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Abstract. Under the conditions of global climate change, the stability of the nitrogen status in maize
is a critical factor for ensuring high productivity, especially during late-season thermal stress. The
objective of the study was to substantiate the physiological impact of nitrapyrin and Methylobacterium
symbioticum on the activity of the maize photosynthetic apparatus under various hydrothermal
scenarios. The research was conducted in 2023-2025 on Typical Chernozems and Grey Forest soils in
the Forest-Steppe of Ukraine. The research subjects included hybrids P8723, P9127, and P9074. The
relative chlorophyll content was measured using the Yara N-Tester device. Statistical processing was
performed using the LSD test. It was established that the integration of N-Lock™ Max and Blue N™
ensured a pronounced “stay-green” effect, providing 5-12% higher chlorophyll index than the control
during the grain-filling phase. It was found that under the extreme drought conditions of 2024 (HTC
0.56), endophytic nitrogen fixation effectively compensated for the soil nitrogen deficit, increasing the
Yara N-Tester index by 18.7-26.2 units. The study proved that applying these treatments on a moderate
Ny, background allows for achieving physiological indicators equivalent to the full N,,, background
without stabilisers. A direct correlation between late-stage chlorophyll content and final grain yield was
mathematically confirmed. Significant yield increases were observed in the synergistic variants, which
outperformed individual applications by maintaining metabolic activity during peak thermal stress.
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The results demonstrated that the synergy between chemical stabilisation and biological nitrogen
fixation ensured stable nitrogen homeostasis in maize under thermal stress, enabling the optimisation
of nitrogen fertiliser rates by 25%. This integrated approach serves as a viable strategy for enhancing
crop resilience and nutrient use efficiency in climate-smart agriculture

Keywords: Zea mays L.; nitrapyrin; Methylobacterium symbioticum; stay-green effect; Yara N-Tester;

nitrogen homeostasis

Introduction

Maize (Zea mays L.) stands as a cornerstone of
global food security and a primary feedstock
for the rapidly growing bioenergy industry. In
Ukraine, particularly within the Forest-Steppe
zone, maize productivity is a key driver of agricul-
tural export potential. However, the modern cul-
tivation of high-yielding hybrids is increasingly
constrained by the inefficiency of conventional
nitrogen fertilisation strategies. Nitrogen gov-
erns leaf area expansion and chlorophyll synthe-
sis,yet Nitrogen Use Efficiency (NUE) remains low
due to nitrate leaching and gaseous emissions.
As of 2026, the challenge lies in maintaining ni-
trogen homeostasis under increasing hydrother-
mal instability. Recent scientific discourse high-
lights the shift from quantitative fertilisation to
qualitative nutrient management. S. Tanchyk &
A. Babenko (2021) established that conventional
fertilisation systems in the Forest-Steppe often
fail to meet the peak nitrogen demand of mod-
ern hybrids during the generative phase, necessi-
tating the use of stabilisers. C.A. Ruiz-Sanchez et
al. (2022) investigated the role of Methylobacte-
rium symbioticum as a leaf-colonising endophyte
and concluded that biological nitrogen fixation
in non-legumes is a primary mechanism for
bypassing root-uptake limitations during soil
moisture deficits. Further research by H. Gamit et
al.(2023) demonstrated that methylotrophic bac-
teria improve plant growth under stressed envi-
ronments by producing secondary metabolites
that modulate hormonal signalling.

The physiological response of cereal crops to
such biostimulants was explored by F. Valente et
al. (2024), who found that foliar application of

M. symbioticum maintains photosynthetic rates
even under reduced chemical nitrogen inputs.
M. Quemeda et al. (2026) further quantified this
response in maize, indicating that biological fixa-
tion provides a steady nitrogen supply that com-
plements soil-applied fertilisers. However, the
specific interaction between chemical nitrifica-
tion inhibitors like nitrapyrin and these biological
fixers remains under-researched in the context of
the Ukrainian Forest-Steppe. The gap in knowl-
edge persists regarding how this “dual-action”
system performs across different maturity groups
(FAO 280-330) during extreme heatwaves.

