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Abstract

To disclose the relationship between lignin content and lodging resistance, field experiments were conducted in
2012 and 2013 to investigate the dynamic changes of lignin content, the activities of four enzymes involved in
lignin metabolism in culm, as well as the snapping resistance and lodging index of buckwheat. The lignin
content and activities of phenylalanine ammonia-lyase (PAL), tyrosine ammonia-lyase (TAL), cinnamyl alcohol
dehydrogenase (CAD), and 4-coumarate: CoA ligase (4CL) were tested with the 2™ internode of four cultivars
with different lodging resistance. The snapping resistance and culm lodging index were determined at anthesis,
grain filling, and maturity stages. The lignin content varied significantly among cultivars. The XD cultivar,
which showed high resistance to culm snapping and lodging, had higher lignin content and higher activity of
PAL, TAL, 4CL, and CAD than other cultivars. The lignin content was significantly negatively correlated with
the actual lodging percent (r = -0.844, P < 0.01) and the lodging index (» = -0.832, P < 0.05), and was
significantly positively correlated with the snapping resistance (» = 0.873, P < 0.01). The activities of PAL, TAL,
4CL, and CAD were positively correlated with lignin content with correlation coefficients of 0.984 (P<0.01),
0.619 (P> 0.05), 0.927 (P <0.01), and 0.862 (P < 0.01), respectively. In conclusion, our results indicate that the
activities of PAL and 4CL were the key enzymes that influenced the lignin content, and that the lignin content
can be used as main indicators to evaluate the lodging resistance of buckwheat.
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1. Introduction

Buckwheat (Fagopyrum esculentum) is a pseudo-cereal used for human food that belongs to the Polygonaceae
family of plants (Lin & Chai, 2007). Buckwheat grains and other tissues contain a variety of nutrients (Li &
Zhang, 2001) and they are rich in vitamins, especially vitamin B (Kato et al., 2001). Buckwheat grains are an
important source of macroelements such as K, Ca, Mg, and Na as well as and microelements such as Mn, Zn, Se,
and Cu (Wei et al., 2003). The amino acid composition of buckwheat proteins is well balanced and of a high
nutritional value, the significant contents of rutin, catechins and other polyphenols as well as their potential
antioxidant activity are also of significance to buckwheat’s dietary value (Christa & Soral-Smietana, 2008).
Traditionally, buckwheat is used to treat constipation and bowel upsets and has also been used by diabetics in
different parts of Nepal and India (Prakash & Deshwal, 2013).

Lodging, the permanent displacement of the stem from the vertical, has long been a problem in crop cultivation
(Crook & Ennos, 1994). It can reduce yield, quality of production, and mechanical harvesting efficiency.
Shading of leaves and constriction of conducting tissues decreases photosynthesis and lowers yield. Seed set and
grain quality are also reduced (Kashiwagi & Ishimaru, 2004). It was reported that lodging caused a loss of 14.3%
in rice production in coastal regions of Jiangsu China (Zhang et al., 1996) and a loss of as much as 8.3% of
average grain yield in spring wheat (Tripathi et al., 2004). Lodging is reported to be one of the limiting factors of
buckwheat production in Nepal (Baniya, 1990).

Lignin is one of the main components of the cell wall. It fills in the space between cellulose structures to enhance
the mechanical strength of plant bodies. Phenylalanine ammonia-lyase (PAL), tyrosine ammonia-lyase (TAL),
4-coumarate: CoA ligase (4CL), and cinnamyl alcohol dehydrogenase (CAD) were found to play an important
role in the metabolic pathway of lignin (Boudet et al., 2003). Lignin content was closely related to lodging
resistance of culm (Jones et al., 2001). Low lignin content may result in weak mechanical strength of culm and
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the result would be easy to extend to lodging in wheat and oats (Welton, 1928). There are several reports on
relationships between morphological characteristics and lodging in buckwheat (Hagiwara et al., 1999; Choi et al.,
1995), as well as a method for lodging rate evaluation in buckwheat (Murakami et al., 2012). However, there is
no research on lignin metabolism in buckwheat. Therefore, we attempted to find the relationship between lignin
metabolism of culm and lodging resistance in buckwheat.

