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ABSTRACT 

Leucaena leaves and rejected green banana fruits can be promising to cope with feed gaps in arid and semi-arid 

Mediterranean regions. The present study evaluated the feeding value and secondary active compounds of Leucaena 

leaves and rejected green banana fruits for ruminants using a semi-automated gas production (GP) system. 

Comparisons were made with the traditional feeds as alfalfa, and Dichanthium spp. grass hay. Analysis of HPLC 

was performed for the feed ingredients to characterize the main phenolic components. The in vitro evaluation was 

carried out for the experimental feed ingredients and diets. Four diets were formulated as the first diet consisted of 

alfalfa and grass hay at a ratio of 35:65 (AG), the second diet composed of alfalfa, grass hay, and green banana fruits 

at a ratio of 35:55:10 (AGB), third and fourth diets were prepared by replacing alfalfa in AG and AGB with 

Leucaena leaves to be LG and LGB, respectively. Leucaena leaves showed a high content of valuable phenolic 

components that have antioxidant and anti-inflammatory properties, such as gallic acid, ellagic acid, and naringenin. 

Moreover, Leucaena leaves and diet had higher crude protein, total phenols, and total tannins than alfalfa, which was 

reflected on the chemical composition of diets, and recorded the lowest total accumulative GP at 24 hours leading to 

low CH4 and CO2 production. Banana fruits recorded the lowest ruminal pH, ammonia concentration, and degraded 

neutral detergent fiber, compared to other feed ingredients, while it had the highest GP and degraded organic matter. 

Therefore, it is highly recommended to use Leucaena leaves in animals’ diets with/without rejected green banana 

fruits as an alternative feed resource with potential environmental and animal health benefits. 
 

Keywords: Alfalfa, Dichanthium spp. grass, Green banana fruits, In vitro evaluation, Leucaena leucocephala 

leaves, Phenolic compounds 
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INTRODUCTION 

  

Livestock production is predominantly maintained on forage plants and agriculture by-products in most aired and semi-

arid Mediterranean lands. These forages are characterized by high fiber content and a low percent of crude protein (CP). 

Shrub legumes have been shown to enhance the protein supply of ruminants in these regions. For example, Leucaena 

(Leucaena leucocephala) is concerned as one of the most promising legumes that possess a high-quality protein and 

contain various valuable secondary metabolites, such as tannins, flavonoids, saponins, alkaloids, cardiac glycosides, and 

glycosides. Therefore, Leucaena leaves are valuable feed resources with potential health benefits for ruminants (Xu et 

al., 2018). Among these bioactive compounds, Leucaena tannins have received significant attention focusing on 

ruminant production response (Morales and Ungerfeld, 2015; Huang et al., 2018). Low to moderate condensed tannins 

(CT) of Leucaena can alter the rumen fermentation profile and decrease CP degradation. Forage with high nitrogen 

sources has to be associated with suitable fermentable carbohydrates to obtain optimal ruminal microbial fermentation 

and nutrient degradability (Salama et al., 2020). 

The rejected green banana fruits (Musa paradisiaca) are an agriculture by-product found in abundance in the 

Mediterranean. It is a rich source of carbohydrates and sugars, mainly sucrose, glucose, and fructose. Although bananas 

provide energy due to the presence of starch, they are low in crude fiber, CP, and mineral contents (Kramer, 2014). 

Babatunde (1992) estimated that 30 to 40% of the total banana production is non-marketable (rejected banana fruits) 

because of failure to meet quality standards, making them potentially available for livestock feeding. The organic matter 

(OM) degradability and digestibility of the banana fruits are found to be 628 and 783 g kg
-1

 DM, respectively, when the 

nutritional value is assessed in goats (Pieltain et al., 1998). Rashid et al. (2019) stated that there was no depression effect 

on animal performance when 1 kg of fresh rejected banana fruits was used in diets of lactating ewes. Green banana fruits 

also may have bioactive components (e.g., phenolic) that may affect the ruminal fermentation profile and degradability. 

It was hypothesized that the association between carbohydrates in rejected green banana fruits and CP in Leucaena 
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leaves would accelerate ruminal fermentation, microbial activity, and nutrient utilization. The effects of the combination 

of the secondary metabolites naturally found in both plant sources are not known. Therefore, the current study aimed to 

monitor the main phenolic components of the tested feed ingredients by HPLC and evaluate the replacing effects of 

alfalfa in a basal ration of tropical grass hay with Leucaena leaves with or without rejected green banana fruits on in vitro 

nutrients degradability, fermentation parameters, and changes in rumen protozoa population. 

 

MATERIALS AND METHODS 

 

Place of study 

The current study was performed in cooperation between INRAE, UR143, Unite de Recherches Zootechnique, 

Guadeloupe, France, and Animal Production Department, Faculty of Agriculture, Cairo University, Egypt. The in vitro 

experiment was performed at the advanced laboratory of animal nutrition of the Department of Animal and Fish 

Production, Faculty of Agriculture, Alexandria University, Egypt. 

 

Ethical approval 

The experimental procedures and protocols have been performed under the guidelines of the EU Directive number 

63 in 2010 and the Council of 22 September 2010 for animals that when used for scientific purposes. 

 

Experimental feed ingredients and diets 

The experimental feed ingredients were collected from Guadeloupe, French West Indies (Guadeloupe, latitude 16.16 

N, longitude 61.30 W). The grass hay came from natural grassland in Basse-Terre, west Guadeloupe, with irrigation and 

mineral fertilization of 100 kg of N/ha/year. The hay was based on tropical grass (Dichanthium spp.) aged around 75 

days old. Leucaena leaves were collected manually from fallow farmland in Grande-Terre, northeast Guadeloupe. All 

leaves were wilted and dried in a shadow place (30°C) for 7 days with daily overturn. Rejected green banana fruits 

(damaged, under- or over-sized) were obtained from a banana commercial French farm then chopped and dried in the 

oven at 50°C for 72 hours. All feed ingredients were crumbled into small particles then milled through a 1 mm screen 

before using. Four experimental diets were prepared as the first diet consisted of alfalfa and grass hay at a ratio of 35:65 

(AG), second diet entailed alfalfa, grass hay, and green banana fruits at a ratio of 35:55:10 (AGB), third fourth diets were 

prepared by replacing alfalfa in AG and AGB with leucaena leaves to be LG and LGB, respectively. The diets were 

formulated to meet NRC requirements for growing small ruminants (NRC, 2007).  

