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Response of Lignin Metabolism to
Light Quality in Wheat Population

Chunhui Li', Yongli Luo?, Min Jin, Shufang Sun, Zhenlin Wang and Yong Li*

State Key Laboratory of Crop Biology, Agronomy College of Shandong Agricultural University, Tai’an, China

The low red/far-red (R/FR) light proportion at the base of the high-density wheat population
leads to poor stem quality and increases lodging risk. We used Shannong 23 and
Shannong 16 as the test materials. By setting three-light quality treatments: normal light
(CK), red light (RL), and far-red light (FRL), we irradiated the base internodes of the stem
with RL and FRL for 7h. Our results showed that RL irradiation enhanced stem quality,
as revealed by increased breaking strength, stem diameter, wall thickness and, dry weight
per unit length, and the total amount of lignin and related gene expression increased, at
the same time. The composition of lignin subunits was related to the lodging resistance
of wheat. The proportion of S+G subunits and H subunits played a key role in wheat
lodging resistance. RL could increase the content of S subunits and G subunits and the
proportion of S+ G subunits, reduce the proportion of H subunits. We described here, to
the best of our knowledge, the systematic study of the mechanism involved in the
regulation of stem breaking strength by light quality, particularly the effect of light quality
on lignin biosynthesis and its relationship with lodging resistance in wheat.

Keywords: wheat, light quality (red/far-red), lignin biosynthesis, lodging resistance, gene regulation, lignin
subunits

INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important crop in the world, and it plays
a crucial role in determining global food security (Zhang et al., 2020). As the global population
grows, the production of wheat needs to increase by 70% to ensure food security by 2050
(Curtis and Halford, 2014). Wheat yield needs to be achieved by increasing planting density
and fertilization (Xiao et al., 2015; Fang et al., 2018). However, these factors increase competition
for water, fertilizer, and light within the population, thus increasing the risk of lodging. Lodging
affects not only crop yield but also crop quality and increases the cost of harvesting. Therefore,
how to improve the stem quality, especially the breaking strength of stem base internodes,
has become the main goal to improve the lodging resistance and yield of wheat.

The basal internodes of the wheat plant, especially the second internode (counted up from
the surface), have the greatest influence on the lodging resistance (Zhang et al., 2017). The
breaking strength of the basal internodes significantly influences the performance of wheat in
terms of lodging resistance, which is significantly correlated with stem diameter, wall thickness
and, dry weight per length (Meng et al, 2016; Zhang et al, 2016). Lignin is a structural
component of the secondary cell wall of plants, which plays an important role in plant growth,
lodging resistance, and various stresses (Hussain et al, 2019). It is closely related to the
breaking strength of the stem (Liu et al., 2019). Lignin is composed of three structural subunits,
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sinapyl alcohol, p-hydroxyphenyl alcohol, and coniferyl alcohol,
which form syringyl (S), p-hydroxyphenyl (H), and guaiacyl
(G) through polymerization reactions (Li et al., 2008; Nguyen
et al,, 2016). The lignin subunits structure is highly conserved,
but its content and proportion are strongly influenced by the
environment (Hu et al., 2016).

Light plays a wide range of roles in regulating plant growth,
morphogenesis, and physiological metabolism. Photomodulation
is an economical and environmentally friendly method to
provide a suitable light environment for crops, while reducing
chemical fertilizer inputs, improving quality and efficiency to
ensure ecological safety (Huang et al., 2015; Li et al, 2018).
Evidence is growing that shade avoidance responses (reduced
stem elongation and diameter) occur in crops when the lower
plant canopy has a low red/far-red (R/FR) light ratio (Child
et al., 2010; Jin et al, 2021). Plant cells regulate plant growth
and developmental processes mainly through the effects of
light interactions, such as those mediated by phytochrome
signaling pathways. Regulation of intermediate or end products
of the photosensitized pigment signaling pathway significantly
affects plant growth (Cao et al, 2016; Legris et al, 2019).
Plant height is largely influenced by endogenous hormones,
among which, gibberellin (GAs) plays an important role in
stem elongation (Huang et al, 2019; Tang et al., 2020). In
both rice (Oryza sativa Linn.) and Arabidopsis [Arabidopsis
thaliana (Linn.) Heynh.], GAs synthesis gene mutants show
dwarfism, while light and GAs are antagonistic to cell elongation.
Light induces the onset of photomorphogenesis and inhibited
hypocotyl growth in plants, while GAs promoted yellowing
growth and increased hypocotyl elongation (Lucas et al., 2008;
Buss et al., 2020). Phytochrome can be divided into red-absorbing
forms (Pr) and far-red absorbing forms (Pfr) according to the
type of chromophore (Chen and Chory, 2011). Upon exposure
to red light (RL), Pr is converted to Pfr, which is translocated
to the nucleus. In the nucleus, Pfr interacts directly with the
basic helix-loop-helix (bHLH) subfamily of transcription factors,
called phytochrome-interacting factors (PIFs; Nito et al., 2013).
PIF3, in Arabidopsis, which could inhibit cotyledon elongation
under far-red light (FRL), but promote embryonic axis elongation
under RL (Yue et al, 2015; Hernando et al., 2021). R/FR
significantly affected basal internode length in rice (Zhong
et al, 2020). Previous studies demonstrated that increasing
the proportion of R/FR from 1.0 to 3.8 reduced the height
of petunia [Pharbitis nil (L.) Ching] plants by 30% (Fletcher
et al, 2015). In soybean [Glycine max (Linn.) Merr.], high
density significantly reduced the proportion of R/FR at the
base of the canopy, which inhibited lateral growth of soybean
stems and promoted elongation of internodes at the base of
the stem resulting in reduced stem thickness and increased
plant height (Cheng et al., 2018; Liu et al., 2018b). Previous
studies showed that low R/FR proportion conditions had
important effects on lignin biosynthesis and metabolism by
affecting the activities of phenylalanine ammonia-lyase (PAL),
peroxidase (POD), 4-coumarate: CoA ligase (4CL), and cinnamyl
alcohol dehydrogenase (CAD; Koyama et al., 2012; Liu et al.,
2018a). As expected, downregulation of these enzyme genes
could lead to a decrease in total lignin and alter monomeric

proportions, damaged xylem and vascular bundles, and reduced
stem quality and lodging resistance (Zheng et al., 2017a; Hussain
et al, 2021). In addition, downregulation of ferulic acid-5-
hydroxylase (F5H) and caffeic acid-oxy-methyltransferase
(COMT) genes had little effect on total lignin (Lin et al,
2015), but could alter the macromolecular structure and subunit
polymerization of lignin, affecting the lignin subunit proportion
and thus the breaking strength of the stem (Baucher et al,
2003; Stewart et al., 2009). The relationship between wheat
varieties lodging resistance and stem morphological and
mechanical traits had been investigated more frequently, but
very little was found in the literature on the question of the
effect of basal R/FR proportion on lodging resistance and lignin
subunits content and proportion in wheat. By setting up different
light quality treatments, we investigated the regulatory mechanism
of different light quality on wheat stem traits and lignin synthesis,
aiming to provide a theoretical basis and technical support
for enhancing wheat’s resistance to lodging.

MATERIALS AND METHODS

Experimental Design

The experiment was conducted at the experimental station of
Shandong Agricultural University, Tai'an, China (36° 9' N, 117°
9" E; altitude 128m) during the 2018-2019 and 2019-2020
growing seasons. The experimental land was sandy loam with
organic matter of 15.8g kg™', total nitrogen of 1.34g kg™,
nitrate nitrogen of 14.21mg kg™', ammonium nitrogen of
6.58 mg kg™, available phosphorus of 8.87 mg kg™', and available
potassium of 84.62mg kg™ in the 0-20cm soil layer.

Two typical cultivars of winter wheat currently used in local
production, Shannong16 (SN16) and Shannong23 (SN23), were
utilized in this study. SN16 is a lodging-sensitive cultivar, and
SN23 is a lodging-resistant cultivar. Three light quality treatments,
normal light (CK), RL and, FRL, were set up for the experiment,
and the basal internodes of stems were given RL (660nm,
1.3>R/FR>1.6) for 7h and far-red light (720 nm, 0.3>R/FR>1.0)
for 7h daily from 9:00 to 16:00 from the beginning of jointing
(GS 31; Zadoks et al., 1974) to flowering (GS 65), respectively.
The light device was installed at 5cm from the ground surface
with the light source perpendicular to the stalk, as shown in
Figure 1. The plot size was 9m? with three replications. The
treatments were planted at a density of 2.25 million plants
ha™'. In addition, during the growing seasons, 120kg ha™' N,
75kg ha™' P,0s;, and 150kg ha™' K,O were applied as the
basal fertilizer before planting, and 120kg ha™" N was top-dressed
at the jointing stage (GS 31). Pests, diseases, and weeds were
well controlled to avoid yield losses.

Breaking Strength

The breaking strength of wheat was measured at flowering
(GS 65), milking (GS 75), and dough (GS 85) stages using a
digital stem strength meter (Hangzhou Tepe Instrument Co.,
Ltd., Hangzhou, China; Hussain et al., 2020). The internodes
without stem sheath were placed 5cm away from the groove
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FIGURE 1 | Supplementary light irradiation device.

of the support post. The center of the internode was aligned
with the pressure probe. The breaking strength was the peak
value when the internode was broken. It was displayed on
the instrument screen and its unit was Newton (N).

Measurement of Morphological
Characteristics in the Second Internode of
Stem

Fifteen representative main stems (removing stem sheath) were
taken at flowering (GS 65), milking (GS 75), and dough (GS
85) stages, and the diameter, wall thickness, and dry weight
per unit length of the second internode at the base of the
stem were prepared by adapting the procedure used by Wei
et al. (2008). The diameter and wall thickness of the stem
were measured with a vernier caliper with an accuracy of
0.001 mm; dry weight per unit length was scored with the
formula (the dry weight of basal second internode/the length
of basal second internode).

