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Abstract

Nitrogen (N) is the most critical element influencing plant growth and development.
Different plant species exhibit varying preferences for different N forms. In order to identify
an appropriate nutrient solution N formula for optimizing blueberry substrate cultivation,
we investigated the effects of seven different NH4*-N/NO;3;~-N ratios on the growth
characteristics, photosynthetic physiology, mineral element content, enzymes related to N
metabolism, and fruit quality, with ‘F32" used as the experimental material and water served
as controls. The results demonstrated that both the aboveground and belowground parts
of blueberry plants exhibited enhanced growth when NH,;*-N was used as the primary
N source in the nutrient solution, compared to single NH;*-N or a high NO; ™ -N ratio.
The most significant growth promotion occurred when the NH4*-N to NO3; ™ -N ratio was
7:3. When NH;*-N and NO;~-N are concurrently supplied in the nutrient solution, the
processes of NO3; ~ reduction, the GS-GOGAT cycle, and NH, " assimilation are significantly
enhanced during nitrogen metabolism. Thereby, providing a theoretical foundation for
optimizing nutrient solution management in substrate-cultivated blueberry.

Keywords: Vaccinium spp.; Nitrogen forms; substrate cultivation

1. Introduction

Blueberries have increasingly become a globally cultivated crop, with both cultiva-
tion area and yield showing consistent growth over time [1]. Due to the low demand for
mechanized operations and the relatively small initial investments in field establishments,
blueberry production in North America mainly adopts open-field cultivation systems. Sub-
strate culture is increasingly attracting significant attention [2]. A limited number of studies
on substrate cultivation have primarily focused on aspects such as container selection and
the optimization of substrate composition [3,4]. In China, conventional open-field cultiva-
tion is becoming increasingly insufficient to meet the demands of commercial blueberry
production, primarily due to its vulnerability to soil-borne diseases and pests, along with
other limiting factors. As a result, soilless substrate-based cultivation is expected to become
the dominant system in the future development of the blueberry industry [5]. However,
in soilless cultivation, precise control of nutrient concentrations in the nutrient solution
is essential to meet the specific growth and developmental requirements of plants [6].
Therefore, the allocation and management of the nutrient solution constitute a critical factor
for the success of substrate cultivation.
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Blueberry is well-suited to acidic, nutrient-deficient soils; however, nitrogen (N) and
other nutrients are typically applied on a regular basis [7]. Nitrogen is an indispensable
key element for plant growth and development, and it is essential in large quantities for
the normal growth of blueberry. The unreasonable application of N fertilizer not only
compromises plant health but can also lead to disease or death [8]. The forms of inorganic
N absorbed and utilized by plants primarily consist of nitrate (NO3~-N) and ammonium
(NH4*-N). There are significant differences among various plant species in terms of the
absorption, assimilation, and translocation of these two forms of N [9]. Different forms
of N significantly influence the entire physiological process of plant growth [10]. The
application of different N forms significantly influenced carbohydrate accumulation in
plants [11,12]. Previous research has demonstrated that using NO3™-N as the primary
N source not only promotes root growth and elongation but also stimulates lateral root
formation, thereby enhancing overall carbohydrate accumulation in plants [13]. However,
Zhang et al. [14] found that low N stress not only promotes the formation of roots but
also results in the accumulation of indole-3-acetic acid and jasmonic acid. Furthermore,
when crops were supplied with both NO; ~-N and NH;*-N simultaneously, their growth
status was superior to that observed when provided with either form of N alone. The
response of different plants to varying ammonium-nitrate ratios differs, indicating that
distinct ammonium-nitrate ratios have differential effects on the growth of individual
plant species. Zhu et al. [15] investigated that the ratio of ammonium salts to nitrates
plays a significant role in enhancing the biomass accumulation of cabbage seedlings. Liu
et al. [16] demonstrated in their study on tomatoes that a nitrate-to-ammonium ratio of
75:25 optimized growth parameters, photosynthetic rate, chlorophyll content, and soluble
protein levels in the root system.

