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Highlights

¢ Utilization of nitrogen and potassium fertilizers can elevate stem bending strength and lodging resistance index and grain
yield showed an increasing-then-decreasing trend with rising nitrogen and potassium fertilizer levels.

¢ Lignin content, stem bending strength, and lodging resistance index exhibited highly signifcant positive correlations with
each other.

¢ Expression of 4CL1 and F5H3 genes and the activities of four enzymes (tyrosine ammonia-lyase (TAL), phenylalanine
ammonia-lyase (PAL), cinnamyl alcohol dehydrogenase (CAD), and peroxidase (POD)) were signifcantly and positively
associated with lignin content.

Abstract

Lodging is a major constraint limiting oil flax production efficiency in northern China. Crop lodging susceptibility is closely
related to stem lignin content, and the regulatory mechanisms by which nitrogen and potassium fertilization interactively
influence lignin biosynthesis in oil flax stems require further investigation. Therefore, this study aimed to enhance lodging
resistance and increase grain yield in oil flax. We examined the interactive effects of different nitrogen (75, 150, and 225 kg
N ha™) and potassium (60 and 90 kg K,O ha™) fertilizer rates on lignin metabolism, lodging resistance, and grain yield during
the 2022 and 2023 growing seasons. Results indicated that nitrogen and potassium fertilizer levels and their interactions
promoted lignin accumulation, improved lodging resistance, and increased grain yield. Compared to the control (CK), the
75-150 kg N ha™ combined with 60 kg K,O ha™ treatments significantly enhanced the activities of key lignin-synthesizing
enzymes (tyrosine ammonia-lyase (TAL), phenylalanine ammonia-lyase (PAL), cinnamyl alcohol dehydrogenase (CAD),
and peroxidase (POD)) and upregulated the expression of 4CL7 and F5H3 genes, leading to a 29.63—43.30% increase
in lignin content, improved stem bending strength and lodging resistance index, and a 23.27-32.34% increase in grain
yield. Correlation analysis revealed that nitrogen and potassium fertilizers positively regulated enzyme activities and gene
expression related to lignin biosynthesis, thereby facilitating lignin accumulation and enhancing stem mechanical strength
and lodging resistance. Positive correlations were observed among lignin-related enzyme activities, gene expression,
lodging resistance traits, and grain yield. In summary, the application of 75—-150 kg N ha™ in conjunction with 60 kg K,O ha™
promoted lignin biosynthesis and accumulation, enhanced lodging resistance, and increased grain yield in oil flax grown in
the dryland farming region of central Gansu, China. Furthermore, this treatment provides a technical basis for cultivating
stress-tolerant and high-yield oil flax in arid regions.
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1. Introduction

Oil flax (Linum usitatissimum L.) is an important oilseed and
economic crop cultivated in northwestern and northern China.
Its seeds are rich in dietary fiber and diverse nutrients,
making them widely used across various industries. Notably,
they contain high levels of essential unsaturated fatty acids
— particularly linolenic and linoleic acids — which are highly
valued by consumers (Wu et al. 2023). In recent years,
frequent lodging due to high planting density, storms, and
other extreme weather events has not only limited grain yield
but also hindered mechanized harvesting of oil flax (Gao et al.
2018). Lodging refers to the permanent displacement of plant
stems from their upright position caused by external forces.
Within certain limits, plants can self-right after disturbance;
however, when mechanical thresholds are exceeded,
irreversible lodging occurs (Christopher et al. 2019; Stubbs
et al. 2023). Thus, stem mechanical properties play a critical
role in determining lodging resistance. This phenomenon is
influenced by climatic conditions, cultivation practices, and
plant genetic characteristics (Liu et al. 2007). Studies have
shown that higher stem lignin content enhances lodging
resistance in crops such as wheat, oats, summer maize,
and oilseed rape (Tripathi et al. 2004; Chen et al. 2018;
Guo et al. 2021; Nan et al. 2022; Gong et al. 2023). Lignin
plays vital roles in plant development and defense against
biotic and abiotic stresses (Tripathi et al. 2004; Chen et al.
2018; Guo et al. 2021; Nan et al. 2022; Gong et al. 2023),
and contributes structurally to cell walls alongside cellulose
and hemicellulose. Increased lignin content improves stem
bending strength and overall resistance to environmental
stress and lodging (Baucher et al. 1998; Cosgrove 2005).
Given the global variability in precipitation patterns and
the importance of nutrient management in agriculture, it is
crucial to investigate lignin metabolism and its response to
fertilization, particularly in relation to oil flax lodging.

