pulegone, menthone and isomenthone) in the leaves
from the 3rd to the 5th node (young leaves) is an indication that the essential oil has not matured, since those
substances are intermediates in the biosynthesis of menthol [26]. In addition, a higher level of pulegone in the
essential oil of leaves from the 3rd to the 5th node (young leaves) decreases the oil quality [27].

The leaves of plants in the genus Mentha have an age difference between the nodes of about 2.4 days [28].
Since the mature leaves are shaded, there may be a synergism caused by age and light intensity on the quality of
essential oils. However, the age of the leaves seems to be a more plausible answer to explain the increase in the
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Figure 4. Soluble sugars (A); nitrate (B); amino-N (C); and nitrate reductase activity (D) in roots, stems and leaves of men-
thol mint (Mentha arvensis L.) cultivated for 41 days in nutrient solution with different P levels (0.05, 0.5, 1 and 2
mmol-L ™). Different letters in the same plant part indicate significant difference (Fisher LSD, 5%). The bars represent the

standard deviation.

concentration of menthol in the mature leaves observed in Figure 5, since that a significant production of men-
thol occurs late, at around 40 days after initiation of leaves and with a maximum increase of 2% menthol per day
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Table 2. Percentages of the substances in the essential oil extracted from leaves of menthol mint (Mentha arvensis L.) plants
cultivated under different P levels (0.05, 0.5, 1 and 2 mmol-L ™) during 41 days in hydroponic system.

Essential oil composition (%)* P levels (mmol-L™")

RT® Substance KI° RI 0.05 0.5 1.0 2.0
8.30 p-cymene 1026 1025 2.90£0.63 2.29+1.07 5.51+1.07 4.36 +£0.33
12.03 Menthone 1154 1166 2.32+£0.07 2.57+0.03 2.68£0.74 2.11+0.20
12.32 Isomenthone 1164 1175 1.72 +0.07 1.60 +0.03 1.82 £0.04 1.76 £ 0.04
12.43 Neomenthol 1165 1179 1.56 +0.42 1.68 £ 0.02 1.76 £0.11 1.73+0.08
12.69 Menthol 1173 1190 87.15+1.09 83.70 £ 0.69 83.30 £ 0.59 81.74 £ 2.83
14.55 Pulegone 1237 1250 3.18+0.62 7.24 +£0.80 3.40+1.09 7.31+£258
15.10 Piperitone 1252 1266 0.90 +£0.20 0.91+0.10 0.74+0.19 0.54 +£0.24

Monoterpene ketone 8.12+0.82 12.66 £ 0.57 8.64+1.44 1172+ 181

Monoterpene alcohol 88.71 £ 0.46 86.03 £0.44 85.06 £ 0.33 83.47 £1.67

% = 0.95. °RT = retention time. °KI = Kovats retention index (Adams, 1995). °RI = retention index.

Table 3. Percentages of the substances in the essential oil extracted from leaves at different positions of menthol mint
(Mentha arvensis L.) plants cultivated under different P levels (0.05, 0.5, 1 and 2 mmol-L™) during 41 days in hydroponic
system.

Essential oil composition (%)* Leaf position at plant
RT® Substance KI° RI RT® Substance
8.30 p-cymene 1026 1025 3.27+£1.00 4.38+1.03
12.03 Menthone 1154 1166 3.58£0.44 1.49 +0.84
12.32 Isomenthone 1164 1175 1.83£0.05 1.51+0.17
12.43 Neomenthol 1165 1179 1.71+£0.07 1.65+0.21
12.69 Menthol 1173 1190 81.46 +2.25 86.87 +1.99
14.55 Pulegone 1237 1250 7.25+2.19 347127
15.10 Piperitone 1252 1266 0.90 +0.40 0.62 +£0.06
Monoterpene ketone 13.56 + 2.50 7.09+212
Monoterpene alcohol 83.17£2.29 88.52£2.01

%= 0.95. °RT = retention time. °KI = Kovats retention index (Adams, 1995). °RI = retention index.
after 30 days of leaf emergence [29].

4. Conclusion

Results showed that low P levels (0.05 and 0.50 mmol-L ) stimulated an uptake mechanism related to the in-
crease in fresh weight of the roots and H* extrusion in menthol mint plants. With 1 mmol-L™* P plants showed
high levels of nitrate and amino-N in leaves and an increased nitrate reductase activity in all plant parts. This ac-
tivity presented a negative correlation with the soluble sugars levels. High levels of menthol were obtained from
plants submitted to the lowest P level (0.05 mmol-L ). In fact, menthol was the main component of the menthol
mint oil, with approximately 87% in leaves from 6th to 8th node (mature leaves). However, leaves from the 3rd
to the 5th node (young leaves) presented high levels of pulegone which presents a potential for toxicity to hu-
mans. Therefore, these results indicate that the harvesting period of menthol mint has a significant influence on
its quality and that the essential oil from mature leaves has the best commercial profile.
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Figure 5. Principal component scatterplot of menthol mint (Mentha arvensis L.) cultivated for 41 days in hy-
droponic system with different P levels in nutrient solution. ®Axes referring to 24 essential oil samples di-
vided into four treatments with two cutting heights (scores) and represented by symbols as follows: nutrient
solution with 0.05, 0.5, 1 and 2 mmol-L™* P, respectively for (O, @); (LI, W); (A, A) and (<, @) of which
the white and black symbols represent, respectively, leaves of 3rd to the 5th node and leaves of 6rd to the 8th
node; "Axes referring to nine discriminant variables related to chromatographic profile (loadings) and repre-
sented as vectors from the origin. Arrows show the different clusters and the dotted line highlights the cluster
with higher content of menthol in the essential oil. PC-1 and PC-2 represent respectively 48% and 22% of the

total explained variance.
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