Photosynthesis serves as the foundation for plant growth and development, acting
as a critical determinant of organic matter accumulation [17]. The N nutrition level in the
plant growth environment directly influences key physiological processes [18]. Through the
study of various crops, it has been demonstrated that N is intricately linked to chlorophyll
content, photosynthetic rate, enzyme activity, accumulation of organic matter, and material
metabolism in plants [19]. Consequently, N can exert both direct and indirect effects on
the process of photosynthesis [20]. N metabolism in plants is a complex and dynamic
process that requires the coordinated action of numerous metabolic enzymes. So far,
the majority of studies have primarily focused on nitrate reductase (NR) [21,22], nitrite
reductase (NiR), glutamine synthetase (GS), glutamate synthase (GOGAT), and glutamate
dehydrogenase (GDH) [23]. They play a crucial role in the processes of N absorption
and accumulation in plants. Their activity directly reflects the efficiency of N uptake and
utilization, making them an indispensable factor in plant N metabolism [24]. Mineral
elements, which are primarily absorbed from the soil by the root system, serve as essential
nutrients for plant growth and can be categorized into macronutrients and micronutrients.
Different forms of N influence the absorption efficiency of mineral elements by altering
the soil pH. Moreover, there are considerable variations in mineral element requirements
among different plant species. In substrate cultivation, the substrate often lacks many
essential elements, necessitating a continuous supply of nutrient solution to ensure healthy
plant development. However, there is limited research on whether the elemental demand
patterns in substrate cultivation align with those in field production. Blueberries have
unique nutritional requirements compared to other horticultural plants. While some studies
have proposed fertilization schemes for open-field blueberry cultivation, there remains
a paucity of research on nutrient solution formulations specifically for substrate-grown
blueberries. In this study, we investigated the effects of various N forms and ratios on the
growth, development, and physiological characteristics of blueberry plants under substrate
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cultivation. These results can provide theoretical support for optimizing nutrient solution
formulations in blueberry substrate cultivation.

2. Materials and Methods
2.1. Plant Materials and Design

The experiment was conducted at the small berry germplasm resources garden of Jilin
Agricultural University, using the two-year-old northern highbush blueberry hybrid strain
‘F32’ under substrate cultivation as plant materials. The cultivation substrate consisted of a
mixture of 5-20 mm Dutch sphagnum peat, peat moss, and perlite, blended in a volumetric
ratio of 2:1:1. Sphagnum peat moss is produced by SIAETEPEK in Latvia. Its pH range is
2.5-4.5, fiber length is 10-40 mm, and organic matter content is as high as 95%. Both peat
soil and perlite are domestic products from China, supplied by Jilin Xianlu Agricultural
Science and Technology Development Co., Ltd (Liaoyuan, China). The pH of peat soil is
5.5-6.5, fiber length is 0-10 mm, and organic matter content is 60%. The particle diameter
of perlite is no less than 5 mm. The plants were cultivated in 30 L plastic pots and placed in
a plastic greenhouse. The integrated water and fertilizer system was procured from the
Netafim, a leading company in precision irrigation solutions. The experiment employed a
randomized block design with a row spacing of 2.5 m and plant spacing of 1.0 m. Each block
contained 20 plants, and protective rows were established around the experimental area to
minimize environmental interference. Based on the modified Hoagland nutrient solution,
the total N concentration was set at 14.1 mmol L™, and the NH,;*-N:NO5~-N ratios were
set to 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, and 3:7. Additionally, a control treatment (CK, water) was
included. Each treatment was replicated three times, with five plants included in each
replicate. Therefore, 15 plants were assigned to each treatment, with a total of 8 treatments,
resulting in 120 plants required overall. High NH4*-N ratios were achieved by increasing
the concentrations of ammonium sulfate and ammonium dihydrogen phosphate, while
high NO3;™-N ratios were achieved by increasing the concentrations of calcium ammonium
nitrate, potassium nitrate, and ammonium nitrate. The specific nutrient source contents
used in the working solution are shown in Table 1. The nutrient solution was prepared in a
100 L plastic bucket every two days. During preparation, working solution A was added
first, followed by working solution B after thorough stirring and complete dissolution. The
pH of the nutrient solution was adjusted using a 10% phosphoric acid solution (1:10,000) to
maintain it within the range of 4.0-5.5.

2.2. Determination of Shoot Growth and Biomass

During cessation of terminal shoot extension, plant height, bush width, elongated net
shoot growth, and the length and thickness of basal branches were measured using a tape
measure and vernier caliper. The leaf area of mature leaves from the middle section of new
shoots was determined using a YM]-B leaf area meter manufactured by Zhejiang Topu
Yunnong Technology Co., Ltd. (Hangzhou, China). Additionally, the fresh and dry weights
of branches and leaves were assessed using the drying method.

2.3. Determination of Belowground Growth and Biomass

After the fruit ripened, the aboveground portion was separated from the belowground
portion using pruning shears at a height of 2 cm above the substrate. The excised root
system was then cleaned with distilled water, and the surface moisture was absorbed using
filter paper. A relatively uniform lateral root from different treatments was selected for
scanning and analysis. The root length, average diameter, and surface area were measured
using a LA2400 scanner manufactured by Zhejiang Topu Yunnong Technology Co., Ltd.
(Hangzhou, China), and analyzed with WinRHIZO (Pro 2019) software by Groupe de
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Recherche en Ecologie Forestiere and Université du Québec a Montréal. All roots were
collected and dried, then their fresh and dry weights were determined.

Table 1. Nutrient solution formula table with varying nitrogen ratios.