2. Materials and Methods
2.1 Site Description

The field experiments were conducted in 2012 and 2013 at the Xiema experimental station, Southwest
University, in Beibei city, Chongqing municipality, China. The station (19°51' N, 106°37" E) is located 10 km
south of Southwest University at an elevation of 350 m above sea level. Annual mean temperature is 18.4°C.
Annual cumulative temperatures above 10 °C is 5979.5 °C. The frost-free period is 330-350 days. Annual total
solar radiation is 3646 MJ/(m*-year). Annual precipitation is 1203 mm and annual sunshine duration is 1006.2 h.
The area is classified as having a subtropical monsoon climate and the soil at the site is classified as a loamy clay
soil, and the 0-100mm soil layer contained 12.6 g/kg organic matter, 73.2 mg/kg available N, 21.0 mg/kg
available P, 106.0 mg/kg available K, 0.84 g/kg total N, 0.46 g/kg total P, and 17.5 g/kg total K.

2.2 Experimental Design and Crop Management

The experiments had a randomized complete block design with three replicates. The area of the individual plots
was 10 m? (2 m x 5m). Four buckwheat cultivars (Table 1) were sown on August 26, 2012 and August 28, 2013.
Six rows per cultivar were arranged randomly in each experiment plot and there were 3 guard rows around the
area. Plant density for buckwheat was 9x10° plants/ha. A compound fertilizer (N: P,Os: K,O = 15: 15: 15) was
applied at a rate of 300 kg/ha when the buckwheat seeds were sown.

Table 1. Characteristics of different buckwheat cultivars

Lodging Growth period Plant height Yield

Cultivar Origin Plant type

resistance (d) (cm) (kg/ha)

XD China Strong 70 Loose 109 855.82
NQO1 China Middle 63 Loose 84 686.54
XNO1 China Middle 63 Loose 79 624.51
WK Ukraine Weak 63 Loose 68 463.24

2.3 Indicators and Measuring Method

Lodging stage was recorded from seeding to harvesting. Lodging degree, ranged from 0 to 5 on the basis of the
angle between buckwheat culm and ground. The Lodging degree score is 0 when the angle is 76°-90°, 1 when it
is 61°-75°, 2 when it is 46°-60°, 3 when it is 31°-45°, 4 when it is 16°-30° and 5 when the angle is 0°-15°. We
investigated lodging plant numbers (N;) and total plant numbers (N) of buckwheat in each experiment plot, and
then calculated the actual lodging percentage (N;/Nx100%). Lodging degree and actual lodging percentage were
recorded in 3 days before all strains had completed seed ripening.

Ten standing plants were selected randomly from one half of each plot, avoiding the outer three rows, to
measured the height at center of gravity (H), fresh weight (M) of culm, and snapping resistance of the 2™
internode (S). We then calculated the lodging index (HxMY/S) in anthesis, the grain filling stage, and maturity.
The methods for these measurements are described by Wei et al. (2008).

The lignin content and activities of PAL, TAL, CAD and 4CL were tested with the 2" internode at 5, 15, 25, 35,
and 45 days after emergence of the 2™ internode according to the method reported by Chen et al. (2011).

2.4 Statistical Analysis

There were no significant differences between 2012 and 2013 in snapping resistance of the 2™ internode (P =
0.38), lodging index (P = 0.42), or lignin content (P = 0.23). There were also not significant differences in the
activities of PAL (P = 0.19), TAL (P = 0.27), CAD (P = 0.35), and 4CL (P = 0.47). Therefore, mean values

between 2012 and 2013 were analyzed using SPSS 19. The mean values of three replicates were compared by
least significant difference (SSR) at the 5% level. Microsoft Excel 2003 was used for sorting data and drawing.
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3. Results
3.1 Comparison of Lodging Resistance

There was no lodging in the XD cultivar, the NQO1 and XNO1 cultivars were lodging at maturity, and the WK
cultivar was lodging at anthesis (Table 2). The lodging degree and actual lodging percentage of WK were higher
than NQO1 and XNOI1 (Table 2). This indicated that the lodging resistance varied significantly among cultivars
and the buckwheat cultivar with earlier lodging time had higher lodging degree and actual lodging percentage
than other cultivars.

