Nutrient Quality Implications of Syringyl/Guaiacyl Dynamics in Three Tropical Pennisetum Cultivars under Different Defoliation Ages
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Abstract
Due to increased cell wall deposition and lignification, the nutritional value of tropical forages decreases with plant maturity. The purpose of this study was to assess how defoliation age affected nutrient dynamics, digestibility, and syringyl/guaiacyl (S/G) lignin in three tropical Pennisetum cultivars. Three cultivars and three defoliation ages (60, 90, and 120 days after planting), each duplicated three times, were employed in a factorial randomized block design. Growth characteristics, leaf-to-stem ratio (LSR), water-soluble carbohydrates (WSC), crude protein (CP), crude fiber (CF), neutral detergent fiber (NDF), acid detergent fiber (ADF), total digestible nutrients (TDN), and in vitro digestibility were determined. Lignin structural characteristics were analyzed using Fourier Transform Infrared (FTIR) spectroscopy, and the S/G ratio was estimated from absorbance values at 1328 and 1267 cm⁻¹. Results showed that increasing defoliation age significantly increased NDF, ADF, crude fiber, and lignification while decreasing CP, WSC, TDN, and fiber digestibility. Pakchong grass harvested at 60 days exhibited the highest WSC content (5.06%), favorable nutrient composition, and the highest S/G ratio (1.366), indicating a syringyl-rich lignin structure with greater degradability. Conversely, King grass harvested at 120 days had the lowest S/G ratio (0.982), reflecting increased guaiacyl accumulation and reduced digestibility. The decline in the S/G ratio with maturity was closely associated with increased cell wall development and lower forage quality. Harvesting at 60–90 days for Pakchong grass, is recommended to achieve an optimal balance between biomass production, nutritive value, and ruminal digestibility.
Keywords: Tropical Pennisetum; Defoliation age; Syringyl/Guaiacyl ratio; FTIR spectroscopy; Forage digestibility.

INTRODUCTION
Forage is a staple food for ruminants, serving as both a source of fiber and a nutrient that determines livestock productivity. In tropical regions, forage quality is highly dynamic and influenced by maturity, as plant physiological changes directly alter the chemical composition and digestibility.
Superior tropical grasses from the Pennisetum genus, widely cultivated in Indonesia for livestock feed, include Pennisetum purpureum cv. Taiwan, Pennisetum purpureum × Pennisetum typhoides (Kinggrass), and Pennisetum purpureum × Pennisetum glaucum (Pakchong). These three cultivars have high biomass productivity and are characterized by late flowering or generative sterility due to chromosomal incompatibility (Kaur et al., 2019). This generative sterility prevents the grass from producing viable seeds and promotes vegetative dominance, as photosynthates are not allocated to seed formation (Escobedo et al., 2023; Samarawickrama et al., 2018). In forage production systems, this condition is more advantageous because it allows for a longer vegetative phase and potentially slows the decline in nutritional quality compared to grasses that enter the generative phase quickly. Although flowering is rare, the lignification process continues as the plant ages, resulting in maturity-driven nutritional dynamics even when the plant is not actively entering the generative phase.
Physiologically, increasing maturity increases structural cell wall fractions, such as Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF), and lignin, due to lignification in secondary tissues (Van Soest, 1994). Lignin accumulation limits the accessibility of rumen microbial enzymes to cellulose and hemicellulose, thereby reducing the digestibility and energy value of the feed. Structurally, lignin is formed through the oxidation of the monolignols p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) and is heterogeneous and increasingly condensed with plant age (Ralph et al., 2004). Previous studies generally evaluated nutritional quality at the whole-plant level (Ernawati et al., 2023; Zhou, 2017), without separating the dynamics of nutrient fractions between leaves and stems across maturity stages. 
However, differences in lignification patterns between leaf and stem tissues can lead to distinct nutritional responses among cultivars. Therefore, organ partition analysis is important for determining the optimal harvest age by balancing biomass production and nutritional quality. This study aims to examine the dynamics of leaf and stem nutrient content and analyze changes in lignin monomer composition in tropical grass cultivars at different defoliation ages to determine the optimal harvest age based on nutritional quality.