 

Chemical analysis of feed ingredients 

The experimental feed ingredients were chemically analyzed according to AOAC (AOAC, 2000) for dry matter 

(DM) content by oven-drying to a constant weight at 60°C, ash content determined by burning feeds samples at 550°C 

for 4 hours, CP by Kjeldahl procedure (N ×6.25), and ether extract (EE) using an automated Soxtec apparatus 

(Soxtec
TM

2050, Foss, Höganäs, Sweden). Contents of neutral detergent fiber (NDF), acid detergent fiber (ADF), and 

acid detergent lignin (ADL) were sequentially measured using the ANKOM
DELTA

 Automated Fiber Analyzer with pump 

system (ANKOM, model DELTA, Macedon NY, USA) in a fiber filter bag 25-micron porosity F57 ANKOM). Total 

phenols (TP) content (ascorbic acid equivalents) in feed ingredients were determined according to the Folin-

Ciocalteureagent method (Makkar, 2003). Total tannins (TT) were estimated when 5 g of the sample was boiled in water 

for 30 min then centrifuged at 2000 rpm for 20 min. Then, one ml of the sample extract was added to 75 ml water then 5 

ml of Folin-Denis reagent, and 10 ml of sodium carbonate solution were added. The sample absorbance was read using a 

spectrophotometer (Quimis®, Diadema, Brazil) at 700 nm after 30 min and tannic acid was used as standard. The TT 

content of the samples as a percentage was obtained from the standard graph of tannic acid (Katoch, 2011).  

 

Phenolic compounds quantitative analysis  

High-Performance Liquid Chromatography (HPLC, Agilent 1260 series Santa Clara, USA) was carried out to 

identify the phenolic compounds excited in the experimental plant samples. The separation was carried out using the 

Eclipse C18 column (4.6 mm x 250 mm i.d., 5 μm). The mobile phase consisted of water (A) and 0.05% tri-fluoro-acetic 

acid in acetonitrile (B) at a flow rate of 1 ml/min. The mobile phase was programmed consecutively in a linear gradient 

as follows: 0 min (82% A), 0–5 min (80% A), 5-8 min (60% A), 8-12 min (60% A), 12-15 min (82% A), 15-16 min 

(82% A), and 16-20 (82%A). The multi-wavelength detector was monitored at 280 nm. The injection volume was 5 μl 

for each of the feed samples ethanolic solution. The column temperature was maintained at 40°C. The analytical curve 

was prepared by dilutions of 17 analytical phenolic standards (≥ 95% purity HPLC grade, from Sigma-Aldrich® Brand 

(Santa Louis, USA). 
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In vitro gas production assay 

 The experimental feed ingredients and diets were evaluated using the semi-automatic gas production system, which 

is equipped with a pressure transducer and a data logger (Pressure Press Data GN200, Sao Paulo, Brazil) according to 

Bueno et al. (2005) and modified by Soltan et al. (2018). Ruminal contents from four healthy fasted slaughtered buffalo 

bulls (Bubalus bubalis) with an average live weight of 500 ± 10 kg SE were obtained individually at the slaughterhouse 

of the Agricultural Experimental Station of the Faculty of Agriculture, Alexandria University, Egypt. The animals were 

fed a diet with a 40:60 roughage: concentrate ratio, clover hay as a roughage source, and commercial concentrate fed 

mixture (152 CP g/kg DM). The ruminal contents were collected as described by Sabry et al. (2021). 

The pH of the ruminal fluid for animals was measured using a portable pH meter (GLP 21 model; CRISON 

INSTRUMENTS, Barcelona, Spain). The collected ruminal fluid was blended for 10 seconds, squeezed through 4 layers 

of cheesecloth, and the temperature was kept at 39°C under CO2. The nutritive buffer incubation medium was prepared 

according to Onodera and Henderson (1980) and used to dilute the squeezed rumen fluid with a 1:2 ratio (rumen: buffer) 

to prepare the buffered ruminal inoculum (BRI). A dried ground (1 mm screen) sample of 500 mg for all the 

experimental feed ingredients and diets were weighed (with 8 repetitions) in 120 ml volume dark glass bottles, then 45 

ml of BRI were added into the bottles and has been shaken well. To obtain the net values of GP, blank bottles were 

prepared with 45 ml BRI without substrate. Moreover, Berseem clover (Trifolium alexandrinum L.) hay was used as an 

internal standard to detect the sensitivity changes induced by the BRI (Soltan et al., 2013). Instantly, after BRI addition, 

all bottles were locked tight with 20 mm butyl septum stoppers and incubated at 39°C in a forced-air oven (FLAC STF-

N 52 Lt, Treviglio, (Italy) for 48 hours. The head space gas pressure was recorded at 4, 8, 12, 24, and 48 hours after the 

incubation start time to calculate the net produced gas volumes. After each gas sampling, the incubated bottles were 

vented, handily shaken, and returned to the incubator (Soltan et al., 2013).  