The objective of this research was to provide
physiological substantiation for the combined
use of nitrapyrin and Methylobacterium symbioti-
cum.The purpose of the study was:

1) to evaluate the dynamics of the Yara N-Test-
er index across different maize hybrids and hydro-
thermal scenarios;

2) to determine the compensatory capacity of
the synergistic system in reducing mineral nitro-
gen rates;

3) to quantify the correlation between late-sea-
son nitrogen status and final grain productivity.

Materials and Methods
The field experiments were conducted over a
three-year period (2023-2025) across two dis-
tinct climatic zones within the Forest-Steppe
of Ukraine. Zone 1 (2023) was located in the
Bila Tserkva district (Typical Chernozem), and
Zone 2 (2024-2025) in the Vinnytsia Oblast
(Grey Forest heavy-loamy soils). Plant research
was performed in accordance with institutional
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and international standards, adhering to the
provisions of Convention on Biological Diversi-
ty (1992). The experimental design included an
absolute control group (untreated plants on Ny,
and N,,, backgrounds) to accurately compare the
effects of N-Lock™ Max (nitrapyrin) and Blue
N™ (M. symbioticum). Data collection involved
sampling 30 representative plants per plot. The
elementary plot size was 24 m2. To ensure high
statistical power, a split-plot design with four
replications was utilised, which provided suffi-
cient degrees of freedom to compare effects be-
tween treatment variants.

Three high-yielding maize (Zea mays L.)
hybrids from the Pioneer® selection (Corteva
Agriscience Ukraine) were utilised to evaluate the
impact of nitrogen stabilisation across different
maturity groups:

» P8723 (FAO 280): Early-mid group, char-
acterised by high drought tolerance and rapid
initial growth.

» P9127 (FAO 310): Mid-maturity group,
known for its intensive type of development and
high response to mineral nutrition.

» P9074 (FAO 330): Mid-late group, possess-
ing a high genetic potential for yield under fa-
vourable hydrothermal conditions.

The preceding crop for all experimental cy-
cles was winter wheat. The study involved three
interacting factors. Factor A: nitrogen fertilisation
background - nitrogen was applied in the form of
granular urea (Urea 46%) under pre-sowing culti-
vation. Two dosage levels were investigated:

» Moderate dose (Ny): 196 kg/ha of com-
mercial product (90 kg/ha of active substance).

» High dose (N,,,): 260 kg/ha of commercial
product (120 kg/ha of active substance).

Factor B: chemical nitrification inhibition -
the nitrification inhibitor N-Lock™ Max (active
ingredient: nitrapyrin, 300 g/L) was applied
at a rate of 1.7 L/ha. The application was per-
formed via soil spraying followed by immediate
incorporation with a cultivator. The mechanism
of nitrapyrin involved the selective inhibition of
Nitrosomonas bacteria, which prevented the rapid
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oxidation of ammonium (NH,") to highly mobile
nitrates (NOy). Factor C: biological nitrogen fix-
ation - the biological stimulant Blue N™ (con-
taining the strain Methylobacterium symbioticum)
was applied at a rate of 0.33 kg/ha through foliar
spraying during the BBCH 14-16 growth stage
(4-6 true leaves). The working solution volume
was 200 L/ha.

The relative chlorophyll content, serving as
a proxy for the nitrogen status of the plants, was
measured using the handheld Yara N-Tester (Yara
International ASA, Oslo, Norway; manufactured
by Konica Minolta, Japan). This optical sensor
assessed the transmittance of light through the
leaf blade at two specific wavelengths (red and
infrared). Measurements were recorded in a tem-
poral sequence: 3WAAB: 3 weeks after the appli-
cation of the biostimulant (lLate vegetative stage).
7WAAB: 7 weeks after application, corresponding
to the critical grain-filling phase. Data were col-
lected from the middle part of the 3 fully devel-
oped leaf from the top. Each value represented
an average of 30 individual readings per plot to
minimise intra-varietal variability.

Statistical Analysis was processed using an
Analysis of Variance (ANOVA) within the RStudio
environment (version 4.2.1), utilising the ggplot2
and stats packages. The significance of differences
between treatment means was determined using
the Least Significant Difference (LSD) test. Given
the high natural variability inherent in field bio-
logical trials and the subtle physiological effects
of endophytes, the significance threshold was set
at p £0.1. To quantify the relationship between
the N-Tester index and final grain yield, Pearson
correlation coefficients (r) were calculated.

