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Abstract 
 
Lignin is closely related to the lodging resistance of common buckwheat (Fagopyrum esculentum Moench.). However, 
the characteristics of lignin synthesis related genes have not yet been reported. We investigated the lignin biosynthesis 
gene expression, activities of related enzymes, and  accumulation of lignin monomers during branching stage, bloom 
stage, and milky ripe stage by real-time quantitative PCR, UV spectrophotometry, and gas chromatography-mass 
spectrometry in the 2nd internode of three common buckwheat cultivars with different lodging resistance. The results 
showed that lignin content and the activity of phenylalanine ammonia lyase (PAL), 4-coumarate: CoA ligase (4CL), 
cinnamyl alcohol dehydrogenase (CAD) and peroxidase (POD) were closely related to the lodging resistance of 
common buckwheat. Further, we studied gene expression of cinnamate 4-hydroxylase (C4H), caffeoyl-CoA  
O-methyltransferase (CCoAOMT), ferulate 5-hydroxylase (F5H), cinnamoyl-CoA reductase (CCR), and caffeic acid  
O-methyltransferase (COMT). The lignin biosynthesis genes were divided into three classes according to their 
expression pattern: 1) expression firstly increasing and then descending (PAL, 4CL, CAD, C4H, CCoAOMT, F5H, and 
CCR), 2) expression remaining constant during maturation (C3H), and 3) expression decreasing with maturation 
(COMT). The present study provides preliminary insights into the expression of lignin biosynthesis genes in common 
buckwheat, laying a foundation for further understanding the lignin biosynthesis.  

Additional key words: common buckwheat, enzyme activities, gene expression. 
 
 
Introduction 
 
Common buckwheat (Fagopyrum esculentum Moench.), 
a member of the Polygonaceae family, has been a 
popular grain and forage crop for centuries (Gondola and 
Papp 2010). It is well-known as healthy food because of 
high content of proteins, amino acids, fatty acids, vitamin 
B, flavonoids, microelements, and macroelements 
(Bonafaccia et al. 2003.  

Lodging limits crop yields and quality around the 
world (Berry et al. 2003) even if a lot of effort has been 
done to reduce it in major cereal crops, as wheat and rice 
(Peng et al. 2014, Zhang et al. 2014). It was reported that 
lodging is one of the limiting factors of common 
buckwheat production (Baniya 1990). There is a strong 
consensus in published literature that increasing lignin 

content can be used as main indicators to evaluate the 
lodging resistance of crops (Chen et al. 2011, Peng et al. 
2014). Lignin is a major structural compound of cell wall 
in vascular plants, which is associated with plant growth 
and development. It also confers physical strength on a 
plant body (Ma 2009). It affords stiffness and strength of 
the stem of plants, which is related to the lodging 
resistance. The phenylalanine ammonia lyase (PAL),  
4-coumarate:CoA ligase (4CL), cinnamyl alcohol 
dehydrogenase (CAD), and peroxidase (POD) play an 
important role in the biosynthetic pathway of lignin 
(Boudet et al. 2003). It has also been found that the lignin 
content and its related enzyme activities are significantly 
related to lodging resistance of culm in common 
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buckwheat (Wang et al. 2014a,b). 
 Lignin as complex of racemic aromatic hetero-
polymers is derived mainly from three hydroxycinnamyl 
alcohols: p-coumaryl, coniferyl, and sinapyl alcohols (for 
more detail see Fig. 1 Suppl.). These compounds generate 
three monomers of lignin: hydroxyphenyl (H), guaiacyl 
(G) and syringyl (S) type (Boerjan et al. 2003). The 
amount and composition of lignin differ in different 
species (Ralph et al. 2004). Some types, such as those 
derived from the monomer sinapyl acetate, can make up 
to 85 % of all S-type in the polymer (Martínez et al. 

2008). Whereas lignin biosynthesis has drawn increasing 
research attention in some plant species, only few studies 
have been done on common buckwheat. This study 
intends to fill this gap. There are two aims in this study: 
1) understanding the lignin biosynthesis in common 
buckwheat culm by analyzing lignin biosynthesis gene 
expression; 2) exploring the characteristics of the 
accumulation of the lignin monomer and the ratio of S/G 
monomers in common buckwheat culm during different 
growth periods.  

 
 
Materials and methods 
 
Three common buckwheat (Fagopyrum esculentum 
Moench.) cultivars were sown on 24th February 2014 at 
the Xiema experimental station, Southwest University, in 
Beibei, Chongqing, China (19º51΄N, 106º37΄E). Youqiao2 
(YQ2) is a lodging-resistance cultivar, Xinnong1 (XN1) is 
a moderate lodging resistance cultivar, and Ukraine 
daliqiao (UD) is a lodging-susceptible cultivar (Wang et al. 
2014b). Plant samples were collected from the 
2nd internode of culm at branching stage, bloom stage, and 
milky ripe stage and then were frozen at -80 °C. Part of the 
samples was oven dried at 60 °C for 2 d. After drying, the 
stem was ground to flour in a mill pulverizer (100 mesh), 
then extracted for 24 h with hot acetone in a Soxhlet 
apparatus, and dried in air. 
 The lignin content was measured according to the 
method reported by Chen et al. (2011). Samples (0.5 g) 
were homogenized in 4 cm3 of 95 % (v/v) ethanol and 
then centrifuged at 2 600 g for 5 min. Sediments were 
extracted twice with 95 % ethanol at 80 °C for 2 h and 
then twice with ethanol in hexane (1:2, v/v) at 62 °C for 
1 h. Sediments were then dried at 50 °C for 2 d, digested 
in 25 % (v/v) acetyl bromide in acetic acid, and incubated 
in a water bath at 70 °C. After 30 min, samples were 
mixed with 2 M NaOH, 6 M acetic acid, and 7.5 M 