Gibberellin Determination

The gibberellin content in the second internode of wheat stems
was measured from the beginning of the formation of the
second internode to day 35. Gibberellin acid4 (GA4) and
gibberellin acid7 (GA7) were extracted according to the method
described by Dave et al. (2011), with the extraction buffer
(isopropanol: chromatographic acetic acid, 99:1) being used as
the extractant. The qualitative and quantitative analyses of the
GA4 and GA7 in the wheat stem were performed by ultra-
performance liquid chromatography-electrospray tandem mass
spectrometry (UPLC-MS/MS) system (ACQUITY UPLC I-Class/
Xevo TQ-S, Waters Co., United States).

Lignin Determination

The lignin content of the second internode of wheat stems
was determined from the beginning of the formation of the
second internode to day 49. Lignin determination was done
as previously reported by Peng et al. (2014). Around 0.3g of

fresh stem samples with leaf sheaths removed were ground in
liquid nitrogen, rinsed five times with 80% ethanol to remove
soluble metabolites, rinsed with acetone, and dried in a drying
oven. Samples were exposed to a 4:1 (v/v) mixture of acetic
acid: acetyl bromide and incubated at 70°C for 2h. Then, the
samples were cooled to room temperature and transferred to
50ml volumetric flasks to which 2M NaOH, acetic acid, and
7.5M hydroxylamine hydrochloride were added to terminate
the reaction. The fixation of each sample was completed
with acetic acid. The absorbance of the samples was read at
280nm wusing a spectrophotometer (Beijing Pu-analysis
General Instrument Co., Ltd.). Lignin content was expressed
as OD280 ml™' g™' fresh weight (FW).

Determination of Lignin Subunits

At flowering (GS 65), milking (GS 75), and dough (GS 85)
stages, the content of the lignin subunits (S, G, and H) in
the second internode of the wheat stem was determined.
The content of lignin subunits was prepared according to
the procedure used by Zheng et al. (2017b) with slight
modifications. Lignin in wheat stems was oxidatively
depolymerized to lignin subunits by alkaline nitrobenzene
oxidation. The qualitative and quantitative analysis of the
three lignin subunits in wheat straw was performed by
UPLC-MS/MS system (ACQUITY UPLC I-Class/Xevo TQ-S,
Waters Co., United States). A dry sample of 20mg of the
protein-free stem was accurately weighed in a 50ml white
digestion tube; then 3ml of 2M NaOH and 0.5ml of
nitrobenzene were added, and the sample was thoroughly
mixed and heated in a Master 40 microwave digestion
instrument (Shanghai, Xin Yi Microwave Chemical Technology
Co., Ltd.) at 170°C for 1h. The reaction mixture was then
centrifuged and extracted with 4ml of ethyl acetate. The
supernatant was extracted twice. Ethyl acetate was evaporated
using a Concentrator plus vacuum centrifuge concentrator
(Eppendorf, Germany). The sample was re-dissolved with 6 ml
of 50% acetonitrile in water, filtered through 0.22 ym membrane,
and injected into 4pl for detection on the machine.
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Real-Time Quantitative PCR Assay

We searched for genes in the NCBI GenBank nucleotide database’
and the Ensembl plant’s database,” which gave homologous gene
information for a given gene, then designed primers based on
the comparison results of the wheat genome sequence published
by IWGSC.? The primers were designed in the conserved regions
of genes. Instead of amplifying a specific gene, we amplified that
gene and all its homologs at the same time as a way to test the
expression of all of them, since their expression products were
functionally identical. ~Gene-specific primers with Tm ranging
from 50 to 60°C and amplifying PCR products ranging from 75
to 200bp in length were designed using Primer 5.0 (Table 1).
All the designed primers were tested for full efficiency before
use for expression profiling of target genes. The gene expression
encompassed three independent biological replicates of each
treatment. For each biological replicate, three technical replicates
of each PCR reaction were performed. Briefly, total RNA from
the second basal internode was isolated using a modified Trizol
extraction method and treated with DNase I to remove any
contaminant genomic DNA. First-strand cDNA was synthesized
from 1pg of total RNA using the Prime Script RT Reagent Kit
(QUANSHIJIN, China).

The quantitative PCR (qPCR) assay was performed on the
7,500 Real-Time PCR instrument (ABI, United Kingdom). The
reaction consists of 2pl of the diluted cDNA as a template,
10pl of Top/Tip Green qPCR Supermix (QUANSHIJIN,
China), 0.4pl of 10pM forward primer (200nM final
concentration), 0.4pl of 10uM reverse primer (200nM final
concentration), 0.4 pl of passive reference dye (50x; QUANSHIJIN,
China), and 6.8l nuclease-free water, total 20 pl. The samples
were subjected to the following thermal cycling conditions: DNA
polymerase activation at 94°C for 30s followed by 45cycles of
denaturation at 95°C for 5s, annealing at 50-60°C (depending
on the melting temperature of the primer set) for 15s and
extension at 72°C for 10s in duplicate in 96-well optical reaction
plates (ABI, United Kingdom). Relative expression was calculated
using equation 24 (Livak and Schmittgen, 2001).

'http://www.ncbi.nlm.nih.gov/nuccore/
*http://plants.ensembl.org
*http://wheat-urgi.versailles.inra.fr/

Statistical Analysis

Tables and figures were processed with Microsoft Excel 2007
and SigmaPlot 14.0 Software. Data management and analysis
were performed using Data Processing System software 7.05
(DPS) and IBM SPSS statistics 22 statistical software. The means
and significant differences between treatments were separated
using the least significant difference (LSD) test at 5% probability.

RESULTS

The ANOVA for the Effects of Cultivar and
Light Quality on Breaking Strength, the
Content of S, G, and H Subunits, and
Lignin the Content of Stems as Well as Dry
Weight per Length, Diameter, and Wall
Thickness, in Two Wheat Cultivars

The analysis of variance showed that wheat variety and light
quality significantly (p<0.01) affected wheat stem breaking
strength, dry weight per length, stem diameter, wall thickness,
and S, G, and H subunit contents as well as total lignin content
(Table 2). What stands out in Table 2 is the effect of variety xlight
quality (CxL) on breaking strength, S, G, and H subunit contents
were significant (p<0.01). However, the effect of varietyxlight
quality (CxL) on dry weight per length, stem diameter, wall
thickness was not significant. In addition, variety xlight quality
(CxL) had a significant effect on total lignin content (p<0.05).

Response of Wheat Breaking Strength to
Light Quality in Population

The results, as shown in Table 3, indicated that both varieties
showed a decreasing trend in folding resistance from the flowering
to the waxing stage. Further analysis showed that compared to
the CK treatment, the second internode stem breaking strength
was significantly increased by 54.45, 46.69, and 34.73% in the
three periods of the RL treatment in 2018-2019 and by 47.44,
49.03, and 36.74% in 2019-2020 (mean of both varieties), and
the three stages of the FRL treatment in 2018-2019 times had
a significant reduction of 21.55, 31.51, and 43.89% in the second
internode breaking strength of the stem; and 26.84, 31.24, and
44.01% in 2019-2020 (mean of both varieties).

TABLE 1 | Sequence of primers and probes for TaPhy A, TaPhy B, and key genes in the lignin biosynthesis pathway.

Gene ID Primer sequence-F (5'-3) Primer sequence-R (5'-3)
B-ACTIN (TraesCS1A02G274400) GGGACCTCACGGATAATCTAATG CGTAAGCGAGCTTCTCCTTTAT
Phytochrome A (PHY A1) (TraesCS4A02G262900) TTGTGAATGCTTGTGCCAGC TGAGGGAGACTACATGGCGA
Phytochrome B (PHY B3) (TraesCS4A02G122500) CACCAGAATCACACGCAGTC GATCTGCTGCTCGGAGGAG
Phenylalanine ammonialyase (PAL4) (TraesCSB6A02G222800) CATCTTGGAGGGAAGCTCATAC GACTTGGTGGCAAATCGAATAAC
Cinnamate 4-hydroxylase (C4H2) (TraesCS3B02G375100) GCCGAGAGCAAGATCCTCGT CGTGCTTCTCCTCCTCCAGG
p-Hydroxycinnamoyl-CoA shikimate (HCT2) (TraesCS2B02G374600) TGTCAGCATTGCTCCGTGGA CCAGGAGCCATGAACACCGG
p-Coumarate 3-hydroxylase (C3H1) (TraesCS3D02G336900) CCCATCCTCGGCATCACCAT CGCCCTTCTCAGTCGTGTCA
Cinnamoyl-CoA reductase (CCR2) (TraesCS5D02G232400) CGTGATGGTGCTGAAGAAAC CGATCATCGAAGCCGATACA
Cinnamyl alcohol dehydrogenase (CAD4) (TraesCS6D02G162800) GAGGTCGTCAAGATGGAC CTAGCTCTTTCTCCCTCTG
4-Coumarate:CoA ligase (4CL2) (TraesCS7D02G483400) TGCACACTGGAGACATTGGC TTCGAGTTCCGCAGGAGGTA
Ferulate 5-hydroxylase (F5H2) (TraesCS2B02G518400) AGCTCCCCTCTCTCAAGTGC GACACAGTCCTCGGCGTTCT
Caffeic acid O-methyltransferase (COMTT1) (TraesCS3B02G612000) GATCCATGACAACGAGTCTACC CGAATCAATCGACGACACAAAC
Caffeoyl shikimate esterase (CSE) (TraesCS2B02G229300) GCCAGCAAGGACAAGACCATCA GCTGAGCCAGGCGAGGATGT
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TABLE 2 | Variance analyses for the effects of the cultivar (C) and light quality (L) on breaking strength, the content of S, G, and H subunits, and lignin content of stems

as well as dry weight per length, diameter, and wall thickness, in two wheat cultivars.