Results and Discussion
Physiological basis of stabilised and endophyt-
ic nutrition. The stabilisation of nitrogen in the
soil matrix represents a significant technological
advancement in mitigating nutrient losses. Ni-
trification inhibitors, specifically those based on
nitrapyrin (2-chloro-6-(trichloromethyl) pyridine),
have demonstrated high efficacy in sequestering
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nitrogen in the stable ammonium form (NH,"). By
selectively inhibiting the activity of Nitrosomonas
bacteria, nitrapyrin slows the transition of ammo-
nium to highly mobile nitrates (NOy) (Wolt, 2004).
From a plant physiology perspective, the “ammo-
nium-rich” environment created by products like
N-Lock™ Max offers a distinct metabolic advan-
tage.The assimilation of NH,* requires significant-
ly less metabolic energy (ATP) compared to the
reduction of NOy, which must first be converted
back to ammonium within the plant tissues be-
fore amino acid synthesis can occur (Di & Camer-
on, 2002; Shvartau et al., 2016). This energy sav-
ing is particularly vital during the rapid growth
phases of maize, allowing the plant to redirect its
resources toward biomass accumulation and root
development (Hospodarova et al., 2019).

While chemical stabilisation addresses soil-
based losses, the increasing frequency of cli-
mate-induced abiotic stresses requires a more
resilient approach. Prolonged droughts and ex-
treme “heatwaves” during the critical flowering
stage often lead to soil dehydration, which ef-
fectively blocks root-mediated nutrient uptake.
In this context, the role of endophytic nitrogen
fixers, such as Methylobacterium symbioticum (the
active agent in Blue N™), becomes critical. Un-
like conventional rhizobia, this bacterium colo-
nises the phyllosphere - the internal tissues of
the leaves - and facilitates the fixation of atmos-
pheric nitrogen (N,) directly within the photosyn-
thetic apparatus (Ruiz-Sanchez et al., 2022). This
biological “bypass” ensures a continuous supply
of nitrogen even when the soil is too dry for
conventional uptake. Research has shown that
these methylotrophic bacteria can also produce
ACC-deaminase, an enzyme that degrades the
stress hormone ethylene, thereby enhancing the
plant’s tolerance to drought and thermal shock
(Belimov et al., 2019).

A fundamental challenge in the study of
foliar endophytic nitrogen fixation is the recon-
ciliation of the nitrogenase enzyme complex’s
extreme sensitivity to oxygen (0,) with the ox-
ygen-rich environment of the leaf. In classical

diazotrophs, such as Rhizobium in legume nod-
ules, oxygen levels are strictly regulated by leghe-
moglobin. However, in the phyllosphere - the
internal and external surfaces of leaves-bacteria
like Methylobacterium symbioticum (strain SB23)
must utilise alternative strategies to protect their
nitrogen-fixing mechanisms. Recent genomic and
in situ analyses suggest that M. symbioticum does
not function as a classical soil diazotroph but
rather as a highly specialised endophyte that has
evolved to synchronise its metabolic activity with
the host plant’s physiology (Valente et al., 2024).
The survival and efficacy of M. symbioticum within
the leaf are driven by its unique methylotrophic
nature. These bacteria utilise methanol, a byprod-
uct of pectin methylesterase activity released
during plant cell wall expansion and division,
as their primary carbon and energy source (Igu-
chi et al., 2015). This metabolic pathway is cru-
cial for oxygen management. The rapid aerobic
consumption of methanol and other single-car-
bon molecules by the bacteria creates a localised
“micro-respiratory” environment. This high rate of
oxygen consumption at the site of bacterial colo-
nisation helps to maintain an internal O, tension
low enough to protect the nitrogenase complex
while allowing the bacteria to remain active in an
otherwise aerobic tissue.

In conclusion, the integration of chemical
and biological tools creates a multi-layered de-
fence system for maize nutrition. By establishing
a stable endophytic population, the plant gains
a physiological “bypass” for nitrogen acquisition
that is particularly effective during peak photo-
synthetic activity. This direct delivery system min-
imises energy losses associated with long-dis-
tance transport and nitrate reduction. Ultimately,
these mechanisms fundamentally improve the
overall Nutrient Use Efficiency (NUE) of the maize
crop across diverse hydrothermal conditions.