Prior research on crop lodging has primarily focused on
morphological, physiological, biochemical, and mechanical
aspects of gramineous crops (Tripathi et al. 2004; Xue et al.
2016; Zhang et al. 2016), providing initial insights into the
mechanisms underlying lodging. However, studies on the
effects of macronutrient fertilizers on oil flax stem lignin
metabolism and lodging resistance are relatively recent.
During crop cultivation, deficiencies in either nitrogen
or potassium weaken plant stems, reduce stem length,
diameter, and wall thickness, and impair root growth — all of
which negatively affect lodging resistance (Zhang et al. 2016;
Shah et al. 2017). Appropriate nitrogen application enhances
canopy light interception, promotes lignin biosynthesis,
optimizes stem mechanical properties, and improves lodging
resistance (Shi et al. 2016; Wang et al. 2020; Li et al. 2023;
Liu et al. 2023). Adequate potassium supply increases
potassium uptake by stems, enhances tissue thickness
and C/N ratio, facilitates lignin anabolism, and improves
lodging resistance (Liu et al. 2007; Li et al. 2009; Xiang et al.
2010). Conversely, excessive fertilization leads to vigorous
leaf growth, reduced basal light penetration, increased
plant height, elevated center of gravity, reduced lignin
accumulation, and higher lodging incidence (Wei et al. 2008).

The most effective approach to elucidate the relationship
between primary fertility factors and crop lodging resistance
at the molecular level involves tracking changes in
enzymatic activity along the lignin biosynthesis pathway and
corresponding gene expression. Phenylalanine ammonia-
lyase (PAL), tyrosine ammonia-lyase (TAL), cinnamyl
alcohol dehydrogenase (CAD), and peroxidase (POD) play
pivotal roles in the initiation and termination phases of lignin
synthesis (Chen et al. 2018; Kamran et al. 2018b). PAL is a
rate-limiting enzyme in the shikimate pathway that catalyzes
the deamination of phenylalanine to produce frans-cinnamic
acid. Reduced PAL activity results in significantly lower
lignin content, whereas increased activity promotes lignin
accumulation (Muhammad et al. 2018). TAL catalyzes the
conversion of tyrosine to p-coumaric acid, serving as a key
step in lignin synthesis (Mohammadi et al. 2002). CAD
participates in the final reduction steps of lignin metabolism,
producing monolignol precursors for p-coumaryl (H-type),
coniferyl (G-type) and sinapyl (S-type) lignin units (Alexandra
et al. 2013). POD acts as a polymerase in this pathway,
utilizing H,0, to oxidize and polymerize monolignols into
lignin (Ménica et al. 2000). Polygene effects are common in
plants, with variation in gene copy number and expression
levels across species (Ruegger et al. 1999; Humphreys
et al. 2002). In fiber flax, the 4CL1 and F5H1 genes have
been shown to play prominent roles in lignin accumulation
in phloem and xylem tissues, respectively (Gao et al. 2008;
Wang et al. 2009).

Existing studies on the individual effects of nitrogen or
potassium fertilization on lignin synthesis mainly focus on
nitrogen and potassium use efficiency, dry matter partitioning,
and yield in oil flax (Qu 2010; Xun et al. 2015), as well as
changes in lignin-related enzyme activities associated with
lodging following nitrogen application, irrigation—nitrogen
interactions, and density—potassium interactions (Gao et al.
2014, 2015; Wu et al. 2023). These studies have partially
revealed how irrigation, nitrogen, and potassium regulate
lodging resistance and yield, and influence the balance
between vegetative and reproductive growth. However, fewer
studies have addressed the interactive effects of nitrogen and
potassium fertilizers on promoting normal plant development
and improving stem lodging resistance mechanisms. The
synergistic impact of nitrogen and potassium on lignin
metabolism and its relationship with lodging resistance
remains unclear, especially during the mid-to-late growth
stages when oil flax is most susceptible to lodging.
Therefore, this research aims to provide new insights into
how nitrogen—potassium fertilizer interactions promote lignin
biosynthesis, optimize lodging resistance, and increase grain
yield, offering an empirical basis for developing improved
agronomic strategies to enhance lodging resistance in oil flax.

2. Materials and methods

2.1. Site description

The experiment was conducted at the Dingxi Academy
of Agricultural Science Experimental Station in Anding
District, Gansu Province, China (34°26°N, 103°52°E,
2,060 m a.s.l.) during the 2022 and 2023 growing seasons.
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The experimental field had cultivated loess soil. Plant density
was maintained at 6.0x10° plants ha™. Soil baseline fertility
in 2022 was 9.32 g kg™' organic matter, 0.79 g kg™ total
nitrogen, 0.73 g kg™ total phosphorus, 47.91 mg kg™ alkali-
hydrolyzable nitrogen, 25.43 mg kg™ available phosphorus,
102.6 mg kg'1 available potassium, and pH 8.12. In 2023,
soil fertility was 9.59 g kg™ organic matter, 0.84 g kg™ total
nitrogen, 0.71 g kg™ total phosphorus, 45.64 mg kg™ alkali-
hydrolyzable nitrogen, 24.67 mg kg™ available phosphorus,
98.1 mg kg™ available potassium, and pH 8.31.