 

In vitro ruminal nutrient degradability, fermentation parameters, and protozoal count 

All the incubation bottles were removed from the incubator after 48 hours and placed directly on an ice bath to 

inhibit fermentation. After bottle opening, the ruminal final pH values were determined by the same portable pH meter 

which used before. The truly degraded OM was analyzed according to Blümmel et al. (1997). The bottle's residuals (non-

degraded contents) were filtered in pre-weighed free crucibles, washed with hot distilled water, then dried, and allowed 

to burn into ash. The TDOM was considered to be the difference between the incubated and non-degraded OM amounts 

after 48 hours; meanwhile, the difference between the amount of incubated NDF and the non-degraded amounts was 

considered as truly degraded NDF (TDNDF). Ruminal ammonia concentrations were determined calorimetrically 

(Konitzer and Voigt, 1963) by a commercial enzymatic kit (Biodignstic inc, Alexandria, Egypt). Neubauer improved the 

bright-line counting chamber, and methyl green-formalin-saline solution was used to count protozoa microscopy as 

described by Konitzer and Voigt (1963). According to Soltan et al. (2018) and Salama et al. (2020) adaptation for 

Palmquist and Conrad (1971) method, the short-chain fatty acids (SCFAs) were determined by a gas chromatograph 

(Thermo TRACE 1300, Rodano, Milan, Italy) and equipped with a capillary column (TRFFAP 30 m × 0.53 mm ID × 

0.5µm film (Thermo-part No: 260N225P). 

 

Statistical analysis 

The in vitro assay was completed in one run with eight replication for each treatment. The experimental design was 

a complete randomized block design and data were analyzed for the feed ingredients parameters with one-way analysis 

of variance using the General Linear Model (PROC GLM) procedure of SAS (SAS Institute Inc. 2014. SAS® 

OnDemand for Academics. Cary, NC) (SAS, 2015). Different diets parameters comparisons were analyzed with a 

factorial model using the PROC MIXED procedure of SAS, the model included the fixed effects of the forage type 

(alfalfa or Leucaena), with or without banana, and their interactions. The incubation bottle was the experimental unite. 

Comparisons of differences among treatments were considered significant at p ≤ 0.05 using Duncan’s Multiple Range 

test (Steel and Torrie, 1980). 

 

RESULTS  

 

Chemical composition of feed ingredients and tested diets  

The chemical composition of the feed ingredients and diets used in the in vitro evaluation is provided in Table 1. 

Data indicated that values of OM content were similar for Leucaena and grass, whereas higher values of OM were 

observed with green banana and alfalfa. Leucaena presented higher CP and EE than alfalfa. The total phenols and total 

tannins of Leucaena were about 10 and 5 times higher than alfalfa, respectively. Meanwhile, alfalfa was higher than 

Leucaena in NDF and ADF. The green banana fruits had the lowest values of CP, EE, NDF, ADF, and ADL compared 

with other feed ingredients. The highest values of NDF and ADL content were recorded for grass hay. Leucaena plus 

grass hay and LGB diets showed higher values of CP, EE, total phenols, and total tannins than AG and AGB diets (Table 
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1).  

 

Table 1. Chemical composition of experimental feed ingredients and diets  

Chemical composition  

Feed ingredients  Experimental diets 

Alfalfa Leucaena 
Green 

banana  

Grass 

hay 
AG AGB LG LGB 

Organic matter (g/kg DM) 940 910 950 910 921 925 910 914 

Crude protein (g/kg DM) 168 220 44 120 137 129 155 147 

Ether extract (g/kg DM) 32.0 85.3 14.1 45.1 40.5 37.4 59.2 56.1 

Neutral detergent fiber (g/kg DM) 368 221 71.6 600 519 466 467 415 

Acid Detergent fiber (g/kg DM) 291 144 23.7 258 270 246 218 195 

Acid Detergent lignin (g/kg DM) 69.8 60.2 18.5 99.0 88.8 80.7 85.4 77.4 

Total phenols* 4.42 40.7 1.78 7.50 6.42 5.85 19.1 18.5 

Total tannins (%) 0.75 4.43 0.63 1.39 1.17 1.09 2.45 2.38 

AG: alfalfa and grass hay at a ratio of 35:65, AGB: Alfalfa, grass hay, and green banana fruits at a ratio of 35:55:10, LG and AGB prepared by 

replacing alfalfa in AG and AGB with Leucaena leaves, respectively. *: Eq- to Gallic acid (g)/DM (kg). 

 

Table 2. Phenolic components of the experimental feed ingredients detected by high-performance liquid chromatography 

Phenolic components  
Retention 

time (min) 

Molecular 

formula 

Molecular 

weight (g/mol) 

Concentration (µg/ml ethanolic extraction) 

Alfalfa Leucaena 
Green 

banana  
Grass hay 

Gallic acid 3.04 C7H6O5 170.12 12.71 331.58 60.57 40.61 

Chlorogenic acid 3.80 C16H18O9 354.31 41.2 99.76 9.31 27.74 

Catechin 4.123 C15H14O6 290.26 2.2 131.5 1.47 16.85 

Methyl gallate 5.00 C8H8O5 184.15 0.31 26 0.23 17.34 

Caffeic acid 5.39 C9H8O4 180.16 0.91 31.49 10.38 60.36 

Syringic acid 5.88 C9H10O5 198.17 0.79 21.18 ND 1.48 

Pyro catechol 6.05 C6H6O2 110.1 ND 13.6 ND ND 

Rutin 7.15 C27H6O5 610.5 33.88 81.29 ND 22.91 

Ellagic acid 7.91 C7H30O16 302.19 13.02 391.15 1.38 3.21 

Coumaric acid 8.15 C9H8O3 164.16 ND 42.89 ND 10.28 

Vanillin 8.76 C8H8O4 168.14 ND 36.54 ND 3.93 

Ferulic acid 9.48 C10H10O4 194.18 2.01 2.69 0.85 17.18 

Naringenin 10.13 C15H12O5 272.25 3.53 529.24 0.79 6.19 

Querectin 12.96 C15H10O7 302.2 3.55 6.15 1.01 2.17 

Cinnamic acid 14.19 C9H8O2 148.15 0.27 1.87 0.17 0.89 

Kaempferol 15.35 C15H10O6 286.2 6.01 5.69 ND 8.75 

Hesperetin 15.88 C16H14O6 302.27 ND ND ND 0.65 

ND: Not detected 

 

Phenolic components by HPLC analysis 

Table 2 presents the concentration of 17 phenolic components determined in the extract of the experimental feed 

ingredients. Leucaena has the highest concentration of 13 out of 17 tested phenolic components. Gallic acid, ellagic acid, 

and naringenin were the most phenolic components detected in Leucaena extract. Pyro catechol was found only in 

Leucaena extract, while coumaric acid and vanillin have been found in the extract of Leucaena and grass hay and 

undetected in alfalfa and green banana extracts. Leucaena indicated a high content of different components with 

antioxidant and anti-inflammatory properties, such as catechin, gallic acid, chlorogenic acid, ellagic acid, and naringenin 

(Table 2). 