MATERIALS AND METHODS
Grass cultivation
The experimental location for the field experiment was located between 0°54'30.4"S 100°27'54.2"E, at an altitude of 450 m at the Edufarm Experimental Farm, Faculty of Animal Husbandry, Andalas University, Indonesia. The soil type in the area is ultisol with a pH of 5.43, and N, P, and K contents of 0.65%, 0.16%, and 1.12%, respectively. This experiment was conducted from January to May 2023 with an average monthly rainfall of 405 mm (Meteorology, Climatology, and Geophysics Agency, 2023). The study was conducted experimentally using a factorial randomized block design. Factor A consisted of three grass cultivars (Taiwan, King grass, and pakchong), while factor B consisted of harvest ages of 60, 90, and 120 days after planting (DAP), with four replications, resulting in 27 experimental units. Grass was planted using stem cuttings in a 15 m² (3 × 5 m) plot with a spacing of 70 × 80 cm (Halim et al., 2013). Grass seeds were obtained from the Deli Serdang Goat Research Center, North Sumatra, Indonesia.
During cultivation, the land was fertilized with organic fertilizer derived from cow feces at a rate of 10 tons/ha during soil preparation. Chemical fertilizers were applied using urea, Triple Super Phosphate (TSP), and Potassium chloride (KCl) twice: at 15 and 30 DAP at doses of 100 kg, 50 kg, and 50 kg/ha, respectively (Sajimin and Purwantari, 2019). Defoliation was carried out according to the treatment, at 60, 90, and 120 DAP by cutting the grass stems 5 cm above the soil surface (Mohamad et al., 2022).
Data Collection and Sample Analysis
Eight clumps from each plot were randomly selected to measure growth rate at 30-120 DAP, leaf-to-stem ratio (LSR), and WSC at each cutting frequency for the three species, measured at the end of the research. Furthermore, at each cutting frequency, the forage was divided into leaf and stem portions, then chopped and dried separately in an oven at 60°C for 48-72 hours. The samples were then ground to pass a 1 mm sieve. Samples were analyzed for water-soluble carbohydrate (WSC), crude protein (CP), crude fiber (CF), TDN, ADF, and NDF, in accordance with AOAC (2005). In vitro digestibility of CP, CF, ADF, and NDF was determined according to Tilley & Terry (1963) as modified by Van Soest et al. (1994).
Fourier Transform Infrared (FTIR) Analysis
Dried and finely ground forage samples were subjected to Fourier Transform Infrared (FTIR) spectroCFopy to characterize lignin functional groups and monomer composition. Spectral acquisition was performed using a PerkinElmer Spectrum IR spectrometer equipped with an attenuated total reflectance (ATR) accessory. Spectra were recorded in the mid-infrared region from 2000 to 1000 cm⁻¹ with a resolution of 4 cm⁻¹ and 32 CFans per sample to ensure an adequate signal-to-noise ratio. Background spectra were collected before each measurement and automatically subtracted.
Lignin structural characterization focuses on diagnostic absorption bands corresponding to syringyl (S) and guaiacyl (G) units. The following bands were selected based on established lignin vibrational assignments (Ralph et al., 2004; Kishimoto et al., 2010):
• 1320–1330 cm⁻¹: syringyl ring breathing with C–O stretching (S unit)
• 1240–1270 cm⁻¹: guaiacyl ring breathing and C–O stretching (G units)
• 1500–1600 cm⁻¹: aromatic CFeletal vibrations (general lignin confirmation)
Semi-quantitative estimation of the S/G ratio was calculated using the absorbance values ​​of the S band (~1328 cm⁻¹) and G band (~1267 cm⁻¹). Transmittance (%T) values ​​were converted to absorbance (A) using the equation:
A = log₁₀ (100 / %T)
The S/G ratio was then calculated as:
S/G = A1328 / A1267
Data analysis
Data were analyzed using ANOVA in SPSS 20. If significant differences were found, DMRT (Duncan's Multiple Range Test) was carried out.
RESULTS AND DICFUSSION
Plant Growth Rate
Observations from 30 to 120 days after planting (DAP) showed that the rate of plant height increase was nearly identical across the three grass species. Plant height at the end of the observation period (120 days after planting) ranged from 312 to 354 cm. Observations of the increase in leaf width, leaf length, and tiller number indicated that King grass was superior to the other two species, Pakchong and Taiwan. The highest increases in stem diameter and leaf number were found in the Taiwan and King grass varieties, at 20.04 mm and 14.27 leaves, and 20.34 mm and 14.34 leaves, respectively.

 
 



