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HIGHLIGHTS
¢ In N-sufficient plants, water deficit reduces leaf NR activity, but increases leaf GS activity.
¢ In N-deficient plants, water deficit do not affect leaf NR activity, but increases leaf GS activity.

¢ Under water deficit young coffee-plants increase the content of proline in the roots.

o Good N nutrition increases amino acids and proteins in leaves of coffee under water deficit.

Abstract: Nitrogen uptake is essential for coffee growth and development, resulting in important effects on
the biomass and final crop yield. Thus, like most nutrients, nitrogen is absorbed by the roots using water as
a mean of transport, so that water stress and nitrogen can directly and indirectly affect various physiological
processes. The aim of this paper was to evaluate the nitrogen metabolism in young plants of four varieties of
coffee trees (Coffea arabica L.) submitted to water deficit (WD) and nitrogen supply. We have done a triple
factorial (2 x 4 x 4) experiment entirely randomized. The plots received combinations of high or low N doses
(7mmol/L and 2.8 mmol/L NO3), four water potentials (0; -0.4; -0.8; and -1.6 MPa), and four varieties (Mundo
Novo IAC379-19, Acaud F6 of IBC — PR 82010, Catuai Vermelho IAC 44, and Catuai Amarelo IAC 62).
One hundred and forty days after the begining of the experiment (140 days after the beginning of N stress
and 82 days after the beginning of WD stress) the activity of the enzymes nitrate reductase (NR) and
glutamine synthetase (GS), concentration of nitrate, free proline, amino acids (TAA), and total proteins were
determined in samples of leaf and root tissues. There were differences between varieties independently of
WD and N dose for leaf NR, being ‘Acaud’ the cultivar that presented the highest and ‘Catuai Vermelho’ the
lowest value to this trait. The WD promoted an increase on the proline concentration in the roots. With low N
dose, the activity of GS presented linear increases in response to WD. It was concluded that in young coffee
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plants under WD, proline can be involved in the osmotic adjustment, having its synthesis in the roots
increased. Under WD, plants with good nitrogen nutrition presented larger leaf concentration of soluble amino
acids and total soluble proteins. The varieties studied do not present differentiated responses to WD.

Keywords: Coffea arabica L.; glutamine synthetas; nitrate reductase; polyethylene glycol; proline.

INTRODUCTION

Water, the natural resource indispensable to the survival of all living beings, is one of the environmental
conditions that has the greatest influence on the growth and productivity of cultures. Among other functions,
it is essential for the absorption of soil nutrients by the plants. However, this resource is becoming scarce
mainly due to the anthropic action in the hydrographic basins.

In consequence of recent climate changes, periods of accentuated and continuous water deficits have
also had negative consequences for coffee culture. Thus, studies on the coffee tree tolerance to water deficit
are fundamental to improve plant growth and production under these conditions [1, 2].

In the world context, coffee is one of the agricultural products of great relevance, being the second largest
generator of foreign exchange, behind only oil. The nitrogen (N), a nutrient that has its absorption strongly
influenced by water availability, is the most required by coffee trees, especially in the fruiting phase, when it
is strongly drained from the leaves to the fruits. To meet this demand, high doses of fertilizers are used to
increase N absorption and assimilation inside the plant. Nitrogen also favors the growth and formation of
roots and leaves, production and translocation of photoassimilates, and the development of flower and fruit
buds [3], thus, being necessary in all stages of the coffee-plant development [4].

Nitrate (NOs) is the main form of nitrogen absorbed by cultivated plants; however, in order to be
incorporated into numerous organic compounds from which it is a part of, its reduction to ammonium (NH4*)
is necessary. This nitrate reduction process requires the activity of two enzymes: (1) nitrate reductase (NR),
and (2) nitrite reductase (NRI) [5, 6].