Spatiotemporal dynamics of relative chloro-
phyll content. The ultimate expression of a plant’s
nitrogen status is its photosynthetic capacity,
typically measured through relative chlorophyll
content. The use of portable optical sensors, such
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as the Yara N-Tester, provides a non-destructive
and accurate assessment of the “nitrogen-chlo-
rophyll” relationship (Uddling et al., 2007). In
maize, maintaining high chlorophyll levels during
the post-anthesis period is defined as the “stay-
green” trait. This physiological characteristic is
highly correlated with prolonged grain-filling du-
ration and protection against premature leaf se-
nescence (Tollenaar & Daynard, 2002; Thomas &
Ougham, 2014). For modern hybrids with a high
FAO index, the ability to maintain active photo-
synthesis under late-season thermal stress is the
determining factor for reaching maximum kernel
weight (Stasyk et al., 2011).

Pavlenko & Tanchyk

The 2023 experimental cycle in the Kyiv
Oblast (Bila Tserkva) was characterised by a fa-
vourable distribution of precipitation, providing
an ideal baseline for evaluating the maximum
potential of nitrogen management tools. At the
initial monitoring stage (3WAAB), all treatments
exhibited a statistically insignificant difference in
their baseline nitrogen status (p > 0.1). However,
as the plants transitioned toward the grain-fill-
ing stage (7WAAB), a rapid upward trend was
observed. The combined application of N-Lock™
Max and Blue N™ on the N,, background result-
ed in a significant index increase to 775-786
units (Fig. 1).
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Figure 1. Dynamics of leaf chlorophyll index (Yara N-Tester, dimensionless units)
in maize hybrid P8723 (FAO 280) depending on nitrogen nutrition systems (Kyiv Oblast, 2023)

Note: vertical bars represent the standard error of the mean (+SE).Yara N-Tester values are expressed in dimensionless

units reflecting relative chlorophyll content
Source: developed by authors based on own research

The data indicates that under sufficient hy-
drothermal conditions, nitrogen stabilisation
leads to a substantial extension of photosyn-
thetic activity. The physiological surge observed
between Week 3 and Week 7 of monitoring con-
firms that the synergistic interaction prevents the
premature loss of functional leaf area. While the

control variants exhibited a plateau in the Yara
N-Tester index during late maturity, the treated
plots maintained a significant upward trend. This
suggests that chemical inhibition of nitrification,
combined with endophytic fixation, provides a
steady nitrogen gradient necessary for biomass
accumulation. Consequently, the maintenance
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of high chlorophyll density during these stages
serves as a critical foundation for achieving max-
imum productivity levels.

Physiological adaptation to extreme hydro-
thermal stress. The results from the 2024 growing
season in the Sharhorod district provide evidence
for the adaptive role of the investigated technol-
ogy under extreme conditions. This period was
marked by a severe “heat dome” effect, with 19
consecutive days where maximum temperatures

exceeded +33.4°C, peaking at +38.1°C. Such pres-
sure typically triggers a sharp decline in chloro-
phyll due to photo-oxidation and nitrogen defi-
ciency caused by the cessation of root-mediated
uptake in desiccated soil (HTC 0.56). Under such
stress, plants experience a surge in ethylene,
which triggers the breakdown of light-harvesting
complexes. In the control plots (N,, without treat-
ments), the Yara N-Tester index plummeted to its
seasonal minimum of 510.3%5.4 units (Fig. 2).
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Figure 2. Dynamics of leaf chlorophyll index (Yara N-Tester, dimensionless units) in hybrid P9127
(FAO 310) as an indicator of physiological adaptation to drought conditions (Vinnytsia Oblast, 2024)

Source: developed by authors based on own research

As illustrated in Figure 2, the variants
treated with Blue N™ maintained a significant-
ly higher nitrogen status, reaching 539.5 £ 7.4
units. This relative increase of 18.7 to 26.2
units over the control proved that M. symbi-
oticum acts as a metabolic “bypass”. While the
root system’s ability to absorb nitrogen was
restricted by low soil water potential, the en-
dophytic bacteria continued to fix N, direct-
ly within the leaf tissues. Furthermore, data
from over 2,500 field trials indicate that strain
SB23 promotes the regulation of key phyto-
hormones, including auxins and cytokinins,

which stimulate aerial biomass accumulation
(Quemeda et al., 2026). The production of
ACC-deaminase by the bacteria likely mitigated
the negative effects of abiotic stress, preventing
“premature yellowing”.