hydroxylamine hydrochloride and the absorbance at 280 
nm (A280) was measured by a spectrophotometer  
(UV-5800PC, Shanghai, China). The monomer pro-
portions at different growth stages were analyzed by gas 
chromatography - mass spectrometry. Five technical 
replicates were conducted on each sample. Thioacidolysis 
of 5 µg sample was performed as described by Rolando et 
al. (1992). Approximate elution time under our 
conditions was: 37.8 - 38.5 min for the H-type monomer, 
41.2 - 41.8 min for the G-type monomer, and 43.8 - 44.3 
min for the S-type monomer.  
 The PAL activity was assayed according to Assis 
et al. (2001) using 20 mM 1-phenylalanine as substrate. 
The absorbance was read at 290 nm and one unit of 
enzyme activity (U) was defined as a change of 0.01 in 
absorbance per h. The 4CL activity was measured 
according to Knobloch and Hahlbrock (1975) using 1 μM 
coenzyme A (CoA-SH) as substrate and U was defined as 

a change of 0.01 in A333 per h. The CAD activity was 
determined as reported Morrison et al. (1994) using 1 M 

trans-cinnamic acid as substrate and U was defined as a 
change of 0.01 in A340 per h. The POD activity was 
measured as reported Moerschbacher et al. (1989) using 
50 mM guaiacol as substrate and U was defined as a 
change of 0.01 in A470 per h. 

Total RNA was isolated using the RNeasy Plant Mini 
kit (Qiagen, Valencia, CA, USA) according to the 
manufactorers instructions. From 1 µg of total RNA, 
cDNA was synthesized using the Prime Script TM RT 
reagent kit with gDNA Eraser (TaKaRa, dalian, China) 
and an oligo (dT) primer. Gene expression was 
normalized to that of the histone H3 gene as a 
housekeeping gene. Real time - quantitative PCR reaction 
was performed in triplicate on Step One Plus (real time 
PCR system) with the SYBR® Premix Ex TaqTM II kit 
(TaKaRa). The PCR protocol was as follows: pre-
denaturation at 95 °C for 30 s, followed by 40 cycles of 
denaturation at 95 °C for 5 s, annealing at 60 °C for 34 s 
(the annealing temperature was adjusted according to the 
different primers), and elongation at 95 °C for 15 s, 60 °C 
for 1 min, and 95 °C for 15 s. Degenerate primers were 
designed by using the cDNA that encoded the amino acid 
conserved sequence known from other species, then, the 
PCR products of degenerate primers were subcloned into 
a TOPOTA vector (Invitrogen) and sequenced at Sangon 
Biotech (Shanghai, China). The cDNA of F. esculentum 
PAL (HM149783.1), 4CL (HM149785.1), C4H 
(HM149784.1), and C3H (KC404850.1) were isolated 
previously. Sequence similarities were calculated with the 
Basic Local Alignment Search Tool (BLAST). The 
sequence data were used to design new primer pairs for 
the RT-qPCR (Tables 2 and 3 Suppl.). 
 Analyses of variance were performed with SPSS v.19.0 
(SPSS Institute, Chicago, USA), and data from each 
sampling date were analysed separately. The significance 
of differences between means were evaluated by least 
significant difference test at P < 0.05. The relative gene 
expression was calculated by 2- Ct method (Yang et al. 
2012).  
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Results 
 
The cloned genes (CAD, F5H, COMT, CCOAOMT, and 
CCR) were aligned and compared with orthologous 
sequences from other plants. The 443-bp F. esculentum 
CAD showed 76.1 % amino acid sequence identity to 
Arabidopsis thaliana, 81.6 % to Glycine max, 80.9 % to 
Morus notabilis, 80.9 % to Populus tomentosa, and 
79.5 % to Populus tremuloides. The 1108-bp  
F. esculentum F5H displayed 62.4 % amino acid 
sequence identity to Gossypium raimondii, 58.9 % to 
Leucaena leucocephala, 52.9 % to Phoenix dactylifera, 
and 59.5 % to Trapa bicornis. The 641-bp F. esculentum 
COMT exhibited 53.1 % amino acid sequence identity to 
Elaeis guineensis, 57.2 % to Hibiscus cannabinus, 
58.1 % to Prunus mume, 60.6 % to Theobroma cacao, 
and 57.2 % to Vitis vinifera. The 436-bp CCOAOMT 
showed 91.0 % amino acid sequence identity to Camellia 
sinensis, 90.3 % to Dimocarpus longan, 91.0 % to 
Eucalyptus camaldulensis, 91.7 % to G. raimondii, 
91.7 % to Lonicera japonica, and 95.1 % to V. vinifera. 
The 199-bp F. esculentum CCR showed 51.5 % amino 