 

In vitro gas production of feed ingredients and tested diets 

Table 3 presents the gas production (ml/g DM) after 4, 8, 12, 24, 48 hours and total accumulative after 24hours of 

the feed ingredients and tested diets incubation. Results declared that there was a significant difference among the tested 

ingredients throughout all the measured times of incubation (p < 0.05). The gas production (GP) at 4 hours after 

incubation was significantly higher for alfalfa, compared with other feed ingredients. While at 8 and 12 hours after 
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incubation, alfalfa and banana fruits were significantly higher in gas production than other ingredients. On the other 

hand, at 24, 48, and total accumulative 24 hours, the GP of banana fruits was significantly the highest as 61.5, 67.5, and 

192.9 ml/g DM, respectively, compared with other ingredients (p < 0.05). Contrarily, Leucaena significantly indicated 

the lowest values for gas production at 12, 24, 48 hours as well as the total accumulative at 24 hours of incubation (p < 

0.05). Concerning the forage effect, the GP at all the measure times of incubation (except 4 hours) for the alfalfa diet was 

significantly higher than the Leucaena diet, which directly reflected on the total accumulative gas value for 24 hours of 

incubation being 122 ml/g DM for alfalfa vs. 111 ml/g DM for Leucaena. It was observed that the presence of banana in 

the diet as an energy source significantly increased the gas production at 4, 12, 24 and the accumulative at 24 hours, and 

decreased the GP value at 48 hours compared with the diets without banana. The interaction between forage and energy 

was not significant at any measured time periods. 

 

Table 3. In vitro gas production characteristics for feed ingredients and diets 
 Gas production (ml/g DM) 

Ingredients/diets 4 hours 8 hours 12 hours 24 hours 48 hours 
Accumulative 

24 hours 

 Feed ingredients 

Alfalfa 45.8a 19.9a 29.1a 39.6b 26.5c 133.8b 

Leucaena 38.2b 12.9b 15.1c 27.1c 24.5c 90.7c 

Banana 38.9b 18.2a 33.9a 61.5a 67.5a 192.9a 

Grass Hay 37.0b 14.6b 22.9b 39.4b 43.2b 130.1b 

SEM 2.60 2.94 4.75 4.86 4.23 11.76 

p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 Alfalfa diets vs. Leucaena diets 

Forage effect        

Alfalfa 35.6 18.1a 24.3a 36.5a 34.6b 122a 

Leucaena 33.6 13.5b 20.2b 32.1b 38.9a 111b 

p value 0.1599 0.0056 <0.0001 <0.0001 <0.0001 0.0043 

Energy effect        

No banana 32.7b 15.8 19.9b 32.6b 37.9a 112b 

Banana 36.5a 15.8 24.7a 36.0a 35.6b 122a 

p value 0.0093 0.9835 <0.0001 0.0008 0.006 0.0085 

Forage × Energy        

AG 33.9 18.9 22.4 35.7 35.4 119.1 

AGB 37.3 17.3 26.3 37.2 33.8 124.8 

LG 31.6 12.7 17.4 29.5 40.4 104.5 

LGB 35.7 14.2 23.1 34.7 37.4 118.2 

p value 0.7783 0.3237 0.1496 0.0514 0.3714 0.252 

SEM 3.76 4.23 1.72 2.53 2.15 9.47 

SEM: Standard error of the mean, AG: alfalfa and grass hay at a ratio of 35:65, AGB: Alfalfa, grass hay, and green banana fruits at a ratio of 35:55:10, 
LG and AGB prepared by replacing alfalfa in AG and AGB with Leucaena leaves, respectively. Values for different comparisons in the same column 

with different superscripts letters are significantly different (p < 0.05). 
 

 

Ruminal pH, ammonia concentration, nutrient degradability, and protozoal count 

The values of pH after 48 hours of incubation differ significantly among feed ingredients (p < 0.05). The highest 

value was observed for Leucaena as 6.23, whereas the lowest value recorded for banana fruits was 5.24 (Table 4). The 

NH3-N concentration for alfalfa and grass hay was similar but significantly higher than Leucaena (p < 0.05), meanwhile 

banana showed the lowest value of 9.0 mg/100 ml. Comparing pH values or NH3-N concentration of different diets 

neither forage, energy nor interaction between them were significantly different.  

Results of degraded organic matter (DOM) indicated that banana fruits had the highest value being 905.3 g/kg, while 

Leucaena had the lowest value being 588.0 g/kg. Besides, the alfalfa diet had a significantly higher value for DOM in 

comparison with the Leucaena diet being 691.3 vs. 657.5 g/kg, respectively. In the same trend, the presence of banana 

fruits significantly (p < 0.05) enhances the DOM. However, there was an interaction between forage type and the 

presence of banana, making Leucaena diet significantly lower in DOM either with banana 660.5 g/kg or without 654.5 

g/kg. In contrast to DOM results, Leucaena significantly recorded (p < 0.05) the highest value for DNDF, compared to 

other tested feed ingredients, while banana fruits had the lowest value. Also, diets with bananas showed a significantly 

lowest TDOM, compared to other diets (p < 0.05). No significant difference was observed for the protozoal count values 

(10
5
/ml) among different feed ingredients and tested diets (Table 4). 
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Table 4. In vitro ruminal pH, ammonia (NH3N) concentrations, truly degraded organic matter (TDOM), truly degraded 

neutral detergent fiber (TDNDF), and protozoal count for feed ingredients and diets 