[bookmark: _Toc231205670]Figure 1. Growth rate at 30-120 DAP

The highest increases in leaf length and width were found in King grass, while the leaf sizes of Taiwan and Pakchong grass were nearly identical. Increasing maturity in grass plants showed a trend of increasing leaf size, where the older the plant, the greater the increase in leaf size, especially leaf width. This indicates that non-flowering grass species continue to exhibit vegetative growth as plant maturity increases (Kaur et al., 2019; Purwantari & Sarjimin, 2019).
Stem diameter increase was more influenced by grass species (p<0.05), and there was no interaction with increasing plant maturity (p>0.05). Taiwan grass and King grass had wider stem diameters than Pakchong grass, at 20.04 mm and 20.34 mm, respectively. The stem diameter of Pakchong grass observed in this study was lower than that of Taiwan and King grass. This finding aligns with Syafiyullah et al. (2025), who stated that Pakchong grass has a smaller diameter than elephant grass and odot, at 11.35 mm, 14.27 mm, and 23.78 mm, respectively. Plant growth rates are shown in Figure 1.
Observations of tiller growth showed that at 30-60 DAP, King grass had the highest number of tillers, at 11 tillers per clump, compared to Taiwan and Pakchonggrass, which had 10 tillers per clump. This study's findings align with those of Seseray et al. (2012), who found an increase in the number of tillers in elephant grass at 60 days after planting compared to 40 and 50 days after planting (4.25, 3.44, and 1.75 tillers, respectively).
After 70-120 days after planting, the number of tillers in all three clump species decreased. This was due to the increase in plant height at 70-120 days after planting, reaching 200-300 cm. The taller the grass plants, the more shade they provide for the low-growing tillers, preventing sunlight from reaching the soil surface. Consequently, photosynthesis in the tillers is inhibited, leading to tiller mortality. This is consistent with Onjai-uea et al. (2023): the number of tillers decreases during prolonged defoliation due to high tiller mortality, caused by low solar radiation penetrating to the soil base. Rodolfo et al. (2015) added that the longer the defoliation period, the more plant growth will be disrupted because the canopy becomes thicker and denser.

Leaf-stem ratio and WSC content
There was an interaction between grass type and defoliation period on leaf-stem ratio (LSR) and WSC content. King grass and Pakchong grass had the highest LSR at 60 days after planting (DAP), at 4 and 3.43, respectively, while 120 DAP resulted in the lowest LSR for all species. Compared with the other two grass species, king grass maturity at 90 and 120 days after planting resulted in higher LSR. LSR and WSC content are presented in Table 3.

Table 1. Leaf stem ratio (% dry weight basis) and WSC content (%) of three Napier grass
	Factor
	LSR
	WSC

	Cultivars
	
	

	G1
	1.39±0.59b
	3.66±0.96c

	G2
	1.59±1.31a
	3.95±0.83a

	G3
	2.15±1.41a
	3.80±0.67b

	DAP
	
	

	60
	3.09±1.15a
	4.89±0.15a

	90
	1.35±0.25b
	3.43±0.04b

	120
	0.81±0.19c
	3.10±0.28c

	Cultivars vs DAP
	
	

	G1*60
	1.94±0.47b
	4.90±0.02b

	G1*90
	1.54±0.13bc
	3.38±0.02e

	G1*120
	0.71±0.13d
	2.72±0.04h

	G2*60
	3.43±1.17a
	5.06±0.03a

	G2*90
	1.13±0.22cd
	3.46±0.02d

	G2*120
	0.67±0.04d
	3.32±0.01f

	G3*60
	4.00±0.51a
	4.70±0.01c

	G3*90
	1.40±0.22bc
	3.45±0.01d

	G3*120
	1.04±0.09cd
	3.26±0.02g


 Numbers followed by lowercase letters in the same column indicate a significant difference (p<0.05).G1=Taiwan grass, G2=Pakchong grass, G3=King grass

The higher LSR at 60 DAP in King grass was due to its longer leaf length and width (Figure 1). Leaves are the site of photosynthesis; the larger leaf size increases the interception capacity of solar radiation and photosynthetic surface area, thereby increasing photosynthate accumulation in leaf organs. In C4 plants such as Pennisetum sp, increased leaf area is closely associated with higher light-use efficiency and greater vegetative biomass accumulation. Therefore, King grass with longer, wider leaves tends to produce higher LSR during the early vegetative phase. This finding is consistent with Habte et al. (2022), who reported that Napiergrass genotypes with larger leaf areas produce better biomass productivity and forage quality. Although the leaf size of Pakchonggrass is almost the same as that of Taiwangrass, the stem diameter of Pakchonggrass is smaller, resulting in a higher LSR. Stems contain a higher proportion of vascular tissue and Cellerenchyma than leaves, so increasing stem biomass will reduce LSR. This tissue is composed of secondary cell walls rich in cellulose, hemicellulose, and lignin. Therefore, cultivars with larger stem diameters generally have a higher proportion of structural biomass and a lower LSR. A relationship between stem diameter and structural biomass accumulation has been reported across various Napiergrass cultivars, in which increasing stem diameter is positively correlated with biomass production and fiber content (Aleme et al., 2024; Tedeschi et al., 2023).
The highest WSC content was found in Pakchong grass at 60 days after planting, followed by Taiwan grass and King grass at 60 days after planting, at 5.06%, 4.90%, and 4.70%, respectively. Increasing defoliation age decreased WSC content in all grass species. This is because, as plant maturity increases, carbohydrate reserves are used for secondary growth, such as cell wall thickening due to fiber accumulation. The decrease in WSC content with increasing plant age indicates that most of the soluble carbohydrates have been used to support the formation of structural biomass and secondary cell wall deposition. During maturation, photosynthates are not only used as energy reserves but are also allocated to the synthesis of cellulose, hemicellulose, and lignin. Consequently, the proportion of non-structural carbohydrates decreases with increasing cell wall fiber content. This phenomenon is common in tropical grasses and is negatively correlated with increases in NDF and ADF (Escobedo et al., 2023; Ding et al., 2020).

