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Free arginine (Arg) content was observed to multiply when the level of nitrogen (N) nutrition was high, and
additional fertilization with boron (B) potentiated this effect. Owing to this feature, conifers can be suggested for use

as bioproducers of Arg. Concentrations of Arg in relation to N and B fertilization needed to be better understood.

Pinus sylvestris L. needles nitrogen boron fertilization doses

| 1. Introduction

Boreal coniferous forests usually grow on acidic podzolic forest soils that are deficient in mineral nutrients, first of
all in nitrogen (N). Boron (B) is deficient for the growth of conifers under the conditions of Fennoscandia [LI2EI41[5]
[Bl71, Excessive competition between trees for nutrients, light, and water is prevented by precommercial cuts
(thinning) with retention of a sufficient number of trees to secure high productivity of the site &, while the supply of
nutrients to trees is optimized by fertilization [2II2AL1 Alongside many other factors, the effect of fertilization on tree

species depends on the content of nutrients in soil and on fertilizer form and dosage [EI[8I12][13][14][15][16][17][18][19][20]
[211221123][24][25],

Precommercial thinning results in an increased output of lumber, but the question of improving financial
performance remains open 28], Increasing the profitability of silvicultural actions (thinning, pruning, and fertilization)
in young and middle-aged stands can be augmented by processing and utilizing the removed green tissue, thereby
reducing the costs. Data on the accumulation of aboveground biomass in coniferous species are necessary to

assess the reserves of tree greenery suitable for harvesting plant materials enriched with biologically active
substances (BAS) [271128129]30]

The growing demand for BAS and exhaustion of the traditional sources of plant material necessitates the search
for new resources. A topical task is finding new sources of BAS of high practical value. Yet, large-scale exploitation
of natural sources of BAS and their massive harvesting is fraught with environmental problems. The use of foliage

contributes to solving environmental problems 29,

Tree foliage contains various organic compounds used in the manufacturing of nutritional and pharmaceutical
products. Ethnobotanical and ethnomedicine literature is used to search for new sources of raw materials in feed
production and pharmaceuticals 22 The water-soluble fraction of coniferous greenery contains free amino acids, in
particular L-arginine (arginine). A hypothesis has been proposed about the nutrient and synergistic role of arginine

and its metabolites, which supplement the role of vitamin C 2. |t is an ingredient of many drugs and antiviral
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agents. Being a source of nitrogen oxide—a potent vasodilator and neuromediator—it is applied in medicine 132,
The demand for Arg is high in carnivores, fish, and poultry 384 Arg boosts the growth of animals, their

productivity, and their immune response 221361,

The development of technologies for modifying the biochemical composition of coniferous woody greens to obtain
plant raw materials enriched with BAS necessary for practical purposes is promising for the purposeful use of new

raw materials.

Different plant species have very different needs for Arg. In the organs of one plant species, Arg can accumulate in
a wide range of values, depending on the phenophase and growing conditions [EZI281139],

Arg content in needles was seen to multiply where N nutrition was elevated as a result of economic activities or in
experiments with mineral nutrition of conifers BIBAM4A41142]143144] Fertilization of B significantly increased the effect.
The finding can be used to produce Arg-enriched coniferous tree foliage BY. A novel protocol for supplying
coniferous plants with N and B has been designed to cause plant material to be used as feedstock for
manufacturing Arg-rich coniferous products—conifer meal and aqueous conifer extract 221361, positive results were
obtained in the trials of Arg-rich coniferous extract in fur animal farming, specifically in American mink (Mustela
vison Shr.) B8, The extract improved their immune status and survival rates. Administered as a feed supplement,

conifer meal made of Arg-enriched needles promoted animals growth and productivity 52,