This physiological resilience highlights the
importance of biological nitrogen sources when
environmental factors paralyse conventional
soil-based uptake. By preserving the integrity
of chloroplast membranes from reactive oxy-
gen species generated during thermal peaks, the
technology ensured that the leaves remained ac-
tive during the late stages of maturity. The fact
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that the Ny, synergistic variant outperformed the
non-stabilised N,,, control proves that biological
stress mitigation is more critical for resilience
than high chemical loads. Ultimately, these re-
sults support the conclusion that foliar biolog-
ical pathways serve as a crucial supplement to
maintain nitrogen homeostasis during extreme
climatic variability.

Furthermore, the obtained results
consistent with the findings of M. Farooq et
al., (2009) who emphasised that hormonal reg-
ulation is a primary defence mechanism against
desiccation. The ability of Methylobacterium to
potentially modulate plant stress signals and en-
hance antioxidant enzyme activity, as discussed
by M.N. Dourado et al. (2015) and H. Gamit et
al. (2023), provides a plausible explanation for
the higher Yara N-Tester readings. By preserving
the integrity of the chloroplast membranes from
reactive oxygen species (ROS) generated during

are
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the +38°C peaks, the technology ensured that the
“source” (leaves) remained active during the late
stages of maturity.

Nutrient optimisation and resource use
efficiency. The 2025 experimental cycle in the
Tulchyn district focused on the mid-late hybrid
P9074 (FAO 330), which has a high demand
for nitrogen during late ontogenesis. In this
environment, a distinct “equalisation effect”
was observed, underscoring the resource-opti-
mising potential of technology. Monitoring of
the canopy during the late milk maturity stage
(7WAAB) revealed that the synergistic system
(N-Lock™ Max + Blue N™) on the moderate N,,
background yielded a Yara N-Tester index of
722.0 £3.8 units (Table 1). This value was sta-
tistically equivalent to the N,,,+ Synergy var-
iant (724.5 £ 15.2 units) and significantly out-
performed the high-input N,,, control, which
reached only 693.0£6.1 units.

Table 1. Relative chlorophyll content (Yara N-Tester units) in maize leaves
during the grain-filling phase (7WAAB) depending on the treatment and hydrothermal conditions

Treatment (Code) Kyiv Oblast (2023) Sharhorod (2024) Tulchyn (2025)

Urea N,,, (Control) 772.0+12.1 533.31+10.3 693.0%6.1
N,,, + Synergy 761.5+8.5 552.0+10.3 724.5+15.2

Urea N,, (Control) 732.0+4.5 510.3+5.4 684.0£8.1
Nyo+ Synergy 775.0%£11.2 539.5+7.4 722.0+3.8

Note: Data are presented as Mean + SE (n =30 per plot). “Synergy” refers to the combined application of N-Lock™

Max and Blue N™
Source: developed by authors based on own research

This numerical advantage over the high-ni-
trogen control is of profound significance,
demonstrating that qualitative management of
the existing nitrogen pool is more effective for
sustaining the photosynthetic apparatus than
a simple quantitative increase in fertiliser. The
success of this strategy in 2025 can be attrib-
uted to the synchronisation of nitrogen availa-
bility with the plant’s peak demand. Nitrapyrin
(N-Lock™ Max) effectively regulated the soil
nitrogen cycle by slowing the microbial conver-
sion of ammonium to nitrate. This ensured that

a reservoir of stable nitrogen remained availa-
ble in the root zone during the late reproduc-
tive stages, precisely when mid-late hybrids like
P9074 reach their maximum sink-strength. Si-
multaneously, the stay-green effect was highly
evident across the experimental plots. While the
control leaves on the N,,, and Ny, plots showed
early symptoms of chlorophyll degradation and
nitrogen remobilisation (senescence), the syner-
gistic treatments maintained a high density of
active chloroplasts, reflected in the dark green
colour of the upper canopy (Fig. 3).
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Figure 3. Dynamics of leaf chlorophyll index (Yara N-Tester, dimensionless units)
as an indicator of the stay-green effect in hybrid P9074 (FAO 330) (Vinnytsia Oblast, 2025)