Nutrient Content Dynamics
The CP content in leaves and stems showed a highly significant interaction between grass species and defoliation age (P < 0.05). CP content showed a decreasing pattern with increasing defoliation age. The average leaf CP decreased from 14.43% at 60 days after planting to 11.33% at 120 days after planting. A sharper decline occurred in stems, from 11.75% to 6.48%.
The decline in CP content during maturation is a common phenomenon in tropical forages. During the vegetative phase, protein is found abundantly in young, photosynthetically active leaf tissue. However, as the plant ages, a dilution effect occurs due to the accumulation of structural biomass that lacks significant nitrogen. Furthermore, some of the plant's nitrogen is diverted to the formation of structural tissue and secondary metabolites. Consequently, the protein content of dry matter decreases. In this study, increasing defoliation age resulted in a greater ratio of stems to leaves (Table 1). Escobedo et al. (2023) and Msiza et al. (2021) reported that increasing harvest age in tropical grasses decreases CP content, which is closely associated with an increasing stem-to-leaf ratio and increased cell wall fiber content.
Among the three cultivars, Pakchong had the highest leaf CP content (14.61%) compared to Taiwan (13.03%) and King (11.45%), indicating that Pakchong maintains higher nutritional quality throughout the vegetative phase. Pakchong's ability to maintain crude protein content at later defoliation ages is related to its finer morphological characteristics and slower lignification rate compared with those of Taiwan and King grasses (Table 2). The higher LSR in Pakchong allows photosynthetic tissue to remain dominant, thereby slowing nitrogen depletion. Furthermore, the relatively lower NDF and ADF contents of Pakchong (Table 2) indicate that the process of protein dilution by structural biomass is slower.
Leaf CF content at 60 days after planting was the lowest for all species, but increasing plant age to 60, 90, and 120 days after planting in Pakchong grass resulted in non-significant differences (P>0.05) in CF content of 29.61%, 31.74%, and 30.26%, respectively. The higher fiber concentration in stems occurs because stems contain more structural tissue than leaves, while the majority of leaves are occupied by thin-walled mesophyll cells.
CF content increased consistently with increasing defoliation age. In leaves, CF increased from 29.63% to 34.29%, while in stems, it increased from 31.54% to 41.06%. The increase in CF indicates the accumulation of cell wall fractions, including cellulose, hemicellulose, and lignin. This increase is closely related to the results of NDF and ADF analyses, which also increased with advanced defoliation. Stems exhibit a greater increase in CF than leaves because stems are the primary site of supporting tissue formation, such as xylem and sclerenchyma. According to Tedeschi et al. (2023), increased CF is an indicator of lignification in plant tissue. The higher the CF content, the greater the proportion of structural carbohydrates protected by the lignin matrix, thus slowing their degradation by rumen microbes.
Table 2. Nutrient partitioning leaves and stem of three Napier grass (%)
	Factor
	Crude protein
	Crude fiber
	TDN

	
	Leaves
	Stem
	Leaves
	Stem
	Leaves
	Stem

	Cultivars
	
	
	
	
	
	

	G1
	13.03±1.80b
	8.45±2.99b
	31.77±2.96b
	41.93±3.97a
	55.95±2.70a
	46.21±4.02b

	G2
	14.61±1.47a
	7.87±3.20b
	30.53±2.14b
	34.40±5.98b
	56.40±2.16a
	51.91±5.72a

	G3
	11.45±1.63c
	11.09±1.61a
	34.92±4.11a
	35.47±4.35b
	51.99±3.82b
	51.70±3.74a

	DAP
	
	
	
	
	
	

	60
	14.43±1.52a
	11.75±1.84a
	29.63±1.50b
	31.54±5.62c
	57.67±1.35a
	55.53±4.37a

	90
	13.33±1.03ab
	9.50±1.84b
	33.25±3.31a
	38.96±2.47b
	54.40±2.94b
	48.33±2.06b

	120
	11.33±2.58b
	6.48±2.45c
	34.29±3.83a
	41.06±4.03a
	52.25±3.88b
	46.26±3.45c

	Cv vs DAP
	
	
	
	
	
	

	G1*60
	15.11±0.68a
	10.47±0.18b
	29.38±1.16c
	37.97±1.46c
	58.47±0.69a
	50.52±0.73c

	G1*90
	12.83±0.70b
	10.47±0.18b
	30.80±0.49c
	41.81±2.09b
	56.02±1.39bc
	46.11±2.18e

	G1*120
	11.15±0.68c
	4.41±0.30d
	35.11±2.62b
	46.00±2.90a
	53.35±2.63d
	42.00±2.40f