Arg-rich woody green tissue can be obtained during thinning in young stands, when relieving linear facilities from
woody vegetation, or from forest crops planted specifically for woody green tissue cultivation B9, The potential of
the resource was estimated by studying the distribution of Arg in crowns of 10-year-old Scots pine (Pinus sylvestris
L.) trees in an experiment with modulation of N and B supply 9. The intake, distribution, and consumption of N in
conifers is known to depend on the timing of fertilizer placement in soil, and the composition of N compounds in
conifers’ organs and tissues varies among phenological phases over the annual cycle B8 The seasonal

dynamics of Arg content in conifers in relation to the timing of N and B application to soil was studied 43,

| 2. Study Area

The area is situated in the northwest of European Russia (61°56' N, 34°21' E), in the middle taiga subzone. The
region belongs to the zone of cold and wet. The average annual air temperature is +3.1 °C, and the average
annual amount of atmospheric precipitation is 611 mm. The duration of the frost-free period is up to 120-130 days,
and the active growing season is around 100 days or more. Studies were carried out in 16-year-old Scots pine
(Pinus sylvestris L.) crops planted in a sand quarry in 1998 using containerized seedlings (Figure 1). The research

site is almost flat with a slope of up to 1° orientated towards the southwest.
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Figure 1. Geographic location of the study sites in the Karelia Republic, Russian Federation (A); 16-year-old Scots

pine crops (B).

| 3. Nitrogen Content in Needles

N content in one-year-old needles was 1.2% in the control plot in the last third of September 2014 (Figure 2). It

rose to 2.1% after application of N fertilizers to the soil at dose 100 kg ha™ in all variants of B supply.
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Figure 2. Nitrogen (A) and boron (B) content in one-year-old needles of 16-year old Pinus sylvestris L. depending
on the doses of their application to soil. BO, B3, B6—boron doses of 0, 3.0, 6.0 kg ha™*, respectively. September
2014 (observations per plot n = 3).

N levels in needles in the treatments with nitrogen at 200-400 kg ha™! were the same as in the variants with boron
deficit and its surplus, rising to 2.8%.

As N dosage was increased in B-deficient plots, N levels in needles rose (to 3.2%) until the N dose was 800 kg
ha™1, and then, as N doses were elevated further, the level declined to 2.5%. In the B-excessive variant, N content
in needles changed little between fertilization at 400 kg ha™ and the highest dose. In the variant with optimal B
supply (3 kg ha™1), N content in needles increased more significantly with elevation of fertilization doses to 400 kg
ha™® (to 3.6%) than in the plots with B deficit and surplus, but starting at 600 kg N ha™ and higher, it declined to the

same level as in the other two variants of B supply. Thus, the optimal dose of B, as opposed to its deficit and
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surplus, augmented N levels to the maximum in needles where N fertilization doses were 200-500 kg ha™2. Its
levels became equal (up to 2.5%) in the needles of trees of three variants of B supply at the nitrogen dose 1000 kg

ha™1.

| 4. Boron Content in Needles

B content in one-year-old needles of pine trees from the control plot in September 2014 was low and amounted to
17 ug g L. In B-deficient settings, the element’s level in needles changed insignificantly when different N doses
were applied. In B-fertilized plots, foliar B content in pine trees was higher than in B-deficient plots in all N dosage
variants. In the variants with optimal and excessive B supply, its foliar content was more significantly augmented by
application of the second dose of N compared to the first dose, i.e., from 103 and 174 pg g~ to 149 and 205 ug
g1, respectively. As N doses were further raised, foliar B levels declined, starting with 300 kg N ha™! in B-optimal
plots and starting with 400 kg N ha™! in B-excessive plots, yet remaining higher in the variants with B boron surplus
compared to boron optimum. The decline in foliar B content continued until the nitrogen dose of 600 kg ha™! in B-
optimal plots and until 800 kg N ha™! in B-excessive plots. When even higher N doses were applied, B content in
needles changed little in the two B supply variants. In treatments with the highest N dose, B content in needles was
50 and 86 pug mg™! in B-optimal and B-excessive plots, respectively. Thus, application of the second N dose
coupled with optimal and excessive B supply promoted foliar B content more significantly than the first N dose.
Elevation of N doses to higher levels, from 300 to 600 kg ha™ (for B optimum) or from 400 to 800 kg ha™* (for B

surplus), entailed a decline in the B content in needles.