Ingredients/diets pH 
NH3-N 

(mg/100 ml) 

Degradability (g/kg) Protozoal count 

(105/ml) TDOM TDNDF 

 Feed ingredients 

Alfalfa 5.94c 39.2a 767.0b 408.7b 6.30 

Leucaena 6.23a 25.3b 588.0d 690.0a 7.35 

Banana 5.24d 9.00c 905.3a 187.1c 6.83 

Grass Hay 6.03b 37.9a 659.2c 485.5b 6.15 

SEM 0.04 3.18 15.6 64.20 1.41 

p value <0.0001 <0.0001 <0.0001 <0.0001 0.6890 

 Alfalfa diets vs. Leucaena diets 

Forage effect       

Alfalfa 5.88 31.0 691.3a 424.1a 7.31 

Leucaena 6.05 37.6 657.5b 291.9b 6.79 

p value 0.1026 0.0711 <0.0001 <0.0001 0.5174 

Energy effect      

No banana 6.03 37.5 669.5b 386.9a 6.98 

Banana 5.91 31.0 679.3a 329.1b 7.13 

p value 0.2096 0.0733 0.0276 <0.0001 0.8521 

Forage × Energy       

AG  5.90 35.7 678.4b 432.4a 7.88 

AGB 5.87 26.3 704.1a 419.9a 6.75 

LG 6.16 39.4 660.5c 341.5b 6.08 

LGB 5.94 35.7 654.5c 242.4c 7.50 

p value 0.3498 0.4094 0.0016 0.0002 0.1313 

SEM 0.19 6.34 7.81 15.34 1.57 
SEM: Standard error of the mean, TDOM: Truly degraded organic matter, TDNDF: Truly degraded neutral detergent fiber, AG: alfalfa and grass hay 
at a ratio of 35:65, AGB: Alfalfa, grass hay, and green banana fruits at a ratio of 35:55:10, LG and AGB prepared by replacing alfalfa in AG and AGB 

with Leucaena leaves, respectively. Values for different comparisons in the same column with different superscripts letters are significantly different (p 

< 0.05). 

 
 

Table 5. Molar proportions of individual short-chain fatty acids (SCFAs), total SCFAs concentration, and acetate to 

propionate ratio (C2/C3) for feed ingredients and diets 

 Molar proportions of individual SCFAs (% of total SCFAs) Total 

SCFAs mM 

C2/C3 

ratio Ingredients/diets Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate 

 Feed ingredients 

Alfalfa 64.5c 16.2c 2.85a 10.2b 3.59a 2.57a 99.1a 3.99c 

Leucaena 69.6a 16.8b 2.22b 9.74c 0.37d 1.27c 72.6c 4.15b 

Banana 56.2d 17.8a 1.52c 23.2a 0.86c 1.42b 93.5b 3.15d 

Grass Hay 67.6b 15.5d 2.80a 10.5b 2.06b 1.47b 74.1c 4.36a 

SEM 0.32 0.21 0.07 0.19 0.18 0.05 2.32 0.06 

p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 Alfalfa diets vs. Leucaena diets 

Forage effect          

Alfalfa 65.8 15.7 2.59 11.2a 2.79a 1.83a 92.7a 4.18 

Leucaena 66.4 15.8 2.93 11.0b 2.38b 1.45b 77.1b 4.20 

p value 0.1952 0.5212 0.1791 0.0025 0.0148 <0.0001 0.0132 0.7505 

Energy effect         

No banana 66.2 15.8 3.00 10.5b 2.80a 1.70a 82.9 4.18 

Banana 66.1 15.7 2.52 11.7a 2.37b 1.58b 86.9 4.20 

p value 0.7398 0.5212 0.0761 <0.0001 0.0105 0.0452 0.4407 0.7505 

Forage × Energy         

AG  66.3 15.7 2.77 10.6 2.80a 1.86 90.0 4.22 

AGB 65.4 15.8 2.40 11.9 2.77a 1.79 95.4 4.14 

LG 66.1 16.0 3.23 10.3 2.80a 1.53 75.8 4.26 

LGB 66.7 15.7 2.64 11.6 1.96b 1.38 78.4 4.14 

p value 0.1239 0.296 0.6495 0.7802 0.0148 0.4023 0.7837 0.1155 

SEM 0.76 0.26 0.41 0.10 0.23 0.08 8.54 0.10 

C2/C3= Acetate to propionate ratio, SEM: Standard error of the mean, SCFAs: Short-chain fatty acids, AG: alfalfa and grass hay at a ratio of 35:65, 

AGB: Alfalfa, grass hay, and green banana fruits at a ratio of 35:55:10, LG and AGB prepared by replacing alfalfa in AG and AGB with Leucaena 

leaves, respectively. Values for different comparisons in the same column with different superscripts letters are significantly different (p < 0.05). 
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Molar proportions of individual short-chain fatty acids (SCFAs), total SCFAs concentration, and C2/C3 ratio 

for feed ingredients and diets 

According to Table 5, Leucaena recorded the highest value for acetate, being 69.6% of total SCFAs. In contrast, 

banana fruits were the lowest for acetate (56.2%) and isobutyrate (1.52%), while banana resulted in the highest values 

for propionate and butyrate as 17.8% and 23.2% of total SCFAs, respectively, compared to other tested feed ingredients. 

The highest value of isobutyrate was observed for alfalfa and grass hay (2.85% and 2.80% of total SCFAs, respectively). 

Leucaena incubation produced the lowest values of butyrate, isovalerate, valerate, and consequently total SCFAs, 

compared to the tested feed ingredients, while alfalfa recorded the highest values for isovalerate, valerate, and total 

SCFAs. The C2/C3 ratio (acetate to propionate ratio) for grass hay incubation was the highest value (4.36) while banana 

recorded the lowest ratio of 3.15. Regarding the effect of diet, all experimental diets had the same proportions of acetate, 

propionate, and isobutyrate as a percentage of total SCFAs, with no significant effect for neither forage nor energy and 

interaction. The forage type effect on producing butyrate, isovalerate, valerate was significantly higher in alfalfa diet, 

compared to the Leucaena diet, and consequently, total SCFAs recorded the highest value for the alfalfa diet. Regardless 

of the roughage type, the presence of banana in the diet significantly decreased the isovalerate and valerate percentage of 

total SCFAs, while increasing the butyrate percentage of total SCFAs (p < 0.05; Table 5). 