2.2. Experimental design

The experiment followed a randomized complete block design
with three replications per treatment. Each plot measured
12 m® (3 mx4 m) with a row spacing of 20 cm. The tested
variety was ‘Dingya 26’. Seven treatments were applied:
CK, 0 kg N ha™+0 kg K,O ha™; N1K1, 75 kg N ha™'+60 kg
K,O ha™'; N1K2, 75 kg N ha™'+90 kg K,O ha™; N2K1, 150 kg
N ha'+60 kg K,O ha™'; N2K2, 150 kg N ha'+90 kg K,O
ha™'; N3K1, 225 kg N ha'+60 kg K,O ha™; N3K2, 225 kg N
ha™'+90 kg K,O ha™'. Nitrogen fertilizer (urea, 46% N) was
applied at a basal-to-topdressing ratio of 2:1, with topdressing
at the budding stage. Potassium fertilizer (potassium
sulfate, 52% K,0) was applied entirely as basal dressing.
Phosphorus fertilizer (calcium superphosphate, 16% P,0s)
was uniformly applied at 75 kg P,O5 ha™'. Sowing dates were
April 26, 2022 and April 9, 2023. All other field management
practices followed standard local protocols.

2.3. Determination parameters and methods

Samples were collected on 30 June (anthesis), 22 July
(kernel), and 3 August (mature) in 2022, and on 29 June
(anthesis), 14 July (kernel), and 4 August (mature) in 2023.
Uniformly growing plants were randomly selected from each
plot between 9:00 a.m. and 10:00 a.m.

Bending strength and lodging resistance index Three
oil flax plants per plot were used to determine stem bending
strength. Above-ground fresh weight was measured using
an electronic balance (accuracy: 0.001 g). Stem bending
strength (BS) was measured using a microcomputer-
controlled electronic universal testing machine (CMT2502,
SANS, Shenzhen, China; torque 2 cm, maximum test force
50 N, speed range 1-500 mm min™") at the height of the
plant’s center of gravity (Gao et al. 2015). Lodging resistance
index (LRI) was calculated as: LRI=BS/(Height of center of
gravityxfresh weight).

Lignin content and lignin-related enzyme activity Ten
representative plants per plot were sampled at anthesis,
kernel, and mature stages to measure lignin content and
related enzyme activities using commercial test kits (Michy
Biology, China).

After acetylation of phenolic hydroxyl groups in lignin,
an absorption peak at 280 nm appears, with absorbance
positively correlated with lignin content. The procedure
was as follows: fresh samples were fixed at 105°C for
10—15 min, dried at 80°C to constant weight, ground,
sieved, and 0.01 g powder was placed in a 2 mL Eppendorf
tube with 1 mL of 80% ethanol, mixed, and incubated at

50°C for 20 min. After centrifugation at 12,000 r min™" for
10 min at 25°C, the supernatant was discarded, and the
precipitate was dried. The residue was processed according
to kit instructions. Absorbance at 280 nm was measured
using a UV spectrophotometer. Lignin content (mg g™ dry
weight)=0.7422(AA+0.0364)xW™"', where AA=A1-A2 (A1,
measurement tube absorbance; A2, blank tube absorbance);
W, sample mass in grams.

Reagents from the kit were reconstituted as required. A
0.1 g sample from the center-of-gravity height was collected
and stored at —80°C for subsequent analysis.

PAL catalyzes the conversion of L-phenylalanine to trans-
cinnamic acid and ammonia, with the maximum absorbance
at 290 nm. The method involved adding 1 mL extract,
homogenizing on ice, centrifuging at 12,000 r min™ for 10 min
at 4°C, collecting the supernatant, and processing according
to kit instructions. Absorbance at 290 nm was measured
using a UV spectrophotometer. PAL activity (U g™ fresh
weight)=26.6xAAXW™" (AA=A1-A2).

TAL decomposes tyrosine to form coumaric acid,
increasing solution absorbance at 333 nm over time. The
method involved adding 1 mL extract, homogenizing on
ice, centrifuging at 8,000xg for 10 min at 4°C, collecting the
supernatant, and following kit instructions. Absorbance at
333 nm was measured using a UV spectrophotometer. TAL
activity (U g™ fresh weight)=35xAAxW™" (AA=A1-A2).

CAD catalyzes the formation of cinnamaldehyde from
cinnamyl alcohol, with peak absorbance at 340 nm. The
method involved adding 1 mL extract, homogenizing on ice,
centrifuging at 12,000 r min™" for 10 min at 4°C, collecting
the supernatant, and following kit instructions. Absorbance
at 340 nm was measured. CAD activity (nmol g™' min™" fresh
weight)=114.94x(AA+0.0051)xW™" (AA=Initial absorbance—
Absorbance after 5 min).

POD is a key enzyme in the plant enzymatic defense
system under stress and exhibits an absorption peak
at 470 nm. The method involved adding 1 mL extract,
homogenizing on ice, centrifuging at 12,000 r min™" for
10 min at 4°C, collecting the supernatant, and following kit
instructions. Absorbance at 470 nm was measured using
a visible spectrophotometer. POD activity (U g™ fresh
weight)=20xAAxW™" (AA=Absorbance at 10 s—Absorbance at
1 min 10 s).