| 5. Arginine Content in Needles

The treatments of N fertilizers alone and combined with B significantly increased the content of Arg in one-year-old
needles of pine trees (Figure 3, Table 1). Differences in tree needle Arg concentration between the 11 treatments
of N levels at the three treatments of B levels (BO, B3, and B6), analyzed with a two-sample t-test with equal
variances, was significant (p = 0.05) in September in all variants except NO (Table 2). In March, no significant
differences were observed in variants NO, N4, and N10. Followed for pairwise comparison, when the analysis of
variance showed significance (p = 0.05), it was possible to reveal that the accumulation of Arg in needles
significantly differed in three B levels in variants N3-N5 in September and N3 and N5 in March. Regression
analysis results between Arg concentration and treatments of N levels are shown in Figure 3 and Table 1. In the
last third of September 2014, foliar Arg levels in plots with soil B deficiency (BO) were similar to the control in the
treatments with the first three N doses (N1-N3) and then increased to 145.0 pmol g1 in the treatments with N at

600 kg ha™1, and they showed little change at higher N doses.
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Figure 3. Dependence of the accumulation of arginine in the one-year-old needles of 16-year old Pinus sylvestris
L. on the nitrogen fertilizers on three backgrounds of boron supply. BO, B3, B6—boron doses of 0, 3.0, 6.0 kg ha™,
respectively. (A) September 2014; (B) March 2015 (for regressive equation, see Table 1).

Table 1. Regression analyses were performed using arginine concentration (umol g~* DW) in the one-year-old
needles of 16-year-old Pinus sylvestris L. as dependent variables (y) and N fertilizers (kg ga™') as independent
variables (x). Polynomial relationships and the coefficients of determination (R?) were determined for each variant
of boron treatment.

Treatment Regressive Equation R?

September 2014
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Treatment Regressive Equation R?
BO y =9 x10710x* — 2 x 107x3 + 0.0019x? — 0.3177x + 20.476 0.8986
B3 y =6 x 1071%* - 1 x 107%x® + 0.0004x? + 0.2673x + 3.4668 0.8986
B6 y = -1 x 107"x3 + 0.00026x? + 8.5814 0.8986
March 2015
BO y =2 x107%* - 3 x 10753 + 0.0013x? + 0.034x + 5.780 0.9164
B3 y =2 x107%* - 3 x 10753 + 0.001x? + 0.3066x — 1.3232 0.8804
B6 y =1 x 107'x3 + 0.0004x? + 0.4149x + 8.1520 0.8363

Table 2. Two-sample t-test analysis with equal variances (a = 0.05) was applied to estimate significance of post

hoc differences between treatments of different B-fertilized doses at the same levels of N on arginine content (umol

g™1) in one-year-old needles of 16-year old Pinus sylvestris L. in September 2014 and March 2015. Doses of N
were from 0 to 1000 kg ha ! with a 100 kg ha™! step (NO, N1, ... N10) and B doses were 0 (B0), 3.0 (B3), and 6.0

(B6) kg ha™1. Different lower case letters (a, b, or ¢) beside means indicate significant post hoc differences between

treatments (Tukey’s test). (p = 0.05).