NR catalyzes the first stage of the nitrogen assimilation process, reducing nitrate to nitrite (NO2) in the
cytosol. Then, NOy is transported from the cytosol to the chloroplasts in the leaves and to the plastids in the
roots, where it is reduced to NHs* by NRI activity. Subsequently, NH4" is rapidly assimilated into amino acids
by the sequential actions of the enzymes glutamine synthetase (GS) and glutamate synthase (GOGAT), in
the called the GS/GOGAT route [6, 7].

N assimilation is essential to the growth and development of the coffee tree, resulting in important effects
on the phytomass and the culture final productivity. Thus, as most nutrients, N is absorbed by roots using
water as a means of transportation, hence water and N stresses can direct or indirectly affect several
physiological processes, such as the efficient use of radiation, net carbon assimilation, due to limitations
stomatic and non stomatic, and even the translocation of the N itself in the plant [8].

When subjected to several types of abiotic stresses, mainly the hydric, plants can present alterations
regarding physiological and metabolic responses. The increase of compatible solutes, like proline, is an
example of these responses. Such behavior has been related to the plant tolerance, among others, to water
stress, for it is able to maintain the plant turgor, through the reduction of the root water potential which favors
water absorption [9]

By the other hand, under N stress influence, amino acid metabolism is greatly modified, not only by the
reduction of protein synthesis, but also by the induction of rapid degradation of the already formed proteins,
which leads to an increase in free amino acids and amines. As a result, there is an increase in proline
synthesis caused by the increase of polyamines, ammonia, arginine, ornithine, glutamine and glutamate
derived from catabolic routes [10].

The increase in proline amounts can stimulate different cellular functions such as osmotic adjustment,
carbon and nitrogen reserve, which is used in growth for post stress recovery, detoxification of excess
ammonia, proteins and membranes stabilization, and elimination of free radicals [9, 11].

In view of the explained above we can hypothesize that differences in nitrogen metabolism among coffee
varieties may confer adaptive advantage to some of them when under water stress.

The objective of this paper was to evaluate the nitrogen metabolism in four varieties of coffee trees
(Coffea arabica L.) submitted to water deficit and nitrate doses in the vegetative phase.
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MATERIAL AND METHODS

Plant Material and growth conditions

The experiment was carried out in a greenhouse at the Agronomy Department of the Federal University
of Vicosa, Minas Gerais, Brazil (20 ° 45°S, 42 ° 15’ W and 650 meters of altitude). During the conduction of
the experiment, the maximum, average, and minimum temperatures ranged between 23.8 and 29.2 °C, 15.8
and 22.0 °C, and 10.8 and 17.7 °C respectively. The relative humidity of the air remained between 76.4 and
82.04 %. Six-month-old plants of Coffea arabica L. produced in hydroponic system were used: Mundo Novo
IAC379-19, Acaua, F6 of IBC — PR 82010, Catuai Vermelho IAC 44, and Catuai Amarelo IAC 62. During the
initial 58 days, the plants received two doses of N-nitrate as a mean of obtain plants with differentiated N
status. Each experimental unit received 4.5 liters of hydroponic solution. The hydroponic solution used for
the plant growth contained: 2.8 mmol L* NOs™ as a low level of nitrate (LN), and 7 mmol L* NOs as a high
level of nitrate (HN), 1 mmol L** P, 4.8 mmol L' K, 1 mmol L Mg, 1 mmol L S, 2.1 mmol L Ca, 40 ymol
Fe-EDTA, 23 ymol LB, 0.8 pmol L Cu, 12 ymol L't Mn , 0.3 ymol Lt Mo, and 1 ymol L Zn. The containers
received constant aeration throughout the experiment and pH corrections to maintain the value around 6 +
0.2, using HCI or NaOH. Replacement of nutrients were carried out, based on the reduction of electrical
conductivity (EC), admitting up to 30% depletion, except for nitrogen. The criterion of 30% reduction in the
nitrate concentration was adopted using the LAQUA Twin Nitrate NO3; Meter® sensor. As the volume of the
solution decreased with evapotranspiration, it was replaced with deionized water until the total volume of the
vessel was completed.