Fluorescence quantitative PCR expression analysis of
4CL1 and F5H3 genes in lignin metabolism Fresh stem
samples were collected for gene expression analysis. A
3 cm segment at the height of the center of gravity was
immediately frozen in liquid nitrogen. Total RNA extraction,
reverse transcription, and qPCR setup were performed using
reagents from Tiangen Biotech (Beijing) Co., Ltd. Actin
served as the reference gene, and relative expression was
analyzed using the 27*°™ method (Livak et al. 2001). Gene
sequences were obtained from NCBI, and primers were
synthesized by SBS Genetech Co., Ltd. Primer sequences
are listed in Table 1.

Yield When 75% of the oil flax capsules turned yellow and
basal leaves had abscised from the stems, 10 plants were
randomly selected per plot. Branch number, number of
effective capsules, thousand-kernel weight, and grain number
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were measured. Grain yield was calculated as the actual
harvested yield following plot separation.

2.4. Statistical analysis

For each measurement, three replicates were used, and the
effects of various treatments on the measured variables were
analyzed using one-way analysis of variance (ANOVA). The
F-test was applied, and the least significant difference (LSD)
(P<0.05) was used for multiple comparisons. Data were
analyzed using SPSS statistical software v.24.0 (SPSS Inst.,
Cary, NC), and graphs were generated using Origin 2021
(Systat Software Inc.), IBM SPSS Amos 24 (SPSS Inst., Cary,
NC), and Canoco 5 (microcomputer power).

3. Results

3.1. Grain yield and yield components

As shown in Table 2, both nitrogen and potassium fertilizer
levels, as well as their interaction, significantly influenced
grain yield and its components in oil flax. Under the K1
treatment, grain yield was significantly higher than under K2,
increasing by 7.81 and 2.17% over two years, respectively.

Table 1 Oil flax primer information and the amplified fragments

For all potassium fertilizer levels, grain yield was significantly
greater than in the CK. At the same potassium level, different
nitrogen treatments affected grain yield. Under K1, the N2
treatment yielded significantly more than N1 and N3, with
increases of 11.70-11.86% and 3.48-5.41% across two
years, respectively. Under K2, N2 increased yield by 5.34
and 8.48% compared to N1 and N3, respectively (two-year
average). In terms of nitrogen—potassium interactions,
the N2K1 treatment significantly increased grain yield by
8.58-21.16% in 2022; however, no significant differences
among interaction treatments were observed in 2023. Over
the two years, fertilization treatments increased grain yield
significantly by 20.05-45.45% and 12.28-21.77% compared
to CK.

Thousand-kernel weight, branch number, number of
effective capsules, and grain number peaked at 150 kg N
ha™', with average increases of 1.99-3.47%, 6.07-10.24%,
2.66-6.08%, and 4.44-6.74%, respectively, over the two
years compared to other nitrogen levels. All nitrogen fertilizer
treatments resulted in significantly higher yield components
than CK. Under K1, thousand-kernel weight, branch number,
effective capsule count, and grain number were higher than

Gene name Accession no. Primer sequences (5" —3") Fragment size (bp)
4CL1 EF214737 F: CCGTTGGGGAAGGAACTCGAAGAC 315
R: CCACCCTTGCTGGTCTATCGTTCTT
F5H3 EF214747 F: CGCTGGCCGGGCGTTGAACG 321
R: ATGTCGGAGATAGGATCGTC
Actin AY857865 F: CGACTGCTGAAGGGAAATTGT 458

R: CTGCTGGAAGGTGCTGAGGGAA

Table 2 Changes in grain yield and yield components of oil flax under different nitrogen (N) and potassium (P) fertilizer treatments

2022" 2023"

Treatment GY TKW BN EC GN GY TKW BN EC GN

(kg ha™) (@) (no./plant) (no./plant) (grain no./capsule) (kg ha™) (9) (no./plant) (no./plant)(grain no./capsule)
N fertilization (kg ha™)
0 1,038.89 ¢ 575b  9.93d 9.07b 7.27b 1,288.89b 6.33a 11.11b  11.44b 7.33b
75 1,312.50 b 6.03ab 12.63b 11.53a 8.57 a 1,5611.11a 6.55a 1456a 16.33a 8.56 ab
150 1,451.39 a 6.11a 1390a 11.93a 8.83a 1,54722a 6.72a 1494a 16.67a 9.06 a
225 1,300.00 b 590ab 11.83c 1140a 843 a 1,468.06a 6.50a 14.33a 15.56 ab 8.33 ab
K fertilization (kg ha™")
0 1,038.89 ¢ 575b 9.93c 9.07¢c 7.27b 1,288.89b 6.33b 11.11b  11.44b 7.33b
60 1,405.56 a 6.08a 13.33a 1238a 8.76 a 1,525.00a 6.71a 15652a 17.22a 9.07 a
90 1,303.70 b 594ab 1224b 10.87b 8.47a 1,49259a 647ab 13.70ab 15.15ab 8.22 ab
NxK interaction
CK 1,038.89 e 575a 9.93f 9.07¢c 7.27b 1,288.89b 6.33b 11.11b  11.44b 7.33b
N1K1 1,352.78 ¢ 6.05a 13.13bc 1240a 8.60 a 1,5616.67a 6.63ab 1544a 1755a 9.00 ab
N1K2 1,272.22d 6.00a 12.13d 10.67b 8.53 a 1,505.56a 6.47ab 13.66ab 15.11a 8.11 ab
N2K1 1,511.11a 6.20a 14.47a 1240a 9.07 a 1,569.44a 6.90a 16.00a 17.66a 9.67 a
N2K2 1,391.67 b 6.02a 13.33b 11.47ab 8.60 a 1,625.00a 6.53ab 13.89ab 15.67a 8.44 ab
N3K1 1,352.78 ¢ 598a 12.40cd 1233a 8.60 a 1,488.89a 6.60ab 1511ab 16.44a 8.56 ab
N3K2 1,247.22d 582a 1127e 1047b 8.27 a 144722a 640ab 1356ab 14.67a 8.11ab
Source of variance
N
K
NxK NS NS
"GY, grain yield; TKW, thousand-kernel weight; BN, branch number; EC, effective capsule; GN, grain number. -
Different letters show signifcant differences according to the least-signifcant difference (LSD) test at P<0.05 level. , and indicate that the