acid sequence identity to Populus euphratica, 53.1 % to 
P.tomentosa, 53.1 % to P. tremuloides, 50.0 % to 
Populus trichocarpa, 51.5 % to P. mume, and 58.7 % to 
V. vinifera (Figs. 2 to 6 Suppl.). 
 The lignin content progressively increased from 
branching to milky ripe stage and the increases were 
112.0, 129.6, and 109.2 % for cvs. YQ2, XN1, and UD, 
respectively. The lignin content was significantly 
different among cultivars in every stage. For example, the 
lignin content in YQ2 was 1.65, 1.89, and 1.52 times 
higher than in XN1 and 2.73, 2.52, and 2.75 times higher 
than in UD during branching stage, bloom stage, and 
milky ripe stage, respectively (Table 1). Total monomer 
yields increased gradually from branching stage to milky 
ripe stage by 38.9, 108.3, and 89.2 % for YQ2, XN1, and 
UD, respectively. The H-G-S composition of the lignin 
was different in every stage. The H-type monomer 
decreased from branching stage to milky ripe stage about 
20.5, 24.1, and 23.5 % for YQ2, XN1, and UD, 
respectively, whereas the S-type and G-type monomers  

 
Table 1. Lignin content and the activities of related enzymes in different buckwheat cultivars at three growth stages. Means  SEs,  
n = 3. Different lowercase and uppercase letters indicate significant difference at P < 0.05 and P < 0.01, respectively. YQ2, XN1, and 
UD represent the cultivars Youqiao2, Xinnong1, and Ukraine Daliqiao, respectively. 
 

Stage Cultivar Lignin content   
[A280 g

-1(f.m.)] 
PAL activity      
[U mg-1(f.m.)] 

4CL activity         
[U mg-1(f.m.)] 

CAD activity     
[U mg-1(f.m.)] 

POD activity        
[U mg-1(f.m.)] 

Branching stage YQ2 1.24  0.03 aA 6.81  0.11 aA 10.29  0.05 aA 0.85  0.04 aA 13.18  0.07 aA 
XN1 0.75  0.04 bB 5.85  0.07 bB   8.52  0.05 bB 0.69  0.04 bB 10.66  0.08 bB 
UD 0.46  0.03 cC 5.11  0.05 cC   6.72  0.06 cC 0.52  0.03 cC   7.95  0.10 cC 

Bloom stage YQ2 2.20  0.03 aA 8.14  0.08 aA 12.06  0.08 aA 1.31  0.03 aA 16.26  0.12 aA 
XN1 1.16  0.05 cB 6.89  0.07 bB 10.35  0.07 bB 0.90  0.04 bB 12.62  0.12 bB 
UD 0.87  0.04 dC 5.92  0.06 cC   7.90  0.06 cC 0.62  0.04 cC   9.77  0.09 cC 

Milky ripe stage YQ2 2.62  0.03 aA 6.08  0.05 aA   9.75  0.07 aA 0.68  0.04 aA 12.00  0.06 aA 
XN1 1.73  0.07 bB 5.21  0.07 bB   7.30  0.04 bB 0.52  0.04 bB   8.51  0.06 bB 
UD 0.95  0.06 cC 4.58  0.05 cC   6.03  0.06 cC 0.43  0.03 cC   6.94  0.08 cC 

 
Table 2. Proportion of lignin monomers measured by thioacidolysis reaction. H, G, and S represent p-hydroxyphenyl, guaiacyl, and 
syringyl lignin monomers, respectively. Means  SEs, n = 5. YQ2, XN1, and UD represent the cultivars Youqiao2, Xinnong1, and 
Ukraine Daliqiao, respectively. 
 

Stage Cultivar H monomer       
[mol g-1(d.m.)] 

G monomer   
[mol g-1(d.m.)] 

S monomer        
[mol g-1(d.m.)] 

S/G ratio Total monomers 
[mol g-1(d.m.)] 

Branching stage YQ2 2.29  0.25 17.92  2.14 54.17  4.36 3.02   75.38 
XN1 1.45  0.14   8.89  1.23 31.50  3.59 3.54   41.84 
UD 1.32  0.11 10.01  1.04 23.01  3.15 2.30   34.34 

Bloom stage YQ2 2.06  0.25 30.29  3.89 56.84  5.25 1.87   89.19 
XN1 1.36  0.15 22.35  2.74 43.91  3.95 1.96   67.62 
UD 1.21  0.12 13.09  1.08 25.31  2.11 1.93   39.61 