Source: developed by authors based on own research

The graphical representation confirms high
technological stability for mid-late hybrids. By
delaying the transition to the senescence phase,
the dual-action system allows the plant to pro-
long the synthesis of photoassimilates. This
phenomenon ensures that the realisation of the
hybrid’'s genetic potential is secured despite the
hydrothermal challenges of the growing season.
The high degree of chlorophyll preservation in
the Ny, + Synergy variant confirms that a balanced
metabolic environment can be maintained even
with a 25.0% lower nitrogen input level. This de-
coupling of yield from high chemical inputs rep-
resents a major milestone for sustainable agricul-
ture in the Forest-Steppe of Ukraine.

Correlation between photosynthetic status
and productivity. The physiological merit of the
investigated nitrogen management technology
is determined by its ability to convert solar radi-
ation into harvestable biomass. To quantify this,
a regression analysis was performed between
the Yara N-Tester index at the grain-filling stage
(7WAAB) and the final grain yield (t/ha). The

results demonstrate a robust and statistically sig-
nificant linear correlation across all experimental
sites and years (Fig. 4). The coefficients of deter-
mination (R?) ranged from 0.82 to 0.93, confirm-
ing that the nitrogen status during the post-an-
thesis period explains the vast majority of yield
variance. The strongest correlation was observed
in the 2023 trial (Kyiv Oblast, Rz =0.93), where
optimal moisture conditions allowed the plants
to fully translate their enhanced nitrogen status
into grain weight. Under these conditions, the re-
gression slope was steepest, indicating that every
incremental increase in the N-Tester index yield-
ed a higher marginal return in grain productivity.
Conversely, in the drought-stressed 2024 sea-
son (Sharhorod), the correlation remained high
(R2=0.82), although the overall yield levels were
lower. This indicates that even when water is the
primary limiting factor, the “biological nitrogen
buffer” provided by Blue N™ remains a critical
survival mechanism, preventing the total collapse
of the photosynthetic apparatus. In the 2025 Tul-
chyn cycle, the correlation reached R2=0.89, with
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the synergistic variants occupying the same space
on the regression line as the high-input control,
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thereby proving the compensatory capacity of the
investigated technology.
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Figure 4. Correlation between the Yara N-Tester index (dimensionless units) at the grain-filling stage
(7WAAB) and maize grain yield across different experimental environments (2023-2025)

Note: statistical significance is established at p<0.1
Source: developed by authors based on own research

The significant yield increases observed in
the “Synergy” variants (N-Lock™ Max + Blue N™)
can be explained through the source-sink rela-
tionship. In maize, approximately 40-60% of the
nitrogen found in the grain at maturity is remobi-
lised from the vegetative tissues, particularly the
leaves. If the soil nitrogen supply is exhausted
early or blocked by drought, the plant acceler-
ates leaf senescence to meet the grain’s demand,
leading to a premature loss of photosynthetic
surface area. Obtained data show that the inves-
tigated technology effectively disrupts this cycle
of early senescence. By sequestering nitrogen in
the stable ammonium form (NH,*) in the soil and
providing a supplemental foliar N,-fixation path-
way, the system ensures a continuous “source” of
nitrogen. This delays the degradation of chloro-
phyll-protein complexes, a phenomenon known
as the functional stay-green effect (Thomas &
Ougham, 2014). The prolongation of leaf activity

by even days 5-7 during the late milk-wax stage
can lead to a substantial increase in kernel depth
and test weight, as confirmed by the higher PFP
(Partial Factor Productivity) values recorded in
the study. This extension of the photosynthetic
period aligns with the physiological models of
I.A. Ciampitti & TJ.Vyn (2012), who demonstrated
that yield stability in modern hybrids is governed
by the efficiency of nitrogen remobilisation. By
delaying senescence, a process described in de-
tail by PL. Gregersen et al. (2013), the nitrogen
stabilisation technology ensures that the grain
sink remains active during the final stages of ma-
turity, maximising the accumulation of dry matter.