	G2*60
	15.22±1.42a
	12.28±2.69a
	29.61±2.45c
	25.25±1.92e
	57.52±2.15ab
	60.75±0.73a

	G2*90
	15.51±0.93a
	7.07±0.56c
	31.74±2.62c
	37.49±0.79c
	56.92±1.29abc
	49.01±0.58cd

	G2*120
	13.10±0.66b
	5.37±0.60d
	30.26±0.83c
	38.17±0.92c
	54.75±2.26cd
	48.19±0.80d

	G3*60
	12.94±1.28b
	12.62±1.72a
	29.91±0.87c
	29.83±1.50d
	57.02±0.40ab
	56.63±0.71b

	G3*90
	11.67±0.51bc
	10.96±0.33ab
	37.21±1.13ab
	37.59±1.08c
	50.28±0.61e
	49.87±0.51cd

	G3*120
	9.75±0.99D
	9.68±0.83b
	38.57±0.92a
	38.99±1.00c
	48.66±0.94e
	48.61±0.93cd


 Numbers followed by lowercase letters in the same column indicate a significant difference (p<0.05). G1=Taiwan grass, G2=Pakchong grass, G3=King grass

The results showed that leaf TDN was consistently higher than stem TDN across all three grass species and across all defoliation ages. This difference reflects the differential distribution of nutrients between leaves and stems. Leaves generally contain higher crude protein, soluble carbohydrates, and cell fractions, while stems are dominated by cell wall components such as cellulose, hemicellulose, and lignin. Consequently, leaves have higher digestibility and provide greater energy for livestock than stems. The difference in nutrient composition between leaves and stems is a key factor determining forage quality.
TDN reflects the usable energy content of a forage, which is influenced by its nutrient composition. TDN is negatively correlated with NDF and lignin content, but positively correlated with crude protein and non-structural carbohydrates. Therefore, leaves, with higher protein and soluble carbohydrate content and lower fiber content, tend to have higher TDN than stems. Conversely, the dominance of structural tissue in stems leads to increased NDF and lignin, thus lowering TDN (Jayanegara et al., 2019).
The decrease in TDN with increasing defoliation age reflects the plant maturation process, where photosynthates are increasingly allocated to the formation of secondary cell walls rich in cellulose, hemicellulose, and lignin. The accumulation of these structural components reduces the digestibility and energy value of forage (Jayanegara et al., 2019).
Dynamics of Leaf and Stem Fiber Fractions at Different Defoliation Ages
Further test results showed a significant interaction (P<0.01) between grass species and defoliation age on ADF and NDF in the partitioning plant. However, there was no significant interaction (P>0.05) between  ADF and NDF in both leaf and stem. ADF content was significantly influenced by both grass species and defoliation age (P<0.05). Pakchong grass had the lowest leaf ADF content among Taiwan and King grass, at 41.25%, 44.36%, and 42.25%, respectively. The average leaf and stem fiber fraction content at three different defoliation ages is presented in Table 3.
ADF is a fraction consisting of cellulose and lignin, often used as an indicator of plant tissue stiffness and negatively related to digestibility. In leaves, ADF values ​​increased from an average of 39.73% at 60 DAP to 45.78% at 90 DAP and remained relatively stable at 120 DAP (45.35%). This increase indicates that leaf cell wall thickening occurs rapidly until 90 DAP, after which it slows down. Among the three cultivars, Pakchong had the lowest leaf ADF (41.25%) compared to Taiwan (44.36%) and King (45.25%), indicating the better nutritional quality of Pakchong leaves.

Table 3. Fiber fraction partitioning of grass (% dry matter basis)
	Factor
	ADF
	NDF

	
	Leaves
	Stem
	Leaves
	Stem

	Cultivars
	
	
	
	

	G1
	44.36±4.39a
	49.17±4.58a
	72.45±6.62a
	72.20±7.02a

	G2
	41.25±3.15b
	47.31±6.41b
	69.77±4.63b
	69.09±7.19b

	G3
	45.25±2.57a
	47.72±6.25b
	73.73±4.60a
	70.34±7.67b

	DAP
	
	
	
	

	60
	39.73±2.57b
	40.93±3.97c
	65.20±2.80c
	60.41±3.84c

	90
	45.78±3.23a
	48.22±2.06b
	74.36±3.31b
	73.55±2.77b

	120
	45.35±1.89a
	53.45±1.72a
	76.01±2.25a
	75.50±3.40a

	Cultivars vs DAP
	
	
	
	