Source of variation BS DW D WT S subunits G subunits H subunits Lignin
Cultivar, C 29277 377.44™ 24.82" 70.12" 5586.15™ 4776.07" 3324.14™ 269.57™
Light quality, L 158.66™ 88.49™ 253.08™ 81.91™ 2166.73™ 867.23" 197.62" 253.84™
CxL 26.38" 0.18™ 2.65™ 2.70™ 350.58™ 211.79" 70.27" 3.52
F-values were shown. C, cultivar; L, quality; BS, breaking strength; DW, dry weight per length; D, diameter; WT, wall thickness; S, syringyl lignin; G, guajacyl lignin;
H, p-hydroxyphenyl lignin; and Lignin, lignin content.
"Represent significance at the 0.01 probability level.
"Represent significance at the 0.05 probability level.
"Represent not significant at the 0.05 probability level.
TABLE 3 | Effect of light quality in wheat population on breaking strength in 2018-2019 and 2019-2020 growing seasons.
2018-2019 2019-2020
Cultivars Treatments . . . .
Anthesis (N) Milk (N) (DC, 75) Dough (N) Anthesis (N) Milk (N) (DC, 75) Dough (N)
(DC, 65) (DC, 85) (DC, 65) (DC, 85)
SN23 CK 8.08+0.72° 7.90+0.79° 6.23+0.36° 9.35+0.35° 7.93+0.30° 6.12+0.14°
RL 14.87+£0.49% 11.24+0.63% 8.50+0.56° 156.66+0.372 11.36+0.36* 8.564+0.312
FRL 6.33+0.18° 4.83+0.58° 4.20+0.33° 6.57+0.30° 4.84+0.28° 4.17+0.37°
SN16 CK 6.48+0.47° 3.72+0.35° 3.42+0.36° 6.49+0.13° 3.66+0.11° 3.40+0.12°
RL 7.63+0.54% 5.82+0.40° 4.51+£0.50° 7.69+0.172 5.92+0.13% 4.47+0.17°
FRL 5.09+0.64° 3.13+0.18° 1.21+£0.17° 5.02+0.20° 3.14+0.13° 1.16+0.12°

SN16 and SN23 represent the lodging-sensitive cultivar Shangnong16 and the lodging-resistant cultivar Shangnong23. CK represents the normal light, RL represents the red light,
and FRL represents far-red light. Data are the means +SD of 10 replicates. Values followed by different letters are significantly different at p<0.05 (n=10).

TABLE 4 | The effect of light quality in population on dry weight per length in wheat stem in 2018-2019 and 2019-2020 growing seasons.

2018-2019 2019-2020
Iti Treat t
Cultivars reatments Anthesis (ngcm-")  Milk (mgcm~')  Dough (mgcm-~) Anthesis Milk (mgcm~7) Dough (mgcm™)
(DC, 65) (DC, 75) (DC, 85) (mgcm™) (DC, 65) (DC, 75) (DC, 85)
CK 0.0268+0.0015° 0.0338+0.0004°  0.0238+0.0004° 0.0212+0.0004° 0.0258 +0.0002° 0.017 £0.0004°
SN23 RL 0.0296+0.00122 0.0854+0.0010*  0.0261+0.00172 0.0241 +0.00012 0.0308 +0.0005* 0.0202 +0.0003*
FRL 0.0237 +0.0018°¢ 0.0831+0.0007¢  0.0208+0.0015° 0.0195+0.0003¢ 0.0221 +0.0004¢ 0.0151+0.001¢
CK 0.0152+0.0006° 0.0215+0.0011° 0.0125+0.0004 0.0113+0.0002° 0.0158 +0.0002° 0.0106+0.0002°
SN16 RL 0.0179+0.0007% 0.0239+0.00072 0.017+0.0011# 0.0169+0.0004* 0.0218+0.0003* 0.0146+0.00012
FRL 0.0146+0.0009° 0.0203+0.0003°  0.0119+0.0009°¢ 0.0101 +£0.0002¢ 0.0124 +0.0002°¢ 0.0096 +0.0004¢

SN16 and SN23 represent the lodging-sensitive cultivar Shangnong16 and the lodging-resistant cultivar Shangnong23. CK represents the normal light, RL represents the red light,
and FRL represents the far-red light. Data are the means +SD of 10 replicates. Values followed by different letters are significantly different at p<0.05.

Response of Wheat Stem Dry Weight per
Length to Light Quality in Population

Dry weight per length in the wheat stem of both varieties
showed a trend of increasing and then decreasing from anthesis
to dough stage. It was apparent from Table 4 that compared
to the CK treatment, the dry weight per length in wheat stem
under the RL treatment increased by 13.10, 7.23, and 18.73%
in 2018-2019; 26.15, 26.44, and 26.09% in 2019-2020 (mean
of both varieties), respectively, and the dry weight per length
in wheat stem under the FRL treatment in 2018-2019 decreased
by 8.81, 3.44, and 9.92%, respectively; and 8.92, 17.07, and
10.51% (mean of both varieties) from 2019 to 2020, respectively.
In addition, dry weight per length in the wheat stem was
significantly higher in SN23 than in SN16 (Table 4).

Response of Wheat Stem Diameter and Wall
Thickness to Light Quality in Population

We could see that R/FR had significant effects on the second
internode diameter and wall thickness at the base of the stem,
and both increased with the increase in the proportion of R/
FR (Figure 2). As can be seen in Figure 2, compared to the
CK treatment, the second internode diameter of the RL treatment
increased by 4.06% and the FRL treatment decreased by 3.07%
in 2018-2019, and in 2019-2020, the second internode diameter
of the RL treatment increased by 4.19% and the FRL treatment
decreased by 1.70% (mean of both varieties). Compared to
the CK treatment, the wall thickness of the second internode
of the plants increased by 6.44% in the RL treatment and
decreased by 11.59% in the FRL treatment in 2018-2019, and
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FIGURE 2 | The effect of light quality in population on diameter (A,C) and wall thickness (B,D) in wheat in 2018-2019 and 2019-2020 growing seasons,
respectively. SN16 and SN23 represent the lodging-sensitive cultivar Shangnong16 and the lodging-resistant cultivar Shangnong23. CK represents the normal light,
RL represents the red light, and FRL represents far-red light. Solid lines and red dotted lines indicate medians and means, respectively; box boundaries indicate
upper and lower quartiles, whisker caps indicate 90th and 10th percentiles (n=12). Significant differences between treatments according to the least significant
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increased by 12.45% in the RL treatment and decreased by
6.74% in the FRL treatment in 2019-2020 (mean of both
varieties). Additionally, diameter and wall thickness were
significantly higher in SN23 than in SN16.

Response of Gibberellin (GA4, GA7) to
Light Quality in Population

It could be seen from the data in Figure 3 that the light
quality within the population significantly affected the gibberellin
content (GA4, GA7) of wheat stems, with GA7 content
significantly higher compared to GA4 (Figure 3). Compared
with the CK treatment, the RL treatment significantly reduced
the GA4 and GA7 content and the FRL treatment significantly
increased the GA4 and GA7 content. Further analysis showed
that GA4 and GA7 contents showed a trend of increasing and
then decreasing with time and reached the maximum value
7days after the formation of the second node at the base of

the wheat stem. In addition, the gibberellin content (GA4,
GA7) of SN23 was always lower than that of SN16.

Response of Lignin Accumulation in Wheat
Stems to Light Quality in Population

Lignin accumulation during wheat stem development was
determined according to the effect of different R/FR conditions
on the degree of lignification of the second internode of wheat
stems (Figure 4). In 2018-2019, the total lignin accumulation
under the RL treatment increased by 13.34% compared with
the CK treatment; the FRL treatment decreased by 10.91%
compared with the CK treatment (CK; mean of both varieties);
in 2019-2020, the total lignin accumulation under the RL
treatment increased by 13.95%; the FRL treatment decreased
13.44% compared to the CK treatment (CK; mean of both
varieties). Figure 4 showed that there were differences in lignin
accumulation during stem development in winter wheat, with
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FIGURE 3 | The effect of light quality in population on GA4 (A,B) and GA7 (C,D) in wheat in 2018-2019 growing seasons. SN16 and SN23 represent the lodging-
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faster accumulation rates from 0 to 35 days after the formation
of the second internode. These results suggested that the jointing
and anthesis stages were critical periods for lignin accumulation.
In addition, the trend of lignin accumulation was the same
in both varieties, but the lignin accumulation of SN23 was
higher than that of SN16, under different treatments.

Response of Lignin Subunit Content and
Proportion to Light Quality in Population
As shown in Figure 5, wheat stem lignin consisted of S, G,
and H subunits, with S and G subunits being the most
abundant and H subunits accounting for the smallest percentage.

The total lignin content and subunit content increased with
fertility, and the total lignin content and subunit content
of SN23 were higher than those of SN16, and both responded
to RL and FRL with similar trends. In 2018-2019, compared
with the CK treatment, the total lignin subunit content of
the RL treatment significantly increased by 35.28, 36.54,
and 31.95% (mean of both varieties); the FRL treatment
significantly decreased by 27.38, 30.88 and 18.84% (mean
of both varieties).

As could be seen from Figure 6, in 2018-2019, compared
with the CK treatment, the RL treatment significantly increased
the content of S and G subunits and the proportion of S+G
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subunits, and significantly decreased the proportion of H
subunits; the FRL treatment significantly decreased the content
of S and G subunits and the proportion of S+G subunits,
and significantly increased the proportion of H subunits. Overall,
these results indicated that S+G and H subunit proportions
play a key role in the performance of wheat in terms of
resistance to lodging.