After this period, to induce the water deficit, the solutions were renewed and calculated amounts of PEG
6000 (Polyethylene glycol) were added to generate water potentials of -0.4; -0.8; and -1.6 MPa [12]. The
guantities used per liter of solution for the defined water potentials were 172.6 g, 240.2 g, and 335.8 g,
respectively. In order to gradually impose the deficit, these quantities were divided into 6 parts and applied
daily for six days. The plants remained under stress for a period of 76 days.

At 140 days, approximately 1.0 g of fine roots and 7 leaf discs with an approximate weight of 0.45 g were
removed from fully expanded leaves, present in the middle third of coffee plants. These samples were
washed in deionized water, stored in liquid nitrogen and kept at - 80 °C for further analysis. Then the plants
were harvested, the leaves and roots were separated, washed with deionized water, dried in an oven with
forced air circulation at 70 °C until constant weight, and ground in a mill type Wiley and 20 mesh.

Determination of total nitrogen in the dry matter of leaves and roots, and nitrate in the dry matter of
the roots

To determine total N, the samples were submitted to sulfuric digestion and the determining of total N by
the micro Kieldahl method.

To determine NOs™ in the roots, extraction was carried out using the method described by Cataldo and
coauthors, [13]. Nitrate concentrations were determined by the colorimetric method described by Doane and
Horwath [14].

Determination of enzymatic activity

Preparing extracts for analysis of enzymatic activities (NR and GS)

The extraction was executed according to the protocol proposed by Radin [15], adapted by Cambraia
et.al., [16], with some adjustments for the coffee plant.
Determination of nitrate reductase (NR) activity

In order to determine the activity of nitrate reductase, the in vitro assay was used following the
methodology of Radin [24], adapted by Cambraia and coauthors, [16].
Determination of glutamine synthetase (GS) activity

The activity of glutamine synthetase was determined through the method proposed by Elliott [17], which
is based on the formation of A-glutamylhydroxamate.
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Determination of free amino acids and soluble proteins

Methanolic extraction for analysis of free amino acids and soluble proteins

The extraction was carried out following protocol proposed by Lisec and coauthors, [18]. The precipitate
was washed twice in 70% ethanol, and later used to quantify protein [19].

Determination of free amino acids
The concentration of free amino acids was determined as described by Gibon and coauthors, [19].

Determination of total soluble protein

The concentration of total soluble protein was determined according to Gibon and coauthors, [19] and
Bradford reagent solution [20].

Determination of free proline

The concentration of free proline was determined in accordance to the methodology described by
Shabnam [21].

Experimental design and statistical analysis

The experimental units received combinations of three factors, that is, two doses of nitrogen (high-HN
and low-LN), four water potentials: 0; -0.4; -0.8; and -1.6 MPa, and four varieties: Mundo Novo, Acaud, Catuai
Vermelho, and Catuai Amarelo. Those composed of a triple factorial scheme (2 x 4 x 4) in a randomized
block design with three true repetitions( each repetition was a plant) for the variables NR, GS, nitrate, amino
acids and proteins, and with two repetitions for proline and NR in roots.

The data were submitted to the Shapiro Wilk normality test, an assumption for analysis of variance. The
protein variable to meet the assumption was transformed into a Neperian logarithm (Ln). No data
transformation was necessary for the other variables.

After meeting the assumption, the obtained data were subjected to analysis of variance. Qualitative data
(N doses and varieties) were compared using the Tukey test at 5% probability. Quantitative data (water
potential) were subjected to polynomial regression analysis. The models were chosen based on the biological
behavior and significance of the regression coefficients, using the t test at 5% probability, and on the
determination coefficient. Statistical analyzes were performed with the aid of the SISVAR 5.6 program [22],
at the level of 5% probability, and the adjustments to the regression models were made using the statistical
graphic program Sigma Plot 10.0® (Systat Software Inc.).