	G1*60
	38.82±1.82
	43.86±2.10
	63.86±1.47e
	62.87±0.62

	G1*90
	47.95±1.53
	49.73±1.62
	75.66±2.60ab
	76.21±1.51

	G1*120
	46.32±1.46
	53.91±1.39
	77.84±0.94a
	77.52±1.81

	G2*60
	38.28±3.06
	32.23±0.10
	63.82±4.06e
	50.91±0.11

	G2*90
	42.01±2.57
	46.31±0.77
	70.67±2.24c
	71.05±2.43

	G2*120
	43.46±1.20
	52.09±1.18
	73.33±1.46bc
	71.67±2.77

	G3*60
	42.09±0.57
	40.19±.50
	67.58±1.07d
	60.34±0.97

	G3*90
	47.40±0.86
	48.62±2.07
	76.74±0.71a
	73.38±1.53

	G3*120
	46.26±1.56
	54.35±1.91
	76.87±0.72a
	77.31±1.50


Numbers followed by lowercase letters in the same column indicate a significant difference (p<0.05).  G1=Taiwan grass, G2=Pakchong grass, G3=King grass

In contrast, in stems, the increase in ADF was more pronounced. The average stem ADF increased from 40.93% at 60 DAP to 48.22% at 90 DAP, and reached 53.45% at 120 DAP. This indicates that the lignification process and structural tissue formation are more intensive in stems than in leaves. At 120 DAP, the ADF of Taiwanese stems reached 53.91%, Kinggrass 54.35%, while Pakchong was slightly lower at 52.09%.
This phenomenon aligns with the theories of Jung (2012) and Van Soest (1994), which state that increasing plant age leads to the deposition of lignin and cellulose in secondary cell walls, particularly in the vascular tissue and sclerenchyma of the stem. NDF represents the total plant cell wall, consisting of hemicellulose, cellulose, and lignin. In leaves, NDF increased from an average of 65.20% to 74.36% and 76.01% at 60, 90, and 120 DAP, respectively. This increase indicates an increase in the proportion of structural tissue and a decrease in easily digestible cellular components. Pakchong leaves had a lower NDF content (69.77%) than Taiwan (72.45%) and King grass (73.73%).
In stems, a similar pattern occurred, but with a more drastic increase. NDF increased from 60.41% to 73.55% and 75.50% at 60, 90, and 120 DAP, respectively. Interestingly, at 60 DAP, Pakchong stems only had an NDF of 50.91%, significantly lower than those of Taiwan (62.87%) and King grass (60.34%). This indicates that Pakchong stems in the early vegetative phase are still relatively young and less lignified. The sharp increase in NDF at later ages indicates the accumulation of structural biomass as a consequence of stem elongation and the development of plant-supporting tissues.

In vitro digestibility
The results showed that defoliation had no significant effect (P>0.05) on the CPIVD of elephant grass, but variety had a significant effect (P<0.05). CPIVD values ​​ranged from 65.00–70.96%, with the highest average value found in king grass (70.25%), followed by Pakchong (67.38%) and Taiwan (65.31%). The absence of an effect of defoliation age on CPIVD indicates that the protein fractions in the three cultivars were utilized relatively equally by rumen microbes, even up to 120 DAP. The in vitro digestibility is shown in Table 4.
The high CPIVD value in king grass indicates that the forage protein remains readily degradable by rumen microbes. Besides being influenced by crude protein content, protein digestibility is largely determined by the degree of protein binding to plant cell wall components. Proteins bound to the NDF, ADF, and lignin fractions generally have lower degradation rates than cellular proteins because they are blocked by the lignocellulose matrix, which limits access to microbial proteolytic enzymes (Van Soest, 1994; Wang et al., 2022). 

Table 4. Whole plant In vitro digestibility (%)
	Factor
	ADFIVD
	NDFIVD
	CPIVD
	CFIVD

	Cultivars
	
	
	
	

	G1
	58.66±2.23
	59.80±2.18
	65.31±1.71c
	61.72±0.53b

	G2
	58.29±3.32
	59.44±2.55
	67.38±1.34b
	62.26±0.19a

	G3
	56.46±2.54
	58.55±2.41
	70.26±1.27a
	63.43±1.16a

	DAP
	
	
	
	

	60
	59.87±1.74a
	61.23±1.36a
	67.36±2.76
	62.30±1.26

	90
	57.91±2.94ab
	59.47±2.19a
	67.62±2.45
	62.45±0.96

	120
	55.63±1.94b
	57.09±1.28b
	67.97±2.53
	62.66±1.46

	G vs DAP
	
	
	
	

	G1*60
	60.15±2.57
	61.17±2.43
	65.00±1.76
	61.58±0.44

	G1*90
	59.10±0.33
	60.27±2.04
	65.43±2.64
	61.67±0.38

	G1*120
	56.74±2.03
	57.97±0.88
	65.51±1.22
	61.92±0.83

	G2*60
	60.59±1.77
	61.64±1.00
	67.25±2.30
	62.17±1.05

	G2*90
	58.39±4.68
	59.74±2.51
	67.46±1.18
	62.22±0.57

	G2*120
	55.91±1.61
	56.95±1.43
	67.43±0.67
	62.38±2.05

	G3*60
	58.89±0.36
	60.89±0.35
	69.84±2.12
	63.15±1.80

	G3*90
	56.26±2.43
	58.40±2.43
	69.97±0.30
	63.46±0.85

	G3*120
	54.24±1.88
	56.34±1.31
	70.96±0.84
	63.68±1.10


Numbers followed by lowercase letters in the same column indicate a significant difference (p<0.05).  G1=Taiwan grass, G2=Pakchong grass, G3=King grass