Working Solution Nutrient Source 10:0 9:1 8:2 7:3 6:4 5:5 3:7
A 5Ca(NOs3),-NH4NO3-10H,O 0.000 0.128 0256 0385 0.490 0490 0.490
A Ca [HCOOCH (NH,) CH,COO], 0.820 0.820 0.820 0.820 0.820 0.820 0.820
A C10H12N,OgFeNa-3H,0 0.049 0.049 0.049 0.049 0.049 0.049 0.049
B K,SO4 1980 1980 1980 1980 1.655 1.855 0.615
B Ca (CH3COO), 2450 1810 1170 0.525 0.000 0.000 0.000
B KNO;3 0.000 0.000 0.000 0.000 0.200 0.000 2.480
B KH,PO4 0.000 0.000 0.000 0.000 0451 0.251 0.251
B NH4NO; 0.000 0.000 0.000 0.000 0.000 1.645 2.000
B (NH4),S04 6.072 5304 4536 3762 3258 1.613 0.018
B NH;H,PO, 1956 1956 1956 1956 1.505 1705 1.705
B MgSO, 3.007 3.007 3.007 3.007 3.007 3.007 3.007
B Na;B40O7-10H,O 0.005 0.005 0.005 0.005 0.005 0.005 0.005
B MnSO4 0.021 0.021 0.021 0.021 0.021 0.021 0.021
B CuSO4 0.002 0.002 0.002 0.002 0.002 0.002 0.002
B ZnSOy 0.019 0.019 0.019 0.019 0.019 0.019 0.019
B Na;MoOy 0.001 0.001 0.001 0.001 0.001 0.001 0.001

2.4. Determination of Photosynthetic Characteristic Parameters

In early July, healthy and mature leaves from the middle sections of the extension
branches in four directions of blueberry plants were selected as test samples. The leaves
were washed with distilled water at least twice, blotted dry with filter paper, and chloro-
phyll content was determined using the ethanol-acetone mixed solution extraction method.
In mid-July, four key photosynthetic indices—net photosynthetic rate (Pn), transpiration
rate (E), intercellular CO, concentration (Ci), and stomatal conductance (Gs)—were mea-
sured using the CIRAS-3 portable photosynthesis system manufactured by Lufthansa
Scientific Instrument Co., Ltd. (Taian, China). The measurements were conducted on a
clear morning with plants exhibiting uniform growth potential. The fluorescence indices of
healthy mature leaves from the middle and upper branches of plants were measured using
the portable M-pea fluorescence efficiency analyzer.

2.5. Determination of Key Enzyme Activities in Leaves During Nitrogen Metabolism

In the experiment, healthy mature leaves from the middle sections of extension
branches extending in four directions on blueberry plants were selected at the end of July.
The leaves were washed with distilled water at least twice and then blotted dry with filter
paper. Nitrate reductase (NR) activity was employed by the in vivo method [25]. The deter-
mination of glutamine synthetase (GS) activity, glutamate synthase (GOGAT) activity, and
glutamate dehydrogenase (GDH) activity was conducted in accordance with the instruc-
tions provided by the GS, GOGAT, and GDH kit from Beijing Solarbio Technology Co., Ltd.
(Beijing, China).

NR (ng/g/h FW) = ((AA x Vt/Vs) ~ FW x t)
GS (umol/min/g) = (AA — 0.0008) < 0.8348 x V anti-total + (W x V sample =V
sample total) = T

GOGAT (nmol/min/g) = [AA x V anti-total + (¢ x d) x 10°] + W x V sample =
(Vsample) ~ T

GDH (nmol/min/g) = [AA x V anti-total + (e x d) x 10°] = (W x V sample + V
sample) + T
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AA: Variation in Absorbance, Vt/Vs: the volumetric dilution factor of the total volume
relative to the reaction volume, FW/W: Fresh weight of plant tissue, t/T: Enzymatic reaction
time, V anti-total: The final total volume of the entire determination system, V sample: The
volume of crude enzyme extract added to the reaction system, V sample total: The original
total volume of the crude enzyme extract obtained, e: Molar extinction coefficient, d: Path
length of the cuvette.

2.6. Determination of Mineral Elements in Leaves

During the fruit-harvesting period, mature leaves from the middle section of fruit-
bearing branches were collected as samples. From each plant, 10 leaves were selected
according to four cardinal directions, resulting in a total of 40 leaves per sample. The leaves
were first cleaned with 0.1% neutral detergent, followed by rinsing with clean water and at
least two rinses with deionized water to remove any residual impurities. After cleaning, the
leaves were blotted dry and then treated in an oven at 105 °C for 10 min, followed by drying
at 70-80 °C until completely dry and brittle. The dried leaf samples were subsequently
ground, sieved, and stored in a desiccator for analysis. The mineral element content was
determined using microwave digestion combined with ICP-OES/ICP-MS techniques. Place
the sample into a Microwave Digestion System for digestion. The digestion program is set
as follows: conduct digestion at 150 °C for 120 min, and then continue the digestion process
at 210 °C for another 120 min. The reagents used are aqua regia, hydrogen peroxide, and
hydrofluoric acid. The instrumentation utilized in this study consists of an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES), an Inductively Coupled Plasma
Mass Spectrometer (ICP-MS), and a Microwave Digestion System. This study employed
ICP-OES for the determination of N, P, K, Ca, and Mg, whereas ICP-MS was utilized for
the analysis of Fe, Mn, and Zn. When conducting measurements, perform the operation
three times in repetition to ensure the validity of the results.