Response of Phytochrome and Lignin
Synthesis Key Enzyme Gene Expression to
Light Quality in Population

The RL treatment significantly increased the relative expression
of TaPhy B, which decreased gradually with the growth and
development process, and the RL treatment slowed down this
decrease, while the FRL treatment accelerated it (Figure 7).
The RL treatment significantly decreased the relative expression
of TaPhy A, which gradually decreased with the growth and
development process, and the RL treatment accelerated this

rate of decrease, while the FRL treatment slowed down this
rate of decrease.

As shown in Figure 7, the transcript abundance of most
of the key lignin synthesis enzymes decreased gradually with
the progress of growth and development. The effect of different
light qualities on the relative expression of TauPAL and TaC3H
gradually increased with increasing days of light exposure,
and high RL and FRL proportion conditions retarded the
decreasing rate. The relative expression of TaC4H and Ta4CL
genes reached the maximum at 14days after illumination,
and the effect of different light quality on the relative expression
of TaC4H and Ta4CL genes followed the trend: RL > CK > FRL.
The relative expression of TaHCT and TaCSE genes increased
significantly under high RL and FRL proportion conditions,
but the differences with other treatments gradually decreased
over time. TaF5H and TaCOMT were key enzymes in the
lignin S subunit production step, and RL treatment significantly
increased the relative expression of both genes, while the
differences were not significant under the CK treatment and
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the FRL treatment, and with the progression of fertility.
TaCCR and TaCAD are the last two steps of lignin subunit
synthesis, and the relative expression of TaCCR gene reached
the maximum after 14 days of light treatment, while TaCAD
gradually decreased with the fertility process. Compared with
the CK treatment, the RL treatment significantly increased
the relative expression of both genes, the FRL treatment
had no significant effect on the relative expression of TaCAD
gene, and the FRL treatment significantly decreased the
relative expression of TaCCR gene. The relative expression
of all genes was higher in SN23 than in SN16 during all
stages of stem development, and the lowest relative expression
of all genes was achieved at maturity.

Correlation Analysis of Lodging
Resistance With Stem Morphological
Characteristics and Lignin Content

Stem morphological characteristics such as filling, diameter,
and wall thickness of the second internode at the base of the
stem were highly significantly and positively correlated with
folding resistance (Figure 8). The correlation analysis also
showed that the lignin content of the second internode at the
base of the stem was highly significantly and positively correlated
with folding resistance, and the proportion and distribution
of lignin subunits affected the breaking strength of the stem,
with the proportion of H subunits significantly and negatively
correlated with the breaking strength of the stem, and the
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proportion of S+ G subunits significantly and positively correlated
with the breaking strength of the stem (Table 5). The results
indicated that increasing the second internode filling, stem
thickness, and wall thickness at the base of the wheat stem
was beneficial to enhance its fracture resistance and increasing
the lignin content and S+G subunit proportion at the base
of the stem was beneficial to enhance the resistance of wheat
to lodging.

DISCUSSION

Stem Morphological Characteristics

Plants sense changes in the light environment through
photopigments, the intracellular distribution of which is
influenced by light intensity and light quality. It is involved
in various photomorphogenesis by participating in the R/FR
reaction and influencing the growth process of plants. It regulates
various photomorphogenic responses to optimize plant growth

and morphogenesis by participating in the R/FR response
(Smith, 2000; Rockwell et al., 2006; Fraser et al., 2021).

The breaking strength of the internode at the base of the
stem is closely related to the light environment, and this study
showed that high R/FR conditions (Figure 9) significantly increased
the diameter and wall thickness of the second internode at the
base of the wheat stem (Figure 2) and increased stem fullness
(Table 4), thereby significantly enhancing stem breaking resistance
and improving the lodging resistance. This is due to the existence
of two types of reactions in the photomorphogenesis process,
namely the R/FR reaction and the blue light/near-ultraviolet light
reaction. Among them, the proportion of R/FR has the greatest
effect on plant photomorphogenesis (Smith, 1982; Park and
Runkle, 2017). Among the many phytochromes, Phy A is the
only FRL receptor in plants, and at low R/FR proportions, Phy
A regulates the inhibition of shade avoidance responses leading
to stem elongation, whereas, at high R/FR proportions, the
inhibition for shade avoidance responses is mainly regulated by
Phy B (Shlumukov et al., 2001; Zhou and Li, 2019). These findings
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confirmed that the reasons for the different expressions of Phy
A and Phy B genes under different R/FR conditions (Figure 7).
After the light environment changed, the distribution of
phytochromes is altered to enter the nucleus to bind to some
transcriptional regulators (Franklin and Quail, 2010; Wang and
Zhang, 2017). In Arabidopsis, under low R/FR conditions, Phy
B converts to Pr type, it transfers from the nucleus to the
cytoplasm, thus enhancing the stability of PIF 4 growth regulators,
at the same time, the cycling of Phy A between Pr and Pfr
types compensates to some extent for the release of PIF 4 and
prevents its degradation, which promotes the synthesis of GA

(Tamotsu et al., 2005; Lorrain et al., 2007). Similar findings have
been made recently in wheat (Pham et al., 2018; Sibbett, 2018).
At the same time, in the condition of high R/FR, phytochrome
inhibits the biosynthesis of GAs, and Phy A cooperates with
Phy B to regulate the inactivation of GAs (Franklin, 2008). Stem
elongation is one of the functions of GAs. The decrease of GAs
concentration enhances the stability of DELLA protein, promotes
the degradation of PIE and finally inhibits stem elongation
(Fumiaki et al., 2012; Balcerowicz, 2020). Analysis of the results
with our studies confirmed that high R/FR conditions significantly
reduced GA content (Figure 3).
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TABLE 5 | The relationship between the breaking strength and the lignin subunit percentage. H, G, and S represent p-hydroxypheny! lignin, guajacyl lignin, and syringy!

lignin, respectively.

S (%) G (%) H (%) S+G (%) G+H (%) S+H (%) S/G
Breaking strength at anthesis stage 0.36™ —-0.06™ -0.77" 0.77 -0.36™ 0.06"™ 0.19™
Breaking strength at milk stage 0.68™ -0.62™ -0.77" 0.77 —0.68™ 0.62" 0.64"™
Breaking strength at dough stage 0.78* -0.75"™ -0.80" 0.80" -0.78" 0.75™ 0.77"

"Represent significance at the 0.05 probability level.
"Represent not significant at the 0.05 probability level.

Several reports show that increasing planting density results
in lower R/FR at the base of the wheat stem, elongate growth
at the base internodes, significantly reducing lodging resistance
of wheat (Syros et al., 2005; Han et al., 2015), which is consistent
with the results of Table 3. However, these findings were
contrary to previous studies, which have suggested that the

height of cucumber (Cucumis sativus Linn.), tomato (Lycopersicon
esculentum Miller.), and ginger (Zingiber officinale Roscoe)
plants were significantly increased under supplemental RL
conditions, increasing the risk of lodging (Zhang et al., 2008;
Cui et al., 2009). The difference in the results of this experimental
study may be related to the differences between species.
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Lignin Metabolism

Gibberellin regulates lignin biosynthesis by affecting lignin
monomer polymerization (Biemelt et al., 2004). Light regulates
gibberellin biosynthesis and metabolism (Liu et al., 2021).
RL inhibits the elongation of Arabidopsis stems by controlling
the synthesis of GAs (Tamotsu et al., 2005; Liu et al., 2021).

The effect of GAs on xylem lignin is less, but significantly
reduces the lignin content of phloem. One study shows that
stem lignin content is significantly reduced by spraying
exogenous GA3 onto wheat (Peng et al., 2014). GA1, GA3,
GA4, and GA7 exist commonly in plants as the primary
bioactive forms of GAs (Hedden and Thomas, 2012;
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Tavares et al., 2018). GAs have different activities in different
tissues/organs, e.g., embryo in germinating seeds of rice,
young leaves in developing seedlings, the base of internode
elongation (Silverstone and Sun, 2000). GAl is the active
GAs in soybean seedlings, GA4 is the active GAs in Arabidopsis
hypocotyl, and GA3 plays a major role in seed germination
(Kaneko et al., 2003; Falcioni et al., 2018). The GA7 content
in wheat stems was remarkably high compared to GA4 in
Figure 3, so we guessed that GA7 might be the active GAs
in wheat stems. Some studies find that the GAs content and
lignin content of dwarf plants are lower than those of wild-
type plants, and the GAs content is positively correlated
with the lignin content of stems (Biemelt et al., 2004; Okuno
et al., 2014). Overexpression gibberellin 2-oxidase (GA2oxs)
in switchgrass develop plants with low level of lignin (Wuddineh
et al., 2015), whereas the lignin content of stems decreased
when exogenous GA3 sprays on wheat (Peng et al,, 2014).
That could be that low levels of GAs increased lignin content
and high levels of GAs inhibited lignin synthesis. In addition,
our study also found that wheat varieties with different
lodging resistance were consistent in their response to R/
FR, but the GAs and lignin contents varied greatly. Interestingly,
the lignin and GAs contents of the lodging-sensitive wheat
under high R/FR conditions were maintained at the same
level as those of the lodging-resistant wheat under CK. It
indicates that lignin and GA contents are closely related to
genotypes and regulated by environmental factors.