significant level of difference among treatments reached P<0.05, P<0.01 and P<0.001, respectively; NS, not significant.
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under K2. Compared to CK, the K1 treatment increased
thousand-kernel weight, branch number, effective capsules,
and grain number by 5.88, 37.12, 44.32, and 22.12%,
respectively (two-year average). Compared to CK, branch
numbers increased significantly by 45.72 and 44.01%, and
effective capsules increased by 36.71 and 54.37% under the
N2K1 treatment in the two years. ANOVA results indicated
that nitrogen and potassium fertilizer effects on grain yield,
thousand-kernel weight, branch number, effective capsule
count, and grain number were statistically significant. Their
interaction exerted significant positive regulatory effects on
grain yield, thousand-kernel weight, branch number, and
effective capsule count in both growing seasons.

3.2. Lignin synthesis accumulation

Expression of lignin biosynthetic 4CL71 and F5H3
genes The relative expression levels of 4CL1 and F5H3
exhibited a trend of initial increase followed by decline across
developmental stages, peaking at the kernel stage (Fig. 1).
During the anthesis to mature stages, 4CL1 expression under
the K1 treatment was significantly higher than under K2, with
increases of 12.58, 28.14, and 26.19% (two-year average).
Both K1 and K2 were significantly above the CK. At anthesis,
under K1, the N2 treatment increased 4CL1 expression by

10.02-30.76% and 5.18-10.11% compared to N1 and N3
in 2022 and 2023, respectively. Under K2, N2 showed a
significant increase of 19.75 and 6.55% over N3 in the two
growing seasons. Under nitrogen and potassium fertilizer
interaction, all fertilization treatments significantly enhanced
4CL1 expression by 16.18-66.01% and 20.29-41.11%
relative to CK across both years. At the kernel stage, under
K1, N2 achieved the highest expression, increasing by 1.78-
and 0.50-fold over CK in 2022 and 2023, respectively. Under
K2, no significant differences were observed between N1
and N3, though both were lower than N2. At maturity, 4CL1
expression under N2K1 was significantly higher than other
treatments, showing increases of 30.70-71.33% over other
fertilization regimes in 2022. Compared to CK, N1K1 and
N2K1 treatments increased expression by 47.24 and 49.88%
in 2023, respectively. From anthesis to maturity, F5H3
expression under K1 was significantly higher than under K2,
with a two-year average increase of 10.22, 7.92, and 14.06%.
Under K1, N2 significantly increased F5H3 expression by
13.78-17.16% compared to other nitrogen treatments in
2022, although no significant differences among N1, N2,
and N3 were detected at anthesis in 2023. Under N1 and
N2, F5H3 expression increased significantly by 39.23% and
41.89% (two-year average), respectively, relative to CK at the
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Fig. 1 Changes in the relative expression of genes involved in lignin synthesis in the stems of oil flax under different nitrogen
(N) and potassium (K) fertilizer treatments. CK, control; N1-N3, 75, 150, and 225 kg N ha™, respectively; K1 and K2, 60 and 90 kg
K,O ha™, respectively. , ”, and ™, significant at P<0.05, P<0.01, and P<0.001, respectively; ns, not significant.
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kernel stage. At maturity, F5H3 expression was significantly
lower under N3 than under N1 and N2 in 2023. Under K2,
F5H3 expression was significantly higher under N2 than
under other nitrogen treatments, increasing by 8.83-9.00%,
4.31-7.45%, and 3.75-18.64% (two-year average) during the
anthesis to mature stages. These results indicate that 4CL1
and F5H3 expression peaked at the kernel stage compared
to anthesis and maturity, and the application of 75-150 kg N
ha™" with 60 kg K,O ha™ significantly enhanced the relative
expression of both genes.