2.7. Determination of Fruit Quality

During the ripening stage, the proportion of harvested ripe fruits was evaluated, and
the longitudinal diameter, transverse diameter, fruit shape index, and individual fruit
weight of the ripe fruits were measured using vernier calipers and electronic balances.

2.8. Data Processing

Statistical analysis and mean comparisons were performed using DPS (2020) software,
and figures were generated using ORIGIN (2022) software.

3. Results
3.1. Effects of Varying Nitrogen Ratios on Growth and Development of Blueberry in Substrate Cultivation

With the increase in the NO3 ™ -N ratio and the decrease in the NH4*-N ratio, basal
branch thickness, elongated net shoot growth, basal branch growth, bush width, and bush
height exhibited an increase followed by a subsequent decrease. Comprehensive analysis
of various indices revealed that plant growth was optimal when the NH;*-N:NO; ~-N
ratio was 7:3 or 8:2. However, plant growth was significantly inhibited when the
NH4"-N:NO3~-N ratio exceeded 5:5. Among the seven NH;"-N:NO3-N treatments,
six treatments showed significantly higher growth indices compared to CK, except for the
10:0 treatment, which exhibited little difference from CK (Figure 1a—e). Although the 3:7
treatment resulted in the highest net shoot growth of elongated branches, this trend was
consistent with changes in bush height. The net growth and thickness of basal branches
initially increased and then decreased as the ratio of NH;*-N decreased and the ratio
of NO;™-N increased. Specifically, the net growth of basal branches was significantly
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higher in the 9:1 and 8:2 treatments compared to other treatments, while basal branch
thickness was significantly greater in the 8:2, 7:3, and 6:4 treatments. The effect of different
NH,4*"-N:NO3 ™ -N ratios on bush width did not exhibit a clear pattern.
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Figure 1. Effects of varying nitrogen ratios on the growth of blueberry in substrate cultivation,
including (a) branch thickness, (b) elongated net shoot growth, (c) basal branch growth, (d) bush
width, and (e) bush height indexes. Effects of varying nitrogen ratios on the leaf growth of blueberry
in substrate cultivation, including (f) water content, (g) specific leaf weight, (h) leaf area, (i) dry
weight, and (j) fresh weight indexes. No same letter indicated significant difference (p < 0.05), n = 3.

There were no significant differences in water content among the treatments. With the
decrease in the proportion of NH4*-N and the increase in the proportion of NO3~-N, the
specific leaf weight, leaf area, dry weight, and fresh weight of leaves initially increased and
then decreased. Notably, when the ratio of NH;*-N:NO3; ~-N was 3:7, plant growth was
significantly inhibited. In contrast, the growth indexes of the other six treatments were sig-
nificantly higher than those observed with the CK (Figure 1f-j). When the ratio of NH;*-N
to NO3™-N was 7:3 or 8:2, the leaf area was significantly higher than other treatments.
Additionally, the specific leaf weight in the 9:1 and 8:2 treatments was significantly higher
than other treatments. Based on the analysis of various leaf indexes, a ratio of NH,*"-N to
NO3™-N of 8:2 appears to be more favorable for leaf growth.

With the adjustment of the ratio of NH4*-N to NO3; -N in the nutrient solution, a
trend of increase followed by decrease was observed in root length (Len), root surface area
(SA), and average diameter (Avg D) as the proportion of NH;"-N gradually decreased.
The highest values for these parameters were achieved under the 7:3 treatment condition.
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Compared with other treatments, the 7:3 treatment achieved significant differences in all
root indexes. Specifically, the root length in the 7:3 treatment was significantly higher than
in the CK treatment (Figure 2a). The trends in root surface area and average diameter were
consistent with the changes in root length Figure 2b,c). In contrast, the three indices in the
3:7 treatment showed little difference from that in the CK treatment but were significantly
lower than those in the 5:5 and higher treatments. This indicates that increasing the
NO3™-N ratio is not conducive to root growth and development. Based on the analysis of
root growth indices, a nutrient solution ratio of NH;*-N:NO3;™-N at 5:5 appears to be the
minimum suitable threshold for optimal root development. The overall size of the root
system can be seen (Figure 2d).

d

0
10:0 9:1 8:2 7:3 64 5:5 37 CK

NH,-N:NO;-N

-

0
10:0 9:1 8:2 7:3 64 5:5 3:7 CK

NH,-N:NO; N

10:0 9:1 8:2 7:3 6:4 5:5 37 CK

NH,*-N:NO, N

Figure 2. Effects of varying nitrogen ratios (a) root length, (b) root surface area, (c) average root
diameter, and (d) root size of blueberry in substrate cultivation. No same letter indicated significant
difference (p < 0.05), n = 3. The scale is 100 mm.