RESULTS

Concentrations of total nitrogen in the dry matter of leaves and roots and of nitrate in the dry matter
of roots

Shoot dry matter (Table 1) do not showed significant differences (P<0.05) to the interaction between N
and WD stresses. The mean values of shoot dry matter production were 39.9 g under HN supply and 38.4
under LN supply. Under no water stress the plants produced a mean of 45.0 g of shoot dry matter, while
under -1.6 MPa of water potential they produced a mean of 34.9 g of dry matter.

Regarding root dry matter production (Table 1) there were significant differences (P<0.05) for the
interaction between N and WD stresses. As a general pattern Acaua stood out with a mean of 15.6 g, being
followed by Catuai Amarelo (12.1 g), Catuai Vermelho (9.8 g), and Mundo Novo (9.1 g). Root dry matter
increased from 9.12 g to 14.2 g in response to N stress. The difference was most sharp with some degree of
WD, except for Mundo Novo.

There was no significant interaction between the three factors studied, for any of the variables analyzed
(P <0.05). In HN, the concentration of total nitrogen (g kg™) in both leaves and roots was higher in relation to
the observed in LN dose in all studied water potentials (Table 2).

The concentration of nitrate (NO3) in the roots of the four varieties did not vary in response to the water
deficit or to the doses of N. However, there was an interaction between the nitrogen doses and the different
water potentials. When the water deficit was applied to plants under low nitrogen availability, there was no
significant difference in the root nitrate content, with an average value of 2.77 mg g* of dry matter (Figure
1A). Yet, at a high nitrogen dose, there was a decrease in the nitrate content as the water deficit increased.
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This decrease followed a quadratic function and was accentuated when it went from the stress-free condition
to -0.4 MPa of stress. It was observed that in HN, the concentration of nitrate reached the minimum point in
the water potential -1.03 MPa (Figure 1A). The root nitrate content was higher in the HN dose only when the
plants did not suffer water restriction (0.0 MPa). Under any degree of water restriction, this concentration was
equal to that of plants grown with LN dose (Table 2).

Table 1. Shoot dry matter mass (SDM) and root dry matter mass (RDM) of four coffee cultivars submitted to high (HN)
or low (LN) doses of nitrogen and different water potentials (MPa).

SDM (g)
0 MPa -0,4 MPa -0,8 MPa -1,6 MPa
Variety HN LN HN LN HN LN HN LN
C.Vermelho 35,81Aa 40,59Aa 35,29Aa 34,62 Aa 34,92Aa  33,57Aa 27,22Aa  31,79Aa
Acaua 53,30Aa 38,97Aa 35,94Aa 44,01 Aa 45,95Aa 32,41Aa 36,25Aa  36,14Aa
C. Amarelo 53,24Aa 37,33Aa 41,31Aa 40,27 Aa 30,4 Aa 31,74Aa  32,47Aa  38,82Aa
Mundo Novo  56,49Aa 44,32Aa 46,36Aa 52,2 Aa 37,46Aa  35,78Aa 35,59Aa 41,16Aa
Average 49,71 40,30 39,73 42,78 37,18 33,38 32,88 36,98
Ccv 26,2
RDM (9)

0 MPa -0,4 MPa -0,8 MPa -1,6 MPa
Variety HN LN HN LN HN LN HN LN
C.Vermelho 8,43 Bb 16,85Aa 6,28Aa 12,48 Ba 6,20 Aa 10,48ABa 5,31 Ab 12,14Aa
Acaua 16,78Aa  19,35Aa  9,72Ab 23,06 Aa 12,53Aa 17,4 Aa 11,58Aa 14,13Aa
C. Amarelo 14,27Ba 19,24Aa 8,24Ab  15,48ABa 8,22 Aa 11,64ABa 8,13 Aa 11,95Aa
Mundo Novo 13,20Ba  13,22Aa  7,19Aa 12,21 Ba 4,95 Aa 7,72 Ba 4,48 Aa 10,17Aa
Average 13,17 17,17 7,86 15,81 7,98 11,81 7,38 12,10
CV (%) 31,88

The averages followed by at least one capital letter in the column and lower case in the row for each water
deficit did not differ significantly at the 5% probability level by Tukey's test.