CFIVD showed that defoliation age had no significant effect (P>0.05), whereas differences among varieties were significant (P<0.05). CFIVD values ​​ranged from 61.58–63.67%, with King grass having the highest value (63.42%), followed by Pakchong (62.26%) and Taiwan (61.72%). CFIVD values ​​were higher (P<0.05) in King grass and Pakchong compared to Taiwan grass due to the CF, ADF, and NDF content in King grass and Pakchong being insignificantly different (P>0.05).
ADFIVD showed a significant effect of defoliation age (P<0.05), with the average value decreasing from 59.87% at 60 days after planting to 55.62% at 120 days after planting. This decrease is consistent with the increase in ADF and lignin concentrations that occurred during plant maturation.
The decrease in ADFIVD in this study indicates that plant maturation altered cell wall structure, reducing the accessibility of the structural fiber fraction to rumen microbial fermentative activity. During plant development, lignin not only increases in quantity but also undergoes a change in chemical structure, from the syringyl to the guaiacyl form, becoming more condensed and more resistant to biological degradation. 
The results showed that defoliation age had a significant effect (P<0.05) on NDF digestibility. The NDFIVD value decreased from 61.23% at 60 days after planting to 57.08% at 120 days after planting. In contrast, differences in varieties did not significantly affect this parameter. The NDF is a fraction of plant cell walls consisting of hemicellulose, cellulose, and lignin, so it is often used as a primary indicator of forage quality and potential feed consumption by ruminants. The decrease in NDF digestibility (NDFIVD) at older defoliation ages indicates that increasing plant maturity is accompanied by greater cell wall complexity, which limits degradation by rumen microorganisms. Mertens (1997) stated that NDF content has a negative relationship with forage quality because an increase in NDF is generally followed by a decrease in dry matter consumption, rumen degradation rate, and nutrient utilization efficiency by livestock. Therefore, although increasing defoliation age may increase biomass production, the accompanying changes in cell wall composition tend to decrease the forage's nutritional value.

FTIR Structure of Syringyl (S) and Guaiacyl (G) Lignin in Three Grass Species
The FTIR spectra of the three grass species showed typical lignocellulose bands at 3330–3340 cm⁻¹ (O–H stretching), 2918–2922 cm⁻¹ (C–H stretching), 1725–1730 cm⁻¹ (C=O stretching), and 1030–1050 cm⁻¹ (C–O stretching), indicating the presence of cellulose, hemicellulose, and lignin. The bands at 1320–1330 cm⁻¹ and 1265–1275 cm⁻¹ were associated with syringyl (S) and guaiacyl (G) units of lignin, respectively. Variations in the S/G ratio reflect differences in lignin composition across grass species and defoliation levels.
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Figure 2. FTIR spectrum of three cultivars of Pennisetum sp. at different defoliation ages.
G1=Taiwan grass, G2=Pakchong grass, G3=King grass; 60, 90, 120 days after planting

Pakchong grass in 60 DAP had the highest S/G ratio (1.366), indicating a predominance of syringyl units. Syringyl-rich lignin generally has a less condensed structure and is more readily degraded by rumen enzymes and microorganisms. In contrast, king grass at 120 DAP had the lowest S/G ratio (0.982), indicating a greater proportion of guaiacyl and the formation of lignin that is more resistant to degradation.

Table 5. FTIR and polymer wavenumbers in three Pennisetum sp.
	Functional groups
	Primary polymer
	Wavenumber (cm⁻¹)

	
	
	Taiwan
	Pakchong
	King grass

	O–H stretching
	Cellulose, hemicellulose, lignin
	3330–3340
	3330–3340
	3330–3340

	C–H stretching
	Cellulose, hemicellulose, lignin
	2918–2922
	2918–2922
	2918–2922