With the decrease in the NH;-N ratio, fresh weight of aboveground and belowground
plant parts initially increased but subsequently decreased (Figure 3a,d). The aboveground
fresh weight in the 3:7 treatment was less than that in the CK treatment, but significantly
lower than that in the 5:5 treatment. This suggests that a higher proportion of NO3; ~-N is not
beneficial for increasing aboveground fresh weight. The variation trend in belowground
fresh weight mirrored that of the aboveground fresh weight, with the highest values
observed when the NH;"-N:NO3 ™ -N ratio was 7:3. These results indicate that adding
an appropriate amount of NO3; ~-N in the nutrient solution can promote aboveground
fresh weight, while excessive NO3 ™ -N is detrimental to the overall accumulation of plant
fresh weight. The dry weight of aboveground and belowground parts of plants was
analyzed. The dry weight of the aboveground portions showed a decreasing trend as the
NH,4*-N ratio decreased, starting from the 9:1 treatment (Figure 3b,d). The root-shoot
ratio exhibited a gradual upward trend with increasing NO3;™-N concentration in the
nutrient solution. When the NH;*-N:NO3 ~-N ratio was 3:7, both the fresh and dry weights
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of aboveground and belowground biomass were significantly lower compared to other
treatments. However, the root-shoot ratio reached its peak and was significantly higher
than that observed in other treatments. This suggests that incorporating an appropriate
amount of NO3;™-N in the nutrient solution can markedly enhance the root-shoot ratio
(Figure 3c).
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Figure 3. Effects of varying nitrogen ratios on (a) fresh weight of aboveground per plant, (b) dry
weight of aboveground per plant, (c) root-shoot ratio, and (d) weight of belowground per plant
of blueberry plants grown in substrate cultivation. No same letter indicated significant difference
(p <0.05), n=3.

3.2. Effects of Varying Nitrogen Ratios on Photosynthetic Characteristics of Blueberry Leaves in
Substrate Cultivation

With the decrease in the NH;"-N ratio and the increase in the NO3; ™ -N ratio, the
chlorophyll b and total chlorophyll contents across different treatments initially increased
and subsequently decreased (Figure 4). When the ratio of NH;*-N:NO3; ™ -N was 5:5, the
total chlorophyll content peaked at 1.01 +/— 0.02 mg g~ !, which was significantly higher
compared to other treatment groups. The trend in chlorophyll b content mirrored that of
the total chlorophyll. The comprehensive analysis revealed that a ratio of NH;*-N:NO3 ~-N
at 5:5 was most favorable for the total chlorophyll content in leaves. Apart from the 10:0
and 9:1 treatments, there were no significant differences in carotene content among the
other treatments, with the highest carotene content observed in the CK control group.
Despite lower levels of chlorophyll b and total chlorophyll in the 10:0 and 9:1 treatments,
the carotene content in these treatments did not significantly differ from that of the CK
control group but was notably higher compared to other treatment groups. This indi-
cates that a higher proportion of NH4*-N in the nutrient solution is more conducive to
carotene accumulation.
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Figure 4. Effects of varying nitrogen ratios on (a) the chlorophyll a, (b) the chlorophyll b, (c) the
content of carotene, and (d) the total chlorophyll content of blueberry leaves grown in substrate
cultivation. No same letter indicated significant difference (p < 0.05), n = 3.

The study on gas exchange parameters of blueberry leaves revealed that as the ratio
of NH;"-N decreased and the ratio of NO3;™-N increased, the net photosynthetic rate
(Pn), stomatal conductance (Gs), and transpiration rate (E) exhibited an initial increase
followed by a subsequent decrease (Figure 5a,b,d). Comprehensive analysis of various
indices indicated that photosynthetic efficiency peaked when the NH4*-N:NO3~-N ratio
was 7:3. Photosynthetic efficiency significantly declined when the NH4*-N:NO3~-N ratio
dropped to 5:5 or lower. Moreover, the photosynthetic efficiency in all treatment groups
exceeded that observed with CK. With the increase in NO3~-N ratio, the Pn gradually
increased. In the 7:3 treatment, Pn was elevated by 40.18% compared to CK. Additionally,
Gs, intercellular CO; concentration (Ci), and E under the 7:3 treatment were significantly
higher than those observed in other treatments (Figure 5c). Across all treatments, when
the NH4"-N:NO3 ™ -N ratio was 10:0, the leaf Pn was at its lowest, with Gs and E also
reaching their minimum values under this condition. Comprehensive analysis revealed
that the photosynthetic efficiency of blueberry leaves peaked when the ratio of NH4*-N to
NO3™-N in the nutrient solution was 7:3. This suggests that, under substrate cultivation
conditions, the exclusive use of NH;"-N is not favorable for organic matter accumulation
in leaves, whereas an appropriate increase in the proportion of NO3 ~-N can significantly
enhance photosynthesis.