 

DISCUSSION 

 

Chemical composition of the feed ingredients and tested diets  

This study aimed to characterize the chemical composition, phenolic compounds profile, and in vitro evaluation of 

non-conventional feed (Leucaena leaves) and compared it with traditional feed (alfalfa), besides assessing the possibility 

to use rejected green banana fruits as a source of energy. In the current study, the OM, CP, NDF, and ADF values for 

Leucaena and grass hay (except CP) were found to be lower than the recorded values by Rira et al. (2015) and 

Archimède et al. (2016) for the same ingredients. Moreover, the values of CP and fiber fraction of banana fruits were 

lower than banana chemical composition noted by Archimède et al. (2010). 

The chemical composition of feed ingredients showed that Leucaena had higher CP, EE, TP, and TT than alfalfa 

which reflected in the chemical composition of LG and LGB diets, compared to AG and AGB diets. Similarly, it has 

been reported that Leucaena leaf meal had higher levels of CP, EE, and total tannins than alfalfa hay (Mohammadabadi 

and Jolazadeh, 2017).  

In this context, results evidenced that the inclusion of Leucaena leaves in the diet may increase the contents of CP, 

EE, total phenols, and total tannins in comparison with the control diet (Montoya-Flores et al., 2020). The previous 

results are in harmony with a study by Soltan et al. (2017) indicating the potential use of Leucaena as a traditional 

legume forage in rations of ruminant livestock in tropical and subtropical areas, compared to alfalfa and Tifton hays due 

to its low fiber and high CP contents.  

The current results revealed that the highest OM content and the lowest values of other chemical compositions of 

green banana were reflected on the chemical composition of diets containing banana fruits (AGB and LGB), compared 

to the same diets without banana fruits (AG and LG). 

 

Feed ingredients phenolic components 

Generally, phenolic components displayed a wide range of biological activities. The obtained results of the current 

study revealed that Leucaena had the highest concentration of total phenols (40.7 eq- to Gallic acid (g)/DM (kg)); 

consequently, the concentration of the majority of determined phenolic components was the highest for the Leucaena 

ethanolic extract. Several beneficial effects for humans, animals, and poultry are reported for naringenin (class: 

flavanones), ellagic acid, gallic acid, and catechin (class: flavanols), including antioxidant, anti-inflammatory, and 

pharmacological properties (Shakeel et al., 2017; Changxing et al., 2018; Bae et al., 2020; Yang et al., 2020). Ellagic 

acid and gallic acid (ellagitannins and gallotannins) are responsible for the formation of Leucaena tannins content by 

esterified partially/wholly tannins central core (polyhydric alcohol; Serra et al., 2021). The main phenolic components in 

Leucaena extract in the current study were detected by HPLC using 17 standards. On the other hand, chlorogenic acid is 

found to be the major phenolic component in alfalfa extract (13 components detected out of 17); this compound has been 

found to have hypoglycemic, hypolipidemic, anti-inflammatory, antioxidant, and other pharmacological properties (Yan 

et al., 2020). Results also clarified that chlorogenic acid concentration in Leucaena extract was higher than the double 

concentration for alfalfa (99.76 vs. 41.2 µg/ml, respectively).  

Banana fruits are known to be rich not only in carbohydrates, specific vitamins, or minerals but are also rich in many 

health-promoting bioactive phytochemicals. The obtained results of HPLC indicated that 10 phenolic compounds were 

detected in green fruit extract. Out of these components, gallic acid was the principal phenolic acid which had the highest 

value (60.57 µg/ml extract). Gallic acid was reported to have health benefits like antioxidant and potential 

hepatoprotective effects (Sidhu and Zafar, 2018). Concerning tropical grass hay, caffeic acid recorded the highest value 



692 
To cite this paper: Salama Rashid MR, Hanafy MA, Youssef MSH, Archimède H, Sallam SMA, Soltan YA, and Ali Ghoneem WM (2021). Chemical and in vitro evaluation 

of Leucaena (Leucaena leucocephala) Leaves as a Substitute of Alfalfa (Medicago sativa L.) with/without Rejected Green Banana Fruits (Musa paradisiaca). World Vet. J., 

11 (4): 678-697. DOI: https://dx.doi.org/10.54203/scil.2021.wvj86 

(60.36 µg/ml extract), compared to other feed ingredients. Caffeic acid belongs to the non-flavonoid-polyphenols group, 

a class of micronutrients known for their antioxidant properties (Serra et al., 2021).  

 

Nutritional evaluation of feed ingredients and tested diets 

The gas production technique has been used in many studies as a significant tool for feed evaluation due to its high 

analytical capacity, low cost, and avoid animal capitation. The in vitro incubation of feeds with buffered rumen fluid let 

the carbohydrates (structural and nonstructural) ferment and produce SCFAs, gases, and microbial cells. The production 

of gases is the consequence of carbohydrates fermentation (GP from protein and fat fermentation is relatively small vs. 

carbohydrates) to acetate and butyrate, meanwhile, lower gas production is associated with propionate production (gas 

only from buffering of the acid) (Makkar, 2002). Therefore, the difference in the GP values among our experimental feed 

ingredients throughout all the measure times (4, 8, 12, 24, and 48 hours post-incubation) suggested that the fermentation 

of the available nutrients also differs. 