A critical point of discussion is why the
combination of a nitrification inhibitor and a bi-
ostimulant consistently outperformed individual
applications. Nitrapyrin (N-Lock™ Max) acts as a
foundational stabiliser, ensuring that the primary
mineral nitrogen dose (Ny,) remains within the
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reach of the root system for a longer duration.
However, its efficacy is dependent on soil mois-
ture. When the soil surface dries out, as seen in
July 2024, the root-mediated uptake of even sta-
bilised nitrogen is compromised. At this precise
moment of abiotic stress, the foliar endophytic
bacteria (Methylobacterium symbioticum) reach
their peak population density. By fixing nitrogen
directly within the phyllosphere, Blue N™ miti-
gates the transient nitrogen deficit caused by
drought. Furthermore, the bacteria’s metabolic
by-products may further stimulate the plant’s
antioxidant defence systems. This “dual-layer”
protection ensures that the nitrogen homeostasis
of the crop is maintained across a wider range
of hydrothermal conditions (HTC 0.56-1.09), pro-
viding resilience that single-component systems
lack. Beyond the physiological benefits, the abili-
ty of the Ny, + treatments variant to match or ex-
ceed the N,,, control has profound implications
for Nitrogen Use Efficiency (NUE). Traditionally,
farmers compensate for potential nitrogen losses
by increasing total fertiliser rates, which leads to
groundwater contamination and high input costs.

Experimental results demonstrate that a 25%
reduction in nitrogen application rates is not only
feasible but also agronomically viable when inte-
grated with stabilisation tools. Such a reduction
significantly lowers the carbon footprint of maize
production, as the industrial synthesis and field
application of nitrogen fertilisers are among the
most energy-intensive processes in contemporary
farming. The high PFP value of 98.0 kg grain per
1 kg of applied N achieved in this study reflects
a broader trend toward “decoupling” crop yields
from excessive chemical inputs. As highlighted by
Y. Rouphael & G. Colla (2020), the integration of
microbial biostimulants represents a cornerstone
of “climate-smart” agriculture and a paradigm
shift in nutrient management, enabling substan-
tial fertiliser reductions without compromising
the inherent biological potential of the crop. This
results confirm a strong and stable relationship
between nitrogen status during grain filling and
final maize yield, validating the Yara N-Tester as

an effective diagnostic tool. The combined use of
N-Lock™ Max and Blue N™ ensures sustained ni-
trogen availability, delays senescence, and stabi-
lises productivity even under drought stress.

Conclusions

The integrated application of the nitrification in-
hibitor nitrapyrin (N-Lock™ Max) and the endo-
phytic nitrogen fixer Methylobacterium symbioti-
cum (Blue N™) fundamentally alters the nitrogen
homeostasis and senescence dynamics in maize.
At the critical grain-filling stage (7 weeks after ap-
plication), the synergistic treatments maintained
a significantly higher relative chlorophyll content,
increasing the Yara N-Tester index by 14 to 42
units compared to the control, thereby inducing a
functional stay-green effect. This effect is driven
by the synchronisation of soil-based ammonium
stabilisation with a direct foliar biological supply,
ensuring that the photosynthetic “source” remains
active during peak demand.

The foliar endophytic nitrogen fixation path-
way served as a vital physiological buffer during
extreme abiotic stress. In the drought-stressed
2024 season (Sharhorod), characterised by 19
days of temperatures above +33°C, the use of Blue
N™ compensated for the lack of root-mediated
nutrient uptake, maintaining the photosynthetic
capacity at a level 6-8% higher than the control.
Furthermore, the metabolic advantage of direct
ammonium assimilation provided the plants with
significant energy savings (ATP), which were re-
directed toward grain filling and biomass accu-
mulation. A robust compensatory capacity of the
dual-action nitrogen stabilisation system has
been demonstrated. The application of N-Lock™
Max and Blue N™ on a moderate background
(Ny) allowed for a 25% reduction in total nitro-
gen fertiliser rates without a reduction in pho-
tosynthetic potential or grain yield, matching the
performance of the non-stabilised N,,, high-in-
put control. This demonstrates that qualitative
management of the nitrogen pool is superior to
a mere quantitative increase in chemical fertilis-
ation. Statistical analysis confirmed that the Yara