The analysis of the breaking strength of stems at different
periods in wheat revealed that the breaking strength of stems
decreased with the growth and development process (Table 3),
while total lignin increased with the growth and development
process (Figure 4). Surprisingly, that was contrary to a significant
positive correlation between breaking strength and lignin content
(Figure 8D). This result may be explained by the fact that
stem breaking strength is not only correlated with lignin content,
but also with other traits of the stem. Wheat straw is composed
of 40% cellulose, 35% hemicellulose, and 25% lignin (Ruiz
et al, 2013). In wheat, cellulose is an important factor in
regulating the mechanical strength of the stem, which has
implications in crop lodging (Kaur et al., 2017). Hemicellulosic
arabinose reduces the ability of rice to lodging resistance by
reducing cellulose crystallinity (Li et al., 2015). The low lignin
content but higher breaking strength of stems in wheat during
early growth and development may be due to the high pectin
and water content inside the stem. Findings have shown that
downregulation of switchgrass pectin biosynthesis gene GAUT4
leads to reduced ferulic acid synthesis, lower cross-linking of
lignin hydrate, and lower rigidity and fracture resistance of
the stem, and these nonstructural substances are also important
factors in determining the magnitude of the stem breaking
strength (Handakumbura and Hazen, 2012; Li et al, 2019).
Another important finding is that differences in the structure
and proportion of lignin subunits determine their contribution
to wheat stem resistance performance (Zheng et al,, 2017a).
The analysis of lignin subunits revealed that the proportion
of H subunits also increased with fertility (Figure 6), and the
proportion of H subunits was significantly and negatively

correlated with the breaking strength of the stem (Table 5),
which could also explain this phenomenon.

Phy A and Phy B promote the synthesis of lignin (Hernando
et al., 2021). This study showed that high R/FR conditions
significantly increased TaPhy B gene expression and significantly
decreased TaPhy A gene expression (Figure 7). The activated
state of photosensitized pigments activates the expression of
related genes through G-protein, calmodulin, and cGMP
pathways, which induce oxidative lignin deposition by regulating
the flow of photosynthetic carbon sources to the lignin synthesis
pathway (Anderson et al., 2015). The R/FR proportion at the
base of the wheat stem may be a key factor in altering lignin
synthesis and ultimately lignin composition, and a high R/FR
proportion significantly increases lignin accumulation in wheat
(Liu et al,, 1996; Luo et al, 2019). Analysis of stem lignin
subunit data revealed that high R/FR proportions significantly
increased lignin subunit content and significantly reduced H
subunit content and proportions (Figures 5, 6), with most of
the reduced H subunit present as S and G subunits (Figure 5),
and that R/FR significantly affected stem breaking strength
(Table 3).

It has been suggested that the S/G proportion at the basal
second internode of wheat stems was significantly and positively
correlated with the stem breaking strength (Zheng et al., 2017a).
However, some studies have shown that there were multiple
possibilities for the relationship between the content and
proportion of lignin subunits and the breaking strength of the
stem (Luo et al, 2019). This study found that the content of
G +S+H lignin subunits, the proportion of G+ lignin subunits
to H subunits were the main factors affecting the breaking
strength of wheat stems, and the stem breaking strength was
significantly correlated with the S/G proportion only at the
dough stage (Table 5).

Gene Expression

Light affects lignin biosynthetic capacity at the transcriptional
level, and the R/FR proportion ultimately affects lignin synthesis,
subunit proportion, and distribution (Rogers et al., 2005; Mah
et al,, 2018), thus affecting stem lodging resistance performance.
The current study found that a high R/FR proportion significantly
increased the expression of lignin synthesis-related enzyme
genes (Figure 7). The increase in lignin content was achieved
by increasing the activity and gene expression of lignin
biosynthetic enzymes in the lignin synthesis process. Genes
involved in the early steps of the lignin biosynthesis pathway
affect lignin content, while genes involved in the final steps
alter lignin composition (Li et al., 2008; Yu et al., 2020). It
has been shown that PAL, CAD, HCT, COMT, and 4CL are
significantly and positively correlated with lignin content in
wheat (Boudet et al., 2003; Bi et al, 2010). Under shade
conditions, the R/FR proportion decreased, thereby decreasing
the expression of CAD, 4CL, and PAL genes. The expression
of lignin synthesis-related enzyme genes is significantly reduced
in soybean and Arabidopsis, under low R/FR proportion (Rogers
and Campbell, 2004; Hussain et al., 2020). Under lower R/FR
conditions, C3H, C4H, CCR, CCoAOMT, and POD expression
are downregulated in soybean, leading to a decrease in the
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content of lignin synthesis precursors such as caffeic acid,
erucic acid, and ferulic acid, and alter lignin subunit content
and proportion (Ren, 2017; Liu et al., 2018b).

In addition to the above genes, this study showed that the
expression of CSE and F5H genes in the lignin synthesis pathway
increased with the increase of R/FR proportion. CSE is a key
enzyme for carbon flow partitioning in the lignin synthesis
pathway, and F5H is a key enzyme for the synthesis of lignin
S subunits and their free radicals. It has an important effect on
lignin biosynthesis and molecular structure polymerization (Day
et al, 2009; Stewart et al., 2009). Another important finding
was that the expression of each gene reached its lowest level at
the late stage of wheat growth and development, and the difference
between treatments decreased due to the programmed cell death
stage of wheat, where the stem lost its biological activity and
lignin synthesis stopped, but high R/FR conditions could delay
this decreasing trend (Figure 7). The most interesting finding
was that most of the gene expression peaks occurred in the
early stage of stem development and significantly decreased in
the late stage of development, but lignin content continued to
increase. A possible explanation for this might be that higher
levels of gene expression occur in the early stages of stem
development when the rate of lignin accumulation is high, and
that lignin accumulates later in growth and development due to
the stability of lignin that is difficult to break down, thus allowing
lignification to be maintained.

We can have a bold guess that the light environment at
the base of dense populations becomes poor (R/FR|). Low
R/FR condition makes phytochrome inactive (Franklin, 2008).
Inactivated phytochrome leads to an increase in GAs content
and a decrease in lignin content, resulting in slender stems
and deteriorating stem quality (Tamotsu et al, 2005). After
RL irradiation (R/FRT), phytochrome transforms into the
activation state (Pfr). The activation state (Pfr), which inhibits
the shade avoidance response, leads to a decrease in GA content
and an increase in the expression of keys enzyme genes for
lignin synthesis, contributing to improved stem quality (Fumiaki
et al., 2012; Balcerowicz, 2020). The hypothetical mechanism
by which high R/FR promotes lignin biosynthesis is shown
in Figure 10. Future genomic, transcriptomic, and proteomic
analyses should reveal more details and deepen our understanding
of the role of R/FR in crop growth and development.

REFERENCES

Anderson, N. A. Tobimatsu, Y., Ciesielski, P. N., Ximenes, E., Ralph, J,
Donohoe, B. S, et al. (2015). Manipulation of guaiacyl and syringyl monomer
biosynthesis in an Arabidopsis cinnamyl alcohol dehydrogenase mutant results
in atypical lignin biosynthesis and modified cell wall structure. Plant Cell
27, 2195-2209. doi: 10.1105/tpc.15.00373

Balcerowicz, M. (2020). PHYTOCHROME INTERACTING FACTORS at the
interface of light and temperature signalling. Physiol. Plant. 169, 347-356.
doi: 10.1111/ppl.13092

Baucher, M., Halpin, C., Petit-Conil, M., and Boerjan, W. (2003). Lignin: genetic
engineering and impact on pulping. Crit. Rev. Biochem. Mol. Biol. 38,
305-350. doi: 10.1080/10409230391036757

Bi, C. L., Chen, E, Jackson, L., Gill, B. S., and Li, W. L. (2010). Expression
of lignin biosynthetic genes in wheat during development and upon infection

CONCLUSION

Wheat stems were sensitive to R/FR, and high R/FR favored
lignin accumulation in wheat stems. High R\FR condition
decreased the GA content of wheat stems, H subunit content,
and H subunit proportion; increased total lignin content, S+G
content, and S+G proportion. High R\FR led to higher stems
fullness, increased stem thickness and wall thickness, higher
breaking resistance, better stem quality, and reduced risk of
lodging. This study aimed to provide a theoretical basis for
regulating the light quality conditions at the base of wheat
stems to enhance the resistance to lodging.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YL and Z-LW designed and planned the research. C-HL, S-FS,
and M] conducted the experiments. C-HL and Y-LL analyzed
the data and wrote the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the Natural Science Foundation
of Shandong Province (grant no.. ZR2020QC106) and the
National Key Research and Development Program of China
(grant nos.: 2017YFD0301001 and 2016YFD0300403).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2021.729647/
full#supplementary-material

by fungal pathogens. Plant Mol. Biol. Report. 29, 149-161. doi: 10.1007/
s11105-010-0219-8

Biemelt, S., Tschiersch, H., and Sonnewald, U. (2004). Impact of altered gibberellin
metabolism on biomass accumulation, lignin biosynthesis, and photosynthesis
in transgenic tobacco plants. Plant Physiol. 135, 254-265. doi: 10.1104/pp.103.036988

Boudet, A. M., Kajita, S., Grima-Pettenati, J., and Goffner, D. (2003). Lignins
and lignocellulosics: a better control of synthesis for new and improved
uses. Trends Plant Sci. 8, 576-581. doi: 10.1016/j.tplants.2003.10.001

Buss, W,, Ford, B. A., Foo, E., Schnippenkoetter, W,, and Spielmeyer, W. (2020).
Overgrowth mutants determine the causal role of GA2oxidaseA13 in Rht12
dwarfism of wheat. J. Exp. Bot. 71, 7171-7178. doi: 10.1093/jxb/eraa443

Cao, G. Y, Jiang, Y. Y, Du, J., Zhao, E, Xiang, C. Y., Wu, X. D,, et al. (2016).
Research progress of plant phytochrome genes. Tianjin Agr. Sci. 22, 52-55.