The fluorescence characteristics of plant leaves serve as crucial indicators of photo-
synthetic capacity. As the proportion of NH,*-N decreased and that of NO3 ~-N increased,
the initial fluorescence (Fo) and maximum fluorescence (Fm) did not exhibit a consistent
trend across different treatments. However, both the maximum photochemical efficiency
(Fv/Fm) and potential photochemical efficiency (Fv/Fo) initially increased and then de-
creased, peaking at the 7:3 treatment condition (Figure 6c,d). Under the 3:7 treatment
condition, these two indexes were not significantly different from that of the CK, but were
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significantly lower compared to treatments with ratios of 5:5 and higher. This suggests that
an increase in the NO3 ™-N ratio is detrimental to the light energy utilization efficiency of
the leaves.
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Figure 5. Effects of varying nitrogen ratios on (a) Pn, (b) Gs, (¢) Ci, and (d) E of blueberry leaves in
substrate cultivation. No same letter indicated significant difference (p < 0.05), n = 3.
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maximum fluorescence, (c) the content of maximum photochemical efficiency, and (d) the content
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indicated significant difference (p < 0.05), n = 3.
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3.3. Effects of Varying Nitrogen Ratios on the Activities of Key Enzymes Involved in Nitrogen
Metabolism in Blueberry Leaves Under Substrate Cultivation

Glutamate synthase (GOGAT) plays a pivotal role in plant N metabolism by catalyzing
the conversion of inorganic N absorbed from soil into organic forms that are usable by
plants. As a key enzyme in the glutamine-glutamate cycle, GOGAT activity is highly sensi-
tive to the ratio of N forms. Specifically, as the proportion of NH,;*-N in the nutrient solution
decreased, GOGAT activity exhibited an initial decrease followed by an increase (Figure 7a).
Notably, GOGAT activity was significantly enhanced when the NH;*-N:NO3;~-N ratio
was 10:0 and 3:7. Under other treatment conditions, no significant differences in enzyme
activity were observed. These findings suggest that both the exclusive use of NH;*-N and
a higher proportion of NO3™-N in the nutrient solution can effectively enhance GOGAT
activity. In the process of plant N metabolism, glutamate dehydrogenase (GDH) activity
functions as an auxiliary pathway to the G5-GOGAT cycle, primarily responsible for as-
similating excess NH4" accumulation in cells under stress conditions. GDH activity not
only determines the rate at which free ammonia is assimilated into amino acids but also
correlates closely with the proportion of N sources in the nutrient solution. As the NO3;~-N
ratio increases, GDH activity initially rises and then declines (Figure 7b). Specifically, when
the NH,;*-N:NO3 ™ -N ratio was 6:4, GDH activity peaked before decreasing significantly.
This suggests that a higher NO3; ~-N ratio in the nutrient solution is detrimental to main-
taining high GDH activity, whereas an NH;*-N:NO;3; ™ -N ratio of 6:4 is most favorable for
optimizing GDH activity.
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Figure 7. Effects of varying nitrogen ratios on (a) the content of glutamate synthase, (b) the content
of glutamate dehydrogenase, (c) the content of glutamine synthetase, and (d) the content of nitrate
reductase in blueberry leaves in substrate cultivation. No same letter indicated significant difference
(p <0.05), n=3.

The activity of glutamine synthetase (GS) was positively correlated with N absorption
and utilization efficiency. As the NO3;™-N ratio increased, GS activity exhibited a trend
similar to that of GDH (Figure 7b,c). When the NH;*-N:NO3; ~-N ratio was 6:4, GS activity
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peaked and subsequently declined rapidly. However, GS activity in all treatment groups
remained higher than in the CK. This suggests that when the proportion of NH;*-N
exceeds that of NO37-N in the nutrient solution, the N uptake capacity of plant leaves
is significantly enhanced, thereby promoting blueberry growth and development and
improving economic benefits. Nitrate reductase (NR) is a rate-limiting enzyme in the
nitrate assimilation process, and its activity is positively correlated with the efficiency of
inorganic N utilization. As the NO3;™-N ratio in the nutrient solution increased, NR activity
initially rose, then decreased, and subsequently exhibited a significant increase (Figure 7d).
Notably, NR activity reached its peak when the NO3 ~-N ratio exceeded that of NH4*-N,
particularly at an NH;4*-N:NO3;~-N ratio of 3:7.

3.4. Effects of Varying Nitrogen Ratios on Mineral Element Composition of Blueberry Leaves in
Substrate Cultivation

The effects of different N form ratios on mineral elements in the leaves of blueberry
plants cultivated in a matrix are illustrated in Figure 8. As appropriate amounts of NO3~-N
were gradually added to NH;*-N, the leaf concentrations of N, Fe, and Mg significantly
increased. When the proportion of NO3;™-N in the mixed N fertilizer exceeded that of
NH4*-N, there was a significant increase in the leaf concentrations of K, Ca and Mn. At an
NH4"-N:NO3 ™ -N ratio of 10:0, the leaf concentrations of P, Zn, and Fe showed significant
increase. Notably, at an NH4*-N:NO; ™ -N ratio of 7:3, the leaf concentrations of N and Mg
reached their highest levels.