Needle Arg Concentration, pmol g~* DW t-Statistic
Niggrt o o3 »  PED TR
M +SE M *SE M *SE
September 2014
0 9.2a 0.64 9.1a 0.64 9.3a 0.65 0.802

100 259 a 1.81 17.2b 1.20 17.2b 1.20 0.001 0.001 0.947
200 28.7 a 2.01 747D 5.23 276 a 1.93 <<0.05 0.393 <<0.05
300 17.2 a 1.20 102.3 b 7.16 46 ¢ 3.22 <<0.05 <<0.05 <<0.05
400 46 a 3.22 96.6 b 6.76 69 c 4.83 0.001 0.001 0.001
500 120.7 a 8.45 144.3 b 10.10 73.6¢C 5.15 0.044 0.000 0.000
600 145 a 10.15 131 a 9.17 575D 4.03 0.202 0.000 0.001
700 140 a 9.80 123.6 ac 8.65 106.3 ¢ 7.44 0.137 0.003 0.021
800 120.7 a 8.45 131 a 9.17 106.3 b 7.44 0.264 0.036 0.007
900 146 a 10.22 120.7 a 8.45 103.4 b 7.24 0.050 0.001 0.020
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Needle Arg Concentration, pmol g~* DW t-Statistic
Niggat o 03 5 BB PEReET
M +SE M *SE M *SE
1000 141.4 a 9.90 109.2 b 7.64 100 b 7.00 0.021 0.001 0.098
March 2015
0 8.6a 0.60 85a 0.60 8.7a 0.61 0.893
100 20.1a 1.41 14.4 b 1.01 20.2a 1.41 0.016 0.954 0.015
200 28.7 a 2.01 83.3b 5.83 20.1c 1.41 0.000 0.013 0.000
300 80.5a 5.64 137.9b 9.65 99.4¢c 6.96 0.003 0.023 0.017
400 104.6 a 7.32 126.4 a 8.85 121.8a 8.53 0.083
500 107.5 a 7.53 175.9b 12.31 133.3 ¢ 9.33 0.005 0.049 0.029
600 86.2 a 6.03 155.2 b 10.86 143.7 b 10.06 0.003 0.004 0.400
700 83.3a 5.83 109.2 bc 7.64 104 ac 7.28 0.031 0.055 0.583
800 94.8 a 6.64 135.1 bc 9.46 117.8 ac 8.25 0.013 0.058 0.170
900 102.3 a 7.16 139.1b 9.74 162.1b 11.35 0.021 0.006 0.136
1000 116.1 a 8.13 127.6 a 8.93 143.7 a 10.06 0.313

N—nitrogen dose; M—average value needle arginine concentration (umol g™1); +SE—standard error based on

within-plot error (n = 3), a, b, ¢ beside means indicate significant post hoc differences be-tween treatments.

The amount of Arg in the needles of trees in the control variant (BONO) during the study period did not exceed 8.6
umol g~1. Optimal B availability to pine, unlike its shortage and surplus, helped significantly augment foliar Arg
content (to 102.3 pmol g~1) when coupled with the placement of the second and third N doses (N2 and N3). In the
variants with B deficit or surplus coupled with the same N doses, on the other hand, the level of amino acid in
needles was lower—17.2 and 46.0 pymol g1, respectively. In treatments with N doses above 500 kg ha™,
differences in amino acid content between the B deficit and B optimum variants became less significant (Table 2),

while the Arg level in the variant with B surplus was lower than in the other two variants.

In the last third of March 2015, as well as in September 2014, Arginine content in one-year-old pine needles in B-
deficient plots was similar to that of the control when the first two N doses were applied; as N doses were raised to
500 kg ha™1, the amino acid content rose to 107.5 umol g1, and when the N dose was increased further, the
change in Arg was insignificant. In plots with optimal B supply in March as well as in September, the first N dose

had no significant effect on Arg content in needles; the second and further N doses, up to 500 kg ha™t inclusively,
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significantly promoted the Arg level to 175.9 umol g~*. Foliar Arg level in March, as compared to September, was
promoted even more significantly by the application of N starting with the second dose in the B-optimal variant and
with the third dose where B was in surplus. The level of the amino acid in needles in the variant with B deficiency,
on the contrary, was lower in March compared to September in treatments with N in doses above 500 kg ha™! and

was also lower in the N treatments of 300 kg ha™! and higher compared to trees from B-fertilized plots.
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