The snapping resistance of the 2™ internode rose and then fell from anthesis to maturity, and the maximum value
appeared in the grain filling stage (Table 3). In the grain filing stage, the snapping resistance of the 2™ internode
of XD was significantly higher than NQO1, XNO1, and WK (Table 3). The lodging index varied significantly
among cultivars, and the lodging index of WK was significantly higher than XD, NQO1, and XNO1. WK, also
showed low resistance to culm snapping and lodging (Table 3). Thus, buckwheat cultivars were amenable to
lodging in the grain filling stage. This may be the result of the rising height at center of gravity.

Table 2. Lodging behavior of different buckwheat cultivars

Cultivar Lodging stage Lodging degree Actual lodging percentage (%)
2012 2013 2012 2013 2012 2013
XD - - 0 0 0 0
NQO1 Maturity Maturity 2 2 44.8+0.68 b 53.3540.19b
XNO1 Maturity Maturity 2 2 45.43+1.06 b 54.00+£0.62 b
WK Anthesis Anthesis 4 4 79.76+0.99 a 88.67+1.01 a

Note. The data are expressed as the average £ SD of three replications (n = 3). Different letters indicate
significant differences (P < 0.05).

Table 3. Changes of snapping resistance and lodging index in different buckwheat cultivars

Snapping resistance (g) Lodging index (cm-g/g)
Cultivar Anthesis Grain filling Maturity Anthesis Grain filling Maturity
stage stage
XD 438.17£6.01a  817.60£2.27a  756.49+x1.30 a 0.26+0.28 ¢ 0.56+0.01 ¢ 0.49+0.02 ¢
NQO1 307.80+1.88b  560.55£1.59b  423.82+9.90 b 0.64+0.05 b 0.92£0.03b  0.82+0.06 b
XNO1 303.2840.95b 554.76x0.70 b 413.2349.51 b 0.70+£0.04 b 1.04+0.03b  0.91£0.11 b
WK 183.62+1.58 ¢ 356.5245.75 ¢ 296.92+5.55 ¢ 2.14+0.29 a 3.0940.16 2  2.85+0.08 a

Note. The data are expressed as the average + SD of three replications (n = 3). Different letters indicate
significantly differences (P < 0.05) among cultivars.

3.2 Change of Lignin Content

The lignin content varied significantly among cultivars and the lignin contents of all buckwheat cultivars
increased rapidly in the culm growth process (Figure 1). In same stage, the lignin content of XD was
significantly higher than WK. There were no significant differences between NQO1 and XNO1 in any of the
stages (Figure 1). This is similar to the variation of snapping resistance of the 2™ internode in each buckwheat
cultivar (Table 3). It indicated that buckwheat cultivars with high resistance to culm snapping and lodging had
higher lignin content of the 2™ internode.

3.3 Changes of Activities of PAL, TAL, 4CL and CAD

All cultivars produced a similar trend in PAL activity of the 2" internode. It declined in the culm growth process
and had not much changed 35 days after emergence of the 2™ internode (Figure 2A). The PAL activity of the 2™
internode in XD was significantly higher than in WK. The biggest difference appeared in the early emergence of
the 2™ internode, and the PAL activities of the 2™ internode in NQO1 and XNO1 ranged between XD and WK
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(Figure 2A). Thus, buckwheat cultivar with high resistance to lodging had a fast reaction speed in the PAL
activity of the 2™ internode, and this provided a guarantee for lignin synthesis.

There was no significant change in TAL activities of the 2" internode in all buckwheat cultivars before 25 days
after emergence of the 2™ internode (anthesis). There was a rising trend that switched to a rapid decline 25 days
after emergence of the 2™ internode. The maximum appeared in 35 days after emergence of the 2" internode
(Figure 2B). The performance of TAL activity in the 2™ internode followed the pattern XD > NQO1 > XNO1 >
WK in the culm growth process (Figure 2B).
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Figure 1. Changes of lignin content in different buckwheat cultivars

Note. Each point represents value in each cultivar per day and is an average + SD of three replications (n= 3).

The 4CL activities of all buckwheat cultivars increased rapidly at the beginning of the 2™ internode formation,
and then decreased rapidly 15 days after emergence of the 2™ internode (Figure 2C). There were no significant
differences among buckwheat cultivars in 4CL activities of the 2™ internode at 45 days after emergence of the
2" internode (Figure 2C). The expression of 4CL activities in the 2™ internode followed the trend XD > NQO1 >
XNO1 > WK at 5 days, 15 days, 25 days, and 35 days after emergence of 2™ internode (Figure 2C).