0. .
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Figure 8. Effects of varying nitrogen ratios on main mineral elements of blueberry leaves in substrate
cultivation, including (a) N, (b) P, and (c) K. Effects of varying nitrogen ratios on other mineral
elements of blueberry leaves in substrate cultivation, including (d) Fe, (e) Mg, (f) Ca, (g) Mn, and
(h) Zn. No same letter indicated significant difference (p < 0.05), n = 3.

3.5. Effects of Varying Nitrogen Ratios on the Fruit Size and Maturity of Blueberries in Substrate Cultivation

Fruit shape index is one of the critical indicators for evaluating fruit appearance quality.
As the NO3; ™~ -N ratio increased, the vertical and transverse diameters of fruits in different
treatment groups initially increased and then decreased. However, the changes in the fruit
shape index did not exhibit a clear pattern (Figure 9a). When the ratio of NH;*-N:NO3 " -N
was 8:2 and 7:3, the vertical and transverse diameters of blueberry fruits were significantly
increased, leading to a larger fruit volume. Specifically, the fruit shape index reached
its minimum value at an NH;*-N:NO3;~-N ratio of 7:3. As the proportion of NO3; ™ -N
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increased, the single fruit weight initially increased and then decreased, peaking at an
NH,4*-N:NO; ™ -N ratio of 7:3. In contrast, the single fruit weight at an NH;*-N:NO; ~-N
ratio of 3:7 was significantly lower than that observed with the CK.
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Figure 9. Effects of varying nitrogen ratios on (a) fruit development, and (b) fruit maturity of
blueberry in substrate cultivation. No same letter indicated significant difference (p < 0.05), n = 3.

The ripening stage of the fruit is a critical determinant of the economic benefit of
blueberry cultivation. In matrix cultivation, the ratio of different N forms notably influenced
the harvest yield of blueberry fruits at maturity, as illustrated in Figure 9b. At the early stage
of fruit ripening, as the NO3~-N ratio increased, the fruit harvest ratio initially decreased
and then gradually increased. Specifically, under the 7:3 treatment condition, the harvest
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ratio dropped to 11%, whereas the 3:7 treatment exhibited higher harvest ratios and the
treatment groups also matured more extensively at an earlier time. During the middle stage
of fruit ripening, the trend in the harvest ratio remained similar to that observed in the early
stage. At the later stage of fruit ripening, the harvest ratios for the 7:3 and 6:4 treatments
were significantly higher than those of other treatments, at 54% and 52%, respectively.
These values were 37% and 35% higher than the harvest ratio of the 3:7 treatment, which
had the lowest harvest ratio. This suggests that incorporating an appropriate amount of
NO3™-N in the nutrient solution can significantly promote fruit ripening.

4. Discussion

4.1. The Form of Nitrogen Significantly Influences Enzyme Activity as Well as Plant Growth
and Development

Recent studies have demonstrated that N not only serves as an essential nutrient for
plant growth but also functions as a signaling molecule, regulating various physiological
processes through mechanisms such as epigenetic modifications [26], redox homeosta-
sis [27], and responses to osmotic stress [28]. In-depth analyses of enzymatic activities
reveal distinct regulatory mechanisms underlying the assimilation of NO3; ~-N and NH;"-N
in plants [29]. During the N assimilation process, nitrate reductase (NR), nitrite reductase
(NiR), glutamine synthetase (GS), and glutamate synthase (GOGAT) are key enzymes
involved [30]. The assimilation of NO3™-N occurs in two sequential stages: the reduc-
tion of NO3;~ to NH* and the subsequent assimilation of NH4* into organic compounds.
NR is the primary rate-limiting enzyme in the first stage and its activity is regulated by
nitrate induction [31], light-dependent modulation [32], and feedback inhibition by end
products [33]. The findings of this study offer indirect support for this perspective, as NR
activity peaked under an NH;*-N:NO; ~-N ratio of 3:7, significantly exceeding levels ob-
served in other treatment groups. Meanwhile, NH4*-N can be directly assimilated through
the GS-GOGAT cycle without prior reduction, constituting a core pathway for organic N
synthesis in plants [34]. This pathway demonstrates high substrate specificity and catalytic
efficiency, effectively preventing excessive intracellular accumulation of NH4* while simul-
taneously supporting the maintenance and enhancement of key enzymatic activities [35].
This study demonstrates that a higher proportion of NH4*-N significantly enhances GS
activity, while a greater share of NO3™-N tends to suppress it. GOGAT activity peaks
under a 10:0 NH4*-N:NO; ™ -N ratio, indicating that exclusive NH;*-N application sub-
stantially promotes GOGAT activity in blueberry leaves compared to combined NH;*-N
and NO3;~-N supply. Therefore, supplying various forms of N can effectively enhance
the N assimilation process, thereby exerting a significant influence on plant growth and
development. Research shows that a combined supply of NH;*-N and NO3 ~-N promotes
plant growth more effectively than either N form alone [36]. This study demonstrates
that an NH4"-N to NO3; ™ -N ratio of 7:3 optimizes key growth parameters, including plant
height, bush width, basal branch thickness, and leaf area, while also enhancing root length
and average diameter. These results are consistent with previous findings [37,38], indicat-
ing that appropriate regulation of the ammonium-to-nitrate ratio positively influences the
growth and development of blueberry plants.