Relative activity of lignin biosynthetic enzymes As
shown in Fig. 2, the response of lignin-related enzyme
activities to nitrogen and potassium fertilizers varied across
growth stages, with consistent trends observed in both
years. At the K1 level, PAL, TAL, POD, and CAD enzyme
activities increased by 8.04, 9.55, 14.37, and 9.43% in 2022,
respectively, and by 13.25, 12.32, 6.20, and 5.49% in 2023,
respectively (averaged across three growth stages). In 2022,
TAL and POD enzyme activities at the N2 level peaked;
compared to other nitrogen levels, these activities were
significantly higher by 8.40-20.66% and 19.82—-49.81%,
respectively. PAL and CAD enzyme activities were greater
at N1 and N2 than at N3, showing significant increases of

8.78 and 12.61% for PAL, and 8.02 and 17.86% for CAD in
the 2022 and 2023 growing seasons, respectively. Across
all three nitrogen levels, the four enzyme activities were
significantly higher than in the CK. In 2023, PAL activity at
N1 and N3 was significantly lower than at N2, decreasing
by 3.85 and 5.12%, respectively. At N1 and N2, TAL activity
was significantly elevated by 22.23 and 34.91%, respectively,
compared to CK, while POD activity increased significantly by
14.31 and 20.59%. No significant differences were observed
in CAD activity among nitrogen levels, although all were
significantly higher than CK. Compared to CK, each nitrogen
level significantly increased enzyme activity by 8.12—-14.27%
(three-stage average) in 2023.

Under nitrogen and potassium fertilizer interaction, PAL
activity was significantly enhanced by 32.06 and 38.87%
(three-stage average) in the N1K1 and N2K1 treatments,
respectively, relative to CK. TAL, POD, and CAD activities
were markedly higher in the N2K1 treatment than in others,
increasing by 11.01-32.95%, 13.73-80.06%, and 13.65—
31.37% in 2022, respectively. Although PAL activity did not
differ significantly between N1K1 and N2K1 in 2023, both
treatments showed significantly higher values than the other
treatments. Under N2K1, TAL, POD, and CAD activities
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Fig. 2 Changes in the relative activity of lignin biosynthetic enzyme in the stems of oil flax under different nitrogen (N) and
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were significantly increased by 43.23, 26.20, and 17.41%,
respectively, compared to CK in 2023. These findings
indicate that N1K1 and N2K1 treatments significantly
enhanced PAL activity, while TAL, POD, and CAD activities
reached their maximum values — providing a strong
enzymatic foundation for lignin biosynthesis. Furthermore,
both unfertilized and excessively fertilized conditions were
unfavorable for enhancing the relative activities of enzymes
in the lignin synthesis pathway in stems.

Lignin content As nitrogen application increased, lignin
content initially rose and then declined from anthesis to
maturity (Fig. 3). The peak occurred at the N2 level, showing
a 12.60-16.63%, 4.60-7.81%, and 5.40-8.57% increase
compared to other nitrogen rates (two-year average). At
the K1 level, lignin content was significantly higher than
at K2. During anthesis, the N2K1 treatment consistently
exhibited greater lignin content than other treatments across
both years. At the kernel stage, under K1 conditions, the
N2 treatment increased lignin content by 5.02 and 3.96%
compared to N1. By the mature stage, N2K1 led to a
significant rise of 8.60-27.22% and 2.42-5.61% over other
fertilizer combinations. From anthesis to maturity, lignin
content under combined nitrogen and potassium fertilization
markedly exceeded that of the CK, increasing by 14.98—
71.01%, 8.81-31.24%, and 21.68-43.56% at each respective
stage. ANOVA revealed that the interaction between nitrogen
and potassium fertilizers had a highly significant effect on
stem lignin content, with the application of 150 kg N ha™ and
60 kg K,O ha™ most effectively promoting lignin synthesis
and accumulation.

3.3. Bending strength and lodging resistance index
Compared with CK, nitrogen and potassium fertilizer levels

and their interaction significantly increased stem bending
strength in oil flax (Fig. 4). At the anthesis to mature stage,
the K1 treatment increased stem bending strength by
8.39, 15.01, and 11.72% (two-year average) relative to K2.
Under N1 and N2 treatments, stem bending strength was
significantly higher than CK by 29.85-40.55%, 27.44—-38.86%,
and 42.91-54.72%, respectively (two-year average). During
the kernel stage, the N2 treatment under K1 conditions
increased stem bending strength by 40.55 and 60.49%
over CK across the two years. Under consistent potassium
supply, the lodging resistance index initially increased and
then declined with increasing nitrogen application. The
index peaked at the anthesis to mature stage under N2.
At the anthesis stage, the N1 and N2 treatments showed
significantly higher lodging resistance index than N3 at K1.
Under K2, no significant difference was observed between
N1 and N3, though both were significantly lower than N2.
During the kernel stage, the N2K1 treatment exhibited a
significantly higher lodging resistance index than CK, with
increases of 3.34 and 2.90, respectively. At the mature stage,
under K1 conditions, the N1 and N2 treatments increased the
index by 1.50- and 1.70-fold in 2022, and by 2.27- and 3.25-
fold in 2023. Based on two-factor analysis of nitrogen and
potassium fertilizers, the combination of 75-150 kg N ha™
and 60 kg K,O ha™ significantly enhanced both stem bending
strength and lodging resistance index in oil flax across both
growing seasons.