The concentration of nitrate (NO3) in the roots of the four varieties did not vary in response to the water
deficit or to the doses of N. However, there was an interaction between the nitrogen doses and the different
water potentials. When the water deficit was applied to plants under low nitrogen availability, there was no
significant difference in the root nitrate content, with an average value of 2.77 mg g* of dry matter (Figure
1A). Yet, at a high nitrogen dose, there was a decrease in the nitrate content as the water deficit increased.
This decrease followed a quadratic function and was accentuated when it went from the stress-free condition
to -0.4 MPa of stress. It was observed that in HN, the concentration of nitrate reached the minimum point in
the water potential -1.03 MPa (Figure 1A). The root nitrate content was higher in the HN dose only when the
plants did not suffer water restriction (0.0 MPa). Under any degree of water restriction, this concentration was
equal to that of plants grown with LN dose (Table 2).

In the water potential 0.0 MPa, the activity of nitrate reductase in HN was approximately four times
greater than the activity in LN. However, as the water potential decreased, the difference in NR activity
between doses also decreased, that is, in water potentials -0.4 and -1.6 MPa, the enzymatic activity in HN
was approximately three and two times superior in relation to those observed in LN , respectively (Table 2).

Concerning to the activity of glutamine synthetase (GS) there was an interaction between nitrogen doses
and water potentials (P <0.05). At both doses of nitrogen, the activity of GS increased as the water potential
decreased (Figure 1C). In the average of the four varieties cultivated with HN dose, the GS activity increased
with the increase of the water deficit, according to the quadratic function. In this case, the maximum point
was reached with -0.96 MPa. When in low N availability, GS activity increased linearly with water deficit.
There was also a difference in activity among the doses of N in water potential -1.6 MPa, whereas in LN, the
activity of GS was 22% higher than in HN (Table 2).
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Table 2. Concentration of total nitrogen in leaves and roots, nitrate in roots, activity of nitrate reductase (NR) and
glutamine synthetase (GS) in coffee leaves submitted to high (HN) or low (LN) doses of nitrogen and different water
potentials (MPa).

¥ (MPa)
Dose de N 0.0 -0.4 -0.8 -1.6
Total N in leaves (g kg™ of DM)

HN 30.99 a 2341 a 24.20 a 25.67 a
LN 21.08 b 20.58 b 21.34 b 22.45b
CV (%) 8.43

Total N in roots (g kg™ of DM)
HN 29.09 a 20.95 a 21.82 a 22.75 a
LN 1791 b 16.07 b 17.07b 17.20 b
CV (%) 13.03

Nitrate in roots (mg g of DM)
HN 13.93 a 185a 2.92 a 3.47a
LN 2.17b 1.99a 3.13a 3.78 a
CV (%) 65.77

NR (NO, ht gt of FM)
HN 0.38 a 0.21a 0.19 a 0.19a
LN 0.09b 0.07b 0.13 a 0.09b
CV (%) 48.02
GS (A-GH h't mg* of FM)

HN 0.15a 0.17 a 0.23 a 0.18 a
LN 0.19a 0.19 a 0.19 a 0.23b
CV (%) 29.58

Averages followed by the same letter do not differ by the Tukey test at the 5% probability level.

Regardless of water deficit and availability of N, there was a difference in NR activity among varieties
(Figure 2A). For this variable, the highest value was obtained in the Acaué variety and the lowest value in
Catuai Vermelho. The Acaua variety showed NR activity 31% higher than the NR activity of Catuai Vermelho.

Concerning the NR activity in roots, the HN dose differed from the LN dose, whereas the enzymatic
activity with the HN dose was 43% superior in relation to the LN dose (P <0.05) (Figure 2B).