Chen, M., and Chory, J. (2011). Phytochrome signaling mechanisms and the control
of plant development. Trends Cell Biol. 21, 664-671. doi: 10.1016/j.tcb.2011.07.002

Frontiers in Plant Science | www.frontiersin.org

September 2021 | Volume 12 | Article 729647


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2021.729647/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.729647/full#supplementary-material
https://doi.org/10.1105/tpc.15.00373
https://doi.org/10.1111/ppl.13092
https://doi.org/10.1080/10409230391036757
https://doi.org/10.1007/s11105-010-0219-8
https://doi.org/10.1007/s11105-010-0219-8
https://doi.org/10.1104/pp.103.036988
https://doi.org/10.1016/j.tplants.2003.10.001
https://doi.org/10.1093/jxb/eraa443
https://doi.org/10.1016/j.tcb.2011.07.002

Lietal

Stem Respond to Light Quality

Cheng, Y. J., Chen, J. X, Wang, Z. L., Fan, Y. E, Chen, S. Y, Li, Z. L., et al.
(2018). Effects of light intensity and light quality on morphological and
photosynthetic characteristics of soybean seedlings. Sci. Agric. Sin. 51,
2655-2663.

Child, R., Morgan, D. C,, and Smith, H. (2010). Control of development in Chenopodium
album L. by shade light the effect of light quality (red: far-red ratio) on morphogenesis.
New Phytol. 89, 545-555. doi: 10.1111/j.1469-8137.1981.tb02334.x

Cui, J., Ma, Z. H,, Xu, Z. G., Zhang, H., Chang, T. T., and Liu, H. J. (2009).
Effects of supplemental lighting with different light qualities on growth and
physiological characteristics of cucumber, pepper and tomato seedlings. Acta
Hortic. Sin. 36, 663-670.

Curtis, T., and Halford, N. G. (2014). Food security: the challenge of increasing
wheat yield and the importance of not compromising food safety. Ann.
Appl. Biol. 164, 354-372. doi: 10.1111/aab.12108

Dave, A., Hernandez, M. L., He, Z., Andriotis, V. M. E., Vaistij, F. E,, Larson, T. R,,
etal. (2011). 12-Oxo-phytodienoic acid accumulation during seed development
represses seed germination in Arabidopsis. Plant Cell 23, 583-599. doi:
10.1105/tpc.110.081489

Day, A., Neutelings, G., Nolin, E, Grec, S., Habrant, A., Cronier, D., et al.
(2009). Caffeoyl coenzyme an O-methyltransferase down-regulation is associated
with modifications in lignin and cell-wall architecture in flax secondary
xylem. Plant Physiol. Biochem. 47, 9-19. doi: 10.1016/j.plaphy.2008.09.011

Falcioni, R., Moriwaki, T., de Oliveira, D. M., Andreotti, G. C., de Souza, L. A.,
dos Santos, W. D., et al. (2018). Increased gibberellins and light levels
promotes cell wall thickness and enhance lignin deposition in xylem fibers.
Front. Plant Sci. 9:1391. doi: 10.3389/fpls.2018.01391

Fang, X. M., She, H. Z., Wang, C,, Liu, X. B, and Yi, Z. L. (2018). Effects
of fertilizer application rate and planting density on photosynthetic
characteristics, yield and yield components in waxy wheat. Cereal Res.
Commun. 46, 169-179. doi: 10.1556/0806.45.2017.058

Fletcher, J. M., Tatsiopoulou, A., Mpezamihigo, M., Carew, J. G., Henbest, R,,
and Hadley, P. (2015). Far-red light filtering by plastic film, greenhouse-
cladding materials: effects on growth and flowering in petunia and impatiens.
J. Hortic. Sci. Biotechnol. 80, 303-306. doi: 10.1080/14620316.2005.11511934

Franklin, K. A. (2008). Shade avoidance. New Phytol. 179, 930-944. doi: 10.1111/j.
1469-8137.2008.02507.x

Franklin, K. A., and Quail, P. H. (2010). Phytochrome functions in Arabidopsis
development. J. Exp. Bot. 61, 11-24. doi: 10.1093/jxb/erp304

Fraser, D. P, Panter, P. E., Sharma, A., Sharma, B., Dodd, A. N., and Franklin, K. A.
(2021). Phytochrome A elevates plant circadian-clock components to suppress
shade avoidance in deep-canopy shade. Proc. Natl. Acad. Sci. U. S. A.
118:2108176118. doi: 10.1073/pnas.2108176118

Fumiaki, H., Noritoshi, I., Atsushi, H., Shinjiro, Y., Yuji, K., Akio, M., et al.
(2012). Cryptochrome and phytochrome cooperatively but independently
reduce active gibberellin content in rice seedlings under light irradiation.
Plant Cell Physiol. 53, 1570-1582. doi: 10.1093/pcp/pcs097

Han, J. L, Yan, Q, Zhou, Y. E, and Wang, W. P. (2015). Effect of planting
density on lodging-resistance and grain yield of winter wheat in the east
of Hebei province. J. Triticeae Crop 35, 667-673.

Handakumbura, P. P, and Hazen, S. P. (2012). Transcriptional regulation of
grass secondary cell wall biosynthesis: playing catch-up with Arabidopsis
thaliana. Front. Plant Sci. 3:74. doi: 10.3389/fpls.2012.00074

Hedden, P, and Thomas, S. G. (2012). Gibberellin biosynthesis and its regulation.
Biochem. ]. 444, 11-25. doi: 10.1042/BJ20120245

Hernando, C. E.,, Murcia, M. G., Pereyra, M. E,, Sellaro, R., and Casal, J. J.
(2021). Phytochrome B links the environment to transcription. J. Exp. Bot.
72, 4068-4084. doi: 10.1093/jxb/erab037

Hu, D, Liu, X. B, She, H. Z.,, Gao, Z.,, and Yi, Z. L. (2016). The lignin
synthesis related genes and lodging resistance of Fagopyrum esculentum.
Biol. Plant. 61, 1-9. doi: 10.1007/s10535-016-0685-4

Huang, S. C., Wang, B, Xie, G. Q, Liu, Z. L, Zhang, M. J,, Zhang, S. Q,
et al. (2019). Enrichment profile of GA4 is an important regulatory factor
triggering rice dwarf. Sci. Agric. Sin. 52, 786-800.

Huang, L., Zhang, H., Zhang, H., Deng, X. W,, and Wei, N. (2015). HY5 regulates
nitrite reductase 1 (NIRI) and ammonium transporterl; 2 (AMTI; 2) in
Arabidopsis seedlings. Plant Sci. 238, 330-339. doi: 10.1016/j.plantsci.2015.05.004

Hussain, S., Igbal, N., Rahman, T., Liu, T., Brestic, M., Safdar, M. E., et al.
(2019). Shade effect on carbohydrates dynamics and stem strength of soybean
genotypes. Environ. Exp. Bot. 162, 374-382. doi: 10.1016/j.envexpbot.2019.03.011

Hussain, S., Li, S., Mumtaz, M., Shafiq, L., and Yang, W. (2020). Foliar application
of silicon improves stem strength under low light stress by regulating lignin
biosynthesis genes in soybean (Glycine max (L.) Merr.). J. Hazard. Mater.
401:123256. doi: 10.1016/j.jhazmat.2020.123256

Hussain, S., Mumtaz, M., Manzoor, S., Li, S. X., Ahmed, I., Skalicky, M., et al.
(2021). Foliar application of silicon improves growth of soybean by enhancing
carbon metabolism under shading conditions. Plant Physiol. Biochem. 159,
43-52. doi: 10.1016/j.plaphy.2020.11.053

Jin, X. A, Zg, A, Xj, A, Gja, D,, and Yzab, C. (2021). Light regulation of
horticultural crop nutrient uptake and utilization. Hortic. Plant J. doi: 10.1016/j.
hpj.2021.01.005 (in press).

Kaneko, M., Itoh, H., Inukai, Y., Sakamoto, T., Ueguchi-Tanaka, M., Ashikari, M.,
et al. (2003). Where do gibberellin biosynthesis and gibberellin signaling
occur in rice plants. Plant J. 35, 104-115. doi: 10.1046/j.1365-313X.2003.01780.x

Kaur, S., Zhang, X., Mohan, A., Dong, H. X., Vikram, P, Singh, S., et al.
(2017). Genome-wide association study reveals novel genes associated with
culm cellulose content in bread wheat (Triticum aestivum, L.). Front. Plant
Sci. 8:1913. doi: 10.3389/fpls.2017.01913

Koyama, K., Ikeda, H., Poudel, P. R., and Goto-Yamamoto, N. (2012). Light
quality affects flavonoid biosynthesis in young berries of cabernet sauvignon
grape. Phytochemistry 78, 54-64. doi: 10.1016/j.phytochem.2012.02.026

Legris, M., Ince, Y. A., and Fankhauser, C. (2019). Molecular mechanisms
underlying phytochrome-controlled morphogenesis in plants. Nat. Commun.
10, 4568-4583. doi: 10.1038/s41467-019-13045-0

Li, C, Li, Y, Li, Y,, and Fu, G. (2018). Cultivation techniques and nutrient
management strategies to improve productivity of rain-fed maize in semi-
arid regions. Agric. Water Manag. 210, 149-157. doi: 10.1016/j.agwat.2018.08.014

Li, X., Weng, J. K, and Chapple, C. (2008). Improvement of biomass through
lignin modification. Plant J. 54, 569-581. doi: 10.1111/j.1365-313X.2008.03457.x

Li, M., Yoo, C. G., Pu, Y, Biswal, A. K, Tolbert, A. K., Mohnen, D., et al.
(2019). Downregulation of pectin biosynthesis gene GAUT4 leads to reduced
ferulate and lignin-carbohydrate cross-linking in switchgrass. Commun. Biol.
2, 484-489. doi: 10.1038/542003-018-0265-6

Li, F, Zhang, M., Guo, K., Hu, Z, Zhang, R, Feng, Y, et al. (2015). High-level
hemicellulosic arabinose predominately affects lignocellulose crystallinity for
genetically enhancing both plant lodging resistance and biomass enzymatic
digestibility in rice mutants. Plant Biotechnol. J. 13, 514-525. doi: 10.1111/pbi.12276

Lin, C. Y,, Wang, ], Li, Q, Chen, H. C, Liu, J., Loziuk, P, et al. (2015). 4-Coumaroyl
and caffeoyl shikimic acids inhibit 4-coumaric acid:coenzyme a ligases and
modulate metabolic flux for 3-hydroxylation in monolignol biosynthesis of Populus
trichocarpa. Mol. Plant 8, 176-187. doi: 10.1016/j.molp.2014.12.003

Liu, X. Q, Du, A. L, Wang, C. T, Wang, ], and Liu, J. C. (1996). Effects of red
and far-red light interruptiongs during periods of long darkness on components
of cell wall of wheat seeding leaves. J. Huazhong Agr. Univ. 15, 222-224.