3.4. Structural equation model

To better integrate the complex relationships between
lignin biosynthesis, accumulation, and lodging resistance,
a structural equation model (SEM) was developed (Fig. 5).
Both potassium and nitrogen fertilizers significantly influenced
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Fig. 3 Changes in lignin content in the stems of oil flax under different nitrogen (N) and potassium (K) fertilizer treatments.
CK, control; N1-N3, 75, 150, and 225 kg N ha™', respectively; K1 and K2, 60 and 90 kg K,O ha™', respectively. Bars mean SE (n=3) ”,

significant at P<0.01.
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lodging resistance and grain yield in oil flax. In 2022, nitrogen
fertilizer exerted stronger positive effects than potassium
fertilizer on gene expression, lodging resistance, and grain
yield, with Path coefficients (A) of 0.427, 0.831, and 0.875,
respectively. In 2023, nitrogen fertilizer again showed greater
positive effects than potassium fertilizer on gene expression,
enzymatic activity, lodging resistance, and grain yield, with
A of 0.372, 0.621, 0.914, and 0.894, respectively. Positive
associations among gene expression, enzymatic activity,
lodging resistance, and grain yield were observed in both
growing seasons.

3.5. Redundancy analysis

Redundancy analysis (RDA) revealed positive associations
between nitrogen and potassium fertilizers and the relative
expression of 4CL1 and F5H3, as well as with PAL, TAL,
CAD, and POD enzyme activities, lodging resistance, grain
yield, and its components across both growing seasons
(Fig. 6). The relative expression of F6H3 was more
strongly influenced by nitrogen and potassium fertilization
than that of 4CL1. Nitrogen and potassium fertilizers were
also positively correlated with TAL, PAL, CAD, and POD
enzyme activities. Lignin content showed a stronger positive

association with nitrogen fertilizer than with stem bending
strength or the lodging resistance index. However, lignin
content was positively correlated with both bending strength
and lodging resistance index in both years. Furthermore,
nitrogen and potassium fertilizers were positively associated
with grain yield and its components. The contribution
of yield components to grain yield followed this order:
number of grains>number of effective capsules>number of
branches>thousand-kernel weight.

4. Discussion
4.1. Nitrogen and potassium fertilizers optimized on
mechanical properties of oil flax stems

Crop yield improvement is severely constrained by lodging.
Implementing appropriate cultivation practices can enhance
plant stem characteristics and significantly improve the
lodging resistance of oil flax, making it a critical strategy
for achieving high yields (Cui et al. 2022). Appropriate
application of nitrogen and potassium fertilizers increases
plant biomass, strengthens mechanical parameters such as
basal internode thickness and bending strength, reduces
the lodging index, modifies physiological attributes of stems,
elevates lignin and cellulose content, and enhances other
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chemical constituents (Pitre et al. 2007; Wei et al. 2008; enhancing the plant’s lodging resistance (Xu et al. 2018).
Liang et al. 2021). Additionally, these nutrients improve this study, nitrogen fertilizer application at 75-150 kg ha™
vascular bundle characteristics in the basal internode, thereby increased stem bending strength and lodging resistance
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index by 6.20-17.83% and 16.82-54.26% in 2022, and by
10.54-15.87% and 25.73-53.09% in 2023. Furthermore,
potassium fertilizer applied at 60 kg ha™' enhanced stem
bending strength, contributing to improved lodging resistance.
The combination of 75-150 kg N ha™" with 60 kg K,O ha™
significantly improved stem lodging resistance, indicating that
within an optimal range, increasing nitrogen and potassium
inputs enhances lodging resistance. However, further
increases in fertilizer rates did not improve resistance, likely
due to excessive vegetative growth, reduced light penetration
at the base, increased plant height, elevated center of gravity,
reduced lignin accumulation, and consequently higher
lodging risk (Wei et al. 2008; Zhang et al. 2017; Wu et al.
2019; Li et al. 2021). Treatments with combined nitrogen
and potassium fertilization showed significantly higher stem
bending strength and lodging resistance index than the CK,
attributed to the fact that deficiencies in either nutrient result
in weaker stems, reduced internode length, diameter, and
wall thickness, and impaired root development, all of which
compromise lodging resistance (Zhang et al. 2016; Shah
et al. 2017).