Alfalfa showed a significantly high GP value, compared to Leucaena; meanwhile, green banana fruits were similar 

to alfalfa at 8, 12 hours of incubation and recorded the highest significant values for GP at 24, 48 hours and the 

accumulative 24 hours of incubation. The results concerning the green banana could be related to an increase in 

fermentable carbohydrates in green fruits, as indicated by the lowest pH value recorded for green banana fruits (Table 4), 

which may provide a more accessible substrate for ruminal microorganisms (Schulmeister et al., 2020). While in the 

alfalfa case, it could be correlated with high fermentable nitrogen from microbial activity (Taghizadeh et al., 2008) 

resulting in high microbial growth rates. In the current study, the values for alfalfa GP were lower but in the same 

increasing trend with Taghizadeh et al. (2008). In the present work, Leucaena showed the lowest values for GP at 

different incubation times. In many in vitro and in vivo studies the inclusion of animal diet with Leucaena or Leucaena 

tannins extract has been tested (Tan et al., 2011; Harrison et al., 2015; Piñeiro-Vázquez et al., 2018). The total 24 hours 

accumulative GP for Leucaena was 32% lower than alfalfa. In this context, Rira et al. (2015) included 100% of Leucaena 

in an in vitro system resulted in the reductions of 18% in total 24 hours GP and 31.5% in CH4 production. The total 

replacement of alfalfa with Leucaena (35% of diet DM) significantly affects GP with a 9% decrease in accumulative 24 

hours.  

In the same trend, a negative relationship between GP and inclusion of some tanniferous plants was detected by 

Gomaa et al. (2017), Aderao et al. (2018), and Jayanegara et al. (2018). That reduction in GP may be due to the 

antimicrobial property of tannins and other phenolic compounds in these plants (Francis et al., 2002) or could be 

attributed to the reduction in microbial enzymatic degradation and microbial growth as a result of the ability of CT to 

bind with fiber and protein (Tavendale et al., 2005; Bhatta et al., 2012; Pal et al., 2015). Moreover, Chaji et al. (2020) 

explained the reduction in GP by the disruption effect of tannins on rumen microorganisms.  

Although GP decreased with Leucaena at all incubation periods, the GP at 48 hours of incubation increased with 

diets containing Leucaena (LG and LGB). The previous result may be associated with the adaptability of rumen 

microbes and their ability to degrade some of the secondary metabolites (Hart et al., 2008). The presence of mimosine in 

Leucaena could be used as an energy source (Soltan et al., 2017), or may be related to lower contents of NDF with these 

rations, compared to non-Leucaena diets of AG and AGB (Table 1), which provide more soluble carbohydrates that lead 

to increase fermentation activity (Noviandi et al., 2021). In the same trend, Getachew et al. (2008a) recorded increases in 

rumen degradability at 48 hours, compared with earlier incubation periods with tannic acid supplementation to alfalfa 

hay, and explained that by ruminal microbe’s adaptation to tannins. Moreover, the presence of tannin metabolites, such 

as ellagic acid and gallic acid in the rumen (Murdiati et al., 1992) may confirm the degradation of tannin by rumen 

microorganisms. 

 

Ruminal fermentation, nutrient degradability, and protozoal count 

The results of Erfle et al. (1982) studies showed that low pH (less than 6) resulted in low ammonia concentration in 

a continuous in vitro fermentation system. Results herein showed that the final pH and NH3-N concentration were 

significantly lower with banana fruits, compared to other feed ingredients. The low nitrogen content in green bananas 

could be the main reason for the low NH3-N concentration, which could affect the growth of certain bacteria that require 

ammonia (Erfle et al., 1982). Moreover, it is well known that the rapid degradation of alfalfa protein by ruminants can 

reduce nitrogen utilization (Getachew et al., 2008a; Getachew et al., 2008b), which lead to an increase in the cost of 

protein supplementation and increase nitrogen excretion contributing to environmental pollution (Getachew et al., 

2008b). Therefore, the inclusion of rich tannin forages in the ruminant ration, Leucaena in the current study, could 

increase nitrogen utilization as a result of binding tannins with protein which decrease rumen protein degradability 

(Getachew et al., 2000) and increase its absorption from the lower gut (Waghorn et al., 1987). 

Leucaena recorded the highest values of pH, followed by grass hay (6.23 vs. 6.03), while NH3-N concentrations 

were 25.3 and 37.9 mg/100ml, respectively. Moreover, the results of the present study indicated a significant decrease in 

NH3-N concentration with Leucaena as a feed ingredient, compared to alfalfa. In the same context, a reduction in NH3-N 
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concentration with Leucaena was reported by Soltan et al. (2012). Furthermore, Bhatta et al. (2005, 2007) confirmed 

lower NH3-N, either with goats or sheep fed on tannin containing plants (Prosopis cineraria). This reduction in ruminal 

NH3-N concentration may be due to CT content in Leucaena which inhibits the deamination process (Szumacher-Strabel 

and Cieślak, 2010; Goel and Makkar, 2012) and protein degradation in the rumen by forming hardly degraded complexes 

with protein (McSweeney et al., 1999). Moreoever, Jouany (1994) explained that reduction by the inhibition effect of CT 

on the bacteria-degrading activity of protozoa. In contrast, the results of the present study indicated non-significant 

increases in the concentration of NH3-N with Leucaena rations (LG and LGB). Moreover, the result obtained by Harun et 

al. (2017) were in agreement with the previous result, which may be explained by higher CP content in these rations. 

Regarding the results of the truly degraded organic matter (TDOM), banana fruits had the highest value, and 

Leucaena had the lowest value (905.3 vs. 588.0 g/kg OM, respectively). Results for TDOM of Leucaena were similar to 

that found by Soltan et al. (2012) as 588 g/kg OM, compared to 504 g/kg OM for Tifton hay. The ability of tannin 

hydroxyl groups to form complexes with protein, amino acids, metal ions, and polysaccharides can be the reason for the 

reduction in rumen degradability of OM (Sallam et al., 2010; Jayanegara et al., 2018). Also, Ultee et al. (2002) 

confirmed the high antimicrobial effect of the plant secondary metabolites that contain hydroxyl group in its phenolic 

structure, which reduced feed digestibility (Hariadi and Santoso, 2010). Another explanation of the low TDOM results 

for Leucaena was also reported by Rira et al. (2015) as a consequence of volatile fatty acids decrease; likewise, total 

SCFAs result of the current study was low in Leucaena (Table 5). Besides, Tan et al. (2011) found a linear decrease of in 

vitro digestibility with increasing CT content.  