Milky ripe stage YQ2 1.82  0.24 40.55  4.09 62.36  6.54 1.54 104.73 
XN1 1.10  0.13 34.15  4.11 51.91  5.58 1.52   87.16 
UD 1.01  0.09 24.22  2.89 39.74  4.16 1.64   64.97 
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increased from branching stage to milky ripe stage by 
126.3, 284.1, and 142.0 % for the G-type, and 15.1, 64.8, 
and 72.7 % for the S-type, respectively. The S/G ratios 
were 3.02, 3.54, and 2.30 during branching stage; 1.88, 
1.96, and 1.93 during bloom stage; and 1.54, 1.52, and 
1.64 during the milky ripe stage for YQ2, XN1, and UD, 
respectively. The ratio of S/G had no obvious importance 
for lodging resistance in these cultivars. In all stages, the 
S-type monomer was the most abundant and H-type 
monomer content was very low. The amounts of the S-
type, G-type, and H-type monomers were the highest in 
YQ2, and the lowest in UD (Table 2). 
 The PAL, 4CL, CAD, and POD activity increased and 
then decreased from branching to milky ripe stages, 
especially decreased sharply from bloom to milky ripe 
stage. These enzyme activities differed significantly 
among cultivars in all stages, they were significantly 
higher in the lodging-resistance cv. YQ2 than in the 
lodging-susceptible cv. UD and moderate lodging 
resistance cv. XN1. For example, the PAL activity of 

YQ2 was 1.17 and 1.35 times higher than that of XN1 
and UD, respectively; the corresponding ratios were 1.23 
and 1.56 for the 4CL activity, 1.35 and 1.81 for the CAD 
activity, and 1.30 and 1.68 for POD activity (Table 1). 
 Expressions of nine genes (PAL, 4CL, C4H, C3H, 
CAD, CCR, F5H, COMT, and CCoAOMT) were 
normalized to that of the histone H3 as a housekeeping 
gene. The expression of PAL, 4CL, C4H, CAD, 
CCoAOMT, F5H, and CCR reached the maximum at the 
bloom stage. The expression of COMT decreased from 
branching to the milky ripe stage. The C3H expression 
changed with no obvious regularity (Fig. 1A,B,C).  
 At branching stage, the nine gene expressions were 
the highest in YQ2 and the lowest in UD except for C4H, 
C3H, and COMT. The expression of COMT was the 
highest in UD and the lowest in YQ2, and the expression 
of C3H was the highest in XN1. 4CL, and C4H had 
higher expression than other genes. The expression of 
CAD and F5H was lower than the expression of other 
genes, and the F5H expression was the lowest. 

 

 
Fig. 1A. Expressions of PAL, COMT, and C3H genes related to lignin synthesis in the culm of different common buckwheat cultivars
analyzed by real-time quantitative polymerase chain reaction. Means  SEs (n = 3). Different lowercase letters indicate significant
difference at P < 0.05.  
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Fig. 1B. Expressions of CCoAOMT, C4H, and 4CL genes related to lignin synthesis in the culm of different common buckwheat 
cultivars . Means  SEs (n = 3). Different lowercase letters indicate significant difference at P < 0.05. 
 
 At bloom stage, the expressions of PAL, 4CL, C4H, 
CAD, CCoAOMT, F5H, and CCR were similar as in 
branching stage. The expression of COMT was the 
highest in UD and lowest in YQ2 and the expression of 
C3H was highest in XN1. However, the expression of 
CCoAOMT increased more sharply in this growth stage in 
comparison with other genes in all buckwheat cultivars 
and especially in YQ2. In contrast, the expression of 

COMT decreased sharply in this growth stage in all 
buckwheat cultivars, but expression in UD was 
significantly higher than in other cultivars. 
 At milky ripe stage, the expressions of all genes were 
significantly lower than in bloom stage. The expression 
of C3H was the highest in UD and the lowest in YQ2, 
and the expression level of COMT was the highest in 
YQ2 and the lowest in UD. 

 
 
Discussion  
 
Lignin plays a key role in improving the strength of plant 
cell walls, and lignin content has been found to be closely 
related to the culm rigidity (Turner and Somerville 1997). 
The occurrence of lodging in wheat, rice, corn, and 
miscanthus has been proved causing by shortage of lignin 
(Hondroyianni et al. 2000, Kaack et al. 2003, Wei et al. 
2008, Okuno et al. 2014). In addition, increase in lignin 

content significantly improves the mechanical properties 
of culm, which further increases the lodging resistance 
(Chen et al. 2011, Peng et al. 2014). This result shows 
that the cv. YQ2 with strong lodging-resistance had 
higher lignin content compared with cv. XN1 with 
moderate lodging resistance cultivar and lodging-
susceptible cv. UD. Thus, the lignin content can be used 
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as an important indicator to evaluate lodging resistance of 
common buckwheat, which is consistent with previous 
studies with other species.  
 The lignin composition and structure were determined 
by the availability of monomers and the type of bonds 
formed during the polymerization. It was reported that  
the H-type is deposited at first, followed by the G and 
then S types in Eucalyptus globulus (Rencoret et al. 
2011). In this research, the ratio of S/G and the amount of 
H-type monomer decreased from branching stage to 
milky ripe stage in all samples. The result indicates that 
the H-type is deposited first, followed by the S and then 
G types. An increase of lignin S/G ratio during plant 
maturity has also been reported in non-woody fibers (Del 
Río et al. 2010). The wild type poplar exhibits an S/G 
ratio of 70:30, which is typical for many deciduous trees 
(Robinson and Mansfield 2009). Besides, the lignin of 
Brassica napus is constituted by S and G types lignin, the 