4.2. Nitrogen and potassium fertilizers facilitated on
lignin accumulation in oil flax stems

Lignin is a complex phenolic polymer, and its content in plant
stems is closely associated with lodging resistance (Peng
et al. 2014). Previous studies have shown that balanced
nitrogen and potassium supply significantly increases the
expression of lignin-related genes and enzyme activities,
promoting lignin biosynthesis and enhancing mechanical
strength and lodging resistance (Lu et al. 2014; Kuai et al.
2016; Wu et al. 2023). Both insufficient and excessive
nitrogen or potassium application hinder lignin synthesis and
accumulation (Liu X Y et al. 2007; Chen et al. 2018). At a
fixed potassium rate of 60 kg K,O ha™, nitrogen application
promoted stem lignin accumulation, which peaked under
the 75-150 kg N ha™ with 60 kg K,O ha™ treatment before
declining at higher rates. This study identified a rapid phase
of lignin accumulation from anthesis to kernel development.
During late growth stages, as grains develop and canopy
density increases, plants redirect nutrients to stems to
maintain structural integrity, resulting in increased lignin
content that enhances stem stiffness and hardness, thereby
reducing lodging risk (Kost et al. 2002). Gene expression
levels and enzyme activities are key regulators during lignin
biosynthesis (Wang et al. 2009; Chen et al. 2018; Kamran
et al. 2018a). The 75-150 kg N ha™ with 60 kg K,0 ha™
treatment significantly upregulated the relative expression of
4CL1 and F5H3 genes by 72.91-85.54% and 39.39-44.42%,
respectively, compared to CK. Enzyme activities of TAL,
POD, and CAD reached their maximum under 150 kg N ha™
combined with 60 kg K,O ha™. PAL activity was significantly
higher in the 75-150 kg N ha™" with 60 kg K,O ha™ treatments
compared to others. Thus, optimal nitrogen and potassium
fertilization enhances the expression of lignin-related
genes and associated enzyme activities, promoting lignin
biosynthesis. Insufficient nitrogen or excessive potassium
application is detrimental to lignin accumulation (Martz et al.

1998; Kumar et al. 2003; Christin et al. 2010; Chen et al.
2018).

SEM analysis revealed that the activities of lignin
biosynthetic enzymes (TAL, PAL, POD, and CAD) and the
expression of related genes (4CL17 and F5H3) were positively
correlated with lignin content in both growing seasons. This
indicates that elevated gene expression and enzyme activity
effectively promote lignin synthesis and accumulation (Wang
et al. 2009; Kamran et al. 2018a). Correlation analysis
showed that nitrogen and potassium fertilizers significantly
regulated lodging resistance and grain yield. Lignin content,
stem bending strength, and lodging resistance index
exhibited highly significant positive correlations with lodging
resistance. A significant positive relationship also existed
between lodging resistance and grain yield. These findings
suggest that, within an optimal range, nitrogen and potassium
fertilization enhances the expression of lignin-related genes
and enzyme activities, thereby promoting lignin accumulation.
High stem lignin content, coupled with multiple layers of
mechanical tissue and abundant, large vascular bundles,
contributes simultaneously to strong lodging resistance and
high grain yield (Chen et al. 2011).

4.3. Nitrogen and potassium fertilizers raised on grain
yield by oil flax populations

In field production, research has focused on balancing
grain yield and stem quality (Xu et al. 2017). Grain yield
and its components are influenced by various factors,
including nitrogen fertilizer type and rate, fertilizer use
efficiency, application timing, and basal-to-topdressing
ratio (Clement et al. 2007; Sawan et al. 2008). Appropriate
cultivation methods improve stem quality and increase
grain yield. Timely fertilization enhances monosaccharide
and polysaccharide content in stems, promotes internode
plumpness, stimulates cellulose and lignin biosynthesis, and
increases bending strength, thereby improving both lodging
resistance and grain yield (Yang et al. 2009; Ahmad et al.
2020). In this study, nitrogen, potassium, and their interaction
had significant positive effects on thousand-kernel weight,
branch number, and effective capsule count. Grain yield
initially increased and then declined with increasing nitrogen
and potassium rates. The highest yield was achieved with
150 kg N ha™ and 60 kg K,O ha™", which was 45.45 and
21.77% higher than the control in the two growing seasons,
respectively. Moderate nitrogen and potassium application
likely increased grain yield by enhancing photosynthesis
and respiration, providing more ATP for protein and seed
formation, and improving carbohydrate translocation to
seeds (Tikkoo et al. 2013). In practical production, optimized
nitrogen and potassium application can synergistically
improve individual plant performance and population quality,
supporting high-yield oil flax cultivation.

5. Conclusion

The study demonstrated that applying 75-150 kg N ha™
significantly increased the lodging resistance index in oil
flax stems compared to other nitrogen levels. Similarly,
the expression of 4CL1 and F5H3 genes, along with
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PAL and TAL enzyme activities, and lignin accumulation
responded positively to nitrogen application within this
range. Application of 60 kg K,O ha™" enhanced lignin-
related enzyme activities and gene expression, effectively
promoting lignin biosynthesis and accumulation. The
combination of 75-150 kg N ha™" with 60 kg K,O ha™ resulted
in significantly higher lignin content, stem bending strength,
and lodging resistance index compared to other treatments
and their interactions. SEM indicated significant positive
correlations among gene expression, enzyme activities, and
lodging resistance. In conclusion, the 75-150 kg N ha™
with 60 kg K,O ha™' treatment is an effective strategy for
enhancing lodging resistance and achieving efficient oil flax
production in the study region. However, regional soil fertility,
environmental conditions, varietal traits, and other factors
should be comprehensively considered when implementing
such fertilization strategies.
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