There was a bimodal trend changed in CAD activities of all buckwheat cultivars. The first peak appeared at 15
days after emergence of the 2™ internode and the second peak appeared at 35 days after emergence of the 2™
internode (grain filling stage) (Figure 2D). In the grain filling stage, the CAD activity of XD was significantly
higher than WK, and there was no significant difference between NQO1 and XNO1 (Figure 2D).

3.4 Correlation Analysis Among Lignin Content in Culm, Activities of Lignin Metabolism-related Enzymes, and
Lodging Resistance at Grain Filling Stage of Buckwheat

The actual lodging percent was negatively correlated with snapping resistance, lignin content, PAL activity, 4CL
activity, and CAD activity with correlation coefficients of -0.907 (P < 0.01), -0.844 (P < 0.01), -0.872 (P < 0.01),
-0.838 (P < 0.01), and -0.870 (P < 0.01), respectively. The actual lodging percent was significantly positively
correlated with lodging index (r = 0.842, P < 0.01) but not with TAL activity (Table 4). The lodging index was
negatively correlated with snapping resistance, lignin content, PAL activity, 4CL activity, and CAD activity with
correlation coefficients of -0.734 (P < 0.05), -0.832 (P < 0.05), -0.899 (P < 0.01), -0.783 (P < 0.05), and -0.787
(P < 0.05), respectively, The lodging index was not significantly correlated with TAL activity (Table 4). The
snapping resistance was significantly positively correlated with lignin content (» = 0.873, P < 0.01) but not with
PAL activity, TAL activity, 4CL activity, or CAD activity (Table 4). The activities of PAL, TAL, 4CL and CAD
were positively correlated with lignin content with correlation coefficients of 0.984 (P<0.01), 0.619 (P > 0.05),
0.927 (P <0.01), and 0.862 (P < 0.01), respectively (Table 4). These results indicated that the lodging resistance
was closely related to lignin content and buckwheat which showed high resistance to culm snapping and lodging
had higher lignin content. High activities of PAL, 4CL and CAD were the enzymatic basis of increased lignin
content.
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3.5 MLR Analysis Between Lignin Content and Activities of PAL, TAL, 4CL and CAD

In order to clarify and differentiate the key enzymes that influenced the lignin content of the 2™ internode, a
correlation analysis conducted with a single parameter could be insufficient, because several parameters are
often interrelated. Therefore, MLR was used to quantify the relationship of lignin content (y) and PAL (x,), TAL
(x2), 4CL (x3) and CAD (x4). The MLR equation that optimizes the model for the relationship and the statistics
calculated in this analysis excluding not significant items as y = 0.017 + 0.352 x; + 0.090 x; (R* = 0.961, N=4, F
=305.075, P < 0.0001). The partial regression coefficient of PAL and 4CL were 0.825 and 0.601, respectively.
Thus, the lignin content was more influenced by activities of PAL and 4CL.
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Figure 2. Changes of activities of PAL, TAL, 4CL and CAD in different buckwheat cultivars

Note. Each point represents value in each cultivar per day and is an average + SD of three replications (n= 3).

Table 4. Correlation coefficients among lignin content in culm, activities of lignin metabolism-related enzyme,
and lodging resistance at grain filling stage of buckwheat

Lodging  Snapping Lignin PAL TAL 4CL CAD

index resistance content activity activity  activity  activity
Lignin content 0.984" 0.619 0.927"  0.862"
Snapping resistance 0.873" 0.587 0.061 0.553 0.598
Lodging index -0.734" -0.832" -0.899™  -0356  -0.783"  -0.787"
Actual lodging percentage ~ 0.842"°  -0.907" -0.844" 0872  -0453  -0.838" -0.870"

Note. * and ** are significant at 0.05 and 0.01 probability levels, respectively, ns represent non-significant.
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4. Discussion