proportion of the S-type monomer is small in bud stage, 
but it increases gradually and becomes the main 
monomer after flowering stage (Huang 2013). Thus, the 
decreased S/G ratio during development of common 
buckwheat is inconsistent with Brassica napus. In 
addition, the cv. YQ2 with strong lodging-resistance had 
high G and S monomer content compared with less 
resistant XN1 and UD. This result shows that the G and S 
monomers also exhibit the positive impact on lodging 
resistance. It has been reported that the degree of lignin 
polymer cross-linking is determined by the S/G monomer 
ratio and an increase in G-type monomer results in a 
greater degree of cross-linking (Ferrer et al. 2008). This 
has led to speculation that a reduction in S-type monomer 
(with a relative or actual increase in the G-type monomer) 
will increase lodging resistance (Angela et al. 2010, 
Eduardo et al. 2012). Whether the decrease in S/G ratio 
will increase the lodging resistance of common buckwheat 

 

 
Fig. 1C. Expressions of CCR, CAD, and F5H genes related to lignin synthesis in the culm of different common buckwheat cultivars. 
Means  SEs (n = 3). Different lowercase letters indicate significant difference at P < 0.05. 
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needs further validation. 
 Lignin biosynthesis is a complex pathway in plants, 
though it is not yet clear whether a single pathway can 
explain biosynthesis in all species and all tissues under 
varying environmental conditions. In the case of lignin 
biosynthesis, the expression of genes and the composition 
of lignin monomers are important for the genetic 
modifications of plants. A general pathway for lignin 
biosynthesis has been inferred from studies of specific 
steps in several diverse species. The combination of 
lignin biosynthesis pathway gene expression with lignin 
monomer deposition in common buckwheat is not 
currently available. Nine genes (PAL, 4CL, C4H, C3H, 
CAD, CCR, F5H, COMT, and CCoAOMT) were analyzed 
in this study.  
 The expression patterns of lignin biosynthesis genes 
in common buckwheat stem could be divided into three 
types: 1) expression offered upgrade from branching to 
bloom stage and then descending to milky ripe stage 
(PAL, 4CL, CAD, C4H, CCoAOMT, F5H, and CCR), 2) 
expression remained relatively constant during 
maturation (C3H), and 3) expression decreased during 
plant maturation (COMT).  
 The increase in CCoAOMT and CAD expressions in 
full bloom stage was mainly observed in YQ2. 
CCoAOMT was responsible for the 3' methylation of 
caffeoyl-CoA to produce feruloyl-CoA (Raes et al. 2003, 
Hisano et al. 2009), a key step in the production of  
G-type and S-type lignin monomers. When the 
expression of CCoAOMT in transgenic plants is inhibited, 
the lignin content and S/G ratio increases and G-type 
lignin content is reduced (Guo et al. 2001, Zhao et al. 
2004). In antisense CCoAOMT transgenic alfalfa, the 
lignin content and G-type lignin decrease, but S-type 
lignin biosynthesis is unaffected (Guo et al. 2001). We 
found that the ratio of S/G decreased in full bloom stage 
in common buckwheat, which indicates that up-regulation 
of CCoAOMT induced an increase of G-type monomer 
content. Moreover, this confirms that CCoAOMT should 
be a bottleneck in the pathway to G-type lignin synthesis, 
which is consistent with previous studies.  
 The CAD represents the final enzyme in the lignin 
biosynthesis pathway catalysing the production of 
precursors monolignols and committing them to H, G, 
and S lignin monomer synthesis (Halpin 2004, Ferrer et 
al. 2008, Vogt 2010). Contrary to our results, Hua  
et al. (2013) has found that CAD expression decreases 
before stem tissue maturation in Ginkgo biloba, whereas 
Casu et al. (2007) has found that CAD expression in 
sugarcane increases with tissue age. In our research, the 
CAD activity and CAD expression was significantly 
different among cultivars, but extremely low in all of 
them.  
 The expression of PAL, 4CL, C4H, F5H, and CCR 
was significantly different in different cultivars. The PAL 
is the first rate-limiting enzyme in the shikimic acid 
pathway. Kolahi et al. (2013) has found that PAL 