As tropical grasses typically require supplementation of protein and energy to satisfy ruminal microbial growth, 

improve feed intake, and promote fiber digestion, the supplementation of banana fruit substrate, as a concentrate, may 

also improve animal performance. The green banana fruits had the highest value for TDOM (905.3 g/kg OM), which is 

identical to results for ripe banana fruits (904.4 g/kg OM) and lower than green fruits (802.9 g/kg OM) in the present 

study (Schulmeister et al., 2020). On the other hand, TDNDF value for banana fruits was significantly the lowest in the 

current study, which suggests that incubation of substrate with low content in both NDF and protein, formed a high 

resistance NDF-protein complex against degradation (Pieltain et al., 1998). Concerning diets, Leucaena decreased the 

TDNDF, compared with alfalfa (291.9 vs. 424.1 g/kg DM). These results confirmed the findings indicated by 

Mohammadabadi and Jolazadeh (2017) who found that the in vivo NDF disappearance decreased when 50% of alfalfa 

was replaced by Leucaena leaves in Najdi goats’ diet. 

  

Many theories have been established to explain that reduction in degraded NDF with tannin-rich plants may be due 

to the effect of tannin on reducing the number or activity of rumen cellulolytic bacteria (Singleton, 1981; Makkar, 1993), 

such as Butyrivibrio fibrosolvens (Jones et al., 1994), or inhibiting ruminal degradation by binding with cellulose and 

forming complexes (McSweeney et al., 2001). Bueno et al. (2008) and Rodríguez et al. (2015) confirmed the tannins 

effects on rumen bacteria activity. However, decreases in TDNDF were observed in the present study with Leucaena 

diets, TDNDF was significantly increased when Leucaena was incubated alone. The obtained results of the current study 

suggest the adaptation of rumen microbes to Leucaena tannin especially when there is no other feed ingredient. 

McSweeney et al. (2001) and Patra and Saxena (2009) reported that some ruminal microbes can be adapted to CT by 

producing polymers for tannin degradation enzymes and cellular protection. 

Phenolic structures may disrupt protozoal membranes, inactivate protozoal enzymes, and deprive protozoa of 

substrates and metal ions which are essential for cell metabolism (Patra and Saxena, 2011). In the current study there was 

no significant difference in protozoal count among ingredients or different diets, which was in harmony with results 

obtained by Angarita et al. (2015) and Montoya-Flores et al. (2020) indicating no effects of Leucaena on rumen 

microbes count (bacteria and protozoa) quantified by qPCR. Moreover, Wallace et al. (2015) and Saminathan et al. 

(2016) cleared that reducing digestibility with CT diets without affecting rumen microorganisms may be attributed to the 

inhibition effect of CT on enzymatic activity or ruminal bacteria. The diversity response of rumen degradability to the 

inclusion of tannin rich plants may be related to the differences in molecular weight and chemical structure of CT which 

are affected by many factors, such as species, Genotype, and growth stage of these plants (Huang et al., 2010; 

Theodoridou et al., 2010). 

Rumen fermentation of slowly fermentable carbohydrates produced higher acetate, compared to propionate. Banana 

is classified as a starch source with a slow rate of degradation (Makkar, 2002). In this context, the current study 

demonstrated more propionate and lower acetate to propionate ratio for bananas. The decreases in total SCFAs with 

Leucaena feed ingredients or diets are in agreement with Makkar et al. (1995) and Castro-Montoya et al. (2011). Many 

studies (Waghorn, 2008; Castro-Montoya et al., 2011; Supapong et al., 2017) indicated a reduction in acetate and an 

increment in propionate proportions as a result of CT effect on carbohydrates fermentation. In contrast, the findings of 

the present study revealed increases in both acetate and propionate proportions with Leucaena inclusion, which 

consequently increased C2/C3 ratio. In the same trend, an increase in acetic acid proportion was observed by Harun et al. 

(2017) when goats fed diet containing 25% Leucaena leaves. The authors cleared that ruminal concentration of acetic 
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acid is highly correlated with the structural carbohydrates amount, ruminal pH, and microbial population that dominates 

in the rumen. Therefore, acetic acid production may be increased due to the improvement in NDF degradability with 

Leucaena. Another theory that explains the reason for high acetate with Leucaena inclusion is related to the presence of 

mimosine in Leucaena, which stimulates acetogenesis as a result of hydrogen accumulation that can be consumed by 

acetogens (Soltan et al., 2017). On the other hand, the increases in propionic acid production may be attributed to the 

increase in population number of Fibrobacter succinogenes, the main propionic-acid producer bacteria (Moss et al., 

2000), or may be due to higher nitrogen solubility and nutrients availability for volatile fatty acids production with 

Leucaena (Phesatcha et al., 2013).  

It has been indicated that isobutyrate production is correlated with protein degradation since dietary protein is the 

main source of branched-chain volatile fatty acids (Berthiaume et al., 2010).  In harmony with the previous explanation, 

the current results concerning isobutyrate proportion were correlated to NH3-N concentrations that revealed higher 

values for alfalfa and grass hay than for Leucaena and rejected banana fruits. 

 

CONCLUSION  

 

Leucaena showed a potential feed resource for ruminant animals instead of alfalfa with higher protein level and 

promising phenolic components as well as low gas emission. Rejected banana fruits can be considered as a desirable 

energy source in animal feed with high degraded OM and a slow degradation rate of carbohydrates. The combination of 

Leucaena and rejected banana fruits is recommended to provide the required nutrients for ruminants in the arid and semi-

arid regions. Further studies should examine the effects of including Leucaena and rejected bananas in ruminant diets 

focusing on animal production, health, and final products (meat and milk). 
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