	Symmetric C–H stretching
	Lignin, wax
	2850–2855
	2850–2855
	2850–2855

	C=O stretching
	Hemicellulose, ferulate ester 
	1725–1730
	1725–1730
	1725–1730

	H–O–H bending
	Cellulose, hemicellulose
	1630–1640
	1630–1640
	1630–1640

	C–H bending
	Cellulose, hemicellulose
	1370–1380
	1370–1380
	1370–1380

	Syringyl ring breathing
	Lignin syringyl (S)
	1320–1330
	1320–1330
	1320–1330

	Guaiacyl ring breathing
	Lignin guaiacyl (G)
	1265–1275
	1265–1275
	1265–1275

	Aryl–O stretching
	Lignin, hemicellulose
	1230–1240
	1230–1240
	1230–1240

	C–O stretching
	Cellulose, hemicellulose
	1030–1050
	1030–1050
	1030–1050

	β-glycosidic linkage
	Cellulose
	890–900
	890–900
	890–900



In general, a decrease in the S/G ratio from 60 to 120 DAP indicates increased lignification with age or defoliation intensity. The predominance of guaiacyl units potentially increases cell wall rigidity and decreases fiber digestibility, while the predominance of syringyl units tends to increase enzyme accessibility to structural polysaccharides. S/G ratio three Pennisetum sp vs defoliation rate present in Table 6. 

Table 6. Syringyl (S) and Guaiacyl (G) lignin wave in three Pennisetum sp vs defoliation rate
	Grass
	Defoliation
	S (cm⁻¹)
	G (cm⁻¹)
	Rasio S/G

	Taiwan
	60
	~1328
	~1267
	1,145

	Taiwan
	90
	~1328
	~1267
	1,099

	Taiwan
	120
	~1328
	~1267
	1,082

	Pakchong
	60
	~1328
	~1267
	1,366

	Pakchong
	90
	~1328
	~1267
	1,063

	Pakchong
	120
	~1328
	~1267
	1,027

	King grass
	60
	~1328
	~1267
	1,145

	King grass
	90
	~1328
	~1267
	1,086

	King grass
	120
	~1328
	~1267
	0,982


S:syringyl, G:guaiacyl

Conclusion
This study showed that grass type and defoliation age significantly affected the nutritional quality, fiber fraction, digestibility, and lignin structure of tropical Pennisetum. Increasing defoliation age from 60 to 120 DAP increased NDF, ADF, and lignification, but decreased CP, WSC, TDN, and fiber digestibility. FTIR analysis revealed that the decrease in the S/G ratio with increasing plant age reflects a shift toward guaiacyl-rich, more condensed lignin, thereby reducing cell wall accessibility to rumen microbes. Pakchong grass at 60 DAP had the best forage quality with the highest S/G ratio (1.366), while king grass at 120 DAP showed the highest lignification with the lowest S/G ratio (0.982). Therefore, harvesting at 60–90 DAP, especially for Pakchong grass, is recommended to achieve an optimal balance between biomass production and nutritional quality.
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Taiwan grass	30	45	60	75	90	105	120	9.375	18	20.75	21.15625	21.5	21.78125	18	Pakchong grass	30	45	60	75	90	105	120	11.375	16.15625	17.703125	19.4375	19.96875	20	18.59375	King grass	30	45	60	75	90	105	120	9.1875	14.453125	20.71875	21.625	22.875	20.5	19.1875	Days

Stem diameter (mm)


Taiwan grass	30	45	60	75	90	105	120	3.8125	7.59375	9.5	10.03125	10.75	11	8.96875	Pakchong grass	30	45	60	75	90	105	120	3.51	6.90625	9.9600000000000009	10.1875	10.34375	10.46875	8.53125	King grass	30	45	60	75	90	105	120	5.09375	9.9375	11.451612903225801	10.625	10.28125	10.1875	8.125	Days
Number of tiller/clump

Taiwan grass	30	45	60	75	90	105	120	72.8	120.9	159.44	216.21	270.08999999999997	325.31	356.47	Pakchong grass	30	45	60	75	90	105	120	62.490625000000001	105.25937500000001	139.1875	212.77812499999999	252.63124999999999	308.64375000000001	335.96249999999998	King grass	30	45	60	75	90	105	120	62.037500000000001	102.55625000000001	155.28749999999999	203.98124999999999	260.77812499999999	296.25312500000001	312.41250000000002	Days 

Plant height (cm)


Taiwan grass	30	45	60	75	90	105	120	2.2400000000000002	2.5099999999999998	2.95	3.15	3.47	3.9	3.95	Pakchong grass	30	45	60	75	90	105	120	1.765625	2.4031250000000002	2.85	3.2093750000000001	3.4125000000000001	3.625	3.9406249999999998	King grass	30	45	60	75	90	105	120	2.02	3.1	3.4406249999999998	3.59375	4.32	4.67	5.03	Days

Leaf width (cm)


Taiwan grass	30	45	60	75	90	105	120	49.28125	56.862499999999997	69.231250000000003	80.487499999999997	85.759375000000006	91.496875000000003	120.26875	Pakchong grass	30	45	60	75	90	105	120	47.484375	59.993749999999999	72.121875000000003	83.409374999999997	88.1	93.615624999999994	138.43125000000001	King grass	30	45	60	75	90	105	120	49.037500000000001	69.599999999999994	85.393749999999997	95.565624999999997	106.84	113.21	146.203125	Days

Leaf length (cm)
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