expression in sugarcane increases with stem maturity. 
High PAL expression and PAL activity in young common 
buckwheat stems found in this study may represent an 
initial burst of metabolites of the various phenyl-
propanoid pathways including lignin biosynthesis. The 
4CL represents an important branch point where 
metabolites are directed into lignin biosynthesis or 
alternative phenylpropanoid biosynthesis pathways (Vogt 
2010, Weng and Chapple 2010). Its position allows direct 
metabolite contribution into H-type monomer 
biosynthesis or redirection of metabolites for G-type or  
S-type monomer biosyntheses (Vogt 2010). The high 
4CL expression and 4CL activity in young common 
buckwheat stem may reflect its response to the metabolic 
flux into the phenylpropanoid pathway initiated by PAL. 
The C4H catalysed the hydroxylation of the phenyl-
propanoid skeleton after its deamination by PAL (Ferrer 
et al. 2008, Weng and Chapple 2010). Papini-Terzi et al. 
(2009) has found no difference in C4H expression in 
young and maturing sugarcane stem, however, the 
expression of C4H decreased in maturing common 
buckwheat stem. Another hydroxylase F5H is essential 
for the S-type monomer branch of the lignin biosynthesis 
pathway and its expression is necessary for the 
production of S lignin monomers (Weng and Chapple 
2010). The expression pattern of F5H may ensure 
continued flow of metabolites for S lignin monomer 
production. However, in our study, the expression of F5H 
was very low in all cultivars, and further research is 
needed to prove whether other genes of this family 
participate in S lignin synthesis in common buckwheat. 
The CCR functions in the final stages of lignin 
biosynthesis and is considered to be a key committed step 
in the production of the H, G, and S lignin monomers 
(Vogt 2010, Weng and Chapple 2010). To a lesser 
degree, CCR shares the same expression patterns as PAL 
and 4CL. High CCR expression in young stems of the 
lodging-resistant cultivar may ensure a high metabolite 
commitment into lignin biosynthesis, which is 
fundamentally important for healthy plant development.  
 The expression of C3H showed little change during 
the growth of common buckwheat. The C3H catalysing 
the second aromatic hydroxylation reaction in the lignin 
biosynthesis pathway (Weng and Chapple 2010) is an 
important point in controlling metabolic flux into G-type 
and S-type lignin monomer synthesis (Barrière et al. 
2004). The steady expression of C3H in the maturing 
common buckwheat stems may reflect continued 
requirement for feruloyl residue production for ongoing 
cell wall lignification and not just its role in lignin 
monomer biosynthesis. 
 The COMT is the last of the two enzymes entirely 
responsible for the production of the S-type lignin 
monomer within the lignin biosynthesis pathway 
(Bonawitz and Chapple 2010, Weng and Chapple 2010). 
In this study, COMT expression decreased with stem 
maturity, which is in contrast to the findings of Casu  
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et al. (2004) and Papini-Terzi et al. (2009) who reported 
increased COMT expression during sugarcane stem 
maturation. Simultaneously, the proportion of the S-type 
monomer decreased, and the lignin content changed little 

indicating that the expression of COMT mainly ensures 
S-type monomer production in young common 
buckwheat stems.  

 
 
Conclusion 
 
The lignin content and PAL, 4CL, CAD, and POD 
activities were closely related to the lodging resistance of 
common buckwheat. H-type lignin was deposited firstly, 
followed by S- and then G-types. G- and S-type 
monomers were the main monomers, and the amount of 
S-type monomer was the highest. Thus, the G and S 
monomers could exert positive impact on lodging 
resistance. The patterns of the expression of lignin 

biosynthesis related genes for PAL, 4CL, CAD, C4H, 
CCoAOMT, F5H, CCR, C3H, and COMT  differed during 
growth and maturation as well as in different common 
buckwheat cultivars. The results of our study are essential 
for evaluating the plant lodging-resistance. In future, they 
may facilitate breeding and genetic engineering in 
common buckwheat. 

 
 
References 
 
Angela, Z., Kristen, G., Rui, K., Fang, C., Yunqiao, P., Art, R., 

Dixon, R.A., Mark, D.: Increase in 4-coumaryl alcohol units 
during lignification in alfalfa (Medicago sativa) alters the 
extractability and molecular weight of lignin. - J. biol. 
Chem. 285: 38961-38968, 2010. 

Assis, J.S., Maldonado, R., Muñoz, T., Escribano, MaI., 
Merodio, C.: Effect of high carbon dioxide concentration on 
PAL activity and phenolic contents in ripening cherimoya 
fruit. - Postharvest Biol.Tech. 23: 33-39.2001. 

Baniya, B.K.: Buckwheat in Nepal. - Fagopyrum 10: 86-94, 
1990. 

Barrière, Y., Ralph, J., Méchin, V., Guillaumie, S., Grabber, 
J.H., Argillier, O., Chabbert, B., Lapierre, C.: Genetic and 
molecular basis of grass cell-wall biosynthesis and 
degradability. II. Lessons from brown-rib mutants. - Compt. 
Rend. Biol. 327: 847-860, 2004. 

Berry, P.M., Spink, J., Sterling, M., Pickett, A.: Methods for 
rapidly measuring the lodging resistance of wheat cultivars. 
- J. Agron. Crop Sci. 189: 390-401, 2003. 

Berry, P.M., Spink, J.: Predicting yield losses caused by lodging 
in wheat. - Field Crops Res. 137: 19-26, 2012. 

Boerjan, W., Ralph, J., Baucher, M.: Lignin biosynthesis. - 
Annu. Rev. Plant Biol. 54: 519-546, 2003. 