Liu, Y., Jafari, E, and Wang, H. Y. (2021). Integration of light and hormone
signaling pathways in the regulation of plant shade avoidance syndrome.
aBiotech 2, 131-145. doi: 10.1007/s42994-021-00038-1

Liu, Q. Q,, Luo, L., and Zheng, L. Q. (2018a). Lignins: biosynthesis and biological
functions in plants. Int. J. Mol. Sci. 19:335. doi: 10.3390/ijms19020335

Liu, W. G,, Ren, M. L, Liu, T, Du, Y. L,, Zhou, T,, Liu, X. M,, et al. (2018b).
Effect of shade stress on lignin biosynthesis in soybean stems. J. Integr.
Agric. 17, 1594-1604. doi: 10.1016/S2095-3119(17)61807-0

Liu, W. G,, Sajad, H., Liu, T, Zou, J. L., and Ren, M. L. (2019). Shade stress
decreases stem strength of soybean through restraining lignin biosynthesis.
J. Integr. Agric. 8, 43-53. doi: 10.1016/S2095-3119(18)61905-7

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2724T method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lorrain, S., Allen, T., Duek, P. D., Whitelam, G. C., and Fankhauser, C. (2007).
Phytochrome-mediated inhibition of shade avoidance involves degradation
of growth-promoting bHLH transcription factors. Plant J. 53, 312-323. doi:
10.1111/4.1365-313X.2007.03341.x

Lucas, M. D., Davi¢re, J., Rodriguez-Falcén, M., Pontin, M., Iglesias-Pedraz, J. M.,
Lorrain, S., et al. (2008). A molecular framework for light and gibberellin
control of cell elongation. Nature 451, 480-484. doi: 10.1038/nature06520

Luo, Y. L, Ni, J, Pang, D. W, Jin, M., Chen, ], Kong, X, et al. (2019).
Regulation of lignin composition by nitrogen rate and density and its
relationship with stem mechanical strength of wheat. Field Crop Res. 241:107572.
doi: 10.1016/.fcr.2019.107572

Frontiers in Plant Science | www.frontiersin.org

September 2021 | Volume 12 | Article 729647


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1469-8137.1981.tb02334.x
https://doi.org/10.1111/aab.12108
https://doi.org/10.1105/tpc.110.081489
https://doi.org/10.1016/j.plaphy.2008.09.011
https://doi.org/10.3389/fpls.2018.01391
https://doi.org/10.1556/0806.45.2017.058
https://doi.org/10.1080/14620316.2005.11511934
https://doi.org/10.1111/j.1469-8137.2008.02507.x
https://doi.org/10.1111/j.1469-8137.2008.02507.x
https://doi.org/10.1093/jxb/erp304
https://doi.org/10.1073/pnas.2108176118
https://doi.org/10.1093/pcp/pcs097
https://doi.org/10.3389/fpls.2012.00074
https://doi.org/10.1042/BJ20120245
https://doi.org/10.1093/jxb/erab037
https://doi.org/10.1007/s10535-016-0685-4
https://doi.org/10.1016/j.plantsci.2015.05.004
https://doi.org/10.1016/j.envexpbot.2019.03.011
https://doi.org/10.1016/j.jhazmat.2020.123256
https://doi.org/10.1016/j.plaphy.2020.11.053
https://doi.org/10.1016/j.hpj.2021.01.005
https://doi.org/10.1016/j.hpj.2021.01.005
https://doi.org/10.1046/j.1365-313X.2003.01780.x
https://doi.org/10.3389/fpls.2017.01913
https://doi.org/10.1016/j.phytochem.2012.02.026
https://doi.org/10.1038/s41467-019-13045-0
https://doi.org/10.1016/j.agwat.2018.08.014
https://doi.org/10.1111/j.1365-313X.2008.03457.x
https://doi.org/10.1038/s42003-018-0265-6
https://doi.org/10.1111/pbi.12276
https://doi.org/10.1016/j.molp.2014.12.003
https://doi.org/10.1007/s42994-021-00038-1
https://doi.org/10.3390/ijms19020335
https://doi.org/10.1016/S2095-3119(17)61807-0
https://doi.org/10.1016/S2095-3119(18)61905-7
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/j.1365-313X.2007.03341.x
https://doi.org/10.1038/nature06520
https://doi.org/10.1016/j.fcr.2019.107572

Lietal

Stem Respond to Light Quality

Mah, J. ], Llewellyn, D., and Zheng, Y. (2018). Morphology and flowering
responses of four bedding plant species to a range of red to far red ratios.
HortScience 53, 472-478. doi: 10.21273/HORTSCI12714-17

Meng, L. Z, Mai, C. Y,, Yu, L. Q, Lui, H. W, Yang, L, Li, H. L, et al.
(2016). Analysis of lodging-associated traits on some wheat cultivars and
breeding lines in the yellow-huai river valley winter wheat zone. J. Triticeae
Crop 36, 888-895.

Nguyen, T. N,, Son, S. H., Jordan, M. C,, Levin, D. B,, and Ayele, B. T. (2016).
Lignin biosynthesis in wheat (Triticum aestivum L.): its response to waterlogging
and association with hormonal levels. BMC Plant Biol. 16:28. doi: 10.1186/
s12870-016-0717-4

Nito, K., Wong, C. C,, Yates, J. R., and Chory, J. (2013). Tyrosine phosphorylation
regulates the activity of phytochrome photoreceptors. Cell Rep. 3, 1970-1979.
doi: 10.1016/j.celrep.2013.05.006

Okuno, A., Hirano, K., Asano, K., Takase, W., Masuda, R., Morinaka, Y., et al.
(2014). New approach to increasing rice lodging resistance and biomass
yield through the use of high gibberellin producing varieties. PLoS One
9:¢86870. doi: 10.1371/journal.pone.0086870

Park, Y., and Runkle, E. S. (2017). Far-red radiation promotes growth of seedlings
by increasing leaf expansion and whole-plant net assimilation. Environ. Exp.
Bot. 136, 41-49. doi: 10.1016/j.envexpbot.2016.12.013

Peng, D. L, Chen, X. G, Yin, Y. P, Lu, K. L, Yang, W. B, Tang, Y. H, et al
(2014). Lodging resistance of winter wheat (Triticum aestivum L.): lignin
accumulation and its related enzymes activities due to the application of paclobutrazol
or gibberellin acid. Field Crop Res. 157, 1-7. doi: 10.1016/j.fcr.2013.11.015

Pham, V. N., Kathare, P. K., and Hug, E. (2018). Phytochromes and phytochrome
interacting factors. Plant Physiol. 176, 1025-1038. doi: 10.1104/pp.17.01384

Ren, M. L. (2017). Effect of Shade on Lignin Biosynthesis in Soybean Stem.
dissertation/doctor’s thesis. Sichuan: Sichuan Agricultural University.

Rockwell, N. C., Su, Y. S., and Lagarias, J. C. (2006). Phytochrome structure
and signaling mechanisms. Annu. Rev. Plant Biol. 57, 837-858. doi: 10.1146/
annurev.arplant.56.032604.144208

Rogers, L. A., and Campbell, M. M. (2004). The genetic control of lignin
deposition during plant growth and development. New Phytol. 164, 17-30.
doi: 10.1111/§.1469-8137.2004.01143.x

Rogers, L. A., Christian, D., Cullis, I. E, Christine, S., Mervin, P, Janet, W,
et al. (2005). Light, the circadian clock, and sugar perception in the control
of lignin biosynthesis. J. Exp. Bot. 56, 1651-1663. doi: 10.1093/jxb/eril62

Ruiz, H. A., Cerqueira, M. A,, Silva, H. D., Rodriguez-Jasso, R. M., Vicente, A. A,,
and Teixeira, J. A. (2013). Biorefinery valorization of autohydrolysis wheat
straw hemicellulose to be applied in a polymer-blend film. Carbohydr. Polym.
92, 2154-2162. doi: 10.1016/j.carbpol.2012.11.054

Shlumukov, L. R., Barro, F, Barcelo, P, Lazzeri, P, and Smith, H. (2001).
Establishment of far-red high irradiance responses in wheat through transgenic
expression of an oat phytochrome A gene. Plant Cell Environ. 24, 703-712.
doi: 10.1046/j.1365-3040.2001.00718.x

Sibbett, B. (2018). The Role of Phytochrome-Interacting Factor 3 in Regulating
Growth and Development in Hexaploid Wheat. dissertation/doctor’s thesis.
Southampton: University of Southampton

Silverstone, A. L., and Sun, T. P. (2000). Gibberellins and the green revolution.
Trends Plant Sci. 5, 1-2. doi: 10.1016/S1360-1385(99)01516-2