Concentration of proline, amino acids, and proteins

With reference to the N doses, it was found that HN promoted a higher concentration of proline in roots
(Figure 3A), and concentration of total amino acids (TAA) in leaves (P <0.05) (Figure 3B), regardless of the
variety or water deficit. It was observed that the levels of free proline in HN were approximately 49% higher
than in LN. The concentration of TAA in leaves in HN was 1.7 times superior to its concentration in LN.

There was a linear increase in proline content with increased water deficit, (P <0.05) (Figure 4). The
concentration of proline in water potential -1.6 MPa (15.90 ymol g-! FM) was almost 10 times higher than in
the control (1.62 umol g FM).

For total soluble proteins in leaves, the concentrations were only lower in LN for the varieties Mundo
Novo and Catuai Amarelo (P <0.05) (Figure 5). There was an interaction between N doses and varieties
when analyzed for total protein concentration. The varieties Catuai Amarelo and Mundo Novo differed in
relation to nitrogen doses. In HN dose, the protein concentration was 40% and 38% higher than the LN dose,
in C. Amarelo and Mundo Novo, respectively. However, there was no significant difference in the quantity of
proteins from C. Vermelho and Acaua varieties, when compared among N doses (Figure 4).
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Figure 1. Concentration of nitrate in roots (A), activity of nitrate reductase (B) and activity of glutamine synthetase (C)
in coffee leaves submitted to high (HN) or low (LN) doses of nitrogen and different water potentials (MPa).
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Figure 2. (A) Activity of nitrate reductase (NR) in leaves of young plants of four coffee varieties with high (HN) or low
nitrogen (LN). (B) Average nitrate reductase (NR) activity in roots of young coffee plants grown with high (HN) or low
nitrogen (LN). Means followed by the same letter do not differ by the Tukey test at the 5% probability level.

DISCUSSION

The plants were cultivated with adequate N supply and without water stress previously to the settlement
of N and water stresses, what allowed them maintain the shoot dry matter production relatively stable when
the stresses were imposed by reducing the N concentrations, especially of the root tissues (Table 1). Besides
that, when the water stress was established (June) the low temperatures also limit the growth rates,

preventing sharp differences.
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Figure 3. Concentration of free proline in roots (A) and total amino acids (B) in leaves of young coffee plants submitted
to high or low nitrogen. Averages followed by the same letter do not differ by the Tukey test at the 5% probability level.

Another interesting response was the significant increase of root dry matter of Catuai Vermelho, Catuai
Amarelo and Acaua when submitted to low nitrogen dose in some degree of water stress. This result is in
accordance with Wu and coauthors [23], who studied the effect of water stress and N supply on seedlings of
the tree species Sophora davidii. They stated that low concentrations of the nutrient in the soil stimulate root
growth, while high concentrations promote greater biomass partition to the shoot.

The assimilation of nitrogen, fundamental for the growth, development, and productivity of plants, is
influenced by the water deficit. Thus, the water shortage responses of the enzymes involved in the nitrate
reduction into ammonium and its incorporation into organic compounds play an important role in the survival
of plants [24].

According to this paper, the exposure of coffee varieties to a high dose of N and low values of water
potential promoted a decrease in the content of nitrate in roots, and, consequently, a decrease in the activity
of the NR enzyme (Figure 1A). It is believed that this lower concentration is the result of less absorption of
nitrate by plants with an increase in water deficit. Besides controlling NR activity through stimulating its
synthesis, the nitrate acts on transport proteins associated with nitrate absorption and storage in the vacuole,
and on nitrite reductase, glutamine synthetase (GS), and glutamine-2-oxoglutarate aminotransferase

enzymes (GOGAT).
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Figure 5. Concentration of total soluble proteins (mg g-* FM) in leaves of young coffee plants submitted to high (HN) or
low (LN) nitrogen. Means followed by the same capital letters do not differ of each other by the Tukey test at the level
of 5% probability and compare cultivars. Averages followed by the same lower case letters do not fiffer of each other by
Fischer's F at the level of 5% probability and compare low N and high N.