Bonafaccia, G., Marocchini, M., Kreft, I.: Composition and 
technological properties of the flour and bran from common 
and tartary buckwheat. - Food Chem. 80: 9-15, 2003. 

Bonawitz, N.D., Chapple, C.: The genetics of lignin 
biosynthesis: connecting genotype to phenotype. - Annu. 
Rev. Genet. 44: 337-363, 2010. 

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

Casu, R.E., Dimmock, C.M., Chapman, S.C., Grof, C.P., 
McIntyre, C.L., Bonnett, G.D., Manners, J.M.: 
Identification of differentially expressed transcripts from 
maturing stem of sugarcane by in silico analysis of stem 
expressed sequence tags and gene expression profiling. - 
Plant mol. Biol. 54: 503-517, 2004. 

Casu, R.E., Jarmey, J.M., Bonnett, G.D., Manners, J.M.: 
Identification of transcripts associated with cell wall 

metabolism and development in the stem of sugarcane by 
affymetrix genechip sugarcane genome array expression 
profiling. - Funct. Integr. Genomics 7: 153-167, 2007. 

Chen, X.G., Shi, C.Y., Yin, Y.P., Wang, Z.L., Shi, Y.H., Peng, 
D.L., Ni, Y.L., Cai, T.: Relationship between lignin 
metabolism and lodging resistance in wheat. - Acta agron. 
sin. 37: 1616-1622, 2011. 

Del Río, J.C., Gutiérrez, A., Martínez, Á.G.: Identifying 
acetylated lignin units in non-wood fibers using pyrolysis-
gas chromatography/mass spectrometry. - Rapid Commun. 
Mass Spectrom. 18: 1181-1185, 2004. 

Eduardo, K., Paulo, M., Sawaya, A.C.H.F.: Analysis of soluble 
lignin in sugarcane by ultrahigh performance liquid 
chromatography-tandem mass spectrometry with a do-it-
yourself oligomer database. - Anal. Chem. 84: 7015-7020, 
2012. 

Ferrer, J.L., Austin, M.B., Stewart, C., Noe, J.P.: Structure and 
function of enzymes involved in the biosynthesis of 
phenylpropanoids. - Plant Physiol. Biochem. 46: 356-370, 
2008. 

Gondola, I., Papp, P.: Origin, geographical distribution and 
poly-genic relationship of common buckwheat (Fagopyrum 
esculentum Moench.). - Eur. Plant Sci. Biotechnol 4:17-33, 
2010. 

Guo, D., Chen, F., Inoue, K., Blount, J.W., Dixon, R.A.: 
Downregulation of caffeic acid 3-O-methyltransferase and 
caffeoyl CoA 3-O-methyltransferase in transgenic alfalfa: 
impacts on lignin structure and implications for the 
biosynthesis of G and S lignin. - Plant Cell 13: 73-88, 2001. 

Halpin, C.: Investigating and manipulating lignin biosynthesis 
in the postgenomic Era. - Adv. bot. Res. 41: 63-106, 2004. 

Hisano, H., Nandakumar, R., Wang, Z.Y.: Genetic modification 
of lignin biosynthesis for improved biofuel production. - In 
Vitro cell. dev. Biol. Plant 45: 306-313, 2009. 

Hondroyianni, E., Papakosta, D., Gagianas, A., Tsatsarelis, K.: 
Corn stalk traits related to lodging resistance in two soils of 
differing salinity. - Maydica 45: 125-133, 2000. 

Hua, C., Li, L., Feng, X., Cheng, S., Cao, F., Yan, W., Yuan, H., 
Jiang, D., Wu, C.: Expression patterns of a cinnamyl alcohol 
dehydrogenase gene involved in lignin biosynthesis and 
environmental stress in Ginkgo biloba. - Mol. Biol. Rep. 40: 



D. HU et al. 

146 

707-721, 2013. 
Huang, J.H.: Lodging Resistant Traits and Lignin Related Gene 

Analysis in B.napus under Drought Stress. - Thesis. 
Southwest University, Chongqing 2013.  

Kaack, K., Schwarz, K.U., Brander, P.E.: Variation in 
morphology, anatomy and chemistry of stems of Miscanthus 
genotypes differing in mechanical properties. - Ind. Crop 
Prod. 17: 131-142, 2003. 

Knobloch, K.H., Hahlbrock, K.: Isoenzymes of p-coumarate: 
CoA ligase from cell suspension cultures of Glycine max. - 
Eur. J. Biochem. 52: 311–320, 1975. 

Kolahi, M., Jonoubi, P., Majd, A., Tabandeh, M.R., 
Hashemitabar, M., Kolahi, M., Jonoubi, P., Majd, A.: 
Differential expression of phenylalanine ammonia-lyase in 
different tissues of sugarcane (Saccharum officinarum L.) 
during development. - Bioresources 8: 4912-4922, 2013. 

Ma, Q.H.: The expression of caffeic acid 3-O-methyltransferase 
in two wheat genotypes differing in lodging resistance. - J. 
exp. Bot. 60: 2763-2771, 2009. 