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 3



N-Tester index measured during the late stages of
vegetation is a highly reliable predictor of maize
productivity (R,=0.82-0.93, p<0.1). This validates
the effectiveness of optical nitrogen monitoring
as a diagnostic tool for evaluating the physiolog-
ical status of crops under varying hydrothermal
conditions in the Forest-Steppe of Ukraine.
Future research should focus on the impact
of these nitrogen stabilisation tools on the qual-
itative characteristics of the grain (amino acid
profile and protein fractions) and the potential
reduction of the carbon footprint in industrial
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AHoTauis. B yMoBax rnob6anbHUX KNiMAaTUYHMX 3MiH CTabiNbHICTb a30THOrO CTATyCy KyKYypyA3u €
KPUTUYHMM YMHHUKOM 3abe3neyeHHs BUCOKOI NMPOAYKTUBHOCTI, 0COBMMBO Mig Yac TEPMIYHOrO CTpecy
Ha Ni3Hix eTanax BereTtauii. MeTa pocnigxkeHHs — oOrpyHTyBaTW (i3ionoriyHuiAi BNAMB HiTpanipuHy
Ta Methylobacterium symbioticum Ha aKTWBHICTb (DOTOCMHTETMYHOrO anapaTy KyKypyA3u 3a pi3HWUX
rigpotepMiuHmMx cueHapiiB. JocnimxeHHs nposoaunu y 2023-2025 pp. Ha 4YopHO3eMax TUMOBKX Ta
cipux nicoBux rpyHTtax y Jlicocteny YkpaiHu. 06’ektamu gocnipxeHHs 6ynu ribpuan P8723, P9127 ta
P9074. BigHocHuI BMicT xnopodiny BM3Hayanu 3a gonomoroto npunagy Yara N-Tester. CTaTUCTUUHY
06pobky meTopgoM LSD-tecty. BctaHoBneHo, wo iHTerpauis N-Lock™ Max 1a Blue N™ 3a6e3neuye
BUpaXeHUi «Stay-green» edekT, WO 3yMOBMOE Ha 5-12 % BuwmMi iHgekc xnopodiny NOpiBHSHO 3
KOHTponieM y a3y HanuBy 3epHa. 3'9C0BaHO, WO 3a YMOB eKcTpeManbHoi nocyxu 2024 p. (MK 0,56)
eHpodiTHa a3oTdikcauia edhekTMBHO KoMMeHcyBana AediuuT rpyHTOBOro asoTy, MiABULLMBLLM iHAEKC
Yara N-Tester Ha 18,7-26,2 op. [loBeaeHo, WO 3aCTOCYBaHHA LMX Npenaparis Ha noMipHOMY $oHi N,
A,03BONISE JOCATTU Pi3i0N0riIYHMX MOKA3HMKIB, EKBIBANEHTHMX MOBHOMY (GOHY N, ,, 6€3 BMKOPUCTaHHS
cTabinizaTopis. MateMaTMYHO NiATBEPOXXEHO MpsAMY KOPEensuito MiX BMICTOM Xxn10podiny Ha Mi3Hix
CTafisx BereTauii Ta KiHLEBOK BPOXaMHICTIO 3epHa. Y CMHepriYHMX BapiaHTax CnocTepiranocs cyTTese
3pOCTaHHS BPOXAMHOCTI, WO MepeBMLLYBan0 MOKAa3HWKM 3a PO3AiNbHOr0 3aCTOCYBaHHS Npenaparis
3aBASKM MNiATpUMUI MeTaboniyHOi akTMBHOCTI B Mepiod MiKOBOro TepMiyHoro crtpecy. PesynbtaTtu
[LeMOHCTPYHOTb, O CUHepris XiMiyHoi cTabinizauii Ta bionoriyHoi dikcauii a3oTy 3abe3nevye cTabinbHUit
a30THMI rOMeoCTas KyKypyA3u B yMOBaX TEPMiIYHOr0 CTPecy, WO A03BONSE ONTUMi3yBaTU HOPMU a30THUX
nobpuB Ha 25 %. Takui iHTerpoBaHWM Migxia BUCTYMae Ai€BOK CTpATeri€l0 NiABWULLEHHS CTiMKOCTI
arpoueHosiB Ta epeKTUBHOCTI BUKOPUCTAHHS PECYPCiB Y KNiMaTUYHO-OpPiEHTOBAHOMY 3eMNiepobCTBi

KniouoBi cnoBa: Zea mays L.; HiTpanipuH; Methylobacterium symbioticum; stay-green ecdekT; Yara
N-Tester; a30THWUI romeocTas
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