Lignin plays an important role in improving the strength of plant cell walls and increasing the mechanical
intensity of culm, and lignin content has been found to be closely related to the culm rigidity (Lewis &
Yamamoto, 1990; Turner & Somerville, 1997). For example, the occurrence of lodging was caused by shortage
of lignin in culm of wheat (Welton, 1928) and rice (Ookawa & Ishihara, 1993). In addition, increases in lignin
content could significantly improve the mechanical intensity of culm, which further increases the lodging
resistance in the culm (Baucher et al., 1998). The present study showed that the lignin contents of all buckwheat
cultivars were increased rapidly in the culm growth process (Figure 1) and that the XD cultivar had high
resistance to culm snapping and lodging (Table 2 and 3) also had higher lignin content of the 2™ internode
(Figure 1) compared with NQO1, XNO1, and WK. Furthermore, the lignin content was significantly negatively
correlated with actual lodging percent (r = -0.844, P < 0.01) and lodging index (r = -0.832, P < 0.05), and
significantly positively correlated with snapping resistance (» = 0.873, P < 0.01) (Table 4). In conclusion, our
results indicate that the lignin content in culm can be used as an important evaluation index in lodging resistance
of culm in buckwheat.

PAL, TAL, 4CL and CAD have been found to be important enzymes in the process of lignin metabolism and
play important roles in plant resistance response (Campbell & Sederoff, 1996). PAL is a rate-limiting enzyme in
the shikimic acid pathway. PAL catalyzes the conversion of L-phenylalanine dehydrogenase into trans cinnamic
acid. The lignin content in plants was reduced when the PAL activity decreased and the overexpression of PAL
activity could significantly increases lignin content (Bate et al., 1994; Osakabe et al., 1995; Sewalt et al., 1997).
The present study showed that the PAL activity was significantly positively correlated with lignin content (r =
0.984, P < 0.01) (Table 4) and that increases in PAL activity could increases lignin content in the culm of
buckwheat. Thus, the PAL activity was closely related to the lodging resistance of culm in buckwheat.

TAL catalyzes the conversion of tyrosine into coumaric acid, which only exists in gramineous plants, and it has
been found to play an important role in the metabolic pathway of lignin (Rosler et al., 1997). In the present study,
the TAL activity was not significantly positively correlated with lignin content, actual lodging percent, lodging
index, or snapping resistance (Table 4). There was no significant change in TAL activities of the 2" internode in
all buckwheat cultivars prior to 25 days after emergence of the 2™ internode (anthesis) (Figure 2B). Therefore,
the activity of TAL could not reflected the lodging resistance of culm in buckwheat.

4CL is a ligase in lignin metabolism. It catalyzes the conversion of cinnamic acid into the corresponding esters,
and the lignin content was significantly decreased in the transgenic plants with inhibition of 4CL (Kajita et al.,
1997; Lee et al., 1997). In this study, the 4CL activities of all buckwheat cultivars were increased rapidly at the
beginning of the 2™ internode formation. The expression of 4CL activities in the 2" internode during the culm
growth process followed the pattern XD > NQO1 > XNO1 > WK (Figure 2C). The activity of 4CL was
significantly negatively correlated with actual lodging percent (»r = -0.838, P < 0.01) and lodging index (r =
-0.783, P < 0.05) and was significantly positively correlated with lignin content (» = 0.927, P < 0.01) (Table 4).
Thus, the 4CL activity could reflect the lodging resistance of culm in buckwheat.

CAD participates in the last reduction reaction of lignin metabolism (Boudet et al., 2003). In the present study,
the CAD activity was significantly negatively correlated with actual lodging percent (» = -0.870, P < 0.01) and
lodging index (r =-0.787, P < 0.05), and CAD activity was significantly positively correlated with lignin content
(r=0.862, P <0.01) (Table 4). So the CAD activity could reflect the lodging resistance of culm in buckwheat as
well.

The MLR analysis between lignin content and activities of PAL, TAL, 4CL and CAD showed that the activities
of PAL and 4CL were the key enzymes that influenced the lignin content of the 2™ internode.

5. Conclusion

XD (a buckwheat cultivar) which showed high resistance to culm snapping and lodging, had higher lignin
content and higher activities of PAL, TAL, 4CL and CAD than other buckwheat cultivars. The lignin content
could be used as an important indicator to evaluate lodging resistance of buckwheat and the activities of PAL and
4CL were the key enzymes that influenced the lignin content.
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