Martínez, Á.T., Rencoret, J., Marques, G., Gutiérrez, A., Ibarra, 
D., Jiménez-Barbero, J., José, C.: Monolignol acylation and 
lignin structure in some nonwoody plants: a 2D NMR study. 
- Phytochemistry 69: 2831-2843, 2008. 

Moerschbacher, B.M., Witte, U., Konigs, D., Reisener, H.J.: 
Changes in the level of enzyme-activities involved in lignin 
biosynthesis during the temperature sensitive resistant 
response of wheat (Sr6) to stem rust (P6). - Plant Sci. 65: 
183-190, 1989. 

Morrison, T.A., Kessler, J.R., Hatfield, R.D., Buxton, D.R.: 
Activity of two lignin biosynthesis enzymes during 
development of a maize internode. - J. Sci. Food Agr. 65: 
133-139, 1994. 

Okuno, A., Hirano, K., Asano, K., Takase, W., Masuda, R., 
Morinaka, Y., Ueguchi-Tanaka, M., Kitano, H., Matsuoka, 
M.: New approach to increasing rice lodging resistance and 
biomass yield through the use of high gibberellin producing 
varieties. - PLoS One 9: 1-9, 2014. 

Papini-Terzi, F.S., Rocha, F.R., Vencio, R.Z., Felix, J.M., 
Branco, D.S., Waclawovsky, A.J., Del Bem, L.E., Lembke, 
C.G., Costa, M.D., Nishiyama, M.Y., Vicentini, R., 
Vincentz, M.G., Ulian, E.C., Menossi, M., Souza, G.M.: 
Sugarcane genes associated with sucrose content. - BMC 
Genomics 10: 120, 2009. 

Peng, D.L., Chen, X.G., Yin, Y.P., Lu, K.L., Yang, W.B., Tang, 
Y.H., Wang, Z.L.: 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 Crops Res. 157: 1-7, 2014. 

Raes, J., Rohde, A., Christensen, J.H., Van de Peer, Y., Boerjan, 

W.: Genome-wide characterization of the lignification 
toolbox in Arabidopsis. - Plant Physiol. 133: 1051-1071, 
2003. 

Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, 
P.F., Marita, J.M., Hatfield, R.D., Ralph, S.A., Christensen, 
J.H.: Lignins: natural polymers from oxidative coupling of 
4-hydroxyphenyl-propanoids. - Phytochem. Rev. 3: 29-60, 
2004. 

Rencoret, J., Gutierrez, A., Nieto, L., Jimenez-Barbero, J., 
Faulds, C.B., Kim, H., Ralph, J., Martinez, A.T., Del Rio, 
J.C.: Lignin composition and structure in young versus adult 
Eucalyptus globulus plants. - Plant Physiol. 155: 667-682, 
2011. 

Robinson, A.R., Mansfield, S.D.: Rapid analysis of poplar 
lignin monomer composition by a streamlined 
thioacidolysis procedure and near-infrared reflectance-based 
prediction modeling. - Plant J. 58: 706-714, 2009. 

Rolando, C., Monties, B., Lapierre, C.: Thioacidolysis. - In: 
Stephen, Y.L., Carlton, W.D. (ed.): Methods in Lignin 
Chemistry. Pp. 334-349.  Springer-Verlag, Berlin 1992. 

Turner, S.R., Somerville, C.R.: Collapsed xylem phenotype of 
Arabidopsis identifies mutants deficient in cellulose 
deposition in the secondary cell wall. - Plant cell 9: 689-
701, 1997. 

Vogt, T.: Phenylpropanoid biosynthesis. - Mol. Plant 3: 2-20, 
2010. 

Wang, C., Ruan, R.W., Yuan, X.H., Hu, D., Yang, H., Li, Y., Yi, 
Z.L.: Relationship between lignin metabolism and lodging 
resistance of culm in buckwheat. - J. agr. Sci. 6: 29-36, 
2014a. 

Wang, C., Ruan, R.W., Yuan, X.H., Hu, D., Yang, H., Lin, T.T., 
He, P.L., Li, Y., Yi, Z.L.: Relationship of anatomical 
structure and lignin metabolism with lodging resistance of 
culm in buckwheat. - Acta agron. sin. 40: 1846-1856, 
2014b. 

Wei, F.Z., Li, J.C., Wang, C.Y., Qu, H.J., Shen, X.S.: Effects of 
nitrogenous fertilizer application model on culm lodging 
resistance in winter wheat. - Acta agron. sin. 34: 1080-1085, 
2008. 

Weng, J.K., Chapple, C.: The origin and evolution of lignin 
biosynthesis. - New Phytol. 187: 273-285, 2010. 

Zhang, W.J., Li, G.H., Yang, Y.M., Li, Q., Zhang, J., Liu, J.Y., 
Wang, S.H., Tang, S., Ding, Y.F.: Effects of nitrogen 
application rate and ratio on lodging resistance of super rice 
with different genotypes. - J. Integr. Agr. 13: 63-72, 2014. 

Zhao, H., Sheng, Q., Lü, S., Wang, T., Song, Y.: 
Characterization of three rice CCoAOMT genes. - Chin. Sci. 
Bull. 49: 1602-1606, 2004. 

 