4.2. A Higher Proportion of NHy*-N Enhances the Uptake of Mineral Elements in Plants

The physiological functions of mineral elements depend on nitrogen-synthesized
“carrier substances”, such as proteins, enzymes, and coenzymes, for their effective execution.
Simultaneously, mineral elements regulate the assimilation of N. Through synergistic
interactions, these elements collectively influence plant nutrient utilization efficiency and
growth performance. The concentrations of various mineral elements within plant tissues
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provide an accurate reflection of the plant’s nutritional status and growth level. This study
demonstrates that applying NH4*-N at high concentrations significantly increases N and
Mg concentrations in blueberry leaves. The results of this study are in agreement with
previous research [39]. This suggests that a higher proportion of NH;*-N promotes the
accumulation of N and Mg nutrients. This phenomenon may be attributed to the dynamic
equilibrium established by the antagonistic interactions between NH;" and NO3 ™ ions,
which enhances the absorption and utilization of other mineral elements [40]. Notably,
leaf P, Zn, and Fe concentrations peaked when the NH4*-N:NO3;~-N ratio was maintained
at 10:0. Plant survival is governed by intricate homeostatic interactions among P, Zn,
and Fe, the deficiencies of which significantly impair multiple intracellular metabolic
processes [41,42]. These findings indicate that NH4*-N may partially enhance cellular
metabolic activity.

4.3. A Higher Proportion of NHy*-N Enhances the Photosynthetic Characteristics of Plants

Chlorophyll content in leaves plays a crucial role in determining photosynthetic effi-
ciency, and it has been established that appropriate N application can significantly enhance
chlorophyll accumulation [43]. The experimental results show that under different ratios of
N forms, the contents of chlorophyll a, chlorophyll b, and total chlorophyll in blueberry
leaves were significantly higher compared to the CK. Since the majority of chlorophyll is
directly involved in capturing and transferring light energy, N application is expected to
further improve the efficiency of light energy conversion [44]. Chlorophyll fluorescence
kinetic parameters, derived from the principles of chlorophyll fluorescence induction kinet-
ics, have been widely used to assess the impacts of nutrient availability on plant growth
and photosynthetic efficiency [45]. The application of various N forms helped sustain
the maximum photochemical efficiency (Fv/Fm) at an elevated level [46]. The results
indicate that Fv/Fm and Fv/Fo reached their maximum value when the NH;*-N:NO3~-N
ratio was 7:3. N stress-induced photochemical adaptations modulate the photosynthetic
electron transport chain, thereby regulating carbon dioxide fixation efficiency in plants [47].
Through the analysis of gas exchange parameters, the leaf Pn peaked when the ratio
of NH;*-N:NO3z~-N was 7:3. The comprehensive analysis revealed that simultaneously
supplying NH;*-N and NO3;~-N to blueberry plants in substrate cultivation significantly
enhanced the Pn of leaves, thereby enhancing the accumulation level of organic matter [48].

5. Conclusions

When the ratio of NH;*-N:NO3 ~-N is 10:0, plant absorption of P and Fe is significantly
enhanced, and fruit ripening is delayed. When NO3;™-N serves as the primary N source, at
aratio of NH4*-N:NO3~-N of 3:7, it markedly promotes the uptake of K and accelerate fruit
ripening. With NH4*-N as the main N source, particularly at a ratio of NH;"-N:NO3; ~-N
of 7:3, the absorption of N and Mg is significantly increased, leading to maximal growth,
significant increases in leaf area, enhanced chlorophyll synthesis, higher photosynthetic
rates, increased single fruit weight, and improved plant yield. When the nutrient solution
contains equal amounts of NH;*-N and NO3; ™ -N (i.e., a ratio of 5:5), the absorption of Ca
and Mn is significantly promoted, and total chlorophyll content increases. High NO3™-N
treatment significantly enhanced the activity of NR, with the 3:7 treatment exhibiting the
highest activity. The activities of GS and GDH initially increased and then decreased as
the NO3;™-N ratio in the nutrient solution rose. GS activity peaked at the 5:5 treatment,
while GDH activity was highest at the 6:4 treatment. The activity of GOGAT initially
decreased and then increased with the rise in NO3; ~-N ratio, reaching its peak at the 10:0
treatment. In conclusion, the promotion effect of NH4*-N as the primary N source on
blueberry cultivation was superior to that of single NH;*-N or high NO3; ~-N ratios among
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different N form combinations. Specifically, in all treatment combinations, a ratio of 7:3 for
NH,4"-N to NO3™-N yielded the most significant promotion effect.
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