Smith, H. (1982). Light quality, photoperception, and plant strategy. Annu. Rev.
Plant Physiol. 33, 481-518. doi: 10.1146/annurev.pp.33.060182.002405

Smith, H. (2000). Phytochromes and light signal perception by plants: an
emerging synthesis. Nature 407, 585-591. doi: 10.1038/35036500

Stewart, J. J., Akiyama, T., Chappie, C., and Mansfield, R. (2009). The effects
on lignin structure of overexpression of ferulate 5-hydroxylase in hybrid
poplarl. Plant Physiol. 150, 621-635. doi: 10.1104/pp.109.137059

Syros, T. D., Yupsanis, T. A., and Economou, A. S. (2005). Expression of
peroxidases during seedling growth in Ebenus cretica L. as affected by light
and temperature treatments. Plant Growth Regul. 46, 143-151. doi: 10.1007/
510725-005-8087-1

Tamotsu, H., Rod, W. K., Chris, A. H., and Masaji, K. (2005). The involvement
of gibberellin 20-oxidase genes in phytochrome-regulated petiole elongation
of Arabidopsis. Plant Physiol. 138, 1106-1116. doi: 10.1104/pp.104.059055

Tang, T., Acua, T. B., Spielmeyer, W,, and Richards, R. A. (2020). Effect of
GA sensitive Rht18 and GA insensitive Rht-D1b dwarfing genes on vegetative
and reproductive growth in bread wheat. J. Exp. Bot. 72, 445-458. doi:
10.1093/jxb/eraa481

Tavares, R. G., Lakshmanan, P, Peiter, E., O’Connell, A., Caldana, C., Vicentini, R.,
et al. (2018). ScGAI is a key regulator of culm development in sugarcane.
J. Exp. Bot. 69, 3823-3837. doi: 10.1093/jxb/ery180

Wang, E G., and Zhang, J. (2017). A review of the effects of bioactive water and
phytochromes on plant growth and development. Anhui Agr. Bull. 23, 27-28.

Wei, E Z, Li, J. C, Wang, C. Y,, Qu, H. ], and Shen, X. S. (2008). Effects
of nitrogenous fertilizer application model on culm lodging resistance in
winter wheat. Acta Agron. Sin. 34, 1080-1085. doi: 10.3724/SP.J.1006.2008.01080

Wuddineh, W. A., Mazare, I. M., Zhang, J., Poovaiah, C. R., Mann, D. G. J,
Ziebell, A., et al. (2015). Identification and overexpression of gibberellin
2-oxidase (GA20x) in switchgrass (Panicum virgatum L.) for improved plant
architecture and reduced biomass recalcitrance. Plant Biotechnol. ]. 13,
636-647. doi: 10.1111/pbi.12287

Xiao, Y. G, Liu, J. J, Li, H. S, Cao, X. Y, Xia, X. C, and He, Z. H. (2015).
Lodging resistance and yield potential of winter wheat: effect of planting density
and genotype. Front. Agr. Sci. Eng. 2, 168-178. doi: 10.15302/J-FASE-2015061

Yu, M. Z., Wang, M., Gyalpo, T,, and Basang, Y. (2020). Stem lodging resistance
in hulless barley: transcriptome and metabolome analysis of lignin biosynthesis
pathways in contrasting genotypes. Genomics 113, 935-943. doi: 10.1016/j.
ygeno.2020.10.027

Yue, J., Guan, L. P, Meng, S. Y., Zhang, J., and Hou, S. W. (2015). Research
progress in phosphorylation modification of phytochrome signaling. Chinese
Bull. Bot. 50, 241-254.

Zadoks, J. C., Chang, T. T., and Konzak, C. E (1974). A decimal code for the
growth stages of cereals. Weed Res. 14, 415-421. doi: 10.1111/j.1365-3180.1974.
tb01084.x

Zhang, H. ], Li, T, Liu, H. W,, Mai, C. Y,, Yu, G. ], Li, H. L., et al. (2020).
Genetic progress in stem lodging resistance of the dominant wheat cultivars
adapted to yellow-Huai river valleys winter wheat zone in China since
1964. J. Integr. Agric. 19, 438-448. doi: 10.1016/52095-3119(19)62627-4

Zhang, M. W,, Wang, H., Yi, Y,, Ding, J. E, Zhu, M,, Li, C. Y,, et al. (2017).
Effect of nitrogen levels and nitrogen ratios on lodging resistance and yield
potential of winter wheat (Triticum aestivum L.). PLoS One 12:e0187543.
doi: 10.1371/journal.pone.0187543

Zhang, R. H.,, Xu, K,, Dong, C. X,, Li, Y. Y,, and Ly, J. (2008). Effects of light
quality on growth and light utilization characteristics in ginger. Acta Hortic.
Sin. 35, 673-680.

Zhang, Y., Xu, W. G., Wang, H. W,, Fang, Y. H.,, Dong, H. B,, and Qi, X. L.
(2016). Progress in improving stem lodging resistance of Chinese wheat
cultivars. Euphytica 212, 275-286. doi: 10.1007/s10681-016-1768-1

Zheng, M. J,, Chen, J, Shi, Y. H, Li, Y. X,, Yin, Y. P, Yang, D. Q, et al. (2017a).
Manipulation of lignin metabolism by plant densities and its relationship with
lodging resistance in wheat. Sci. Rep. 7:41805. doi: 10.1038/srep41805

Zheng, M. ], Gu, S. B,, Chen, ], Luo, Y. L,, Li, W. Q, Ni, J, et al. (2017b). Development
and validation of a sensitive UPLC-MS/MS instrumentation and alkaline nitrobenzene
oxidation method for the determination of lignin monomers in wheat straw.
J. Chromatogr. B 1055-1056, 178-184. doi: 10.1016/j.jchromb.2017.04.034

Zhong, X. H., Liang, K. M., Peng, B. L., Tian, K,, Li, X. ], Huang, N. R,
et al. (2020). Basal internode elongation of rice as affected by light intensity
and leaf area. Crop J. 8, 62-70. doi: 10.1016/.cj.2019.05.005

Zhou, Y. Y., and Li, J. G. (2019). Research progress in phytochrome A signaling.
Chinese J. Nat. 41, 188-196.

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2021 Li, Luo, Jin, Sun, Wang and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

September 2021 | Volume 12 | Article 729647


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.21273/HORTSCI12714-17
https://doi.org/10.1186/s12870-016-0717-4
https://doi.org/10.1186/s12870-016-0717-4
https://doi.org/10.1016/j.celrep.2013.05.006
https://doi.org/10.1371/journal.pone.0086870
https://doi.org/10.1016/j.envexpbot.2016.12.013
https://doi.org/10.1016/j.fcr.2013.11.015
https://doi.org/10.1104/pp.17.01384
https://doi.org/10.1146/annurev.arplant.56.032604.144208
https://doi.org/10.1146/annurev.arplant.56.032604.144208
https://doi.org/10.1111/j.1469-8137.2004.01143.x
https://doi.org/10.1093/jxb/eri162
https://doi.org/10.1016/j.carbpol.2012.11.054
https://doi.org/10.1046/j.1365-3040.2001.00718.x
https://doi.org/10.1016/S1360-1385(99)01516-2
https://doi.org/10.1146/annurev.pp.33.060182.002405
https://doi.org/10.1038/35036500
https://doi.org/10.1104/pp.109.137059
https://doi.org/10.1007/s10725-005-8087-1
https://doi.org/10.1007/s10725-005-8087-1
https://doi.org/10.1104/pp.104.059055
https://doi.org/10.1093/jxb/eraa481
https://doi.org/10.1093/jxb/ery180
https://doi.org/10.3724/SP.J.1006.2008.01080
https://doi.org/10.1111/pbi.12287
https://doi.org/10.15302/J-FASE-2015061
https://doi.org/10.1016/j.ygeno.2020.10.027
https://doi.org/10.1016/j.ygeno.2020.10.027
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1016/S2095-3119(19)62627-4
https://doi.org/10.1371/journal.pone.0187543
https://doi.org/10.1007/s10681-016-1768-1
https://doi.org/10.1038/srep41805
https://doi.org/10.1016/j.jchromb.2017.04.034
https://doi.org/10.1016/j.cj.2019.05.005
http://creativecommons.org/licenses/by/4.0/

	Response of Lignin Metabolism to Light Quality in Wheat Population
	Introduction
	Materials and Methods
	Experimental Design
	Breaking Strength
	Measurement of Morphological Characteristics in the Second Internode of Stem
	Gibberellin Determination
	Lignin Determination
	Determination of Lignin Subunits
	Real-Time Quantitative PCR Assay
	Statistical Analysis

	Results
	The ANOVA for the Effects of Cultivar and Light Quality on Breaking Strength, the Content of S, G, and H Subunits, and Lignin the Content of Stems as Well as Dry Weight per Length, Diameter, and Wall Thickness, in Two Wheat Cultivars
	Response of Wheat Breaking Strength to Light Quality in Population
	Response of Wheat Stem Dry Weight per Length to Light Quality in Population
	Response of Wheat Stem Diameter and Wall Thickness to Light Quality in Population
	Response of Gibberellin (GA4, GA7) to Light Quality in Population
	Response of Lignin Accumulation in Wheat Stems to Light Quality in Population
	Response of Lignin Subunit Content and Proportion to Light Quality in Population
	Response of Phytochrome and Lignin Synthesis Key Enzyme Gene Expression to Light Quality in Population
	Correlation Analysis of Lodging Resistance With Stem Morphological Characteristics and Lignin Content

	Discussion
	Stem Morphological Characteristics
	Lignin Metabolism
	Gene Expression

	Conclusion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