Environmental factors such as light, temperature, and N and water availability absolutely alter the activity
of NR enzyme in leaves, as well as in roots, which explain the results obtained for the activity of NR enzyme
[25]. N availability in the growth medium induces protein synthesis of nitrate reductase enzyme, for example.
However, when the plant undergoes a water stress condition, the NR activity can be limited due to a reduction
of nitrate absorption by the roots, because of this stress [26, 27].

Reis and coauthors, [28], evaluated the NR activity in coffee trees submitted to different doses and
different systems of application of nitrogen, and observed that its activity responded to nitrogen fertilization,
that is, directly interfering in productivity. According to Khouri [29], in his work, the decrease in the NR activity
because of the water deficit effect occurred due to the reduction in the nitrate flow to the roots, as a result of
insufficient water, which is an essential substrate in the formation and activity of this enzyme. The results of
the literature presented above prove that even with high nitrogen availability, plants under water deficit tend
to decrease NR activity, corroborating the results found in this study (Figure 1B) (Table 1).
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Among the varieties, there was a greater activity of NR in Acaua (Figure 1), indicating that under water
deficit this variety has some mechanism that makes it possible to maintain the enzymatic activity with less
change. According to Pereira and Baido, [30] in the field the variety of Acaua is characterized by high vigor
and certain tolerance to water deficit, and can be indicated for drier regions. Carvalho and coauthors [31],
evaluated the behavior of seven new coffee cultivars aged 3.5 years to water stress through measurements
of water potential in the pre-dawn. They concluded that varieties from Acaua, showed greater tolerance to
stress water, unlike the varieties from Catuai.

In addition to the greater activity in leaves, in HN the roots also showed greater activity of NR than in LN
(Figure 2B). ). The coffee plant shows a high potential to reduce and assimilate nitrate in leaves as well as in
roots. This partition of NR activity between the organs is basically regulated by the efficiency of the root
system in exporting nitrate to the aerial part, that is, with an increase in the availability of nitrate, the coffee
tree roots demonstrate a high capacity to increase their export to the leaves [32, 33].

Carelli and Fahl [26] observed that NR activity occurred in both organs in adult coffee plants; however,
the activity in roots was inferior than in leaves, which confirms the results found in this study. The authors
also found, in the same study, a greater accumulation of nitrate in roots than in leaves, and almost no NR
activity was detected in the period prior to the nitrate application. According to Melo and coauthors, [34], there
was a decrease in the assimilation of nitrogen, and, consequently, a reduction in NR activity in roots of the
cultivar Siriema under water deficit. This is in agreement with the data found in this work, where the activity
of NR in roots was higher in HN dose, and in plants subjected to lower water stress (Figure 2B).

The ammonium produced by the nitrate reduction is incorporated into organic compounds, then forming
the amino acids. These reactions are due to the activity of glutamine synthase (GS) and glutamate synthase
(GOGAT) enzymes. GS plays a central role in N metabolism in plants, because it is responsible for the initial
assimilation of ammonium [35, 36]. In this study, an increase in GS was observed as the water deficit
increased, in both nitrogen doses (Figure 1C).

Two isoforms of glutamine synthetase (GS) are present in plants, one located in the cytoplasm (GS1)
and the other in the chloroplast (GS2). GS1 has the function of ammonium assimilation into the cytoplasm in
a dark condition, while GS2 found in the leaves is governed by light and ammonium (NH4%), in addition to the
use of NH4* from photorespiration. This NH4* formed during photorespiration can be reassimilated by plants
in the chloroplast [37, 38]. The reassimilation of NH4* made available during photorespiration in C3 plants
represents about 90% of the flow through the GS /GOGAT route in leaves. Thus, the lower nitrate reductase
activity found in this work, as well as the nitrate accumulation, may have favored the increase in GS activity,
that is, increased the assimilation of NH4* resulting from the photorespiratory process, alternatively to the
normal pathway of the ammonium, formed by the NR activity [39].

Martinez and coauthors, [40] report that after 96 hours in deficit of -1.5 MPa, young plants of the Catuai
Amarelo and Mundo Novo coffee varieties grown in nutrient solution showed a marked increase in the
expression of the NIA2 gene that codes for nitrate reductase, and also of the gene GLN1.3 that codes for
glutamine synthetase. It is known that the water deficit induces reduction in the availability of nutrients such
as nitrogen, since water allows their absorption by the root system. As a result, taking into account the lack
of water, and an increase in the concentration of ammonium, it is likely that there could be an improvement
in the efficiency of use of nitrogen by the plant, consequently preventing the NH4* ion from accumulating in
toxic levels [41], thus explaining the results of the increase in GS activity (Figure 1C).

Regardless of the varieties and N doses, with increasing water deficit there was an increase in the
concentration of proline in roots (Figure 5). When suffering from abiotic stresses, especially water stress,
plants tend to accumulate compounds called compatible solutes or osmoprotectors, such as proline. The
function of these solutes is to preserve cell turgidity, integrity of proteins, and cellular structures, and they
also provide a decrease in the osmotic potential in lack of water situations [42, 43]

In a study characterizing morphological and physiological responses of different Coffea genotypes
submitted to water stress, Almeida and coauthors [44], observed that the plants survived as a result of
osmotic adjustment with increased proline content. Yet, Silva and coauthors, [45], found that during water
stress, proline levels increased in a Conilon coffee clone sensitive to water deficit. Tounekti and coauthors,
[46], studied the effect of water deficit in four coffee varieties grown for two years in pots containing substrate
and irrigated with water and nutrient solution, noting that the varieties with greater drought tolerance, showed
greater capacity of osmotic adjustment by proline accumulation.

Concerning the N doses, it was verified that the high dose promoted a higher concentration of proline in
roots (Figure 3A) and TAA in leaves (Figure 3B), regardless of the variety or degree of water deficit. For total
soluble proteins in leaves, the concentrations were only lower in HN for the Mundo Novo and Catuai Amarelo
varieties (Figure 5).
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The total amino acid and protein concentration was higher in HN than in LN, that is, even with water
deficiency, the highest dose of N favored a greater synthesis of amino acids (Figure 3B) and, consequently,
of proteins (Figure 5), when compared to a lower dose of N. In addition to their particular functions, the amino
acids formed under water deficit can be used as a source of nitrogen for protein synthesis, as well as they
can be used in the energy supply for plants to recover more quickly from the water stress condition [47].

The amino acid increase in response to water deficits may be due to a decrease in protein synthesis, or
a greater protein degradation. However, the free amino acid increase, mainly proline, helps to decrease the
negative effects of water deficit on plants [48, 49].

CONCLUSION

In young coffee plants under high nitrogen availability, water deficit negatively affects nitrogen
metabolism, by reducing the nitrate concentration in roots and NR activity in leaves.

In young coffee plants submitted to a low dose of N, the low nitrate concentration in roots and the low
NR activity in leaves did not change with increasing water deficit, while the GS activity shows linear
increments in response to increases in water deficit.

The water deficit has less impact on the N assimilation in coffee plants well supplied with this nutrient.
At any deficit level, plants with high nitrogen nutrition show a higher leaf concentration of soluble amino acids
and total soluble proteins.

In young coffee plants under water deficit, the proline synthesis in roots increases, suggesting their
participation in osmotic adjustment. The effect is greater in plants well supplied with N.

The varieties Mundo Novo, Acaud, Catuai Vermelho, and Catuai Amarelo in general do not present
differentiated responses to water deficit regarding N concentrations in tissues, NR and GS activities, and
concentrations of proline in roots, total amino acids and proteins in leaves.
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